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Q'lAHOTEXHOAOrMM

U 30HAOBAA MUKPOCKOINA

ANOTECHNOLOGY

AND SCANNING PROBE MICROSCOPY

YK 537.533.35

IO. B. JlapuoHoB, cT. Hay4y. coTp., luv@kapella.gpi.ru,

DOI: 10.17587/nmst.21.643-651

Huctutyt obmeit pusuku um. A. M. IIpoxoposa PAH, Mocksa, 119991

CPABHEHUE PASMEPOB, U3MEPEHHbBIX PACTPOBbIM
" NMPOCBEYUBAIOLUIMM SAEKTPOHHbBIMN MUKPOCKOITIAMMU,

B AUATNA3OHE MEHEE 50 Hm

Ilocmynuna ¢ pedaxuyuio 31.07.2019

[Iposedenbr uzmepenus wiuputsl 6epxrezo ocHosanus (BO) ebicnmynog c nomousbro pacmpoeozo anekmporrozo (POM) u npocee-
uugaroueeo anekmporroeo (I19M) mukpockonog 0as epynnbi 8biCMynos ¢ pasHsiM npoghusem 6 duanazone pazmepog BO 17...50 wm.
Pasnuya 3Havenuli wupursl 6epxHe20 0CHOBAHUS NPU UMEDEHUU YKA3AHHbIMU CPEOCMEAMU 3A8UCUM U OM YCAOBUN USMEPeHUT U
om npoguas évicmyna. Boiopansr ycaosus POM-uzmepenuii, ymenvuarowue cpeonee 3Ha4eHue 3moi PA3HUUbl 6 2PYnne Gol-
cmynog 0o nyas. Ho enympu epynnor pasnuya docmueanra 5 Hm ecaedcmeue paziuyull 6 npoguie u pazmepax.

Karoueevie caosa: Hanomemponoeus, npoceeuusarouull s3nekmpoHublid mukpockon (II9M), pacmposbiil 31eKmMpoHHbIIE MUK-
pockon (POM), mepa MIUIIIC-2K, memoduueckue noepeuHoCmu umeperus, Kaiubpoexa usmepeHuil

BBenenune

[Ipou3BOACTBO MUKPOCXEM C pa3MepaMM 3JIEMEH-
TOB B HECKOJIBKO JECSITKOB HAHOMETPOB HEBO3MOXKHO
0e3 IIPEIM3MOHHOT0 KOHTPOJIST TMHEWHBIX U3MEPECHUI
B HAHOMETPOBOM jAMaina3oHe pasmepoB. Co3naHbl pas-
JINYHBIE TUITBI YCTPOMCTB, BBIMOJHSIOLINE TaKUE M3-
MepeHHUsI C BOCIIPOM3BOAMMOCTBIO B IECSAThIC U JaXe
COTBIE J0JIM HAHOMETpPA, HO MIPUBOASIIINE K PE3Y/IbTa-
TaM, Pa3jIMYaloIIUMC HA €IMHMIILI U IECATKUA HAHO-
METPOB [IJIs1 Pa3IMYHbIX TUIIOB ycTpoiicTB. Co3maercst
crcTeMa 00ecreYeHUs eIMHCTBA M3MEPEHUI B yKa-
3aHHOM JMAaIla30He Pa3MepOB — HAHOMETPOJIOTHUS,
BBISIBJISIIOIAS B TOM YKMCJI€ W IPUYMHBI BO3HMKHO-
BEeHUs pa3HUIILI B pa3Mepax. BaxHoe MecTo B HAHO-
METPOJIOTUY 3aHMMAeT MPOCBEYMBAIOIIAST DJICKTPOH-
Hasi MUKPOCKOTIIUSI C TIPOCTPAHCTBEHHBIM pa3pellieHu -
€M 2JIEMEHTOB B Cy0ATOMHOM JMamna3oHe pa3MepoB.

KanubpoBKy yBenmueHHS MPOCBEUYMBAIOLIEIO
3JIEKTPOHHOTOo MuKpockona (IT9M) B aTom muamnaszo-
He pa3MepoB MPOBOIST I10 MEPUOAY PElIeTKH aTOMOB
KPEeMHMUSI, KOTOPBI U3BECTEH C OOJBIION TOYHOCTHIO
[1]. Ecnu na [I9M-u3obpaxkeHun BMecTe ¢ KpeMHU-
€BOI pelleTKO OyneT oTodpaxkeH nmpoduib peiabed-
HOl HAHOMETPOBOU CTPYKTYPhI, TO BO3HUKAET BO3-
MOXXHOCTb OTKaJTMOpOBaTh YYaCTKU MPODUIIST TaKOU
CTPYKTYpbI 1O MEPUOAY aTOMOB KPEMHMEBOM pelleT-

ku. Eciu Takast penbedHast CTpyKTypa Obljia u3MepeHa
C TIOMOIIBIO PACTPOBOTO 3NEKTPOHHOTO MMKPOCKOIA
(PDM), To 3TO MO3BOJISIET OMOCPEAOBAHO OTKAIMOPO-
BaTh YBEJIMYEHUE W 3TOTO MMUKPOCKOMNA MO MEPUOLY
KPEMHMEBOU PEIIETKU.

CyllecTBYIOT U IPYTHe TUMBI OTPELIHOCTH, KOTO-
pble MOXXHO YMEHBILIUTD C TToMoliibio [TOM. POM-us3-
MepeHUsI HAHOCTPYKTYP SIBJISIIOTCSI KOCBEHHBIMM, T. €.
TIPOBOJISITCSI HA OCHOBAaHUM PAacUeTOB C WCITOIBH30Ba-
HueM mozeian popmupoBaHus POM-uzobpaxkeHus u
Monenu mpodwist u3MepsieMoro BeicTyma. [lorper-
HOCTh B TaKMX U3MEPEHUSAX OIPEHesIeTcs HeCOBEP-
LIEHCTBOM MCITOJIb3yeMoit Moaeln. OOHApYXUTh UC-
TOYHMKHN TaKOH METOAMYECKOW MOTPEITHOCTU I103-
BOJIsIeT corocTaBieHne POM-3HaueHUil IMPUHBI C
cooTBeTCTBYIOIMMU UM [IDM-3HaueHusimu. B pabo-
Tax [1, 2] ObUIM OpeAcCTaBlIeHbl U OLIEHEHbI BO3MOX-
HbIE METOIMYECKHE TTOTPEITHOCTH TIPU H3MEPEHUU
LIMPUHBI HAHOCTPYKTYP C momolubio POM u I19M,
a TaKXe yKa3aHbl CITOCOOBI BBIACJIEHHWS] MCTOUYHUKOB
BTOM TOTPEITHOCTH MO pPe3ybTaTaM COITOCTaBICHUS
pa3MepoB BBICTYITOB Mephl puHbel MILTIC-2K. DTa
Mepa TIpedHa3sHaueHa Ui KaJTuOPOBKN M3MEPUTEIThb-
HBIX YCTPOMCTB B AuMamna3oHe padmepoB Gosiee 10 HM.

Lless paGoOTBI — MPOBECTU U3MEPEHUS IIUPUHBI
OMHUX U TeX XE€ BBICTYIIOB TECT-00BEKTa MEpPHI
MIITIC-2K B ananasoHe pa3mepoB okosio 50 HM ¢ mo-

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 11, 2019 643



Molbio POM u [IDM, conocTaBUTh pe3ynbTaThl 3TUX
U3MEpPEHUIl U OMpeneuTh OCHOBHbIE METOIMYECKUE
KWCTOYHUKU TOrpeltHocTy POM.

Metoauka uamepeHuii

[lnan npoBeneHUsT SKCEPUMEHTA, CITMCOK MOTEH-
MUATFHO 3HAYMMBIX MCTOYHMKOB TOTPEITHOCTEN W3-
MepeHuii, onucaHue OCOOEHHOCTEH MCIOJIb3yeMOro
000py/noBaHusl, a TaKXKe aaropuT™M 006paboTKU pe3yib-
TaTOB U3MEPEHUI MOAPOOHO MpeACTaBIeHbl B pabo-
tax [1, 2]. 3mech IUIIL OTMETHUM, YTO 1T U3MEPEHUN
ucrionb3oBajcas POM S4800 (HITACHI, Smnonwus)
C MOJIEBBIM KaTOAOM U IU(PEOY3MOHHBIM BaKYyMHbBIM
HacocoM. POM-u3zobpaxeHusi GUKCUPOBAIUCH B pe-
KUMe cOopa MEIJIEHHbIX BTOPUYHBIX 3JIEKTPOHOB
(MBD3) nipu 3Hepruu 3JeKTPOHOB MaAAIOIIEro Mmyyka
20 x3B. YBenuueHnue cocrasisuio X 90 000, pasmep
n3obpaxkeHust 2560 X 1900 mukceneii, pasmep MUK-
ceng 0,62 um. [IDM-n3o00paxkeHuUsT ce4eHUI BBICTYIIOB
noayvyanu Ha yctaHoBke TITAN 80-300 (FEI, CIIA)
npu U = 300 k3B c koppekuueit chepuueckux adep-
paumii. YBenmuenue mmpu aToM gocturano X2 000 000.

PesyabTaThl

1. Januvie, noayuenuvie ¢ nomoupro 11M. Ha puc. 1
M 2 MpeacTaBlIeHbl M300paxkeHusT npoduieil cedeHus
BO nByx BbicTynOB TecT-00bekTOB Mepbl MIIITIC-2K.
BoicTynbl ObLIM C(pOpMUPOBAHBI B Pe3yabTaTe €AMHO-
ro Ipoliecca aHU30TPOITHOTO TPaBJE€HUS JBYX pa3HbIX
KPEMHUEBBIX TUIACTUH U3 OAHOM MapTuu. BeiOpaHHbIe
JIIST KOHTPOJISI YYaCTKU BBICTYIIOB ObUIM TIPEXJe Mpo-
cKaHupoBaHbl B POM TakuMm o6pa3om, 4TOObI MX ce-
pearHa coBIaja ¢ JIMHMEN MOCienylollero pacceye-

Hus, hopMUpyOIIero mpodwib BeIcTyma mist [1OM.
OTMeTUM, YTO B pe3yJibTaTe CKAHMPOBAHUSI BLICTYIIOB
B POM Ha MX MoBepXHOCTb BbICa’KMBAETCS KOHTAMMU-
HallMOHHAas TIJIeHKa, YBeJWYMBalollas IIMPUHY BbI-
CTYINOB. 3aTeM MPOKOHTPOJUPOBAHHBIE YUACTKU BbI-
CTYNOB OBLIM OTAENEHBI OT IJIACTUHBI, PACCEUYEHBI B
HY>XHOM M€CTE€ U MOJATrOTOBJICHbI B BUIE CIANCOB s
KoHTpoJisg B [IDM. [lanee cnaiichl ObUIM TIPOTPaBICHBI
WOHHBIM NYYKOM ISl YMEHBIICHUSI UX TOJILIMHBI U
MOKPBITHI TOJICTBIM CJIOEM YIJIEpOAHOI ruieHKu. Ha
000MX M300pakeHUSIX BBICTYIOB BUAHBI UX MPOdUIn
CEeYeHMs BMECTe C yyacTKaMU PEIIETKA aTOMOB KpeM-
Hus. Kajima BOJIM3M KpaeB BbICTYIIOB SIBISIETCS U300~
paXeHUsIMU TOPLIOB OKCUIHOTO M KOHTaMMWHAIIMOH-
HOTO CJIO€B, TTOKPBIBAIOIINX MTOBEPXHOCTh 00paslia.

Ha puc. 1 BugHO, 4TO BepxHee IIaTO MPUMOAHSITO
HaJl y9aCTKOM BBICTYIIa, OTPAHUYEHHOTO €T0 OOKOBBIMM
CTeHKaMu. bynem HasbIBaTh ganee 3Ty hopMy ceueHUsI
BO BricTyna geckoii. BoicoTa nbenecrtanga, Ha KOTO-
poM pacnonaraetcst BO ¢ ¢eckoii OTHOCUTENBLHO BEpX-
HEro OCHOBAaHWUS Tpaneuu COCTaBUIa B CpelHeM (Mo
HECKOJIbKMM BBICTYIaM Ha IJlacTuHe) ~2,5 HM. Ha yr-
Jlax BEPXHEro IJIaTO MbeAecTala 3aMEeTHBI 3aKpyriie-
Husl. Takum obpa3oM, ipoduib BeicTyna Boau3u BO
B HAHOMETPOBOM MacllTabe He COOTBETCTBYET Uealb-
HOI Tparelmu, KoTtopasl sSIBISETCS MOIETbI0 (POPMBI
BbICTYNA, (POPMUPYEMOTO SIKOOBI C TOMOIIIbIO AaHU30T-
ponHoro TpaBieHus [3].

Ha puc. 2 nokasan npoguabs BO BbicTynma, chop-
MHMPOBAaHHOTO Ha JAPYroi IUTACTHHE, ST KOTOPOTO
MbeaeCTal OTCYTCTBYET, HO 3aKpYIJIEHUsT BOJIM3U Kpa-
€B BEpXHEro OCHOBaHMSI 3aMeTHbI. bynem Ha3bIBaTh
nanee oty opmy ceueHus BO gpackoii. 1151 0601X BbI-
CTynoB opma 3aKpyriaeHuir BOJIU3U MPaBOTO U JIEBO-

Puc. 1. IIpodnab ceueHus BepxXHero OCHOBaHHs BICTYNA B BUJe (ec-
KM C IIMPUHOIi BepxHero ochoBanus ~51 um (ITDM-u3o00paxkenue)
Fig. 1. Cross section profile of the top base of the protrusion in the form
of a fez with the width of the top base of ~51 nm (TEM image)
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Puc. 2. IIpoduib cevyenns BepxXHero OCHOBAHMS BbICTYNA B Buje ac-
KM C INMPUHOI BepxHero ocHoBauus ~43 um (ITDM-u3odpaxkenne)
Fig. 2. Cross section profile of the top base of the protrusion in the form
of a facet with the width of the top base of ~43 nm (TEM image)




ro kpaeB BO, kak BHUAHO, pasnuya-
eTcs. AMNIpokcuMallus 3akpyrjie-
HUN YyIaCTKOM AYTM OKPYKHOCTH C
OMHUM 3HAYEHUEM pajuyca 3aTpy-
HuTteabHa. [Jdetamm mpodumns BOIM-
31 KpaeB BO yBeIMUYMBAIOT YHCIIO
nmapameTpoB B POM-Momenu pac-
yeTa, YCJIOXHSS M3MEPEHUE IIpH-
HbI BeIcTyIa. IloaTomy B padore [2]
st oueHku pazmepa BO mo [TOM-
n300pakeHUsIM OblIa MNpeaioxXeHa
VIpOIIeHHAsT MOACIb TPOPUIIS pe-
anbHOU cTpykTyphl. [IIupuna BO B
Helt orpejesieHa BCero OJHUM Mapa-
METPOM — pa3MepoM €ro IUIOCKOM
yacTtu. I'paHuiel tuiockoit yactu BO
B 9TOM MOJIEN COBITAAAIOT C yIJIaMU
MIeaIbHOU Tpaneunn, arpoKCUMK-
pYIOLIEN YYACTKU PEATBHOTO IPO-
¢una. s olleHKU TMOrpeirHOCTH
M3MEpPEHNI BaXKHO OIPEIEIUTh OT-
KJIOHEHUE TpaHUIl BepxHero cjiost BO
Ha BBICTYyIIE OT YIJIOB MOMAEITBHOM
Tpareluny, COCTaBJICHHOM IIPSMBbI-
MM, aIlMNpPOKCUMUPYIOIIMMU CTOPO-
HBI 3TOTO BBICTyIA. OKa3ajaoch, 4TO
JJ1s1 BeICTyNa ¢ ackoii (cM. puc. 2)
OTKJIOHEHME cocTaBisieT 1—2 Kpem-
HMEBBIX CJI0SI C OMHOI CTOPOHBI BbI-
cryna u 3—4 cjos ¢ Apyrou cro-
ponbl, uau ot 0,38 mo 1,5 HM, a
JUIsI BBICTYTIA C (hecKoit (cM. puc. 1) —
4—35 cnoeB (unu 10 ~1,9 Hm). CHUM-
KU, MOJOOHbBIE TIPeCTaBIeHHbIM Ha
puc. 1 u 2, nojiydeHsl 1Js TSITA BbI-
CTYIIOB C pasHOW ILIMPUHOMU BEPX-
HEro OCHOBAaHMSI B IHMAITa30HE OT
~17...~50 HM.

2. /annvie, noayuenHwvie ¢ NOMO-
wpro POM. Ha puc. 3 npencraBlieHbI
kpuBble BuueocurHaia (BC) [2],
COOTBETCTBYIOIINE TPEM BBICTYIIAM C
dopmoii npoduiist BO B Buae pecku
C 3HAYEHUSIMMU IIUPUHEI ~51, ~29 1
~17 HM, Ha puc. 4 — KpuBbIe, COOT-
BETCTBYIOIINE BHICTYIIaM ¢ GopmMoit
BO B Bume dacku ¢ mmpuHoOin ~43
u ~19 um (ronyyeHHsle o [TOM-
3HAYEHMSIM B COOTBETCTBUU C MOJIE-
JIbIO BEPXHETO ILIATO).

OCOOEHHOCTBIO  BKCHEPUMEH-
TanbHbIX KpuBbIX BC sBnseTcs oT-
KIOHEeHUEe (OPMBI OTIETBbHBIX WX
Y4acTKOB OT ()OPMBI COOTBETCTBYIO-
IIMX YYAaCTKOB MOMAEJIBHON KPUBOU
BC, cocraBieHHoil Habopom am-
MMPOKCUMHUPYIOLINX OTPE3KOB IIpSi-
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Puc. 3. Kpussie BC ot BoicTynoB ¢ npoguiem B Buae ¢ecKu Npu 3HAYEHUSX IIMPUHBI BEPX-
Hero ocHoBanus ~17 um (kpuBas &), ~29 um (9) n ~51 um (10), BUIHBI pe3KHe MAKCHMYMbI
ammmtyasl BC, orcyrcrByomue Ha puc. 4

Fig. 3. VS curves from the protrusions with the profile in the form of a fez at the values of the
width of the top base of ~17 nm (curve 8), ~29 nm (9) and ~51 nm (10), sharp maxima of the
VS amplitude are visible, which are absent in fig. 4
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Puc. 4. Kpusbie BC ot BbicTynoB ¢ npoguiiem B Bue pacKku npu 3HAYEHUAX MUAPHHBI ~ 19 HM
(4) n ~43 um (5). Ha kpusoii 8 (cm. puc. 3) 3ameTHO OTK/IOHEHHE (OPMBI YIACTKA KPUBOit
BC ot iMHeiiHO# 3aBUCMMOCTH (00BEIEHO 0BAJIOM)

Fig. 4. VS curves from the protrusions with the profile in the form of a facet at the values of the
width of ~19 nm (4) and ~43 nm (5). On curve 8 (see fig. 3) a deviation is noticeable of the
Jform of the site of VS curve from the linear dependence (encircled)
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MBIX B COOTBETCTBUU ¢ padoroii [3]. Tak, mist 06pa3LoB
¢ deckoil Ha kpuBbIXx BC 3aMeTHBI pe3Kre MaKCUMYyMbI
aMILIMTYabl (MMUMKW), COOTBETCTBYIOLIME TpaHulaMm BO
(cM. puc. 3). OHM TTOYTH OTCYTCTBYIOT IJ1s1 00pa3LoB C
dackoii (cM. puc. 4). Dtu paznuuusi B GopmMe KpUBBIX
BC mm1 cBs3anu ¢ popmoii mpoduist BO BeICTynoB B
Buzae decku win ¢acku. Jpyroit npuMep OTKIOHEHUS
9KCIIEpUMEHTAJbHOU KPMBOIl OT €€ MOJEeJIbHOI (op-
Mbl — HapyllleHUe JUMHEHHOro xapakTepa pocTa amIl-
qutyabl BC Ha yyacTKax CKaHUpOBaHMSI OOKOBBIX CTe-
HOK BBICTYIIOB B BUe "poru6a” (CM. y4acTok, oOBe-
JICHHbI OBaJIOM, Ha JIEBOW 4acTu KpuBOil & puc. 3).
ITporu6 nposiBiasieTCss B MEHbIIEH CTEIIEHU Ha APYTUX
kpuBbix BC puc. 3. OH nouTtu Bceraa OTCYTCTBYET ISt
BBICTYIIOB ¢ IIMPUHOI1 6ojiee 100 HM 1, MO-BUAVMOMY,
CBsI3aH ¢ yBeJMueHueM Bbixoga MBDO ogHoBpeMeHHO
M3 COCETHUX OOKOBBIX CTEHOK BBICTYMA IIPpU IPUOIU-
>KEHUU pa3Mepa Mydka Majarolyx 3J1eKTPOHOB K pas3-
mepy BO. Hanuuue nukoB amMrinTyasl Ha kpuoit BC
U MCKaXeHUI B BUJIE Mporuda BIMSIET Ha MOJOXEHUE
OITOPHBIX TOYeK Ha KpuBoii BC, KoTOpBIe B MOmenu
CBSI3aHBI C YIJIOBBIMU TOUYKAMM UIeaTbHOM Tpaneiu B
[3], yTO cITOCOOHO TIPUBECTU K ITOTPEIIHOCTH B 3HA-
YEHUH IIIMPUHBI BBICTYIIOB C MAJIBIMU pa3MepaMu.
W3 puc. 3, kpuBoit §u puc. 4, KpuBoii 4 BUTHO, YTO
JIaxe TIPU IIMPUHE BBICTYIA ~17...19 HM TIMKH, COOT-
BeTcTBylOLIMEe KpasM BO, HamexXHO paspelaroTcs.
CreneHb "TIpoBayia” aMITIUTYIBl MEXIY MaKCUMyMa-
MM 3aMETHO HE MEHSIETCSI TIPU YMEHbBIIEHUM LIIMPUHBI
¢ ~51 go 17 HM. DTO O3HayaeT, YTO AUAMETP IMydKa
MB3 mensbie 17 am. Kpusble BC nokaszanu Bo3MOXK-
HOCTb pa3iuyarh (1o BeicoTe MMKOB KpuBoii BC) dop-
MY Y4aCTKOB IpoduJst cedyeHus B Buae packu Win pec-
KH1. DTa BO3MOXHOCTh OTCYTCTBOBAJIA ObI, €CJIM ObI Jua-
MeTp Ty4yKa 3aMETHO TPeBbILIAT pa3Mep 3TUX YUaCTKOB.
3. Conocmaenenue POM u I[IDM-3nauenuii uiupumvl
gvicmynos. Pe3ynbTaTbl U3MEPEHUI IIUPUHBI C TTIOMO-
LIIbI0O 000MX 3JIEKTPOHHBIX MUKPOCKOIIOB ObLIM IOJIY-

YEeHBI JJIS IISITU BRICTYNOB (KpuBblie BC KOTOPBIX JaHbI
Ha puc. 3 u 4) u npeacrapaeHbl B Tabauie. B kogoHKe
"quci10 aToMoB N TaGJIMITBI IPUBEACHO YHUCIIO aTOMOB
KpeMHMsI B caMOM BepxHeM cjioe BO KpeMHueBoi
YaCTHU KaxXJ0ro U3 BEICTYNOB. B cocenHeM cTobiie no-
KazaHbl 3HaueHUs wmpuHbl W BO BeIcTyna, paccuu-
TaHHBIE C y4eTOM 3HaueHUs N (B COOTBETCTBUHU C MO-
JeIbI0 aNIPOKCUMAIIMKA PEIbHOTO MPOQUIST OKOJIO
BO, yyuThiBalollieil TOJIIMHY CJIOSI OKCUAA KPEMHMUS
Ha BeIcTyne [2]). B mpumbikaommux cToabuax Tadiam-
ubl ("o gaHHbIM POM") mipeacTaBieHbl COOTBETCTBY-
IOLIME IAHHBIE U3MEPEHUS 3HAUECHUI IIMPUHDI U, TEX
K€ BBICTYIOB, MOJyYeHHBIe ¢ TToMolblo POM. Ilupu-
Ha 3TUX BBICTYITOB CKJIAABIBAETCS M3 IMUPWHEI IIEHT-
paJIbHOM, KPEMHUEBOM MX YAaCTU, U YIBOCHHOM TOJI-
IIWHBI TTOKPBIBAIOIINX CJIOEB OKCHIA KPEMHHUS W KOH-
TamuHauuu [2]. MoaenbHble 3HaueHUsT W BBIYUCIISUIN
C UCIIOJIb30BaHUEM BbipaxeHuss W= Wg; +2 GSiO2 u3
paborsl [2], rne Ws; — luMpuHa KPEMHUEBOM, LIEHT-
pabHOM YacTu BbICTYNA; Ggjn, — TOJILMHA IJIEHKH
OoKcHJa Ha OOKOBBIX cTeHKax. POM-3HaueHust IMpUHBI
U, OTIPEIEIISLIIN 110 opmyne u,= Up/M =(L, Dy)/M,
Takxke u3 [2], rae L, — paccTosiHue Mex1y OMOPHBIMU
ToukamMu Ha KpuBoii BC, KoTopble OJIM3KU K IIMKaM ee
amrumTyabl (touku A u D, cMm. puc. 3), D), — sddex-
TUBHBIA AWAMETP ITy4yKa, MU3MEPEHHBIA MO y4acTKam
KPUBOH MEXIY OOPHbIMU TouKaMu A u Bunu Cu D,
KOTOpHIE PACITOJIOXEHBI BOJIM3U MaKCUMYMOB KPUBOM
BC [2]; M — yBenuuenue POM. OnpeneneHue Besin-
YHMHBI U, TIPOBOAMIIN C MCIIOIB30BAHMEM TIPOTPaMMBL
pacuetoB [4].

OTMeTuM, 4TO B Tabaulie npuBeneHsl [19M-3Ha-
yeHus IMPUHBL W 0e3 ydeTa yIIMpPEeHMs BBHICTYIIA
BCJIEAICTBUE OCaXKIeHUsI KOHTAMUHALIMOHHOM TJIEHKH,
T. €. 3aHIKCHHbIC 0 CPABHEHUIO C 3HAYCHUSIMH U,
IlIupuHa BEICTYIIOB, Ha KOTOPBIX BhICAAUIACh ObI KOH-
TaMUHALIMOHHAs TIJIEeHKA MOCJie OAHOKPATHOTO CKaHU -
poBaHus B POM, nomxkHa ObITh elie Ha ~0,7 HM 00JIb-

3navyenus mWHUPHHBI BepxHero ocHoBanus W (IIOM) u up (POM) ansi BLICTYNOB C PAa3JH4YHBIMA NPOMUIAMHA CEYCHHs
(HOMepa BBICTYNIOB COOTBETCTBYIOT HoMepaM KpuBbix BC Ha puc. 3, 4; A — pa3nuna mexay HUMH, N — YHCJIO CJI0OEB KPEMHUS
B CaMOM BePXHeM ciioe ocHOBanusA, D, — s dexTusnbli nnamerp myyka MBD; o0o3nayenne Ipyrux BeJUYHH CM. B TEKCTe)

Values of the width of the top base W (TEM) and uy, (SEM) for the protrusions with various cross section profiles
(the numbers of the protrusions correspond to the numbers of the VS curves in fig. 3, 4; A — difference between them, N — number of layers
of silicon in the top layer of the base, D) — the effective diameter of the SSE beam. The designations of the other values see in the text)

[IupuHa (M0 JaHHBIM)
Width (according to data)
®opma BO BeicTyna Ho%ﬁgﬂz{;ﬁ:’yna W (TI5M), nm u,, nyuka Dy, (POM), nm _ I/Iéfu
Form of TB protrusion W (TEM), nm u,, beam D, (SEM), nm P
number p nm
W= We + 2Ge Yucno atomo N - _
i §i0y Number of atoms N up = Ly/M = Dy Dy
C deckoit (puc. 1) 8 17,3 32 17,4; 17,1 1 0,0
With a fez (fig. 1) 28.8 62 24.5; 24,4 0,6 4,4
10 50,7 119 45,2; 45,2 1,4 5,5
C dackoii (puc. 2) 5 43,4 100 40,3; 40,5 1 3,3
With a facet (fig. 2) 4 19,2 37 23.3; 23,7 0,2 —4.3
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e, yeM B cTOJIOLE "To gaHHBIM POM" [2]. Dddek-
TUBHBIA AuaMeTp nmydyka MBO nis BbelYMciaeHMS U,
OTIPENIEIISICS BETMYMHON D) TIpY MOYTU MaKCUMab-
HOM 3HayeHMM mapametpa otceuku (45 %) [2]. 3Ha-
YeHHEe OTCEYKM YKa3bIBa€T OTHOCHUTEJbHBIN YPOBEHb
curHana Ha KpuBoii BC, KOTophblil onpeaesseT TOUKU
€T0 TEPECEYEHUS C ITOM KPUBOM, MEXIY KOTOPBIMU
IIPOBOJAUTCS U3MEpPEHUe JTMHEeHOro pa3mepa [2]. Bo3-
MOXHBI JIBa BapuaHTa onpeneiaeHus 3(pdeKTuBHOro
avamerpa mmyyka MBD B Bune Dy, u D, [3]. O6e Benu-
YMHBI MMOKa3aHbl Ha puc. 3. B BapuaHTe yuyeTa 3Haue-
HuA 3GOEKTUBHOTO auamerpa B Buae Dy, U npu Mak-
CHUMAJIbHOM 3HaY€HUM OTCEYKU MOCTUTaeTCs HauMEHb-
liee 3HaYeHUE U, 1 HanboJbllast OIM30CTh 3HAYCHMUIT
Wu U, JUIst BCeM COBOKYIHOCTU oOpa3uoB. Eciu xe
JUIST BBIYMCJEHUSI U, UCIIOJIb30BaTh IPYroe 3HayeHue
s dexkTrBHOrO nraMeTpa — D; (PEKOMEHIOBAHO IS
ucnosb3oBaHus B [3]), a Takke OTCEUKY, KOTOpas
MHOTO MeHbliIe npeaenbHoi (50 %) u npu 3TOM y4u-
THIBATh YIIUPEHUE BCAEACTBUE OCAXKACHUST KOHTAMM-
HALMOHHOM IICHKH, TO 3HAaYeHUEe U, OyIeT 3aMETHO
6osbiie W.

B xononke Tabnuibl "'1o gaHHBIM POM" mis kax-
JIOi CTPOKM I10Ka3aHbl Mapbl 3HAYCHUI u,. Bropbie
3HAYEHUS M3 TTapbl OBLIN MOJYYEHBI TIPH MTOBTOPHBIX
M3MEpPEHUSIX 110 OMHUM M TeM ke POM-u3o0pakeHu-
sIM BBICTYIIOB W TIpM HEM3MEHHBIX ITapaMeTpax Ha-
CTPOMKHU MpOrpaMMbl pacueToB M3 pabdotsl [4]. Kak
BUIHO, JaXe MPU COBIAJAIOIINX YCIOBUSIX U3BMEPEHUI
CYILIECTBYIOT pa3inWyus B CPEIHMX 3HAYCHMSIX IIMPU-
Hbl. 3HaueHus1 A (pa3Huua mexay Wu up) IUTST pa3-
HBIX 00pa3loB oTau4YarTcs noytyu Ha 10 HMm (ot —4,3
1o +5,5 HM). 3HaueHMe A [IJisI BBICTYIIOB C (DacKoii Mmo-
JIyYMJIUCh MEHBIIIE, YeM IJIsi 00pa3loB ¢ (pecKoil mpu
0M3KUX 3HaYeHUSIX 1MpUHBI BO (0c00eHHO 3aMEeTHO
JUJISL BBICTYIIOB ¢ MUHUMAaJIbHOM 1IMpuHOU 4 u §). OT1-
METUM, YTO 3HauyeHus >pdekTuBHOro auamerpa Dy,
omnpenesieHHbIe M0 KpuBbIM BC, cocTaBISIIOT 0KOJIO
1 HM, T. €. 3aBeIOMO MEHbILIe THaMeTpa Iagaloliero
My4ykKa dDJEKTPOHOB ISl YCJIOBUM M3MEPEHMH Ha MC-
noas3dyemMoM POM.

IMorpeirHocTy Mpu U3MepeHUu B W MOryT BO3HU-
KaTb JIMUIb BCJEACTBUE CYOBEKTUBHBIX OLIMOOK IpHU
noacuere N. 3HaueHue N Il KaXI0ro BHICTyIa OInpe-
JeJISITA yCpeAHEHUEM 110 pe3yibTaTaM MHOTOKPATHBIX
MOMBITOK CYETa YKcJia aTOMHBIX cioeB [111], Bbixoasi-
IIMX HA caMbIil BepXHU cjioil atToMoB Ha BO, nByms
ornepaTopamu. PasHuiia B 3HaueHUM N OOBIYHO CO-
craBisuia 0 unu 1 1 Bo Beex cllydasx He IpeBbiiiaja 2.
IMosToMy cnyyaitHasi morpeltHocTb B W He npeBbicuiia
~0,8 M. CiyyaitHast OTPELIHOCTb B 3HAYCHUH U, TIPH
U3MEPEHUU IO OAHOMY POM-uzobpaxeHUo U Ipu
HEM3MEeHHON HACTPOIKe aiIropUTMa pacuyeToB 3aBUCUT
OT CeJIEKIIMY OIepaTOpPOM OIOPHBIX TOYEK B CTPOKAX
U300paKeHUs Tepe KaKIbIM BbIYUCIEHUEM (CM. OMu-
CaHMe alrOpuUTMa pacyera iU, B pa6ote [2]). ITpu ma-
JIBIX 3HAYEHUSIX 1IUMPUHBI BBICTYMA B YCIOBUSIX HaJu-

yus 1rymoB B BC u nedekToB n300pakeHusT CeaeKIus
OOJIBLIIOTO YKMC/ia OMOPHBIX TOUYEK B CTPOKax U300pa-
JKEHUs CTAHOBUTCS ILIOXO BOCIIPOM3BOAMMOM, UTO UM
MPUBOAMT K BapyallMy 3HAYEHU INUPUHBI B HECKOJIb-
KO JIeCSITBIX HaHOMeTpa (CM. CTOJIOEeIT u, TaOJIMILIBI, TIE
Tpe/CTaBICHA Pa3HULIA B 1apax 3HAYCHUIT U, ISl Bbl-
ctynoB 4 u &). OTMeTUM, 4TO Bapualysl mapaMeTpoB
HACTPOWMKM ajJrOpMTMa pacyeToB, B YACTHOCTU, IPHU
BbBIOOpE YPOBHSI OTCEYKM, HacTpoiike (WIBTPOB Ce-
nexuuu mrymMoB BC, ripu BeIOOpe BapuaHTa pa3OoueHus
M300paXeHUsT Ha TOJIOCHI MJIs1 MOCTPOEHMST KPUBOM
BUJIEOCUTHAJIA, ITpU BbIOOpE 3HaUeHUST 3(PHEKTUBHOIO
avametpa Dy unu Dy, ipy Bapyaluu pa3BopoTta Kpast
BBICTYNa OTHOCUTEJILHO OCell pa3BepTKU U300paxke-
HUSI Ha M300pakKeHUU U JIp., CIIOCOOHBI IIPUBECTU K
CUCTEMATUYECKOM pasHUlIe B 3HAUCHUSX IIUPUHBI 10
10 am. IToaTOoMy BCe 3TU BIMSIONIME ITapaMeTPhl OC-
TaBaJIMCh OAMHAKOBBIMU MPU M3MEPEHMSIX Ha BCEX UC-
CJIeIIOBAHHBIX BBICTYITAX.

3akmoueHue

B nmanHoit pabore npoBeneHo cpaBHeHue IITOM- n
POM-3HaueHuid MIMPUHBI BEPXHEr0 OCHOBAHMUS IS
TPYIIbI BBICTYTOB, BHITPABIEHHbBIX C TOMOIILIO aHU30-
TPOITHOI'O TPABJEHUS B KPEMHUM. YUTEHBI BO3MOXKHbIE
CHUCTeMaTUYeCKUe TOrPEeIIHOCTU U3MEPEHU, TpUcy-
11e KaxaoMmy Metony. BeisiBuioch, uto POM-3Haue-
HUSI LLIMPUHBI BBICTYIOB B Auarna3oHe ~17...50 HM cuc-
TeMaTU4YECKU MEHbIIIE COOTBETCTBYIOLIMX UM [I1OM-
3HayeHuil. OTHOCHUTENbHO OJIM3KOEe COOTBETCTBUE
IIOM- u POM-3HaueHuli IMPUHBI B JaHHOI pabo-
T€ TOJY4YEeHO JIMILb Oylarogapsi CO3HATeIbHbIM YCUJIHU -
SIM MO COJIMXKEHUIO 3TUX Pe3yJIbTaTOB C MOMOILbIO MO-
IudrKauuy METOAMK U3MEPEHUS B 00OMX MeETomax.
B yactHocTH, st aTOTO Npu [TDM-HU3MepeHUsIX He Obl-
JIO YYTEHO YIIIMPEHHUE BBICTYIA BCIASICTBUE OCAXKIECHUS
KOHTaMUWHAIIMOHHO IeHKU, a B POM-MeTone BbiOpa-
HBI YCIIOBUS M3MEpPEHUH, 00eCTIeUnBaIOIINe TOCTIKE-
HUE MaKCUMMAaJbHbIX 3HAUEHWI LIUPUHBI B pe3yjbTaTe
BbIOOpPa MMHUMAJIbHBIX 3HaYeHUH 3(P(HEeKTUBHOrO ava-
MeTtpa myuka MBD. (OTMeTuM, 4TO 3HaUYECHUS U3MEPEH-
HOro HaMM UM UCIIOJIb30BAaHHOIO B pacueTax IIMPUHBI
3¢ (HEKTUBHOIO AMaMeTpa 3JAEKTPOHHOIO IIyyKa OKOJIO
I HM SIBHO MeHbllEe Jaxe TeOpeTUUEeCKUX 3HAYeHUI
JyaMeTpa IaJaloliero ImyJyka B ucnojablyemoMm POM).

Hamur BeIBon 0 3aHIKEHUM 3HAYEHUI IITUPUHBI BbI-
CTYIOB NPU U3MEPEHUU UX ¢ MoMolibio POM B coot-
BETCTBUU C paboToii [3] moaTBepKaaeTcs TakxKe JaHHbI-
MU B pabote [5], rae ObLIM COMOCTABJICHBI PE3YJIbTAThI
U3MEPEHUST LIUPUHBI BEPXHETO OCHOBAHUSI, TOJIYYEH-
HbIE B COOTBETCTBUMU C [3] ¥ C MOMOILILIO aTOMHO-CUJIO-
Boro mMukpockorna. I B atoit pabore POM-3HaueHust
IIMPUHBI TTOJYYWINCh MEHbIIIE TI0 CPABHEHUIO C 3HAUe-
HUSIMU, TIOJTyYeHHBIMU aJIbTepHATUBHBIM METOIOM. DTO
CBUAETENLCTBYET O BOBMOXKHOM METOAUYECKON OLINMOKE
B METOJIe¢ U3MEPEeHMII IMPUHBI B padboTte [2].
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Jpyroii BaxXHBIA BBIBOI: OJM3KMMHU 3HAYEHUSIMU
mmmpuHbl BO npu POM- u [I9M-n3mMepeHusix oka-
3aJIMCh T€, KOTOPBIE OBUIM YCPETHEHBI IO BCEM IISITH
BbIcTynaM. 151 BBICTYNOB C pa3ivMyarolIeicst 1upu-
Holt M (opmoii npoduis obHapyxXwWiIcs pa3dopoc B
pasHulie cootBeTcTBYOIIUX [IDM- 1 POM-pa3zmepoB
Ha NPUOJM3UTEIBHO T 5 HM. DTOT pa3dpoc 0ObsICHEH
HCTIOJIb30BAaHUEM YIIPOIIEHHOW MOIEIN TOCTPOCHMS
POM-uszobpaxeHus U ynpoueHHOH Moaean Ipodu-
JIsT BBICTYIa, HE YYUTHIBAIOIIEH IETain peaJbHOTO
npodussi HAHOMETPOBBIX OOBEKTOB.

Asmop evipadcaem npusznamenvrnocms Mumroxise-
8y B.b. 3a npedocmaenenue [19M- u POM-uzobpance-
Huti ebicmynos, Pakosy A. B. u Ozepuny FO. B. — 3a 06-
cyolcO0eHue pe3yabmamos, noAyHeHHuIX ¢ nomoujbro TI9M
u POM.
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Introduction

Production of chips with the sizes of elements of
several tens of nanometers is impossible without a pre-
cision control of the linear measurements in the na-
nometer range of the sizes. Various types of devices
have been developed for carrying out of such measure-
ments with the reproducibility of a tenth and even
100-th shares of a nanometer, but leading to the results
differing by units and tens of nanometers for various
types of the devices. A system of traceability is being de-
veloped ensuring uniformity of the measurements in the
specified range of the sizes — nanometrology revealing,
among other things, the causes of the differences in siz-
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es. An important place in nanometrology belongs to the
transmission electron microscopy with the spatial res-
olution of the elements in the subatomic range of sizes.

In the transmission electron microscope (TEM) the
calibration of magnification in this range of the sizes is
carried out by the period of the lattice of the atoms of
silicon, which is known with a high accuracy [1]. If on
the TEM image together with a silicon lattice the pro-
file of a relief nanometer structure is displayed, then
there is an opportunity to calibrate the sites of the pro-
file of such a structure by the period of atoms of the sil-
icon lattice. If such a relief structure was measured by
means of a scanning electron microscope (SEM), then




this allows us to calibrate the magnification also of this
microscope by the period of the silicon lattice.

There are also other types of errors, which can be re-
duced by means of a TEM. SEM measurements of the
nanostructures are indirect, i.e. they are carried out on
the basis of the calculations with the use of a model for
formation of SEM images and a model of the profile of
the measured protrusion. An error in such measure-
ments is defined by imperfection of the used model.
A comparison of the SEM values of the width with the
TEM values corresponding to them allows us to find
sources of such a methodical error. The [1, 2] present
and estimate possible methodical errors during meas-
urements of the widths of the nanostructures by means
of SEM and TEM, and also the ways to detect the
sources of such errors by the results of comparison of
the sizes of the protrusions of MShPS-2K width meas-
ure. This measure is intended for calibration of the
measuring devices in the range of sizes over 10 nm.

The aim of the work is to take measurements of the
widths of the same protrusion of a test object of
MShPS-2K measure in the range of sizes of about
50 nm by means of SEM and TEM, to compare the re-
sults of these measurements and to define the main me-
thodical sources of the errors of SEM.

Measurement technique

The plan for carrying out the experiment, the list of
the potentially significant sources of the errors of meas-
urements, a description of the specific features of the
used equipment and also the algorithm for processing of
the results of measurements are presented in detail in the
works [1, 2]. Here, we will only note that for the meas-
urements SEM S4800 (HITACHI, Japan) with a field
cathode and a diffusive vacuum pump was used. SEM
images were recorded in the mode of collection of the
slow secondary electrons (SSE) at the energy of the elec-
trons of the incident beam of 20 keV. Magnification was
%90 000, the image size — 2560 x 1900 pixels, the size
of a pixel — 0.62 nm. TEM images of the cross sections
of the protrusions were produced at TITAN 80-300 in-
stallation (FEI, USA) at U= 300 keV with a correction
of the spherical aberrations. Thus reached magnifica-
tion was x2 000 000.

Results

1. The data obtained by means of TEM. Fig. 1 and 2
present images of the profiles of the cross section of TB of
the two protrusions of the tested- objects of MShPS-2K
measure. The protrusions were formed as a result of a
common process of the anisotropic etching of two dif-
ferent silicon plates from one batch. The sites of the
protrusions selected for control were first scanned in
SEM so that their middle line coincided with the line
of the subsequent dissection forming the protrusion
profile for TEM. We should point out that as a result of
the scanning of the protrusions in SEM a contamina-

tion film was deposited on their surface increasing the
width of the protrusions. Then the already controlled
sites of the protrusions were separated from the plate,
cut in the right place and prepared in the form of slices
for control in at TEM. Then, the slices were etched by
an ion beam for reduction of their thickness and cov-
ered with a thick layer of a carbon film. On both images
of the protrusions heir cross section profiles together
with the sites of the lattice of the silicon atoms are vis-
ible. The rim near the edges of the protrusions is the im-
age of the end faces of the oxide and contamination lay-
ers covering the surface of the sample.

Fig. 1 it is visible that the top plateau is raised over
the site of the protrusion limited by its sidewalls. Herein
let us further call this form of section of the TB pro-
trusion as fez. The height of the pedestal, on which TB
with the fez is situated, on average (by several protru-
sions on the plate) is ~2.5 nm. In At the corners of the
top plateau of the pedestal curves are noticeable. Thus,
the protrusion profile near TB in the nanometer scale
does not correspond to an ideal trapeze, which is the
model of the protrusion profile formed allegedly by
means of the anisotropic etching [3].

Fig. 2 presents the TB profile of the protrusion cre-
ated on another plate, for which the pedestal is absent,
but the curves near the edges of the top base are no-
ticeable. Further we shall call this form of TB cross sec-
tion as a facet. For both protrusions the forms of the
curves near the right and left edges of TB, apparently,
differ. An approximation of the curves by the site of an
arch of a circle with one value of radius is difficult. The
profile details near the TB edges increase the number of
the parameters in calculation of the SEM model, com-
plicating the measurement of the width of the protru-
sion. Therefore, in the work [2] for the size assessment
of TB by TEM images a simplified model of the profile
of a real structure was offered. The width of TB in it was
determined by only one parameter — the size of its flat
part. The borders of the flat part of TB in this model co-
incided with the corners of the ideal trapeze, approxi-
mating the sites of the real profile. For assessment of the
measurement errors it was important to determine the
deviation of the borders of the top layer of TB on the
protrusion from the corners of the model trapeze made
by the straight lines approximating the sides of this pro-
trusion. It turned out that for the protrusion with a facet
(see fig. 2) the deviation was 1—2 silicon layers on the
one hand of the protrusion and 3—4 layers on the other
hand, or from 0.38 up to 1.5 nm, and for the ledge with
a fez (see fig. 1) — 4—>5 layers (or up to ~1.9 nm). The
pictures, similar to the ones presented in fig. 1 and 2,
were obtained for five ledges with different widths of the
top base in the range from ~17 ... ~50 nm.

2. The data obtained by means of SEM. Fig. 3
presents the curves of the video signal (VS) [2] corre-
sponding to three protrusions with the TB profile in the
form of a fez with the width values of ~51, ~29 and
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~17 nm, fig. 4 presents the curves corresponding to the
protrusions with the TB form in the form of a facet with
the widths of ~ 43 and ~ 19 nm (obtained by TEM val-
ues in accordance with the model of the top plateau).

A specific feature of the experimental curves of VS
is a deviation of the forms of their certain sites from the
forms of the respective sites of the model curve of VS
made by a set of the approximating sections of the
straight lines in compliance with the work [3]. Thus, for
the samples with a fez on the curves of VS, sharp maxi-
ma of the amplitudes (peaks) corresponding to the TB
borders are noticeable (see fig. 3). They are almost ab-
sent for the samples with a facet (see fig. 4). We con-
nected these distinctions in the form of the VS curve
with the form of the TB profile of the protrusions in the
form of a fez or a facet. Another example of a deviation
of the experimental curve from its model form is a vi-
olation of the linear character of the growth of the VS
amplitude on the sites of scanning of the sidewalls of the
protrusions in the form of "deflection" (see the encir-
cled site in the left part of the curve &, fig. 3). The de-
flection is less pronounced on the other curves of VS of
fig. 3. It is almost always absent for the protrusions with
the width of more than 100 nm and, apparently, is con-
nected with an increase of a simultaneous emission of
SSE from the neighboring sidewalls of the protrusions
when a beam size of the incident electrons approaches
the size of TB. Existence of the amplitude peaks on the
VS curve and distortions in the form of a deflection in-
fluence the position of the reference points at VS curve
in [3] which in the model are connected with the angular
points of the ideal trapeze, capable to lead to an error in
the value of the width of the protrusions of small sizes.

From fig. 3, curve § and fig. 4, curve 4, it is visible
that even with a protrusion width of ~17 ... 19 nm the
peaks corresponding to the edges of TB are reliably re-
solved. Degree of "the fall" of the amplitude between
the maxima does not vary considerably at the reduction
of the width from ~51 down to 17 nm. This means that
the diameter of the SSE beam is less than 17 nm. VS
curves demonstrated a possibility to distinguish (by the
heights of the peaks of the VS curve), the forms of the
sites of the profile cross section in the form of a facet or
a fez. This possibility would be absent, if the diameter of
the bunch exceeded considerably the size of these sites.

3. Comparison of REM and TEM values of the widths
of the protrusions.

The results of the measurements of the widths for
five protrusions (the VS curves of which are presented
in fig. 3 and 4) were obtained by means of both electron
microscopes and are presented in the table. The column
"number of atoms N" of the table presents the number
of the silicon atoms at the top layer of TB of the silicon
part of each of the ledges protrusions. The next column
presents the values of width W of the TB protrusions
calculated with account of the value of N (in accord-
ance with the model of approximation of the real profile
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near TB and taking into account the thickness of the
silicon oxide layer on the protrusion [2]). The adjoining
table columns ("according to SEM data") present the rel-
evant data of measurements of the values of width u, of
the same protrusions obtained by means of SEM. The
widths of these protrusions consist of the width of the
central, their silicon part, and of the doubled thickness
of the covering layers of the silicon oxide and contam-
ination [2]. Model values of Wwere calculated with the
use of expression W= Wg; + 2Gs;o, from the work [2]
where Ws; — width of the silicon, central part of the
protrusion, Ggsjo, — thickness of the oxide film on the
sidewalls. SEM values of width u, — were determined by
the formula u, = U,/M = (L, — D;)/M, and also from
[2], where L, — distance between the reference points on
curve VS, which are close to the peaks of its amplitude
(points A and D, see fig. 3), D;, — effective diameter of
the beam measured by the sites of the curve between the
reference points A and B or C and D, which are situated
near the maxima of the curve of VS [2], M — magnifi-
cation of SEM. Determination of the value of u, was
carried out with the use of the calculation program [4].

We should point out that the table presents the TEM
values of width W without account of broadening of the
protrusion due to deposition of the contamination film,
i.e. underestimated in comparison with the u, values.
The width of the protrusions on which the contamina-
tion film would be deposited after a single scanning in
SEM, has to be by ~0.7 nm more, than in the column
"according to SEM data" [2]. The effective diameter of
SSE beam for calculation of u, was determined by the
value D, at almost maximal value of the cut-off para-
meter (45 %) |2]. The cut-off value indicates the rela-
tive level of the signal on VS curve, which defines the
points of its crossing with this curve, between which the
measurement of the linear size is taken [2]. There are
two ways to determine the effective diameter of the
beam of SSE in the form of D) and D, [3]. Both values
are shown in fig. 3. In the version, where one take into
account the value of the effective diameter in the form
of Dy, and at the maximal value of the cut-off, the small-
est value of u, and the greatest proximity of values W
and u, for the sum-total of the samples are reached. If
for calculation of u, we use another value of the effec-
tive diameter — D, (recommended for use in [3]) and
also a cut-off which is considerably less than the 50 %
limit, and at the same time if we take into account the
broadening due to deposition of the contamination
film, then the value U, will be much more than W.

In the table column "according to SEM data" the
pairs of u, values are shown for every line. The second
values from a pair were obtained due to repeated meas-
urements by the same SEM images of the protrusions
and at the invariable settings of the calculation program
from the work [4]. Apparently, even in case of the co-
inciding conditions of measurements there are distinc-
tions in the average values of the width. Values A (differ-




ence between Wand u,) for various samples differ by al-
most 10 nm (from —4.3 up to +5.5 nm). Value A for the
protrusions with a facet turned out to be less, than for the
samples with a fez, at the close values of the width of TB
(this is especially noticeable for the protrusions with
the minimal width (samples with number 4 and 8). We
should point out that the values of the effective dia-
meter Dy, determined by VS curves are equal to about
1 nm, i. e. obviously less than the diameter of the in-
cident beam of electrons for the conditions of meas-
urements on the used SEM.

Measurement errors can arise for W only due to the
subjective mistakes during calculation of N. The value
of N for each protrusion was defined by averaging the
results of the repeated attempts of the account of the
number of the atomic layers [111], coming to the top
layer of atoms on TB, by two operators. The difference
in the value of N usually equaled to 0 or 1 and in all cas-
es did not exceed 2. Therefore, a random error in W did
not exceed ~0.8 nm. A random error in the value of U,
during measurement by one SEM image and at an in-
variable set of the algorithm of calculations depends on
selection of the reference points by an operator in the
image lines before each calculation (see the description
of the algorithm for calculation of U, in the work [2]).
At small values of the width of the protrusion in the
conditions of existence of noises in VS and image de-
fects, the selection of a large number of reference points
in the image lines becomes difficult to be reproduced,
which leads to a variation of the values of the width of
several tenth of a nanometer (see column U, of the ta-
ble, where the difference is presented in the pairs of u,
values for protrusions number 4 and 8). We should
point out that a variation of the settings of the calcu-
lation algorithm, in particular, during selection of the
cut-off level, setup of the noise selection filters of VS,
during selection of an option for splitting of the image
into strips for construction of a curve of the video sig-
nal, during selection of the value of the effective diam-
eter of D, or Dy, during variation of a turn of the edge
of the protrusion in relation to the axes of the image
scan on the image, etc., can lead to a systematic differ-
ence in the values of the widths up to 10 nm. Therefore,
all these influencing parameters remained identical dur-
ing the measurements on all the studied protrusions.

Conclusion

In this work a comparison was done of the TEM and
SEM values of the widths of the top basis for a group
of the protrusions etched by means of anisotropic etch-
ing in silicon. Possible systematic errors of measure-
ments inherent in each method were considered. It was
discovered that the SEM values of the width of the pro-
trusions within the range of ~17...50 nm were system-
atically less than the TEM values corresponding to
them. A rather close compliance of the TEM and SEM
values of the width in this work were obtained only due

to the conscious efforts for approchement of these re-
sults by means of modification of the techniques of
measurement in both methods. In particular, for this
purpose during the TEM measurements the broadening
of a protrusion due to deposition of a contamination film
was not considered, while in the SEM method the con-
ditions of measurements were chosen ensuring achieve-
ment of the maximal values of the width as a result of se-
lection of the minimal values of the effective diameter of
the SSE beam. (We should note that the value of the ef-
fective diameter of the electron beam measured by us
and used in the calculations of the width of about 1 nm
is obviously less even of the theoretical values of the di-
ameter of the incident beam in the used SEM).

Our conclusion concerning understatement of the
values of the width of the protrusions during their meas-
urement by means of SEM in compliance with the work
[3] is also confirmed by the work [5]. In this work the
results of measurement of the width of the top base ob-
tained in compliance with [3] and by means of an
atomic-force microscope, were compared. The SEM
values of the width turned out less in comparison with
the values obtained by an alternative method. This tes-
tifies to a possible methodical mistake in the method of
measurements of the width in the work [2].

Another important conclusion: only the values of
those SEM and TEM measurements of the width of
TB, which were averaged by all the five protrusions
turned out to be close. For the protrusions with the dif-
fering widths and profile forms +5 nanometer disper-
sion was found in the differences of the corresponding
TEM and SEM sizes. This dispersion was explained by
the use of a simplified model of construction of the
SEM image and a simplified model of the protrusion
profile, not taking into account the details of the real
profiles of the nanometer objects.

The author expresses his gratitude to Mityukhlyayev V. B.
Jor providing of the TEM and SEM images of the protru-
sions, and to Rakov A. V. and Ozerin Yu. V. for discussion
of the results obtained by means of TEM and REM.
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IIpedcmaenena KoHcmpyKkuus pene, 6blnoaHeHHo20 no obsemuol mexronoeuu MCT, u ¢ ucnonrvzosanuem gusuko-mamema-
mu4eck020 Mo0eaupo8arus ebl0paHsvl NYmMu ee ONMUMUAUUY 8 YeasX YMEHbUEHUS 8DeMeHU CPAOAMbIeaHUs. Y MeHbUIeHUS 6DEMEHU
cpabamviéanus peae noymu 6 2,5 paza y0asoch 00CMueHymb 3a CHem CHUNICEHUS MACChbl NPUB0OQ, YEeAuyeHUs dNeKmpocmamu-
YecKol Hazpy3Ku U yMeHbUuleHus Koaghguyuenma demnguposanus.

Karoueevie caosa: MCT-pene, o6semnasn mexnonroeus MCT, epebenuamulii s1eKmpocmamu4eckull npueoo, yMeHbuleHHoe epe-

Ms cpabamvleanus, MoOeAUpoBaHUe, nepemewjeHue MUKponpueoda, KOHmaKmuoe oaeieHue

BBenenune

Wznenus mukpocuctemHon texHuku (MCT) mo-
JIy4UJId OOJIbIIIOE pacHpOCTPaHEHWE B KOMMYTAlIUOH-
HOI TEXHUKE B KaUeCTBE BhICOKOYACTOTHHIX (BY) pene
U TepekaroyaTesieil, mepeMeHHbIX KOHAEHCATOPOB U
¢uabTpoB. JJaHHBIE YCTPOMCTBA 00€CIEYNBAIOT HU3-
KMe TIOTEPU U BBICOKYIO CTEIeHb M30JISILIMU TIPU BbI-
COKOH IOIYCTUMOM MOIIHOCTA CUTHaJla U HU3KOM
MOIIIHOCTHU yrpaBieHus [1]. B cpaBHeHUU ¢ moayrpo-
BOJHMKOBBIMU aHAJIOTaMU MUKPOBJIEKTPOMEXaHUYEC-
KHe pesie TpeOyIoT 00jiee BHICOKUX YIIPABJISIONINX Ha-
NPSKEHU 1 UMEIOT MEHBIIYIO CKOPOCTh MepeKIoye-
HUSI MEeXAy cocTosiHUsIMU [1].

IIpeobnanaroiiee OOMBIIMHCTBO MUKPOMEXaHUYEC-
KHX 3JEKTPUUYECKUX Pejie U Tepekstouaresieil BbIoJ-
HSIIOT MO MoBepxHOCTHOU TexHojoruu MCT. B cBsizu
C pa3BUTHEM IIPOLIECCOB IITYOOKOTO IJIa3MOXUMUYEC-
KOT'O TpaBJIEHUS LIMPOKOE paclpoCTpaHeHUe MOoTydu -
1 BY pee, BEITIOJIHEHHBIE IT0 00BEMHOM TEXHOJIOTUU
MCT [2—4]. B ommuune OT M3Hennii, BBIMOTHEHHBIX
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IO TTOBEPXHOCTHOM TEXHOJIOTMU, TepeMelleHne O -
BUXKHOM YacTU JaHHBIX pejie UMeeT MPeuMYIeCTBEeH-
HO JlaTepaibHbIi TUM (BAOJb OCHOBAHUS TOMJIOXKH).
TexHOJIOTUSI M3TOTOBJIIEHUSI M XapakKTep JIBVKEHUS
HaKJIaAbIBAIOT CBOM OCOOEHHOCTH Ha MPOIecC MPOeK-
TUPOBAHUSI JAHHBIX YCTPOMCTB. JIJ1s1 MOJOOHBIX U3Me-
JINIA CTOUT OCTpasl MpodjieMa yMeHbIIIEHUS BpEMEHU
cpabarbiBanus [4]. Hust penreHus 3TOUM ITPOOIEMBI
HeoOxomuma pa3paboTKa OCOOBIX METOHAOB IIPOEKTU-
pOBaHMUSI.

1. Onucanue UCXOHOH KOHCTPYKIHMH peJie

MuKposeKTpOMEXaHUUECKOe pejie U3TOTOBJIEHO
M0 OOBEMHOM TEXHOJOTUHM MUKPOCUCTEMHOM TEXHMU-
KU C UCIOJIb30BAHUEM IIYOOKOTO IJIA3MOXUMUYECKO-
ro TpaBJieHUs. DIeKTPOMEXaHn4YecKasl CTPyKTypa BbI-
MoJIHEHA B KpeMHUEBOM rutacTuHe opueHTauuu (100),
TOMMUHON 75 MKM. OCHOBaHUMEM SIBJISIETCS] CTEKJISIH-
Hast mojioxka (Mapka JIK-5), koropas coeaguHeHa ¢
KPEMHUEBOW TJIACTUHOW METOJOM aHOJIHOTO Cpallly-




Puc. 1. ®ororpadust U3roTOBJIEHHOr0 00HEMHOIO MHKpPOpEIe
Fig. 1. Photo of the manufactured bulk micro relay

BaHMs T1acTuH. Ha puc. 1 npencrasieHa ¢pororpadus
MU3rOTOBJIEHHOI0 00bEMHOIO MUKpPODPEJIE.

DIleKTpoMexaHnUecKasl CTPYKTypa IIpMBOJA pelie
COCTOMT M3 CUCTEMbl YIIPYroro noxaseca (ynpyro cBsi-
3aHHBIX OAJIOYHBIX KPEMHMEBBIX SJIEMEHTOB) U DJIEKT-
POCTaTUYECKOTO MPUBOJA B BUIE BCTPEUHO-ITHIPEBOM
CTPYKTYypbl (rpedeHuaroro npupoaa). [TapameTpsl mo-
BEJCHMST JAHHON CUCTEMbl MOXHO OMKUCATh C UCTIOJb-
3oBaHMEM MG GepeHINATBLHOTO YPAaBHEHMST IBMXKE-
Hug [1, 5]:

my +cy + ky= Kl 1); (I

 negy(I(H) - w) U
H,Hy= ——M—— | 2)
<

rae m — 3¢ deKTUBHAs Macca MPUBOAA; ¢ — MapameTp
3aTyxaHus; k — KO3(@UILIMEHT XKEeCTKOCTH; y — Tepe-
MellleHUe TTPUMBOJa B MOMEHT BpeMeHMU f; F — 2JIeKT-
pocratuyeckasi cwia; € — IMBJEKTpUUYecKas MPOHU-
LIAEMOCTb Cpellbl; g; — OJIEKTPUYECKasd IOCTOSHHAL;
w, | ¥ 7 — luMpuHa, IJMHA NEPEKPBITUS U MEXIIEKT-
POMHBIN 3a30p BCTPEYHO-IUTHIPEBBIX 2JEKTPOJOB Ipe-
O6eHuyaroro npuBoga. Kak BuaHo u3 ypaBHeHus (1),
BpeMsl cpabaThIBaHUSI peJie 3aBUCUT OT aMIUTUTY/bI Te-
peMelleHusl y, MacChl MpuBoAa m, KO3¢hGULIMEeHTa I10-
TEPb ¢, KECTKOCTU K U DJIEKTPOCTATUUYECKOU cuiibl F.
3HaueHue TepeMelleHUs] 3alaeTcs pacCTOSHUEeM
Mexay KoHtakTamu (16 MKM), mo3BossioluM obec-
MEeYUTh HEOOXONMMBIH YpPOBEHb IMOTEPh BbICOKOYAC-
TOTHOI'O CUTHaJIa B Ppa30OMKHYTOM COCTOsSIHUM peie. Ta-
KM 00pa3oM, COKpallleHUE PACCTOSIHUSI MEXIY KOH-
TaKTaMU HELEIECOO00pa3HO. YMEHbIICHUE KECTKOCTU
TakXe HeleJecoo0pa3Ho 06e3 CoKpallleHUs MacChl Mpu-
BOJia BBUIY TpeOOBaHMUIA K CTOMKOCTH KOHCTPYKLIMU

MO BHEIIHUM MEXaHUYECKUM BO3IACHCTBUSIM.

2. OnpeneneHne BpeMeHH CPadATHIBAHHS
HMCXOJHON KOHCTPYKIHUH

DKCIepUMEHTaIbHO ObLIO OIpenesieHO BpeMs
cpabaTbeiBaHUsI 00beMHOTro MuKpopeie. Kak rmokaszanu
MpeaBapyTeIbHbIE UCIIBITAHUS, BpeMsl cpabaTbIBaHUS
pene coctaBuiio 0,28...0,32 Mc pu BO30OYKIEHUU MPU-
Bojga HampstbkeHueM 90 B. BpemeHHass 3aBUCHMOCTb
HapacTaHUs HaNpsIKEeHUST UICTOYHUKA IMUTaHMS MTOKa-
3aHa Ha puc. 2. McniplTaHUSI POBOAMIN B ra3oBOM
cpene npu atMoc(epHOM IaBJICHUU.

s onTUMU3alMM KOHCTPYKLUMU MPUBOAA B Lie-
JISIX yMEHbIIEHUS BpeMeHHM cpabaTbiBaHUSI ObLIa
npoBeleHa Balugalldsl YMCIAEHHOW MOIENU IO 2KC-
MePUMEHTAIbHO MOJIYYeHHBIM TaHHBIM. C UCIOIb30-
BaHUMEM METOJIOB KOHEUYHBIX 3JIEMEHTOB OBbLJIO Ormpe-
JeJIeHO BpeMs cpabaThiBaHUS MUKPOMEXaHWYECKOTO
pene. MopenupoBaHUE OCYUIECTBJISUIM B MpPOrpam-
MHOM KOMILIEKCE MYJIbTU(DU3INIECKOTO MOASIMPOBa-
Hus. JI1s MpoBeieHusT pacueTa JBUXKEHUs TTPHUBOIa BO
BPEMEHHOI 001acT OblIa BBINOJHEHA MPpeIBaApUTEb-
Hasl OlLlEHKa MapaMeTpOB 3JEKTPOCTATUUYECKON CHUJIbI
rpeGeHYaToro NpuBoIa U IUCCUIaluu sHepruu. Juc-
CUTIALIMIO SHEPTUU OMPENeIsUIM C YUYETOM BSI3KOYIpPY-
TOro COMPOTUB/AEHUS BO3AYIIHON Cpelbl UMEIOLIEro
0oJIbllIOE BIMSHUE KaK Ha BpeMsl cpabaTbiBaHUs, TaK
M Ha PE30HAHCHYIO YaCTOTy MEXaHWYECKO CHCTEMbI
[1, 6—8]. Tak, mpu aTMochepHOM JABJICHUU OKPYKa-
o1Ieit cpefbl YpoBEHb TOOPOTHOCTU MEXaHUYECKOMH
cucteMbl Q coctaBui ~10. IlomydyeHHBIE OaHHBIE
MO3BOJISIIOT 3a7aTh HArpy304YHble M JTUCCHUIIATUBHbBIC
TPaHUYHBIE YCIOBUS MEXaHUYECKOM 3amaun.

3agavya mo omnpeaeseHuI0 BpeMeHU cpabaTbhiBaHUs
BKJIIOYaeT B ce0s pellleHue KOHTaKTHoM 3agauyn. KoH-

g 8
N

uv

40

0,00 0,02 0,04 0,06 0,08 0,10 0,12

Puc. 2. Bpemeﬂﬂaﬂ 3aBUCUMOCTb HApPACTAHUA HANPSKCHUA HCTOY-
HUKA NUTAHUASA

Fig. 2. Time dependence of the voltage rise of the power source
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Puc. 4. 3aBucumMocTb nepemMeleHuss MUKPONPHBOIA MCXOIHOH KOHCTPYKuMH (B ocHOBaHMM npuBona (/) u B Touke KOHTaKTa (2)) M 3JIeKTpoO-
cratTmyeckoii cuwibl (3) oT BpeMeHn (a) M 3aBUCHMOCTh KOHTAKTHOTO JABJIEHNS NMPUBOJA MCXOJHOH KOHCTPYKIHH OT BpeMeHu (b)

Fig. 4. Dependence of the displacement of the micro drive of the original design (at the base of the drive (1) and at the contact point (2)) and the
electrostatic force (3) on time (a) and the dependence of the contact pressure of the drive of the original design from time (b)

TakTHas 3agadya Obuta chOpMyIMpOBaHa C MCIIOJb30-
BaHMEM MeTOoJ0B ITpadHbIX GyHKLUK [9]. KoHTakT-
Hoe ycuiaue F, orpesiensieTcst Kak

t,—e,8 8<0;
F =

c

e 3)
t,+exp =8 ,820,

n

e f, — TpeaBapuTe/ibHas OLIEHKA CUJIbI KOHTAaKTa;
e, — wrpadHOil KO3DPULMEHT; g — 3a30p MEXILy
KOHTaKTHBIMM 3JieKTpogaMu. Ha puc. 3 (cM. TpeTbio
CTOPOHY OOJIOXKKM) TTOKA3aHbI KapThI IIepeMeIleHUI 1
HaIpsKeHUs TIPU YCTOSIBIIEMCSI COCTOSIHUM B MOMEHT
BpemeHu 1 Mc.

INepeMenieHus omnpenesisini Ha OCHOBaHWU IIpe.-
BapUTEIILHO OIpPeIeIeHHOM 3aBUCUMOCTU CHJIBI OT
nepeMeluieHuss F(/). BpemeHHas 3aBUCUMOCTb Hapac-
TaHWS HaNPsSDKeHUST ObUTa TTOJTy4YeHa MCXOIS U3 3KC-
MePUMEHTANIbHBIX JAHHBIX CUTHAlla ¢ UCTOYHMKa U
(cMm. puc. 2). Ha puc. 4, a moka3zaHa 3aBUCUMOCTD II€-
peMeleHrs MUKPOIPUBOIa (B TOUKAX KOHTaKTa U OC-
HOBaHMS TIPUBOAA) M B3JEKTPOCTATUYECKON CUJIBI OT
BpeMeHU. Bpemst cpaGaTbhiBaHUSI MOXKHO OIPEICIUTh
10 3aBMCHMMOCTH KOHTAaKTHOro aaBieHus (puc. 4, b),
COOTBETCTBYIOILIIEMY BPEMEHHU BBIXOJA JAABJICHUS B yC-
TOSBIIMIACS pexXuM. Tak, pacueTHoe BpeMs cpabaTh-
BaHus cocTaBuio 0,26 mc. Kpome Toro, MoxHO olle-
HUTb KOHTAaKTHOE JaBJICHNE, BIUSIONIee Ha KOHEUHOE
COMpPOTUBJIEHUE TNpHBoaa. Pe3kuii ckayok maBiaeHUS
IIpY KOHTaKTe OOYCIIOBJICH BBICOKUM 3HAUYCHUEM M-
MmyJibca MpU HAayaJabHOM KOHTAKTe.

654 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 11, 2019

PesynbTaThl TIpeaBapUTENBHON OIIEHKM BpPEMEHU
cpabaTbhiBaHUS OOBEMHOTO MUKpOpEJe MOoKa3ajlu XO-
POIIIYIO CXOAUMOCTD C 3KCITIEpUMEHTATbHBIMM TaHHBI-
MU. OTKJIOHEHUE OT IKCIIePUMEHTAJIbHBIX 3HAUEHUI
MOXHO OOBSICHUTH HEITOCTATOYHOM TOYHOCTBIO OIpe-
JIeJIEHUS] TeOMETPUUYECKUX TTapaMEeTPOB, a TaAKXKE BHYT-
PEHHUMM MEXaHUYeCKUMHU HANIPSIKEHUSIMU B YIIPYTOM
MojJiBece MpMBOJA MUKpOpese, BbI3BAHHBIMU Pa3HO-
CTbIO TeMIIepaTypHbIX KO3(DPUINEHTOB pacIlIpeHMs].

3. Ontumuzanus Gopmbl

[IpenBapuTenbHas olleHKa MPUBOJA TTOKa3ajia BO3-
MOXHOCTh ONTUMM3AIUU €TI0 TEOMETPUM B LIEJISIX CO-
KpanieHus maccbl. OgHAKO CTOMT OOpaTUTh BHUMa-
HHUE, YTO MOAOOHBbIE KOHCTPYKIIMM, BKJIIOYAIOIIUE B
ce0s1 rpedbeHYaThIii MPUBOM, YYBCTBUTEIBHBI K ITOTIE-
PE€YHBIM UM WU3rMOHBIM JedopmanusiM TpedbeHdyaToi
CTpyKTyphl. Tak, onTMMHU3alNsI TeOMETPUM IIPUBOAA
MOXET OBbIThb OCYIIECTBJIEHA HA OCHOBAHUU COXpaHe-
HUSI YPOBHS KECTKOCTU M COKpallleHUsI MacChl IIpU-
Bojga. B kauecTBe mapaMeTpoB ONTUMU3ALIUU MOXET
BBICTYNIATh PE30HAHCHasl YacTOTa M Macca IIPUBOJA.
Takast onTuMu3aLus MO3BOJIMIA JOOUTHCS CYILIECT-
BEHHOI'O YMEHBIIICHMSI MacChl IIpMBOAA, a CJIEAOBa-
TeJIbHO, W TIOBBILICHUSI PEe30HAHCHON YacToThl. Ha
puc. 5 (CM. TPETBIO CTOPOHY OOJIOKKM) TTOKa3aHbI pe-
3yJbTaThl OMNpeAeeHUs TMepBOi MOAbl PE30HAHCHBIX
KOJIeOaHMIA.

Ha ocHoBaHUM ONTUMHU3ALMM TEOMETPUU ObLIU
OIIpee/ieHbl 3HaYeHUS IIepEMEILCHMS IIPHY ITo1ade yII-
paBasionero curdama (puc. 6, a). Ilo xapakrepy m3-
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Puc. 6. 3aBucumocTh nepemMenieHnsi MUKPONPHBOJA ONTHMHU3HPOBAHHON KOHCTPYKIMM (B OCHOBaHMH mpuBoja (/) u B Touke KOHTaKTa (2))
H 3JIeKTpocTaTHyecKoil cuibl (3) oT BpeMend (a); M 3aBUCHMOCTh KOHTAKTHOTO JABJIEHHS NPHBOAA ONTHMH3MPOBAHHOH KOHCTPYKUMH OT

Bpemenu (b)

Fig. 6. Dependence of the displacement of the microproduct of an optimized design (at the base of the actuator (1) and at the contact point (2)) and
the electrostatic force (3) on time (a); and dependence of the contact pressure of an optimized design actuator on time (b)

MEHEHMS TIepeMEIleHUsT XOPOIIO BHIHO M3MEHEHHE
HAaKJIOHA XapaKTepUCTUKU nepemelteHus. [1o ycraHoB-
JICHHOMY KOHTaKTHOMY HAaBJICHUIO MOXHO OTMETUTD,
YTO ONTUMMU3ALMS KOHCTPYKIHM ITO3BOJIMIIA YMEHb-
IIUTh CKOPOCTH cpabareiBaHUS TipuBoAa (puc. 6, b),
TaK, BpeMs cpabateiBaHust coctaBuiio 0,194 mc.

4. OnruMmn3anusi BO30yXKIawmeil Harpy3Kn

JpyruMm crocoboM yMeHbIIEHUSI BpeMeHu cpada-
TBIBaHUSI SIBJISIETCSI TIOBBIIIIEHUE BJIEKTPOCTATUUECKOM
Harpy3ku. Ee TOBBIIIEHHE MOXET OBITh JOCTUTHYTO
0e3 yBeJIMUEeHMST YIPaBISIIONIEro HaIpsiKeHUsl METO-
JlaMH OTITUMU3ALIMY TeOMETPUU Tpe-

O6eHvaroro mpusoja. Ha puc. 7, a r-------~-

nmpuBona. M3 3aBUCMMOCTH Ha puC. 8 BUAHO, YTO OI-
TUMU3aUS (HOPMBI 3a30pa MOXKET MO3BOJIUTH MOBHI-
CHTh 2JIEKTPOCTATHUYECKYIO crry. [lpm 3TOoM mimHa
BCTPEUHO-IITHIPEBOTO 3JIEKTpoAa cocTaBuia 19 MKM
BMECTO 26 MKM M3HAYaJbHO. YMEHBIIEHUsI 3a30pa
MOXHO JOCTUTHYTh, MU3MEHUB NPOMUIb TPaBICHUS
BCTPEYHO-IITHIPEBOIO 3JIEKTPOJa COIJIaCHO puc. 7, b.
Takum 06pa3zoM JOCTUTraETCSl COXpPaAaHEHUE aCIIEKTHOTO
OTHOIICHMS TIPU TUIA3MOXUMUYECKOM TPaBICHUN W
YMEHBIIAETCS 3a30p B MPUKOHTAKTHOM obyactu [10].
Ha puc. 8 mokasaHo, 4To Takoe MU3MEHEHIE TeOMETPUN
MpUBOAA TPUBOAUT K CYLIECTBEHHOMY ITOBBILICHUIO
BIIEKTPOCTATUICCKON HATPY3KMU.

MOKa3aH MepBOHAYAIBHBIN TTPOGUIb
CTaHAAPTHOTO TIpedeHYaTOro MpHu-
BOJA. YMEHBIIICHUE 3a30pa MEXIy

Fpe6€H‘-IaTI)IM SJICKTPOAOM II03BO-
JIACT YBCJIMWYUTL SJIEKTPOCTATHYCC-
Kyro Cujy, OgHakKO €CTb OrpaHMYcC-

HUE 3HAueHMUs BTOrO 3a30pa, BbI-
3BaHHOE OCOOCHHOCTSIMU OIlepa-
MM TIa3MOXMMUYECKOIO TpaBiie-
HusA. UHBIM crTocoOOM ITOBBITIICHUS
Harpy3kKu MOXKET ObITb M3MEHEHUeE

Mpouist 3JeKTPOJOB TaKUM 00pa-

ot 1! Hm

30M, YTOOBI IIpU MPUOJMKEHMH K
00JIaCTM KOHTaKTa 3JIEKTPOCTATU-
yeckas cuja yBeJuuuBaiach. Takoi
XapakTep MOXeT ObIThb JOCTUTHYT 3a

METpHUs IIpUBOJA
CYCT ONTHUMU3ALUU d)OprI 3a3opa
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Puc. 7. ITpoduiab rpedeHyaToro npuBoaa: ¢ — U3HAYaIbHbII; b — ONTUMU3MPOBaHHAsI TeO-

Fig. 7. Profile of the comb drive: a — initial; b — optimized drive geometry
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Puc. 8. 3aBHCHMOCTb 3JIEKTPOCTATHYECKOH CHJBI OT CMeIeHHs
npuBoAa: / — u3HavanbHblil; 2 — [ = 19 MKM; 3 — nepeMeHHbI
3a30p

Fig. 8. Dependence of the electrostatic force on the displacement of the
drive: 1 — initial; 2 — | = 19 um; 3 — variable clearance

Ha puc. 9, a noxa3zaHbl pe3yJibTaThl pacueTa Iepe-
MeIIeHWsI TIPUBOA BO BpeMEHHOM 00IaCTH TIPU ONTH -
MU3alMu 3a30pa rpedeHyaToro npusoaa (/= 19 Mkm).
CooTBeTCTBYIOIAsA 3aBUCUMOCTh KOHTAaKTHOIO JaB-
JIEHUsI BO BpEMEHHOM 00J1acTH MoKa3aHa Ha puc. 9, b.
Ha pwuc. 9 BumHO yMeHBIIIEHE CKOPOCTH cpabaThiBa-
Hus. Pe3ynbrarhl pacuera nepemMelleHUs] 1 KOHTaKT-
HOTO [IaBJeHUs MNPUBOJA IPU ONTHMU3ALIMU 3a30pa

0,83125

1 0,71250

10,59375

¥, pm

1 0,35625

10,23750

10,11875

0,00000

1047500 >

rpedGeHYaToro npuBoaa (mepeMeHHbI 3a30p) mMoKa3a-
HBI Ha puc. 10, a, b.

M3 puc. 9, 10 BugHO, 4YTO YBEJIUYEHUE BJIEKTPOCTA-
TUYECKON CUJIBI TpebeHYaTOro MpuBOAa MPUBOAUT K
BO3PACTAaHUIO CKOPOCTH TIepeMelleHnsT U 0ojiee yc-
TOMYMBOMY KOHTaKTy. Tak, pe3yabTaTbl MOAEIMPOBA-
HUS TI0OKa3aJyd BO3MOXKXHOCTb CYIIECTBEHHOTO YMEHb-
LIEHUSI BpeMEeHM cpabaTbiBaHUSI 32 CUET MIPUMEHEHMUS
METOIOB ONTMMU3ALMU KOHCTPYKIUM TpedeHYaToro
MpUBOAA.

5. Onpenenenue BaMsiHUSA JeMnGpupoOBaHUA

CornacHo BbIpaxeHuto (1) cHuxXeHue Koappuiim-
€HTOB JeMII(pUPOBAHUS MOXET IO3BOJUTh MOBLICUTh
CKOPOCTh MepeMellleHus] MPUBOAA. DTO MOXKET OBIThb
JOCTUTHYTO CHUXKEHUEM AUCCUIIALUU DHEPTUU B OK-
pyxatouieit cpene. Tak, 3a cueT BAKyyMUPOBAHUS TIPU -
BOJIa MOXET OBbITh JOCTUTHYTA JOOPOTHOCTDH HA YPOB-
He 10 000 gnss mogoOHOM MeXaHMYEeCKOIl CUCTEMBI
[11, 12]. Ha puc. 11, a, b TokazaHO M3MeHEHNE KOH-
TAKTHOTO HABJICHUS U TIepeMelleHUs] BO BPEMEHHOM
obmactu nipu gooporHoctu 1000. M3 3Toro pucyHka
BUIHO, UTO ITOBBILIEHUE TOOPOTHOCTU CUCTEMbBI MPU-
BOIUT K YMEHBIIEHHMIO BPEMEHU IepBOHAYAJILHOIO
KOHTAKTa OTHOCHUTEJILHO MCXOMHOI KOHCTpyKuMu. Of-
HaKO OOJIBIION MMITYJILC ¥ BBICOKAsT JOOPOTHOCTh TIPH -
BOJIST K YBEJIMUEHUIO BpEMEHU YCTAHOBJICHUSI KOHTAK-
THOTO jaBjicHUs. BpeMs cpabaTbiBaHMSI MOXKET OBITh
oleHeHo Kak 0,35 Mc.

Bpewmst 3aTyxaHust KonebaHuii MOXET ObITh CHUKE-
HO 3a CUET BBeIEeHUSI MeXaHUUYeCKoro aemridepa, rmo3-

8

P, MPa
&

[
(=]

Puc. 9. 3aBucuMocTh nepemMeleHns MUKPONPHBOAA C ONTHMH3MPOBaHHbIM 3a30poM (I = 19 Mkm) (B ocHoBanuu npuBoaa (1) ¥ B TOYKe KOH-
TakTa (2)) H 3JeKTpocTaTHIecKoii cuibl (3) ot BpeMenu (a); M 3aBUCHMOCTb KOHTAKTHOrO JAaBJIEHUs MPUBOJA C ONTUMHU3UPOBAHHBIM 3230POM

(I = 19 mkm) ot Bpemenn (b)

Fig. 9. Dependence of the movement of a microdrive with an optimized gap (I = 19 um) (at the base of the drive (1) and at the contact point (2)),
and the electrostatic force (3) on time (a); and the dependence of the contact pressure of the drive with an optimized gap (I = 19 um) on time (b)
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Fig. 10. Dependence of the movement of the microdrive with a variable gap (at the base of the drive (1) and at the contact point (2)), and the electrostatic
force (3) on time (a); and dependence of the contact pressure of the variable-gap drive on time (b)
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Fig. 11. Dependence of the contact pressure (a) and the movement of the micro actuator on time (1 — without a mechanical damper; 2 — with a
mechanical damper) (b)

BOJISIFOLLIETO CHU3UTDh 3Hepruto umiyibsca. Ha puc. 11, b
MOKa3aHo NepeMelleHue MpuBoAa BO BpeMEHHOM 00-
Jlactu 6e3 MexaHWuyeckoro aemMmndepa U ¢ npuMeHe-
HUEM MexaHuuyeckoro aemiidepa. M3 pucyHka BUAHO,

Craguun
IMapameTpsl Stages
Parameters
1 2 3 4

T, mc 0.26 0.194 0.12 0.105
T, ms
P, MIla 0.65 0.65 9 11.9
P, MPa
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YTO TOBBILLIEHWE NOOPOTHOCTU TPU UCTIOJIb30BAHUU
MeXaHu4eckoro aeMmdepa MoXeT YMEHbIIUTb BpeMsl
cpabaTbiBaHMS MPUBOJIA peJie.

6. O0o0menne

ITpoBeneHue MoAeIMPOBaHYSI ITEPEXOAHBIX MPOLIEC-
COB MMKpOpeJie U TPUMEHEHUE METONIOB ONTUMU3AIUN
KOHCTPYKLMM MPUBOAA TMO3BOJWIM TOOUTHCS YMEHb-
LIEHUSI CKOPOCTU cpabaThiBaHus pene. Ha puc. 12, a
MoKa3aHo IepeMelleHrne MPUBoJAa BO BpeMEHHOI 00-
JJaCTU JUIS1 Pa3IMYHbIX CTAAUNA ONTUMU3ALIMU TPUBO-
na (I — n3HavYaIbHBIA OIPUBOA; 2 — CHUKEHUE MACChI
MUKpopese; 3 — ONTUMU3alHs 3a30pa IrpedeHyaToro
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Puc. 12. 3aBucumocTs nepemenieHus (@) 1 KOHTAKTHOTO AaBJjieHusi oT Bpemenu (b): / — v3HavyabHBIN NPUBON; 2 — CHUXEHUE Macchl; 3 —
onTuMu3anus 3a3opa rpedbenyaroro mpusona (/ = 19 MxMm); 4 — epeMeHHBII 3a30p MPUBOAA

Fig. 12. Dependence of displacement (a) and contact pressure on time (b): 1 — initial drive; 2 — weight reduction; 3 — optimization of the clearance

of the comb drive (I = 19 um); 4 — variable drive clearance

npuBoaa (/ = 19 Mxm); 4 — onTuMM3aLMsl 3a30pa Tpe-
OeHuaToro ImpuBoda (IlepeMEeHHBIN 3a30p IPUBOJIA).
ITo 3aBucuMocTU Ha puc. 12, 6 MOXXHO OLIEHUTb BpeMs
cpabaThIBaHUS M BEJIMYMHY KOHTAKTHOTO MABJICHUS.

B tabnmiie mpuBeAeHBI pe3yJBTAaThl ONTUMU3AINN
KOHCTPYKIIMM TpUBOAA [UISI YMEHBIIEHUSI BPEeMEHU
cpabarbiBaHusl (ctagusi 1 — WM3HA4YadbHBIM MPUBOL;
2 — CHUXXEHME MacChl MUKpopese; 3 — onTUMU3aLus
3a3opa rpedbenuaroro npusoaa (/ = 19 mxm); 4 — omn-
TUMU3ALUS 3a30pa TpedeHyYaToro nprBoja (rnepemMeH-
HBII 3a30p IIPUBOJIA)).

3akmouyenue

ITpuMeHeHHe METONOB ONTUMMU3ALUU KOHCTPYK-
LIMM TIO3BOJIMJIO YMEHBIIUTh BpeMsl cpabaThIBaHUS
MpuBoAa NMo4yTu B 2,5 pa3a. [IpyuMeHEeHHbIe METO/bI
MO3BOJISIIOT YBEJIWYUTh KOHTAKTHOE AaBjeHUE, 4TO
JIOJIKHO YMEHBIINUTh KOHTAKTHOE CONPOTUBJIEHUE.
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In this work is presented the design of the high-frequency microelectromechanical relay, built according to the bulk microsystem
technology (MST). Methods to optimize the relay design were chosen to reduce the time delay. Time delay and contact pressure val-
ues of the initial design of the MST relay and different variations of the optimized designs were determined using physicomathe-
matical model approach. It became possible to reduce the time delay of the MST relay almost by a factor of 2.5 due to the actuator
mass reduction, electrostatic load increasing and damping coefficient reducing. Applied optimization methods also make it possible
fo increase the contact pressure by a factor of 18, which intends to reduce the contact resistance and loss of high quality signal when

relay contacts are closed.
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Introduction

Microsystem technology products (MST) are widely
used in switching technology as high-frequency (HF)
relays and switches, variable capacitors and filters.
These devices provide low losses and a high degree of
isolation with high allowable signal power and low con-
trol power [1]. Compared to semiconductor analogues,
microelectromechanical relays require higher control
voltages and have a lower switching speed between
states [1].

The overwhelming majority of micromechanical
electrical relays and switches designs are based on the
surface technology of the MST. In connection with the
development of deep plasma-chemical etching process-
es, RF relays made using the bulk MST technology
have become widespread [2—4]. Unlike products made
by surface technology, the movement of the movable
part of these relays is predominantly lateral (along the
base of the substrate). Manufacturing technology and
the nature of the movement impose their own charac-
teristics on the design process of these devices. For such
products, there is an acute problem of reducing the re-
sponse time [4]. To solve this problem, it is necessary
to develop special design methods.

1. Description of the original relay design

The microelectromechanical relay is manufactured
using the bulk technology of microsystem technology
using deep plasma-chemical etching. The electrome-
chanical structure is made in a silicon plate orientation
(100), a thickness of 75 um. The base is a glass substrate
(LK-5 brand), which is connected to a silicon wafer by
the method of anode splicing of wafers. Fig. 1 shows a
photograph of the manufactured bulk micro relay.

The electromechanical structure of the relay drive
consists of an elastic suspension system (elastically con-
nected beam silicon elements) and an electrostatic
drive in the form of an interdigital structure (comb
drive). The behavior parameters of this system can be
described using the differential equation of motion [1, 5]:

my +cy + ky = K, 1); )]

2
R b = negy(I(1) - w)U ’ 2
<
where m is the effective mass of the drive; c is the atten-
uation parameter; k is the stiffness coefficient; y is the
movement of the drive at time #, F is the electrostatic
force; ¢ is the dielectric constant of the medium; g is the
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electric constant; w, /, and z are the width, overlap length,
and interelectrode gap of the interdigital electrodes of the
comb drive. As can be seen from equation (1), the re-
sponse time of the relay depends on the amplitude of dis-
placement y, the mass of the drive m, the loss coeffi-
cient ¢, rigidity k, and electrostatic force F.

The displacement value is set by the distance be-
tween the contacts (16 um), which ensures the required
level of high-frequency signal losses in the open state of
the relay. Thus, reducing the distance between the con-
tacts is impractical. Reducing rigidity is also impractical
without reducing the mass of the drive due to the re-
quirements for structural stability by external mechan-
ical influences.

2. Determination of the response time
of the original design

The response time of the bulk micro relay was ex-
perimentally determined. As preliminary tests showed,
the response time of the relay was 0.28...0.32 ms when
the drive was energized with a voltage of 90 V. The time
dependence of the voltage rise of the power source is
shown in fig. 2. The tests were carried out in a gaseous
atmosphere at atmospheric pressure.

To optimize the design of the drive in order to re-
duce the response time, a numerical model was vali-
dated according to experimentally obtained data. Using
finite element methods, the response time of the mi-
cromechanical relay was determined. Modeling was
carried out in the software package of multiphysical
modeling. To calculate the movement of the drive in
the time domain, a preliminary assessment was made of
the parameters of the electrostatic force of the comb
drive and energy dissipation. Energy dissipation was de-
termined taking into account the viscoelastic resistance
of the air at the response time and at the resonant fre-
quency of the mechanical system [1, 6—8]. So, at am-
bient atmospheric pressure, the quality factor of the
mechanical system Q was ~10. The obtained data make
it possible to set the load and dissipative boundary con-
ditions of the mechanical problem.

The task of determining the response time includes
the solution of the contact problem. The contact prob-
lem was formulated using the methods of penalty func-
tions [9]. The contact force F, is defined as

t,—e,8 8<0;
F =

c

e, 3)
t,+ exp ——t—g ,8>0,
n

where 7, is a preliminary estimate of the contact force;
e, is the penalty coefficient, g is the gap between the
contact electrodes. Fig. 3 (see the 3-rd side of cover)
shows a map of displacements and stresses at a steady
state at a time of 1 ms.

The displacements were determined based on a
predefined dependence of the force on the displace-
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ment F(/). The time dependence of the voltage rise was
obtained based on the experimental data of the signal
from the source U (see fig. 2). In fig. 4, a shows the de-
pendence of the movement of the micro drive (at the
contact points and the base of the drive) and the elec-
trostatic force on time. The response time can be de-
termined by the dependence of the contact pressure
(fig. 4, b), corresponding to the time the pressure exits
into the established mode. So the estimated response
time was 0.26 ms. In addition, it is possible to evaluate
the contact pressure affecting the final resistance of the
drive. A sharp jump in pressure at the contact is due to
the high pulse value at the initial contact.

The results of a preliminary assessment of the re-
sponse time of the bulk microrelay showed good con-
vergence with experimental data. The deviation from the
experimental values can be explained by the insufficient
accuracy of determining the geometric parameters, as
well as by internal mechanical stresses in the elastic sus-
pension of the micro-relay drive, caused by the difference
in the temperature expansion coefficients.

3. Shape optimization

Preliminary estimation of the drive showed the pos-
sibility of optimizing its geometry in order to reduce
mass. However, it is worth paying attention that such
structures, including a comb drive, are sensitive to
transverse and bending deformations of the comb struc-
ture. Thus, optimization of the drive geometry can be
carried out on the basis of maintaining the level of rigid-
ity and reducing the mass of the drive. The optimization
parameters can be the resonant frequency and mass of
the drive. Such optimization made it possible to achieve
a significant reduction in the mass of the drive, and, con-
sequently, in increasing the resonant frequency. Fig. 5
(see the 3-rd side of cover) shows the results of deter-
mining the first mode of resonance oscillations.

Based on the geometry optimization, the displace-
ment values were determined when the control signal
was applied (fig. 6, a). The nature of the change in dis-
placement clearly shows the change in the slope of the
displacement characteristic. According to the established
contact pressure, it can be noted that the design optimi-
zation made it possible to reduce the response speed of
the drive (fig. 6, b). So the response time was 0.194 ms.

4. Optimization of exciting load

Another method to reduce the response time is to
increase the electrostatic load. Its increase can be
achieved without increasing the control voltage by op-
timizing the geometry of the comb drive. Fig. 7, a
shows the initial profile of a standard comb drive. Re-
ducing the gap between the comb electrode can in-
crease the electrostatic force, however, there is a limi-
tation on the value of this gap caused by the features of
the plasma-chemical etching operation. Another way to
increase the load can be to change the profile of the




electrodes so that when approaching the contact area,
the electrostatic force increases. This character can be
achieved by optimizing the shape of the drive clearance.
From the dependence in fig. 8 it can be seen that op-
timizing the shape of the gap can increase the electro-
static force. The length of the interdigital electrode was
19 um instead of 26 pm initially. A reduction in the gap
can be achieved by changing the etching profile of the in-
terdigital electrode according to fig. 7, b. Thus, the aspect
ratio is maintained during plasmochemical etching and
the clearance in the near-contact region is reduced [10].
Fig. 8 shows that such a change in drive geometry leads
to a significant increase in electrostatic load.

Fig. 9, a shows the results of calculating the move-
ment of the drive in the time domain when optimizing
the clearance of the comb drive (/ = 19 um). The cor-
responding dependence of the contact pressure in the
time domain is shown in fig. 9, b. Fig. 9 shows a de-
crease in the response speed. The results of calculating
the displacement and contact pressure of the drive
when optimizing the clearance of the comb drive (var-
iable clearance) are shown in fig. 10, a, b.

From fig. 9, 10 it is seen that an increase in the elec-
trostatic force of the comb drive leads to an increase in
the speed of movement and a more stable contact. So,
the simulation results showed the possibility of signifi-
cantly reducing the response time due to the use of op-
timization methods for the design of the comb drive.

5. Determining the effect of damping

According to the equation (1), a decrease in damp-
ing coefficients may allow an increase in the speed of
movement of the drive. This can be achieved by reduc-
ing the dissipation of energy in the environment. So,
due to the vacuum of the drive, a quality factor of
10,000 can be achieved for such a mechanical system
[11, 12]. Figs. 11, a, b show the change in contact pres-
sure and displacement in the time domain at a Q factor
of 1000. It can be seen from this figure that an increase
in the Q factor of a system reduces the initial contact
time relative to the initial structure. However, a large
impulse and high quality factor lead to an increase in
the time for establishing contact pressure. The response
time can be estimated as 0.35 ms.

The oscillation decay time can be reduced by intro-
ducing a mechanical damper, which reduces the pulse
energy. Fig. 11, b shows the movement of the drive in the
time domain without a mechanical damper and using a
mechanical damper. It can be seen from the figure that
an increase in the quality factor when using a mechanical
damper can reduce the response time of the relay drive.

6. Generalization

Simulation of transient micro-relays and the appli-
cation of drive design optimization methods have
made it possible to reduce the response speed of the
relay. Fig. 12, a shows the movement of the drive in the

time domain for various stages of optimization of the
drive (1 — initial drive; 2 — reduction in the mass of
the micro-relay; 3 — optimization of the clearance of
the comb drive (/ = 19 um); 4 — optimization of the
clearance of the comb drive (variable drive clearance).
According to the dependence in fig. 12, b, the response
time and contact pressure can be estimated.

The table shows the results of optimizing the drive de-
sign to reduce the response time (stage 1 — initial drive;
2 — reducing the mass of the micro relay; 3 — optimi-
zation of the clearance of the comb drive (/ = 19 um);
4 — optimization of the clearance of the comb drive
(variable drive clearance)).

Conclusion

The use of design optimization methods has reduced
the response time of the drive by almost 2.5 times. Ap-
plied methods can increase contact pressure, which
should reduce contact resistance.
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OCOBEHHOCTHU NOCTPOEHMA MNMEPEAAIOLWLETO MOAYA4 L-AUATIA3OHA

HA OCHOBE LDMOS-TEXHOAOIMH

Ilocmynuna 6 pedaxyuro 06.09.2019

Paccmompenst ocHogHble npobaembl U 0COOeHHOCMU NOCMpoeHUs hepedaroujeco mooyss L-duanasona na ocnoge LDMOS-
MPAH3UCMOPO8, NPEOHA3HAUEHHO20 0451 PA3MEU,eHUSI 8 C6eMHOM AHMEHHO-2AeKMPOHHOM 010Ke aKmueHol nepedaioueli pasupo-
6aHHOU aHmeHHOU pewemiku L-duanaszona. [lpugedensi pe3yavmamol pa3pabomku, a makice SKCHePUMEHMANbHble OQHHblE U3-
MepeHuti. B pezyabmame pazpabomku y0anoce coz0ams 8biCOKOMEXHOA0UYHbIL Nepedarouyuti YCUAUmenbHulil Mo0Yab C 8bICOKOU
CcmeneHbl0 UHmeepayuyu KOMHOHeHmos: éHeulHue eabapummubie pasmepvl — He Goaee 300 X 100 X 30 mm, macca — He Goaee
2,0 Ke, MAKCUMAAbHASL 8bIXOOHAS UMNYALCHAS MOUWHOCMb cocmasuaa He menee 200 Bm 6 keasunenpepvi6HOM pedcume padbombl

(OaumenvHocmv umnyavcoe — 16 mc, ckeaxchocms — 2).

Karoueevie caosa: nepedaroujuti mooyns, L-0uanason, umMnyabCHas MOWHOCMb, (PpOHM UMNYAbCA, CNAO UMNYAbCA, KO3pu-

uuerHm noae3Hoco delicmeus

BBenenune

HMHTeHCHMBHOE pa3BUTHE U BHEAPEHUE COBPEMEH-
HBIX BBICOKOYACTOTHBIX IOJEBBIX TPAaH3MCTOPOB Ha
ocHoBe LDMOS- (Lateral Double Diffuse MOS) tex-
Hosioruu [1, 2] MO3BOJIMIMN CO3IaTh MIPOMbIILICHHbIE
0o0pasIbl MoayJiei, CToCOOHBIX (DYHKIIMOHUPOBATH B
KBa3WHENPEPHIBHOM peXume paboThl. DTU MOAEIU
KUCIIOJIB3YIOT B CHCTEMax PaJuOCBSI3U U Paauoo-
Kaluu.

ITpoexTupoBaHUe TaKUX MOAYJEl HayajaoCh B Ha-
yajie XXI Beka, Korga Ha pblHKE CTajud MOSIBIASTHCS
LDMOS-Ttpan3uctopsi, a GaN TeXHOJIOTHUS €11l TOJIb-
KO 3apoxkmanachk. PeanmzoBaTp mepenaloninii MOIyIb
B KBa3WHEINPEPHIBHOM peXMME pabOThl Ha OCHOBE
OMMOJIAPHBIX TPAH3UCTOPOB HE MPEICTABIISIOCH BO3-
MOXHBIM, TaK KaK 3TOT THUII MOJYINPOBOIHUKOBBIX
MpUOOPOB TpeaHa3HAYeH IJisg pabdoThl C TOCTAaTOYHO
KOPOTKVMMM PaguOUMIYJbcaMU M OOJIBIION CKBaX-
HOCTbIO.

M B HacTosi11Iee BpeMsi T0JIeBble TPaH3UCTOPHI Ha
ocHoBe LDMOS-TexHoJioruu Bce aKTUBHEE MpUMe-
HSIIOT TSI TTIOCTPOEHMS MepeaarolX KaHajloB B L- 1
S-nuarna3oHax U OHU BBITECHSIIOT OUIOJISIpHbIE TPaH-
3ucTOphl. TpaH3ucTtopsl Ha ocHoBe LDMOS-TexHo-
JIOTUY UMEIOT CYIIECTBEHHO JIYUIINE XapaKTepUCTHKI
10 TaKMM IMapaMmeTpam, KakK Ko3(pGULUUEeHT YCUICHUS
10 MOIIHOCTHU, KO3((ULIMEHT I0JE3HOI0 AeMCTBUS,
3JIeKTpUYECKas U TEeIUIoBas CTaOUJIbHOCTb, YCTOMUM-
BOCTb K paccorjiacoBaHMIO Harpy3Ku, BbICOKasl TUHE -
HOCTb, YPOBEHb MAaKCMMAJIbHO JOMYCTUMOI paccerBa-
€MOIi MOIIIHOCTHM M HaAeXXHOCTH [3, 4].
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Jocrouncrea LDMOS-Tpan3ucropos

B pabGote [5] moctaToyHO MOAPOOHO M AOCTYIHO
OIMCaHbl OCHOBHbIE MPEUMYILIECTBA U 00JaCTU MpPU-
MeHeHUs: LDMOS-TpaH3uCTOPOB.

LDMOS-TpaH3ucTOphl BHIITOJHEHBI B METaJUIOKE -
paMMYeCcKMX KOpITycax, IpUIeM B pslie caydaes, C 30-
JIOTOI MeTajiu3anueii. Jlomyctumas Temmneparypa rno-
JIyYTPOBOAHMKOBOTIO Mepexoaa, Kak npasuio, +200 °C.
Momnabsie LDMOS-TpaH3ucTOphl UMEIOT MaJIoe Ter-
JIOBOE COIPOTUBJIEHHUE Nepexoa—kKopnyc (R,_,), 10-
cruratouiee 3HayeHust 0,10 °C/Br. ITomumo mertasio-
KepaMHMYECKMX MCITONB3YIOT U OoJiee MeleBbIe KOpIryca
13 TEPMOCTOMKOIO IUIacTHKa (AOMyCTMMAasl TeMmIiepa-
typa — +150...+165 °C).

JByXTaKTHbBIE€ TOJIEBbIE TPAH3UCTOPHI CMOHTHUPO-
BaHbl Ha OIHOM (JiaHlle, KPUCTALIBI MOA00paHbI IO
XapaKTepuCTUKaM, 00a TpaH3MCTOpa BKIIOYAIOTCS IO
cxeMme ¢ O0LIMM MCTOKOM, YTO TMO3BOJISIET YMEHBIINUTh
WHAYKTUBHOCTD OOIIIETO BBIBOMA, YIYYIIUTD COTJIACO-
BaHUe, paclliMpuTh padouylo nmojocy yactor. Kpome
TOro, 3(p¢peKTUBHO ITOJABISIOTCS YeTHbIE TAPMOHUKMN.
TpaH3UCTOPBI COAEPKAT BHYTPEHHUE BXOAHbBIE U BbI-
XOIHBIE IENU COTJacOBaHMSI, YTO OOJier4yaeT MX Kac-
KaJupoBaHUE MPU MOCAEA0BATEIbHOM COSAUHEHUM.

LDMOS-TpaH3uctopbl 00J1a1al0T OTJAUYHONU Tep-
MOCTaOMJIbHOCTBIO, KOTOpasl IOCTUIaeTcsl 3a CyeT
OTpPUILIATEJILHOTO TeMIlepaTypHOro Ko3agduiuneHTa,
OOYCJIOBJIEHHOTO TEXHOJOTHEH W3TOTOBJIICHUS KpPHC-
Tajja: meperpeB He CTOJIb KPUTUUCH ISl 9TUX Tprbo-
poB. Ilpu M3aMeHeHUN TeMIepaTyphbl Kopllyca B 5 pa3
(ot —25 go +100 °C) HanpsikeHue 3aTBOP-UCTOK Me-




HsieTcs He 0oJjiee 4eM Ha =5 % I10 OTHOILEHHIO K Ha-
MPSKEHUI0 3aTBOP-UCTOK TIpU TeMIlepaType Kopiyca
+25 °C.

Yepes 3aTBOp TOK He MPOTEKAET (32 UCKITIOUEHUEM
TOKOB YT€UKH), TTO3TOMY Yy TIOJIEBBIX TPAaH3UCTOPOB
BXOJIHbIE MMITI€JaHChl MOTYT OBbITh BBICOKMMU, UX TIpe-
JeJIbHbIe 3HAUEHMSI CBSI3aHbI ¢ HAIMYMEM eMKOCTel 1
TOKOB yTeuku. Ha OofblIMX TOKaX M HaIpsKEeHUsX
MOII-TpaH3UCTOPBI BBIMISIASAT OOJiee MPearOUYTUTETb-
HO TI0 CpaBHEHUIO ¢ OUMOJSIpHBIMU. B OumnonsipHoM
TPaH3UCTOPE HEOOXOIUM BBICOKHUI TOK 0a3bl (OOBIYHO
10 % wm Gomee OT TOKa KOJIJIEKTOpA) IJISI TOTO, YTOOBI
OH BolIeJ B IJTyOOKOE HacChIlIeHUe, B MTOJEBOM TpaH-
3UCTOpEe TOK 3aTBOpPA HYJEBOU MPU CMELICHUM Ha 3a-
TBOpeE 2...5 B.

OQHUM U3 OCHOBHBIX TpeOOBaHMI, MpPEeAbsBIsIE-
MBbIX K YCUJIUTENIO, SBJISETCSI CTAOMIBHOCTD YCUICHUS
B pabouem nuamna3zoHe 4yactoT. [Ipu aHanu3e 3aBUCU-
MOCTHU BBIXOAHOI MOILIHOCTU OT BXxoaHOi#1 200-BaTTHOTO
OUMONSIPHOTO TpaH3KUCTOpa B L- 1 S-mmara3oHax MOX-
HO 3aMETUTh, YTO YCUJICHUE TPAH3UCTOPA U3MEHSIETCS B
3aBUCUMOCTH OT MOILIHOCTU BXOAHOTO curHana. [1pu-
060p, moctpoeHHbI Ha ocHoBe LDMOS-TpaH3ucTopa,
He MMeeT TaKux HegocTtaTKoB. IIpubGophsl momoOHOro
KJlacca MoKa3bIBaIOT XOPOIIYIO JIMHEMHOCTb B IIUPOKOM
JUHaAMMUYeckoM auamnaszoHe. LDMOS-TpaH3ucTop npu
momrHocTu 200 BT gajex oT HachIeHNST, IMHAMUYEC-
KMii 1uana3oH cocTabiigeT 6oiiee 30 nb. Boiee Toro,
yCWJIEHMEe TpaH3ucTopa cocTapisieT 14 nb mo cpaBHe-
Huio ¢ 8§ n1b y ounonspHoro tTpaH3uctopa. IIpumMeHe-
HUE BTOro Nnpubopa MO3BOJSIET YMEHBIIUTh YHUCIO
KacKaJ0B YCWIUTEJSI U YMEHBIIUTh €ro rabapuTHbie
pa3Mepsl.

LDMOS-Tpan3ucTopsl 061a1al0T BLICOKOM YCTOM -
YMBOCTBIO K PacCOIIaCOBAHMIO Ha BhIXoae (Ko3hpu-
LIMEHT cTostueid BoJHBI 1o HampstkeHuio KCBH < 5),
YTO JOCTUTAETCs Oarogapsi BbICOKOMY HampsKeHUIO
mpo6os (okoso 80 B). bunonsgpHbie MpuOOpHI T0OIyC-
KaloT paboTy Ha Harpy3Ky ¢ MaKCMMaJIbHbIM 3HAYEHU -
em KCBH = 2.

CrenyeT Takke OTMETUTh UpPe3BhIYATHO BBEICOKOE
MporHo3upyemoe Bpemsi 6e30TkasHoi padbotel (MTBF)
mogo6HBIX mpubopoB — oT 2600 mo 4800 jer mpu
temneparype 130 °C u 6oxee 1700 neT ipu TeMIiepa-
Type 200 °C, 4TO CylIeCTBEHHO BbIllIe, YeM y Tpubo-

POB, BBIITOJIHEHHBIX 110 OUMOJISIPHON 1 TpagULIMOHHO!
MOS-TexHo0rUMU.

Koncrpykius npubopa He ComepKUT TOKCUUYHOTIO
okcuga oepwust (BeO). I[pu orcyTcTBUM M30JsTOpa
13 OKCcHuaa OepUJIIns BBIBOI MCTOKA Ha KPUCTAIIIE CO-
€IVHSIETCSl HAIPSMYIO C TEeTUIOOTBOMSIIMM pPaavdaTo-
POM, UTO CHUXKAET TETJIOBOE COMPOTHUBIICHHUE.

LDMOS-TpaH31CTOPBI UMEIOT MaJioe BpeMsI mepe-
KJIIOUeHUSI IPU COXPAHEHUU YCUJIEHUS U JTUHEMHOCTU
B IIMPOKOM AMHAMUYECKOM auarna3oHe. Bpems mepe-
KJII0OUeHUsI cocTaBisieT MeHee 50 HC Mpu BBIXOAHOM
MOIIHOCTU 0K0JIO 52,4 nbMBT. B OumossipHoii ke Tex-
HOJIOTMM OBICTpOE BpeMsl MepeKIoueHuUs Mpu 00Jib-
IIUX BBIXOMTHBIX MOIITHOCTSIX TPYTHOIOCTUKUMO, 9TO
SIBJISIETCSI OCOOEHHOCTBIO TOM TEXHOJOIUMU.

BaxnbiM mnpeumyiiiectBoM LDMOS-TexHoM0TMI
M0 CPaBHEHUIO C OUMOJIIPHON SIBJSETCS TO, UTO IIO-
JIEBO! TPaH3UCTOP BKJIIOUEH IO CXeMe ¢ OOLIUM UCTO-
KoM (MCTOK coeAuHeH ¢ 3emiieil). Takoe BKIIIOUeHME
YMEHbILIaeT MapasuTHYIO WHIYKTMBHOCTb MCTOKA U
MO3BOJISIET CO3daTh B TPAH3UCTOPE JIYULIHME YCJIOBUS
JUIST OTBOJA TEIUIOThI. B OMITOISIpHOM Xe TpaH3UCTOpe
OOJILIIMHCTBO KPEMHUsI 3aHUMaeT 00J1aCTh KOJIJIEKTO-
pa, KoTopasi J0JKHA OBbITh JIEKTPUYECKU U30JIMpPOBa-
Ha OT 3eMJIM (paauaropa), 4YTo 3aTpyaHsIeT OTBOJ Tell-
JIOTBI.

Cnoit P+ cllyXuT IJis1 CO3AaHUsI XOPOILETo 3J1eKT-
pHUYECKOT0 KOHTAaKTa MEXIy MCTOKOM M 3emieit. Ilpu
5TOM OTIIaJaeT HaIOOHOCTb B UCITOJb30BAHUU COEIM-
HUTEJIBHBIX IPOBOIHUKOB, M, CJIEIOBATEIbHO, YMEHb-
1IAeTCs MHAYKTUBHOCTb 3aTBOpa. Mexay 3aTBOPOM U
CTOKOM MOMEIIEH 3KPaHUPYIOLIYI CJI0M, YMEHbIIAIO-
1IMI eMKOCTb LIenu obpaTHoOi cBs3u. IlpenenbHo ma-
JIble 3HAYeHUST MHAYKTUBHOCTHU 3aTBOPa, eMKOCTH 00-
paTHOM CBSI3U U TOCJIEI0BATEIbHOIO COMPOTUBIECHUS
3aTBOpa SIBJISIFOTCS MPUYMHOM TTOBBIIIEHHOIO KO3(-
¢uLMeHTa yCUJIeHUs: TIpUMEpHO Ha 7 n1b BhIlIE, yeM
y OMITOJISIPHBIX TPAaH3UCTOPOB.

B 1a0n. 1—4 npencraBneHbl uMiyiabcHbie LDMOS-
TPaH3UCTOPHI L-Auana3oHa, BbIITycKaeMble BEIYLLIMMU
MUPOBBLIMU TTPOU3BOIUTEIISIMMU.

Heo0xonuMo OTMETUTb OOCTHXEHUSI B 00JacTu
LDMOS-texHonoruu komnanuu HVVi Semiconduc-
tors, KOTOPOH ymajaoch cO31aTh TPAH3UCTOP C HOMMU-
HaJbHBIM HamnpskeHueM nutaHus 50 B (HanpsokeHue

Tabmuua 1
Table 1

LDMOS-1pansucropsi komnanun Infineon
LDMOS transistors from Infineon Company

HaumenoBanue | JIuanaszoH yactot, ['Tu K, nb (TurL.) P1dB (tum.) KIIA (tum.) Hanpsixenue nutanusi, B
Name BW, GHz K,, dB (yp) PldB (typ.) Coefficient of efficiency (typ.) Supply voltage, V
PTFA142401 1.45...1.55 15,5 dB 240 W 52 % 30
1.475 GHz 1.475 GHz 1.475 GHz
PTFA140451 1.45...1.55 17,5 dB 60 W 54 % 28
1.50 GHz 1.50 GHz 1.50 GHz
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LDMOS-tpan3uctopsl komnanuu Philips Semiconductors
LDMOS transistors from Philips Semiconductors Company

Tabauia 2
Table 2

LDMOS-tpan3uctopbl Komnanuu Integra
LDMOS transistors of Integra Technologies Company

HaumenoBanue | Jluamason vactor, I'Tix Kp) ab (tum.) P> BT (MuH) KITO, % (MuH) Hanpskenue nutanus, B
Name BW, GHz K,, dB (typ) Preaks W (min) | Coefficient of efficiency (min) Supply voltage, V
BLL1214-250 1.20...1.40 12 250 (1ms, 10 %) 42 36
BLL1214-35 1.20...1.40 13 35 (Ims, 10 %) 43 36
Tabnuua 3
Table 3
LDMOS-tpan3ucropsl komnanuu HVVi Semiconductors
LDMOS transistors of HVVi Semiconductors Company
HaumenoBanue | JlnanasoH yactot, T K,p ab (tum.) Py BT (MuH) KIIA, % (tun.) Hanpsikenue nutanusi, B
Name BW, GHz Kp, dB (typ) Ppeak, W (min) | Coefficient of efficiency (typ) Supply voltage, V
HVV1011-600 1.030...1.090 17.3 600 (50 ms, 2 %) 53 50
HVV1214-250L 1.20...1.40 17.0 250 (2 ms, 10 %) 48 50
Tabuuua 4
Table 4

HaumenoBanue | JImamazon yactor, [Th Kp! ab (mMuH) Py BT (MuH) KIA, % (MuH) Hanpstxenune nuranust, B
Name BW, GHz K,, dB (min) Pooars W (min) Coefficient of efficiency (min) Supply voltage, V
ILD1012S500HV 1.025...1.150 15.8 500 (10 us, 1 %) 45 50
ILD1011M550HV 1.030...1.090 16.3 550 (50 us, 2 %) 42 50
ILD1214L250 1.21...1.40 10.0 250 (1 ms, 10 %) 45 30
ILD1214EL200 1.21...1.40 10.0 200 (16 ms, 50 %) 38 30
npo6ost — 102 B), peanusyoiinii B [uara3oHe 4acToT Tabmua 5

1,2...1,4 I'Tu ypoBeHb BBIXOJHOI MUKOBOI MOILLHOCTU
250 BT (muTenbHOCTh MMITYIBCOB — 2 MC, CKBaXK-
HocTb — 10) npu BeicokoM 3HaueHuu KIIJI, paBHOM
48 %, M peKOPIHO BHICOKOM 3HAYE€HUU KOd(PPUIeH-
ta ycuneHus (17 nb).

Mukpocoopka OYM

Mukpoc6opKka OKOHEYHOIO YCUJIUTENST MOLITHOCTH
(OYM), npumeHeHHass B MOJIyJIe, IIOCTPOEHa Ha OC-
HoBe LDMOS-tpan3ucropoB kommnanuu Integra Tech-
nologies (puc. 1, cM. 4eTBEpTYIO CTOPOHY OOJIOKKM).

MaccorabapuTHble XapaKTepUCTUKU MUKPOCOOPKH
MO3BOJISIIOT MPUMEHSTH €€ B MepenaloliuX MOMYJSX,
MpeaHa3HaYeHHBIX I YCTAHOBKM B "TUIOTHYIO" aK-
TUBHYIO (ba3UpPOBAHHYIO aHTEHHYIO pelueTky (ADAP)
C OTPaAaHMYCHUSIMU TIOMIEPEUYHOTO CEUYCHMS: IITMpHUHA
MOJyJIsSI — TIopsiiKa A/2, BeicoTa — A/4, rie A — JJIMHa
BOJTHEL.

Pe3ynbTaThl 3KCIIEpUMEHTATBHBIX HMCCIISIOBAHWIMA
XapaKTEePUCTUK MaKeTa MUKPOCOOPKM TIpeACTaBICHBI
B Tab1. 5.

CTpyKTypHO-(DYHKIHOHAJBHOE NOCTPOSHHE MOIYJIs

DyHKIMOHAIBHAS CXeMa Iepeaaloliero MOMmYJIs
NpuBeIeHa Ha puc. 2.
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Table 5
Pe3ynbTaThl 9KCIEPHMEHTAJIBHBIX HCCJIEI0OBAHMI MaKeTa
mukpocoopku: U, = +30B (4700 mx®); I,, = 0,36A

Results of the experimental studies of the microassembly model:
Uy. = + 30V (4700 nF); 1, = 0.36A4

IMapameTpsr F, I'Tu 1.215( 1.3 | 14
MMITYJIbCOB F, GHz
Pulse parameters P,. Bt 1.6 161 16
P, W
T=16 ms Py BT 259 | 300 | 230
0= Pous W
L, A 10.7 | 11.2| 9.2
KIO, % 40.3 | 44.6 | 41.7
Coefficient of efficiency, %
1=0,2 ms P\ BT 275 | 326 | 244
0=20 P W
N 1.52 | 1.56 | 1.32
KIIO, % 30.2 | 34.8 | 30.8
Coefficient of efficiency, %
[IpumeyaHue: 1 — IJIUMTENbHOCTb UMITYJbca; (0 — CKBaX-
HOCTh
Note: © — pulse duration; Q — pulse ratio
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B cocTtaB monyins BxoaarT: uu@poBoii ¢azoBpalia-
TeJib, IM(MPOBOI aTTeHI0ATOP, MPEABAPUTEIbHBIN YCU-
mutenp MourHoctd (ITYM), OVM, ¢unabtp HUXHUX
yactoT (PHY), cxemMa KOHTpOJIsI MOLIHOCTHU, MOMAYJISI-
TOp MUTAHUSI YCWIUTES MOILIHOCTH, YCTPOMCTBO yII-
paBieHUsI U KOHTPOJIS (KOHTPOJLIED).

Ha Bxonme momynst yctaHOBIE€HbI LI pOBbIE (ha3o-
Bpallareyb U aTTeHIATOP CO BCTPOEHHBIMU JIpaliBe-
pamMu 1 ynopasiaeHuss curHajgamu TTL-joruku.
BxonHoii curHan ¢ ypoBHeM mnopsiaka 23 nbmBT noc-
TyHaeT Ha BBICOKOYACTOTHBINA BXOI KaHaja W 4epes
(UKCUpPOBaHHBI aTTEHIOATOP MOCTYNaeT Ha (pa3oBpa-
marenb NC1220C-112. dukcupoBaHHbIE aTTEHIOATO-
DBI MPEACTaBISIOT CO00I MUHUATIOPHbIE PE3UCTUBHBIC
MMKPOCOOPKM Ha KepaMUYECKMX IOUTOXKKAX C BXOI-
HBIM ¥ BBIXOAHBIM corpoTuBiaeHusIMU 50 OM ¢ ociab-
snieHueM ot 0 1o 30 1B, xapakTepucTUKKU KOTOPBIX B 1Ma-
nazoHe 10 5 I'Tu cnenyrolye: OTKIOHEHHE OCaa0IeHUS
oT HoMuHanbHOro 3HaueHusd +0,2 nb, TunmoBoe 3Ha-
yenue KCBH = 1,15, makcuManbHass BXOOHAasI MOIII-
HOCTh B HENpephIBHOM pexume He 6oinee 1,0 Br. Ha
cxeMme puc. 2 3HaueHue ocjabneHus: BeiopaHo —5 n1b
U oAdUpaeTcs dKCIEPUMEHTAIBHO UCXOMAS U3 CO00-
paXeHuil HeoOXOAMMOIo CKBO3HOro Koa(duuueHTa
nepenayd U yCTOMYMBOCTU YCUJIMTEJIBLHOTO TpaKTa B
LIEJIOM.

®azopamiarensb NC1220C-112 mipeacTtaBisieT co-
001 MUHMATIOPHYIO IIECTUOUTHYIO aHAJIOTO-IU(po-
BYIO MUKPOCXeMy, TMpeaHa3HauYeHHYIO s paboThl B
nuarasole yactor 0,9...1,4 I'Tu co cnenyrommmu oc-
HOBHBIMU XapaKTePUCTUKAMMU: AMANa30H PEeryJaupoB-
k1 daser — 0...360° ¢ marom 5,6°; 3Hayenne KCBH mo
BXOJy U BbIXOoay — He Oosee 1,5; MakcuMaabHOE BHO-
cuMoe 3aTyxaHne — He Oosee 6 1b, MakcumMmaabHas
BXOIHAsI MOIIIHOCTb B HEINPEPbIBHOM peXUME — He
6osee 100 mBT.

CurHan mocie ¢a3zoBpallaTeas IIOCTyIIaeT Ha
uudpoBoii naTUOUTHBIA arTeHoatrop HMCS539LP3,
MpeaHa3HaYeHHbIN Uit paboThl B JAMANa30He 4acTOT
no 4 I'T'i co caenyoIMMM OCHOBHBIMU XapaKTepHC-
TUKaMM: IUAIa30H peryJupoBKU ociabieHus (3aTyxa-
Hust) — ot 0 o 7,75 nb ¢ marom 0,25 n1b, 3HaueHUe
KCBH mno Bxomy — He Ooiyiee 1,5; MakcuMaibHOE
BHOCHMOe 3aTyxaHue — 1,5 n1b; MakcumasnbHas BXO/I-
Hasl MOIIHOCTb B HEMPEPHIBHOM peXuMe — He Oosee
800 MBT. ATTeH0aTOp NMpeaHa3HaYeH MJIsi BbIpaBHU-
BaHus AYX KaHana (paBHOMEPHOCTb BBIXOTHOM MOIII-
HOCTH B Avana3oHe pabouyux 4YacTOT U MPU pa3IndHbIX
IUTATEIBHOCTSIX M CKBaXKHOCTSIX PaIMOMMITYJIbCOB), a
TakxXe IS CTAa0WJIM3aluMKd YPOBHSI BBIXOAHOU MOIII-
HOCTU IIPU BO3AEUCTBUU OECTAOMIM3UPYIOLIUX (pak-
TOPOB (B AMana3oHe padouyux TeMIeparyp, MpUu paso-
rpeBe MOMYJIS, IPU M3MEHEHUN HANPSKeHUS TTHUTa-
HUS U 1p.).

[Tocne uumdpoBoro arreHwaTopa CUTHAI 4Yepe3
BTOpOM (puKcupoBaHHBIN aTTeHIoaTop (5 n1b) mocty-
maer Ha IIYM AMO003536WM-BM-R xomnanuu
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"AMCOM", corilacoBaHHBII IO BXOAY W BBIXOHY, C
BOJIHOBBIM conpoTuBiieHneM 50 OmM.

®dazoBpalartenb, aTTeHIOATOPH W TIPEIBapUTEITb-
HBII YCUINTEb PacIIooXeHbl Ha MUKpocOopke ITYM,
BHEILIHUI BUI KOTOPOI MpuBeaeH Ha puc. 3 (CM. yeT-
BEPTYIO CTOPOHY OOJIOXKU).

Hanee curHan moctymnaeT Ha Bxom OYM. Ilocne
ycunenuss B OYM curHai momaeTcss Ha MUKPOCOOPKY
®HY u xonTpoast MmomgHocTu (PHY-KM), BHemIHUMIA
BHUJ KOTOpPOUl M300paxkeH Ha puc. 4 (CM. YETBEPTYIO
CTOPOHY OO0JIOXKKH).

M3MmepeHHbIE  XapaKTEpUCTUKU  MHUKPOCOOPKHU
®HY-KM B pabouem nuamasone yacror 1,2...1,4 I'T'u:
MaKCHMalbHble BHOCUMBIE TTOTepu — He 6osee 0,5 nb;
snaueHne KCBH — ne Ooinee 1,35; 3HaueHue 3aTyxa-
HUs B TIojioce 3arpaxaeHus 2,4...2,8 I'Tu — He meHee
45 nb.

®HY HeobxomuM 11T PUIBTPAIIAA TapMOHUYEC-
KHX COCTaBJISIIOIIMX B CIEKTPE BBIXOAHOIO CHMTHAJIa
OKOHEUYHOTI'O YCUJIUTEJISI MOILLIHOCTH, KOTOPbIe OOBIYHO
coctapistioT 20...25 b 0THOCUTETbHO OCHOBHOT'O CUT-
Hajla B cllyyae TOCTPOEHUSI YCUJIUTEJIS Ha TOJIEBBIX
TpaH3ucropax. Takum obpasom, npuMmeHeHue OHY
MO3BOJMIIO 3(PDEKTUBHO TOXABUTH TapPMOHUKHU IO
ypoBHs He MeHee 60 1B OTHOCUTETBLHO OCHOBHOIO
CUTHaJAa.

KonTposiep moayis mpeaHasHauyeH ISl yIpaB-
JIeHUS 1 00pabOTKU TeJeMeTpUIeCcKoil nHhopMallnu,
a TakXKe IUIST CBSI3W C BHEITHWM YCTPOMCTBOM YITpaB-
JneHus Mmonyisa. KonTpoiuiep pa3paboTaH Ha OCHOBE
mukpomnpoueccopa dsPIC30F4011, xapakTepuCTHUKH
KOTOPOTO HOPMUPYIOTCS B pacIIUpeHHOM IMaIa3oHe
pabounx Ttemriepatyp oT —40 mo +125 °C.

VrpapieHue pexxuMaMu paboTbl MOIYJISI OCYILECT-
BiIsIeTCsl MO CThIKy RS-485, opraHu3oBaHHOMY MeXIy
KOHTPOJUIEPOM U BHEILIHUM YCTPOWMCTBOM YyIpaBie-
Husg Monyist (IT9BM). I1puem/niepenaua faHHBIX OCY-
LIECTBISIIOTCSI ACUHXPOHHO, CKOPOCTh Mepenayu —
npubausutenbHo 500 k6ut/c (16 GUT JaHHBIX).

KomMaHmamu 1o mocienoBaTeIbHOMY MOPTY 3ala-
I0TCS1 3HaUeHUe paboyeli YacTOThl, YPOBEHb BBIXOIHOM
MOIIIHOCTH, 3HaueHue da3bl, IMapaMeTpbl UMITYJIbCOB
(IIUTENBbHOCTh U CKBaXKHOCTD).

OT yCUJIUTEJIbHOTO TpaKTa Mo IMocJie10BaTeIbHOMY
MOPTY Tepenaercs cieayolias TeaeMeTpuieckast uH-
opmarnys: 3HaYeHNE HATIPSIKEHMS, TIPOITOPLIMOHATb-
HOE€ Mamamplleil MOIIHOCTH; 3HAYeHME HaIpPSIKeHUS,
MPONOpLHUOHATIbHOE TeMIepaType KopIllyca TpaH3UC-
TOpa OKOHEYHOTO YCUJIMTENS; 3HAUYEHNE HaIPSLKEHUS
MUTAHUS.

Tenemerpuyeckass uHGbOpMaLKsl OMNpallKBaeTCs
MPOLECCOPOM B TEeUEHHUE IJIUTEIbHOCTM HMITYJIbCa,
MocJie Yero pe3yabTaTbl U3MEPEHUM YCPEemdHSIOTCS 3a
BpeMsI IJIUTEIbHOCTU UMITyJIbca. TakuM o6pa3om, ume-
€TCST BO3MOXHOCTh CYUTHLIBAHUS TeJIEMETPUM Ha KaXk-
JIIOM MMITyJbce, HauyMHasl ¢ MUHUMAJIBHON UINTENb-
HocTtu 100 MKc.




T(+IN) » YL L T1 & 9 (+0OUT)

7(G)

Ré

c25 |C26
z1 c12 |c15 c17 RS == =&

R1 VT

4 (Ucmos) » 1

Puc. 5. :BJICKT])H‘ICCKZIH CXeMa KII4a Ha MOIIHOM IOJICBOM TPAH3HUCTOPE ¢ €MKOCTHBIM HAKONMMTEJIEM

Fig. 5. Electric circuit of a key on a powerful field transistor with a capacitor storage

Ha ocHoBe TenemeTpuyeckoil uH@opMauuu Ha
IJIaTe KOHTpOJIIepa peajiM30BaHa IporpaMMHasi 3a-
IIATa YCUJINUTEILHOTO TPAKTa OT TETUIOBOM Meperpy3Ku
okoHeuHoro kackaga (¢ = 80 °C). Ilpu npeBbllIeHUU
JIOITyCTUMOM paboueil TeMIrepaTtypbl W/WaWd TIPU OT-
CYTCTBMM HaNpsDKEHUS MUTaHUS —5 B ycUIUTeIbHbIN
KaHaJl BEIKJTIOUAeTCs M3 pPeXuMa TiepeIadn.

Peaim3anus Kio4eBoro pexumMa padoTsi

Oco60oro BHUMAaHUS 3aCTyKMBaeT peajiu3aiius TpaH-
3UCTOPHOTO KJII0Ya, 00eCreurBaloIero MMMyabCHbII
pexuM paboTel MoayJisi. Kitou Ha OCHOBE OBICTpO-
JIeICTBYIOLIEro MOJIeBOro TpaH3ucTopa (puc. 5) 1mos-
BoJisieT KomMMyTupoBath nutaHue [IYM u OYM co
BpeMeHeM BKIIIOUEHUsI/BhIK/II0UeHUsI He 6osee 500 He
MO BHEIIHUM MoayaupytomuMm umiyiabcam (Ext.mod.).
Momynupylolme UMITYJIbCHl JOJKHBI OBITh CHHXPOHM-
3UPOBaHbl C BXOAHBIMU PAAMOVMMITYJIbCAMU C 3alUT-
HBIMU BpeMEHHbIMU MHTEpBajlaMu He MeHee 250 Hc.

Takue KTI0Yr aKTyaJbHbBI, TaK KaK B peXXUMe MOJI-
YaHUsl yCunuTesst (pyu OTCYTCTBUM PaavMo4yacTOTHOTO
CHTHAJIa Ha BXOJAE M HAJWYWW TTHUTAOIIETO HaTIpsKe-
HMSI Ha KackalaX) COOCTBEHHBIE IIYMbl YCUJIUTENS
(mymbl B "may3e") MpeBbIIIAIOT TOMYCTUMBbINA YPOBEHD
U "3a0MBalOT" MpUEMHBINA KaHal. [Ipn 3TOM UMMyJb-
CHBI pexXuM paboThl KaHalla YCTaHABIUBAETCSl MyTEM
nomayu Ha TpaH3uctopsl OYM, u, eciim He00XOIUMO,
ITYM nmnynbca HanpskKeHUs: OT UCTOYHUKA TATAHUS
B HY>XHBIII MOMEHT BpeMEHM.

B ycraHoBuBILIEMCS pexXuMe pabOThI B CXEME C eM-
KOCTHBIM HaKOMMUTEJIEM KOJMYECTBO 2JIEKTPUUYECTBA,

HaKaIlJInBaeMoe B eMKOCTHU TIpU ee 3apsiiKe OT UCTOY-
HUKa, paBHO KOJIMYECTBY 3JEKTPUYECTBA, TEPSIEMOMY
5TOM eMKOCTBIO TIpU ee paspsiake. [TosTomy mist cpen-
HUX 3HAQYCHUH 3apsiIHOTO [y o M pa3psiiHoro I, ., To-
KOB BBITIOJIHSIETCSI COOTHOILICHUE: 13.Cp = Ip.cp/ 0, toe
O — CKBaXXHOCTb.

CpenHuii TOK paspsiia HAKOIUTENSI paBeH IOCTO-
SIHHOM COCTaBJISIIOLIEH TOKa TPaH3UCTOPOB YCUJIM-
TEJILHBIX KaCKaJoB BO BpeMs uMmmnyiabca. [TlosToMy 3a-
PSIIHBINA TOK 13‘cp, HarpyXaroluii UICTOYHUK IMUTAaHUSI,
B Q pa3 MeHbIIIE ITOTPeOIIEMOr0 NUMITYJIBCHOTO TOKa
I,, T. €. eMKOCTHOI HaKOIUTENIb UTPAET POJIb TPAHC-
(opmaropa Toka. HanpsixkeHue, 10 KOTOpOro 3apsixa-
eTCsl €eMKOCTb, 3aBUCUT OT BHUAA 3apsiIHON LIENH, HO
OOBIYHO MPUMEPHO COBMNAAAET C HANIPSXKEHUEM UCTOY -
HUKa. Tak Kak HaMpsskKeHe Ha eMKOCTHU BO BpeMsl M-
MyJabca TMPWIOXEHO K TPaH3UCTOpPaM YCUIUTEIbHBIX
KackaJoB, a pabouee HampsLKeHUe TPaH3MCTOPOB J0-
CTAaTOYHO BEJIMKO, TO MPU UCIIOIb30BAHUHN €MKOCTHO-
o HaKOITUTEJIsI HEOOXOAUM BBICOKOBOJILTHBIN MCTOY-
HUK IUTaHUSL.

OCHOBHBIMM HaKOIIUTEJIbHBIMU 3JIEMEHTaAMMU SIBJISI-
IOTCS KOHIEHCATOPhI, MMEIOLIME OOCTATOYHO OOJIb-
IIy10 eMKOoCTh. Cpeay U3BECTHBIX TUITOB OTHOCUTEIb-
HO HEJOPOTUX KOHAEHCATOPOB C OOJIbIINM 3HAYEHUEM
€MKOCTM HauOoJiee IIMPOKOe NPUMEHEHUE HaXOIsT
BIIEKTPOIMTUUECKIE ATIOMUHUEBbIE KOHIEHCATOPHL.

IIpn ncnonbp30BaHMM KOHIAEHCATOpa HEIOMYCTU-
MO, YTOOBI OH HAXOIUJICS IO/ HATIPSIKEHUEM, IPEBbI-
IaloIUM ero HOMMHaIbHOe Hampstkenue. [1pu mpo-
XOXIEHUN 4Yepe3 KOHIAEHCATOp MMITYJIbCHOTO TOKa
MaKCHUMaJIbHOe HaIpsiKeHUEe Ha KOHIeHcaTtope (CyM-

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 11, 2019 667



Ma IMOCTOAHHOI'O HAIIPpAXKECHUA U Ha-

MpsDKeHUs TyJIbCalvii) He TOJIKHO
MPEeBBIIATh HOMHWHAJBHOE 3Haye-

Hue. Ecnm yepe3 KOHaeHcaTop Ipo-
TEKAeT MMITYJbCHBIA TOK, 3HAaYEHUE
KOTOPOIO IIPEBBILIAET HOMUHAJIb-

AN,

HO€ 3HAYCHMEC TOKA KOHICHCATOpa,

N 8,5,
3 » \
. — Y
4 =y _g\‘
N
150"

31,5

40,

]

Mubxkas nodnoxka

Toxonpoeodawui cnold

TO Ha HEM BBIAEJISETCS U30BITOYHAS
TCIJIOTA, €TI0 CMKOCTb YMCHBINACTCA

oxnmaxm 0-088997

CKrOomY MOHMaxHeId

W, KakK CIeICTBUE, COKpallaeTcs
CPOK CIIyXOBI.
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Puc. 6. I'aGapuTHblii YepTERK HArPEBATEILHOTO 3JIEMEHTA

Fig. 6. Outline drawing of the heating element

DKCnepUMEHTAJIBHO U3MepeHHble 3HaYenus emkoctd C u ESR
Experimentally measured values of the capacity of C and ESR

Ta6umia 6
Table 6

Jlunamuka pasorpesa 3nementa 'OH-186-0,005/30
Warming up time of the element I'9H-186-0,005/30

Temmnepatypa C, Mk® ESR, Om
Temperature C, uF ESR, Q
+16 °C 851 0.046
+10 °C 843 0.062
0°C 832 0.09
—10°C 810 0.15
—20 °C 773 0.28
—30°C 711 0.61
—40 °C 587 1.7
—50 °C 371 4.66
Tabauua 7
Table 7

Vcra-
HOBUB-
110707 (2
—40 °C|—=30 °C|—=20°C|—10°C| 0°C |+10 °C|+16 °C| pexum
Stable

condi-

tions

0 53s 1 m 2m 2m 3m 4 m 7 m

26 s 40 s 20 s 30s
Note: m — minutes, s — seconds
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IUTUTEIBHBINA CPOK UX CITY>KOBI.

st Kaxaoi cepuu KOHIEHca-
TOPOB YKa3bIBaeTCsl MaKCHMMAaJbHOE
3HauYeHue tgd (TaHIeHC yIJia IOTePh),
KOTOpOE, €CJIN He OrOBapuBaeTCs 0CO00, M3MEePSeTCS
Ha yacroTe 120 I'u mpu 20 °C. I1o TaHTeHCY yIia oTephb
Beiuucisiercss ESR (3kBuBaieHTHOE MOCIea0BaTe/b-
Hoe comporubieHue) mo dopmyne: ESR = tg6/2nfC,
rae f— 4vactoTa (I'l), HA KOTOpPOI MPOBOIST U3MEPE-
Hus; C — 3HaueHue eMkocTu (D).

IIpn ucnonb3oBaHUM B LENAX, B KOTOPBIX IIPO-
1ecc 3apsga/pa3psiaa MIPONCXOANT ¢ BHICOKOM YacTo-
TOM, 3HAYEHUE €eMKOCTU MOXET YMEHbIIAThCs, JMOO
KOHIEHCATOP MOXeET BooOIIe BHINTH M3 cTpos. Cy-
IIECTBYIOT TUITBI KOHAEHCATOPOB, CIIEIIMAIBHO CKOHCT-
pYHpOBaHHBIE VTSI PaGOTHI B IIETISIX C GONBIIMMHU TO-
KaMH ITyJIbCallui. YKa3aHHbIE MAaKCUMAJIBHO JTOITyCTH -
Mbl€ TOKM IyJIbCallMU, €CJIM He OroBapuBaeTcsi 0cobo,
omnpenensiorcs npu remneparype +85 °C 1 Ha yacToTe
120 I'u.

B Tab1. 6 mpuBemeHa 3aBUCHMMOCTD SKCIIEpUMEH-
TaJlbHO M3MEpPEeHHBIX 3HaueHuii eMkoctu C u ESR
11st KoaaeHcaTopa 1000 Mx®, 63 B (HITANO, cepus
EXR) B nuama3oHe TeMIiepaTyp.

IIpn oTpuIaTeTLHBIX 3HAYEHUSIX TeMITepaTyphl 3Ha-
YyeHMEe €MKOCTU CYIIEeCTBEHHO yMeHblnaercs, a ESR
BO3pacTaeT, YTO B UTOTe MPUBOAUT K "pas3pyllecHUI0"
AMITyJIbCa TIPW OTPHUIATENBHBIX TeMIlepatypax. [lo-
3TOMY 11eJIeCOO0pa3HO TOMOIrpeBaTh KOHIEHCATOPHI,
HauuHasl npuMepHo ¢ 5 °C.

Ha puc. 6 n3obpaxeH rabapuTHBINM yepTexk Harpe-
BareiabHOro anemeHta '®H-186-0,005/30, KoTopbIit




Tabnuua 8

Table §
Xapakrepuctuku monyas: Uy, = +30 B (6000 mx®),

I;, = 0,36 A — TOK nOKOs1, NapaMeTpbl MMIYJIbCOB: T = 16 mc, Q =2
Characteristics of the module: Uy, = +30 V (6000 uF),

1,, = 0.36 A — rest current, parameters of pulses: t = 16 ms, Q = 2

F, MTu 1215 1300 1400
F, MHz
P, 1BMBT 23.0 23.0 23.0
P, dBm
PO gy 216 250 195
W

214 24 18.4

™" A (+30 B)

n

P A (+30 V)

I, A (+20 B) 1.0 1.0 1.0
L A (+20 V)

Tpps HC 120 150 130
Trise> 1S

e He 150 45 80
Tfagy 1S

ckoi, 1b 0.2 0.5 0.6
Chip, dB

KIT1O, % (mo 30 B) 33.6 37.2 35.3

Efficiency, % (30 V)

Ipumeuanue. Usmepenus P, ¥ mapamMeTpoB NMMIYJIbCOB
MPOBOAWIN C TOMOIIbIO uU3MepuTessi MoiHocTu NRP-Z81
(R&S) uepes arreHioatop WA36-40-33 (300 Br, 40 n1b).

Note — Measurements of P,,; and parameters of pulses were
carried out by means of NRP-Z81 (R&S) power measuring
instrument through WA36-40-33 attenuator (300 W, 40 dB).

Tabmuma 9

Table 9

Xapaxrepuctuxu moaynsa: Uy, = +30 B (6000 mx®), 1,, = 0,36 A —
TOK NOKOSI, mapamMeTpsl ummyJibcos: T = 0,2 mc, Q = 20

Characteristics of the module: Uy, = + 30V (6000 uF), Iz, = 0.36 A —
rest current, parameters of pulses: t = 0.2 ms, Q = 20

F, MI' 1215 1300 1400
F, MHz

P, nbMBT 23.0 23.0 23.0
P,,, dBm

P Br 230 270 204
PR, W

'™ A (+ 30 B) 30.4 31.2 26.4
IPUSe A (+ 30 V)

I, A (+ 20 B) 1.0 1.0 1.0
I, A(+20V)

Tpps HC 80 105 110
Trises 118

Tcr HC 75 40 65

Tfall> 1S

ckoi, 1b 0.2 0.3 0.4
Chip, dB

KIT1d, % (o 30 B) 25.2 28.8 25.8
Efficiency, % (30 V)

Ilpumeyanue. U3mepenus Py, W MapaMeTpOB UMIIYJILCOB
OPOBOIWINA C TIOMOIIBI0 u3MepuTenass MolHocT NRP-Z81
(R&S) yepes arreHioatop WA36-40-33 (300 Br, 40 nb).

Note — Measurements of Poys and parameters of pulses were
carried out by means of NRP-Z81 (R&S) power measuring
instrument through WA36-40-33 attenuator (300 W, 40 dB).

Puc. 8. BHemmnnmii Bua MoxyJis
Fig. 8 Module appearance

TIPEICTABISIET COOO TICHKY ¢ HANbUICHHBIMHA PE3WC-
TOpaMu C CyMMapHOI1 paccernBaeMoii MOILIIHOCTHIO 5 BT.

Kongencarop 1000 Mmx®, 63 B (HITANO, cepus
EXR), obGepHyTbIli Takoii HarpeBaTeJIbHOM TIJIEHKOMA,
MMeeT SKCIIepUMEHTATbHO UCCICTOBAHHYIO TUHAMUKY
pas3orpeBa, IpUBEIeHHYIO B Tabd. 7.

Pe3ynbTaThl MpOEKTHPOBAHUS

PaccMoTpeHHBI TTepenaloiii Moayiab o0ecIeum-
BAaeT ypOBEHb BBIXOIHON MMITYJIbCHOW MOIIHOCTU He
meHee 200 Bt mpu paboTte Ha corjlacOBaHHYIO Harpy3-
Ky 50 Om co 3HaueHneM KCBH, paBHbIM He Ooutee 1,1
U pu Ko3¢pGULMeHTe nepeaadyun BCero KaHajia He Me-
Hee 25 n1b. MuHuManbpHOe 3HayeHUe KoadduimeHTa
MTOJIC3HOTO IEHCTBUSI MOMYJISI B KBAa3WHEIIPEPHIBHOM
pexume — He MeHee 33 %.

ITpuMmeHeHUe B KaueCcTBE YCUIUTEIbHBIX TPUOOPOB
MOJIEBBIX TPAH3UCTOPOB (pexkuM padboTel — AB) maer
BO3MOXHOCTb M3MEHEHMSI YPOBHSI BBIXOIHOW MOIII-
HOCTH KakK 3a CYeT (PUKCHUPOBAHHBIX aTTEHI0ATOPOB,
TaK 1 3a CYET PEeryJIUPOBKU 3aTyXaHUS DJAEKTPUUECKO-
ro arreHtoaropa. IIpu a3ToM mapameTpbl UMITYJbCOB
MOTYT OBITh TIOOBIMU (0€3 UCKAXKEHUS UX Ha BHIXOJE),
B TOM YMCJI€ OOTYCTAM M HEINPEPBIBHBIA PEXNUM pa-
OOTBI TIPW YCJIOBUM, YTO MaKCHUMaJIbHas ITMKOBAsI
MOILIHOCTbh WJIM HEeNpepbIBHASI CPEAHSISI MOLIHOCTb HE
npesbilaloT 3HaueHus1 P1dB okoHeyHoro kackana.

KoMnoHoBka MomyJis (6e3 BepXHeid KPBILIKU) U300-
paxkeHa Ha puc. 7 (CM. YETBEPTYIO CTOPOHY OOJIOKKH),
a BHELIHMI BUA MOAYJIS MpeAcTaBieH Ha puc. 8. I'a-
OapuTHbIE pa3Mepbl MoayJis (6e3 paguaTropa) COCTaB-
Jsitotr He 6osiee 300 X 100 % 30 MM, a macca He Tipe-
BhIIaeT 2,0 KT.

B Ta6:1. 8 u 9 npuBeneHbl 3KCHNEPUMEHTAJIBHO 13-
MepeHHBIE XapaKTePUCTUKN MOIYJIS.

3akmouenne

B pesynbrarte pa3paboTKM ymajaoch CO3MaTh BBICO-
KOTEXHOJIOTUYHBIA Tepeaaroliii yCUIMTEIbHBIA MO-
nynab L-puanazoHa Ha ocHoBe LDMOS-tpaH3ucTopoB
C BBICOKOI CTEMEeHbIO MHTETpallii KOMIIOHEHTOB, YTO
MO3BOJIMJIO PEAIM30BaTh YPOBEHb BBIXOAHOW KBa3u-
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HemnpepbiBHOU MoliHOCTU He MeHee 200 Bt ripu BHelI-
HUX radapuTHBIX pa3mepax 300 X 100 x 30 MM 1 Mac-
ce He Oosee 2,0 xr. Moaynb conepXuT UUDPOBLIE
CKOPOCTHbBIE UHTEPGEMChI, YTO TMO3BOJISIET PErYIUpPO-
BaTh aMILIUTYIy M (pa3y BBIXOJAHOIO CUTHaja M, Kak
cneacteue, npuMmeHeHue ero B AMAP cyliecTBeHHO
paciIMpsieT BO3MOXHOCTH JIoKaTopa 3a cyeT GhopMu-
pOBaHMUSI YIIpaBJsieMO JuarpaMMbl HaImpaBJIeHHOCTU
C HU3KHUM YPOBHEM OOKOBBIX JIENIECTKOB. Pe3ynbTaThl
pa3paboTKU MO3BOJISIIOT ClieJaTh BbIBOJ, YTO peain3a-
LS TIepeIalolnx TpakToB Ha ocHoBe LDMOS-tpaH-
3UCTOPOB 0 OCHOBHBIM TEXHUYECKHMM XapaKTepuc-
THKaM COIOCTaBMMa C MepeAarolliMMU TpaKTaMu Ha
ocHoBe GaN-TpaH3UCTOPOB [6], TPH 3TOM CTOMMOCTD
LDMOS-texHo0rnM B HACTOSIIIIEe BpeMsI HIKE CTOM -
moct GaN-TeXHOJIOTHUM.

CHmcok JuTepaTypbl

1. ®apmukoyn I'., boyeun ®@., Beprep JIxk. u np. TexHomo-
rust MolHbIX CBY LDMOS-TpaH3ucTopoB mJisi pagapHbIX Ie-

penaTyukoB L-auama3oHa W aBUMALMOHHBIX TPUMEHEHWH //
Kommnonents! u TexHosorun. 2007. Ne 10. C. 14—16.

2. Aceccopos B., Koxesnukos B., lukapes B., [Tonopun A.
Momuxsie BY 1 CBY moseBble TpaH3UCTOPHI IS armapaTypbl
cpeacts paguocBszu // Kommonentsl u texHomoruu. 2006.
Ne 5. C. 41—43.

3. Ilapoman FO. CBY-Tpan3ucropsl kommnanuu Advanced
Power Technology mist aBUOHUKY 1 panapoB // KOMIIOHEHTHI 1
texHosoruu. 2006. Ne 1. C. 18—20.

4. bBauypun B. B., BacuibeB A. I'., Kppimko M. M., Co-
noB O. B. /luHamMuKa pa3BUTHUST OTEYE€CTBEHHBIX MOITHBIX KPEM-
HueBbix nojeBbix BY u CBY MOII-TtpaH3uctopoB // Dnekrt-
poHHasi TexHuKa, cepus 2 "TloaynpoBOIHUKOBBIE MPUOOPHI",
(227) Bwim. 2, 2011. C. 3—15.

5. Jumunes C. MoiuHsie LDMOS-TpaH3UCTOpPBI: MPEUMY-
1IECTBA U 00J1aCTH TpUMeHeHUs // KOMITOHEHTBI M TEXHOJIOTUH.
2002. Ne 2. C. 22—26.

6. Cokonos U. A., Ckuuko /1. 10., ®ynna B. H. C6opHuk
JOKJIaa0B MexayHapoaHoit KoHpepeHIUU "MUKPO3IeKTPOHU -
ka—2015", "MHTeTpaibHBIE CXEeMbl 1 MUKPOB3JIEKTPOHHBIE MO-
IIyJIA: TIPOEKTUPOBaHKE, IIPOU3BOICTBO U IpUMeHeHue" . AJTyIi-
ta. 2015. C. 662—664.

V. A. lovdalsky, D. Sc., Head of Laboratory, teh.buro208@gmail.com,

NPP Istok Co. named after A. I. Shokin, Fryazino, Moscow Region,

I. A. Sokolov, Ph. D., Director General-Chief Designer, sokoloff@niimp.ru,
NII Mikropriborov Co. named after G. Ya. Guskov, Moscow, Zelenograd

Corresponding author:

Sokolov Igor A., Ph. D., Director General-Chief Designer, NII Mikropriborov Co. named after G. Ya. Guskov, Moscow,

Zelenograd, sokoloff@niimp.ru

Specific Features of Development of the Transmitting Module of L-range

on the Basis of LDMOS Technology

Received on September 06, 2019
Accepted on September 10, 2019

The authors considered the main problems and specific features concerning designing of an L-band transmitting module on the
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Introduction

Intensive development and introduction of modern
microwave field transistors based on LDMOS (Lateral
Double Diffuse MOS) technology [1, 2] made it pos-
sible to create industrial samples of the modules capable
to function in a quasi-continuous operation mode.
Such modules are used in the radio communication and
radar-location systems.

Designing of such modules was initiated at the be-
ginning of the 21% century, when LDMOS transistors
began to appear in the market, and GaN technology
just emerged. It seemed impossible to implement the
transmitting module in a quasi-continuous operation
mode on the basis of the bipolar transistors, because
this type of the semiconductor devices was intended
for operation with rather short radio pulses and high
pulse ratio.

Now the field transistors based on LDMOS tech-
nology are more and more widely applied for construc-
tion of the transmitting channels in the L- and S-bands
and force out actively the bipolar transistors. The tran-
sistors based on LDMOS technology have significantly
better characteristics in such parameters as amplifica-
tion power coefficient, coefficient of efficiency, electric
and thermal stability, resistance to a load mismatch,
high linearity, level of the most admissible dissipated
power and reliability [3, 4].

Advantages of the LDMOS transistors

In [5] rather in detail primary benefits and scopes of
LDMOS transistors are also well described.

LDMOS transistors are made in the ceramic-metal
cases, and, sometimes, with a gold metallization. As a
rule, the admissible temperature for the semiconductor
junction is +200 °C. Powerful LDMOS transistors have
a small thermal junction-case resistance (R,_,) reach-
ing the value of 0.10 °C/W. Besides the ceramic-metal
cases, also cheaper cases from the heat-resistant plastic
are used (as a rule, their admissible temperature is
+150...+165 °C).

Push-pull field transistors are fixed on one flange,
the crystals are selected by their characteristics, both
transistors are connected according to a circuit with a
common source (2xCS), which allows us to reduce the
inductance of the common output, improve matching,
and expand the working band of frequencies. Besides,
the even harmonicas are suppressed effectively. The
transistors contain internal input and output matching
networks, which facilitate their cascading in case of a
serial connection.

LDMOS transistors have an excellent heat stability,
which is reached due to the negative temperature co-
efficient achieved by the crystal manufacturing tech-
niques: an overheat is not so critical for these devices.
A 5-times change of the case temperature, from —25 up

to +100 °C, results in a not more than =5 % variation
in the gate-source voltage in relation to the gate-source
voltage of the case at temperature +25 °C.

The current does not proceed through the gate (ex-
cept for the leak currents), therefore, the field transis-
tors can have high input impedances, their extreme val-
ues are connected with availability of the capacities and
leak currents. At high currents and voltages the MOS
transistors look as more preferable in comparison with
the bipolar ones. A bipolar transistor requires a high
base current (usually, 10 % and over of the collector
current) in order to ensure a deep saturation, while in
the field transistor at a 2...5 V shift on the gate the gate
current equals to zero.

One of the main requirements to the amplifier is the
stability of amplification in the working range of fre-
quencies. In an analysis of the dependence of the out-
put power on the input one of the 200-watt bipolar
transistor in L- and S-ranges it is possible to notice that
amplification of a transistor varies depending on the
power of the input signal. A device based on a LDMOS
transistor has no such drawbacks. Devices of such a
class demonstrate a good linearity in a wide dynamic
range. At the power of 200 W an LDMOS transistor is
far from saturation, and the dynamic range is more than
30 dB. Moreover, amplification of the transistor equals
to 14 dB, compared with 8 dB of a bipolar transistor.
Application of such a device allows us to reduce the
number of cascades of an amplifier and its overall di-
mensions.

LDMOS transistors have high resistance to a
mismatch at the output (VSWR < 5) which is reached
due to a high breakdown voltage (about 80 V). The bi-
polar devices can operate with VSWR maximal value
of load = 2.

We should also point out an extremely long mean
time between failures operation (MTBF) of such de-
vices — from 2600 up to 4800 years at the temperature
of 130 °C, and over 1700 years at the temperature of
200 °C, which is significantly more, than that of the de-
vices made by the bipolar and traditional MOS tech-
nologies.

The design of the device does not contain toxic be-
ryllium oxide (BeO). In absence of an insulator from
the beryllium oxide the output of the source on a crys-
tal is connected directly to a heat-removing radiator,
which reduces the thermal resistance.

LDMOS transistors have small switching times with
preservation of amplification and linearity in a wide dy-
namic range. The time of switching is less than 50 ns
at the output power of 52.4 dBm. In the bipolar tech-
nology a fast switching time at big output powers is
hard to achieve, which is a specific feature of this tech-
nology.

An important advantage of the LDMOS technology
in comparison with the bipolar one is that a field tran-
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sistor is connected according to the circuit with a com-
mon source (the source is connected to the earth). Such
a connection reduces the parasitic inductance of the
source and allows us to create the best conditions in the
transistor for removal of warmth. In a bipolar transis-
tor most of the silicon is occupied by the area of the
collector, which should be isolated electrically from
the earth (radiator), which complicates withdrawal of
warmth.

The P+ layer ensures a good electric contact be-
tween the source and the earth. At the same time, there
is no need for use of the connecting conductors, and,
therefore, the inductance of the gate decreases. Be-
tween the gate and the drain there is a shielding layer
reducing the feedback circuit capacity. The extremely
small values of the gate inductance, feedback capacity
and consecutive resistance of the gate are the reasons
for an increased amplification coefficient, which is
about 7 dB higher than that of the bipolar transistors.

Tables 1—4 present pulse LDMOS transistors of L-
range, produced by the leading global manufacturers.

We should note the success achieved in the field of
LDMOS technology by HVVi Semiconductors Com-
pany, which managed to develop a transistor with a rat-
ed supply voltage of 50 V (breakdown voltage — 102 V)
realizing in the range of frequencies of 1.2...1.4 GHz
the level of the output peak power of 250 W (duration
of pulses — 2 ms, pulse ratio — 10) at a high value of
coefficient of efficiency of 48 % and a record-breaking
high value of the amplification coefficient of 17 dB.

Microassembly of FPA

The microassembly of the final power amplifier
(FPA) applied in the module is constructed on the basis
of LDMOS transistors of Integra Technologies Com-
pany (fig. 1).

The mass-dimensional characteristics of the micro-
assembly allow us to apply it in the transmitting mod-
ules intended for installation in the "dense" active elec-
tronically scanned array (AESA) with the following cross
section restrictions: module width — A/2, height — A /4,
where A is the wavelength.

The results of the pilot studies of characteristics of
the microassembly model are presented in table 5.

Structural-functional construction of the module

The functional circuit of the transmitting module is
presented in fig. 2.

The module incorporates a digital phase shifter, a
digital attenuator, a preliminary power amplifier (PPA),
FPA, a low pass filter (LPF), a power control circuit,
a modulator of the amplifier power supply, and a con-
trol unit (controller).
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At the input of the module the digital phase shifter
and the attenuator with the built-in drivers for control
of TTL logic signals are installed. The input signal with
the Ievel of about 23 dBm comes to the microwave in-
put of the channel and through the fixed attenuator ar-
rives to the NC1220C-112 phase shifter. The fixed at-
tenuators are miniature resistive microassemblies on
the ceramic substrates with the input and output resist-
ances of 50 Q with attenuation from 0 to 30 dB, the
characteristics of which in the range of frequencies up
to 5 GHz are the following: a deviation of attenuation
from the nominal rate is 0.2 dB, the typical value of
VSWR = 1.15, the maximal input power in the contin-
uous mode is not more than 1.0 W. In the circuit of the
module (fig. 2) the value of attenuation is chosen as mi-
nus 5 dB and is selected experimentally, proceeding
from the reasons of the necessary through coefficient of
transmission and stability of the amplifying path as a
whole.

NC1220C-112 phase shifter is a miniature six-bit
analog-digital microcircuit intended for operation in
the range of frequencies of 0.9...1.4 GHz with the fol-
lowing main characteristics: the range of the phase ad-
justment is from 0 up to 360° with a step of 5.6°; VSWR
value at the input and an output is not more than 1.5;
the maximal insertion attenuation is not more than 6 dB;
the maximal input power in the continuous mode is not
more than 100 mW.

After the phase shifter, the signal arrives to
HMCS539LP3 digital five-bit attenuator intended for
work within the range of frequencies up to 4 GHz with
the following main characteristics: range of adjustment
of attenuation is 0...7.75 dB with a step of 0.25 dB,
VSWR value at the input is not more than 1.5, the
maximal insertion attenuation is 1.5 dB, the maximal
input power in the continuous mode is not more than
800 mW. The attenuator is intended for alignment of
the amplitude-frequency characteristic (AFC) of the
channel (uniformity of the output power in the range of
the working frequencies and at various durations and
pulse ratios), and also for stabilization of the output
power level at the influence of the destabilizing factors
(in the range of the working temperatures, during warm-
ing up of a module, change of the supply voltage, etc.).

After the digital attenuator the signal comes
through the second fixed attenuator (5 dB) to PPA
AMO003536WM-BM-R from AMCOM Company,
matched by the input and the output with the wave re-
sistance of 50 Q.

The phase shifter, the attenuators and the prelimi-
nary amplifier are located on PPA microassembly, the
appearance of which is presented in fig. 3.

Then the signal comes to FPA input.

After amplification in FPA the signal comes to LPF
microassembly and power control (LPF-PC), the ap-
pearance of which is presented in fig. 4.




LPF-PC microassembly characteristics measured in
the working range of frequencies of 1.2...1.4 GHz: the
maximal insertion loss is not more than 0.5 dB, VSWR
is not more than 1.35, the value of attenuation in the
suppressed frequency band of 2.4...2.8 GHz is not less
than 45 dB.

LPF is necessary for filtration of the harmonics in
the output signal of the FPA, which usually equals to
20—25 dB of the main signal in case of construction of
the amplifier on the LDMOS transistors.

Thus, application of LPF allowed us to suppress ef-
fectively the harmonics to the level not less than 60 dB
of the main signal.

The controller of the module is intended for control
and processing of the telemetric information and also
for communication with the external control unit of the
module. The controller was developed on the basis of
dsPIC30F4011 microprocessor, the characteristics of
which are normalized in the expanded range of the
working temperatures from —40 up to +125 °C.

Control of the operating modes of the module is im-
plemented by interface RS-485 organized between the
controller and the external control unit of the module
(PC). Data reception/transmission are carried out asyn-
chronously, the transmission speed is about 500 kbps
(16 bits of data).

Commands via a serial port set the values of the
working frequency, level of the output power, the phase
value, and the parameters of pulses (duration and
pulse ratio).

From the amplifying path via a serial port the fol-
lowing telemetric information is transmitted: the values
of the voltages proportional to the falling and reflected
powers; the value of the voltage proportional to the
temperature of the case of the transistor of the FPA; the
value of the supply voltage.

The telemetric information is received by the proc-
essor during the pulse duration, and then the results of
measurements are averaged for duration of a pulse.
Thus, there is a possibility to read the telemetric data on
each pulse, beginning from the minimal duration of 100
microsec.

On the basis of the telemetric information on the
board of the controller a program protection is realized
for the amplifying path against a thermal overload of
the terminal cascade (> 80 °C). If the admissible work-
ing temperature is exceeded and/or in absence of the
supply voltage (—5 V) the amplifying channel is switched
off from the transmission mode.

Realization of the key operating mode

Realization of the transistor key, ensuring the pulse
operating mode of the module, deserves special atten-
tion. The key based on a high-speed field transistor
(fig. 5) allows us to switch power for PPA and FPA with

the time of turning on/off not more than 500 ns by the
external modulating pulses (Ext.mod.). The modulating
pulses should be synchronized with the input radio
pulses with the protective time intervals not less than
250 ns.

Such keys are important, because in the mode of si-
lence of the amplifier (in absence of a radio-frequency
signal at the input and presence of the feeding voltage
on the cascades) the self-noise of the amplifier (noise in
"pause") exceeds the admissible level and "blocks" the
reception canal. At that, the pulse working mode of the
channel is set by sending to the transistors of FPA and,
if necessary, PPA, a pulse of voltage from the power
supply at the right moment of time.

In the set operating mode in the circuit with the
capacitive energy storage the amount of electricity
accumulated in the capacity during its charging from
a source is equal to the amount of the electricity lost
by this capacity during its discharging. Therefore, for
average values of the charge I, 5. and discharge
Lyisch aver Currents the following equation is carried out:
L aver = ldisch.aver/ @» Where Q — pulse ratio.

The average discharge current of the storage device
is equal to the constant component of the current of the
transistors of the amplifying cascades during a pulse.
Therefore, the charge current of I ..., loading the
power supply, is Q times is less than the consumed
pulse current of Ipulse’ i.e. the capacitive energy storage
is a current transformer. The voltage, up to which the
capacity is loaded, depends on the type of the charge
circuit, but usually it approximately coincides with the
source voltage. Since the voltage on the capacity during
a pulse is applied to the transistors of the amplifying
cascades, and the working voltage of the transistors is
rather high, the use of the capacitive energy storage re-
quires a high-voltage power supply.

The basic accumulative elements are the capacitors,
which have a rather big capacity. Among the known
types of the relatively inexpensive condensers with a
great value of the capacity, the electrolytic aluminum
capacitors are the most widely applied.

The use of the capacitors is inadmissible, if a capac-
itor is under voltage, which exceeds its rated voltage.
When the pulse current passes through the capacitor,
the maximal voltage on the capacitor (the sum of the
constant voltage and the voltage of the pulsations)
should not exceed the nominal rate. If the pulse current
passing via the capacitor exceeds the nominal rate of
the current of the capacitor, then the excess warmth is
emitted on the capacitor, its capacity decreases and, as
a result, the service life of the capacitor is reduced.

If the voltage on the capacitor exceeds the nominal
one, then it leads to a reduction of the service life of the
capacitor or even to its total breakdown in a short pe-
riod of time. Nevertheless, a capacitor can withstand a
short-term overvoltage.
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The electrolytic capacitors should be used in a spec-
ified working temperature range. Use of the capacitors
at a room temperature ensures their longer service life.

For each series of the capacitors the maximal value
of tgd (loss-angle tangent) is specified, which, if not
specially specified, is measured on frequency of 120 Hz
at 20 °C. By the loss-angle tangent, ESR is calculated
(equivalent serial resistance) according to the formula:
ESR = tgd/2nfC, where f is the frequency (Hz) on
which measurements are taken; Cis the value of the ca-
pacity (F).

When used in the circuits, in which the charge/dis-
charge process happens with a high frequency, the value
of the capacity can decrease, or the capacitor can fail
altogether. There are types of the capacitors specially
designed for operation in the circuits with high pulsa-
tion currents. The specified maximal admissible pul-
sation currents, if not stipulated separately, are de-
fined at the temperature of +85 °C and at the frequen-
cy of 120 Hz.

Table 6 presents the dependence of the experimen-
tally measured values of capacity C and ESR for the ca-
pacitor of 1000 uF, 63 V (HITANO, EXR series) in a
range of temperatures.

At negative temperature values, the value of the ca-
pacity significantly decreases, while E. S.R. increases,
which in the long run leads to "a destruction” of a pulse
at negative temperatures. Therefore, it is expedient to
warm up the capacitors, beginning from about 5 °C.

Fig. 6 presents an outline drawing of GEN-186-
0,005/30 heating element, which is a film with the de-
posited resistors with the total dissipated power of 5 W.

The capacitor of 1000 uF, 63 V (HITANO, EXR se-
ries), wrapped up in such a heating film, has an exper-
imentally studied warming up time presented in table 7.

Results of designing

The considered transmitting module ensures a level
of the output pulse power not less than 200 W during
operation on a coordinated load of 50 Q with VSWR
value not more than 1.1 and at the transmission coef-
ficient of the whole of the channel not less than 25 dB.
The minimal value of the coefficient of efficiency (CE)
of the module in the quasicontinuous mode is not less
than 33 %.

Application of the field transistors (AB operating
mode) as the amplifying devices gives us an opportunity
to change the level of the output power, both due to the
fixed attenuators, and due to adjustment of attenuation
of an electric attenuator. At that, the parameters of the
pulses can be any (without their distortion at the out-
put), a continuous operating mode is also admissible,
provided that the maximal peak power or continuous
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average power does not exceed the value of P;dB of the
final stage.

Configuration of the module (without the top
cover) is presented in fig. 7, and appearance of the
module is presented in fig. 8. The overall dimensions
of the module (without a radiator) are not more than
300 x 100 x 30 mm, while its weight does not exceed
2.0 kg.

Tables 8 and 9 present the experimentally measured
characteristics of the module.

Conclusion

The development works resulted in creation of a hi-
tech transmitting amplifying module of L-band on the
basis of LDMOS transistors with a high integration of
the components, which made it possible to realize the
level of the output quasi-continuous power not less
than 200 W at the external overall dimensions of
300 x 100 x 30 mm and the weight not more than
2.0 kg. The module contains digital high-speed inter-
faces, which allow us to control the amplitude and the
phase of the output signal, and, as a result, its applica-
tion in AESA expands significantly the potentials of a
locator due to formation of a controlled directional
pattern with a low level of the side petals. The results
of the development allow us to draw a conclusion that
a realization of the transmitting paths on the basis of
LDMOS transistors by the main technical characteris-
tics is comparable with the transmitting paths on the
basis of GaN-transistors [6], at that, now, the cost of
LDMOS technology is lower than that of GaN tech-
nology.
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BBenenune

YpoBeHb pa3BUTUA TEXHOJOTUM W3TOTOBJICHUS
CJI0eB pa3IMYHbIX MaTtepuanoB [1] TojalIMHON OT He-
CKOJIBKMX HAHOMETPOB JI0 JIECAATKOB MUKPOMETPOB BO
MHOIOM oripeaessieT 3(pPeKTUBHOCTh MPOM3BOJACTBA
CYILIECTBYIOILLIMX 1 YCIIELIHOE CO3/IaHUE HOBBIX MPHOO-
pPOB [2] TBepAOTEIbHOI 3JIEKTPOHUKN, HAHO- 1 MUKPO-
CUCTeMHOI TexHUKU [3, 4], GOTOHHBIX YCTPOUCTB [5].
B CBY mnana3oHe omfHOMEPHbBIN (POTOHHBII KPUCTAJII
MOXeT OBbITh pealu30BaH KakK C MOMOILbIO BOJTHOBOJIOB
C IUBJIEKTPUYECKUM 3aMOJHEHUEM, TaK U TJIAaHAPHBIX
JIMHUI mepefadyu ¢ MEPUOAUYECKU U3MEHAIoUIENC
CTPYKTypoii [6]. IS JOCTVKEHUS BBICOKOM CTENEeHU
COBEPIIIEHCTBA CJIOUCTHIX CTPYKTYpP Ha OCHOBE HaHO-
METPOBBIX TJIEHOK HEOOXOIMMO MCIIOJb30BaTh BHICO-
KOTOYHBbIE METOJAbl U3MEPEHUI 3JEKTPOGUINIECKUX
rnapaMeTpoB IUINEKTPUUYECKUX W TOJYIIPOBOJHUKO-
BBIX Cpel 1 MaTepuaiosB [7].

Ilenbio paboOTHI SIBIAsIETCS 0030p TEXHOJOIMil Oec-
KOHTAKTHOI'O HMCCJIeJIOBaHMUSI TapaMeTpOB BOJHOBO/I-
HbIX (oTOHHBIX KpucTaaioB CBY meTogaMu Hepaspy-
LIAOLIEr0 KOHTPOJISI.

TexHoJIOTHH HEPa3pPYyIIAIOIMIEr0 KOHTPOJIS
JIH3JIEKTPUYECKHX CBOMCTB CJIOMCTBIX MATEPHAJIOB
B CBY guanas3one

B CBY nnana3oHe omHOMEPHBIN (DOTOHHBIN KPUC-
TaJul MOXET ObITh pea30BaH Ha OCHOBE BOJTHOBOJOB

C JV3JIEKTPUYECKHM 3allOJTHEHUEM, a TaKXe TJIaHap-
HBIX IUHUI TIepeJayu ¢ IEPUOJUYECKU U3MEHSIOLIEH -
cs cTpykTypoii. Mcnosnib3oBaHue (hOTOHHOIO KpUCTa-
Jla TIO3BOJISIET TIOJYYUTh M3MEeHeHUe KoadduieHTa
OTpaXkeHUsI OT 3HAUEHU I, OJIM3KUX K HYJII0, 10 3HaJe-
HUI, OJIM3KUX K €AUHUILIE, B U3MEPSIEMOM Jrana3oHe
yactoT. [Ipu 3TOM mocTUraercsl pacliMpeHue auarna-
30Ha M3MEPIEMBIX TOJILIMH M KJIAacca MCCIELYyEMBbIX
MaTepuajgoB U 0becreunBaeTCsl BO3MOXHOCTDb MPOBE-
JeHUsT U3MEPEHUI B BBIOpAHHOM MOJOCE YaCTOT IS
co3gaHusl (yHKIMOHANBHBIX ycTpoiictB CBY 3ekT-
POHMKM Ha UX ocHOBe. MOTOHHBIE KPUCTAJLIBI, CONEP-
Kaliyue MPOBOMASIINE CIOU, B TOM YMCJIE HAHOMETPO-
Bble METANIMYECKUE TUIEHKU, MMEIOT PE3KO BhIpa-
JKEHHbIE PE30HAHCHBIE XapaKTEPUCTUKU. B crekTpe
MPONYCKaHUS TAKUX CTPYKTYP UMEETCS YaCTOTHAs1 00-
JIacTh, 3ampelleHHas sl paclpoCTPaHEeHUSI JIEKTPO-
MarHUTHOM BOJIHBI, — aHaJIOT 3allpellieHHON 30HbI B
Kpucramiax [8—12].

ITpu oTpaboOTKE TEXHOJOTUM CO3JAAHUS CIOUCTBIX
CTPYKTYp Ha OCHOBE HAHOMETPOBBIX METALIMYECKUX
TUIEHOK, MCIIOJb3YyEMbIX B MMKpPO-, aKyCTO- U OIITO-
5JIEKTPOHUKE, BAXKHO TOYHO U3MEPUTDH TOJIILIMHY CIIOSI
MEeTaJlJIa U €ro 3JIEKTPOIPOBOTHOCTD IO 3aBEPIIEHUN
TEXHOJOTUYECKOTO 1LMKJIA. Takue U3MEpPEeHUs Xena-
TEJbHO TMPOBOAWTH HE paspyllas CTPYKTYpy, Hampu-
Mep, C UCIOJIb30BAHNEM MUKPOBOJHOBOTO U3JIyYEHUS.
g onpeneneHusi TOJIIMHBI U 3JIEKTPOITPOBOJHOCTH
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HAHOMETPOBBIX METAJUIMYECKUX IUIEHOK B CIIOUCTBIX
CTPYKTYypaX MOXHO HCIIOJb30BaTh Pe3yabTaTbl U3Me-
PEHUI1 CIIEKTPOB OTPaXKeHUSI U TIPOXOXKAESHUS B3aIMO-
JIEUCTBYIOIIET0 C HUMU MUKPOBOJHOBOIO M3JIyYeHUS
MPU YCJIOBUM, YTO U3BECTHO UX TEOPETUUECKOE OIU-
canue. HaxoxnmeHue 31eKTpopHU3NUECKUX ITapaMeT-
POB CIIOUCTBIX CTPYKTYp MO CHEKTpaM OTPaXKeHUs U
IIPOXOXKAEHUS DJIEKTPOMATHUTHOM BOJIHBI CBSI3aHO C
HeoOXOIMMOCTBIO pellaTh o0paTHylo 3agavy [§—12].

HaubGonee pacnpocTpaHeHHBIMM METOIAMM 3JIEKT-
pOAMHAMUWYECKUX WCCIEIOBAaHUN Hepa3pylIalolero
KOHTPOJIsI SBJISIIOTCSI BOJHOBOAHBIE U PE30HATOPHLIE.
I[Ipu wcnonb30BaHUM BOJIHOBOMHBIX METOAOB pac-
CMaTpUBaeTCs B3aMMOIENCTBUE BJIEKTPOMATrHUTHOM
BOJIHBI, pacIpOCTpaHsItolleiicsl B BOJIHOBOIE, C TIOMe-
LIEHHBIM B HEro o0pa3loM, U U3MEPSIOTCS MHTEH-
CUBHOCTHU TIpOLLIelIel U OTpaXKeHHOU BOIH. [1pu us-
MEpPEeHUsIX pe30HATOPHBIMU METOJAMU CXeMa HacTpau-
BaeTCsl B PE30HAHC MyTeM W3MEHEHUSI pa3MepoB
BJIEKTPOAMHAMUYECKOM CUCTEMBI WM YaCTOThI TeHe-
patopa. 9T MeToJbl OCHOBaHKI Ha norjomeHuu CBY
9HEeprum CBOOOJHBIMU HOCUTEISIMU 3apsiia U M3Me-
HEHUM DKBMBAJIEHTHBIX pa3MEpOB pe3oHaTopa MpuU
IMOMEIlIEHUU B Hero nojymnpoBoaHuka. ITo pesynbra-
TaM M3MEHEHUSI XapaKTepUCTUK pe30HATOpa MOLYT
OBITh ONpeAe/eHbl AUBJIEKTpUUYECcKasl IPOHULIAEMOCTh
U 3JICKTPOIIPOBOAHOCTh MaTepuana, U3BMeHEeHHE DJIeK-
TPOMPOBOJHOCTH, BbI3BAHHOE HAJIOXEHNWEM MarHuT-
HOTO IT0JIsI, OcBellleHreM oOpa3na. Eciau 3aBucuMocTsb
MEXIy U3MEHEHUEM 3JICKTPOMPOBOAHOCTU U TIOLJIO-
LIEHNEeM B oOpa3slie SABJISIETCS JMHEWHOM, TO MOXHO
OLIEHUTb BpeMsl YCTAHOBJIEHUSI HEPAaBHOBECHBIX TIPO-
LIECCOB B TOJIYTTPOBOJHUKAX, TAKUX KaK 00bEMHOE Bpe-
MSI XKM3HU HEOCHOBHBIX HOCUTEJIEH 3apsia U CKOPOCTh
MOBEPXHOCTHOU peKoMOuHauuu [13].

BoablIMHCTBO METOIOB Hepa3pyllawllero KOHT-
posisi CBY cBOMCTB MaTepuayoB Jal0OT BO3MOXHOCTb
MOJIyYUTh pe3yJbTaT U3MEPEHUI, YCpeIHEHHBIN I10
pa3Mmepy, CpPaBHUMOMY C JUIMHOIW BOJIHBI M3JIy4eHMUSI.
bmmxnenonesass CBY Mukpockonusl mpeacTaBisieT
co00i1 Hepa3pylIaOIINii IPSIMOIl METOI HCCIeIoBa-
HUS, MO3BOJSIONIAN C BBICOKOW CTENEHbIO JIOKAJIU-
3allMM MOJy4YaThb MH(MOPMALIMIO O TTIOBEPXHOCTHBIX U
MMOIMOBEPXHOCTHBIX CBOMCTBAX PA3IMUHBIX CPel. DTOT
MeTon OasupyeTcss Ha peructpauuu CBY Bosapeiict-
BUsI, JIOKAJIM30BAHHOTO B OJIMXKHEM II0JIE, YTO O3B0~
JISIET Pe3KO MOAHSTh MPOCTPAHCTBEHHOE pas3pellecHue
U TipeoaosieTb audpakuroHHbIid nipeaen B CBY nua-
masoHe [13].

IIpy Mcroab30BaHUM OTKPHITOrO MoJycepuyec-
KOI'0o pe3oHaTopa C IJIOCKOoIapasiebHbIM OTpaXkaTe-
JIeM [JJisi BOCCTAaHOBJIEHUSI BO3MYILAIOLLIETO CUTHAaja
OT pe30oHaTopa, pacCTosIHME OT o0paslia 10 OTBEPCTUS
MOIYJIUpyeTCcs: ¢ (PUKCUPOBaHHOM vyacTtoToit. CraHo-
BUTCSI BO3MOXXHBIM C TOYHOCTBIO 10 (ha3bl BOCCTAHO-
BUTh OTPaXXEHHBIN OT pe30HATOpa CUTHAN IJIS TOCT-
pOEHUs KaueCTBEHHOI KapTUHbBI 00pa3lia o Mepe ero
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CKaHUpOBaHUs 101 OTBepcTUEM. Bo Bcex 3Tux pe3o-
HAHCHBIX METOAAaX MWCIOJb3YIOT HEpPACIpPOCTPaHSIIO-
LIKECS BOJIHBI 151 TOTO, YTOOBI CBSI3aTh OOBEMHBII pe-
30HATOP 1 JIOKAJIbHYIO YacTh oOpa3na. B aToMm cMmebicie
TaKMe METOJIbI CXOJHBI C allePTYPHBIM METOJIOM OJIMIK-
HEMOJIEBON CKAHUPYIOLIEN ONTUYECKOW MUKPOCKO-
MUU, TAE UCHOJIb3YETCS KOHYCOOOpa3HOE ONTUYECKOE
BoJIoKHO [13].

[s1 Hepe3oHATOPHOM CxeMbl, B KOTOpOIi obOpa3sell
MoMellaeTcsl Ha KOHIEe wiu psaoMm ¢ koHiom CBY
nepeaaroei JMHUU, U3MEPSTIOT KOMITJIEKCHBIM KO3 -
(ueHT orpaxkeHus: (UM MPOMYCKaHUS), MO KOTO-
poMy OIlpelesiloT CBoiicTBa obpasia. Haubonee u3-
BECTHOI METOAMKON sBiIsIeTCS M3MepeHue Koaddu-
[IMEHTAa OTPaXEHUS OT KOAKCUAJIbHOUW IepeHarollei
JIMTHWM, Ha KOHIIE KOTOPOI (BO3MOXKHO, C BO3IYIIIHBIM
3a30poM) HaxoauTcst oOpasel. B Bapuanusix atoro me-
TOZAA UCIOJIb3YIOT BOJTHOBO/IbI, B CTEHKAX KOTOPbIX Ha-
XOIUTCS IIIeJIb Pe30HAaTOpa ¥ MUKPOIOJIOCKOBHIE JIU-
HUU MPU U3MEPEHMSIX Ha oTpaxkeHue. M3mepeHus Ha
MPOMNyCcKaHWe TakXke Peau3yloT B KOaKCHUaJbHOM U
BOJTHOBOZHOM HCMOJHEeHUM. [lepeumncieHHble MeTO-
JUKU TIPEUMYILIECTBEHHO MCHOJB3YIOT JJIs COCTaBlie-
HUS KapT TTPOBOAMMOCTHU METAIIJIOB WIM TTOBEPXHOCT-
HOTO COIPOTUBJEHUSI U AUBJIEKTPUUECKON IMOCTOSH-
Hoit [13].

MeTtonpl omukHenoJesoii CBY Mukpockonnm
JJIA 9JIEKTPOAMHAMHYECKHX HCCIIeT0BAHMIA
(yHKIMOHAJIBHBIX CBOWCTB MATEPHAJIOB

PaccMorpuM onHY 13 HauboJiee YyBCTBUTEIBHBIX
¢opm onmkHenoseBoit CBY mukpockonuu, nmpu Ko-
TOpOil 00Opasell MOMEIIAIOT PSIOM C He3aMKHYTBIM
KOHIIOM pEe30HATOpa Ha OTpe3Ke JIMHUU TepeJadu, a
U3MEHEHUS PEe30HAHCHOM 4YacTOThl U JOOPOTHOCTHU
U3MepSIOTCSA TI0 Mepe CKaHMpOBaHUS obpasma. DToT
KJIaCC METOIMK XapaKTepU3yeTcsl TeM, UYTO B HEM MC-
MOJIb3yeTCSl BOBMOXHOCTD "YCHJIEHUSI TToieM” Ha KOH-
e JuHUM Tiepegayn. CBOIMCTBO "ycwieHMST TojeM”
yCTAaHABJIMBAaeT MacluTab Ijisi IPOCTPAHCTBEHHOIO
paspeleHus 3TOTo Kjlacca MUKPOCKOIIOB. [1epBriii Ba-
PUAHT KOHCTPYKLMM, BBIITOJHEHHBIA IO 3TOM KOH-
LIETILIMU, ObLT UCITOJIL30BaH ISl U3MEPEHUS coaepKa-
HUsI BjIaru B Oymare. B 1pyrux KOHCTpyKUUSIX UCITOJIb-
3yIOT JIMHAM Tiepemad aubo ¢ obOpasuamu,
HaXOASIIUMUCS B KOHTAKTe C OTKPBITBIM KOHIIOM pe-
30HATOpa, JIMOO MMEIOIIMEe BO3AYIIHBIA 3a30p MEXIy
30HIOM M 00OpPa3IIOM.

i momydeHnsT KapTUH TTOBEPXHOCTHOTO COIIPO-
TUBJICHUS U HEJIMHEHHOCTHU UCIIOIb3YIOT COOTBETCTBY-
IOIIYI0 METOAWKY ISl JajJbHE 30HBI CO CKaHUPYIO-
UM AUBJIEKTPUUECKUM PE30HATOPOM, HAXOMSIIUMCS
B KOHTaKTe ¢ 00pa3uoM. bblIo 1oKa3aHo, YTO METO-
JIMKa, OCHOBAHHAas Ha MCIOJb30BaHUM JIMHUY TTepeaa-
Y1 ¢ Pe30HATOPOM, JaeT Haubosiee TOYHBIE KOJUYec-
TBEHHbIE JaHHbIE 10 CPABHEHMIO CO BCEMM OCTaJIbHbI-




Mu Metogamu OmmzkHenosneBoii CBY mukpockomnuu.
Bo3MoOXHO KoJanMuyecTBEHHOE OToOpaxkeHue Tororpa-
b1y MOBEpPXHOCTHOTO COMPOTUBIICHUS, TUBJIEKTPUUEC-
KOW MOCTOSHHOM W IU3NEKTPUUYECKUX MTOTEPD, UCTIONb-
30BaHME CBOMCTBA "yCWJeHMs TojeM” THPOIBUHYIO
MPOCTPAHCTBEHHOE pa3pelieHrue METONOB PE30HAaHC-
HOM M Hepe30HAHCHOW MUKPOCKOIUU B CYyOMUKpPO-
METPOBYIO 00JIaCTb, COXpaHssl KOJIMYECTBEHHYIO MPU-
poay U3MEPEHUIA.

[Ipu peanuzanuu cnocoda M3MepeHUs KOMILIEKC-
HOM OTHOCUTEJILHOM IUAJIEKTPUUECKOM TTPOHULIAEMOC-
TU KOMIO3UIMOHHBIX MaTepuaaoB TUIIA YIeriacTu-
KOB, XapaKTepU3YIOIIMXCS OOJbIIMMU 3HAYEHUSIMU
KOMIUIEKCHOW OTHOCUTEILHOW TU3NIEKTPUYECKOMN MPO-
HULIAEMOCTU U MUMEIOLLKX LLIEPOXOBATYIO TTOBEPXHOCTD,
HCITOJIB3YIOT STAJOHHBI KOPOTKO3aMbIKaTelb U JBa
JIOTIOJIHUTEJIbHBIX 3TaTOHHBIX KOPOTKO3aMbIKaTesI —
[NIaJKUI U 1IepOXOBaThIi. 3aTeM U3MepPSIIOT KOMILIEK-
CHBII KO3(DOULIMEHT OTpakeHUsI OT 3TAaJOHHBIX KO-
poTKO3aMbIKaTeneid U uaMepsemMoro obpasua. anee
MPOBOJSAT YTOYHEHUE KOMIUIEKCHBIX Ko3DduiimeH-
TOB OTpaxXeHWsT U 00pabOTKy pe3yJbTaTOB C pacye-
TOM KOMIUIEKCHOW OTHOCUTEIBHOU TURJIEKTPUUECKON
MPOHUILIAEMOCTH.

IlepcrieKTUBHBIMU SIBJSIIOTCS METOIMKU U3Mepe-
HUS KOMIUIEKCHOW NTU3JIEKTPUYECKOU MPOHUIIAEMOCTU
U TaHTEeHCa yrja AUBJEeKTPUUECKUX MOTepb KOMIO3U-
LIMOHHBIX MAaTEPUAJIOB TUTA YIJIETIJIACTUKOB. M3Mepsi-
10T 1IEpPOXOBAaTOCTh MOBEPXHOCTU 00paslia MaTepuaa.
3areM BBIOMPAIOT 3TAJIOHHBI KOPOTKO3aMbIKATEh C
TaKOM Xe ILIepOXOBAaTOCThIO, KaK U U3MepsieMbIii Ma-
Tepuall. [ajee U3MepSIOT KOMIUIEKCHBIM KO3 duim-
€HT OTPaK€HUS OT 3TAIOHHOTO KOPOTKO3aMBbIKATENS U
HCCIeAyeMOro oopasiia 1 BBIIIOJHSIOT 00paboTKy pe-
3yJIbTATOB C BBIYMCJIEHWEM 3HAUYCHUN KOMILIEKCHOW
JIUAJEKTPUIECKON TPOHUIIAEMOCTU M TaHTeHca yria
JIUB3JEKTPUYECKUX TTOTEPD.

s pacyeta KOMIUIEKCHON TU3JIEKTPUYECKOM MPO-
HULIAEMOCTU PAAUOIONIOIAIOIINX KOMITO3UILIMOHHBIX
MaTepuasoB MPU HarpeBe B 00pa3el] u3MepsieMoro Ma-
Tepuaja Mo Bcell TONIIMHE Ha pa3HOU riayouHe, Ha-
YrHas ¢ MOBEPXHOCTU, 3aJebIBAIOT TEPMONApPhI s
U3MepeHUsl TeMIiepaTypHoro npoduns. McnonbdyeTcs
30HAMpYIOIIAs 3JIEKTPOMAarHUTHas BOJIHA OOJIbIION
MOII[HOCTH, KOTOpas OIHOBPEMEHHO OCYIIECTBIISIET
Harpes U OoMpejeieHrue CBOMCTB 00paslia U3MepsieMo-
ro Marepuaia. Temnepatypy Harpesa OINpenesoT C
MOMOIIIBIO TEPMOMAap MO BCEW TOMMHE 0Opas3la u3-
MepsieMoro marepuaina. MaMepsieMbiMu TapaMeTpa-
MU SIBJISIIOTCSI KOMIUIEKCHBINA KO3(M(MULIMEHT OTpaxe-
HUS WM TIPOXOXIEHUS 2JIEKTPOMArHUTHOWM BOJIHBI
yepe3 obpasell MU TeMmIlepaTypa Harpea obpasla Io
toauHe. [To u3MepeHHbIM MMapaMeTpaM pacCUUThiBa-
IOT TOYHBIE 3HAYECHUS IURJIEKTPUUYECKOW MpPOHUIIAE-
MOCTU U3MEpSIEMOro MaTepuaa.

CylecTByeT CIiocod oImpeaeeHusT KOMIUIEKCHOMN
JIN3JIEKTPUYECKON TMPOHUIIAEMOCTU U TOJIIWAHBI JW-

BJIEKTpUYECKUX IUIacTUH Ha ocHoBe CBY, ocobeH-
HOCTb KOTOPOTO 3aKJIIOYAETCS B TOM, UYTO C MOMOUIBIO
HarpaBJIeHHOW aHTEHHbI BO30YXIaOT BOJIHY, Maaaro-
1IIYIO0 Ha AUBJEKTPUYECKYIO TIacThHY. [1o MUHUMYMY
MOJISl OTPaXKeHHON BOJIHBI OIpeAesiioT yroia bprocre-
pa nagamuei BOJIHbI U PaCCUMTHIBAIOT 3HAUYEHUE M-
BJIEKTpUUYECKON mpoHuuaemMoctu. Mamepsior moil-
HOCTH MNaJarolleil U OTPaXE€HHOMU BOJIH, OIPEACSIOT
KO3(POULMEHT OTpaxkeHUs, pACCUMTHIBAIOT YAEIbHYIO
MPOBOAUMOCTD U AWINEKTPUUECKUE TTOTEPU UCCIEAY-
eMoil mnacTuHbl. Takoil cmocod Mo3BOJsIET ompene-
JISITb  KOMIUIEKCHYIO AW3JEKTPUUYECKYI0 MpOHUlIae-
MOCTb U TOJILIIWHY TUJIACTUH, HE UMEIOLLIUX TUIEKTPU-
yecKOoM momIoxku [13].

3akmoueHune

Takum obGpa3om, mpoBeAeHUE UCCIeIOBaHUI OCO-
OEHHOCTe B3aMMOIEICTBUS DJIEKTPOMATHUTHOTO U3-
nygenus CBY nuamaszoHa ¢ oqHOMepPHBIMUA BOJTHOBO/I -
HBIMM (DOTOHHBIMM KPUCTAJJIaMM TIPEACTABISET CO-
00I1 aKTyaJbHYIO0 HayYHO-TeXHUYECKYIO 3afauy. Takxke
SIBJISIETCS BaXKHBIM IIPAKTUUECKOE paclIMpeHHe Aua-
Ma3oHa M MOBBILIEHUE JTOCTOBEPHOCTU H3MEPEHUIt
3JIEKTpO(PU3UUECKUX MapaMeTPOB M TOJILUH TOHKHUX
HAHOMETPOBBIX METAJUIMYECKMX TUIEHOK, CJIOCB Ou-
BJIEKTPUUECKUX U TOJYIIPOBOJHUKOBBIX MaTepUasoB,
BKJIIOUYEHHBIX B COCTaB OJHOMEPHBLIX BOJIHOBOIHBIX
(pOTOHHBIX KPUCTAJLJIOB B KAUECTBE HApYILLIeHUN Mepu-
OIMYHOCTU CIIOUCTOM CTPYKTYpHI, TIO CIIEKTpaM OTpa-
SKEHUST U TIPOXOXKACHUSI B3aUMOACHCTBYIOIIETO C HU-
MU 3JIeKTpoMarHuTHOTO uanyyeHuss CBY nuamnazoHa.
PazButne B obiactu OmmkHemnoneBoii CBY mukpo-
CKOTIMHU MPUBEIO K BO3MOXHOCTH MOCTAHOBKHU HOBO-
ro Kjacca dJIeKTPOAMHAMUYECKUX SKCIEPUMEHTOB I10
WCCJIEIOBAHUIO CBOMCTB CIOXHBIX cpea. CBOOOAHBIE
OT OTPAaHUYEHUN TPATULIMOHHON MUKPOBOJHOBOW OTI-
TUKHM TaKue SKCIIEPUMEHTHI MOXHO TIPOBOAUTH TIPH
BBICOKOM IIPOCTPAHCTBEHHOM pa3pellleHUW B IIUPO-
KOM 4YacTOTHOM Auana3oHe. Kpome Toro, nusmepeHus
MOTYT OBITb BBITTOJHEHBI KOJUUYECTBEHHO, YTO obec-
MeyrBaeT MPaKTUYECKYI0 BO3MOXKHOCTb BU3yalU3alluu
MMpOCTpaHCTBEHHBIX pacmpenenenuii CBY cBoiicTB
MaTepuasoB.
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The level of development of the manufacturing technology of layers of various materials with thicknesses from a few nanometers
up to tens of micrometers largely determines the production efficiency of the existing and promising new devices of the solid-state
electronics, nano- and microsystem equipment, and photonic devices. In the microwave range, a one-dimensional photonic crystal
can be realized both using the waveguides with dielectric filling and the planar transmission lines with a periodically changing struc-
ture. In order to achieve a high degree of perfection of the layered structures based on the nanometer films, it is necessary to use
high-precision methods for measuring of the electrophysical parameters of the dielectric and semiconductor media and materials.
Thus, the study of the characteristics of interaction of the electromagnetic radiation of the microwave range with one-dimensional
waveguide photonic crystals is an urgent scientific and technical problem. It is also important to practically expand the range and
increase the reliability of measurements of the electrophysical parameters and thicknesses of the thin nanometer metal films, layers
of the dielectric and semiconductor materials included in the composition of one-dimensional waveguide photonic crystals as vio-
lations of the periodicity of the layered structure, by reflection and transmission spectra of the microwave electromagnetic radiation
range interacting with them. Development in the field of the near-field microwave microscopy resulted in a possibility of setting up
of a new class of electrodynamic experiments for studying the properties of complex media. Free from limitations of the traditional
microwave optics, such experiments can be carried out with a high spatial resolution in a wide frequency range. Finally, the meas-
urements can be carried out quantitatively, which provides a practical opportunity to visualize the spatial distributions of the mi-
crowave properties of the materials.

Keywords: microwaves, non-destructive testing, near-field microwave microscopy, electrodynamic studies, dielectric properties,
semiconductor materials, waveguide photonic crystals

For citation:
Merdanov M. K. Technologies for Research of the Parameters of the Waveguide Photon Crystals by Microwave Methods,
Nano- i mikrosistemnaya tekhnika, 2019, vol. 21, no. 11, pp. 675—68]1.

DOI: 10.17587/nmst.21.675-681

678 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 11, 2019




Introduction

The level of development of the manufacturing
techniques [1] of the layers of various materials with
thicknesses from several nanometers up to tens of mi-
crometers in many respects determines the production
efficiency of the existing and emerging devices [2] of
the solid-state electronics, nano- and microsystem
equipment [3, 4], and the photon devices [5]. In the
microwave range a one-dimensional photon crystal can
be realized both by means of the waveguides with a di-
electric filling, and the planar transmission lines with a
periodically changing structure [6]. For achievement of
a high degree of perfection of the layered structures
based on the nanometer films, it is necessary to use
high-precision methods of measurements of the elec-
trophysical parameters of the dielectric and semicon-
ductor environments and materials [7].

The aim of the work is a review of the technologies
of a contactless research of the parameters of the
waveguide photon crystals by the microwave methods
of a nondestructive control.

Technologies of a nondestructive control
of the dielectric properties of the layered materials
in the microwave range

In the microwave range a one-dimensional photon
crystal can be realized on the basis of the waveguides
with a dielectric filling and also the planar transmission
lines with a periodically changing structure. Use of a
photon crystal, on the one hand, allows us to receive a
variation of the reflection coefficient from the values
close to zero up to the values close to a unit, in the meas-
ured range of frequencies. At that, an expansion of the
range of the measured thicknesses and the class of the
studied materials is reached and a possibility appears for
carrying out of measurements in the selected band of fre-
quencies for development of the microwave functional
electronic devices. The photon crystals containing the
conductor layers, including nanometer metal films, have
pronounced resonant characteristics. In the transmission
spectrum of such structures there is a frequency area for-
bidden for propagation of an electromagnetic wave — an
analog of the forbidden zone in crystals [8—12].

For improvement of the technology for develop-
ment of the layered structures on the basis of the na-
nometer metal films used in the micro-, acousto- and
optoelectronics, it is important to measure precisely the
thickness of a layer of metal and its conductivity upon
the completion of a production cycle. It is desirable to
take such measurements without destroying the struc-
ture, for example, with the use of a microwave radia-
tion. For determination of the thickness and conduc-
tivity of the nanometer metal films in the layered struc-
tures it is possible to use the results of measurements of
the spectra of reflection and transmission of the micro-
wave radiation interacting with them, provided that

their theoretical description is known. Finding of the
electrophysical parameters of the layered structures by
their ranges of reflection and transmission of an elec-
tromagnetic wave is connected with the necessity to
solve the inverse problem [8—12].

The most widespread methods for electrodynamic
research of the nondestructive control are the waveguide
and the resonator ones. The waveguide methods envis-
age considering of interaction of an electromagnetic
wave, propagating in a waveguide, with a sample placed
in it, and the intensity of the transmitted reflected
waves are measured. During measurements by the res-
onator methods the circuit is adjusted in resonance by
variation of the sizes of the electrodynamic system or of
the frequency of the generator. These methods are
based on absorption of the microwave energy by the
free charge carriers and variation of the equivalent sizes
of the resonator, when a semiconductor is placed in it. By
the results of the change of the characteristics of the res-
onator we can define the dielectric permeability and con-
ductivity of the material, and the conductivity change,
caused by imposing of the magnetic field and illumina-
tion of a sample. If the dependence between the variation
of the conductivity and absorption in a sample is linear,
then it is possible to estimate the time of setting of the
nonequilibrium processes in the semiconductors, such as
the volume time of life of the nonbasic charge carriers
and the speed of the surface recombination [13].

Most methods of the nondestructive control of the
microwave properties of materials give us an opportu-
nity to receive a result of measurements, averaged by
size, and comparable with the radiation wavelength. The
near-field microwave microscopy is a nondestructive di-
rect method of research allowing us to obtain informa-
tion concerning the surface and subsurface properties of
various environments with a high degree of localization.
This method is based on recording of the microwave in-
fluence, localized in the near field, which makes it pos-
sible to increase sharply the spatial resolution and over-
come the diffraction limit in the microwave range [13].

When using an open hemispherical resonator with a
plane-parallel reflector for restoration of the disturbing
signal from the resonator, the distance from a sample to
an opening is modulated with a fixed frequency. It be-
comes possible to restore with a phase accuracy the sig-
nal reflected from the resonator for construction of a
qualitative picture of a sample in the process of its scan-
ning under the opening. In all these resonance methods
the evanescent waves are used in order to connect the
volume resonator and the local part of the sample. In
this sense such methods are similar to the aperture
method of the near-field scanning optical microscopy,
where a cone-shaped optical fiber is used [13].

For a nonresonator circuit, in which a sample is
placed on the end or near the end of the microwave
transmitting line, the complex reflection (or transmis-
sions) coefficients are measured, by which the proper-
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ties of a sample are determined. The most widely
known technique is measurement of the reflection co-
efficient from the coaxial transmitting line, on the end
of which there is a sample (perhaps, with an air gap).
Versions of this method use the waveguides, in the walls
of which there is a crack of the resonator and the micro-
strip lines for reflection measurements. The transmis-
sion measurements are also realized in the coaxial and
waveguide versions. The above techniques are mainly
used for drawing up the maps of metals’ conductivity or
surface resistance and dielectric constant [13].

Methods of the near-field microwave microscopy
for the electrodynamic research works
of the functional properties of materials

Let us consider one of the most sensitive forms of
the near-field microwave microscopy, in which a sam-
ple is placed near an open end of the resonator on a
transmission line section, while the changes of the res-
onant frequency and good quality are measured in the
process of scanning of the sample. This class of tech-
niques is characterized by the fact that it provides an
opportunity for "strengthening by the field" on the end
of the transmission line. "Strengthenings by the field
property" sets the scale for a spatial resolution of this class
of microscopes. The first version of the design made ac-
cording to this concept was used for measurement of the
moisture content in paper. In other designs the employed
transmission lines either have the samples, which are in
contact with the open end of the resonator, or have an air
gap between the probe and the sample.

For receiving pictures of the surface resistance and
nonlinearity, the corresponding technique for a distant
zone is used with a scanning dielectric resonator being
in contact with a sample. It was proved that the tech-
nique based on the use of a transmission line with a res-
onator provides the most accurate quantitative data in
comparison with all the other methods of the near-field
microwave microscopy. A quantitative display of the
topography of the surface resistance, dielectric con-
stant and dielectric losses is also possible. Use of "the
strengthening by field property " advanced the spatial
resolution of the methods of the resonant and nonres-
onant microscopy to the submicrometer area, preserv-
ing the quantitative nature of measurements.

During realization of the method of measurement of
a complex relative dielectric permeability of the compos-
ite materials, like coal-plastics, which are characterized
by great values of the complex relative dielectric perme-
ability and have a rough surface, a reference shorting plug
and two additional reference shorting plugs are used — a
smooth one and a rough one. Then the complex coeffi-
cient of reflection from the reference shorting plug and
the measured sample are measured. Further, a specifica-
tion of the complex reflection coefficients and processing
of the results with calculation of the complex relative di-
electric permeability are carried out.
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The techniques for measurement of the complex
dielectric permeability and tangent of the angle of the
dielectric losses of the composite materials of the coal-
plastics type are promising. The surface roughness of
the sample material is measured. Then a reference
shorting plug with the same roughness, as the measured
material, is selected. Further, the complex coefficient
of reflection from the reference shorting plug and the
studied sample is measured and processing of the results
is carried out with calculation of the values of the com-
plex dielectric permeability and tangent of the angle of
the dielectric losses.

For calculation of the complex dielectric permea-
bility of the radio absorbing composite materials dur-
ing heating, thermocouples are built into the sample of
the measured material on all its thickness at different
depths, beginning from the surface, for measurement of
the temperature profile. A probing electromagnetic
wave of big power is used, which, at the same time, car-
ries out heating and measurement of the properties of
the sample of the measured material. The temperature
of heating is determined by the thermocouples in all the
thickness of the sample of the measured material. The
measured parameters are the complex reflection coef-
ficient or transmission of an electromagnetic wave
through a sample and the temperature of heating of the
sample in its thickness. By the measured parameters the
accurate values of the dielectric permeability of the
measured material are calculated.

There is a way for determination of the complex di-
electric permeability and thickness of the dielectric
plates on the microwave basis, a specific feature of
which is that by means of a directed antenna a wave is
excited falling on a dielectric plate. By the minimum of
the field of the reflected wave the Brewster angle of the
falling wave is determined and the value of the dielec-
tric permeability is calculated. The powers of the falling
and the reflected waves are measured, the reflection co-
efficient is defined, the specific conductivity and die-
lectric losses of the studied plate are calculated. Such a
method allows us to define the complex dielectric per-
meability and thickness of the plates, which do not have
a dielectric substrate [13].

Conclusion

Thus, carrying out of the research of the specific fea-
tures of interaction of the electromagnetic radiation of
the microwave range with one-dimensional waveguide
photon crystals is an urgent scientific and technical task.
Also important are a practical expansion of the range and
increase of the reliability of measurements of the elec-
trophysical parameters and thicknesses of the thin na-
nometer metal films, layers of the dielectric and semi-
conductor materials included in the composition of the
one-dimensional waveguide photon crystals as violations
of the frequency of the layered structure by the spectra of
reflection and transmission of the electromagnetic radi-




ation of the microwave range interacting with them. De-
velopment in the area of the near-field microwave mi-
croscopy resulted in a possibility of setting of a new class
of the electrodynamic experiments for research of the
properties of the complex environments. Free from re-
strictions of the traditional microwave optics, such ex-
periments can be carried out at a high spatial resolution
in a wide frequency range. Besides, the measurements
can be taken quantitatively, which ensures a practical op-
portunity for visualization of the spatial distributions of
the microwave properties of the materials.
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BBenenune

IMonustunen Boicokoit mpouHoctu (ITDBIT), momy-
YyaeMblii MoJMMepU3alueid Mpu CPeIHUX NaBJICHMUSIX,
XapaKTepU3YETCs BBICOKOW JIMHEMHOCTHIO MaKpOMO-
JIEKYJI, Y30CTBIO MOJIEKYJISIPHO-MAaCCOBOTO pacmpene-
neHuss (MMP) u BBICOKOI CTEMeHbIO KpUCTALINY-
HOCTU. DTU 0COOEHHOCTU XUMUUYECKOMN U (PU3NUYECKOM
ctpykTypbl [TDBIT 10XHBI OBITH YUTEHBI PU UCCTIE-
JIOBAaHUY X TOBEACHMS MPU BBICOKUX TeMIepaTypax
(B pacruiaBJIeHHOM COCTOSIHHMM), a TakKe Ipu Iepe-
paboTKe U DKCIUIyaTalliu MOJYUYeHHbIX U3 HUX U3/e-
mmii. B cBA3M ¢ 3TUM maHHEBIE 000OIIEHMUS TeMIIepa-
TYPHOU 3aBUCHMOCTM OT BaXXHEUIIMX (PU3UUECKUX
cpoiictB [IDBIIT MeTomoM mpuBeAeHHBIX MapaMeTPOB
MpEeACTAaBISIOT OOJBIIONM HAay4YHBIM U IIpaKTAYECKUI
UHTEpeC.

1. MeToa npuBeIeHHBIX MAPAMETPOB

JAnmatoMeTpruiecKre CBOMCTBA MoMMepa (TeMIie-
paTypHasi 3aBUCMMOCTb YIeJIbHOIo 00beMa) B LIMPO-
KoM TemriepatypHoM uHTepBane 20...300 °C, oxBaTbl-
BaOIIIeM 3aKPUCTAUIM30BAaHHOE M TEKyJee COCTOSTHUS,
U3yYaIn B peXXUMe JOCTATOYHO MEMIEHHOTO CTYIICH-
4aTOTo OXJIAXACHUS MOoJMMepa B IMJIaTOMETpe 10 Me-
TOAMKE, OMUCAaHHOM B pabotax [1—3].

[Ip 3TOM OBIIO YCTAHOBJIIEHO, YTO JOCTOBEpHAS
XapaKTEepUCTHKA IMJIATOMETPUUYECKUX CBOWMCTB KpHC-
TaJUTM3YIOLIEToCs MmojnuMepa, GU3NIecKu MPaBUIbHO
A TIOJTHO OTpaXasi OCOOEHHOCTM KPUCTAJLTUYCCKOM
CTPYKTYPbI, MOXET OBITh MOJYyY€HAa TOJbKO B PEXUME
CTYNEHYaTOro M3MEHEHMSI TeMIlepaTypbl, KOraa Ipu
KaXIIOM JaHHOM TemIlepaTrype (pUKCUpyeTcs paBHOBEC-
HOe 3HaYeHWe yIeIbHOro obobeMa obpasiia MmojumMepa.
Pacuer mepBUYHBIX pe3yabTaTOB AMJIATOMETPUYECKUX
U3MEPEHUI IIPOBOAWJIM IO YJIYYILIEHHOW METOOUKE,
ITO3BOJISIIONIEH YIUTHIBATh U3MEHEHHUE NHaMeTpa MC-
cJIeIyeMoTo B AMIaToMeTpe obpasma, CBA3aHHOTO CO
3HAYeHUEM NEUCTBUTENbHON YCaaKU MOJUITUICHA.

TeMmepatypy B OITBITAX 3aJaBaJIA W TTOIIEPKUBATI
¢ TouHocthio 0,2 °C. UccnenoBanun obpasusl [TDBII
npousBoacTBa Socar Polymer, umeroliue ciemayiomiue
OCHOBHBIE TTOKAa3aTeJIN:

1) cpenHsia monekyasipHas macca — 83 000, omn-
pelesieH Mo BSI3KOCTM M B PAcTBOpE AeKajluHa IpU
135 °C;

2) mokasartejib TeKydyecTu pacriaBa — 1,4 r 3a
10 muH, onpeneneH npu 190 °C u Harpy3ke 5 KT.

OO6pasibl 11T UCTTBITAaHUS (pa3Mep HUJIMHIPA: BBI-
cora 12 = 1 mm, guametp 9,3 = 0,5 MM) mosryyaau Kak
B CAaMOM HCITBITaTeIbHOM LUJIMHIPE AWIaTOMETpa, TaK
1 B CIIEIIMAIEHO CKOHCTPYMPOBAHHOM JTUThEBOMU (Op-
M€, METOIOM JINThS TTOJ JaBJIEHUEM Ha JINTheBOI Ma-
wuHe TTI-125.

2. Pe3yabTaThl

B xone nunaToMeTpupOBaHUS MPU KaxXa0i UKCU-
pOBaHHOI TeMIlepaType U3MEpPEeHUE TeMIepaTypHOro
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paclIupeHus WiIn cxkaTus obpasila OCYIIECTBISIIA C
TouyHoCThIO 10 0,001 MM. [Jasnee rmepBUYHBIE pe3yIbTa-
Thl M3MepeHUll o0pabaTbhiBaId W CTPOWUJIM 3aBUCHU-
MOCTb YAEJbHOTO 00beMa v OT TEMIIEPATypPhbl CTEKJIO-
BaHus nonumepa 7.

IlyTemM 3KCTpamojasauuu BBIYUCISIIIA 3aBUCUMOCTh
v(T) B TemIepaTypHoii 001acTH, B KOTOPOil MOIMMep
HaXOOUTCA B TeKydeM cocTossHMM. Ha ocHoBaHuu
9TOI Xe 3aBUCUMOCTHU v(7) B 00JaCTU 3aKpUCTaLIU-
30BaHHOTO COCTOSIHUS T10 OIyOJMKOBAaHHOM METOIMKE
A. A. Tarepa [4, 5] omnpenensiid TeMIepaTypy CTEK-
noBanud nomumepa 7. Tak Kak auiaToMeTpuyeckue
kpuBble [1DBII moayyanu npu pasandyHbIX CKOPOCTSIX
OXJIaXAEHUSI B MOMEHT KpUCTa/UIM3aluu J, TO UMeIu
BO3MOXHOCTb MeHATh T, ITOBII B 1mwmpokom uHTEp-
Bajie TeMIeparTyp.

M3MepeHune peoslornuecKrux XapakTepucTUK B Te-
Ky4eM COCTOSTHUHM TPOBOAWIN C TIOMOIIBIO KaIlwviI-
JIIPHOTO BUCKO3MMETPA I10 IPUHATON MeToauKe [6] B
LIIMPOKOM Mafna3zoHe CKopocTei aedopMaluy CABU-
ra, y = 1071—103 c_l, HaINpsKEHUW caBura t =
=10%..2-10° I[I/IH/CM2 u temneparypsl 135...300 °C.
TeueHue pacriaBa MOJMATUICHA M3YYaId B Karuj-
nsipe ¢ //d, paBHBIM 16 u 32. [Ilpn JaHHOM T COOT-
BETCTBYIOIlICE 3HAYEHUE OMpenesyiu 1o ¢dopMylie
v =v@ +n), tney = O/IIr3, a n = d(Igy)/d(1gv).

Haunboibliryio HEIOTOHOBCKYIO BSI3KOCTh pacIlia-
Ba M NOJIYyYaau SKCTPAINOIALMEN SKCIIEPUMEHTAIb-
HOI 3aBUCUMOCTH Ign 6 OT T K HYJIEBOMY 3HaYEHHIO T.
W nanee ctpowin TeMrepaTypHYIO 3aBUCHUMOCTb.

Panee ObL10 moka3aHo [7], 4yTo npu ¢GopMOBaHUU
oopasuoB u3 [I1DBII ¢ pa3Hoil CKOPOCTBHIO OXJIaXKIE-
HUS B MOMEHT MX KpUCTALIU3AIUKM (HOpMUPYETCS
CTPYKTypa IoJuMepa, Pe3Ko pasauyalrolascs rioT-
HOCTBIO, CTETIEHbIO KPUCTAUIMIHOCTH M peJlaKcalln-
OHHBIMM CBOMCTBaMU. DTO NMPUBOAUT IMPU Iepepa-
ootke TTOBII K nonyyeHuIo u3neanit Co CBOMCTBaMu,
pPEe3KO 3aBUCSILMMU OT YCIOBUI hopMOBaHUs. ABTO-
POM C COTPYIHUKAMU C TTIOMOIIILIO METOAA MPUBEIEH-
HBIX MTapaMeTpoB [6, 7] moaydeHb! o0lI1e 3aKOHOMEP-
HOCTU U3MEHEHUS BaXKHEWIIMX (PU3NUEeCKUX U MeXa-
Huyeckux coucTB ITOBII.

M3BecTHO, YTO BaXXHEWIIEH KUHETUYECKON XapakK-
TEPUCTUKON TOJMMEPOB, OTPaKalole UX CTPYKTYp-
HbIe 0COOEHHOCTU U OOYCJIOBIMBAIOLIEH MPOSIBIIEHUE
XapaKTepHbIX (PU3NUECKUX CBOMCTB, SIBJSIETCS TEMIIe-
parypa crekyioBanusa T, (cm. Ta6nuuy)_ Kak BugHo 13
NOJyYEHHBIX HAMU JaHHBIX, 3HaueHue 7T, g [TOBIT
CHJIBHO M3MEHSIETCS] B 3aBUCHUMOCTH OT CKOPOCTH OX-
JIAXKIEHUS] KPUCTAJLUIM3YIOLIUXCS 00pa3LoB. DTOT (hakT
SIBJISIETCS ClIeACTBUEM (DOPMUPOBAHUSI CTPYKTYp 00-
pasuoB [1DBII, xapakrepu3yoluxcs: pa3InyHoOMl cTe-
MEeHbIO Pa3pbLIXJIECHHOCTU M YIopsiioueHHoCcTU. [Ipu
3TOM 00pa3lbl NoJIuMepa OTAMYAIOTCSI MeXIy coboit
3HAUCHUSIMU "CcBOOOAHOro" odobeMa U TeMIepaTypHOM
3aBUCUMMOCTHIO "cBOOOAHOrO" 00beMa. [ToaTomy uccie-
JIoBaHHBIE BoceMb obpasuoB [1DBII, xapakrepusyio-
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Puc. 1. 3aBucumocts 00beMHOll 101 "cBOOOaHOrO" 00BeMa f oT npuBenenHoi Temnepatypsl (T — T.) nna pasnbix odpasuos IIDBII, noy-
YEeHHOTO MPH PA3JTMYHBIX CKOPOCTAX KPUCTAJIN3ANMH (TeMIEPATYPHO-MHBAPUAHTHAS XaPAKTEPUCTHKA 00BEMHOI 1011 ""CBODOIHOr0" 00'beMa JIn-

HEHHOro MOJIMATHJIEHA):

temmeparypa: ¢ — 573 K; A — 523 K; @ — 473 K; m — 413 K; * —397K; x —393K; v —388K; 0 —383K; @ —373K; @ —
353 K; @ — 333 K; 4+ —293K; w —253K; ¢ —237K; @ —200K; 0o — 100K; ® —50K; @ — 0K

Fig. 1. Dependence of the volume fraction of free” volume f on the reduced temperature (T — T,) for different samples of HDPE obtained at different
crystallization rates (temperature-invariant characteristic of the volume fraction of "free” volume of linear polyethylene):

temperature: # — 573 K; A — 523 K; @ — 473 K, m — 413 K; ®« — 397 K; X — 393 K; v — 388 K; 0 — 383 K, @ — 373K, @ —
353K @ — 333K+ —293K w —253K € —237K, @ — 200K, 0 —100K; @ —50K, @ —0K

IIMEeCsS OJHUMU U TEMU Xe CPEIHUMU MOJICKYIISIPHOM
Maccoit MM, MoJeKyJIsIpHO-MAaCCOBLIM pacIiipeaese-
HUEM U TI0Ka3zaTeleM TeKY4YeCTU paciuiaBa, B 3aBUCH-
MOCTU OT CKOPOCTU OXJIAXIEHUS UMEIOT AUIaTOMET-
pUyYecKue XapaKTepUCTUKU, TTpUOIMXKalolecs K 3a-
BucuMocTu v(7) nubo sl MOJHOCThIO aMOP(HOro
COCTOSIHUSI, MO0 1Sl uAeaqbHO KPUCTAJINYECKOIO
COCTOSIHUSI.

Takum obpa3om, Npu OO0 TaHHOI TeMmIiepaTy-
pe T umeem oOpas3nsl ITOBII, pe3ko oTimuamimecs
IO CBOMM BaXHEWIINM CTPYKTYPHBIM XapaKTepHCTH-
KaM: pa3HbIM COOTHOIIIEHUEM "3aHSTOro" M "CBOOOI-
HOT0" 00beMOB, pa3HbIM COOTHOLLIEHUEM aMOPMHBIX U
KPUCTAJUTMYECKNX 0OacTeil, pa3IMIYHBIMU BpeMeHa-

3nauenne T, u 00beMHOIi 101 "cBoGoaHOr0" 00BeMa f, 0OpasuoB

IIDBII, nony4yeHHbIX NPH PA3JIMYHBIX CKOPOCTAX OXJIAKIACHHUS
B MOMEHT KpucTam3anun J

The value of T, and the volume fraction of the "free” volume f,

of HDPE samples obtained at various cooling rates at the time
of crystallization J

N/ , Tpaj/MuH
p//g ! dIe)g/r{zin I, K Je
1 0.0056 167 0.0256
2 0.0083 184 0.0254
3 0.0333 237 0.0252
4 0.1 257 0.0248
5 0.2 273 0.0254
6 1.0 289 0.0251
7 3.1 301 0.0257
8 295.0 335 0.0255

MM pejlaKCallii KUHETHMYECKMX EIWHUII CTPYKTYDHI,
Pa3IMYHBIMU TJIOTHOCTBIO, BA3KOCTBIO U T. .

OmHako, MO-BUANMOMY, BCe 3TH (DM3NUECKUE Xa-
PAKTEPUCTUKU AOJIKHBI OBITH MPOITOPLIMOHANBHEI [§]
pasHoctu T — T.. JInga nokasareabCTBa 3TOrO IMOJIO-
KeHus 3HadyeHus v(7T) mpu pasnuuHbiX T I BCex
BocbMM 00pa3uoB [1DBII 6611 06padoTaHbl ¢ yYeTOM
KOHIIETIINH "CBOOOIHOTO" 00beMa 1 TIPEACTABICHBI B
BUIE€ 3aBUCUMOCTM OOBbEMHOH A0JaM "CBOOOIHOTrO"
obbema 00pasuoB noauMepa = (v; = vy = o)V = o OT
npusBeaeHHoi Temneparypbl T,(7T — T,). O1a 3aBucu-
Mocth f ot (T — T.) npeacrasieHa Ha puc. 1. Kak
BuaHO U3 puc. 1, npu T — T, 3HaueHue f 1 Bcex
00pa3l0B MOJUATUIIEHA, OXJIAXIEHHBIX MPU Pa3HbIX
CKOPOCTSIX, pacroyiaraeTcsl MPakTUYeCKd B OMTHOU
TOYKE, OpJAMHATa KOTOPOW paBHa YHUBEPCAJIbHOMY
3HaueHuo f, = 0,025 = 0,0006.

3. Obcyxnenne

Hanee B 3aBUCUMOCTH OT 3HaYeHuit T — T, Bce 9K-
CIIEpUMEHTAJIbHbIE JAHHbIE PACMOJarajuch Ha ABYX
BETBSIX: BEPXHSISI BETBb MPEICTABISIET COO0I 3aBUCH-
MocTb foT (T — T.) mius TEKY4ero COCTOSIHUA I1OJIU-
Mepa, HYDKHSIST — JUIST 3aKpUCTAJUIM30BaHHOTO (TBEP-
noro) cocrtosiHusl. IIpu 3ToM pas3HOCTb OOBEMHBIX
KO3 PUIIMEHTOB TePMUIECKOTO PACIIMPEHHUSI "CBO-
0oaHOro" oobeMa MOJMATUIICHA I 3TUX COCTOSIHUM
COCTaBJISIET

d2 = TKpI/ICT —(@dNT< TKpI/ICT =6,3" 10_4 —
—1,5-107*4=4,8-10"* (rpan 1), (1)
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YTO XOPOIIIO COTJIACYeTCsI C TTIOCTOSTHHBIM YHUBEPCAJIb-
HbIM 3HAYEHMEM JUISI MHOTMX JIMHEWHBIX MOJMMEPOB
[9—25].

Ipu T < T, Bce 3KCnepUMEHTANIbHbIE JaHHbIE pac-
ITOJIOXKEHBI TPAKTMYECKM Ha OTHON 3aBUCUMOCTH,
TOYKa nepernda KOTopoil COOTBETCTBYET TeMIlepaType
xpynkoctu T, paBHo#t mis TTOBIT

xp>
T,=T.— 77K )

Temnepatype XpYIKOCTU COOTBETCTBYET 3HAUYCHME
Jip = 0,014

Takum obpasoM, 3aBucuMocth f ot T — T, mpen-
CTaBsgeT COOOM TeMIlepaTypHO-MHBAPUAHTHYIO Xa-
paxkTepucTuKy "cBoOOaHOrO" 06beMma noaumepa. Cy-
1IECTBOBAHUE 3TOW 3aBMCUMOCTU TMO3BOJISIET OIpe/e-
JINTh 3HAYEHME YIEIbHOro o0beMa WJIM TUIOTHOCTHU
nonmMepa (a Takke 3HAYeHU yIeIbHOTO "CBOOOIHO-
ro" oobemMa U 3HauUeHUI f) Tpu 000N TeMIiepaType
U J1000i CKOPOCTU OoxJaxaeHUus J, eciy TOJbKO W3-
BECTHA 3aBUCUMOCTb T, OT J U M3BECTHO 3HAYEHUE
yIeJbHOTIO 00beMa MpU OJHOM KaKoil-IM0o TeMIepa-
Type T.

BMmecTe ¢ TeM BTa yHMBepcajbHasi 3aBUCHUMOCTb
nmoATBepKAaeT TOT (pakT, 4TO J1000e (U3UIecKoe
CBOICTBO MOJUATUIIEHA (M BOOOILIE TTOJUMEPOB) TIPO-
MOPUMOHAIBLHO NpUBeAeHHON Temmneparype (1 — T.).

st mocTpoeHusl TeMmIlepaTypHO-MHBapUaHTHBIX
XapaKTePUCTUK JI00bIX (PU3UUYECKUX CBOMCTB IIOJIMME-
pOB II0O METOAY IIPUBENCHHBIX mapamMeTpoB [14—35]
OOBbIYHO MPUMEHSIOT Oe3pa3MepHbI MapamMeTp cme-
LIEHUS

Pt _ 0
o pT  Qp

rae T — temneparypa MpUBEAEHUS; 1, pg, Oy — BA3-
KOCTb, TIJIOTHOCTh U 000011IEHHOE BpeMsl pejiakcalluu,
COOTBETCTBEHHO IIpU TemIepaType npuseaeHus T u
n, p, Q@ — TO ke Tpu Jboil apyroit Temnepatype 7.

PaGoramu M. Bunbsamca, P. Jlanngena, 1. @eppu,
A. Tobonbsckoro, T. V. Foy, P. J. Flory, A. H. Doolittle
ObLIO IIOKA3aHO, YTO 0.7 ECTD OIpeneNeHHAasd HYHKINI
(T—T,):

3)

o

S ET j
lgor 2’303fc(T Tc)/[OL2 T-T,|. 4

Jnsa wuccnenoBaHHbIX oOpasuos [IOBII 3aBucu-
MocTb Igoy ot (T — T,) npencrasieHa Ha puc. 2. Kak
BHMIHO U3 PUC. 2, 3Ta 3aBUCUMOCTb JIE€MUCTBUTEIHHO SIB-
JIeTcsl TeMIepaTypHO-UHBapUAaHTHON AJisT BCEX UC-
CJIEIOBAaHHBIX 00pa3LoB. 3Hasd 3HAYEHUE O, MOXKHO
npu ao0oii Temneparype 1 OompeneanuTb MHTEPECYIO-
LIYI0 Hac (pU3NYecKylo BEIMYUHY NOJMMEpa, €CIIU U3-
BECTHO 3HAUEHUE 3TOW BEJIWYMHBI MPU KaKO-TU0O
TeMIIepaType.

CocTaBHOI YacThlO MapamMeTpa CMeIleHUs SIBJIsI-
eTcd cooTtHolueHue py7/p7, paBHoe (ny/M)oy UIU XKe
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paBHOe M 0/n Q. 3HaueHue 3TOI BaXXHOM COCTaBIAIO-
el U ee TeMmepaTtypHasi 3aBUCUMOCTD JUISI MHOTHX
MOJIMMEPOB HEU3BECTHHI, B YacTHOCTH, Wit IIOBII Ta-
KW€ JaHHbIE B TUTEpaType OTCYTCTBYIOT. MHOTHE UC-
cJie10BaTe M OOBIYHO MPUHUMAIOT BemuuHy poT/p T,
paBHOI 1.

3asucumocts pTy/p T OT IpUBEAEHHON TeMIIepa-
Typel (T — Tj) nna obpasuos INOBII npeacrasnena
Ha puc. 3. Kak BumHO u3 puc. 3, B 3aBUCUMOCTH OT
TeMIiepaTypbl npuBeaeHus 7 XapakTep 3aBUCUMOCTU
poTo/pT ot (T — Tj)) pe3KO U3MEHHETCS: YEM MEHbILE
Ty, 7. e. yem Onmuxe Ty K T, TeM B GOJIbLIEN CTENIEHN
poTo/pT otmuaerca or 1 (kpusble 9—1 Ha puc. 3);
yeM 0oJiblIe TeMIiepaTypa onbita 7, Mpyu KOTOPOW OLie-
nusaerca pyTy/pT, Tem 6onbuie pyTy/pT orTanyaercs
ot 1, Ha 3HaueHue 1o 0,18 (1. e. Ha 18 %) B 3aBUCUMOC-
™ ot T. MakcumanbHoe otkioHenue py7y/pT ot 1,
paBHoe 0,6 (1. e. 60 %), moxeT ObITh Ipu T = 573 K,
ecau Ty IpUHATL paBHOW PaBHOBECHOM TemIleparype
creknoBanust T, = 167 K. Yka3aHHas 0COOEHHOCTb
BeJMuuHbI p T/p Ty ee TeMIepaTypHOi 3aBUCMOCTH
as TIDBIT cBsi3aHa ¢ GOMBIION KPUCTALIM3YEeMOC-
ThIO 3TOrO JIMHEWHOTO nojuMepa. (LITpuxoBbiMu Ju-
HUSIMUA Ha pUC. 3 TOKa3aHbl MU30TEPMBI 3aBUCUMOCTHU
poTo/pT ot (T — Tj) nipu paznnyHbiX T = const).

BaxHOil cocTaBHOI 4acTblO BEJMYMHBI o7 SIBJISA-
eTCsl TaKXKe OTHOILEHUE BSI3KOCTE MpPU TeMIepaType
npuseneHus T, 1 moboii apyroii temneparype 7, T. €.
No/M (ecnu 3a Temneparypy NpuBeIeHUS NPUHATL 1.,
nT.= 1013 nya3 [10—34]). 3aBucuMocTb HauboJIblLIEH
HbIOTOHOBCKOM BA3KOCTM PACIlIaBa 1, OT TEMIIEPa-

Ig a7

Puc. 2. 3apucumMocTb napamMeTpa cMeleHns o OT IPHBeJEHHOI TeM-
neparypel (T — 1) naa obpasuos suueiinoro I19:

temriepatypa: @ — 414 K; @ — 357 K; & — 323 K; + — 273 K;
X —253K; ¢ — 223 K; « — 173 K

Fig. 2. Dependence of the shift parameter o on the reduced temperature
(T — T for linear PE samples:

temperature: ® — 414 K; @ — 357K, & — 323 K; + — 273 K; X —
253K, ¢ — 223K, ®* — 173K




Puc. 3. 3asucumoctp Besmunnbl pyTy/pT (oTHOCHTENbHON NpH-
BEJICHHOH NJIOTHOCTH MOJMMepa) OT MPHUBEIEHHOW TeMmepaTypbl
(T — Ty):

Temneparypa npusenenus I papHa: / — 167 K; 2 — 184 K; 3 —
237 K; 4—257K; 5— 273 K; 6 — 289 K; 7— 301 K; & — 335 K;
9 — 423 K. Temnieparypa onbita 7 paBHa: @ — 423 K; @ — 450 K;
e —475K; @ —500K; @ —550K; @ — 573 K; @ — 293 K;
a —350K; @ —375K; + — 383 K; m — 400 K; & — 500 K;
* — 573 K

Fig. 3. Dependence of pyTy/ pT (relative reduced density of the polymer)
on the reduced temperature (T — Tp):

Temperature of arrangement Ty equal to: 1 — 167 K; 2 — 184 K; 3 —
237K, 4 — 257K, 5— 273K, 6 — 289 K; 7— 301 K; 8§ — 335 K;
9 — 423 K. Temnepamypa onoima T pasna: © — 423 K; e — 450 K;
e — 475K, 8 — 500K, @ — 550K, @ — 573K, @ — 293 K;
a — 350K @ — 375K, + — 383K, m — 400 K; o — 500 K;
* — 573K

Typel mast ucciaeayemoro IIOBII npencrabieHa Ha
puc. 4. Kak BUaHO U3 puc. 4, B 006J1acTu TeMMepaTypbl
423 K, T. e. elle 3aJ0Jro 10 IOCTUXEHUST paBHOBEC-
Holt TemrepaTypsl TasiaeHus (413 K) u kaxyueiicsa
temriepaTypbl miaBaeHus (405 K), BI3KoCcTh 0COOEH-
HO pe3KO BO3pacTaeT MPU MOHMKEHUHU TeMIIepaTyphl.
IIpu 3TOM pe3Ko BO3pacTaeT M KaXyllascs TeIioTa
aKTUBAIIMM TEUEHMS: OT 3HaUeHUS 5—7 KKaja/MOJIb 10
3HaYeHus 12,6 KKajl/MOJIb. DTO 00CTOSITEICTBO SIBJIS -
€TCS pe3yJIbTaTOM YITOPSIOYCHUS CTPYKTYPHI TTOJIME -
pa B TeMIepatypHoi obiactu Boim3u 1y, IpUBOAs-
11ee K YBEJTUYCHUIO MEXMOJIEKYISIPHOTO B3auMOeiic-
TBUSI BCIIEACTBUE 0Opa30BaHUsS B pacIljiaBe CTPYKTYp,
MpeAeIbHO TTOATOTOBICHHBIX K KPUCTAIN3AIINN. DTO
COCTOSTHUE MOXET OBbITh 0XapaKTepM30BaHO KaK CO-
CTOSTHHE TEUEHUsI CTPYKTYp pacIliaBa, IIPH 3TOM KH-
HETUYECKUMU eIUHUIIAMU, TTO-BUAUMOMY, SIBJISTIOTCS
OPUEHTUPOBAHHBIE COBOKYITHOCTH CETMEHTOB MaKpO-
MOJIEKYJI, TIepeMeIIaloNINXCs B paciiaBe KaK eauHbIC
uenble [35—39].

O06o01IeHre TOJYYEeHHBIX 3KCIIePUMEHTATbHBIX
pe3yJbTaTOB PEOJOrMYECKUX W IUJIATOMETPUUYECKUX
HCCIIeTOBAaHMI TTPOBOIMIN C TTOMOIIBIO M3BECTHOTO
ypaBHeHus1 BJI® [17]. C 3Toii 1enbo Mpu pas3ind-
HbIX TemIepatypax (oT 413 go 573 K) usyuyanu 3a-

BUCUMOCTb IpuBeneHHoro napamerpa C = (Igng/mc¢—
— lgM 17V3 44 Iga.7) OT mpuUBENEHHOrO IMapaMeTpa

(IgM ;,/3 Ay lgoy) mnsg uccaenoBaHHBIX 00pa3LoB
[TOBII, xapakTepu3yoIIUXcs CpeaHEeBI3KOCTHONH MO-
JeKynapHOi maccot My, = 8,3 X 104 (puc. 5). Un-
BapUMaHTHOCTb 9KCIEPUMEHTAJIbHBIX MaHHBIX OTHO-
CHUTEJIbHO TeMIlepaTypbl BO BCEM MCCJIEIOBAaHHOM

JIUara3oHe ITOKAa3bIBAaeT, UTO YpaBHEHWE SIBIISICTCS
00O0OIIIEHHONW XapaKTEepUCTUKOM TeMIIepaTypHOil 3a-

lgius

Puc. 4. 3aBucumMocTb Han0OJIbIIEH HHIOTOHOBCKO# BA3KOCTH PACILIA-
Ba 1), OT Temnepatypnl T nas IIOBII

Fig. 4. Dependence of the greatest Newtonian viscosity of the melt, n,,,
on temperature T for HDPE

Ig nr/?.’c - Ig‘ul;s,«‘n + lgar

Puc. 5. 3asucumocts npusesennoro napamerpa (Ignz/m. — lgnfuf’ 44
+ Igap) ot npusenennoro mapamerpa (g M;V3’4 + Igap:

Temnepatypa: @ — 573 K; ® — 523 K; A — 473 K; X — 423 K;
® — 413K

Fig. 5. Dependence of the reduced parameter (Igny/n,. — lgA[,,?"‘ +
+ Igay) on the reduced parameter (IgM, ;,,3’4 + lgap):

temperature: @ — 573 K; ®# — 523 K; & — 473 K; X — 423 K; @ —
413 K
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BUCUMOCTH BaxkHeUInux ¢pusndeckux cBoucts IIDBII
U, MO-BUIAMMOMY, BCEX JUHEHNHBIX MOJIUMEPOB:

2T oMt +lgag=C
nr,

3akmouenue

B nanHoOIt paGoTe ObUIO U3Yy4eHO 00O0OIICHNE TEM-
rnepaTypHOil 3aBUCUMOCTU (PU3UUECKUX CBOMCTB ITO-
JIMBTUJIEHA BBICOKOW MPOYHOCTHM METOJAOM IMPUBEAEH-
HBIX TTapaMeTpPOB.

ITo nonyyeHHBIM TaHHBIM IPUBENEHHBIN TTapaMeTp
1 HauboJIbLIAs HBIOTOHOBCKAs BA3KOCTh PACILIaBa Mg
3aBUCST OT TeMIlepaTyphbl.

Ha ocHoBaHuM WHCCIENOBAaHUI YCTAHOBJIEHO, YTO
WHBapUAHTHOCTb AKCMIEPUMEHTAIBHBIX TAHHBIX OTHO-
CUTEJIbHO TEMIIEPATYPhl BO BCEM UCCJIEIOBAaHHOM J1a-
MmazoHe BaxkHe#iux ¢pusnueckux cpoiicts [1DBII 3a-
BUCHUT OT TeMIIepaTyphbl U CPEIHEBSI3KOCTHOM MOJIEKY-
JIIPHOM MACCHI.
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In this paper, based on the study of HDPE by dilatometric and rheological methods in a wide range of temperatures and cooling
and deformation rates, we generalized the temperature dependence of the physical properties of polyethylene using the specified pa-
rameters method. Test specimens (cylinder size: height 12 mm, diameter 9.3 mm) were obtained both in the dilatometer’s test cylinder
itself and in a specially designed injection mold using injection molding on a TP-125 injection molding machine The temperatures
in the experiments were added and maintained with an accuracy of 3.2 °C. Defined by The dependence of pyTy/pT (relative reduced
density of the polymer) on the reduced temperature (T — T,). Test specimens (cylinder size: height 12 mm, diameter 9.3 mm) were
obtained both in the dilatometer’s test cylinder itself and in a specially designed injection mold using injection molding on a TP-125
injection molding machine. It was found that a reliable characteristic of the dilatometric properties of the crystallizing polymer, phys-
ically correctly and completely reflecting the features of the crystalline structure, can be obtained only in the mode of stepwise tem-
perature changes, when at each given temperature the equilibrium value of the specific sample of the primer is fixed Thus, the prac-
tical value of the dilatometric method for studying crystallizing polymers is shown, especially when comparing the results of dilatom-

etry with the results of rheological studies.
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Introduction

HDPE, obtained by polymerization at moderate
pressures, is characterized by high linearity of macro-
molecules, narrow MMD and a high degree of crystal-
linity. These features of the chemical and physical
structure of HDPE must be taken into account when
studying their behavior at high temperatures (in the
molten state), as well as during the processing and op-
eration of the products obtained from them. In con-
nection with the foregoing, these generalizations of
temperature dependence on the most important phys-
ical properties of HDPE by the method of given pa-
rameters are of great scientific and practical interest.

1. The method of reduced parameters

The dilatometric properties of the polymer (temper-
ature dependence of the specific volume) over a wide
temperature range of 20...300 °C, covering crystallized
and fluid states, were studied in the mode of rather slow
stepwise cooling of the polymer in a dilatometer ac-
cording to the procedure described in [1—3].

It was found that a reliable characteristic of the
dilatometric properties of the crystallizing polymer,
physically correct and fully reflecting the features of the
crystalline structure, can be obtained only in the mode
of stepwise temperature change, when at each given
temperature the equilibrium value of the specific vol-
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ume is fixed polymer sample. Calculation of the prima-
ry results of dilatometric measurements was carried out
according to an improved methodology that allows tak-
ing into account the change in the diameter of the sam-
ple studied in the dilatometer, related to the value of the
actual shrinkage of polyethylene.

The temperature in the experiments was set and
maintained with an accuracy of 0.2 °C. We studied
samples of HDPE produced by Socar Polymer having
the following main indicators:

1) the average molecular mass is 83 000, determined
by the viscosity n in a solution of decalin at 135 °C;

2) the melt flow rate is 1.4 g in 10 min, determined
at 190 °C and a load of 5 kg.

Test samples (cylinder size: height 12 £ 1 mm, di-
ameter 9.3 = 0.5 mm) were obtained both in the test
cylinder of the dilatometer and in a specially designed
injection mold using injection molding on an injection
machine TP-125.

2. Results

During dilatometry at each fixed temperature, the
temperature expansion or contraction of the sample
was measured with an accuracy of 0.001 mm. Further,
the primary measurement results were processed and
the dependence of the specific volume v on the glass
transition temperature of the polymer 7, was plotted.

By extrapolation, the dependence v(7") was calculat-
ed in the temperature region in which the polymer is in
a fluid state. Based on the same dependence v(7T) in the
crystallized state region according to the published meth-
od of Tager A. A. [4, 5], the glass transition temperature
of the polymer 7, was determined. Since dilatometric
HDPE curves were obtained at various cooling rates.

The rheological characteristics in the fluid state
were measured using a capillary viscometer according
to the accepted procedure [6] in a wide range of shear
strain rates, y = 1071—103 c_l, shear stresses t =
= 10*..2-10° dyn/cm? and temperature 135...300 °C.
The polyethylene melt flow of was studied in a capil-
lary with //d equal to 16 and 32. For given t, the cor-
responding value was determined by the formula
v = v(3 + n), wherey = Q/INr3, and n = d(Igy)/d(Igr).

The highest Newtonian melt viscosity n,g was ob-
tained by extrapolating the experimental dependence of
lgn,6 on t to a zero value of t. And then the tempera-
ture dependence was built.

It was shown earlier [7] that when forming samples
from HDPE with different cooling rates at the time of
their crystallization, a polymer structure forms, which
differs sharply in density, degree of crystallinity and re-
laxation properties. When processing HDPE, this leads
to the production of products with properties that sharply
depend on the conditions of molding. Using the method
of reduced parameters [6, 7], the author and his col-
leagues obtained general patterns of change in the most
important physical and mechanical properties of HDPE.
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It is known that the most important kinetic charac-
teristic of polymers, reflecting their structural features
and causing the manifestation of their characteristic
physical properties, is the glass transition temperature
T, (see table). As can be seen from the data obtained by
us (see table), the value of 7, for HDPE varies greatly
depending on the cooling rate of crystallized samples.
This fact is a consequence of the formation of the struc-
tures of HDPE samples, characterized by various de-
grees of loosening and ordering. In this case, polymer
samples differ in the values of the "free" volume and the
temperature dependence of the "free" volume. There-
fore, eight HDPE samples studied, characterized by the
same average molecular mass MM, molecular weight
distribution and melt flow rate, depending on the cool-
ing rate, have dilatometric characteristics approaching
the dependence v(7) or for completely amorphous
state, or for an ideal crystalline state.

Thus, at any given temperature 7, we have HDPE
samples that differ sharply in their most important
structural characteristics: different ratios of "occupied”
and "free" volumes, different ratios of amorphous and
crystalline regions, different relaxation times of kinetic
units of the structure, various density, viscosity, etc.

However, apparently, all these physical characteristics
should be proportional to [8] the difference 7'— T,. To
prove this position, the values of v(7’) at various 7 for all
eight HDPE samples were processed taking into account
the concept of "free" volume and presented as the de-
pendence of the volume fraction of the "free" volume of
polymer samples /= (v; — v; = o)v; = o on the reduced
temperature. This dependence fon (T — T,) is shown
in fig. 1. As can be seen from fig. 1, at 7— T, the value
of f for all polyethylene samples cooled at different speeds
is located at almost the same point, whose ordinate is
equal to the universal value f. = 0.025 £ 0.0006.

3. Discussion

Further, depending on the values of 7'— T, all ex-
perimental data were located on two branches: the up-
per branch is a dependence of fon (T — T,) for the
polymer flowable state, the lower one for the crystal-
lized (solid) state. At the same time, the difference be-
tween the volume thermal expansion coefficients of the
"free" volume of polyethylene for these states is

dy = TKpI/ICT —@dNHT< TKpMCT =6,3" 1074 —
—1,5-104=4,8-10"% (grad™ 1), (1)

which agrees well with the constant universal value for
many linear polymers [9—25].

At T < T, all experimental data are located on al-
most one dependence, the inflection point of which
corresponds to the temperature of brittleness 7', equal
for HDPE

T,=T.— 77K )




The brittleness temperature corresponds to fkp =
= 0.014.

Thus, the dependence of fon T — T, is the tem-
perature-invariant characteristic of the "free" volume of
the polymer. The existence of this dependence allows
determining the value of the specific volume or density
of the polymer (as well as the values of the specific
"free” volume and f values) at any temperature and at
any cooling rate J, if only the dependence of 7, on Jis
known and the value of the specific volume at one any
temperature 7.

On the other hand, this universal dependence con-
firms the fact that any physical property of polyethylene
(and of polymers in general) is proportional to the re-
duced temperature (7' — T,).

To construct the temperature-invariant characteris-
tics of any physical properties of polymers by the meth-
od of the above parameters [§—14], a dimensionless
displacement parameter is usually used.

_npo- Ty _ 0
ap= —— = &, 3)
T "o pT Qg

where T'is the temperature of reduction; ng, py, Oy —
viscosity, density and generalized relaxation time, re-
spectively, at a temperature of reduction 7, and n, p,
O — at any other temperature 7.

The works of M. Williams, P. Landel, D. Ferry,
A. Tobolsky, T. V. Foy, R. J. Flory, A. N. Doolittle
show that oy is a definite function (7 — T,):

_ 1 /e
lgay 2,3—0312(T Tc)/(%JrT ch. 4)

For the HDPE samples that we studied, the depend-
ence of Igagon (T — T, is shown in fig. 2. As can be
seen from fig. 2, this dependence is indeed temperature-
invariant for all the samples studied. Knowing the value
of ay, it is possible at any temperature 7'to determine the
physical size of the polymer of interest to us, if the value
of this value is known at any temperature.

The component of the parameter is the relation
poTy/pT equal to (ng/m)ar or equal to nyO/mQ. The
significance of this important component and its tem-
perature dependence for many polymers is not known,
in particular, for HDPE such data are absent in the lit-
erature. Many researchers usually take the value of
poTo/pT equal to 1.

The dependence of pyT/pT on the reduced tem-
perature (7' — 7;;) for HDPE samples is shown in fig. 3.
As can be seen from fig. 3, depending on the temper-
ature of the reduction 7, the nature of the dependence
of pyTy/pT on (T — T,) changes dramatically, the
smaller 7y, i.e., the closer T} is to T, the more pyT/p T
T differs from 1 (curves 9— 1 in fig. 3); the greater the
temperature of the experiment 7, at which pyTy/pT
is estimated, the more py7,/pT differs from 1 by a

value of up to 0.18 (i.e., by 18 %) depending on 7. The
maximum deviation py7,/pT from 1, equal to 0.6
(i.e., 60 %), can be at T'= 573 K, if T}, taken equal to
the equilibrium glass transition temperature 7, = 167 K.
The indicated feature of the quantity and its tempera-
ture dependence for HDPE is associated with the high
crystallizability of this linear polymer.

The dotted lines in fig. 3 show the isotherms of
poTo/pT versus (T — T;) for various T = const.

An important component of the value of o is also
the ratio of viscosities at the temperature of reduction
Ty and any other temperature 7, that is, ny/n (if 7, is
taken as the temperature of reduction, n 7, is 1013 poise
[10—34]). The dependence of the highest Newtonian
viscosity of the melt n,, for the investigated HDPE
is shown in fig. 4. As can be seen from fig. 4, in the
region of temperature 423 K, i.e. long before reaching
the equilibrium melting temperature (413 K) and the
apparent melting point (405 K), the viscosity increases
especially sharply with decreasing temperature. In
this case, the magnitude of the apparent heat of acti-
vation of the flow increases sharply: from the value of
5—7 kcal/mol to the value of 12.6 kcal/mol. This cir-
cumstance is the result of the ordering of the polymer
structure in the temperature region near 7,,, which leads
to an increase in the intermolecular interaction due to the
formation in the melt of structures that are extremely
prepared for crystallization. This state can be character-
ized as a state of flow of melt structures, with kinetic units
apparently being oriented aggregates of segments of mac-
romolecules moving in the melt as whole units [35—39].

The generalization of the obtained experimental
results of rheological and dilatometric studies was
performed using the well-known WLF equation [17].
To this end, at different temperatures (from 413 to
573 K) the dependence of the reduced parameter

C = (Igny/me — lgMy* + lgop) was studied, and the

4

reduced parameter (IgM 171/3 + Igap) for the studied

HDPE samples, characterized by a medium viscous
molecular mass My, = 8.3 - 104 (fig. 5). The invariance

of experimental data regarding temperature over the
entire investigated range shows that the equation is gen-
eralized a characteristic of the temperature dependence
of the most important physical properties of HDPE
and, apparently, of all linear polymers:

AT e M2 +lgay= C.

nr,

c

Conclusion

In this paper, we studied the generalization of the
temperature dependence of the physical properties of
high-strength polyethylene by the method of reduced
parameters.
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According to the data obtained, the reduced param-
eter and the highest Newtonian melt viscosity n,, de-
pend on temperature.

Based on the studies, it was found that the invari-
ance of experimental data with respect to temperature
in the entire studied range of the most important phys-
ical properties of HDPE depends on temperature and
average viscosity molecular weight.
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CTATHUYHECKUE TPUITEPbI HA OCHOBE MACCHUBOB
p- v n-KAHAAbHbIX MOIN-TPAH3UCTOPOB

ITlocmynuna ¢ pedaxuyuio 23.08.2019

Ilokazan nepexo0d Ha 6oaee 8bICOKUI YPOBEHb UEPAPXUL 6 NeMEeHMHOU 0a3e MmpueeepHbIX cxem, npu KOMOpPOM UCHOAb3YemCs
CUHME3 CXeM Ha OCHO8e MAccu8os8 p- u n-kanaivhvix MOII-mpanzucmopos. Cunme3uposanHvle mMaKum memooom mpueeepul 0e-
MOHCIMPUPYIOM 8blUPbIUL NO IHEP20IPPEKMUBHOCMU 8 CDABHEHUU ¢ AHAN02AMU HA A02uyecKux nemenmax om 1,3 do 3 paz, umo
ABNACMCA CYULCCMBEHHBIM OIS COBPEMEHHbIX MEHOCHUUT NOUCKA PeUleHUTl NO CO30AHUI0 BbICOKOIHEP20IPPHEKMUBHBIX UUPPOBbIX

yempoticme ¢ 6onee 001200 A8MOHOMHOU pabomoi.

Karoueevie cro6a: acunxponHviii mpueeep, CUHXPOHHBIL CIMAMUYECKULl mpueeep, CMAaHOAPMHbLI A02UMeCKUll 2NeMeHm, Kapmbl
Kapno, cunmes mpueeepos, sHepeoaghpekmuHocms, cxeMomexHu4eckoe mMo0eauposanue

BBenenune

Pasznuyalor nBa BuJa TPUITEPOB: CTaTUUYECKUE, YII-
paBisieMble YPOBHEM HWH(OPMALIMOHHBIX CHUTHAJIOB,
U JTUHAMMYECKHe, YIpaBisieMble (P)POHTOM TaKTOBOTO
curHazna. CtaTuueckue TpUrrepbl 6ojee npoctoie. Mx
MOXHO MCITOJIb30BaTh JUIS TTIOCTPOEHUS CJIOXKHBIX CXEM,
HaIpyuMep ABYXCTYMEeHYATbIX TPUITEPOB. TUIIOBBIE CXe-
MBI CTaTUYECKUX TPUTTEPOB peav3yloT Ha CTaHIapT-
HBIX JIOTUYECKHUX BJIEMEHTaX, HAXOSIIUXCS Ha HUXKHEM
YPOBHE Me€papxuu B 3JIeMEeHTHOI 0a3e. Eciu mogHATh-
cs Ha ©oJjiee BBICOKUII YPOBEHb, UCIOJb3YsI MACCHUBBI
p- U n-KaHalibHbIX MOII-TpaH3UCTOPOB, TO MOXKHO
MOJYYUTh 3HAYUTEIbHBIN BHIMTPHIL MO PSIY TapaMeT-
poB [1]. Huxxe paccmaTpuBaeTcss CUHTE3 CXEM Ha OC-
HoBe MaccuBOB MOII-TpaH3UCTOPOB M IMPOBOAUTCS
CpaBHEHHUE XapaKTePUCTUK IMOJYYEHHbBIX CTATUYECKUX
TPUITEPOB C TPUITEPAMU Ha JJOTUUECKUX DIEMEHTaX.

Acunxponnblii RS-Tpurrep ¢ npsaMbIMH BXOJAMH

DOyHKIIMOHNPOBAHNE TPUTTEpa IPUBEICHO B Ta0. 1.

Tabnuua 1
S R Qn +1
0 0 0]
0 1 0
1 0 1
1 1 H/O

3amavyy CMHTe3a CXeMbl OyIeM pelllaTh ¢ IMOMOIIBIO
npsiMoit 1 mHBepTupoBaHHou KapT KapHo [2]. Heomn-
peznesieHHOe COCTOsIHKME (H/0) 3aMEHUM Ha COCTOSTHUE,
paBHOe ormdeckomMy "0" (R-tpurrep). Torna ypaBHe-
HIe MUHTepPMOB IUIsl BbIXogHOro curHama Q" 7 ! Gy-
JIeT UMEThb BUI:

0""!'=SRQ+ SR.
CocraBiieHHbIE IO 9TOMY ypaBHEHHUIO KapThl Kap-
HO IIpUBEIEHbI HA pucC. 1.
M3 npsmoit kaptel KapHo cocTaBisieM ypaBHEHUE,
KOTOpOE OTpaxkaeT CTPYKTYpYy TpUITepa Ha n-KaHallb-
Hbeix MOII-TpaH3ucTopax, pacrnojoXeHHbIX B HUX-

Hel 4acTh CXeMbl M (POPMUPYIOLIKMX Ha BBIXOJE JIOTH -
yeckue "1":

o' = R(S+ 0. (1)

—
—

Puc. 1. Kapret Kapao acunxponnoro RS-rpurrepa: a — npsimasi, b —
MHBEPTUPOBAHHAS

Fig. 1. Karnaugh maps of an asynchronous RS-trigger: a — direct, b —
inverted
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1,5.=0,082 He; Pep=0,019 MBt; N=12;
L=0,019 nJlx-mr.

t,5=0,12 uc; Pep=0,015 MBt; N=10;
L=0,018 n/lxmr.

L
;

Puc. 2. CxeMbl aCHHXPOHHBIX RS-TpPUITEpOB € NMPAMBIMH BXOJAMM:
a — Ha JIOTMYECKUX 3JIEMEHTax; b — CHHTe3UpOBaHHasI

Fig. 2. Circuits of asynchronous RS-triggers with direct inputs: a — on
logical elements; b — synthesized

W3 naBepTUpoBaHHOI KapThl KapHo 3ammchIBaeM
MMHMMU3UPOBAHHOE YpaBHEHUE, B KOTOPOM HHBEp-
TUPYEM BCE CUTHAJIbI:

o' =R + s0. )

DTO ypaBHEHME CIYXXUT JJI CUHTe3a BepXHel Jac-
TU CXeMbl Ha p-kKaHabHbIX MOII-TpaH3ucTOpax u
dopmupyeT mormueckue "0 Ha BBEIXOE.
®opMupoBanre cxeM 1o ypaBHeHUsM (1) m (2)
OCYLLIECTBJISIETCS T10 clenyloleMy IpaBwiy [3]: moru-
yecKoe YMHOXeHWe (CITOXKeHWe) CUTHAJIOB B ypaBHe-
HUSIX TpaHC(OpPMUPYETCS B MocaeaoBarebHoe (rmapai-
JenpHoe) coeauHeHre MOTI-TpaH3UCTOPOB B cXeMax.
CdopMupoBaHHas cxema TpUITEpa U cXeMma TPUT-
repa Ha JIOTMIEeCKMX 2JIeMEHTaX IMPUBEACHBI Ha puC. 2.
PazpaboraHHas cxema paboTaeT caenyolmM odpa-
3oM. IIpu R= 5= 0 tpan3ucropsl V3, V4 — OTKpBITHI,
V1, V2 — zakpeitel. Ilo nemsm D1, V5 wimm D1, V6
OCYILECTBIISIETCS TIOJIOXKUTENIbHAS O0OpaTHast CBSA3b
(ITOC) u Tpurrep HaxogUTCS B peXUMe XpaHEHUS.
ITpu S =0, R =1 TpaH3ucrtopsl V1, V4 — OTKPBHITHI,
TpaH3uctopsl V2, V3 — 3akpwiThl. Curan R dop-
MHUpYET Ha BbIxone Jiormyeckuit "0", KoTopblil "3a-
wenkuBaetca” no uernu [MOC (smementsl D1, V5).
IIpu S = 1, R = 0 tpan3uctopsl V2, V3 — OTKPBHITHI,
TpaH3ucTopsl V1, V4 — 3akpbiTel. Ha Bbixoae hopmu-
pyercs nornueckas "1", Koropas "3allelKuBaeTcs” 1o
ueru ITOC (anementsl D1, V6). I[Ipu = R= 1 tpan-
3uctopbl V1, V2 — OTKpPBITHI, TPaH3UCTOPHI V3, V4 —
3aKpbBITEL. OTKPHITBIN TpaH3ucTOp V1 M MUKpocxema
D1 ¢opmupyior Ha Beixoae norundeckuii "0" mpu ot-
cyrctBum ITOC, T. e. 6e3 "3amenknuBaHus "
ITapameTpsl cXxeM HM3MepeHbl MYTEM CXEMOTEXHU-
yeckoro moaenrpoBanusi B CAITP OrCAD. B cxemax
npuMeHeHbl Mogenn MOII-TpaH3UCTOPOB YETBEPTO-
ro noxkojienuss BSIM4, no3BoJsioniue Ucnoab3oBaTh
TPpaH3UCTOPHI ¢ IIMHOM KaHana 1o 100 um [4]. Hamps-
JKeHUe MUTAaHUS cXeM BBIOpaHO paBHBIM 3,3 B. dnn-
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TEJIbHOCTh MH(MOPMAIIMOHHBIX CUTHAJIOB COCTaBIISIET
10 He. Pa3Mmepbl KOHTAKTHBIX TJIOLIAI0K PacCUUTAHbBI
Mo METOAMKe, U3J0XEeHHOI B padote [5]. JinHa ka-
HaJla TPaH3UCTOPOB BbIOpaHa paBHoi 180 HM. IlIupu-
Ha KaHaja COOTBETCTBYeT ToKaMm HachblieHuss MOII-
TPaH3UCTOPOB, paBHbBIM 1 MA.

Hamepsiin cnenyrolie napaMeTpbl CXeM: 3aaepxK-
Ky pacpoCTpaHEeHUSsI (t3_p, HC) KaK CpelHee 3HaueHue
MO MpPsSIMOMY M MHBEPCHOMY BBIXOJIaM IPU Bapualluu
BXOIHBIX CUTHAJIOB; CPEIHIOI0 pacceruBaeMyl0 MOIII-
HOCTb (Pcp, MBT) Kak ycpegHeHHOe 3HaueHUE B KOHIIE
JIOCTATOYHO OOJIbUIOTO MPOMEXYTKA U3MEPEHUS.

CpaBHeHUE cXeM MO 3HeProaddOeKTUBHOCTHU TIPO-
BOJWJIU TI0 BHEPTOTOIMOJIOrHYeCcKOMY Kputepuio L [2],
paccunThIBaeMOMY Io opmyiie

L=A-N= t3.p-PCp-N, nJIx - mT,

rne A — pabora mepexmodeHus:, nJlx; N — uuciao
TPaH3UCTOPOB, IIT.

Kaxk BugHO 13 puc. 2, 3HeproadPeKTUBHOCTh pa3-
paboTaHHOU CcXeMbl TPUITEpPA CpaBHUMA C 3HEProad-
(beKTUBHOCTBIO TpUITEpa Ha JIOTUUECKUX BJIEMEHTaXx.
Ho npu 3ToMm pa3paboTaHHasi cxeMa He MMEeT HEeOoIl-
peaeeHHOTO COCTOSTHUSI U COOTBETCTBYET R-TpUITEDY.

CxemMa R-Tpurrepa Ha JIOrMYECKMX DJIEMEHTaxX
npuBeneHa B pabdore [6, puc. 58]. Ilapamerpbl aTOM
CXEMBI PaBHBI: #; , = 0,14 Hc; PCp =0,024 mBt; N = 16;
L = 0,054 nJIx - .

CpaBHeHUe cxeM R-TpUTTepoB IO 3Heproaddek-
TUBHOCTHM TI0Ka3bIBaeT, UYTO pa3paboTaHHas cXxeMa
nMeeT B 3 pa3a 00Jb1IyI0 3PPEKTUBHOCTD, YEM CXeMa
Ha JIOTUYECKUX JIeMEHTaX.

Acunxponnblii E-Tpurrep

B E-Tpurrepe npu 3HaueHUSIX MHOOPMALMOHHBIX
curHajoB R = § = 1 Ha BbIXO[e COXpaHsIeTCs Mpe/bl-
ayuee cocrosinue Q". MYHKUMOHUPOBAHUE TPUITEPA
MpUBEACHO B Ta0. 2.

M3 1abn. 2 nonyyaem ypaBHeHue E-Tpurrepa:

Q"*1=SRQ+ SR + SRO.
ITpumeHsisT IpsSIMYI0 M MHBEPTUPOBAHHYIO KapThbl
KapHo, kak ObLI0 MOKa3aHO BHILIE A1 aCUHXPOHHO-
ro RS-tpurrepa, rnojy4yuM ypaBHeHMsI, ONUCHIBAOIIE
HIDKHIOIO M BEPXHIOI YaCTU CMHTE3UPYEMOM CXEMBbI:

o' = 0fy' = oS+ R) + SR.

C NOMOIIIBIO TTOTyYeHHBIX YPaBHEHUI MOXHO CHH-
Te3MpoBaTh aCUHXPOHHBIN E-Tpurrep. Ha puc. 3 mpu-

Tabmuma 2
S R Qn +1
0 0 (0]
0 1 0
1 0 1
1 1 (0]




1,5 =0,15 He; P, =0,032 MBT; N=20; 1;=0,15 ne; Py =0,022 MBT; N=14;

L=0,096 n/{x-mT. L=0,046 m/lx-1mT.
a) b)

| Tt 5, &1
gl S_l"j _l"'a E‘"I—SE 0
:T- rs _ ﬂn— ﬂn— —ul_ -_:
[ & 0 5 2,
TR ase T

Puc. 3. Cxembl acuHXpoHHOro E-Tpurrepa: ¢ — Ha JOTMYECKHUX 3JIe-
MeHTax; b — pa3paboTaHHas

Fig. 3. Circuits of an asynchronous E-trigger: a — on logical elements;
b — developed

BeJCHbl CXEMbl Pa3pabOTaHHOIO TPUITEpa U TpUITepa
Ha JIOTUYECKUX DJIEMEHTaX ¢ U3MEPEHHBIMU TTapaMeT-
paMu.

IIpemnoxenHass cxemMa TpUITEpa, COCTOSIIAs W3
MacCuBOB p- W n-KaHaibHbIX MOII-TpaH3uCTOPOB,
COJEPKUT MEHbllIee YMCIo TpaH3ucTtopoB (B 1,4 pa-
3a) U UMeeT OoJiee BHICOKYIO dHEeproa(@eKTUBHOCTh
(B 2,1 paza).

CuHXpOHHBIHA cTaTHYecKuid RS-Tpurrep

JIJ1s1 HaxOXXIeHUs ypaBHEHUI, OIMChIBAIOIIMX pabo-
Ty TpUITepa, HEOOXOAMMO Y4YeCTh TaKTOBBIi curHan C.
DyHKIIMOHUPOBAHUE TPUITEpa MIPUBEACHO B Tabl. 3.

Ta6muma 3
C S R Qn + 1 C S R Qn + 1
0 0 0 0 1 0 0 0
0 0 | (0] | 0 1 0
0 1 0 (0] 1 1 0 1
0 1 1 0 1 1 1 H/O

IIpu 3HaueHUsIX BXOAHBIX curHaioB C =S5 = R=1
npuMeM BbixomHOi curan Q" T paBHbIM normMUec-
koMy "0" (R-tpurrep). Torma BEIXOOHOM CUTHAJI OyaeT
OIUCHIBATHCST BhIPAXKEHUEM

Q"*!'= QN + QCSR + CSR.

[psimast 1 nHBepTUpPOBaHHas KapThl KapHo, cOOT-
BETCTBYIOIIME TTOTYICHHOMY YPAaBHEHMIO, TIPUBEICHBI
Ha puc. 4.

M3 xapt KapHo mmoayyaem ypaBHeHUsI, OIICHIBAIO-

LIMe MAacCUBBI HA p- U n-KaHaibHbIX MOII-TpaH3uc-
TOpax:

0'}' = O(C + R) + CSR,
0y =0(C+5)+CR

Ha ocHoBe 1mosiydeHHBIX YpaBHEHWI CUHTE3UPYEM
CUHXPOHHBIN R-Tpurrep (puc. 5, b) 1 usMepum mnapa-

METpPBI pa3pabOTaHHOTO TPUITEpa M TPUITEpa Ha OC-
HOBE JIOTUYECKUX DJIEMEHTOB.

CxeMbl CHMHXPOHHBIX RS-TpUrrepoB OJIU3KU IIO
napaMeTrpam. B CMHTe3MPOBAHHOI cXeMe OTCYTCTBYET
HeompeaeIeHHOE COCTOsIHUE. DHeproa¢dGeKTUBHOCTD
pa3paboTtaHHOI1 cxeMbl Bbille B 1,3 pa3a.

AcHHXpoHHBI E-TpHTTEp C YCTAHOBKOi M COpOCOM

Paccmorpum nmpuMeHeHne yctaHoBKM (Set) 1 cOpo-
ca (Reset) B Tpurrepax Ha OCHOBE MacCHBOB p- U N-Ka-
HanbHBIX MOII-TpaH3ucTopoB Ha nmpuMepe E-Tpurre-
pa (puc. 6).

Tpansucropsr V7 n V8 ciyxat mis cOpoca u ycra-
HOBKM TPUITEPa, COOTBETCTBEHHO. [Ipu 3TOM 17151 BBI-
XOIHOTO COCTOSIHUS, paBHOTO Q" IIPOMCXOMNT 3alLe-
KMBaHUE BBIXOJHOTO CUTHAJA MO LIETU ITOJOXUTEIb-
HOIi oOpaTHOI CBSI3WM. AKTUBHBIM ypOBEeHb cOpoca —
sormueckuit 0", ypoBeHb YCTAaHOBKM — Jiormdeckast "1".
YT0OBI MCKIIIOUUTh BO3MOXKHbBIE CKBO3HBIE TOKM TPU
copoce/yctaHoBke mo uensam V4—V7 unu VI, V2,
V3, V8, ucrnonab3oBaHbl TpaH3UCTOpHl V3, V4, KoTO-
phIe OTKITIOYAIOT Ha BpeMsl IEUCTBUSA cOpoca,/yCTaHOB-
ku TpaHsuctopsl (V5, V6)/(V1, V2) o BXoma MHBEPTO-
pa D1. PazpaboraHHas cxeMa XapaKTepu3yeTcsI ClIeIy-

1 1 1 1
N S
1 1 1 1
el s |
Q 0
a) b)

Puc. 4. Kaptel KapHo CMHXPOHHOr0 CTaTHYeCKOro R-Tpurrepa
Fig. 4. Karnaugh maps of synchronous static R-trigger
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1,5.=0,086 nc; Py =0,020 MBT; N=16; 1,5=0,073 He, P, =0,019 MBT; N=15;
L=0,028 i/ mrt. L£=0,021 n/Ix-wr.
a) b)

Puc. 5. CxeMbl CHHXPOHHOTO CTATHYECKOTO TPHITEpPA: @ — Ha JIOTU-
YeCcKUX 2JIEeMEHTaX; b — CUHTe3UpOBaHHAsI cxema

Fig. 5. Circuits of a synchronous static trigger: a — on logical elements;
b — synthesized scheme
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Puc. 6. Cxema acunxpoHHoro E-Tpurrepa ¢ yCTaHOBKOW M cOpocom
Fig. 6. Circuits of an asynchronous E-trigger with installation and reset

IOIIMMU napameTpamu: 4, - =0,15 He; PCp = (0,024 mBr;
N =18 wr.; L = 0,065 n/Ix - I1T. AHaJJOrMYHAasI cXeMa
Ha CTaHOAPTHBIX JJOTUYECKUX 3JIEMEHTaX MMeeT TaKHe
TAPAMETPBIL: 1, = 0,17 Hc; Pcp = 0,038 mBT; N = 28;
L =0,18 nJIx - 1uT.

Takum oOpa3omM, cUHTe3UpOBaHHAas cxeMa E-Tpur-
repa, MIMeIOIIasi CUTHAJIBI cOpoca M YCTAHOBKH, CONEP-
JKUT MEHBIIIEE YMCIIO TPaH3UCTOpoB (B 1,6 pa3a) u 00-
Jagaet OoJblieilt sHeproshGeKTUBHOCThIO (B 2,8 pa-
3a), YeM CXeMa Ha JIOTMYECKUX 3JIeMEHTaX.

3akioueHue

PesynbTaThl CXEMOTEXHMYECKOTO MOIEIUPOBAHUS
MoKa3ajM, 4To Tepexol Ha 0ojiee BHICOKMI YPOBEHbD
Hepapxum B BJIEMEHTHOI 0a3ze CXeM TPUITepOB MyTeM

HCITOJIb30BAHUS CUHTE3a CXEM M3 MAaCCUBOB p- U n-Ka-
HanbHbIX MOII-Tpan3ucTopoB mo kaptam Kapno
MPUBOAUT K YBEJUUEHUIO UX 3HEProaheKTUBHOCTU
M0 CPaBHEHMIO C aHAJIOTaMMU Ha JIOTUYSCKUX BJIEMEH-
Tax (JJ1s1 pacCMOTpeHHBbIX cxeM B 3; 2,1; 1,3; 2,8 paza,
COOTBETCTBEHHO). TakxKe TaKoi IMoaxo/1 MO3BOJISIET pa3-
pabaTeIBaTh TPUITEPHl C OTCYTCTBMEM HEOTIpedeacH-
HOTO COCTOSIHHMSI B UX PEXUMe pabOThI, UTO MO3BOJISI-
€T UCKJIIOUUTh 3aMlpelleHHYI0 KOMOUHALIMIO BXOAHbBIX
CUTHAJIOB, a 3HAYMT, M30eXKaTh BO3MOXHBIX COOEB B
pabote TpurrepoB. [IprMeHeHUe NPeaToXeHHO! MeTO-
JUKM CUHTE3a SIBJISIETCS OMHUM U3 PelleHUid 10 co3/1a-
HUI0 00Jiee SHeproaeKTUBHBIX LHIU(PPOBBIX YCTPOUCTB
¢ OoJjiee HOJTOIl aBTOHOMHOI paboTOl 0e3 JOITOJIHM-
TEJILHOM TIOA3apSIAKA, CO CHUXKEHHBIMU pUCKaMU Ha-
Jmunst cO0eB U "TOHOK CUTHAJIOB'.
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The paper shows the transition to a higher level of hierarchy in the element base of trigger circuits, which uses a synthesis of cir-
cuits based on arrays of p- and n-channel MOSFETS. The triggers synthesized by this method demonstrate a gain in energy efficiency
in comparison with analogs on logical elements from 1.3 to 3 times, which is essential for modern trends in finding solutions to create

more energy-efficient digital devices with longer battery life.
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Introduction

There are two types of triggers: static, controlled by the
level of information signals, and dynamic, controlled by the
front of the clock signal. Static triggers are simpler. They can
be used to build complex circuits, such as two-stage triggers.
Typical schemes of static triggers are implemented on stand-
ard logic elements located at the lower level of the hierarchy
in the element base. If you rise to a higher level using arrays
of p- and n-channel MOS transistors, you can get a significant
gain in a number of parameters [1]. Below, we consider the
synthesis of circuits based on arrays of MOS transistors and
compare the characteristics of the obtained static triggers with
triggers on logic elements.

RS Input Asynchronous Trigger

The functioning of the trigger is given in tabl. 1.

Table 1
S R Qn +1
0 0 0
0 1 0
1 0 1
1 1 u/d

We will solve the problem of circuit synthesis using direct
and inverted Karnaugh maps [2]. The indefinite state (n/a) is
replaced by a state equal to the logical "0" (R-trigger). Then
the minterm equation for the output signal Q" 1T will have
the form:

0"*'=SRQ+ SR.

The Karnaugh maps compiled using this equation are
shown in fig. 1.

From a direct Karnaugh maps, we compose an equation
that reflects the structure of the trigger on n-channel MOS
transistors located at the bottom of the circuit and forming a
logical "1" at the output:

o' = RS+ 0. (1)

From the inverted Karnaugh maps, write the minimized
equation in which we invert all the signals:

O, = R + S0 )

This equation serves to synthesize the upper part of the
circuit on p-channel MOS transistors and forms a logical "0"
at the output.

The formation of circuits according to equations (1) and
(2) is carried out according to the following rule [3]: the log-
ical multiplication (addition) of signals in the equations is
transformed into a serial (parallel) connection of MOS tran-
sistors in the circuits.

The generated trigger circuit and the trigger circuit on the
logic elements are shown in fig. 2.

Table 2
S R Qn+1
0 0 ]
0 1 0
1 0 1
1 1 ]

The developed scheme works as follows. When R= S =0,
transistors V3, V4 are open, V1, V2 are closed. On circuits
D1, V5 or D1, V6, positive feedback (PIC) is carried out and
the trigger is in storage mode. With § = 0, R = 1, transistors
V1, V4 are open, transistors V2, V3 are closed. The signal
generates a logical "0" at the output, which is latched along
the PIC circuit (elements D1, V5). With §=1, R =0, tran-
sistors V2, V3 are open, transistors V1, V4 are closed. At the
output, a logical "1" is formed, which is latched along the PIC
circuit (elements D1, V6). With §= R = 1, transistors V1, V2
are open, transistors V3, V4 are closed. An open transistor V1
and a microcircuit D1 form a logical "0" at the output in the
absence of a PIC, that is, without latching.

The parameters of the circuits are measured by circuit
simulation in CAD OrCAD. In the circuits, fourth-genera-
tion BSIM4 MOSFET models are used, which allow the use
of transistors with a channel length of up to 100 nm [4]. The
supply voltage of the circuits is chosen equal to 3.3 V. The du-
ration of the information signals is 10 ns. The sizes of the con-
tact pads were calculated according to the method described
in [5]. The channel length of the transistors is chosen equal
to 180 nm. The channel width corresponds to saturation cur-
rents of MOS transistors equal to 1 mA.

The following circuit parameters were measured: propa-
gation delay (13'p, ns) as the average value of the direct and in-
verse outputs when the input signals were varied, the average
power dissipation (Pcp, mW) as the average value at the end
of a sufficiently large measurement interval.

Comparison of energy efficiency schemes was carried out
according to the energy-topological criterion L [2], calculated
by the formula:

L=A-N=t3‘p-Pcp-N, pJ - pcs,

where A is the switching operation, pJ, N is the number of
transistors, pcs.

As can be seen from fig. 2, the energy efficiency of the de-
veloped trigger circuit is comparable to the energy efficiency
of a trigger on logic elements. But at the same time, the de-
veloped scheme does not have an indefinite state and corre-
sponds to an R-trigger.

The circuit of the R-trigger on logical elements is given in
the work [6, fig. 58]. The parameters of this scheme are equal:
fyp = 0.14 ns; P, = 0.024 mW; N = 16; L = 0.054 pJ - pcs.

Comparison of R-triggers schemes for energy efficiency
shows that the developed circuit has 3 times greater efficiency
than the circuit on logical elements.

Asynchronous E-trigger

In the F-trigger, with the values of information signals
R = S =1, the previous state Q" is preserved at the output.
The functioning of the trigger is given in tabl. 2.

From the tabl. 2 we obtain the E-trigger equation:
0""'=SRQ+ SR + SRQ.

Using direct and inverted Karnaugh maps, as shown above
for an asynchronous RS-trigger, we obtain equations describ-
ing the lower and upper parts of the synthesized circuit:

o' = 0! =0+ R)+ SR.
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Using the obtained equations, it is possible to synthesize
an asynchronous E-trigger. Fig. 3 shows the schemes of the
developed trigger and the trigger on logical elements with
measured parameters.

The proposed trigger circuit, consisting of arrays of p-
and n-channel MOS transistors, contains a smaller number
of transistors (1.4 times) and has a higher energy efficiency
(2.1 times).

Synchronous Static RS Trigger

To find the equations describing the operation of the trig-
ger, it is necessary to take into account the clock signal C. The
functioning of the trigger is given in table 3.

Table 3
C S R ort 1 C S R ort 1
0 0 0 (0] 1 0 0 (0]
0 0 1 (0] 1 0 1 0
0 1 0 (0] 1 1 0 1
0 | 1 (0] 1 1 1 u/d

For the values of the input signals C= 8= R=1, we ac-
cept the output signal Q" * I equal to the logical "0" (R-trigger).
Then the output signal will be described by the expression:

Q""'=0QN + QCSR + CSR.
The direct and inverted Karnaugh maps corresponding to

the obtained equation are shown in fig. 4.

From Karnaugh maps we obtain equations describing ar-
rays on p- and n-channel MOS transistors:

o' = O(C + R) + CSR,
Ol = QC+ 5+ CR

Based on the obtained equations, we synthesize a synchro-
nous R-trigger (fig. 5, b) and measure the parameters of the
developed trigger and trigger based on logical elements.

Circuits of synchronous RS-triggers are close in parame-
ters. In the synthesized scheme there is no uncertain state.
The energy efficiency of the developed scheme is 1.3 times
higher.

Asynchronous E-trigger with installation and reset

Consider the use of the setup (Set) and reset (Reset) in
triggers based on arrays of p- and n-channel MOS transistors
using the example of an E-trigger (fig. 6).

Transistors V7 and V8 are used to reset and set the trigger,
respectively. In this case, for the output state equal to Q”, the
output signal clicks along the positive feedback circuit. The
active reset level is logical "0", the settings are logical "1". To
eliminate possible through-currents during reset/installation via
V4—V7 or V1, V2, V3, V8 circuits, transistors V3, V4 are used,
which disconnect transistors (V3, V6)/(V1, V2) from the re-
set/installation time inverter input D1. The developed scheme
is characterized by the following parameters: #, ;, = 0.15 ns;
Py = 0.024 mW; N = 18 pcs.; L = 0.065 pJ - pcs. A similar
circuit on standard logic elements has the following parame-
ters: £, , = 0.17 ns; P, = 0.038 mW; N=28; L=0.18 pJ - pcs.

Thus, the synthesized FE-trigger circuit, which has reset
and installation signals, contains fewer transistors (1.6 times)
and has greater energy efficiency (2.8 times) than the logic
circuit.

Conclusion

The results of circuit modeling showed that the transition
to a higher hierarchy in the element base of trigger circuits by
using synthesis of circuits from arrays of p- and n-channel
MOS transistors from Karnaugh maps eads to an increase in
their energy efficiency compared to analogs on logic elements
(for considered schemes in 3; 2.1; 1.3; 2.8 times, respectively).
Also, this approach allows the development of triggers with
the absence of an uncertain state in their operating mode,
which eliminates the forbidden combination of input signals
and, therefore, avoids possible failures in the operation of trig-
gers. The application of the proposed synthesis methodology
is one of the solutions for creating more energy-efficient dig-
ital devices with longer battery life without additional recharg-
ing, with reduced risks of failures and "signal racing".
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Pucynkn x crartbe f. b. OHHca, A. B. ®efioposa, I1. b. OnHca, B. A. 3anesckoit
«OINTUMMBAIINA KOHCTPYKIINUA PLEJIE,
BBIMOJHEHHOI'O IO OBBEMHON TEXHOJIOTMU MCT,
B LHEJISIX YMEHBIIEHUSI BPEMEHU CPABATHIBAHN S

Y. B. Enns, A. V. Fyodorov, P. B. Enns, V. A. Zalevskaya

«RELAY DESIGN OPTIMIZATION, BUILT ACCORDING
TO BULK MICROSYSTEM TECHNOLOGY TO REDUCE TIME DELAY»

Time=1 ms Volume: Total displacement (pm)

Time=1 ms Stress (N/m?)
f :

21007
2080

50 100 150 200
a) b)

Prc. 3. Kapra nepemernennii ncxoaHoi KOHCTPYKIIA B MOMeHT BpeMenn 1 mc (a)
H pacupeleIcHae HanpsiKeHAl HCX0MHOH KOHCTPYKIHE B 30He KOHTaKTa (D)

Fig. 3. Map of displacements of the initial structure at time 1 ms (a)
and stress distribution of the initial structure in the contact zone (b)

Eigenfrequency=1891.2+192.39i Hz Volume: Total displacement (um) Eigenfrequency=2452.3+256.95i Hz Volume: Total displacement (um)

a) b)

Pue. S. llepBast Mmona konedanmii:
/ a —m3HavaTbHad KoHcTpykmaA ( f = 1891 I'm); b — ontammsaposanras koucTpykmuA ( f = 2452 I'm)

Fig. 5. The first mode of oscillations:
a — the original design (f= 1891 Hz); b — optimized design (f = 2452 Hz)

um




Pucynku x cratbe B. A. MoBganbckoro, M. A. Cokonosa

«OCOBEHHOCTH MOCTPOEHUSA NNEPEJAIOIIIET'O MOAYJISA L-INAITASOHA
HA OCHOBE LDMOS-TEXHOJIOT'T»

V. A. lovdalsky, I. A. Sokolov

«SPECIFIC FEATURES OF DEVELOPMENT OF THE TRANSMITTING MODULE OF L-RANGE
ON THE BASIS OF LDMOS TECHNOLOGY»

Pre. 1. Mukpocoopka OYM komnanmn Integra Technologies Ha ocHoBe L.LDMOS-Tpan3ncropos
Fig. 1. Microassembly of FAP from Integra Technologies Company on the basis of LDMOS transistors

Pre. 3. Mukpocoopka IITYM Pue. 4. Mukpocoopkn @HY-KM
Fig. 3. Microassembly of PPA Fig. 4. Microassemblies of LFF-PC

Pre. 7. KommonoBka Moxyiist

Fig. 7. Configuration of the module
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