Jleknust Ne 1 «IlepcnekTHBHAs CXeMOTeXHHMKA M TEXHOJOTHM JI HOBOIO
MOKOJIEeHUs1 paananuoHHO-cToMKuX IP moayseir u C® 06,10k0B cucTeM

CBSI3U, TEJICKOMMYHHMKAUN, TEXHUYECKOH TUATHOCTUKI»

OcHOBHOE HampapjieHWE€ B pEUICHUU MpoOJIeMbl  paTUAMOHHOM U
TEMIEPATYPHOM CTOMKOCTH PAAUOANIEKTPOHHBIX HM3JIEIUNA — COBEPIIEHCTBOBAHUE U
VACHIEBJICHUE  COOTBETCTBYIOIIMX  TEXHOJIOTMYECKHX  MPOILIECCOB  CO3AaHUs
ANEKTPOHHON KoMMOHEeHTHOU 6a3bl (OKDB) m1st aKcTpeMabHOM AJIEKTPOHUKH.

OnHako, B paMKax BEIOPAHHBIX TEXHOJIOTHH 3HAYNTEIbHAS POJIb B MOBBIITICHUN
Hagexkaoctn  OKb,  paboraromeld  npu  CHEIBO3ACHCTBUAX,  OTBOJUTCS
APXUTEKTYPHBIM U CXEMOTEXHUYECKUM PEILICHHSIM.

B Hacrosmiem pasnene NOpUBOAUTCA AaHAIU3 OCHOBHBIX TEXHOJIOTHH
MPOM3BOJICTBA 0a30BbIX (YHKIMOHAIBHBIX Vy37I0B U IP-monmyneit nmms POA,

paboTaroniei npu BO3ASHCTBUM pagrallii U TEMIEPATYPHI.

1.1 OcHoBHBIE TEXHOJIOTHYECKHE MPOIECCH] IKCTPEMAIbHOM

yaexkTponuku (SiGe, KHU, xFab, KHC, SiC)

B coBpeMeHHON MUKPOAJIEKTPOHUKE K YUCITY PaAUAllMOHHO-CTOMKHUX OTHOCST,
IPEeXKJIe BCEro, TEXHOJOTHYECKHWE TPOIECCHl HAa OCHOBE KapOuja KpEeMHHS H
apceHMa TaJUids, a TAKXKe JPYruxX IIMPOKO30HHBIX MaTepuayioB. s uznenui,
paboTaIMUX B IKCTPEMAIBHBIX YCIOBUSX — 3TO OCHOBHOE HAIPABJICHUE Pa3BUTHS
AJIEKTPOHHON KOMITOHEHTHOM 0a3bl. OJHAKO CTOMMOCTh TaKUX MHKPOCXEM
OKa3bIBAETCS JOCTATOYHO BBICOKOUW. B 3TOM CBsI3M mpencTaBiseT OONbIION MHTEpEC
TanbHENIIee HCCIeOBaHUE MHUKPOCXEMOTEXHUKM it Oosee neméBbix  SiGe
TEXHOJIOTUYECKUX TMPOLIECCOB, a TaKke TeXHoyiorndeckoro mpouecca ABMK_1_4
(HITO «Huterpan», 1. MHHCK), OTJHMYAIOLIETOCd BBICOKOM CTOMKOCTBIO K

CIIEIIBO3JICHICTBUSIM.



1.1.1 Kparkass undopmanusi 0 paJManMOHHONH CTOMKOCTH KPEMHHEBBIX

TPaH3UCTOPOB

OpHUM U3 OCHOBHBIX (pPaKTOPOB, CIOCOOHBIX MOBPEKIATh KOCMUYECKYI0 POA,
SBJIIETCS. HMOHM3UPYIONIME M3JIy4yEHHUE, KOTOpPOE BKIIOYAET B CeOsl TMOTOKH
3apSKEHHBIX 3JIEKTPOHOB, TPOTOHOB U TSXKENBIX YacTull [S].

WcnbrTanus moynpoBOAHUKOBEIX MPUOOPOB HA PaAHAIIMOHHYIO CTOUKOCTH K
BO3JICUCTBUIO 3JIEKTPOHOB MPOBOMSTCS HAa JMHEHHBIX YCKOPHUTENISAX JJIEKTPOHOB C
MPUMEHEHUEM CJIOKHBIX DKCIEPUMEHTAIBHBIX METOIUK, TPEOYIOMMX OOJIBITUX
PHEPTeTUYECKUX U DKOHOMUYECKHX 3aTpar. [103TOMy Ha MpaKTHUKE HCIOIB3YIOTCS
METOJMKHU, B KOTOPBIX BO3JEHCTBHUE 2JIEKTPOHOB 3aMEHSETCS] HA SKBUBAJIEHTHOE EMY
1o 7103€ BO37eiCTBUE Tamma-u3nydeHnus [6-8]. B wactHocTH, B pabdoTax [6, 9, 10]
MOKa3aHo, 4YTO Jerpajanus CTaTUYEeCKUX XapaKTePUCTUK MAJOMOIIHBIX npn
ounossipubix  TpauzucropoB (BT) mnpoucxonutr cuigpHee TpU  OOJIy4YEHUU
AJIEKTPOHAMH, Ye€M TPH BO3ACHCTBUM TaMMa-KBAaHTAMU C OJIMHAKOBBIMH JI03aMH.
OTU pe3ybTaThl MOKHO OOBSACHUTH PAa3IMUYHBIMA MEXaHW3MaMU B3aUMOJCHCTBUS
AIIEKTPOHOB M TraMMa-KBaHTOB ¢ BemiecTBOM [5]. Ilpu oOmyueHuu sneKTpoHAMHU
HaOmoaeTcss oOpazoBaHue JepeKTOB B 0ObeMe BeIIeCTBa, TOrjga Kak IIpu
BO3JICUCTBMM raMMa-KBaHTOB B OCHOBHOM IPOUCXOJUT OOpa3oBaHUE 3apsioB B
MACCUBHUPYIONMIEM OKHCIE M Ha TOBEPXHOCTH TMOJYMPOBOJHUKA, a Je(EeKTHI
cMenieHus: o0pa3yroTcsi TOJBKO 3a CYET KOMMTOHOBCKUX 3JekTpoHoB [10]. B
JAHHOM CiIy4ae, mociie OOJydeHHs JJICKTpOHaMH Habmtomaercs Oosee CriibHas
nerpagaus kodddunrenta ycuinenus mo Toky (), o0yciaoBieHHass B OCHOBHOM
oOpa3oBanneM 00beMHBIX JepekToB. B padore [11] oTMeueHa oOpaTHas cuTyalus,
KOrJa Aerpafalus XapakTepUCTUK npn TpaH3ucTtopa Tuma 2N2222 ¢ mapaMmeTpaMu
B=75-100 u fr = 250 MI'y Gomabie mocie OOJydeHHUS raMMa-KBaHTAMH, YeM
nocyie OoOJydeHHs DJEeKTpOHaMHU, M OOYyCJIOBJIEHAa B OCHOBHOM JEHCTBHEM
pPaaualMOHHO-UHAYIMPOBAHHOIO 3apsiia Ha MOBEPXHOCTH IOJYIPOBOJIHUKOBOTO

Marepuasia u B okuciie [S].



Taxum oOpa3om, 1j1si npn KPEMHUEBBIX TPAH3UCTOPOB, TpaHUYHAs yacToTa fr
KoTopeix He mpeBbimaer 0,3 [T, Hems3st OAHO3HAYHO TOBOPUTH 00
DKBUBAJICHTHOCTU JIEUCTBUS JJEKTPOHOB U I'aMMa-KBAaHTOB C OJMHAKOBOW JO30M.
Jlerpaganusa X XapakTEPUCTUK CHIJIBHO 3aBUCUT OT TE€XHOJOTMHM W3TOTOBJICHUS U

KOHCTpYKIMU npudopa [5].

1.1.2 KpemHmuii-repmaHneBble TEXHOJIOTHH

Konen XX Beka 0O3HaMEHOBAICA CO3JAHHEM HOBOTO TEXHOJOTHYECKOTO
nporecca - bBuUKMOII kpemuuii-repmanueBoii (SiGe) TEXHOIOTUHM — MO3BOJIMBIIIETO
JaTh peajbHy0 0a3y JJIsl CO3AaHUs CIOXKHBIX «CHUCTEM Ha KPUCTAJUIe», JJIsl COTOBOU
W CIyTHUKOBOW CBSI3M, CHCTEM HaBUTAIlMU, OJVKHEH OECIPOBOTHOW CBSI3H
(Bluetooth, WLAN),COBpeMEHHBIX  pPaJMOJOKAIIMOHHBIX  CHUCTEM, MPUOOPOB
aBTORJICKTPOHUKU U MHOTHUX APYrux maaenuu [12].

HoBas TexHonorus, co3gaHHas cneuuanucramu IBM  [12], mupoko
pacmpocTpaHuiach IO BCEMY MHUpPY OJlarofaps COYETAHUIO BBICOKOTO YPOBHS
MapaMeTPOB DJIEMEHTOB C BBICOKOW HAJEKHOM HAJAEKHOCTHIO, AHAIOTUYHOU
OOBIYHBIM  KpEMHEBBbIM  TpubopaMm, TMpU HE 3HAYUTEIBHOM  YBEIMYECHHUH
ce0ECTOMMOCTH 0 CPABHEHHUIO C KPEMHEBBIMU MPUOOpaMU M MEHbIIEH LEHOH IO
cpaBHeHWIO ¢ mpubopamu Ha ocHoBe coenuHeHuir AIIIBV. Texnomorus c
npuMeHeHueM SiGe MO3BOJIIET CHU3UTh MOIIHOCTh PACCEMBAHUS BBICOKOYACTOTHBIX
TPaKTOB MPU COXPAHEHUW YACTOTHBIX WU YCHIUTEIBHBIX CBOMCTB, YTO OCOOEHHO
MEPCIEKTUBHO [JISl CO3JIaHUSI MUKpPOCXEM MpUueMHHUKOB. [losBuiIack BO3MOXXHOCTB
BBINIOJIHEHUSI Ha OJIHOM KpHUCTauie OJIOKOB, JJii KOTOPBIX paHee TpeOOBaIHCH
OT/CJIbHBIE KOpPIyca, YTO BEAET K JajbHEUIIEeMYy YIEUIEBICHUIO U YBEIMYCHUS
HAaJIe)KHOCTHU U3IETUNA MUKPOIJIEKTPOHUKH [12].

B Hacrosimee BpeMs 3HAUMTENbHAs YacTb COBPEMEHHBIX MHUKPOCXEM,
paboraromux B nuama3one gactoT 1-20 I'T'1y pazpabareiBaetcsa ¢ npumeHennem SiGe
TEXHOJIOTUH, U B PsijIe CIy4aeB 3aMeHseT MUKpocxeMbl Ha ocHOBe GaAs. OcoOeHHO

nepcnektuBHbl S1IGe BUKMOII «cucteMsl Ha kpuctaie», Bkiodaromue kak CBY



SiGe Owumnomnspubie y31bl, Tak W KMOII mpoueccoppsl u apyrue uHuQpoBbie
ycTpoiicTBa [12].

OcHoBoit  SiGe mporecca CHOyXUT OWUMOJAPHBIA N-p-n TPAH3UCTOP C
reTeponepexoaoM, B KOTOpoM o0nacTh 0a3bl jerupyercs marepuaiom SiGe, dTO
IIO3BOJISIET TIOJIy4aThb NPH MHHMMAQIbHOW IMmmpuHE 3MmuTTepa 0.4 MKM Takue
IIPENEIBHBIE YaCTOTBI, KOTOPBIE pPaHBUIE CUYUTAIUCh HEIOCTHKUMBIMHM UL
kpemHeBbIx mpubopoB (100-200 I'Tm). JanHblii mpomecc oOecnedMBaeT TaKke
BBICOKME IIapaMETphl IIACCUBHBIX JJIEMEHTOB, IIO3BOJISASA IIOJIY4YaTb BBICOKYIO
JOOpPOTHOCTh HWHAYKTUBHBIX M €MKOCTHBIX 3JEMEHTOB U IIHWPOKHM Juamna3oH
CONPOTHUBIIEHUI PE3UCTOPOB, UCIIOJIB3YEMBIX B BBICOKOUACTOTHBIX TPAKTAX.

OcHoBHbIe TpeumyiecTBa Si(Ge TEXHOJOTHMHU 3aKIIOYAETCs B CIIOCOOHOCTH
BBIOOPOYHO M3MEHATH HIMPUHY 3aMPEIIEHHON 30HbI OOBIYHOTO KPEMHHUS, T.€. MEHSTh
napaMeTpsl Marepuaiga B 00JacTH OHWIIOJISIPHOTO TPaH3UCTOpa, TAKUM 0Opa3oM,
YBEJIMYMBAS €r0 TPaHUYHbIE YacTOTHI [13, 14].

KomOunanust Si u Ge mpuBOAMT K YyBeIMUEHHUIO Oojiee, 4eM B JBa pasa
JIEKTPOHHOM IOABUKHOCTH CPABHEHHUIO C S1 M, COOTBETCTBEHHO, CHUYKAET BpPEMs
nposeta 6a3sr [12].

SiGe OunossipHbIE KOMIIOHEHTHI 110 CPABHEHUIO C OOBIYHBIMU OUIOJISPHBIMU
CTPYKTypaMu CO 3HQYEHHUSMH YacCTOTHI €AMHUYHOTO YCWIECHHs 10 TOKY f, 10 20 [T
00J1a1a10T U CYIECTBEHHO MEHBLINM ypoBHeM 1mymoB (1-2 nb B nuamazone vactot
no S5 ITn), 4dro ompepenser MX SBHOE MPEUMYIIECTBO IPU IOCTPOCHUU
manomymsumx CBY MMC B npuémMHsbIX Tpakrax [12].

Kpemuuii-repmanuenas (SiGe) OumnonsgpHas KOMIUIEMEHTapHAsI METAJLI-OKCH/I-
nonynpoBogHUK (buKMOII) texnosorus [13] npeacTaBiser Takke CylIIECTBEHHBIN
MHTEpEC KakK I NPUMEHEHUS B KOCMUYECKUX YCJIOBHSX, TaK U JUJISl 3KCIEPUMEHTOB
B (U3MKE BBICOKMX OJHEPrMil H3-3a MOATBEPXKIECHHOTO BBICOKOTO YpPOBHS
YCTOMYMBOCTH K panuanuu [15,16,14,17].

Kak ommcano B [14], SiGe TtexHomoruu o00Ja7alOT PAIOM YHUKAJIbHBIX
CBOMCTB, YTO JI€JaeT UX MPUTOJHBIMU I SKCTPEMAJIBHBIX YCIOBUM. Peann3oBaHHbIe

Ha kpemHun KMOII texHomornyeckass mOCIEA0BATENbHOCT, OOECIEUYUBACT



BBICOKOIIPOU3BOAUTENbHBIE  PEIICHUS Uil PaJMOYacCTOTHBIX  MOHOJIMTHBIX
unterpanbHpix cxem (PY-MUC), uudpoBbix M CMENIAHHBIX MNPUMEHEHUH —
CIICIMANIM3UPOBAHHBIX UHTErpalibHbIX cxeM (ASIC).

B mocnempnue roapl OBLIO BBIMOTHEHO HECKOJIBKO TECTOB HAa PagUallMOHHYIO
croiikocth 0,25 MM SiGe buKMOII texnonorun SGB25VD, He conepsxartieit p-n-p
TpaH3ucTopos [13, 15-16].

EBpornelickuM KOOpAMHAIIMOHHBIM COBETOM IO KOCMHUYECKUM KOMIOHEHTaM
(ESCC) Obuto mpuHATO pEIIeHHE O Pa3BUTHUU OTIEIbHOW paauallMOHHO-CTOMKOM
texHonorun SGB25RH nns mpumenenus B kocMoce U pu3uke BBICOKUX dHepruii. B
OTOM TEXHOJOTHMH OBUIM  CIEeNHUATLHO pa3paboTaHbl  PaIUANMOHHO-CTOUKHE
tonosioruu u IP 6moku [15,16]. ITockoneky SGB25V u SGB25RH ucnonb3ytor oauH
U TOT K€ NPOU3BOJCTBEHHBIM MPOIECC, PE3YJbTAaThl HAYYHBIX HCCIEIOBAHMI Ha
SGB25V  neiictButensHbl it SGB25RH  npu  ycnmoBum — MCTONIB30BaHUS
CTaHJapTHBIX KOMIIOHEHTOB. Bce mpotecTupoBaHHbIE ycTporcTBa [16] mokazamu
MPUEMJIEMYIO IPOU3BOUTEIBLHOCTD JI0 YPOBHS paauaiuu okono 10 Mpan.

BHeapenne KOHKpPETHBIX MpaBWil NpoeKTUpoBaHUS SiGe MUKpOcXeM,
CBSI3aHHBIX C paavallMed, pEealln30BAHO B CHEIUAIbHOM «au3aiiH kute» (IHP,
I'epmanus) [15,16]. Ha ocnoBe mocnegnux noctwkenuit IHP co3nana 6ubnmmnorexa
paInalMOHHO-CTOMKUX 3JIeMEHTOB [16]. B Hacrosinee BpeMsi MOJEIM aKTUBHBIX U
MAaCCUBHBIX KOMIIOHEHTOB JUIsl y4y€Ta paJuallMOHHOW Jerpajaiu HaxoJaTcs B
cTaauu NmoAroToBKU. OCOOEHHO B JIMANa30HE /03 U IJIOTHOCTU MOTOKAa HEUTPOHOB,
OoObIYHO HAOMIOAAEMBIX B KOCMHUYECKMX mpuMeHeHusx [16]. PesympraTh
paguanuoHHbIX TecTOB noixyuyeHsl st 250 am SiGe bBuKMOII texnonoruu [16].

DTa TEXHOJOTHS XOPOIIO NoAXoauT Kak 111 CBY MOHONUTHBIX MHTETPAJIbHBIX
cxem (MC), tak n nnsa cmemanHbix (ASIC) cnenuanin3upOoBaHHBIX MHTErPATBHBIX
CXEeM, OPUEHTHPOBAHHBIX HA PUMEHEHUE B KOCMOCE U (PU3UKE BHICOKUX IHEPTUH J10
yactoT 20 I'T'1ig [13].

OKCIEepUMEHTANIbHBIE JAHHbIE MO HCCIEIOBAHUIO BIUSHUS MOHU3UPYIOIIUX
M3JIy4YeHUN (ramMma, HEHUTpPOHBI M MPOTOHbI) Ha SiGe TPaH3UCTOPHI, BXOMASAIIUX B

coctaB SiGe BUC ueThipex mokojeHuil ¢ npoekTHeiMu HOpMmamu 0,25; 0,18; 0,13 u



0,09 wmkm, mnomyuennole K.O. Ilerpocsumom, JILM. Cambypckum u H.A.
XapUTOHOBBIM, MOKA3bIBAIOT, YTO MO (HaKTOPY CyMMapHOI morionieHHon 10361 SiGe
I'bT umeroT yHUKaIbHBIE TTOKa3aTeIN CTOMKOCTU. [[71s1 mpuOOpoB, U3rOTOBJICHHBIX 10

nocyeIHUM ypoBHIM SiGe TeXHOJOrui, oHu cocTaBisitoT 10 50-100 Mpan.

1.1.3 TexHoJiorusi «<kpeMHuii Ha candupe»

K nauvany 1990-x romos B HIIII «Candup» 6bu10 pazpaboTaHO CEMEUCTBO
KMOII-mukpocxem Ha ocHoBe kpemuus Ha candupe (KHC) - cepun b1825, 51620,
1523, BKIIIOYAIOLIME MHUKPOIPOLIECCOPHBIA HAOOP, CXEMBbI MAMITH U Pl aHAJIOTO-
uudpoBbix MukpocxeMm [18]. CeroaHs n1aHHOE NPEANPUATHE CKOHIIEHTPUPOBAJIO BCE
ycunus uckinrountesnbHo Ha KHC - HampaBieHUM U CTajao MEPBBIM MPEANPUITHEM
Poccun, kotopoe B TeueHue Oosiee AECATH TOCIEIHUX JIET BEAET HEMpPEpPhIBHOE
cepuiiHOe MPOM3BOACTBO paauannoHHO-cTolkux KHC-mukpocxem, oOecrieunBas
MOCTaBKaMH Ba)KHEUITEe 0OOPOHHBIE CHCTEMBI CTpaHsI [ 18].

Hcropuueckuit onbIT pa3pabOTKM W TPOJBHKEHHS B IMPOU3BOJICTBO
poccuiickoii KHC- TexHomoruu mo3BOJISIET, cHaeNaTh Pl OOIIE3HAYMMBIX
3aKJIFOUCHUN-PEKOMEH AL, TTOJIE3HBIX IPU PA3BUTHU 3TOTO HampasieHus [18].

Boi6opsl  HOBOro (0COOEHHO HETPAJUIMOHHOIO) HAYYHO-TEXHUYECKOTO
HAIpPAaBIICHUS, 3aKPHIBAIOIIETO KOHKPETHYIO MOTPEOUTENbCKYI0 HHUINY, Oazupyercs
Ha CIIEYIOUIMX OCHOBHBIX MoJIokKeHUsX [18]. DTo HampaBieHue (0OOBIYHO TOBOPST -
TEXHOJIOTHSI) JIOJDKHO 001anaTh KOMIUIEKCOM CBOWCTB (PU3MYECKOro TIJIaHa,
BBIICTISIIONIUX €ro Cpelu MOJO0OHBIX HAaNpaBlICHUNH M OOCMIAIOUINX JOCTHUKEHHUE
HAaWJIy4IINX XapaKTEPUCTUK co3naBaeMbix Mukpocxem. s KHC- texnonorun sto
ujealbHble HM30JIALMOHHBIE MapaMeTpbl can@upoBOM MOJJIOKKH, paadallOHHAs
CTOMKOCTh OyAyHIMX MHUKPOCXEM, HaWJIydlllee COouYeTaHue «OBICTPOAEHCTBUE -
noTpeodssieMasi MOITHOCThY», yiydllleHHbIe xapakrepuctuku BU- u CBUY-npubdopos,
TMOBBINIEHHAsT pabouas Temmeparypa (Bmioth 10 250°C), ymo6cTBO coueTaHms
aHAJOrOBBIX U HUGPOBBIX (PYHKIUNA B €IUHOM YHUIIE, BOBMOXKHOCTH ONTHYECKOIO

BO3OYXKJICHHS 4Yepe3 MpOo3padHyr MNOoMIoXKy [18]. Pasymeercs, BaXHO MHEHHE



3apyOexHbix cneruanuctoB: «KHC - 310 nHambonee ycmemnsiii Bapuant KHU-
TexHojoruv», 3aaBuil B 2011 romy Buue-npesuaeHt Peregrine, Bemyuiei
amepukanckoil ¢upmbl nmo KHC-mukpocxemam [19]. Eme 3Haunmeil oneHku
ABTOPUTETHBIX OTEYECTBEHHBIX KCIEPTOB, 3HAKOMBIX C CUTYyallM€ll B CTpaHe, - B
pazubie Toapl KHC-mipoexkt HIIIT «Candup» ogo0puin u noajaepKaiyd aKkaaeMUKH
FO.b. Xaputon, B.A. MensnukoB, H.A. Cemuxaros, K.A. Banues, FO.B. I'ynses,
A.C. CuroB, A.A. OpnukoBckuii, A.C. byraes [18]. HakoHeu, npuHIIUIIHAAIBHO
BAKHA JJIs1 HOBOTO HANPABJIEHUS €ro COBMECTUMOCTh co craHmaptHod KMOII-
TEXHOJIOTHUEHN, OCHOBON COBPEMEHHOI MUKPO3JIEKTpOHUKH [18].

Yenex KHC-npoekta B ompeienstonel CTENeHU 3aBUCUT OT BBIMOJHEHUS
CIEIYIOIIMX OCHOBHBIX YCJIOBUH [18]: BbISIBICHUE peaqbHON M BAXKHOM ISl CTPAHBI
chepbl TPUMEHEHHS CO3/1aBa€MbIX MHKPOCXEM, TaKOW, B KOTOPOH OHHU
o0OecrneunBalOT BHEKOHKYPEHTHO BBICOKMU YpOBEHb MapaMEeTpoB amnmaparyphl,
HalpuMep, CHUCTEM YIpaBlieHUs OasTUCTUYECKUX PAKeT CTPATernyecKoro
Ha3HAYECHUSI.

Takum oOpa3om, ctaHoBieHue B Poccur HOBOM TEXHOJOTMU MOKET OBITh
YCHENTHBIM JIUIIH TP OPUCHTAIMH HA BaXHEUITHE OOOPOHHBIE CHCTEMBI, TIPH 3TOM
dbopMHupoBaHME TIyJla pealbHbIX MOTpeOuTenel MHUKpOocXeM (KaKk OCHOBBI
MIOCTAHOBKU W Pa3BUTHS UX MPOU3BOACTBA) JIOHKHO pAcCMaTpPUBATHCA B KauyeCTBE

rnaBHeieit coctaBHoit vactu KHC-npoexra [18].

1.1.4 MukpocxeMbl Ha OCHOBe MaTepHAJIOB C IIMPOKOH 3ampeneHHOH

30HOMI

Onno u3 Haubosiee aKTUBHO OCBaMBAaeMbIX cerojaHs Hampasinenuir CBY
AJIEKTPOHUKH - MOUIHBIE TBEPOTENIbHbIE TPUOOPHI HA OCHOBE MOJYHIPOBOIHUKOBBIX
MaTepuajioB ¢ IIMPOKOW 3ampenieHHoM 30HOM [19]. IllupuHa 3amnpemeHHOor 30HbI
IIMPOKO30HHBIX MOJYPOBOJIHUKOBBIX MAaTEpUajOB B JBa-MATh pa3 OOJbIle, YeM Y
TPAAULAOHHBIX TMOJIYNPOBOJHUKOBBIX MAaTE€pUaiOB (KPEMHUS M apCEHUIA TaJLIus).

Kpome Ttoro, y HuX Bbllle mojie mpoOos (Ha MOPAIOK) M TEIUIOMPOBOIHOCTD.



JlpeiidoBasi CKOPOCTh HACHIIMICHUS AJIEKTPOHOB IMUPOKO30HHBIX IMOIYIPOBOIHUKOB
(ILI3IT) mubo oannakoBa, 1100 HECKOIBKO Oobie, ueM y Si u GaAs. K tomy e oHu
OTJIMYAKOTCSA BBICOKOUW TBEPAOCTBIO, CTOMKOCTBIO K BO3JICUCTBUIO arpPECCUBHBIX CPE.l
U pallalliOHHOMY H3irydeHuto [19].

Hutpua ramnmusa npeacrasisieTcss HanOosee MepCrneKTUBHBIM ITUPOKO30HHBIM
MOJYIPOBOJHUKOBBIM MaTepuaiom, kak v Bcs rpynna [lI-uurpunos [20]. C moMeHTa
NosIBJIICHUsT mepBoro TpaH3zucropa Ha GaN B MOMYNPOBOJHUKOBOM 3JIEKTPOHHKE
MPOU3OILIM TMOUCTHUHE PEBOJIIOLMOHHBIE H3MEHEHUs. OTH NpUOOpHI CIIOCOOHBI
paboTaTh B 3HAYUTENILHO 0oJiee MIMPOKOM JMAINa30He YacTOT U Mpu 00jiee BHICOKHX
TEeMIEepaTypax, ¢ OOJbIIeN BHIXOJAHON MOIIHOCTBHIO MO CPAaBHEHUIO C MPUOOpamMH Ha
Si, GaAs, SiC wimmu Ha J10000M JpPYyroM OCBOCHHOM B IPOHU3BOJICTBE
NOJIyIPOBOJHUKOBOM Martepuasie [19].

GaN TpaH3UCTOpPBI U MUKPOCXEMBI Ha UX OCHOBE YK€ IIPOU3BOJSATCS CEPUIHO.
[TapameTpsl Takux NpUOOPOB OKa3aNUCh CTOJNb BHewyaTisitonumu, uyto B CHIA,
EBporie u SlmoHWMM B I1ENSX COBEPIICHCTBOBAHUS Oyaymux WH()OPMAIMOHHBIX
CUCTEM M CHUCTEM HAIMOHAJbHOM  OE€30MacHOCTH COWIM  HEOOXOJUMBIM
chopMUpOBaTh TOCYJApPCTBEHHBIE MPOTPAMMBI  CO3JaHHS  BBICOKOHAJEKHBIX
MOJIYIPOBOJHUKOBBIX ~MPUOOPOB UM MHUKPOCXEM, KOTOPbIE MPOBOASATCS MO
pyKoBOACTBOM MuHucTepcTBa 00OpPOHBI. B uMCiio HcclienyeMbiX IIMPOKO30HHBIX
martepuanioB Bxogat SiC, GaN u AIN [19].

Boicokas xumuyeckas W TeMmmeparypHas CTaOWJIBHOCTH U HU3Kas
YYyBCTBUTEJIBHOCTh K HMOHHU3UPYIOLIEMY M3IYYEHHUIO JEJNAlOT [IUPOKO30HHBIE
MaTepuaibl 0CO00 TPUBICKATEIIBHBIMUA JUISI OOOPOHHBIX W KOCMHUYECKHX
npuMmeHeHuil. Ceildac oaHO W3 riaBHBIX HampasiaeHudd CBY mosynpoBOIHMKOBOM
AIIEKTPOHUKH, HAa KOTOPOM COCPEAOTOUYEHBI OCHOBHBIE CHJIBI Pa3pabOTYMKOB, -
coznanue AlGaN/GaN- rerepornepexoHbIX IMOJEBBIX TPAH3UCTOPOB C 3aTBOPOM
[MotTku [19].

Hutpua ramwmms mupoko wucnonb3yercs misi cozganus CBY TpaH3ucTOpOB,
roayObIX H YyJAbTPaUOJETOBBIX TBEPAOTENbHBIX Ja3epoB, AHOJOB, CEHCOPOB,

ONTORJIEKTPOHUKH M CBSI3U, KOMIBIOTEPOB, IHU(POBBIX YCTPOICTB, CHIOBBIX



AIEKTPUUYECKUX CEeTeH, IUIOCKUX MHCIUIEEB, CHUCTEM OCBelleHuss u T.m. [19].
COBOKYNMHOCTh ~ CBOMCTB  IIMPOKO3OHHOTO  Marepuasa UM BO3MOXKHOCTHU
dbopmupoBanusi Ha ocHoBe GaN rereponepexooB IMO3BOJISIIOT — JOOUThCS
YHUKAJIBHBIX XapaKTEPUCTUK TPAH3UCTOPOB - pabodero HampspkeHus cBbime 60 B,
gactror g0 70 ITu, wmomuoctn 1o 200 Bt [19]. B Hacrosmee Bpems
npoaeMonctpupoBanbl GaN HEMT ¢ BbIXOgHON MOIIHOCTHIO CBbIIE 176 BT,
pabounm Hanpspkenuem 63 B, KIIJ 54 % npu ycunenun 12,9 ab na vacrote 2,1
I['Tu. PexopaHoe Ha cerojaHs 3HadyeHue yaenbHoul Momuoctd GaN HEMT - 322
Bt/mm ipu KI1] 54,8 %, pabouem nanpsokenuu 120 B w gacrore 4 [T [19].

Kap6un xpemuus xak matepuan jisi CBU-nmpubopoB akTUBHO OCBaWBaeTCs B
nociegHue rojpl. Ero riaBHBIA HEAOCTATOK - HEBO3MOXXHOCTh CO3JIlaHHS Ha HEM
rerepocTpykTyp [19]. Beneactue Huskoil moasmxHOcTH Hocutenei (370 cm™/B-c
g nonutuna 6H) paboune yactorel SiC-nmpubopos He npesbimarot 4-7 [T [19].
OpnHako oCTalibHbIE JOCTOMHCTBA, MPEXK]IE BCErO, BHICOKAs IIOTHOCTh MOUIHOCTH U
OoJibIlIasi TEIMJIOMPOBOIHOCTh 3aCTABIISIIOT AKTUBHO Pa3BUBAaTh WX IPOMBIILICHHbBIC
TexHoJiorud. B xauectBe nmpumepa npomeiuieHHoro SiC MESFET moxHO npusectu
tpan3uctop CRF-24060 kommnanuu Cree, usroroiieHHbli Ha 4H-SiC-nmomnioxke
[19]. Ero HomMuHanbHas BbIXOJHAas MoOHIHOCTHL 60 BT. DT0 yXke mnpenctaBUTENb
Broporo mokoneHuss MESFET-tpansucropoB kommanuu. KIIJ| mpubGopa mnpu
BBIXOJHOM MOIIHOCTH 0K0JIO 80 BT u nuHeiiHoM ycunenuun 12 nb B mosioce 4acToT
0,9-1,6 I'T'y npesiaet 40 % (50 % na wactote 1 I'T'my) [19].

HauaTt komMmmepueckuii Beimyck mpudopoB Ha ocHoBe GaN u SiC, uto siBnsieTcs
MoKa3aTejieM Pa3BUTHSI TEXHUYECKOTO YPOBHS MaTepuayia U TEXHOJOTUHM MPUOOPOB
[19]. Tak, pupma Nitronex (CLHA) nmpuctynuia k Boimycky cepuiinbix GaN HEMT
Ha KPEMHUEBOU MOIOKKE C BBIXOJHON MOIIHOCTBIO Py = 15 BT (NPT35015) u 50
Bt (NPT35050). HEMT pa6orator B nuamazone ygactot 3,3-3,8 [T, ux pabouee
Hanpsbkenue U, - 28 B, KIIJL - 18-20%, pabouas temnepatypa 7, - 200°C. IIpubopsl
MPONUIN MOJIHBIA UK UCTIBITAHUN Ha Halle:)kHOCTh [21,22]. @upma Eudyna Devices
(Anonust) mnocraBiasieT Ha phIHOK BbicOKOBOJIbTHbIE GaN HEMT wmonenei

EGNO45MK u EGN21A180IV. Ilpu HenuHeitHOM uckaxkeHMu 3 b BbeIxoaHas
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MomHocTh TpaHsucropa EGNO045MK cocrasiser 47 abmBt, KIIJI - 60%,
Hanpspkenue U, - 50 B, pabGouas wactora - 2,2 I'Tu. MomHocTs TpaH3ucTopa
EGN21A180IV, npenHazHaue€HHOTO JIJIs1 YCHJIMTENEH 0a30BbIX CTAHIIMN MOOWIIBHOM
cBs3u crannapta W-CDMA, pasna 180 Bt, KII]] - 32%, nuama3on paboynx 4acToT
2,11-2,17 I'T' [22].

Cepuitapie GaN HEMT tuna CGH35015 xomnanun Cree ¢ Py = 15 BT B
mvanasone 3,3-3,9 I'Tu, U, = 28 B u KIIJ 24% npeanasHadyeHsl A CHCTEM
IIMPOKOTOJIOCHOTO OecrpoBoiHOTO nocTyna 1 WiMAX 0a30BbIX cTaHiui [23].

[ToMrMMO MOUIHBIX JUCKPETHBIX TpaH3UCTOpOB KommaHusi Cree ocBouia
nporecc usrotonenuss SiC MUC na 75-Mm mnactuHax [24]. Ux 6a3oBbIMEU
aneMentamu ciayxkat MESFET-Tpan3ucropsl ¢ mupuHoi 3atBopa 0,5 MKM.
[TnotHocte mMomuHoctn MESFET-Tpan3ucropo - 4 Btr/mm, KIIJI - 60 % (mpu
KOMHATHOM TeMIiepatype), padodee Hamnpsbkenue - 50 B, paboyas yactoTta 1ocTUraer
6 ITu. Ilpu BeixomHoW MomHocTH 3,8 BT Ha wactore 3,5 I'Tu TpanH3ucTopsl
nemoHctpupytot KITII 68 % [24].

Ho Bce nocromnctBa SiC-CTpyKTYp, AaXe B YaCTOTHOM Juana3oHe MeHee 6
[T, pasOouBaroTcsi O YPE3BBIYAMHO BBICOKYIO cTOMMOCTh SiC-tutactun [19].
JericTBUTEILHO, 0O0JIbINAS TIJIOTHOCTh MOIIIHOCTH O3HAYaeT MATYIO IUIOMIAb TEII0-
creMa. CienoBaTesibHO, HEOOXOIUMBI MOJIOKKH C BBICOKOUM TETUIONPOBOIHOCTHIO.
OauH U3 MUPOKO MPUMEHSIEMBIX MaTEpUAIOB - KapOua kpemHus. [IpakTudecku Bce
GaN-npubopsl ¢ PEeKOPIHBIMU XapAKTEPUCTUKAMHU BBITIOJIHEHBI WMEHHO Ha SiC-
nomnoxkax. C nenoil Ha GaN-MOUI0KKH CUTyalMs eme TsKenee. DTOT MaTepuan
XOTh M YCTyHmaeT no temaonpoBoaHoctu SiC, HO B KayecTBe NOI0KKH st GaN-
npubopoB npeanoururesneH [19].

Takum oOpa3zom, MoxHO KoHcTtatupoBaTh [19], wuro II3IT wumeror
CYIIECTBEHHBIC TMPEUMYIIECTBA MEpea TPAAULMOHHBIMUA MOIYHPOBOAHUKAMM, YTO
MOATBEPKIAAETCA PEKOPAHBIMH IMapaMmeTpamu npudopoB Ha ocHoBe GaN u SiC.
Hauano kommepueckoro BhITyCKa MPUOOPOB Ha ATUX MaTepuajiax MOKa3bIBaeT, YTO
TJIaBHBIE TEXHOJIOTHYECKHUE MPOOJIeMbl MPUOOPOB HA ITUX MaTepuajax yKe PeIIeHbI.

Ho Bo3moxHOCTH 1TpubopoB Ha rerepocTpykTypax AlGaN/GaN B momHON Mepe erne
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HE pEealM30BaHbl W3-32 OTCYTCTBUS KAaYECTBEHHOIO NOJIOKEYHOTO Marepuana C
BBICOKOUW TEIIONPOBOAHOCTHIO [19].

Hecatku npennpustiii 1 HaydHbIX LEeHTpoB B CIIA, Snouuun, ®paniuu,
BemukoOputanuu, ['epmanum u Apyrux CTpaHax MUpPa 3aHUMAIOTCS TPUKJIATHBIMU
MCCIIEOBAHUSIMU U TIPOMBIIIJIEHHBIM BBIITYCKOM HM3J€JIMH HA OCHOBE CHHTETHYECKHUX
anmazoB [19]. bonbemoit Bkmax BHecnau MccnemoBatenbckas sabopatopusi BMC
CIIIA (Air Force Research Lab., AFRL), xommanuu Appolo Diamond, General
Electric, Group4 Labs. LLC, Sp3 Diamond Technologies (CIIA), Sumitomo
Hamamatsu (Snonus), LETY, BOLD (®panuust) u ap. Murepec B 3101 obnactu
CBSi3aH C TEM, 4YTO NPUPOAHBIM anMa3 HMEET VYAECIbHYIO TEIUIONPOBOIHOCTh
IPUMEPHO B YETHIPE pa3a OOoJIbIIYIO, YEM Y MEJIH, SBIISASICh IPU ITOM JIUDJIEKTPUKOM,
MMEET OYEHb BBICOKHME 3HAYEHUSI CYMMapHOM MOABMKHOCTH Hocutenel (okoso 4000
cM’/B-c), apeiihoBOi CKOPOCTH, SIEKTPUYECKON MHPOYHOCTH. Y anMmas3a OdYeHb
BBICOKAsl PaJMalOHHAas CTOiKOCTb (Gonee 10" HEHTPOH/CM” 110 TTIOTOKY HEHTPOHOB),
a TaKXKe HAWIyyllue MapameTpbl ONTUYECKOW, XMUMHUYECKOW U MEXAHUYECKOU
MPOYHOCTH, PEKOPJIHBIA HUana3oH ontuueckoil mpo3payHocT (1 HM - 100 MkMm),

TBEpAOCTH U 1p. [19].

1.1.5 Hurpua-ranimneBas 3JIeKTPOHHAs1 KOMIIOHEHTHAasi 6a3a

AHanu3 JOCTUKEHUU HUTPUJI-TAJTIMEBON TEXHOJIOTUM BO BCEM Mupe [25,
26] moka3nIBaeT:

1. GaN-ycTpoiicTBa Ha HECKOJIBKO MOPSAKOB MPEBOCXOIT MOKa3aTeNn
M0 HaAEKHOCTH, TUHEWHOCTH, yISIBbHON MOITHOCTH U 001IeH 3¢ PekTHBHOCTH BCE
CYIIECTBYIOIIME HA CETOAHANIHUN JAeHb TeXHoJioruu, Oyap 3To GaAs, LDMOS
WJTU DJIEKTPOBAKYYMHBIE YCUIUTEIbHBIE TPUOOPHI.

2. GaN-TeXHOJOTUY NOATBEPAUIN B JETHOW 3KCITyaTallUH CTOMKOCTh K
BO3JICVCTBUIO U3JIYYEHUI KOCMHUYECKOTO MPOCTPAHCTBA U, CJIEI0BATEIbHO, MOT'YT
OBITHh HCMOJIB30BAaHBl B amNmaparype pa3IudHOTO Ha3HAYCHUs, TaKUX Kak

CIIyTHHUKOBBIE CHUCTEMbI 30HAWPOBaHUA 3eMid, CBsI3M u Bemanus, PJIC
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Pa3IMYIHOTO Oa3UPOBAHUS, CUCTEMBI IMIMPOKOTIOJIOCHON MOOUITLHON CBSI3H.
KpemnueBsle u apceHun- ramumeBble MouiHbile CBY  TpaH3uCTOpHI
MPAKTUYECKH JTOCTUIJIM CBOETO Tpejiesia BBUAY OTPAaHUYEHUM JIEKTPOPU3IMIECKUX
napamMeTpoOB UCXOJAHBIX MOJIYIPOBOAHUKOBBIX MaTEpUaoB [25].
s co3panuss CBY DKb 1 MOITHBIX BBIXOJIHBIX YCTPOUCTB 0COOCHHO BasKHBI

MPEUMYIIECTBAa HUTPUA-TAJUIMEBOM TEXHOJOTUHU [25]:

BbICOKHKE MpoOuBHBIe Hanpspkenus (1o 120 - 180 B);
- BbICOKO€ pabouee Hanpsikenue nutanus (U, = 28 - 50 B);

Beicokuii KIII (mo 80 %);

- BBICOKas yJeJIbHAsi BBIXOJHAsI MOITHOCTH (Oonee 5 BT/MM nmiis cepuiHBIX
npuOopoB u 10 74 BT/MM 17151 SKCIIEpUMEHTATbHBIX);

- BO3MOXHOCTBH pa0oThI B Ki1accax A, AB u B;

- BbIcOKMH Kod(dunument ycunenus (Ha 1,0 - 2,0 ab OGosbiie, yem y
TPaJUIMOHHBIX TEXHOJIOTUM B COOTBETCTBYIOIIEM JUANA30HE YACTOT);

- pacCIIMPEHHBINA TUana30H pabovYnX TeMIepaTyp;

- BBICOKAas paJMallMOHHAsA CTOMKOCTB;

- OTHOCHUTEJIbHO BBICOKHE BXOJHOM M BBIXOJTHOW MMIEIAHChl TPAH3UCTOPOB,
YTO MO3BOJISIET PACIIMPUTD MOJOCY pabOUYUX 4acTOT, a TaKXKE YBEIUYUTh paboyue
HaIpPSKEHUS U BBIXOAHYIO MOLTHOCTh B UMITYJIbCHBIX peXUMax padboTs [25].

B cBs3u ¢ atuMm pazpabotunku POA obpamaroT Bc€ Oosblliee BHUMaHHUE Ha
ycremHo pasuBaromyrocss GaN texHonoruto. Mcnonbp3oBaHue HUTPUA-TaUIMEBBIX
npuOOpPOB TO3BOJISET 3HAYUTEIBHO YBEJIHYHUTh YPOBHU BBIXOJHOW MOIIHOCTH
TOTOBBIX H3JEIUN TPU COXPAHCHWHU (WJIM YMEHBIIICHHWU) WX MacCcOrabapuTHBIX
napameTpoB. U eciu B L-, S- u C-nuana3onax ucnosbzoBanue GaN-TpaH3UCTOPOB
B HIMPOKOMOJIOCHBIX YCUJIUTEISX HEOCTIOPUMO u MOJKPETIIEHO
MPOU3BOJICTBEHHBIMU BO3MOKHOCTSIMU MHOTHX (bupM-u3roTOBUTENEH
tBepaorenbHoii DKb, To B 0osiee BBICOKOYACTOTHBIX AMANa30HAX CYIIECTBYIOT
€OUHULIBI  NPEeANpUITAN- npousBoauTene. B X-nmuama3oHe  HawIydImx
pe3ynbTatoB  jpobunuck  dupmbel  Toshiba  (Smonwms),  BeITycKaroIias

BHyTpucoriacoBanusle (BCT) GaN/SiC HEMT c BeixonHoi MouiHocTeio 10 130
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Br, ¢upmer TriQuint m CREE (CIIA), Bemyckatomue GaN/SiC HEMT c
BBEIXOAHOW MoIMHOCTRIO A0 90 Bt B mmamasone wactor mo 18 I'T'm m HIIII
«Ilynscap» (Poccus), pazpadoraBuiee GaN BCT ¢ BeixoaHo# MomiHOCThIO 10 80
Bt [25].

[Tosnenue B Hadane 2000-X rogoB MNEPBBIX TPAH3UCTOPOB C BBICOKOU
MOJBUKHOCTBIO 3JIEKTPOHOB, M3rOTOBJIIEHHBIX MO HUTPUJ-TAJIMEBON TEXHOJOTUU
(GaN HEMT), octaBuio HECOMHEHHBIN ClIe]l B CHyTHUKOBOM MHIAYCTpHH [25,26].

OcHoBHbIM AO0CTOMHCTBOM GaN sABiseTCs TO, YTO 3TOT MaTE€pUAT HUMEET
KECTKYI0 KPUCTAUIMYECKYIO CTPYKTYpy. VIMEHHO MO3TOMY OH 4pe3BbIYANHO
YCTOWUHMB K MEXaHUYECKHM, TEIUIOBBIM M 3JIEKTPOMArHUTHHIM BHEIIHUM BO3-
neiicteusiM. Ha HayanpHOM dTame pa3BUTUSA TEXHOJIOTUHM KPUCTAJUIMYECKAs
CTPYKTypa HUTpHAA rajidg OblIa OY€Hb CHIIBHBIM CAEPKUBAIOUIUM (AKTOPOM,
NOCKOJIbKY  BhIpamuBaHue  kpuctaiuioB  GaN  Obulo  JUIMTEIBHBIM U
JoporoctosimiuM. TemM He MeHee, B IPOLECCE HAYYHBIX HCCIEAOBAHUN U
coBepiieHcTBoBanusa npousojactea GaN HEMT u MUC Obiim pazpaboTaHbl
00Jiee 5KOHOMUYHBIE TEXHOJIOTUH BbIPAIIMBAHUS F€TEPOINUTAKCUATIbHBIX CIIOEB HA
OCHOBE HUTpHAA rauus [25,26].

Hauunas ¢ nauana XXI Beka pazpadotka GaN HEMT npornuia 60561101 MyTh,
U CEroJHd Ha pPbIHKE AOCTYyNHbI TpaH3uctopel 1 MUC B pasHbIX YaCTOTHBIX
Yana3oHax Juid pas3inyHblX npuMeHeHuid. GaN ycTpoiicTBa Hayald AaKTUBHO
MIPUMEHSTHCA B PAJUOIIIEKTPOHHON ammapaType, TaKOW KaK CITyTHUKOBBIE CUCTEMBbI
30HAMpOBaHMs 3eMiH, cBsi3u U Bemanusi, PJIC pasnuyHoro 6a3upoBaHUsl, CUCTEMBI
IIUPOKOIIOJIOCHONH MOOWIBbHON cBsizu [25,26]. Crtano BO3MOXKHBIM, BIIEPBBIE C
MOMEHTA  MOSIBJEHHUS  MHUKPOBOJHOBOM  TEXHOJIOTMM  TBEPHABIX  COCTOSIHUH,
pa3pabateiBaTh U npou3BoauTh CBY ycTpolicTBa, U B MEPBYIO OYepeab YCHUIUTEIU
MOIIHOCTH, KOTOpPBIE TIPEBOCXOIAT HA HECKOJBKO TMOPAIKOB TOKAa3aTeau Mo
HAJAEKHOCTH, JIMHEMHOCTH, IUIOTHOCTH SHEpruu U oodmed 3¢h(eKTUBHOCTH Bce
CYIIIECTBYIOIINE HA CETOMHSIIHUNA IeHb TeXHOJOTHH, Oyapr 310 GaAs, LDMOS umu

AIIEKTPOBAKYYMHBIE YCUIIUTEIbHBIE PUOOPHI.
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PazpaboTtka yctporicte Ha 6aze CBU GaN HEMT oTkpbsiBaeT HOBBIC
MEPCIEKTUBBI U SBISIETCS OYEBHIHBIM TMPOPHIBOM B WHIYCTPUU CITYTHHKOBBIX
cucteMm [25,26].

YHUKaTbHBIE CBOWCTBA HUTPHUJA TaUIUsl TPHUBOASAT K JOCTHKEHUIO Ka-
YECTBEHHO JYYIIMX pe3yJbTaTOB, HEXKEIU TPAJAUIUOHHBIE MaTepHaibl. ITO
CBSI3aHO CO clenyrnmmu ocooeHHocTssMu GaN [25,26]:

Buvicokoe nanpaxcenue npoooa GaN ycrpoiictB (mo 150-200 B) nemaet nx
HEBEPOSITHO YCTOMYMBBIMU U MO3BOJISIET TPAH3UCTOPY pabOTaTh MPU HANPIKEHUSAX
nutanus 10 50-80 B, 3a cuér uero 3naunutensHo Bo3pactaet KIIJI[. bonee toro, nus
KaXJOTO OTJEJbHO B3STOrO 3HAYEHUS BBIXOJHOM MOIIHOCTA U IOJIaBa€MOTO
HaIpsSOKEHUs!, YPOBEHb TOKAa MOXET ObITh CHHM)KEH B CPaBHEHUU C JIPYTHUMU
TEXHOJOTHSIMUA. OJTO TPUBOAUT K TIOBBIIICHUIO HAAEKHOCTA  CHCTEMBI
ANEKTPOCHAOKEHMs, TaK KaK TOK Ha BBIXOJE CHUXKaeTcs B cpenHem Ha 75 %.
Hanpsixenne nutanus Bospactaer ¢ Uy, = 10B, Tpebyembix mis pabotrsl GaAs
Tpan3uctopoB, a0 U., = 20-80 B, HO He BO3HHKaeT yrpo3wl, 4TOo mpu cOoe
NpEJOXPAHUTENS] B CHUCTEME DJIEKTPOMUTAHUS YCHUIIUTENEeH, OO0CTyKUBaIOIINN
nepcoHan OyneT Mopak€H TOKOM, KaK 3TO MOXET ObITh mpu paboTe JIaMIIOBOTO
YCUJIUTENS BCJEACTBUE BhICOKOTO HampsikeHus (~10 kB), koropoe tpebOyercs s
GYHKIIMOHUPOBAHMUS JIaMITbI OETYIIEN BOJIHBI.

bonvwmue 6xo0moe u  6vixoO0HOoe  conpomueieHus  TPAH3UCTOpPA
CIIOCOOCTBYIOT CYILIECTBEHHOMY YHPOILIEHUIO coryacyroumx meneid. Takum
obpaszom, mpu co3gaHum TBepaorenbHoro CBY  ycunmuTens  BO3MOXKHO
ucnoJib3oBaHue npeumyinects GaN Ml ynydilleHUs KOMIUIEKCHBIX TMOKa3aTenen
yCTpPOMCTBa B 1€J0M, K MpuUmepy, OoJbliero paboyero auanasoHa 4YacTorT,
Oosbirero ko3 PuIreHTa MOJIE3HOTO ACHUCTBUSI, B 3aBUCUMOCTH OT TpeOOBaHUN K
ycunurento [25,26].

Buicokaa yoenvnasa naommnocms MmMOwjHOCHMU  TIO3BOJSIET  yYBEIUYUTH
KO3 (PUIIMEHT YyCUIICHHS U BBIXOJHYIO MOIHOCTh TpaH3ucTopa [25,26]. B cucreme
9TO MPUBOJUT K CHUKEHUIO KOJTMYECTBA KACKAJIOB YCUIIUTENA U,  KaK CJIEJCTBHE,

yMeHblIeHuI0 rabaputoB yctpoiictB. K mnpumepy, GaN komIiekcupoBaHHbBIE
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yctporictBa C-nuanazona umeroT KIIJ[ no 48 %, B cpaBHEHHU € MOKAa3aTeIsIMU B
25-30 % nns GaAs. B pesynbrare, Kyomdeckuii 00EM CHCTEMBI SHEPTOCHAOKECHHS
MOXET OBITh COKpal€H B JBa pasa, WIH JJs JAHHOTO 3HA4YeHUsS 00bEMa MOXKHO
CHU3HUTH MOIIHOCTh YCTpoiicTBa. Tak Kak cOOM B PHEProcHaA0XKEHUU OTHOCSITCS K
KPUTHUYECKUM, 3TO MPUBOJUT K TOBBIINICHUIO BpPEMEHU O0€30TKa3HOW paboThl U
COKpAUIEHHUIO 3aTPaT dJIEKTPOIHEPTUH.

Buicokaa pavouas memnepamypa (6onee 200 °C) - 3T0 0uH U3 BaXKHEHIITNX
kputrepreB GaN TEXHOJOTHMU, MO3BOJISIIOUIUMNA JOOUTHCS KAu€CTBEHHOTO CKayka
CBY ycrpoiicts [25,26]. GaAs HEMT ycroituuBo GyHKUHOHUPYIOT TIpH
temrepatypax He 6osee 100 °C. CTpykTypa KpUCTATULTNIECKON PEIIETKA HUTPUIA
rajuids 1 BO3MOXKHOCTh paboTsl GaN TpaH3UCTOPOB MpH BBHICOKUX TEMIIEpaTypax
(6omee 200 °C) memaer WX HEBEPOSTHO YCTOWYMBOW M HanéxHou dacteio CBU
ycunutelns. MI3BecTHO, 4TO Npu TeMmieparype kaHana Boiiie 175°C TpaauiimOHHBIN
GaAs 1noJsieBoil TpaH3UCTOP MpEKpallaeT padboTarh UK KaTacTpoPUUECKHu TEpseT B
ko3 urmente ycunenus. GaN ycTpoilicTBa mpu JaHHON TeMmmepaTrype MOTYT
addexTrBHO padoTaTh emeé MUUIMOHBI YacoB. C TOYKM 3peHHs] HAAEKHOCTH, BO
BCEX TBEpAOTENbHbIX cHIOBBIX M CBY ycTpolicTBax TpPaH3UCTOPHI SBISIOTCS
OCHOBHBIM MCTOYHUKOM TEILJIOBOTr0 M3iydeHus u 10 90 % Bcex cO0eB MPUXOAUTCS
UMEHHO Ha HuxX [26]. Takum o0pa3zom, wucnosbpzoBanue GaN Mo3BoJISIET
CYIIECTBEHHO YMPOCTUTh TpeOOBaHMS K TEIJIOOTBOJY, YTO OCOOEHHO aKTYyaJbHO
ISl YCUIIMTEEH MOIITHOCTH.

Iloevimuennan ycmounuugocms K paouauyuOHHbIM 6030€UCHEUAM, YTO
0COOEHHO BaXXHO IS NPUMEHEHHUs B YCIOBUAX KocMmoca [25,26]. braromaps
MOBBILIEHHON YCTOMYMBOCTH K paauannu, GaN-yCHINTENN MOIIHOCTH yK€E ceiyac
TOTOBBl BBITECHUTH 3JEKTPOBAKyyMHBIE MPUOOPHI U3 CETMEHTa YCHUIUTENeH
MOIIIHOCTH CUTHAJIOB MCKYCCTBEHHBIX CIyTHUKOB 3emiu (MC3) - panbiie
noAo0HOe ObLJI0O TPOCTO HEBO3MOXHBIM! ITO JAaCT BO3MOXHOCTb YJIYYILIHUTh
HEpreTUyYecKre mnapaMerpel crnyTHuka Ha 5-10 nb, yto mo3BoiauT paboTaTh
a0OHEHTCKUM TEepMHHAjJaM C aHTEHHaMHU CYLIECTBEHHO MEHBLIEro JAuaMeTpa |

caciaacT KA4eCTBEHHBLIM CKAa4YOK B CIIYTHUKOBOM IOHUPOKOIIOJIOCHOM JOCTYIIC B
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Nutepuer. bonee Toro, ucnonb3oBanue GaN naé€T yHUKaIbHYIO BO3MOKHOCTh
NEePEeKPHITh Bech auamna3on nepenayu MC3 ogHum yctpoiicTBOM 6e3 pa3ieneHus Ha
TPAHCIOHJEPHl U 03 3alUTHBIX HWHTEpPBAJIOB, HEOOXOJUMBIX BCIEICTBUE
OTPaHUYEHHOMN JIMHEMHOCTH JIaMIOBbIX ycunutened. GaN-yCHInTeNnn MOIHOCTH -
3TO HJ€alTbHOE pEIIEHWE sl CHOYTHUKOB HOBOro rmnokoneHus [26]. Ilo
YCTOWYMBOCTH K paguallMoHHbIM BoszaeucTtBusM GaN mnpeBocxomut m GaAs, a
KpPOME TOr'0, MOKET OTJIIMYHO MPOTUBOCTOATH 3JIEKTPOMArHUTHBIM HMITYJIbCAM:

. Jayuwian auHeinocms B cpaBHEeHNU ¢ GaAs U oueHb Hu3Kue ¢pazoevie
WyMbl, UYTO OCOOEHHO BAXHO [JISI CJOXHBIX BHUJIOB MoAyIsiuid. OnbiT
AKCIUTyaTallMu moka3ai, uto juHerHocTh GaN Beiie, uem GaAs, 1o 2 ab npu
paboTe B 0JHOYACTOTHOM pexuMe u 110 1,5 1b B MHOro4acTOTHOM pexuMe;

. 6bICOKAA YCMOUYUBOCHIb K 6030CUCHEUI0 6XO00HOU MOWIHOCHIU, YTO
MO3BOJISIET MCIOJIb30BaTh MAaJOIIYMSIIUE YCHJIUTENH Oe3 TPaAUIMOHHBIX s
GaAs ycTpoicTB 3amiuThl. MHOTOYUCIEHHBIE WCCIEAOBAHUS IMOATBEPAUIIHA, YTO
yCTOMYMBOCTh K BXoaHOW momHocTH y GaN HEMT B 12-18 pa3 Bbime, yem y
GaAs. Yposenb ycrorumBocth GaN MIIY k BO3AEHCTBHIO MOMEX BBICOKOTO
ypOBHS ObLTa TOKa3aHa HEOJHOKPATHO [26].

Ceromass  GaN-ycunuTenun  HE  TOJBKO  BBITECHSOT C  PbIHKA
ANEKTPOBAKYYMHBIE MPUOOPHI, HO TAKkKE€ CEpbE3HO KOHKYpUPYIOT ¢ GaAs 3a cuér
MEHBIINX TabapuUTOB M BecCa, HU3KOTO DSHEPrOMOTPEOJICHUS, PACIIHPEHHOTO
TEMIIEPAaTypHOr0 JUana3oHa, BBICOKOW HaJEKHOCTH U BICOKOM JTMHENHOCTH.

KocMmuueckue mporpamMmbl TpeOyIOT OJATOCPOUYHBIX BJIOXKEHUW, LMK
CO37aHusl TPOJYKTa 3aMEMJIeH MO CPaBHEHUIO C MOTPEOUTEIHCKUM PBHIHKOM.
@UHAHCOBBIE KPU3UCHI CYIIECTBEHHO BIMSIOT HAa MPOU3BOACTBEHHYIO CTPYKTYPY
IpOrpaMMBbl, B CBSI3M C Y€M HEOOXOIUM JJIUTENbHBIM AMAIOr HAa BCEX YPOBHIX
LEMH TOCTABOK ISl TOAJAEPKAHUS MPOU3BOICTBEHHBIX BO3MOXKHOCTEM.

[IpaBuTENbCTBA BEAYIIMX JEpkKaB (PUHAHCUPOBAIM MCCIENOBAHUS HUTPUJIA
rajuiiss B YHUBEPCUTETAX U MPOMBIIUICHHBIX MPEANPUATUSIX B paMmKax
cnenuanbHbeix nporpamm: B CIIA - WBGS-TI (Wide Bandgap Semiconductor
Technology Initiative), WBGS-RF (Wide Bandgap Semiconductor Radio
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Frequency), NEXT (Nitride Electronic neXt-generation Technology) u NEXT2, B
EBpone - KORRIGAN (A Comprehensive Initiative for GaN HEMT Technology
in Europe), WIDGAP (FP6 project on outlook for wide bandgap semiconductor
technology), B Anonuun - NEDO (New Energy and Industrial Technology
Development Organization), B Poccum - B pamkax Poccuiickoro ¢donma
byHIaMeHTaNnbHbIX HcchaeqoBanuii U DenepanbHbIX 1ENEBBIX MPOrpamMM IO
Pa3BUTHIO 3JEKTPOHHON KOMIIOHEHTHOM 0a3pl. Marepuansl u  1puOOpPHI
pazpabaTbIBaIUCh ISl CIICIIUATIBHBIX M TPXXKAAHCKUX MPUMEHEHU [25,26].

[To pesynbraram BBIOJHEHHS PA3JIMYHBIX JTAlOB NPOTpaMM OBLIN
c(hOopMUPOBAHBI JTOTIOTHUTEIBHBIC MOAMPOTPAMMEI PA3BUTHSI TEXHOJIOTUNH UMEHHO
B HaNpaBJI€HUU KOCMUYECKOTO MPUMEHEHUS MPUOOPOB U YCTPOMCTB.

B 2006 romy craproBana mporpamma European Space Agency (ESA)
EBpomneiickoro Kocmuueckoro AreHTcTBa, B KOTOPOM OCHOBHOE BHHUMaHUE
aKIIEHTUPOBAJIOCh Ha pa3pabdOTKe KPUTHUYECKU BAXKHBIX TEXHOJOTMH B cdepe
AJEKTPOHHBIX KOMIIOHEHTOB KOCMHYECKOTO MPUMEHEHUs M, B yacTHOcTH, GaN -
TexHoygoruu [26]:

— GREAT2 (GaN Reliability Enhancement And Technology Transfer
Initiative) Hamenena Ha co3aaHue HanaeéxHoro GaN-mporeccd, AOCTYIMHOIrO JJis
BHEJIPEHUS B UHAYCTPUAIbHBIE TTPOCKTHI;

- EuSiC (High Quality European GaN-Wafer on Silicon Carbide Substrates
for Space applications) HampapjieHa Ha pa3pabOTKy U OCBOCHHUE B IMPOU3BOJICTBE
BbICOKOKaYeCTBEHHBIX (GaN rerepo3nuTakCHadbHbIX CTPYKTYpP, BBIPAIIEHHBIX Ha
noasoxKax kapouaa kpemuus (SiC) eBponeickoro mpou3BoO/ICTBA;

- PazpaboTka BBICOKONMPOU3BOAMUTENBHBIX MPOLECCOB ISl IIMPOKO30HHOU
TEXHOJIOTUH, COBMECTUMOW C KPEMHHUEBOM TEXHOJOTHEH, NpPECIEAYyET LEIb
co3nanusi GaN CHIIOBBIX TPAH3UCTOPOB HA KPEMHHUEBBIX MOJJI0KKAX;

- Pa3zpaboTka mpo1ieccoB 3MUTAKCUAIBHOTO POCTa CJIOEB HAa OCHOBE HUTPHUJIA
rajums He00XoIMMa, B TOM YHCIIC, U JJIsl ONPEAEICHUS OCHOBHOTO €BPOIEHCKOTO
MPOU3BOUTEINS AMUTAKCUATIBHBIX CTPYKTYD;

- AGAPAC (Advanced GaN Packaging) nanpapiieHa Ha CO3/1aHUE KOPIYCOB,
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GYHKIIMOHUPYIONTUX MPH 00JIee BHICOKUX TeMIEpaTypax, U CPOKHU €€ BBHITOTHCHUS
COTIJIaCOBaHbI C KOCMHYECKOU nporpammoi ESA;

- PROBA-V (X-band transponder) HampaBieHa Ha HEOOXOIUMOCTb
noATBepkaeHus J1€THON kBanmupukanuu GaN-yCcTpoicTB B cocTaBe OpOUTaIbHOMN
IPYNIUPOBKU CITyTHUKOB ESA.

K mnacrosmemMy BpemMeHH B psle CTPaH YK€ MOJYYEHbl NPAKTHYECKHUE
pesynbTatel  QyHkmuoHupoBanus GaN DOKBb B  yClIOBHAX KOCMHYECKOTO
npocTpaHcTia [25,26].

Eumre B 2008 rogy Canadian Space Agency (CSA) - Kanaackoe Kocmuueckoe
ATEHTCTBO HHUIMUPOBAIO HUCHbITaHUs HanéxHocth GaN  TpaH3UCTOpOB,
m3rotoieHHbIXx NRC Lab (OtraBa, KaHana), B YyCIOBHUSIX KOCMHYECKOIO
npoctpanctBa Ha Space Shuttle Endeavour [26]. IIpoBenéHHble HCHBITaHUS
noaTBepauiau, uto GaN, sBisACh Ype3BbIYAHHO CTAOWJIBHBIM U XUMHUYECKH
WHEPTHBIM, CTAaHOBUTCA  «HJACAJbHBIM  MAaTEpPUAIIOM» I  KOCMHUYECKOU
AIIEKTPOHUKH U DJIEKTPOHUKHU OOJBIITNX MOIITHOCTEH.

B CIIIA paspabotkoit u npousBojactBoM GaN DOKb 3zanumatorcs 6osee 20
OpeanpusaTHii, cpeau KOoTopbiX ocHOBHbIMU ciienyeT cuutath CREE, TriQuint,
Northrop Grumman, M/A-COM, Integra, MeXIy KOTOPbIMHU CYIIECTBYET
pasfeneHue Mo Juana3oHaM  4YacTOT, YPOBHIO BBIXOAHOM MOIIHOCTH U
crnenuanu3anuu. «HoBoe mMNOKOJeHWE YWUMOB HA HUTPUAE TaJJIUsS MPOU3BENIO
PEBOJIIOLIMIO HA PBIHKE BOCHHOW M CIEIUMAIIBHOM JJIEKTPOHUKH, - CKazan Mapk
Pockep, 3amecturens nupekropa DARPA 110 MUKPO3JIEKTPOHHBIM TEXHOJIOTHSM, -
OKb na GaN pocturia Takod CTeNneHH HaAEKHOCTH U 0OBEMOB MPOU3BOJCTBA,
YTO MO3BOJIUT B 3HAYUTEJIBHON CTENEHUM 3aMEHUTh WX MPEIIIECTBEHHUKOB Ha
apCeHUIe TALTNS, 0COOEHHO B MOIIHBIX MpuiioxkeHusx» [26]. Kpome toro, Kommn
VYunan, unxenep Raytheon, paGoraronuii Ha TexHosorun GaN, oTMETHW], 4YTO
panapsl ¢ cuHTe3upoBaHHou anepTypoil (PCA) Ha OCHOBE HUTpHUAA TAUIUS MOTYT
UMeTh 00BEM B TISATH pa3 MEHBINIE aHATOTUYHBIX HAa OcHOBE GaAs wim o6anath Ha
50 mpoueHToB Oonbiied nanbHOCTHIO. B Hacrosimee Bpems NASA Hampapiser

YCUJIUS WHXEHEPOB Ha pPa3pabOTKy YCTPOMUCTB, OOBEAMHSIONIMX IEPEIOBBIC
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texHonorun KMOII ¢ HUTpUAOM Tramus, € LEIbI0 CO3JAaHHUS IOJHOCTBIO
mudpooro CBY ycumutens momuoctu [25,26]. DTa yHUKaIbHAs apXUTEKTypa
YCTPAHUT  KIJIACCHUYECKUM  paJMOovYacTOTHO-UHTEP(MEHCHBIM  MOAXO0J  IyTEM
00beIMHEHNS YCUIUTENST MOIIIHOCTH CO CMECUTENIIMU W WHBIMH yCTPOUCTBAMH C
nM(poBBIM  yIpaBlieHHEM. YCHEIIHOE pa3BUTHE 3TOM  mpeoOpasyroniei
TEXHOJOTUM TO3BOJMUT 3HAYUTEIbHO YMEHBIIUTH pa3Mep, BeC U MOTpedsemMyro
MOIITHOCTh Oyaymux mnepenatdnkoB [26]. Kpome Toro, BemyTcs ucCaeqOBaHHS
peakuuu ABYMEPHOrO »dJieKTpoHHOro raza (2DEG) Ha rpaHulle HUTpUIA
amomunus-rams  (AIGaN) wu sHutpuma rawms (GaN) nOpu BBICOKHX
TeMrepaTypax W MEXaHH4ecKou aedopmanuu. OTH HUCCIETOBAHUS TO3BOJIST
co3lath MmiIaTGopMy AJig 30HIAUPOBAHUS MEXAHUUYECKUX HANpPsKEHUU (Hampumep,
JIABIICHUS) B OKCTPEMANIbHBIX ycloBusiX. Pabotocmoco6HocTh GaN B arpecCUBHBIX
cpegax OynmeT crnocoOCTBOBAaTh MPOJBHKEHUIO KOCMHYECKOW TeXHUKH. JlaHHOe
UCCIIeIOBAHUE CITIOCOOCTBYET HUCCIIEIOBAaHUAM aTMOC(hEephl MIaHET ¢ npoduiiem Kak
y BeHepsl, aHaM3y CBOWCTB MAaT€pUaOB aBUALIMOHHBIX KOHCTPYKIIMUA B YCIOBHUIX
TUIIEP3BYKOBOIO  MOJIETa M MO3BOJMT  OCYLIECTBIATh  30HAUPOBAHUE
HEIMOCPEACTBEHHO B IBUTATENSIX PAKETHBIX CUCTEM [26].

[IpenmymectBa GaN mo3BOJISIIOT YJIyYIIUTh KOMIUJIEKCHBIE XAPAKTEPUCTUKU
NpUEMHBIX YCTPOUCTB [25,26]. BO3MOXXHOCTh BBIJJaBaThb BBICOKYIO MOIIHOCTH
MO3BOJISIET NMPUEMHUKY BBIACPKHBATH BBICOKHE MOKA3ATEIW BXOJHOW MOIIHOCTH
0e3 cHwkeHus ycuieHus. KomOuHanusi CTOMKOCTH K BBICOKOM BBIXOJIHOM
MOITHOCTA W HHU3KOTO Kod(pduimeHTa mrymMa TMO3BOJSIET ONTHMU3UPOBATH
xapakrepuctuku MUY u mo Muanmuzauuu ko3¢ duuneHTa myma, 1 1o ypoBHIO
UHTEPMOAYJISIHIMOHHBIX HCKaXeHWH 3-ero mnopsaka. B [26] npenctaBiieHb
pe3yabTaThl NPOCKTUPOBAHUS W CPABHEHUE XaPAKTEPUCTUK TPEX Pa3ITUUYHBIX
Masomymsamux ycunurened (MIIY) miisi KOCMUUECKOTO NMPUMEHEHUSI, KOTOPHIE
dbyukunonupytot B C-, Ku-, u Ka-nguanazonax. MUC peanuzoBansl Ha 0.25 pm u
0.15 pm AIGaN/GaN- texnonoruu. M3mepeHHble 3HA4YeHHUS KOIPPULIHEHTOB
myMma coctaBwin 1.2, 1.9 u 4.0 nb mnma C-, Ku-, Ka-yacToTHeIX auamna3zoHOB

coOTBEeTCTBEHHO. YcroWuuBocth MIIY k Bxomnomy CBY curnamy Obiia
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MIPOTECTUPOBaHA reHeparopamMu ¢ ypoBHsamu 25 Brt, 6 Bt u 5 Bt qna C-, Ku-, Ka-
YaCTOTHBIX JIMANa30HOB COOTBETCTBEHHO. Hukakoro ymenpienus ko3gduurenrta
yCUJICHUs He Ha0oaa10ch [25,26].

[Tonyuensl pe3ynabTarbl [26] NOCBSIIEHHBIE PA3BUTHIO OCHOBAHHOM Ha
Hutpuae ramwiusgs OKb jans  X-auana3oHHBIX  NPUEMONEPENAIONIUX MOAYJEH
Oynymux TIOKOJICHUH pajgapoB ¢ cuHTe3upoBaHHou ameptypour (PCA). B
gacTHOCTH, MWC MONIIHBIX M MaJONIyMSIIUX YCUIUTENEH OBLIM HM3TOTOBJICHBI C
ucnoJib3oBanueM nporecca 0,25 pm GaN TpaH3uCTOpa C BBICOKOU MOJIBUKHOCTBIO
anekTpoHoB, npenoctaBieHHoro SELEX-SI (Urtanus) u oGnagaromero yneabHOM
BBIXOJHOHW MOITHOCTEIO 4 BT/MM [25,26].

[lepBrie eBpomelickue ycTpoiictBa Ha ocHoBe GaN OblIM OTHpaBJICHBI B
kocmoc B Mae 2013 roga B coorBeTcTBUM ¢ TpoekToM PROBA-V. Fraunhofer IAF
- MHcTuTyT npukiaaHoi gusuku tBEpaoro tena umenu Opaynrodepa (dpaitdbypr,
['epmanust) pazpabortan cxemy ycwiIMTeNs sl auana3oHa dactoT 8-8.5 [T (X-
nuanasoH), Tesat- SpaceCom B corpyauudectse ¢ SCHOTT Electronic Packaging
ycranoBuwin GaN ycunuTesb BMECTE C APYTMMHU KOMIIOHEHTaMH B F'€pMETHUYHBIN
KOpIIyC MOAXOASIIMU [JJs1 KOCMHUYECKMX MpuMeHeHud [25,26]. B cBsa3u ¢
JJIUTEIIbHBIM CPOKOM CITYKOBbI U panranoOHHON CTOMKOCTBIO
MOJYHIPOBOJHUKOBOTO MaTEpUalia, TaKUE JJIEKTPOHHBIE YCTPOWCTBA HACAIBHO
NOJAXOASAT JJIsi SKCTPEMalbHbIX YCJIOBHUM, CBSI3aHHBIX C a’3pPOKOCMHUYECKOU
oTpacipto. Ilepen KOCMHYECKMMHM WCHBITaHUSAMU HuTpuia-ramnuessie MUC
JI0Ka3add CBOI YCTOWYMBOCTh. YCTPOHCTBO OBIIO TOABEPKEHO BO3CHCTBUIO
Hu3kux (mo muayc 100°C) u Bwicokux (mo +150 °C) temmeparyp, BuOpamuu u

yaAapoB, a TaKXeC BO?)I[CﬁCTBPIHM o=, B- N Y-HU3JIYUYCHHUA W TAXKCEIbIX 3apPSAKCHHBIX

yactull. PecypcHbie ucnbiTanus, npoBenéHHble Fraunhofer IAF coBmectHO C
Tesat-Spacecom, moka3anu, 4to pa3padoranHas MWC HuATpHUA- TaUITHEBOTO
YCUJIUTENS. MOLIHOCTU 001aJaeT CpoKoM 0Oe30TKa3HOM paboTel He meHee 20 Jer
[25,26]. GaN ycrtpoiicTBa 0ojiee KOMITAKTHBI, MEHBIIIE W JIerde, 4eM JApyrue
peumieHusa. OHM MOTYT JaXX€ 3aMEHUTH 3JIEKTPOHHBIC JIaMIIbl, B HACTOAIIEE BPEMS

HCITIOJIB3YIOMIMECCA JId YCHUIICHHUA. OTO IO3BOJIUT CYIICCTBCHHO COKPATUTL BCC U

21



TPAHCIIOPTHBIE PAacXojbl, KOTOpble MOryTt coctaBiasaTe g0 30 000 eBpo 3a
KUJIOTPAaMM MOJIE3HOW HArpy3ku [26].

[Tonyuennsie MMUC T1peOyroT TrOpa3fgo MeEHbIIE aAKTUBHBIX CHUCTEM
OXJIXKICHUS JIs1 pa0OThI M1 UMEIOT BO3MOXKHOCTh pab0oTaTh B MIMPOKOM JHAMA30HE
4acTOT, IPUTOAHBI Jis1 CBS3U, (OPMHUPOBAHUS PAITUOJIOKAIIMOHHBIX U300pakeHUMN
U Jpyrux TpWIoXKeHu B auanazoHe yacrtor 1 -100 ITuo [25,26].
[IpuBnekaTenbHBIM i1 TPUMEHEHHUSI B KOCMUUYECKOM MPOCTPAHCTBE SIBISETCA TO,
y10o GaN MoJIympOBOJHUKY SIBISIOTCS PAJUAIIMIOHHO-CTOMKUMH U UX CPOK CITYKObI
u3MepsieTcs aecsatuietusiMu. [ToHnMas cBoM MOTEHIMAN, a TAKXKe Npeciaeays 1eau
TeXHUYECKOW HE3aBUCHUMOCTH OT aMmepukaHckux kommanumii, ESA cobpan
KOHCOPIIMYM €BpPOINENCKUX KOMIAHUM W MCCIENOBATEIbCKUX HWHCTUTYTOB JJIs
pa3pabOTKu IIEMOYKKA TOCTABOK HUTpUAa rauusi, HaspiBaeMbli GREAT2 wu
BKJIIOYAIOLIUM CIIeAYIOIINE OCHOBHBIE OpraHnu3anuu [26]:

— SiCrystal AG - uzroroButeinb SiC MOIJI0KEK;

— EpiGaN - snurtakcuanbhsiii poct GaN rerepocTpykryp;

— Fraunhofer IAF - wuccinenoBanne GaN  reTtepocTpykTtyp H
npoextupoBanue MUC,;

— UMS - npoussoautens GaN MUC;

— TESAT Spacecom - kopnyca gist GaN MUC;

— Thales Alenia Space, Planeese, EGIDE - pa3paboTka KOpmmycoB C TOBBI-
IIEHHBIM TEIUIOBBIM pacCesiHUEM, pa3padoTKa U MPOU3BOJICTBO MOIYJIEH
u 6;10k0B Ha ocHoBe GaN DKBb.

OAO «HIIIT «Ilynscap» 3a mocnennue roasl papadotano psg GaN HEMT
U YCTpoMcTB Ha wux ocHoBe [26]. IlomaBistomiee OOJBIIMHCTBO YCTPOMCTB
YCIEIIHO BBIJEPXKAIM HCOBITAHUS, B TOM UHCJIE, B COCTaBe ammnaparypbl
3aKka3unka. B HacTosiliee BpeMsi MPOXOIST ompeaenuTenbHble ucnbiTanus GaN
texHonorun OAO «HIII «Ilynscap» K BO3AE€UCTBHMIO MPOTOHHOTO M TramMMa-

W3JIy4YEHUH, a TAKKE THKENBIX 3aPSKEHHBIX YaCTHII.
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1.2 PaguanuoHHO-cTOiiKass OUMOJSIPHO-MoOJieBast TexHosgorua OAO
«HTerpan» mun NnepcrneKTHUBHbIE HANMPaBJeHUs obOecrevYeHust
KOHKYPEHTOCIOCOOHOCTH /| HMIIOPTO3aMelleHusl
PagHo3JIeKTPOHHOM  ammapatypsl B uHTepecax  CorO3HOrO

rocyiapcraa

B coBpemeHHOW paano3neKkTpoHHOW anmaparype (PDA) yacTto mpUMEHSIOT
nudpoByro 00paboTKy curHaigoB. B To xe Bpems mHbopmaius, MOCTynaromas us3
OKPYXarIIEro Hac MHpPA, HMMEET HENPEPBHIBHYIO (aHAJOTOBYIO) MPHUPOIY, YTO
o0ycraBIuBaeT HEOOXOIMMOCTh OCYIIECTBICHUS aHaJIOTO-IIM(PPOBOTO
npeoOpa3oBaHus CHUTHaJOB. B OOJBIIMHCTBE CIIy4aeB  HEMOCPEACTBEHHOE
COCMHEHUE J[aT4yhKa, MNpeoOpasyroliero BHEIIHHWE (U3MUYECKUE BO3JICHCTBUS B
NIEKTPUYECKUE  CHUTHAJbl, C CEPUHHO  BBITYCKAEMbIM  aHAJIOTO-IU(POBHIM
npeodpazoBareneM (ALIIl) mpuBoauUT K mOTEpe YacTU MHGPOPMAIUU. DTO CBSA3AHO C
teM, 4yTo ALl mpoeKkTHpyroTCs MaKCHMajdbHO YHHBEPCAIBHBIMU U HE YUUTBIBAECTCS
cnenuduka mapaMeTpoB peajbHbIX MCTOYHUKOB CHUrHajioB. Takum oOpazom,
BBICOKOKAQYECTBEHHAss cHcTeMa oO0paboTku uWHGOpPMAIMU JOJKHA COJEpKaTh
NPEIU3UOHHBIN  aHANOTOBBIM  MHTEpdeEiic Mexay HaTYuKoM U IU(POBBIMU
yCTpOMCTBaMH. AHAJNOrOBbIA  HMHTEpPEHC  OCYLIECTBISET MPEABAPUTEIHHYIO
00paboTKy mnocTymnaromei HHQOpPMAINK, YBEIHMYMBAET OTHOLICHHE CHUTHAJ/IIyM,
BbIpaOaThIBaeT ympapisiolmMe curHanel [27-29]. Peanuzanust  aHamoOroBbIX
uHTep(elicoB Ha OCHOBE YHUBEpCAIbHBIX UHTErpanbHbIX cxeM (MC) manoii ctenenu
uHTerpanuu: onepaunoHHslx (OY) u muddepennumansupix ycunutenen (HY),
KOMITapaTOpPOB, ICTOUHUKOB OMIOPHOTO HAMpPsKEHUs, GUIBTPOB U Jp., - YBEIUUUBACT
3HEpronoTpedieHrne, Maccy, rabapuThl, CHHXKAET HAJEKHOCTh, TPEeOYyeT CIOKHOM
HACTPOWKM M B KOHEUHOM HMTOr€ MOKET CYIIECTBEHHO MOBBICHUTH CE0ECTOMMOCTD
anmnapatypsl. Kpome Toro, mpu npuMeHeHHH YHHBepcaidbHbiXx HMC BO3MOXHO
HECAaHKIIMOHUPOBAHHOE MTOBTOPEHHE OpUTUHAIBHBIX KOHCTPYKTHUBHO-
CXEMOTEXHUYECKUX PEUIEHUMN, a HEKOTOPbIE BBICOKOKAYECTBEHHbIE MMMNOpPTHBIE NC

IPOCTO HENOCTYIHBI. YKa3aHHbIE MPUYMHBI MPUBOAAT K TOMY, YTO Pa3pabOTUYUKU
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PDA  crpemsarcs — peanm3oBaTh ~ AaHAJNOTOBBIA  HMHTEpdEHC  HA  OIHOM
NOJyPOBOJHUKOBOM  MiacTMHE ¢  IUPPOBOM  cUCTEeMO WIu B BHUJAE
crielManu3upoBaHHoi ananorosoit MC.

[lenpto HacTOAIIETO pa3zAesia SBISETCS aHAIU3 MPOOJIEM NPOEKTUPOBAHUS
aHanoroBelx MC u paccMOTpeHHME KOHILENIMM Pa3BUTUSA CHELHAAIN3UPOBAHHBIX

aHasioroBbix MukpocxeM B OAO «MHUIIN».

1.2.1 IIpo06JieMBbl peau3anuy aHAJOTOBbIX MUKPOCXEM

B  Hacrosmee BpeMsl HE  CYIIECTBYET METOJa  MPOEKTHPOBAHUA,
rapaHTHPYIOUIETO0 OJHOBPEMEHHO BBICOKMI YPOBEHb TEXHHUYECKHX XapaKTEPHCTHK
HC, ux mManyo ce0ecTOMMOCTh IIPU CEPUITHOM MPOU3BOACTBE U MPOCTOTY, CXKAThIE
CPOKH, HEBBICOKHE 3aTpaThl Ha BBHIMOJIHEHHE pa3paboTku. Kaxawslii U3 MeTonoB
MPOEKTUPOBAHUSI UMEET CBOM NMPEUMYIIECTBA M HEAOCTATKH, U KOHKPETHBIA BHIOOP
METO/Ja B 3HAUMUTENBHOM CTEMEHM 3aBUCHUT OT MpPEArNojaraéMbix O0O0bHEMOB
npousBoactsa 1C.

MoxHo BBIJICIIUTE  TpHU OCHOBHBIX  HAIlpaBJICHHUS  peaIu3aluu
crienranu3upoBaHHbix aHanorossix UC [30]:

- 3akasHpie MC, pa3pabaTbiBaeMble HAa YpOBHE AKTHUBHBIX U MACCHBHBIX
AJIEMEHTOB C MPUBJICYEHUEM, NP HEOOXOJUMOCTH, paHee alpoOMPOBAHHBIX Y3JIOB U
OMOKOB WM  (PYHKIHMOHAJIBHO-3aBEPIICHHBIX OJIOKOB ¥  MakpoOJOKOB, Tak
Ha3bIBAEMBbIX |P-KOMIIOHEHTOB;

- mony3akasueie MC (mporpaMMmupyembie HM3TOTOBUTEIEM) Ha 0a30BBIX
maTpuuHbIx Kpuctamuiax (BMK) u 6a30Bbix cTpykTypHbIX Kpuctamiax (bCK);

- mporpammupyemele (motpedurenem) ananorossiec UC (ITAUC).

[Tpu coznanum 3aka3Hbix UC mpoeKTHpYIOT MOTHBINA KOMIUIEKT IA0JIOHOB, YTO
MO3BOJISIET HauboJiee TMOJIHO MCHOJb30BATh BO3MOXKHOCTH IOJIYIPOBOJIHUKOBOM
TEXHOJIOTUU C LEJbI0 MOJIYYeHHS TPeOyeMbIX MapaMeTpoB U MaKCUMAJIbHO TIOTHOM
YIIaKOBKHU, 00ECIIEUNBAIOIIEH MUHUMANBHYIO TUIOHIAlb U C€0ECTOMMOCTh KpUCTalIa
Py MaccoBOM Mpou3BoJcTBe. OHAKO TakoW Mpolecc MPOEKTUPOBAHMS TpeOyer

SHAYUTCIIbHBIX HCBO3BPATHLIX 3aTpaT Ha pa3pa60TKy, KOTOPBIC OKYHAITCA TOJIBKO
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npu OoBIION CEpUHHOCTH  MPOAYKUMH WA  MpHU U3TOTOBJIECHUU
BbICOKOKauecTBeHHBIX C miist noporocrosiein POA.

JIns yMEHBUIEHHS MATEpHAIbHBIX 3aTpaT Ha MOATOTOBKY IPOM3BOACTBA M
M3TOTOBJICHUE 3aKa3HBIX MUKPOCXEM YaCTO MPUMEHSIOT Caeaytonme Meto sl [31]:

- pa3mellieHre Ha OAHOM (HOTOIIA0JIOHE W OJHOBPEMEHHOE H3rOTOBJIECHUE
Heckonpkux MC, BKItoUasi u3aenus, npelHa3HaueHHbIE JJI1 Pa3HbIX MOTpeOuTene
(Multy Project Wafer, MPW- meton);

- pa3MellieHHe Ha OJHOM (HOTOLIAOIOHE TOMOJOTUM HECKOJBKUX CIIOEB U
O0OYEepPEHOE MCIOJb30BaHNE Pa3HBIX y4acTKOB (poTomabdioHa npu GopMUPOBAHUH
pa3Hbix cinoeB (Multy Layer Mask, MLM - meton).

K coxanenuto, npumenenue MPW- u MLM- MeTOAOB MNPUBOAUT K
3aBUCUMOCTH CPOKa Hauajla U3rOTOBJICHUS MUKPOCXEM OT HAJIMYMs 3aKa30B JPYTrUx
NPEANPUATAA U HEOOMYCTHUMO Uil psiAa OTpaciedl HPOMBILIIEHHOCTH (PaKeTHO-
KOCMHUYECKOW U BOEHHOW TEXHUKH, IICPHON SHEPTETUKH U JP.).

Konuenmus BMK MPEANOIaraeT MIPEABAPUTEIIBHOE U3IrOTOBJICHUE
MOJIYIIPOBOJHUKOBBIX IJIACTUH €O C(HOPMUPOBAHHON MATpUlEd HECOEIMHEHHBIX
0a30BBIX SUEEK, a TaKKe HaIWYue OWOJMOTEKH CTAaHAAPTHBIX DOJIEMEHTOB U
KOMIUIEKCA  MPOrpamMM  JJIi  CXEMOTEXHHYECKOr0 U TOIOJOTHYECKOTO
npoektupoBanus nojysakazHeix MC [30, 32]. Kaxngas 6a3oBas siueiika COCTOUT M3
HECOEJIMHEHHBIX aKTUBHBIX U MACCUBHBIX 3JIEMEHTOB, COEIMHEHUS MEKY KOTOPHIMU
BBITIOHAIOT Ha mnpenanpustun-usroroputene MC (B Tak Ha3blBaEMOM KPEMHHEBOM
mactepckoit). I[IporpammupoBanne BMK  ocymecTtBusercs  ¢dopmupoBaHueM
JIOTIOJITHUTENBHBIX TEXHOJIOTUYECKUX CJIOE€B MEXKCOCAMHEHUN (MEeTayuiM3alu) |
MEXCJIOMHBIX KOHTakKTOB. /s 3TOoro Heobxoauma pa3paboTka W H3TOTOBJICHHE
JOTIOTHUTENHHBIX IMA0JIOHOB, KOJUYECTBO KOTOPBIX TOPA30 MEHBINE, YeM IS
3aka3Hbix HMC. bubnmorexka 5>1€MEHTOB COJAEPKUT BCIO HEOOXOAUMYIO  JUIS
MPOCKTUPOBAHUS  HHGPOPMAILIHIO, a  MMEHHO: CXEMY  DJIEKTPUYECKYIO
NPUHLIUNUANIBHYIO, PpE3yJIbTaThl HU3MEPEHUN WIM MOJEIUPOBAHUS MapaMETPOB,
TOTMOJIOTUYECKHE 4YepTeku. B 3HAUMTENbHONM CTENEeHUW COoCTaB OMOIMOTEKH

OoNpCACIIACTCA IKCIICPTHBIM IIYTECM M BKJIFOYACT TC 3JICMCHTBI, KOTOPBIMHU IIPUBLIKIIN
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OTIEpUPOBATh Pa3pabOTUYNKU AHAJIOTOBBIX cucTeM Ha ocHoBe MC maioit m cpemHei
CTETNeHH HMHTErpaluu. DJIEMEHTbl OMOIMOTEKH CHPOEKTUPOBAHBI AJIsi KOHKPETHOTO
BMK, nmo3ToMy TONOJIOTHYECKHUE YEPTEKH COJNEPIKAT TOJIBKO CIIOU CIIEIUATU3ALNH, U
IPUMEHEHUE AIEMEHTOB OnOnroTekn Bo3MoxkHO B BMK ¢ ogmHakoBo# CTpyKTypoit
suelku. bubanoreka 371€MEHTOB U KOMIUIEKC MPOrpaMM MPOEKTUPOBAHUS JOCTYITHBI
notpebutensiMm. B pesynbrare mnpoekTupoBaHue moiy3akazHoit MC  wmoxer
OCYILIECTBJIATBCA KakK B LIEHTPE IIPOCKTHUPOBAHMUA (IM3aMH-LIEHTPE), TaK M Ha
npeanpusiTiu, paspadateiBaromieM POA, Ha ypoBHe nsnemeHnToB BbMK  w/umm
3IIEMEHTOB OMOIMOTEKH, HO HW3TOTOBJIEHHE BCEr/la MPOUCXOAUT B KPEMHHEBOU
MacCTEpPCKOM.

VYuuepcansHocth BMK oOycnaBnuBaeTr ux mmpokoe pacrnpoctpanenue. K
coXaleHuro, cymecrByromue bMK He B TOJHOW CTENEHHM YIOBIETBOPSIOT
Pa3pabOTUMKOB AHAJIOTOBBIX MUKPOCXEM, TaK Kak:

- coaepskat Oounbinoe koauuectBo KMOII-3nemeHToB, NpuMeHEeHHE KOTOPHIX B
AQHAJIOTOBBIX YCTPOMCTBAaX OrPaHUYEHO H3-32 BBICOKOI'O YPOBHS HM3KOYAaCTOTHBIX
IIyMOB U BHOCHUMBIX CTaTUYECKUX norpemHocteit [30];

- HCTIOJIb3YIOT W30BITOYHBIC JJIA Psiia MPUMEHEHUI KOHCTPYKTUBHBIE PEIIeHMUS,
YBEJIMYMBAIOLINE CTOUMOCTh U3TOTOBJIEHUS MTOIYTIPOBOJHUKOBBIX KPUCTAIIOB;

-B0o MHorux bBMK OTCyTCTBYIOT akTHBHBIE JJIEMEHTBHI i1 CHUHTE3a
MaJIOIIYMSIIUX AHAJIOTOBBIX YCTPOMCTB;

- Bce BMK poccuiickoro npous3BOACTBA XapaKTEPU3YKOTCSA OTHOCUTEIBHO
HU3KOW TPaHUYHOM YacToTol OumnossapHbix TpaH3uctopos (BT).

OcnoBHoe otiinune bCK or BMK 3akmrouaercs B ToM, uto B BCK HekoTopbie
COEIMHEHMs DJIIEMEHTOB BBINOJHEHBI 3apaHee [33]. Takum oOpa3oM, CTPYKTYpHBIE
15(@ MPEACTABIISIOT co0oit CIIPOEKTUPOBAHHYIO U M3TOTOBJICHHYIO
MOJIYITPOBOJJHUKOBYIO TIJIACTHUHY, OOBIUHO COAEp Kallyl0 OJOKH MaMsTH, MHTepdeiic
BBO/Ia-BbIBO/Ia, (DYHKIMOHAIbHBIE aHAJIOrOBbIe OJIOKM M MATPUILy HECOEIUHEHHBIX
sanemeHToB. [ns cnemumanuzanuu BCK Takke HCMONB3YIOTCA ONOJIHUTEIbHbBIE

IHa6JIOHLI, HO IMPOCKTHUPOBAHUEC BBIMOJIHACTCA Ha YPOBHC OJIOKOB. HpI/I 9TOM 4YacCToO
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yKka3biBaloT, uT0 BCK HMET apXUTEeKTypy «MOpe MOJYJIEi» IO CPaBHEHUIO C
«MopeM BeHTuien» Muorux bMK.

Ucnonb3oBanue B BCK u BMK panee anpoOnpoBaHHBIX OJIOKOB YMEHBIIIAET
PHUCK IPOEKTUPOBAHUSA U CHKAET TpeOOBaHUA K KBanudukauuu pazpadotunkos 1C,
a HaJIM4YMe 10 Havajia dTana MPOEKTUPOBAHMS MOUYTH MOJHOCTHIO CHOPMHUPOBAHHBIX
MOJYTIPOBOJHUKOBBIX IUIACTHH COKpPAIIAET BPEMS M3rOTOBIIEHUS moiry3aka3Hbeix MC.
Ucxonusie mmactuasl bBMK m BCK wmsroraBamBaroTcs MaccoBBIM CIIOCOOOM, YTO
YMEHBIIAET UX CE0ECTOMMOCTb.

CyuiecTBeHHOE yiydllleHHe KadecTBa mousry3aka3dHbix MC BO3MOXKHO TOJIBKO
IpU CO3/IaHUM HOBBIX TEXHOJIOTMYECKUX MaplIpyTOB UX H3rotoBieHus. Crenyer
3aMETUTh, 4YTO B  HACTOSIIIEE  BpEeMs  OCHOBHBIMH  HaIlpPaBJICHUSIMU
COBEPUIEHCTBOBAHUS TEXHOJOTHUI U3roTOBIICHUS aHanoroBbix UC sBnstoTes [34]:

- YBEJIMYEHHUE TPAaHUYHOM 4acToThl (fr);

- YMEHbILICHUE IIUPUHBI DBMUTTEpa JUIsl yMEHbIIEHHS paboyero ToOKa,
COOTBETCTBYIOIIETO MAKCUMYMY fr;

- popMupoBaHUE  BBICOKOKAQUYECTBEHHBIX  MACCHUBHBIX  JJIEMEHTOB  —
KOHJICHCATOPOB C BBICOKOM yJEIbHOM E€MKOCThIO M MAJIBIMU TOKaMH YTEUKH,
BBICOKOOMHBIX PE3UCTOPOB C MaJIOW Mapa3sUTHOM €MKOCTbI), MHIYKTUBHOCTEN C
BBICOKOU I00pPOTHOCTBIO;

- YBEJIMUCHUE KOJIMYECTBA YPOBHEH MEXKCOCIUHEHUN JOCTYIHBIX MIPU
IIPOEKTUPOBAHUH TOMOJIOTHH;

- BBIpa0OTKa HOBBIX KpuTepueB KadectBa bT BMecTO TpaguliMOHHBIX,
BKJIFOYAIOIINX MaKCUMyM fr, BeIWYMHY TPOOMBHOTO HAMPSIKEHUS KOJUIEKTOP-
aMutTTep BV R0 U KOMIIEeKTOp-0a3a BV cpo;

- pa3BUTHE, TaK Ha3bIBAEMOr0, «Pa3yMHOr0 MPOU3BOJACTBA», KOTOPOE
npeanojaraer OJOYHOE MOCTPOCHHUE TEXHOJOTMYECKOTO MaplipyTa H3TOTOBIICHHUS
MHUKpPOCXEM C BO3MOKHOCTBIO BBIOOpa 3aKa34MKOM OIPEAEIEHHOIO KOJIMYECTBa
TUTIOBBIX OJIOKOB Juisi peanm3anuu TpeOyemoro Habopa mapamerpoB HMC wu

HNCKIIOYCHMA N3 MapaipyTa M30BITOYHBIX OJIOKOB TEXHOJOTHMUYECKUX onepaunﬁ.
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XOTs B «JIOPOXKHOM KapTe» pa3BUTUS MHUKPOSJIEKTPOHHBIX TEXHOJOTUN [34]
3aIUTAHMPOBAHO YBEJIIMYEHUE IPAHUYHON YacTOThl TpaH3UCTOpoB B 2014 r 1o coteH
rurarepii npyu ooecrnedeHny padouero HarpsKEHUs: KOJUIEKTOP-dMUTTEP okojio 1,5 B,
B pAle YCTPOHCTB COTOBOM M OECHpPOBOJHON CBSA3H, OMEPALMOHHBIX YCHUIUTENSX,
JTaTYMKAX, U3MEPUTENBHBIX MPUOOpaxX 11es1eco00pa3HO MPUMEHEHHUE TPAH3UCTOPOB C
fr <10 I'Tu npu yBenuuenHoM g0 10 B gonmycTUMOM HanpsskKeHUHM HA MPOMEKYTKE
KOJUIEKTOP-AMUTTED.

NMeHHO Takue TpaH3UCTOpbl pEKOMEHAyeTcs mnpumeHatb B bMK, rae
(¢uKCHpPOBaHHOE PACIOJIOKEHUE Ha TOJYMPOBOJHUKOBOM IJACTMHE AKTUBHBIX U
MACCUBHBIX 3JIEMEHTOB MPHUBOJUT K HEBO3MOXXHOCTU (POPMHUPOBAHUS COCTUHEHHIA
MUHUMAJIbHOM JJIMHBI U COTJIACYIOIIMX BBICOKOAO0OpOTHBIX LC-neneir u, Takum
oOpazoM, upe3BbIYAiHO 3aTpyaHsieT d(G()EKTUBHOE WCIOIB30BAHUE BBICOKOM
IPAaHUYHOM 4acTOThI TpaH3UCTOPOB. Kpome Toro, npumenenne B BMK tpan3uctopos
C OYEHb BBICOKON T'PAHMYHOM YaCTOTOW, HO MajbIM JAOIYCTHUMBIM HAaIpSKEHHUEM
KOJUIEKTOP-3IMUTTED, OrpaHUYUBAET o0mnacTb IPUMEHEHUS, CHWKAeT
yHuBepcaibHOCTh BMK 1 3HAuWMTENBbHO YCIIOKHAET OKYyIaeMOCTh 3aTpaTrT Ha
pa3pabotky BMK u ananoroseix UC Ha HEM.

ITAUC [35, 36] no cnocobaM crienuan3alui MoA00HbI MIUPOKO MU3BECTHHIM
nporpammupyembiM Jiorudeckum WC (IIJIMC). B TTAUC 3amanue Tpedyembix
aHAJIOTOBBIX (YHKIUI OCYIIECTBISIETCS MOTpeOUTEeNeM MPOrpaMMHBIM IyTeM 0e3
y4acTUsi KPEMHMEBOM MacTepckol m auzaitH-uieHTpa. [TAVC npu MUHHUMAaIbHBIX
3aTpaTax 00ecleynBalOT MaKCHUMalbHYI0 TMOKOCTh MPOEKTUPOBAHMS, B YaCTHOCTH
OBICTpYIO crenuanu3anuio TpedyeMbiX (QYHKIUH, MOpPOrpaMMHOE H3MEHEHUE
XapaKTepUCTUK, BO3MOXKHOCTb HEOJAHOKPATHOTO NEPENpPOrpaMMHUpPOBAHUSA. IJTO
YMEHBILIAET PHUCK MPOEKTUPOBAHUSA, IMO3BOJISIET 3KCIEPUMEHTAIBHO anmpoOHpOBaTh
HECKOJIbKO BAPUAHTOB OJHOTO M3IEIUS, MPEAOCTABISAET YHUKAIBHYIO BO3MOXKHOCTh
MOJIYYEHHUS] OTIMYAOUIMXCsl (PYHKUMNA W/WIU TapamMeTpoB B Pa3iUYHble MOMEHTHI
BpeMeHHU Ha 0JTHOH U Toi ke MC myTem u3MeHeHus yIpaBIsrolie nHpopMaImu.

Henocrarkom Bcex nporpammupyemMbix UC sBisieTCs HU3Kasg SKOHOMUYECKAs

3¢ (HEKTUBHOCTH MPH CpeIHEN U OONBIION CEpUHHOCTU BBINTYCKa, YTO CBSI3aHO C 3-5-
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KpaTHON M30BITOYHOCTHIO UX 3JeMEeHTOB. YHuBepcaiabHocTh [IAWC 3arpynuser, a BO
MHOTHX  CIy4dasX  HCKIIOYAET  peaju3aldi0  MPEHU3MOHHBIX  AHAJIOTOBBIX
XapaKTEepUCTHUK. Jlaxke OCHOBHOE IPEUMYIIECTBO (BO3MOYKHOCTH MHOTOKPATHOTO
NepenporpaMMHUPOBAaHUs) MOXKET OIPAHUYUTh WX MPUMEHEHHUE B JKECTKUX YCJIOBHSX
IKCIUTyaTallMM, TaK KakK JOIYCKAaeT IOsABJIECHUE Je(EKTOB CaMOIIPOU3BOIBLHOTO
WU3MEHEHUS BHYTPEHHUX CBA3EH.

Kpome TOro, HEOOXOAMMO YYHTHIBaTh, YTO CTOMMOCTb 3apyOEKHBIX
nporpammupyeMbix MC s KECTKHUX yCIIOBHM JKCIUTyaTallUd B JECATKU-COTHH pa3
IPEBBIIIAET CTOMMOCTh aHajJornyHbix MC KOMMEpUYEeCKOro HCHOJHEHHSA, a HX
OPUMEHEHUE B  psiie  H3ACIMNA  CHEUHAJBHOIO  HA3HAYEHUS  OrPAaHUYEHO
HOpMaTUBHBIMU JAoKyMeHTamHu. Taxum oOpa3oM, Ha IIAWC moxHO ObICTpO H
3h()EKTUBHO TPOBECTH MAKETHUPOBAHWE AHAIOTOBOTO HHTepdeiica, MPHUTOAHOTO
TOJIKO I obOecrieyeHust TpedyeMoro (yHKIMOHUPOBaHUA. B nanbHeimem Takoe
U3JIeIIME PEKOMEHyeTCsl ONTUMU3UPOBATh U PEaJIn30BaTh Ha oreuecTBeHHOM bMK

nind B Buze 3akasaou MC.

1.2.2 KoHumenumuss pa3BUTHS  CHENUAJM3MPOBAHHBIX  AHAJOIOBBIX

mukpocxem OAO «<MHHUIIN»

IIpoBenennniii  cnenuamuctamu  OAO «MHUIIMA» ananu3  MO3BOJWI
BEIPA0OTaTh KOHIICTIIIUIO PAa3BUTHSA CICIHAIM3UPOBAHHBIX aHanoroBeix HC, B
COOTBETCTBUU C KOTOPO HEOOXOIUMO:

I. OnpengenuTs BHUJ aHAJIOTOBBIX MHUKPOCXEM, MPOECKTUPOBAHUE KOTOPBIX
NpeAnoiaraeTcsi B paMKax KOHIEMIUU, T.€. «PBIHOYHYIO HHIIY» CO3/1aBaeMOM
MPOAYKIIUU.

C wHamell TOYkH 3peHHs, HanmOOJee SKOHOMUYECKH IEeTIECOO0Pa3HBIM s
peiHKOB Poccum u benapycu siBnsiercs pa3paboTka M IMOCTaBKa MaybIX MAapTUH
cnenuanuzupoBanubix WMC nama  cpenctB  u3MepeHuidd u - mpeoOpazoBaTeseit
(bU3UYECKUX BEIMYWH, COJICPIKAIIINX:

- paIUaLIMOHHO-CTOMKHUE, MAJIOILYMSIIIINE YCUIIUTEIIN;

- Cl)OTOHpI/IeMHI/IKI/I OIITNYCCKOI'0 U3JITYHYCHUA,
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- IETEKTOPBI YACTULl U HOHU3UPYIOINX U3JIYYEHNN;

- YyBCTBUTEJIBHBIE DJIEMEHTHI JaTYMKOB.

II. Ha ocHoBe cymiecTBytomero TtexHonorudeckoro wmapupyra (bullTII)
n3rorosieHns bT u moseBbIX TPaH3UCTOPOB € P-N-NIEPEXOIOM M KaHAJIOM p-THUIa (p-
[ITIT) pa3pabortats pamuaruoHHo-cToMkMd BMK wu OubiuoTeky cxeMHO-
TOIMOJIOTUYECKUX PELICHU OCHOBHBIX aHAJIOTOBBIX KOMIIOHEHTOB.

III. UccnenoBath W3MEHEHHE XapAaKTEPUCTUK D3JIEMEHTHOM 0a3bpl  mpH
BO3JICUCTBUM MPOHMKAIOLIEH paJuallii, TEMIEpATypbl, CHOPMYIHPOBATH MOAXOM K
IPOEKTUPOBAHUIO  paanaluoOHHO-cTOMKMX WMC H  aHajJoroBbIX  MHKDPOCXEM,
paloTaronmx Npu IpeaeabHO HU3KUX TeMIepaTypax.

IV. IlpoBectu pabOTHl MO CO3AAHHI0 HOBOTO OJOYHOTO TEXHOJIOTHYECKOTO
mapuipyta (KBT), oOecneunBatomero ¢GopMupoBaHue Ha OJHOW TIJIACTHHE
KOMILIEMEHTAPHBIX BbICOKOYACTOTHBIX bT u p-ITTII.

V.Ha ocnoBe KBT- TexHonmoruueckoro wmapmpyta paspadotate bCK,
OpMEHTUPOBAHHBIA HA M3TOTOBJICHHE aHAIOTOBBIX MHTEP(HENCOB TaTUUKOB, U HOBBIN

panuanroHHo-cToikuiit BMK.

1.2.3 Anajorossie UC, pazpaboranabie B OAO «MHUIIN»

B xone peanuzanuu koHnenuuu 3a nociueanue math getr B OAO «MHUIIN»
pa3paboTaH 1 u3roToBIiieH psij ananoroBeix MC [37-43]:

- OJTHO U JIByXKaHaJIbHbIE TpaHcuMneaancHeie ycunutenu (TUY) ¢ paznuynoit
MOJIOCOM TMPOMYyCKaHUA U OTIHYAIoUMMcs Kod(hduireHToM mnpeodpa3oBaHus
BXOJHOTO TOKa B BbIxoAHOe Hampspbkenne (MH1VYII100, MH1VII110, MH1VII120,
MHI1VII130, MH1VYI1140);

- nByxkaHanbHble komnapatopsl (MHICA100, MHICA110);

- oHO U AByxkaHainbHble TUY ¢ kommaparopamu (MH1XA100, MHIXA110,
MHI1XA120, MH1XA130, MH1XA140, MHIXA150);

- CcBepXObICTpOaeHCTBYIOMNK KommapaTop, Tpurrep llImurra, KomMmyTaTop

(MHIA®O11);
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- CBEpXOBICTPOAEUCTBYIOIIMIA  KOMIApaTop, (QUIBTP HIWKHUX YacTOT
(MHT1A®020);

- JBYXKAHQJIbHBI  CYMMHPYIOIIMA  IIMPOKOMOJIOCHBIA  KOMMYTaTOpP
(MH1KHO009);

- MHorodyHkuuoHansHas anainoroBas WC, coxmepxamas ngBa OV ¢
KOMIIEHCALIUEW BXOJHOTO TOKAa M HMHCTPYMEHTANbHbIM ycunurtenb Ha Tpex OV
(MH1XAO010);

- MHoroyHkiuoHaneHas ananoroBas WMC, conepxkaiiass aBa yCUIUTENS
HanpspkeHust ¢ rojoBHbIM p-I1ITII u mHCTpyMeHTanbHbI ycunuTenb Ha Tpex OY
(MH1XAO020);

- MHoroyHkiuoHaneHas ananoroBas WMC, conepxkaiiast aBa yCHIWTENS
HanpspkeHus ¢ rojgoBHbIM p-IITII, ABa mpeaBapUTENbHBIX YCUIUTENS sl paOOThI C
BHeIIHUM n-IITII u Ttpu OV c pe3ucropom 9,2 kOM B Lenu OTpULATEIBHOMN
obparnoii cBsizu (MH1XA030);

- MHOTOyHKIIMOHambHas aHanoroBas MC, cogepxaias yetbipe OY, oauH u3
KOTOPBIX - C KoMneHcanuen BxoaHoro toka (MH1XAO0S51).

BBICOKYIO paguanMOHHYI0 CTOMKOCTh CO3/IaHHBIX MHUKPOCXEM IOATBEPAMIIN

pe3yJbTaThl UCTIBITAHUM, BBITIOJHEHHBIE IS HEKOTOPBIX M3 HUX (puc. 1.1 — 1.5)

[44.,45].
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Pucynok 1.1 — 3aBUCMMOCTh aMIUTUTY 16l HAPSIAKEHUS HA BbIXOJAX (Vampsr U Vamp.)

THUY ot BxoanHoro Toka (Ijy) mpu pa3anyHON BEIMYMHE MTOTJIOMEHHON 1035l
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Pucynok 1.2 — 3aBucuMOCTb
aMIUTUTYAbl HANPSDKEHUS HA BBIXOAAX
(Vamp+ 1 Vamp) THY MHIXAT150 ot

BXxoaHOTO TOoKa (I1N) mpu pasnuunon
BEJINYMHE UHTETPAIIBHOTO IIOTOKA
3JIEKTPOHOB ¢ 3Heprueit 4M»HB
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Pucynoxk 1.3 — JlnurenbHOCTh poHTA
criajia CUrHajia Ha HEeMHBEPTUPYIOLEM
Beixoge TNY MH1XA150 (tg,) B

3aBUCUMOCTH OT BXOAHOTO ToKa (IjN) mpu

Pa3IMYHOM BEJIMYMHE UHTETPATIBLHOIO
MOTOKA 3JIEKTPOHOB ¢ SHeprueit 4M»sB
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Pucynok 1.4 — 3aBucumocts nmapamerpoB komnaparopa MHIXA150 ot

MOTJIOIIEHHOM J03bl FaMMa-U3ITy4YeHHUs IPU Pa3IMdHOM MpeBblenun nopora (Vop)
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Pucynoxk 1.5 — 3aBucumocts napamerpoB kommaparopa MH1XA150 ot
MHTErpaJIbHOTO MOTOKA 3JIEKTPOHOB € 3Heprueit 4M»sB npu paznuuHom

npessbiieHnn nopora (Vop)

1.2.4 CtpykTypa 1 ocHOBHBbIe XapakTepucTuku «<ABMK-1.3»

Co3naHue paavalMoOHHO-CTOMKMX HHTEerpanbHbix cxem (MC) u cioxHo-
dbyukimoHanbHbIX 070K0B (Cd-050Kk0B) Kak cuctem B kopmnyce (CBK) tpeOyer
IIPUMEHEHUS  KOMIUIEKCHBIX  PaJualMOHHO-CTOMKMX  pemeHud. Kak ¢
PKOHOMMYECKOH, TaK U C TEXHUYECKON TOUEK 3PEHUS TaKhe W3ACNIHS 11eJIeCO00pa3HO
OPUCHTHPOBATh HA BO3MOYKHOCTH AHAJIOTOBBIX 0a30BbIX MATPUYHBIX KPHUCTAIIIOB
(ABMK, 1. MuHck) [46]. Takast TeXHOJIOTHSI SBJISIETCSI HanOo0JIee PAaCTIPOCTPAHCHHON
Ha TEPPUTOPUU MOCTCOBETCKOTO MPOCTPAHCTBA M MO3BOJISIET MPOBOJAMUTH IMOJIHBIN
LUK 1O BRIMYCKY paananuoHHo-cTorkux UC (ot cxemoTexHuueckoi peanuzamuu [P
MoJlysiel Ha afaekBaTHBIX U A0CcTynHbIX SPICE moaensix — 40 HHUKIOB UX U3MEPEHUI
MIpU BO3JICUCTBUU TaMMBbI JI€CTAOMIM3UPYIONINX (PaKTOPOB: BHICOKOIHEPTETUUECKOTO
NIOTOKa HEWTPOHOB, J03bl MOTJIOIIEHHON paguanuu U temMiepaTtypbl). Cpeau Takux
TEXHOJIOTUH JIeTallbHYl0 ampoOaliuio mpoiies oumnosspHo-nosieBoit ABMK_1_3 [46]
u ero ganpHewmme moaudukarun ABMK_1_4 u ABMK_1_5.

Kak noka3biBaeT npaktuka [47], uCroiab30BaHuE JIUIIb PaAUaliOHHO-CTOMKON
texHonoruu  ABMK  He  mo3Bossier — o0ecrneuuTth — HAACKHYH — padorty
MUKPOIJIEKTPOHHBIX YCTPOUCTB B YCIOBUSX BBICOKOTO PaMAllMOHHOTO BO3JEHCTBUS
M3-32  CYIIECTBEHHOIO  M3MEHEHHUS  MaJOCUTHAJIBHBIX  JuddepeHInaIbHbIX
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napameTpoB KOMIOHEHTOB ABMK. B KOHEYHOM HTOre 3TO BIMSET HA OCHOBHBIC
METPOJIOTHUECKHUE XapaKTEPUCTHKHU PATUOITEKTPOHHOTO 000PYIOBAHMUS.

[Tpumenenune MC u CD-610k0B Ha 6aze ABMK, cormacHo ycTaHOBJIECHHBIM
TpeboBanusM [47], BO3SMOXKHO:

— B HOPMAJIBHBIX  YCJIOBHUSAX (mo3a  pammauuu 10 D=100pan,
BBICOKOYHEPIreTUYECKHUUN TOTOK HEUTPOHOB F,, OTCYTCTBYET, TEMIIepaTypa T=27°C);

— npu TemnepatypHoM Bo3zeiictauu (ot -40°C 10 +85°C);

— B 00acTAX BO3JCHCTBHUS MOBBILICHHON paauanuu (Ha OOPTY KOCMHUYECKUX
anmapaTroB, B YCTpPOMCTBaX Ha OOBEKTax SJIEPHOM HSHEPreTMKu U JAp.) — J103a
noryiomeHHon paauanuu ot 10kpag m 100xpan-300xkpan no 1Mpan (mMOBEpXHOCTH
3emnu, opOuta 3emiid, OTKPBITBII KOCMOC) TMpU TOTOKE HEUTPOHOB [0
510" ueitrpor/cm’.

B [48] npencraBneH wmmpokuid cnektp apyrux BAX n-p-n m p-n-p
TPAH3UCTOPOB, a TaKXke MX h-mapaMeTpoB ¢ y4eTOM OJIHOBPEMEHHOTO BIIUSIHUS
OCHOBHBIX J€CTA0MIM3UPYIOMIUX (PAKTOPOB: U3MEHEHHsS] TEMIIEpaTyphbl B JHAa3oHe
or -40°C mo 60°C; neiictBus moOTOKa HelitpoHos no 10 wmeittpon/cM® n
HaKaIIMBaroUEen 103kl paaranuu A0 1Mpan.

JleTanpHOE MCCIEAOBAaHWE W3MEHEHHMI MapamMeTpPOB AKTUBHBIX KOMIIOHEHTOB
MOKA3bIBAET, YTO OOJNbIIEH CTAOMIBHOCTBIO XapaKTEePU3YyIOTCS OUIONApPHBIE N-p-n U
noneBbie p-JFet (PADJFet) TpaH3ucTtopbhl, a HauMMeEHbIIEW — OUIOJISIPHBIE P-N-p
TpaH3UCTOpbl. VI3MEHEHWE HOMHMHAJIOB PE3UCTUBHBIX AJIEMEHTOB Ha KpHUCTaie
cocrtaBisaeT ~ 1,5%.

PazpabotanHblii pagnaliMOHHO-CTOMKWNA 0a30BbII  MATPUYHBIM  KPUCTAILI
«ABMK-1.3» noka3zan Ha puc. 1.6. OH comepKuUT 8 MakposUeeK, MOKA3aHHBIX Ha
puc. 1.7. Ilo nepumerpy BMK pacrnonoxxenbl MHOTO(QYHKIIMOHAIbHBIE KOHTAKTHBIC
IJIONIA/IKU, KOTOPBIE MCIHOJIB3YIOTCS JJIsl COSAMHEHHUs KpUCTalla MPOBOJAHUKAMH C
TpaBepcamMu Kopnyca wid B KadectBe oanemeHtoB HWMC: PAD2Q- nBa
MHOTO3MMUTTEPHBIX MAJIOIIYMSIIUX N-P-N-TPAH3UCTOPA C COMPOTUBICHHEM 0A30BOI
obmactu wmenee 35 Owm; PADJ - wmanomymsmmii p-IITII; PADIJIDG - nBa
nByx3aTtBopHbiX p-IITII; PADC — MOII- konaeHcatop ¢ HoMuHaioM 2,3 nd,
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JOIYCKAOUIUN WCIOJB30BAHUE B CXEME MAPAa3UTHOM €MKOCTH ITOJYyIPOBOJIHUKOBOU
OOKJIaJKH.

Kaxnas Makposiueiika BKIIOYAET OAWH W30JIMPOBAHHBIM KapMaH, B KOTOPOM
pa3MenieHbl pe3ucTopbl ¢ HoMuHaiIoM oT 650 Om go 15,1 kOwm, BBINOJHEHHBIE Ha
cioe p-0a3pl, W HU3KOOMHBIE pe3uctopsl ¢ comporuBieHueMm 70 Ow,
c(hOpMHUpPOBAHHBIE HA CJO€ N+-TIIyOOKOr0 KOJUIEKTOpa; MAaJOMOIIHbBIE N-p-n-
tpan3uctopsl (NPNC) ans uctounukon crabunbHoro toka; MOII- koHAeHCATOPHI C
emkocteio 0,91 n®; dynkunonansHO-UHTETpUpOoBaHHble 31emMeHThl  (PNPJF),
MIPEICTABIISIONINE COO0M KaCKOAHOE CoenuHeHue p-n-p-tpansuctopa u p-IITII; nBa
n-p-n- TpaH3UCTOpa ¢ 0ObETMHEHHBIMU KoJulekTOopamu (sueiiku xunsoepra — GC);
4-cnoWHBIE TOJYIPOBOAHUKOBBIE CTPYKTYpbl (TW), MO3BONSAIOIIME C MOMOIIBIO
pa3IMYHOTO BHITIOJHEHUS MEXCOCIUHEHUN 00JacTell MOMyunTh IBYX3MUTTEPHBIN N-
p-n- WIM Pp-n-p-TpaH3uCTOp. Makposiueiika OKpYKE€Ha OXPaHHBIM KOJbLOM IS
YCTPaHEHMs B3aUMOJICHCTBUS Yepe3 MOJI0KKY pa3HbIX OJIOKOB.

KonnuecTBo akTUBHBIX 3JEMEHTOB B MAaKpoOsueike BBIOPAHO U3 YCIOBUSA
MOJIyYeHHUs] ueTbipex AudepeHuaIbHbIX KacKaJoB Ha N-p-n-TPaH3UCTOPAX C
aKTUBHOW Harpy3skoid Ha p-n-p-tpansucropax wiau p-IITII. DOmementsr TW aByx
MaKpOSYEEK PaACIOIOKEHBl HA KPUCTAJUIE MAaKCUMAJIbHO OJIM3KO, YTO MO3BOJISIET UX
MPUMEHSTh I TMOJYYEHHUS] UCTOYHHUKOB HANPSKEHUS U TOKA, YCTaHABIIMBAIOIIUX
pabounit pexum NC. O6mme xapakrepuctukun «ABMK-1.3» u BXomsmux B HeEro
AJIEMEHTOB IMpHBeACHBI B Tabumie 1.1.

Tabmuna 1.1 — O0mue xapaktepuctuku «ABMK-1.3»

Pa3zmep kpucramna, Mmm 3,6x2,7
TexHOoJIOTHs U3TOTOBJICHHUS bullTII
Kopnyc H16.48-1B
PNPIJF (xackognoe coequnenue p-n-p u p-I11TII) 128
GC (nBa n-p-n ¢ 00bEAMHEHHBIMU KOJIJICKTOPAMHU) 128
NPNC (n-p-n) 32
KonunuectBo >
STEMEHTOB TW (1ByX>MUTTEpHBIN N-p-n- WIK P-N-p) 48
PAD2Q (nBa ManomyMsmux n-p-n) 24
PADJDG (nBa nByx3atBopHbIX p-IITII) 4
PADJ (manourymsimmii p-I1TIT) 24
CyMmmapHoe conpoTuBieHue Bcex pesuctopoB (bBMK/makpostueiika), MOM | 5,264/0,658
CymmapHas eMKoCTh Bcex KoHaeHcaTopoB (BMK/makposiueiika), nd 62,24/7,28
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Pucynok 1.6 — Ynpomenssiii yeptex Tonojgoruu «AbMK-1.3»

Oumoka! O0beKT He MOKeT ObITh CO3/1aH U3 KO/IOB MoJIel peJaKTHPOBAHMS.

Pucynok 1.7 — Ynpomennsiii ueptex makposiueiiku « ABMK-1.3»

1.2.5 Oco0eHHOCTM  NPOEKTHPOBAHHUA  PAJAMANMOHHO-CTOMKHX H
HHU3KOTEMIIepPATYPHBIX AHAJOT0OBBIX MHUKPOCXeM

C namelt Touku 3peHusi, «0e3nedekTHoe» MpOoeKTHpoBaHus aHanorosbix MC

BO3MOXXHO TOJBKO MpPH HAJUYUU MOJENEW aKTUBHBIX U IACCHUBHBIX JJIEMEHTOB,

a/JIeKBaTHO OIMCBIBAIOIIMX M3MEHEHHE BOJIbTAMIEpPHBIX XapakTepuctuk (BAX) npu

BO3ICHCTBUH MPOHUKAIOIIECH paraIiii U TEMIIEPATyphl B TPEOYEMbIX Trala30Hax.
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Takue ™opmenu ObUIM pa3paboTaHbl W aNpoOOUpPOBaHbI MpU OOIYYEHUU
tpan3nuctopoB «<ABMK-1.3» ramma- kBanTamu “’Co 1 «GBICTPBIMI» SIEKTPOHAMHE C
sHeprueit 4 MaB. Pa3zpaboTanbl METOIUKH, TTO3BOJISIONINE COMOCTABUTh M3MEHEHUE
BAX nipu BO3ACHCTBUSAX «OBICTPBIX» AIEKTPOHOB U HEUTPOHOB [44,45,49,50].

Ha puc. 1.8-1.11 npuBenensl mnpuMepbl MOAECIUPOBAHUS 3aBUCHUMOCTHU
CTaTUYECKOT0 K03 dullMeHTa nepeaayn Toka B cxeme ¢ oomum amutrepom (BETA)
OoT HBmuTTepHOro Toka (Ig) mIg TPaH3UCTOPOB, W3rOTOBJIEHHBIX II0 PA3HBIM

TCXHOJIOTHAM.

200 - - 100

TN Viebs3 BETA=88.29,Fn=1 2GC, Vcb=3

150 - : \

100

BETA=66.53FEn=5e13smd N\

“[BETA=53.30,Fn=1eé14sm:

50

BETA359.48,Fn=5613sm-2 - - -

BETA=29.4:§,/Fn=3e14sm-

50 :
A735.21,Fn=1eldsm-2
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Lle 1{Q1:c)f 1{Q1:b) ILle

Pucynok 1.8 — 3aBucumocts BETA ot Pucynok 1.9 — 3aBucumocts BETA ot

AMUTTEPHOTO TOKA ISl TPAH3UCTOpa AMUTTEPHOTO TOKA JJIsl TPAaH3UCTOpa
tuna 2N KbT-texmapuipyra tuna 2GC bullTII-Texmapuipyra
B | e ] e
30> ; :
Tz T USRI FOVUROY PO, A
; I BETA=19.36 Fri=te-dsm2
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e /Al I S N
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50uA 100uA 1.0mA 10mA {Q1:c) (Q1:b)
(Q1:c)/ 1{Q1:b) I_le
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Pucynok 1.10 — 3aBucumocts BETA ot  Pucynok 1.11 — 3aBucumocts BETA ot
SMHUTTEPHOIO TOKA I TPAH3UCTOPA SMHUTTEPHOIO TOKA JJIsI TPAH3UCTOPA
tuna 2P KbT-texmapuipyra tuna PnpJFpnp bullTII-Trexmapuipyra
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Ha ocHOBe »KCIEepUMEHTaJIbHBIX JaHHBIX O pAAHAllMOHHOM HW3MEHEHUU
apamMeTpOB MHTETPAIBHBIX TPAH3WCTOPOB W OIBITA MPOCKTUPOBAHUS AHAIOTOBBIX
NC, ManodyyBCTBUTENbHBIX K BO3ACHCTBUIO BHEIIHUX JIECTAOUIIU3UPYIOIINX
dakTopoB (TOMEX, TeMmrepaTypsl U 1p.), cPOPMYIUPOBAaHbI OCHOBHBIEC IpaBUIIA
CXEMOTEXHUYECKOIO0 CHHTE3a MUKPOCXEM C IMOBBIIIEHHBIM YPOBHEM pPaJUallMOHHON
croiikoctH [51].

Tak, nms oOecredeHusT CpPEAHETO YPOBHS PpaTUAIMOHHOW CTOWKOCTH,
OPHEHTHPOBOYHO JUIi HHTErPAIHLHOTO TTOTOKA HEHTPOHOB BeanunHoit 10 10" n/em” n
MOTJIONIEHHON J03bl ramma-usiydeHus 10 300 kpag, OOMyCTUMO MPUMEHEHHUE
YIPOIIEHHOTO TMOAXO0Ja K IPOEKTUPOBAaHUIO OumnomisipHbix aHajoroeix HC, a
UMEHHO:

- HCTIOJIb30BaHKe AU(PepeHIInaTbHON CTPYKTYPhl MUKPOCXEM;

- MAKCUMAJIbHOE YBEIMYEHUE IUIOTHOCTH ASMUTTEPHOTO TOKAa 1O TpPaHUIIbI
HacTymIeHUs 3P(PEKTOB BHICOKOTO YPOBHS MHXKEKIIUH;

- UCTIOJb30BAHNE TOPU3OHTAIBHBIX P-N-p- TPAH3UCTOPOB TOJIHKO B HCTOYHUKAX
TOKa WJIM B cxemax c oOmied 0a3oi, B KOTOPBIX Jerpajauus Npu pagdalliOHHOM
Bo3nerictBur  kod(ddurmenta mepegaunm  Toka BETA  cmabo Bioumser Ha
MaJIOCUTHaJIbHBIE MapaMeTpsl aHanoroBbix UC;

- popMuUpOBaHUE PE3UCTOPOB HA CHUIIHLHOJETMPOBAHHBIX IMOJIYIPOBOJIHUKOBBIX
CIOSIX;

- CXeMOTeXHHUYeckasi jJopaboTka - MojenupoBanue ananorosbix MC,
BEISIBJICHWE KAacKaJO0B Han0o0Jiee YyBCTBUTEIBHBIX K BO3JCUCTBUIO MPOHUKAIOIICH
paauan ¥ WX MOJCpHU3AIMs (BBEIEHUE IeMell KOMIICHCAIIMA BXOIHBIX TOKOB,
cTabminzanusi pexxuma paboThl € MOMOIIBIO OTPHUIATENIbHOW OOpaTHOM CBA3M,
YMEHBIIICHUE  PATUAllMOHHOTO  WM3MEHEHUs  HaNpsHKEHUS  CMEIICHHS — HYJI,
NPUMEHEHUE HOBBIX METOJOB MOCTPOEHUS MHOTO(PYHKIMOHAIBHBIX aHaJOTOBBIX
KOMITIOHEHTOB).

AnamoroBeie MC ¢ BBICOKMM YpPOBHEM pPaJMALMOHHON CTOWKOCTH,
06eCIIeYHBAOIMM PabOTOCIIOCOGHOCTH MPU MOTOKE HeiTpoHoB Gomee 10" n/em® u

noryomennon  go3e  Oosmee 300 kpam, 1enecooOpazHO TPOCKTHPOBATH  HA
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BEepTUKANbHBIX n-p-n BT ¢ ToHKOW 0a30BOil 001acThi0 (BBICOKOM TpaHHUYHON
yactoron) u p-IITII. Manble paguanmoHHbBIE U3MEHEHUs IAPAMETPOB YKa3aHHBIX
AKTUBHBIX JJIEMEHTOB, JTOCTUIAEMBbIE IPU BBICOKOM IJIOTHOCTU 3MUTTEPHOIO TOKA B
n-p-n BT u npumenenun cunpHONerupoBanHoro kanama B p-IITII, obycnaBnuBatoT
HE3HAYNUTEIIbHOE YXYIUICHUE XapaKTePUCTUK aHAJIOTOBBIX MHKpOcxeM. B To xe
BpEMsI IPU CXEMOTEXHMUYECKOM CHHTE3€ OWIIOJISIPHBIX MHKPOCXEM C BBICOKHM
YPOBHEM pAaJMALMOHHOW CTOMKOCTH PEKOMEHAYETCS IPUMEHEHUE CIIEIYIOIINX
IIPaBUIIL:

1. B kadecTBe KpuTepHs KadeCTBa IPU CXEMOTEXHUYECKOM ONTUMHU3ALUU
cleqyeT BBIOMpaTh MUHUMAIbHOE M3MEHeHue mpuopuretHoro mnapamerpa MC mpu
paaMallMOHHOM BO3JA€WcTBUM (Hampumep, Uil ObicTpoaelcTByrouiero OV  —
CKOpPOCTH HapacCTaHUs BBIXOJHOTO HAIPSDKEHMS, Ul MPEUU3HOHHOTO — HANPSKEHUS
CMELIEHUS WIN YPOBHS IIIYMOB).

2.He mnpumeHsATs Uil yCWIEHMS TOPU3OHTAIBHBIE P-N-p-TPaH3UCTOPHI,
3ameHaTs ux p-11TIIL

3. UCTOYHMKHM BBITEKAIOIIETO TOKa cieayer BbINoOAHAT, Ha p-1ITII, a
BTEKAIOIIETO — HAa N-P-N-TPAH3UCTOPaX.

4. lna  nByxkackagHoro OVY  BxogHolt  auddepeHIHaNbHBIA  KacKal
PEKOMEHIyEeTCSl BBIIIOJIHATh HA: N-P-N-TPAH3UCTOPAX C MCTOYHUKOM BTEKAKOLIETO
toka; p-IITII ¢ MCTOYHMKOM BBITEKAIOIIETO TOKa; KoMOuWHauuu n-p-n- u p-IITII c
NEPEKPECTHBIMU  CBA3SIMM  (TOK B Iuledax JudepeHIHaTbHOrO  Kackaaa
ONPENEIISIETCS HANIPsKEHUEM 3aTBOp-UCTOK p-IITII).

5. [Ipomexyrounbiii kackag OY MoxeT ObITh peaan3oBaH Ha: N-p-n-
TpaH3UCTOpax, eciu audepeHInanbHbIil KacKaj BBIIOJHEH C UCIOJIb30BaHUEM p-
IITII; cHMMETPUYHOM «IIEPErHYTOM Kackone» ¢ wucnonb3oBanueM p-IITII;
HECUMMETPUYHOM «IIEPETHYTOM KaCKOJe» ¢ ucnoiib3oBanuem p-I11TII.

6. BeixogHol Kackan JOKEH OBITh BBINOJHEH IO CXEME JIBYXTaKTHOI'O
NOBTOPHUTENSL HampsHKEHUs ¢ ucnoip3oBaHue komOunaiuu p-1ITII u n-p-n-

TPaH3UCTOPOB.
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OneHka BO3MOXHOCTH MNPOEKTHUPOBAHUS HHU3KOTEMIIEPATYpPHBIX AHAJIOTOBBIX
MHUKPOCXEM MPOBOAMIACH HA OCHOBE M3YYCHHs] HAyYHO-TEXHUYECKON MH(pOpMaIu,
BO3MOXKHOCTEM 0a30BOr0 NpPEINPUITHS NO H3TOTOBICHHUIO MOJIYIPOBOJIHHUKOBBIX
mnactuH (OAO HWuterpan), a Takke pe3yJbTaTOB HW3MEPEHUN TPaH3UCTOPOB
«ABMK-1.3» npu Temneparype kUAKOro a3ora.

IIpoBencHHBIN aHAIU3 TO3BOJIMI YCTAHOBUTB:

1. ITpu Temnieparype xuakoro azora BETA Bcex bT ynan no Bennunnsl MeHee
2, 4TO UCKJIFOYAET BO3MOKHOCTh Pa3pa0d0TKH YCUIIUTENbHBIX CXEM.

2. Kpytuszna p-IITII yBenuuuBaetcs 1o temneparypsl Munyc 100C, HaunHaeT
yMeHbIIaThCA Opu Temneparypax MeHee munyc 120C (puc. 1.12, 1.13), a npu
TEMIIEpaType JKUIAKOIO Aa30Ta HE3HAYUTEIbHO MEHBIIE, Y€M IPU HOPMAJIbHBIX

ycnoBusix (25C).

25m 18

PADJ_N2,Vds=4 -120C PADJ_N2 Vds=4

o=

-60C

20m

-179C

10r

-200C

10m.

5my x

0 1.0 20 2.5 0
oo v o -ld 0 1.0 2.0 2.5

Ug oo v o D(d)
Ug
Pucynok 1.12 — 3aBucuMocTh TOKa Pucynok 1.13 — 3aBucumocts
CTOKA OT HaIIPSKEHUS 3aTBOP-UCTOK P- KPYTHU3HBI OT HaIIPSKEHUS 3aTBOP-
IITII Tuma PADJ nipu pa3Hbix uctok p-IITII Tuna PADJ nipu pa3znusix
TeMIIepaTypax TeMIIepaTypax

3. U3 nuTepaTypHbIX HCTOYHUKOB HM3BECTHHI HAaNpaBIEHUS MOJEPHU3ALUU
CTPYKTYpBI 2jieMeHTOB i obecnieueHus Bhicokoro BETA BT npu kpaiine HU3KHUX

Temriepatypax. Takyioo JT0paOOTKy TEXHOJOTUM TPUHUUIHUAIBHO BO3MOXKHO
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BeImoHUTE HA OAO «MHTerpanm», HO OHM TOTPEOYIOT OOJBITUX MaTEPHUATBHBIX
3aTpaT M OKYIISITCS TOJIBKO TIPH O0IBIION MOTpeOHOCTH B HUXKOoTemmepaTtypHbix VC.
4. VI3BeCTHBI CXEMBI yCUIIUTENEH HanpsikeHus Ha ogaux p-ITTILL
Takum o0Opa3oM, H3TOTOBJICHHE HU3KOTEMIIEPATYPHBIX AHAJIOTOBBIX CXEM
BO3MOXXHO C wucnosib3oBaHuem cymectByromero bullTII  TexHomornueckoro

MapuipyTa, HO TpeOyeT NpoeKTupoBaHue cxem Tojibko Ha p-IITIL

1.2.6 KBT - TexHoJIOrHYecKHid MAPIIPYT
Kak ykaspiBanoch paHee, Uil peald3aluyd aHAJIOTOBBIX YCTPOMCTB €

MOBBINICHHBIM OBICTPOJICUCTBUEM M PATUAIIMOHHON CTOWKOCTHIO HaYaThl pabOTHI 1O
CO3JJaHUIO0 HOBOT'O TEXHOJIOTMYECKOT0 MaplpyTa, ooecredunBaroniero GopMmupoBaHme
Ha OJHOW ITACTHHE KOMIUIEMEHTapHBIX BbICOKOYACTOTHBIX bT m p-IITII. Tunosas
CTpYKTypa 3iemMeHTOB, (popmupyembix 1mo KbT- TexmapuipyTy, mokazaHa Ha pucC.
1.14.

HoBeiit  TexmapuipyT JgokeH  00ecnedyuTbh  MOJy4YeHHE  CIEIYIOIIHUX
MHTErPaJIbHBIX AJIEMEHTOB U UX NTapaMETPOB:

1) n-p-n- Tpauzuctop, frmax > 3 [T, BETA > 70, VAF > 80 B, BV(go>10 B;

2) p-n-p- Tpan3ucTop, fryax > 3 I'Tu, BETA > 60, VAF > 40 B, BVgo>10 B;

3) p-IITII MmuHrManbHBIX pa3MepoB, Hanpsikenue orceuku 1,0 B < Vg <2,0 B,
npuOMBHOE HAMpPSHKEHHE UCTOK-CTOK BVgp >10 B;

4) pe3ucTtopsl € yaeabHBIM compoTuBieHueM cios  (Rs), paBHBIM
500 Om/kBagpar;

5) HU3KOOMHBIE pe3ucTopsl, Rg = 150 Om/kBaapar;

6) 2 ypOBHSI MEKCOEAUHECHUH.

[Tpu HEOOXOAUMOCTH, B TEXHOJOTHYECKHI MapHIpyT MOTYT OBITH J0OaBJICHbI
0J10ku (hOPMUPOBAHUS:

7) BBICOKOOMHBIX pe3ucTopoB ¢ Rg = 1,5 kOm/kBaapar;

8) KOHJEHCATOPOB C yAEIbHON eMKOCTBI0 0,5 hD/MKM’.
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BeprukanbHbiii BepTuxansHbIil H3011POBaHHEINA
NPN tpanzuctop PNP Ttpanzucrop

PJFET Tpan3uctop

P-pesuctop

P-nomioxka

Pucynok 1.14 — TunoBas cTpykTypa 35neMeHToB, popmupyembix mo KbT-

TEXMapIIpyTy

[lepBeie o0Opa3mbpl MuKpocxem, wusroroBieHHbix 1o KBT- Ttexmapuipyty,

IJIaHUpPYeTCs Moay4duTh B 1 kB. 2015 1.

1.2.7 HoBble cpeacTBa NPOEKTHPOBAHMA IOJY3aKa3HBIX AHAJOIOBBIX
MHKpPOCXeM
s KBT- TexmapiupyTa B HacTosiiiee BpeMst pa3padatsiBaercst HOBbIi BMK u

BbCK.

CoznaBaembiit BMK umeer psing otnunii ot «kABMK-1.3%, a umeHHo:
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1) B Hem He OyayT mNpUMEHSTHCS (PYHKIIMOHAIBHO-UHTETPUPOBAHHBIC
AJIEMEHTBI, KOTOPBIE CBOJAT HA HET OCHOBHOE MPEUMYIIIECTBO HOBOTO TEXMAapIIPyTa
— BBICOKYIO T'paHU4YHYO0 4yacTtoTy bT.

2) dns peanuzarnum auddepeHmaibHbIX KaCKag0B ¢ KaCKOIHBIM BKIIFOUCHUEM
BXOJHBIX U HArPY304YHBIX TPAH3UCTOPOB YBEIIMUYECHO YUCJIO AKTUBHBIX 3JIEMEHTOB.

3) Bce BT umerot nBa KOHTaKTa K KOJIJIEKTOPHOM 00J1acTH.

4) MolHble TPaH3UCTOPHI W KOHJIEHCATOPHI PACIHOJIOKEHBI MO mepudepun
MaKpOSIMEMKH U MOJ KOHTAKTHBIMHU TUIONIaKAMM.

5) HomwmHamel pe3ucTOpoB YBETWYECHBI NPUOIM3UTEILHO B 2 pasa o
cpaBaeHnio ¢ «ABMK-1.3», T.x. fryax TpaH3uCTOpOB, (GOPMUPYEMBIX HAa HOBOM
TEXMApLIPYTE, JOCTUTAETCA MPU KOJJIEKTOPHOM TOKE B 2 pa3a MEHbILIEM.

6) JnuHa ¥ mmMpuHA PE3UCTOPOB BBHIOpAaHA TaKUM OOpPa3OM, YTOOBI MEXIY
rOJIOBKAMH PE3UCTOPOB MOKHO OBLJIO MPOBECTH HE MEHEE JBYX MEXKCOEIUHEHUU C
MUHHMMAaJIbHBIM [IarOM.

7) lns yBenrW4YeHUs KOJIMYECTBA KOHTAKTHBIX IUIOMIAJIO0K, PACIIOIOKEHHBIX 10
NepUMETPY KpUCTaia, uX (popMa BHIIIOJIHEHA B BUJIE€ NMPSMOYTOJIbHUKA.

B BCK mnanupyercs NpUMEHSTh KOH(MUTYPUPYEMbIE aHAJIOTOBbIE OJOKH
(KAB) [52]. KAb pomkeH o0ecreuynTh BO3MOKHOCTh H3MEHEHUSI CTPYKTYPBI
ananoroBor MC myTremM uM3MEHEHHsS] MEXYPOBHEHBIX KOHTAKTOB W BTOPOrO YPOBHS
MEXCOCTMHCHUH W TPOTPAaMMHPOBAHUS TMApPaMETPOB — BAPbUPOBAHUEM PAOOUUMH
TOKaMU TPaH3UCTOPOB M HOMHHaNamu RC- nemnen.

B nacTosmuii MOMEHT Ha W3rOTOBIEHWH Haxonatcs aBa Omoka: CAB-1 - ¢
BxoaHsiMu BT u CAB-4 ¢ Bxogubimu p-ITTII.

B kaudectBe mpumepa Ha puc. 1.15, 1.16 npuBeneHbl 3JEKTpUUECKas CXema

BXOJIHOT'O Kackaja u ynpoiueHHas cxema OY Ha ocHoBe CAB-1.
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Sumi Sum2

Vee
|
Outicm
Inptcm
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H
Inﬁ
Outbuf
u
Q15 Q16
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Q20
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N2 N
Ref Q24
B Q2 Q23 N2
KON2 N2
% R7 % R8 R9 R10
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A 50k o1k . °
| |
|_compensation Sum3 Sum4

Pucynok 1.15 — Dnexkrpuueckas cxema BxojHoro kackaga CAB-1

100u

OTA-ycumrens BbIX01HOM Kackajt
T T “Bxommo¥ xackang ~ ____________ ~_ ~_ ~ T T T T T T T T T T T T T T T T L
| [ S - - | |
' : 1 12 R51 Ret | | 13 '
1o
: 1 Wioou C 100u Lo C 30u :
Lo Lo |
P! Q41 as1 |1 I
[ P2 P2 I | I
! Lol |
| | Q91 | | |
- . P2 | | Sga |
I : Lo I
I . I
[ 1ojats jat4 Q13 Lo Qta |
| Inpd P2 N2 P2 Inp+ I 1. N2 |
! E]—j-‘— (R N I
P 4|f o |
| | Q211 | Q6a |
Lo ] R N2 P2 |
P! Q25 Q261 || I
P! N2 N2 | |
! Lol |
- Lo I
! Lol |
I
: | 15 R111 R121: : :
G Lo |
I 1 I
I

- 2 r |
Pucynok 1.16 — Yopouiennas cxema OV na ocHoBe CAB-1

N3menenne mexcoequnenuil BHyTpu CAB-1 mo3BosisieT nmoayduTh pas3inyHbIe

AQHAJIOTOBBIE YCTPOMCTBA: IOBTOPUTEIb HANPSKEHUS; aHAJIOTOBBIM MYJIBTUILIEKCOD
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2:1; aHAJOTrOBBIN MYJIBTHUILUIEKCOP 2:1 C MOBBIIMIEHHON HArpy304HON CIOCOOHOCTHIO;
npeobpazoBatTeNb HaMPsHKEHUE-TOK C Pa3MUYHbIM KO3(h(UIMEHTOM MpeoOpa3oBaHus
U JIOIYCTUMBIM BXOJHBIM CUTHAJIOM, MOHO- ¥ OUIOJSPHBIM BBIXOJHBIM CUTHAJIOM;

OTA- ycunutens; OY; mynstuaudpepernunansueiii OY.

1.2.8 Ilpenu3uoHHBIi PagMalIMOHHO-CTOMKHI ONEPAIMOHHBIN YCHIUTEIb
HA OCHOBE OMIOJIAPHO-0JIEBOT0 TEXHOJIOTHYECKOT0 Mpoiecca

Onepannonnbie ycrwmteau (OY) Ha MONEBbIX U OUIOJSPHBIX TPaH3UCTOPAX,
BBITIOJTHEHHBIE HA OCHOBE APXUTEKTYPhI «IIEPErHYTOr0 KaCKOJa» HaXOASAT LIUPOKOE
IIPUMEHEHUE B COBPEMEHHOM pAaAMOdJIEKTPOHHOM ammaparype. MX ocHOBHBIE
JIOCTOMHCTBA — PpACIIUPEHHBIM YAaCTOTHBIA JHMama3oH, a Takxke d(PdeKTuBHOE
WCIIOJIb30BaHUE HAMPSIKCHUS TUTAHMUSL.

JI1s1 paGoThI B YCIIOBHUSIX KOCMHUYECKOTO MPOCTPAHCTBA, B AKCIIEPUMEHTATILHOMN
bu3znKke He0OXO UMbl paIallMOHHO-cTOMKHE OY ¢ MaJIbIM HaNPsIKEHUEM CMEISHHUSI
Hyns (U.,) ¥ MOBBILIEHHBIM KO3(pUIMEHTOM ycuieHus mno HanpspkeHuto (100-
1201b). Pemenue »Tux 3aad BO3MOXKHO C HCIIOJIb30BaHUEM OHUIIOJISPHO-TIOJIEBOTO
TEXHOJIOTHYECKOTO TIporecca, obecnedynBaromero (OpMUPOBAHUE P-KaHATBHBIX
MOJIEBBIX M  BBICOKOKAYECTBEHHBIX N-p-Nn  OUIOJSIPHBIX  TPAH3UCTOPOB  C
paaIualMOHHON CTOMKOCTBIO 110 1 Mpag ¥ MOTOKOM HEUTPOHOB 0 10" w/em’.
Opnako s takux OY HeoOXoamMma cCrenHalibHasi CXEMOTEXHUKA, YUWUTHIBAIOIIAS
OTPaHUYCHUS OUTIOJISIPHO-TIOJIEBOM TEXHOJIOTHH.

CymectBeHHbIN HegocTaToK Kiaccudeckoro OV (puc. 1.17) coctout B TOM,
YTO B JWana3oHe pabouux, TPEXIe BCETO HHU3KUX TEMIIEpaTyp, a TaKke MpHu
BO3JICMCTBUM TOTOKA HEUTPOHOB OH HMMEET IMOBBIINICHHBIC 3HAUYCHUS HAINPSKEHUS
cmenieHust Hynst (Ug,) (€AMHHULIBI-IECATKH MWUIMBOJBT). B KOHEYHOM HTOTE 3TO
CHIDKaeT npenu3noHHocTh Takoro OVY. Kpome storo, ero ko3gpGUIMEHT YCUICHUS

1o HarpspkeHuto (Ky) nomydaercs HEOOIbIIUM.
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VTI1

‘\/1»

|

Pucynox 1.17 — Cxema knaccuueckoro OY

R2

OcHoBHast 3anmaua, pemraemas B mnpemigaraemom OV puc. 1.18, coctout B
YMEHBIICHUU HAIPSKEHUSI CMEIEHUs HYJISA, MOBBIIIEHUU KOA(hPUIIMEeHTa yCUIICHUS
nuddepennpanbHoro curHana OY B pa3oMKHYTOM COCTOSSHUU 10 ypoBHs 130-
140nb, moBbimenun ko3¢ duireHta ocnablieHusT BXOIHBIX CHUH(A3HBIX CHUTHAJIOB

OYV. Jlanubie mapaMeTpbl 00eCIIeUnBaIOTCS HOBOM apXUTEKTypoit [53].
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Pucynok 1.18 — Cxema nipegmaraemoro OV [53]
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Crathyeckuil pexuM TpaH3UCTOPOB cxeMbl puc. 1.18 ycranaBiuBaercs
WCTOYHUKAMHU OIOPHOTO TOKA, BBITIOJIHEHHBIMA B BHJIE TOKOCTAOWUIIU3HPYIOITUX
nByxnoimtocHUkoB I;, I, m I;. Ilpum >TOM TOKM CTOKAa M TOKM KOJUJIEKTOPOB

TPaH3HUCTOPOB CXCMbI OIIPCACIIAOTCS YPABHCHUAMMU:

I.=I,~05I, =1, (1.1)
1, =1,=~1=1=I, (1.2)
I,=1,~0,51 =1, (1.3)

I, =1,=2I, (1.4)

rae I, I, [y — TokocTaOMIM3UPyIOMUX TOKU ABYXITOTFOCHUKOB.

Koadpunment ycunenus no HanpspkeHuto cxembl OV puc. 1.18 onpenensercs

IPOU3BEICHUEM:
K =Yex _p K. .K (1.5)
y = =8y Ry Ry, -
uBX.
rae U, - IOpUpalleHHe BBIXOAHOTO HampspkeHuss OY, BbI3BaHHOE HW3MEHEHHEM
Urix2
BXOJHOIO HampspkeHus (U ); K, =——== - KkoapduuueHt mnpeodpazoBaHUs

BX.

BXonHOro HampsbkeHuss OV (u,,) B HampsbkeHHEe Mexay ys3inamu X1, X2 (uy_y,);

u
K, =—>— - xoo(¢unuent nepenaun audQpepeHINanbHOr0 HAMPSKEHAS MEKITY

Uyi-x2
y3namu X1, Y2 Ha BXxoj OydepHoro ycumurens 12 (X;); Uy,_y, - NPHUPAIIECHUE

HAIPSDKCHUSA MEXAY BBICOKOUMIICHAHCHBIMM Yy3iamu X1 um X2; K, =—""-

47



Ko3pduuueHT nepenaun Mo HanpsbkeHuto OydepHoro ycwiutens bY1; uy,-

IIPUpPAIICHUE HAIIPSYKEHUS B BBICOKOMMIIEJAHCHOM Y311 X3 .

IIpruem
Ki =R 5150 S >>1, (1.6)
KZ = RaKB.EK ) S3—4 >> 1 > (1'7)
rne R, ,yi_y» - ODKBHUBAJIEHTHOE nuddepeHIanbHOe  CONPOTUBIICHHE MEXKITY

BBICOKOMMITEZJAHCHBIMU y31amMu X1 u X2; R, . - SKBUBAJIEHTHOE CONPOTUBICHUE

B BRICOKOUMIIE/TAHCHOM Y3Jie X3

— SSS6 S 2 SSS4
1 s 3-4 9
(S, +5S,) (S, +S,)
S;s, S4 0Ss, S¢ —  KPYTM3HBI  CTOKO-3aTBOPHOM  XapaKTEPUCTUKHU
COOTBETCTBYIOIIMX MMOJIEBBIX TpaH3ucTopoB (VT3, VT4, VTS, VT6).

YucneHHoe 3Ha4Y€HHE SKBUBAJICHTHOIO CONPOTUBIEHHS R .y -, OIU3KO K

CONIPOTHUBJIEHUSAM 3aKPBITBIX KOJJIEKTOPOB IEPEXOA0B BBIXOAHBIX TpaH3UCTOPOB VT1

u VT2, a conporusnenue R, 55 omnpenensercs, B OCHOBHOM, BXOJHBIM
conpotuieHueM OydepHoro ycunurens bY1. Kak cneacrtBue, 3a cyeT co3gaHus B

cxeme puc. 1.18 Tpéx BbICOKOMMMEAaHCHBIX y370B (X1, X2, X3) koddduimeHt
YCUJIEHUS IO HaIpsDKEHUIO pasoMkHyTtoro OV puc. 1.18 momywaercss noctaTo4HO
oosmpmmM (130-140nb) u Ha HeckoybkO NOPAAKOB IpeBblaeT K, kiaccudeckoi
cxemsl (puc. 1.17).

Ha puc. 1.19 npuBenena cxema, B KOTOPOW HWHBEPTHUPYIOIIUA BBIXOJHOHN
oydepnsii ycunutens bY1 peanmn3oBan B Buae BBIXOJHOrO TpaHizuctopa VT7 mo

CXeMe ¢ 00IINM IMUTTEPOM, UICTOUHUKA TOKA |5 1 HEMHBEPTUPYIOIIETO KacKaa.
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Pucynox 1.19 — Bapuant npaktuueckoil peanusanuu npegiaraemoro OV [53]

Ha puc. 1.20 npuBenena cxema OV puc. 1.18 B cpene KOMIBIOTEPHOTO

MoaenupoBanus PSpice Ha Mmonensx uHTerpanbHbix Tpanzucropos ABMK_1_3 HITIO

«HHTerpan» (r.MHuHCK).
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Pucynok 1.20 — Cxema OV puc. 1.18 B cpesie KOMIbIOTEPHOTO MOACIUPOBAHUS

PSpice [53]
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Ha puc. 1.21 npencrasiena amMmnianTy1HO-4acTOTHasA Xxapakrepuctuka OY puc.

1.20 npu 100% oTpuniateibHON 0OpPaTHOM CBS3H.

(297.635K,2.0709u)  (2.9764M,366.430u)  (30.126M,32.464m)

-20

-40 1

KoadbduumeHT nepegaun, o6

-60

-80 : ; ; ; ; ; ; ; ; ; ;
10* 3-10* 10° 3-10° 10° 3-10° 10’ 3-10 10° 3-10° 10° 310° 10

YactoTa, Iy,

Pucynok 1.21 — AMIIIUTY1IHO-4aCTOTHAsA XapakTepucTuka npegiaraemoro OY

npu 100% otpunarenbHoil 00paTHOM cBA3M [53]

Ha puc. 1.22 noxkaszana puc. 1.20, U3 KOTOpO# clienyeT, 4TO Mpeiaraemas
cxema puc. 1.20 umeeT MOBBIIECHHBIA KOADPUIMEHT YCWICHHS IO HANpSHKEHUIO,

omm3kuit k 140 nb (Ky=100.000.000).

150

(100r'w,134.9546)

100 -

50 1

Koaddpuumnent nepesaum, ob

-50 4

-100

1 10 10 10° 10° 10° 10° 107 10° 10° 10

YacroTa, Iy

Pucynok 1.22 — AMInimTy 1HO-4aCTOTHAs XapaKTEPUCTUKA pa3OMKHYTOro OY

C MOBBIIIEHHBIM KO3((ULHUEHTOM YCHIIEHUS 110 HAIPsLKEHUIO [53]
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Ha puc. 1.23 npusenena 3aBucumocTts HanpsbkeHHss cmemieHus Hyns (Ug,)

cxembl OV puc. 1.20 oT moToka HEUTPOHOB.

60

10 Vout=5.45MkB /

/

HanpsxeHune cmellenus Hyns, MkB

10" 310" 10" 310" 10" 310" 10" 310" 10" 3107 10" 310" 10"
IMOTOK HETPOOB, H/M?

Pucynok 1.23 — 3aBucumocts HanpsbkeHus cmetenus uyis (Ug,,)

cxeMbl OV puc. 1.20 oT noToka HEUTPOHOB [53]

Ha puc. 1.24 noka3ana 3aBUCHMOCTb HANpPsDKEHUS CMEIIeHHs HyI cxembl OY

puc. 1.20 B auanazone Temmnepatyp ot -60++80°C.

6.8

T=80°C, Vout=6.57mKB

6.4 1

6.0 1

T=27°C, Vout=5.5mkB

5.6 1

5.2 1

HanpaxeHue cmeleHna Hyna, MkB

48 - T=-60°C, Vout=4.6mKB

4.4

60  -50 40 30 20 10 0 10 20 30 40 50 60 70 80

Temneparypa, °C
Pucynok 1.24 — TemnepaTtypHasi 3aBUCUMOCTb HaNPSIKEHUS] CMEILICHUS HYJIS

cxembl OV puc. 1.20 [53]
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B mpennaraemont cxeme OV (B CpaBHEHMH C KJIACCHYECKOW) MOBBIIIAECTCS
TaKke KO3(PPUUUEHT ocnadieHus] BXOJHBIX CUH(}A3HbIX CUTHAIOB. JlaHHBIA 3 PexT
00BsICHSICTCSI TOBBINIEHHOW cuMMmeTpueil cxembl OY puc. 1.20 u BBeneHHEM
OTpULIATENILHON OOpaTHOW CBSI3W MO CHH(pA3HOMY CUTHANY (TpaH3ucTtopsl VI3 u
VT4). 3a cuer BbICOKOW cummeTrpud cxembl OY U NOPUMEHEHUS] TMOJIEBBIX
Tpan3uctopoB VT3, VT4 mnHanpspkeHue cmenieHuss HyJas npemiaraemoro OV
u3Mepsercs MUKpoBosbTaMu (puc. 1.23, puc. 1.24).

Takum oOpazom, npemiaraeMbiii OY uMeeT CyliecTBeHHbIE MPEUMYIIECTBA B

CPaBHCHHNH C KIIACCUYCCKUM BaAPUAHTOM IIOCTPOCHUA.

1.2.9 PaguanuoHHO-CTOIKasi aHAJIOroBasi MHKpocXeMa JJsi 00padoTKu
CHUTHAJIOB JIABUHHBIX (OTOAMOXOB U OCHOBHBIE CXEeMbI ee
BKJIIOYECHUA

Ha ocHoBe MonepHU3MPOBAHHON aHanoroBoi mHTerpanbHOi cxeMbl (MC) mis
JaTYNKOB KOCMHYECKOW amnmaparypbl 1 MAIOLIYMSIIUX MOJIEBBIX TPAH3UCTOPOB C p-
n-nepexooM u ka"HaioM n-tumna (n-I1TII) co3man 3meKTpOHHBIA MOy 00PaOOTKU
CUTHAJIOB JIaBUHHBIX (QoToauonoB (JIDJ[), comepxammili 3apsa04yBCTBUTEIbHBIN
yeunutenas (3UY) u aktuBHbIA monocoBoil Guistp (IID) co crpykrypoit CR-RCY,
Havmenbmnii 5KBUBaJICHTHBIA IIYMOBOU 3apsif Moayis HoCTUrHyT g [ITII tuma
KS363V u cocrasnser 292 31.41,9 31./n® npu Bpemenu nuka 2,2 mkc. [IpuBoasres
CXEMHBIE PENIEHUS U SKCIIEPUMEHTAIIBHBIE XapAKTEPUCTUKH.

AHanu3 nmapameTpoB COBPEMEHHBIX (DOTONMPUEMHHUKOB MO3BOJIMII YCTAHOBUTD,
YTO BO MHOTHX CIy4YasX peajau3alus ONTHKO-3JEKTPOHHBIX  YCTPOMCTB,
PErUCTPUPYIOMINX AeCATKH (OTOHOB, IienecooOpa3Ha Ha ocHoBe JIDJ[ wu
MaJIOIIYMSIIIEH CUYUTHIBAIONICH IIEKTPOHUKH [54].

Panee HaMu OBLITM CO3/1aHBI M SKCIIEPUMEHTAIILHO MCCIIEIOBAHbI AJIEKTPOHHbBIE
MOYJIHA «CRP-MDL-1», «CRP-MDL-2» 00paboTKH CUTHAJIOB JID/I,
ucnojap3yromue ananoropytro MC miist JaTYMKOB KOCMHYECKOM ammapatypbl [54].
AHaiM3 pe3ynbTaTOB MX HM3MEPEHHM TMO3BOJWJI  BBISIBUTH  HEIOCTATOYHYIO

3¢ pexTuBHOCTE 00padoTku curanoB JIDJ] ¢ 6oabmoi BHyTpeHHEH eMKocThio (Cp)
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M3-32 TOBBIIMIEHHOTO YPOBHA INymMOB, KoTopbii mia 3YY Xxapakrepusyercs
3aBUCHUMOCTBIO APKBUBAJIEHTHOTO 11yMoBoro 3apsiaa (ENC, equivalent noise charge)
OT €MKOCTH, COEIMHEHHOW ¢ BXOAOM. lloJ SKBUBAJIEHTHBIM IIYMOBBIM 3apsiaoM
MMOHUMAETCSl BXOJHOW 3apsijl, BBI3BIBAIOIIMI Ha BBIXOJEC CUCTEMbl CHTHAJ, PABHBIN
CpPEeIHEKBaIPaTUUYECKOMY 3HAYEHHUIO HampspKeHus myMmoB. O0biuHO BennunHa ENC
ONMUCBHIBAETCS  CPEAHEKBAAPATUYECKUM 3HAYEHUEM 3apsifa, BBIPDAXKEHHBIM B
KOJIMYECTBE JIEKTPOHOB (311.) [54].

N3ydenne Haumaydlux MajoOMIyMSIIUX HM3AEIUN AAHHOTO Kiacca IOoKas3alo,
YTO MPEACIbHO Majblii YPOBEHb HIYMOB OOBIYHO JOCTUTAalOT 3a CUET MPUMEHEHUS
nuckpetHoro wmanomywmsmero n-IITII. B asTtom ciydae MuHMMH3anus Ioyma
BO3MOXKHA 3a cueT eMKocTHOro coriacoBanus n-IITII u JIOJ] (;kematenbHO, YTOOBI
BxosHas eMKkocTh N-IITII Obna paBHa emMkoctu JIDJ]) u oxnakIeHHUS BHEUIHETO N-
[ITII. ITpumepoM Takux YCTPOWCTB MOTYT CIykKuth ruopuansie UC ¢upmbr Amptek
(CIIA) [54].

[lempro HacToAwWEro pasnaena SABISETCS PACCMOTPEHHE CXEMOTEXHUKH U
napamMeTpoB 3JIEKTPOHHOrO MoOAyJsi oOpabotrku curHanoB JIDJ[, cozganHoro Ha
OCHOBE MOJICpHU3NPOBAaHHOW aHanoroBorn WMC 1nd [aTYMKOB  KOCMHYECKOU
anmnaparypsl 1 masomymsmux n-1TTII.

Oco0eHHOCTH JIEKTPOHHOT0 MOAYJIs. J[1s1 co3nanust ycrpoiicTBa 00paboTKu
curHasioB JI®/[ ¢ nmpenenbHO HU3KUM ypoBHEM ENC ObL BBINOJHEH psig padoT [54].

1. MoaepHHM3MpoBaHa aHAJIOroOBasi MUKpOcXeMa JJisl JaTYMKOB KOCMHYECKOMN
anmapartypsl, B kotopoil onepanronnbeie ycrmmrenu (OY) UlLA, UlB 3ameHensl Ha
BxoaHoi kackan CSP-Stage2 (puc. 1.25), a OY U2A, U2B, U2C, Bxoasuue B
MHCTPYMEHTAJIbHBIN ycunutenb, B HoBoM MC (puc. 1.26) BbINOJHEHBI B BHJE
OTAEIbHBIX KOMIIOHEHTOB.

2. PazpaboTana »ieKkTpUuUecKas cxXxema OJJIEKTpOHHOro wmoayis (puc. 1.27),
npeaycMaTpUBaroIiasi BO3MOXXHOCTh MOJKIOYEHHUS BHEUIHUX MAaJOLIyMSIIUX n-
[ITII.

3. M3ydeHbl XapakTEpUCTHUKM MOAyJs npu wucnoiab3oBanuu n-IITII c

pa3IMuHON BXOAHOM eMKOCThIO (Tabi.1.2).
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Q7
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[H R5 R7 R8 E] R9
HVEET

Pucynok 1.25 — Dnexrpruueckas cxeMa BXogHOro kackana CSP-Stage2 MUKPOCXEMBI

Tabnuua 1.2 — Tunossle napameTpsl n-I1TII, npuMeHEHHBIX B 3JIEKTPOHHOM MOYJIE

Mapaverp HaunmenoBanue Tpansucropa

IF140A 2SK152 2SK363 HTO009
Hanpsixenue orceuxu, B or-0,510-6,0 |or-0,55m10-20 |or-0,3m0-1,2 |or-1,0m0-7,0
MaxkcuManbeHbIH TOK cToka, MA | or 5,0 1o 15,0 o1 9,5 1042,0 o1 5,0 10 30,0 110 20,0
Kpyruszna, MA/B >4.5 >21,0 > 25,0 or 10,0 10 30,0
Bxomnas emxocts, nd <30 <9,0 75,0 HET JJaHHBIX

CtpykTypa MOAEPHU3UPOBAHHON MUKPOCXEMBI ITOKa3aHa Ha puc. 1.26.
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m ] _Cor2
Out2
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BXOAHBIX
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Pucynok 1.26 — CtpykTypa MUKPOCXEMBI

kackaga CSP-Stage2-1, CSP-Stage2-2,

paborarommx ¢ BHemHUM n-IITII, nBa MHBEPTHUPYIOMIMX YCHJIMTENS HAMpPSKEHUS
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U4A, U4B c ronosasiM ManomymsamuM p-IITII u TokoBeiM arreHroaropom, Tpu OY
U2A, U2B, U2C c¢ pesucropom, BenuuuHOM 9,2 kOM, B LieNM OTPULIATEIBHOU
obparnoii cBs3u, 6ioku U3B, U3C, 3anaromue padounii pesxxum [54].

IIpu nmoaxmrouennu K BbiBOAy IN Omoxka CSP-Stage2 croka n-IITII, uctox
KOTOPOr0 COEIMHEH C IIMHOW HYJEBOr0 MOTEHIMAajaa, a 3aTBOp — C BXOJOM, U
coequHenun BbIBOJOB REF m ADD monyudeHHas cxema mpeacTaBisieT co0oi
«IEPErHyThI» KacKoJ, B KOTOopoM TpaH3ucTop QI BKkitoueH ¢ oOmieil 0aszoii, a
YCWIEHHE TI0 HANpPSDKEHUIO onpeaensercs KpyTtuzHou BHemHero n-IITII wu
CYMMapHbIM CONPOTHUBJIEHUEM BCEX NapaUICIbHBIX LENEH, COCIMHEHHBIX C
BBICOKOMMIIEAAHCHBIM Y3JI0M- KOJUTEKTOpoM Q1.

Kanan oOpaboTtku curnana ¢oToaMoa, pPEATM30BAHHBIM B DAJIEKTPOHHOM
moayne (puc. 1.27) Brmowaer 3UY wna  CSP-Stage2-2, J;, () R
muddepennupyromyto 1enb C, R; ¢ «KOMIIEHCAIMEH MoJIoca HyJIeM» PE3UCTOPOM
R,; mocnenoBaTenbHO COCAMHEHHBIE AaKTHUBHBIE WHTErpatopnl: nepBbid (Cs, Ry,

U4A), sropoit (Cs, Rs, U2B), tpetuit (Cy, R7, U2A) u uetBeptsiid (Cs, Rg, U2C).

RW; [¢3
<A~ 20 p—
i L 15p

| 36
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- OutP4
paa [-28
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[ 26
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NC |24 R12
VEEsla22 SV 20k
BiasP2 >
HD &L 1V
GND2
19 5v
o g wl8a m\/EEZ
Z255=28
EE0>0m
ENERRRRRE
>
p$ é\%p 2
ouT
R10
8.6k
— ca
R7 ——1nF
300
—
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Pucynok 1.27 — YopouieHHas snekTprudeckast cxema 3JIE€KTPOHHOTO MOy

00paboTku curnayon JIDO]]
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Takum oOpaszom, kaHan mpenactaBisieT cobor coeauHenue 3UY U aKTUBHOTO
T1® tuna CR-RC".

JKCNMepUMEHTAIbHbIE Ppe3yJabTaTrbl. l3MepeHuss 3IEKTPOHHOTO MOIYJIA
BBIIIOJIHSUIMCh C TIOMOLIBIO KOMIUIEKTa OOOPYJIOBaHHUs, BKJIHOYAKOUIEro: LHU(POBOIM
ocimsiorpad Agilent «MSO 6052A» wnu  «Infiniium» HP 54830B; BbIHOCHOM
npoouuk 10073C; reneparop curHayioB mpou3sBojibHOU ¢dopmbl Agilent 33250A;
arreHtoatop Agilent 8494G; nByxkaHanbHbI MCTOYHUK nuTaHusa Agilent E3646;
unrepdeiicapiit Moxyns USB — GPIB Agilent 82357B; cucremy cbopa JaHHBIX
Agilent 34970A ¢ HaOOpOM YINpPaBISAIOIIKUX MOAYJEH; MEPCOHAIBHBIA KOMIIBIOTED;
Kkanmuoparop umnyiascHbid M1-15; nenurens nHanpsxenus JJH-1.

O6opynoBanue ObUIO OOBEAMHEHO B €IUHYID CUCTEMY C IMOMOIIbIO IIHHBI
GPIB. YnpapieHue BBIOJHSUIOCH C NOMOILIBIO pa3paboTaHHOro B cpene «Agilent
VEE» CHeLUATU3UPOBAHHOTO IPOrpaMMHOTO obecrieueHus TUISL
aBTOMATU3WPOBAHHOIO onpeaeneHus xapakrepuctuk MC.

[TonyueHHble AaHHBIE 3alUCHIBAIUCH B *.txt (hailyn, manpHeilmas oOpaboTka
KoTtoporo npousBoauiack B cpeae MS EXCEL ¢ noMonipio cTaHAAPTHBIX CPEJICTB U
CHELUaIN3UPOBAHHBIX TPOrpamMM (MaKkpOCOB).

Pe3ynbpTarhl M3MEpPEHU 3JIEKTPOHHOTO MOJYJS TOKazaHbl Ha puc. 1.28-1.34,
Ha KOTOPBIX MPUBEIECHBI (POPMBI BBIXOJHBIX CUTHAJIOB MPU MPUMEHEHUU TOJIOBHBIX
tpanzuctopoB KI1303, IF140, KS152, koHkpeTHON BeauYrMHE BXOHOTO 3apsaa (Q)
u pa3HblX Cp; 3aBucuMocTd ENC ot Cp IpU pa3sjiM4HOM BPEMEHU ITUKA BBIXOJHOIO

curnaina (7p).
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k. Agilent Technologies WED AUG 28 18:01:41 2013

]

Pucynox 1.28 — @opmMa BBIXOJTHOTO CUTHAJIA 3JIEKTPOHHOIO MOAYJISl C TOJIOBHBIM
tpanzuctopom tuna KI1303 npu Qi =20 K, C;= 1 n®d, R; = 820 MOwm u

pa3IMYHON eMKOCTH ucTouHuka curtana — 0, 30, 100 n®

Agilent Technologies THU AUG 29 18:54:39 2013

0 200/ B |

2

Press to Clear
Recall Display

Pucynox 1.29 — @opma BBIXOTHOTO CUTHAJIA 3JIEKTPOHHOTO MOAYJISL C TOJIOBHBIM
tpansuctopoMm tuna IF140 npu Q=20 ¢pKn, C;= 1 nd, R;= 10 MOwm u paznuanoit

eMKocTH uctounuka curaaia — 0, 30, 100 nd
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Agilent Technologies FRI AUG 30 16:04:52 2013

1 2 |

Ampl(1); 900mV Rise(1): 1.42us |
42 Coupling +4 Imped BW Limit Vernier Invert Probe
DC 1M Ohm _ o o ~

Pucynok 1.30 — @opma BBIXOJHOTO CUTHAJIA JIEKTPOHHOT'O MOJTYJIsl C TOJIOBHBIM
tpausuctopom tuna IF140 npu Q=20 ¢pKn, C;= 1 nd, R;= 680 MOwM u paznuyHon

eMKOCTHU ucToyHuka curtana — 0, 30, 100 n®d

Agilent Technologies FRI AUG 30 17:18:48 2013
1] 2]
1 | I

2 : !

+3 Coupling += Imped BW Limit Vernier Invert Probe
DC o o |

Pucynox 1.31 — ®@opma BBIXOJTHOTO CUTHAJIA 3JICKTPOHHOTO MOJYJISI C TOJIOBHBIM
tpanzuctopoM tuna KS152 npu Q=20 oK, C, =1 nd, R;= 680 MOwM u

pa3IMYHON eMKOCTH ucTouHuka curana — 0, 30, 100 n®
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ENC, an.

4000 -
KS152
* Kn303 y = 29,546x + 447,51 %

3000 - ¥ IF140

3500 1

2500 -

2000
y = 14,115x + 420,86 .21

1500 -

1000 -

| y=3,8114x + 226,11

0 20 40 60 80 100 120
CD, no
Pucynok 1.32 — DkBuBasieHTHBIN IyMoBOM 3apsiag ENC B 3aBUCUMOCTH OT €EMKOCTHU

ncrouynuka curuaia Cp

ENC, an.
800 -

To=2.1 MKe y = 5,0259x + 223,39 | 2

/

y = 3,8114x + 226,11 |

700 -

600 - | Tp=1,4 MKC

500 -

400 -

300 -

200 -

100

0 T T T T T 1

0 20 40 60 80 100 120
CD, nd

Pucynoxk 1.33 — DxBuBasieHTHBIN IyMOBOU 3apsia ENC B 3aBUCUMOCTH OT €EMKOCTH

ncrouynuka curtaia Cp mist KS152
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ENC, an.
600

Tp=1,5 MKC y = 2,2804x + 321,21 |/

B To=2,2 mkc

500

400 - |y =1,9385x + 291,55 |

300

200

100 -

0 20 40 60 80 100 120
CD, n®

Pucynok 1.34 — DkBuBasieHTHBIN IyMoOBOM 3apsiag ENC B 3aBUCUMOCTH OT €EMKOCTHU

ncrouynuka curtana Cp mrst KS363V

B pesynprare M3MepeHUl YCTAHOBIIEHO, YTO ILIYMbI 3JEKTPOHHOIO MOMYJS C
pa3ubiMu rojoBHbIMU [ITII onuckiBatoTCS CAeayOMMMHA COOTHOLICHUSMU:

- nast ITTTI tuna KI1303 — 448 51.429,5 51./n® npu Tp = 1,5 MKc;

- st ITTIT tuna IF140 — 421 sn.+14,1 31./n® npu Tp = 1,5 MKc;

- nast ITTTI tunma KS152 — 223 51.45,0 51./n® npu Tp = 1,4 MKc;

- st ITTIT tuna KS152 — 226 31.+3,8 21./n1® nipu Tp = 2,1 MKc;

- st ITTIT tuna KS363V — 321 51.42,3 31./n® npu Tp = 1,5 MKc;

- nast ITTTI tuna KS363V — 292 51.4+1,9 3n1./n® npu Tp = 2,2 MKC.

AHan3 pe3ysIbTATOB M3MEPEHHUM IO3BOJISIET YTBEPKIAaTh, YTO HAWMEHBIIUI
ypoBeHb 1myMoB it JIO/[ ¢ Gonbiioit eMkocThio obecneunBaeT npumenenue [1TIT
tuna KS363V — npu Tp =2,2 Mxc, a gt JIOJ[ ¢ manoii emxoctbio - KS152 npu

Tr = 1,4 MKc.
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1.2.10 Mertoa pacmupeHusi AUana3zoHa padoyMx 4YacTOT AHAJOTOBBIX
MHKPOCXEM HA OCHOBE «IEePErHyThIX» KACKO/I0B

B coBpeMEHHON MHMKpPOAJIEKTPOHUKE HAXOAAT IIMPOKOE MPUMEHEHUE
«TeperHyThie» Kackoausle ycuiurtenu (KVY) ¢ pesuctnBHOM (MM PE3UCTUBHO-
WHIYKTUBHOM) HAarpy3koi, BKIIOYEHHON B KOJUIEKTOPHYIO (CTOKOBYIO) LI€Nb
BBIXOJHBIX TpaH3UCTOPOB. OJHAKO BEpXHss TpaHUYHAs YacToTa KoddduimeHTa
ycwieHuss 1o HanpsbkeHuto (f,, mo ypoBHIO -31b) Takux «meperHyThix» KY
OKa3bIBA€TCSI BO MHOTHUX CJIy4dasX HEIOCTaTOYHO BBICOKOH. OJTO CBS3aHO C
OoTpUIlaTeIbHBIM BiusHHeM Ha f; emkocteil komiekTop-6aza (C,s) BBIXOIHBIX
TpaH3ucTopos KV.

Uucnennple 3HaueHus f, [ TEXHOJOTHMUYECKUX MPOLECCOB, HMEIOIINX,
HaIlpuMep, MOBBIIIEHHYIO PAJINallMOHHYIO CTOMKOCTb, SIBJISIOTCS OJHUM M3 I'JIaBHBIX
(bakTOpOB, ONMpPEAEAIOMNX YaCTOTHBIN IUANa30H MUPOKOMOJIOCHBIX YCUIIUTENEH Ha

ocHoBe KV puc. 1.35.

Pucynok 1.35 — Knaccuueckasi cxeMa HIMPOKOMOJIOCHOTO YCUJIUTEIS HA OCHOBE

«TEPErHyTOr0» KacKojia
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B o6mactu BBICOKMX YacTOT Ha aMIUIMTYAHO-YaCTOTHYIO XapaKTEPUCTHKY
npemnaraemoro KV puc.1.36 [55] HaumHaroT BIUATH €MKOCTH KOJIJIEKTOp-0aza

1epBoro 5 (Cyg5) 1 BTOporo 8 (Cyg8) BBIXOJAHBIX TPAH3UCTOPOB.

6
2 +

7
o ETOK

Kl LsKiig s .
S “ T LsKij6
8
— 1
)X\ T 15K 160 =1
Ciss N
I

3 | ,
L I - S
16 17
| |
! ! Kiig=-1 Kii7=-1
! 22 1,221, !
! 2 | Bmix.l Beix2

Pucynok 1.36 — Cxema mupoOKOINOJOCHOTO yCuiauTens [S55]

[Tpu 3TOM 1151 cXeMbl puc. 1.36 cipaBesIMBhI CIEYIOUE YPABHEHUS:

T U12 I U14
ig=—=12, [ =—14, (1.8)
Vi Vi
5 8
rac IcS - KOMILICKC TOKa YCpPEC3 HapaSHTHbIﬁ KOHICHCATOP KOJIJIGKTOp-6a?>a CK6.5

TPpaH3UCTOpPa 5; IcS - KOMIIJICKC TOKa 4CpcC3 HapaSHTHBIfI KOHICHCATOP KOJIJICKTOP-

0aza Cyg Tpansucropa 8; U,,, U,, - KOMIUIEKCHl HamnpspKeHU Ha nepBoM 12 u

. - 1
BTOpOM 14 BBIXOZAxX yCTpOWCTBA; Zs =———— - KOMIUIEKCHOE COIPOTUBICHHE
JoCys s
: 1
napasutHoro Konzaencaropa Cs Ha 4YacToTe CUTHajza ©; Zg ZT -
JOL 68
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KOMILUIEKCHOE COMPOTUBJICHUE Mapa3uTHOro koHaeHcaropa Csg Ha 4aCTOTE CUTHaja

.
Tox I mnepenmaercs depe3 BTOpoe 17 TOKOBOE 3€pKaJi0 B OMUTTEPHYIO

(Kmicg), a 3aTeM B KOJUIEKTOpHYIO Lenb Tpan3uctopa 5 (Iis). B pesynbrare B

BbIXO,IIHOﬁ OCIIn (y3€JI 12) oOecreynBaeTCs MOYTH IOJIHAsS B3auMHas KOMIICHCaIIusA
ABYX OMU3KUX II0 BCJIMYMWHC, HO HpOTI/IBO(i)aBHBIX IO HAIIPaBJICHUIO CMKOCTHBIX

TOKOB:
I12.c = ics - j:KS = ic5 - 0‘5K1171c8 = UIZjO‘)[CKGS - a’sKil7CK6.8]’ (1.9)

rae o<1 - KO>(pUIMEHT yCHIeHHs MO TOKy sMHUTTepa Tpamsuctopa 5; U, -
KOMILJIEKC HampspKeHHs Ha nepBoM 12 Beixoae yctpoictBa; Kij; — koadduumeHt
nepesayu no ToKy BToporo 17 TOKOBOro 3epkaia.

Kak crnencrBue, SKBUBaJICHTHAs MOCTOSHHAs BPEMEHU Tyip, ONPEIEISAIONIAs
BEpXHIOIO rpannyHyto vyactoty Y puc. 1.36 nns nmepBoro 12 BrIXojaa yCTpoOMCTBa,

YMEHBIIIAETCS:

1 1
T2 =_:—zR18[CK6.5 _(x’SKil7CK6.8]’ (1.10)

rae Rjg — conmpoTuBieHne BCIIOMOraTesbHOTO pesucropa 18.

[Tocne nmpeobOpazoBanuii (1.3) MOKHO MOJIYYUTh, YTO

C
To2 = R13Ciss 1_()‘5K117CK—6'8 . (1.11)
K0.5

Tak kak o5 =1, Kjj7=1, Cys5=Cyss, TO 13 (1.4) cnenyet, uto B cxeme puc. 1.36

o0ecreunBaeTcs MOBBILIEHUE BEPXHEW IPAHUYHON YaCTOTHI:
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Pucynok 1.37 — Cxema mupoKOINoJOCHOr0 ycuiauTens B cpeae PSpice



60 1

Ki=1
£,=463.2Mru, Ky=50.845

50 1

Ki=0 f,=26.3MTry, Ky=45.815

40 1

30 1

20 1

KoappuumeHT ycunenus
no cuHpasHomy curHany, ab

MNpw Ki=0 Ky=48.8nb
MNpw Ki=1 Ky =53.7a6
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5.10° 10° 3.10° 107 3.107 10® 3.10° 10° 3.10°
YacroTa, Ny,

Pucynok 1.38 — AMIIIMTY ITHO-4aCTOTHBIE XapAKTEPUCTUKN CPABHUBAEMBIX

YCHJIUTEIIEN

Pesynprarel KOoMIbIOTEpHOro MmozenupoBanus (puc. 1.37, puc. 1.38)

MOATBEPKAAIOT, YTO B 3asiBisieMol cxeMme puc. 1.36 yactora f;, yBenuuuBaetrcs (B

cpaBHeHud ¢ f,, nporoTtuna) 6ojee 4yeM Ha HOPSIOK.

1.3 BeiBoasbl

OCHOBHBIM BEKTOPOM pPa3BUTUs NPOU3BOJACTBA pPaAUALMOHHO-CTOMKHX [P
moayieil u CD ONOKOB CHUCTEM CBSI3M M TEXHMYECKOW JIMarHOCTHKHU SIBIISETCS
IPUMEHEHUE MIMPOKO30HHBIX MOJIYIPOBOJIHUKOBBIX NPpHOOPOB. OJHAKO i1 MHOTHX
IPUMEHEHUN B MMIIOPTO3aMEIIAIOIEH PaJuOIEKTPOHHON anmnaparype Coro3HOro
rocyJapcTBa NepcrneKTUBHa OumnossipHo-noseBas texunonorus HITO «MuTterpan» (T.
MuHck), obecneunBaroniasi pabOTOCIOCOOHOCTh W3EIUN NpPH HAKOIUIEHHOM J03€
panuanuu 10 1 Mpaa u moToke HEMTPOHOB A0 10" m/em’.

O6o0mieHa wuH@OpMalMsg O PAJAMANMOHHONM CTOMKOCTH TPaH3UCTOPOB

OCHOBHBIX KJIaCCOB, B T.4. HA OCHOBE MaTepHaioB ¢ IIUPOKON 3aMpEIIeHHON 30HOM.
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HccnenoBanus yetblpex mNokoyseHHH SiGe TpaH3UCTOPOB € MPOEKTHBIMHU
Hopmamu 0,25; 0,18; 0,13 u 0,09 MKM, BBINOJHEHHbIE POCCUMCKUMHU YYEHBIMU IO/
pykoBoactBoM IlerpocsHua K.O., moka3plBatoT, 4YTO MO CYMMApHOW MOIJIOIIEHHOW
no3e paauanuu SiGe TpaH3UCTOPhI UMEIOT YHUKaJIbHbIE MOKa3aTeIu CTOMKOCTH (J10
50-100 wmPanx). VYuutbiBas HHU3KYI0 CTOMMOCTh SiGe MHMKpPOCXEM, JaHHBIN
TEXHOJIOTUYECKUIN MPOLECC CIEAYET PEKOMEHI0BATh IJIsi MHOTMX IEpPCIEKTUBHBIX
GyHKIIMOHATBHBIX y37I0B U CD OJIOKOB CUCTEM CBSI3U U TEXHUYECKOW TMArHOCTUKH,
paboTarONIMX B TUTarepioBOM JIMara3oHe 4YacToT.

PaccmoTpensl  0COOEHHOCTHM MPOEKTUPOBAHUS  PAAMAIMOHHO-CTOMKUX U
HU3KOTEMIIEPATYPHBIX AHAIOroBeIX MuKpocxeM 1o KTb TtexHomorngeckomy
MapupyTy.

Pazpabotan MPELU3UOHHBIN palAaMOHHO-CTOUKAN ONEPaLIMOHHBIN
YCWJIUTENb HAa OCHOBE OHUIOJISIPHO-TIONIEBOTO TEXHOJIOTHYECKOTO TMpoIlecca, a TaKxKe
paauaIlMOHHO-CTOMKAs aHajoroBas MHUKpocxema i  o0pabOTKM  CHUTHAJOB
JABUHHBIX (POTOAMOA0B B (DU3UKE BHICOKMX SHEPTHUH.

Pa3paboran Meroa pacuiMpeHusi auana3oHa padouyMx YacTOT —AaHaJIOTOBBIX
MUKPOCXEM HA OCHOBE <«IIEPETHYThIX» KAaCKOJIOB, KOTOPBIH PEKOMEHAYETCS
UCIIOJIb30BaTh B IIMPOKOIOJOCHBIX YCHIMTENISX Ha OCHOBE PaJUALIMOHHO-CTOMKOTO

6I/IHOJIHpHO-HOJICBOFO TCXHOJIOTMYCCKOTIO ITponecca.
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