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BBenenne

Kak uzBectHo, MOMC-akcenepoMeTp MOXET ObITh
OIIMCaH C ITOMOIIBI0 Habopa (PyHKIIMOHAIBHBIX apa-
METPOB, TPUYEM HEKOTOpPbIE M3 HUX IO CBOMM YMC-
JIEHHBIM 3HAYEHMSIM SIBJISTIOTCST B3aUMOUCKITIOYAIOLIM -
MU JApPYT JApyra. DOTo o0yCJIOBJIMBaeT HEOOXOAUMOCTh
KOMIIpOMMCCA B BEIOOpE TTapaMeTPOB, KOTOPHIN MOXET
OBITb JOCTUTHYT TOJBKO MPU PaCCMOTPEHUU KOHKPET-
HOI 00J1acT! MPUMEHEHUs aKcelepoMeTpa U, CIelo-
BaTeJIbHO, IPU PEIIeHNHU 3a1a4u, TIepea HUM ITOCTaB-
JIeHHO. B Hacrosiee BpeMsl CHeKTp 3agay Jis Io-
JOOHBIX JaTYMKOB MOCTATOYHO IMUPOK. ITOCKONBKY
CBeIeHNs, KacallInecs: TeOPETUIECKUX OCHOB U TTpaK-
TUYECKHUX MTPYMEPOB peasin3aliMy 3HAaUUTEJIbHO pa3iiu-
YaloTCsl, MapIIPyT MPOSKTUPOBAHUS IJIT OMHOMN U TOM
Ke TIPUKJIaTHON 3aMauyd MOXET CHJIBHO BapbUpOBATh-
cs B 3aBUCHMMOCTHU OT PEaJbHOIO TEXHOJOTMYECKOTO
npoliecca, CBOMCTB MPUMEHSIEMbIX MaTepraoB U pe-

KMMOB paboThl 00opynoBaHus. IloaToMy paspaboTka
YHUBEPCAJbHOTO MaplIpyTa MPOeKTUPOBAHMUSI, TTO3BO-
JISIIOLLEero onTuMusupoBat MOMC-akcenepomeTp 110
OJHOMY WJIM HECKOJIbKUM (PYHKILIMOHAJbHBIM Iapa-
MeTpaM, HECOMHEHHO, SIBISIETCS aKTyalbHOI [1], oco-
OEHHO NpU HEOOXOIUMOCTH peaan3aluny PyHKIINM ca-
MOKaJIUOPOBKH.

B naHHoli paGoTe aenaeTcsl MOMNbITKA peaan30BaTh
MOJA0OHBINA MapIIPyT U IPUMEHUTH €ro IS pa3padoT-
ku MOMC-akcenepomeTpa, IIpeagHa3HAYCHHOTO JJIsI
U3MEPEeHUST MaJbIX BMOpAIUil, aMIUIUTyAa KOTOPBIX
cocrapisier nopsiaka 100 mg v BeIMoJHEeHUST GYyHKLIMA
MOPOTOBOI0 YCTPOMCTRBA.

B HacTosi1iee BpeMsi aKkcenepoMeTphl 1S U3MeEpe-
HUs BUOpauuu [2, 3] HaXoOSIT MPUMEHEHUE B OXpaH-
HBIX CHCTEMaX, MMEIOLIMX CBOEM LieJblo 3a(pUuKCUpo-
BaTh (HaKT MOSIBICHUs MaJloii BUOpalUMU Ha KOHTPO-
JIUPYEeMOI TepPUTOPHUH, YTO COOTBETCTBYET IIaram 4Je-
JIoBeKa, U 00ecreuuTh cpabaThiBAHUE CUTHAIM3ALIUU.
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KitoueBsiM 3nemeHnToM MOBOMC-akcenepoMmeTpa
SIBJISIETCSI €r0 YYBCTBUTEJIbHBIN 3jieMeHT. B Hacros-
mee BpeMmsi Haubosiee pacHpoCTPAHEHHBIMU KOHCT-
PYKUMSIMU YYBCTBUTEJbHBIX 3JEMEHTOB SIBJISIOTCS
KOHCTPYKIMU JABYX TUIOB — IMbE30RJIEKTPUYECKUE U
€MKOCTHbIe. [ JTaBHbIM HEIOCTATKOM Ihe303JIeKTPU-
YeCcKOTO JaT4yMKa SIBJISIETCS OrPaHWYEHHOCTb CHHU3Y
€ro 4acTOTHOTO Mara3oHa, T. €. MOJOOHbII JaTUYMK He
CcHoco0eH U3MePSTh YCKOPEHWSI HUXXe HEKOTOPOit Tpa-
HWUYHOM YacTOThI, BILJIOTh 10 CTATUYECKUX YCKOPEHUIA.
ITo aToii MpUUKMHE OJHUM U3 HauboJyiee MepCHeKTHB-
HBIX pEeLIeHWI B JaHHOU O00JIACTU SIBJISIETCSI €MKOCT-
Hoit MOMC-akcenepoMerp.

Hpyroii, He MeHee BaXKHOM YaCThIO SBJISIETCS cXema
00paboTKM CUTHAJa, OT KOPPEKTHOro (DyHKIIMOHUPO-
BaHUS KOTOPOIl HANpsSIMYIO 3aBUCST BBIXOAHBIE Tapa-
METPbl TOTOBOTO U3IEJIHUSI.

AHaM3 CyHmIECTBYIOIMIMX CXeM 00padoTKH

Ha nmepBoM sTame mapiupyra ObLIM HpOaHaIU3U-
pOBaHBI CYIIECTBYIOIINE CXeMbl 00pabOTKM, MHPOP-
MalMsI O KOTOPBIX MPEACTaBIIeHA B OTKPBITHIX UCTOY-
HUKaX (MaTeHTbl HAa OTEUYECTBEHHBbIE U 3apyOexXHbIe
pelieHus1). bblJIo yCTaHOBAEGHO, YTO MPU U3MEPEHUU
MaJIbIX €MKOCTe HUKAaK He KOMIICHCUPYIOTCS Mapa-
3UTHBIE EMKOCTH, 00pa30BaHHbIC 2JIEMEHTAMU KOPIy-
ca M COeIMHUTENbHBIMU MpOBOAHMKaMU. Kpome To-
ro, CXeMbl, paboTalolIe Ha OCHOBE KOMIIEHCAIIOH-
HOTO TNPUHILIUIIA, PEATU3YIOT JUIIb MPONOPLHUOHATb-
HYIO0 00paTHYIO CBSI3b, KOTOPAst UMEET CBOMM TJIABHBIM
HEIOCTAaTKOM HEBO3MOXHOCTh ITOJIHOTO YCTpaHEHUS
OLIMOKM paccoriacoBaHUsl B KOHTYpe OOpaTHOM CBsI-
31. YKa3aHHbIE OOCTOSTEIbCTBA MPUBOLAT K CYIIECT-
BEHHOMY CHMXEHUIO TOUHOCTH H3MepsieMOoil BUOpa-
LMY U TpeOYyIOT OTAEIbHON MPOpPaboTKMU.

ITpemnaraemoe pellieHUE 3aKJ0O4YaeTCsl B TOM, YTO B
KauyecTBE YCWIMTENSl CUTHAJIa YyBCTBUTEJIBHOTO 3Jie-
MeHTa (YD) BhICTyIaeT 3apsiIOBbIN yCUIUTENb, 4 KOH-
Typ 0OpaTHOM CBSI31 HACTPOEH TAKMM 00pa3oM, UTOOBI
WMETh BO3MOXHOCTb paboTaTh KaKk B YCTOMUYUBOM, TaK
U B YCJIOBHO-YCTOMUMBOM pexkumax. Beioop pexuma
paboThl OCYLIECTBISETCS IOCPEACTBOM W3MEHEHUS
4acTOThl FeHepaTopa HaKauku U KodddulimeHTa ycu-
JIEHMS 3apsiIOBOTO yCUJIUTENsA. B ycToluMBOM pexu-
Me paboThl 3apSIAOBBIA YCUIUTEIb MUMEET MEHBIIUIA
KO3(hOULMEHT YCUJICHUSI, a TeHepaTop MepeMEeHHOT0
ToKa obJiagaeT 6ojiee HU3KOM yacToToil. B yciioBHO-
YCTOWYMBOM DPEXWME 3apsIOBbIA yCUIUTENb WMEET
GOMBIINI KO3(GUIIMEHT YCUIEHNS, a TeHepaTop Tie-
PEMEHHOTO TOKa obiagaeT 0ojiee BHICOKOI YaCcTOTOIA.
B ciygae paboThl cxeMbl 00pabOTKM B YCTOMYMBOM pe-
XKMMe€ OlIMOKa paccorjacoBaHMsl OyaeT TMOJHOCTbIO
yCTpaHeHa U, COOTBETCTBEHHO, 3HAUUTEIbHO CHUXEH
YPOBEHb IIIYMOB B BBIXOAHOM cuUrHaie. B ciydae pa-
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OOTEI B YCIIOBHO-YCTOMYMBOM PEeXMUME OILIIMOKA pacco-
[JIacOBaHUS Takxe OyaeT 3HAYMTEJIbHO CHUKEHa I10
CpaBHeHHUIO ¢ aHajoramu. Ho Bo BTOpoM ciyyae Jo-
MOJHUTEJbHO K CHUXXKEHUIO YPOBHS IIIYMOB TOJHO-
CTBIO ycTpaHsieTcsl BusiHue YD Ha HeTMHEHOCTh Te-
peaaTOYHON XapaKTepUCTUKM U YaCTOTHBIN IMaIa3oH
peo0dpa3oBaHuUs. DTO JOCTUTAETCS MOCPEICTBOM pa-
00Thl cxeMbl 0Opaborku MOMC-akcenepomeTrpa B
YCIOBHO-YCTOMYMBOM PEXMMeE, KOTAAa OHA HAXOMUTCS
Ha TpaHU BO30YXAEHMS, U TIO3TOMY BBIXOJHbIE Mapa-
METpbl KOMIIEHCALIMOHHOTO aKcejJepoMeTpa oIlpeje-
JISIIOTCSL UCKJTIOUUTENIbHO MapaMeTpaMy 3JeKTPOHHOM
CHUCTEMBI. DTO MO3BOJISIET TaKXKe MCKIIOYUTh BIUSIHUE
UD Ha TeMmMmepaTypHYI0O U BPEMEHHYIO HECTaOWJIb-
HOCTb CMEILIEHUS HyJIeBOTro curHaia. Bee aTo mpuBo-
JIWT K ITOBHIIIEHUIO TOYHOCTHU n3MepeHnst MOMC-ak-
cenepoMerpa. Ha maHHoe peleHue mojydyeHa 3asiBKa
Ha U300peTeHue.

Pa3pabotka TBepAoOTENBHOI Moaen YD

Ha BTrOopoMm sTame Obuia pa3paboTaHa TBEpHOTEIb-
Hast monesb U [4] (puc. 1, cM. TpeTbio CTOPOHY 0O0-
JIOKKH), TIOJIHOCThIO COOTBETCTBYIOIAsl BCEM Tpebo-
BaHWSM C TOYKH 3PEHUS TEXHOJIIOTMYIECKOTO TIpoIIecca.
CnenyeT OTMETUTh, YTO HAa JAHHOM 3Tarie BO3HUKaET
HEOOXOIUMOCTb COTJIACOBAHUS C TEXHOJIOTAMH TIPO-
eKTHBIX HOPM W MPUMEHsSIeMBIX MaTepuaioB. B ciy-
yae pacxoxXACHUI 1eJecO00pa3HO BHITIOJHUTL pacyeT
KOHCTPYKIIMM 3aHOBO B IIEJISX yUeTa TPeOOBAHMIA TeX-
HOJIOTMYECKOTO Tpoliecca M, OJHOBPEMEHHO C 3TUM,
BBINTOJIHEeHUsI ob1ero T3 Ha uznenue.

IToaroroBka TBepHOTEJleOﬁ MOJ€EJIH

Ha Tperbem 3Tame Obljia BBHIIOJHEHA IIOATOTOBKA
TBEPIOTEJILHON MOAEIN K IOCJIEAYIONIEMY aHaJIU3y.
B nensx cHMXXeHUsT pecypCoOeMKOCTU ObLIM MCKITIOYE-
Hbl KOHCTPYKTUBHBIE 3JIEMEHTHI, HE MMeEIOILIUe IIpsi-
MOTO OTHOIIIEHUS K ee (PYHKIMOHMPOBAHUIO B YKa3aH-
HBIX YCIOBUSIX.

Boruucienue aedopManym B KOHCTPYKIUHA

Ha yerBepTOM 3Tane BBIUMCISIUCH Aedopmaluu
B KOHCTPYKLMU B IpeAIiojaraeMbix yCIOBUSIX paboThl
B LIEJISIX OMpeae/eHrs] 3HAaUeHUI 2JIeKTPUUYECKUX eM-
KOCTeil, 00pa3oBaHHBIX POTOPOM M CTaTOpOM (puc. 2,
CM. TPETbIO CTOPOHY OOJIOXKKH).

Hanee cieayer yCTaHOBUTD CBSI3b MEXIY 3a30POM,
00pa3yoIIUMCcsS MEXIy pPOTOPOM M CTaTOPOM IO
JIeICTBMEM M3BECTHOI'O YCKOPEHHUSI, U KOOPAUHATOM.
ATIMPOKCUMUPYEM 3aBUCHMOCTb 3HAUYE€HHUS 3a30pa OT
KOOPAMHATHI C TIOMOIIIBIO MOJMHOMA 3-Ii CTENEHMU:

d=pp + pp + pyx + py, (1

TI€ Py, Py, P3> P4 — KOODOUUMEHTHI MOJMHOMA; d —
3a30p, MKM; X — KOOpAWHATa, MM.




X11

X1z

X21 X22

Puc. 3. 'eomerpuyeckue pasmepsi cratopa YD
Fig. 3. Geometrical sizes of SE stator

[ToCKONBKY 3JeKTpUYECKUEe €MKOCTH 00pas3yroTcs
MEXIy CTaTopoM (puc. 3) U POTOPOM B T€X MECTax, Iie

HaxOAITCsl OOKJIAIK/A C M3BECTHBIMU KOOpPAMHATAMMU,
TO, COOTBETCTBEHHO, 00Opa3yOILyIOCs] €eMKOCTh CJIEIY-
€T PacCYMTHIBATh HAa TOM YYacTKe pOTopa M CTaTopa,

rIe OHU HaXOIATCH.

TCHCpB pacCunuTacM IJICKTPHUICCKYIO €EMKOCTD, 00-

Pa3oBaHHYIO OOKJIaIKaMM:

X12

=h80f

;)

5 4 3 2
XN PIX +PyX T P3X +puX + psX+ pg

X2
= hey | —— . NE
X2 P1XT + PrX + P3XT H puX + psX+ pe

rae C) — 3JeKTpuyecKas eMKOCTh 1-it oOkmanku; C, —
BJIEKTpUYECKasi eMKOCTb 2-il OOKJIadKU.
B HameMm ciyuae

X1 = L1IMM, X5 =3MM, X =4,6MMm,

Xy = 6,5MM, h =352 MM

CoOTBETCTBEHHO, JUTSI YKa3aHHBIX TEOMETPHUECKHIX
pa3MepoB CcTaTUYECKasl XapaKTepUCTUKA MOXKET ObITh
ornucaHa B TabiuuHoM Buze (tabi. 1).

ITockonbKy m3mepeHue omHod u3 eMmkocreil C
n C, (HanpAMyo) MPUBOIUT K MOABIEHUIO 0OJIb-
110/ HeJMHeWHOCTU [7], TO BJAEKTpOHHas cUcTeMa
MBDMC-akceaepoMeTpa BHINIOJHSIET TIpeoOpa3oBaHie
BUAA "eMKOCTb—HAIIpsoKeHWe" He HaIpsIMylo, a Co-
IJIACHO BBIPAXKEHUIO

v.o=k2Sy. 1y 4
BBIX C.+C REF 0> ( )
2 1
rae K — MacuTtabHblil KoadgduuneHta MOMC-ak-
cenepomerpa, B/g; U, — cmewmenue Hynrs MOMC-
akcejepoMerpa, B; Upgp — OIOpHOE HalpsXeHUe
MBMC-akcenepomerpa (B naHHoi padore Uppp =
= +1,25 B).

B nanHoii paGoTe MaciITaOHBIM Ko3(dUIIUEHT
MOBMC-akcenepoMerpa (1151 MPETOKEHHOM 3JEKT-
pOHHOIM cucTeMbl) cocTaBua 18 B/g (Takoe Gosnbliioe
3HaYeHNEe HEOOXOMMMO IS 0OecIieueHNsT BO3SMOXKHO-
CTH U3MepeHUs Bubpauuu amrutyaoin 100 mg).

Tabauua |
Table 1
CraTtuueckas xapaktepucTuka npeodpaszoBanus YD MOMC-akcenepomerpa
"yCKOpeHHe — nepeMenieHne MHePUHOHHOW Macchl” M "yCKOpeHHe — JJIEKTPUYECKasi eMKOCTb"
Static characteristic of transformation of SE of MEMS accelerometer
"acceleration — transfer of the inertial mass" and "acceleration — electric capacity”
Vexo TepeMeLleHe MHEPLUOHHOM DrekTpuyeckass eMKOCTb DrekTpuyeckass eMKOCTb C._cC
PCHHC Macchl, MKM Cp, n® Gy, n® L2 Uper V
Acceleration, g Transfer of the inertial mass, pm Electric capacity C;, pF Electric capacity C,, pF G+ G
0 0 7,95 7,95 0
0,1 0,03 7,942 7,968 0,0020
0,2 0,06 7,935 7,986 0,0040
0,3 0,09 7,928 8,005 0,0059
0,4 0,12 7,921 8,025 0,0080
0,5 0,15 7,915 8,044 0,0101
0,6 0,18 7,908 8,063 0,0121
0,7 0,21 7,901 8,081 0,0140
0,8 0,24 7,894 8,102 0,0162
0,9 0,27 7,888 8,120 0,0181
1 0,30 7,881 8,141 0,0203
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Amplitude of the output signal, V

AmMnnuTyaa BbIXoAHOro curHana, B

H

Yacrora, Ny
Frequency, Hz

YTO HA MPOTSKEHUHU MapIIpyTa BO3-
MOXHBI KOPPEKTUPOBKM, UMEIOIIIE
CBOEH 1Ie/IbI0 00eCHeYuTh padboTo-
CIMOCOOHOCTD U3/E/NsI B BHIOpAaHHOM
00J1aCTH U, CJIea0BaTeIbHO, ONITUMU-
3UpPOBaTh CYILIECTBYIOIIYID KOHCT-
PYKIIMIO B COOTBETCTBUM C Tpedye-
MbIMU  (PYHKIIMOHAJIbHBIMU TTapa-
meTtpamu [8, 9].

Paboma evinoaussace npu unam-
cosoti noddepicke Poccutickoeo Hayu-
H020 (hoHOa npu 6bINOAHEHUU NPOeKma
16-19-00177 "Hccaedosanue u paspa-
bomrka uumennekmyanvioix MIMC
damuuxoé ¢ yHKuusMU camoxaiuo-
POBKU U ABMOMAMUSUPOBAHHBIX UC-
noimamenvHbIX Komniexcos ",

Puc. 4. AYX MOMC-akceaepomerpa (M3MepeHHs POBOAKIUCH PH AMILIATYAE BUOPALUH

100 mg)

CHucoK JUTEpaTypbl

Fig. 4. Amplitude-frequency characteristic of MEMS accelerometer (measurements were done

at the amplitude of vibration of 100 mg)

Ha ngaroMm ostame BBIMOJHSIETCS IWHAMWYECKUMA
aHaJu3 KOHCTPYKIUU, B JaHHOU paboTe — Mojasb-
HbIl aHanu3. s obecrieyeHust CTaOMIbLHOI pPabOThI
YD B cocTaBe yCTpOIMCTBAa HEOOXOOUMO OIIPEIEINTh
€ro COOCTBEHHYIO YacTOTY IJISI OLEHKU BO3MOXKHOCTHU
(GYHKIIMOHUPOBAHUS B YCJIOBUSX BMOpaAllMM BBICO-
KO MHTEHCUBHOCTHM, YaCTOTAa KOTOPOW OMNpeIessieT-
¢ obacThio MpuMeHeHus. B pe3yabraTe npoBeaeHMs
MOJIEJIMPOBAaHUS YCTAHOBJIEHA COOCTBEHHAs 4acToTa,
npeacTaBieHHas Gopmoit Konmebanmit Ne 1 (tabi. 2,
CM. YETBEPTYIO CTOPOHY OOJIOXKM), TaK KakK AaHHas
¢opMa KosiebaHUI COBIaJaeT C HaIllpaBJIeHUEM U3Me-
PUTEJIBHOMN OCH.

ITonyyeHHOE 3HaUeHUE COOCTBEHHOM YaCTOThI 3Ha-
YUTEJIBHO MPEBBIIIACT BEPXHIO TPAHUYHYIO YacTOTy
BUOpallMM, XapakKTepHYIO IJis BbIOpaHHOI o0JyiacTu
MPUMEHEHMs, YTO TO3BOJISIET CleJaTh BBIBOA O TOM,
YTO HaHHAs KOHCTPYKUMS oOyagaeT HeoOXOauMoit
MPOYHOCTHIO K YKa3aHHOMY BbIllIe BO3IECICTBUIO.

Ha 1iectom atane M3rotaBiavMBaeTCs MakKeTHbINA 00-
pasell U BbIMOJTHSIOTCS MCIbITAaHUS, UMEIoLIe CBOeH
11€JIbIO TTOATBEPAUTD BINTOJIHEHUE TpeOoBaHUU T3 unu
chopMynMpoBaTh peKOMEHIALIMU MO0 KOPPEKTUPOBKE
KOHCTpYKLMU. B HallieM ciiyyae Oblid MpOBeAeHbBI UC-
MBITAHUST OMBITHOTO 00Opa3lia Ha BUOPOCTEHIe U TOC-
TpoeHa AYX (puc. 4).

3akimoueHue

IIpennoxeHHBII MaplIpyT OXBaThbiBaeT BCE HEOO-
XOJIMMBIE 3Talbl Pa3pabOTKU KOHCTPYKLMU YyBCTBU-
TEJBLHOTO BJIEMEHTa, BKJII0Yasl U3TOTOBJIEHNE U TTPOBe-
JIeHUEe HeOOXOMMBIX UccieqoBaHui. bputo mokasaHo,
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Introduction

MEMS accelerometer can be described by means of
a set of functional parameters, at that, some of them are
mutually exclusive by their numerical values. This caus-
es a necessity for a compromise in selection of the pa-
rameters, which can be reached only during consider-
ation of a concrete sphere of application of the accel-
erometer and, hence, during solving of a task set for it.
The range of the tasks for such sensors is rather wide.
Since the data, concerning the theoretical foundations
and practical examples differ considerably, the route of
designing for one and the same problem can vary
strongly, depending on the real technological process,
properties of the applied materials and operating modes
of the equipment. Therefore, development of a univer-
sal route of designing, allowing us to optimize the
MEMS accelerometer by one or several functional pa-
rameters, is, no doubt, important [1], especially during
realization of the function of self-calibration.

In the given work an attempt is done to realize a
route and to apply it for development of a MEMS ac-

celerometer for measurement of small vibrations with
the amplitude of about 100 mg and implementation of
the function of a threshold device.

The accelerometers for measurement of vibrations
[2, 3] find their application in the security alarm sys-
tems, aimed to detect small vibrations in the protected
territory, which correspond to human steps, and to en-
sure actuation of an alarm system.

The key element of a MEMS accelerometer is its
sensitive element (SE). The most wide-spread designs
of the sensitive elements are the designs of two types —
piezoelectric and capacitor ones. The main drawback of
the piezoelectric sensor is its frequency range limited
from below, i.e. such a sensor cannot measure acceler-
ation below a certain boundary frequency, up to the
static accelerations. For this reason one of the most
promising solutions in the given area is the capacitor
MEMS accelerometer.

Another, not less important thing, is the signal
processing circuit, on the correct functioning of which
depend directly the output parameters of a finished
product.
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Analysis of the existing processing circuits

At the first stage of the route processing the circuits
were analyzed, the information about which was pre-
sented in the open sources (patents for domestic and
foreign solutions). It was established, that during meas-
urement of small capacities the parasitic capacities
formed by the elements of the case and the connecting
conductors were not compensated for in any way. Be-
sides, the circuits based on the compensatory principle
realize only the proportional feedback, the main draw-
back of which is impossibility of a complete elimination
of a mismatch error in the feedback loop. The above
circumstances decrease the accuracy of the measured
vibrations and require a separate study.

The proposed solution boils down to the fact that the
role of the amplifier of SE signal is played by the charg-
ing amplifier, while the feedback loop is adjusted so that
it can operate in both steady and in conditionally stable
modes. The selection of the operating mode is carried
out by variation of the frequency of the pump oscillator
and coefficient of amplification of the charging ampli-
fier. In a stable operating mode the charging amplifier
has a smaller coefficient of amplification, while the al-
ternating current generator has a lower frequency. In a
conditionally stable mode the charging amplifier has a
bigger coefficient of amplification, and the alternating
current generator has a higher frequency. In case of op-
eration of the processing circuit in a steady mode the
mismatch error will be eliminated completely and, ac-
cordingly, the level of noise in the output signal will be
considerably lower. In case of operation in the condi-
tionally stable mode the mismatch error will be consid-
erably less than in the analogues. But in the second
case, also, in addition to lower noises, the influence of
SE on the nonlinearity of the transfer characteristic and
the frequency range of transformation is eliminated
completely. This is achieved due to operation of the
processing circuit of MEMS accelerometer in the con-
ditionally stable mode, when it is on the edge of exci-
tation and, consequently, the output parameters of the
compensatory accelerometer are determined exclusive-
ly by the parameters of the electronic system. This also
allows us to exclude the influence of SE on the tem-
perature and time instability of displacement of the zero
signal. All this leads to an increase of the accuracy of
measurement of the MEMS accelerometer. An inven-
tion application was received for this solution.

Development of a solid-state model of SE

At the second stage a solid-state model of SE was
developed [4] (Fig. 1, see the 3-rd side of cover), com-
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pletely corresponding to the requirements from the
point of view of the technological process. We should
point out that at the given stage there is a necessity for
coordination of the design norms and the applied ma-
terials with the technologists. In case of divergences, it
would be expedient to calculate the design anew in or-
der to take into account the requirements of the tech-
nological process and, simultaneously, the general re-
quirements specification concerning a product.

Preparation of a solid-state model

At the third stage a preparation of the solid-state
model for an analysis was done. For the resource-saving
purpose the constructive elements, which did not have
a direct relation to its functioning in the specified con-
ditions, were excluded.

Calculation of a deformation in the design

At the fourth stage the deformations were calculat-
ed in the design in the expected working conditions
with a view to determine the values of the electric ca-
pacities formed by the rotor and the stator (Fig. 2, see
the 3-rd side of cover).

Then it is necessary to establish a connection be-
tween the gap formed between the rotor and the stator
under the influence of the known acceleration, and the
coordinate. We will approximate the dependence of the
value of the gap on the coordinate by means of a pol-
ynom of the 3rd degree:

a’=p1x3 + pzx2 + p3x + py, (1)

where py, py, p3, p4 — coefficients of the polynom,
d — gap, um, x — the coordinate, mm.

Since the electric capacities are formed between the
stator (Fig. 3) and the rotor in those places, where there
are coverings with the known coordinates, the formed
capacity should be calculated on the site of the rotor
and the stator, where they are.

Now we will calculate the electric capacity formed
by the coverings:

Seg)
== -
X12 1
- hgoxj 5 4 3 P )
HPIX + PyX 4 P3X + paX + psX+ pg
S%so
CZ = —-—-——d =
X2 1
= hey | — 3 G

Y px +p2x4 +p3x +p4x2 +Psx + pg




where C; — electric capacity of the Ist covering; C; —
electric capacity of the 2nd covering.

In our case x;; = 1.1 mm, x;, = 3 mm,
Xy = 4.6 mm, xy, = 6.5 mm, # = 5.2 mm.

Accordingly, for the specified geometrical sizes the
static characteristic can be described in a tabular form.

Since measurement of one of the capacities of C; or
C, (directly) leads to occurrence of a big nonlinearity
[7], the electronic system of MEMS accelerometer car-
ries out transformation of the "capacity-voltage" form
not directly, but in accordance with the following ex-
pression:

v o —x2"Cy Ly (4)
BBIX C2+ Cl REF 0>

where K — scale coefficient of MEMS accelerometer,

V/g; U, — displacement of zero of MEMS accelerom-

eter, V; Upgp — reference voltage of MEMS acceler-

ometer (in the given work Uppr = +1.25 V).

In the work the scale coefficient of MEMS acceler-
ometer (for the proposed electronic system) was 18 V/g
(such a big value is necessary to ensure a possibility of
measurement of vibrations with amplitude of 100 mg).

At the fifth stage a dynamic analysis of the design,
in the given work — a modal analysis, is done. In order
to ensure a stable operation of SE in the composition
of the device it is necessary to determine its own fre-
quency for estimation of a possibility of functioning in
the conditions of a high intensity vibration, the fre-
quency of which is determined by the sphere of appli-
cation. As a result of carrying out of modeling the own
frequency was established presented by the form of os-
cillations Ne 1 (table 2, see the 4-th side of cover), be-
cause the given form of oscillations coincides with the
direction of the measuring axis.

The obtained value of the own frequency exceeds
the upper limit of the vibration frequency, typical for
the selected sphere of application, which allows us to
draw a conclusion that the design has the necessary
strength to withstand the above influence.

At the sixth stage a model sample is made and its
tests are carried out with the aim to check that it meets
the requirements specification or to formulate recom-
mendations concerning corrections in the design. In
our case a pre-production model was tested on a vibra-
tion table and an amplitude-frequency characteristic
was constructed (fig. 4).

Conclusion

The proposed route covers all the necessary cycles
of development of the design of a sensitive element,
including manufacturing and the necessary research
works. It was demonstrated, that throughout the whole
of the route corrections were possible, aimed to ensure
functionality of a product in the selected area and to
optimize the existing design in accordance with the re-
quired functional parameters [8, 9].

The work was done with the financial support of the
Russian Scientific Foundation within the framework of
project 16-19-00177 "Research and development of intel-
lectual MEMS sensors with self-calibration functions and
automated test complexes".
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C OAHMM U ABYMA 3ATBOPAMUA
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C ucnoav3oeanuem pazpabomaHHvlX KOMOUHUPOBAHHbIX MOOeaell NPOBedeHO MOOeAUPOsarUe 00HO- U 08YX3AMBOPHBIX NOAEBHIX
MPAH3UCMOPO8 HA 00OHOCAOUHOM epagpeHe. Hccaedosano eausnue paziuuHsiX QaKmopos Ha 80AbM-AMNEPHble XapaKmepucmuKu
npubopos. I[lonyuero xopouiee coenaco8anue pe3yibmamos pacuemos ¢ IKCnepuMeHmatbHoIMu OGHHIMU.
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denwb, Modeauposatue

BBenenune

Bonbllioe BHMMaHKWe B HACTOsIIIEe BpeMsl B BBICO-
KOYaCTOTHOM HAaHORJIEKTPOHUKE YIESeTCSI CO3AAHUIO
MPUOOPHBIX CTPYKTYp HA OCHOBE YIJIEPOIHBIX HAHO-
martepuanoB [1]. IlepcieKTUBHOM, B YACTHOCTH, CUM-
TaeTcsl pa3paboTKa IOJIeBbIX rpad)eHOBBLIX TPAH3UCTO-
poB (IIT'T) [2]. B cBs13u ¢ 3TUM MPOBOASITCSI UHTEH-
CHBHbIE UCCJIEIOBaHUS 110 CO3aHUI0 MOJIeieil TaKuX
MpUOOPHBIX CTPYKTYp, 0€3 KOTOPBIX MX pa3paboTKa
U ONTUMM3ALUS OyayT MPOCTO HEBO3MOXHBI. [Ipo-
BeJIEHHBIN aHaJn3 MoKa3bIBaeT, yTo B Moaengax I1I'T
BaXKHO YUYMTBIBATh cleAytolre ¢pakToOpbl: MOABUXKHO-
CTH 3JICKTPOHOB UM ABIPOK; KBAHTOBYID E€MKOCTh; CO-
MPOTUBJICHUSI CTOKA U MCTOKA.

Ilenapio paboOTHI SIBIASIETCS MOJAEJIMPOBAHUE C yue-
TOM OTMEUEHHBIX (DAKTOPOB BOJIbT-aMIIEPHBIX XapakK-
tepuctuk I1I'T ¢ ogHUM U ABYMSI 3aTBOpaMM Ha OCHO-
BE OJHOCJIOIHOTO rpadeHa ¢ MCIIOJb30BaHUEM IIpe/l-
JIO)KEHHBIX KOMOMHUPOBAHHBIX MOJIEJICH.

Mopemm

Hamu yxe otrmeuvanoch [3], 4Tto misi omucaHUs
TpaHCIIOpTa B Irpad)eHe He0OXOAUMO MPUMEHSITh B Ka-
YeCTBE MCXOIHBIX YpaBHEHUS KBAHTOBOMW 2JIEKTPOAM-
Hamuku. OgHaKo B paccMaTpUBaeMbIX B paboTe ciy-
yasix OHOCJOMHOrO rpadeHa Ha TMOTOXKAX pa3iny-
HOTO THUIIA TOITyCTUMO MCIIOJb30BaTh YPaBHEHMS He-
PEJISITUBUCTCKON KBAHTOBON MEXaHUKU U CJIEAYIOLIMX
M3 HUX 0oJjiee IPOCTBIX KBAHTOBBIX Moneneit [4]. AHa-
JIN3 TOKa3bIBaeT, YTO B KAayeCTBE MCXOOHBIX IOCTa-
TouHO ucnoab3oBaTh mas IIT'T ¢ xapakTepHbIMU Ha
HACTOSIIIINI MOMEHT BPEMEHM pa3MepaMU ypaBHEHMS
KBaHTOBOU nuddy3noHHo-npeiidoBoii Moaenu [4].

PaccMoTrpuM mpemioxeHHble KOMOMHUPOBAaHHbBIE
monenu I1I'T.
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B xauectBe Mmopenu 1 ucnoab30BaIu YIIPOIIEHHYIO
KOMOWMHHPOBAHHYIO Mozeab jaByx3aTBopHoro III'T
(cornacHo Knaccudukau [4—6]), coueTarouyo 3e-
MEHTBI (PU3UKO-TOIIOJIOTUYECKON U 3JEKTPUYECKON
MOZENE.

Ha nepBom atane B Mmoaenu 1 paccunTbiBaeM KBaH-
TOBYIO €MKOCTh MO YIPOLIEHHOU (hopMyiie [7]

24
C,= %, (D

IIe g — 3apsi 3JeKTpoHa; i — mocTtossHHas IlnaHka,
AeneHHas Ha 2m; ckopocth Pepmu Vi = 10° M/C.

3aTeM BBIYMCIISIEM EMKOCTH 3aTBOPOB (IJIs1 IBYX3a-
TBopHOro IIT'T) uiau eMKocTbh 3aTBopa (151 OAHO3a-
tBOopHOTO III'T) coriaacHo COOTHOLIEHUIO

q in

rae C;, — €MKOCTb, C(HOPMUPOBAHHAA MEXIY 3aTBO-
pOM U clioeM rpadeHa.

Hajnee paccudThIBaeM JIEKTPOCTATUYECKUI ITOTEH-
[MaJl KaHaJla COIJIaCHO COOTHOIIeHMIO [8, 9]:

Col(Vig=Vigo = VO + Cop(Vipr = V()

V= , (3
+ +
ng Cgb aC p
rae Cg,, Cgb — €MKOCTH BEPXHETro, HIXKHETO 3aTBOPOB;
Vtg — HamnpsbDKeHHe Ha BepXHEM 3aTBOPE; Vbeﬂ— -

(bexTUBHOE HampsKEHWE Ha HUXXHEM 3aTBOPE; V,go —
HanpspkeHue [upaka 1js1 BepxHero 3aTBopa; M(x) —
3JIEKTPOCTATUYECKHUIA TOTEHIMAT KaHalla MPU HYJIeBOM
cememweHun i Mx=0)=0u x=L) =V, V,, —
MOJIHOE MajJeHue HanpsiKeHUusl B KaHasie; Koo duim-
ent emkocty oo = 0,5 ipu g| V| > kT, k — nocrostHHas
BonbimMaHna; T — TeMmneparypa OKpyKalolleil cpebl.




Broipaxenue (3) mpuMeHUMO IS ABYX3aTBOPHBIX
III'T. B cnyyae ogHo3atBopHOoro III'T oHo mpeobpa-
3yeTcs K BUAY:

_ Cg( ng VgO* V(x))

V ,
Cg-i- och

4)

rie V, — HampsbkeHue Ha 3aTBope; Voo — HampsikeHue
Hupaka s 3aTBopa.

KBaHTOBbBIE SIBIEHUSI MOTYT OBITh YUTEHBI C TTOMO-
11610 3POEKTUBHONM MOABUXKHOCTA HOCUTENEH 3apsiaa
U, YYUTBIBAIOLLEW MOABUXHOCTH B3JIEKTPOHOB M Ibl-
pOK, OOllleil TIOTHOCTU 3apsiga jaucta rpadeHa Q u
KBaHTOBOI eMKOCTHU Cq. Ha BTOopoM 3Tame Ha ocHOBe
HalJIEHHOTO 3JIEKTPOCTAaTUIECKOTO MOTeHIIMAIa B Ka-
HaJle pacCUUThIBAIOTCS 3(GhEeKTUBHAs TMOABUKHOCTD
HocuTesiel 3apsiia B rpadeHe p coracHo monenu (10)
u3 paboTsl [10], yunThiBatoIas MOABUKHOCTU BJIEKT-
POHOB U JBIPOK, a TakxKe 00lasi TJIOTHOCTh 3apsiia
nucta rpadeHa Q coriacHo [11]:

2 3.2 2
o=k 4 gV +q[ A J, (5)

rme A — HEOTHOPOTHOCTh 3JEKTPOCTATUIECKOTO IT0-
TeHIMaJa.

Hanee mast HAXOXIEHHUST TOKA CTOKA MCIOJb3YETCS
¢dopmyna, nonydyeHHass U3 KBAHTOBOU T Py3nOHHO-
IpeiidoBoii Moaear, a UMeHHO [8, 9]:

Vch
W[ nodv
Iy= e ©)
L+|[ tav
0 "sat

rae W — mmpuHa KaHana, L — juimHa KaHana; Vg, —
CKOPOCTh HachklllieHUs1. CKOpOCTbh HACBILLIEHUS PAaCCUM-
TBIBAaeTCSI Ha OCHOBe cooTHouueHus (11) padotsr [10].

3aMeTUM, 4TO eC/IM He YYMTHIBATh KBAHTOBBIC SIB-
JIEHUsI W MaleHUs HaNpsoKeHW Ha obJIacTsIX CTOKa U
UCTOKA, TO B 3TOM ciydae V., = V,; (V,; — Hanpsxe-
HUE, MPUKIAAbIBAEMOE K CTOKY OTHOCUTEJIbHO MCTO-
Ka), a cooTHolleHue (6) MPUBOIUT K TPaAULIMOHHOM
I PY3MOHHO-IpeiiPOBON MOAEINU, HCIIOJIb3yeMOM
MHOTMMU aBTOpaMu (MHOTIA ¢ MOIUMUKALUSIMU U
KOppeKUMsIMH) TIpU pacuyeTe Toka ctoka IIT'T.

Ha 3aBepuiaromem srarne mocjie HaxoxiaeHus [,
NEPEPACCUNTHIBACM HampsikeHue V,; ¢ yueroMm masie-
HUI HANPSIKEHUI HA COMTPOTUBIIEHUAX CTOKA R ;1 uc-
Toka R, 1. e. V, =V, + (R; + R)I;. 3amerumM, 4to
B 001weM ciaydae R; # Rgu He paBHbl 0.

Paccmotpum Moaens 2 TITT.

Ha nepBom 3Tame, Tak e Kak U B Mojeau 1, pac-
CUMTBIBAEM KBAHTOBYIO €MKOCTb I10 YIPOLIEHHOM

¢dopmyie (1) 1 eMKOCTU 3aTBOPOB COINIACHO COOTHO-
meHuto (2).

[anee B oTIMuMe OT MOAEAU | ¢ MOMOILIbIO UTepa-
LIMOHHOTO METOJa CAMOCOIJIACOBAHHO PaCCUMTHIBAEM
BJIEKTPOCTaTUUECKUI TTOTEHIIMA KaHalla 1o ¢opMyJie
(3) (c yuetoMm Ko3(pPpuiiMeHTa EMKOCTU o) U KBAHTO-
BYI0 €eMKOCTb COIVIACHO COOTHOIUEHMUIO [7]:

3
c, =29

4! (7
(V)
B coornHomenun (3) ncnonnsdyercss ¢opmyna (14)
u3 pabotsl [10] 11 o, B KOTOPOW YYMTHIBAETCSI €TI0
U3MEHEHME B 3aBUCUMOCTM OT 3JIEKTPOCTATUUYECKOIO
noTeHnuanaa B KaHajne V. IlepepacueT BeIUYUH OCY-
LIECTBJISIETCS] CAMOCOIJIaCOBAaHHO A0 TeX Iop, IMokKa
TIOTIpaBKa 3JIEKTPOCTATUIECKOTO ITOTEHIIMAaIa B KaHa-
Jie He TOCTUTHET 3aJlaHHOro 3HavyeHus. B ciyuyae on-
HozatBopHoro III'T ucnonb3yercs cooTHomeHue (4).
Hanee >deKTUBHYIO MOABUXHOCTL W, OOILIYIO
TJIOTHOCTD 3apsia JucTa rpadeHa Q BbIUMCISIEM TakK
ke Kak B Momenu 1. CKOpOCTb HACHILIEHUS PacCUM-
ThIBa€M C YYETOM paccesiHusl Ha ONTUYECKUX (POHOHAX
Ha ocHoBe mozenu [12]:

Vv
TF’ ecan |Qnet‘ = q|pcrit|

Vear = 2qQ
V| O

ecm |Qnet| > q|pcrit‘;

70V p)’| Qe (2p ®
q 277

net‘

11O
Perit = I (VF] ’ ©)

€ P, — KPUTUYECKAS TUIOTHOCTb HOCUTEJIEH 3aps-
na; Q,,; — TUIOTHOCTb 3apsila HOCUTeJel B KaHaje
(Qper = |och V]); hQ — adpdexTrBHAS SHEPTUS ONTH-
yecKnX (DOHOHOB.

Tok croka BhUMCIsIEM coriacHo (6). 3aBepiuaro-
LM 3Tan pacyeToB COBMAAACT C TAKOBBIM JIJISI MOJIE-
Ju 1. Mogaenb 2 6osee agekBaTHasl 1O CPaBHEHUIO C
MoJieiblo 1 1 TMO3BOJISIET MOJYYUTh XOpOolllee coria-
COBaHME C IKCIEPUMEHTATbHBIMI JAHHBIMU, TaK KakK
3JIEKTPOCTATUUYECKM I TTOTEHIIMAN B KaHajle U KBaHTO-
Basi €MKOCTb PACCUMTHIBAIOTCS CaMOCOTJIACOBAaHHO.
Kak mpaBuiio, mapamerpaMyd MOAENU TIPU COTJIacoBa-
HUU PacUeTOB C 3KCIIEPUMEHTOM SIBIISTIOTCSI COITPOTHB-
JieHus1 CTOKa R; v uctoka R, a Takxe h B o(hPekTus-
HO# MOABMXKHOCTM HocuTeneit 3apsina [10].

Pa3paGotaHHBIe TIpOTPaMMEI, PeaM3YIONINE OITH-
CaHHbIE MOJIE/U, BKJIIOYEHBI B CICTEMY MOIEIMPOBAHUS
HaHO3J1eKTpPOoHHBIX ycTpoiicTB NANODEV [13—15],
pazpabaTteiBaemyio B bBI'VHUP ¢ 1995 r. u npegHa3Ha-
yeHHyo mig [I9BM.
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Pe3yJILTaT]>l MOJC/IMPOBAHUA

C npuMeHeHreM pa3paboTaHHBIX KOMOMHUPOBAH-
HBIX Monesieit 1 1 2 MpOBOAMIN pacyeT BEIXOMHBIX Xa-
PaKTEepUCTUK OOHO- M AByX3aTBOpHBIX III'T Ha ogHO-
cioiiHOM rpadeHe. PacueThl OCyllIeCTBASIIM MIPU TEM-
nepatype 7= 300 K, ecnu He ykazaHo apyroe. Ha rpa-
¢uKax mpuBeIeHbl pPe3yabTaThl MJISI TOKA CTOKAa WU
IUTOTHOCTH TOKa CTOKa IS yIOOCTBa CpaBHEHMSI C pe-
3yJIbTaTaMU APYTUX MOIENeH 10O ¢ IKCIepUMEHTATb-
HBIMHU JTaHHBIMU.

Ha puc. 1 mokazaHo 1orepeyHoe cedeHUE IBYX-
3arBopHoro I1I'T Ha ocHOBe ogHOCIOIHOrO rpadeHa.
B cnyyae omHo3atBopHoro III'T BepxHuit 3aTBOp OT-
cyrctByeT. HukHuii 3atBop aByx3atBopHoro IIT'T or-
JleJieH OT KaHaja TOJCThIM Au3JIeKTpuKoM. OH HeoO-
XOJUM JIJIS1 yIIPaBJIEHUS TTOJIOXEHUEM TOYKH 3JIeKTPO-
HENTPaJIbHOCTU M TUIIOM MPOBOIMMOCTH.

OCHOBHBIMUM HCXOIHBIMM JaHHBIMU [JIsI pacuera
SIBJISTIOTCS: JUIMHA U IIIMPUHA KaHaja, TOJIIMHBI CI0eB
JIUBJIEKTPUKOB JJIsS1 BEPXHETO0 M HUXKHEro 3aTBOPOB,
60 B ciydae ogHo3atBopHoro IIT'T — tosiuuHa au-
3JIEKTpUKa OJHOIO 3aTBOpPA; MOABMXXKHOCTU 3JIEKTPO-
HOB U IBIPOK B TpadeHe, TUIeKTPUIeCKUe MTPOHU-
LIaEMOCTH TMOJA3aTBOPHOTO AUBJIEKTPUKA UISI BEpXHE-
o M HIDXHETO 3aTBOPOB, CKOpocThb depMu B MOHO-
cioe rpadeHa, HEOTHOPOIHOCTD BJIEKTPOCTATUUECKOTO
MOTeHLIMaNa, 3HePrusl ONTUYECKUX (DOHOHOB, 3aBUCSI-
masi oT MOA3aTBOPHOIO IUAJIEKTPUKA; TMPUKIIAabIBae-
MbI€ K MpUOOPY HATpsSLKEHUs, TeMIepaTypa OKpyKaro-
el Ccpenmbl; COMPOTHUBICHUS CTOKA M MCTOKA; HaIps-
>XeHust Jlupaka i BEpXHEro M HUXKHETO 3aTBOPOB.

PaccMoTpuM pe3ynbTaThl pacueToB, MOJTYYeHHBIE C
noMouibsio Moaean 1. Ha puc. 2 moka3aHbl BEIXOJHEIE
xapaktepuctuku I1I'T 1 ipu pa3auuHBIX COIIPOTUBIIE-
Husx ctoka R, u ucroka R, III'T 1 pacnonaraercs Ha

T

Puc. 1. Ilonepeynoe ceyenue asyxsarsopHoro III'T Ha ocHose oa-
HOcJI0iiHOTO rpadena: S — nictok; G — BepxHUii 3aTBOp; BG — HItk-
HMii 3aTBOpP; D — cTOK; I — MoOIoxKKa; 2 — AUINEKTPUK HUKHETO
3aTBOpa; 3 — MMBJIEKTPUK BEpXHETo 3aTBOpa; 4 — MeTalJl BEpXHETro
3aTBOpA; 5 — MeTaJlJ1 HUXKHETO 3aTBopa; 6 — MeTaJll KICTOKA U CTOKa;
7 — rpacdeH

Fig. 1. Cross-section of dual-gate GFET based on monolayer graphene:
S — source; G — top gate; BG — back gate; D — drain; 1 — substrate;
2 — back-gate dielectric; 3 — top-gate dielectric; 4 — top-gate metal;
5 — back-gate metal; 6 — source and drain metal; 7 — graphene
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Puc. 2. Boixoausie xapakrepuctuku asyxsatsopuoro IIT'T 1 ¢ amm-
HO# KaHaJa 5 MKM NP Pa3JHYHBIX CONPOTHBJIEHHSAX HCTOKA H CTOKA,
paccyuTannbie no mogem 1: / — R, = R;= 0 O0m; 2— R = 10 Om;
R;=300m; 3 — R, =10 Om; R; = 90 Om; 4 — Ry = 10 Om;
R; =150 Om

Fig. 2. Output characteristics of 5-um dual-gate GFET 1 for various
source and drain resistances calculated with the use of the model I:
I1—R;=R;=0;2—R =10 R; =300, 3— R, =10
R; =900, 4— R, =10 R; =150 02

nomnoxke SiO,/Siu umeer nBa 3arsopa. ToHKuMI c10i
Al,O3 aBngercd OU3JIEKTPUKOM BEPXHETO 3aTBOPA.
Hnvna kaHana L = 5 MKM, a apyrue napametpsl T1I'T 1
MpuBeneHbl B pabote [16]. XapakTepuCTUKKM paccyu-
TaHbI C YYETOM HE TOJIbKO 3JIEKTPOHHOM, HO U ABIPOY-
HOI mpoBoauMocT. OTMETHM, YTO Pe3yJabTaThl MOJIE-
JIMPOBAaHUA 114 citydas R;# R KaueCTBEHHO IIPaBUIIb-
HO OTpaXkaloT M3BECTHBIC SKCIIEPUMEHTAIBHBIC TaH-
Hble [16], T. €. ¢ pocToM R, TOK CTOKa CHMXAETCH.

Hanee mpuBOAMM Pe3yJIbTaThl PACYETOB, MOTYICH-
HbI€ TOJBKO C IMOMOILbIO MOJEIU 2.

Ha puc. 3 moxa3zaHbl BBIXOIHBIE XapaKTePUCTUKU
omHo3aTBopHoro III'T 2 ¢ nauHoi KaHana L = 3 MKM,
noJjiydeHHbIe B pabote [17], mpu pa3anyHbIX 3HAYEHU -
SIX TOJIIIMHBI IMAJIeKTpYKa. Posib IuaaeKTpuKa 3aTBO-
pa BBIMOJHSIET rekcaroHabHbI HUTpUI 6opa (h-BN).
PacueTsl BEINOTHEHHI JISI CIIydast Vgs = —2 B, addek-
TUBHas1 9Heprust ontTuyeckux oHoHoB AQ = 200 M3B.
Kpuast I cooTBeTcTBYeT 3HaYeHUIO TOMIIUHBI h-BN
8,5 HMm, kpuBas 2 — 9,5 um, kpuBasg 3 — 10,5 HMm. bbi-
JIO YCTAHOBJIEHO, YTO YBEJIMYCHUE TOJIIMHBI TH3JICKT-
pUKa MPUBOIUT K YMEHBILIEHNIO TOKA CTOKa. OTMETUM
XOpOLIEE COTJIACOBAHUE PE3YJIbTATOB MOAECIUPOBAHUS
C ucrosb3oBaHueM napameTpoB 4 = 0,178 m2/(B - ¢),
R; = R, = 200 OM (kpuBas /) ¢ 3KCIIEPUMEHTAIbHbI-
MU JaHHBIMU (KpuBast 4) pabotsl [17].

Ha puc. 4 nokazaHbl BBIXOIHBIE XapaKTePUCTUKU
III'T 2 npu pas3nuyHOU OjMHE KaHajia. PacdyeThbl BbI-
MOJTHEHBI TS CIIydast Vgs = —1,5 B. Kpusas [ coor-
BETCTBYET JUIMHE KaHajla 3 MKM, KpuBast 2 — 6 MKM,
kpuBasg 3 — 9 MkM. BuaHo, 4to ¢ yBequYeHeM U~




HbI KaHajla CYLIECTBEHHO CHUXAETCS TOK CTOKa, 4TO
corjacyercs C W3BeCTHbIMUA maHHbIMU 1y TII'T.
IMTomyyeHO Takke Xopolllee COIIacoBaHME pe3yabTa-
TOB MOJIEJIMPOBAHMS C UCITOJb30BaHUEM ITapaMeTpPOB
h=0,24 M2/(B *¢), R;= R;= 200 Om (xpuBas I) ¢ K-
CepUMEHTAIbHBIMU JaHHBIMU (KpUBasi 4) pabothl [17].

C NOMOLIBIO MOACIN 2 ObUIM MPOBEICHBI pacyeThl
BBIXOJHBIX XapaKTepMCTUK JaByx3aTBopHoro IIT'T 1
MPU Pa3IUYHBIX TEMIIEPATypax OKPYKAIOIIEH Cpeabl
(puc. 5). B pacuerax ucnonb3oBaHa 3(pdeKTUBHAS
SHeprust onTrudyeckux PoHoHOB #Q = 55 MaB. Kak n
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Puc. 3. Boixoansie xapakrepuctuku oano3arsopHoro III'T 2 ¢ pam-
HO¥W KaHaja 3 MKM NpH Pa3jMYHbIX TOJIIMHAX AMDJIEKTPUKA, pac-
cynTanHbie mo mogemd 2: | — d=858um; 2—d =95 am; 3 —
d = 10,5 HM; 4 — BKCIepUMeHTalbHbIe JaHHBIC [17]

Fig. 3. Output characteristics of 3-um single-gate FET 2 for various
dielectric widths calculated with the use of the model 2: 1 — d = 8.5 nm;
2—d=95nm; 3 —d = 10.5 nm; 4 — the experimental data [17]

Puc. 4. Boixonnble xapakrepucTuku oaHo3arsopaoro IIT'T 2 npn pa3-
JIMYHBIX JJIMHAX KAHAJIA, PACCYMTAHHbIE MO Moaeau 2: [ — L = 3 MKM;
2— L=6wMKM; 3— L =9 MKM; 4 — aKcTiepiMeHTaTbHbIC NaHHbIe [ 17]
Fig. 4. Output characteristics of single-gate FET 2 for various channel
lengths calculated with the use of the model 2: 1 — L = 3 um; 2 —
L=6um; 3— L =29 um; 4— the experimental data [17]
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Puc. 5. Boixoanbie xapakrepucTuku asyx3atsopuoro IITT 1 ¢ nan-
HOWM KaHAJIa 5 MKM NpH pa3jiMyHbIX 3HAYEHHSAX TeMIEepPaTypbl OKpYy-
Kalomei cpeabl, paccuuTanHbie mo momeau 2: / — 7= 300 K; 2 —
T =177 K; 3 — skcrepuMeHTanbHbie naHHbie mpu 7= 300 K [16]

Fig. 5. Output characteristics of 5-um dual-gate GFET 1 for various
temperatures calculated with the use of the model 2: 1 — T = 300 K;
2— T=77K; 3 — the experimental data for the room temperature [16]

CJIeoBai0 OXUAaTh, C YMEHbLIEHUEM TeMIIepaTyphbl
TOK cToka mnagaet. [Ipu 3ToM moayyeHo xopoliee co-
IJlacoBaHUe pe3yJbTaTOB MoneaupoBaHus (Kpubas /)
IUTSL CITydasl HalpsDKEeHUST Ha BEPXHEM 3aTBOpPE, PABHOM
—1 B, npu KoMHaTHO# TeMmepaType ¢ SKCIepUMEH-
TaJbHBIMU TaHHBIMU (KpuBas 3) u3 pabotsl [16]. [1pu
pacdeTax ucrnosnbs3oBaH napametrp 4 = 0,06 M2/ (B-c¢),
aR;=R,=00m

3akimoueHue

B pabote npemioxeHb KOMOMHUPOBAHHBIE MOJE-
JIU ONHO- W JBYX3aTBOPHBIX ITOJEBBIX IpadeHOBBIX
TPaH3MCTOPOB HA OCHOBE YpaBHEHU I KBAHTOBOM nuch-
¢y3moHHO-apeiidoBoit Monenu. B Moxensax nomyctum
COBMECTHBIN yUeT psiia BaXKHbIX (paKTOPOB, a UMEHHO:
1) MoABUXKHOCTEH 3JIEKTPOHOB U IIBIPOK; 2) KBAHTOBOM
€MKOCTH; 3) CONpPOTUBIECHUI CTOKA U MCTOKA U BO3-
MOXHOro ux pasnuuusi. Mogenb 1 gBaseTcss ynpo-
LLIEHHOM U ee MOXHO MCITI0JIb30BaTh ISl SKCIPECCHBIX
WHXEHEPHbIX OLEHOK. Pe3ynbTarbl, MOJyYeHHbIE C
TMOMOIBIO MOJIENH 1, COTJIACYIOTCSl KaUe€CTBEHHO JIM0OO
C pe3yJbTaTaMu pacuera Mo M3BECTHbIM MOJEJISIM, JIU-
00 C BKCIeprMMEeHTaJbHBIMUA HaHHBIMU. B Momenu 2
3JIEKTPOCTATUUECKUIA MIOTEHIMAJI HAXOAUTCSI HA OCHO-
BE CaMOCOIJIaCOBAaHHOIO pacyeTa U NMPUBOIUT K Oosiee
TOYHBIM KOJIMYECTBEHHBIM pe3yJibTaTaM, HEXelIu MO-
nenb 1. Tak, ¢ ee mMpUMEHEHUEM TTOJYYEHO XOpollee
corjlacoBaHue pe3yJbTaTOB MOJEJUPOBAHUS C DKCIe-
PUMEHTAJIBHBIMM JAaHHBIMM KakK IS OMHO3aTBOPHO-
ro, tak u ajsa ayx3arBopHoro III'T. C ucnonbs3oBa-
HUEM TNPENTOXKEHHBIX MOJEJIEH UCCIeA0BAHO BIUSHUE
pa3IMYHBIX (haKTOPOB Ha BOJIbT-aMIIEpPHBIC XapakKTe-
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pucTtuku mpuodopoB. IIporpamMmel, peanusyolinue Mo-
JleJv, BKJIIOYEHbI B CUCTEMY MOJEIMPOBAHMSI HAHO-
a51eKTpoHHBIX ycTporictB NANODEYV [13—15].

Paboma evinonnena 6 pamkax Tocyoapcmeennoti npo-
epammoul Hay4yHblx uccredosanuli "Koneepeenyus” Pec-
nybauxku beaapyce.
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Introduction

In high-frequency nanoelectronics a lot of atten-
tion is devoted to development of devices on the basis
of carbon nanomaterials [1]. In particular, develop-
ment of graphene field-effect transistors (GFET) is
considered promising [2]. This explains the current in-
tensive research works for development of models of
such devices, without which their optimization will be
simply impossible. An analysis shows, that in GFET
models it is important to take into account the follow-
ing factors: the mobility of the electrons and holes;
the quantum capacitance; the drain and source resist-
ances.

The aim of the work is simulation with account of
the above-mentioned factors of the I'V-characteristics
of GFET with single and dual gates based on a mon-
olayer graphene with the use of the proposed combined
models.

Models

As we pointed out [3], a transport description in
graphene required as initials the equations of the quan-
tum electrodynamics. However, in the cases of a mon-
olayer graphene on substrates of various types consid-
ered in the paper it is possible to use equations of non-
relativistic quantum mechanics and more simple quan-
tum models resulting from them [4]. An analysis shows
that for GFET with the characteristic at the present
time sizes as initials it is enough to use the equations of
the quantum diffusion-drift model [4].

Let us consider the proposed combined models of
GFET.

As model 1 a simplified combined dual-gate model
of GFET (according to classification [4—6]) was used
integrating elements of the physical and electric
models.

At the first stage in model 1 we calculate the quan-
tum capacitance according to the following simplified
formula [7]

3
c, =24

5 (1)
n(hVp)

where ¢ — the electron charge; # — the Planck con-
stant, divided by 2r, the Fermi velocity Vp= 10° m/s.

Then we calculate the capacitances of the gates
(for a dual-gate GFET) or capacitance of a gate (for
a single-gate GFET) according to the following for-
mula:

¢, = b )
g Cq+ C,,’

where C;, — the capacitance formed between the gate
and graphene layer.

Then, we calculate the electrostatic potential of the
channel according to the following formula

Cgt( Vtg_ VIgO -V + Cgb( Vbeﬁ’ - V(x))

Cgt+ Cgb+va

V= )

where Cg,, Cgb — the top- and back-gate capacitances,
V,g — the top-gate voltage; Vbeﬂ— the effective back-
gate voltage; V,,, — the Dirac top-gate voltage; Mx) —
the electrostatic potential of the channel at a zero shift
for x=0)=0and x= L) =V, V., — the com-
plete voltage drop in the channel, capacitance coeffi-
cient a = 0,5 at g|V'| > kT, k — Boltzmann constant,
T — environmental temperature.

Expression (3) is applicable for the dual-gate GFET.
In case of a single-gate GFET (3), it will be trans-
formed in the following way:

C(Vy~ Vo~ V()

V:
C,+aC, ’

)

where Vg — the gate voltage; Vgo — Dirac voltage for
the gate.

The quantum phenomena can be taken into account
by means of an effective mobility of the charge carriers
u, considering the mobility of the electrons and holes,
total transport sheet carrier density in graphene Q and
quantum capacitance Cq. At the second stage on the ba-
sis of the obtained electrostatic potential in the channel
the effective mobility of the charge carriers in graph-
ene p is calculated in accordance with model (10) from
[10], taking into account the mobility of the electrons
and the holes, and also the total transport sheet carrier
density in graphene Q according to [11]:

2 3,2 2
o=kl . dV_ +q[ : J, 5)
3(nVg) n(hVp) nh Vi

where A — the inhomogeneity of the electrostatic po-
tential.

For finding of the drain current a formula obtained
from the quantum diffusion-drift model is used [8, 9]:

Vch
W[ noav
T — (6)

Vch
L+|[ tav

0 V.

sat

where W — the channel width; L — the channel length;
Vas — the saturation velocity. The saturation velocity is
calculated on the basis of formula (11) from [10].

We should point out that, if we do not take into ac-
count the quantum phenomena and voltage drops on
the drain and source areas, then V,, = V, (V; — the
voltage applied to the drain in relation to the source),

and the formula (6) leads to the traditional diffusion-
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drift model used by many authors (sometimes with
modifications and corrections) for calculation of the
drain current of GFET.

At the final stage, after we find /,, we recalculate V,
with account of the voltage drops on the resistances of
drain R, and source R, thatis V; =V, + (R;+ R)1,;
We should point out that in a general case R;# R; and
are not equal to 0.

Let us consider model 2 of GFET.

At the first stage, just like in model 1, we calculate
the quantum capacitance according to the simplified
formula (1) and the capacitances of the gates according
to formula (2).

Unlike model 1, by means of the iterative method
we calculate self-consistently the electrostatic potential
of the channel according to formula (3) (taking into ac-
count the capacitance coefficient o) and the quantum
capacitance according to formula [7]:

3
C,= 2L |v| (7)
(hVp)

In relation (3) formula (14) from [10] for « is used,
which takes into account its variation depending on the
electrostatic potential in channel V. Recalculation of
the values is carried out self-consistently until the mo-
ment, when the variation of the electrostatic potential
in the channel reaches the defined value. In case of a
single-gate GFET the formula (4) is used.

The effective mobility p, total transport sheet carrier
density in graphene Q are calculated just like in model 1.
The saturation velocity is calculated with account of
scattering on the optical phonons on the basis of the
model [12]:

_—Ef’ ecrnt | Q) < 4| i

2
Vsat = 2gQ A/Tc(hVF) |Qnet| _ (@)2 (8)
71V O q 2

ecm ’Qnet’ > q‘pcrit

net|

b

_ 1 1Q
Perit — ﬂ('i/—[:ja (9)

where p,,;;, — the critical charge carrier density; Q,,,; —
the charge carrier density in the channel (Q,,, =
= |va V]); hQ — effective energy of the optical pho-
nons.

The drain current is calculated in accordance with
(6). The final stage of the calculations coincides with
that for model 1. Model 2 is more adequate in com-
parison with model 1 and it also allows us to obtain a
good agreement with the experimental data, because

the electrostatic potential in the channel and the quan-
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tum capacitance are calculated self-consistently. As a
rule, the model parameters for agreement with the ex-
perimental data are the resistances of drain R; and
source R, and also 4 in the effective mobility of the
charge carriers [10].

The developed programs realizing the described
models are included in the simulation system of nano-
electronic devices NANODEYV [13—15], developed in
BSUIR since 1995 and intended for PC.

Simulation results

With application of the developed combined mod-
els 1 and 2 calculations of the output characteristics of
the single- and dual-gate GFET on a monolayer graph-
ene were performed. The calculations were carried out
at 300 K, unless otherwise indicated. The diagrams
present the results for the drain current or more accu-
rately the drain current density for convenience of
comparison with the results of the other models or with
the experimental data.

Fig. 1 presents a cross-section of a dual-gate GFET
based on monolayer graphene. In case of a single-gate
GFET the top gate is absent. The back-gate of the dual-
gate GFET is separated from the channel by a thick di-
electric. It is necessary for the position of the electrone-
utrality point and the conductivity type control.

The basic data for the calculation are: length and
width of the channel, thicknesses of the dielectric layers
for the top- and back-gates, or, in case of a single-gate
GFET, dielectric thickness of the gate; mobility of the
electrons and the holes in graphene, dielectric constant
of the dielectric for the top- and back-gates, Fermi ve-
locity in the graphene monolayer, inhomogeneity of the
electrostatic potential, the optical phonon energy, de-
pending on the subgate dielectric; the voltages applied
to a device, the environmental temperature; the drain
and source resistances; Dirac point voltage for the top-
and back-gates.

Let us consider the results of the calculations re-
ceived by means of the model 1. Fig. 2 presents the out-
put characteristics of GFET 1 at different resistances of
drain R; and source R.. GFET 1 lays on the substrate
of Si0,/Si and has two gates. A thin layer of Al,O5 is
the dielectric of the top gate. Length of the channel
L =5 um, and the other parameters of GFET 1 are
presented in the paper [16]. The characteristics were
calculated with account of not only the electron, but al-
so the hole conductivity. We should point out that the
simulation results for R; # R case reflect qualitatively
correctly the known experimental data [16], that is,
with the growth of R, the drain current decreases.

Further we present the results of the calculations re-
ceived only by means of model 2.

Fig. 3 presents the output characteristics of a single-
gate GFET 2 with channel length L = 3 um [17] at dif-
ferent values of the dielectric’s thickness. Hexagonal




boron nitride (h-BN) is the gate dielectric. The calcu-
lations were carried out for the case of V,, = =2V, the
effective energy of the optical phonons #Q = 200 meV.
Curve I corresponds to the h-BN thickness of 8.5 nm,
curve 2 — 9.5 nm, curve 3 — 10.5 nm. It was estab-
lished that an increase of the dielectric thickness leads
to a reduction of the drain current. We should underline
a good agreement of the simulation results using pa-
rameters 2 = 0.187 m2/(V *s), R;= R, =200 Q (curve /)
with the experimental data (curve 4) [17].

Fig. 4 presents the output characteristics of GFET 2
at different channel lengths. The calculations were done
for Vs = —1.5 V. Curve I corresponds to the channel
length of 3 um, curve 2 — 6 um, curve 3 — 9 um. It
is visible, that with an increase of the channel length the
drain current decreases considerably, which agrees with
the known data for GFET. Also a good agreement with
the experimental data (curve 4) of the paper [17] was
also received of the simulation results using parameters
h=0.24 mz/(V° s), R; = R; = 200 Q (curve I).

Calculations of the output characteristics of the du-
al-gate GFET 1 at various environmental temperature
(fig. 5). Were carried out by means of model 2. In cal-
culations the effective energy of the optical phonons
7Q = 55 meV was used. As it have been expected, the
drain current falls with reduction of the temperature.
At that, a good agreement of the simulation results
(curve [) with the experimental data (curve 3) from
[16] for the case of top gate voltage the equal to —1 V
at the room temperature was obtained. During the cal-
culations we used the parameter 2 = 0.06 m2/(V- s),
and R;= R, =0 Q.

Conclusion

The combined models of the single- and dual-gate
field graphene transistors based on equations of the
quantum diffusion-drift model were proposed. The
models include following important factors: 1) mobility
of the electrons and the holes; 2) quantum capacitance;
3) resistances of the drain and the source, and their pos-
sible differences. Model 1 is a simplified one and it can
be used for express engineering estimations. The re-
sults received by means of model 1 are qualitatively
agreement with the calculation results obtained with the
known models, or with the experimental data. In mod-
el 2 the electrostatic potential is found by a self-con-
sistent calculation and leads to more accurate quanti-
tative results, than model 1. Thus, its application en-
sured a good agreement of the simulation results with
the experimental data both for the single- and dual-gate
GFET. With the use of the proposed models the influ-
ence of various factors on the IV-characteristics of de-
vices was investigated. The programs realizing the mod-
els were included in simulation system of nanoelectron-
ic devices NANODEYV [13—15].

The work was done within the framework of the "Con-
vergence" State Scientific Research Program of the Re-
public of Belarus.
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BAPUALIMSA 3HAYEHUIA LULMPUHDI BbICTYNOB
NMnPU USMEPEHMU X B HU3KOBOAbTHOM POM

Ilocmynuna ¢ pedaxyuio 13.07.2017

Mepbr wupunsl 0 pacmposoeo 21eKmporHo2o mukpockona (POM) nodsepeaiomes MHOLOKPAMHBIM CKAHUPOBAHUAM AMMECMO-
BAHHOU cmpyKmypbl (6vicmyna). Boiseuiocs, 4umo 6 peayavmame MHOSOKPAMHbIX CKAHUPOBAHULL BbICYNA 8 HU3K0804bmHOM POM
B03MOJICHO He MOAbKO YeeaudeHue, Ho U YMeHbuleHue 3HaueHutl wupunsl. Hccaedoeanvl 0c0OeHHOCMU U NPUYUHBL 9020 SAGNCHUSL.

Karoueevie caoea: nanomemponoeus, Huzkogoromuwiii POM, peavepras cmpykmypa, KOHMAMUHAUUs, 21eKmpu4ecKuil 3apsao

HA noeepxnHocmu

BBenenne

CTabuabHOCTh U3MEPEHUI 0COOEHHO BaXkHa B Ha-
HOMETPOJIOTUM — OO0JIAaCTU 3HAHW, KOTOpPAsk TOJIbKO
OCBaMBaeTCs ISl TTPaKTUUECKOTO MCIOJb30BaHUS, B
YAaCTHOCTHU [IJI1 HAHO3JIEKTPOHUKHU. [JIs1 ee ocBOEHUs
TpedyeTcsl YeTKoe MpPeACTaBIeHUE O Mpolleccax, npo-
HUCXOMASIIMX B HAHOMUPE, KOTOPOE CETOAHS SIBJSIETCS
JlaJIeKO He TMOJIHBIM.

OaHO M3 HEMPUATHBIX SIBJIEHUIA B HAHOMETPOJIO-
TMU JIMHEWHBIX U3MEPEHUN — yBeJIWUYEHHE LIMPUHBI
(yuiupeHue) BbICTyNa MEPhI B XONI€ €€ SKCILTyaTaluu
B PaCTpOBOM 3JIEKTPOHHOM MuKpockorne (POM). OHo
BO3HMKAaeT Jaxe B CBEPXBbICOKOBaKyyMHOM POM
BCJIEICTBUE ocaxaeHus1 TOHKo# (ropsiaka 0,1 u 1 HM)
YIJIEBOAOPOIHOM TUIEHKM Ha MMOBEPXHOCTh pejibeHOM
cTpyKTypbl. OgHako POM-uzobpaxeHue BBICTYMA,
c(OPMUPOBAHHOTO B CJI0€ IUAJIEKTPUKA, CIIOCOOHO
CXKMMAThCS M3-3a HaBeACHMS DJIEKTPUUECKUX 3apsiOoB
Ha ee IMOBepxXHOCTH [1], yMeHbIlIas U3MepeHHOe 3Ha-
YeHUE IUMPUHBL. Mbl 3KCIEPUMEHTAILHO OOHApYXKM-
JIM yMEHbllIeHWe 3HAYeHUI IIUPUHbBI BBICTYIIA, chop-
MMWPOBAHHOTO TpaBJIEHWEM KPEMHUEBOW TMOMIOXKUA
(mogo6Horo BeicTyny B Mepe mupuHsl MIITIC-2 [2]).
B manHoi1 paboTe Mbl IIpeacTaBiisieM pe3yJbTaThl UC-
clieoBaHUsSI OOHApYXXEHHOTO SIBJIEHUS JJISI BBICTY-
oB, 0oJiee OJM3KUX 10 CIIOCOOY M3rOTOBIECHUS K BhI-
crynaM, popmupyembiM B npousBoactse bUC. Lenn
HUCCeOBAaHUSI — BBISICHEHUE JeTajeid MexaHu3Ma
YMEHBIIIEHUSI 3HAYEHUI IIMPUHBI MOJYIPOBOJIHUKO-
BBIX BBICTYIIOB, (DOPMUPOBAaHUE LIEJIOCTHON KapTUHBI
SIBJICHUS.

VcioBus 3KkCcniepuMenTa

Obsexmbt uzmepenuii. OCHOBHYIO 4acTb HCCIEIO-
BaHWIA MMPOBOAMIN Ha BBICTYIAaX, COOPMUPOBAHHBIX B
KPEMHMEBOU IIACTUHE C TTOMOIIBIO TIa3MOXUMUYEC-
KOO TpaBJICHUS TOIJIOXKM, C pa3Hoil (popMoii IIpo-
¢unsa. BeICTynbl ¢ pa3IMYalOIIMMUCT MTPODUISIMU
BepxHero ocHoBaHus (BO) ¢opMupoBanucek ¢ momMo-
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IIBI0 pa3HBIX BapMAHTOB M3TOTOBJICHUS MACKW: IS
OIHOTO THUITA MAaCKW — BBICTYIBI C TTOYTH THIOCKUM
BO, nnsg apyroro — co CKpyrjieHUsIMU Ha €ro rpaHu-
11ax. bOKOBbIE CTEHKM 3TUX BBICTYIIOB TakKxKe (opMu-
pOBaJIUCh MO-Pa3HOMY — C OOJBIIMM WIM MEHBLIMM
HakJIOHOM. ['JTyG1Ha TpaBlIleHUsI KpeMHUEBOM TUIaCTH -
HbI B 000UX ciydasix coctasisiiia ~350 um. Kpome To-
ro, OBUTM CO3MaHBI BBICTYIIBI B CJIO€ TTOJUKPEMHUS
TOMIMHON oKojo 200 HM, Jexallero Ha TOHKOM Ju-
9JIeKTpUKe (M0 TEXHOJOTMM H3TOTOBJCHUS "3aTBO-
pOB", TaKKe C UCTIOJIb30BAHNEM TIA3MO-XUMIIECKOTO
TpaBJicHN:). BOKOBBIE CTEHKHM B 3TOM CJIydae BBITION-
HSIIOTCSI OOBIYHO MO0 BepTUKAIbHBIMU, JIMOO UMEIOT
HeOoJIbII0M "oTpuLIaTebHbIN" KIuH. [Tocie 3aBepiie-
HUS TPaBJICHUS BEICTYITOB BCE YYACTKU X MTOBEPXHOC-
TH OKAa3BIBAJINCHh TMOKPBHITBIMM CJIOEM €CTeCTBEHHOTO
okcuma ToimumHoun 1,5...2,0 HM.

Cpeocmeo usmepenusn. 1y m3MepeHUs] IMUPUHBI
BBICTYIIOB KCITOJIb30BaJId U3MepUTeNIbHBIIE POM S9260
(XuTauu), mpeqHa3HAYEHHbIH IS KOHTPOJS JIMHEH-
HbIX pasMepoB MUC go 100 HM B MPOU3BOACTBEHHBIX
ycrnoBusix. KanmdpoBKy ero yBeImIeHUs TIPOBOIVUIIH C
IMOMOILIBI0 Mepbl nepuoga ¢GupMbl "Xutauu'" B BHUIE
penbedHOI pelleTKM Ha KpeMHUEBOH TUIacTMHE C 1lia-
rom 240 um. POM paboTaeT B HU3KOBOJBTHOM pexKUME
(0,3...1,6 kB). B Hammx 3KcnepMMeHTax OH UCIOJb-
30BaJICSl IPU DHEPTUU 3JeKTpoHHOro myyka 0,8 k3B,
MPUA 3TOM TOK My4Ka COCTABJISII OOBIYHO OKOJIO 6 MA,
yBeanueHue ~120 000...180 000 kpat, pasmep IMOJsI
0,748 x 0,748 umMm, pasMep nukcensa ~1,46 um. B yka-
3aHHOM IMAara30He SHEPTUH MydyKa (hrpMa-n3roTOBU-
Tesib POM obecnieunBaeT pa3pelieHrue 3 HM, IpU 3TOM
BOCHPOU3BOAMMOCTb JIMHEMHBIX M3MEPEHUMN COCTaB-
JISIET 1O TaHHBIM U3roTOBUTEJISI 0K0JI0 2 HM (30). Jlas
JIOTIOTHATETLHOTO YMEHBIICHUS CIyJaifHOM TTOTrpel-
HOCTH W3MEpeHWI CKAaHMPOBAaHME OIHOTO BEICTYIIA
npoBoauan 32 pasa misi GopMUPOBAHUS OOJHOIO Kaj-
pa, MmocJie 4Yero KOMIbIOTep yCpeaHs1 3aUKCUPOBaH-
Hble U300pakeHMsI.




Memoourxa npoeedenus uzmepenuii. 3HaueHUE 111K~
puHbl BO omnpenensiioch Mo KpUBOMl BUAEOCUTHANA
(BC), koTtopasi mosydyajiacb yCpeIHEHUEM BCEX KPU-
BbIX BC 110 oTaeabHbBIM cTpoKaM u3obpaxkeHus. [1po-
rpaMMa M3MEpeHUsl IMPUHBI TO3BOJISIa BBIICIUTH
(uxkcupoBaHHbIe TOUKM Ha KpuBoii BC u onpenenurb
paccTosiHMe MEXIy HUMM, WCIOJb3ys ISl 3TOro Ka-
JIMOpoBaHHOE 3HaueHUe pa3Mmepa Iukcens. Iloioxe-
HUE TOYEK, MEXAY KOTOPBIMU U3MEPSIOCh PACCTOSI-
HHE, BBIOMPATIOCh B COOTBETCTBUM C KPUTEPUEM COOT-
BETCTBMSI YIJIOBBIX TOUEK BBICTYIIA M OCOOBIX TOUYEK Ha
kpuBoit BC [3].

PesyabTaThl

Ha puc. 1 mokazaHsl nipaBble YYaCTKU TPEX KPUBBIX
BC, nonyyeHHBIX B pe3yabTaTe CKAHUPOBAHUS OJHOTO
BBICTYIIa B OTHOM €TI0 CEYEHMH Yepe3 IBa BPEMEHHbBIX
npoMmexyTtka. [Iuku aMIuTyabsl COOTBETCTBYIOT Tpa-
BOMY Kpalo BepXHeTro ocHoBaHus BbicTyna. Kaxaas us
KPUBBIX CMEIIAJIACH MO BEPTUKAJIMU TaK, YTOOBI COB-
Majayu yCpedHeHHble 3HAUEHUSI aMIUIMTYIbl KPUBBIX,
COOTBETCTBYIOLIME BEPXHEMY OCHOBAHHUIO BBICTYIIA.
Kpome Toro, kaxaast u3 KpMBbIX cMelllanach BIOJb ro-
PU30OHTAILHOI OCH OTHOCUTEJIBHO APYIUX TaK, YTOObI
OHH BCE COBMNAJIM B TOUKE ¢ KooparHaToit X = 160 HM
npu amiumutyae 400 y. e. (Ha cepeluHe BHYyTpeHHeEN
(rIpaBoii) CTOPOHBI JIEBOTO MUKA aMILIUTYIbl HE TO-
Ka3aHo).

Xopol11o 3aMeTHO, 4To UK KpusBoii BC, cooTBeT-
CTBYIOIIMI TTpaBoMy Kpato BO, u3MeHsieT U pacmnoio-
XKeHue (CMelasich BIOJb OCH adCLucC), U CBOIO (op-
My TIpUA MOBTOPHBIX CKAHUPOBaHUSIX. Ero cmeleHue
(1o ypoBH1o aMIinutyabl 400 y. €.) OTHOCUTEIBLHO 00-
IIE TOYKM BCEX KPHMBBIX HAa CEpEIVMHE BHYTPECHHEN
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Puc. 1. IIpasbie yacTu KpuBbix BC (cTpejkaMu 0TMEYEHbI YYACTKH,
COOTBeTCTBYIOIMeE AeTajiam npoduis soicryna). Kpusas I coorserct-
BYET HAYaJIbHOMY CKaHy BbiCTyna, 2 — 50-my ckaHy, 3 — Ha4aJbHOMY
cKaHy 4epe3 4 mecsua

Fig. 1. The right parts of VS curves (arrows designate the sites
corresponding to the parts of the ledge profile). Curve 1 corresponds to

the initial scan of the ledge, 2 to the 50" scan, 3 1o the initial scan after
4 months
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Puc. 2. Bapnanus 3HaueHnii MIMPUHBI BBICTYNIA B XO/I€ €r0 CKAHMPO-
BaHUS C IECATHIO NPePHIBAHUAMMU (C BLIBOJOM IJIACTHHBI M3 BAKYyMa).
Buans! 11 HuKI0B CKAHHPOBAHMS C XaPAKTEPHBIM YMEHbIIEHHEM 3HA-
YyeHWil B KaxaoM nukie. Ilocienyiomue CKayKd BO3HHMKAIOT MoOcJe
KaXK/IOTO TpPepPbIBAHNS

Fig. 2. Variation of the ledge width values during its scanning with ten
interruptions (with a withdrawal of the plate from vacuum); 11 cycles
of scanning with a characteristic reduction of the values in each cycle
are visible. The subsequent leaps appear after each interruption

CTOPOHBI IIPABOro IMKa (He IMoKa3aHa) COOTBETCTBYIOT
JINOO YMEHBILIEHUIO IIMPUHBI BEPXHETO OCHOBAHMS Ha
~2,4 um (xpuBag 2), 1u6o ee yBeandeHuto (Ha 0,8 HM
(xpuBas 3).

IToxazanHoe cmelieHue nuka Kpuoii BC (1 Bapu-
alMsl IIMPUHBI BBICTYIA) HE SIBJSETCS CIy4ailHOCTbIO
BbIOOpa ycioBuil uamepeHusi. Ha puc. 2 mokaszaHa 3a-
BUCUMOCTb YCPEIHEHHOTO (IT0 BCEM CEYEHUSIM BBICTY-
na Ha POM-uzobpaxxeHM) 3HAUEHUST ILTUPUHBI JIpY-
roro BBICTYIIa OT HOMepa cKaHa. 3aMeTHBI XapakTep-
Hble CTajbl ¢ MOCAEAYIOIIMMU CKauKaMu 3HaYeHU
wpuHbl. Ckauyku Ha 25-m, 50-M, 75-M U T. 4. cKaHax
BO3HMKAIOT IOCJe MepepbiBa B CKAHUPOBAHUU IPO-
TMOJDKATEIILHOCTBIO OT HECKOJBKMX YaCOB IO HECKOJb-
KHX CYTOK (C BBIBOJOM TUIACTUHBI C KOHTPOJMPYEMBIM
BBICTYITOM M3 Bakyyma). Illym curHasna Ha KpuBoOit, co-
crapnsitonuii ~0,2...0,3 HM, He MelnaeT 3apUKCUPO-
BaTh CKAYKM C pa3zMaxoM 1...1,5 HM Tmocie KaXmoro Iie-
pepbiBa. YBEIMYEeHWE IMMPUHBI MPU HAUTMYUM ITyMa
HaJexXHee OLIEHUTh 10 U3MEHEHUIO CPEIHUX 3HAUCHU
B KaXIOM HEIPEePHIBHOM IIyTe CKAHOB. YCpEeIHEHHOE
no 10 uyram yBenuueHue coctabwio 0,4 um/uyr. Poct
YCPEOHEHHOTO 3HAYCHUS IIUPUHBI SIBISICTCS TIOYTH
JIMHEWHBIM.

Cnagsl 3HaYCHUI IMMPUHBI BO3HUKAIOT JIMIITD TTOC-
Jie HeTpepbhIBaeMoli MocaenoBaTeIbHOCTH ckaHoB. Ha
puc. 3 oKkazaHa 3aBUCUMOCTb 3HAYEHU I IIUPUHBI OT
yycjaa CKaHOB JJISI OMMHOYHBIX CKAaHMPOBAaHUM, pa3-
JeJICHHBIX MepepbiBaMu (C BBIBOAOM IUIACTUHBI U3
BakyyMma). BugHo, 4To B 3TOM cllydyae XapaKTepHOeE
YMEHbIIIEHE 3HAYEHUI ILIMPUHBI OTCYTCTBYET.

OTMeTUM Jpyrve oCOOEHHOCTH BapuallMM 3Haue-
HUHM WupuHbI. Bo-TIepBBIX, OOIIMIA pOCT 3HAYEHUU
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MpY eAMHUYHBIX CKAHUPOBAHMSIX MEHBIIIE, YeM TIPU
CKaHMPOBAHMSIX HEIMpPepbIBAEMOM ITOCIeI0BATEILHO-
CThIO CKaHOB (~1,7 mpotus ~3,5 HM nocie 11 ckaHOB).
Bo-BTOpHIX, Cay4yaifHbIE OTKJIOHEHUSI OT JUHEHHOTO
pocTa 3HaYeHU IIUMPUHBI MPU EIUMHUYHBIX CKaHax
BO3HMKAIOT yaile. TakuM o0pa3oM, mocjeaoBaTelb-
HO€ CKaHMpPOBAaHWE YBEJIMYMBAET POCT 3HAYCHHIN W
crabuiausupyeT ero. OMHAKO poCT He MPOIOPLMOHA-
JIEH YMCITy CKAHOB: 25-KpaTHOe YBEJIWYEHMS X Yncia

289,0
2885 |
288,0
287,5 LN

287,0 -

286’5 T T T T T
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upuHa BeICTYHA , HM
Linewidth, nm
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Puc. 3. 3aBucuMoCTb 3HAYEHNi INMPHHBI OT YMCJIA CKAHOB NPH OJM-
HOYHBIX CKAHHPOBAHMAX, Pa3/ieleHHbIX MNepepbLiBAMH C BbIBOJAOM
IUIACTHHBI 3 BaKyyMa. XapaKkTepHoe yMeHbIIeHNe 3HAYeHHil IHPHHbI
OTCYTCTBYET

Fig. 3. Dependence of the width values on the number of scans in case
of single scannings divided by breaks with a withdrawal of the plate from
vacuum. Characteristic reduction of the width values is absent
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Puc. 4. Bapuauus 3Ha4eHHil IIMPHHBI OT YMCJIA CKAHOB: oTan / — He-
MpepbIBHOE CKAHUPOBAHUE C MSIThIO BAKYYMHBIMU Tay3amu (Iocjie
25, 50 1 ap. no 150-ro CKaHOB) MPOAOJIKUTEIBHOCTBIO B 5 MUH; 3Tall
2 — HerpepbiBHBIe cKaHbI 151...200 ¢ omHOII BaKyyMHOU ITay30id
nocie 175-ro ckaHa; aTan 3 — HelpephlBHOE CKAHMPOBAHWE B CKa-
Hax 200...210

Fig. 4. Variation of the width values depending on the number of scans:
stage 1 — continuous scanning with five vacuum pauses (after the 25”’,
the 50™ efe. up to the 150™ scans) with duration of 5 min.; stage 2 —
continuous scans, the 151%...200™ with one vacuum pause after the
175" scan; stage 3 — continuous scanning in 200...210 scans

724 HAHO- 1 MUKPOCHUCTEMHASA TEXHUKA, Tom 19, Ne 12, 2017

Homep ckana
Scan number

| |
I 212,5 I
| |
| |
s 2120 - I
I [
| = |
5 g 2115 |
15 = I
EREIre !
| o |
£ 3 |
a N
I 5 210,5 I
= [
| |
| 210,0 |
| I
| |
| 209’5 T T T T T T T T T T T T T T T T 1]
| 0 20 40 60 80 100 120 140 160
| |
| |

Puc. 5. Bapnanys 3naueHuii IIMPUHBI BLICTYNA, C(POPMHPOBAHHOTO B
cJioe MOJIMKPeMHNsI, OT YHCJIa CKaHOB. Buanbl cmansl pasmepoB nmpu
NOCJIEI0OBATEIbHBIX CKAHHPOBAHMAX M CKAYKH MOCJIE Nay3 B BAKyyMe

Fig. 5. Variation of the values of the width of the ledge, formed in the
layer of the polysilicon, depending on the number of scans. Recessions
of the sizes are visible during the consecutive scannings and leaps after
pauses in vacuum

B cJIy4yae MocCJeA0BaTeIbHbIX CKAHOB JIMILb yIBauBacT
pPOCT IIMPUHEL.

XapakTep Bapyvalluu 3HAYEHUN LLIUPUHBI C YUCTIOM
CKaHOB M3MEHSETCSI, €CJIM BMECTO MpephbIBAHUSI CKa-
HUPOBAaHUSI C BBIBOJAOM IUIACTUHBI U3 BaKyymMa OCY-
LLIECTBIISIIOTCS. TIay3bl B CKAHUPOBaHMU B BakyyMe. Ha
puc. 4 ToKazaHoO, Kak U3MEHSIETCSl Bapualusl 3HaYSHU I
IIUPUHBI OT YKCJIA CKAHOB B 3aBUCHMOCTU OT CII0CO0a
NpUocTaHOBKM cKaHupoBaHus. IlepBrie 150 ckaHOB
MIPOBEICHEI C ITay3aMu B 5 muH 1tocie 25, 50, 75 u ap.
ckaHoB (3Tan /) B BakyymHo# Kamepe. [locne stana /
TU1acTMHA Obljla BbIBeAeHa B aTMOcGhepy Ha HECKOJILKO
MecsieB. IlocnemoBarenbHble ckaHbl 151...200 Toro
>K€ BBICTYIA MPOBEIEeHbI ¢ OJHOI BaKyyMHOM Iay30ii
(rmocne 175-ro ckaHa, 3tan 2). ITocne atoro atana miac-
THHa ObUIa BHOBB BhiBeleHa n3 POM. Dran 3 nponos-
JKHJICSI BCETO MECSThIO HEIPEephIBAEMBIMU CKaHAMM.

Bunno, uyro naxe npogomkutenabHoe (150 ckaHOB)
CKaHUPpOBaHUE C Tay3aMU MPAKTUYECKU He U3MEHSIET
3HaUYE€HME IIUPUHBI. 3aMeTHbIE U3MEHEHUSI pa3MepOB
BO3HUKAIOT JIUIIIb MOCJIEe aTMOC(EPHBIX MpepbIBAHUN
ckaHupoBaHus. (OTCyTCTBUE MUKA TPU MEPBbIX CKa-
HaX Mbl OOBSICHWIN CYYalHBIM 3HAYCHUEM aMIUIUTY-
apl BC.) OtMetuM Hanuuue Ha (hOHE lyma JIOKab-
HBIX TMKOB 3HAUEHWI Ha 3Tane /, a Takke Ha 3Tare 2
¢ pazmaxoMm ~0,5 HM nocJie Kaxa0il BAKYyMHOI Tay3bl
B CKaHUPOBAHUU.

IToxoxuii xapakTep Bapyalliy pa3MepoB LIUPUHbI
ObL1 3a(hMKCUPOBAaH HaMM TakxKe IJISI BBICTYIIA C MO-
Judukalumei ero mpoduisi, TPUBOASILIEH K CKpyTJie-
HUsM y rpanull BO (c moMollbio MacKu APYroro TH-
na). [TogoOHbIN XapakTep Bapyualliv 3HAYSHU I IIUPU-
HBI ObLI TakKe 3a(hMKCUPOBAH U IJIsl BBICTYIIA, chop-
MUPOBAaHHOTO B CJIoe MOJUKpeMHUs (puc. 5).




Takum obOpa3oM, ¢pu3nYecKre IIPOLECChl, BHI3bI-
BalolMe 0OHAPYKEHHbI XapakTep Bapualluy pa3Me-
DPOB, SIBJISIIOTCS €IWHBIMM JJISI BCEX MCCIIETOBAHHbBIX
BBICTYTIOB.

Oo0cyxnaenue

[MpuHUIMTIIaNTBHAS BO3MOXHOCTh YMEHBIICHMUS
3HAUEHUI IIMPHUHBI BHICTYIIA B pe3yJbTaTe CKaHUPO-
BaHuM ero B POM mpogeMoHCTpUpOoBaHa B MOJIEIIb-
HoM 3kKcrepumeHnTe [1]. B [1] ObL1 mpoBedaeH pacyeT
kpuBoit BC B POM ¢ ucnosiib3oBaHUEM MOJAEIU IMUC-
CUM MEIJICHHBIX BTOPUYHBIX 3JIeKTpoHOB (MBD) u3
BBICTYIA, AWDJIEKTPUUYECKAs MOBEPXHOCTb KOTOPOIO
3apsrKaeTcs B pe3ysbTaTe CKAaHUPOBAHUS €€ DJIEKTPOH-
HbIM Ty4ykoM. MoJejb 3MUCCUM peai30BaHa IMyTeM
pacueTra paccessHUsI Tajaollero myyka 3JeKTPOHOB B
Marepuaje BhICTyNa M MOIOXKH, pacyeTa 3apskae-
MOTO TOBEPXHOCTHOTO CJIOSI, TeHepalluu pacCesTHHBIX
3JIEKTPOHOB 1 MB3, sMUTHpPYEMBIX ITOBEPXHOCTHIO,
MetogoM MonTte-Kapio. I'eomeTpruueckoit Moaebio
BBICTYIA CAYXKWUJ BBICTYT B cjioe PMMA (371€KTpoHO-
pe3ucTa), pacnoJOXeHHbBIN Ha MOAJIOXKE KPEMHUS C
MOJC/IOeM OKcHMaa uiau 0e3 Hero. BeicoTa BbICcTyIa
750 1M, mwmpuHa 250 HM, HaKJIOH OOKOBBIX CTEHOK 2°.
ITapameTpbl cKaHUPOBaHUS OJU3KU K COOTBETCTBYIO-
1AM B HalllUM B DKCIIEPUMEHTE: SHEPrUsl 3JIEKTPOHOB
1,5 kaB, Tok 10 nA.

B pesyabTaTe MoaenuMpoBaHMsT BBISICHWIOCH, YTO B
MOBEpXHOCTHOM cioe PMMA HaBoasITCS 3J€KTpU-
yeckue 3apsiabl. [1IO0THOCTD 3apsiioB M MX 3HAK pac-
MpeeeHbl BAOJIb MTOBEPXHOCTU HEPAaBHOMEPHO: LIEHT-
paigbHag yacTh BO okazanoch 3apskeHHON OTpulia-
TeJbHO, yyacTku BO, npuieramoliiyde K ero rpaHulaM,
a TaKKe TIpUJIeraolre K MOCIeTHUM YacTh OOKOBBIX
CTEHOK — TOJIOXUTENbHO. Takoe pacnpeneneHue 3a-
PSIIOB BIIOJIb TOBEPXHOCTH BHECIO U3MEHEHUE B IPO-
CTPaHCTBEHHYIO TUIOTHOCTb aMmuccuu MB3 ot yrio-
BBIX YYACTKOB BBICTYITA 1 U3MEHIWIO IPOPUITH KPUBOM
BC ot yrnoB BO. B pesynabrare nuku kpupoit BC
CMECTUJIUCH K CEpeIMHE BBICTYIA U PACCTOSIHUE MEX-
Iy €e TOYKaMU, 10 KOTOPBIM U3Mepsach IIIMPHUHA BbI-
cTyna, YMEHbILIWIOCh. YMEHbIIEeHEe IIIMPUHBI OKa3a-
JIOCh 3aBUCHMBIM OT 3HEPIUU 3JEKTPOHOB B Tamaio-
1eM Iy4yKe, LIMPUHBI U BBICOTHI BBICTYIIOB, OT YIJa
HaKJIOHa ero OOKOBBIX CTEHOK, OT OJIM30CTU PacIioyo-
JKEHMST COCETHUX BBICTYTIOB M OT YMC/Ia CKAaHUPOBAHUIA.
Huamna3oH yMeHbllleHUs IUpUHBl — oT 1 1o 11 HM.
Bapuanusi ycioBuii CKaHMpOBaHUS U IapaMeTpoOB
BBICTYIIa HY B OTHOM CJlyyae He MpHYBeJia K YIIUPEHUIO
BBICTYTIA.

B Hammmx BeICTyIaX, B OTIMUKME OT MOIETbHBIX, 3a-
psObl HABOASTCS, MO-BUIAMMOMY, B MOBEPXHOCTHBIX
IUIEHKAaX €CTeCTBEHHOIo0 OKCHJIa M KOHTaMMHAlLUU.
IIpu MHOTOKpaTHBIX HEINPEPLIBHBIX CKAaHMPOBAHUSIX
BBICTYIIa 3HAUEHME LIUPUHbBI BO BCEX CIyJasix BHavasie
YMEHBIIIAJIOCh, a C YBEJIMUEHUEM YHclia CKaHOB CTa-
OUIM3UPOBATIOCH. DTU YMEHBLIEHUS pa3MEPOB MOXHO

00DBSICHUTH (KaK B MOJEIbHOM 3KCIEPUMEHTE) 3apsi-
JKEHUEM JAUDRJIEKTPUUYECKUX CJI0eB BbICTyrna. OmHako
OTMETHUM, YTO TIPEPHIBAHMSI C BEIBOIOM 00pa3iia 13 Ba-
KyyMa ¥ nay3bl B CKAHMPOBAaHUM oOpaslia B BaKyyme
MPUBEIN BO BCEX CIyYasX K YBEIMYCHUIO 3HAUYCHUN
LIUPUHBI.

Takum o0Opa3oM, HpPUUYMHON 3a(hUKCHUPOBAHHOTO
HaMU CJIOXKHOTO XapakTepa BapualMUW IUIMPUHBI BbI-
CTyIIa SIBJISTIOTCS, TIO-BUIAMMOMY, IBa IIpoliecca, Mpo-
HCXOJSIIME ONHOBPEMEHHO: OCaXkIeHue KOHTaMUHa-
IIMOHHOM YTJIEBOIOPOTHOIM TUIEHKN Ha TTOBEPXHOCTH
BBICTYIIA M 2JICKTPUUYECKOE 3apsDKEHHE ero IOBEpX-
HOCTHOTO CJIOS ITyYKaMW TafalolInX, pacCesSHHBIX U
SMUTTHUPOBAHHBIX 2JIEKTPOHOB. Eciay mepBBIil mpo-
1ieCC MPUBOIUT TOJBKO K YBEJIWYEHUIO IIUPUHBI BbI-
CTYyIIa, TO BTOPOI CITOCOOEH €€ Y YMEHBIIIATh, M TAKKE,
MO-BUAUMOMY, YBEJIUYMBATh. Mbl OOHAPYXUIU, YTO B
XOIe YMEHBIICHWS] 3HAYCHWH IMUPUHBEI MOHOTOHHOE
KOHTaMUHAIIMOHHOE YIIMPEHWE OTCYTCTBYET. YIIM-
peHue (B BUIE CKAYKOB pa3MepoB) 3aUKCUPOBAHO
JIMIIIb TIPY TIOBTOPHOM CKaHMPOBAaHMWU TOCJIE BBIBOJA
MJIACTMHBI U3 BaKyyma, IOCje TOro KakK HaBelAEeHHbIM
MPY TIPEAIISCTBYIONIEM CKaHUPOBAHUM 3apsii, BEpO-
STHO, peJakCUpyeT. DTO YIIUPEHUE MOSIBISIETCS, BU-
IUMO, W3-3a OCaXXIeHWS KOHTAMUHAIIMOHHOW TUIeH-
K. JITOOOMBITHO, YTO 3apsii, HaBEACHHBINA MPU IJIU-
TeJTbHOM CKaHWPOBAHWH BHICTYIIA, BHI3BIBACT HA BO3-
nyxe OoJjbliiee KOHTAMUHALIMOHHOE YIIMpEeHUe, YeM
MpY eIMHUYHOM CKaHWPOBAHWUM (CpaBHU KpUBBIE Ha
puc. 2 u 3). HaBeneHHbIl 3apsii, MO-BUIMMOMY, CTH-
MYJIMPYEeT KOHTAMMHALIMIO Ha TTOBEPXHOCTH BBICTYMA.
IIpu ckaHMpoBaHWUM Xe B BaKyyMe Iay3bl IMPUBOISIT,
BEPOSITHO, JHIIb K TepepacnpencyieHuIo 3apsaoB,
BBI3BIBAsI BpeMEHHBIC U HEOOJIBIINE CKAaYKK pa3MepOB
(cMm. puc. 4), HO He TIPUBOASI KOHTAMUHALIMOHHOTO
VIIUPEHHUS.

OnucaHHasi KapTWHA MPOILECCOB, MPOUCXOASIINUX
Ha TOBEPXHOCTU BBICTYIIA IPH CKAHWPOBAHWUU €TI0 B
HU3KOBOJLTHOM POM, ciioxHee MpeAcTaBieHUl o
Hell B pabote [4]. Tam npenmnonaraercs, 4YTo ocaxie-
HUE KOHTAaMUHALIMOHHOW TJIEHKHU MPOMOPIIMOHAIBHO
TOJIBKO JI03€ 3JIEKTPOHHOTO OOJyYeHUS W 3aBUCHUT OT
XapakTepa O0JlydeHUsI, OIPEeAeIISTIOIEro TOCTYIT YIiie-
BOIOPOIHBIX YACTHI K CKAaHMPYEeMO TUToImany (C yue-
TOM JIUIIL "BHeITHUX" MIpu4unH). [Ipu 3T0M UTHOPUPY-
IOTCSI CJIOXHBIE "BHYTPEHHME" SIBJICHUS, TIPOUCXOMIS-
IIe Ha TOBEPXHOCTU BEHICTYIIA TIPU €r0 CKaHMPOBa-
HUM B HU3KOBOJILTHOM POM.

3aKkmoueHne

OOHapyxeHHas1 Bapuanusl (yBeJIMYEHUE M TakKXKe
yMEHBIIIEHNE) pa3MepOB IIIMPUHBI BBICTYIIA C pa3Ma-
XOM B HECKOJIbKO HAHOMETPOB B X0OJ¢ MHOTOKPATHOTO
ero CKaHMPOBaHMSI B HU3KOBOJBTHOM POM 00ycioB-
JIeHa CJIOXKHOM KapTUHOM MPOMCXOISIINX ITPOIECCOB.
MBI nipeamnoiaraeM MpoTeKaHUe MPOLIECCOB KOHTAMU-
HAIIMOHHOTO OCAaXIEHMS YIJIEBOTOPOIHBIX MOJEKYIT
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Ha MOBEPXHOCTh BBICTYIIA U €€ JIEKTPUIECKOTO 3apsi-
>KeHus. 3apsikeHue CloCOOHO, Ha Halll B3IJIsII, BIUSITh
Ha ocaXIeHNe KOHTAaMUHALIMOHHOM TIJICHKH, CYIIECT-
BEHHO YMEHblIas €€ TOJIUUHY B YCIOBUAX BaKyyMa.
3aMeTHOe ylIMpeHre BbICTyNa Mbl OOHAPYXWUJIU JIUIIb
IIPpY MIOBTOPHOM CKaHMPOBAHUU BBICTYTIA MOCJIE BBHIBO-
Jla TIaTUHBI U3 Bakyyma. [1o Halum npeacTaBieHUsIM
HaBeJIEHHBIN 3apsi CIIOCOOEH COXPaHATHCS B YCIIO-
BUSIX BaKyyMa OTHOCHUTEJIbHO JOJITO: MATUMUHYTHbIC
may3bl CO CKaHMpOBaHMEM 0Oe3 BbhIBOma oOpaslia u3
BaKyyMa, He BbI3bIBAlOIIME pejaKcalldio 3apsijia, He
MPUBOAUIN U K KOHTAMMHALIMOHHOMY YIIWPEHMUIO.
OnucaHHoOe SBJCHUE MPOSBIISIETCS HE TOJbKO Ha KpeM-
HUEBBIX BBICTYIAX MPY Pa3HbIX BApUAHTAX UX U3TOTOB-
JIEHUsI, HO TaKXe Ha BBICTYMaX B CJI0O€ MOJUKPEMHUSI,
PACTONIOXEHHBIX Ha OUDJIEKTPUYECKON TUIeHKe, T. €.
HOCHT OOIIUI1 XapakKTep.
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During linewidth measurements by the scanning electron microscopes the certified reference structures are subjected to repeated
scans by an electron beam. It was discovered that these structures may not only increase, but also decrease the linewidth values as
a result of the multiple scannings in SEM. Peculiarities and main causes of the phenomenon are investigated. The authors believe
that variations of the linewidth values are due to two processes: contamination of the surface of the structures and induction of
the electric charges in the dielectric layers on the surface. The phenomenon of the decrease of the linewidth values was discovered
for the structures etched with different plasma chemical processes in silicon and for the structures etched in the polysilicon on a

dielectric layer.
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Introduction

Stability of measurements is especially important in
nanometrology, the field of knowledge, which only be-
gins to be mastered for practical use, in particular, for
nanoelectronics. Its development requires a clear idea
about the processes in the nanoworld, about which we
do not know enough.

One of the unpleasant phenomena in nanometrol-
ogy of the linear measurements is an increase (broad-
ening) of the ledge linewidth measurements during its
exploitation in a scanning electron microscope (SEM).
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It appears even in an ultrahigh-vacuum SEM because
of the deposition of a thin (about 0.1 and 1 nm) hy-
drocarbonic film on the surface of a relief structure.

However, a SEM image of the ledge formed in a di-
electric layer can shrink because of the electric charges
induced on its surface [1], thus reducing the measured
width value. We experimentally discovered a reduction
of the width values of the ledge formed by etching of the
silicon substrate (similar to the ledge in the measure
linewidth measure of MShPS-2 [2]). In the work we
present the results of the research of the phenomenon
for the ledges similar by the way of their manufacturing




to the ledges, formed in LSI manufacture. The aim is
clarification of the details of the mechanism of reduc-
tion of the width values of the semi-conductor ledges,
and formation of a overall picture of the phenomenon.

Experiment conditions

Objects of measurements. Most of the research
works were done on the ledges formed in a silicon plate
by means of a plasma chemical etching of a substrate,
with a different form of the profile. The ledges with dif-
fering profiles of the top base (TB) were formed by
means of different versions of mask manufacturing: for
one type of a mask the ledges had almost flat TB, for an-
other it had roundings on its borders. The lateral walls of
those ledges were also formed in different ways — with
bigger or smaller inclinations. In both cases the depth
of etching of a silicon plate was ~350 nm. Besides, ledg-
es were formed in the polysilicon layer with thickness
of about 200 nm, laying on a thin dielectric (by the
manufacturing technology of "shutters", also with the
use of the plasma — chemical etching). In this case the
lateral walls are usually made vertical or have a small
"negative" slope. After completion of etching of the
ledges all the sites of their surface appeared to be cov-
ered with a layer of a natural oxide with thickness of
1.5...2.0 nm.

Measuring instrument. For measurement of the
width of the ledges measuring SEM S9260 (Hitachi)
was used, intended for control of the linear sizes of IC
up to 100 nm in production conditions. Calibration of
its magnification was done by means of the measure of
period from Hitachi in the form of a relief lattice on
a silicon plate with a step of 240 nm. SEM works in
a low-voltage mode (0.3...1.6 kV). In our experiments
it was used at the energy of an electron beam of
0.8 keV, at that, the beam current was about 6 pA, mag-
nification ~120 000...180 000 X, the size of a field —
0.748 x 0.748 nm, the size of a pixel ~1.46 nm. In the
specified energy range of a beam the manufacturer of
SEM ensures resolution of 3 nm, at that, the reproduc-
ibility of the linear measurements, according to the
manufacturer, is about 2 nm (3 o). For an additional
reduction of a casual error of measurements the scan-
ning of one ledge for formation of one frame was done
32 times, after which the computer averaged the re-
corded images.

Measurement technique. The value of the width of
TB was determined by using the curve of a video signal
(VS), which was obtained by averaging of all the curves
of VS of separate lines of the image. The program of the
width measurement allowed us to single out the fixed
points on VS curve and to determine the distance be-
tween them, using for this purpose the calibrated value
of the size of a pixel. Positions of the points, the dis-
tance between which was measured, were selected ac-
cording to the criterion of conformity of the angular
points of a ledge and special points on VS curve [3].

Results

Fig. 1 presents the right sites of the three VS curves
obtained as a result of scanning of one ledge in its one
section with two time intervals. The amplitude peaks
correspond to the right edge of the TB of the ledge.

Each of the curves was shifted along the vertical, so
that the average values of the amplitude of the curves,
corresponding to the TB of the ledge, coincided. Be-
sides, each of the curves was shifted along the horizon-
tal axis in relation to the others, so that all of them co-
incided in the point with co-ordinate X = 160 nm at the
amplitude of 400 arbitrary units or a. u. (in the middle
of the internal (right) side of the left peak of the am-
plitude, is not shown at Fig. 1).

It is visible, that the peak of the VS curve corre-
sponding to the right edge of TB changes its position
(moving along the axis of abscisses) and its form in case
of the repeated scannings. Its shift (by the level of the
amplitude of 400 a. u.) in relation to the common point
of all the curves in the middle of the inner side of the
right peak (not shown) corresponds to the reduction of
the width value of the TB by ~2.4 nm (curve 2) or to
its increase (by 0.8 nm (curve 3).

The shown shift of the peak of VS curve (and vari-
ation of the ledge width) is not a result of an accidental
choice of the measurement conditions. Fig. 2 presents
the dependence of the averaged (by all the sections of
the ledge on a SEM image) values of the width of the
other ledge on the number of a scan. Characteristic
slopes with the subsequent leaps of the width values are
visible. Leaps on the 25th, SOth, 75‘h, etc. scans appear
after a break in scanning with duration from several
hours up to several days (with a withdrawal of the plate
with the controlled ledge from vacuum). The signal
noise at the curve, equal to ~0.2...0.3 nm, does not pre-
vent recording of the leaps of 1...1.5 nm after each
break. The increase of the width value in the presence
of the noise can be estimated more reliably by varia-
tion of the average values in each continuous train of
scans. The increase averaged by 10 trains was equal to
0.4 nm/train. The growth of the average value of the
width is almost linear.

The slopes of the width values appear only after an
uninterrupted sequence of scans. Fig. 3 presents the de-
pendence of the width values on the number of scans
for single scannings divided by breaks (with a withdraw-
al of a plate from vacuum). It is visible, that the char-
acteristic reduction of the width is absent.

We should also mention other specific features of
the variation of the width values. First, the common
growth of the values in case of individual scannings is
less, than in case of the scannings of an uninterrupted
sequence of scans (~1.7 against ~3.5 nm after 11 scans).
Secondly, random deviations from the linear growth of
the width values during individual scans arise more of-
ten. Thus, a consecutive scanning increases the growth
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of the values and stabilizes it. However, the growth is
not proportional to the number of scans: 25x magnifi-
cation of their number only doubles the width value
growth in the case of the consecutive scans.

The character of variation of the width values on a
number of scans changes, if instead of interruption of
scanning with a withdrawal of a plate from vacuum we
have pauses in scanning in vacuum. Fig. 4 presents,
how the variation of the width values on the number of
scans changes depending on the way of suspension of
scanning. The first 150 scans were done with pauses of
5 min. after 25, 50, 75, etc. scans (stage 1) in a vacuum
chamber. After stage 1 the plate was taken out in the at-
mosphere for several months. Consecutive scans
151...200 of the same ledge were done with one vacuum
pause (after 175 scans, stage 2). After that stage the
plate was again taken out from SEM. Stage 3 was con-
tinued by ten uninterrupted scans.

It is visible, what even a prolonged (150 scans) scan-
ning with pauses practically does not change the width
value. Appreciable changes of the sizes arise only after
the atmospheric interruptions of scanning. (In the first
scans the absence of a peak we explained by a random
value of VS amplitude).

We should also note the presence of the local peaks
of values against the noise background at the first
stage, and also at the second stage with the amplitude
of ~0.5 nm after each vacuum pause in scanning.

We also recorded a similar character of a variation
of the width values for the modificated ledge profile
with roundings at the TB borders (formed by means of
a mask of another type). Such a character of the vari-
ation of the width values was also recorded for the ledge
formed in a polysilicon layer (Fig. 5).

Thus, the physical processes causing the discovered
character of the variation of sizes are common for all
the investigated ledges.

Discussion

Basic possibility of reduction of the width values of
a ledge as a result of its scanning in SEM was demon-
strated in a modeling experiment [1]. In [1] a calcula-
tion of VS curve in SEM was done with the use of the
model of emission of the slow secondary electrons
(SSE) from the ledge, the dielectric surface of which
was charged as a result of scanning of it by an electron
beam. The emission model was realized by calculation
of the scattering of the falling beam of electrons in the
material of the ledge and the substrate, calculation of
the charged surface layer, calculation of generation of
the scattered electrons and SSE emitted from the sur-
face, by the method of Mont Carlo. The geometrical
model of the ledge corresponded to the ledge in
PMMA layer (electron resist), located on the silicon
substrate with a sublayer of oxide or without it. The
height of the ledge was 750 nm, the width — 250 nm,
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and the inclination of the lateral walls — 2°. The scan-
ning parameters were close to the corresponding ones
in our experiment: energy of electrons was 1.5 keV,
current — 10 pA.

As a result of the modeling it was found out, that
electric charges were induced in PMMA surface layer.
The density of the charges and their signs were distrib-
uted non-uniformly along the surface: the central part
of TB appeared to be charged negatively, the TB sites
adjoining to its borders and also parts of the lateral walls
adjoining to latter ones were charged positively.

Such a distribution of charges along the surface in-
troduced changes in the spatial density of SSE emission
from the angular sites of the ledge and changed the pro-
file of VS curve from TB corners. As a result the peaks
of VS curve were shifted to the middle of the ledge and
the distance between its points, by which the width val-
ue of the ledge was measured, decreased. Reduction of
the width value appeared to be dependent on the energy
of the electrons in the falling beam, the width and the
height of the ledges, on the angle of inclination of its
lateral walls, on affinity of the neighbouring ledges and
on the number of scannings. The range of the reduc-
tion of the width was from 1 up to 11 nm. Variation
of the conditions of scanning and parameters of the
ledge did not lead to widening of the ledge even in one
single case.

In our ledges, unlike in modeling, the charges were
probably induced in the surface films of the natural ox-
ide and contamination. In case of repeated continuous
scannings of the ledge the width values always de-
creased in the beginning, and with an increase of the
number of scans they stabilized.

Those reductions of the values can be explained
(as in the modeling experiment) by charging of the die-
lectric layers of the ledge. However, we should point out,
that interruptions with a withdrawal of the sample from
vacuum and a pause in scanning of the sample in vacuum
in all cases led to an increase of the width values.

Thus, the reason for the complex character of the
variation of the width value of the ledge, which we re-
corded, apparently, are the two processes occurring si-
multaneously: deposition of a contaminated hydrocar-
bonic film on the surface of the ledge and electric
charging of its surface layer by the beams of the falling,
scattered and emitted electrons. If the first process leads
only to an increase of the width values of the ledge, the
second one can also reduce it, and also, apparently, in-
crease it. We discovered that during reduction of the
width values the monotonous contamination broaden-
ing was absent. Broadening (in the form of leaps of the
sizes) was recorded only at the repeated scanning after
the withdrawal of the plate from vacuum, after the pos-
sible relaxation of the charge induced during the pre-
vious scanning. This broadening appears, probably,
because of the deposition of the contamination film. It
is interesting that after exposure the plate to air in-




duced in vacuum charge leads to the bigger contami-
nation broadening in the case of prolonged scanning
the ledge than during a single scanning (compare curves
in Fig. 2 and 3). Apparently, the induced charge stim-
ulates contamination on the ledge surface in air. On the
contrary the pauses (during scanning in vacuum) pos-
sibly leads only to redistribution of the charges, causing
casual and small leaps (Fig. 4), but not leading to a con-
tamination broadening.

The described picture of the processes occurring on
the surface of the ledge during its scanning in a low-
voltage SEM is more complex than the ideas presented
about it in [4]. There it is assumed, that the deposition
of a contamination film is proportional only to the dose
of an electronic irradiation and depends on the char-
acter of the irradiation, which determines access of the
hydrocarbonic particles to the scanned area (with ac-
count of only "external” reasons). At that, the complex
"internal" phenomena occurring on the surface of the
ledge during its scanning in a low-voltage SEM are just
ignored.

Conclusion

The discovered variation (increase and reduction) of
the sizes of the ledge width with the amplitude of sev-
eral nanometers during its repeated scanning in a low-
voltage SEM is caused by a complex picture of the oc-
curring processes. We assume that there are processes of
the contamination deposition of the hydrocarbonic
molecules on the surface of the ledge and its electric

charging. In our opinion, the charging can influence
the sedimentation of the contamination film, essential-
ly reducing its thickness in the conditions of vacuum.
We discovered an appreciable broadening of the ledge
only during repeated scannings of the ledge after the
withdrawal of the plate from vacuum. We believe that
the induced charge can stay in the conditions of vacu-
um for a rather long time: five-minute pauses in scan-
ning without a withdrawal of the sample from the vac-
uum, not causing a charge relaxation, did not result in
a contamination broadening. The described phenome-
non is revealed not only on the silicon ledges at differ-
ent versions of their manufacturing, but also on the
ledges in a polysilicon layer located on a dielectric film,
i.e. it has a common character.
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PABPABOTKA OAHOKPUCTAAbHbIX MPUEMOTMEPEAAIOLLUMX MOAYAEH

V-AUATIA3OHA HA HUTPUAE TAAAUA

Ilocmynuna 6 pedaxyuio 01.08.2017

IIpedcmaenenst pe3yabmamsl pa3padomku U UccAe008aHULL MOHOAUMHBIX UHMESPAAbHbIX CXeM npuemonepedaruux mooynell,
uzeomoenenuvix no HEMT-mexHonoeuu Ha ocHoge eemepocmpyKmyp HUMPUOQ 2ailusi HA Canuposuix NOOA0NCKAX, NPeOHaA3HA-
ueHHbIX 0 pabomel 8 V-duanasone (40...75 I'Ty). Hamepenus uzeomognenHbix 06pasyos "cucmemvli-Ha-Kpucmanie” npooemoH-
cmpuposaau pabomocnocobHocme 6 duanazomne 66...69 I'Ty. BoixooHas mowHocms 6 nepedarouem mpaKme coOCmasuia He meHee
10 0bm, duanaszon nepecmpotiku eemepodurna — ne menee 2 I'Ty. [lompebasemasn mowrocms eceii MUC pasua 520 mBm.

Karouegvie caosa: V-duanazon, numpuo easnus, HEMT, npuemonepedarouuti moodyns, cucmema-Ha-Kpucmanie

BBenenune

B MCBYIID PAH Beayrcs paboThl 1TO OCBOEHUIO
TEXHOJIOTHH MIPOCKTUPOBAHMSI U TIPOM3BOACTBA MOHO-
JIMTHBIX MHTerpajbHbIX cxeM (MU C) Ha ocHOBe rere-
POCTPYKTYp HUTpUAA Talausl IJisg IMpueMorepenaro-
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wux cuctem [1—10]. B nanHoi1 pabGoTe mpeacTaBieHbI
pe3yJabTaThl UCCAEAOBaHUI U pa3paboTOK MpUEMO-
nepegapIUX "cucreM-Ha-Kpuctamie" V-auarnasoHa.
[IpwHa TOCTYITHOI MOJIOCH U OTCYTCTBHE MHTepde-
PEHIIMU MEXIY Pa3TUIYHBIMU UCTOYHUKAMU CUTHAJIA B
JAHHOM JMamna3oHe NealoT ero MpUBJIeKaTeJbHbIM
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IUIST IPUMEHEHMST B BBICOKOCKOPOCTHOM CBEPXIIMPO-
KOITOJIOCHOH TNepenaye TaHHbIX, B CUCTeMaX MEXCITYT-
HUKOBOI CBSI3W M TIEPCIIEKTUBHBIX 00pa3iiax BOOPY-
JKeHUSI BOGCHHOH U CIlellMaJbHOM TeXHUKU. B Musiu-
METPOBOM Juaria3oHe pa3Mepbl U3IydyaTessl CTOJb
MaJibl, 4TO 11€JIeCOO00Pa3HO MHTETpUpPOBaTh UX HEIMOC-
peacTBEeHHO Ha KpucTaaia. MHTerpauus aHTeHH Ha
KpHCTaJlJie TI03BOJISIET O0ECIeYnTh HU3KUI YPOBEHD
MOTepb MEXAY 3JE€MEHTaMM CUCTEeMbl, HU3KMH YypoO-
BeHb ITYMOB M OOJIBIIYIO TlepeaaBaeMyl0 MOIITHOCTD
[11], a TakXe CHU3UTh NMPOM3BOJICTBEHHbIE U MaTe-
pHabHBIE U3IEPXKKHU TI0 CPAaBHEHUIO C peaau3alneid
npuemonepenaroiero moayis (ITTIM) B Buae MUkpo-
coopku [12].

MUC Obuin peann3oBaHbl HA IeTepPOCTPYKTypax
AlGaN/GaN Ha nomioxkax candupa TOJIIMHON
350 mxM. M3roToBiaeHHbIE HA JAHHBIX T€TEPOCTPYKTY-
pax TpaH3UCTOPHI C IIMPUHOM 3aTBOpa 2 X 50 MKM U
JIHOM 3aTtBopa 140 HM MMEIOT U3MEPEHHbIE 3HAYEHMST
NpeeNIbHOM YacTOThl yeuaeHus 1o Toky (F,) 57 I'Tu
U TIpeieIbHOM YacToThl reHepauuu (F,.,) 130 I'To
0€3 UCKIIIOUEeHUS Mapa3uTHOTO BIMSIHUSI KOHTAKTHBIX
IUIOLIAA0K (IeeMOeaIHTa).

Hutpupn rajmmms — IMPOKO30HHKINA MOIYIIPOBO/I -
HMK, TTO3BOJISIIOIIMMA CO31aBaTh YCUJIUTEIbHBIE KacKa-
IIbI ¢ 00JIee BEICOKOM BBIXOAHOI MOIIIHOCTBIO IO CpaB-
HEHUIO C apCeHUAOM rajuius, MO3TOMY OH HauOoJjee
BOCTpeOOBaH B YCUJIUTENISIX MOILIIHOCTH, o0OJlamaeT 00-
Jiee BBICOKMMU IPOOMBHBIMM HamNpsKEHUSIMU, OOJIb-
e CTOMKOCTBHIO K BHEIIHMM BO3IEUCTBUSIM — TEM-
nepaTrype, MOHU3UPYIOILIEMY U3JIYYEHUIO.

1. Pa3pa0oTka u usrorosjienune MUC

CrpykTypHas cxema pa3pabOTaHHOM "CHUCTEMBI-Ha-
KpucTajiae" npuBeaeHa Ha puc. 1. 'eHepaTop, ynpas-
nsiembiii HanpskeHueMm (I'YH), ¢ OydepHbiM yenan-
TeJIeM BBIMOJHSIIOT POJib UCTOYHUKA CUTHajla V-aua-
MMa3oHa, MOCTYMAIOIIETO Ha TIepeaalolylo aHTeHHY, a

Transceiver Antenna
Buffer Amplifier Nepeparowasn aHTeHHa

B ]
'vH ythepHbIA yCHNHTeNb Mixer

Cmecurens

Receiver Antenna
Npuémnan aHTeHHa

Puc. 1. Crpykrypnas cxema MUC IIIIM V-guana3zona
Fig. 1. Block diagram of MIC TRM of the V-range
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Puc. 2. IIpunnunuansnas cxema MIIY
Fig. 2. Basic circuit of LNA

TakxXe pojb rerepoarHa. B cmecurene curHan rete-
pOAMHA U MPUHSTBIA CUTHAJI C IPUEMHOM aHTEHHBI,
YCWJIEHHBI MajolmymsiuuM ycuinuteaem (MIIY),
Mpeodpa3yloTcsl B CUTHAI MPOMEXYTOUHOMN YacTOThI.
Ha HavanbHOM 3Tamne ObLIO MPOBENEHO CXeMOTEX-
HUYECKOe MOIEIMPOBAHUE DJIEMEHTOB "CUCTEMbI-Ha-
KpucTajure”, B KOTOPOM OBUIM MCITOJIB30BaHBI MOIEITH
TPaH3MCTOPOB, MTOCTPOCHHbIE Ha OCHOBE M3MEPEHU
S-mapaMeTpoB U BOJIbT-aMIEPHbBIX XapaKTEPUCTUK U3-
TOTOBJICHHBIX paHEe TECTOBBIX TPAH3UCTOPOB.
ITpuHuMNIMaabHasl cxeMa pa3pabOTaHHOTO OJHO-
kackagHoro MIIIY mokazana Ha puc. 2. BxomgHas u
BBIXOJIHASI COTJlacylollue e o0pa3oBaHbl KOHIEH-
caTopaMM MU MUKPOIMOJOCKOBbIMU JUHUSIMU. Corna-
COBaHME BXOJa BBIMOJHSJIOCH Ha TOCTHXKEHUE MUHU-
MajibHOTO ypoBHS 1nyma. KoadduuueHt ycunenus
MIIY — 10 ob, koadduiment nmyma — 6,0...6,5 n1b
[13—16].
B xauectBe nnrerpuposanHoro B IIIIM ucrouyHu-
Ka curHaia obl1 peanusoBaH ['YH V-auanasona (cxe-
Ma mnpuBeAeHa Ha puc. 3). MUKpONOJI0CKOBEIE JIMHAN
Tin T,, TOOKTIOYCHHbIC K UCTOKY U 3aTBOPY TpaH3UC-
TOpa, BMECTE C BapaKTOpPOM O0pPa3yloT pPe30HAHCHBIMI
KoHTyp. Ha cToke ob6pa3syeTcs oTpuliateibHoe audde-
peHLMaTbHOE BBIXOAHOE conmpoTuBieHue. YacTora re-
HEpallMM ONpeaessieTC. B OCHOBHOM IJIMHOM JIMHUIA
T,uT, ¢ M EMKOCTAMU TPaH3UCTOPa [17]. YnpaBneHue
4YacTOTOM IeHepalu OCYLIECTBIISIETCS BapaKTOPOM, B
KayecTBE KOTOPOIO UCMOJIb3YeTCsl TPAH3UCTOP B TUOI -
HOM BKJIIOUEHUM — YIIpaBJISIIOlee HaMpsLKeHUE Me-
HsIET eMKOCTb 3aTBop—cToK. Ha Beixon I'YH moaxiio-
YeH OJHOKAaCKaIHbIi OydepHbIii YyCUIUTEIb IJIs1 YCT-
paHEHUs BIMSHUS BapuallMy LMW Harpy3Ku reHepa-
TOpa Ha 4acToTy U ypoBeHb (opmupyemoro B ['YH
curHaja. HomuHan pasaenuTeabHbIX KOHIEHCATOPOB
B LIEMSIX MUTAHMUSI U CMEIeHUsST BBIOpAH ITOCTATOYHO
0OJIbIIMM, YTOOBI HE OKa3bIBaTh BAUSIHUS HAa PE30HAH-
cHy1o yactoTy. [Ipu pacuetax cxembl Oblja UCIIOJIb30-
BaHa HeJIMHelHasi Mojelb TPaH3MCTOPOB C IIIMPUHOM
3aTBopa 100 MKM, TTOCTpPOEHHAs] Ha OCHOBE pe3yJbTa-
TOB M3MEPEHUI TECTOBBLIX TPaH3MUCTOPOB [18].
CMecuTeIb MOCTPOEH U3 JIBYX TpaHC(GOpPMaTOpPOB
Ha OCHOBE CBSI3aHHBIX MMKPOIIOJOCKOBBIX IMHUI (MOC-




Tg

Puc. 3. Ipunnumuanbuas cxema I'YH
Fig. 3. Basic circuit of VCO

ToB Mapinanna) (IpMHLMNIKAIbHAS CXeMa IIpeacTaB-
JieHa Ha puc. 4). Ha BXoIbl MOCTOB TTOCTYNAIOT CUTHA-
Jbl ¢ 'YH u anTeHHBl — Ha Bxon cMmecutens ¢ ['YH
nonpaetcst curHai rerepoauHa (LO), Ha Bxon RF —
curHaji B nuama3oHe ot 60 1o 67 I'Tu. Ha Beixoae Moc-
TOB (POPMUPYIOTCS CUTHAJIBI, CMEIIICHHBIE OTHOCUTEIb-
HO Apyr apyra 1o dase Ha 180°. BeIxomHble CUTHAJBI
MOCTOB TIONApHO MEePEeMHOXKAIOTCS B TPaH3UCTOpax,
cymmupytorcs v nogatotcs Ha Beixoa (IF). s noctu-
XKEeHUsI He00X0aAuMOoi paboyeil IMPUHBI ITOJIOCHI CME-
CUTEJII MOCThI MapiiiaHaa peajlu3oBaHbl B BUIE CEMU
OTPE3KOB CBSI3AaHHBIX MUKPOIOJOCKOBBIX TUHUI. Orn-
TUMM3ALIMI0 MapaMeTPOB CXEMbI MPOBOAWUIM B LIEISAX
MUWHUMU3ALIMN TOTEPh MpeoOpa3oBaHUsl B CMECUTE-
ne. PacyeTHble moTepu B OAaJIaHCHOM CMECHUTEJIe IpU
Mpeobpa3oBaHUM CUTHaIa 13 qramnaszoHa 60...67 I'T B
muara3oH 0...5 I'To He npebnuator 12 nb.

Puc. 4. IIpuHuMnuaIbHas CXeMa CMECHTEJIs
Fig. 4. Basic circuit of the mixer

|
vetr '}1

Vd2

ITo pe3ynbraTaM CXeMOTEXHMYECKOTO MOIEINPOBA-
HUSI COCPEIOTOYEHHBIE JIEMEHThl CXeMbl ObLIM Tpe-
oOpazoBaHbI B Tonojiornyeckuit mpoekt B CAITP Key-
sight Advanced Design System (ADS). [lig yuera B3a-
WMHOTO BIUsSHUSI pacripeneneHHbix CBY-ajnemMeHTOB
1 ONITMMU3ALMHU UX TEOMETPUIYECKHUX ITapaMeTpOB ObI-
JIO TIPOBEIEHO TPEXMEPHOE BJIEKTPOMAarHUTHOE MOJIe-
JIMPOBaHME TOJYYEHHOTO TOMOJIOTMYECKOrO MPOEKTa.
B pesynpraTe Ha mannyio MUC moaydyeHO cBuUIe-
TEJIbCTBO O PETUCTPALIMU TOITOJOTMU WHTErPATBHOU
cxemnl [19].

Paszpaboranasie MU C OblIM M3TOTOBJICHBI Ha TEX-
Hojoruyeckom ooopynoBanuu MCBYIID PAH. Tpas-
JIEHUE 3a3eMJISIIOLLIMX OTBEPCTUIA CKBO3b CarpupoBYyIO
MOUTOKKY CBSI3aHO C CEPhe3HBIMU TEXHOJIOTUIECKUMU
TPYAHOCTSIMM, MO3TOMY OBLJIO MCMOJb30BAHO TEXHO-
JIOTMYECKOE pellleHre, 3aKIoJalleecs B CO3MaHUM
3a3eMJISIOIIEeN TJIOCKOCTU Had CJ0eM ITOJMMEPHOTo
JU3JIeKTpuKa-(poTojlaka, HAHECEHHOTO Ha YyXe U3ro-
toBlieHHble CBY sneMmeHThl. Takum o6pa3om, 3a3eM-
JICHHE COOTBETCTBYIOIIMX 3JIEMEHTOB ObLIO BBIMOJIHE-
HO 4epe3 OTBEPCTUS B clioe poTomaka, OMHOBPEMEHHO
WUTpaloLero pojb 3allMTHON naccuBauuu [20].

®ororpadpun xkpucramuioB MUC IIIIM mocne Ha-
HeceHMs coeB (oTosiaka U BepXHEW MeTauIu3aluu
MpeacTaBieHbl HA pUC. 5 (CM. BTOPYIO CTOPOHY O0JIOX-
ku). Pasmepnl "cucTeMbl-Ha-KpUCTalie" COCTABISIOT
4,0 X 2,4 MM.

2. Xapakrepuctuku MUC

B pesyibpTaTe M3MepeHUil HECKOJbKUX OOpa3loB
MMUC ycraHOBJIEHO, YTO BbIXOJHAsI MOLIIHOCTh B Ie-
penamlleM Tpakte Bapbupyercs ot 10 mo 14 abwm
(puc. 6, a), TIpu 3TOM MOTpeOIIsIeMast MOITHOCTE ( Pout)
cocraBuia 520 MBT npu Hanpskenuu nutanus 10 B.
duana3oH TepecTpoitku 4acToTel (Fgen) cocTaBisieT
66,5...69 I'Tu npu ynpasistionieM Hanpskenuu (Uctrl)
0...10 B (pwuc. 6, b).
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Puc. 6. ITapamerppt MUC I'VH: ¢ — 3aBUCUMOCTb YaCTOTHI T€HE-
paunu ['YH ot ynpaBistoniero HarpsokeHUs ; b — 3aBUCHMOCTD BbI-
XOIHOUM MolIHOCTH OT yactoTel [YH

Fig. 6. Parameters of MIC VCO: a — dependence of the frequency of
generation of VCO on the control voltage; b — dependence of the output
power on the frequency of VCO

M3mepeHHast 3aBUCUMOCTh YaCTOTHI TeHepaluy OT
HanpspkeHuss uTaHus — okosno 200 MTI'u/B (mpu
Ujnp = 10 B). OTHOCUTE/IBHOE M3MEHEHUE YACTOThI
reHepaluu Mpu U3MEHEHUU TeMIepaTypbl oT +25 1o
+55 °C B TIOCTOSIHHOI paboyeil TOYKE COCTaBIsSET
AF/F< 0,3 %. YcTaHOBIEHO, YTO MOXHO 00€CIeUYnTh
MOCTOSTHHOE 3HAaUY€HWE YacTOTHl TeHepaluM 3a CYeT
W3MEHEHUST HAIpSKEeHUST CMELIeHUsI TpaH3MUCTopa.
Bo3MoxxHO, 4yTO B JAaHHOM ciiyyae MMEHHO 3G dheKT ca-
MOpa3orpeBa TPaH3UCTOPOB, a He TeMIlepaTypa OKpYy-
XKaIOIIEW Cpelibl SABISIETCS ONPEACISAIOIIEN TPUIMHON
u3MeHeHus1 yactoThl reHepauuu ['YH [21]. TTorepu
peoOpa3oBaHMsI CMeCUTENsSI U3 V-auana3oHa B CUTHA
npomexyrouHoit yactotsl (ITH) 1...4 I'T1 cocTraBnsitoT
—14...—12 nb npu MoiwHOCcTY retepoauHa 10 nbwm.

B Xome olleHKM MONyYeHHBIX Pe3yIbTaTOB OBLIO
IpoBeAeHO cpaBHeHUE pa3padboTraHHoit MUC I1IIM c
ycTporictBamu kinacca MITK HO04B 1/40 [22—28] —
BJIEMEHTaMU TIepeNalolInX CUCTEM — IIpUeMOIIepe-
JaTYMKOB, T. €. YCTPOMCTB, Ilie MPUEMHUK U Mepenat-
YUK 00beOIWHEHBI B OOWH KOHCTPYKTUBHBINA OJIOK, B
KOTOPOM, I10 MEHbIIIeil Mepe, OaHa YacTh UCITOJIb3Y-
eTcs IS Tepenadyy v rmpruemMa (CM. TaOIuIy).

3aKkmouenne

[IpenBapuTenbHbIe UCCIEIOBAaHUSI pa3paboTaHHOM
B MCBUYII® PAH kxommaktHoit MUC mnpuemornpue-
Moliepeaarolero MoayJisi V-nuamnasoHa B BUie "cucre-
MBI-Ha-KpUCTaJie" ¢ WHTerpaleil BceX 3JeMEHTOB
MPUEMHOI0 U Tepenalollero TpakTa MpoaeMOHCTPU-
poBaju ee paboTOCIIOCOOHOCTb.

BrixomHasi MOILIHOCTh B MepenalolieM TpakTe Co-
craBuia He MeHee 10 nbwm, nuama3oH nepecTpoiiku

Cpasnenue xapakrepuctuk MUC npuemonepenaommux Moayjei
Comparison of MIC characteristics of the transmitter-receiver modules

NzroroBurein MUC u UCTOYHUKHA
Manufacturers of MIC and the sources

HamMeHoBaH e WCBUTMID PAH | University | CEA-Leti | University University | o hipg | Analog
of Melbourne Devices
XapaKTepUCTUK (Poccus) of Toronto | (®panuus) of Toronto (ABcTpanmsi) (Anonust) (CILIA)
Characteristics [manHast pabota] | (Kanama) [22] [23] (Kanana) [24] [Tz%] [26] 27]
ISVCHPE RAS University CEA-Leti University Universit Toshiba Analo
(Russia) of Toronto (France) of Toronto of Melbour)'; e (Japan) Devic ei
[the given work] | (Canada) [22] /23] (Canada) [24] (Australia) [25] [26] (USA) [27)]
[Jwama3on vactor, [T 66...69 55...65 61 62...64 56...64 57...64 57...64
Frequency band, GHz
Marepuann, GaN Si Si SiGe SiGe SiGe SiGe
TOIOJOTUYECKNE HOPMBI HEMT KMOII KMOII BbuKMOIT BuKMOIT BbuKMOII| buKMOIT
Tecnology 130 M 65 HM 65 HM 180 M 130 uM (H.1.) (H.1.)
GaN Si Si SiGe BiCMOS | SiGe Bi CMOS SiGe SiGe
HEMT CMOS CMOS 180 nm 130 nm BiCMOS | BiCMOS
130 nm 65 nm 65 nm (n.a.) (n.a.)
Iorpebnsiemast MOLIHOCTb, MBT 520 374 98 640 515 600 600
Power consumption, mW
Wanyyaemast MOIIHOCTh, MBT 10...14 — — — 4 6 —
Output signal power, mW
Pasmep, mm 4,0 x 2.4 3,2 x 2,1 3,1 x1,9 2,5 %25 5x%x5 2,2 x 1,3 —
Size, mm
Ton paspaGoTku 2016 2008 2013 2006 2010 2012 2014
Year of development
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I'YH — He menee 2 I'Tu. ITorpebnsiemass MOILIHOCTb
MMC cocraBuna 520 MBT nipu HanpsokKeHUM TATaAHUS
10 B.

ITo COBOKYITHOCTHM XapaKTepUCTHK pa3paboTaHHasT
MMUC IIIIM cooTBeTcTBYeT MUPOBOMY YPOBHIO. Briep-
BBIE B MUpe TIpUeMoIiepeaaiomas "cucTeMa-Ha-Kpyc-
Tajljie" M3TOTOBJIIEHA HA TeTepPOCTPYKTYpax HUTpUAA
TS,

B nepcnexkruBe xapaktepuctuku MMUC moryt
OBITH YJIy4YIIIEHBI 33 CYET COBEPIIEHCTBOBAHMSI T€TEPO-
CTPYKTYp Y Pa3BUTHUsSI TEXHOJOIUU, a CTOUMOCTb IPO-
MbIIIIEHHOTO M3TOTOBJIEHUS CYLIECTBEHHO CHU3MUTCS
MpU TIepexoe Ha MOMIOXKHU U3 MOJYU30JUPYIOLIEro
KPEMHUSI.

Paboma evinoanena npu ¢punarncoeoii noddepicke
Munucmepcmea obpazoeanus u Hayku Poccutickoii
Dedepayuu (coenawenue o npedocmasienuu cyocuouu
No 14.607.21.0087, ynuxanrvhutii udenmughuxamop npo-
exkma RFMEFI60715X0087).
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Introduction

The Institute of Ultra High Frequency Semiconduc-
tor Electronics of RAS (IUHFSE RAS) does research
and development of gallium nitride based monolithic
microwave integrated circuits (MMIC) manufacture
technology and design techniques [1—10]. This work
presents the V-band Tx/Rx systems-on-chip develop-
ment results. The available bandwidth and low interfer-
ence between the signal sources in V-band make it
promising for use in ultra wideband high-speed data
transmission, intersatellite communication systems,
prospective weapons, military and special technologies.
Millimeter wave antenna sizes are so small that it be-
comes reasonable to integrate it directly on a chip. An-
tenna integration provides a lower level of losses be-
tween the system elements, lower noise and higher power
transmition [11]. Production costs are also desreased in
comparison with system-in-package Tx/Rx module re-
alization [12].

MIC is manufactured on AIGaN/GaN heterostruc-
tures on 350 um thick sapphire substrates. The process
uses 2 X 50 um gate width of and 140 nm gate length
transistors, which have the unity current gain frequency
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(F) of 57 GHz and the maximum oscillation frequency
(Fnax) of 130 GHz without exclusion of the parasitic
influence of the contact pads (de-embedding).
Gallium nitride is a wide gap semiconductor that al-
low us to create amplifier stages with a higher output
power than on gallium arsenide, therefore, it is most
widely used in the power amplifiers, also it has higher
breakdown voltage and higher resistance to the external
influences like high temperature and ionizing radiation.

1. Development and manufacturing of MIC

The block diagram of the developed system-on-chip
is presented in Fig. 1. The voltage controlled oscillator
(VCO) with a buffer amplifier play the role of a source
of a transmitter signal biased to Tx antenna, and also
the role of a local oscillator. The signal from local os-
cillator and the RF signal from Rx antenna, amplified
by a low-noise amplifier (LNA), are transformed into
the signal of intermediate frequency in the mixer.

The first step was to design the system-on-chip func-
tional elements circuits. The transistors models were
designed on the basis of S-parameters measurements
and IV-curves of the manufactured test transistors.




The basic circuit of the developed one-stage LNA is
shown in Fig. 2. The input and output matching circuits
consist of capacitors and microstrip lines. The input
matching was optimized for minimal level of noise.
LNA gain is 10 dB, noise figure is 6.0...6.5 dB [13—16].

V-band VCO is used as a signal source integrated in
Tx/Rx module a (Fig. 3). Microstrip lines 7 and 7, 2
connected to the source and gate of the transistor form
a resonant circuit together with the varactor — an out-
put negative differential resistance is formed. Oscilla-
tion frequency is determined basically by the length of
lines 7 and Tg and capacities of the transistor [17]. The
control of the oscillation frequency is carried out by the
varactor, which implemented with the transistor con-
nected as a diode — the control voltage changed the
gate-drain capacity. A one-stage buffer amplifier was
connected to the output of VCO for elimination of the
influence of load variations at the oscillation frequen-
cy and the level of the signal formed in VCO. The val-
ues of decoupling capacitors in the power and bias cir-
cuits was selected rather big in order to decrease its in-
fluence on the resonant frequency. A nonlinear mod-
els of 100 um gate width transistors verified by the test
transistor measurements results was used in circuit de-
sign [18].

The mixer is based on two microstrip transform-
ers (Marchand baluns) (the basic circuit is presented
in Fig. 4). The signal of the local oscillator (LO) from
the VCO arrives to the LO input of the mixer, the
60...67 GHz band RF signal from RX antenna arrives
to RF input of the mixer. The signals at the output of
the baluns are shifted by phase of 180° in relation to
each other. The LO and RF signals are multiplied in the
transistors and supplied to the output (IF). In order to
acheive required mixer bandwidth the Marchand bal-
uns are realized in the form of seven coupled microstrip
lines. Optimization of the circuit parameters was per-
formed to minimize the coversion loss in the mixer. The
calculated conversion loss from 60...67 GHz band to
0...5 GHz band in the balanced mixer did not exceed
12 dB.

The next step of design was to transform the circuits
simulated with lumped elements into a topological
project in CAD, Keysight Advanced Design System
(ADS). The 3D electromagnetic simulation of the top-
ological project was performed in order to take the mu-
tual influence of the distributed microwave elements
into account and to optimize its geometrical parame-
ters. Integrated circuit topology is registred in Russian
Federal Service for Intellectual Property [19].

The developed MIC is processed on the technolog-
ical equipment of the Institute of Ultra High Frequency
Semiconductor Electronics of RAS. Etching of ground
vias through a sapphire substrate is a serious technolog-
ical difficulty, therefore, an alternative technological
solution was found — the grounding plane is created on
the layer of a polymeric dielectric deposited on the al-

ready made microwave elements. Thus, grounding is
made through the vias in the polymeric dielectric layer,
which simultaneously played the role of a protective
passivation [20].

Photos of MIC Tx/Rx module chips after deposition
of the polymeric dielectric layers and the top metalli-
zation are presented in Fig. 5. The system-on-chip size
is 4.0 X 2.4 mm.

2. Characteristics of MIC

The measurements of several MIC samples showed
that the output power in the Tx pathway vary from 10
to 14 dBm (Fig. 6, a). The power consumption (Pouf)
at the supply voltage of 10 V is 520 mW. The frequency
tuning range (Fy,,) is 66.5...69 GHz at the control volt-
age (U, of 0...10 V (Fig. 6, b).

The measured supply voltage — oscillation frequen-
cy dependence is 200 MHz/V (at Uy, = 10 V). The os-
cillation frequency variation due to the temperature
change from +25 to +55 °C in a constant bias point was
AF/F<0.3 %. It is possible to stabilize the oscillation
frequency with adjustment of transistor bias voltage.
Possibly, in this case the effect of transistor self-heat-
ing, not the ambient temperature, is the factor which
determines variation of VCO oscillation frequency
[21]. The mixer conversion loss from V-band to IF
band of 1...4 GHz is —14...—12 dB at the LO power of
10 dBm.

During the analysis of scientific and technical level
of designed MMIC Tx/Rx modules was compared with
the devices of MPK NO04V 1/40 class [22—28] — ele-
ments of the transmitting systems — transceivers, i.e. the
devices, in which the receiver and the transmitter are in-
tegrated in one design unit, and in which at least one part
is used for transmission and reception (see table).

Conclusion

Preliminary research of the developed MMIC in
IUHFSE RAS for the V-band transmitter-receiver
module in system-on-chip realization with integration
of all the receiving and transmitting elements demon-
strated its operability.

The output power in the transmitting pathway is at
least10 dBm, the VCO oscilation frequency tuning
range is at least 2 GHz. The MMIC power consump-
tion is 520 mW at the supply voltage of 10 V.

Specifications of the developed Tx/Rx module MIC
corresponded to the world level. For the first time in the
world the transmitter-receiver system-on-chip with in-
tegrated antennas was made with gallium nitride heter-
ostructure technology.

In future the MMIC specifications can be improved
due to heterostructure quality improvement and tech-
nology development, while the cost of the industrial
manufacturing will be essentially decreased during tran-
sition to the semi-isolating silicon substrates.
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POKONnOAOCHAA Moay/zﬂuuﬂ, YUCAEHHAA onmumusauus

Bsenenune

®otoHHbIN DazoBbiil MoaysaTop (PM) Ha cTpyK-
Type "KpemHuii Ha uzonasitope” (KHW) [1—4] sBasier-
csl OCHOBHBIM 3JIEMEHTOM ITIpU peaM3alliid METOIOB
MOAYJSILMU ONTUYECKOro MyykKa, MpelHa3HaYeHHbIX
JUUIS. pa3BUTHS TEXHOJIOTUMI CO3JaHUsI ONTUUYECKUX Ce-
Tel CBS3M M BBICOKOIPOM3BOIMTEIbHBIX BbIUYMCIIM-
TeJbHBIX CUCTEM C TIPUMEHEHUEM ONTUYECKHUX Y3JIOB U
KOMITOHEHTOB. DTO CBSI3aHO C TeM, YTO LIMPOKOIIO-
JIOCHOCTb TaKUX CUCTEM MOXHO HCITOJb30BaTh TOJBKO
MpY MPUMEHEHUM TaKMX X€ IIHPOKOIIOJOCHBIX MO-
IyJITOPOB, TMpeaHa3HAaYeHHBIX IS BBoIa MHGbOpMa-
LMOHHOTO CHUTHAJIa B ONTHYECKUI MyIoK. PDOTOHHBIN
KHHW ®M ocHoBaH Ha OUCIIEpCUOHHOM 3(pdekTe,
CBSI3aHHOM CO CBOOOOHBIMHM ITa3MOHaMM [2], Korma
MPUJIOXKEHHOE K YCTPOMCTBY HANpsKEHUE BbI3BIBACT
M3MEHEeHUEe MoKasaTessl IMpeoMJIeHUs] BOJIHOBOIA U
SIBJIIETCSI YOIAYHBIM IIPUMEPOM COYETAHUS ONTHYEC-
KHUX BOJIHOBOIHBIX TEXHOJIOTUMHA W TOJYIPOBOIHUKO-
Boit KHM-TexHoa0rnm, 40 OTKPHIBAET BO3MOXHOCTD
peanu3alru BbICOKO3(hGEKTUBHON HIMPOKOMOJOCHOM
ontuyeckoir Moayisuuu [1—4]. CTpykTypHas cxeMa
KHHW ®M, BbINOIHEHHOr0 Ha OCHOBE IrpeOeHYATOro
BOJIHOBOJIA, TpeJCcTaBlieHa Ha puc. 1.

Ha BrIcOKoOJIETMpOBaHHOI paboyeil obgactu 2
KPUCTAJUIMYECKOTO KPEMHUSA N-TUIA C TOJIUUHON H)y
pa3MmeleHa B popMme pedpa C BBICOTOI 4 U IIUPU-
HOil W obnacTh 4 MOJMKPUCTAUIMYECKOTO KPEMHMUS

p-TUNA. DTU JBa dJIeMeHTa (POPMUPYIOT TpedeHYAThII
OINTUYECKUII BOJHOBOJ (€ro MakcuUMallbHasl BbICOTa
H = Hy + h), 10 KOTOPOMY ONTUYECKUIi ITy4OK pac-
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Puc. 1. Cxema doronnoro KHU ®M: |/ — kpeMHeBast MOUIOXKA;
2 — obacTb KpeMHHUS n-TUTIA; 3 — O0JIACTH OKCUIAa KPEMHUST TSI
obecrieyeHUsT ONTUYECKOrO OrpaHMYeHusT; 4 — 00J1acTh KPEMHUSI
p-TUMA; 5 — 3aTBOP U3 TOHKOTO CJIOSI OKCHIA KPEMHMsI TOJILIMHOM 7, ;
6 — MOTPYKEHHbIN OKCUI KPEMHMUS; 7 — 00JIACTh MOJTUKPEMHUS J1JIsT
obecrieueHUsT ONTMYECKOTO OrpaHWYeHUs; & — MeTaJTMYecKue
KOHTAKTHBIC TUIOIIAIKKI

Fig. 1. Block diagram of photon SOI PM: 1 — silicon substrate; 2 —
silicon of n-type; 3 — silicon oxide necessary to ensure an optical
limitation; 4 — silicon of p-type; 5 — gate from a thin layer of silicon
oxide with thickness t,,; 6 — submerged silicon oxide; 7 — polysilicon
necessary to ensure an optical limitation; § — metal contact platforms
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IIPOCTPaHSIETCs BOOJIb OcU Z. Mexay KoOMIIOHeHTaMu 2
U 4 pacriojioXKeH 3aTBOp 5 M3 TOHKOTO CJIOS OKCHAa
kpeMHusi. Pabouasi obiacTh oTaesneHa OT MOMJIOXKHU
TOJICTBIM CJIOEM TIOTPYKEHHOTO oKcmma 6. OKCUIHBIC
aJieMeHThl 3 1o 00e CTOPOHBI OT pedpa MoaIepK1uBa-
10T TOPU30HTAIbHOE ONTUYECKOE OIpaHUYEHNEe U TIpe-
MSITCTBYIOT TOMY, YTOOBI ONTUYECKOE T0JIe TTPOHUKIIO
B MeTa/UIMYeCKWe KOHTaKTHbIE Tolaaku 8. BepTu-
KaJbHOE ONTUYECKOE OrpaHWyYeHHe OOecreynBaeTCs
MOTPYXKEHHBIM OKCUAOM 1 TMOKPBITUEM 7 W3 TOJIU-
KPUCTAJUIMYECKOTO KPEMHUSL.

®dusnueckne ocHOBBI (yHKLMOHUpoBaHUS KHU
®M pocTtaTouyHO MOAPOOHO M3JIOXKEHBI B JIUTEPAType
[1—3]. IToaTOMY OTMETMM, YTO OJMH M3 OCHOBHBIX
ImapaMeTpoB JAHHOTO YCTPOMCTBA — TIOJIOCA MOMYJISI-
LIMM — HaMpsIMYyIO CBsI3aHa C €ro eMKOCTbI0. YMEHb-
LIeHWE €MKOCTeW CJIYXKUT OCHOBOW JJISI TTOBBIILIEHUS
CKOPOCTHBIX BO3MOXHOCTEH TMPUOOPOB, BBHITIOJHEH-
HbIXx Mo KHU-TexHOMOTMM, KOTOPOE MOXHO peaiy-
30BaTh HECKOJbKUMU CIIOCOOAMM.

B naHHOI1 pabGoTe paccMaTpuBaeTCs OAUH U3 BO3-
MOXHBIX CITOCOOOB, CBSI3aHHBIM C OIHOBPEMEHHBIM
MaclITaOMPOBaHUEM IOMEPEYHBIX TeOMETPUYECKHUX
pa3MepoB BOJIHOBO/A U YBEJIMUYEHUEM KOHLIEHTpALUK
JIETUPOBAHMS C KOHTPOJIEM HAMPSIKEHHOCTU 3JIEKTPH -
YEeCKOTO I0JIsI Ha 3aTBOpE MPHU MOCTOSHHOM YIIPaBJIs-
1oweM Hanpsxkenuu U;,. Ha ocHOBE KOMIIBIOTEPHOTO
MOICIMPOBAHUS WIIMYTCS TaKUe 3HAYEHUS OTMEYCH-
HbIX BhIle mapameTpoB KH @M, mipu KOTOPBIX IT0-
TeHIIMAJILHO BO3MOXHO peajn30BaTh BBEICOKO3(deK-
TUBHYIO (pa30BYI0 MOIYJISLIUIO C MOJOCOM MOAYJISILIUU
nopsiaka 200 I'T.

Mogenb onTUMH3AIUAN

IMonoca monynsiuuun KHU ®OM nHanpsmyio omnpe-
JensaeTcss TMHAMUYEeCKMMM XapaKTepUCTUKAMU YCT-
poliCcTBa, B YAaCTHOCTH, IMapaMeTpaMH IIEPEXOTHOTO
npouecca (ITIT). JIng pacdeTta Mmojochl HEOOXOAUMO
BBIUMCJIUTDh BPEMEHHYIO 3aBUCUMOCTb TUIOTHOCTU WH-
IYLIMPOBAHHOTIO 3apsijga Ha IpaHMIIE 3aTBOp 5 — 00-
snactu 2 u 4. Bo Bpems I1I1 npoucxoaut usmeHeHue
3apsiioB, YTO TpedyeT 3aTpat BpeMeHU. [1pu aTom eciu
YMEHBILIWTh EMKOCTb MOAYJISITOPA, HapUMED, 3a CUET
MacluTabUpOBaHUS €r0 TOMOJOIMU U COXPAHMUTh €ro
MepekyIoyarole CBOMCTBA 3a CUET NOMOTHUTEIbHOTO
JIETUPOBAHMS, TO B Pe3yJbTaTe YMEHBIIAETCS BpeMsl
nepekmoyeHus. CiaenoBaTebHO, MOXHO JOCTUYD OJI-
HOBPEMEHHO MOBBIIICHUS OBICTPOIEHCTBUS U 3(PdeK-
TUBHOCTU MOMIYJISIITAMN.

HM3MmeHeHMEe €MKOCTHM MOMYJISITOpa TIPU JOTIOJHU-
TEJIbHOM JIETUPOBAHUU MOXHO OLIEHUTb CJIEIYIOLIUM
BbIpaXKEHUEM:

2
C=Cy—kc[1+n+ Z)ANDteﬂ, (1)
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rae () — 6a3oBoe 3HaYEHUE EMKOCTH YCTPOWCTBA; k(- —
MOATOHOYHBINA TTapaMeTp, 3aBUCALIMIA OT TOIMOJIOTHU
MOZYJISITOPA; &) — BaKyyMHasl IUDJIEKTPUYECKAsL TIPO-
HULIAEMOCTb; £g; — AMDJIEKTPUIECKAs] IPOHULIAEMOCTD
KpeMHUs1; AN — NpUpalieHne KOHLEHTPALUU JOHO-
POB; 1| — [0/ KOHLUEHTPALUU JOHOPOB N ) B KOHLEH-
Tpaunn akuentopos; U,y = U, — Ur — Upp — 30-
(ekTUBHOE yIpasiAwollee HanpskeHue; Upp — Ha-
NPSDKEHKE TIOCKUX 30H; Uy — TEIJIOBO# MOTEHIMAL.

ITpu BBIOOpE KOHUEHTPALMI ABYX TUIIOB HOCHUTE-
Jieil HEOOXOAMMO YYMTBIBATH MX BIMSHUE HA ONTUYEC-
KHE CBOMCTBA BOJIHOBOJHOW CTPYKTYPbI, KOTOPbIE st
JUIVHBI BOJIHBI CBETa Ay = 1550 HM onuchIBalOTCSA Clie-
AYIOIIMMU COOTHOILEHUSMMU.

— %o® .
AQe,ny = pr w; Uers

0xX

AQ, = 1,14+ 10*!|an

d;
AQ, = 2,18+ 102|An,/4;

A, = 0,12/An,; )

e

A(X,h = 0,16|Anh|5/4;
Ao
An = An, + An, + 14— (Ao, + Aay),
T

rne AQ, p W3MEHEHMSI TIJIOTHOCTU 3apsiga IJist
3JIEKTPOHOB U [UIS IbIPOK COOTBETCTBEHHO; &, — AM-
3JIEKTPUYECKAsI IPOHUIIAEMOCTb OKCUIA KPEMHMUST;, § —
3apsii 2JIEKTPOHA; ! — TOJIIMHA 3apsiIOBOIO CJO4,
CpaBHUMas C TOJILLMHOI 3aTBOpa f,,, KOTOpasi COCTaB-
JISIET HECKOJIbKO HAHOMETPOB; A, ) — W3MEHEHUS
peasbHOl YacTu MoKaszaTesl MPeJOMIICHUS TS SJIeK-
TPOHOB U IBIPOK COOTBETCTBEHHO; Ao, ;) — AOMOJ-
HUTEJIbHOE TMOMIOLIEHUE HA CBOOOJHBIX HOCUTEJISIX.

IIpy MacmTaOMpoBaHMU HYXHO 00s3aTeIbHO
KOHTpOJMpOBaTh pa30Bblil caABUT. 1151 paboyeit 1u-
HbI BOJTHBI CBETa €r0 MOXKHO OLIEHUTD CJIECIYIOIIMM CO-
OTHOILLIEHUEM:

Ao = kyUyyL, 3)

rae Ae — (aszoBblii cIBUT (B €IMHMIAX T), BO3HUKA-
IOIIMI B pe3yabTaTe M3MEHEHUS YIPaBISIONIero Ha-
npsxkenus Uy, k&o — MOATOHOYHBIM TapamMeTp (aszo-
BOTO CHIBHUTA, YIUTBHIBAIOIIUI TOIOJOTUIO U YPOBEHD
JIETUPOBAHUSI BOJHOBOIHOM CTPYKTYphI; L — IJHA
MOJYJIITOpPa BAOJb OCH Z.

BoipaxkeHust (1)—(3) TOJTHOCTBIO ONpPEAENSIOT
CBSI3b MEXXIYy OCHOBHBIMU ONTHYECKMMU U TMOJIYIIPO-
BOIHUKOBBLIMU ITapaMeTpaMu BoTHoBogHoro KHY ®M
MpU MPOU3BOJBHBIX MPUPALICHUSIX JENCTBUTEILHON
yacTu IoKazaTessl TPeIOMJICHUS] BCJIEACTBUE TMPU-
CYTCTBUSI CBOOOIHBLIX HocuTeseil. W ciemoBaTesibHO,
MO3BOJISIIOT OLIEHUTh MTOBEJAEHUE MEPEXOIHOIO OTKIU-




Ka MPU U3MEHEHUY KOHLIEHTPALUX JIETUPOBAHMSI MaC-
ITaOUPOBAHMUS, YTO B Pe3y/IbTaTe IPUBOIUT K YMEHB-
IIEHUIO TTOCTOSTHHOIM BpeMEHHU TIEPEXOTHOTO TIpoIiecca.
DT0 ompeneisieT BO3MOXHOCTb YCTPOMCTBA OCYILIECT-
BJISITb BBICOKOCKOPOCTHYIO MOIY/ISLIMI0. OTHAKO YBe-
JINYEHNE YPOBHSI KOHLEHTPALMHU JIETUPOBAHMUSI HE MO-
KET ObITh OECKOHEUHbBIM, TaK KaK IPH HEKOTOPOM €ro
3HAYEHUU HAIIPSKEHHOCTh 3JIEKTPUYECKOTO ITOJISI CTa-
HOBMTCSI KPUTMYECKOM M HACTyIaeT Mpoboii 3aTBOpa.

IIpencraBneHHbIe BbIlIE YpaBHEHUSI MO3BOJISIOT
OCYILIECTBUTH MOUCK ONTUMAJIbHBIX 3HAYEHWI TOIOJIO-
FMYECKUX U TeXHOJoTnuecKux rmapamerpos KHU ®M.
Heobxoaumo, 4ToObl JaHHBIE 3HAYEHMS YAOBIETBOPSI-
JIN psily KpUTEPUEB, KOTOPBIE CAEAYIOT U3 (PrU3UUECKUX
OTpaHUYEHMI, TEXHOJOTMUECKUX U KOHCTPYKIIMOHHBIX
TpeboBaHuit [1, 4, 5]. Takke mpeamnoyaraercsi, 4To
TpeboBanus cornacoBanusgs KHU @M ¢ BY tpakTom
BBITIOJIHEHBI BO BCEM pPacCMaTPUBAEMOM YacCTOTHOM
JIharna3oHe.

Pe3syabTaThl MOAEIMPOBAHUS

MoaenupoBaHue YaCTOTHBIX XapaKTePUCTUK OTHO-
MoJ0Boro BojiHoBogHOoro KHM @M ocyiiecTBisieTcs
C TIOMOIIBI0O COBMECTHOTO pelieHMs1 ypaBHeHui [lyac-
COHa, YpaBHEHUI HEMPEePbIBHOCTHU /IS pacueTa pacnpe-
IeJeHUsT HOCUTeNNel 3apsima, ypaBHeHUs MakcBesia,
KOTOpOE OIMCBIBAET PACIIPOCTPAHEHUE OMNTUYECKOTO
Myyka yepe3 rpebeHuYathlii BosHOBOA. [ist Mmomenu-
pPOBaHUS pacnpeneeHUus] HOCUTENEeH MCTIOIb30BaICS
MmakeT MopenupoBaHus Silvaco [6], onmThueckue xa-
PaKTEPUCTUKHU BBIYMCISIUCH METOJOM paclpocTpa-
HSIIOLLIMXCST MYYKOB, peaJu30BaHHBLIM B KOMMepuec-
koit mporpamme BeamPROP [7].

Xapaxktep I1I1 B8 ®M onpenensieT BpeMEHHOM OT-
KJIMK Monyastopa. Paccmorpum cayyait ITI1 ipu cTy-
MEeHYaTOM U3MEHEHUM YIPaBJISIONIEro HaIpsKeHUs
U;,- amenenue ypoBHsa Uj, NPUBOAUT K U3MEHEHUIO
KOHILIEHTpAllMM HOCHUTEJel OTHOCHUTEJbHO IepBOHA-
YyaJIbHOTO 3HauYeHMsI. DTO MU3MEHEHHE KOHLIEHTpaLuU
HOCHUTEJIEN MO CpaBHEHHUIO C 0a30BbIM 3HAUYEHUEM I10
BpEMEHHM MpeoOdpa3oBaHO B U3MEHEHME MPOMUIIS TO-
KaszaTeJisl MPeJIOMJICHUS 110 BpeMEHU, YTO XapaKTepu-
3yeTcsl COOTHOLIEHUSIMU (2). DTOT mpoduib mpume-
HseTcs B nporpamMme BeamPROP. M3menenue B ag-
(hexTMBHOM MoOKa3arese MpeJoMICHUST TPeoOdpa3oBaHO
B M3MEHEeHHUE cABMTra (a3 Mo BpeMeHM, UYTO XapakTe-
pusyetrcs ypaBHeHusMu (2) u (3). CrnemoBaTesbHO,
MepexoIHOe BpeMsl XapaKTepU3yeTCsl 3aBUCUMOCThIO
M3MEHEHUs] KOHLEHTpAlUUU HOCUTENIe MO BPEMEHHU.
ITpu monenvupoBaHuu ITIT BaXHO y4yUThIBaTh CTaTUC-
TUKY HOCHUTEJIeH, 3aBUCUMOCTb MOIBUKHOCTH HOCUTE-
JIeil OT YpOBHSI JIESTUPOBAHUSI U HATIPSDKEHHOCTH DJIeK-
TPUUYECKOTO TOJIs, a TAKXKe 3aBUCUMOCTb BPEMEH K1 3-
HU TIepeKOMOMHALIMM HOCUTEJIEH OT YPOBHS JIETUPO-
BaHUA [8]. YueT 3TnX GpU3N4YeCKNX COOTHOLLIEHU OYeHb

BaXXeH UISI MOIEIMPOBAHUS M TIOCIEOyIONIeil SKCIe-
PUMEHTAIbLHOI peain3aliuu.

Huxe mpuBeneHbl OCHOBHbBIE DJIEKTpUUYECKHUE U
OMNTHYECKHUE TapaMeTphbl IS MOJAETUPOBaHUS XapakK-
tepuctuk KHW ®M, mapameTpbl ero BOJHOBOIHOM
CTPYKTYpPbI, KOTOPbI€ BBIOPAHbI UCXOIs U3 KPUTEPUEB
pPacCMOTPEHHBIX BBILLIE.

®usnyeckue u Tonosornyeckue napamerpsi KHU @M
JUISL UTHHBI BOJHbI cBeTta 1550 HM m Temmepartypsi 300 K

[Mokazarenb MpeJTOMIECHUST KPEMHUS . . . . .. ... ... 3,47
IToka3arenb mpeOMIICHUsI OKCUIA KPEMHMUS . . . . . . . 1,43
Ba3oBbIii ypoBeHb JIETMPOBAHMSI KPEMHMSI, eM 3 ... 3-107
[ToaBUXHOCTb 37EKTPOHOB, om? B-o)7 b 700,0
IMoaBMXHOCTD ABIPOK, om? B-o)y ' 300,0
Koadduiiment abcopbuuu 3iaekTpoHos, i1b/cm . ... 7.4
Koadduument abcopbuuu apipok, n1b/cm .. ... ... 2,6
HanpsixkeHue MmIocKux 30H Ipu 6a30BOM YpOBHE
JerMpoBaHust, B .. ... .. 0,86
TeroBoii moteHuman, B ... ... .. .. ... ... ... 0,026
L, MM . 1,0
W, MKM . .o 0,64
H,MKM ... 0,64
B, MRM oo 0,32
O S 350,0
Lo HM oo 5,9

L1 1,86
MakcumanbHoOe yrnpasJsiioliee HanpskeHue, B .. .. 4,0

HanpsixkeHue npo6ost ipyu 6a30BOM YpOBHE JIerMpoBa-
HUS, B . . 9,8.

CrnenyeTr OoTMETUTb, UYTO B JajibHelilleM OyaeM yKa-
3bIBaTh TOJbKO JOHOPHBIA YPOBEHb JErMPOBaAHUSI.

Ha puc. 2 npuBeneHbl pe3yJibTaTbl MOJAEIMPOBAHMS
(azoBoro capura OoT BpeMEHM IPU Pa3HbIX YPOBHSIX
JaerupoBanus Np.

Puc. 2. Bpemennas 3aBucuMocTh (a3l Moayasiuuu: /| — MPOTOTHUIT
C KOHIIEHTpalue jerupoBanus 2,7 ¢ 1018 CM73; 2 — TIPOTOTHII C

KOHILIEHTpalueii jerupopanus 1,5 + 1018 cm~3

Fig. 2. Time dependence of the modulation phase: 1 — a prototype with
the concentration of alloying of 2.7 * 10'8 cm_j,' 2 — a prototype with
the concentration of alloying of 1.5 - 108 em™3
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0.0

Puc. 3. 3aBUCHMOCTD MOJIOCHI MPONMYCKAHUS OT KOHUEHTpauuu: [ —
uaeaabHasi XapakKTepUCTHKa; 2 — ¢ y4eTOM (PU3NUEeCKUX OorpaHuye-

Huil. KOHIIEHTpal1si HOpMUPOBAaHA OTHOCUTENBHO 3 1017 em3

Fig. 3. Dependence of the pass-band on the concentration: 1 — an ideal
characteristic; 2 — with account of the physical limitations. The

concentration is normalized in relation to 3+ 10'7 em™

4.0

0.0 1.0x10*18 2.0x10*18 3.0x10%18

Puc. 4. 3asucamocrs Uy, ot Np
Fig. 4. Dependence of U, on Np

Kak crnenyer u3 pe3ysnbTaToB pacuyeToB, BpeMs IO-
CTUXKEHMST MaKCUMAaJIbHOTO (pa30BOT0O CIBUTA IIpUMEP-
HO B TIOJITOpa pasa 0oJIblile ATl CIydasi C YpOBHEM Jie-
rupoBaHus 1,5 - 1018 em 3.

C y4YyeToM BBILIEYTIOMSIHYTbIX OTrpaHUYEHUI pac-
CUMTaHa MoJjioca MOAYJSLUMU 110 YpoBHIO 3 n1b B 3a-
BUCHMOCTH OT YPOBHs JierupoBaHus. Pe3yabraTsl MO-
JleIMpoBaHusl MpuBeaeHbl Ha puc. 3. Kak u B ciyyae
BPEMEHHOI 3aBUCUMOCTHU (Da30BOro CABUra, yuyeT pu-
3UYECKUX OCOOEHHOCTEN MOBEJASHUsI HOCUTeNel Tpu
BBICOKHX YPOBHSIX JIETUPOBAHUS CYIIECTBEHHO OTpa-
JKaeTcs Ha IIMpUHE TMoyiockl Moayassuuu. Hanpumep,
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IUTST MICCIIelyeMoro oopasiia Ipu ypoBHE JIETUPOBAHUS
2,7+ 1018 cm—3 pacyeTHasl Imojioca NponycKaHus Oy-
JIeT COCTaBATh 0e3 yyeTa orpaHnuyeHuit 250 I'Tu, a ¢
yuyeroM — 198 I'T'u. Crnenyer OoTMETUTD, YTO MIPU YPOB-
HSIX JIeTUpOBaHUsI HUXe 1 * 1017 em 3 pa3Iuuuns B Xa-
paKkTepUCTUKAX HE3HAYUTEIbHbBI, 1 OTMEUEHHBIE BBIIIIE
TPaHCTIOPTHBIE OCOOGEHHOCTH HOCHTEJICH HE UTParoT
CYLLIECTBEHHOM POJIN.

HanpHeiilee TOBBIIEHNE KOHIICHTPAIIMM B BHI-
OpaHHOI KOH(MUTYpaLlUX MOIYJISITOPA MTPUBOIUT K MPO-
Goto 3aTBOpa, MOCKOJIBKY HampsbkeHue mpoGost U,
JOCTUTAeT KPUTUUYECKOTO YPOBHS, T. €. CTAHOBUTCS
PaBHBIM YIPABISIOMIEMY HANIPSIKEHUIO, TIPU KOTOPOM
(a3oBBI CHBUT HE AOCTUTAET 3aMaHHOTO 3HAYEHMSI.
Ha puc. 4 npusenena saBucumoctb U,,,(Np) wist puk-
CUPOBAHHOM TOJIIMUHEI 3aTBOpa 5,9 HM.

HeMmanoBaXXHBIM  OTpaHUYUTETBHBIM  (aKTOpOM
SBIISIETCS aMIUIMTyAa mepexomHoro toka. Ee poct
MPUBOAUT K MOIOJHUTEIbHBIM TEIJIOBLIM MOTEPSIM,
YTO HEOOXOMUMO YINTHIBATH IIPU SKCIIEPUMEHTATbHOM
peanuzauuu. Ilo pesdynbrataM MOJEIMPOBAHUS TPU
YMEHBUIEHUU JUINTENbHOCTH uMmIyinsca U, Mmakcu-
MaJibHasl aMILIMTYAa MepexoaHOro ToKa CyllieCTBEHHO
Bo3pacraeT. Hampumep, mpm MUHMMAaJIbHO BO3MOXK-
HOM IJINTETbHOCTU BXOJHOTIO MMIIYJIbca (MIOeaTbHBIN
cIyJait) MaKCMMaJlbHOE 3HAYeHME aMIUTUTYOBI Tepe-
XoJHOTro Toka coctapisier 0,94 A npu HanpsKeHUU
U;, = 3,9 B. IIpu yBenmueHun JUINTETbHOCTA BXOIHO-
TO UMITyJIbca B 2 pa3a 3HauYeHNEe MaKCUMAaJbHOM aMII-
JIUTYIbl CHUXKaeTcs 6oJiee yeM B 3 pasza. [1pu nanbHei-
IIEM YBEJIMYEHUM UIMTENLHOCTU ummyibca U, amri-
JIUTYJA TIEPEXOTHOTO TOKA IJIABHO CHMKAETCS.

3akmoueHue

PaccMoTpeH MeTon ONTUMU3ALMU TOTIOJIOTMYECKHUX
napaMeTpoB CyOMUKPOHHOrOo (hOTOHHOro (ha30BOro
MOJYJISITOPA, BHIITOJTHEHHOTO HA CTPYKTYpe "KpeMHUIA
Ha Wm30JaTOpe” IS peaqu3allii ITMPOKOIIOJIOCHOM
onTIYecKoi Momysaimn. [1pemmoxXeHHbIM moaxon 6a-
3UpYyeTCsT Ha OMHOBPEMEHHOM MacIITabUpPOBaHUH T10-
MepEeYHBIX TEOMETPUUICCKUX Pa3MEepPOB BOJHOBOITHOM
CTPYKTYPBI MOIYJISITOPA M YBEJIMYEHUN KOHLIEHTPALIUU
JIETUPOBAHMS ¢ KOHTPOJIEM HAIIPSIKEHHOCTH 3JICKTPU -
YEeCKOTO IOJIsSI Ha 3aTBOPE MPU MOCTOSTHHOM YIIPaBJIs-
JollleM HampsokeHUH. YncaeHHoe MOoIeTMpOBaHTe BhI-
MOJIHEHO C YYETOM TEXHOJOTMYECKMX OTPaHUYEeHUI
CTAaHIAPTHOTO TEXHOJIOTMYECKOTO Tpoliecca "KpeMHUIA
Ha M30JITope"” ¢ TOMOJOTHUYeCKUMI HopMaMmu 0,5 MKM.

OrmpeneneHbl TTapaMeTphl (POTOHHOTO YCTPOMCTBA
JUTST peain3aliy I POKOITOJIOCHOM MOAYJISLIMM C BbI-
cokoii a(ppekTMBHOCTBIO B osioce mpuMepHo 200 I'T.
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The method for optimization of topological parameters of the submicronic photon phase modulator executed on structure "Silicon
on insulator" for implementation of wideband optical modulation is discussed. The offered approach is based on simultaneous scaling
of the cross geometrical sizes of the waveguide structure of the modulator and increase in concentration of an alloying with monitoring
of electric field intensity on a gate in case of constant control voltage.

For simulation of the photon phase modulator characteristics the joint solution of the connected Poisson equations and a con-
tinuity which describe transport of charge carriers in a semiconductor part of the modulator, and a Maxwell's equation which de-
scribes distribution of an optical beam through a single mode optical waveguide is used.

Numerical optimization is performed taking into account technological limits on conventional technological process "silicon on

insulator” with topological norms of 0.5 microns.

The photon unit parameters for implementation of wideband modulation with high performance in a band about 200 GHz are

defined.
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Introduction

Photon phase modulator (PM) on "silicon on insu-
lator" (SOI) structure [1—4] is the basic element for the
methods of modulation of an optical beam, intended
for development of the technologies for the optical
communication networks and high-efficiency comput-
ing systems with application of the optical nodes and
components. This is connected with the fact that the
systems’ broadbandness can be used only for applica-
tion of the same kind of broadband modulators for in-
put of information signal into an optical beam. The
photon SOI PM is based on the dispersive effect con-
nected with free plasmons [2], when the voltage applied

to a device causes a change of the waveguide refractive
index, and is a good example of a combination of the
optical waveguide technologies and the semi-conductor
SOI technology, which opens opportunities for realiza-
tion of a highly effective broadband optical modulation
[1—4]. Block diagram of SOI PM based on a ridge
waveguide is presented in fig. 1.

On high-alloy working area 2 of the crystal silicon
of n-type with thickness H, the area 4 of the poly-
crystalline silicon of p-type in the form of a rib with
height # and width W is located. These two elements
form a ridge optical waveguide (its maximum height is
H = Hy + h), via which the optical beam is propagated
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along axis z. Between components 2 and 4 the gate 5 of
a thin layer of silicon oxide is located. The working area
is separated from the substrate by a thick layer of sub-
merged oxide 6. The oxide elements 3 on either side of
the rib support the horizontal optical limit and prevent
penetration of the optical field into the metal contact
platforms &. The vertical optical limit is ensured by the
submerged oxide and covering 7 of the polycrystalline
silicon.

The physical foundations for functioning of SOI PM
are described enough in literature [1—3]. Therefore, we
will point out, that one of the key parameters of the giv-
en device — the modulation strip — is connected di-
rectly with its capacity. Reduction of the capacities
forms a basis for an increase of the high-speed poten-
tials of the devices made by SOI technology, which can
be realized in several ways.

In the given work we consider one of the possible
ways, connected with a simultaneous scaling of the
cross-section geometrical sizes of a waveguide and in-
crease of concentration of alloying with control of the
intensity of the electric field on the gate at a constant
control voltage U;,. On the basis of computer modeling
such values of the above mentioned parameters of SOI
PM are searched for, which potentially make it possible
to realize a highly efficient phase modulation with a
modulation strip of about 200 GHz.

Optimization model

The modulation strip of SOI PM is determined di-
rectly by the device’s dynamic characteristics, in par-
ticular, by the parameters of the transient process (TP).
For calculation of the strip it is necessary to calculate
the time dependence of the density of the induced
charge on the border of the gate 5 — areas 2and 4. Dur-
ing TP a variation of charges occurs, which demands
time. If we reduce the modulator capacity, for example,
at the expense of scaling of its topology, and preserve
its switching properties due to additional alloying, as a
result the switching time will be decreased. Hence, it is
possible to reach simultaneously an increase of the
speed and of the efficiency of the modulation.

The variation of the capacity of the modulator due
to additional alloying can be estimated by the following
expression:

qepes;

(I
ZUﬂ

C=¢,- kc(1+n+ﬂz_)AND

where () — base value of the capacity of a device, k- —
adjustable parameter depending on the topology of the
modulator, g, — vacuum dielectric permeability, eg; —
dielectric permeability of silicon, AN, — increment of
the concentration of donors, n — share of the concen-
tration of donors Np in the concentration of accep-
tors; Uy = — Uyp — Ugpp — effective control volt-
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age, Upp — voltage of the flat zones, Uy — thermal po-
tential.

During selection of the concentrations of the two
types of carriers it is necessary to consider their influ-
ence on the optical properties of the waveguide struc-
ture, which for the wavelength of light 1 = 1550 nm are
described by the following correlations:

8080
A = G 7 Vet

AQ, = 1.14-10%"|An ;
AQ, = 2.18 - 10%!An, /4,
Aa, = 0.12|An,; Q)

A(Xh = 016|Anh|5/4,
_ Ao
An = An, + An, + l4_n (Ao, + Aay,),

where AQ,, ;) — variation of the charge density of the
electrons and holes, accordingly, €,, — dielectric per-
meability of the silicon oxide, ¢ — charge of an elec-
tron, ¢ — thickness of the charging layer, comparable
with the thickness of gate 7,,, which is equal to several
nanometers, An, ;) — variation of the real part of the
refraction index for the electrons and holes, according-
ly, Ay, ) — additional absorption on the free carriers.

During scaling it is necessary to control the phase
shift. For the working wavelength of light it can be es-
timated by the following formula:

= k,UyyL, 3)

where Ap — phase shift (in = units), appearing as a re-
sult of variation of the control voltage U, k, — adjust-
able parameter of the phase shift taking mto account
the topology and level of alloying of the waveguide
structure L — length of the modulator along axis z.

Expressions (1)—(3) determine completely the bond
between the basic optical and semi-conductor param-
eters of the waveguide of SOI PM at any arbitrary in-
crements of the actual part of the refraction index due
to the presence of the free carriers. And therefore, they
allow us to estimate the behavior of the transitive re-
sponse at variation of the concentration of the alloying
scaling, which, as a result, leads to a reduction of the
time constant of the transient process. This determines
the device’s ability to define a high-speed modulation.
However, an increase of the level of the concentration
of alloying cannot be infinite, because at its certain val-
ue the intensity of the electric field becomes critical and
there comes a breakdown of the gate.

The presented equations allow us to carry out a
search for the optimal values of the topological and
technological parameters of SOI PM. The given values




should meet a number of criteria, which follow from the
physical limits, and the technological and construction-
al requirements [1, 4, 5]. It is also assumed, that the re-
quirements for coordination of SOI PM with a high fre-
quency path are implemented in the considered fre-
quency range.

Results of modeling

Modeling of the frequency characteristics of a one-
mode waveguide of SOI PM is carried out with the help
of Poisson equations, continuity equations for calcula-
tion of distribution of the charge carriers, Maxwell
equation, which describes the propagation of an optical
beam through a ridge waveguide. For modeling of the
distribution of carriers, Silvaco modeling package [6]
was used, the optical characteristics were calculated by
the method of propagation of beams realized in Beam-
PROP commercial program [7].

The character of TP in PM determines the time re-
sponse of the modulator. We will consider the case of
TP during a step change of the control voltage U,,.
A change of the level of U, leads to a change of the
concentration of the carriers in relation to the initial
value. This change of the concentration of carriers, in
comparison with the base value by time, is transformed
into a change of the profile of the time refraction index,
which is characterized by the correlations (2). This pro-
file is applied in the Beamprop program. Variation of
the effective refraction index is transformed into a
change of the time phase shift characterized by the
equations (2) and (3). Hence, the transitive time is
characterized by the dependence of the variation of the
concentration of the carriers by time. During the TP
modeling it is important to taken into account the sta-
tistics of the carriers, the dependence of the carriers’
mobility on the level of alloying and the intensity of the
electric field, and also the dependence of the lifetimes
of the recombination of the carriers on the level of al-
loying [8]. The account of these physical correlations is
very important for modeling and the subsequent exper-
imental realization.

Below the basic electric and optical parameters are
presented for modeling of SOI PM characteristics, the
parameters of its waveguide structure, which were se-
lected proceeding from the above described criteria.

Physical and topological SOI PM parameters
for the light wavelength of 1550 nm and temperature of 300 K

Silicon refraction index . .. ................... 3.47
Silicon oxide refraction index ................. 1.43
Base level of silicon alloying, em L 3-10V7
Mobility of electrons, cm? \'A s)_1 ............. 700.0
Mobility of holes, cm? V- s)_1 ................ 300.0
Absorption factor of electrons, dB/cm . .......... 7.4
Absorption factor of holes, dB/cm ... ........... 2.6
Voltage of the flat zones at the base level of alloying,

dB/em . ... 0.86

Thermal potential, V. .. ..................... 0.026
L,omm ... 1.0
W, um . 0.64
Hopm ..o 0.64
By M L 0.32
T 1 350.0
B MM o 5.9

M e e e 1.86
Maximal control voltage, V . .. ................ 4.0
Breakdown voltage at the base level of alloying, V ... 9.8.

It is necessary to point out, that from here on we will
specify only the donor level of alloying.

Fig. 2 presents the results of modeling of the time
phase shift at different levels of alloying Ny,.

As it follows from the results of calculations, the
time for achievement of the maximal phase shift is ap-
proximately one and a half times more for the case with
the level of alloying of 1.5 1018 cm™3.

Taking into account the aforementioned limits the
modulation strip was calculated by the level of 3 dB de-
pending on the level of alloying. The results of mode-
ling are presented in Fig. 3. Just like in case of the time
dependence of the phase shift, the account of the phys-
ical specific features of the carriers’ behavior at high
levels of alloying has an essential influence on the width
of the modulation strip. For example, for the investi-
gated sample at the level of alloying of 2.7 - 10" ¢m™3
the calculated pass-band will be 250 GHz without ac-
count of the limits, and 198 GHz with account of them.
It is necessary to point out, that at the levels of alloying
below 1-10'7 cm™3 the distinctions in the characteris-
tics are insignificant, and the above transport features of
the carriers do not play an essential role.

The further increase of the concentration in the se-
lected configuration of the modulator leads to a break-
down of the gate because the breakdown voltage of U,
reaches the critical level, i.e. it becomes equal to the
control voltage, at which the phase shift does not reach
the preset value. Fig. 4 presents the dependence of
Uy,,(Np) for the fixed thickness of the gate of 5.9 nm.

An important limiting factor is the amplitude of the
transitive current. Its growth leads to additional thermal
losses, which should be taken into account during an
experimental realization. By the results of modeling,
due to a reduction of the duration of impulse U;, the
maximal amplitude of the transitive current increases
essentially. For example, at the minimal possible dura-
tion of the entrance impulse (in an ideal case) the max-
imal value of the amplitude of the transitive current is
0.94 A at voltage U;, = 3.9 V. If the duration of the en-
trance impulse is doubled, the value of the maximal
amplitude decreases more than 3 times. In case of the
further increase of the duration of impulse U;, the am-
plitude of the transitive current decreases gradually.
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Conclusion

The method for optimization of the topological pa-
rameters of the submicronic photon phase modulator
made on "silicon on insulator” structure for realization
of a broadband optical modulation was considered. The
proposed approach is based on a simultaneous scaling
of the cross-section geometrical sizes of a waveguide
structure of the modulator and concentration of the in-
crease of alloying with the control of the intensity of the
electric field on the gate at a constant control voltage.
The numerical modeling was done with account of the
technological limits of the standard "silicon on insula-
tor" technological process with the topological norms of
0.5 micrometers.

The parameters of a photon device for realization of
the broadband modulation with high efficiency in the
strip of about 200 GHz were determined.
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MockoBckast 00J1acTh

MATHUTOPE3UCTUBHASA NAMATDL C 3ATTUMCbIO DAEKTPUYHECKUM TNOAEM
HA OCHOBE YNPYTOro B3AMMOAENCTBUSA CAOEB

ITlocmynuna 6 pedarxyuio 27.05.2017

Paccmompenst npobaembvt co30aHUs MAZHUMOPE3UCMUBHOL NAMAMU € 3anuUcbio dnekmpuyeckum nosem (MERAM), ocnosanrol
Ha YIpYeOM 63aumo0eticmeuy mexcoy 21eKmpo4y8cmeumenHoiM cioem U QeppomMacHUmubIM CA0eM, 6X00AUWUM 6 COCMAas mae-
HUMHO20 MYHHeAbHO20 coeduHenus. Hatidenvl oepanuuenus Ha pazmep A4elKuU, CEA3AHHbIE C CYUECMBOBAHUEM Cynepnapamae-

HUMHO20 nopoea.

Karouegoie caosa: macHumope3ucmugHas namamy, 3anUCL IAeKMPUHECKUM NOAEM, YNpy2oe 83aumoodelicmeue, cecHemodnex-
MPUK, cecHemoaNacmuK, geppomacHemux, MasHUmMoynpyaoe 83aumoodeiicmsue, nve3031eKmputeckuil ggpekm, cynepnapamae-

HUMHBLU NOpoe

Beenenue

YBeamueHne €MKOCTM MarHUTOPEe3UCTHBHOM ITa-
Mt (MRAM) Ha ocHOBE TYHHEJIBLHOTO MarHeTOCOI -
POTUBJICHUST TpeOyeT MacIITabUpOBaHUS SUEEK ITOM
IMaMsITU B HAHOMETPOBBLIM OMama3oH pa3MepoB. s
3TOTr0 HEOOXOIMMO CYIIIECTBEHHOE YMEHBIIIEHUE SHEP-
TOBBIICJICHUS B TIpoliecce 3alucu MH(MOpPMaIUU, YTO
BO3MOXHO B cJIyyae repexoia OT 3alliCH C TIOMOIIbIO
cnuH-nonasipuzoBaHHoro toka (STT-MRAM) k 3a-
MUCH BJIEKTpUUYeCKUM moJieM. [IpuHUMITBI co3aaHus
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TaKOM MaMsITM aKTMBHO OOCYXZAIOTCSI B IOCJETHEE
necsatunetue (cm. [1—4]).

J1st yripaBiaeHUS C TIOMOILBIO 3JEKTPUIECKOTO 10~
Jisi HEOOXOOUM AURJIEKTPUUECKU (UTOObI M30eXKaThb
OMUYECKHUX MOTEPh) 3JEKTPOUYBCTBUTEIbHEIN CIIOM, B
KayecTBe KOTOPOro MOXET ObITh MCIIOJIb30BaHa JIMOO
IUBJIEKTpUYECcKasl MpOocIoiiKa MeXIy OBYMsI IIPOBO-
OSIIUMU (DepPPOMATHUTHBIMU CJIOSIMU, BXOISIIUMU B
COCTaB MarHUTHOI'O TYHHEJIbHOI'O COEAMHEHMSsI, MO0
JIOTIOJIHUTEJIbHBIA CI0M, COCEACTBYIOIIMUNA C OMHUM U3
3TUX GeppPOMarHUTHBIX CJIOEB.




Ha pgaHHBIE MOMEHT OOCYXKIAlOTCSl TPU IJIaBHBIX
MeXaHu3Ma B3aMMOJEHCTBUSI MeXAy (eppoMarHuT-
HBIM U 3JIEKTPOUYBCTBUTEIBHBIM CIOSIMU:

e o0OMeHHas CBSI3b;
e yIpyras CBS3b;
e 3apga0Bas CBS3b.

IMocnenusisa apekTMBHO pabOTaeT TOJLKO B CIIy-
yae CBEPXTOHKHUX (PeppOMarHUTHBLIX CJIOEB, U pa3pa-
0OTKa MaMsTU Ha ee OCHOBE SIBJISIETCSI ACJIOM Oyayle-
ro [5—8].

IIpyHUMIIBI YCTPOMCTBA NaMSTU HA OCHOBE OOMEH-
HOTO B3aUMOJEUCTBUA MeX1y (PePPOMarHUTHBIM CJIO-
em u cioeM myabtudepporka BiFeO5 paccmorpeHsl B
paborax [9—12].

B nanHoii pabore oOcyxpaercsl ympyras CBS3b
MEXY CJIOSIMMU.

1. Buapl ynpyroro B3auMoaeicTBus

CyllecTBYIOT IBE Pa3HOBUIHOCTU MaMITU HA OC-
HOBE YIIPYTOro B3aMMOICIHCTBUS CJIOEB.

1. Ilon meiicTBUEM 3JIEKTPUUYECKOrO MOJIs MPOUC-
XOJUT TIePeX0]l JEKTPOUYBCTBUTEIHLHOIO CJIOSI B HO-
BOE€ COCTOSTHHE, B KOTOPOM OH OCTaeTCs IOCiIe UcUe3-
HoBeHMsI mojs. HedopMmauuu 3AeKTPOUYYBCTBUTEIb-
HOTO CJI0$1 CYIIECTBEHHO Pa3inyaloTcsl B UCXOIHOM U
KOHEYHOM cocTOsiHUSIX. UMeHHO 3Tu nedopmaiiuu,
nepenaBaeMble (PePPOMATHUTHOMY CJIOIO, BCJIEICTBUE
MarHMTOYMNpPYroro B3auMOAEMCTBYS TUKTYIOT MOJIOXKE-
HUE OCHU JIETKOr0 HaMarHW4MBaHUs B 3ToM cjoe. s
VYCIEUTHONW peann3allii MOJ00HOTO CLIeHAPHUs JIeKT-
POYYBCTBUTEbHBIN COM NOKEH ObITH CJIOEM CerHe-
TORJIEKTPUKA-CErHEeTO3aCTUKa, a (PeppOMarHUTHBII
CJIONl MOJKEH MMETh Malylo COOCTBEHHYIO MarHWUTO-
KPUCTAJUIMYECKYI0 aHU30TPOIUIO MU ObITh amop(d-
HbIM, YTOOBl HaBoauMas JedopmManMeil MarHUTHas
aHM30TPOTNHUS ObliIa ONpenesIolIei.

2. IlepeopueHTauuss IPOUCXOAUT MEXKAY ABYMSI IO-
JIOKEHUSIMU PaBHOBECHS, CYIIIECTBOBABIIMMU B OT-
CYTCTBHE B3aMMOACHCTBUS C JIEKTPOYYBCTBUTEILHBIM
cinoeMm. Iloa nmelficTBUEM 3JIEKTPUUECKOTO MOJS BO3-
HUKAET Mbe30d2JeKTpuUecKas nedopmaiinsi 3JeKTpo-
YyBCTBUTEJIILHOTO CJIOSI, KOTOpas IEpemaeTcs CJIO0
¢eppomarHeTuka. BeaeactBue MarHUTOYIpyroro B3a-
UMOJIEHCTBUS B HEM ITPOUCXOAUT UBMEHEHUE SHEPIUU
MarHuTHOM aHu3oTponuu [13—15] 1 nBa Jlerkux Ha-
MpaBjeHUs] HaMarHUYeHHOCTU CTAHOBSATCS HEIKBU-
BaJIeHTHBIMU. C POCTOM BJIEKTPUUYECKOTO TOJISI OJMH
U3 MUHUMYMOB HEPTUU aHU30Tponuu ucyesaet. Ha-
MarHM4eHHOCTh (heppoMarHeTvka CTaHOBUTCSI KOJ-
JIMHeapHou ocTaBuieiics aerkoi ocu. Ilocie cHITHS
HaIpsiKEHUs OHA HEe U3MEHSIET CBOEH OpUEHTalMu, a
3JIEKTPOYYBCTBUTEJbHBINA CJIOM BO3BpPAIAETCI K MC-
XOJHOMY cocTosiHUI0. CMeHa 3HaKa HalpsKeHUsT TPy -
BOJUT K 3aMEHE PACTSXKEHMSI CXKAaTUEM U MEHSIET MU-
HUMYMBI SHEPTUN aHU30TPOIUK MECTaMU: 0OJIEE BbI-

TOTHOM CTAaHOBUTCSI OPUEHTALIMS, TIEPIIEHIUKYIIpHAsT
TOH, KOTOpasi peaau3oBajach NMPU PACTKEHUU.

PaccMoTpuM 3TH nBa BuAa yIpyroro B3auMOICH-
CTBHS TTOCJIEIOBATEILHO.

2. Ynpyroe B3auMoAeiiCTBAE CO CJIOEM
CerHeT03JIeKTPUKA-CETHETOINACTHKA

BoNBbIIMHCTBO YCHENTHO pealm30BaHHEBIX Pa3BO-
pPOTOB BEKTOpa HAMAarHUYEHHOCTU (peppPOMarHUTHOIO
ciost Ha 90° UMITyJIbCOM 3JIEKTPUUECKOTrO ITOJIsl Ha-
OMogany Mpu HaHeCEeHUM BTOoro ciost Ha cpe3 (110)
BJIEKTPOYYBCTBUTEJLHOTO CJI0SI CErHETORJIEKTpUKa-Cer-
HETO3JIaCTUKA Pb(Mg1/3Nb2/3)0’68T10,3203 (PMN-PT)
B poMbGosapuueckoii daze 3TOro coeaMHEHUs BeK-
TOP CIIOHTAHHOW MOJIIPU3AIUU TapaijIeieH OTHOMY
13 BOCbMU KpHUcTaiorpacdhuyeckrux HamnpaBieHUNH TU-
na [111] nceBIOKyOMYECKOW pelleTKu TUIla MepoBC-
kuta. [1punoxeHue 2JeKTPUUECKOTo MOoJIsl HATTPSIKEH-
Hoctbio E < 10° B/M npuBOIMT K Tepenoisipusaiin
obpasua [16—19]. M3MeHeHre OpHMEHTAllMU BEKTOpA
noysipu3aluu (3a UCKJIOUeHreM pazBopora Ha 180°)
COITPOBOXIAETCA M3MEHEHMEM HaIpaBJIeHUs poMOO-
9ApUYECcKOi nedopMaliy NceBAIOKYOMYECKON CTPYK-
TYPHI, TaK KaK BEKTOP TOJISIPU3AINH KOJTMHEApEeH OCH
TpeThero mopsiika. BekTop mossipysalu coXpaHsieT
CBOE HOBOE HaITpaBJICHUE TIOCJIe CHATUS DJIEKTPHUIEC-
KOro ToJisl.

B cinyuyae cpesa (110) PMN-PT yeTrbipe U3 BocbMU
BO3MOXHBIX HalpaBJieHUII BEKTOpa CIIOHTAHHOM II0-
JIIPU3AINHA JIeXKaT B TIOCKOCTH Cpe3a, a YeThIpe ApY-
rMX — B IMepHeHAUKYIApHOil cpe3y riockocTu (110)
(puc. 1).

Puc. 1. Bo3moxHble HanpaBjieHUs BEKTOPa NOJIAPH3ALHUN B KPHCTAJ-
ae PMN-PT.

Fig. 1. Possible directions of the polarization vector in PMN-PT crystal
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ITocKoNBKY 2JIEKTPpUYECKOE MOJIe B YKa3aHHBIX K-
CepUMEHTax ObLIO MPUJIOXKEHO MePHeHIAUKYISIPHO
cpesy, TO MPHU OMHOM MOJIIPHOCTH TPUKJIIAIbIBAEMO-
ro HamnpsiKEeHUsI PAaBHOBECHBIM COCTOSIHUSIM BEKTOpa
MoJsIpU3allMM OTBeYaloT cocTosiHMA 1 u 2 Ha puc. 1,
a MpU Ipyroil moasipHocTU — coctosinus 3 u 4. Ilpo-
1iecc nepenoysipu3aly IpoTeKaeT B 1Ba aTana. Omnu-
LLIeM €ro JUIsl uCXoaHoro coctosiHus 1. I1pu mpuoxe-
HUM 3J1eKTPUUECKOTO NoJIs B HampasineHu [ 110] Bex-
TOp TIOJIIpU3AallMK pa3BopadyMBaeTCs cHavyajga Ha 71° u
OKa3bIBaeTCs B TUIOCKOCTHU cpe3a (COCTOSIHUS 5 Ui 7).
3areM MpPOUCXOIUT MOBOPOT Ha 71° B mojoxeHue 3.

B cocrosamax 1—4 medopmamusi, co3gaBaeMas
cioeM PMN-PT B ¢heppoMarHuTHOM cjioe, OAUHAKO-
Ba. B ciyyae nepexkiiroueHus1 moisipu3aliii Mexay co-
crosiHUsIMU 1 U 3 Bce neiicTBME MOIIOXKH OO0YCIOB-
JICHO CMEHOM 3HaKa CBSI3aHHOTO 3apsiga Ha TpaHWIle
¢ ¢eppOMarHUTHBIM CJIOEM, T. €. 3apsIIOBOIl CBSI3bIO
cnoes [20].

st co3gaHus ABYX OTAMYAIOIIUXCS AedopMaimsi-
MU COCTOSIHUM BJIEKTPOUYBCTBUTEIBHOIO CJIOSI He-
00X0AMMO, YTOOBI OJJHOMY M3 HUX COOTBETCTBOBAJIO
COCTOSIHME C BEKTOPOM MOJSIpU3AlLIMU, JeXKalluM B
IUIOCKOCTH Cpe3a, a APYrOMy — COCTOSIHME, B KOTO-
POM BEKTOD TOJSIpU3ALUU JIEKUT B TIJIOCKOCTHU, Tep-
MeHAUKYIIpHON cpe3y. To ecTb OMHOMY 3HaKy IpU-
KJ1aJbIBAMOTO HAIpPsDKEHUST JOJDKHO COOTBETCTBOBATh
paBHOBECHOE COCTOsIHME (Harpumep, 1), a MpoTUBO-
MOJIOXKHOMY 3HAaKy — MeTacTaOMJIbHOE COCTOSIHUE
(Hanpumep, 5). 751 TOro, yToOBI CUCTEMA TTIOIAJIa B Me-
TacTaOMJILHOE COCTOSIHME, TIepPErosipyu3alus J0JKHA
MPOU30MTHU HE MOJHOCTHIO, & 3AKOHYUTHCS Ha TOJIITY-
™ [21].

B pa6otax [16—19] Takoe nepexkiitoueHre HaGIIO-
nanoch. OQHAKO OCTAaeTCsl OTKPBITHIM BOIIPOC, BO3MOX-
HO JIU B TIpoliecce JOJTOBPEMEHHON 3KCIUTyaTaluu
SIYeUKU MaMsITU, OCHOBAaHHOM Ha JaHHOM MpPUHIIUIIE,
u3bexarb ciyyaeB, Korjga Mpu 3alvcu MH@opMaluu
BMECTO HEIOJIHOIO MPOUCXOAUT MOJHOE MepeKsoye-
Hue. OTBET Ha Hero TpeOyeT MpOBeIeHMs MOIOJIHU-
TeJIbHBIX UCCIIeOBaHUMA.

HaneceHue 31eKTpoaoB Ha OOKOBbIE TTOBEPXHOCTU
3JIEKTPOYYBCTBUTEIIBHOTO CJIOSI PelllacT M3IOXKEHHYIO
Mpo0JieMy, XOTSI ¥ CO3/1aeT JOTOJTHUTEIbHbIE TEXHOJIO-
ruueckue TpynHoctu. Kak mokasaHo B Hallleit pabote
[22], mpunoxeHue 3AEKTPUUYECKOTO OIS Mapayiesib-
Ho cpe3y (100) PMN-PT npuBoIuT K pa3BoOpoOTy BeK-
Topa mnoJjisipudauuu Ha 71° u3 coctosiHus 1 B cocTosI-
Hue 2 (puc. 2). HanpaBnenue mepopMauuu B ILIOC-
KOCTH cpe3a u3MeHsiercs Ha 90°, 4To BJIe4eT COOTBETCT-
BYIOLIMI pa3BOPOT JIETKOW OCM HaMarHWYMBaHUS B
¢heppOMarHUTHOM CJIOE.

B paGorax [16—19, 21] ucnosb3oBanach MacCHUB-
Hag nomioxka PMN-PT. Bropasg npobneMa, Bo3HM-
Karomasa nnpu co3nanun MERAM Ha ocHOBe yIIpyroro
B3aUMOJEMCTBUS CJIOEB, CBSI3aHA C T€M, YTO MpPU CO-

746 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 12, 2017

Puc. 2. Ilepexinoyenne BeKTopa nojispu3anuu u3 nojoxenus (1) B
noJioxkenne (2) 3JIeKTPUIECKAM ToJieM, napauieisabiv cpedy (100).
Fig. 2. Switching of the polarization vector from position (1) to position
(2) by the electric field, parallel to the cut (100)

3MaHUU TAMSTH 3JIEKTPOUYBCTBUTEIBHBINA CIION TOJI-
KeH ObITb MHAWBUIYAJICH MJIS KaXXIOu sYeiiku, a 00-
Ias MOUTOKKA TOJDKHA OBITh TACCUBHBIM 3JIEMEHTOM.
IIpu 3TOM OHa MpPEIsATCTBYET AeGOopMalLiUM JIEKTPO-
YYBCTBUTEJIBHOTO CJIOST TION JEWCTBUEM 3JIEKTpUUEC-
Koro mons. McKmouuTh yKazaHHOE ACHCTBUE TOA-
JIOXXK MOXHO BBIOOPOM (OPMEI 3JIEKTPOUIYBCTBU-
TEJbHOTO CJIOS: TOJIIMHA 3JEKTPOUYYBCTBUTEIHHOIO
CJI0ST TOKHA HAMHOTO TIPEBOCXOIUTH €TO JIaTepab-
HbII pasMep (mamMsITh "Ha JIMHHOM Hore") [22]. TIpu
HCTIONIB3YEMBIX 3HAUCHUSX JICKTPUUECKOTO HaTIPSIKe -
Hus ~0,1 B u mosasix mepexioueHust 10° B/m nare-
paJbHBIN pa3Mep sSYEeKM OKas3hIBaeTCS OTpaHWYCH-
HBIM CBEpPXy 3HAYEHMEM MOpsiKa COTEH HAHOMETPOB.

OLIeHMM OTrpaHWYCHMS Ha JIaTepallbHbIE pasMeph
SYelKY, HaKJIaablBaeMble CYILIECTBOBAHHUEM CyIlepIia-
paMarHUTHOTO TTopora. Mcxons n3 3HadeHUsST poM6O-
aapuyeckoro yrma PMN-PT o = 89,1° [23], nerko
HaiTH, YTO TIPM Pa3BOPOTE BEKTOpa TMOJSAPU3ALNN W3
nojoxeHus 1 B monoxeHue 5 (cM. puc. 1) gedbopmarius
cxatusa ¢ = —0,08 % KyOuuecKoii pelreTKA B HaIIpaB-
aenun [110] cMmensieTcs: nedopmalmeil pacTsKeHUs
e =0,08 %. Ona nepenaercst peppOMArHUTHOMY CJIOIO
CoFeB, HaBomsi B HEM BCJIEACTBUME MArHUTOYIIPYIOro
B3aMOJEHCTBUSI MAaTHUTHYIO aHU30TPOITHUIO C O0BEM-
HOI¥i TUTOTHOCTBIO SHeprun K = Be~ 104 ﬂ,}l{/M3 (3Haue-
HUE MArHUTOYIIPYTroi KOHCTaHThI B ~ —10 MII,)K/M3
B3ITO U3 padot [24, 25]).

Hdna mpeBBIIeHUs CyIeprapaMarHUTHOTO TTOPO-
ra HeoOXOJAMMO, YTOOBI BBIMOJIHSIIOCH HEPABEHCTBO
KV > 50kgT, tne V — obbem (eppoMarHeTuka; kp —
nocrosiHHasg bonbumana; T — temneparypa. Hepa-




BEHCTBO JaeT 3HaueHHWe MUHUMAaJIbHOIo oobema (ep-
POMAarHUTHOIO CJ1os 2 * 10% mn?. [Tpu TomHe cost B
2 HM 3TO MPUBOAUT K MUHUMAJIBHOMY JIaTepaJTbHOMY
pasmepy A4eiku /;, = 100 HM, BbIXOAALLEMY 3a Ipa-
HUILBI OOJIACTH CYIIECTBOBAaHMS MOHOIOMEHHOTO CO-
crossHusi. TlonyyeHHOe orpaHUYeHUE MPEISITCTBYET
MacIlTabupOBaHUIO pa3MEPOB SUEHKU B TUATIA30H Je-
CSITKOB HaHOMETpOB. Y TepdeHosa D KoHcTtaHTa B B

20 pa3 Gosblue [26], yTo naeT 3HayeHUe [ ;, ~ 20 HM.

BunHo, 4to orpaHMuyeHue CBepXy Ha JiaTepasbHbIi
pasMep SIYeHKHM, OIpeaeasseMoe Pa3HOCThIO MMOTEHII -
aJioB, U OTpaHWYEeHre Ha Hero CHU3Y, CBSI3aHHOE C Ha-
JIMYMEM CymeprapaMarHiTHOTO ITIOpOoTra, OCTABIISIIOT HE
CJIUIIIKOM IIIMPOKYIO 001aCTh BO3MOXHbBIX 3HaUeHUN [
B JIMaIia3oHe NeCSITKOB — COTeH HAaHOMETPOB.

3. Ynpyroe B3aumoaeiicTeme
CO CJI0EM Mbe303JIeKTPHKA

B naHHOM pasnesne Mbl pacCCMOTPUM Cllyyaid, Koraa
MPWIOXEHUE JNEKTPUYECKOTO TMOJISI CO3IAET B DJIEKT-
POUYBCTBUTEJBHOM CJIOE MbE303JEKTPUUECKYIO [Ie-
(opmaruio, ucyesarolnyo BMecte ¢ nonem. Mcxon-
HOE€ W KOHEUYHOEe COCTOSHMS cjiosd coBmanatoT. ITose
YIOOHO MPUKJIAIBIBATh MEPIIEHAUKYISIPHO cJIoIM. JLutst
CHSITUSI BBIPOXIEHUSI MbE303JEKTPUUECKUE MOMIYJIH,
OTBeYalolre 3a pacTsKeHue (cxkaTue) B IBYX B3aUM-
HO-MEPNEHAUKYISPHbIX HANpPaBIEHUSX B IJIOCKOCTU
CJI081, JOJDKHBI OTIMYaTbes. 71 9TOro MOXHO HC-
I10Jb30BaTh 3JIEKTPOUYBCTBUTEIbHBIN CIION poMOu-
YeCKOW CUMHTOHWY WU TE€TParoHajJbHOU CUHTOHUU C
OCbIO YETBEPTOTO MOpsijaKa, Jexalled B IJIOCKOCTU
CJ1041.

HAna xapakTepHbIX 3HAYEHUH IThe302JIEKTPUIEC-
KMX MOIynen dijk ~2.4-10710 Kn/H n HanpstxeH-
HOCTe snexkTpudeckux nojeii £< 1 MB/M, moayyaeM
OTHOCUTeIbHYIO JedopManuio € ~ 0,01...0,03 %, T. e.
MEHBIIYI0, YeM B CJlydyae 3JIeKTPOYYBCTBUTEIHLHOTO
CJI0S1 CETHETORJIeKTpUKa-cerHeToanacTuka. ITockoabky
B cllyyae pacCMaTpMBaeMOro MeXaHu3Ma HaBOAMMasl
MarHMTHasi aHU30TPOTIUS JOJIXKHA MPEBbIIIATh COOCT-
BEHHYIO aHU30TPONUIO (heppOMArHUTHOTO €10 (B IIPO-
TUBHOM CJIy4yae CUCTeMa He MpeoiojieeT bapbepa MexX-
Iy TByMSl paBHOBECHBIMHU HaIlpaBJeHMSIMU HaMarHu-
YEHHOCTH, CYIIECTBOBABIIMMU B OTCYTCTBME B3aMMO-
JNEWCTBUS C DJIEKTPOUYBCTBUTEIbHBIM CJIOEM), TO MPU
B = —10 MH)K/M3 [25] monyyaem orpaHMYeHHE Ha
00bEMHYIO TJIOTHOCTh COOCTBEHHOM 3HEPTrUu aHU30-
Tponuu GeppoMarHuTHoro ciosa K, < 1-3 KI[)K/M3.
Crosib Majoe 3HauyeHUue KOHCTAaHThl AaHU30TPOIMU
yBEJMYMBAET MUHUMAaJbHbI 00beM, HEOOXOIUMBIMI
IUIS. TIPEeBbIIIEHUSI CyleprnapaMarHUTHOTO Iopora, a
BMECTE C HUM M MMHMMAJIbHbBIN JlaTepaJIbHbIA pa3zMep
STYEUKU.

ITocKONBbKY PacCMOTPEHHOE B IPEALIECTBYIOLIEM
pasmesie orpaHUYeHNe CBepXy Ha JaTepabHbIN pa3Mep

SAYEHKHU, OIPEAEIIeMOe CO30aBacMOM Pa3HOCTHIO IO-
TEHLIMAJIOB, OCTAETC B CUJIE, TO 00JACTh BO3MOXKHBIX
3HaYeHUH / CTAHOBUTCS OYEHb Y3KOI WX BOOOILE 1C-
Yye3aer.

3akmouenne

IIpoBeneHHOE pacCMOTPEHUE BUIIOB YIIPYTOro B3a-
UMOJIECTBUS (PepPOMArHUTHOIO U 3JIEKTPOYYBCTBU-
TEJIbHOTO CJIOEB TMOKa3bIBaeT, YTO NMPUMEHEHUEe B Ka-
YyeCcTBE MaTepuaa 3JeKTPOYyBCTBUTEILHOTO CJIOSI CEr-
HETOBJIEKTPUKAa-CEeTHEeTORIaCTUKA SIBJIsIeTCS Haubosee
HepCIeKTUBHBIM ISl co3gaHuss MRAM c¢ 3anuchbio
BJIEKTPUUECKUM TOJIEM.

IIpn coszgannu MRAM, B KOTOpOIl 3JIeKTpUYEC-
KOe MoJie MPUKIAIbIBACTCSI MEPHEHAUKYISIPHO CJIOIO
PMN-PT, HeoOXonMMoO 3KCIIEpPMMEHTAIBHO OIpenae-
JINTh XapaKTepHOE YMCJIO IOCIeI0BaTEIbHBIX LIMKIOB
rnepexojia BeKTOopa MOJSIpU3allMM B METacTaObWIbHOE
COCTOSTHME MEXIY IBYMS HEyJauHBIMU 1€ PEKIIIOYEHH -
SIMU, COMTPOBOXKIAIOLIMMMUCS €T0 CPHIBOM B PaBHOBEC-
HO€ COCTOSTHUE.

HMccnenosaHre NpoToTUIia IMaMsITH Ha OCHOBE CJI0SI
CETHETORJIEKTPHKA-CETHETORIaCTUKA CIEAYEeT IPOBO-
JIUTh HE HAa aKTUBHOM, a Ha ITACCUBHOM ITOIJIOXKE, CO-
3aB Ha HEU 2JIEKTPOUYBCTBUTEIbHBIN ciioil PMN-PT
C pa3MepaMu, COOTBETCTBYIOIIIMMM OTIETBHOU STYEWKE.

Paboma noddepyucana PODHU (npoexm ogu-m 16-29-
14017).
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The article presents the problems arising in the process of development of the magnetoresistive memory with the electric field re-
cording (MERAM) based on elastic interaction between the electrosensitive layer and the ferromagnetic layer comprising the mag-
netic tunnel junction. The limitations on the size of the cells connected with the existing superparamagnetic threshold were found.

Studying of the elastic interaction between the ferromagnetic and electrosensitive layers shows that the use of the ferroelectric-
Sferroelastic material as the electrosensitive layer is most promising for development of MRAM with electric field recording.

For development of MRAM, in which an electric field is applied normally to the PMN-PT layer, it is necessary to determine
experimentally the characteristic number of the consecutive cycles of the polarization vector transition to a metastable state between
two failed switchings accompanied by a disruption to the equilibrium state.

The study of the prototype of the memory based on the ferroelectric-ferroelastic layer should be based not on an active, but on
a passive substrate, on which an electrosensitive PMN-PT layer with dimensions corresponding to a separate cell has to be developed.
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Introduction

An increase of the capacity of the magnetoresistive
memory (MRAM) on the basis of the tunnel magne-
toresistance demands scaling of the memory cells in the
nanometer range. For this purpose it is necessary to re-
duce the energy release in the process of information re-
cording, which will be possible in case of transition from
the spin-polarized current recording (STT-MRAM) to
recording by the electric field. The principle for devel-
opment of such a memory are being discussed actively
now [1—4].

In order to ensure control by means of an electric
field a dielectric (allowing to avoid ohmic losses) elec-
trosensitive layer is necessary, the role of which can be
played by a dielectric interlayer between two conduct-
ing ferromagnetic layers, which are a part of the mag-
netic tunnel junction, or an additional layer adjoining
to one of these ferromagnetic layers.

Three main mechanisms of interaction between the
ferromagnetic and electrosensitive layers are discussed:
e exchange coupling;

e elastic coupling;
e charge coupling.

The latter one works effectively in case of the su-
perthin ferromagnetic layers, and development of a
memory on its basis is the matter of future [5—S8].

Principles of the memory device based on exchange
interaction between the ferromagnetic layer and the
multiferroic layer of BiFeOj5 are discussed in [9—12].

In the given work the elastic coupling between the
layers is discussed.

1. Kinds of elastic interaction

There are two versions of memory on the basis of
elastic interaction of the layers.

1. Under the influence of the electric field the elec-
trosensitive layer is transferred into a new state, in
which it remains after the field disappears. The defor-
mations of the electrosensitive layer in the initial and fi-
nal states differ. Exactly these deformations transferred
to the ferromagnetic layer, because of the magnetoe-
lastic interactions dictate the position of the light mag-
netization axis in this layer. For a successful realization
of the scenario the electrosensitive layer should be a
layer of ferroelectric-ferroelastic material, while the
ferromagnetic layer should have a small own magne-
tocrystalline anisotropy or be amorphous, so that the
magnetic anisotropy induced by the deformation would
be determinative.

2. A reorientation occurs between two equilibrium
positions existing in the absence of interaction with the
electrosensitive layer. Under the influence of the field
a piezoelectric deformation of the electrosensitive layer
appears, which is transferred to the ferromagnetic layer.

Due to the magnetoelastic interaction a change of the
energy of the magnetic anisotropy appears in it [13—15]
and two light directions of magnetization become non-
equivalent. With the growth of the electric field one of
the minima of the energy of anisotropy disappears.
Magnetization of the ferromagnet becomes collinear of
the remained light axis. After removal of the voltage it
does not change its orientation, and the electrosensitive
layer returns to the initial state. Change of the voltage
sign leads to replacement of stretching by compression
and interchanges the positions of the energy minima of
the anisotropy: the orientation, perpendicular to the
one, which was realized during stretching, becomes
more favorable.

Let us consider consistently these two kinds of the
elastic interaction.

2. Elastic interaction
with the ferroelectric-ferroelastic layer

Most of the successfully realized 90° turns of the fer-
romagnetic layer magnetization vector by an electric field
impulse were observed during deposition of this layer
on a cut (110) of the electrosensitive layer of ferroelec-
tric-ferroelastic Pb(Mg1/3Nb2/3)0’68T10’3203 (PMN-PT)
In the rhombohedric phase of this compound the
vector of the spontaneous polarization is parallel to
one of the eight [111]-type crystallographic directions
of the pseudo-cubic lattices of perovskite. Application
of the electric field with the intensity £ < 10° V/m
leads to a repolarization of the sample [16—19]. Var-
iation of the polarization vector orientation (except
for a 180° turn) is accompanied by a change of the di-
rection of the rhombohedric deformations of the pseu-
do-cubic structure, because the polarization vector is
collinear to the axis of the third order. The polariza-
tion vector preserves its new direction after removal of
the electric field.

In case of a (110) cut of PMN-PT four out of the
eight possible spontaneous polarization vector direc-
tions lay in the cut plane, while the other four — in the
plane (110) perpendicular to the cut (Fig. 1).

Since the electric field in the specified experiments
is applied perpendicularly to the cut, then at one po-
larity of the applied voltage the states 1 and 2 in fig. 1
correspond to the equilibrium states of the polariza-
tion vector, and at the other polarity — the states 3
and 4. The repolarization process proceeds in two
stages. We will describe it for the initial state 1. When
the electric field is applied in [110] direction, the po-
larization vector, at first, turns by 71° and appears in
the cut plane (states 5 or 7). Then it turns by 71° into
position 3.

In states 1—4 the deformation created by PMN-PT
layer in the ferromagnetic layer, is identical. In case of
switching of the polarization between states 1 and 3 all
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the action of the substrate is caused by the change of
the sign of the bound charge on the border with the
ferromagnetic layer, i.e. by the charge coupling of the
layers [20].

For creation of two states of the electrosensitive lay-
er differing by deformations it is necessary, that the
state with the polarization vector laying in the plane of
the cut should correspond to one of them, and the state,
in which the polarization vector lies in the plan per-
pendicular to the cut, — to another. That is, an equi-
librium state (for example, 1) should correspond to one
sign of the applied voltage, and a metastable state (for
example, 5) — to the opposite sign. If the system has to
be in a metastable state, the repolarization should not
occur completely, but end halfway [21].

In [16—19] such a switching was observed. Howev-
er, the question is still open, whether it is possible in the
course of a long-term operation of a memory cell based
on the given principle, to avoid the cases when during
the data recording instead of an incomplete switching
we have a complete one. The answer demands carrying
out of the additional research works.

Deposition of electrodes on the lateral surfaces of
the electrosensitive layer solves the above problem, al-
though it creates additional technological difficulties.
As it is shown in [22], application of the electric field
in parallel to the cut (100) of PMN-PT leads to a 71°
turn of the polarization vector from state 1 to state 2
(Fig. 2). The direction of the deformation in the cut
plane changes by 90°, which involves a corresponding
turn of the light magnetization axis in the ferromagnetic
layer.

In [16—19, 21] a massive PMN-PT substrate was
used. The second problem arising during creation of
MERAM on the basis of the elastic interaction of the
layers, is connected with the fact that during the mem-
ory creation the electrosensitive layer should be indi-
vidual for each cell, while the common substrate
should be a passive element. At that, it prevents a de-
formation of the electrosensitive layer under the in-
fluence of the electric field. It is possible to exclude the
specified action of the substrate by selection of a form
for the electrosensitive layer: the thickness of the elec-
trosensitive layer should significantly exceed its lateral
size ("long leg memory ") [22]. At the used values of
the electric voltage of ~0.1 V and fields of switching of
10 V/m the lateral size of a cell appears to be limited
from above by the value of about hundreds of nano-
meters.

Let us estimate the limitations on the lateral sizes
of a cell imposed by the existence of the superpara-
magnetic threshold. Proceeding from the value of the
rhombohedric angle of PMN-PT o = 89.1° [23], it is
easy to find, that at a turn of the polarization vector
from position 1 to position 5 (fig. 1) the deformation
of compression ¢ = —0.08 % of the cubic lattice in [110]
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direction is replaced by the stretching deformation of
e = 0.08 %. It is transferred to the ferromagnetic layer
of CoFeB, inducing in it a magnetic anisotropy with
the volume density of energy K = Be = 104 /m3 (the
value of the magnetoelastic constant B~ —10 MJ /m3
was taken from [24, 25]) due to the magnetoelastic in-
teraction.

In order to overcome the superparamagnetic
threshold it is necessary to implement inequality of
KV > 50kpT, where V — volume of ferromagnet, kg —
Boltzmann constant, 7 — temperature. The inequality
provides the value of the minimal volume of the ferro-
magnetic layer of 2 - 10* nm3. At the thickness of the
layer of 2 nm it leads to a minimal lateral size of a cell
lmin ~ 100 nm, which is beyond the bounds of the area
of existence of a monodomain state. The received lim-
itation prevents scaling of the cell dimensions in the
range of tens of nanometers. Terfenol D has constant
B which is 20 times bigger [26] and gives the value of
Iin ~ 20 nm.

It is visible that the limitation from above on the
lateral size of the cell, determined by the value of the
potential difference, and the limitation on it from be-
low, connected with the presence of the superpara-
magnetic threshold, leave a not so wide area for pos-
sible values of /, a range from tens to hundreds of na-
nometers.

3. Elastic interaction with the piezoelectric layer

We will consider a case, when in the electrosensi-
tive layer the applied electric field creates a piezoelec-
tric deformation disappearing together with the field.
The initial and final states of the layer coincide. It is
convenient to apply the field perpendicularly to the
layers. In order to remove the degeneracy, the piezoe-
lectric modules, which are responsible for the stretch-
ing (compression) in two mutually perpendicular di-
rections in the plane of the layer, should differ. For
this purpose it is possible to use the electrosensitive
layer of a rhombic system or a tetragonal system with
the axis of the fourth order, laying in the plane of the
layer.

For the characteristic values of the piezoelectric
modules of dy ~ 2.4~ 10719 C/N and the intensities
of the electric fields of £ < 1 MV/m, we get a relative
deformation of e~ 0.01...0.03 %, which is smaller, than
in case with the electrosensitive layer of ferroelectric-
ferroelastic. Since in case of the considered mechanism
the induced magnetic anisotropy should exceed the
own anisotropy of the ferromagnetic layer (otherwise
the system will not overcome the barrier between the
two equilibrium directions of magnetization existing in
the absence of interaction with the electrosensitive lay-
er), then at B~—10 MJ, /m3 [25] we get a limitation on
the volume density of the own anisotropy energy of the




ferromagnetic layer of K, < 1...3 kJ /m3. Such a small
value of the anisotropy constant increases the minimal
volume, necessary for exceeding the superparamagnetic
threshold, and together with it also the minimal lateral
size of a cell.

Since the restriction considered in the previous sec-
tion from above on the lateral size of the cell, deter-
mined by the created potential difference, remains in
force, the area of possible values of / becomes very nar-
row or disappears altogether.

4. Conclusion

The undertaken review of the kinds of elastic inter-
action of the ferromagnetic and electrosensitive layers
shows, that application of the ferroelectric-ferroelastic
as a material of the electrosensitive layer is most prom-
ising for development of MRAM with recording by the
electric field.

During development of MRAM, in which the elec-
tric field is applied perpendicularly to the layer of
PMN-PT, it is necessary to determine experimentally
the characteristic number of the consecutive cycles for
the transition of the polarization vector in the metast-
able state between two unsuccessful switchings accom-
panied by its disruption in the equilibrium state.

Research of the memory prototype based on the fer-
roelectric-ferroelastic layer should be done not on an
active, but on a passive substrate, having created an
electrosensitive layer of PMN-PT with the sizes corre-
sponding to a separate cell on it.

The work was supported by the Russian Foundation for
Basic Research (project 16-29-14017).
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B3AMMOAEMNCTBUSA SAEKTPOHHOTIO MYYKA C AMEMKOU NMAMATH

KPUCTAAAA UMC

Ilocmynuna 6 pedaxyuio 14.08.2017

Hpeacmaeﬂeu aHaau3 83aumooeticmeus NEKMPOHHO20 ny4Ka C AYelKol namamu 04s peaausauyuu npoyecca OUeHKuU ee co-
cmosnus. Paccuuman 3ap;20, noeﬂomaeMbtﬁ caoem naaearouieco sameopa, ons PA3AUYHBIX napamempoe 34eKmpoOHH020 Ny4YKd.
066‘_)/9%'0(1[0”16‘}1 pesyabmamsl IKCNepuUMeHmaabHblxX UCCAe008aHUIL NO USMEHEHUI0 COCMOAHUS AHelKU NamMsamu npu 6030elicmeuu

9NEeKMPOHHO20 nY4Kd.

Karoueevie caosa: flash-namsams, pacmpoeas 31eKmpoHHAsE MUKPOCKONUS, NAAGAIOWUT 3aME0p, 3apso0

Beenenune

ITpobGiema KoHTpadaKTHOU MPOAYKIIMA B MUKPO-
9JIEKTPOHUKHU OCTPO CTOUT Kak B P®D, Tak u BO BceM
mupe. [To manAabiM NASA 1o 9 % 3akyrok ot o¢pu-
LIMATBHBIX MPEACTaBUTENEH MOCTABMISIOT (haTbCUDUIIU-
pPOBaHHBIE KOMITOHEHTBI. DJIEMEHTHI TTAMSITH SIBIISTFOTCSI
OIHUMU Y3 JUAECPOB B MPOLIEHTHOM COOTHOIIEHUM IO
KOJIMYECTBY TIOIIECTBHOM 3JIEKTPOHHOW KOMITOHEHT-
Hoit 0a3bl (DKDB). CepTudukallmoHHbIE WCHBITAHUS
ITO3BOJISIIOT BBISIBUTH 3HAYMTENBbHYIO MX 9acTh. OMHUM
13 BAXKHEHIIMUX LIArOB SIBJISIETCS] ONpeeieHe TOYHO-
ro obbemMa mMaccuBa IaHHBIX U ero aapecauuu. s
3TOr0 HEOOXOAUMO CHIMUTHMPOBATh MPOLECC 3alUCU B
SIYEHKY MaMSTH.

OgHUM M3 CTaHAAPTHBIX CIOCOOOB ITOMEICHMUS
3ap4/a Ha IJ1aBaIolUil 3aTBOP AYEUKU TAMATU ABJIA-
eTCsl METO MHXKEKLUU ropsiunx sjekTpoHoB (CHE —
Channel Hot Electrons) [1]. BaxHeiiinumM mapamer-
POM 3IECh SIBJIFETCH TOK 3aTBOpa [; U KakK CIeACTBUE
3 PEeKTUBHOCTD MHKEKIIUN:

1
n=<, (1)
Ip
rae I — TOK cToKa.

Tak, B sueiike flash-mamMsaTu ¢ TOIIOJOTMYECKOM
HopMmoit 0,35 MKM TOK 3aTBopa MOXET JIOCTUraTh
1...2 HA nipu Toke ctoka 50...150 MKA mis1 Hampsixe-
HUSA CTOK—HUCTOK Ve = 4,5 B. DbdeKTMBHOCTL MH-
XKEKIUU TIPA ITOM COCTABIISIET 1 = 107°. Konuuectso
3apsiga (103a), HaKOIUIEHHOE Ha TJIaBalollieM 3aTBOpe
B TIpOIleCCe 3aliCH, OymeT OIpencssIThCS BpeMEHEM
sarucu t. Ilpu = 5 Mmc u I; = 1 HA cymmapHbIii Ha-
KOIUIEHHBIH 3apsia coctaButr Q =5+ 10712 K1, a noza —
N=~3-107 BJIEKTPOHOB.
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BMmecte ¢ TeM npu 00y4eHUU UHTETPATbHOM CXe-
Mbl (MUC) mamMsaTu BSJeKTPOHHBIM IYYKOM BBICOKO
SHEPIUHM, a TAKXKe COOJIOJEHUM psiaa MapaMeTpoB yC-
TaHOBKM M COOTBETCTBYIOILE MOATOTOBKE oOpaslia
CTAaHOBUTCSI BO3MOXHBIM M3MEHUTH JIOTUYECKOE CO-
CTOSTHUE STYCHKN, UMUTUPYS TaKUM 00pa3oM IIpoliecc
3anucu. HenpaBuibHO momoOpaHHbE 3HAYEHUST yC-
KOPSIIOIIETO HampsiKeHUsI, anepTypbl, PaCCTOSIHUS 10
o0Opasua, yriaa majaeHus myyka M T. 1. MOTYT BbI3BaTb
HeoOpaTUMBble UBMEHEHUS B MaMSITU, MOPOI TTPUBOIS
K BbIBOAy M3 cTpost Bcto MC. Cama Tonosorust mMac-
cuBa I13Y: uncno cioeB, TONIIMHA U MaTepUalbl, U3
KOTOPBIX OHU M3TOTOBJIEHBI, BJMSIET HA BHIOOp Iapa-
MeTpoB. B To ke BpeMsi mpaBWIbHO MOAOOpaHHbIE
OITLIMHU TTO3BOJISIOT JOKaJIbHO MOAUGUIIMPOBAThH 3HA-
yeHUs B sgueiikax mamsatu. OmHakKo IS pa3IMIHBIX
00pa3uoB HEOOXOAUMBIN OMana3oH IapaMeTpOB MO-
KET OTJIUYAThCS, & SKCIEPUMEHTAJIBHOE €Tr0 OMnpe/e-
JIeHV € BbI3BaTh MOTEPI0 PAOOTOCITOCOOHOCTH MaMSITH,
MO3TOMY HEO0OXOIMMO IMPOBEIECHUE MOIEIVPOBAHMS
B3aUMOJIEVCTBHUS JIEKTPOHHOIO My4YKa CO CTPYKTYPOM
MaccuBa [13Y.

CTpyKTypHbIii aHAIA3 W NOCTPOEHHE MOIEJIH

B pabGote B KayecTBe obpasiia ucrojb3yercs flash-
namsTh apxutekTypbl NOR, Bxoxsiiast B cocTaB MUK-
pokoHTpoJuiepa. MccienoBaHue MpeacTabisieT codoit
MOCJIOMHBIN aHAIN3 (PU3UYECKON CTPYKTYpbI SIUEHKU.
OH NpOBOJUTCS ISl ONIpeneIieHUST Yuciaa KOMMyTalu-
OHHO-U30JIMPYIOIMX CJI0€B KpUCTaJLJIa, UX TOJIIMH, a
TakXKe TUIA U apXUTEKTYphbl 3J€MEHTOB maMsaTu. s
BOCCTAaHOBJICHMSI TOTIOJIOTUM MCIOJIb3YIOTCS M300pa-
>KEeHUSI TIoNepevyHoro ceuyeHust kpuctamia ¢ FIB cran-
mun Helios Nanolab 400 [2].




Puc. 1. ITonepeunbie cpe3bl BAOJb aJApecHOil muHbI (@) U pa3paaHoi muHb (b)
Fig. 1. Cross-section cuts along the address bus (a) and digit line (b)

Ha puc. 1 npuBeneHbl OpTOrOHAJbHBIE CEUYCHMUSI
KpUCTajla MUKPOKOHTPOJIIEpa.

MoaeaupoBanue

Jlo cux mop CylIecTBYeT OIpeaeIeHHbII MHTeEpeC K
METOJIaM KOMIIBIOTEPHOI'O0 MMUTALIMOHHOIO MOJIC/IM-
PpOBaHUS BJIEKTPOHHBIX TPAEKTOPHI1 B TBEPABIX TeJIaX C
HUCIIONIb30BaHUEeM MeToma Monre-Kapno. OgHum u3
HanboJiee TOCTYIMHBIX SIBJISIETCS MPOrPaMMHBINA MaKeT
Casino Monte Carlo. MccinenoBaHue B3auMOAEWCTBUS
npoBoamiIock B 2D-Bepcun [3].

ITocne onpeneneHus coctaBa BCEX CIOEB C 3aaH-
HBIMU TOJILIIMHAMU Y CBOMCTB MAaTepUaIOB ObLIO MPO-
BEJIEHO HCCJIeAOBAaHUE B3aMMOICHCTBUS 2JIEKTPOHHO-
To TyJyKa ¢ 00pa31ioM P pa3IUYHbIX 3HAUCHUSIX: yC-
kopstolero HanpsikeHus (10...30 xk3B), HavanbHOTO
yIja MPOHUKHOBEHUS MyYyKa W TOJIIMHBI TUIIEKTPU-
ka. PesynbpTaTel MmonenvpoBanus npu 30 k2B nmokasa-
HBI Ha puc. 2 (CM. BTOPYIO CTOPOHY OOJIOXKH) U 3.

Wcnonb3ys BbIAEICHHYIO 00JacTh Ha puc. 3, ObLIO
OITpeNeICHO YHMCIIO SJIEKTPOHOB, TIOTJIOIIEHHBIX B IIJIa-
BatolieM 3aTBope. Ha rimyoune ot 4,05 1o 4,1 MKM ux
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Puc. 3. Pacnpeaeienne yncia 3JeKTPOHOB NO riyouHe
Fig. 3. Distribution of the number of electrons by depth
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Tabauua 1

Table 1
3apsaa, BHOCHMDIii 3JEKTPOHHBIM IYYKOM 32 BPeMsi CKAHMPOBAHUS
Charge introduced by the electron beam during scanning
BpeMst HaXOXIIeHUST B OHOM TOUKE, MKC 0,05 0,1 0,3 1 3
Time of presence in one point, ps
Bpemst ckanupoBanus (dpeiima, ¢ 0,04 0,09 0,26 0,89 2,65
Scanning time per frame, s
Zapsin, K 4-10710 9-10710 2,6-10710 8,9-10710 2,65-107°
Charge, C

quco coctasuno 7 - 103, MpU UCXOJHOM YMCJIe Yac-
TULL 100,

DTO 3HAYeHUE SBSETCS OAHUM U3 BaXKHEHIIMX
¢akTopoB 18 N0A00pa MPAaBUIbHBIX HACTPOEK PACTPO-
BOT'0O 3JIEKTPOHHOI0 MUKpockona. OJHaKo, UCTIOb3YsI
TaKOW MapaMeTp, KaK YMCJIO 3JIEKTPOHOB B 3aJaHHOM
00J1acTH, HEBO3MOXHO TOYHO OIPEACINTh HEOOXOMM -
Mble "HacTpoiiku", TpebyeTcs BapbUpOBaTh U BpeMs
ob6ryueHust. 111 3TOro HeoOXOIMMO 3HATH TIPUMEpPHOE
3HaYeHMe BHOCMMOTO 3apsaa. [1ockoabKy HaKarinBa-
eMBII 3apsIT B peskMe 3aICH Ha TIJIaBafolleM 3aTBOpe
cocrasnsier 5+ 10712 K1, MOXHO mpearnosoXuTh, YTO
MCXOTHOE YMCJIO YaCTHII JOJKHO OBITH Ha YEeTHIPE TT0-
psinka OoJibllie, YeM HMCIIOJb30BAIOCh IS MOAEIMPO-
BaHUS (106) u coctassitb ~10'0 (1,6 - 1072 Kun).

Tpe6yembiii 3apsin Q= 1,6 - 10~2 Ku1 MOxHO oy~
YUTb MOAOOPOM MMapaMeTPOB TOK U BpeMsl CKaHHUpPOBa-
Husa. Chaemyer ydecTb, YTO BpeMs CKaHUPOBAaHUSI BbI-
OpaHHOI 00JIACTH 3aBUCHUT OT BPpEeMEHU HAXOXICHUS
Iyyka B OJHON TOUYKE U pa3pelleHUs] CKAHUPOBAHUSI.
Tak, m1s pasperieHust ckanupoBanus 1024 X 864 06-
1Iee Ynciio Touek ppeitma — 884 736. PacueTHoe 3Ha-

Tabnuua 2
Table 2
CBoanas TabiMna napaMeTpoB BO3JeiCTBUSA
1 YHCJIAa M3MEHEHHBIX sueeK
Summary table of the influence parameters
and the number of the changed cells

Jwnametp Tok myu- Yuciio usmMeHeH-
Mmy4Yka, HM Ka, HA 3apsn, 1072 Kn HBIX gYeeK, 1T
Diameter of Beam Charge, 107° C Number of the
a beam, nm | current, nA changed cells, pieces

1 1 2,65 1
1,5 2,95 7,82 4
2 6,35 16,83 6
2,5 11,51 30,50 7
3 18,72 49,61 8
3,5 28,24 74,84 10
4 40,32 106,85 12
4,5 55,2 146,28 14
5 73,1 193,72 15
6 118,87 315,01 16
7 179,31 475,17 16
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yeHue 3apsiia, BHOCMMOTO 3JIEKTPOHHBIM MYYKOM TMPU
ToKe 1 HA, npuBeneHo B Tad. 1.

Bpems ckanupoBanust dpeiima 2,65 ¢ COOTBETCTBY-
€T 3HAYEHMUIO 3apsiaa, MOJYyYeHHOMY B pe3yJibTaTe MO-
JIeTMPOBAHMS, M MOXET OBbITh MCIIOJb30BAHO B Jallb-
HellleM TpU MPOBEACHUN 3KCIEPUMEHTA.

DKCnepuMeHT

B xauectBe 0Opasia ObUTa MCIOJNB30BAaHA MHUKPO-
CXeMa, CTPYKTypa KOTOpOil Oblia MccienoBaHa ¢ Io-
Molibio nporpamMHoro mnakera CASINO. K pasme-
IIEHHOMY B Kamepe POM obpasity uepes creiuaib-
HBII pa3beM ObLT MTOAKITIOUEH MTPOrpaMMaTop.

ITocne kaxaoro obnyyeHus1 06JacTU MaMSITU pa3-
MepoM 2 X 2 MKM IIpOBOJIMJIACH TIepe3aIluch STANIOH-
Horo (haiijla B IaMITh MUKPOCXEMBI. DKCIIEpUMEHT
MPOBOAWIM TIPYM Pa3IUYHBIX 3HAYEHUSIX JUaMeTpa
3JICKTPOHHOTO TyyKa. [1Ipy 3TOM TOK ITydKa 3JeKTpO-
HOB, KOTOPbIi HETTOCPEACTBEHHO CBS3aH C TMAMETPOM
30H/a COOTHOIIeHHEeM d = 1", rie d — nuameTp 1y4-
Ka 3JIEKTPOHOB; /) — TOK IyyKa 3JIEKTPOHOB, M3Me-
HseTcs B nuamna3oHe oT 0,5 mA o 0,5 MxA [4].

CTOWT yYWUTHIBATH, YTO CCUYCHUE B3aMMOICHCTBUS
BJIEKTPOHHOTIO ITy4YKa AuaMeTpoM 1 HM ¢ oOpa3loM Ha
ryoruHe 4 MKM MMeeT paauyc OKOJIO 2 MKM, a JJis
Mmy4ka guameTpoMm 7 HM — paauyc 4,2 mkm. C yBenu-
YyeHueM IUIoLaaAu O0JacTU B3aMMOJEHCTBUSI B HeMl
OKa3bIBaeTcs 0OJIbllIEe 3alTIOMUHAIOLIMX DJIEMEHTOB. 3a
CYET 3TOTO M TPOMCXOMWUT yBEIMYECHUE YHCIa M3ME-
HEHHBIX sTueeK maMsTtu (Tabn. 2).

3aKkmoueHne

YcraHoBeHA 3aBUCUMOCTD TJTyOMHBI TPOHUKHOBE-
HUS 37eKTpoHOB B oopa3zel. IIpu 10 koB makcumaib-
Hasl rJyOMHAa NPOHMWKHOBEHUS COCTaBisieT 1,5 MKM,
mpu 20 k3B — okomo 5 mkm, a pu 30 k3B — 9 MKM.

MoaenvpoBaHue obecrieuruBaeT JAOCTATOYHO TOU-
HOE omnpeaesieHre MOPOTroBbIX 3HAYECHUI MapaMeTpOB
TOKa M BPEMEHU IS U3MEHEHUSI COCTOSIHUS STYEHKU
NaMsTH.

MN3meHeHne COCTOSIHUS sTYeeK MaMsITU CTAaHOBUTCS
BO3MOXKHEIM MPU YCKOPSIOIIEM HANpsSDKEHUM CBBIIIE
20 xaB.




IIpu yckopsitoiiem HanpsikeHuu 30 k3B, HopMab-
HOM ITaJICHUHM ITy4YKa, ToKe 1 HA 1 BpeMeHH 2,65 ¢ pe-
aJIM30BaHO MPEIU3NOHHOE MOAN(UITMPOBAHIE COCTO-
SIHUSI OJHOM STYelKU MaMsITU u3 MaccuBa 4 KoOair.
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Introduction

The problem of counterfeit products in microelec-
tronics is very acute all over the world. According to
NASA, up to 9 % of the purchases from the official rep-
resentatives contain falsified components. In percent-
age terms, the memory elements are among the leaders
by the quantity of counterfeit in the electronic compo-
nent base (ECB). Certified tests allow us to reveal a
considerable part of them. One of the major steps is def-
inition of the exact volume of the data array and its ad-
dressing. For this purpose it is necessary to simulate the
recording process in a memory cell.

One of the standard ways of placing a charge on a
floating gate of a memory cell is the method of injection
of hot electrons (CHE — Channel Hot Electrons) [1].
The major parameter is the current of gate /; and ef-
ficiency of the injection:

n= -, (1)
where [/, — drain current.

Thus, in a flash memory cell with a topological
standard of 0.35 um the gate current can reach 1...2 nA

at the drain current of 50...150 pA for the drain-source
voltage of V¢ = 4.5 V. Efficiency of the injection
equals to n = 1073, The quantity of the charge accu-
mulated on the floating gate in the course of record-
ing, will be determined by the time of recording 7. At
t=5ms and /; = 1 nA the total accumulated charge
willbe Q=5+ 102 C, while the dose N~ 3+ 107 elec-
trons.

At the same time, due to irradiation of the integrated
circuit (IC) of the memory by a beam of high energy
electrons, observance of certain parameters of setting
and preparation of a sample, it becomes possible to
change the logical state of a cell, simulating the record-
ing process. Incorrectly selected values of the acceler-
ating voltage, aperture, distance to the sample, angle of
incidence of a beam, etc. can cause irreversible changes
in the memory, at times leading to a breakage of IC.
The topology itself of an array of ROM: the quantity of
the layers, their thickness and materials of which they
are made, influence selection of the parameters. At the
same time, the correctly selected options allow us to
modify locally the values in the memory cells. Howev-
er, for various samples the range of the necessary pa-
rameters may differ, while an experimental method can
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damage the memory’s operability, therefore, it is nec-
essary to carry out modeling of the interaction of the
electron beam with the structure of the ROM array.

Structural analysis and model construction

This work uses as a sample the flash memory of
NOR architecture, which is a part of a microcontroller.
This is a level-by-level research of the physical structure
of a cell. It is done in order to determine the number
of the switching-insulating layers of a chip, their thick-
nesses, and also the type and architecture of the mem-
ory elements. For restoration of the topology the cross-
section images of the chip with FIB station of Helios
Nanolab 400 [2] are used.

Fig. 1 presents the orthogonal sections of the mi-
crocontroller chip.

Modeling

Till now there is a certain interest to the methods of
the computer modeling of the electrons’ trajectories in
solid bodies with the use of the Monte-Carlo method.
One of the most widely available is Casino Monte Carlo
software package. Interaction research was done in 2D
version [3].

After determination of the structure of the layers
with the set thicknesses and properties of materials a re-
search was done of the interaction of an electronic
beam with a sample at various values of: the accelerat-
ing voltage (10...30 keV), initial angle of a beam pen-
etration and thickness of dielectric. The results of mod-
eling at 30 keV are shown in fig. 2 and 3.

Using the area earmarked in fig. 3, the number of
the electrons in the floating gate was determined. At the
depth from 4.05 up to 4.1 pm their number was 7 - 103,
at the initial number of particles of 10°.

This value is one of the major factors for selection of
the correct options for a scanning electron microscope.
However, using the number of the electrons in the set
area it is impossible to determine the necessary settings,
and we have to vary the time of irradiation. For this
purpose it is necessary to know an approximate value
of the introduced charge. Since the accumulated
charge in the recording mode on a floating gate equals
to 5- 10712 C, it is possible to assume, that the initial
number of the particles should be by four orders more
than the number used for modeling (106) and it should
be equal to ~10'° (1.6 - 1070 C).

The required charge of 0= 1.6 1072 C can be ob-
tained by selection of the parameters of current and
scanning time. It is necessary to take into account that
the time of scanning of the selected area depends on
the time of presence of a beam in one point and the
resolution of scanning. Thus, for the scanning resolu-
tion of 1024 X 864 the total number of points in a
frame is 884 736. The calculated value of the charge in-
troduced by the electron beam at the current of 1 nA is
presented in table 1.
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The frame scanning time of 2.65 s corresponds to
the value of the charge received as a result of modeling,
and it can be used during the experiment.

Experiment

As a sample we used the microcircuit, the structure
of which was investigated in Casino software package.
A programmer was connected to the sample placed in
SEM chamber through a special socket.

After each irradiation of the memory area with the
size of 2 X 2 um the reference file was re-recorded into
the microcircuit memory. The experiment was done at
various values of the diameter of the electron beam. At
that, the current of the beam of electrons, which was di-
rectly connected with the diameter of a probe by cor-
relation d ~ I;"", where d — diameter of the beam of
electrons, /y — current of the beam of electrons, varied
within the range from 0.5 pA up to 0.5 pA [4].

It is necessary to take into account, that the section
of interaction of a Inm-diameter electron beam with
the sample at the depth of 4 um has a radius of about
2 um, and for a beam with diameter of 7 nm the radius
is 4.2 um. With an increase of the area of interaction
more recording elements appears in it. Due to this there
is also an increase of the number of the memory cells
(table 2).

Conclusion

The dependence of the depth of penetration of
electrons in the sample was established. At 10 keV the
maximal depth of penetration was 1.5 um, at 20 keV —
about 5 pm, and at 30 keV — 9 pum.

Modeling ensures a rather accurate definition of the
threshold values of the current and time parameters for
variation of the state of a cell memory.

Variation of the state of a cell memory becomes pos-
sible at the accelerating voltage over 20 keV.

At the accelerating voltage of 30 keV, normal inci-
dence of a beam, current of 1 nA and time of 2.65 s, a
precision modification of the state of one memory cell
from an array of 4 KB was realized.
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AATYMKN MOTOKOB KOCMMUYECKOM MAA3MbI
C NMPEUUN3ZNOHHBLIMU CEAEKTUPYIOLULMMWN DAEMEHTAMUA

Ilocmynuna 6 pedaxyuio 16.06.2017

MoHnumopune cocmosanus KOCMU4ecko20 npocCmpancmed, npoeHo3 MAazHUMHbBIX 0YPb GANCHbI KAK 045 obecneteHus ycmou-
uugoU pabomol npubOPO8 paouocesasu U Hasueayuu, maxk u 043 npedynpexrcoenus Heeamuhbix NOCAe0CMBeUll 030elicmeus Ha
yenogeka. B pabome npedcmasneHsl pazpabomanHslie COBMECMHO POCCULICKUMU U 6eA0pYCCKUMU Cheyuaiucmamy 0amuuxy no-
MOK08 KOCMUYECKOU NAA3Mbl C NPEUUSUOHHBIMU CeAeKMUDYIOUUMU INeMEHMAMU 8 8Ude CeMOYHbIX CMPYKMYD PA3AUMHOU KOH-
dueypayuu c s1emeHmamu KpenieHus, u30moAeHHbIMU 8 eOUHOM MEXHON0UYECKOM YUKAe U3 HAHOCMPYKMYPUPOBAHHbIX Ma -
mepuanos. lIpeonaznauenvl 043 UCNOAL30BAHUA 8 HOGOM NOKOACHUU OAMHYUKOE NOMOKO8 HU3KO- U GbiCOKOIHEPLeMUUeCcKol
NAG3MbL, 8X00AUWUX 6 COCMA8 NPUbOPos 045 Nposedenus NAAZMEHHbIX UBMEPEHUT 8 OKPeCMHOCIU 3eMAu U 8 MeNCNAAHeMHOM

npocmpancmee.

Karoueesvie caosa: damuuk nomokog naazmol, yurunop Dapades, npeyusUoHHble ceseKmupyrouue daemMenmol, HAaHOCMPYK-
MypupoeanHvie Mamepuaibl, KOCMUHECKUl annapam, MOHUMOPUHE KOCMU4ECK020 NPoCmpancmea

Benenne

oAroBpeMEHHBII MOHUTOPWUHI IapaMeTPOB MO-
Hocdepbl, HEKOTOpbIX objacTteil MarHutochepbl U
MEXIUIAHETHOTO MPOCTPAHCTBA UMEET OOJIbLIOE 3Ha-
yeHue [1]. Dra uHGopmanms BaxxHa IJIs pagruoCBsI3U
W HaBUTallMW, I MPOTHO3a KOCMMWYECKOW TMOTOIbI
(MarHUTHBIX OYpb), IJIsS MCCIENOBaHMUSI COJIHEYHO-
3eMHBbIX CBsizeil. M3yueHue MpoleccoB KOCMUYECKOM
U METEOPOJIOTMUYECKOU MOro/bl MpearoaraeT Herpe-
PBIBHBIE HAOIIOJEHUS] ¢ TPUMEHEHUEM YyBCTBUTEIb-
HOM K BO3IECWCTBUIO 3JIEKTPOMATHUTHBIX IIOJEH U
IUIa3Mbl afnmnaparypbl U CUCTEM JJIMTEJIbHOIO UCITOJIb-
30BaHMSI Ha KOCMUUYECKHUX amrmapatax [2]. Pacmupe-
HUe cdepbl IesTeIbHOCTU YeOBeYeCcTBa B OKOJIO-
36MHO€ KOCMUYECKOE IMPOCTPaHC-
TBO HEBO3MOXHO 0€3 3HaHMS Xa- -
pakTepa U IpUYUH TTPOUCXOISIINX
3nech (PU3NYECKUX TIPOLIECCOB —

MEXaHM3MOB, MOCPEACTBOM KOTOPBIX 3TO BUSIHUE
OCYILIECTBJISIETCSI, BECbMa aKTyasIbHbI.

Bo MHOrux skcnepuMeHTaIbHbIX UCCIEA0BAHUSX B
Ka4yeCTBE TaTYNKOB MTOTOKA KOCMUYECKON MJIa3Mbl UC-
noJb3ytoT muHaps Papanes (puc. 1). B1o ycrpoiict-
BO JUIS1 ONIPeie/IEHUSI TIOJTHOTO 2JIEKTPUYECKOTo 3apsiaa
Y UHTEHCUBHOCTU MyYyKa YAaCTUIl Ha3BaHO B YECTb aH-
mmiickoro ¢pusuka Maiikna @apages. OHO npeacTaB-
JIsileT co00ii MeTaJUIMYEeCKMIA CTaKaH C OTKPBIThIM
BXOIHBIM OKHOM, COAEPXKAIUIUN METAIUNIMYECKUIA KOJI-
JIEKTOP JUISI PETUCTPALMU 3JEKTPUUYECKOTO TOKA, BO3-
HUKAIOIIETO0 B M3MEPUTEILHOM KOHTYpE IpU IBUKE-
HUM 3apgXKEHHBIX 4YacTUL, BXOILALIMX Yepe3 OKHO
(puc. 1, a). Ins pazaeneHus 3apsiKeHHbBIX YaCTUILL T10
3HaKy 3apsiia U 3HAYEHUIO MX SHEPIUU MPELyCMOT-

BO3MYIIEHUI MArHUTHOTO MOJIS
3emiin, BapMallMii TTOTOKOB 3apsi-

JKEHHBIX YacTHII, (OPMHUPOBAHUS -

L

c4

- Is

= EN S SS—
[0 17 el /—
Cl J

Konnektop

MOHOC(EPHBIX HEOMHOPOIHOCTEM 1
T. I, @ TaKXe BO3MOXHOCTH WX
IIPOTHO3UPOBaTh. [103TOMY HUCCIIe-
JIOBaHWE BIMSHMS COJTHEYHOM aK-

KYOT

K ocumunorpacy to an DCA to an collector

to an oscillator

A R .
a) b)

Puc. 1. CxemaTnyeckue nzoopaxkenns mumnapa Papanes: a — oburas cxeMa; b — HWIMHAD

TUBHOCTM Ha TPOLIECCHI B MarHu-
Toc(epHO-NOHOCKHEPHOI CUCTEME,

C CEJIEKTUPYIOLIMMU CETKAMU
Fig. 1. Schematic images of a Faraday cup: a — general view; b — the cup with the selecting grids
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peH Habop auadparMm, GopMUPYIOLIUX YIJIOBYIO A1a-
rpaMmy aaTyuka, u Habop ceTok (puc. 1, 6). DTu ce-
JIEKTUPYIOILIME DJIEMEHTHI SIBISIOTCS CYIIECTBEHHON
COCTaBJISIIONLIECH AaTYUKOB [3, 4].

Hcnonb3zoBanue uunuHapoB Mapanest B KauecTse
JIaTYUKOB MOTOKA KOCMUUYECKOM M1a3Mbl LLIMPOKO pac-
MMPOCTpaHEHO B MUPOBOI mpakTuke. C MUX MOMOIIBIO
HauboJjiee TOCTOBEPHO OIpeAesieTCsl IMJIOTHOCTh COJl-
HeuHoro BeTpa. Mx mpuMeHsIIuM Ha psiie aMepuKaHC-
Kux KocMuueckux anmapatroB WIND u Voyager-1, 2.
OgHUM M3 JY4YIIUX M0 (DYHKIMOHATBHBIM BO3MOX-
HOCTSIM MOXHO cumnTath mpudop IAP Ha ¢paHiry3ckoMm
cnytHuke "Demiter”. Pa3paboraHHbIe paHee TaTYMKU
IMOTOKOB TIJIa3Mbl COAECPKAJU UYBCTBUTEIbHBIC 3JIe-
MEHTBI B BUJIE CEJIEKTUPYIOLINX MUKPOCTPYKTYDP U UX
WU3rOTaBJIMBAIM BPYUYHYIO U3 TOHKOI IPOBOJIOKM ITy-
TeM MUKPOCBApKU KaxAoW SUYEeMKU U KOHTYPHBIX KO-
seu. ToOYHOCTh BBIIIOJHEHUS, IpobIeMa HEeIJIOCKOCT-
HOCTHM B COCTaBe JaT4yhkKa U CTOMMOCTb U3rOTOBJIEHUS
HE COOTBETCTBYIOT COBPEMEHHOMY YPOBHIO TEXHOJIO-
TUii ¥ HE OTBEYAlOT BO3POCIIMM TPeOOBaHUSIM K Mapa-
MeTpaM JaT4YMKOB ILJIa3Mbl [5].

OcobennocTu KOHCTPYKTHBHO-TE€XHOJIOIrHYE€CKOIo
HCHOJIHCHHUA JATYUKA U CCICKTHPYIOIIHUX J3JIEMCHTOB
B HEM

KoHCcTpyKIIMS TaTYMKOB ITOTOKA IJIa3Mbl OCHOBaHA
Ha mwmHApax Papanes U cOCTOUT (pUC. 2) U3 KOp-
myca /, UMEIOIIEero BXOAHOe OKHO 2 ¢ BHEIIHEH aua-
¢parmoii 3, ceeKTUPYIOLLIUX CYIPECCOPHOTo 4 U yII-
PaBIISIIOLIETO S 3JIEMEHTOB, BHYTpeHHEH nuadparmel 6
U KOJIJIEKTOPOB 7. BXogHOE OKHO 3aKpbIBAETCS ChEM-
HOM TEXHOJIOTMYECKON MbLICBIArO3allMTHON KpPHILII-
Kol KpacHoro 1Beta §. CHu3y y nunmHapa Papazest

>
Yeunurenb MOCTOSIHHOTO BhIXOIHOI
TOKa

CHTHAI
DC amplifier Output signal

Puc. 2. TIpoToTHn YeTHIPEXKOUIEKTOPHOIO JATYMKA MOTOKA HOHOB
Fig. 2. Prototype of a four-collector ion stream sensor
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TaKXK€ yCTaHOBJIEHA Cb€MHaAd TCXHOJOI'MYeCKadad KpbILI-
Ka, IIpUKpbIBaroliasa BbIXO[ KOJIJIEKTOpA.

ITpuHUMIT paOOTHI JaTUMKA 3aKIHOYACTCS B CIedy-
JOLIEM: MPU MOIMaJaHUKM Ha KOJJISKTOP MOTOKA UOHOB
COJIHEUHOTO BeTpa B LEeNM KOJUIEKTOpa BO3HUKAaeT
BJIEKTPUUYECKUI TOK, KOTOPBINA YCUIUBAETCS MPUCO-
eIMHEHHBIM K KOJUIEKTOPY YCWINTEIEM MOCTOSIHHOIO
TOKa 1 3aTeM IpeodpasyeTcs B BBIXOJIHOE 3JIeKTpUYec-
KOe HampsbkeHue. DJIeKTpUYecKoe COeAMHEHUe aat-
YMKa C LeMsIMU 3JIEKTPOHUKHN OCYIIECTBIISIETCS IITHI-
pPEBBIMU KOHTAKTaMM 9 KOJUIEKTOPOB M BHICOKOBOJIb-
THBIMM BBoAaMu /(0 K CEIEKTUPYIOIIUM 3JIEMEHTaM.
Habop 371eKTpoaoB COCTOUT U3 YEThIPEX DJIEMEHTOB, B
TOM UYMCJIe ABYX AuadparM, UMEIOIIMX SJIeKTPUIECKOe
coeHeHue ¢ KoprnycoM. Ha cynpeccopHble U yrpas-
JISIIOIIME 3JIEMEHTHI OT MCTOYHUKOB 3JIEKTPONMUTAHUS
MOJA0TCS COOTBETCTBYIOIIME OTHOCUTEJBHO KOpITyca
3HAUCHUSI HampspkeHus: cymnpeccopHoe (—500 B) —
IUTST TIOMABJICHUS] TOKA BTOPMYHBIX 3JIEKTPOHOB M (HO-
TOBRJIEKTPOHOB € KOJIJIEKTOPA U OTCEUYKM MOTOKA 3JIeK-
TPOHOB COJIHEYHOIO BETpa; yrpasjsiollee (0T HyJs
1o +4000 B) — mist cesleKumy MOHOB COJTHEYHOTO BET-
pa 1o 3HaueHuto sHepruu. CynpeccopHble U yITpaBIsi-
IOIIME DIIEMEHTHI U KOJJIEKTOP M30JIUPOBAHBI APYT OT
Jpyra U OT KopIlyca HpoKJaaKaMu-cTorkamu 11 u3
¢ropomnacrta u KanpoyuoHa. Komruiekr nuagparMm, ce-
JICKTUPYIOLUX 3JIEMEHTOB W JiepKaTesiei IS JaTdu-
KOB IOTOKA KOCMMYECKOH I1J1a3Mbl BKJIIOYAET CETKU U
JepKaTean pa3HbIX MOAU(DUKALIUI U TUTIOPA3MEPOB B
COOTBETCTBUM C Pa3IWYHBIMU TUMAMU JaTYUKOB TO-
TOKa I1J1a3Mbl. DJIEeMEHTBI MIPEICTABISIOT COOO0I CeTOY-
HBbIe MUKPOCTPYKTYPHI C KBaIpaTHBEIMU STYeiiKaMU pa3-
mepoM 10 1 X 1 Mm. JImHelHBIe COCTABIISIONINE MUK-
POCTPYKTYp MMEIOT KBagpaTHoe ceueHue 20 X 20 MKM.




TexHonornyeckuii mpouecc dop-

Puc. 3. TexHoJjornuecKuii mpomecc moJy4eHusi CETOK
Fig. 3. Technological process for obtaining of the grids

CeTouHBIe MUKPOCTPYKTYPHI IIPUKPETUICHBI TI0 TIepH-
MEeTpy K KOJIbIIaM-AepXKaTeJIsIM U3 aHAJIOTUYHBIX CET-
Ke MaTepHalla M TONIIWHEL. ['abapuTHBIE pa3Mephl Ie-
pXaTesleil 1 CETOYHBIX MUKPOCTPYKTYP COCTaBJISIOT:
BHYTpeHHMe nuameTphl (34, 47, 60) + 0,1 mMm, BHemI-
HUe auaMeTphl Kouelr (42, 55, 68) = 0,1 MM, COOTBETCT-
BeHHO. Matepuay CeTOK M KoJiell — HHKelNb. I1po-
3pavyHOCTb KaXIOW M3 CETOK MPU HOPMAILHOM ITaje-
HUM cBeTta coctaBwia Oosnee 90 %. MuHuManbHas
Macca OJIHOI CeTKM He mpeBocxoauia S50 Mr.
IIpoBeneHO cpaBHEHME pa3IUYHBIX BApUAHTOB TEX-
HOJIOTMYECKUX PEXUMOB (POPMUPOBAHUS CIIOXKHBIX IO
KOHOUTYpaImy MeTAUIMIECKUX TTPEM3NOHHBIX JeTa-
Jieit ¢ UCTI0Ib30BaHMEM 1IAOJIOHOB-MAaTPUIL U3 aHOAHO-
IO OKCHIA aTIOMWUHMS, M3TOTOBIEHHBIX C ITOMOIIBIO
doromurorpadum [6]. [pennoxkeHb! ONTUMATbHBIE TEX-
HOJIOTMYECKUE PEXUMBI, 00eCTICUMBAIOIINE TTPUEMITS-
Mbl€ TOYHOCTH BBIMIOJTHEHUSI MUKPOHHBIX pa3MepOB Ka-
HaBOK B MaTpulle M3 aHOTHOTO OKCHAA AaTIOMHHUS.
OnucaH npolecc ¢poToauTorpadpuu v MorydeHus 11ad-
JIOHA-MaTPHUIIBI 11 QOPMUPOBAHUS B HUX TIPELIU3UOH-
HbIX YYBCTBUTEJbHBIX (CEJIEKTUPYIOIIUX) 2JEMEHTOB.
INpuBeneH KOHKPETHBIN PEXUM 3JIEKTPOXUMHUECKOTO
ocaXAeHMsT HUKeNIS B KaHaBKaX IMa0JIOHA-MaTPHUIIEI U
CO3MaHUS HUKEJIEBBIX CETOYHBIX CTPYKTYp C Tepude-
PUITHBIM KpETTeXKHBIM KoJTbIIoM. [1oka3aHo, 4TO BHEIII-
HHUE pa3Mephl AeTajeil MoryT BapbupoBaThes oT 30 mo
100 MM mipu oOweli TommuHe 10...20 MKM, IpU 3TOM
MUKpPOHHBIE pa3Mephbl CETOUHON CTPYKTYphl (cede-
Hue — 10...20 MKM2, paccTosTHME MEXIYy TYeiiKaMu —
1000 MKM) coueTaroTCsl ¢ MUJUIMMETPOBBIMU pa3Mepa-
MM IIIMPUHBI BHELITHETO KPerexXHoro Koblia (5...8 Mmm).
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VKU TIPeaBapUTEIbHBIX KOMILIEKC-
HbeIX ucneiTanuili (ITKW) cenektu-
pyoiux sjaeMeHToB. [lopsmok u
o0bem ITKU npeacrasiieH B Ta6a. 1.

Tabauua 1
Table 1

Cocras n nocienosarebHocTh nposepok npu ITKH

Composition and sequence of tests during PCT

Ne /it
Items’
numbers

HaumeHoBaHue pabot
Names of works

[MoaroToBka K UCTIBITAHUSIM

Preparation for the tests

IIpoBepka BHEIIHETo BUAA 9KCIIEPUMEHTATbHbBIX
00pa3LOB YyBCTBUTEIbHBIX 2JIEMEHTOB

Test of the appearance of the experimental samples of the
sensitive elements

IMpuBapka Ha aepxaTen KCIepUMEHTATbHBIX
00pas1oB

Welding on the holders of the experimental samples
IIpoBepka BHEIIHEro Buaa 9KCIEPUMEHTATbHbBIX
00pasILoB YyBCTBUTEIbHBIX 3JIEMEHTOB

Test of the appearance of the experimental samples of the
sensitive elements

HcnbiTanre Ha BUOPOPOYHOCTb TIPU BO3AEUCTBUU
CUHYCOMJATbHOU BUOpaLUK

Test for the vibration resistance during the influence of a
sinusoidal vibration

KoHTposib cocTosHMSI TIOCTIe BO3ACCTBHSI BUOpAIIMOH-
HBIX Harpy3oK

Control of the state after the influence of the vibration
loads

WcrnpiTanne Ha BO3ACMCTBUS UBMEHEHUS TEMITEPaTypPhl
(ot =50 no +150 °C)

Test for temperature variation (from —50 up to +150 °C)
KOHTpOIb COCTOSIHMS TTOCIIe BO3ACHCTBYS U3MEHEHUS
TeMnepaTyphbl (mepmoyuxkiuposanue)

Control of the state after the temperature variation
(temperature-cycle test)
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Puc. 4. ®otorpadun cnenuaabHbIX AepKaTeseil Ui NPoBeIeHAs MEXaHHYECKUX (a) U TePMOUMKINYECKHX (b) MCTIBITAHMI CETOYHBIX MHKPO-
CTPYKTYP CEJIEKTHPYIOIHMX 3JIEMEHTOB

Fig. 4. Photos of the special holders for carrying out of mechanical (a) and thermocyclic (b) tests of the grid microstructures of the selecting elements

TpeOoBaHusA K YCJIOBHAM, 00ecIeUeHHIO
H NPOBECACHUIO HCNbITAHUI

ITKMN skcneprMeHTadbHBIX OOpa3llOB YYBCTBU-
TeJIbHBIX 3JIEMEHTOB (MPELU3UOHHBIX CETOK) MPOBO-
IWJIN TIPU HOPMAJbHBIX KIMMATUYECKUX YCIOBUSX:
temmepatypa (25 £ 10) °C; oTHocuTelbHas1 BlaXk-
HOCTB Bo3ayxa He Ooiiee 80 %; arMocdepHOe naBie-
nue 84,0...106,7 kIla (630...800 MM pT. CT.).

TepMOLIMKIMPOBAHNWE BHITIOJHSJIOCh B KIMMATH-
yeckoil kamepe U Tepmokamepe. Ilpu mpoBeneHuuU
WCTIBITAHWI HAa TEPMOLMKINPOBAHNE OBLIM CO3MAHBI
clefylollMe YCJIOBUSI: MMHMMAaJbHasl TeMIepaTrypa
okpyxatolieir cpeabl (—50 = 2) °C, MakcuMasibHas
TeMmIepaTypa okpyxatwiuueit cpeasl (+150 + 2) °C,
atmocdepHoe  masienne 1,3-1077...106,7 «xIla
(10_6...800 MM pT. cT.). Jdns npoeaenust [TKU npe-
LIM3UOHHBIX CETOK OBLIM M3TOTOBJIEHBI CIIELIMAIbHbIC
JIepKaTed CETOK IJis TPUBAPKU W WX WMCITBITAHUS
(puc. 4).

ITpuMeHsiemble 151 UCTIBITAHUM U 0OpabOTKY CTaH-
JlapTHbIE CPEeACTBAa U3MEPEHUI 3aperucCTpUPOBAHbI B
T'ocpeectpe u MoBepeHBI METPOJIOTMUECKOI CITYKOO0i
B cootBercTBUHU ¢ [1P 50.2.006—94. M3mepurenpHbIC
CpelncTBa M IIPUOOPHI, He TToAJIeKallie TTOBepKe, NMe-
JIU TeXHWYECKUE MacrnopTra WiIM cepTUdUKAThI, MOJI-
TBEPKIAIOIINE UX UCTIPABHOCTb.

HcnbiTanus CCJICKTHPYIOIIUX JJICMEHTOB

Kpurteprem paboTocnocoOHOCTH CEIEKTUPYIOLIMX
3JIEMEHTOB — CETOYHBIX MUKPOCTPYKTYpP SIBJISETCS
LIEJIOCTHOCTb MX CTPYKTYphl. LleJIOCTHOCTD CTPYKTY-
PBI CETOK TIPOBEPSIIN C TIOMOIIIBIO BU3YAIbHOTO KOH-
TPOJis ToA MUKpPOCKoNoM ¢ 10-KpaTHbIM yBEJIUYEHU -
eM (puc. 5, 6).

KoHCTpYyKIIMM CeIeKTUPYIONINX JIEMEHTOB BhIIEP-
JKaJIM MCTIBITAaHMSI TPOBEPKOI Ha MTpoOoit. CeleKTupy-
foIlIMe 3JEMEHTH o0OecreunBaIM HOpMaJibHOe (DYHK-
LIMOHUPOBAHWE MPU MPUTIOXKEHUU K HUM (KaK B BaKy-
yMe, TaK M Ha BO3yXe) MOCTOSIHHOTO MOJIOXKUTEIbHOTO
OTHOCHUTEJIBLHO KOpPITyca DJAEKTPUIYECKOIO HAPSIKEHUS
3HaueHueM 110 4,0 KB 1 oTpuIIaTeIbHOTO MOCTOSTHHOTO
OTHOCHUTEJILHO KOpITyca HaIpsDKeHUs 3HAYeHHEM IO
500 B. HUcnbiTatebHOE 3JEKTPUYECKOE HaMpsKeHUe
MPUKIIAALIBAIOCh MEXIY BBIBOIOM CEJIEKTUPYIOIIETO
3JIeMEHTa MPU €T0 YCTAaHOBKE Ha IPOBOISIIEM OCHO-
BaHUMU.

CeneKTupyrolne 3JIeMeHTB HOPMaIbHO (hYHKIIHO-
HupoBaym npu Temrneparype ot —50 1o +150 °C u co-
XpaHsSIIM CBOIO pabOTOCMOCOOHOCTh MOCJE BO3AEHCT-
BUSI MEXaHMYECKUX Harpy3ok (BMOpallMOHHBIX Iepe-
TPY30K, CTAaTUUECKUX TIePErPy30K OT JIMHEMHBIX YCKO-
pPEHUIT U UMIYJIBCHBIX TIEPETPY30K).

Tabauua 2
Table 2
JlnHamMuyecKue neperpy3ku
Dynamic overloads
Hampasnenue MaxkcumanbHas . Yucno
Pexam neiicTBUs ‘lactora, I aMIUTUTY/la Harpysku, g Bpewst BOSHEHCTEMS, C HarpyxeHui
Mode Direction of action Frequency, Hz Maximal amplitude of load, g Influence duration, s Number of loads
1 X 10...30 7 0,2 6
2 Y,Z 4...10 3 1,0 2
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Puc. 5. CxemaTuyeckoe nsoﬁpaikeﬂne npouecca TepMOUUKIHICCKHX
HMCIIBITAHAI CEJICKTHPYIOIIUX JJICMECHTOB

Fig. 5. Schematic image of the process of the thermocyclic tests of the
selecting elements

CraTuueckue meperpy3ku (IeiicTBOBaJd COBMECT-
HO 15 muH): nx = +4,0 g; ny = £0,5 g; nz = x0,5 g.
3HaveHMs ITapaMeTPOB IMHAMMWYECKMX HAarpy30K Ipyr-
BeleHBI B Ta0j. 2. McnplTaHusa MPOBOIMIM IJISI TIEp-

Ucxonnble ceTkn
Initial grids

ITocne mMexaHn4eCcKuX BO3ICHCTBUH
After mechanical influences

[ocne TepMOIMKINYECKUX BO3ICHCTBUIA
After thermocyclic influences

BOIO AuariazoHa Ha vacrorte 15 I', mist BToporo aua-
ma3oHa Ha 4yactote 6 I'i.

CBonHbIE NaHHbIE Pe3yJbTaTOB IPOBEPOK IOCIE
KaXkIOTO BUIA UCTTBITAHWI TIPEACTaBICHBI B Ta0J. 3 1 4.
ITpu 3ToM HOMepamu 1-1, 1-2 0603HaYEHBI CETOYHbIE
CTPYKTYpbl AuadparM, 2-21, 2-2 — ceTOUHbIE CTPYK-
TYpBI CYIPECCOPHBIX 3JeKTpoaoB, 3-1, 3-2 — ceTou-
HBIe CTPYKTYPHI YITPABJISIONINX 3JIEKTPOIOB. AHAIN3
KavyecTBa pa3pabOTaHHBIX CEJIEKTUPYIOIINX 3JIEMEHTOB
Tocjie TPeIBapUTEeIbHBIX KOMIUIEKCHBIX WCIIBITAHUNA
MOATBEPANUST HEM3MEHHOCTh T€OMETPMYECKUX Mapa-
MeTpoB. OTnesibHbIE SYEHKU C HE3HAYUTEJIbHBIM OT-
KJIOHEHHEM OT KOHTPOJIMPYEMBIX TTapaMeTPOB IIpH 00-
IIEM YHCIIe TYeeK B HECKOJIBKO COTeH MPAKTUYECKU He
CMOTYT OKa3bIBaTb CKOJIb 3aMETHOTO BJIMSHHUS Ha Xa-
PaKTEepPUCTUKY NaTYMKOB IJIa3MBbl.

3akmoueHue

PazpaboTaHHbIE CEIEKTUPYIOLIUE DJIEMEHTHI B BU-
Iie TIPEIIU3NOHHOM CEeTKM C JIEMEHTaMU KpPEIUIEHHUS K
KOPIYCy YIOBJIETBOPSIOT TEXHUYECKUM TPEOOBAaHUSIM
K HUM (3HA4eHUsI MPO3PAYHOCTU, OAHOPOJHOCTU U
LIEJIOCTHOCTU CTPYKTYPbl, OTKJIOHEHMSI OT TIJIOCKOCT-
HOCTH, HaJIeXKHOCTU KPEeTUIeHUSI KOHTAaKTOB, TETIJIOBO-
ro pexXrMa, CTOMKOCTH K BUOPALIMOHHBIM M YIAPHBIM
BO3IEMCTBUSIM U T. 1.) U, KaK CJIEACTBUE, BO3MOXKHOC-
TU UCIIOJb30BAHUS TAKUX 2JIEMEHTOB B COCTaBe HOBO-
To MOKOJIEHUS TaTYMKOB IMTOTOKOB KOCMUYECKOM T1j1a3-

CeTtku ¢ onpaBoi
Grids with frame

Puc. 6. CenexTupyomue 3JeMeHTbl PA3JIHYHBIX IHAMETPOB B HCXOJHOM COCTOSIHMH, NOCJIe MUKPOCBAPKH ONPABbI, MEXAHMYECKHUX M TEPMOIMK-

JIMYECKUX BO3IeiCTBHii

Fig. 6. Selecting elements of various diameters in the initial state, after microwelding of the frame, mechanical and thermocyclic influences
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Tabauua 3

Table 3
HcnbiTanue Ha BUOPONPOYHOCTDH NMPH BO3/EHCTBHH CHHYCOMAAJILHOW BUOPALUM
Test for vibration resistance during the influence of a sinusoidal vibration
IMapametpsl / Parameters 1-1 1-2 2-1 2-2 3-1 3-2
IleocTHOCTD TYeeK 0 2 2 2 2 3
Integrity of the cells
IIpoBucaHue styeeK Maroe 1 Cpennee 2 | Cpennee 6 | Cpennee 5 | Cpennee 2 Her
Sagging of the cells Small 1 Medium 2 Medium 6 | Medium 5 Medium 2 No
CrerneHb KpyueHUst TMHEMHBIX COCTaBIISIOLUX STYeEK Her 0 Her Her Her Her Her
Degree of torsion of the cells linear components No 0 No No No No No
[TpaBUABbHOCTH (hOPMBI KOHTYpA sTYeeK Hesnau. 5 Hesnau. 5 Her Her Her Her
Shape accuracy of the cell contour Insignif. 5 Insignif. 5 No No No No
IIpoBucaHMe CETKM MO BCEMY MOJIIO Hert Her Her Her Her Her
Grid sagging all over the field No No No No No No
BosiHUCTOCTD CETKM 10 BCEMY TTOJTIO Her Her Her Her Her Her
Grid sinuosity all over the field No No No No No No
Tabauua 4
Table 4
WcnbiTanne Ha BO3JeiiCTBUA M3MeHeHHs Temmepatypbl oT —50 mo +150 °C
Test for the influences of the temperature variation from —50 up to +150 °C
IMapametpsl / Parameters 1-1 1-2 2-1 2-2 3-1 3-2
LleslocTHOCTB sTueeK 2 3 11 4 18 19
Integrity of the cells
IIpoBucanue ssueex Maroe 3 Maroe 2 Majoe 12 Marnoe 11 Maroe 9 Mamnoe 12
Sagging of the cells Small 3 Small 2 Small 12 Small 11 Small 9 Small 12
CrerneHb KpydyeHUsI TUHEHHBIX COCTaB- Manas 4 Manas 8 Manas 3 Manas 8 Manas 7 Cpennsis 11
JISTIOLLUX slueeK Small 4 Small § Small 3 Small § Small 7 Medium 11
Degree of torsion of the linear components
of the cells
[MpaBuiibHOCTH (hOPMBI KOHTYpA STYEEK Hesnau. 7 Hesnau. 9 Hesnau. 6 HesHau. 6 Hesnau. 14 Hesnau. 14
Shape accuracy of the cell contour Insignif. 7 Insignif. 9 Insignif. 6 Insignif. 6 Insignif. 14 Insignif. 14
IIpoBucaHue ceTku Mo BceMy MO0 Ouenb Manoe | Ouenb Majoe Maoe Ouenb Majoe Manoe Hesnau. 10
Grid sagging all over the field Very small Very small Small Very small Small Insignif. 10
BoaHuCTOCTh CETKM 110 BCeMy ITOJTIO Her Her Her Her Her Maoe
Grid sinuosity all over the field No No No No No Small

MbI JIJI1 TIPOBEIEHNSI pealbHbIX KOCMUYECKUX 3KCIIe-
PUMEHTOB.

Co3gaHue HOBOTO MOKOJIEHMS HAaTYMKOB IOTOKOB
KOCMUYECKO IJIa3Mbl C pa3pab0TaHHBIMU CEIEKTUPY-
IOIIUMHU 3JIEMEHTAMM TI03BOJIMT 3aMEHUTh COOOI He-
CKOJILKO OTHOKOJUIEKTOPHBIX IMIMHIpoB Dapames,
YTO MPUBEAET K CYLIECTBEHHOMY YMEHbILIEHUIO MacChl
U obbemMa IJIa3MEeHHOTO CIIEKTPOMETpa MPU BbIMOJIHE-
HUU BCeX HEOOXOOMMBbIX 3a1a4. Hanuuue HeCKOIbKUX
KOJUIEKTOPOB U MapajlieJIbHbIX U3MEPUTENbHBIX LIeTIei
o0ecrneyuT pe3epBUpPOBaHME, BO3MOXHOCTb TMOKOTO
aJiropuT™Ma paboThl U TEM CaMbIM CYILIECTBEHHO MOBbI-
CHUT HaJIeXKHOCTb MpUOOpa.
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Introduction

The long-term monitoring of the ionosphere param-
eters and certain areas of the magnetosphere and inter-
planetary space is of great significance [1]. This infor-
mation is also important for the radio communication
and navigation, forecasting of the space weather (mag-
netic storms), and research of the solar-terrestrial links.
Studying of the space and meteorological weather en-
visages continuous observations with application in
space vehicles of the long-term usage equipment and
systems sensitive to the influence of the electromagnet-
ic fields and plasma [2]. Expansion of the mankind’s
activity in the near-Earth space is impossible without
knowledge of the character and origin of the processes
occurring there — excitations of the magnetic field of
the Earth, variations of the streams of the charged par-
ticles, formation of the ionospheric heterogeneities,
and also feasibility to predict them. Therefore, research
of the influence of the solar activity on the processes in
the magnetosphere-ionosphere system and of the
mechanisms rendering this influence is very topical.

In many research works the Faraday cups are used
as sensors of the space plasma streams (fig. 1). This de-
vice intended for determination of a full electric charge
and of the intensity of a beam of particles was named
in honor of the English physicist. It is a metal cup with
an open entrance window, containing a metal collector
for recording of the electric current arising in the meas-
uring contour during movement of the charged parti-
cles, entering through the window (fig. 1, a). For se-
lection of the charged particles by the sign of a charge
and the value of their energy, a set of diaphragms is en-
visaged forming an angular diagram of the sensor and
a set of grids (fig. 1, b). These selecting elements make
an essential component of the sensors [3, 4].

Use of the Faraday cups as the sensors for the space
plasma streams is widespread in the world practice.
With their help the density of the solar wind is deter-
mined in the most authentic way. They were applied in
a number of the American space vehicles. IAP device
in Demiter French satellite is considered one of the best
by its functionality. The developed sensors of the plas-
ma streams contained the sensitive elements in the form

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 12, 2017 763



of selecting microstructures, and they were made man-
ually of a thin wire by microwelding of each cell and the
contour rings. The accuracy of implementation, the
problem of nonflatness inside the sensor and the man-
ufacturing costs do not correspond to the modern level
of technologies and do not meet the increased require-
ments to the parameters of the plasma sensors [5].

Specific features of the design-technological version
of the sensor and of the selecting elements in it

The design of the plasma stream sensors is based on
Faraday cups and consists of (fig. 2) shell /, which has
an entrance window 2 with an external diaphragm 3, se-
lecting suppressor 4 and control 5 elements, inner di-
aphragm 6 and collectors 7. The entrance window is
closed by a demountable technological dust- and water-
resistant cover of red color & From below of the Far-
aday cups there is another demountable technological
cover covering the collector outlet.

The principle of operation of the sensor is the fol-
lowing: when a stream of ions of the solar wind comes
to the collector, an electric current appears in the col-
lector circuit, which is amplified by the direct current
amplifier connected to the collector and is transformed
into the output electric voltage. The electric connection
of the sensor with the electronic circuits is carried out
by pin contacts 9 of the collectors and high-voltage in-
lets 10 to the selecting elements. The set of the elec-
trodes consists of four elements, including two dia-
phragms having an electric connection with the shell.
From the power supply sources the corresponding
voltage in relation to the shell is supplied to the sup-
pressor and the control elements: the suppressor volt-
age (—500 V) — for suppression of the secondary elec-
trons current and the photoelectrons from the collec-
tor and for a interruption of the electrons stream of the
solar wind; and the control voltage (from 0 up to
+4000 V) — for selection of the solar wind ions by en-
ergy. The suppressor and control elements and the col-
lector are isolated from each other and from the shell
by cushion-racks /7 of fluoroplastic and caprolon. The
set of diaphragms, selecting elements and holders for
the sensors of the space plasma stream includes grids
and holders of different modifications and standard siz-
es according to various types of the plasma stream sen-
sors. The elements are grid microstructures with square
cells with the sizes up to 1 X 1 mm. The linear com-
ponents of the microstructures have a square section of
20 x 20 um. The grid microstructures are attached to
the perimeter of the rings-holders of the material and
thickness similar to those of the grid. The dimensions
of the holders and the grid microstructures are: the in-
ner diameters (34, 47, 60) £ 0.1 mm, and the external
diameters of the rings (42, 55, 68) £ 0.1 mm, accord-
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ingly. The material of the grids and rings is nickel. The
transparency of each of the grids at a normal incidence
of light is more than 90 %. The minimal weight of one
grid does not surpass 50 mg.

A comparison was done of various versions of the
technological modes for formation of the complex pre-
cision metal parts with the use of templates-matrixes
from the anodic aluminum oxide, made by means of
photolithography [6]. The optimal technological modes
ensuring an acceptable accuracy of manufacturing of
the micron-sized flutes in a matrix from the anodic alu-
minum oxide were offered. The photolithography and
reception of a template-matrix for formation of the pre-
cision sensitive elements in them were described. The
mode of the electrochemical deposition of nickel in the
flutes of a template-matrix and creation of nickel grid
structures with a peripheral fixing ring was presented. It
was demonstrated, that the external sizes of the parts
can vary from 30 up to 100 mm at the thickness from
10 up to 20 um, at that, the micrometer sizes of the grid
structure (section — 10...20 umz, distance between the
cells — 1000 um) agree with the millimeter sizes of the
width of the external fixing ring (5...8 mm).

The technological process for formation of the se-
lecting elements and the diaphragms in the form of the
precision grids with the elements of fastening to the
shell envisages implementation of a sequence of basic
operations (fig. 3).

Determination of the design ability and manufac-
turing techniques of the experimental samples of the se-
lecting elements to resist the typical mechanical and
thermocyclic influences, typical for a space flight, was
done by means of a laboratory research. For this pur-
pose a program and techniques of the preliminary com-
plex tests (PCT) of the selecting elements were devel-
oped. The order and the volume of PCT are presented
in table 1.

Requirements to the conditions, support
and carrying out of the tests

PCT of the experimental samples of the sensitive el-
ements (precision grids) were done under normal cli-
matic conditions: temperature (25 £ 10) °C; relative
humidity of air not more than 80 %; atmospheric pres-
sure from 84.0 up to 106.7 kPa (630...800 mm Hg).

The temperature-cycle tests were carried out in a
climatic chamber and a heat chamber. During the
temperature-cycle tests the following conditions were
created: the minimal ambient temperature — minus
(50 £ 2) °C, the maximal ambient temperature — plus
(150 = 2) °C, the atmospheric pressure — from
1.3:1077 up to 106.7 kPa (10_6...800 mm Hg). For
PCT of the precision grids, special grid holders were
made for their welding and tests (fig. 4).




The standard measuring means applied for the tests
and processing were registered in the State Registry
and verified by the metrological service according to
PR 50.2.006-94. The measuring means and devices,
which were not subject to checking, had characteristics
sheets or certificates confirming their serviceability.

Tests of the selecting elements

The criterion for operability of the selecting ele-
ments — the grid microstructures is the integrity of
their structure, which was checked by means of a vis-
ual control under a microscope with 10-x magnifica-
tion (fig. 5, 6).

The designs of the selecting elements withstood the
breakdown tests. The selecting elements ensured nor-
mal functioning, when the constant and positive in re-
lation to the shell electric voltage, up to at 4.0 kV, and
the constant and negative voltage in relation to the
shell, up to 500 V, were applied to them (both in vac-
uum and in the air). The testing electric voltage was ap-
plied between the outlet of the selecting element and
housing during installation on the conducting basis.

The selecting elements functioned normally at tem-
peratures from — 50 up to + 150 °C and preserved their
operability after the impact of mechanical loads (vibra-
tion overloads, static overloads from the linear accel-
erations and pulse overloads).

The static overloads (which operated jointly during
15 min) were: nx = £4.0 g; ny = 0.5 g; nz= *£0.5 g.
The values of the dynamic load parameters are present-
ed in table 2. The tests were done for the first range on
the frequency of 15 Hz, and for the second range on the
frequency of 6 Hz.

The summary data of the test results after each kind
of tests are presented in tables 3 and 4. At that, the
numbers 1-1, 1-2 designate the grid structures of the di-
aphragms, 2-21, 2-2 — the grid structures of the sup-
pressor electrodes, 3-1, 3-2 — the grid structures of the
control electrodes. Analysis of the quality of the devel-
oped selecting elements after the preliminary complex
tests confirmed an invariance of their geometrical pa-
rameters. Separate cells with an insignificant deviation
from the controllable parameters, at the total number of
cells of several hundreds, cannot practically render any
appreciable influence on the characteristics of the plas-
ma sensors.

Conclusion

The developed selecting elements in the form of a
precision grid with elements of fastening to the shell
meet the technical requirements to them (values of
transparency, uniformity and integrity of a structure,
deviation from the planeness, reliability of fastening of
the contacts, the thermal mode, resistance to the vibra-
tion and shock influences, etc.) and, as consequence,
there is a possibility of their use within the new gener-
ation of sensors of the space plasma streams intended
for real space experiments.

Creation of a new generation of sensors of the space
plasma streams with the developed selecting elements
will allow us to replace several one-collector Faraday
cups, which will lead to an essential reduction of the
weight and volume of a plasma spectrometer during
performance of the necessary functions. Presence of
several collectors and parallel measuring circuits will
ensure a reservation, a possibility of a flexible operation
algorithm and, thus will essentially raise the reliability
of the device.
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Puc. 1. TsepaoresmbHasi Mojieb YyBCTBHTebHOro0 djieMenTa MIOMC-akcenepoMerpa

Fig 1. Solid-state model of the sensitive element of MEMS' accelerometer
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Puc. 2. Pacuer MakcumaibHol JepopMmaniii B KOHCTPYKIHE YD 1oy jieficTBHEM CTaTHYECKOro YCKOPEeHUsI

Fig. 2. Calculation of the maximal deformation in the design of SE under the mfluence of a static acceleration
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