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Po3zin 11. TECTOBUM EJEKTPO®I3SUYHUIN KOHTPOJIb
CTPYKTYP BIC

[TinBumenus crymens iHTerpaiii BIC Bumarae BIOCKOHAJICHHS TEXHOJOTIT
dbopmyBaHHS Cy0- Ta HAHOMIKPOHHUX CTPYKTYD, il OnepaiiiiHoro MoieJitoBaHHS Ta
ABTOMATHU30BAaHOTO KOHTPOIIO ENEKTPOPI3MUHUX TapaMeTpiB i BU3HAYCHHS
KOHCTPYKTOpPChKO-TexHONOriuHNX obmexenb (KTO) mpoextHux wHopm. Taki
3aBIaHHS B KOMIUIEKCI MOHA YCHIIIHO BHUPINIYBaTH 3a JOMOMOIOK METOIB
TECTOBOTO €JIEKTPO(PI3UYHOIO KOHTPOJIIO.

TecroBuit koutpons (TK) mepenbadae BHKOpPHCTaHHA TECTOBUX CTPYKTYP
(TC), sKi ABASAIOTH COO00 CYKYIHICTh IEBHUM YMHOM CIIPOEKTOBAHUX 1 3'€THAHUX
MDK CO0OI0 KOMITOHEHTIB IHTEIPAIBHUX CXEM — PE3HUCTOPIB, KOHJIEHCATOPIB,
TPaH3UCTOPIB, MPOBIHUKIB TOmO. TC BUTOTOBISIOTH OJHOYACHO 3 peabHUMU
iHTerpanbHuMu BIC Ha cninibHINM MIacTHHI 32 € AMHUM TE€XHOJOTTYHUM MPOLECOM 1
BUKOPHCTOBYIOTH /ISl KOHTPOIIO MOXHOOK (pOpMyBaHHSI T€OMETPUYHUX PO3MIPIB,
GIBUYHUX MMapaMeTpiB, a TaAKOXK XapaKTePUCTHK AeHEKTHOCTI (Pi3UYHOI CTPYKTYpHU
peanbHoi BIC.

[Mupoke 3acrocyBanHss TC namg KOHTpodto sKocTi BUroToBieHHs BIC
3yMOBIIEHO TPYNOBUM XapakrtepoM o0poOnsuHs BIC Ha Bcix eTamax TexHOIIOT1Y-
HOTO TIpoliecy. BHaciOK 1IbOTO MOXUOKH T€OMETPUYHHUX PO3MIPIB UM MapaMeTpPiB
dbyHKIioOHATRPHUX MmIapiB Ha eneMeHTax TC 1 peanpHoi BIC, BUroTOBICHHX B
€IMHOMY UMUKl (B mapTii Ha mniAKiIaami abo B TPyHoBUHMl maprii), CHIBHO
KOPETIOI0Th Mk co0or0. Ile Takox mo3Bossie BukopuctoByBaTi TC a1t KOHTPOITIO
JOTPUMAHHA KOHCTPYKTOPCHKO-TEXHOJOTTYHUX BHUMOT JI0 IPOBEACHHS OIEparliil
TEXHOJIOTTYHOTO TIPOLIECY.

[Tapamerpu TC BuUMIpIOIOTH, 3a3BHYal, 3a JIOMIOMOTI'OK) aBTOMATH30BAHHX
CUCTEM, a JUIsl OIpAILIOBaHHS PE3yJbTaTiB BUMIPIOBaHb BHKOPHUCTOBYIOTH CTATHUC-
TH4H1 MeTou. CTATUCTUIHUH TiAX1a 103BoJsie 3actocyBaTu TC, sIKi CKIIaIar0ThCS
13 CYKyIHOCTI €JIEMEHTIB, 10 He BXOJATh A0 ckiaay peanbHux BIC, a mpusnaueni
BUHATKOBO JUJIi OTpUMaHHS 1H(QoOpMallli, 3a JJONOMOror fKOi 3A1HMCHIOITH
PO3paxyHOK XapaKTEPUCTHK SKOCTI TEXHOJOTIYHOTO TMpormecy abo KpUTepiro
npuaaTHOCTI peanbHuX BIC, po3ramnroBanux Ha Tid e ITiIKJIa I,

B upomy posaini posrisiHyro ocHoBHI T TC Ta ocoOGmuBOCTI iX
3aCTOCYBaHHS, METOJIM MO/JICIIOBAHHS, OMpallOBaHHA i aHamizy pe3yibraTiB TK,
SKI BHKOPUCTOBYIOTH JUIsl ONTHUMIi3allii TEXHOJOTIYHUX TPOIEciB (opMyBaHHS
ctpyktyp BIC.

11.1. 3acTocyBaHHsl TeCTOBUX CTPYKTYP AJIf KOHTPOJIIO TEXHOJOTiYHOIO
npouecy

KonTpons Ha ocHoBi TC M0XkHa BUKOPUCTOBYBATH Ha BCiX €Tamax CTBOPEHHS
BIC (mpoekTyBaHHs eeMEHTHO1 0a3u Ta TEXHOJIOTIYHHX MApUIPYTiB, BiAIpaIlto-
BaHHS TEXHOJIOTTYHHUX PEKUMIB 1 omepallii, omiHoBaHHa napamerpis BIC, oprani-
3arist onepariitnoro TK, BCTaHOBICHHs KOPEJAIINHUX 3B'A3KIB, aHAII3 CTIMKOCTI
TEXHOJIOTIYHOTO TPOIIECY, MPOTHO3yBAaHHSA HAIIMHOCTI TOINO). MOKHa BHIUIATH
'ITh OCHOBHHUX 3aBAaHb (Tabx. 11.1), ski BupimyroTs 3a gonomoror TK. Kpim
toro, B Ta0ma. 11.1 takoxx momano mpusHadeHHs TC, sKI BUKOPHUCTOBYIOTH IS
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OTPYMAHHS Ta OIMPAIIOBAHHA CTAaTHCTUYHUX JaHUX Ha eTamax NpOCKTYyBaHHS,
po3pobiienHs Ta BurotoBieHHs BIC.

Taoauusa 11.1. OcHoBHI 3aBIaHHS TECTOBOT'O KOHTPOJIIO

PO3MOALTY, TUCTIEPCis, CepeIHE 3HAUCHHS TOIIO);
—mnobynoBa  rpadikiB, ricTorpaM, TaOJHIIb,
KOPEJSIIMHUX JTiarpam.

Ne Eram TK [Mpusnauenns TC, iXHI XapaKTepPUCTUKH, Tpumirka
T1/1I. napaMeTpu
1 2 3 4
1. | Ilpoexkrty- |— Bu3Ha4YEeHHs €JNEKTPO(PI3ZMUHUX TapaMeTpiB MaTe-| BUKOpUC-
BaHHS piany Ta enemeHtiB BIC; TOBYIOTh
TOTIOJIOT1] |— BU3HAYEHHS MPOEKTHUX HOPM Ha €JEKTPUYHI Ta| TMaKeT
BEJIMKHUX TOMOJIOr14H1 napameTpu enementis BIC; nporpam
IHTerpanb- |— BUOIp cXeMOTeXHIUHUX pimieHb GpparmenTiB BIC;| TCAD,
HUX cxeM |— BctaHoByeHHss KTO 1 gomyckis; PCAD,
— MOJIeTIIOBaHHA Ta JociimkeHHs okpemMux ¢izumu-| PSPICE,
HUX €(EeKTIB Yy CTPYKTypax; CADENCE,
— JIOTIYHE TIPOEKTYBaHHA Ta MojemoBanHs BIC; OTTO
— BU3HAYEHHd MEX MaclTaOyBaHHS €JIEMEHTIB
ctpyktyp BIC.
2. | Ilpoexty- |— Bu3HaueHHs enekTpodizuunux mapamerpiB TC; | BHUKOpuUC-
BaHHS — BIJIIpaIfoBaHHs pekuMiB okpemux TO; TOBYIOTh
TE€XHOJIO- |— BH3HAYEHHS ONTUMAJIbHUX KOHCTPYKTOPCBHKO-| CTaTHC-
T19HOTO TEXHOJIOTTYHUX HOPM; TUYHI
MapuipyTy |— aHaji3 ocHoBHUX JedekTiB TC; METOaU
(dbopMyBaHHS | — OIIIHIOBaHHS BiATBOPIOBAHOCTI Ta CTaOLIBLHOCTI
CTPYKTYP TEXHOJIOTTYHOTO TpoIecy (hopMyBaHHS CTPYKTYP
BIC 1 OKpEeMHX OTIepalliif;
— BCTaHOBJICHHS TPAHUYHUX MOKIUBOCTEH TEXHO-
JIOTIYHOTO Tpo1iecy GOpMyBaHHS CTPYKTYD;
— BCTaHOBJIEHHS! kputepiiB Bubopy TC 1 mpoekty-
BaHHS TECTOBOTO MOAYJIS i hoTonrabIoHiB.
3. | ABTOMaTH- |— KOHTPOJIb TEXHOJIOT'TYHUX NMPOEKTHUX HOPM; BUKOpHC-
30BaHUN |— micasionepalliiiuii koutposb TO Ta kpuTepii iX| TOBYIOTH
CTaTUCTUY- | BHUKOHAHHS; nporpamy
HU — OLIIHIOBaHHS XapaKTEepPUCTUK pobotu| Tectepa
KOHTPOJIb | OOJIaHAHHS Ta OTIEPATOPIB;
TEXHOJIO- |— MPOTHO3YBaHHS BUXOAY NPHUAATHUX CTPYKTYp 1
T19HOTO HaJIIHHOCTI 3a XapakTepuctukamu TK;
npouecy 3 |— ananiz TO Ta yMoB opMyBaHHS CTPYKTYP;
BUKOPHC- |— CIIBCTABJICHHS BHXOIY NPHIATHUX CTPYKTYp
TaHHSIM BIC 3 posnozainom napamerpiB TC;
TECTEPIB |— CTATUCTUYHE ONPAIIOBaHHS IMapaMeTpiB (3aKOH
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[Mponowxenns Tabmui 11.1.

2 3 4
CratucTrd- |— BCTAHOBJICHHS KOPEJSIIIHHUX 3BSI3KIB MapaMmeT-| BUKOPHC-
Huit aHamiz 1| piB TC 3 xapakrepuctukamu pexxumiB TO 1 BUXO-| TOBYIOTh
PETYIIOBaH- | JIOM NPUAATHUX CTPYKTYP; porpamy
HSl TEXHOJIO- |— BU3HAYCHHS 3aXOBAaHUX MEXaHI3MiB (JOPMYBaHHSI| TecTepa

T1YHOTO CYKYIHOCT1 BUMIPIOBAaHUX NTapaMeTpPiB;
nporecy |— mocnimkenHs rpynu napamerpis TC 31 cTiiikumu
(GbOpMyBaHHSI | CTATUCTUYHUMU 3B'SI3KaMU  (KOPEJISIIIiHI TIIesI-
CTPYKTYp | am);
—mo0Oy/IoBa perpecUBHUX MOJENel 3B'SI3Ky mapa-
metpiB TC 3 Buxiqaumu napamerpamu BIC;
— rpadiyHe MoJaHHSA cTaTUCTHYHOI iH(opmari, ii
JTUHAMIKH B 4acl Ta AMHAMIYHOTO Jl1ala3oHy;
— aHaMI3 1 NPUHHATTA PIMICHb MO0 KOPETyBaHHS
Ta KEPYBAaHHS TEXHOJOTTYHUM MpoliecoM GopMy-
BaHHsA cTpyKTyp BIC;
— aHali3 i NPUNHATTS pileHb 10]10
CTATUCTUYHOIO PETYIIOBaHHS TEXHOJIOT'TYHOIO
npouecy  JIsi  3a0e3ledyeHHs  SK  BUXOAY
IPHUJIATHUX CTPYKTYP, TAK 1 IXHBOI HAIHHOCTI.
O1iHOBaHHS |— JOCIHIKEHHSI, aHalli3 BIAMOB, BCTAaHOBJICHHS | BUKOPHC-
HAJIWHOCTI | MexaHi3MiB yTBopeHHs AedektiB TC; TOBYIOTh
CTPYKTYp |— CIIBCTABJICHHS BCIX JaHUX I0JI0 TMApaMeTPiB| aHATITHY-
BICtano- | TC Ha pi3HHX omepalisx TEeXHOJOTTYHOro | Hi (i3UKO-
CIIDKCHHS | MapHIpyTy; XIMI4H1
MeXaHi3MIB |— IMOOy/0Ba KPYTOBUX JiarpaM pPO3IMOALTY OCHOB-| METOJH
micisionepa- | HUX BUAIB 1€EKTIB; aHamizy
MIHHUX  |— BU3HAUYCHHS  IepeBakaroumx  AedeKTiB  Ha
BITMOB IUIACTHHAX 3 MIHIMAJIBHUM Ta MaKCHMAallbHUM
y TEXHOJO- | BHXOJIOM NMPHUJATHUX CTPYKTYD;
TIYHOMY |— IPUCKOPEHHS BUMPOOyBaHb Ha HAIWHICTH 1 BCTa-
MapHIpyTi | HOBJICHHS I'OJIOBHHX MPUCKOPIOIOYNX YNHHHUKIB;

— po3pOo0JICHHSI €KCTIPECHUX METOJIB OIIHIOBAHHS
HaAIIHHOCTI;

—no0y/ioBa CTAaTUCTUYHHUX MOJIEIeH MeXaHi3MiB
HicasonepanifHuX BIAMOB;

— BU3HAYCHHS BUXITHOTO MPUHAMAIBLHOTO KOHTPO-
o 3a napamerpamu TC;

— OIIHIOBAHHS BIUIMBY KOHCTPYKTHBHHX, CXEMO-
TEXHIYHHUX PIlICHb HA MMOKa3HUKH HAIIHHOCTI;

— IporHo3yBaHHs HaaiHOCTI CcTpykTyp BIC Ha
ocHOBI TC 1 BCTaHOBJICHHS YaCOBUX KPUTEPIiB.
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Ha erami TOMOJOriyHOrO MPOEKTYBAaHHS CIiJi OOIPYHTYBaTH HOPMHU Ta
JOTYCKM Ha PO3MIPH €JIEMEHTIB, MDKEIEMEHTHI BiJICTaHi, TOYHICTh CYMIIEHHS
TOMOJIOTIYHUX IIIapiB, PO3MIMICHHS €JIEMEHTIB Ta IXHIO B3a€EMHY OpIEHTAIIIIO,
onTUMalIbHU MapuipyT (opmyBaHHsl Tomnosorii crpyktypu BIC 3 pexumamu
TEXHOJIOTIYHUX OTepallii.

JIIg cXeMOTEeXHIYHOTO MOJACIIOBAHHS HCOOXITHO MAaTH IOYATKOBI JaHI1 s
PO3paxyHKy XapaKTEPUCTUK MPUIAIIB 1 BYy3J1B CXeMHU Ta IXHbOTO y3ropKeHHs. LIs
iHpopMarlis Moxke OyTH OTpUMaHa NUIIXOM BHUMIPIOBaHHS XapaKTEPUCTHK 1 mapa-
meTpiB TC, BUTOTOBIICHUX 32 €IMHUM MapIIPyTOM 3 BUKOPUCTAHHAM JiTorpadii ta
TEXHOJIOTTYHUX MPOIECIB, SIKI BAKOPUCTOBYIOTH JiJIsl (popMyBaHHS (DYHKIIIOHATIBHOT
cxemu (®@C) BIC. VY mnporeci MOAENIOBaHHS TOMNOJOTIYHUX €JIEMEHTIB Ta
NPWIAHUX CTPYKTYP pe3yiabTaTh KOHTpoJto mapamerpiB TC BUKOPUCTOBYIOTH
JUUIS BCTAHOBJICHHSI TEXHOJIOTTYHUX 1 CXEMOTEXHIYHUX 3B'3KIB M1 BIIXUJICHHAMH
eNeKTpoi3MYHNX TapaMeTpiB CTPYKTYpH BiIl 3aJaHUX Ta 3MIHOIO PEXHMIB
texHojoriuaux omepamii (TO) 3 MeTow NPOTrHO3yBaHHS BUXOJY MPHIATHUX
€JIEMEHTIB Ta IXHBOI HAIIMHOCTI.

Pe3ynbpTaTn, oTpuMani nuisxomM KoHTpodto napametpiB TC Ha eTamni MpoeKTy-
BaHHs, JIO3BOJISIIOTH BijIKOopuryBaTu npoekTHi HopmMu KTO, yTOUYHHTH TEXHOJIO-
TYHUA MappyT GOpMyBaHHS CTPYKTYPH, OLIIHUTH HEOOX1IH1 XapaKTEepPUCTUKH Ta
napaMeTpH CHeIiaIbHOTO TEXHOJIOTIYHOro oOmanHanHsA. Ha erami mpoexTyBaHHS
TEXHOJIOTTYHOTO MapIIpyTy BUKOPUCTOBYIOTh TC, 5IKi I03BOJISIFOTH KOHTPOJIIOBATH
napaMeTpd  TEXHOJIOTIYHHMX  IHapiB,  OI[IHIOBAaTH  CTaOUIBHICTH  poOOOTH
TEXHOJIOTTYHOTO OOJIagHAaHHSA Ta 3[IMCHIOBATH aHall3 HAOIMHOCTI IIe Ha cTamil
dbopmysanns crpykryp BIC. Ha ipomy etani HeoOXiTHUM € HaOip CTATUCTHYHHUX
JaHUX 11040 BiaTBOproBaHOCTI mapameTpiB TC Tta posmoainy nedekrie TC s
OILIIHIOBAHHS BIUIMBY TEXHOJOTIYHUX YMHHUKIB Ha mpuaaTHicTh By3miB BIC. ¥V
Mipy HaKONWYEHHA CTaTHCTUYHOI iH(popmamii Ta 30UIBIIEHHS CTYNEHS
TE€XHOJIOTIYHOCT1 BU3HAYAETHCA OOCAT KOHTPOJIIO, HOTO MEPIOJIMYHICTh, & TAKOK
BCTaHOBITIOIOTHCSI ONTHMAaNIbHI 3HadeHHS mapameTpiB TC, 3a SIKUX JOCATAETHCS
MaKCHUMAIbHHUIA BUXIJT IPUJIATHAX CTPYKTYP Ta IXHS HAWBUIIA HAIIHHICTb.

Jns dopmyBaHHS BHUOIPKM BEIHUKOro OOCATY HacamIepesd MOLUIBHO BHKO-
PUCTOBYBATH IUTACTHHH, SIKI MICTATh Tibku TC, a Bxke MOTIM IUIACTHHHU 31
crpyktypamu BIC 1 TC B emmHOomMy ¢oromirorpapivHOMy MOIyJi. 3a Takoro
MIAX0My 3a0e3neuyeTbest 00car iHpopMarlii, SKUii J03BOJISE ONTUMI3YBaTH HOMCH-
KJIaTypy Ta BWJIYyYHUTH MajoiHdopmaTuBHi enemeHTd TC. Taki 3aBHaHHS MOXKYTh
OyTu BHpimeHi MeTog0oM (AaKTOPHOTO IUIaHYBaHHS EKCIEPUMEHTY; MPH LBOMY
pIBEHb HaJAIITYyBaHHA Ta TOYHICTh BUKOHAHHS TO BCTAaHOBIIOETHCS 3a €IEKTPO-
¢bi3uuHuMM napamerpamu eneMeHTiB TC, a iHTerpaibHl MOKA3HUKU SKOCTI TEXHO-
norignoro nporecy (TII) — 3a Buxonom npuaataux ctpykryp. IlpoextyBanus TII
3aKIHUYEThCSA BHOOPOM TaKMX elleMeHTiB Ta mapamerpiB TC, MOTpUMaHHS SKUX Y
BU3HAYEHUX MEXKax 3abe3rneuye cTabuibHy BiiTBOproBaHicTh TO.

Ha erami cratuctuaHOro KOoHTpoidto Ta aHamizy TII 31MiCHIOIOTH oOIpalito-
BaHHA MDKOMEPALIHHOrO0 CTAaTUCTUYHOIO MPUYMHHOIO aHali3y B3a€EMO3B'A3KIB
nociipkyBanux nmapamerpiB TC 1 ctpykryp BIC 3a yMOB HU3bKOT0, CEpEIHBHOTO Ta
BHUCOKOTO BUXOJy TpuaatHux cTpykryp. I[lapamerpm TC mnoBuHHI Xapaktepu-
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3yBaTH pPiBEHb HAJAIITYBaHHS Ta TOYHICTh BUKOHAHHS OKpeMux npenusiiaux TO,
po3noni AedEeKTHOCTI MO IUIONIl IUIACTHHU, a TaKoX BimoOpakath IXHIN
CTATUCTUYHHM B3a€MO3B's30K 3 mapamerpamu cTpykrypu BIC. Ha upomy erami
BUPIIIYIOTh TaKOX 3aBJIaHHS BU3HAYCHHS TEXHOJIOTIYHHUX OOMEXKEHBb 1 HOPM JIJIS
KOHTPOII0 TOYHOCTI KokHOT TO, crpsiMoBaHi Ha 3a0e3mMeueHHs] BUCOKOTO BUXOTY
MPUAATHUX CTPYKTYP Ta IXHHOT HAAIHHOCTI.

[HCTpyMEHTOM NOCTIKEHHS € ITUIaCTUHA-CYMYTHHK, sika 3a0esmeuye TK
TitbkH 3 TC, 110 TOBHICTIO 3aMOBHIOIOTH ii muromty. L macTuHa mpoxoauTh Bech
TEXHOJIOTITYHUN NHKJI OJHOYACHO 3 pOoO0YOI0 MapTi€l0 IUIACTUH 1 BHUKOPHUCTO-
BYETBHCS JUIS OI[IHIOBAHHS BCI€T MapTii.

3a yMOB aBTOMaTH30BAHOIO CTAaTUCTHYHOTO KOHTpodio U amamizy TII y
peaslbHOMY MacuITadi 4acy HalOUIbII JOIUIBHUM BapiaHTOM € PIBHOMIPHUH JIPYK
Ha KOXHI poOouii macTuHi 3 + 5 BUCOKOIH(GOPMATUBHUX TECTOBUX KPHUCTANIB,
AKI MICTATh BEIUKY KUIBKICTh (COTHI Ta THCAYl) PI3SHOMaHITHUX TECTOBUX
eleMeHTIB (Tak 3BaHWN METOJ] KOHBepTa). B mbomy BuIanKy 30epiracthbes
kopeuaiist Mk napamerpamu TC 1 ctpykryporo BIC Ta nosiBiseTbcst MOKIHMBICTD
OLIIHIOBAHHS OJHOPIAHOCTI po3noAuly napamerpiB TC sk B Mexax poOouoi
TUTACTHHM, TaK 1 caMOl mapTii, a BUMIPIOBaHHS IXHIX MapaMeTpiB 3IHCHIOIOTHCS
OJIHOYACHO 3 TIEPEBIPKOIO MapamMeTpiB 1 PyHKI[IOHYBaHHS KpucTaiiB cTpykTyp BIC
Ha €IMHOMY 0araTo30HAOBOMY YCTaTKyBaHHI.

Jlist BUBYEHHS TEXHOJIOTIYHUX MAapIHIPYTIB 1 OKPEeMHUX oOmepariiii 3ampo-
noHoBano aBa Tunu TC. Ilepmuii mpuzHaYeHO JIs OIIHIOBaHHS CTaOUIBHOCTI,
HaJalITyBaHHS 1 aHamizy nae]ekTiB, Apyruil — s aTecTalii TeXHOJOTTYHUX
IPOIIECiB, AOCTIKEHHS 001aIHAHHS, MOACIIOBAHHS BUXOAY MPHUJIATHUX CTPYKTYP
Ta aHam3y onepamiiHoi aedexTtHocTi. Ha ocHOBI Meromosorii aTtecTarii
TEXHOJIOrll Ta 0O0JlaJHAaHHS 3alpONOHOBAHO METOMA, [JIs peaizaiii sKOTo
HEOOXiTHE TPOBEJCHHS EKCHEPUMEHTIB, $KI TOMAIOTHCS Yy BHUIVIAI MAaTpPHII
{K, p, 0}, ne K — kputepiii OIlIHIOBaHHS, p — TEXHOJIOT1YHUN PEXKUM, 0 — KUTbKICTh
ONWHUIL O0OJlafHaHHsA. B OCHOBY aHami3y TIOKJIaJeHO BHUBYEHHS (QopM
MOBEPXHEBUX BIJIFYKIB 1 TMOBEPXHEBUX PO3PHUBIB, SIKI TOB'S3aHI BHITAJIKOBUMHU
nedexramu. B mporeci mpoBeAeHHS EKCIEPUMEHTIB y poOOTy oOJaaHaHHS
BHOCATHCSI KOHTPOJIIOIOU1 BIAXWICHHS. 3a pe3yJbTaTaMu €KCIIEpUMEHTY BCTAHOB-
JIOIOTh ONTHMANIbHY (POPMY MMOBEPXHI BIATYKY 1 BIUIMB BIAXUJICHb TEXHOJIOTII Ha 11
BUTJISZ, BU3HAYAIOTh BHUXIAHI JaH1 JJIsi PO3pOOJEHHS MOJENl TEeXHOJIOTIYHOI'O
nporiecy ¢hopmyBaHHs cTpykTyp BIC.

Jljis TpoBeIeHHS €KCIEPUMEHTIB HEOOX1IHO BUKOHAHHS TAKHX YMOB:

— YNPOJIOBK €KCIEPUMEHTY TEXHOJOTIUHE O0JIaIHaHHS HE TIOBHUHHO IepeHa-
JAITOBYBATHUCH;

— Opi€eHTAalis TUIACTUH y poboyoMy 00'emi 00sraHaHHS MOBUHHA OyTH TOYHO
BU3HAUCHA;

— TC noBuHHI (hOpMyBaTUCS B €AMHOMY T€XHOJIOTTYHOMY LIMKIII;

— 1ectoBi enementd (TE) moBuHHI iMiTYBaTH 0COOIMBOCTI €lIeMEHTHOI 0a3u
ctpyktypu BIC;

— TC noBuHHI OyTH 2-0X THUIIB: OJMHHUYHI €JIEMEHTH Ta TPYIU OJUHUYHUX
€JIEMEHTIB, 3'€/JHaHI TapaJIeTLHO YU MOCIIIIOBHO.
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3aBaHHsl MI0/I0 OIIHIOBaHHS HAIIMHOCTI HE TOB's3aHI O€3MOCepeaHBO 3
kepyBanHsaM TII. [xHe mpu3zHaueHHs MoATaE B MOMIYKY HEHAAIMHUX KOMITOHECHTIB
BIC, otpumaHHs cTaTHCTUYHOI iH(pOpMAITii 00 MOKa3HUKA HAAIHHOCTI Ta HOTO

4acoBOi JIMHAMIKH,

a4 TaKOX BH3HAYCHHA OIITHUMAJIBHUX KOHCTPYKTOPCBKO-

TEXHOJIOT1YHUX HOpM TpoekTyBaHHs. TC BHucokoi HaAiitHOCTI OyAyIOTh HA OCHOBI
6aratoakTOpHOrO0 TMOBTOPEHHS (parMeHTiB y CcTpykrypHux 1apax BIC 3
pi3auMu MacitabHuMu koedimientamu. Konerpykiii TC, ixHl po3mipu, B3aeMHe
pPO3MIIIEHHSI TIOBHHHI 3a0e3MevyBaTH BiNOOpaKCHHS KPUTHYHUX KOHCTPYK-
TOPCHKO-TEXHOJIOTTYHUX XapakTepucTuk enemeHTiB BIC Ta iMOBIpHICTP BUHUK-

|

: KonTtposmroroui TexHosorivHi onepartii popmyBanHs cTpyktyp BIC

I OKHMCHIOBAJILHO : . ITnasmoximiune | Meramizanis Ta
1 IuQy3iitHi 1";384):3;11 Il;egepélgil OoCa/DKeHHs 1 | OaraTopiBHEBe
I poLecH POt PO TpaBJICHHS pO3BEICHHS
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npotuecy ¢popmyBanHs cTpykTyp BIC
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HEHHs Je(DEeKTiB, HAABHUX y peallbHUX €JeMEHTax cxemu. Ha oCHOBI cTaTuCTHY-
HUX pE3yJbTaTiB MPHUCKOPEHUX BHUNPOOYyBaHb HAMIMHOCTI Ta BCTAHOBJICHHS
OCHOBHUX MEXaHi3MIB BIJIMOBH MOXE 3/1HCHIOBATHCH KOpPEr'yBaHHS 1 BJIOCKOHA-
JICHHSI €JIeMEHTHOI 0a3u, KOHCTPYKIIll, TOMOJIOTI] Ta TEXHOJOTIYHUX TMPOIECIB
dopmysanns ctpykryp BIC.

3a pesyinbTaraMu KOHTpoidto mapameTpiB TC MOXHAa BU3HAYaTH HE TIUIbKU
akicTh BurotoBieHHs BIC, ane i onTUMaNibHICTh pEXKUMIB POOOTH 00JIaIHAHHS,
ctabinpHicTh TO Ta MikpokmiMary. [licns 3aBepmeHHs TexHomoriunoro nukiay TC
TAKOX BHKOPHUCTOBYIOTH JUIS TIPOBEJIEHHS BUNPOOYBaHb HA JOBTrOBIYHICTB,
KJIIMaTUYHy CTaOUIBHICTh Ta pajialiiHy CTiMKiCTh. s mpakTHYHOI peamizarfii
Ha3BaHUX BUIIE 3aBJaHb 3alpPOINIOHOBaHA OpraHizaliiHa cTpykTypa KoHTpoio TII
3a JIOTIOMOTOK0 aBTOMATH30BAaHOTO TeCTEpa Ta NAKeTy NPUKIAIHUX IPOrpam
CTaTUCTUYHOTO aHami3y (puc. 11.1).

[lpuanmnu  poOOTH  MIACUCTEMH  CTaTHCTUYHOTO  aHamizy B  Takid
OpraHi3aiiiiHiil CTPYKTYypl HOJSTalOTh y TAKOMY: Ha eTaml MDKONEepauiiHOro Ta
¢inimHaoro koutpoaro TC 3miiicHIOIOTH BuUMIproBaHHs mnapametpiB TC 3amaHoi
naptii wiactuH 31 ctpykrypamu BIC 1 GopMyloTh BUXIJHI CTaTHUCTUYHI JaHI 31
30epexxerHsM y nam'sati [1K. [lani migcucremMa CTaTHCTUYHOTO aHATI3Y 3A1HMCHIOE
CTaTHCTUYHE OIPAIFOBAaHHS JaHWX 3 BUAAHHSIM BiJIOBIIIHOTO TPOTOKOJY, SKHH
BH3HA4Ya€ HEOOXIMHICTh KOPEryBaHHA PEKHUMIB TEXHOJOTIUHUX omeparii. [l
BUKOHAHHS BCIX MPOLEAYP TECTOBOTO KOHTPOJIIO BHUKOPHCTOBYBAJINCH TECTEPH
T4503 1 AUK-TECT-2 3 BiAMOBIAHUM MPOTPAMHUM 3a0€3MCUCHHSIM.

Takuii aBTOMAaTH30BaHUM TEXHOJOTIYHUN KOHTPOJIb 3 BHKOpUcTaHHAM TC
JI03BOJIUB  OTIEPATUBHO KEPYBATH TEXHOJOTIYHMUMH TIporiecamu (OpMyBaHHS
CTPYKTYp, IO JaJI0 3MOTY 30UIBIIMTH BUX1J NPUAATHUX CTPYKTYp y 2 + 3 pasu, a
iXHIO HaJA1MHICTh BUBECTH Ha piBeHb (3 + 7) ppm.

11.2. Knacugikauiss TeCTOBUX CTPYKTYP cyOMiKpoHHOI TexHoJorii BIC

TC MoxHa Kiracu(ikyBaTH 3a TAKUMHU XapaKTCPUCTUKAMU: TPU3HAYCHHS, TUTI
BIUTMBIB (CJIGKTPUYHI, ONTUYHI, pajaiaiiiiHi, MarHiTHI TOIIO), KUIBKICTb KOHTPO-
JHOBAaHMX TapaMeTpiB, YyTIUBICTh A0 okpeMux etamiB TII, po3aurpHa 37aTHICTH
mtorpadgii Ta miazMoximii. 3a mnpuszHaueHHsM TC nNOAUIAIOTH JABl TPyHU:
napaMeTpuyHi Ta (yHKIIOHAIBHI, KOXKHA 3 SIKAUX Ma€ BU3HAUYEHY KUIBKICTh CBOIX
KOHCTPYKTHBHHUX, TOTIOJIOT1YHUX 1 CXeMOTEXHIYHUX peanizallii (tadm. 11.2).

[NapameTrpuuni TC nmpusHayeH1 A1 AOCHAKEHHS (I3MYHUX TTapaMeTpiB, 110
ormucytoTs kKomnonentu BIC. [lo mux mapameTpiB Hane)xaTh T€OMETPUIHI PO3MIPH
TOMOJIOTIYHUX €JICMEHTIB, MUTOMHU IOBEPXHEBUI OIMip IIapiB, KOHIICHTpAIlIHHI
npod i, Omip PO3BEACHHS Ta MeETali3alii BEPXHHOTO PIBHS, MUTOMHH OIMIp
cumiIHuX (momnuaaux) KoHTakTiB. KonctpyktuBHo Taki TC MOXyTh peanizo-
BYBAaTHCh Yy BHUIUISIAI TOBEPXHEBUX PE3UCTOPIB, 3yCTPIYHUX CMYTOBHX JIiHIH,
IPYNOBUX KOHTAKTIB TOIIIO.

Oynkmionanbai  TC  npu3HadeHi i JOCHIDKEHHS (DYHKI[IOHATIBHUX
BiracTuBocTel kommnoHeHTiB BIC abo s KOHTpOJIO MPUAATHOCTI OKPEMHUX
¢parmentiB BIC micnst 3aBepiiieHHsI TEXHOJIOTTYHOTO HUKITY. KOHCTpYKTUBHO BOHM
peanmizyloTbCsi 'y BHUIJISAI TPAaH3UCTOPIB PI3HOTO THUIY Ta PI3HOMAaHITHHUX
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KOH(QIrypaiiiii, KUIblIeBUX T'€HEpPaTOpiB, MIMPOKOTO HAOOPY JIOTIYHUX EJIEMEHTIB,
auEepeHIINHNX Ta MICHIIOBATBHUX KacKaliB, TPUTEPHUX CXEM 1 BUKOHYIOTH
pPOJIb TECTOBUX EJEMEHTIB JUIsl KOHTPOJIO PEKOMOIHAIil Ta 4acy >KUTTS HOCIiB

3apsy, KOHIIEHTpaIHHUX PO IiB, IMHAMIYHUX XapAaKTEPUCTHUK 1 T. 1.

Tadoauua 11.2. Knacudikaris TeCTOBUX CTPYKTYP

11\/&11 OcnogHi Tunu TC [Tpuznauenns TC
1 2 3
I. ITapameTpuuni TC
1. |IIpocTi audys3ikHi pe3ucTopu KoHnTpons sikocti qudy3ii, iMIIaHTanii,
doromitorpadii
2. |IIpocTi ToHKOIUTIBKOBI pe3ucTopH | KOHTPOIIb SIKOCTI TOHKOIUTIBKOBUX IIAPIB
3. |Pe3uctuBHi cTpyKTYpH KonTpois sikocTi hopMyBaHHS MPOBITHUX
"rpeubKuil xpecT" mapiB
4. |KombiHOBaH1 pe3UCTHUBHI KonTpois skocTi hopMyBaHHS MPOBITHUX
CTPYKTYpH "xpect-mict" mapiB i poromitorpadii Ha HUX
5. |CreuianbHi pe3uCTUBHI Koutpons sikocti poromnitorpadii ta
CTPYKTYPH IJI1 BUMipIOBaHHS PO3MIpIiB TECTOBUX €JIEMCHTIB
PO3MIPHHUX BIAXWICHB
6. | KoHTakTHI1 Xpectu KoHTpons sikocTi HopMyBaHHS KOHTAKT-
HHUX BIKOH, KOHTAKTIB Ta iX pO3KPUTTS
7. |JJanku koHTaKTIB "MeaHp" KoHTposb 6aratopo3mipHIUX KOHTAKTIB
8. |Pe3ucropu y BUIIISII1 JOBTUX Kontpoins nedekris portomitorpadii,
IITMH, 10 MePETHHAIOTh CXOAUHKH | AU y3ii, IMIUIaHTALil Ta MeTaTi3amii
OKCHJIIB, MAIIAPIB
9. IMOH-xonzaeHcaTopu Haj KonTposb sKOCTI Mi13aTBOPHOTO
PI3HUMH JIUITHKAMH CXEMHU JIEJIEKTPUKa, MDKIIAPOBOT 13011111,
3apsiioBoro ctany Si-Si0,
10.|Matpunis MOH-kounencatopiB | KoHTponb nedekTHOCTI Ta eneKTpuIHOT
MIITHOCTI MI3aTBOPHOTO JIICJICKTPUKA
11.|CTpyKTypH JUIsl Bi3yaJlbHOTO KonTpoins nedexriB okucHeHHs, nudysii,
KOHTPOJTIO IMIIIaHTAaIli, poTomitorpadii, po3Mipy
€JIEMEHTIB
12.|CrentianbHi CTPYKTYPH JUIS KoHTponb KoHIIEHTpaIliii JOMIIIOK,
AQHAJIITUYHOTO (PI3MKO-XIMIYHOTO |TEPMOMEXAHIYHUX HANPYKEeHB, (ha30BOTO
aHaiizy CKJIaJy 11apiB, ONTUYHUX NMapaMeTpiB
13.|CtpykTypu A1t BU3HAUEHHS KoHTpo1b KOHCTPYKTOPCHKO-TEXHOJIO-
PO3AUIBHOTL 31aTHOCTI (POTOMIA0- |TTYHUX 0OMEKEHb MPOEKTHUX HOPM
JOHIB 1 (hoTomiTorpadii, TOUHOCTI
CYMIITICHHS
14.|CtpykTypu 1151 KOHTpOJItO cTaHy |KOHTpoJb 3apsiIoBOTO CTaHy MOBEPXHI
JeNeKTPUYHUX MapiB IapiB
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[Tponosxxenns Tabmuii 11.2.

1 2 3
II. ®ynkuionaneai TC
1. | bimonspHi Tpan3uctopu pizHoro |KonTpons sikocTi ocHoBHEX TO

THUITYy Ta TEOMETPil O1noNsIPHOT TEXHOJIOT11
2. IMOH-tpan3uctopu piznoro tuny |Kontposs sikocti ocHoBHUX TO MOH 1
Ta TeoMeTpii KMOH-Texnomorii

3. |p-n-nepexoau Ta aiogu Hlottki | KoHTposb reneparitHo-pekoMOiHaIiii-
HUX Ta IHKEKIIHHUX MPOIIECIB

4. |Matpuusg MOH-TpaH3uCTOpIB, KoHTpousb BuagkoBux AeeKTiB, apend

nudepeHiiiiHI napu 3apsiA0BOrO CTaHy
5. |Martpuiis OioasspHUX TPaH3UCTO- | KOHTpOJIb reHepaiiitHo-peKoMOIHAIIHHIX
piB, cynep-0eTa-TpaH3UCTOPIB, Ta THXKEKLUIMHUX MPOoLeciB

KOMILIEMEHTapHUX Map, cXxema
JlapniHrTOHA, CTPYMOBE J3€pKalo

6. |Jlanka mioaiB pi3HOT reomeTpii KonTtponb sKoCTi p-n-nepexomis,
BHU3HAYCHHS M-(dakTopa

7. |KinbueBuii reHeparop KouTposp ¢pyHKIIIOHYBaHHS (parMeHTIB
BIC (By3miB, KacKasiB)

8. |JlaHKM TOCIAOBHOTO Ta TMapa- [IBraKO1g TOMYHUX €JIEMEHTIB

JIeNBHOTO 3'€THAHHS IHBEPTOPIB
(cxemu I-HE, ABO-HE), Tpurepu
9. | Tpan3uctopu BuxigHuX KackamaiB |llimcumaioBanbHi Ta IMITYyJIbCHI TApaMeTpH
(KOMIUIEMEHTApHI Mapu)
10.| MOH-T1pan3uctopu 3 HaHOMeTpO- | [loporoBa Hampyra, HaAMOPOroBi
BOIO TOBIIMHOIO MI3aTBOPHOTO | TYHEIbHI CTPYMH

TlieTeKTPHUKa

11.{Pe3onancuo-TynenbHi niogu ta | [lapamerpu Ta XapaKTepUCTHKU
TPAH3UCTOPH

12.| TecToBi cTpyKTypHu XoJia [lapaMeTpu Ta XapaKTepUCTHKH

13.|MOH-1pan3uctopu 3 noini-Si ta |I[loporosa Hampyra i KpyTH3Ha
MOJTIITUHUM 3aTBOPOM

3 oryisiAy Ha BUKOHYBaHI (PYHKIIi BUPIIICHHS 3aBJaHb TECTOBOI'O KOHTPOJIIO
3MICHIOETBCS 3 BUKOPUCTAHHSAM ONTHMalbHOI KutbkocTi TE: mims BuU3HaYeHHS
napaMeTpiB KOMIIOHEHTIB eleMeHTHoi 0a3u ctpykryp BIC, koHTpomnto npaBuib-
HOcTl Bu3HaueHHs npoekTHuXx Hopm KTO, ananizy xapakrepuctuxk TO 1 TII,
aHATI3Y CTPYKTYPHHUX Je(EKTIB, OIIHIOBAaHHS €NEKTPO(I3MUHUX Ta €ICKTPHUUHUX
napameTpiB cTpykTyp BIC, oriHoBaHHS Ta J1arHOCTYBaHHS HAaIIHHOCTI.

TC, 3a SIKUMH BU3HAUYAIOTh MAapaMeTpPU KOMIIOHEHTIB enemeHTHOi 6a3u BIC,
BUKOPHUCTOBYIOTH 7151 (PI3MKO-TEXHOJIOTTYHOTO MOJICITIOBAHHS, KOHTPOJIIO EIEKTPO-
¢13uyHUX napaMeTpiB (TOBLIMHM OKCHIY, CTYNEHs JIeryBaHHS, IOBEPXHEBOIO
omnopy, IpOOMBHUX HAmNpyr Ta CTPYMIB BTpAT, T'YCTUHU TMOBEPXHEBUX CTaHIB,
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b ai, R

Puc. 11.2. TectoBi TpaH3uCTOpU ISt Puc. 11.3. TecToBi KOHAEHCATOPH
OIIIHIOBaHHS MPOOUBHOT HAIPYTH JUTSl OTIepaIiiHoOTO MiJICHIIIoBaya

3apsiIOBOrO PiBHS MiK(a3HOI MeXi) Ta OIIHIOBAaHHS BIATBOPIOBAaHOCTI. /[0 Takux
CTPYKTYp HaJIeXKaTh:

— TecToBi Tpau3uctopu (puc. 11.2), 1uist SKMX BUMIPIOIOTH IOPOTOBY HAIPYTY,
Koe(IlieHT MiJICUIICHHS, KPYTU3HY XapaKTepUCTUKHU, TpoOuBHY Hampyry. [Iporec
BHU3HAYEHHS IMMapaMmeTpiB mepeadayae moOymAoBY MOJEN TPAH3UCTOPIB Y JIHIMHINA
JUISHIN XapaKTEePUCTUKH a00 B JIUISHII HACHYCHHS;

— pe3uCTOpU Ta KOHIEHCATOPH, BUMIPIOBAHHS IMapaMeTpiB SIKUX JIO3BOJISIE
BU3HAYUTH XapaKTEPUCTHKH METAJEBUX 3'€THAHB: ONOPY, EMHOCTI, CTPYMYy BTpar,
Hanpyru npo6oro (puc. 11.3);

— MoauGiKalis MOCTOBHX PE3UCTHBHUX CXEM Ha KIITANT TPEIbKUN XpecT
(kBagpaTHUI XpecT, CKOMIIEHCOBAHUM KBaJpaTHUI XPEeCT TOLIO) AJIs OL[IHIOBAHHS
MUTOMOTO TIOBEPXHEBOT'O OMOPY Ta MPOCTOPOBOT
OJIHOPIHOCTI JIETYBaHHS MPOBIIHUX 1 emiTak-
CIHHMX IHapiB 3a eMIIpUYHOI (PopMysoro
Ban-nep-Ilay Ry = (n/In2)-(AU/I). Tunosa TC
TaKOI'o TUIly MOoKa3aHa Ha puc. 11.4.

TC nnst mepeBipKM MPaBHIBHOCTI TOIOJIO-
TIYHUX TPOSKTHUX HOPM BHUKOPHCTOBYIOTH 3
METOI0 KOHTPOJIFO IMPUHU JiHIA Ta SKOCTi Cy-
MIIIIEHHSI TOTIOJIOTIYHUX IIapiB, a TaKOX OI[IHIO-
BaHHS XapaKTEPUCTUK JiTorpadidHOro oodiana-
HaHHA. [IpukianamMu Takux TECTOBUX CTPYKTYD
MOXYTb OyTH:

— XpecTono/1i0HI MOCTHKOBI PE3HUCTOPH, 3a

JIOTIOMOTOI0 SIKUX BUMIPIOIOTh (PI3UYHY IIUPUHY
€JIEMEeHTIB Ta il BIAXWJICHHS BiJ 3aJaHUX PO3Mi-
Puc. 11.4. CkomneHCcOBaHMI piB (puc. 11.5);
KBaJpaTHUN XPECT IS OIIHIO- — JJaHKM KOHTaKTIB ab0 PE3UCTOpiB 3 Tpe-
BaHHS OJHOPIAHOCTI AMQY3iH- GIHYACTOI CTPYKTYpPOIO, SIKi BHKOPHCTOBYIOThH
HOI'O YM IMIUIAHTALIMHOIO JIe- JuUIs BHUMIDIOBAHHA INIAP MK €JIE€MEHTaMH
TyBaHHS (puc. 11.6);
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Puc. 11.5. a) TC mys BumiproBanss mupuHu JiHii Ta  Pue. 11.6. HInapu B macrii
BIJICTaH1 MK eJleMeHTaMu; 0) 30u1bleHe 300pakenns 3 pesucty (L = 0,3 mxm)
BUUIEHOTO (pparMeHTa CyOMIKPOHHOI CTPYKTYpH

— crietiaiabHl QIrypu it ONTUYHOTO KOHTPOJIIO PO3AUIBHOL 3JaTHOCTI MPOEK-
uiinoi mitorpadii (puc. 11.7).

Skicte (doTtomiTorpadgidHUX MPOIECIB € BHU3HAYAIBHOIO I OTPUMaHHSI
3a/1aHUX TIApaMeTPiB aKTUBHUX EJIEMEHTIB 1 3aJIe)KUTh BiJl PO3AUTBLHOI 3IaTHOCTI SIK
doTope3ncTy, Tak 1 aHI30TPOIHOTO MPOSABICHHS YH IUIA3MOXIMIYHOTO TPAaBIICHHS
(puc. 11.8).

TC nns ananizy xapakrtepuctuk TII BUKOPHUCTOBYIOTH 3 METOIO KOHTPOJIIO
XapaKTEPUCTUK METaJeBUX, AU(PY3IMHUX 1 MOJIKPEMHIEBUX IIHMH, MiA3aTBOPHOTO
JIieJIEKTPHUKa, MIXKIIApoBo1 1301111, poTomitorpadii, 1udy3ii, I0HHOT IMITJIaHTAITIi,
K1 J03BOJISIIOTH BCTAHOBUTH B3a€EMO3B'SI3KH MK €IEKTPO(PIZUYHUMHU Ta KOHCTPYK-
tuBHUMHU Tnapamerpamu enemeHTiB BIC 1 pexxumamu TO. Ilpuknagamu Takmx
CTPYKTYp MOXKYTb OyTHU:

— XpecTomnoIiOHMN MICTKOBUM PE3UCTOpP JUIsi BHU3HAUCHHS IMOBEPXHEBOIO
OTIOpY Ta MIUPHUHU JTiHIH;

— KOHTaKTH1 PE3UCTOpPHU JJIsl BU3HAYEHHS ONOPY MeTal-KpeMHi Ta meTas-
MOJIIKPEMHIH (ToTiIum);

Puc. 11.7. TC ngns koH-
TPOJIFO  aMIUIITyAHO-(]a-
303cyBHUX [IPO mnpoek-
1iHOT mitorpadii

Puc. 11.8. Ilo3utuBHM
penbed B MBI PE3UCTY
OII-051MK, chopmoBa-
HUIl KHCHEBMM ILIa3MO-
BUM aHI30TPOIHUM MPOSsi-
BJICHHSAM

Puc. 11.9. TC mis owiuro-
BaHHS PO3KPUTTS MIKIIIA-
poBoi i3ommsirii bAOCC Ta
dbopMyBaHHS B HIM KOH-

(GOpMHOTO  MOJIKPEMHI-
€BOTO KOHTAKTy
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— TECTOB1 €JIEMEHTH JIJIsl OI[IHIOBAHHS SIKOCT1 PO3KPUTTS MIXKIIAPOBOT 130JIA1111,
dbopmyBaHHS KOHPOPMHOTO OCAHKCHHS IMOJIKPEMHIIO (TIOMIIUIY) Ta WOTO OKHC-
HeHHs (puc. 11.9);

— MOH-koHZIeHCaTOpy 111 BU3HAYEHHS TOBIIMHU OKCUAY, TYCTUHH
3apsA0BUX cTaHiB Ha Mexi Si-Si0,, HaNPyTrW MIOCKUX 30H Ta PiBHS JIETYBaHHS
HaITIBIIPOBIHUKA;

— TECTOB1 J110JM PI3HOMAHITHUX KOH(]Iryparii, 3a J0MOMOTOI SKHUX BHMi-
PIOIOTH CTPYMH BTpAT 1 MpOOWBHI HATIPYTH;

— PE3UCTOPHU CIIeIiaabHOI KOHCTPYKIl JUISI OIIHIOBAHHS TOYHOCTI MDKIIA-
POBOT'O CYMIIIIEHHS TOMOJIOTTYHUX IIAPIB CTPYKTYPHU (3aXOBAHUN KOHTAKT);

— MOH-Tpan3ucTOpH, 3a JONOMOTOIO SKUX BH3HAYAIOTHh MPo(isi JeryBaHHS,
MOPOTOBY HAIPYTY Ta il Apeid, eNeKTPUIHY MILHICTH MiA3aTBOPHOTO JTICIIEKTPHUKA
1 pyXOMICTh HOCIIB 3apsifly B KaHaJI.

3a gomomororo TC BimmpambOBYIOTH TPHHLIMNN MaciiTaOyBaHHSA IS
30UIBIICHHS CTYIEHS IHTEeIpalii Ta BUXOAy MPUAATHUX CTPYKTYyp. Lls Texnosmoris
Oyna Bmepmie peamizoBana Ha [C  MikpokanbkymsaTopiB cepii K145 Tta 3
BUKOPHCTAaHHSIM JIBOCTYIICHEBOTO MacIITa0yBaHHS Jajia 3MOTY IJOBECTH BHXIiJ
npugataux crpyktyp BIC ngo 65+ 75%, a po3mip kpuctaia — A0 PpiBHS
2,8 + 3,2 MM” 11t 15-TH BapiaHTiB KaTbKyIATOPIB.

VY3aranpHeHU#l BIUIMB KoeilieHTiB MacmTadyBanHa K Ha XapakTepHUCTHUKU
AKTMBHUX €JIEMEHTIB Ta IXHIX 3'€¢JHAaHb ITOKa3aHO B Ta0m. 11.3.

Tadoauua 11.3. Jliniiine macirabyBanus napameTpie MOH-Tpan3uctopa

No [TapameTpu Koedirient
MaclTabyBaHHs

=
~
=

Posmipu, (W, L, Tou, xi;, W;, H;, L)
Hanpyra xuBnenns, Uy

Enextpuune noiue, E

IToporosa Hanpyra, Uy

PiBenp neryBanHs Si-migkmanku, Ny
CrpyM xuBieHHs, [

€wmHicTb 3aTBOpa, C

Yac nepemuxanns JIE, ©

[ToTyxHicts po3citoBanus JIE, P

10 |I'yctrHa po3cir0oBaHOI MOTYKHOCTI, P/X

11 |Omip ctpymonpoBigaux 1opixok, R = pLi/W;H;
12 |Crana 3aTpuMKH JUIsl CTPYMOBUX JIOP1KOK
13 |I'ycTiHa CTpyMy B 3'€ THAHHSIX

O |([0([QA[N| N | |W(IN|—
N

i
—|

i
—

i
—

AT IRIARIAR|A|IARARIARIAITAR|IA

3 mepexoaoM y CyOMIKpOHHMI Jlialla30H TOIOJIOTIYHUX PO3MIPIB CTPYKTYP
BIC niniitHICTh MacmiTaOyBaHHS MOPYymyeThbes. OcoONMMBO 1€ BITHOCHUTBCS 10
METaJIeBOr0 PO3BEACHHS BEPXHBHOIO PIBHS, SIKE BIJNOBIAAE BCIM BUMOraM HEINpPO-
nopiiitnoro MacmraOyBaHHs. E(eKTHBHICT BUKOPUCTaHHS METOAY HEMpOIIOp-
IIHHOT0 MacIITa0yBaHHS IMOPIBHSIHO 3 MPSAMUM JeMOHCTpYye Tabi. 11.4.
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Tabauus 11.4. TlopiBHsJIbHA XapaKTepPUCTHKA METO/I1B MacIITa0yBaHHS

Mexi 3MiHU TTapamMeTpiB
OcHOBHI mapameTpu ; (I_ 3pocrac, | — cnaﬂae)w
JliniitHe Henpomnopuiiine
MacimTaOyBaHHS |  MacIITaOyBaHHS
Enementn |Ilnoma xpucrana 1B K* pasiB | B K’ pa3
KOHCTpYK- |JloBXKMHA KaHATY | B K pasiB | BuGipkoBo B K pasis
uii BIC |Iloporosa nanpyra | B K pazis He 3miHIO€TBCS
Po3mipu enemeHTiB | B K pasiB | BubipkoBo B K pa3zis
ToBmmna migzateopuoro || B K pasis [TpakTuyHO HE
JUETeKTPUKA 3MIHIOETBCS
Onip komyTtauiiaux muH | He 3miHoeTbest || BubipkoBo B K pasis
KonnenTpariist ToMilku | B K pasiB He 3miHOeTHCH
[Tapamerpu | EnementHa 6a3a Hoga IIpakTuHO HE
CTPYKTYP CXEMOTEXHIKA |3MIHIOETHCS
BIC DyHKIIIOHAIbHA CKIaTHICTh [T B N pasiB 1 B N paziB
[IpoayKTUBHICTB 1 B K° pasis 1 B 4K pazis
Hanpyra xuBieHus | B K pasiB He 3miHIOETBCS
JloriyHi piBHi "1" | B K pa3ziB He 3MiHI0O€TBCS
HIBunkois 1 B K pa3zis 1 B 2K pasiB
CnoxuBaHa NOTY>KHICTb | B K® pasis | B 2K pasiB
3aBaJIOCTIMKICTD ! 1
Binnonienns curnan/mym || i
3acrocyBaHHA B cTaHaapT- |BincyTtHe 30epiraeTnes
HUX 3aco0ax 1udpoBoi Ta
aHAJIOrOBOi TEXHIKH

TC nns aHamizy CTPYKTYpHUX Je(eKTIB BUKOPHUCTOBYIOTH 3 METOIO
BUSIBJICHHSI BUIQJAKOBHX (I3MYHMX A€(PEKTIiB Ha IUIOHII CTPYKTYpPH KpHUCTaja.
[Tpuknanom takux TC MOXyTh OyTH MEaHAPONMOMIOHI PE3UCTOPU IS aHAJI3y
CYILIUTBHOCTI METaJIeBUX JOPIKOK Ha penbedHIN MOBEpXHI; TpeOIHYaCTI pe3UCTOPU
JUIsl BUSIBIIGHHS 3aKOPOYCHb, PO3PUBIB 4M Immap MiK mnpoBigaukamu; MOH-
KOHJIeHcaTopyu Ta TpaH3uctopu. Puc. 11.10,a Ta 6 AeMOHCTPYIOTH CTPYKTYPY
amtoMminieBoro cmiaBy AK-1 (a) Ta cuminuay (6), SKi BUKOPUCTOBYIOTH ISt
MeTai3allii BepXHbOTO PiBHS po3BeaeHHs cTpykTyp BIC.

Jlns  KoHTpomio cTiiikocTi cTpykTyp BIC nmo mapamMeTpudHHX BIJIMOB,
OIIHIOBAHHSI HEOJHOPIMHOCTI po3mojauly JedekTiB 3a TUIONMIeI KpucTaia
BukopuctoByOTh nudpepentiai TC (ATC), sxi aBusaoTh co000 AUQEpeHIInHY
napy TPaH3UCTOPIB — OIMOJSIPHUX YU MMOJIHOBHUX.

TC nns oOuiHIOBaHHA €NEKTPUYHUX mapameTpiB cTpykTyp BIC Bukopucto-
BYIOTh 3 METOI0 OTpUMaHHS iH(opMmallii MOoA0 NPUAATHOCTI B CTATUYHOMY Ta
JTUHAMIYHOMY peXHUMaxX BY3JIB 1 OJIOKIB, sIKI XapaKTepH3yIOTh (YHKI[IOHAILHY
npuaatHicTh BIC Ta TeXHOI0TIUHICTE TIpo1iecy (OPMYBaHHS CTPYKTYP Y IILIIOMY.

[Mpuxmagamu takux TC MOXyTh OyTH 1HBEpTOpPW Ta JIOTIYHI €IEMEHTH, SIKi
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Puc. 11.10. Ctpykrypa amominieBoro crurasy AK-1 (a) ta cuminumy
tutany TiSi, (0)

BUKOPUCTOBYIOTHCS JIJISi BH3HAUCHHS IMOPOTY MEpEeMUKaHHS, KoedilieHTa mifcu-
JICHHSI, CTIOKHUBAHOI MOTYKHOCTI; KUJILEBI T€HEPATOPH Il BUMIPIOBAaHHS YacTOTHU
NePEMUKAHHS Ta Yacy 3aTPUMKH; MPUCTPOI Mam'siTi 11 KOHTPOJIO BHITAIKOBUX
nedeKTiB Ha IO KpucTana. 3a3Bu4ai, B skocTi TC BUOUparOTh HAMBAKIMBIIIHIA
(yHKITIOHATBEHUU BY30J1 (IPUCTPI), AKH BU3HAYA€E MIBUIKOIIIO, 3aBaIOCTIMKICTh
Ta TEMIEPATYPHY CTaOUIBHICTh BCI€T CXEMHU.

TC ansa ananizy HafiitHOCTI Ha cTaaii popmyBanHs cTpykryp BIC Bukopucto-
BYIOTh JJIs NIPOTHO3YBaHHS KUIBKICHMX MOKa3HUKIB HaaiiiHocTi BIC Ta BcTaHo-
BJICHHS OCHOBHUX MEXaH13MiB BIAMOB. [HpopMaIlito OTpUMYIOTh HUISIXOM (iKcallii
Ta aHamizy 3Mmiau mnapamerpiB TC mixg mi€r0 Takux BIUIMBIB SK TMiABUIIEHA
TeMIepaTypa, Hampyra >KUBJIEHHsS, CTPYMH CIIO)KMBAaHHs, BOJIOTICTh Ta TEPMO-
LUKJIY, @ TAaKOXK pajiialliiiHe ONpOMiHEHHS (HAampHKiIaa o-4yacTUHKaMmu). [Ipuknana-
mu Takux TC MoxyTh OyTH rpebinvacti abo MeaHIpPOBI PE3UCTOPH ISl aHATIZY
KOPO3IMHUX Ta EJICKTPOMITIpaIlifHUX IIPOIECIB; CyIlep-0eTa-TpaH3UuCTOPU IS
BU3HAUEHHSI PIBHS TIeHepaliiHO-peKOMOIHAIIMHUX MPOIECIB IUISIXOM BHUMIPIO-
BaHHS m-(pakTopa; MOH-Tpansuctopu, cpopmoBaHi 3 PI3HUMH TOBIIMHAMH
JIETEKTPUKIB, SKI BH3HAYAIOTh TYHENIbHI Ta HaamoporoBi crpymu; TE mis
KOHTPOJIIO CTaHy MOBEpXHI AieneKTpukiB; TE /st BUBHaueHHS 3aps0BOrO CTaHY
Si-Si0, Ha ocHoBi 3cyBy iMmynbcHuX CV-xapakrtepuctuk; TE ans BusHaueHHs
PYXJIHMBOCTI HOCIiB 3apsaay B kaHaiai MOH-TpaH3ucTopiB; BUXiqHI Kackaau (By3Jn),
skl Bu3Ha4aroTh Temiosuit omnip BIC; TC st BU3HaueHHS €1eKTPUYHOI MIIIHOCTI
Hi/3aTBOPHOTO JIIEEKTPUKA, IO XapaKTepU3ye pamiamiifHy CTIHKICTh 10 O-
onpoMiHeHHs. Takuii TecTOBUH KOHTpPOJb IMOBUHEH TapaHTYBaTH HaJIMHICTD
CTpyKTyp Ha piBHi 1 + 10 ppm 11e Ha cTaii iXHbOTO (Q)YHKIIIOHYBaHHS.

11.3. TecToBi KpucTtagm SK eJeMEHTH CTATHCTHYHOIO0 KOHTPOJII i
MO/EJIOBAHHA TEXHOJIOTIYHHUX npoueciB ¢popmyBanHs cTpykryp BIC

TecroBuit xonTponp y xonumuboMy CPCP Bnepme OyB peanizoBaHui
1986 poxy Ha BAT "Pomon" nnst mpoektyBaHHs cTpykTyp IC, siki BUTOTOBISUIHCH
3a Oinomspuoro, n-MOH, p-MOH ta KMOH-texHonoriasmu. KoxHuii Buj
TEXHOJIOT1] MaB CBili Ha0lp TECTOBMX KOMIIOHEHTIB, 5Kl 00'€IHYBaINCh Y TECTOBI
kpuctanu. lle nango 3Mory miABUIIMTH BUXIA NPUIATHUX CTPYKTYp Yy 2 + 3 pasu 1
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nocsartu piBHs 65 + 80%. [ns opranizariii Ta KoopauHaIlii poOiT MO0 TECTOBOTO
koHTposto y BAT "Pomon" mpu Bifaiii roJIOBHOTO TEXHOJIOTA OYJIO OpraHi3oBaHO
rajry3eBy J1abopaTropil0 TECTOBOIO KOHTPOJIIO, sSKa BH3Hadajga OCHOBHI 3acaju
nigBuieHHs ctynens iHTerpaiii BIC B enekrponHiit ranysi konumnasoro CPCP.

TecroBi kpuctanum ¢GOpMyIOTH Ha pPOOOYMX TUIACTHHAX TapaielbHO 3
kpuctanamu BIC 1 MicTSTh y CBOEMY CKJIaJli pi3HOMAHITHI THUMH Ta KOHCTPYKIIii
TC, axi maroTh 6arato cnutbHOTO 3 KOMIOHeHTamMu cTpykTyp BIC. Bubip cknagy
TK Busnauae po3pobmenusi Habopy TC Ta ol'enmHanHs iX y rpymu 3a mpu3Ha-
yeHHsM. Jlns konTpomto Ouibmocti mapamerpiB BIC Ta crammaptamx TO
po3pobneHo mHOxkuHY THIIB TC, ToMy Bu3HaueHHs ckiany TK mMokHa 3BecTH 10
BHOOpy ontuManbHOro Habopy TC i3 Gidmioreunux tumiB. Tomosorito TK cimig
pO3pOOISATH 3 BHKOPUCTAHHSM MPHUHIMILY MOAYJIBHOTO KOHCTpYHOBaHHA. [lpu
BOMY TiJ MOJyJIeM po3yMmitoTh jAesky auiaHky TK, mo mictuts rpymy TC
ITBOBOTO TIPU3HAYEHHS 711 BUPIMIEHHS OJTHOTO KOHKPETHOTO 3aB/JIaHHS.

TecroBi kpuctanmm MoxyTs O0ytu yHiBepcampHuMH (YTK), ToOTO MicTHTH
noBHUM HabOlp TC 1 KOHTPOIIO TEXHOJIOTIYHOTO Ipollecy, abo cremiani3oBaHi
(CTK) 3 BH3Ha4YeHHM MEpesiKOM MapaMmeTpiB TEXHOJOTIYHOTo mporecy Gopmy-
BaHHs cTpykTyp BIC. CnemianizoBani TK moxyTte mictutucs B ckiaal YTK sk
okpemi Onoku. Tak, YTK Onounoro tumy NBS-16 nmns xontponmto KMOH-
texnonorii mictuteh 8§ CTK, B ToMy umcni oguH — Aii KOHTPOJIO (PI3UYHUX 1
ontuyHuX mapameTpiB (tabdim. 11.5). 3aranom YTK KMOH wictutes 28 THmiB
TECTOBUX CTPYKTYp, Ma€ 143 KOHTaKTHI IUJIOLIAJKHU, @ HOrO PO3MIPU CTaHOBIATH
6,35%6,35 mMMm.

Llei#t TecToBUiA KpHUCTa y PI3HUX BapiallisiX BUKOPUCTOBYBABCS JJISI TECTOBOTO
koHTpomo c1pykryp BIC cepiii KP1830, K564, K1564, K1554. B TecroBiii
naboparopii 0yno po3pobseHo moHas 10 TecToBUX KpPHUCTaNiB JJisd PI3HUX TEXHO-
jorigHuX TiporieciB. OcobmmBo ciia BigMitute Kpuctain NBS-12, mo mictuth 640
KOHTaKTHUX MJIOIMAA0K Ta 140 pi3sHOMAaHITHUX TECTOBUX CTPYKTYp, €ICKTPUUHO-
130JIbOBAaHUX OJTHA BiJl OJTHOI, SIK1 PO3MINIYIOTHCS B TaK 3BAHUX MOJIYJISX, KUIBKICTh
akux Moxke csratu 10 + 12. 3aBasgku 1bOMY TECTOBUM KPUCTANl € THYYKHUM J10
PI3HUX BapiaHTIB KOHCTPYKIIiHM Ta TeXHOJOT1# cTpykTyp BIC.

VY mpoueci NpOEKTyBaHHA TECTOBUX KPHUCTAIIB HEOOXITHO BPaxOBYBaTU
KOHCTPYKTHBHI BHMOTH Ta OOMEXEHHS 3 TOYKH 30py aBTOMAaTH3allli TECTOBOTO
KOHTPOJIO 1 ehekTuBHOTO BukopucTanHs TC pi3HOro MPU3HAUCHHS, a CaMe:

1. Koncrpykiiss TK moBuHHa BUKOPUCTOBYBATH MOMAPHO-PSIIHE PO3MIIICHHS
KOHTaKTHHUX 1uiomaok. Lle mo3Bossie 3ropratu TC y 6i0mioTeUHI €1eMEHTH, sIKi
30epiratoThCs B Mam'sTi cepBepa.

2. Ins po3pobisienHs koHCTpykuid cTpykTyp KpuctaniB BIC 1 TK HeoOxiaHO
BUKOPHUCTOBYBAaTH O/HI 1 Ti ) mpoekTHl HopMmu (TKO), mobu reometpis TC Oyma
MaKCHMAaJIbHO HaOJIMKeHa 10 TeoMeTpii exemMeHTHOi 0a3u cTpykrypu BIC.

3. Koncrpykuiss TC noBuHHa OyTH Takow, IIOOM TUIBKM iXHI KpUTHYHI
€JIEMEHTH OyJIM Yy TIHBI 10 IPOCKTHUX TOIOJIOTTYHUX HOPM.

4.V xoncrpykmii TK HeoOXimHO yHuKaTth mig'enHanHs pizHUX TC 1o
3arajbHUX NPOBiTHUX MmWH. [lomapHo-psiiKOBE pO3MIIIEHHS KOHTAKTHUX ILIOIIA-
JIOK BJacHe 03Boisie po3MicTuTH TC TakuM YMHOM, MIOOM YHMKHYTH IXHBOTO
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BILTUBY OJIHA HA OAHY.

5. lng BUMIpIOB

aHHs TMOBEPXHEBOTO OMOPY Ta INUPUHH JiHIA HEOOXiITHO

BUKOPHUCTOBYBATH YOTHPHOXKOHTAKTHI PE3UCTOPH. 3 II€I0 METOIO 3aCTOCOBYIOTH
cxemy mnojgiiHoro mocta KenbBiHa (Mocta TomcoHa), sika BiacHe mnepeadauvae
BUKOPHUCTAaHHS YOTHPHOX KOHTAKTHHUX IUIOIIAIOK, € CTPYM TMPOIYCKAIOTh Yepe3
OJIHY Hapy KOHTAKTiB, a HaNpyTry 3HIMAIOTh 3 1HILOI, 110 3a0e31euye 1yKe BUCOKY
TOYHICTh BUMIPIOBaHb.

6. [11s npoekTyB

anast TK HeoOXiZHO BUKOPUCTOBYBATH €JIEMEHTH, SIK1 3aI10-

0iraroTh BUHUKHEHHIO TIAPA3UTHUX MOBEPXHEBUX 1HBEPCIHHUX KaHANIB. Y HBOMY
BUIIAJKy BUKOPUCTOBYIOTh TMPOIEC JIETyBaHHS, SIKUW 3arno0ira€ iHBEPTYBAaHHIO
TTOBEPXHI.

Taoauusa 11.5. YTK nns korrponro KMOH texHooriuHoro npoiecy

PWELLRES-0,1

1]1\591; [To3znauenust TC | [Ipuznauenns TC Ta iXHI OCHOBH1 T€XHOJIOT1YHI TapaMeTpu
1 2 3
1CTK CTpyKTYypH 1JIsi BUMiPpIOBAHHA ONOPY i INMPHHM JiHiH
1 [INRES, PRES Omip i mupyHa p -, n' -061acTel, MUH N0Mi-Si Ta p-KUIIEeHi
2 |POLYPRES, Onip KBaJpaTHUX IUIOMAI0K HA P i N -001acTsX
POLYNRES
3 |[POLYRES, Po3paxyHok uncia KBagpaTiB 3a MIMPUHOO 1 OTIOPOM IITHUH

MOJIIKPEMHIIO; P-KUIIEH1 AJI1 BUMIPIOBaHHS OINOPY ABOX
KBa/IPaTHUX KOHTAKTHUX IUIONIA0K

4 |ALRES Omip kBajpaTa 1 epeKTUBHA IUPUHA ATFOMIHIEBUX IIUH
5 |CONTRES ALP-|Omnip KOHTaKTy M aTIOMIHIEM i P -IIApOM,
1,2,3 po3Mipu KOHTaKTHUX BiKOH (KB): 1x1, 3x3, 5x5, 7x7 mkm
6 |[CONTRESAL- |Omip KOHTaKTy M aTIOMiHieM i n -ITapom;
R-1,2,3 po3mipu KB: 1x1, 3x3, 5x5, 7x7 Mkm
2CTK CTpykTypH it BUMIPIOBAHHSI ONIOPY KOHTAKTIB
1 [CONTRESAL |Omip KOHTaKTy MIX altOMiHIEM 1 1Oi-Si;
POLY-1, 2,3 po3mipu KB: 0,5%0,5, 3x3, 1x1 MM
2 |[CONTRESAL |Omip koHTaKTy M antoMiHieMm 1 moi-Si B p-MOH
POLY-P-1, 2, 3 |tpan3uctopax; po3mipu KB: 0,5%0,5, 3x3, 1x1 Mmxm
3 |[CONTRESAL |Omip kOHTaKkTy MiX antoMiHieM 1 nomi-Si 8 n-MOH
POLY-N-1,2,3 |tpan3uctopax; po3mipu KB: 0,5%0,5, 3x3, 1x1 Mmxm
4 |CONTRESAL |Onip KOHTaKTy MK allFOMIHIEM 1 p-KHILICHEIO;
PWELL po3mipu KB: 0,5%0,5, 3x3, 1x1 Mmkm
5 [ROWAL-N-105, [Omip KOHTaKTy MiX alFOMiHieM i n'-0071aCTIO P-KHIIEHi;
103 6 paniB KB 0,5%0,5, 3x3, 1x1 mxm
6 [ROWAL-P-105, |Omip Mix anroMiHIEM ip+-06naCT10 Ha Si-IiKIaIl;
103 6 psanis KB 0,5%0,5, 1x1 Mkm
7 IROWAL-POLY-|Omip Mix amomiHieMm i n -moui-Si;
N-105, 103 6 psanie KB 0,5%0,5, 1x1 Mkm
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[Tponopxenns Tadbmuii 11.5.

1 | 2 | 3
3CTK CrpyKTypH AJisi BAMIPIOBAaHHSI EMHOCTi Ta CTPYMiB BTpaTt

1 |CAP-31 CtpyMm BTpat p-n-niepexoay 1 KOHJIEHCATOPHOI CTPYKTYpPH 3
OKCHJIOM 3aTBOpa 1 p-KUIICHEIO

2 |CAP-32 CtpyM BTpaT KOHJICHCATOPHOI CTPYKTYPH MIXK IMOI1-Si
OKCHUJIOM 3aTBOpa 1 Si-MiJIKJIaJKOIO

3 |CAP-33 €MHOCTI N -p-TIepexoIiB i BikHa I n'-p- i n-p -06macri.
Yac KUTTS HEOCHOBHUX HOCIIB 3apsiiy

4 |CAP-34 €MHOCTI P -N-TIepeXoIiB i BikHa ITif N’ -p-o6IacTi.
Yac xKUTTA HEOCHOBHUX HOCIIB 3apsny.

5 [MILLER CAP- |€mHocrti n- 1 p-MOH-Tpan3ucropis

N, P

6 LEAKAL P Ctpym BTpat Mixk Al 1 p-obmnactio B p-MOH tpan3ucropi

7 ILEAKAL SUB |Ctpym Btpat Mix Al i n-o6mactio B p-MOH Tpan3ucropi

8 |CAP-39 €MHICTh MIXK allOMiHIEM 1 HesleroBaHuM kaHainoM MOH-
TPaH3UCTOPA

9 |CAP-310 €MHICTb MK ATIOMiHi€M i IETOBAHNM MOTI-Si N’ -THITY

10 |CAP-311 €MHICTb MiK aTIOMiHIEM i TErOBAaHUM HOTI-Si p -THITY

4CTK CTpyKTYypH 1JIsi BAMIPIOBAHHA IUTIBOK i BiICTaHI MiXK JIETOBAHUMM

obdJacTaMn

1 |STEPCOV Onip nomi-Si muH mupuHoto 1,3 15 MkM

POLY-1,2,3
2 |STEPCOV ALL-|Omip moi-Si IIMH Ha aTFOMiHIT IHpHHOIO 1,3 MKM

1,2,3
3 |SEEP BijicTaHb MiX P-KHIIECHEIO i p -00J1aCTIO 330BHi KHICH]
4 |SERN BijicTaHb MiX P-KHIIEHEIO i p -00/1aCTIO BCEPE/INHI KHIIIEHi
5 [SOI Omip momi-Si Ha okcuai Si0,

SCTK TpaH3uCTOpPHi CTPYKTYpH

TRS-5111,51111

n-MOH-tpan3uctopu (o/L = 20/20, 5/5, 1/1)

TRS-5211,52111

p-MOH-tpan3uctopu (/L = 20/20, 5/5, 1/1)

TRS-55

p- 1 n-MOH-TpaH3ucTOpy 3 MIHIMAJIBHUMHU NMPOEKTHUMU
Hopmamu o/L = 15/5, 5/1, 1/1

4 |TRS-54 p- 1 n-MOH-TpaH3ucTopu 3 OXOPOHHUMU KUTBILSMHU
o/L=15/5, 5/1, 1/1

5 |TRS-56, 510 Tpu p- i n-MOH-tpan3ucropu o/L = 15/80, 10/20, 1/80

6 |[TRS-57, 511 Tpu p- i n-MOH-tpan3ucropu /L = 1/1, 4/4, 12/4

7 |TRS-508, 512  [Tpwu p- i n-MOH-tpan3uctopu /L = 80/1, 80/5, 80/10

8 [TRS-513-516 [Ilo nBa yHinmosspHI KOMILIeMeHTapH1 p- i n-MOH-
tpanzuctopu o/L = 40/40, 40/10

9 |TRS-517, 518, |bimossipHi n-p-n-TPaH3UCTOPH (/1B TUIIH) Ta

ITHII3 P -n'-p-TpaH3UCTOPH
10 [TRS-519,520 p- 1 n-MOH-Tpan3uctopu o/L = 3/3, 1/1
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ITponorxenus tadmuii 11.5.

1| 2 | 3
6CTK Hdioani crpykTypH
1 |ZENER-1, 2 3eHepiBChKi AioAM HA N i P -0071ACTAX KHIIEH]
(mrmpuHa nepekpuTTs 2 1 1 MKM)
2 |ZENER-3 3eHepIBChKI 1101 Ha 00IacTIX n' imomi-Si
3 [TUNNEL-1 TyHenpHMIA 11011 HA MI3aTBOPHOMY i€TEKTPUKY
7CTK /lunamivHi CTPYKTYpH
1 [611NV-1,2,3,4,5 |p- i n-kananbH1 iHBepTOpU /L = 10/5, 5/5, 1/1.
2 |62RING 15-po3psaanuii kinbLueBuil renepatop /L = 15/5 3 nBoma
O0ydepunmu kackagamu /L = 27/5, 5/1
3 |63RING 15-po3psauuit kunblieBuit renepatop /L = 10/5 3 1oma
O0ydepunmu kackagamu ®/L = 40/5, 8/1
4 |64RING 15-po3psauuii KiablieBuit reHepaTop /L = 5/5 3 nBoma
Ooydepnumu kackagamu o/L = 14/5, 36/5
5 |65RING 15-po3psinauii kinbieBuit reaepatop /L = 15/1 3 1Boma
Oydepaumu kackagamu /L = 40/5, 8/1
6 |3NOR, 3NAND |rpuBxonosi joriuni enementd HE, ABO-HE
7 169TG Enexrponnuii kirou 3 nBoma p- 1 n-MOH-Tpan3ucTopamu
o/L=3/1
8 |613LU-1,2,3  |Tpu p- i n-MOH-Tpan3ucTopu 1Jisi BAMIPIOBAHHS 3aTyXaHHS
9 IDYND-FF Junamiunuii D-Tpurep s AUHAMIYHUX 1 €IEKTPUUHUX
XapaKTePUCTUK
10|CCD-1, 2, 3 JBo- Ta Tpudaszni I[133-cTpykTypu 3 38 nepeaaTHUMH
3aTBOpaMu JJI aHAJI3y NOBEPXHEBUX CTaHIB Mexki1 Si-S10;
8CTK Crpykrypu ans pisHYHHX TAa ONTHYHUX pajiallilHUX BUMIPIOBAHb
1 [COVMOK PO, |[Inst momapoBoro CyMilieHHs MapiB: OKCHI-TIONI-S1,
COV NKO KOHTAKTHU-TIOMI-Si, amtoMiHii-momni-Si p-KuImeHs-p -Macka.
2 |PERMISSION  |BusnaueHHS po3aUTBHOIT 3JaTHOCTI MpoOIieCy JiTorpadii murs
8, 10, 14-mapiB
3 INEGREG-1 -9 [Mitku BupiBHIOBaHHS "KBaapaT" 31 30UTbIICHHSIM
1,2,3,4,5,6,7,8,9
4 |[CONTAKTS-1- [KonrtakTHi BikHa Big 2%25 10 0,25%0,25 1i1g BU3HAYEHHS
18 PO3AUTBHOT 31aTHOCTI
5 [PROFILE [HBepTOp M1 BUMIpIOBAaHHS TEXHOJOTTYHOTO MIPOQLIIO
6 |ALTCN-1-5  |[logaTkoBi MiTKH BUMIpIOBaHHS "XpecT-xpect' 3a BiCbMOMa,
JIECSAThMA MapaMu
7 IMEANDR-1,2,3 |Omip noni-Si, p i p -mapis Tumy mMearap a6o (TAN)
8 [LFET p-n'-p -CTPYKTYpa B KUIICHI P-THITY
9 |CAP-411 €MHICTB I BUMIPIOBaHHS KOHIIEHTPAIIHOTO PO LTIo 3a
CV-xapaKkTepuCTUKOIO
10 [ELIPSOMETR- |CtpykTypH 11l BUMIPIOBaHHS ITOKa3HHUKIB 3aJIOMJICHHS
1,2,3 Si0,, Si3Ny4, Si,O,N,
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7. Ilpn xoHcTpytoBanHi TK ciin BpaxoByBaTH YMHHUKH, SKI MOXYTh OyTH
npuunHoto aerpananii TC, 3yMoBIeHOT 30BHIIIHIMY YU BHYTPIIIHIMH BIZTABAMHU.

8. Koncrpykiiss TK moBuHHA OyTH HaJamToBaHa IiJ KOHTPOJIb HA TUIACTHHI
3a JIOMIOMOTOK 0araTOPyHKIIOHAJIBHOTO aBTOMAaTHYHOIO TecTepa Ha KIITaT
AUK-TECT-2.

9. TecToBuil KpucTa HEOOX1THO OPraHI30BYBATU TAKUM YMHOM, 100U Bci TC
MOTJIM OyTH BUMIPSIHI OJHOYACHO O€3 MepeHaalTyBaHHs 30H10B01 royiiBku. Cami
30HAM HE MOBHHHI BHOCUTH MMOXUOKH B PE3yJIbTAaTH BUMIPIOBaHb.

10. TecToBi KpHCTald MOBHHHI MaTH TaKy MOJIYJIbHY CTPYKTYpy, IIoOHM 3a
JIOTIOMOT'OK0  TOTOJIOT14HOi 1H(pOopMarlii, ska MicTuThCa B nam'ati EOM, mokHa
Oyno OuM Jerko CKOMIIOHYBaTH HOBHUU TECTOBUW KPHCTal I MOIEPHI30BaHHIA
TEXHOJIOTITYHUH TTPOIIEC.

11. TC mnoBuHHI OYTHM CKOHCTpYWOBaH1 TaKMM 4YHHOM, I00M 3aiiMaTu
MiHIMaNbHY TUIONLY HA IIACTHHI, a IXHE PO3MILIEHHS — METOJJOM KOHBEPTA.

12. BumiproBaHHsI Ta CTaTHCTUYHE OIPAIIOBAaHHS J[JAaHUX IOBUHHO OyTH
IPOCTUM 1 3AIMCHIOBATHCH Y pEAJbHOMY MacmiTadl 4Yacy 3 HaKOIMHUYCHHSIM
OTPUMAaHUX pe3yJbTaTiB (PO3MOAUI, CEepelHE 3HA4YeHHs MNapaMmeTpa, AHMCIepCis,
neEeKTHICTh 1 BUX1/I MPUAATHUX CTPYKTYP) YIPOJIOBXK 33/IaHOTO TEPMIiHY.

TecroBuii KpucTan MOAYJIBHOTO  THITY
(puc. 11.11) wmictute 8 wmomymie (M1-MS8) 3
OJIHAKOBUM PO3MIIIEHHSM KOHTAaKTHUX IUIOMIA-
JOK JJIl KOHTPOJIIO TEXHOJOIIYHOIO IpoLecy
BUTOTOBJIEHHSI n-kKaHanbHUX MOH-cTpykTyp .
(po3mip kpucrana 5,0x4,65 MM, po3Mip MOTyIIsE
1,1x2,1 mm).

Koxxnuit 3 MoayJniB Mae OKpeme MpHu3Ha-
YEHHS:

M1 — KOHTPOJIb CTPYMIB BTpaT MK MPOBII-

HUMH [IapaMH B TOPU3OHTAJIbHIM IJIOMIMHI Ta
KOHTPOJb TOBEPXHEBOTO OIOPY TPOBIITHUX Puc. 11.11. TecroBuii kpucTan

1apis; JUIS MOJIEIIIOBAHHS N-KaHAJIBHOI
M2 — KoHTpOMs MOBepxHeBoro omopy mpo- MOH-TexHOmOr $opmyBaHHs
BIIHUX IIIUH; ctpyktyp BIC

M3 — Bi3yalnbHHIl Ta EJIEKTPUYHUM KOHT-
pOJIb BIAXHUIJICHHS] TEOMETPUUHUX PO3MIpPIB 1 B3a€EMHOTO 3MIIIEHHS TEXHOJOTTUHUX
napiB y mpotueci ¢potomitorpadiyHuX oneparii;

M4 — xoHTpOJIb eNeKTPOoPIBUIHUX TapaMeTpiB migkiaaakd Ta MOH-Tpan3uc-
TOPIB PI3HOTO THUITY 1 KOH(DIrypariid;

MS5 — KOHTPONB 3apsAAOBOTO CTaHy [ICNIEKTPUKIB 1 MEX PO3AUTY TEXHOIO-
TYHUX IIapiB, KOHTPOJh AS(HEKTHOCTI JTICIeKTPHUYHHUX IIapiB BEIUKOI IUIOINIl Ta
BEJIMKOTO MEPUMETPY;

M6 — KOHTpOIb ACPEKTHOCTI IICNEKTPUYHUX MIapiB Ha pelbedi MUIIXOM
BUMIPIOBaHHS HAIPyT MDK ABOMA MPOBIIHUMU IIapaMy Y BEPTUKAIBHIN TIJIOIIHMHI;

M7 — KOHTPOJb SIKOCTI p-N-MIEPEXO/IIB IIIAXOM BHUMIPIOBaHHA m-(akropa i
IpOOMBHOT HANIPYTH Ha BEJIHKIN IJIONII Ta MEPUMETPi, KOHTPOIb YTBOPEHHS "Oim01
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cMyru" HUIAXOM BUMIpPIOBaHHS MOPOrOBOi HAMPYTH 1 CTPYMIB BTpPAT JIBOX 3'€/HA-
HUX TPAH3UCTOPIB 3 OJJTHAKOBUM CITIBBIZHOMIECHHIM ®/L;

MS8 — KOHTPOIb OMOpy MOTPIMHUX KOHTAKTIB, 3aXOBAaHOTO KOHTAKTY, KOH-
takty Al-poli-Si; Al — audy3siiini mapu, Al-TiN-Si; KOHTPOJIb Yacy >KUTTS HOCIiB
3apsmy 7S OIIHIOBaHHS €()eKTUBHOCTI T€TEPHUX 30H.

TectoBuil KpUCTal MICTUTH 3arajoM 61 TecToBy CTpyKTypy. BiH BuUsBuBCS
nyxe epEKTUBHUM JUIsi KOHTPOJIO Mpoiecy (QOpPMYyBaHHS N-KaHATBHHX CXEM

nam'sti cepii KP132 (PVY6, 8, 9).

Ta6auus 11.6. ITapamerpu TC Ta MeTo U iX BUMIpIOBaHb

Hianazon
No, : )
i [Tapamerpu TC BUMIpIO- | MeToau BUMIPIOBAHB
BaHb
1 2 3 4
Enexrpodiznuni mapamerpu
1 |Onip audysiitaux Ta iMmmiantamiiaux | 1+ 2000 [opu3oHTanbHMUM,
mapis, ps, Om/o Ban-nep-Ilay
2 |KoHI1eHTpaIlis XIMIYHOTO eJIeMEHTa B 10" = Oske-CIeKTPOCKOMIs, BTO-
s N(x), cm™ 10*'  |pHHHA MAaCCIIEKTPOCKOITIs
3 |'mubuHa 3ansaraHHs p-n-TepexoiB, 0,1 = 10 ITomapoBe TpaBJeHHSI,
MKM iMynscH1 BOX, PEM,
map-utig; [Y-crnekrpo-
CKOIis
4 |Kouuenrpauiitanii mpodins merysamms | 10"+  |Omip posrikauus, iM-
Ni(x), em™ 102 |mymbcui BOX, BropunHa
MaCCIIEKTPOCKOMIs
5 |llouaTtkoBuii cTpyM BTpat 0,01 + 0,1 BAX
P-N-NIEPEXOAY igp, MKA
6 |CtpyM BTpaT npu 3a/aHiil Hanpys3i 0,001 + |BAX
3MIIICHHS 15, MKA 0,1
7 |06'emna 1 moBepxHeBa ckiaanoBi ctpymy| 0,001 + BAX
BTPAT 1o, Ign, MKA 0,1
8 |[Hampyra npo6oro p-n-nepexoay Uy, B | 30 =200 BAX
9 |IloyaTkoBa MUTOMA EMHICTH 0,1 +3 B®X
p-n-riepexozy Cpn(0), md/mMrm’
10 |IluHamMigyHU omip p-n-epexomy 1,0+20 BAX
r;, KOM
11 |Omip mrapy mosi-Si psink, OM/O 10 + 50 Yorupuzonnosuii, BJIIT
12 [[IuTomMa €EMHICTH TOHKOTO OKCUIY (1-4)-10° IBOX
C(), D/ CM2
13 |ToBmumHa TOHKOTO OKCHAy d, HM 10 + 1000 |[BOX, exincomerpis
14 |Hanpyra npo6oto Tonkoro okcuny Uy, | 40 +200 [BAX
B

294




[Tponosxenns Tabmuii 11.6.

1 2 3 4

15 ['yctuna nogatkoBoro ctpymy toukoro |10+ 10 BAX
OKCHJY Iz, MKA/cm>

16 |ITorenmian maockux 30H Si-Si0, Ugg, B| 0,1 +5 BOX

17 |[IpuBeeHa rycTuHa BMOHTOBAaHOT'O 10° = 10" Immynbenai BOX,
3apsay B S10,,Ny, cm” nuHamiual BAX

18 |[EHepreTHyHuil CEKTP NOBEPXHEBUX 10"+ |KBasicrarmumi BOX
ctauiB Ha Mexi Si-Si0,, Ny (E), cm™eB”! 10"

19 |IIBuzkicTs moBepxHeBoi pekombinamii | 10° + 10° [ImmynscHi BOX
S, cm/c

20 |PyxomicTh HOCIiB B kKaHaii My(p), 50 + 1000 |[Edekt Xomia
cM’/Be

21 |[luToma eMHICTH MIXKIIIAPOBOTO (0,5 = 1)x BOX
nienexktpuka Co,, ®/cm? x10®

22 |Omnip mapy meramizamii py,, OM/O 0,01 =+ 10 |Pe3uctuBHI MeTOIN

23 |[IepexinHuii onip KOHTaKTy, Ry, Om 1 +100 |BAX

24 |[Toporosa Hanpyra aktusaoro MOH- 0,2+5 [BAX, Imnynscui BOX
Tpan3ucropa U,, B

25 |lloyaTkoBUM CTPYM TpaH3UCTOpA 0,01 =1 BAX
(BUTIK-CTIK) 179, MKA

26 |Hampyra BijicikaHHSI TPAaH3UCTOPA 3 0,1 = 1] BAX
BMOHTOBAaHUM KaHAIOM Uy, B

27 |lluToma KpyTH3Ha TpaH3UCTOpa 3, 5+50 BAX
MKA/B?

28 |Hanpyra 3MuKkaHHS TpaH3UCTOpPa 10 +100 BAX
U, B

29 |TyHesnbHMI CTPYM TOHKOT'O OKCHY 0,001 - BAX
1;, MKA 0,1

30 |[IoporoBa Hanpyra napasutaoro MOH- >10 |BAX
tpansucropa Uy, B

['eomeTpuyHi napameTpu
31 |[llupuna mpoBinHoi mMHU W, MKM 1 +10 (Bizyaneuuii PEM,
BUMIpIOBAaHHS ONOPY IIHH

32 |BigxwmienHs Bix po3mipy AW, MKM 0,01 =1 MonmudikoBanuii B/II1

33 |BennuuHa 614HOT po3roHkH nudy3ii 0,01 + 0,5|PEM, moaudikoBanuii
dnt+(pt) B/I1

34 |BennmumHa B3aeMHoro 3MmimeHHs mapis |0,1 + 0,25 |PEM, moaudikoBaHuii
npu GortomiTorpadii no x i mo y B/II pe3suctuBHui

35 |Bixzcranp MK CyCiAHIMU IUTIAMU /, 1+5 |PEM, Bi3yanbuuii
MKM

36 |Hosxuna kanamy MOH-tpansucropa (0,01 + 100|PEM, monudikoBanuii
L., MKM 0,1 =50 BIII
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ITponorxenus tadmuti 11.6.

1 2 3 4
37 |ToBuirHa mapy t, MKM : Enincomerpis,
HAIBIPOBITHIKOBOTO 0,1 +20 |inTepdepomerpisi, Dyp’e-
METaJIeBOTO 0,01 + 1,5 |cHeKTpOMETpis
JEIEKTPUIHOTO 0,001 ~2
38 |TedextHicTs mapy, cm™ 0,05 =5 |dudpaxkromeTpis
39 [Po3mip 3epHa, HM 10 = 1000 |PEM
40 |BucoTta cXOIMHOK, CIIeHcepiB, MKM 0,01 = 1,5 |IaTepdhepomerpis
CTpyKTypHI apaMeTpu
41 'yctuna nmeBHoro tumy aedekris micisa | > 0,01 |BizyanbHi, aBTOMAaTH-
dotomitorpadii Ngy, cm™ 30BaHUM aHAI3aTOP
300pasKeHHS
42 |KinbKicTh pOo3pHUBIB MPOBIIHUX IIKMH Ha >1 BumiproBanHs onopy
cxouHKax perabedy, Kposp IMH
43 I'yctuna npokodiB B Si0; Ny, cM” >10 |BumiproBaHHS MmoYat-
KOBOi npoBitHOCTI S10;
44 |ImoBIpHICTB NOABH I€(HEKTHOTO >10 |BumiproBanHs onopy
KOHTAaKTy KOHTaKTHHX JIJAHOK
45 |[Iporun Si-m1acTuH, MKM 1 +5 |Bi3yanbHuii,
iHTEppEepoMeTpist
46 |BigxuneHHs BiJl IJIOMUHHOCTI, MKM +10  |latepdepomerpis
47 |[lucnokartii, KJiacTepu, NpeluIiTaTu <10 |TpaBnenns ta PEM
48 IMoHO- a00 MOIIKPUCTATIYHICTD - PentrenocTpykTypHHiA
aHai3
49 | Xin10K0yTBOPEHHS B MeTaji3alii <0,2 |PeHTIeHOCTPYKTYpHUN
aHasi3
50 |ATOMapHO YMCTa MOBEPXHS <10 ™M |Oxe-crieKTpoMeTpis

Takum 4uHOM, 3aBJaHHS KOHCTPYIOBAHHS TECTOBOIO KPHCTAJIa B 3arajibHHUX
pucax O3Hauae ONTUMI3allil0 BUOOPY HOMEHKIATypu Ta uucia iHpopmaniiaux TC,
AK1 JO3BOJISIIOTH 32 Pe3yNbTaTaMi BUMIPIOBaHb €IEKTPOQI3HIHUX, T€OMETPUIHHX,
CTPYKTYpPHHX TapameTpiB ((YyHKIIOHATbHUX MAPiB 1 €JIEMEHTIB) 3/1HCHIOBATH
KUTbKICHY OLIHKY piBHS Bcix TO BuOpaHoro mapuipyty ¢GhopMyBaHHS CTPYKTYpP
BIC. B Tab6n. 11.6 mnomano enekrpodi3udHi, TeoMeTpHYHI Ta CTPYKTYpHI
napametpu TC, a TaKOXK METOJIN iX BUMIPIOBAHb.

[IpaktuuyHi BuMiptoBaHHs mnapameTpiB TC 3aiiCHIOIOTH 32 JONOMOTIOIO
CIIEIlAJIbHUX KOHTAKTHUX CTOJIMKIB, SIKl JJAI0Th MOKJIMBICTH SIKICHOI'O MEXaHI4HOTO
KOHTAaKTy 10 BUBIZHUX miomagok TC 3 BHCOKOIO TOYHICTIO MO3ULIOHYBAaHHS
Oe3nocepe/lHbO Ha TUIACTHHI KpeMHil0. TakuM YMHOM, MOYXKHA 3/1MCHIOBATH SIK
KIHIEBUH, TaK 1 NPOMDKHHM KOHTPOJh Ha TIEBHHX €Tamax TEeXHOJIOT1YHOTO
o0po0OsieHHss actuH. [Ins 3a0e3meueHHs TeMIEpaTypHUX BHUMIPIOBaHb CTOJUK

296



PO3MIIIYIOTh Y TEPMOCTaTl, 1€ TaKOXK
MICTUTBCSI  KOHTPOJIbOBAaHWUN  HarpiBHUU
eleMeHT (I1iYKa) Ta CUCTEMA OXOJIOKCHHS
naporo aszory. Ha pwuc. 11.12 nokazano
ONIMH 13 BapiaHTIB KOHCTPYKLIi TepMocTa-
TOBAHOT'O CTOJIUKA, PO3POOJIEHOTO B HAYKO-
BO-JIOCHI/IHIM J1abopatopli MinpUeEMCTBA
"Pomon", M. IBaHO-®DpaHKIBCBK,  SAKHI
3abe3nedye  Alama3oH  KOHTPOJIBOBAHHUX
temmneparyp Big 77 po 473 K. Lle# ctomuk
TaKOX MO’KHa BUKOPHCTOBYBATH IS €IEK-
Tpodisuunoro miarHocrysanns namiiirocti PHC. 11.12. TepmocTaToBanuii cTo-
cyomikponnux ctpykryp BIC 3a edpexramu UK U1 KOHTPOJIIO TECTOBUX CTPYK-
HETIHIMHOCTI IXHIX XapaKTePUCTHK. Typ B AiamasoHi 77 473 K

11.4. EnextpodizuuHe JiarHOCTYBaHHSI HAAIMHOCTI CYOMIKpOHHHX
cTpykryp BIC 3a epekTaMu HeJIHIMHOCTI IXHIX XapaKTePUCTHK

Cy4acHUil CTaH PO3BUTKY CBITOBOI €IIEKTPOHHOI MPOMHCIOBOCTI XapaKTepH-
3y€TbCsSl HEMEPEPBHUM 3POCTAaHHSAM BHUMOT I0JI0 HAIIHHOCTI BUPOOIB TBEPAOTLION
€JIEKTPOHIKH, MIKPOEJIEKTPOHIKH Ta OMNTOEJIEKTPOHIKU. JJI1 OnTUMaabHOIO
BUPIIICHHS I[LOTO 3aBJIaHHA HEOOXiMHE TIHOOKE PO3yMiHHS (I3UKU SIBUII, SKI
Mpu3BOSATH /10 BimMoB BIC Ta 3HMXkeHHS iXHbOI HaAIHHOCT. DIBUYHUN MIAX1T 710
MIABUIEHHS HATIHHOCTI MHCKPETHHX Ta IHTEIPAJbHUX HAIiBIPOBITHUKOBHX
npwianiB chopmyBaBcs me B 1970-1980 pokax. Ha ceoroguimHboMy erari
HEOOX1THO HaIpalloBaTH TakKWil MAXig 1 10 cyomikpoHHHX cTpykTyp BIC, mo €
MPeIMETOM LIOTO PO3ALTY.

Enexrpodiznuni MeToau AiarHOCTyBaHHS CyOMiKpoHHUX cTpykTyp BIC 3a
IHTEIPAIbHUMHU  €(EeKTaMH HEIIHIHHOCTI, SK1 BIANOBIAAIOTH (QPYHKIIOHAIBHUM
XapaKTEePUCTHKaM BUPOOIB, TO3BOJSIOTh HE TUIBKU OIIHIOBATH TEXHIYHUN CTaH
00'eKTIB JiarHOCTYBaHHS, ajJieé ¥ IPOTHO3yBaTH IXHIO HAJIMHICTH II€ Ha eTaIrl
dbopMyBaHHS TakuWX CTPYKTyp. Taki METOJM MOXHA BHUKOPHUCTOBYBATH SIK IS
aTeCTaIiiHOTO, MPUIUMAIBPHOTO KOHTPOJIIO Ha BHUPOOHMITBI, TaK 1 JJIS BXITHOTO
koHTpoito BIC nepen iXHIM BUKOPUCTAHHSIM Y CXEMOTEXHIYHUX PO3pPOOKaX.

Enextpodizuuni MeTonu 0a3yrOThCs HA TOMY, IO CTaH CTPYKTYpH KpHCTaja
BIC BigoOpaxkaroTh 0COOIMBOCTI PI3HOMAHITHUX XapaKTEPUCTHUK, K1 PEECTPYIOTh
Ha 3oBHImHIX BuBogax BIC. Jlo Hux Hanexarb BonbT-amnepHi (BAX), BosbT-
kynouHi (BKX), Bonbr-papanni (BOX) ta ammep-sebepni (ABOX) xapakrepuc-
TUKH, K1 OMUCYIOTh BIACTUBOCTI €JIEKTPOINPOBITHOCTI, MOISIPU30BAHOCTI YA HaMa-
THIYYBaHOCTI (i3MYHOTO cepenoBuia. OyHKIIOHAIBHI OCOOIUBOCTI EPEMIIICHHS
PYXOMHX HOCIIB 3apsy 4Yd Tepe3apsKaHHS 3B'SI3aHUX 3apsaiB y Gi3HUHOMY
cepenoBuili ctpykrypu BIC 3a pi3HUX pIBHIB iXHBOI €HEPreTHYHOI aKTHBAIIl Ta
YMOB pOOOTH, XapaKTEPU3YIOThCA 1HAWBIIYaJTbHUMH TMapaMeTpaMHu HEJIIHIMHOCTI
TaKUX XapaKTEPHUCTHUK.

Konkpertniit ctpyktypi BIC Binnosinae nesikuii 00'eM TpUBUMIPHOTO (DYHK-
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IOHAJIBHOTO TPOCTOPY, Ji€ KOXHA KOOpAMHATa TPOCTOPY € BIAINOBIIHUM
¢dynakmionanoMm neskoi xapaktepuctukun: BAX — @([I(U)], BKX — @,[Q(U)],
AB6X — ®5;[¥(I)]. BunukHeHHST meBHUX Je(eKTiB y (I3UYHOMY CEpeIOBHUIII
ctpyktypu BIC mpu3BoiuTh 10 3MiHH KOOPAUHAT CTaHY 00'€KTa JIIarHOCTYBaHHS B
IbOMY 00'€Mi, B TOMY YHCJi 3 MOXJIMBUM BHXOJOM 3a MOTO MEXIi (BHXOIOM 3
nany). Pi3HEMM 3a xapakTepoM JedekTam BIJINOBIIAIOTh KOHKPETHI BU3HAYCHI
TUISTHKY QYHKITIOHATBHOTO 00'eMy cTpykTypu BIC.

Jns  peamizamii  enexkTpodizmUHOTO  AiarHOCTYBaHHS  CTpykTypu BIC
HEOOX1JIHO BUPIMIUTH YOTUPH OCHOBHI 3aBIaHHS:

1) Bubpatu Taki ¢pynkuionamu @,[I(U)], O,[Q(U)], Os[¥Y(1)] mnns cTpykTyp
BIC konkpeTHOoro BuAY, B TIPOCTOpi SKUX 3a0e3MedyyeTbcsi MaKCUMajbHa
PO3/IbHA 3/1aTHICTh (I3UYHUX CTaHIB 00'€KTA JIaTHOCTYBAHHSI, SIKA 3aJICKUTH BI]
fioro (¢izuko-rexHoyoriuHoi aedektocti. Came Ha BOMY €Tarmi 3aKIagacThCs
CTYHIHb TOCTOBIPHOCTI MPOIECY AIarHOCTYBaHHS.

2) BuzHaunTu mEpBHHHY MiarHOCTHYHY iH(OpMAIio moa0 00'€eKTa AiarHo-
CTYBaHHS, HA OCHOBI SIKO1T MOKHa BHU3HAYUTU KOOPJIWHATH CTaHy IILOr0 00'€KTa y
BUOpaHOMY (DYHKII1IOHAJTLHOMY IIPOCTOPI.

3) Buznaunutu mOTOYHI KOOpAMHATH CTaHy OO'€eKTa IarHOCTYBaHHS B
npocTopi (YHKIIIOHAJIBHUX XapaKTEPUCTHUK 1 MPUUHATH PIIICHHS MHIOJ0 CTaHy
niarnoctyBaHHS cTpyKTyp BIC 3 BUKOpUCTaHHIM NIarHOCTHYHUX MOZEIIEH.

4) Po3poOuTH TECTOBI CTPYKTYpH, 32 JOMOMOTOI0 SIKUX MOXHA MOJEIIOBATU
00'€eKTH 1arHOCTYBaHHS Ha OCHOBI BCTAHOBJICHWX (DYHKIIIOHANIB, BU3SHAUUTH iXHI
METPOJIOTIYHI XapaKTEPUCTHKKA Ta PO3POOUTH BIAMOBIIHE MpOTrpaMHe 3a0e3-
neuyeHHs [1K.

Knacudikamito mMeroxiB nmiarHoctyBaHHs cTpykTyp BIC 3a iHTerpansanmu
ehexkTaMu HENTIHIHHOCTI, 3aJeKHO BIJ CIMOCO0Y OTpHUMaHHS IEPBUHHOI JiarHo-
cTU4HOI 1H(popmartii, femoHcTpye puc. 11.13.

3rinHo 3 pwuc. 11.13, g0 1nUX METOAIB HaJlEeKaTh BOJILT-aMIIEPOMETPIs
(MBAM), ananoroBe 1 uudpose naudepenuitoBanHs BAX, nguHamiuHi Ta
IMITyJIbCHO-MOAY/IbOBaHI BAX, muaamiuni Ta cratuudi B®X, audepeniiiina
npoBigHicte (M/IIp), Bumi rapmoniku (MBP), npyra Tta TpeTs TapMOHIKH
MpI') 1 MTpIl'), nynvosi ourta (MHB); piznunieBa yvactora (MPY).

Koxen 3 meroniB gociipkeHHS (DIKCye 3 pI3HUM CTYNEHEM JOCTOBIPHOCTI
NesSKy 4YacTHHY 1HQopMallil I0A0 MapaMeTpiB HENIHIMHOCTI (DYHKI[IOHAJbHUX
xapakTepuctuk cTpyktyp BIC. [Ipu mpomy pe3ynbTaT BHUMIpIOBaHb TECTOBUX
CTPYKTYp MOXYTh OyTH MOJIaH1 y BUTJISAI:

— BIIMOBIAHUX TOXIHUX OCHOBHHUX (YHKI[IOHATBHUX XapaKTePUCTHUK IS
PI3HMX 3HAYEHb aPTYMEHTY B MEKaxX MOXJIMBOI H10T0 3MiHH;

— MHOXKMHM TOYKOBHUX 3Hau€Hb (PYHKIIOHAIBHUX XapaKTEPUCTHK, K1
BIZIMIHHI Bi/I €TAJIOHHUX HENEPEPBHUX IrpadikiB UM Jiarpam;

— mapaMeTpiB OCHOBHMX Ta BUIIUX FAPMOHIK, K1 BIJ0OpaXaroTh HEJIHIMHICTh
BIAMOBIAHOT PYHKI[IOHATBHOT XapaKTEPUCTUKH.

Binomo, mo iHpopMaTUBHICTE enekTpodizuyHoi xapakTepuctuku D(x)
MOKHA 3HAYHO MIJBHUIMUTH JOCIIHKEHHSAM IEpINoi, Ipyroi Ta BUIIMX MOXITHHUX
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MeTtoau 11arHOCTYBaHHS CTPYKTYp
BIC 3a inTerpansHuMu eexramu

HEJIHIAHOCTI

v

Meronu 3 BUKOPUCTAHHSAM
HENEePiOIUIHOTO TECT-CUTHAITY

y

MeTtoau 3 BUKOPUCTAaHHAM
MePiOANIHOTO TECT-CUTHATY

Y

y

y

BuinenHs Ta onpartoBaHHsI
CUTHAJTY-BIJIKITUKY B
4aCTOTHIN o0macTi (®)

Bupinenns Ta onpamtoBaHHsI
CUTHATY-BIIKJIUKY B
4acoBiit o0macrTi (t)

BupinenHs Ta onpamtoBaHHs
CUTHAJY-BIJKJIUKY B
napaMeTpuyHiii o6macTi

l

Y

l

[Tomirapmo- | |bararorapmo-| [Monorapmo-| [I33actocyBannsm| |be3 3actocyBanus
HIYHUH TecT-| | HiYHU# TecT- | |HiuHUU TecT-| |mudposoro nude-| |mudposoro mude-
CHUTHAJ CHUTHAJ CHUTHAJ PEHILIIOBaHHS PEHIIIOBaHHS

OniHIOBaHHS OuiHIOBaHHS OniHIOBaHHS -

napameTpiB napameTpiB napameTpiB Tecrosi | IIporpamue
OCHOBHHX BUIIUX KOMOIHOBaHUX CTpyKTYypH | 3a0e3mneueHHs
rapMOHIK rapMOHIK rapMOHIK

| | ]

Puc. 11.13. Knacudikaiiis METOIIB €IeKTPO(PI3HIHOTO AIarHOCTYBAaHHS CTPYKTYP
BIC 3a inTerpasibHUMH eeKTaMu HEeTIHIHHOCTI

dyHkuii O(x): O'(x), D"(x), ..., ®™(x). Hampukiazm, K0 B p-N-Mepexoi mepesa-
KAIOTh TeHEepaIiiHO-peKOMOIHAIIIHI TMPOIecH, TO IXHIO KUIBKICHY Xapakrte-
PUCTUKY BH3Ha4a€ m-(akTop, Bl SKOTO 3aJICKHUTh HEIHIMHICTH MPSIMOiI TUIKH
BAX p-n-nepexony. 3MiHa 3apsioBOro CTaHy Ha Mexl CTpykKTypu Si-SiO;
OpU3BOJIUTH A0 3MIMIEHHA (3CyBY) BOJBT-(QapagHOi XapakTepUCTUKKA Ta il
HeniHiiHOCTI. Taki HemiHIMHI 3MIHHM, B TOMY YHCII JWHaMI4Hi, €()EeKTUBHO
JOCTIKYIOTh 3 JTOMOMOTOI0 TTOXITHHX.

3a3HaueHl MOXiAHI B IEBHIH Mipl € CaMOCTIMHUMHU XapaKTEPUCTUKaAMHU 3i
CBOIMH OCOOJIMBOCTSIMHU Ta JlarHOCTHYHHUMH oO3HakaMu. OpHak He BCl MOXIIHI
OJIHAKOBO 1H(GOpPMATHBHI, a HAaWBUIIY JIarHOCTHYHY iH(POPMATHUBHICTH MOXYTh
MaTH JMIle JOeskli 3 HuX. BuOip 13 3arajgpHOro 4Mciia MOXITHUX HAHOUIBII
1HGOPMATUBHUX Ta BHU3HAYEHHS JOMYCTUMHMX MEX JIHU(EpeHIIFOBaHHS BHUXIJHOT
xapakTepucTuku O(x) € OgHUM 3 HAWBaKIMBIMINX 3aBIaHb €IEKTPOQIZHIHOTO
JIIarHOCTYBaHHS 3a HEJIHIMHOCTAMU XapaKTepUCTHKHA D(x).

Sk cBiIUMTH JOCBiA, METON TMOXimHMX (mudepeHIinHuA MeTom) Oyxae
HAaWOUIBII PEe3ybTATUBHUM, SIKIIO HOrO0 3aCTOCOBYBATH 1O OKPEMHX IUISTHOK
eNeKTPO(I3NYHUX XapaKTEPUCTHUK, IO BiIOOPaXKarTh PI3KYy 3MIHY MEXaHi3My
¢yukmionyBanas cTpyktyp BIC um BigmoBimHux iM TecToBUX CTpYyKTyp. Taki
JTUISTHKA XapaKTEPUCTHK 3a3BUYail MaloTh JIOKalIbHUM Xapaktep. [lpuknagom
MOXXYTh OyTH JUISHKH MEPEMHUKAHHS €JICKTPOHHOTO KJIH0Ya, IMEePeXoly Mpuiaay B
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Judy3iitanii JluckperHnii

h(x)
X
»
11eabHUi 11eabHUi A
po3moaLI e, po3mOaLT
\
H(x) = [h(x)dx H(x) = [h(x)dx
X X
» »

Puc. 11.14. Oynkuis posnoxnury h(x), ska mae audysiHmii (a) Ta
aucnepcHuit (0) xapakrep

CTaH HACHYEHHS CTPYMY, PO3BUTOK JIABUMHHOTO UM TYHEJIHHOTO MPOOO0I0, 3MiHA
ctany Mexi po3aury Si-Si0, Bix 30aradeHHs 10 301JHEHHS YM HaBiTh 1HBepcii. B
IPOMY BHUIAAKY TNOXIOHI €JeKTpO(QI3UYHOI XapaKTEpUCTUKU B1AOOpakaroTh
CTPYKTYpY MEpexigHOi IUITHKH XapaKTEePUCTHKH, SKYy MOXKHA PO3ITIIANATH SIK
OeaKuid  po3nonain ¢Gi3uyHOi (eMeKTPUYHOI) BEIWYMHM, HAMpPUKIaA: PO3MOILT
TYCTUHU CTPYMY 3a Hampyrorw NepeMHUKaHHs KJo4a, PO3MOJLUT IUIONII eMiTepa 3a
3HAYEHHSIM TYCTHHH CTPYMY HACHYEHHS, PO3MOIUI TIUIONII pP-N-TIEpexoay 3a
3HAYEHHSAM Hamnpyru npoOoo TOIIO.

Heszanexno Bim (i3muHOi mpupoay, 3a3HA4Y€HI PO3MOAUTM MAlOTh y3araib-
HEHUM MaTEeMaTHYHHUI OMHUC Yy BUTIIAA1 GyHKIIT po3noairy h(x), sk 11e mokazaHo Ha
puc. 11.14. B tepminax paaioi3uku BUMAAKOBI (CTaTUCTUYH1) MPOLECH MOXKYTh
MaTH po3MuTHil nudy3iiauii (puc. 11.14, a) abo AUCKpeTHUI XapakTep 3 OKPEeMO
BUpakeHuMH Tikamu (puc. 11.14, 6). Kpusi, 300pakeHi ITPUXOBOIO JIHIEIO, Bij-
NOBIIAIOTh TEOPETUYHUM (17I€aIbHUM) MOJEISM PO3MOoALTY (I3MYHOI BETUYUHHU.
[lopiBHIOIOUM peaJbHYy MOJENb 3 1€aJbHOI0, MOXKHA 3POOWTH BUCHOBKH IIOJIO
HeleaabHOCTI BUOpaHO1 (PI3UIHOT MOJIETI.

OcobnuBicTio pyHKIIT po3moairy h(x) € Te, mo iHTEerpan Bix Hei € QyHKIiEo
BMuKaHHs (ctpubOka) H(x). Uum Byxkuuit posmoain h(x), tum dynkmis H(x) crae
Ommk4doro 0 oauHMuHOi (QyHKIT XeBicaia, sKa BIANOBIJAE 11€aTbBHOMY
BMUKaHHIO (CTpHOKY).
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A ©"(x)

A (Dm(x)

a)

Puc. 11.15. [Tomyk iHGOpMaTUBHOI MOXIAHOI y BHMMAAKY JiHIMHOI (a) Ta
KBagpaTu4Hoi (0) BUXimHOI XapakTepucTuku O(x). Y mepmomy BUNAIKY
dynkiiero posnoairy h(x) € @"(x), y npyromy — @"'(x)

CxiatHOCTI TONIYKY 1H(QOPMATUBHOI MOXIAHOI TMOB'SI3aHiI 3 TUM, IO 3a3/1a-
JIET1Ib HEBIZIOMO, TTOX1THA SIKOTO MOPSIAKY MOKE JaTH MaKCHUMaJIbHYy 1HGOpMAIIIo.
Ha puc. 11.15 ¢ynkmis ®(x) momana y ABOX BapiaHTaX, OJM3BKUX A0 (DYHKIIT
eNneKTpo(i3MYHOTO J1IaTHOCTYBAaHHS: KYCKOBO-JIiHIMHA (a) Ta HemiHilHa (0). Sk
MOXHa IM00AYUTH 13 TomaHuX TpadikiB, BUOIp 1HGOPMATHUBHOI MOXITHOI IS
MPAKTUYHOTO aHAJI3y JIaJleko HEOJHO3HAUYHHUH 1 3aJIe)KUTh BiJl BUXITHOI (YHKIIIT
®(x). B mpomy npukinaai Takuit BUOip MOpSAKY MOXinHOT QyHKIIT Oyn0 oTpuMaHo
aHaJIITUYHO, TOOTO y BUMNAaAKY (a) maemo ®"(x), a s (6) — @"'(x). O1xe, oueBU -
HO BHHUKAE 3alIUTAHHS: B KWW CMOCIO CIiJ 3A1MCHIOBATH Takuil BUOIp 1 IO CIiA
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BBa)KAaTH KPUTEPIEM HA KOPUCTh TOTO UM 1HIIOr0 BUOopy? KpiM TOro, sKum 4MHOM
MO’KHA BHPIIINTH TMOCTaBlicHEe 3aBHaHHA 3a gomomoror [IK 3 BukopuctanusIM
CrieriaTbHUX Mporpam, Hanpukiaa, Mathlab?

[locTaBnene 3aBgaHHs OyJeMO BHpIIIyBaTH Y 3BOPOTHOMY mopsiaky. Hexai
dymxuis ®™(x) € Ta Buma iHpopMaTHBHA MOXixHa, fKa Aa€ po3moain h(x) B oo
TOUKH Xo, T06T0 ®™(x)=¢&h(x - X¢), e € — HOPMOBAaHA AMILTITY/a PO3IOLLTY
h(x - xp). IlociimoBHO iHTETpyrOUM 110 (YHKIIO n pa3iB Ta BPaxXOBYIOUH, IO
H(x - xo) = [ h(x - xo)'dx, oTpumyemo mepeumHy OyHkumiio ®(x), fKa OMHCYE
eNEKTPO(DI3UIHY XapPAKTEPUCTHKY:

CD(n_l)(X)=an_1 +8'jh(x—x0)‘dxzan—l +8-H(X—X0),

CD(x):aO+a1(x-x0)+%a2(x—x0)2+... (11.1)

..+L[an_1 +e-H(x-x9)]- (x-x0) " +Rg - hy(x-xg).
(n—-1)!
TakuM 4MHOM OTPHUMYEMO, IO 3arajlibHUi BUTJISAA ciMeiicTBa PyHKIiH D(x), sKi
ATk po3moAll h(x - xg) B HMOXIAHIM N-TO TOPSJAKY, BUPAXKAETHCS IOJTIHOMOM
(n - 1) crenens Ta 3anumkoM Ry-h;(x - xo).

Oco6nMBICTIO IBOTO TOJIIHOMY (YHKII € Te, IO BiH MICTHTh (YHKIIIIO
BMuKaHHs H(x - Xo) B koedirienTi mpu (x - xo)™". L1 GYHKIis BU3HAYAE LIBUAKICTD
3MiHH, a B TOWIli X = X( — CTPHOOK KoedirienTa mpy wieHi (x - xo)""'. Bemndmua
cTpuOKa JIOPIBHIOE €, @ KOSIIIEHT 3MIHIOETHCS BiJT a1 0 a1 + €.

3anuinkoBuii wieH Ry BU3HauaeThes, K

n-1

R, :—%ﬁjd&izl...jgn‘lh-d@ (11.2)

Moro BeInuMHY MOKHA OLIHUTH, SKIIO B3STH 3HAYeHHs (yHKUii posmoniny h B
IHTEpBaJIl G, 10 JIOPIBHIOE CEPEHROMY 3HAYEHHIO hy, TOOTO 3BECTH PO3MOJILI /10
npsiMokyTHOTO. Tomi
hgom—1) o
o c .
3a ymoBu hy'c =const mMoXHa BBaKaTH, LIO0 IUIOIIA PO3MOALTY cTama, a 3i
3MEHIICHHSIM IIMPUHU G BEJIMYMHA Ry 3MEHITyBaTMMEThCs, HAOIMKAIOUUCH [0
HYJISI, OCKUIBKU o™ Takox npsmye 110 Hyqs. Lle o3Havae, 1110 BHECOK 3ainuilKy Ry
TUM MEHIIWH, YAM OUIBII JIOKAJII30BaHUM € PO3MOJAUT 1 YAM BUIIMKA MOPSIOK
noximHoi (n).
Binnosinuo g0 (11.1), y Bunagky n = 1 orpumaemo cimeictBo GyHKIiin D(x),
IUTA IKUX IIyKaHU| po3moain h(x - xg) MICTUTBCS yKe B MEPIIii MOXiTHIHN.
D(x)=agy +¢-H(x—xp), n=1,

IRy =€ (11.3)

®'(x) =L H(x —xy) = h(x — xo). (11.4)
dx

Tyt came ®(x) — MHOXMHA QYHKIIIH, 5K OJM3bKI 10 QyHKIIIT BMUKaHHS (CTprOKa)
KOHCTaHTH 4, (puc. 11.16, a). [lapameTpamu i€l MHOXKHUHH € a 1 €.
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Puc. 11.16. Muoxunu ¢pyHnkuii O(x),
Uil ikuX po3moait h(x - x¢) crocrte-
piraeThcs B mepiiii (a), apyrii (6) Ta
TpeTiH (B) MOX1THUX

X0

VY Bumanky n =2, 3rigdo 3 (11.1), orpumaemo MHOXUHY QyHKIIH D(X), A4
SKUX po3moail h(x - xg) cmocTepiraerbcst B Apyrid moximuik (puc. 11.16, 6). Tyt
byuxkuia O(x) Mae BUJ TaMaHOT B OKOJI1 TOUKH X.

SIxmo n = 3, ToO OTpUMAEMO BXKEe MHOKUHY QYHKIIH D(x), A7 AKUX PO3MOALT
h(x - xo) cnocrepiraerbest B Tperid noxigHid. Toxi dyHkmiss D(x) sBiuse coboro
MHOXXHMHY (QYHKI[1-XapaKTepUCTHUK 3 JIJAMAHOKO KBaJIPATUYHOIO CKJIa/I0BOIO B OKOJI1
TOYKH X (puc. 11.16, B).

AHamoriydo 11 n=4 cimelictBo D(x) € crenmeHEBUMH (QYHKIISIMHA 3
JaMaHUMH KyOIYHHMH CKJIQJIOBUMH, JUIS SKHX PO3MOIUT TPOSIBISIETHCS BXKE B
4ETBEPTIi MOXIIHIMH.

31 30umpImeHHsIM n MHOXHHA (PyHKIIH D(x) Moke OyTH 3HAYHO PO3IIHPEHA
nonaBaHHsM 110 D(x) perynspHoro moJiiHoma f(x) 3 HECKIHYEHHOI KUIBKICTHO
yneHiB — psagom Teimopa. Ilpu mpomy posmomin h(x - xg) Oyme Bu3HAYATHCH
MOXIJTHOI0 N-TO MOPSJAKY 1 CHOCTEPIraTUCh HA TJII MOHOTOHHOI 3MIHM TOXITHOT
f"(x). Orxe, npueananns 10 GyHKuii O(xX) PEryIAPHOTO MOTIHOMA 31 CTATHME
KoedillieHTaMH HE TMOPYIIye NPHHLIUITY BUAUIEHHS po3nomury h(x - x¢). Tomi
¢dopmyny (11.1) MmoxkHa IOATH Y B KIHIIEBOMY BHIJISI/II TaK:
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D(x)=ag + al(x-x0)+%a2(x—x0)2 +...
(x-xo)n'l[ (11.5)
(n—-1)!

B miit ¢popmyni MoKHa BUAUTMTH HETIHIMHOCTI IBOX pi3HMX BHAIB. OnHa 3
HUX — peryJjsipHa, BJIACTUBA CTEIIEHEBOMY psy 31 CTATMMU Koe(dillleHTaMH, sKa
NpOSBISIETECA Yy Beiil obmacTi 3amannsa ¢yHkuii @(x). pyra — nmokanpHa, sKa
MPOSIBIAETHCS Y BUTIIAMI cTpuOka H(x - x¢) B OKOJI1 TOUKH X.

Komn'totepHuii aHani3 Takux QyHKUIA J03BoJise ©€3 3HAYHUX 3YCUIIb
BIZIIIYKOBYBATH MOPSAIOK TOXIIHOI, SKa BH3HAYA€ PO3MOALUI, a BUKOPUCTAHHS
TECTOBUX CTPYKTYp 3a0e3reuye MOJAETIOBAHHSA 3 BHCOKOIO TOYHICTIO HNPAaKTHYHO
BCiX (i3muyHuX edekriB B eneMeHtax ctpykTyp BIC. [lpu npomy mo0 HaiOumbin
iHpopMaTUBHUX (I3MYHMX TapaMeTpiB HaleX)aTb: mM-(aKTop p-n-Mepexony,
MOporoBa Hampyra Ta ii TemIepaTypHa CTaOUIbHICTh, HAAIMOPOTOBI Ta TYHEIbHI
CTPYMH, Hampyra 3MILIEHHS HYJISI TU(EepeHIIMHOro MiJCUI0BayYa, TEIUIOBUM OMIp
€JIEMEHTa CTPYKTYPH, Yac JKUTTS 1 pyXJIUBICTh HOCIIB 3apsy.

Takum unHoM, cTpykTypu BIC MOXHA epeKTUBHO A1arHOCTYBaTH MIISXOM
JIOCIIIJKEHHST HENTHIMHOCT1 3aJIe)KHOCTI IXHIX MapaMeTpiB (XapaKTEpPHUCTHK), MPU
IILOMY MOJEIIOI0Y0I0 (DYHKIIIEI0 MapaMeTpa JOMUTbEHO BUOMPATH CTEIICHEBUH Pl
Tetinopa, koedillieHTH SKOT0 MOKHA PO3TJIANATH SIK MOKa3HUKH HajiiHocTi. Ha
OCHOB1 OTPMMAaHHMX B TaKWi CIOCIO MOKA3HUKIB HAAIMHOCTI €JIEMEHTIB CTPYKTYP
BIC Bu3Ha4aloTh MPOEKTHI HOPMU KOHCTPYKTOPCHKO-TEXHOJIOTTYHUX OOMEKEHb.
Enextpodi3udyHi mapaMeTpu, SKi BHKOPHUCTOBYIOTH JUJIS OTPUMAaHHS ITOKa3HUKIB
HAJIAHOCTI, OTPUMYIOTh HUISIXOM KOHTPOJIO 1 gociipkeHHs cTpykryp BIC Tta
BIJIMOBIAHUX IM TECTOBUX CTPYKTYP.

TectoBuii koHTposib (TexHoyoriuna CAIIP) TexHONOrigHOrO MpOoIECy
dbopmyBanns ctpykTyp BIC € epexTuBHUM aHaNITUYHUM 1HCTPYMEHTOM CyO- Ta
HAaHOTEXHOJIOTIM 1 Tmependadae BHUKOPUCTAaHHA TECTOBHX CTPYKTYp UL
JiarHOCTyBaHHs HafidHOCTI cTpykTyp BIC 11e Ha eTami BUTOTOBJIEHHS! KPUCTATIB
(uimiB). 3a JIONOMOIOI TECTOBUX CTPYKTYP €(EKTHUBHO DPEai30BYIOTh MPHUHIUI
MacITadyBaHHS KPUCTAIIB, [0 3HAYHO ITIBUIIYE MTPOAYKTHUBHICTH IPOMKCIOBOTO
BUPOOHMIITBA (BUXI NPUIATHUX CTPYKTyp). Brmepmie Takuii mpomec maciura-
OyBanHs Oyno peanizoBano Ha BIC cepii K145 na mignpuemctBi "Pomon",
M. IBano-®pankiBcbk. Takoxk Tam Oyn0 po3po0IeHO MPOrpaMHi MAKETH TECTOBOTO
MozemoBaHHs i Oimonmsapaoi, n-MOH, p-MOH, ta KMOH TtexHoorii
dbopmysanns ctpykryp BIC.

a,1 +¢& 'H(X-X())]+

n
(XL'O)an +...+ RO -hl(x-xo).
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Pozain 12. HBU-IIVTIASMOBE OBPOBJIEHHSA TA JIAT'HOCTYBAHHS
OYHKIIOHAJIBHUX HLIAPIB

[Tepmi  myOmikarii 100 IUIA3MOXIMIYHUX —TIPOIECIB  OCa/DKyBaHHS 1
TpaBJICHHS MaTepiaiiB 3a JOMOMOTOI0 Ta30pO3PAIHOI MIa3MU MOABHIKCH 1€ Ha
nouatky 1960-x. OpHak TO-CIIPaBXKHHOMY 3alliIKaBHJIUCh HUMH 3 OOKY eJek-
TPOHHOT TPOMUCIIOBOCTI TIIBKU HamnpukiHii 1970-X, Kodu BUHUKIIA HEOOXITHICTh
CTBOPEHHS IHTETPATBHUX CXEM 3 MIKPOHHHUMH PO3MipamMH €JIEMEHTIB. 3aBISKH
CBOill BHIIIA TEXHOJOTTYHOCTI TIA3MOBI MPOIECH CTAIU TOCTYHNOBO BHUTICHSITH
piavHHE XiMiuHe 00pOOJIEHHS, 30KpeMa TPaBJICHHS.

BHaciinok HeyXWiIpHOTO 3MEHIIeHHs po3MipiB ememeHTiB BIC, mepmro-
YeproBUM 3aBJaHHSAM II0CTAJIO IIJIBHINCHHS PO3JUILHOI 3aTHOCTI IIa3MOBHX
MpoLEeciB TPaBJIeHHs (YHKIIIOHAJIBHUX IapiB cyoMikpoHHHUX cTpykTyp BIC. Tomy
rOJIOBHA yBara MpUAUBIIACh TAKUM TUTA3MOXIMIYHUM ITpoIiecaM, o 3a0e3MeuyrTh
BHUCOKY aHI30TPOIIiF0 OOpOOJIEHHS NMUISIXOM CIPSMOBAHO1 il 10HIB Ha 0OpOOITIO-
BaHy MmoBepxHio. Jlo HUX HajexaTh, HAMPUKIIAJ, TaKl IPOLECH, SIK1 BIOYBalOThHCS
B IVIa3MOBHUX IUITAHAPHUX pPEAaKTOpax YM 10HHO-NIPOMEHEBI IUIa3MOBI MPOLECH B
HBY-peakropax eeKTPOHHO-LIMKIOTPOHHOTO PE30HAHCY.

Ha temepimHili 4Yac cCrocTepira€Tbcsi HOBHM €Tal PO3BUTKY TUIa3MOBHX
METOJiB 0OpOOJIeHHsS, a caMe MeTOAIB 00poOsieHHs B 00'emHii mmazmi. Tyt Ha
MEPIIN TJIaH BHCYHYTO BHUMOTH 3HIDKCHHS PIBHS J€()EKTHOCTI Ta pajiariiiHux
MOIIKOJKEHb B 00poOioBaHux cTpykrypax BIC onHo4acHO 3 mMiABUIICHHIM
aHI30TpPOIIl Ta CEJIEKTUBHOCTI TpaBJIECHHS. BucOKa aHI30TpOMis NOCATAETHCS 3a
paxyHOK CHpPSIMOBAHOTO 10HHOTO OOMOYBaHHS, a OCKUIBKM Taki 10HM 3a3BHUYail
MalTh BHUCOKY EHEprilo, TO BHACIIAOK PO3MOPOIIYBAHHS IMMOBEPXHEBUX IIAPIB
CEJICKTHBHICTh TPaBJICHHS 3HAYHO 3HIDKYETHCA. KpiM TOTO, BUCOKOCHEPTreTUYIHE
O60MOyBaHHS (YHKIIOHAJBHUX [IapiB € TPUINHOIO YTBOPEHHS [e(EeKTiB B
00pO0TIOBAIBHUX CTPYKTYpax.

ToMy 0coONMMBO aKTyaqbHUM € BUKOPUCTAHHS HU3bKOCHEPTETUYHUX XIMIYHO-
AKTUBHUX YaCTHHOK Yy IUIa3MOBHX IPOIECAX TPABJICHHS YW HAHECEHHS IUTIBOK B
30H1 MICISACBIUYEHHS IJIa3MHU, a TAKOXK A (POTO-, €NEKTPOHHO- Ta I0HHO-CTUMYJIbO-
BaHMUX MpolieciB. BiAmoBiIHO 10 3aralbHONPHUIHATOI MIKHAPOIHOI TEPMIHOJOTI],
BCI 11 MeToau mo3HavdatoTecsi abpeBiatyporo NORD (No-Radiation-Damage), sik
TaKl METOau 00pOOIEHHS, 110 HE MPU3BOIATH 10 padlalliiHUX MOIIKOIKECHb () YHK-
HIOHATBHUX MIapiB cyOMikpoHHUX cTpYKTyp BIC. lle Bumarae HOBUX MIAXOAIB 0
aHaTI3y Ta BJIOCKOHAJICHHS IJIa3MOBUX IMPOLIECIB TPaBIEHHS B 00'€MHIN TU1a3Mi, B
TOMY YHUCJI1 3 BUKOPUCTAHHSAM METO1B KOMIT'IOTEPHOI J1arHOCTUKH.

12.1. ®i3uKO-TeXHOJIOTIYHI 0CO0JMBOCTI IJIA3MOBHX NPOLECIB TPaBJIEHHA
dyHknionajnbHUX WApPiB cyoOMikpoHHHX cTPYKTYp BIC

Meton oOpoOsieHHs mo3a 30HOIO Twiasmu (puc. 12.1) momsrae B Tomy, 110
poOouMii Ta3 MOJAETHCSA B 30HY IIa3MHU, PO3KIAIA€ThCS B Hill HA XIMIYHO aKTHBHI
YaCTUHKH (3apsIKeHI — 10HU 1 HE3apSKEeHI — paJiuKal), sIKi 3aBIAKH JUdy3ii Ta
ra3oBOMYy TIOTOKY JIOCSTAlOTh IOBEPXHI IUIACTHH, PO3MIIICHHX I103a 30HOK0
IUTa3MH, 1 BCTYNAIOTh Y XIMIYHY PEaKIiio 3 MaTepiaioM IUIaCTHHM Ha i1 MOBEpXHi,
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Ta3 (CKJ’IaI[, BI/ITpaTH) Yacrora ef.-Mard. nojis Y TBOPIOKOYH JICTK1 UM HCJICTKI IIPO-

Teomerpist peakTopa Marepian peaxtopa AYKTH (BIITOBIIHAM YHHOM PO3pi3-

= — Eneprin  HAOTb TPABICHHSA a6o ¢popMyBaHHS
1 l ] l ! HOBHX IIAPiB). '

Tyt B sikocTi NpHKIIaTy BUOpa-

[Tnazma HO TpoIleC TPaBICHHS 3a JOTOMO-

N, 0;, T, N, f(E) TOI0 YOTHPU(PTOPUCTOTO BYTIICIFO

CF,+e—CF;+F+e (CF4). BigkauyBaHHS HETpPOIUCO-

[II{OBaHMX MOJICKYJ TEPBUHHOTO

ra3y Ta HENpOpearoBaHUX pajrKa-
7miB He TmoKaszaHo. Paaumkamum Ta
3apsKCHI YaCTHHKH, SKI ITOIajia-
Pe‘;‘ﬂ(‘;‘gieﬁﬂi" I0Th Ha OOpOOJIFOBaHY TOBEPXHIO,
MalTh HHU3bKy €HEprilo, TOMY He
PYWHYIOTH IIIApU CTPYKTYPH 1 HE
MPU3BOJATE 0 3HAYHOIO ii Harpi-
BaHHA. 3apsl, HaBeAeHUH Ha 00-
poOIIOBaHii MOBEPXHI 1032 30HOKO
TUTa3MH, TAKOX € CYTTEBO MEHIIIHM,
HDK y pa3i oOpoOneHHs IIaCTHH
Binka4yBanHs 0e31ocepeIHBO0 B IIa3Mi.

Jlns reHepyBaHHS IUIa3MU 3a-
CTOCOBYIOTH T'a30B1 pO3PSAU PI3HUX
BUJIB — BiJ] PO3pAIYy MOCTIHHOTO
crpymy no HBY-pospsany. Ilpu
IBOMY 3aBJSIKM HaKJIaJaHHIO MarHITHUX MOJIIB Pi3HOT HAIPY>KEHOCTI Ta KOH(DIry-
pauii posmuproetbest miamason tuckie (107 + 107 ITa), 3a sikux BinOyBarOThes
MPOIIECH, Ta 3POCTA€E CIEKTP BHUJIB 1 €HEpriidi 4acTHHOK, IO JIIOTh Ha 00poOJIto-
BaJIbHY MOBEPXHIO. BIAMOBIAHUM YMHOM y HIMPOKUX MeXKaxX TaK0Xk 3MIHIOIOTHCS
TEXHOJIOT19HI XapaKTEePUCTUKH (IBUKICTh, CEJICKTUBHICTh T4 aHI30TPOITHICTH ).

Cknazg 1 eHeprig YacTHHOK, SIK1 JIIIOTh Ha IUIACTHHY, 3alie’KaTh BiJ BIACTaHI
MDK IJIACTHMHOIO Ta 30HOI0 mia3mu. Ha puc. 12.2, a moka3zaHo OCHOBHI 30HU MICHs-
CBIYCHHS IJIa3MH. AHAJOTI4HI SIBUINA CTIOCTEPIralOThCS TAaKOX Y pa3i MPUNHHEHHS
reHepyBaHHA IUIa3Mu. B boMy BUMaAKy I1a3Ma po3MaJla€ThCsl HE B MPOCTOPI, a B
yaci (puc. 12.2, 0).

B micisicBiueHH1 11a3Mu BUAUISIOTH TPU OCHOBHI 30HU:

1. 3ona po3naay mia3mMu:

a) BIIOyBa€ThCs TMepe/laBaHHsl €HEPTrii BiJl €JICKTPOHIB J0 10HIB, a Aail — JIO
MoJiekyn ra3y 3a cxemow E.— E; — E,; ¢yHKIis posmnonainy eIexTpoHIB 3a
eHepriero 0Iu3bKa 10 MaKCBEIIBChKOT,

0) 3pocTae BIIHOCHA POJb NPOIECIB 3 HU3BKUM CHEPTreTUUYHUM IOPOTOM,
TAaKUX SK TPWIAIAHHS €JICKTPOHIB, TepeJaBaHHS 30y/KEHHS, IUCOIiaTHBHA
pekoMOiHaIlig 10HIB Ta 1HIII, 3MEHIIYETHCS WMOBIPHICTh 10HHOT'O PO3IOPOIICHHS
MOBEPXHI1 TJIACTUHHU;

PexomOinanist
Ha CTIHKaX

Puc. 12.1. Cxema m1a3MOBOTrO TpaBJIEHHS
11032 30HOIO TIa3MHU
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Euneprisa ma [Tepexia no
P [Tna3ma, 1o BrikHe | z[a%)nefgoro

TCHGP YDAk PO3IagacTbCA MICIACBIYEHHSA 1CIISICBIUEHHS
IJ1a3MH iL A A

-

MeracTtabinbHi
| |  meiiTpanbhi . Hanexe
p MiCISICBIUCHHS
YaCTHHKH

T T e TP

BUIPOMiHIOBaHHS [1a3Mp  BBEACHHA rasy) XeMOoOMIHECLEHIII s
.................................. (pamuKaiB 1 aKTHBHUX

HeiirpanbHi, i0HI30BaH, } YaCTHHOK)
aKTUBOBaHI Ta 30ymKeHi | [licsacBiYeHHS B TPOCTOPI —3» BiJACTaHb

-

........... s 2)
Yac —>
Panns cramis _MertactaOuibH1
pO3May ILTa3MH HEWUTpaIbHI YaCTHHKH

[Ti3us cTamis po3nagy Hna"!MI/I>

['enepyBanHs

i IlicnsscBiueHHd B Uacil 6)

Puc. 12.2. Cxema hopMyBaHHS 30H MICISICBIYEHHS JIa3MH B MPOCTOPI
(a) Ta B gaci (0)

B) KOHIIEHTpAIlil 3apsKeHUX YaCTHHOK N, Nj MIBUJKO CMAJAlOTh TOJOBHUM
YUHOM 3aBJsK1 aMOINospHii nudy3ii Ta pekoMmOiHallil Ha CTIHKAX;

T') 3pOCTa€ BITHOIICHHS KOHIIEHTpaIlil 30y I’)KEeHUX YaCTHHOK 10 KOHILIEHTpaIlii
eJeKTpoHiB (n*/n,);

1) criajia€ KOHIIGHTpaIlisl 30y/PKeHUX YACTHHOK 1 paJuKaliB 3 MaJIUM 4YacoM
KUTTH.

2. 30Ha 0JIMKHBOTIO MIiCASACBIYCHHSA:

a) KOHIEHTpalii ne, n; =0, 3apsAKEeHI YacCTUHKU 3YCTPIYaIOThCS TUIbKU
3aBISKH BUIBHINA AMQY3ii 3 TUIa3MH, 10 PO3MATAETHCS,

0) KOHIIeHTpaIlid n* 30yHKEeHUX YACTUHOK 3 MajuM 4YacoM JKUTTS CHagae J0
HYJISl BHACIIIJIOK HEMIPY>KHUX 31TKHEHb;

B) MPUCYTHI METACTaOUIbHI HEUTpaJbHI YACTUHKH Ta PAaJUKaIH 3 TPUBAIUM
4acoOM KUTTSI.

3. 30Ha 1aJbHBOIO MiCJSCBiYEHHS XapaKTePU3YETHCS CIaI0M KOHLIEHTpaIlii
METAcCTaOUTbHUX HEUTPAIbHUX YaCTUHOK 1 paJUKaiB.

Tyr TakoX ciig 3ayBaKUTH, IO XapaKTepUCTHUKA TMEpPUIUX JIBOX 30H
BiJIMOB1/ae "paHHii cTaaii", a TpeThoi — "mi3HIN cTajli" po3naay rmia3Mu B 4aci.

CyTTeBa mepeBara CHUCTeMH OOpOOJICHHS IUIACTHH B 30HI MICISICBIYCHHS 3
MOTOKOM Ta3y — 1€ MOMIIMUBICT JOJATKOBOTO BBEICHHS PI3HOMAHITHHUX
ra3onoji0OHUX pearcHTIB y MOTIK, 110 BUXOJHTH 13 TUIa3MH, HANPUKIIAJ, B JAJICKe
micisAcBiueHHA. B pesynpTaTi XIMIYHHX peaklid IUX pEareHTiB 3 aroMamMu Ta
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pajauKasaMu IJIa3MH YTBOPIOIOTHCS HOBI AKTHUBHI YacTUHKHU. Taki rOMOTeHHi
peakxirii MOKXYTh CYNpPOBOIKYBATHCHh IHTCHCUBHOIO XEMUTIOMIHECIICHITIEIO, CIIEKTP
SIKOT BUKOPUCTOBYIOTH JIJISI XIMIYHOTO aHallizy. MOXJIMBICTh KOHTPOJIIO Ta 3MIHU
CKJIaJly 1 MIBHJKOCTI MOTOKY Trazy, a TaKOX CHOCO0y PO3MIIIEHHS MiIKIaJ0K 31
CTPYKTypaMH BIZHOCHO IUIa3MHU 3a0e3nedye BHCOKY €(PEKTUBHICTH KEpPYBAHHS
IUIa3MOBUMU IPOLIECaMU OCAPKyBaHHS Ta TPABJICHHS.

PosristHemo Terep oOpoOGiieHHS MIKIAN0K y MOTOI ra3y 4epe3 Ijia3my Ta
CHIBBIZHOIICHHS MUK KOHBEKIIMHUM 1 JU(]y3iHAM TEpEeHECECHHSIM YacCTHHOK.
[ToTik ra3zy yepe3 miazmMy BIIIMBATUME Ha MPOIEC OCAJKYBAHHS HA MIJKIAAKY YU
i TpaBIEHHS TO/Ti, KOJIM IEPEHECEHHS aKTUBHUX YACTHHOK ITOTOKOM Ta3y 3 TUIa3MH
710 MiAKIaAKU Oy/e 3piBHOBaKEHE 3 MEepEeHEeCeHHIM 3a paxyHok nudysii. CymapHa

I'YCTHHA [IOTOKY YaCTUHOK, HAIIPHUKIIAJL, COPTYy "a", BUBHAYAEThCH, SK:

ja:na‘lTa—Da-gradna, (12.1)

ae n,, Y, D,— KOHLEHTpalis, WBUAKICTh HANPSIMIEHOIO PyXy Ta KOe]illieHT
nu@y3ii aKTUBHUX YaCTUHOK B1JIITOBIJTHO.
O1uiHNMO MepeHeCceH s aKTUBHUX YaCTHH MOTOKOM rasy. LIIBuakicTs crpsimo-

BaHOI'O PyXy aKTUBHUX 4aCTUHOK UV, IOpIBHIOE MIBUAKOCTI IOTOKY rasy:

V,=V=Q/PA, (12.2)

ne Q — Butpatu razy; P — Tuck; A — miomia nepepizy nNoToky B po3psaHiil Kamepi.

THIIOBI BUTPATH ra3y ISl TUIA3MOBHX MPOLECIB CTaHOBIATH Q = 160 M/xB =
=2,6:10° cv’ ITa/c (3a CTaHZAPTHHX YMOB ILIa3MOBOTO Iporecy). SIKIIO 3amaTi
IOy Tepepizy po3psaHoi kamepu A = 10 cM?, Tack P = 130 Ila, To OTPUMAEMO
V, =200 cm/c (KOHIEHTPAIS AKTHBHUX YaCTHHOK N, = 3,5-10'® cm™). Bpaxosyro-
9y, 10 CTYIiHb JUCOIaIil MOJIEKYJl Ta3y Ha aKTUBHI YaCTWUHKU CTAaHOBUTH BiJl
ONMHUIL BiCOTKIB 0 70% BCIX MOJIEKYJ Ta3y, BU3HAYAEMO TYCTHHY KOHBEK-
IIHHOTO TIOTOKY aKTHBHUX YaCTUHOK i TUCKkoM P = 130 [a:

n, -V, =(0,05+0,7)-3,5-10"° cm™ - 200 cm - ¢! =

=(0,35+4,9)-10"® em™ ¢!, (12.3)

[lepeHeceHHs: aKTUBHUX 4YacCTHHOK 3a paxyHok naudysii D,-grad n, nns
OJIHOMIPHOTO BHIIQJIKy cTaHOBUTUME D, (dn,/dx). CkIamHICTh OIIHIOBAHHS
noJisArae B Tomy, mo D, (dn,/dX) myxe 3aleXHUTh BiJl YMOB MPOBEICHHS IIa3MO-
ximMigHoro mnpoiiecy. CipoOdyeMo 3IHCHUTU TaKe OI[IHIOBaHHS AJIs TUTIOBUX YMOB
MJ1a3MOBUX TPOIIECIB. XapaKTEPHUN PO3MOJIL KOHI[EHTpallil aKTUBHUX YaCTHHOK
n, aemMoHctpye pwuc. 12.3. IIBUAKICTP MOTOKY Ta3y MOXE CYTTEBUM UYHHOM
BIUTUBATH Ha TaKWW PO3MOMALI, 30KpeMa Ha MOJIOKEHHS (N,)max, 1 HABITH Ha HOTO
BenuunHy. Yac mepeOyBaHHS MOJIEKYJ Ta3y B po3psji CTaHOBUTH T, = PV/Q, ne
V — 00'eM po3psaHOT KaMepH, 1 3MEHIIYETHCS 31 3pOCTAHHAM IIBHIKOCTI TOTOKY V.
HIBUAKICTH TeHEpYBAaHHSA YACTUHOK CTajla 1 3aJIe)KUTh Bl MapaMeTpiB po3psaay. 3
TOr0, 110 3a CTAlllOHApHUX YMOB IIBUJIKICTh T'€HEpYBaHHS MOBUHHA OYyTH piBHA
IIBUJKOCTI BIJIBEJICHHS YaCTUHOK 13 IIa3MH, BHUILUIMBAE, IO 31 30UIBIICHHIM
mBUAKOCTI V MOBUHEH 3MEHIIYBATHCS TaKOoX JIU(PYy31HUN NOTIK Ta BIAMOBIIHA
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oMy BeJIMYMHA TPAJIEHTY KOHIICH-

Tpalii aKTHBHUX YaCTHHOK — Mnasma | —— [|Si-miz-
i — —— Lximanxa
SIK110 3MEHIIIEHHST KOHIIEHTpAaLli , :
alpOKCUMYBATH TMPSMOIO JIIHIEIO Ta U<A i i v
BpaxyBaTd, IO N, 3MeHmyetbes Z| 1 Us ~’
npubnm3Ho B 10 pasziB Ha BijacTaHi § g i :
2 =10 cM Bix IIa3My, TO OTPUMAEMO 5 a’ i
dn/dx=(0,1+2,5)10" cm™. Koedi- E|z ! ! :
: o . BIJICTaHBb,
mieHT nudys3ii nmpm 1UBOMY CTaHO- &2 ! Cl\{
2. -l Y ' — : }
ButuMe npubauzHo 100 cm™-c > a 5 A 6 | 8 10 12
OTXe, TyCTHHA TIOTOKYy Oyne piBHa
0,1 +2,5)10" em™*c™. Puc. 12.3. Po3nozin KoHIIEHTpallil aKTHB-

3 NOpIBHSHHSA OTPUMAHUX BEIU- HHUX YACTHHOK Y3J0BK peakropa s
YUH TyCTUH JU(Y31HHOrO 1 KOHBEK- pi3HMX IIBHAKOCTEH poOOYoro rasy:
IIHHOTO TOTOKIB BUAHO, MO 3a Y, >V,> Vs
ymoBHu TUcKy 130 Ila oOuaBa moToku
puOJU3HO OJHAKOBO BILTMBAIOTH HA
MIEPEHECCHHSI aKTUBHUX YaCTHHOK 13 TUIa3MH J1o 00poOroBaHol mractTuHU. OgHaK
31 3MEHIIEHHSM TUCKY KapTHUHA 3MiHIO€ThbCs. Bigomo, mo D, = (1/3)-V;m, ne U; 1
N — CepelnHs HIBUAKICTh TEIUIOBOTO PYXy 1 CepeaHsl JAOBXKMHA BUIBHOTO TPOOIry
AKTUBHUX YAaCTHUHOK BIANOBIAHO. 3HMkKEeHHS THUCKY a0 13 [la mpusBoauTh 10
3pocTtaHHs KoedimienTa audysii B 10 pas3iB 1 BIANOBIAHO 10 3pOoCTaHHS AUQY3iii-
HOTO TIOTOKY TOi, SIK KOHBEKIIHE MEePEHECEHHS CIOBUIBHIOETHCS B 3B'A3KY 31
3MEHIIIEHHSAM N.. B mbOMy pa3i CHiBBIAHOIICHHS MK JU(DY31€I0 1 KOHBEKIIIEIO
cranoputume D, grad n,/ (n,'V,) = 100. 3BicHO, 3 MIBUIIEHHSIM THUCKY CIIOCTEpira-
THMEThCSI 3BOPOTHE SIBUIIE, TOOTO IepeBakaHHs KOHBEKIIT HaT TU]y3i€ro.

TakuM 4MHOM, YMOBHOI MEXEI MoOkHa BBaxkaTu TUcK 70 + 130 Ila, Buimie
SKOTO KOHBEKIIIfHE TIEPEHECEHHS AaKTUBHUX YACTHHOK IIOTOKOM Ta3y CTae
OCHOBHMM MEXaHI3MOM iX TPAHCIOPTYBAaHHS JI0 MIAKIAAKA. TOMYy 0 MPUCTPOIB
MJ1a3MOBOTO OOPOOJICHHSI 3 BUKOPUCTAHHSM IOTOKY Ta3y dYepe3 Iula3My MOXHa
BITHECTH TIPUCTPOI, pOOOUYNI TUCK AKUX ITEPEBHIIYE IO MEXKY.

PosrnstHemo Temep KOHCTPYKIii peakTopiB miaa3MoBoro oo6poOieHHs. B
MIKPOEJIEKTPOHHIM TEXHOJOT1l peakTOpu 3 MOTOKOM rasy 4depe3 IUla3My BIIepIIe
Oynu 3actocoBati B 1970-x. Taki peakTopu mpu3HaYaIucs jsl TPynoBOro o0poo-
JICHHS TUIACTHH, K1 MOTJIM PO3TAIIOBYBATHCH SIK IMApaJCNIbHO, TaK 1 MEPIICH IN-
KyJSIpHO TOTOKY ra3y (puc. 12.4). OmHak i peakTopu HE HaOyIH IIHPOKOIO
3aCTOCYBaHHSI uepe3 pAll CYTTEBUX HeNO0IKIB. OCHOBHMM HEJOJIKOM PEaKTopa,
CXEMy SIKOTO JIEMOHCTpY€e pHC. 12.4, a, € BHCOKa HEpPIBHOMIPHICTH OOpOOJICHHS,
3yMOBJIEHA 3MIHOIO CKJIaAy Ta3y Mij yac MOoro mepemMilleHHs B3JOBXK IUIACTHH, 10
MOB'A3aHO 3 PEKOMOIHAIIIEIO Ta XIMIYHUMH PEaKIISIMA aKTUBHUX YACTUHOK.

Hemonikom peakropa, moka3aHoro Ha pwuc. 12.4,0, € HH3bKa INBHJKICTH
TpaBieHHs. JIJisi 3MeHIIeHHs penakcalii XIMIYHO aKTUBHMX YaCTUHOK TiJ] 4ac iX
MEPEeMIIIeHHs] 3 PO3PSAHOI KaMepH JI0 TIJIACTHH BUKOPHUCTOBYIOTHCS JIOJATKOBI
eJeKTPOo I a00 MarHiTH, SKi CTBOPIOIOTH KOakciajgbHe MarHiTHE mone. OfHak i B
bOMY BHUIAJKy HE BJA€ThCA MNOCATHYTU HEOOXIIHMX IIBUIKOCTEH TpaBICHHS.
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Puc. 12.4. Cxemu peakTopiB 3 TOTOKOM raszy 4epe3 IiazMy JJisi TPYIOBOTO
00p006ICHHS KPEMHIEBUX TIJIACTUH

BIJIKAQUyBaHHS a) BlJIKQUyBaHHS

Kpim Toro, o6uaBa peakTopu MaroTh IIe OJWH BETUKUN HEIOIIK — HEOTHOPITHICTh
TpaBJIEHHS 32 TUIOIICIO IJIACTHHHU.

Tomy Ha 3MiHY TaKUM peakTopam 0yio po3poOIeHO peakTopH 3 iHAWBIAYab-
HUM 0OpOOJIEHHAM IUTaCTUH. TYT KOHTPOJb KOXHOI OKpeMOi TUIACTUHU JT03BOJISIE
3BECTH /10 MIHIMYMY BTpaTH MO onepaiiitHomy 06;0Ky. OCHOBHOIO BHUMOI'OIO /10
BCIX pEaKTOpIB IHAWBIAYaTbHOTO OOpOOJIEHHS IUTACTHH € 3AATHICTh MaTepiaimy
ctpyktypu BIC no mBuakoro o6pobnenHs. Taki peaktopu 3a6e3MedyroTh
IpOYKTUBHICTH HA piBHI 100 mi./rox.

[IBuakicTe 00poONEeHHS (OCaIKyBaHHS YW TPABICHHS) CTPIMKO CIagae B
MIpy BiiJlaJieHHs TUTACTHHH BiJ 30HM IUIa3MU. BeaudnHa Takoro crmany 3ajeXuTh
BIJI IIBHJIKOCTI peKkoMOiHaIli paJukaliB B 00'eMi Ta Ha cTiHKax peaktopa. Kpim
TOro, Ha BEJIMYMHY CHaay CYTTE€BO BIUIMBA€E BHI poOOYOTo rasy i JA0OaBKU 10
HBOTO, 2 TaKOX MaTepiall CTIHOK peakTopa — TyT, 3a3BHYail, BUKOPUCTOBYIOTh
KBapll, aJOMiHIl, candip uu GroporuiactoBe Mokputtd. LIBuakicTs 06poOaeHHS
BHU3HAYAETHCA PO3MOJUIOM KOHIEHTpamii paxukaniB (puc. 12.3) ta ioHIB y 30HI
MICJISICBIYEHHS IIJIa3MH, SKHI Ma€ BUTJISIL:

n(x) = ng-exp(-Q-x/V), (12.4)
ne Q BusHauae koedirieHT AUQY3ii, Ny — KOHIEHTpAIlil0 aKTUBHUX YaCTHMHOK Ha
MexXI1 T1a3mMoBoi 30HH, V — MBUIKICTh TOTOKY Ta3y.

Konctpykiii peakTopiB 1HAUBIAyalbHOTO 00po0ieHHs 3 BU-30ymkeHHSIM
po3psay TmokazaHi Ha pwuc. 12.5. Peaktop komycHoi Qopmu (puc. 12.5, a)
nepeadavyae JOCTAaTHHO BHCOKHH pIBEHb aKTHBAIll, M0 pa3oM 31 3HAYHOIO
TYCTUHOK BHUXOAY aKTUBHMX YAaCTHHOK (paJukaliB) 3a0e3nedyye BHCOKY
MIBUIKICTH Ta pPIBHOMIPHICTH TPABIEHHS. 3a JOMOMOTOI METaJeBOl CITKH
npo3opicTio 30 + 50%, 1mo po3nise 30HY IUTa3Mu 1 00pOOJIEHHS, JIOKANi3yIOTh
3apsiHPKCHUH KOMIIOHEHT TUIa3MH.

Y peakropi, mokazaHomMy Ha puc. 12.5,0, po3psAm JOKaTi3yeETbCS B 30HI
peaykropa 3a ymoB TicKy 10% = 10° ITa Ta mBmakocti moToky rasy mo 10 cm/c.
Bigmanenns 30HM Tm1a3MH BiJl 30HHM OOpOOJIEHHS JI03BOJISIE 3aCTOCOBYBAaTH
NOTY)KHIIUK po3psiA, Mo 3a0e3nedye 3HAYHY KOHIIGHTPAIIO paguKkaliB y
ra3oBOMy MOTOIll Ta YCyBae Oe3mocepefHio Ji0 Iula3Mu Ha Si-TUTACTHHY 31
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crpykrypamu BIC.

SAxmro 30ymKyBaTH I1a3-
My TIOCTIHUM a00 HH3bKOYa-
crotiuM (o0 =50 I') cTpy-

(o)
MOM, TO MOXHA OTPUMATH 6 5
MPOCTIIY Ta HAJIfHINIY KOH- £ itk Si-
o1 - . = TUTaCTHUHA
pyKtifo peaktopa i jomo- &
MDKHUX cucteM. OnHak y S
bOMY BUIAJKY CJiJ 3acTo- E[ ¢ 2) 6) I‘I
CyBaTH CIICIliaJIbHI C€KpaHu, @ BOJIA BiIKaIyBaHHS

dbopMu Ta MaTepialu eJeK-
TpoaiB. [t KUBIECHHS TaKUX
pPEaKTopiB  BUKOPHCTOBYIOTh
ABTOHOMHE MPOMHUCIIOBE JIKe-
permo "Ictpa", sike BCTaHOB-
JI0I0Th Oe3nocepeHb0 Ha (IIaHLll KaMepu BaKyyMHOro OOJaJHaHHS 4 ycTaT-
kyBaHHA [IXT "Beptukans". Jlo foro ckiaay BXOASTh JBa BMOHTOBaHI €KpaHHI1
€JIEKTPO/IN Ta KOJIEKTOP JJII OKPEMOT'O MOJIaHHS Ta30BOi CyMIllli B 30HY PO3PSAY.
3HauHi niepeBaru, nopisHsIHO 3 BU-30y/KeHHAM T1a3Mu, J1a€ 3aCTOCYBaHHS
HBY-30ymxkenns. B peaktopax Takoro tumy (puc. 12.6) TycTHHA TUIa3MH IS
OJIHAKOBUX TOTYXXHOCTEH pO3psiy Moke OyTu HabaraTo BHUIOIO, HDK y pasi
30ymxkeHHs Iuta3Mu  BY-BumpomiHioBaHHAM (puc. 12.5) abo 3a JI0MOMOIOIO
MOCTIHHOTrO cTpyMy. Taki peakTopu 3a0e31euyoTh BUILY MIBUAKICTE 00pOOIeHHS 1
MOXXYTh TMpPAIIOBATH B IMIHAPHIOMY Jiarna3oHi TUCKiB. OIHOYACHO 3HIKYETHCS
piBeHb He(eKTHOCTI OO0poOSIOBAaHUX CTPYKTYpP 3aBASAKHA 3MCHILICHHIO €HEprii
3apAPKEHUX YACTUHOK 1 MIJIBUILIEHHSI YUCTOTHU MPOLIECY B PO3PSIIHIN 30HI1.
3ane)XHO BiJ BHIY BHUKOPHUCTOBYBAHOIO rasy, peakropu 3 BU-30ymxeHHIM
MOKHA 3aCTOCOBYBaTHM $K JJI OTPUMaHHS LIApyBaTHUX CTPYKTYp, TaK 1 JUIs
MJIa3MOXIMIYHOTO TpaBieHHs. PopMyBaHHS IIapiB BiIOyBa€eThCsi a00 BHACIITOK
XIMI4HO1 peakifii MK yTBOPEHHMH Y IJIa3Mi pajiuKajliaMd Ta MOJIEKYJIaMH Ta3y 3
HAaKOMWYEHHSAM HENETKHX MPOAYKTIB
Ha noBepxH1 (Hampukiag Si yu SizNy),

Puc. 12.5. Peaktropy 3 1OTOKOM Ta3y Juis
IHAUBITyaTbHOrO 00poOieHHs Si-rmactuH 3 BY-
30y KeHHAM po3psay (o = 13,5 MI'n)

LT Kinbuesunit ~ HarpiBamii _
abo B Tmporeci XIMIYHOI B3aeMOJii XBHUJICBI (0X0m0 Ky BaHUH )
TaKUX pagudKaliB Oe3MOCepeIHbO 3 MAKIAAKOTpUMAY

noBepxHeto (okucHeHHS Si g0 Si0;). \\ I ¢
TemmepaTypa TutacTMH Yy  TpoLeci
OCa/I>KyBaHHS 1IAPiB MOXKE OYTU TOCUTh
HU3bKOIWO 1  3a3BMYaii  CTaHOBUTH
300 + 550 K, 3aBasku 4OMy BJA€ThCS > %5
YHUKHYTH BUHUKHEHHS HEPIBHOCTEH Ha
nmoBepxHi Si-riactuH. Y 3BUYAWHHX
CUCTEMax OCaJ[»KyBaHHS 3 Ta30Boi ¢asu,

Kl TpaliolTh 3a TEMIepaTyp o

/_IO

2 ML

O
Si- "'&F

[Imasma  nyacTMHa  BigKa4yBaHHS

Puc. 12.6. Peaktop nnsi iHIUBiTyaTh-

630 K, BUHUKHEHHS TaKMX HEPIBHOCTEH
€ TUIIOBUM.

HOTO 00pOoOJeHHs Si-TIacTUH 3 IMOTO-
KOM Tra3y uepes miazmy HBU-pospsny
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TpaBienHss B peakTopax 3 TOTOKOM Ta3y MOXIWBE TUIBKH IS THX
MaTepiaiiB, AKi YTBOPIOIOTH JIETKI CIIONYKH 3 paJuKalaMH, a came Uit Si Ta HOro
coiyk Mo, W, V, Nb, Ta i Ti. B Ttexnomnorii BIC peakropu BHCOKOrO THCKY 3
MOTOKOM ra3y 3aCTOCOBYIOTh, TOJTOBHUM YMHOM, JIJISl TPaBJICHHS 1MOJi-Si Ta Si3Ny4
Ha migmapi Si0;, OCKIIBKY 32 BIACYTHOCTI 3apsIIKEHNX YaCTUHOK Ta HE3HAYHOTO
NOTOKY Temia 3 OOKy IUIa3MH JOCATa€TbCsS JOCTATHHO BHCOKA CEJIEKTHBHICTD
TpaBieHHs (> 8). OOMeKeHHI MOTIK Teria 3 30HU aKTHBAIlil B 30Hy 00OpOOJICHHS
TaKOXX CHPHUSAE BHUCOKIA CTIMKOCTI (POTOPE3UCTHBHOI MAaCKH B JITOTpadivHOMY
nporeci Ta CTablIBHOCTI TEMIIEPATYPH TUTACTHH.

Ta6auus 12.1. [IpomucnoBe ycrarkyBaHHA [JIsi OOpOOJIEHHA
30HOIO IJIa3MU 3 TOTOKOM Ta30BO1 CyMIIIi

IJIAaCTHH I103a

Mozes IIpu3Ha- [Tponyxk-
Ne | ycrarky- | Xapakrepuc- qCHHS Tun Po6ounii| Tuck HBHICTE
n/n| BaHHS, | THKa peakTopa . po3pany ras ITa
. omeparis U1.\roJI.
hipma
Afterglow Ot
Machine | BeptukansHa |Bupanenus HBY o azTKI/I 130 =
1 |Technolo-| mma3sma Hax doto- 5 45 Fl,” II;HN O’ 75 O. 40 + 100
gy Inc., | MAKIAOKO | pe3ucry ’ H 8127’ éF’
CIIIA 65 4
) Afterglow Br[ef;ﬁ(:?;fa Hanecennsi| HBY, |SiH4, O,,[130 + 40 = 100
/CVD \ 18I0, SisNg| 2,45 T | No, Ar | 750 |7
T TKJIQ KOO
NORD, | IIna3ma rene-
Emergent | pyeTbcs 300Ky, | Bumanenus )
: + +
3 | Technolo-| po3mimieHHs doTo- 5 I:SB ;111 ooezmm lg(s)() 60 + 100
gies, IUIACTHH FOpU- | PE3UCTY ’ ) Aon
CIIJA 30HTaJIbHE
Beptukansue | TpaBineHHs
po3MimenHs, | 1ou-Si,
IJ1a3Ma Haj Si3Ny, BY, .
+ -
"[Inasma | maknankoro: |Bumanenus|13,56 MI'1g CE40, | 70 150+ 100
4 | 125H", |a) konycHa po3-| ¢oTO-
Pocis | psanHa kamepa | pe3ucTy
0) nuninapuyH | Bunanenns BY Ot 110% =
’ 2 .
a po3psIHa doto- 13,56 M| CFa+Ar | 1 R 100
Kamepa pEe3UCTy
"Bepru- [InactrHn
" i . | TpaBneHnHs SF¢+0,, |20 + N
5 KaJ'IB-'l , pO3MIIIEH1 Hoi-Si, HY, 50 I'g CEA+0, | 90 80 +100
Pocis BEPTUKAJIHHO
"Bepru- IInactuan | Bunanenus 0O,, N
6 | xanp-2", pO3MilIeH1 pesucty, | 5 ZISB ;11: NyXe, 1(2)80' 100
Pocia BEPTUKAIBHO | MOJMIIMITY | a CFs, CF,
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VY pa3i npumycoBoro mifirpiy miactud a0 470+ 525 K cnocrepiraetbes
edexkTuBHE BUAANCHHS (10 2 MKM/XB) ()OTOPE3UCTUBHUX IIAPIB y MOTOILI aKTUBO-
BAaHOTO KHCHIO Ta BOJIHIO. TakoMy MeETOAY BHJAJCHHS (OTOPE3UCTY OCTAHHIM
4acoM TPHUAUISIOTH OCOOJMBY YBary, OCKUIbKH BHACIIJIOK HE3HAYHOTO BIUIUBY
3apsAHKEHUX YaCTHHOK Ied Metox 3ales3medye BHIANCHHS MAacoK 3 TOHKHX
JIETEKTPUYHUX IHapiB 0e3 iX IOIIKOIKEHHS, 10 OCOOJHMBO BaXJIUBO IS
dbopmyBanHs cyomMikpoHHUX cTpyKTyp BIC 3 piBHeM inTerparii 1 + 64 MOiT.

VY 1995-96 pokax ¢ipmu Afterglow (Bimninenus ¢gipmu Machine Technology
Inc., CIIIA) i Emergent Technologies Inc. (CIIIA) po3mouanu cepiiiHUN BUIYCK
o0JiaiHaHHs U1 00pOOJICHHS TUIACTHH Y 30H1 MICIsACBIYeHHS T1a3Mu. Ha mepriux
nopax Take OOJlagHaHHS BUKOPHCTOBYBAJIOCH IJIs BUAANEHHS (OTOpE3UCTy 1
3abe3nedyBano npoaykruBHicTh 50 + 100 ur/rox. [ani Oyino po3pobiieHo ycrtat-
KyBaHHS JUUII HaHECEHHS JieNekTpuuHux mapiB Si0;, SizNy, Afterglow/CVD, a
Mi3HIIIE — YCTaTKyBaHHA IUTa3MOXIMIYHOTO TpaBICHHS [UIS apCEeHiArajie€Boi
texHosorii. [lapameTpu Ta XapakTepuUCTUKN CYYaCHOT'O MTPOMHKCIIOBOTO OOJIa HAH-
Hs1 JU1st OOpOoOJIeHHS TUIACTHH 11032 30HOIO IIJ1a3MHU 3BejieHo B Ta0m. 12.1.

OCHOBHOIO TIPOOJIEMOIO, sSIKa BUHHKAE TiJ 4Yac TPaBIEHHS B peakTopax 3
HU3bKUM  BakyyMoMm (70 + 1300 [1a), € H©H#u3bKa aHI30TPONiS TPaBICHHS
Vsopw/ Vsiane = 2 + 3, 10 MOB'SI3aHO 3 XIMIYHUM XapaKTE€pOM TPABICHHS pajuKa-
JaMu, SKi HEBIOPSJIKOBaHI 3a HANPSIMOM pyXy. ToMy Take yCTaTKyBaHHS
3aCTOCOBYIOTH JJII PO3MIPHOTO TpaBJICHHS Yy pa3l GOPMYBaHHS CTPYKTYp CTYIEHS
iHTerpanii 7o 1 MoOiT, a y pas3i BUIIOTO CTYNEHs iHTerpamii — mis "m'skoro"
CEJICKTUBHOTO AOTPABIIOBaHHS (PYHKI1IOHAIBHUX MIAPIB.

12.1.1. O0po0.ieHHs IMITYIBCHOIO IJIA3MOI0

[TpuHnKIIOBOIO 0COOMUBICTIO OOpPOOJICHHS B IMIYJIBbCHIM IJIa3Mi € Te, IO
30yMI>KEHHS IJIa3MH 3A1MCHIOETECS KOPOTKUMHU TOTYXKHUMHU PO3psiaamMu (TpUBa-
JicTh iMimynscy ~200 mkc 3 yactororo 25 + 125 '), a oOpobiatoBaHa mjiacTuHa
OUTpIIy YacTHHY 4Yacy mnepeOyBa€ B IICHSCBIYCHHI IUIa3MH, SKa PO3MATA€ThCA 3
yacoM. He3Baxkatoun Ha BUCOKY IMIYJIbCHY MOTYKHICTh po3psAny (mecstku kBT),
SAKUW 3a0e3Meuye MPaKTHYHO MMOBHY JMCOIIAIII0 poO0OYOro rasy, CepeaHs MoTyxkK-
HICTH IUIA3MH € JTOCUTH HU3BKOIO 1 HE CIIPUYHMHSAE CYTTEBOTO HArpiBaHHS IUIACTHHHU.
[Ipu npoMy mpollecu OcaIKyBaHHS 1 TpaBJCHHS IIapiB MOXKHA 3A1MCHIOBATH 3a
KIMHATHHUX 1 HaBITh 3a Big'eMHuX (70 -15 °C) Temnepatyp miacTuH.

Hu3spka TeMmeparypa miaacTHH 1€ HEe O3HAYae, M0 3aps/KeHl YaCTUHKH, SIKI
00MOYyI0Th 00pOOIIIOBaHY MOBEPXHIO, MalOTh HU3bKY eHepriro. HaBmaku, eHepris
YaCTHHOK, 3a3BMYail, € 3HAYHO BHUIIA, HIX Yy pa3i 0OpoOIeHHs B 3BUYalHIN TU1a3Mi.
Tak, y Bunmaaky Hu3bkux TuckiB (P <0,13 [la) enepris enexTpoHIB CTaHOBHUTH
BChOTO Jekibka eB. Taka eHepris qocsaraeTbCs B TOYATKOBHI MOMEHT IMITYJIBCY
(t<0,1 Mkc), TOOTO B MOMEHT 3amnajitoBaHHs ia3Mu. OgHAK 3aBISIKA BUCOKOMY
MOTEHINIATy 3MIIIEHHS Ha WiAKIAAKOTpUMAdi €Heprii 10HIB, IO OOMOYyIOTh
IUIACTHHY, BXXe € cyTTreBow. Hampuknazn, y Bumaaky tucky 33 Ila, TpuBanocTi
imnysbeiB 200 mke, notykHocTi 50 kB B immynbei 3 wactororo S50 ', moreHmian
3MIIIEHHS T10HOTO peaKTopa A0CTaTHLO BUCOKUH 1 CTAHOBUTH ~ 2,5 KB.

[lepeBaroro oOpoOIEHHS B IMIYIbCHINA MUIa3Mi, KPIM HHU3BKOI TEMIIEpaTypu
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o0OpoOJIOBaHUX IIJJACTUH, € TaKOoX Te, [0 B IHTEpPBall MK IMIIyJIbCaMu
BiIOyBa€eThCs MOBHA 3aMiHa razy B peakropi. OmHaK mEpeMilleHHs caMoro rasy
BITPOJIOBXK [Iii IMITYJIbCY € HE3HAYHUM. TaKUM YHHOM, HE BiIOYBa€ThCs 301THCHHS
rasy aKTUBHUMH YaCTMHKaMH, 110 3a0e3nedye BUCOKY CTaOUIBHICTH mporecy. o
TOTO K JUIS KOXKHOTO IMIYJIbCYy MOKHAa BHOpaTH CBIifl Ta3-peareHr, Mo A€
JIOTATKOBY MOXKJIHMBICTh I (OpMYyBaHHS KOMOIHAIIMHUX YMd OaraTOIIapOBHX
IUTIBOK HAAIPATOK B apceHiAramieBid TexHoorii. JIyisi mpakTWdHOi peanizariii
3aMiHM ra3y MiX IMIyJIbCaM#, 9aCTOTa KX IMITYJbCIB HE MOBUHHA TIEPEBHUIYBATH
45 I', OCKUTBKY BUKOPUCTOBYBAHI 3aCO0M BiJJKauyBaHHS Ta MIBUAKOAII0Y1 IIMOEpH
HE MOXYTh 3a0€3MeuyBaTy MIBUJIITY 3aMiHY Ta3y.

OOpoOyieHHsT B IMIYJbCHIA IIa3Mi 3IHCHIOETBCS 3a JOIOMOTOI0 THX K€
PEaKTOpiB, sIKi 3aCTOCOBYIOTH ISl 3BUYAHOTO IUIA3MOBOTO OOPOOJICHHS, KOHCT-
pyKuii sikux q00pe BiOMi: B peakTopax JI0JHOTO THIY 3 €MHICHUM 30yJIKEHHSAM
IUIa3MH Ta B PeaKTopax 00'€MHOTrO THIMY 3 IHIYKTUBHUM 30YyKEHHIM PO3pALy. Y
pasi BUKOPHUCTAHHS MIOJHUX PEAKTOPIB CJiJ 3BEpTATH yBary Ha KOHCTPYKIIiIO
€JIEKTPOIB JJis 3ar00iraHHs BUHUKHEHHS JyrOBOTO PO3PsAY MijJ Yac MOTY>KHHUX
iMIyJsbeiB. {15 1boro, 30KkpeMa, peKOMEHAYETHCS B SIKOCTI MaTepially €JIeKTPOIiB
BUKOPHUCTOBYBATH YHCTY Mi/ib, SIKA MEHII XIMIYHO CTiiiKa, HIXX HEpXKaBiloya CTab,
i, KpIM TOTO, Ma€ JyK€ BUCOKY TETUIONPOBIAHICTh Ta HU3BKY TEPMOCIEKTPOHHY
eMICIf0, M0 3MEHIIy€e IIOHAMEHIe Ha TOPSAAOK IMOBIPHICTh BUHUKHECHHSI
JyTOBUX PO3PSIB.

B peaktopax o6'emHoro tumy (UMIIHAPUYHUMA peakTop 3 BU-iHayKTOpOM
JIOBKOJIa HOTO) MOTYKHICTh 3/1€0UTIIOI0 BUUIAETHCS MOOIU3Y CTIHOK peakTopa.
Tomy came Tam ciij po3MilmyBaTé MIAKJIAJAKH KPEMHIIO YU apceHimy raiito. B
LEHTP1 peaKTopa, HaBMaKH, BAXKKO JOCITHYTU JTOCTATHIO MIBUAKICTh OCA[KyBaHHS
gy TpaBjieHHs. Tabn. 12.2 nemMoHCTpye yMOBH HaHeceHHs IUTBOK Si3N4 1 Si0, B
00'eMHOMY peakTopi, $Ki BHUKOPHUCTOBYIOTH JUIsi (POPMYBaHHS CYOMIKPOHHUX

CTPYKTYD.

Tabauus 12.2. YMOBH IMIYyJIBCHOTO OOPOOJEHHS ISl OCQ/KyBaHHS
S10; Ta Si3Ny4 B TI0JHUX peaKkTopax

Ne [Tapametp OJ.IHHHH’I Bennunna [TpumiTka
/1. BUMIPIOBaHHS
1 PobGounii THCK I1a 6,65+ 39,9
2 |YacroTa iMITyJIbCiB I'g 30+ 60
3 | oryxuicts s kBT 1+ 50 .
IMITYJIbC1 [IBuakicTh
4 T.pI/IBaJ'IlCTB MKC 100 = 300 0CaJ)KyBaHHS
IMITYJIBCY > 0,25 MKM/XB,
i T=15+25°
5 [Haupyra suiteHHs B 2500 = 3000 3E25°C
Ha MiIKJIaaLi
6 Yacrora BY- M1 13,56
Hanpyru
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ITniBku Si3N4 Ta SiO,, oTpumani 3
razoBux cymimei SiH4+N, ta SiH4+CO,
3a BKazaHumx y Tabm 12.2 ymoB Ta ’
KIMHATHOI TEMIICPaTypH IUIACTUH, MAKTh () 4.
Takli JX XapaKTepUCTUKH, SK 1 TIUIIBKH,
OTpUMaHi  CTaHAAPTHUMH  IJIA3MOBUMH () 3-
MeToJlaMu 3a Temnepatypu Buioi 660 K.
[IBMAKICTS, OCaKyBaHHS IUTIBKH CTaHO- 0,2
Buia 0,3 MKM/XB, IOTYKHICTh B IMITYJIbCI —
ne Buma 40+ 50 kBT, oOCkiIbKkH A >
TAKOT'O PiBHS MOTYKHOCTI CIIOCTEPIraEThCs ) . . . ]
MaKCHUMYM JIMCOIIaMii, a 31 30UIbIICHHM 1'() 2'() 3'() 4'() 5'()
MOTY)KHOCTI ~ BUIIE  BKa3aHOTO  PIBHSA
CTYyMNiHb AucoUianii gaai He 3pocTae. Bemnu- P“c- 12.7. 3aH€>KHiCTb CHIEKTPATbHOL
YMHY IIBOTO DiBHSA MOTYKHOCTI MoxHa IHTCHCHBHOCTL BUHIPOMIHIOBAHHS BIX
OUiHUTH 3 puc. 12.7, skuii mokasye 3migy IMIYJIbCHOL IOTYKHOCTI IIONHOTO
inTerpansHoi inTencHBHOCTI ciektpanprux  Peakropa: 1) N-minis (N2) 582.9 um;
niHiif, mo Bigmosizatore atomam asory, 2) G-I (CHy) 2479 mm; 3) Si-
KPEMHIIO i Byriewio y po6ouomy rasi, sxuii  1HIA (SiHy) 288,1 um
MICTHTB a30T, CHJIaH 1 METaH BiAMOBIAHO. 3
rpadika BHIHO, [0 HACHYCHHS HACTYNAE, SKIIO TIOTYXHICTh CTAaHOBUTH
30 + 40 xBT.

VY mux ke peakTopax MOKHa 3A1MCHIOBATH TaKOXK TUIA3MOXIMIUHE TPaBJICHHS.
B 1ipoMy pasi XxapakTEepUCTHKU IMITYJIBCHOT TUIA3MU Ta KOHCTPYKIIIT pEakToOpiB ISt
TpaBJIE€HHS MPUHIMIIOBO HE BIAPI3HAIOTHCS BiJ aHAJIOTIYHUX XapaKTEPUCTUK 1
napaMeTpiB peakTopiB MJig OCaKyBaHHs MIiBOoK. OjHAK MpoIec TpaBiICHHS
HA/I3BUYAIHO 3aJIeKUThH BiJl TPUBAJIOCTI IMIYJBCIB t;, mepioay ix moBTopeHHs T i
CITIBBITHOIIICHHS t; 3 YaCOM JKHUTTS paguKamiB T,. 1[I BeIUYMHN BILUIMBAIOTHh Ha TaKi
MapaMeTpHu MPOIECy TPABIEHHS, SIK IBUJIKICTh, aHI30TPOMHICTh Ta CEIEKTUBHICTb.

SAx1o TpUBaANICTH IMIYNBCIB Ta TEPio]] iX MOBTOPEHHS Habarato OTbIi, HIXK
qJac XKUATTS pagukamiB (T, <<t; 1 T, <<T), To MICIACBIYEHHS BiIirpac HE3HAYHY
pOJIb y TIpoIleCi TPABJICHHS, OCKUILKA TpaBJE€HHS BiIOYBAa€ThCS B IJIa3Mi I 4ac
IMIyJIECY, @ CyMapHa MIBUAKICTh TPABJICHHS BU3HAYAETHCS CITIBBITHOIICHHSIM:

Uy, =V, (1/T), (12.5)

AI, BIJIH. OJI.

P, uBT

ne V0. — weuakicTs TpaBJICHHS B HEMEPEPBHIH IJ1a3Mi.

Tp

S0 K HaBIMaKH, Yac KUTTS pagudKaIiB Habarato OUIBIINKN, HIXK TPUBAJICTD t;
Ta mepioA IMOyIbCiB (T, >>t; 1 1,>>T), TO TpaBleHHS B MICISICBIYCHHI CTa€
NEPEeBAKAIOYNM HAJl TPABJICHHSAM YIPOIOBXK il KOPOTKOYACHUX IMITYIBCIB TUIa3MH
1 BimOyBaeTrhcsi 0e3 MIABENCHHS €HEprii 3a paxXyHOK HAaKONMHWYEHOi eHeprii
paaukainiB. Lle o3Hauae, M0 HE MIJBUINYIOYM CYMapHOI MOTYXKHOCTI 30yIXKEHHS
TUTa3MH, MOXKHA 3HAYHO 30UIBIIWTH IIBHJKICTH TPABICHHS (HA MPAKTUINl Ok,
HDK y 5 pa3iB).

OO6poOmoBaHa TJIacCTHHA 3a3BU4Yail mepeOyBae Mia JESIKUM MOTEHI1aIOM
BiTHOCHO Iia3Mu. lle Moske OyTW ITOTEeHIlad aBTO3MIMIEHHsS a0 TOTEeHIIial,
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CTBOPEHMH JIOAATKOBOI HAMPYrol 3MIMIEHHS 0 IUIACTHHH. BenuuuHa I1horo
MOTEHITIATy, 3aJI€KHO BiJ CHIBBIIHOMIEHHS MiX T, t; 1 T, BruMBae Ha 3arajibHI
XapaKTePUCTUKU TPaBICHHS. SIKIIO IMITyIbCH 30YIKEHHS KOPOTKI MOPIBHSHO 3
4acoM KUTTA paaukaiiB (t; << T,), TO poJib MICIACBIYEHHS CTA€ BU3HAYATIBHOIO, 10
IPU3BOJUTH 10 130TPOIHOTO Ta ceIeKTUBHOTO TpaBieHHA. (TyT ionHe 60MOyBaHHS
HE BUIIrpae CYTTEBOI POJi, OCKUIBKM 10HM 3HHMKAIOTh YIPOJOBXK JEKUIBKOX
MUTICEKYH/ IMiCJis MPUIUHEHHS IMITYJIbCy). SKIIO t; >> T, TOJI BU3HAYAJIBHUM Y
npoleci TpaBICHHA B IUIa3Mi CTae i0OHHE OOMOyYBaHHS, a TPOIEC TPABJICHHSA
XapaKTePU3y€EThCsI aHI30TPOIHICTIO T4 HU3BKOK CEJICKTHUBHICTIO. TakUM YHHOM,
3MIHIOIOUM TPHUBAJICTh IMITYJbCIB t; (3aJ€XKHO BiI T,) Ta YaCTOTYy MOJYJIIOBaHHS
(mepiog T), Moxemo Oe3 mepepuBaHHS MPOLIECY TPABJICHHS NEPEXOAMTH Bif
130TPOITHOTO CEJIEKTUBHOTO PEXUMY /10 aHI30TPOMHOIO 3 MAJIOI0 CEJIEKTHBHICTIO.
Taki MOXIMBOCTI € HAA3BMYAWHO BaXKIWBI JJIs Ipollecy MNpodiTOBaHHS
KOHTAKTHHX BIKOH y CYOMIKpOHHII TeXHOJIOTII.

Hampuknana, nist TpaBlIeHHS JIETOBAHOTO MOMIKPEMHIIO Ta JIOKCHUIY KPEMHIIO
3aCTOCOBYIOTh IMMyJbCcHY Iiasmy SFe. Yac pexomOinalii atomapHoro ¢ropy
ctaHoBUTh 50 Mc. Kepyroun CHiBBIIHOLIEHHSIM MK 0€3MOCepeHbOI0 JIIE€I0
IUIa3MU Ta TICISICBIYEHHSIM PO3PSITY, MOXKEMO 3MIHIOBATH CTYHiHb aHI30TPOIii
TpaBJIEHHs KpeMHit0 (0e3 3MIHM CKJIaay Ta30BOl CyMilll) BiJl 130TPOIHOTO
TpaBieHHs (t; << 50 mc) mo amizoTpomHoro (t;>> 50 mc). [Ipu npomy cemnek-
THUBHICTH TpaBjeHHS 1oi-Si/Si0, Takox 3MiHIO€ThCs B Mexkax Bijg 100 1o 10 (6e3
MOTEHITIaTy 3MIIIEHHS Ha MiAKIagKoTpuMadi) abo B mexax Bim 30 mo 3+5 (3
noTeHmiaaoM 3MmimeHHs B 100 B).

12.1.2. O0po0.ieHHsI CTPYMEHeM IIa3MHU, HI0 PO3NMAJAETHCS

JocTaTHBO BHUCOKMX MIBUAKOCTEH ocaqxyBaHHS IUTIBOK (10 MKM/XB Ta
BUIINX) MOXKHA JTIOCSITHYTH 3 BUKOPHUCTAHHSIM CTPYMEHS TUIa3MHU, 10 TEHEPYEThCS
B OTBOp1 mopoxkHucroro BY-enexkrpoma Ta posmanaeTbcs B Mpolieci CBOTO
nepeMimeHHss B Oik minkiaakd. Cxema peakTopa, SKAW MpaIroe 3a TaKuM
NPHUHIAIIOM, TIOKa3aHa Ha puc. 12.8. Po3psig 30ymkyeThes 3a momnomororo BU-
HaAMpYTrH, NPUKIAJICHOT 0 eIeKTpoAiB peakTopa. Enexrpon, mo ¢popmye CTpyMiHb,
Mae OTBIp naiaMeTpoMm | +5 MM, yepe3 sIKMI rasoBa cymiml (ra3) MOJA€TbCAd B
peaxtop. [Ipu mpomy THCK B 0TBOpi Maibke B 10 pa3iB BHIIUM, HDK y peakToOpi.
OCKUIBKH JlaMeTp OTBOPY MEHIIUN BiJl AOBXUHU BU-XBHUIII, TO po3psa BcepeauHi
OTBOPY He Moke 30ymxkyBatucs BU-nonem. OnHak, sikino piBeHb BU-moTyxHOCT1
nepesuirye 20 BT, To BUHUKae cTane 3MIIIEHHS B JIEKUIbKA COTEHBb BOJBT, SIKE €
OPUYMHOIO DPO3PANY B TMOPOKHHCTOMY Karonai. ['eHepoBana B Takuii crocio
IHTEHCHBHA TUTa3Ma CTPYMEHEM CIPSIMOBYETHCSA JO OOPOOIIOBAHOT MiAKIAIKH.
B310BX 0OCi MOMMpPEHHS] CTPYMEHS JTIOCATAETHCS HAJ3BHYANHO BHCOKA IIBUAKICTH
ocaKyBaHHs mapiB. Te, mo Ha dhopmy 1 HampsM pyxy cTpymeHs Hi ¢opma BU-
€JIEKTPO/Ia, Hl JIOJIATKOBE IMOJIe HE BIUIMBAIOThH, CBIAYUTH MPO TE€, IO CTPYMIHB €
IUTa3MOI0, SIKa PO3MAJAEThCS, a MICISICBIYCHHS BHUBOAHUTHCS 3 IOPOKHUCTOTO
kaTtony — otBopy BU-enexrpona.

OCHOBHI XapaKTEPUCTUKH PO3PSIY B TAKOMY PEAKTOPi MatOTh 3HAUCHHS :

— TuCK B peakropi Py, I1a 50 + 250;
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— TUCK BCEpEMH1 KaHally 0TBOPY (Ha BX0/[1) Py, 10 Pp;

— BUTPATH Ta3y, CM’/XB 60 + 600;
— MBHJKICTH IMOTOKY rasy depe3 oTBip (dhopcynky) U, cm/c 10* + 10°;
— BU-notyxHicts, BT 50 = 150;
— noteHIian 3minenas Ha BU-enexrpoai U, B 100 =+ 700;
— MOTEHI[IAJI [IJ1a3MHU BIIHOCHO 3emil U, (UeSe)/S,

(TYT S, — mJI01IIA €eKTpOoAa, S, — MJI0IIa 3a3eMJICHOI MOBEPXHi peakTopa). Yactora
BY-nanpyru cranosuts 27,12 MI'u. [lna ocamkyBaHHS TUTIBKU HITPUIY KPEMHIO
BUKOpHUCTOBYBanach 3%-Ba cymim N, + SiHy (Si,Hg) B aprowi.

Takuil mpouec MiIa3MoBO-
ro oca/pKyBaHHS 3abe3medye
HAJ3BUYAaiHO BHUCOKI IIBUJ-
KOCTl (hOpMyBaHHS IUTIBOK (10
1 MM/XB), 4OTO JOCSTTH IHIIIN-
MU  METOJIaMH  HEMOXJIUBO. -
[IBuaKicTh HapoOIIyBaHHS, HAa- 4 Mt
npukiiag, SiH, 3 mouarkoeoi mm | N--r-=:
cymimi  N,/SiHy + Ar, 3aine-
KHUTh Takok Bim BU-moryx- 4

1
1
I I
| 1
. b | 1 I
; ' ! Lp— .
HOCT1 Ta CATac MAKCUMyMY JUIA i nyauypamms i1 llopokHucTHt
il 3mavenr Big 40 mo 60 Br. i Lo KaToN
. 1 1 1
CyTTeBUM HEIONIIKOM HaHe- UA Lo
. . )
CeHHsI IUTIBOK y peakropi 3 : U, O\
X
IUIa3MOI0, M0 PO3MATAETHCS 0 l Y i \i >
(puc. 12.8), € BUCOKUI CTYyMIHb i U] ! ‘
1 Y.

HEOTHOPIAHOCTI HApOIIyBaHHS,
SKUI MOXKHa YCYHYTH Yy pasi
BuKopucTanns BU-enekrpona 3 Puc. 12.8. Cxema peaktopa ais 0OpoOJICHHS
neKinbKoMa GopcyHKaMu ofHa- WIACTHH CTPYMEHEM IUIa3MH, WO PO3MIa/IA€ThCs,
KOBOTO JiaMeTpy Ta oOepTanms & TAKOK PO3MOALIT MOTEHIiamy B3JOBK OCi
MIAKJIAAKK JA0BKOJa oci momu- PEaKTopa

PEHHS TUTa3MU.

Y OiIpImIOCTI BHUIANKIB IIel MpolleC BHKOPUCTOBYIOTh HE CTUIBKH IS
OCa/I)KyBaHHS, CKUIbKM ISl TpaBJi€HHS CYOMIKpOHHHMX CTPyKTyp. Ilpuctpiit nis
TPaBJICHHS CTPYMEHEM IUIa3MU HHU3BKOTO THICKY, SIKa PO3IANa€ThCs, aHATIOTIYHUN
MIPUCTPOIO JUIs ocajKyBaHHA ImapiB (puc. 12.8). Lle#t mpucTtpiii 103BOISE OTPH-
MyBaTH BHCOKY KOHIIGHTpAIII0 paJuKalliB TOOJIU3Yy IMOBEPXHI, IO MiAJIArae
TpaBieHHIO. [IIBUAKICTH TpaBiCHHS, HAIPUKIAA KPEMHIIO, MOXe cAraTH 1 MM/XB,
0 IPUOJM3HO HA JBA TOPSJIKKM BUIIE, HK JUIS BIIOMHX METOJIB ILIa3MOBOIO
TPaBJICHHS. YMOBH PO3pSAJYy Ta TEOMETPisl MPUCTPOI CHUJIBLHO BIUIMBAIOTH Ha
nporec TpaBieHHsA. PopMa JTYHKH TPaBIEHHSA Ta MAKCUMYM HIBUIKOCTI TPABICHHS
3aJiexaTh BiJl MOTYXHOCTI BU-BUIIPOMiHIOBaHHS, sIKE€ 3ACTOCOBYETHCS JIJISl TEHEPY-
BaHHSA pO3psny. BcTaHOBIEHO, 110 MIBHAKICTH TPABIEHHS KPEMHIIO B CyMIIIl
Ar + SF¢ 3MmeHImIyeTbcsi 31 30UIBIIEHHSAM IIOBHOTO THUCKY. PeakTop Ta mporiec
TPaBJICHHS] KPEMHIIO B HhOMY MaJli TaKi XapaKTEPUCTHKU:
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— BU-noTyxHicTh Ha yactoTi 13,56 MI'11 100 + 200 Br;

— OCHOBHa po0oya CyMill ra3iB Ar (ra3-nociit) + SFg;
— BATpaTH Ar 30 + 130 cm’/xB;
— BuTpaTt SF¢ 6 + 26 cM’/xB;
— BUTpATH HIINX akTHUBHUX Ta3iB: CF, 12 cM’/xB;
NF; 48 CM3/XB;
— MOBHUH poOOYMi TUCK Y BaKyyMHIN Kamepi 65 + 95 Ila;
— 4ac TpaBJICHHS Big 0,5 10 4 xB.

BU-enektpona giamerpom 20 MM BUTOTOBIISUIH 3 aJIFOMiHIIO (200 HEpxKaBirO4Oi
cTani), a HOro KOHCTPYKIis mepeabdadana BojasHe oxojojxeHHd. OTBIp B elek-
Tponi MaB niamerp 0,5 MM Ta AOBXHMHY 5 MM. [l po3MillleHHS KpPEeMHIEBOT
IUTACTHHA BUKOPHCTOBYBAJIM ATIOMIHIEBHI TpuMad, sSIKuii mepeOyBaB IiJ| IiaBa-
I0OYMM TIOTEHITaioM abo >k OyB 3a3zemiieHuii. Kpim Toro, mij 4ac poOOTH TakKoX
JOCITIKYBABCS BILUTUB KUCHIO 3 BUTpatamMu 10 CM°/XB (mmB. Tabm. 12.3).

Taoauus 12.3. [TopiBHsAIBbHA MIBUAKICTH TPABICHHS MOHO-S1 CTPYMEHEM ILTa3MH,
10 PO3MAaAA€ETHCS, B PI3HUX FA30BUX CyMIIIax

No l'azoBa |llIBuaKicTh Tpa-| XapaKTEpUCTUKA [Tpumirka
/I  cymimn BJICHHS, MKM/XB | 00'€KTa TpaBJICHHS (3acTocyBaHHS)
By3nka a1yHKa [30i1I01041 KaHABKU
1. | Ar+SF+0, 32 y y - ’
TpaBJICHHS HACKP13H1 OTBOPHU
CepeHiil HaxXuI [MpodutroBaHHA
2.1 Ar+SFq 22 pen podimons
CTIHOK JIYHKH KOHTAKTIB
Iupoxka nyHka 3 MesacTpykTypa aig
3. | Ar+CFE,+0, 13 poka iy PYKLypa i
IJIOCKUM JTHOM ermiTakcii
YTBOpeHHS 3aXUCHOT 3axycHa IiiBKa
4. | Ar+CF, 0 DCHIIA 3axy
BYIJICIIEBOI IIJIIBKU BYIJICI[IO
K€ IIUPOKa 1 MIHA [Tmanapusaris
5. | Ar+NF;+0, 2 Ay p H pusall
JTyHKa penbedy
HecrabOuipHuii iporec [Tpouiec
6.1 ArtNF; 0+1 pon potee
TpaBJIEHHS Hee(PEeKTUBHUM

[Norenmian as3mu U, ctanoBuB 10 + 50 B, y uuctomy aproni U, = 15 B nipu
BY-notyxnocti 100 Br, a B cymimi Ar+SFs U,=1,5B (noryxnicte 150 Br).
OCKUIBKH TpaBJICHHS KPEMHIIO B YUCTOMY aproHi HE BIAOYBA€ThCA, TO 1€ IIe pa3
HiATBEPIKYE TOH (pakT, IIO TpaBICHHS 3IIMCHIOETHCA HU3BKOCHEPTETUIHUMHU
i0HaMH, TOOTO BHKOPUCTAHHS YHCTOTO aproHy B SIKOCTI TPAHCIIOPTHOTO Ta3y €
OTIpaBIaHUM.

HenomikamMu 1hOro mporecy € pO3MWICHHS OTBOPY €JeKTpoAa Ta MOro
3aps/KAHHS 710 3HAYHOTO MOTEHITIATy, a TAKOXK BUCOKHI CTYITIHh HEPIBHOMIPHOCTI
TpaBJIEHHs, [II0 BUMAarae 3acTOCyBaHHsA (POPCYHOK 31 3HAYHOKO KUIBKICTIO OTBOPIB.
Takuii TIa3MOBUHM MpOLEC MOYKHA BUKOPUCTOBYBATH ISl TPaBICHHS HACKPI3ZHHUX
OTBOPIB B KPEMHIEBHX YW apPCEHIATANIEBUX CTPYKTYypax, a y pasi ocajKyBaHHS —
1Utst pOpMyBaHHS JIOKAJIBHUX MIAPIB HA CTPYKTYpax Ta Ha paMKax BUBITHUX.
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12.2. O0po0senns 3 BuxkopuctanuamM HBY-miazmm — HOBME Hanpsm
CyOMIKpPOHHOY TeXHOJIOT il

MoskHa BX€ BIIEBHEHO BBaxaTH, 10 00poOiieHHs 3 BukopuctanHsm HBUY-
1a3MyU HaOJMMKYKMM 4YacoM 3Haiijie IMPOKE 3aCTOCYBaHHA B CYOMIKpOHHIN Ta
HaHOTEXHONOT1sX, ockuTbkn HBY-mmasma mae psan mepesar mepen HY- ta BU-
miazMoro. OJHIEI0 3 HUX € HU3bKa eHepris 3apsyikeHux yactuHok (1 + 30 eB) Ta
BIJICYTHICTh €JICKTPOJIIB, 1[0 3a0e3nedye BHUCOKY YHCTOTY IPOIECiB. IHIIOO
TepeBaroi0 € BHCOKAa TycTHHA mmuiasMu (n. ~ 10" cm™) Ta, BimmosimHo, BHCOKa
ryctuHa ctpymy (mo 10 MA/CMZ), 10 JIO3BOJISIE OOPOONATH INIACTHMHH B TaKId
miazMi 3a HaJa3BUYailHO KopoTkuit yac. Kpim Toro, HBUY-pospsan icHye B
IIUPIIOMY Jiala30Hi poOOYUX THCKIB, OXOILIIOIOYN JIalla30HHU K BHCOKOTO TaK 1
HU3BKOTO THCKIB. CHIBBiTHOMIEHHS MDK THCKamu 1 eHeprismu HBUY-mumazmum
MOPIBHSHO 3 THITUMHU BUAAMU IIJIa3MU JeMOHCTpYE puc. 12.9.

CytreBoro mepeBaroro HBY-pos-

pSIIB € BIACHE TE, IO BOHHU J03BO- A E, eB 3
JSI0Th 30y/KYBaTH IUIa3My 32 YMOBH (Ii{d(io;ég Ll;Lr?
HU3BKUX THUCKIB (10‘1+ 107 [la), 3a 10°t BT{(IOS-'IO.S .l"u) o
akux BU-po3psny Bke HE JIOCTATHBO. [‘5‘&2&25':"6653&5&'{
TOJEM 1~ TOJII

OGpoGnerns B HBUY-mmasmi moxksa  10%t
3mificHIOBaTH mmim Tuckamu B <~10° [

pa3iB HWx4YMMH, HDK y BY-mmmasmi, 10 ¢
IIPY [IbOMY T'YCTHHA 3apsKCHHUX Yac-

HBY (10°-10" I'y)
3 MarH. rojieM §6e3 MArH. OISt

TUHOK Mo>ke OyTtH B 100 pa3iB Buuia. 14

32 yMOBM HH3BKMX THCKIB i P TIa
JOBXHHA BIIBHOTO mpo0iry ioHiB i P
pajMKaIiB TIEPEBUIIYE MIUPHHY I10- 102 10" 1 10 10* 10°

JIBIHHOTO €JIEKTPUYHOTO HIapy moosu-
3y HOBEPXHI IJIACTUH Ta F€OMETPUYHI
po3Mipu peakTopa. loHUM mpHCKOpIO-
IOTBCSl €JIEKTPUYHUM TI0JIEM, CHJIOBI
JIHIT IKOT0 TEePIEHINKYIISIPHI TOBEPX-
H1 MIJIKJIQ/IKH, 1 JOCATAIOTH ii MOBEPXHI
06e3 cmiByaapiB 13 HEWTpaJIbHUMHU
JacTHHKaMHU. BennuunHa 1aBaroyoro MoTeHIany MmaKIagkd (Bia'€MHOTO BigHOC-
HO IJIa3MH) CTaHOBUTH 17 + 25 B. loHn BAapstoTh HEpHIEHIUKYISPHO MOBEPXHI
HiIKJTaJIKA, TOMY CTPYKTYpHI IIapH TPaBIsAThCA 0e3 O1YHOTO miaTpaBiIeHHs, TOOTO
aHizorpornHo. IlomiOHO MifOTH 1 paaMKadd, OCKUIBKM BOHHM TaKOX JOCATAIOTh
NoBepXHI 0e3 cmiByaapiB y JOBOJI OAHOPIAHOMY Ta MEPHEHAUKYISIPHOMY
MOBEPXHI MOTOIII, 110 3a0e3Meuye BUCOKY aHI30TPOIHICTh TPABJICHHSI.

[loeqHaHHA aHI30TPOIHOTO TPaBJIEHHA 3 BUCOKOIO IIBUIKICTIO Ta OJHOYACHO
3 HU3BKOK €HEPTi€r0 10HIB, a BIJIMOBIIHO 3 BUCOKOIO CEJICKTUBHICTIO Ta HU3BKUM
piBHeM BHeceHHs nedekriB 3abesneuye HBY-miasmoBomy 00poOieHHIO OCHOBHI
nepeBard NOpIBHAHO 3 IHIIMMU BUJIAaMU po3psany. Husbka Temneparypa migkiaagok
1 MOXJIMBICTb BUKOPHCTAHHS MPAKTUYHO OYJb-IKMUX Ta3iB 3HAYHO PO3LIUPIOE
MO>KJIMBOCTI MJIa3MOXIMIYHOTO OCa/KyBaHHS TUTIBOK /ISt (DOPMYBaHHS IIapyBaTUX

Puc. 12.9. CniBBimHOIIEHHS MK po0o-
YUMH THCKaMH 1 €HEprisIMd 1OHIB Yy
HU3bKOTEMIIEPATYPHIN po3psaHii T1a3Mmi
peakTopiB UL  OCa/pKyBaHHS  Ta
TpaBJIeHHs] CyOMIKpOHHUX cTpyKTyp BIC
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cTpykTyp. Kpim 1poro, 3a J0moMorow J10JaTKOBOro TmocTiitHoro abo BU-
3MIIICHHS Ha MIIKJIAIKy HAaI3BUYAWHO MPOCTO 3a0€3MEUyEThCS TOYHE KepyBaHHS
nporecoM oOpoOJIEeHHST HAHOCTPYKTYP 3aBISKM 3MiHI B IIMPOKOMY JIiama3oHi
T'YCTHHHU, COPTY Ta €HEprii YacTUHOK, siKi O0MOyrTh minkiaaky. TyT BiIKpu-
BAIOTHCS HAJ3BUYANHO BUCOKI MEPCTIEKTUBH CMITaKCIHHOTO (hOpMyBaHHS mIapiB 3a
KIMHAaTHHX TEeMIIepaTyp.

12.3. Meroau BBenennss HBU-eneprii B miamy

[TinBenennss HBY-eneprii Bim renepatopa A0 peakTopa 1 BBEJACHHS ii B
wiazmy BifpizusaeTbes B HBU-cuctemax Ta cucremax mia3MoBoro oOpoOiaeHHS.
3a3Buyail, Taki TEXHIYHI aCTIEKTU BIACYTHI B OUTBIIOCTI poOiT, mpucBsuennx HBY-
IUIa3MOBOMY TPaBJICHHIO YW OCA/KyBaHHIO, J€ aHAJI3 IMMOYMHAIOTH 3 XapakTe-
PUCTHKH TUIa3MU 1 MIPOLIECIB, 1110 BiI0YBalOTHCS B HIM Ta Ha MOBEPXHAX peakTopa i
miakaagok. OCKUTBKY 1€ TUTaHHS TMOB'I3aHO 3 TEXHOJOTIYHICTIO BCHOTO TPOIECY
HBUY-1u1azmoBoro o6po0aeHHs, pO3TIsTHEMO HOTO JIETATBHO.

MexaHi3M IepeilaBaHHs eHeprii Bij ejdekTpoMarHitTHoi HBU-xBuii g0 miazmu
[OJIATa€ B TOMY, IIO MiA JIEI0 EJIEKTPUYHOIO MOJs €JEKTPOHU HaOHparoTh
CIPSIMOBAHOT IMBHUKOCTI Ta KIHETHYHOI €HEPTii, sKa /Jalli BHACTIIOK CIHIBYAapiB 3
BOXKUMHU YaCTHHKAMH TEPEXOJHUTh SK B CHEPTiI0 TEIUIOBOTO PYyXy CamMHX
€JIEKTPOHIB, TaK 1 B €HEPriio 30yKEHHs Ta TEIUIOBY €HEPril0 BaKKUX YaCTUHOK. 3
00Ky €JIeKTPOMArHiTHOI XBWJII HA €IEKTPOH, IO PYXA€ThCS B IUIA3MI1 3 TIBUAKICTIO
V., nie maruitHa cuna eVU.'B = eV, (E/c), sika mOpIBHSIHO 3 €IEKTPUUHOIO CHIIOKO €
HE3HAYHOI0, TOOTO HEI0 MOXKHAa HEXTYBaTW IO TUX Mip, TMOKH IIBHIAKICTb
€JIeKTPOHIB Ha0araTo MEHIIa 3a MIBUJIKICTh CBITIIA.

Jnst Toro, moOu BUACHUTH OCHOBHI OCOOJIMBOCTI HArpiBaHHA €JIEKTPOHIB B
€JIEKTPOMArHITHOMY TIOJi, PO3IITHEMO PIBHSAHHS OajaHCy €Heprii eJIeKTpoHa W, B
3MIHHOMY enekTpuyHoMy noini E(t) = Ey-cos ot:

v, :—e-‘Ue-EO-coswt—Se-(we—ngg), (12.6)
dt 2
ne e — 3apsj enekTpona; Ey — aMIuiiTyaa Hanmpy eHOCTI eIeKTPUYHOTO MOJIs; M —
KyTOBa YacTOTa EJIEKTPOMArHITHOTO MOJis; O. — BIJHOCHA JOJS €HEprii, ska
NEePeIacTbCs eMEKTPOHOM BaXKKid YACTHHIII I Yac OJHOTO CIIBYAapy 3a YMOBH
We >>3/2KT, (tyr 3/2 KT, — cepenns eHepris BaKKUX YaCTHHOK).

[lepumit unen y piBasHHI (12.6) XapakTepusye MBUIAKICTh HAOYTTS eHEprii
€JIEKTPOHOM B €JIEKTPUYHOMY MOJi. YcepeaHeHa 3a 4acoM IIBHIKICTb HAOyTTs
eHeprii eneKTpoHOM Oyjie BU3HAYATHUCH, SIK

ezE%v
2 25’
2mg(0” +v7)
ne v — e(eKTHBHA 4YacTOTa CHIBYAApiB €JIEKTPOHA 3 BaXKKOI YACTHHKOIO, M, —
Maca eJleKTpoHa.
Cniscranisitoun Bupas (12.7) 3 BigoMoro GopMyInor Jyisi BUIKOCTI HAOYTTS

eHeprii eJIeKTPOHOM B 3MIHHOMY 1 MOCTIHHOMY E€JIEKTPUYHUX MOJIAX MOXKEMO
3ayBaYKUTH, 110 BOHH 30iraloThCs, SKIIO HANPYKEHICTh MOCTIMHOTO eNEeKTPHYHOTO

B=

(12.7)
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TI0JISl CTAHOBUTH!

E.=E,-(1+0?n?)712, (12.8)
Ileit Bupa3 [103BONISIE TIOPIBHIOBATH MK €000 e(EeKTHBHICTh HarpiBaHHSI
€JIEKTPOHIB B EJIIEKTPUYHOMY IOJ1 Pi3HOI YaCTOTH ®, TOMY HOro 4acTO BHUKO-
PUCTOBYIOTH I Xapaktepuctuku HBY-nons mnazmu.

Hpyruit uien y Bupasi (12.6) BU3HaYa€e MIBHIKICTH MEpEIaBaHHS €HEPTii Bix
€JEKTpOHA JO BaXXKUX YacTHMHOK (1OHIB 4YHM paguKamiB). 3ajeXHO BIiJ YMOB
BEJIMYMHA O, MOXE 3MIHIOBAaTUCh y JOBOJI IIUPOKHUX MeXax — BiJ 3HAYEHHS
2m,/M, xapaKTepHOro ajisi MPYy>KHUX criByaapiB (M — maca BaXKOi YaCTHHKH), J10
3HA4YEHHS, sKe Habarato Outbine 2me/M, TOOTO O, >>2m./M (i1 HenpyKHUX
CHiByAapiB), K 116 Mae MICIEe JJIsl CHIBYJapiB €JIEKTPOHIB 3 MOJEKYJIaMH a30Ty,
KHCHIO, BOJIHIO, @ TAKOX 32 YMOB T, = 2- 10*Ki8.=0,1.

Po3sB's3aBmiu piBHsHHS 6anancy (12.6), orpumaemo, 1110

202
We_ékTg: © ]?20 5%
2 2m86(m +v7) (12.9)
202 — §2v2 0 '
><[1+®2—662V2005(203-t)+cw(2+—ﬁf’2)&2esm(2w't)]-
40 + 8, v 4o” +3,"v

3 1mpOro BUpPaA3y BHUJIHO, IO y pa3l BUKOHAHHS YMOBH 0.V << (® EHEpris
€JICKTpPOHA, Ky BiH HaOyBae Iia II€I0 TOJIsA, CTa€ MPAKTUYHO CTajga B dacl,
OCKLUTBKM HOro 3MiHHA CKJIaJ0Ba 3 YaCTOTOI 2@ Ma€ HU3bKY aMILTTYAy O, 4d
dcv/@. Takuil BUCHOBOK Ma€ MPUHIIMIIOBE 3HAYEHHS JJIsi pO3paxyHKY MapaMeTpiB
HBY-po3psiny, OCKUIBKH [03BOJIA€, TO-TIEpIIE, JJIs CTAllOHapHOi 3amadi B
OUTBIIIOCTI BHWIAJKIB BBa)KATH HE3aJeKHHUMH BIJ Yacy IIpoIecH IoHi3amii Ta
pexomOiHaIii, mo-apyre, s 3amKMcy PIBHSHHA BpPaxOBYBaTH 3aJICXKHICTh
MIBUAKOCTI TaKWX MPOIECIB TUIBKK BiJl KOOpAWHATH. TOoMy IJIsi MOJCIIOBAHHS
HBUY-nporeciB miazMy MOXHa BBAXKATH MO3UTHBHUM CTOBIIOM TIIFOYOTO PO3PSIY
MOCTIMHOTO CTPYyMY, B SIKOMY €(EeKTUBHE €JeKTpPUUYHE MO0JIe € cTaje, 110 3HAYHO
CIPOIIYE PO3PAXYHOK.

[Iporecu B Takii mia3Mi MOBHICTIO BU3HA4YalOThCs BeauuuHaMu E./P 1 PA, e
P — tuck, a A — audysiiina noBxuHa. EnexkTpoHHU yTBOPIOIOTHCS B 00'€MI IJIa3MH 1
BUTPAYAIOTBCS B pe3yibTaTi AMQy3il, 3aXOMJICHHS YW pPEeKOMOiHAIii mijg dYac
cuiByaapiB 3 ioHamu. B mianazoni am3pkux tckKiB (< 130 [1a) ocHOBHUM MexaHi3-
MOM BTpAT €JIEKTPOHIB CTa€ iX nudy3ist 0 MOBEPXHI peakTopa.

Opnak cmig BigMiTuTH, o nudysiitHa Teopis mias HBY-pos3psay mae cBoi
MEX1 3aCTOCYBaHHS, fKi, 30KpeMa, 3aJeaTh BiJl TUCKYy razy B peakropi P i
nosxuan HBY-xBuni . Ha puc. 12.10 cxemarnuyHo moka3zaHo Mexi AUQy31HHOT
moneni. MiHiManbHe 3HAYEHHS EJeKTPUYHOTO TOJs, 3a SIKOTO MOJKJIHBE
BuHukHeHHS1 HBU-po3psiny, BiAMoBiae CiBBIAHOMIEHHIO:

P-1=55/P-A. (12.10)
Jlinis, mo onucyethest BupazoM (12.10), Ha puc. 12.10 BUkOHaHA MMYHKTHPOM, SIK
JIHIS ONITHMATBHOTO TIPOOOFO.

Jlnst OutbIOCT! Ta3iB, SIKI BUKOPUCTOBYIOTh Y IIJIa3MOBIM TEXHOJIOTI,

MiHIMaJlbHa HAIMpPYXEHICTh EJIEKTPUYHOTO TOJIs, 3a SAKOi BimOyBaeTbcs MPOOii,
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A PA x133, em-Tla

HaJexuTh Jianazony 60 +~ 350 B/cwm.
IZOMy (miama3oHy) BimIoBigae mia-
Ma3oH TUCKIB Ta3y B  MeEXax
65 + 675 Ila. 31 3HMKEHHSM THCKY
MiHIMalbHa HAMpPYXKEHICTh TOJS, 3a

1024 > KO Biﬂ6yBa§TLca pooii, 3pocTae.
Ao HEOoOXiTHWKU I aHi30TPOII-

0} o HOTO _szaBneHH_;{ TUCK CTAHOBUTH
& 1,310+ 1,3-10" [Ta, TO oTpumatu

- o v Prx133 po3psin 6e3 JIONIaTKOBOTO. MarHiTHO-

b ooy on-[la’ TO Tomst Hemoxmuso. Lle i € apyroro

P : : : : : » yMoBOO GpopmyBanHs HBU-mnasmu.

10! 1 10 10° 10° 10* SIKmo,  KpiM  €JIEKTPUYHOTO

Puc. 12.10. Mexi 3actocyBaHHs nudys3ii-

HO1 Teopii popmyBanHs miazmu HBY

HBY-nons, n10aaTKoBO MpHKIIAICHE
MarHiTHE MOJe, TO PyX EJIEKTPOHIB
3MIHIOETBCS, OCKIJIBKHM BOHU HaOyBa-
IOTh JOJAaTKOBOTO NIPUCKOpeHHs. B

IOMY BUNAJKY BHpa3, MO ONucye 30UIbIIeHHS eHeprii enekrpoHa y BU-momi,
HaOyBa€ PE30HAHCHOTO XapaKTepy, TOOTO OMHCYE EIEKTPOHHO-IIMKIOTPOHHHH
pe3onanc, skmo yactota HBY-momns 30iraeTscsi 3 KyTOBOIO YacTOTOIO €JIEKTPOHA.
B xoMOiHOBaHHX TMOJISIX €JIEKTPOHM PYXAIOTHCS BXKE B3JOBXK CITipai, MO CyTTEBO
3MIHIOE XapakTep AuQy31iHHOT0 IPOIECy.

Ha puc. 12.11 noka3aHo 3aJeXHICTh NOJs NPOoOOI0 BiJ BEIMUYMHU MOCTIHHOTO
MOTIEPEYHOTO TIOJIS I Pi3HUX TUCKIB. TyT, 30KpemMa, MOKHA TIOMITHTH, IO JUIs

A E, B/em
1004

50 1

20 1

10 1

4

H, 10°Tc
$ 3 ¢ } } 5
0,5 1,0 1,5 2,0 2,5 3.0

¥

Puc. 12.11. 3ajexHicTs MiHIMaJIBHO-
O EJIEKTPUYHOTO TOoJisi MpoOOoIo
3,1ITu, A=1,51cm) B He, Bix
BCJIMYMHM TIONIEPEYHOIO0 MAarHiTHOTO

moimss it tHckiB: 1) 133 Ila;
2) 206 ITa; 3)5321Ila; 4) 1060 Ila;
5) 3990 I1a
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tucky 133 [la MiHIManbHE e€NEKTpUYHE
nosie npo6oro Maiike B 10 pas3iB meHIe
HOro 3HAYEHHS 32 BIICYTHOCTI MarHiTHOTO
OJIA.

SIkmo 4yactorm HBY-momgs f Ta
KyTOBa 4YacTOTa pPyXy eJIEeKTpOHa
30iratloTbCs 1 Habarato NEPEBUINYIOTh
e(eKTUBHY YaCTOTY CIIBYJlapiB €JIeKTpOHA
3 BaXKOI YacTUHKOW (f= w.>>V), TO
BUHUKA€E EJIEKTPOHHO-IUKIOTPOHHUNA pe-
30HAHC, TOOTO

H
f=m, =— (12.11)
2m-m,
Jlnmg  TMIOBOI  IIPOMHUCIIOBOI  4acTOTH

f=2,451Tu HanpyXeHICTp Mar”HiTHOTO
nonst H=875Tc. Takuit HBY-pospsn
e(eKTUBHO 30y KYEThCS 32 YMOBH 3HAYHO
HIDKYUX THCKIB (1,3-10'2 +1,3-10" ITa),
HIX HeoOXximHo s 30ymkenHs BU-
po3psiny. Ilpu 1bOoMy cHocTepiraeThcs



e A E;, eB A U, B
]’5..f\ 3..\ 30+
1,04 a) 21 6) 208 ~——— &)

0,54

2

|
P, 0,13+I1a P,0,13°Ila P, 0,13°11a
—t —t ——
I 2 3 I 2 3 I 2 3

Puc. 12.12. 3anexxHocTi KOHIIEHTpaIlii 10HIB (a), IXHBOT eHeprii (0) Ta moTeHIiamy
mia3mu (B) Big TUCKY Ar, oTpumani 3 HBU-notyxHictio 1,6 kBT

BUCOKHM CTYIiHB 10HI3aIli MOJEKyn1 poOodoro ra3y, HU3bKa €HEpris 10OHIB Ta
HU3bKE 3HAYCHHS MoTeHIiany (puc. 12.12).

[linBeneHHS eNeKTPOMAarHiTHOro BHUMpoMiHIOBaHHA 10 HBY-po3psnis
3a3BUYail 3IHCHIOIOTh XBWJIEBOJaMu. Ha mpakTuili 3aCcTOCOBYIOTH XBHIICBOIU
TPHOX KOHPIryparii: NpsSIMOKYTHI MOPOXKHHCTI, KPYIJIl MOPOXXKHHUCTI Ta KPYIJIi
KoakcianbHl (200 KkoakcianbH1 JiHIT). 3rigHo 3 teopiero HBY, y HuUX MOXyTh
MOMIUPIOBATHCS HE BC1 BUU CICKTPOMArHITHUX XBHIIb, & TUTBKHU JIESKI, TaKi SIK:

— nonepeyHo-MaraiTHi xBuii (TM-xBuii), B IKUX BIACYTHS CKJIaJloBa HAmpy-
YKEHOCT1 MarHiTHOTO MoJist B HanpsiMi nomupenHs xsuii (H, = 0);

— noniepeuHo-enekTpuyHi xBwii (TE-xBuii), B AKX BIACYTHS CKIIAJ0Ba
HaIPY>XKEHOCTI €JIEKTPUYHOTO I0JIs B HanpsaMi romuperHs xsuii (E, = 0);

— noniepeyH1 enekTpomarHiTHi xBuii (TEM-xBuini), B IKHUX BIACYTHI CKJIaJ0B1
HATMIPYXKEHOCTI €JIEKTPUYHOTO 1 MArHITHOTO IOJNIB y HANpsMi TOIMIUPEHHS XBUII
(H, = E, = 0). [Ins1 nepenaBaHHs 1IUX XBUJIb 3aCTOCOBYIOTh KOAKCIalbHI JIHIT;

—ribpuani xsuni (H,#0, E,#0), SKi BUHUKAIOTHh Yy pI3HUX XBHJIEBOJAX,
MIPOBITHICTh CTIHOK SIKMX Ma€ MEeBHE KIHIIEBE 3HAUCHHSI.

3a 3a/1laHOi YacCTOTH MOJIA ® MOMEPEYHO-MArHIiTHI Ta MONMEPEUHO-EICKTPUYHI
XBWJII MOXYTh TONIUPIOBATHCH Y TIOPOKHUCTHX XBWJICBOJAX Y BHUIISII PIZHHUX
tumiB (Mon), siki mo3Hadarotbess TMp, (En,) ta TE., (H.,,) Bimmoimno. B
MOTIEPEYHOMY HampsaMi (B3I0BXK KOOPAMHAT X Ta y) MOJIE Ma€ XapaKTep CTOAUYUX
XBWJIb 1 3MIHIOETHCS 32 3aKOHOM CHHYCa YM KOCUHYCA. Y MOB3/0BKHbOMY HaIpsMi
(B3MOBK KOOpAMHATH Z) TOJe sBJsiE€ cOo00r0 OiKydy XBuito. IHIekc m o3Havae
KUIBKICTh CTOAYUX MIBXBWJIb MOJS, K1 BKJIAJAIOTHCSA BIOIMEPEK IIUPOKOI CTIHKU
XBUJIEBOY, & IHIEKC N — KUIBKICTh MIBXBUJIb YIONEPEK BY3bKOi CTIHKA XBUJIEBOAY.

da3oBa MBUAKICTH XBUITb PI3HUX MOJT Y XBI/IJICBOI[i OIUCYETHCS BUPA3OM:

Vypx = 0/k'= , (12.12)

\/(’J Ha€y — zmn2
ne k' — mificHa 4yacTMHA CTajoro MOIIMPEHHS XBWIII; U, 1 € — aOCOMIOTHI MarHiTHa
Ta AleJIEKTpUYHA TPOHUKHOCTI; K,y — MONIEpEUHE XBUIBOBE YUCIIO.
3 (12.12) BunnmuBae, 1o ¢a3zoBi MIBUAKOCTI XBHIb PI3HUX MOJ TaKOX Pi3HI, a
TaKOX, 110 TOIIUPECHHS XBUJIb Y XBHJIEBO1 Ma€ MICIIE 32 YMOBH:
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02,8, > K (12.13)
TOOTO KoM (a3zoBa MIBUAKICT, € JAiiicHOI0 BenuuuHowo. 3 (12.13) moxHa
OTPUMATH 3HAYEHHS JIOBKWH XBWIII / B CEPEIOBUILI 3 TAPAMETPAMH L, 1 €, 32 SIKUX
MOYKIIMBE TOMINPEHHS EJIEKTPOMArHiTHOI XBHJIi B XBUJICBO/I1:

I <l =21/ Ky (12.14)

31 3pOCTaHHAM IHJEKCIB M Ta N 30UIBIITYETHCSA MOMEPEYHE XBHIIBOBE YUCIO Ky,
KPUTHUYHA JIOBKUHA XBUJI1 BIJIMTOBITHO 3MEHIIIYETHCS.

Hux4oro MOJ1010 XBUITI y XBHJIEBO/[I HA3UBAIOTH TY, sIKA BIIMOBiIa€ MiHIMAITb-
HO MOJKJIMBUM 3HAYEHHSM IHAEKCIB M Ta N 1 Ma€ MaKCUMalbHYy JOBXKHUHY XBHUJIL.
Momau Hy B mnpsMokyTHOMY xBuieBojal icHyBatu He Moxe. s TE-xBunp
HatHWKIUM TUnoM € Hio. B mpsMokyTHOMYy XBMIIEBOAI MOXXYTh iICHYBaTH MOIH
Eoo, Eo1 1 Ejo. g TM-xBwits HaliHmwk4doro Moaor € Ejj, a mmsa cykynHocti TE i1
TM-xBunp — Mona Hig. 3a3Buuaii, momepedHi po3Mipu XBHJICBOMIB ISl 3aJaHO1
JaCTOTH (» BUOWPAIOTh TAKUM YHUHOM, IIOOW B HUX MONIUPIOBANACH TUTbKH XBHIIS
HIKYO01 MOJIH.

SKio 3BepHYTHUCH 10 MaTeMaTH4HOI Mojenl XBuial Hp,-Moau, To iHJIEeKC m
o3Hauae mopsAnok Qyskimii beccens meprmoro poxy i Moxke HaOyBaTH JOBUTBHHX
[UINX 3Ha4Y€Hb, B TOMY YHCI1 HYIb. s XBUib E-MoIM 1HIEKC m TakoK 0O3Hayae
nopsanok ¢yHkuii beccenss mepmoro poay, a 1HJIEKC n — HOMEpP KOpEeHs Iji€i
GyHKIIT TopsAKy m. XBHICIO HUKYOT MOJU Y KPYTJIOMY XBWIIeBOI1 € Hyj.

I'paanunauit piBerr HBY-moTyxHOCTI, SKM MOXKHaA IIepelaTH eJIeKTPO-
MarHiTHOK XBHWJICKO 3a JIOTIOMOT'OK) XBHWJICBOJly, BU3HAUYAETHCS HAIPYKCHICTIO
npoOifHOTO MO U1 ra3y, B SKOMY L XBWIS MOIHUPIOEThCS. HampyxkeHicTbh
npoOIHOrO TOJIA BHU3HAYAETHCSA PAJOM YHUHHUKIB — BHIOM 1 THCKOM rasy,
TEOMETPIEI0 PO3PSIAHOIO MPOMDKKY, YHUCTOTOK IOBEPXHI XBHWJIEBOJY TOMIO.
[ToTyxHicTh, sika migBoauThcs g0 HBY 1ma3sMoBux peakTopiB i TpaBJICHHS 1
ocaKyBaHHs mapiB cTpykryp BIC, 3a3Buyait He nepesuiye 2,5 kBt. Haifuacrimie
BUKOPUCTOBYIOTH Jiana3oH noryxHocrei 0,3 + 1,0 kBr.

12.4. Konctpykuii peaktopiB HBU-006po0oJenns crpykryp BIC.

Peaktopu nns HBY-ma3mMoBOro ocaikKyBaHHS 1 TPaBJIEHHS YMOBHO MOKHA
PO3IUIMTH Ha OB1 IPpyIU: 0€3 BUKOPUCTAHHS MarHITHOTO OIS Ta 3 BUKOPUCTAHHSAM
CXpEIIeHNX eJIEKTPUYHOTO 1 MOCTIHHOI0 MarHiTHOTO TOJIB.

Tunosuit peakrop HBY-mna3mu 06e€3 BHUKOPHUCTAHHS MArHITHOTO —TOJS
neMoHcTpye puc. 12.13. B mpomy peakTopi KaHal, MO SIKOMY TMOAAEThcs podoya
cymimr (Ta3), pO3MIIICHHWI BCEPEMHI XBHWIEBOAY (pe3oHaTopa). 3a3BuYai, Iei
KaHaJl BUTOTOBJISIFOTH 13 IJIABJIEHOTO KBapIly, a CaM Pe30HATOP PO3MIIIEHO B MICIIl
MaKCUMAalbHOI HAMPYKEHOCTI ENEeKTpUYHOro moisi. EjexTpomarnitHe mozie 3
XBUJIEBOJY TPOHUKAE B PO3PSAHY KaMepy Ta CTBOPIOE (TE€HEpye) pO3psl.
HeoOxinHa miist mpo0or0 HANPYKEHICTh €JIEKTPUYHOTO TOJSI B TAKUX PEAKTOpPax
cranoBuTh 80 + 100 B/cm, ontumansauii THCK — 65 + 1330 [Ta. Taki peakropu
BUKOPUCTOBYIOTh Il BUAAJIICHHS (DOTOPE3HCTY, OCKUIBKM BOHHU 3a0€3MeuyroTh
BHUCOKY IIBHJIKICTh TPAaBJICHHS 3aBJSIKM BHCOKIA KOHIICHTpAIlli pajuKaliB Ta
130TPOMHMI XapaKTep LbOTO TPAaBJICHHSA 3aBIAKH BHUCOKOMY THCKYy. Kpim Toro,
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Puc. 12.13. HBY-mna3moBuit  peaktop  Puc. 12.14. Cxema HBY ElP-peakTo-
0e3 MmarHiTHOrO ToJisi: 1) po3psimHa Ka-  pa: 1) po3psaHa kamepa; 2) peakijiiiHa
Mepa; 2) pe3oHatop; 3) pyxomi MOpIIHI  Kamepa; 3) XBWIEBim; 4) miaKIagKo-
JUIS HaJalITyBaHHS pe3oHatopa; 4) mia- Tpumad, 5) eJeKTpoMarHit; 6) KBap-
dbparma; 5) Si-nmactuHa 1I0OBE BIKHO; 7) Si-MjacTUHa

MO>KJIMBE BUKOPHUCTAHHS TaKHUX PEAaKTOPIB SIK JUIsl OCAJKyBaHHS, TaK 1 TPaBICHHS
IUTIBOK 32 YMOBH BUOOpPY BIATIOBIAHOTO CKJIaay poOoUyoro rasy.

3HauHy 3aI[iKaBJICHICTh OCTAHHIM YacOM MPOSIBISIIOTH JI0 PEAKTOPIB 1HIIIOTO
TUIY — 13 3acTocyBaHHsAM cxpenieHux HBY enexkTpuyHOro i mocTiiHOTO MarHiT-
HOro ToiB, oco0nuBo HBU-peakTopiB, B SKHX JOCATAIOTH €IEKTPOHHO-IIUKIIO-
tponHoro pe3oHancy (ELIP). Huzpkuit pobouwnii THCK (1,3:10% = 1,3-10" Ia) B
HBY EIIP-peakTtopax 3a0e3mnedye aHIZOTPONHE TPABICHHS, IO J03BOJIIE BUKO-
PUCTOBYBAaTH iX IJis1 e(peKTUBHOro (QopMyBaHHS CYOMIKpPOHHUX CTPYKTyp. Kpim
nporo, EI[P-nya3sma nmae MOXIMBICTH OCa[KyBaTH IUTIBKH IIAPYBATUX CTPYKTYP
(HaarpaTku) 3a HU3bKUX (KIMHATHHX) TemnepaTyp. Cxema koHcTpykiii HBY ELP-
peakTopa nokaszaHa Ha puc. 12.14. TyT MarHiTHe moJjie CTBOPIOIOTH 3a JIONMTOMOTOI0
€JIEKTPOMATHITIB TaKMM YHMHOM, IIO CHJIOBI JIiHII MarHiTHOTO TOJS CHPSIMOBaHI
B3/I0BXK OcC1 peaktopa. [Ipu npoMy HampsM eJeKTPUYHOTO IMOJIsl, IO CTBOPIOETHCS
HBY-xBuner, nepneHIuKyIIpHUAN 0C1 peakTopa.

HBY enexTtpoMarHiTHe BHIIPOMIHIOBAaHHS TMIABOAUTHCS IO peakTopa
NPSIMOKYTHUM YU KPYTJIUM XBUJIEBOJOM Y MOBITPSHOMY CEPEOBUII Ta BBOAUTHCS
yepe3 KBapIlOBE CKJIO B peakTop, sikuil mepeOyBae mij BakyyMoM. HalmiinbHima
ma3Ma BuHHKae B 30H1 EL[P, e maruitHe noste cranoBuTh 875 I'c Ha 4acTOTI TOJIS
2,45 I'Tu. Iloryxnicte HBY-BunpoMiHioBaHHS 3 4acTOTOIO f, 1O BBOAUTHCS B
MJ1a3My 32 YMOBH HAKJIaJ€HOTO MArHITHOTO MOJISL, OMUCY€ETHCS BUPA30M

v2
w(f) = w(0)- 1

, (12.15)
(f-0,)% +v?
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Achl()locM'3 J€ Vi — IpOIOpILifHA TUCKY YacTOTa eleK-

2,04 TPOHHO-10HHUX CIIBYAApiB, ®, — MUKJIOTPOH-
1 Ha 9acTOTa EJICKTPOHIB; f — gacToTa eJeKTpo-

1,5¢ MAarHITHOTO MOJIS.
o) PoOounii ra3 momgaroTe ABOMa KaHAaJIaM:

1,01 gyepe3 po3ps/iHy Kamepy Ta 0e3Mocepe/lHbO B
0 /\ peakuiiiHy kamepy. ['a3 y mporeci nojanss B

ST pO3psAIHY KaMepy PO3KIafacThcs B IIa3Mi Ha
et . . pazllyc MM aKTHBHI YACTHHKH, SIKi IIOTPAIUBIIOTH y Peak-

-100 -50 O 50 100 [IHHY KaMepy Ta B3aEMOJIIOTH 3 MIJIKJIAJIKOI0
abo pearyoThb 3 Tra3oM, M0 TOJAETHCS B
peaxIiifHy Kamepy, a MpOJyKTH IIi€i peakii
B3aEMOJIIIOTH 3 MinKIanakoro. Hampuknan, ais
dopmyBanus mmrapiB SizNy depe3 po3psaHy
KaMepy najaroTh Ny, @ B PEaKIiiHy Kamepy
SiH; (Si;Hg). XapaktepHi BuTpatu Trasy
CTaHOBIATH Bix 5 10 30 cM’/xB. s HameceHHs mapis SiO, 3amicts N, uepes
po3psaHy kamepy noparTb O,, A HaHeceHHs mapiB Si* — Ar, a g Si,OyN, —
N, ta O, B neBHomy chiBBigHomeHH1 (N : O; : Ar). TpaBneHHs 3 BUKOPUCTaHHAM
HBY EILIP-peakTopiB 3IIHCHIOIOTH NUISIXOM TOJAHHS Ta3y 4dYepe3 po3pAnHy
KaMmepy. B iboMy BUIAKy HaW4YaCTIIIIE BUKOPUCTOBYIOTH CyMIMI XJIOP(PTOPMICHHUX
rasis 3 Ar, N,, O,, H,, CO,.

Onniero 3 ocHOBHHMX mpobiem o6po6ienns B HBY EILIP-peaktopi, cxema
SKOTO TMOKa3aHa Ha puc. 12.14, € 3abe3nedyeHHs] pIBHOMIPHOCTI OCa)KyBaHHS 49U
TpaBJeHHs 3a Imomero Si- abo GaAs-nmigkiaaku. PagiansHul po3moaul TyCTHHU
I1a3MU B peakiiiHiil kamepi Ha BijacTaHi 10 cM Big BUXOJY pO3pSAHOI KaMepu
nemoHcTpye puc. 12.15. OCHOBHOIO TPUYMHOIO TaKO1 HEPIBHOMIPHOCTI TYCTHHH
1a3MHM € peKoMOIHAIlis €JICKTPOHIB Ha CTIHKax peakrtopa. Cepesl IHIIUX MPUYUH
MOXe OyTH HEPIBHOMIPHHI PO3MOAUT MOTYXHOCTI B3JIOBXK pPEaKkTopa 3aJIeKHO Bif

Puc. 12.15. Pagianbauil po3noiia
I'yCTUHH IIJIa3MHA Hi,[[ THUCKOM
6,6:10%a (1) Ta 5,31la (2) B
noToiti O,

A IycTHHA 4 AU, B AU, B
1011“ jiasmMu, CM a) | g4 6) | g4 B)
1 20T 20+
f \
74 15+ 151
1010__ \2 \
3 1-nonmarHi 10HU 107 107
2-Big'eMHI 10HU
9 3-eNeKTpOHH 51 51
10 ‘g P, BT TI/ICK 0,13- Ha BIZ[CTaHb CM
” 300 500 700 900 20 40 60 80 10 20 30 40

Puc. 12.16. 3aexHicTp mapaMeTpiB IUIa3MH  Bil XapaKTEPUCTHK PEaKTOpa:
a) TIOTYXXKHOCTI; 0) TUCKY B peakIliiHiil Kamepi; B) AlameTpa po3psaHOl KaMepu
9cem(1)iScm (2)
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Bubopy HBY xBuiti a60 x aykTyariii Hanpy»€HOCT1 MarHiTHOTO MOJIA.

I'yctuna mnasmu 3poctae 3 miasuimenasM HBU-motyxknocti. L 3anexHicTh
nisi SFg 32 yMOBU CTQJIOTO THUCKY 10% Ia noka3sana puc. 12.16. 3 HaBeneHux
3aJIe)KHOCTEH BUIUIMBAE, IO T'YCTUHA MJIa3MH 3pOCTAE 3 MIJABUIICHHSIM MOTY>KHOCTI
no 600 Br, a motiM Hactae HacuueHHA. [Ipym mpoMy iHINI mapameTpu, Taki K
maBarounii norenuian U+ (-21 B) ta norennian miasmu U, (+3 B) 3anumarorses
HE3MIHHMMH 1 BU3HAYAIOTHhCS BUHATKOBO KOHCTPYKIIIEIO (T€OMETPIE) peakTopa.
Bennunna moTeHmiany Iia3Mu € OJHUM 13 HaliBaxuBimux mapamerpis HBU-
IpoIeCy, OCOOIMBO TPaBJICHHA, J€ BEIUYMHA MPUCKOPIOIOYOi HANMPYTH 3HAYHO
BIUTMBae Ha mpodutb (aHi3oTporito) TpaBieHHa. CaMe TOMY Jis JOCSTHEHHS
ONTUMAJTBHUX yMOB OOpOOJEHHA MarepialiB CJig 3AIMCHIOBATH  IOMIYK
BIJIMTOBITHUX KOHCTPYKIIIH peaKkToOpiB.

PosrnssHeMo gesiki acrieKTW TPaHCTOPTYBAaHHS YaCTHHOK JO IOBEpXHI Si-
miaknanok (ctpykryp BIC) ta ixHili BB Ha mpoiec oOpoOienHs. Skmo Ha
MIIKJIAJIKOTpUMAaY HE TOJIAHO ITOTEHIAN 3MIIEHHS, TO OCHOBHHM MEXaHI3MOM
TPaHCIIOPTYBaHHS 3apsHKCHUX YAaCTHHOK A0 MIAKIAIKK € amOinoysipHa audysis,
sKa B10yBaeTbCid B HEOJHOPIAHOMY MAar”iTHoMy noii. HeonHopinHe MarHitHe
T0JIe, HAMPY>KEHICTh SIKOTO 3HUXKYETHCS B HAIMPSIMI BiJl PO3PSIHOL 1O PEAKI[IHHOT
KaMepH, B3aEMOJIIE 3 PYXOMUMH 3aps/DKEHUMHU YaCTHHKAMH Ta TPUCKOPIOE iX.
['pagieHT MarHiTHOTO TOJISI CTBOPIOE TIPH IILOMY PYIIIHHY CHITY:

F=-M.grad H, (12.16)
ne M=m.vV l2/2H — Mar”HiTHU# MomeHT, UV, — WMBUAKICTH, MEPICHANKYISIpHA
CWJIOBUM JIiHISIM Mar"itHoro mois. Llf cuia mpucKoproe eneKTpoHH B HampsAMi
3MEHIIICHHS HAIPY>KEHOCTI MArHITHOTO MMOJs. ENeKTpoHM CTBOPIOIOTH BiJ'€MHUI
MOTEHITIAJI Y HampsAMi 130JbOBAHOTO MiAKIaJAKOTpHMada. TakuM YHMHOM, Y3IOBX
TUTa3MOBOTO MTOTOKY MDK PO3PSIIHOIO KaMepoIo 1 MiIKJIaJKOTpUMadeM IeHePYEThCS
MOCTIMHE EJICKTPUYHE II0JIe, K€ MPUCKOPIOE 10HW Ta CIIOBUILHIOE EIIEKTPOHHU.
O1xe, pyx 10HIB Ta 10HHE OOMOYBaHHS MIACHUIIOETHCS B MPOIEC] OCAIKYBaHHS YU
TpaBJIeHHS BIAMOBIIHOTO mmapy cTpyktypu BIC.

31 3MiHOIO THCKY TaKOXX 3MIHIOETHCS CIIIBBIIHOIICHHS MDK BEIUYMHAMHU
MOTOKIB 10HIB 1 HE3apsKeHUX YacTUHOK. Ha pwuc. 12.17 momaHOo 3anexXHOCTI
TYCTHHH 10HHOTO CTPYMYy, BEpPTHKaJbHOI CKIAJOBOi TpaBieHHS KPEMHIIO Ta

A1, vxAlew? EAZOO A Anisorponis
400+ g2 1.0 +
= s
a) g% 0) B)
3001 5%
55 0,9 4
2004 ©24100
g8
1004 5 E 084
PMa & P Ila )’ P Ia
':: 5 L > L i ) 3 % i >

1,3-10° 1,310 1,3-10° 1,3-107 13= 14> 1,3-107

Puc. 12.17. 3anexHicTh TYCTUHH 10HHOTO CTPYyMY, BEPTHUKAJIBbHOI CKJIaJ0BOT
IIBUJKOCTI TpaBlieHHS Ta adizoTpomii Bim THcKy SF¢ B HBY EIIP-peakrtopi:
P =600 Br, Up = 70 B; onip Si-nigknaaku 2 Om-cm
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aHizorporii Bij Tucky mist SFe. [ns Toro, mo6 yCyHYTH BIUJIMB €HEPrii 10HIB, 10
HiAKIaAKOTpUMada OyJjio MpHUKIaneHo moTteHmian 3mimenas 70 B. AHizorpomis
BU3HAUajach 3a BITHOIIEHHAM JarepanbHOl Vgiyye 1 HOPMAJIBHOI CKIIAIOBUX
HIBHIKOCTEU TPaBJICHHS:

V-
A =] _lume (12.17)

HOpM

SIx mosxHa moOauntu 3 puc. 12.17, cTryneHnem aHi30TpoIii TpaBICHHS MOXXHA

KEepyBaTU 3a JOMOMOTOI0 IPOCTOI 3MIHM THCKY, IO € YK€ Ba}XJIMBUM JUJIs

npo(dUTIOBaHHS KOHTAKTHUX BIKOH TiJ 4Yac QopMyBaHHA OaraTOpiBHEBOTO
PO3BEICHHA CyOMIKPOHHHUX CTPYKTYP BEIHKUX IHTEIPATBHUX CXEM.

12.5. Cyuyacui moaudikauii HBY ELIP-peakTopis

B m. 12.2 Ta 12.3 ommcano HBY EILIP-peakropu, KOHCTPYKISl SKHX €
06a30BOI0 I Cy4aCHUX YCTaTKyBaHb IUIQ3MOBOTO OCAJKyBaHHS 1 TpaBJCHHS.
3ane)XHO B TPU3HAYEHHS, BOHU MOXYTh JIOYKOMIUIEKTYBAaTHUCh CHCTEMOIO
NPUCKOPEHHS 10HHOTO ITyYKa, JOJATKOBUMHU €JIEMEHTAMH MarHiTHOI CUCTEMH UM
JOJaTKOBUM TIPUCTPOEM BBEACHHS TEXHOJOTIYHOTO Ta3y 3 BHIIAPOBYBAIHHOIO
KOMIpKOI0. 30UIbIlIeHHs AiameTpa oO0poOmtoBaHux rmiactuH g0 250 + 300 mm Ta
nepexiy Ha KiacTepHe oOJagHaHHS 3YMOBWJIM PO3POOJIGHHS HOBHX CIIOCO0OIB
TiIBUIIICHHS PIBHOMIPHOCTI OOpOOJIGHHST Ta EHepreTudHoi e(EeKTUBHOCTI 3
BUKOpUCTaHHSAM HOBUX KOHCTpyKiiii HBY EI[P-peakropis.

Jns oTpuMaHHS Mar”HiTHOrO mojis 3 HampyxkeHicTio Ha piBHi 1000 I'c B
peakTopi, mokazaHomy Ha puc. 12.14, eHepreTnyHe CIOKHUBAHHS €JIIEKTPOMATHITIB
carae kutoBat (U =60 B, 1=20 A). 31 30uibleHHAM aiameTpa 0OpOOIIOBAaHUX
HIIKJIa0K 3pOCTaTUME TaKOX JiaMeTp PO3PSAHOI KaMepH, 10 BUMAarae JaiabIIoro
BJIOCKOHAJICHHS ~ KOHCTPYKIIli peakTopa Uil MiJBUIIEHHS PIBHOMIPHOCTI
o0poOJnieHHsT B pajliajlbHOMY HarpsiMi. BiAMOBIIHUM YHMHOM TaKOX 3pOCTaTHME
CIIOYKUBAHHS €JIEKTPOCHEPrii eIeKTPOMarHiTaMu, siki CTal0Th OCHOBHUM BY3JIOM
eHeprocnokupaHHs. s Toro, mobu BUPIMUATH IO MPOOJIeMY, 3aIIPOTIOHOBAHO
MOJIEPHI3aIlII0 PEAKTOPIB, y SAKUX 3aMICTh €JEKTPOMArHITIB BHUKOPHCTOBYIOTH
MOCTINHI MardiTu. B oMy pasi ajs 30 UIbIIeHHS IlaMeTpa 30HU 00pOoOaeHHS (s
IUTACTHH BEJHUKOTO Jiamerpa > 200 MM) abo 0OpoOIEeHHS OJHOYACHO JEKUIBKOX
IUIACTUH JOCTaTHBO 30UIBIIYBAaTH TUIBKHM JlaMeTp IIOCTIHHOTO MArHITy, HE
30UIBUIYIOYH €HEPrOCIIOKUBAaHHS PEaKTopa.

B peakropi 3 mocrtiiiHnMu wmarsitamu (puc. 12.18) pospsgHa Kamepa
CyMiIlleHa 3 peakiiiiHoo kameporo. /(s BBeaenns HBY-eHeprii BHKOPUCTOBYIOTh
CrieliajibHe BaKyyMHO-IIIUTbHE KBapIioBe CkJIO. [loCTiMHUM MUIIHAPUIHUN MarHIT
PO3MIIIYETHCS HA IBOMY BIKHI BCEPEIMHI KPYTIIOro MigHOTO XBHieBoy. HaBmpo-
TH MAarHiTy, Mg TIIKIaAKOTpUMadeM, PO3MIIICHO APYTUi MOCTIMHUN MarHiT AJIs
dbopmyBaHHs 30HM po3psaay. [linkmankorpumay, po3MINIEHUH MK JBOMa
NOCTIHHUMHU MarHiTaMH, BUTOTOBIISIIOTH 3 130JIAIIIMHOTO Martepiaily, HaImpUKIIa,
Al O3;. MarHit, SKuii po3MIlIEHO y XBUJIEBO/I, TAKO)X BUTOTOBJISIOTH 3 130JISAI1H-
HOTO MaTepially 3 BUCOKMM OMOpPOM, 1100 yHUKHYTH BTpaT HBY BUmpoMiHIOBaHHS.
Haii6 b1 mpuaaTHUMU T HOTO € (hePUTOB1 MarHiTH 3 JoMimkamu Ba Ta Sr.
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Puc. 12.18. Cxema HBY-peakTopa 3 BUKOPUCTAHHSM MOCTIMHUX MAarHiTiB
(a) Ta 3 BCTAaHOBJICHHSIM JIOJIATKOBUX MarHiTiB (0): 1) po3psiaHo-peakiiiina
KaMmepa; 2) XBWJIEBIZ; 3) MOCTiHHI  MarHiTd; 4) KBapIoBe  CKJIO;
5) migkmagakoTpuMad; 6) Si-mijgKiaaKa

OpnHuM 3 HEAOMIKIB TaKoi KOHCTPYKIii € B3aemoaisi HBU-xBuii 3 mocTitHUM
MarHiTOM BCEpeJHHI XBUJIEBOY, IO MPU3BOJAUTH J0 3MIHU IUIOMIMHUA MOJISIpU3AIlii
XBWJI1 JIOBKOJIAa OCl XBWJIEBOAY Ha KyT (0, BEJIMYMHA SIKOIO 3aJIXKHUTh BIiJl
HaPY>KEHOCTI MarHiTHOTO TOJISI Ta PO3MIpiB MOCTIHHOTO MarHiTy. s kpyrioro
XBUJIeBOy HaliHIk4o0 Moaoro HBY-xBuii € TE(, skxa 30epiraeTbest B pe3yabTari
MOBOPOTY IUIOMIMHMU TOJIApU3allll, HE 3MIHIOIYHM XapakTepy XBWil. SKmo x
BUKOPUCTOBYETHCSI MPSIMOKYTHUN XBHWJIEBII, TO MOBOPOT IUIOMIMHUA TOJAPU3AIIi
Jutst Huok4doi Moau xBuwitl TE g Bike MPU3BOJUTH IO 3MiHH XapaKTepy MOIIUPEHHS
XBUJI, a Ko KyT @ = 90°, To xBuisa HaOyBae moau TEy;. [IpssmokyTHI XBriIeBOM
KOHCTPYIOIOTh TaKMUM YMHOM, IO B HUX HE MOXE MOMMUproBaTHCh XBWISA TEg.
Tomy B cyqacanx kKoHCTpYKIlisx HBU-peakTopiB 3aCTOCOBYIOTH KPYTJIi XBHIICBOIU
3 KPYIJIMMHM TUTIOCKAMH MTOCTIHHUMH MarHiTaMH JIOBKOJIa HUX.

PeakTop 3 MOCTIHHUM MarHiTOM y XBUJIEBOII JO3BOJISIE 3SMEHIIUTH €HEPrOCIIO-
JKUBAHHS, OJHAK MpobiieMa pIBHOMIPHOCTI OOpOOJEHHS 3a IUIOMICI0 IUIACTUHU
3anumaeTbess. bimbmn jgockoHanor € koHcTpykiis HBY EIIP-peakTopa, 3ampo-
nonoBaHa ¢ipmoro CIT Alcatel (puc. 12.19). B upboMy peaktopi mocTiiiHi MaraitTHi
CTEpP’KHI, SKI PO3MIIIEHI HA 30BHINIHIN CTIHIII PEaKTOpa, CTBOPIOIOTH BCEpPEIUHI
HBOTO TO0JM3Yy CTIHOK MarHiTHE ToJie, JocTaTHEe s 3abe3medeHHs EIL[P.
[Momanns HBY-eneprii B i 30uu 30ymkye HBU ELIP-po3psia, enekTpoHu sKOTO
YTPUMYIOTHCSI MAarHITHUM IOJIEM. TaKUM YWHOM, BUHHMKA€E JCKUIbKA 30H HIUIBHOT
T1a3MU  3aMICTh OJIHI€T, JIOKaJli30BaHOi MOOJM3y oci peaktopa. ToMy Takuit
PEaKTOp TaKOX HA3WBAIOTh PEAKTOPOM 3 PO3MOAUIEHUM EJIEKTPOHHO-ITHKIO-
tpouHuM pezoHancoM (Distributed Electron Cyclotron Resonance — DECR).

Takuil peakTop 103BOJISE MIJBUIIUTH KOHIICHTPALIIO 3aps/I)KEHUX YACTHHOK
[UISIXOM 30UTBIICHHS YKCia PO3PSIAHUX 30H 0€3 MiABUIIEHHS IIUThHOCTI TUIa3MHU B
Hux. ([Ipobrema minBuUIIEHHS] KOHIIEHTpaIlii 4aCTHHOK B peakTopi (puc. 12.19, 6)
MOB'sA3aHa 3 TUM, IO Y pa3l BUCOKOI MIUIBHOCTI MJIa3MU, BOHA TTOYMHAE BIAOMBATH
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3oHa EL[P aHTEHa

OZIHODIJIHA
nudy3iiHa
ria3ma

Binkauysanus

Puc. 12.19. HBU-peaktop 13 posnoxninenum EIIP (a) 1 cxema naii po3psaHOi
kamepu (0): 1) po3psaaHa kamepa; 2) peakiliiiHa kamepa; 3) aHTeHH; 4) MarHiTa 3
YeproBOIO MOJISIPHICTIO; 5) XBHIIEBIT; 6) po3noainenHs HBY; 7) migkmagkorpumay
3 IJTACTUHOIO

HBY-punpomiHioBaHHs, HE IOTJIMHAIOYHW HOro eHepriio). Jpyrorwo mnepeBaroro
peakTopa € Te, 1o 3apasku pos3noaury 300 HBU ELP-po3psany no nepudepii mias-
MOBOTO 00'€My CHJIBHO HiABUINYETHCS PIBHOMIPHICTH 00poOieHHs. TpaBieHHS B
IIEHTP1 3M1MCHIOETHCS YaCTUHKAMHU, K1 JUQYHIYIOTH 13 30HH ELLP.

HBU-eneprisi mojlaeTbcs B peakTOp Y3/I0BXK CTEPXKHIB (aHTEH), pO3MIILIEHUX
nmapajeJbHO MarHiTaM Ha BiJICTaHI JEKUIBKOX MITIMETPIB Ta OXOJIOKYBaHHX
BOJIOIO 3 METOIO 3amoOirtd mneperpiBaHHio. [locTiiiHe MarHiTHe mojie HampyKe-
HicTIo 875 I'c jokanizyeTbcsi MK MarHiTamMmu Ta aHTeHaMu. CTIHKM peakTopa
JOJATKOBO BHUKOHYIOTH (DYHKIIIO 3a3€MJICHOTO €JeKTpoaa. Takuii peakTop
3aCTOCOBYIOTh B YCTaTKyBaHHsX 1azMoBoro TpasieHHs RCE-160 ta GIR-820.

[le oxniero momudikamiero HBY EI[P-peaktopiB mist ¢popmyBaHHS Miapy-
BaTUX CTPYKTYP € PEaKTOPH, B SKUX HA BHXOJ1 3 PO3PAIHOT KAMEPH BCTAHOBIICHO
MIIIIeHb, Ha SIKY MOJAETHCS BiJ'€MHUN MOTEHIIa. [OHHU, IO BUXOILTIOKOTHCS MOJIEM
13 11a3Mu, O0MOYIOTH MIlIEHb Ta PO3NMOPOIIYIOTH ii. Po3mopomenuii matepiadn,
Hanpukian, Si, Al, Ta, Ti, Mo au W, ocamkyeTbcs Ha MOKIAAKY, GOpMYyIOUIn
HIapyBaTy CTPYKTYypy. 3a3BHuaid, MillleHb BUTOTOBJISIIOTH Yy (OpMi KUIbLA, SKE
OXOTUTIOE BUXIIHUKM OTBIp pO3PsIHOT KaMepH, OJIHAK BOHA MOXE MaTH TUIOCKY YU
KOHIYHY (OpMY, OXOTUTFOBATH BUXIIHHHA OTBIP PO3PSAHOI Kamepu abo po3MiIIy-
BaTUCh y peakiiiiHiii kamepi. KpiM Toro, MoxivBe BUKOPHUCTAHHS JTOAATKOBO1
MarHiTHOi CUCTEMH, sIKa CTBOPIOE MArHITHE MoJie MOOJM3y MOBEPXHI MIIICHI, 110
CIpus€ YTBOPECHHIO WIUIBHIMIO! IJIa3Mu Ta ToJyermye il apehd. 3MiHIOOYH
HANIPYXKEHICTh 1 PO3MOJLI MAarHiTHOTO IIOJISi, MOXHA JIOCSATHYTH PIBHOMIPHOTO
PO3MOPOIICHHS MillleHl Ta (opMyBaHHS PIBHOMIPDHMX 3a TOBIIMHOIO IUTIBOK
IapyBaTUX CTPYKTYyp. PeakTop 3 10MaTKOBOK MAarHiTHOIO CUCTEMOIO IS MIllleH],
SIKUUW CKIIAJAEThCS 3 3-0X €NEKTPOMATHITIB, TOKa3aHo Ha puc. 12.20.
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[TopiBHSIHO 3 BIIOMHUMU METO- HBY 2,45 T T
JaMHA HaHECEHHS IUIIBOK IIUISIXOM
HanwieHHs, BukopuctanHs HBY
ELIP-peakTopiB A03BOJISIE 3HAYHO
MOKPAIIUTH SKICTh OCAIKEHUX TLTi-
BOK, 3aI100II'TH BHECEHHIO 1e()EKTIB
y MIIKIQAKy, MTABUIATA IIBU/I-
KICTh 1 PIBHOMIPHICTh OCaKyBaH-
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Hs IUTiBOK. Tak, mij 9ac ocajxy- \ N
BaHHsS IUIBOK KopyHAy ALO; Ta R / 6 \
okeuny TauTany Ta,Os pocsrayro R 2 |—_‘—T 3 N
Bucoki mBuakocTi (20 + 30 HM/xB)  Rissrerwswseestse R
3 BHCOKOIO BiJTBOPIOBaHICTIO CTe-

XiloOMeTpuuHOTO CKiIamxy. Peaxrtop BinkauyBanHus

3abe3nedyye TIOBHE OKCHIyBaHHS
Ta 3 MBUAKICTIO OCAIKyBaHHS
25 HM/XB Ta 3 MOKJIMBHUM OJHOYAC-
HUM JIETYBaHHSM IUTIBKH P1IKICHO-
3eMeJIbHUMH MeTajamu. Ha Si-tiia-
ctuHax miamerpom 100 Ta 150 mm
HEOMHOPIMHICTS mriBoK Ta,Os 3a
TOBIIMHOIO HE TIepeBUIyBaa +5%,
pPO3KHU 3HAYeHb KoedilieHTa BIAOUTTA Ha Takid moili — He Oubmumid +£0,01. Taki
BHCOKI TIapaMeTpPH IUIIBOK JOCITATUCh 3aBIsSKu ToMy, o HBU-30ymxenns Hanae
PO3IOPOIICHNM YacTHHKAM MeTaly €HEprito, JOCTaTHIO I peakiii hopMyBaHHS
okcuny. Ilpouiecu ocamkyBanHs aienekTpuyHux miiBok Al,Os Tta Ta,Os 3aiiicHI0-
BasMch i TuckoM Bix 107 1o 107 IMa. Enepris Mmosnekyn ra3y i 4aCTHHOK, pO3IIO0-
POIIICHUX 10HAMH IIJIa3MH, 10HI30BAaHUX 1 JOCTABJICHHUX JIO MOBEPXHI MIAKJIAIKH,
crtagoBuia Big 10 mo 30 eB. IloBHICTIO OKHCHEH] 3 BUCOKOK MIUIBHICTIO IUIIBKA
Ta,0s 1 AL,O3;, oTpuMani 3a KIMHATHOI TeMIEpaTypH, TO3BOIWIH CcHOopMyBaTH
€MHICHI TUIaTu 1Jid GUIbTpoBUX cxeM cepii K298, mo 3abe3meunsno ixHIO BUCOKY
TEPMIYHY CTaOUIBHICTH y J1ana3oHi reMmneparyp -60 + +125 °C.

Puc. 12.20. Cxema HBY-peakTopa 3 po3mo-
pOIIYBAaHOIO MIIIEHHIO i (OPMYBaHHS
IUTIBOK IIIAPyBaTUX CTPYKTyp: 1) po3psmHa
KaMmepa; 2) MillleHb; 3) peakiliifHa Kamepa;
4) mar"iTHa cucTeMa; 5) 10JAaTKOBA MarHiT-
Ha cuctema; 6) Si-miaknanka; 7) i3019Topu

12.6. OcagxyBaHHs IJIiBOK mapyBatux crpykryp y HBY EIIP-
peakTopax

OcapxkyBaHHS TUTIBOK JICIEKTPUYHUX 1 HAMIBIPOBIAHMKOBHX MaTepialiB €
OJHUM 3 HaWOLIBII MepCcreKTUBHUX HampsMiB 3actocyBanHs HBY EIIP-mmazmu
3aBJIKM TOMY, IIIO BHACIIOK BHUCOKOi HIUTBHOCTI IUUIa3MHU 10HHUM CTPyM [0
MiIKJTaIKA 3HAYHO TIEPEBUIIYE TOTIK HEUTpanbHUX YacTUHOK. CIlij O9iKyBaTH, 110
BJIACTUBOCTI OTPUMAHUX Y TaKUM CIOCIO IUIIBOK OYAyTh aHAJIOT1YHI BIIACTUBOCTSM
IUTIBOK, OTPUMAHUX 10HHO-IPOMEHEBUM METOJIOM. [Ipu 11bOMy, OCKUJIBKM T'yCTHHA
10HHOTO CTPyMY JO HiAKIQJKHA BHUCOKA, a CHEPris 10HHOTO OOMOyBaHHS BXKe
JOCTaTHS [JIsi HETEPMIYHOTO AaKTHMBYBAHHS TMPOIECIB POCTY IUTIBOK, aje IIe
HEJO0CTaTHS JIJIsl BHECEHHS B CTPYKTYpY 3a0py/IHEHb Ta paaialiiHux n1edexTis, e
METOJT JIO3BOJISIE BXKE 3a KIMHATHUX TeMmriepaTyp minkmaaok Si ta GaAs Bupo-
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IIyBaTU 3 BUCOKOIO HIBHUJIKICTIO BHUCOKOSIKICHI IIapU OKCHIY 1 HITPHUIY KPEMHIIO,
KapOiqy KpeMHilo, HITpUIY OOpy Ta alIOMIHIIO, SIK KalCyJTIOIYNX MOKPUTh. KpiM
[IbOT'0, BUKOPUCTAHHS TAKOT'0 METOJIy OCA/KyBaHHS J]a€ MOXKJIMBICTh peai3yBaTH
aHI30TPOINHE BHUPOLIYBaHHS IUIIBOK, IO BHUKOPHUCTOBYETHCS IS IUTaHApU3aIlii
ctpykTyp BIC meTomom 3BopoTHOI niTorpadii.

PosrassHemMo oco61uBOCTI ocamkyBaHHS TTiBOK Si0;, Si3Ny, romorenizairii Si,
amopdHnoro a-Si ta mirpuzis Tuny A"'BY.

OcakyBanus miiBok SiQ,. [TniBku SiO,, otpumani B HBY EILP-peakTopi
3a SKICTIO HAOMIMKAIOTHCS /0 IUTIBOK, OTPUMAHUX TEpMIuHMM mnuisixom. Ha 1e
BKazye TOM (akT, 00 MIBUAKOCTI TPaBJIEHHS IUIBOK, OTPUMaHMX oOoma
criocobamu, B po3unHi 50% HF : 40% NH4F = 15 : 85 npakTtudnHO 30iraroThes MK
coboro B mianazoni temneparyp 283 + 333 K. IlIBuakicTs BuponIyBaHHs (a TaKOXK
HBY EILIP-tpaBnenns) miaiBok SiO, BHU3HAYA€THCA CIIBBIIHONIEHHSM MOTOKIB
pearenTiB SiHy (Si;Hg) 1 O, sixk moka3zano Ha puc. 12.21. Tyt 3aragbHa MBUAKICTH
notoky razy craHoBmwia 140 mu/xs, tuck 0,3 ITa, HBU-notyxnictes 265 BT, a
wiactuHy Si po3MmimyBanu Ha Bigctani 100 mum Big nentpy ELLP.

Jlnst Toro mo0 BU3HAYUTHU HETEPMIYHI

A otk Si%u, MJI/XB. 0 IOIIKO/KEHHS, SKi BHOCATHCS B CTPYKTYPH
: " EllP-na3zmoro, map SiO, Oyno HaHECEHO

1,7 Ha JIETOBaHWW emiTakciitHuii map GaAs i3
-l —_’M» %g TOTIEPE/IHBO 3AMIPSHOIO POBITHICTIO. Hami
14 map Si0, BUAAISIN B OKCUJHOMY TPaBHUKY

Ha ocHOBI HF Ta 3HOBY BuUMIiproBaliu Mmpo-

LIBUJIKICTh OCAIKEHHS HM/XB.

40T 1 038 BiI[HiS}Tb. Bypo BC’l:E.lHOBJIeHO, 1O 3MEHIIICH-

9 S HS KUIBKOCTI HOCIiB 3apsy €KBiBaJICHTHE

DT 02 EF 3MEHILIEHHIO TOBIIMHU enimapy Ha 0,1 Mkm
0’1; (motyxwicts EIIP-tutazmu 450 Br).

52 1 /:16 158 1}4 172> Amnaniz mwriBok SiO,, MBUAKICTE Tpa-

SiH,/0, BieHHsa B HF sgxux menma 3 Hm/c, mokasye

Ha BIJICYTHICTh Y HHX a30Ty, BOJHIO Ta

Puc. 12.21. 3anexHICTh HIBUIKOCTI1 Boan. lle MiATBEpIKYETbCA TAKOXK CIEK-

ocaukyBanHs (1), TpaBneHus (2) Ta  tpanphum  awanisom miiBok  SiO,, Ha-

koepiuienty sanmomnerss (3) HBY  yupennx B EIP-mmasmi 3 MOTYKHICTIO

ELIP-nniBoKk BiJ CHIBBIAHOLICHHS  5()() BT, siki cBi14aTh Mpo Te, 110 3B'A30K Si-

noToKiB SiHy/O; H (2150 cm™) Bigcyrniit. Ilomanns BY-

3MINIEHHS Ha  MJIKJIAIKA  3a0e3reuye

pPIBHOMIpHE OcaJ)KyBaHHS IIIBOK SK Ha CXOJMHKAaX, Tak 1 B KaHaBKaX (IIUIMHAX),
10 JT03BOJISIE €(PEKTUBHO TIaHAPU3YBATH ITOBEPXHIO.

IniBkm Si3;Ny. Habararo kpamii BIacTHBOCTI, HIX IUTIBKH, OTpUMaH1 CTaH-
JapTHUMU TepMiYHEMH (623 K) MeTomamu, IeMOHCTPYIOTh IUIBKH HITpHAY
kpemHio, ocamxeni B HBU EI[P-peaktopax 3a KIMHATHMX TeMIepaTyp. Ixui
napamMeTpu NpHOJIM3HO Taki K, SAK 1 mapaMmMeTpu IUTBOK SizN4, OCaKEHUX Yy
peakTopi TOHMXKEeHOro THCKY "[3oTpoH-4". [[ns BHpOOHUIITBA CYOMIKPOHHHUX
CTPYKTYp, OCOOJIMBO apCEeHIArajai€eBUX, HEOOXIIHI BHUCOKOSIKICHI JICJIEKTPUYHI
IUTIBKH 3 TIOHIKEHUM BMICTOM BOJHIO. B [U-criekTpax mormuHaHHS TUTIBOK Si3Ny4
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criocTepiraeThes mik 38'13Ky Si-N, 110 BifmoBizae XBuaboBoMy wmciy 845 v, B
Toit wac, sk mik 3B'3ky Si-H mpm 2100 cm™ — Bigcyrmiit. 36impmenns BY-
MOTEHITIANIY CIPUSE€ 3HAYHOMY 3HIDKCHHIO KOHIICHTpAIlll BOJHIO Ta ITIIBUIIICHHIO
IIUTBHOCTI TUTIBOK BHACHIAOK 1HTEHCHUBHIIIOTO 10HHOTO OOMOYBaHHS MOBEPXHI.
[ToniOHMM YMHOM BIUIMBA€ TIABUIICHHS TEMIICpAaTypd MIAKIAAKA 3aBISIKU
MIPUCKOPEHHIO peakiliii Ha ii MoBEepXHI.

B apcenigranieBiii TeXHOJIOTIT B SIKOCTI KallCyJIOIOYUX BHUKOPHUCTOBYIOTH
wriBku Si3Ny. [lix gac iX ocamxyBaHHS Ha pelbeHY MOBEPXHIO, aHAIOTIYHO SIK 1
u1st TOTBOK S10,, TakoK BUHUKAE MPOOJIEMa TMOKPUTTSI BEPTUKATBHUX CXOJUHOK,
SKy BHPIIIYIOTh NUISXOM IiJBUIIECHHS TeMIlepaTypu miakinaaku jgo 673 K um
(GOTOHHOTO aKTHBYBaHHS Ta OAHOYACHOTO TomaHHS BU-3MileHHS Ha MigKIagKo-
tpumau. [lIBuakicte TpaBneHHst wiiBoK Si3N, B Oydpepromy poszumni HF (BHF,
50% HF : 40% NH4F =15:85, 299 K) csarae cBoro MIHIMaJIbHOTO 3HAYCHHS
(Menmre 1 HM/XB), KO KOoeIIiEHT 3aJJOMJICHHSI CTAHOBHTH Bix 2,05 1o 2,15, yoro
JOCSITTH IHITUMHU METOJIAMH HEMOKIJTHBO.

I'omoenitakcia Si. Ocamxyroun kpemHii 13 cunany (SiHy un Si,He) B8 HBY
ELIP-peakTopax, TakoX MOYEMO OYIKYBaTH, IO BJIACTUBOCTI IUIIBOK KpPEMHIIO
OyAyTh aHAJIOTIUHI BJIACTUBOCTSIM IUTIBOK, OTPUMAHUX 10HHO-IIPOMEHEBUM YH
TepMOIOHHUM oca/KyBaHHsAM. lle moB's3ano 3 tum, mo B HBY EIlP-peaktopax
MOTIK 10HIB 70 MIAKIAIOK MEPEeBUIIYE TOTIK HEUTpATIbHUX YaCTHHOK. Bomenp y
T1a3Mi, SIK epejl, Tak 1 B IpoIieci 0capKyBaHHs TTOBHHEH JIETKO BUJAISITH BYTJICIh
a 0coOJIMBO KHCEHB (1Bl HAMKPUTHUYHIIII TOMIIIKH B €IMITaKCIAIBHOMY KPEMHI1).

Crnin BiI3HAYMTH, 10 B IIbOMY pa3l TOMOEMITAKCISI KPEMHII0 3I1MCHIOETHCS 3a
noHrkeHoi temrnepatypu (673 +~ 873 K), 3a axoi nudy3iitHi iporiecu MiHIMaIbHI.
[Tigkmanky mepea HaIyCKOM CHIaHy OOpoOJIAIOTh y BOJHEBIM M1a3Mi 3a YMOBH,
10 MiJKJIaJKa nepedyBae MiJl IIaBal0YUM MOTEHIIaJoM. [CHYIOTh JIBa YUMHHUKH,
K1 OOMEXYIOTh IIBUJIKUAN €MITaKCIMHUN pICT: 1) HEAOCTaTHRO BHCOKA IIUIBHICTH
ionie (10"’ cm™) 3abesmeuye mBuakicts pocry Ha piei 0,1 HM/C; 2) Bin'emHe
3MINIEHHS Ha MAKIAANI TMOBHHHO OyTH Hmxk4e -25 B. OnHak, sk moKazaiu
nociimpkeHHs, Taka HBY EllP-emitakcist € Ha piBHI emiTakcii 3 mapora3oBHX
CyMillleil 1 MOBHICTIO YCYBa€ sIBHILA aBTOJETYBAHHsS Ta 3MIIIEHHS 3aXOBaHOTO
mapy. Takuit mpoiiec NePCIeKTUBHUM JJIs TOKAIbHOI Me3a-eMiTaKcii.

OcakyBannsi amopguoro o-Si:H. [lniBku aMmop@HOro rigporeHizoBaHoro
Si:H mupoko BHUKOPUCTOBYIOTH Y HAIMIBIPOBIAHUKOBUX MpPHIANaX: COHSIYHUX
€JIEMEHTaX, TOHKOIUJIIBKOBUX TpaH3UCTOpax, ¢hoTomionax. 3BU4YaiiHi METOIU OCaj-
xKyBaHHA TuiBOK Si:H 13 maporaszoBoi cymimi 3a Temmneparyp T <600 K
BUMAaraloTh HarpiBaHHd MIAKIAAKU A0 Temieparyp > 573 K, mo oOmexye
niana3oH 3actocyBaHHs nboro meroay. HBY EIlIP-muiazmoBuil MeTOX /103BOJIsIE
dopmyBaTH BHCOKOsIKiCHI TuTiBKM 0-Si:H BXe 3a KIMHAaTHUX TeMIeparyp
(<330 K). Pobounii Tuck cunany SiH, € omHHM 13 HalBa)XIUBIMIHMX TapaMeTpiB,
SKUI BU3HAYa€ Taki MapameTpu IUIIBOK, SIK BEJIMYUMHY (OTOMPOBIAHOCTI, IIUPUHY
3a00pOHEHOT 30HH Ta KOS(IIEHT MOTINHAHHS.

[LniBki aMopdHOTO KpeMHito, orpuMani mix THckoM 5,3-107 ITa, MaroTh
OuIblly (OTONMPOBIAHICTH Ta WIMPUHY 3a00POHEHOI 30HU, HIK IUIIBKH, OTPUMaHI
[ THUCKOM BHIIHUM 5,3-10‘2 [la. 3a ontmmanpHEX yMOB IIiBKU 0-Si:H maroTh
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nposigricTs 6-10° OM-cM 15t piBHS onpominenHs mriBok 100 MBT/cM?, a mmpuHa
3a00pPOHEHOI 30HU ITUX IUTIBOK CTAaHOBUTH 2,1 €B.

Takum umaom, HBY EIlIP-meton no3Boiise 6e3 HarpiBaHHS OCaKyBaTH
BUCOKOSIKICHI TUTIBKU 0-Si:H, ki MOXyTb CTaTH HaJI3BUYAIHO MEPCHEKTUBHUM
MaTepiaioM ISl CTBOPEHHS BUCOKOS(DEKTUBHUX COHSYHHUX EICMEHTIB.

OcaxxyBaHHSI HITPpUAIB THUILY A"BY. HBY EILIP-mxepeno minasmMu s
MOJIEKYJISIPHO-TIPOMEHEBO1 €MiTaKcil YCIIITHO BUKOPUCTOBYIOTh /IS BUPOIIYBaHHS
Tonkux miiBok tmy A"BY 3a HH3BKHX TeMmmepatyp, 3a SKHX K AuQY3id, TaK i
cerperaitis qominmok HemoxkymBi. Metanu III rpynu (B, Al, Ga, In) BunmapoByBanu
B epy3iiHUX KOMIpKax, a JJisl PO3KIaay MOJIEKYJsipHOro a30Ty (N,) 3aCTOCOBY-
Bay ioHHI JuKepena "IcTpa" Ta "Pamgmkan". Takuii migxia TO3BOJWUB BHUPOIIYBATH
IUTIBKH HITPUJIIB HA3BAHUX METAJIIB SIK OKPEMO, TaK 1 Y BUTJISIII TETEPOCTPYKTYP Ta
HAJIrPaToOK 3a HU3BKKX Temmepatyp 340 + 610 °C ta tucky 6,5-107 + 1,3-10 ITa.
B Takwmii cmocib, 30kpema, Oymo orpumano Haarpatku GaN i AIN 3 diTko
PO3MEKOBAaHUMU MIApaMH (3 PI3KOI0 MEKEI0 PO3JILUTY) IBOX MaTepiajiB TOBIIUHOIO
0,5+ 1,0 aMm (y mekuibKa MOHOATOMHHX I1apiB). OKpeMi IIapu WX METaalB MaJH
ToBIIMHY 10 + 15 HM Ta 1eMOHCTpYBajIu JOCKOHANY KPUCTAIIYHY CTPYKTYPY.

TakuM YHMHOM, TOEAHAHHS JIBOX TEXHOJIOTIM MOJIEKYJISIPHOI-IIPOMEHEBOT
emTakcii (B skocti jkepena) ta HBY ElIP-ruiasmu no3Bossie hopmyBatu He
TUTBKH SIKICHI €NiIapy apCeHIATalie€BHX CTPYKTYp, ajlé W BUCOKOAKICHI Karcy-
JIIOI0Y1 MOKPUTTS 3 HITPHUILY ATIOMIHIIO 9M OOPY JIJIsi CTBOPEHHSI KOMIUIEMEHTAPHHUX
apCeHIATATIEBUX TPAH3UCTOPIB CyOMiKpoHHOi TexHojorii. Kpim Toro, ms
TEXHOJIOT1A Ja€ 3Mory (popmyBaTu enimapu GaAs Ha KpeMHIEBUX MIAKIAAKaX, 1110
BIJIKPMBA€ HOBI MOXIIMBOCTI CYOMIKPOHHOI1 TEXHOJOTIi JJisi MiJABUIICHHS IBU/I-
KOJ1i Ta TEPMOIOJIFOBOI CTAOUILHOCTI KOMIIOHEHTIB €JIEKTPOHHOI CXEMOTEXHIKH.
Ile Bumarae BiAMOBIAHUX HOBHUX IMIAXOJIB JO PO3POOJICHHS CYy4acCHOTO KJacTep-
HOTO OOJaJHaHHS IUIa3MOBOTO OOpOONEeHHS (YHKI[IOHAJBHUX IIapiB Ha OCHOBI
HBY EIIP-peakTopiB Ta iX €JIeKTpO(I3UYHOTO AIarHOCTYBaHHS, OCOOJUBO IS
dbopMyBaHHS CTPYKTyp HaAIpaTOK Ta PE30HAHCHO-TYHEIBHUX JIOAIB 1
TPAH3UCTOPIB HA X OCHOBI.

12.7. lInazmoBe TpaBjeHHs B HBY EIlP-peaktopax cyOMiKpoHHHX
CTPYKTYP Ta CTPYKTYP HAATPATOK

CygacHa TexHoJoriss ¢opmyBaHHSI CyOMIKpoHHHX CTpyKTyp BIC BuMarae
MOBHICTIO AHI30TPONMHOTO TpaBieHHS. [Ipu 1pbOMy MOBHHHI OYTH JOCSTHYTI
HeoOXiTHA MIBUJKICTh TPABJIICHHS Ta BUCOKA CEJICKTHUBHICTH IO BIJHOIICHHIO 10
Macku, To0To pe3ucrty, SiO, un SizNy. B OUIbImIOCTI BIIOMHX IIJIa3MOBUX METOJIIB
BHUCOKOI CEJIKTUBHOCTI Ta aHI30TPOIMil JIOCATalOTh 3a PaxXyHOK BUKOPHUCTAHHS
XIMIYHUX peareHTiB 3 ByrieneBoBMicHuMu mojekynamu (CFi, CCly, CBrF3), saxi
IIBUJIKO TOJIMEPHU3YIOThCS Ta 3amo0iraloTh TpaBJIeHHIO OIYHUX CTiHOK. OjHaK,
SIKIIO IIBUJKICTh TPABJICHHS Jocsirae HeoOxiaHoi BenuuuHu (10 300 HM/XB), TO
CEJICKTUBHICTh BCE XK 3alMIIaceTbcs HHU3bKoW (2 + 3). Kpim Toro, anizorpomHe
TpaBJEHHS Ba)KKO 31CHIOBATH Y pa3l HU3bKUX €HEPriii 10HIB.

Bnacue HBY ELIP-Meronu € HalinmepcrneKTUBHIIUMU )i CyO- 1 HAHOTEXHO-
noriit BIC, ockinbku 3a0e31medyroTh BUCOKOAHI30TPOITHE TPABICHHS 3aBJSKH CTBO-
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PEHHIO HANPSMIIEHOIO IOTOKY 10HIB A V., MKM/XB. A T,
HU3bKOI1 eHeprii (< 16 eB), 1o Takox o

JIO3BOJISIE JIOCATHYTH BHCOKOI CeleK- 3001 3 3
THBHOCTI Tpapienns (> 5+ 10). Pos- 5501 L/ 11s L’o
IJITHEMO TEXHOJIOTIYHI OCOOJHMBOCTI . —
TpaBJIeHHS OKpEMHX MarepiajiB cyo- 200+ I ; il =

MikpoHHOI TexHosoril BIC. aHi30TpOIHE isorporme T 1,0
TpaBieHHss MoHo- Ta momi- 150 TPas/cHHA Jpasiennd
KpeMHil0. 3aJIeXHICTh BEPTUKAIBHOL
Ta TOPU3OHTAIBHOI CKIIAJJOBHX IIBU- 1004
JKOCTI TpaBJIEHHS KPEMHIIO B IJIa3Mi 50
SF¢+ Ar Big BeIWMYMHH TapIlia-
apHOTO THUCKY SF¢ nemMoHcTpye : '
puc. 12.22. TloBHmii THCK cymimni 12 3 4 5 6
SF¢ + Ar miaTpumyBaBcsi Ha piBHI Psk,, 1,3-102I1a
4-10" Ma. Ha upoMy 3K DHCYHKY
JIOIaTKOBO MMOKa3aHO BIAMOBIAHY 3a-
JIKHICTh TYCTHHH 10HHOTO CTPyMY

Puc. 12.22. 3anexHicTh BepTUKaIbHOIL (1) 1
TOPU30HTAIBHOI (2) MIBUAKOCTI TPAaBICHHS

I.. MOKHA BIJITHTH 1BA Jiala30HM KI.)eMHiIO'Ta T'YCTUHU 10HHOT'O MOTOKY 3)
nmapuiansHoro Tucky SFe. B mep- BV NApLIAIBHOTO THCKY SF¢ (MOTY>XHICTh
momy (I), ne tick SFg<4-107 Ia, 600 Br, nanpyra 3mimenHs -50 B)

BEpPTHKaJbHA CKJIAJ0Ba IIBHUJIKOCTI

TpaBJIeHHs JIIHIMHO 3pocTae 3 TUCKOM SFg, TOMI sIK TYCTHHA 10HHOTO CTPYyMY PI3KO
criajiae. 30UIBIICHHS BEPTHKAIBHOI CKIA0BOI IIBUAKOCTI TPABJICHHS 3 ITiIBHIICH-
HAM TUCKY SF¢ BimOyBaeTbcsl 3aBIOSKH 3pPOCTaHHIO IMOTOKY aroMiB (ropy. lle
O3Hayae, 110 MIBHJAKICTh TPABIEHHS KPEMHII0O B OUIbIIIA MIpl BH3HAYAETHCS
BEJIMYMHOIO TTOTOKY aTOMIB (PTOPY, HIK BEIMYMHOIO 10HHOTO MOTOKY. B 1ipomy x
niara3oHi (I) 6iuHe TpaBiIEHHS BIICYTHE, TOMY CIIOCTEPITa€ThCS MOBHE aHI30TPOII-
He TpaBineHHs. B npyrom nmiamazoni (II), me mapuianehuii Tuck SF¢ mepeBuiye
4-10 I1a, mosiBIIIETHCS OiYHA CKJIa[0Ba IIBHIKOCTI TPABICHHS, IO TPU3BOJIUTH 10
3MEHILICHHS CTYIEeHs aHi3oTpormii. Takuil mpouec 3py4HO BHUKOPUCTOBYBATU IS
Mpo¢ UTIOBAHHS CTIHOK, HAMPHUKIIAJ] KAHABOK YM KOHTAKTHUX BIKOH.

Mogenb, siKa TOSCHIOE KIHETUKY TpPaBJICHHS MICTUTh TpPH OCHOBHI
MOJIOKEHHsI: 1) MK XeMOCOpOOBaHUMHU aToMaMHu (TOPY, SKI PO3TAIIOBYIOTHCS B
CYCIAHIX TO3UIlIAX, BUHUKAE CHJIbHE OIYHE BITIITOBXYBAaHHS; 2) XeMOCOpOOBaHi
atoMu ¢ropy audyHayroTh A0 moBepxHi Si; 3) 6araTomapoBa agcopOmis SF,
CIIPUYMHIOE CTIOHTAHHE TPABJICHHS 3T1AHO 3 PEAKIIEIO:

SiF,(anc) + SiF,(aac) — Si + SiFy(ra3). (12.18)

Tpasiaennsa SiO,. IlIBuakicte tpaBmenns SiO, B mmazmi CF,; abo SFg
3a3Bu4ail Menma 20 HM/XB, 10 3a0e3leuye BUCOKY CEJIEKTHUBHICTh TPaBJICHHS
KPEMHII0 BITHOCHO TUTIBKH S10,, sika BUKOPUCTOBYETHCS B IKOCTI Macku. O1HAK Ha
MPAKTUIl 3aBXKIM OakaHa BUCOKa INBHAKICTh TpaBieHHSA. OOHUM 13 NUIAXIB
MIJBHINCHHS IIBUKOCTI TpaBJIeHHs € 30uIblIeHHs eHeprii 10HiB 10 100 + 800 eB.
Tyt cinin 3ayBaxuty, o B HBU ELP-peakropax enepris ioHiB menia 20 eB, mio
3arobirae pajianifHOMY MOIIKO/PKEHHIO CTPYKTYp. i 301IbIIeHHs eHepril 10H1B

335



Ha TIAKIQAKY 10/1al0Th BU-3MIIlICHHS, BEIMYUHY SIKOTO BUOMPAIOTH TAKUM YHHOM,
mI00u 3 OAHOTO OOKY 3a0€3MEYUTH TOCTATHIO MIBUAKICTH TPABICHHS, a 3 1HIIOTO —
HE CTBOPIOBATH JOJATKOBHX paJialliiHUX IOIIKOMKCHb (1e(EKTIB) ITIKIAIKH.
OckUTbKM OUTBIIICTH JIe(PEKTIB BUHUKAE BHACHIOK €JIEKTPUYHOTO MPOOOIO IJIIBKU
SiO, 3apsgoMm, HAKONMMYEHWM Ha il MOBEPXHI, TO HEOOXIAHO, MIOOW pPI3HMII
MOTEHITIaiB MK MOBEPXHEIO IUIIBKM Ta ii MeXerw 3 MiJKIaAK0I Oyila Habararto
MEHIIIa MOpPIBHAHO 3 mpukiageHoro BYU-manpyroro. Ilpu 1mpomy wactora BY-
HAIPYTy BU3HAYAETHCS TAKHM BUPA30M:
- 1 o d-Jio \/21-n-(n-a-UBP), (12.19)
TBY € UBP T
ne fgy — YacrtoTa Hampyru 3MIlIEHHS; Jj) — I'YCTHMHA 10HHOTO CTPYMY HacHYEHHS
no0MM3y MmaKIaaku; € =4-g (g — IlENEKTpUYHA TPOHHUKHICTH Bakyymy, Upp —
nojBoeHa Hanpyra 3wmimenHs); a=qJ/kT. (qe, T — 3apsm 1 edekTuBHA
TeMreparypa elekTpoHa BiamoBigHo). [Jus pexumie HBY EIIP-tpaBinenns
yacToTa fgy Hampyru 3MilIeHHs, 3a3BU4aii, Habarato Ouibmia 23 kl'.

[lomanass BY-manpyrm Ha migkmanky mijg dac TpaeieHHs SiO, B 1uiasmi
dbropByrneueBux cnoayk (C,F,, n=1+4) muBuinlye HIBHUIKICTb TpaBJICHHS,
OpPUYOMY MIBUAKICTH 3pOCTa€ 31 30UIbIICHHSIM aMIUIiTyau BY-3mimenns. Makcu-
MalbHa MIBHIKICTh TpaBineHHs Si0O; cranoBwia 40 HM/XB B minasMi ¢peoH-218
(C5Fy) 3 ammnitygoro BU-wanpyru 100 B ra HBU-notyxHicTio 60 BT. [Ipu mpomy
ceNeKTUBHICTh TpaBineHHs Si0,/Si cranoBuna 4 + 5. llIBuakicte TpaBiaeHHs Si0;
ta Si cnabo 3anexalia BiJ THCKY B Jiama3oHi 2,7-10%+1,1-10" Ma. Ilix uac
tpaBieHHs Si0O;, B mia3mi SFg nocsrayta mBuakicTs 150 HM/XB 3a yMOBHU MOJIaHHS
BY-3mimenns yactororo 13,56 MI'1 Ta BenmmunHOO -65 B.

TpaBnennsa Boabdpamy. Jocmimxenns TtpasieHass W B miasmi SFg
MOKa3ajao BEJIUKY BIAMIHHICTh I[BOTO TPOILECY BiI TpaBICHHA KpPEMHIIO 3a
aHanoriuaux yMoB. [lo-miepirie, criocTepiraeTscs 6aratomapona agcopOilist GpTopy
Ha MOBEPXHI BOIb(paMy, B TOH 4ac AK Ha MOBEPXHI Si — MOHOIIApOBa aCOPOIIis.
[To-npyre, BiIMIYa€eThCAd BUHATKOBO aHI30TPOMHE TpaBiieHHS W HUXKYE MOPOro-
BOTO 3HAYEHHS TUCKY aToOMIB ()TOPY, 3HAYHO BHIIOTO, HUK Ay Si. 3pOoCTaHHS
BEPTUKAJIBHOT CKIIAJ0BOT MIBUAKOCTI TpaBieHHss W 31 30UIbIICHHSIM NapiiaJbHOTO
TUCKY (TOPY JeIIo MEHIIIe, HiX i Si. Peakiiis TpaBieHHs MOKH 110 HE MOBHICTIO
BCTaHOBIIEHA, OJTHAK BBAXKAIOTH, 110 BOHA MA€E BHUTJISII:

WFy(anc) + WF(anc) — WFyiy.6 + WFg(ra3), (12.20)

e x>2,y<4.

TpaBiaennss mnodgiimigiB, mnoaimepis. Ilomimepni miiBku (poTopesuct,
nomiiMig abo ixHi KOMOiHaIii) TpaBisATh y KuCHI uM Koro cywmimi 3 CFs 1 Ar.
Binomo, mo mo6aenenHs CF; B kucenb (10 +20%) pi3ko MiIBHUINYE MIBHAKICTH
TpaBJICHHs MojiMepiB. OCHOBHUMU YMHHUKAMHM, [0 BIUIMBAIOTh HA IIBHJIKICTH
TPaBJICHHs, € KOHIIEHTpaIlisi aroMapHoro (ropy, T'yCTHMHAa iOHHOTO CTpyMy Ha
MIAKJIAAII Ta eHepris ioHiB. EkcriepuMeHTaMu BCTaHOBJICHO, IO HE3Ba)KAalOUW Ha
3HW)KEHHS IIBHJIKOCTI TPaBJCHHS 31 3MEHIIEHHSM KOHIIGHTpaIllli aToMapHOro
dTopy, MOBHOIT KOpesmii MK IUMU BeIMYMHAMH Hemae. Ha KpuBil 3aJI€KHOCTI
IIBUJIKOCT1 TpaBJIEHHS IMOJIMEpIB BiJ €Heprii 10HIB BHABIECHA MOPOroBa JUISHKA,
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sIKa BIIMOBIZA€ PIBHIO €HEPrii, BUIIE SIKOTO B IIPOIIECI TPABJICHHS TTOYMHAE BiJlirpa-
BaTH POJIb HE TUIBKH CTUMYJIALIS XIMIYHOI peakiii, ajJe i mpormec po3mIeHHS.
Takox Bu3HaueHO, 1m0 B mporeci TpasieHds noiiimina B HBY EIP-peakTopax
AHI30TPOITISI Ta CENEKTUBHICTh A0 Macké (Si3N4) 1 HMKYE PO3TAIIOBAHOTO IIAPY
(Si) € moBomi Bucoki (> 8 + 10).

Tpasaenns mapis A"'BY. Hamisnposinauku tumy A"BY, taxi sk InP Ta
GaAs, HaJ3BUYANHO YyTJIUBI 0 I0HHOTO OOMOYBaHHS, SIKE MOKE 3MIHIOBATH 1XH1
€JICKTPUYHI Ta ONTHUYHI BJIACTUBOCTI. B 3B'I3Ky 3 MM HaA3BUYAHO BaXJIMBUM €
MONIYK ONTUMAJIBLHUX YMOB TpaBieHHs nux martepiamiB y HBY EI[P-peakTopax 3
BUCOKOIO KOHIICHTPAIIIEI0 aKTUBHUX YAaCTUHOK Ta HU3BKOK CEHEPri€r0 10HIB
(<20 eB). Jns tpaBnenns InP, InGaAs, AllnAs, GaAs Halgacriie BUKOPHUCTO-
BytoTh razoBy cymim CHs+ H, + Ar. IlIBunkicts tpaBnenns InP ta InGaAs
JHIMHO 3pocTae 31 30UTbIIeHHAM BU-3MileHHs MAKIAAKA 1 BABIY1 TIEPEBUIIYE
MIBUIKICTH TpaBieHHA GaAs.

Takuit mporec Haa3BUYAHO €(OEKTUBHUN Ui TPABICHHS NIAPYyBaTHUX
CTPYKTyp (Haunrparok), Hampukiazn Ing,GapsAs-GaAs ado WSiy / noni-Si*, Ta
HaaToHKOro (< 10 HM) MiA3aTBOPHOTO Mi€JEKTPUKA 3 BHUCOKOIO CEJIEKTUBHICTIO
(> 100).

12.8. JiarHocTHKa IJ1a3MM Ta BU3HAYEHHSI MOMEHTY 3aKiHYeHHS Mpolecy
TpaBJieHHs TexHOoa0riynoi CAIIP

Meronu  AlarHOCTYBaHHS  IUIa3MH  TOYaJd  PO3BUBATH  3aJ0BrO  JIO
BUKOPHUCTAHHS IJIa3MOBUX MPOLECIB Y TEXHOJIOT1] HAMIBIPOBIAHUKOBUX MPUIIAIIB.
[epmri eKCiepuMEHTH 3 TIA3MOK0 200 TIIIOYMUM PO3psiioM Oyiiv MPOBEJEHI IIe B
XIX c1. dapaneem 1 Kpykcom. Brnpuryn 10 mosiBU MIKpOIPOIECOPIB IJIa3MOBY
TEXHIKY Ta TIIIOUMA PO3psSA 3aCTOCOBYBAJIM 37€0LIBIIONO JJIsl T€HEepyBaHHS
BUIBHUX paJWKaliB Ta 10HIB, fKi BUKOPHUCTOBYBAJM B Mac-CIEKTPOMETDIi,
a0COpPOIIHINA CIEKTPOCKOIII Ta I1HIIMX aHATITHYHHUX METOJax, M€ M1arHOCTHII
TJIa3MU BiJBOJIMIM HE HAATO BAXUIMBY pOJb. Temep, y 3B'I3KYy 3 BUKOPUCTAHHSIM
MIa3MOBUX METO/IB OOpOOJICHHS Jisi BUPOOHUIITBA CyO- 1 HAHOMIKPOHHUX
CTPYKTYp TaKa JIarHOCTHKA € BXKe BKpaill HE0OXiIHA.

YIpoaoBkK OCTaHHIX JECSITH POKIB Oylo OMyOJIKOBAaHO 3HAYHY KUIBKICTh
po0IT, MPHUCBSIYEHUX aHATI3y IUIA3MOBHX TPOIECIB 1 CHUCTEM, SIKI BHUKOPHCTO-
BYIOTBCSL JJI1 OOpOOJICHHS HAIIBNPOBIAHUKIB. METOI IIbOTO IMIAPO3IAUTY €
KPUTHYHE OIIHIOBAHHSI METOJIB JIarHOCTYBaHHS TUIa3MOBHX CHUCTEM, SIK1 3aCTO-
COBYIOTHCSL B CYOMIKpOHHIN TexHousoril ¢popmyBanusa ctpykryp BIC. BaxiuBicTs
TaKOT'0 aHaJi3y MOJIATa€e B TOMY, IIO:

IMo-nmepmie, TUIa3MOBiI MPOILIECH BUKOPHUCTOBYIOTHCS SIK JIJISL OCA/KyBaHHS
TOHKHX IIIapiB, TaK 1 JUIs iXHBOTO JOKAJIBHOTO TpaBieHHA. OCKUIBKH HPOIECH
TpaBJICHHs] 3aCTOCOBYIOThCSI Ha0araTo 4acTille, HDK MPOLECH OCaJKyBaHHS, TO
Outbie yBaru OyJe MPUIUICHO JIarHOCTHIl MpolieciB TpapieHHs. Kpim Toro,
IpOIEC TPABJICHHS YacTO IOJAra€ y BHJAAJICHHI IMONEPEIHBRO HAHECEHOTOo Ha
MAKIAAKY [Iapy, TOMY BHU3HAUE€HHS MOMEHTY MOro IOBHOTO BHUJAJCHHS €
HAQ/I3BUYAIHO BAKJIMBUM JUJIsl YCITIIIHOTO 3aCTOCYBAHHS TOTO YH iHIIOTO METOJY
TpasieHHs. [Iporecu oca/pKyBaHHS TOHKHX IIapiB 9aCTO KOHTPOIIOKTHCS TIIBKU
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3a 4yacoM, TOMY JJIsi OTpUMaHHS HEOOXiTHOI TOBIIMHM JIOCTATHBO BPaXxOBYBAaTH
CepeqHIO0 IBHIKICTh oOcaKyBaHHSA. OgHAK 1 TYT Ba)»JIMBO KOHTPOJIOBATH
eNeKTpo(di3uYHI BIACTHBOCTI OCa/HKyBaHUX mmapiB. Tomy BCi METOIU JiarHo-
CTYBaHHS TIJIa3MH B OJIHAKOBIM Mipi MpUAATHI ISl KOHTPOJIO SIK JIJISI TIPOIIECIB
0CaKyBaHHS, TaK 1 MPOIIECIB TPABICHHS.

IMo-apyre, OiIbIIICTF POOIT, NPHUCBIYCHUX BHUKOPUCTAHHIO ILIa3MOBOL
JIarHOCTUKH, BITHOCATHCA JIO KPEMHIEBOI TeXHOJOrii (OopMyBaHHS CTPYKTYP.
EwmiciifHa crieKTpOCKOIlis MOKe OyTH JIETKO BUKOPHCTaHA SK JUIS JIarHOCTYBAaHHSA
tpasienast GaAs B ia3mi CCly, Tak i Jyist TpaBJICHHS MOJIKPEMHIIO UM CHIIIIIHATY B
twta3mi SFe.

MeToau niarHOCTYyBaHHS IUIa3MH Ha TEPIIUX IOpax 3acTOCOBYBAIW IS
JIOCKOHAJIOTO BUBUYEHHS XIMIYHUX 1 (DiI3MYHUX MpOIEeCiB, 5Ki BimOyBarOThCS B
TIIIOYOMY pPO3psAll. 3Ha4YHA KUIBKICTh EKCHEPUMEHTAJIbHUX PEe3yJIbTaTiB I0/0
MeXaHI3MIB TpaBJIeHHS Ta OCa/p)KyBaHHs Oyja OTpUMaHa 3a JAOMOMOTOI0 BCHOTO
KOMIUICKCY JIarHOCTUYHUX METOJIB, M0 MEPETBOPWIO CY4YacHY IUIa3MOXIMIiKO B

HayKYy, fKa CyMPOBOI)KYE PO3BUTOK CYO- 1 HAHOMIKPOHHO1 TEXHOJIOT1i.

Taou. 12.4. MeToau iarHOCTyBaHHS TUTa3MH

1. | Busnauenus [IBuakicTe ocaj-
Brpatu un
BTpaT abo . . KYBaHHS, TPaB-
KBapuosa MikpoBara IIPUPICT Cor
MPUPOCTY . JIEHHS, UIbHICTh
. Marepiany :
Marepiany TUTIBKU
2. | Ewiciiina :
Monoxpomarop- SV Cxnag 1 Temmepa-
CIIEKTPO- OTONETEKTO Emiciiinnii ciextp TvDa [a3
CKOTIis P yp Y
3. . . EmiciiiHuii criekTp
XeMuIrroMi- Monoxpomarop- .
. Ha BUXO/]1 3 Cknan razy
HECIIEHITis dboToaeTeKTOP
peakTopa
4. | dmroopec- Emiciiinuii Ckunan 1 Temmepa-
neHiis, mo | Jlazep, MoHOXpOMaTop- CIIEKTp, 1110 Typa rasy,
30yIKy€ETh- dboTomeTEKTOP 30yIKy€EThCS KOHIICHTpAII1is
Csl JJa3epoM J1a3epOM KOMITOHCHTIB
5. | Mac-cuek- KBanpynonsauii mac- CkJiazg ra3oBoi
: Cnektp Mac .
TPOMETPIs CIIEKTPOMETP cyminil
6. . UTBHICTB €JIeK-
Jlenrmro- 30H], JIKEPENO Bonbsramnepni i : .
: . TPOHIB Ta 10HIB,
PIBCBKHIl | )KUBJIEHHS, CIIEKTPOMETP, | XapaKTEePUCTUKU
TeMneparypa
30H] TEpPMOCTAT J1a3MH ;
€JIEKTPOHIB
7. . lonne mxepeno, kBapuosa| Brpara 4u npu- .
BumiproBan-| . FLKEPEIIO, KBapIl P P [IIBuakicTh TpaB-
MIKpOBara, KBaJIpymnoijib- | picT MaTepiainy,
HS 3 3aCTO- " JICHHS, CKJIaJ
HUW MacC-CIIEKTPOMETD, Mac-CIEKTp, .
CYyBaHHSIM ... pEeareHTiB,
. 0K€-CIIEKTPOMETP, MOHO- | €HEpris 10HIB, KyT :
My4K1B . €Hepris akTUBallil
XpoMaTop-(HOTOACTEKTOP | MaJIHHS MydYKa
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HeMmosxiiuBo oTprMaTi HOBHHUM ONMUC XIMIYHUX 1 (PI3UYHHUX MPOIIECIB Y TUIa3MI
Ha OCHOBI 3aCTOCYBaHHS OJTHOTO BUOPAHOTO METOJY AiarHOCTyBaHHA. B Tabm. 12.4
Ha3BaHO JEsSK1 J1arHOCTHYHI METO/IM, BKa3aHO BIANOBIIHE iM THIIOBE 00JIaHAHHS,
HOr0 XapaKTepUCTHKH, a TAKOXK MapaMeTPH TUIa3MH.

[adpopmaTuBHICT yCiX METOMIB B Til 4M iHIIIKA Mipi oOmexxeHna. Hampukian,
eMiciiiHa CTIEKTPOCKOITIS Ja€e iHGOpMaIlilo TUIBKH MIOJ0 THX MOJEKYJ Ta aTOMIB,
K1 BUMPOMIHIOIOTH CBITIIO MICis 30y/KeHHS TiiitounM po3psgomM. OgHak HE BCi
YaCTUHKA B PO3PANI BUIPOMIHIOIOTH B Jiama3oHax CIEKTpa, JOCTYMHUX IS
peectpyBanHs. [Llogo Mac-cieKTpoMETpUYHOTO BU3HAYCHHS CKIIAy pO3psiay, TO B
pe3ysbTaTi XIMIYHUX PEaKIlid, skl BIJOYBAIOThCA MIX ra30M PO3pSAIHOT KaMepH Ta
aHaAII3aTOPOM, MOXYTh MaTH MICIe CYTTEBI CIMOTBOPEHHS BITHOCHUX KOHIIEH-
Tpariii KomMmrnoHeHTiB. BracHe uepe3 Taki ab6o momi0HI 0OMEKEeHHS, BIACTHUBI TAKOXK
IHITAM aHATITUYHUM METOJaM, IUJICHA KapTUHA MPOIIECiB, M0 BiIOYBAIOTHCS B
TUTa3Mi, CKIATAEThC 13 CYMH Pe3yiIbTaTiB, OTPUMAHUX PI3HUMH J1arHOCTUIHUMHU
METOJIaMH, SIKi JIONOBHIOIOTH OJJUH OJIHOTO.

Opniero 3 mepeBar IUIa3MOBOTO TpPaBJICHHS, sIKe SIBIsiE COOOK0 Ba)KIMBUUN
eJIeMEeHT CyOMIKpPOHHO1 TEXHOJIOT1i, € MOKJIUBICTh IETEKTYBaHHS JESKUX MapaMeT-
piB IUIa3MHM 3 METOI BH3HAUEHHS MOMEHTY 3aBEpIICHHS mporecy. be3mocepenne

Taou. 12.5. Emiciiini  miHII, 3a SKAMH BH3HAYalOTh MOMEHT 3aKIHYE€HHS
TpaBlieHHs (YHKI[IOHATBHUX I1apiB TexHoyoriyHoi CAIIP

No CDYHK}IiOHaJII:HI/I PeareHt BI/IUHpOMiHIOIo- I[OB)I.(I/IHa Tpimitka
/1 it map Ml KOMIIOHCHT | XBHWJIi, HM
1. | Tlomikpemuiii |SFe, CF4-| F (pearent), 704 TexHomoris
-O,, Cl,, | CO (npoxmykr) |298, 484, 500 dopmyBaHHS
CCly | SiCl (mpomykT) 287 PO3BEJICHHS
2. | Hitpun kpem- | CF4-O; | N,, CN(mpo- Texnonoris
HiI0 (OKCHHI- IYKT) 674 dbopMyBaHHS
TPHU KPEMHIIO) N, (IpoIyKT) 387 1307141111, TeTepa
F (pearent) 704
3. |Okcupg xpemuito | C,Fq, | CO (mpomykr) 484 Texunomorist ¢pop-
CHF;, MYBaHHS MacKu
CsFg JUISA IMILIaHTAL[1H-
HUX IIPOIIECIB
4. | Meranese po3- Cl,, Al (mpoaykT) 396 TexHomoris
BeaeHHs amoMi- | CCly, | AICI (mpoxykT) 261 dbopMyBaHHS
Hito 1 Hioro crta-| BCl; Cl/CCI (pea- BEPXHBOTO PIBHS
BIB, CIUIILIUAN T'CHT) 255 pO3BEICHHS
5. Pesuct 0,2, H, | CO (mponyxr) 298, 484 | 3uartsa portope-
OH (mmpoaykr) 309 3UCTY, SIK MaCKH
H (nponyxr, JUTsl I0HHOTO
pearexr) 656 JIETyBaHHS
O (peareHr) 777, 843
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BU3HAYCHHS MOMEHTY 3aKiHUEHHS TPOIECY OCOOJIMBO BaXKIHMBE IS MJIA3MOBOTO
TpaBJICHHS, OCKUIBKM HOTO CEJIEKTHBHICTh, 3a3BHYail, MOCTYMA€ETHCS CEJICKTHB-
HOCT1 piAMHHOTO TpaBleHHs. Hampuknanx, miazmoBe TpasieHHs Si0, BIIHOCHO
JIETOBAHOTO KPEMHII0 YW TMOJIKPEMHIIO XapaKTepU3YEThCS CEIEKTUBHICTIO HE
BuIIO0 15:1, Tomi SK pigWHHE TPaBICHHA B PO3YMHI IJIABUKOBOI KHCIOTH
3a0e3neuye sIKy 3aBr0JIHO BUCOKY CEJIEKTUBHICTD.

MeToau BU3HAUEHHS MOMEHTY 3aKiHUCHHsI TPOIECY TPaBICHHA B IIa3Mi
MO’KHA PO3IUTUTH Ha AB1 BETHUKI rpynu: 1) METOAH, SIKi PEECTPYIOTh 3MIHY ACSIKUX
napaMmeTpiB IUIa3MU TIij] Yac MPOIEeCy TPaBICHHS; 2) METOJH, SiIKi 0a3yrOThCs Ha
3MIHaX, [0 BiI0OyBalOThCA Ha MOBEpPXHI 00poOroBaHoi miuactunu. KokHa 3 mux
TPyl METOJIB Ma€ CBOi mepeBarn Ta OOMEXKEHHs, 4epe3 I0 He ICHYE IITICHOT
CUCTEMH MI0JI0 BHOOPY HEOOXITHOTO METOJy KOHTPOJIO IPOIECY IUIa3MOXiMid-
HOTO 00po0eHHs. ToMy 3aBXJIM CJI1JT BUOMPATH TIEBHUI KOMILJIEKC METO/IB.

Hacammepen posrasHemo mepury rpymy MeTomiB. Maiike BCi paHHI AiarHO-
CTHYHI METOAM 3aCTOCOBYBAIM JJII BU3HAYCHHS MOMEHTY 3aKIHUCHHS IMPOIECY
TPABJICHHS, OCKUIbKM BOHHM BH3HAYAJIU SKICTh (JOPMYBaHHS TOIOJOTII CTPYKTYp
BIC. Ognak nHaifyacTimie 3 I1€10 METOI0 PEECTPYBAIU €MICIMHI CHEKTpH, a caMme
eMICIifHI CMyTH MEBHUX PEareHTIB a00 MPOAYKTIB peakiii, siKki MOXYTh CBIIUUTH
npo mepedir mporecy TpaBieHHS Ta MOMEHT Horo 3akiHueHHd. B Ttab6um. 12.5
BKa3aHO JIesKi eMICIiHI JiHii, peecTpyBaHHs SKUX BH3HA4Ya€ MOMEHT 3aKiHYCHHS
nporecy TpaBieHHs. TyT BapTO 3ayBaXHWTH, IO B JEIKHX IPOIECAaX MOXKHA
pEECTpyBATH JIiHIT SIK PEareHTiB, Tak 1 NPOAYKTIB peakiii. OgHaK 3aBXK/u, KOJU 1€
MOJKJIMBO, Oa)KaHO PEECTPYBATH CIEKTP MPOAYKTIB peakiii, OCKLIHKH IHTCHCHB-
HICTB iXHIX JIIHIA CYTTEBO 3MIHIOETHCS HA 3aBEPIIATBHINA CTail TPaBICHHS.

Ha pwuc. 12.23 nmomano rpadiku 3MIHA IHTEHCUBHOCTI IEAKUX JIHIN, SKi
crioctepiratotbest i yac TpaBieHHs Al B cymimi BCl;, CHCIl; ta H,. JlinHiga
396 uM, siKa IMOB'A3aHa 3 €MICIEI0 aTOMIB
aJIOMIHIIO, 3pOCTa€ 3a aMIUIITYAOI B

P, Ila . .
135 mpoueci TpaBieHHS 1 uyepe3 2,5 xB
130 \[”\ a / CHajae 0 MOYaTKOBOTrO piBHS. Bumpo-
125 MiHoBaHHs MoJiekyn Cly (A =255 um),

HABIIAKM, PI3KO CIAJa€e Ha TOYaTKY
TPaBJICHHSI Ta TOBEPTAETHCS JO IMOYAT-
KOBO1 IHT€HCHUBHOCTI IIC/A 3aKIHYCHHS
TpaBleHHSI. B 1mbhOMy BHTIAOKY s
BU3HAYCHHS MOMEHTY 3aKiHUCHHS TPaB-
JIEHHS MO>KHa BUKOPHCTOBYBATH BHUIIPO-
MiHIOBaHHs siK peareHTy Cl, Tak 1 Al,
SKUU € TPOAYKTOM peakmii. SKiio

1HT. ONT. CUTH.

Puc. 12.23. TpaBnenns Al B mna3wmi
XJIOpy: a)3MiHa THCKYy B IIpoLeci
TpaBiaeHHa Al ToBmMHOWO 1,2 MKM;
0) 3MiHa aMIUTITYIM eMiciiiHoro miky Al
npu A =396 HM; B)3MiHa EMICIHHOTO
niky Cl, mpu A = 255 am
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HEOOX1THO TPABUTH aJTIOMIHIEBUM CILTaB
Yyl CWIIIMI, TO JOJAaTKOBO MOYKHA
BUKOPUCTOBYBATH CIEKTP PIAKICHO3E-
MEJIbHUX YU TYTOIUTABKUX METAJIB.
OnauM 13 00MEKEeHb 3aCTOCYBaHHS
ONTUYHOI CIEKTPOCKOMIii € BIACYTHICTb



NPUIATHUX JUIL PEECTPYBAHHA JIIHIA BUIPOMIHIOBAHHS JESKUX KOMIIOHEHTIB. Ti
KOMITOHEHTH, I SKUX Taki JiHII ICHYIOTh, HaBemeHi B Tabm. 12.5. [lpyre
0OMEKEeHHS eMICIHHOI JIarHOCTUKHU TMOB'A3aHE 3 HEOOXIAHICTIO 3axucty (oro-
JIETeKTOpa B KIMHATHOTO CBiTJIa (B MPHUMIIIEHHI). SIKIIO PeeCTPYrOTh CBITIO 3
JTOBXHHOI XBWJl MeHmow 320 HM, TO BXXe HeoOXigHa KBapIioBa OnTuka. Tpere
0OMEKeHHS TOB's13aHe 31 CKJIAJIHICTIO BU3HAYEHHSI MOMEHTY 3aBEpIIEHHS MPOIEeCcy
TpaBJICHHSI 4Yd MPO(]UIFOBAHHS KOHTAKTHUX BIKOH pO3MIpoM MeHIIUM 1 X 1 MKwM,
OCKIUJIbKH IIIONIA KOHTAKTIB CTAHOBUTH JUIIEHD 1,7 + 2,5% Bciel mIomi mIacTUHH.
Bei 11 mpoGiemMu Temep BHPIMIYIOTH 32 JOIMOMOTOK KOMITHOTEPHHUX METOIIB
pPCECTPYBAHHS Ta BiJIMOBITHUX MPUKIIATHAX TIPOTPAM OIPAIIOBAHHS JIAHKX.

OpHuM 13 pocTHX Ta ePEKTUBHUX METOJIIB BUSHAYCHHS MOMEHTY 3aKiHUCHHS
TpaBJICHHS € PEECTPyBaHHS 3MIHM THCKY B peakIiiHIM kamepi. Takuii meTon
0COOJIMBO 3pY4YHUN TOMY, IO BCl IJIA3MOBI PEaKTOPH OOJaJHAHI TUM UM IHIIUM
IPUCTPOEM ]ISl BUMIPIOBAHHS TUCKY MiJ yac TpaBieHHs. Ha puc. 12.23 mokazano
3MIHY THCKY Ta 3MIHY I1HTEHCUBHOCTI BumpomiHioBaHHA Al Ta Cl, miag dgac
TpaBieHHs. Al. CniBCcTaBlIeHHS LUX 3aJIKHOCTEH MEPEKOHINBO CBITYUTH MPO TeE,
0 MOMEHT 3aBEPIICHHS TPOIECY TPABIEHHS € JIOCTAaTHHO KEPOBAHHUM JIJIS
3a0€3MeUeHHs] TOMOJIOTIYHUX PO3MIPIB  €IEMEHTIB 3TiIHO KOHCTPYKTHBHO-
TOTOJIOTTYHUX OOMEXEHb MTPOEKTHUX HOPM.

[Ile oguuM 13 crtoco0iB BU3HAYEHHSI MOMEHTY 3aKIHUE€HHSI MPOIIECY TPaBIEHHS
€ PeECTPYBaHHS CTYIICHS PO3JIAIITYBaHHS HAaBAHTAXCHHS, TOOTO B I[bOMY BUIIAIKY
PEECTPYETHCS 3MiHA IMIIEIaHCY IJIa3MH. Take sIBUIIE CIIOCTEPIracThCs B Mpolecax
mwiazMoximMiunoro TpaBiaeHHs Al, Si3Ny 1 monikpemHilo, a TakKoX IHIIUX
JIIEJIEKTPUYHHUX Ta MeTalleBuX 1mapiB. Lleit meTon nerko miggaeTscs aBTOMaTU3arii
3 BUKOPUCTAHHAM KOMIT'IOTEPHHUX 3aCO01B.

PosristHemMo Ternep Apyry rpymny METOJIIB BU3HAYCHHS MOMEHTY 3aKiHUCHHS
MIPOLIEeCy TUIa3MOBOTO TPABJICHHS, KA IPYHTYEThCS Ha KOHTPOJI1 32 BIACTHBOCTIMHU
MOBEPXHI TECTOBOI TUIACTHHH, a HE IUIa3Mu. HalmomwupeHimuM MeTojoM i€l
IpyNU € pPEECTPYBaHHS JIA3€PHOTO BHUIIPOMIHIOBAHHS, BIIOMTOrO MOBEPXHEIO
B3IpLSA-TUIACTHHY, KA MJIATAE MIa3MOBOMY TPaBJICHHIO.

[le#t MeTO BIZHOCHUTBCS 10 TECTOBUX 1 IMOJISITa€ B PEECTPYBAHHI JIA3€PHOIO
IIPOMEHSI, BIOMTOrO BiJ MOBEpPXHI IJIACTUHU 3 (PYHKIIOHAJBHUM IIApOM, SKUH
TPABUTHCS 3a JIOMOMOTOIO TUIA3MHU. Y BUMAJKY TPaBICHHS METAICBHX IUTIBOK
3aBepIIEHHS MPOIIeCy TPaBICHHS CYMPOBOKYETHCS 3MIHOIO BITOMBHOI 3/1aTHOCTI
MOBEPXHI, SIKY KOHTPOJIIOIOTH 3a JIONMOMOTOI0 CIICIIAIbBHUX MITOK CYMIIIEHHS B
MPOEKIIHIA 91 KOHTaKTHIN Jitorpadii. B mpoiieci TpaBneHHs MPo30pux JieIeK-
TPUYHUX IUIIBOK CIIOCTEPIraeThCs MEpioJUyHa 3MiIHA IHTEHCHBHOCTI BIIOMTOTO
CBITJIa, TIOB'A3aHa 3 IHTEp(EPEHII€I0 MPOMEHIB, BITOUTUX BiJl TOBEPXHI IUTIBKU Ta
migknaaku. Puc. 12.24 nemoHCTpye mepiondHy 3aleXHICTh, SKa CIIOCTEpiragach
M7 Yac TpaBJEHHs IUTIBKH JieroBaHoro mnomikpeMHito Ha SiO,. IlepiognyHicTh
3MIHM BIIOUTOro curHany (puc.12.24,a) MOXHa TakoXX BUKOPUCTaTH s
KOHTPOJTIO IIBUAKOCTI TPABJICHHS IJIa3MOBOTO TPOIIECY, MPUIOMY 3a CTa0LTBHICTIO
nepioy KOJAMBaHb MOKHA BHU3HAYATH 3MiHY IIBUAKOCTI TPaBICHHS B PEaIbHOMY
MacmTabi yacy. Takuil MeTo1 3aCTOCOBHMM JJ1sI BCI1X 0€3 BUHATKY ILTIBOK.
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A S 3MmiHa KoedilieHTa BiIOUTTS
67T T BiI MOBEpPXHI MiJ Yac TPaBIICHHS
2 < meraneBux mriBok Al, Ti, Ta, Mo,
E* 51 T W BKka3ye Ha 3aBEpIICHHS nporecy
g 44 <§ M1a3MOBOTO TPABJICHHA, a meplo-
= T JUYHAN CUTHAI BiJ JICIEKTPUIHOT
E_ 34 g TUTIBKU CBIYUTH MPO HEOOX1THICTH
Qg QE’ ioro mpomosxkenHs. Taka na3zepHa
=21 ' IHTepdepoMeTpis IIMPOKO BUKO-
% | § PUCTOBYETBCSI JUISL  PETyJIOBaHHS
E Z Tpolecy TpaB/leHHA penbgq)y 9u

‘Z  TpoQUTIOBaHHS BIKOH HA IiJKJIAJ-

kKax Oe3 crom-mapy. [lpu mpomy
cam penbed Bimirpae poib iHTEp-
Puc. 12.24. [TopiBHSIHHS .CI/IFHaJ'IiB JULL (hepeHIiiiHOT IPaTKH, a TOYHICTH
BU3HAYCHHS MOMEHTY 3aKIHYCHHS NPOLECY ppspaueHHS TIIMOMHM TPABICHHS
tpagienns  nomi-Si B miasMi  CF4-Os: cramoure 1+ 3%. Bukopucro-
a) METOZI0M Js1a3epHoi iHTepdepomMeTpii; 6) 38 pyroun creujanbri TecTOBi CTPYK-
CHTHAJIOM BHIIPOMIHIOBAHHS aToOMiB (TOPY rypu, TakoX MOXKHA BH3HAYATH 3
pu A = 704 um BUCOKOIO  TOYHICTIO (10  1%)
CTYITIHb aHI30TPOITHOCTI MPOIIECY.

OTxe, B IbOMY PO3AUIl JOCIDKEHO (HI3MKO-TEXHOJOTIUYHI OCOOJIMBOCTI
IUJIA3MOBUX IMPOLIECIB TPABJIEHHS Ta OCaKCHHS (DYHKI[IOHAJIbHUX IIApIB CTPYKTYP
BIC 3 Bukopucrtanasm HBU peakTopiB eIeKTpOHHO-IIUKIOTPOHHOTO PE30HAHCY,
PO3MIIAHYTO CcydyacHI KOHCTpYKIii peakTopiB HBU-00po6nenus ctpykryp BIC mis
TPaBJICHHS Ta OCAUKCHHS IapyBaTUX CTPYKTyp (HAaIpaTok), a TaKoXK
BCTAHOBJICHO KpUTEpii JAiarHOCTyBaHHS IUIa3MH Ta BU3HAYEHHS MOMEHTY
3aKIHYCHHsS] TPOLIECIB TPABJIICHHA YU OCAJKEHHS HA OCHOBI iX KOMII'FOTEPHOTO
MOJICTTIOBAHHSI.

Ha 3aBepmieHHs ciijg BiAMITATH, IO ITHPOKE BIPOBAKCHHS TEXHOJIOTIH
HBY-mna3moBoro oOpoOJICHHS TOBEpXHI BUPOOIB  €IEKTPOHHOI  TEXHIKH
3YMOBIICH1, HacamIiepes, TUM, 10 BCIM, peasli30BaHUM Ha iXHI OCHOBI Mpoliecam,
npuTaMaHHI BHCOKAa EHEPreTU4YHa e(EeKTHUBHICTb, CEJIEKTUBHICTh, BHCOKa
MIBUAKICTH Ta MPOAYKTUBHICTh. BaXTMBUM YMHHHKOM TaKOX € T€, IO JOCTaTHbO
JIETKO BJIA€ThCS 3a0€3MEUUTU ONMTUMAIBHI JUIS 3M1MCHEHHS IUIa3MOBHUX IMPOIECIB
napamerpun HBU-mma3mu, Taki sik: cTymiHb 10HI3aIlii, TEMIEpaTypa eJIeKTPOHIB Ta
MUTOMUI €HEPTOBHECOK.
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Po3zin 13. PEJIAKCAIIMHA CHEKTPOCKOIISI TIMBOKUX PIBHIB

VY cydacHii TeXHOJOTIi Cy0- 1 HAHOCTPYKTYP JUIsl TOCTIKCHHSI 1e()EKTOYTBO-
pPEHHS B HAMIBIPOBIIHUKOBUX TEXHOJIOTTYHHUX IIapax, 3yMOBJIEHOTO B TOMY YHCII1
IMIUTAaHTAIHHUM OOPOOJICHHSIM, HIMPOKO 3aCTOCOBYIOTH METOIM pellaKcaliiHOol
(necramionapHoi) crnekTtpockomnii (PC). Bonu mnonsraioTh y BUMIpPIOBaHHI
napameTpiB MepexigHOro (pejakcaliifHOro) mpoiecy 3MIHM B 4aci 3apsJIoBOTO
CTaHy IMMOOKHUX €JIEKTPOHHUX Ta MIPKOBHX MACTOK y MOCIIKYBAaHOMY MaTtepiaii
micst Al iMImynbCiB Hanpyru um cBiTia. Merogu PC no3BONSItOTE BU3HAYATH
eHeprito akTuBallii (10H13aIi) TaKuX MaCTOK, epepi3 3aXOTUICHHS HUMHU OCHOBHHUX
1 HEOCHOBHHUX 3apsAliB, a TaKOX OTPUMYBaTH iH(OpMAIio MOJ0 CHEKTPaTbHOT
TYCTHHH Ta MPOCTOPOBOTO PO3MILICHHS Mepe3apspKyBaHuX eHTpiB. Hainomu-
PEHIIINM peJiakcal[iiHUM METOJIOM JOCII/I)KEHHS HamliBIPOBIAHUKOBUX CTPYKTYP
€ merox eMHicHoi PC Ta #ioro pizHOMaHITHI Moau(iKaIIii.

Bubip xonkpetHoro merony PC BU3HAaUa€eThCS mapaMeTpaMu JOCTIIKYBaHHX
cTpykTyp. OnHiero 3 nmepeBar metony 3apsaaoBoi PC, Ha Binminy Big emHicHOI PC,
€ MOJKJIUBICTh [JOCHIKEHHSI CTPYKTyp, BU-eMHICTH SIKMX HE 3aleXUTh BIJ
3apsAI0BOr0 CcTaHy OO'€eMHHMX TACTOK 1 TOBEpXHEBHX CTaHIB. Taka cuTyaris
XapaKTepHa, HaMPHUKIAJ, I TETEPOCTPYKTYP 3 TOBIIMHOIO HAMIBITPOBIITHUKOBUX
I1apiB, MEHIIOIO Ti€l, sika HeOOXigHa i GopMyBaHHs 30iTHEHOTO Imapy, abo XK y
BUIAJIKY 3aKpituieHHs piBHA DepMmi Ha MEXi PO3JIUTY J1CIIEKTPUK-HATIBIIPOBITHUK.
VY 1mpoMy po3aiii po3riaHyTo (Pi3uYH1 HecTallloHapHi (pesraKcalliiti) MpoIecH, 1o
BIIOYBalOThCA B HAIMIBIPOBIAHUKOBUX CTPYKTypaX, MIAJaHUX KOPOTKOYACHOMY
€JIEKTPUYHOMY, ONITUYHOMY YH IHIIIOMY BIUTMBY, Ta fIKi € 00'€KTOM peraKcariitHol
CIIEKTPOMETPI.

13.1. €EmHicHa pesakcaliiiHa cCIeKTPOMeTPisl rIMOOKUX PiBHIB K MeTO]
BH3HAYEHHS XapPaKTEePUCTHK MACTOK Yy HAMIBIPOBiAHUKAX

[leit MeTon HaMEXKUTh O BUCOKOC(PEKTHMBHOTO IHCTPYMEHTY JUIS €JIEKTPO-
(bi3MYHOTO JAIarHOCTYBAHHS HAIMIBIPOBIIHUKOBUX MaTepialiB, 30KpeMa IIapyBaTux
HAHOCTPYKTYD, 3 SIKUX (POPMYIOTh PE30HAHCHO-TYHENBHI TPAH3UCTOPU, JIOAHU Ta
TOHKOILUTIBKOB1 COHSIYH1 €JIEMEHTH.

IcHye psim MeTOMiB, MPU3HAYEHHUX JIJIsi BHBYCHHS BJIACTUBOCTEH OE3BHIIPO-
MIHIOBJIBHUX IIEHTPIB, HAPUKJIAA, METOJ TEPMOCTUMYJIbOBAHOI €MHOCT1 (aHIJL.:
Thermally Stimulated Capacitance, TSCAP). Bonu nonsaraiots y cnoctepexeHH1
3a 3MIHOIO 3apsAJIOBOTO CTaHy TAaKHX HEHTPIB Ta MOXYTh BUKOPHCTOBYBaTH a0o0
€MHICTH p-n-tiepexony uu 6ap'epa IlloTTki, 00 cTpyMH, 110 BUHUKAIOTH y MpoLeci
nepe3apsypkadHs 1ux neHTpiB. OjgHak Taki MeToAu abo HE MarTh JIOCTaTHHOT
YyTJIIMBOCTI Ta EKCIIPECHOCTI, a00 HE OXOILTIOIOTh CHEPTeTUIHHH iHTepBall TIIMONH
CIIOCTEPEKYBAHUX MACTOK, a00 K HE MAIOTh CIIEKTPOCKOIIYHOTO XapaKTepy.

Merton €MHICHOI HECTAl[lOHAPHOI CIEKTPOCKOIIi TJIMOOKUX PpIBHIB, (AHIIL:
Capacitance Deep Level Transient Spectroscopy, C-DLTS) wmae yHikanbHi
BJIACTUBOCTI IS JOCHIIKCHHS TMAcTOK Yy IIHPOKOMY IHTEpBajil eHeprid. BiH
MoJIsSiTa€ 'y BHUMIPIOBAaHHI PpEJIaKCcalliiiHOT BHUCOKOYACTOTHOT €MHOCTI Oap'epHHX
CTPYKTYp, CKaHOBAHOI B HIMPOKOMY TEMIEPATypHOMY Jiama3oHi, Ta Ma€ 3HAYHI
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nepeBaru Iepej; METOJIOM TePMOCTUMYJIbOBaHOTO cTpyMy (anri.: Thermally
Stimulated Current, TSC) B crTy BHIIIOT 3aXHIIEHOCTI Bil ITyMiB Ta CTPYMiB BTPAaT
yepe3 MOBEPXHEBI KaHAIM PEKOMOIHAIII, a TAKOXK 3aBJSIKH TOMY, IIIO BIiH JIO3BOJISIE
PO3PI3HATH MACTKU OCHOBHMX 1 HEOCHOBHHMX HOCIIB 3apsiay. Kpim toro, merton
€CT'P Takox Ma€ 3HAYHO BUIII TPAHUYHY YyTIMBICTH Ta IHTEPBAJ CIIOCTEPEKECHHS
TJIMOMH 3aJIATaHHS AaCTOK MOPIBHSAHO 3 METOJOM TEPMOCTUMYJIbOBAHOT €MHOCTI.

Penakcariist éMHOCT1 MOB'A3aHa 3 MOBEPHEHHSM JO TEPMIUHOI PIBHOBAKHOL
3aCeNeHOCTI IIIMO0KOTO PiBHSA 3 HEPIBHOBAXHOTO CTaHy, B KW II€il piBEHb mepe-
XOJUTh I JI€F0 CTUMYITIOIOYOTO IMIyNbcy. Bumiproroun dac penakcarii (ctamy
penakcarii) K (QYHKIIIO TeMIepaTypd, MOKHAa BHU3HAYUTH EHEprio 10Hi3aIi
piBHS, TOOTO HOTO TMOJIOKEHHS B 3a00pOHEHI# 30H1 HamiBIpoBinHuKa. [louaTkoBa
BEJIMYMHA CUTHATY peNakcallii 3aJeXuTh BiJ KOHIIGHTpallii macTtok. B skocTi
CTHMYJTFOIOYOTO IMITYJIBCY /IO TOCIIPKYBAHOTO B3ipIisi BHKOPUCTOBYIOTh OJIUH 200
JeKUIbKa IMITYJIbCIB HAPYTH YU CBITJIA, 3aJIeKHO Bix pizHOBUIY MeToxy C-DLTS.

HasiBHICTh TTACTKHM TIPOSBISIETHCS] Y BUTIISIAL JOJATHOTO 200 BiJ'€MHOTO ITiKa
Ha TJII HYJbOBOI'O PIBHS IIJ Yac TeMIeEpaTypHOro CKaHyBaHHi. Bucora mika
MpoTOopIiifHa KOHIIEHTpallll MaCTKU, a HOro 3HaK BKa3ye HA BIAMOBIAHICTh MACTKU
OCHOBHMM YH HEOCHOBHHUM HoOCisiM 3apsiny. [lonokeHHS mika OHO3HAYHO
BU3HAYA€THCA BHOOPOM CTPOOYIOUMX IMITYJIBCIB (MOMEHTIB (DIKCyBaHHS BIJIIKY)
IHTETpaTopa Ta BIACTUBOCTAMH TEPMIYHOI eMiCii BiITOBITHOT MTACTKH.

13.2. Cratucruka pexomoinanii Xosna-Ilokiai-Piga
Posrnsinemo cnpomeny moaens Xomna-lllokmi-Pina, ska onucye pekomOi-
HAI[IF0 EJIEKTPOHIB Ta JIPOK 3 y4acTio MHMOOKHMX piBHIB. BBaxkatmmemo, mio
HaMBOPOBIAHUK (puc. 13.1), KpiM MUIKHX JOHOPIB Ta aKIENTOPIiB, MICTUTh TaKOX
MIMOOKI IIEHTPH 3 KOHIIeHTpalli€o N;, SKUM BINOBIIa€ €TUHUN TITUOOKUN PIBEHb
y 3a0opoHeHiit 30H1 3 eHepriero E;. Taki rimmOoKi IEHTPU MOXYTh OyTH aroMamu
JOMIIIKA 49U JepeKTaMu KPUCTAYHOI IpaTKU: BaKaHCIIMHU, MDKBY3JIOBUMHU aTO-
MaM# TOIIO. TakoX BBOKATHMEMO, 110 KOKCH TJIMOOKHUH IEHTP MOXKE 3aXOIMUTH
abo Bigmatu (emiTyBaTH) TUIBKH OJIMH €JIEKTPOH, TOOTO € OJTHO3APSTHUM.
3axOIJIEHHS Ta €MICisl €JEKTPOHIB TIIMOOKUM PIBHEM MOXKE OJHOYACHO BIIOY-
BAaTUCS 3 YYacTI0O 30HHM MPOBITHOCTI,
n BaJCHTHOI 30HU, a TaKOX MUIKUX
JOHOPHUX 1 aKIEeNTOpPHUX piBHIB. OJHAK
BHACIIZIOK  3HAa4HOI  (TOpIBHSAHO 31
CTaJIOI0 TpaTKH) BiACTaHi MK riaHOO-
KUMH [EHTpaMH Ta aTOMaMH MUIKO1
JIOMIIIIKA IMOBIPHICTH OOMIHY €JIEKTPO-
HaMH MDK HUMH € BKpall HU3bKa, 1 HEIO

Puc. 13.1. IIporecu, o BiAMOBIAAIOTH
3a 3alOBHEHHSA TJIMOOKOrO  pIBHSA
CIICKTPOHAMHU
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y BQJICHTHY 30HY JOIUIBHIIIE PO3TJisjia-
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piBHEM. AHAJIOTIYHO 3aXOIUICHHS €JeK-
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eMmicii JipoK 3 TIMOOKOTO PIBHA B IO



30Hy. Takum umHOM, IMOBIpHICTB f (0< f<1) 3amoBHEHHS TTMOOKOTO PiBHS €JEK-
TPOHAMH 3aJIECKUTH BiJl YOTHPHOX B3aEMHOKOHKYpYIOUMX mpoueciB (puc. 13.1),
KOXKEH 3 SIKHX XapaKTePHU3y€EThCs BIIACHOIO MIBHJIKICTIO (KOE(IIiEHTOM):

1) eMmicig eneKkTpoHa 3 TIIMOOKOT0 PiBHS B 30HY IPOBITHOCTI;

2) 3axOIUJICHHS TTMOOKUM PIBHEM €JIEKTPOHA 13 30HH MPOBIAHOCTI;

3) emicis ipkH 3 TIIMOOKOTO PIBHS Y BAJICHTHY 30HY;

4) 3axOrUIeHHS TIIMOOKUM PIBHEM JIPKHU 3 BAJICHTHOI 30HHU.

KinpkicTh €JeKTpOHIB, fKi 3aXOIUTIOIOTBCS TIMOOKMM pIBHEM 13 30HHU
IIPOBIHOCTI, MPOIMOPIiifHA KOHIICHTPAIli N €JICKTPOHIB y I 30HI Ta KLIBKOCTI
BUIbHUX (He3anoBHeHMX) THO0KUX 1eHTpiB N (1 - f), 1 ctanoBuTh Y, n N, (1 - f),
1 Y — KoeiIiEHT IPOMOPIIHHOCTI, SKUH HA3UBAETHCS KOe(DIIIEHTOM 3aXOIIICHHS
enexkrpona. [Ipu nmpoMy BeNWYHMHA C, = Y,N, SKa HE 3AJEKUTHh BiJ KOHIIEHTpAIil
MIMOOKUX IIEHTPIB Ta IMOBIPHOCTI iX 3allOBHCHHS, HA3WBA€ThCS IIBUJKICTIO
3aXOIMIECHHS eJIeKTPOHIB ITHOOKHM PiBHEM i Mae po3MipHicTh [¢'].

KinbKicTh €neKTpoHiB, SIKi €MITYIOThCS 3 TJIMOOKOTO PiBHS B 30HY IPOBiJ-
HOCTI, MPOMOPIiHHA KUIBKOCTI 3allOBHEHHUX EJICKTPOHAMHU TJIHOOKHMX IIEHTPIB:
eaNif, e e, — KoedilieHT mpomopuiiiHocTi po3MipHicTio [¢™'], KMl HA3HBAETHCS
MIBUAKICTIO €MICii €NeKTPOHIB 1 SKWW MOXKHA BH3HAYUTH 3 YMOB TEPMIYHOI
piBHOBaru. B piBHOBa)XHOMY CTaHl KUIBKICTh €JEKTPOHIB Yy 30H1 MPOBIIHOCTI
HE3MIHHA, TOOTO KUIBKICTh 3aXOIUICHHX 13 30HW Ta €MITOBAaHHX B HEI €JIEKTPOHIB
OJTHAKOBA!

’Ynn()'N]“(l_f()):enNrf()s (131)
1e fo — pIBHOBa)KHE 3HAYECHHS f, IKE OMUCYETHCS 3a AonoMororo ¢pyHkiii depmi:
1
fo= . (13.2)
1+exp[(E;. —Eg)/kT]
Tomi
l_fO EF_EF EC_EF EC_EF
€, =VpNo———="YqaN¢ eXp[———]=7,00 - €X — =
n = Ynllo fO Ynlo p[ kT ] Tnllo p[ kT kT ]
E.-E
=v.N.exp[-———L]=v,.ny, 13.3
YaNeexpl——=——"1=7nn (13.3)

ne N, — edekTrBHA I'yCTHHA CTaHIB y 30H1 npoBigHocTi, Er, E. — eneprii @epmi Ta

HIDKHBOTO Kparo 30HHM MPOBIITHOCTI BIAMOBIAHO, N; — PIBHOBa)KHA KOHIICHTPALis

€JIEKTPOHIB y 30HI IMPOBIJHOCTI, SAKIIO piBeHb PDepMi 30iraeTbcst 3 TITHOOKUM
piBHeM E:

n, =N, exp[—ﬁ]. (13.4)

kT
3 ypaxyBaHHsM (13.3) mBUAKICTH 3MIHHM KOHIIGHTpAllil €JEKTPOHIB Ha
rmmbokomy piBHI E; BHaciigok oOMiHYy MK UM pPIBHEM Ta 30HOK MPOBIIHOCTI

CTaHOBHUTH

(dnr) =y n-N.(1-f)—e,N.f=y,N.[n(1-f)—n;f]. (13.5)

dt

Posrnsaemo Tenep mporecu oOMIHY €IEeKTpOHAaMH MDK ITMOOKHM pIBHEM Ta
BAJICHTHOIO 30HOI0, sIKI omucyroThcsi noaionumu o (13.1) — (13.5) cmiBBigHO-
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nieHHsIMU. KUTbKICTh JIPOK, 3aXOIUIEHHX TIJIMOOKUM pIBHEM 3 BaJCHTHOI 30HU
(eNeKTpOHIB, EMITOBaHUX y BAJICHTHY 30HY), MMPOMOPIiiiHA KOHIEHTPALIi p AIPOK y
i 30HI Ta KUIBKOCTI 3allOBHEHUX €JIEKTPOHAMH (HE3allOBHEHHUX JIIPKaMU)
ra00kux HeHTpiB N, /1 cTaHOBHUTE Y, p N f, 1€ 7p — KOEDIIEHT 3aXOIUIEHHS JIPKH.
Bennunna ¢, =7y,n pO3MIpHICTIO [c'], fKa He 3aTEXKHUTh BiX KOHIEHTpALIl
ITHOOKUX IIEHTPIB Ta IMOBIPHOCTI I1X 3allOBHEHHS, HAa3WBA€THhCS MIBHJIKICTIO
3aXOIUICHHSI JIpOK TIMOOKUM piBHeM. KuibKicTh JIpOK, $IKi €MITYHOThCS 3
TIMOOKOTO PIBHA Yy BaJCHTHY 30HY, MPOMOPIIHA KUTBKOCTI HE3alOBHEHUX
€JIEKTpOHAMU FJII/IGOKI/IX 1eHTpiB: €, N, (1 -f), ne xoedilieHT NPONOPUIIHHOCTI €,
po3mipHicTio [c'], sKWii HA3WBAE€THCS WIBHAKICTIO eMicii JipoK, BH3HAYAIOTH 3
YMOB TepMidHOi piBHOBaru. OCKUTBKH KUTBKICTB IPOK y BaJEHTHIN 30HI 3a TaKHX
YMOB HE3MIHHA, TO

VppO'Nr OZGer(l_fO)' (13.6)
Bpaxoyroun (13.2), orpumyemo ananoriuse (13.3) CHiBBi,Z[HOH_IeHHSII
fO E — EF E Er — EV
= exp[—— ex — =
YpPo 7 =7YpPo - exp[ T 1=vpPo - p[ T T ]
E.-E
:YpNV eXp[_%]:'Yppla (13.7)
ne N, — edekTUBHA I'yCTHHA CTaHIB y BaJleHTHiH 30HI1, E, — eHepria BEepXHBOTO
Kpal BaJICHTHOI 30HHU, pP; — pPIBHOBAXHA KOHIEHTpAIlsl TIPOK Yy Il 30HI1
HOPOBIAHOCTI, SIKIIO piBeHb Depmi 36ira€TLc;1 3 I‘JII/I6OKI/IM piBaeMm E;:
pi=N eXP[— V] (13.8)

TakuM YHHOM, IIBHAKICTH 3MIHH KOHueHTpaun €JIEKTPOHIB Ha TJIIMOOKOMY
piBHi E; BHacmigok 0OMiHYy M ITUM PIBHEM Ta BaJICHTHOIO 30HOKO CTAHOBUTH:

(dnrj =epN (L= /) =vpp- N f =vpNe[py (1= f) = pf]. (13.9)

dt

Toni moBHaA IIBUAKICTE 3MIHM 3allOBHEHHS TJHOOKOrO pIBHSA €JICKTPOHAMHU
ctaHoBuTuMme cymy (13.5) ta (13.9):

dn, (dn j +(dnr) =y N [n(= /) =0y /T+y,N[p (1= /) =pf]. (13.10)

dt dt dt

Skmo 3aceneHicTh TIMOOKOTO pIBHS EJIEKTPOHAMH HE3MiHHA, TOOTO
dn./dt=0, To 3 (13.10) oTpumMyemo, 110 cTaIllOHApHA KOHIICHTpAIlis €JIECKTPOHIB
Ha TJIMOOKOMY PiBHI OIUCYETHCS (OPMYIIOIO:
= Nr 'fCT _ Nr ) Ynler + Yppl _

YH(nCT + nl) + Yp (pCT + pl)
=N, - Ener 7% (13.11)
(CH.CT + Cp.CT) + (en + ep)
1 3aJIC)KUTh BiJl CTalllOHAPHUX (PIBHOBAKHHMX) KOHIIEHTPAIIIN €IeKTPOHIB (Nng;) Ta
TUPOK (Per) Y 30H1 MPOBIHOCTI Ta BAJICHTHIH 30H1 BIAMOBIIHO.
PiBusinna (13.11) yHiBepcanbHe i TOAUTHCS IS OMHCY 3alIOBHEHHS €JIEKTPO-
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HaMu (JipkamMu) TJIMOOKOTO pIBHS y JOBUIBHOMY HAIIBIPOBIIHHMKY, OJHAaK Ha
IpaKTULI PIAKO TPAIJISIIOTHCS BHUIAAKU, KOJIM BCl BEIMYHMHHU Cpcr, Cpers €n, T €p
onHoro mopsnaky. (Taka cuTyallis MOXJIWBa y BIACHOMY HAIliBIPOBITHUKY, B
AKOMY TJMOOKHI pIBEHb pO3TAlOBYEThCS 1M00MM3y piBHA Depmi, TOOTO
nocepeanHi 3a00pOHEHOT 30HH).

VYV HamiBOpoOBiHUKAX N-THIY KOHIIEHTpallisl €NeKTPOHIB (OCHOBHHX HOCIiB
3apsiay) B 30H1 MPOBITHOCTI Habarato BUINA, HDK KOHIICHTpAIis JIpOK (HEOCHOB-
HUX HOCIIB) Y BaJICHTHIN 30HI: N¢; >> Per. [IpH IbOMY TaKOXK N >> Ny T N >> Py,
TOOTO MIBUKICTh 3aXOIUICHHS €JICKTPOHIB TIIMOOKUM PIBHEM 13 30HU MPOBITHOCTI
Cn.cr HA0AraTo NEPEBUILYE 32 BEIMYMHOKO Cpcr, €n, Ta €,. Tonl, 3rimno 3 (13.11),
Takui TIIMOOKWI piBEHb TMOBHICTIO 3aMIOBHEHHWH €JEKTPOHAMU. SIKIIO TIUOOKHIA
IIEHTP € aKIIENTOPOM, TO BiH 3aIIOBHIOETHCS CJICKTPOHAMH 13 30HH IMPOBIIIHOCTI,
KOMITEHCYIOUM MUIKY JOHOPHY jaoMimky. Taki mactku akientopHoi ("mipkoBoi')
IPUPOIN TIPUHHATO HA3WBATH AIPKOBMMM NMACTKAMH, HE3BA)KAIOYM Ha Te, IO
BOHHU (pAaKTUYHO € MACTKAMH IS EJICKTPOHIB. SKIO * rTHOOKHI EHTP MPOSBIIsE
JIOHOPH1 BJIACTMBOCTI, TO BIH y>K€ 3allOBHCHHI €JIEKTPOHAMHU 1 HE BIUIUBaE (3a
YMOBH HHU3BKHX TEMIIEpaTyp) Ha 3arajbHy KOHIEHTpALIiI0 EJIEKTPOHIB Yy 30HI
MIPOB1THOCTI.

B HamiBnpoBiIHUKAaX p-TUITY, HaBIMaKW, KOHIEHTPAIS AIPOK Y BaJE€HTHIN 30H1
3HAYHO MEPEBUIYE KOHIEHTPAIIO €MEKTPOHIB: Pe >> Ngp. I TAaKOTO HamiBIpPO-
BiJJHUKA 3alIOBHECHHS TJIMOOKOTO DPIiBHS EJIEKTPOHAMH BHU3HAYAETHCS BHUHITKOBO
IIBUJIKICTIO 3aXOILIEHHS AIPOK 3 BAJIEHTHOI 30HU Cpcr, @ BEAMYMHU Cpcr, €n, TA € €
Habarato MeHIIMMU. B 1boMy BUNaAKy IIIMOOKHUI piBEHb NOBHICTIO HE3aIIOBHEHU I
eJeKTpoHaMHU (3amoBHEHUH Jipkamu). [TMOOKI MEHTpU JOHOPHOT MPHUPOaH (TaK
3BaHI €JeKTPOHHI NMACTKM) B HANIBOPOBIAHUKY P-TUITy KOMIICHCYIOTH MUIKI
aKIIeNTOpH, a INIHOOKI aKIENTOpU MPAKTHUYHO HE BIUIMBAIOTH HAa KOHIIEHTPAIIIO
JPOK y BaJICHTHIH 30H1 (32 HU3bKUX TEMIIEPATYP).

B mapi mpocrtopoBoro 3apsany (B 30imHEHOMY IIapi) p-n-Mepexony Yu
KOHTaKTy MeTaJI-HaIlIBIPOBIIHUK KOHIIEHTpAIlisl BUIBHUX HOCIIB 3apsA1y HU3BKA 1
HabaraTo HUXK4Ya iXHIX PIBHOBAXHUX KOHIICHTpAI[IH, TOOTO Ne << Ny Ta Per << Ppj.
[Ipu uboMy B Mexkax MPaKTUYHO BCHOT'O 301JHEHOTO MIAPY TAKOX N¢p << pj, TOOTO
3allOBHEHHSI TITMOOKOTrO PIBHS €JIEKTpPOHAMU BIAOYBAE€THCS BHACIHIIOK €MICIi TIPOK
y BAlIEHTHY 30HY (Cncr <<€p). I HamiBIPOBiIHHUKA, 110 HepeOyBae 3a TaKUX
yMOB, 13 (13.9) otpumyemo:

€
TPt %2 (13.12)

' Yn1 +Ypp1 ' €n +ep

BHacnigok eKCIoHeHIIHHOI 3a7eKHOCTI Ny Ta P BIJ €Heprii ruO0Koro piBHA
E: (nuB. (13.4) ta (13.8)) 1i BeJMYMHHU 3a3BHYal CUJIBHO BIAPI3HAIOTHCS MIXK
coboro. Jliicao, mogimumu (13.3) Ha (13.6), oTpuMyeMo:

Nper = N

Cn _ Yol _ YnNe¢ -eXp[—EC —E; " E, _Ev]:
e, YpP1  YpNy kT kT
:YnNc .exp[(Ec_Ev)_z(Ec _Er)]' (13.13)
YpNy kT
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Tyt Benuuuna (E. - E,) - 2(E, - E;) = 2[(E. - E,)/2 - (E, - E,)] paxTtuuHo o3na-
Jae€ MOABIHHY €HEPTeTUYHY BiICTaHb TIIMOOKOTO PiBHS Bil cepearHu 3a00pOHEHOT
30HU. OCKUTbKH €()EeKTHBHI T'YCTHHHU CTaHIB y 30H1 IPOBITHOCTI Ta BaJIEHTHIN 30H1
HAMIBIPOBIAHUKA Majo BIIPI3HAKOTBCA MDK €000, 30KpemMa JUisi KpPEeMHI0
N./Ny=2,5, to 3 (13.11) BUXOOUTH, MO ISl TITMOOKOTO PiBHA, PO3TAIIIOBAHOTO
BHUIIIE cepearHU 3a00poHeHoi 30HH Bchoro Ha 4 + 5 KT (= 0,1 eB 3a Temnepartypu
300 K), BUKOHYETBCS HEPIBHICTB Ypp1 << Ynal; (€, << €,) 32 YMOBH, IO Y, Ta Y, HE
HAJTO BIIPI3HIIOTHCA MK CO0OTO.

Toni 3rigao 3 (13.12) BUXOAHMTH, IO TaKUH TIMOOKWW piBeHb E, IMpakTH4YHO
HE3alOBHEHUM €JIeKTPOHAMU. AHAJIOTTYHO TJIMOOKHI piBEHb, pPO3TAlIOBaHUN Yy
HIDKHIN TTOJIOBUHI 3a00pOHEHO1 30HH, ()aKTUYHO TOBHICTIO 3alIOBHEHUN €JIEKTPO-
HAaMHU, OCKUIBKHM [UIi HBOTO Yppi >>7Yun; (€, >>e€,). (HacnpaBai x, sik Oyze
nokazaHo Jjaiai B 1. 13.5, B p-n-mepexoai um Oap'epi IlloTTki 3amoBHEHHS
TJIMOOKOTO DIiBHS BHU3HAYAETHCS CITIBBIJHOLMIEHHSIM MDK WHOTO €HEpriero Ta
eHepriero kBazipiBHiB Depmi eneKTpOHIB 1 Aipok). Taka 0cOONMMBICTH 3aMIOBHEHHS
MUOOKUX PIBHIB €JIEKTPOHAMHM 3HAYHO CIIPOIIY€E aHalli3 eKCHepUMEHTAIbHUX
JaHUX 1 MOXe OyTH BHKOpUCTaHa Ais Kiacu@ikallii rIMOOKUX pPIBHIB SIK IMACTOK
OCHOBHHMX YHM HEOCHOBHHUX HOCIiB 3apsiay. EnekTpoHHI macTku (OCHOBHHUX HOCITB
3apsly B HAMIBIPOBIHUKY N-TUIY Ta HEOCHOBHUX — y HAITIBIPOBIIHUKY P-THUITY)
31e0LIBIIOr0 PO3TAIIOBYIOTECS Yy BEPXHIN IMOJIOBUHI 3a00pOHEHOI 30HHU, TOH1 K
JTIpPKOBI TAcTKH (HEOCHOBHMX HOCIiB 3apsily B HAIIBOPOBIIHUKY N-THITY Ta
OCHOBHHUX — Y HaIlIBIIPOBITHUKY P-TUITY) — Y HIKHIN TTOJIOBHHI.

13.3. HecranionapHi npouecu 3 y4acTio r’im0OKHUX piBHIB

Posristnemo Tenep mepexigHi MpoLecH 3alMOBHEHHS €IEKTPOHAMHU ITHOOKOTO
piBHs E., ki BUHMKaIOTh BHACHIJOK 1HXKEKIlI OCHOBHUX YM HEOCHOBHUX HOCIIB
3apsiay B 30iaHeHMH map. Taky 1HKEKIiro MO)KHA 3a0€3MeUnTH ParnToBOIO 3MIHOO
HaIlpyru, MpUKIaaeHol 1m0 p-n-epexony (Oap'epa ILloTTki) YM OCBITICHHSA
301IHEHOTO TIapy KBaHTaMH CBITJIa 3 BIUINOBIAHOIO JOBXHWHOK  XBHIII.
[MinctaBuBmm B (13.10) n=n¢ + An, p=pes+ Ap, f=fat+ A, An.=N; Af T2
BpaxyBaBmu (13.11), orpumyemo:

d(An
(dt r) :_[Yn(HCT +n1)+Yp(pCT +p1)]'Anr +7nNr(1_fCT)'An -

'YerfCTAp_(YnAn +YpAp)'Anr' (13-14)
TyT ocTtaHHIM YJeHOM PiBHSIHHS MOKHA 3HEXTYBAaTH, OCKUIBKH BiH Habararo
MEHIIUHA (ApYroro MopsAAKy MajocTi) Bif IHIIHX. SIKIIO BpaXyBaTH TaKOX, IO
BHACHIOK CHUJIBHOTO €JNEeKTPUYHOrO MOJIsl B IIapl p-n-Mepexony CTalioOHapHI
KOHIICHTpAIIil eJIEKTPOHIB Y 30H1 MPOBITHOCTI Ta IIPOK y BAICHTHIN 30HI 3a3BUYAM
BCTAHOBJIIOIOTHCS Ha0araTo MIBU/IIE, HIXK CTalllOHApHA KOHIIEHTpALlis €IeKTPOHIB
Ha TIMOOKOMY pIBHI, TO TaKOX MOXXHA 3HEXTYBaTH JIPYTUM Ta TPETIM HICHOM
(13.14). Takum 9uMHOM, 3MiHA 3aIIOBHEHHS TIIMOOKOTO PiBHS BigOyBaTMMETHCS 3a
3aKOHOM
d(An,)

—:_[Yn(HCT +n1)+'Yp(ch+p1)]'dt- (13-15)
An,
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Ile o3Hayae, H10 CTaI[lOHApHA KOHIEHTpAIlSl EJIEKTPOHIB Ha TJIIMOOKOMY PIBHI
BCTAHOBJIIOETHCSA 32 CKCITOHEHITIATbHIUM 3aKOHOM 31 CTaJIOI0 Yacy
1

1= 5
Yn (nCT + nl) + YP(pCT + pl)

Ky Ha3UBalOTh YacOM peJlaKcallii 3armoBHEHHS TIHO0KOTO piBHSA E..

BenuuuHa T He 3aJeXKUTh BiJ MOYATKOBOTO 3allOBHEHHS Ta KOHIIGHTpAIlil
ITMOOKUX TACTOK, OJTHAK € (DYHKIIE€I0 CTAIlllOHAPHUX KOHIICHTpAIlii OCHOBHUX Ta
HEOCHOBHHUX 3apsAiB Ng 1 P, AKI B CBOI HEPry 3ajekaThb B MOTCHIIATY
KOOpJAWHATH B IMapi MPOCTOPOBOTO 3apsay. Sk Oyno 3a3Ha4yeHO BHINE, B
30igHeHOMY mmapi p-n mepexony (Oap'epa LLIoTTKi) KOHIIEHTpaIis BUTBHUX HOCIIB
3apsaay HabaraTo HWXKYa IXHIX PIBHOBWKHHUX KOHIIGHTpaIlid, TOOTO n. << n; Ta
Per << p1. Tomy miist 3611HEHOTO Mapy (13.16) HaOyBae BUTIALY:

T= ! - (13.17)

Yally TYpP1 ©n +€p

Sxio x BpaxyBaTu TOM (akT, IO Ui OUIBIIOCTI €1EKTPOHHUX MACTOK €, >> €, a
I OLTBHIOCTI AIPKOBHX — €, >> €, TO 4Yac pejakcauii ITMOOKHMX pIBHIB, IO
BI/[MOBIAIOTH BKA3aHUM MACTKAM, CTAHOBUTb T, = (€)' Ta T, = (ep)'l BIJIIIOBIHO.

[Ticns momanast Ha p-n mepexin (Oap'ep IllorTki) 30igHIOIOHYOT HaAmpyru
CIICKTPOHH EMITYIOThCS [ITHOOKMMH TIACTKAMHE 31 CTAJOK 4aCy Tn = (Yany)" (Zipku
— 31 CTaJIOK0 Yacy T, = (yppl)'l) Ta IMIBUAKO BUAAJSIOTHCSA E€JIEKTPUYHHUM IOJIEM 3
mIapy MpocTOpoBOTO 3apsiny. Ilpm 1mpomy B 30imHEHOMY Mmapi TyCTHHA
MIPOCTOPOBOTO 3aPsJly 3POCTAE 3 HACOM 32 PAXYHOK 10HI3a1ii TITMOOKHUX TACTOK.

KoedinieHTH 3aX0IuieHHs €JEKTPOHIB Y, 1 JIPOK Yp, AKI BU3HAYAIOTh CTally
penakcarii 3alOBHEHHS TIMOOKOTO PiBHS, B CBOIO YEPTy 3aJieXaTh Bi mepepisiB
3aXOILIEHHS €IEKTPOHIB G, 1 AIPOK G, TTMOOKUM LIEHTPOM Ta CEPEIHBOI TEIIO0BOT
IIBUJIKOCT1 BIJITOBITHUX HOCI1B 3apsiy:

(13.16)

Yn =0,V, Ta Yp=06p¥p, (13.18)
Tie
1/2 1/2
V, = _ SKT , U, = _ ST | (13.19)
T (m¥),, T (m¥)

Sk Oyno mokasaHo BHIIIE, IIBUIKOCTI €MICIi €IEKTPOHIB €, = YuN; Ta JAIPOK €, = YpPi
obuucorTh BiamosigHo 1m0 (13.3) Ta (13.7). [limcraBnsroun BKa3zaHi BEIUINHHU Y
BHUpa3H I cTanoi penakcarlii 3 ypaxyBanasaM (13.18) ta (13.19), a Takox BiHOMHUX
BUpa3iB s epeKTUBHUX I'yCcTUH cTaHiB N, Ta Ny y BiJIIIOBITHUX 30HAX:

* 3/2 2[2m(m*), kT]>'?
N, = 2[2m(m )3nkT] , N, - [27( )3p ] (13.20)
h h
OTPUMAEMO:
Ty =) =(van) ™ = (0, VN ™ exp[(E; —E,)/kT]=
=(0,b,T?) Texp[(E, —E,)/kT] (13.21)
Ta
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1, =(ep) " =(vpp1) " =(6,V,N,) " exp[(E, ~E,)/kT]=,

=(o,b,T*) " exp[(E, - E,)/kT], (13.22)
ne koediuienTu b, Ta b,
(¥ 12 167 - (m*) . k>
b, =0T (r‘; Ink” b, = ( - I (13.23)
h h

€ KOHCTaHTaMH JIOCITI)KYBaHOTO HaIIBIPOBITHUKA.

[IpakTi4yHO BC1 penakcalliifHi MeTOu JOCTIIKEHb IMUOOKUX PIBHIB BUKOPHUC-
TOBYIOTh criBBigHOmeHHs (13.21) Ta (13.22) ansg Bu3Ha4YeHHS eHeprii i0Hi3amii Ta
nepepizy 3axOIUICHHS BIAMOBITHOTO HOCIA 3apsaay. SIKIO BBakaTH, IO Iepepi3
3aXOIUICHHSI HE 3aJIeXKUTh Bl Temnepatypu, 1o 3 (13.21) nns eneKTpoHHUX NacToOK
OTPUMYEMO:

E

In(t,T?)=-In(c,b,) + % (13.24)

Ile o3mauae, mio rpadix samexnocti In(t,T?) Bin 1/T (Arrhenius plot) € mpsima
JiHIS, TAHTEHC KyTa HAXWITy KO 10 OCi aOCIHC € €HEePri€lo 3aNsAraHHs rIIMOO0KOTo
PIBHS BiTHOCHO HMKHBOTO Kparo 30HM mpoBimHocTi E - E,, a Touka mepetuny 3
BICCIO OpJMHAT JI03BOJISI€ BU3HAYUTH IMEPEpi3 3aXOMIICHHS EIeKTPOHA:
- = 1

" rnszn

B ananoriunuii crioci6 3 (13.22) orpuMyemMo moji0HE CHIBBITHOMICHHS st
TIPKOBUX MACTOK:

(13.25)

E.-E

In(t,T*)=~In(c,b,) + % (13.26)

OJIHAK €HEePTis TTMOOKOTO PIBHS BIAPAaXOBYBATUMETHCS BXKE Bill BEPXHBOTO KpParo
BajieHTHO1 30HU: E, - E,.

Takum 4YWMHOM, CIIOCTEpIraroud MOBEPHEHHS 3allOBHEHHS TIMOOKOTrO pPiBHS
(ToOTO KOHIIEHTpAIII] N;) JI0 CTAI[IOHAPHOTO 3HAYCHHS, MOKHA BU3HAYMTH OCHOBHI
napamMeTpu Triaubokux I1eHTpiB. CTaly T Takoi penakcanii MOKHa OTpUMaTH
IUIIXOM BHUMIPIOBaHHS OJHOTO 3 ABOX (DI3WYHHUX MapaMeTpiB p-n-Tepexoay: Horo
eMHOCT1 a00 CTpymy, IO MPOTIKA€ BHACIIMOK 3MIHHM 3aps0BOr0 CTaHY MACTOK.
Penakcailisi €MHOCTI BUKOPHCTOBYETHCS B €MHICHIN CIEKTPOCKOI TIHMOOKHX
piBHiB (C-DLTS), a penakcariiss ctpymy (3apsay) — B 3apsIoBid CIIEKTPOCKOITiL
rimbokux piBHIB (Q-DLTS). Hacamnepes po3risiHeMo METOJT pestakcariii EMHOCTI.

13.4. BnuiuB peJiakcauiiiHUX NMpPoueciB Ha EMHICTH P-N-Nepexoay
€MHICTh pP-n-TIePeX0jly BU3HAYAETHCS MOTO IUIOMICI0 S Ta TOBIIMHOIO IIapy
IPOCTOPOBOTO 3apsany W:
c=f05 (13.27)
W
ne €€y — aOCOIIOTHA JieJIeKTPUYHA MPOHUKHICTh HAIIBIPOBIIHUKA. B cBOtO "epry
TOBIIMHA APy MPOCTOPOBOTO 3apsy 3aJIC)KUTh Bix MoBHOT KoHneHTpartii (N;j), Ta
(Nj), 1oHI30BaHOi AOMINIKM B Nn- Ta P-001acTsIX BIANOBIAHO, a TaKOX BiJ
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MPUKJIQICHOT /10 p-n-riepexoay Hanpyrd U (mpsimMa Hampyra J0JiaTHa, 3BOPOTHA —
BiI'eMHA):

2eeg(U —U) | 1 N 1

q Nin Ny)yp
ne Uy — KOHTaKTHa PI3HUIM MOTCHIATIB,  — 3apsAn eilekTpoHa. O4eBUIHO, 11O
Oynb-sIKe 3pOCTaHHS KOHIIEHTpaIlii 10HI30BaHOI JOMINIKM B N- 49U p-00JacTi
MIPU3BOJIUTUME JIO 3MEHIIICHHS TOBITMHU W Ta BIATIOBIIHO /10 301IBIIIEHHS €EMHOCT1
p-n-miepexomy.

[ToBHa KOHIIEHTpaIlid 10HI30BaHOI JOMIIIKA B KOXHIH 3 obiactel p-n-
MepexoJ/ly BHU3HAYAETHCS CYMapHOI KOHIICHTPAIIEI0 10HI30BaHUX JIOHOPIB 1
AKIICTITOPIB K MUIKHX, TaK 1 TITHOOKHX:

Ni = | N,[[.M _Na.M +(N;[.r)i _(Na.r)i |a (13-29)
ae (N;r)i =Ny (1-/f) 1@ (Nar)i = Nar-fa, TOOTO 10HI30BaHA JIOHOpHA TIMOOKa
JIOMIIIIKa HE3aIIOBHEHA €JIEKTPOHAMHU, a 10HI30BaHa aKIeNTOpHA ITHO0Ka JIOMIIIIKA,
HaBMaKH, He3allOBHEHA JipKaMH. 3HaK MOJYJISI BiToOpaskae TOM (akT, 110 3arajbHa
KoHIIeHTpatliss N; He Moke OyTH Bia'eMHUM unciioM. OCKUTBKHM MUIKI JIOHOPHI Ta
aKLENTOPHI JOMIIIKA B HAMIBIOPOBIAHUKY IOBHICTIO 10HI30BaHi, TO XapakTep
3MIHH €MHOCTI ITICIS IMIYJIBCY OCHOBHHMX YHM HEOCHOBHHX 3apsIiB (paKTHIHO
BU3HAYAETHCSA 3MIHOIO 3aIIOBHEHHS TJIMOOKOTO PiBHS.

B namiBnpoBigauky n-tumy N, >> N, . ToMy 3aX0IUIeHHSI OCHOBHUX HOCIiB
3apsaay (EJIEKTPOHIB) TIMOOKUM piBHEM MPU3BOIUTH 10 3MEHIICHHS KOHIIEHTpaIlii
10HI30BaHOi JIOMIIIKW HE3aJeKHO Bl TOTO, JIOHOPHUM II€M pIBEHb UM aKIIeM-
TOpPHUU. Y IbOMY BUNAAKY CIOCTEPITa€ThCS 3MEHIICHHS €MHOCTI P-N-TIEPEXOAY
(6ap'epa IloTTki). 3axOrUieHHs] HEOCHOBHHMX HOCIIB 3apsiay (IipoK), HaBIIaKW,
MPU3BOJIUTH /IO MIJIBUIIIEHHS KOHIIGHTpaIlll 10HI30BaHO1 JOMIIIKHA, TOMY €MHICTh
p-N-TIepeXoay 3pOCTaTHME.

B naniBmpoBigauky p-tany Ny, << N,,. OCHOBHI HOCIi 3apsay — IpKH.
OpHak 1 B [[bOMY BUMIAJKY 3aXOTUICHHS OCHOBHUX HOCI1B IITMOOKHUM PIBHEM TaKOXK
MaTUMe TOH ke e(eKT: CymMapHa KOHIICHTpallis 10HI30BaHOI AOMIMIKH (MiIKOT
aKIIEITOPHOI Ta TIMOOKOI JIOHOPHOI UM aKIEenTOpHOiI) OyJe 3MEHIIYBAaTHUCS, IO
MIPU3BOAUTUME JIO 3MCHIICHHS €MHOCTI p-N-TIepexoay. AHAJIOTIYHO 3aXOIUICHHS
€JICKTPOHIB (HCOCHOBHHUX HOCIIB 3apsay) 3aBXKIW CYHPOBOIKYBATHMETHCS
30UTBIIICHHSM €EMHOCT1 P-N-TIEPEXO/TY.

ko B p- Ta n-00JacTAX P-N-IEPEXOAY MICTIATHCS ITUOOKI LEHTPU OJHOTO
BUY, IKHM BiJIIOBIa€e €IMHUIN TIMOOKUN PiBEeHB, TO B OAHINA 00JIaCTi I1i IEHTPH €
MAaCTKaMH OCHOBHHUX HOCIIB 3apsny, a B iHIIH — HeocHOBHHX. Lle o3Hauae, 1mo
BIJIMOBIIHI 1IUM OOJIACTSM BHECKHU B 3MIHY €MHOCTI P-N-TIEPEX0] 1y MaTUMYTh Pi3-
HUH 3HAK Ta KOMIICHCYBaTUMYTh OJWH OJHOTO. HacrmpaBmi *, BHACTIAOK Pi3HOTO
MOYATKOBOT'O 3aMOBHEHHS TIMOOKOrO pPiBHA B N- Ta P-00J1acTi, 3yMOBJIEHOTO
IMITYJIbCOM 1HXKEKI[1i, OCHOBHHUM BHECOK y 3MIHY €MHOCTI p-N-IIepeXoAy JaBaTUMeE
TUTBKH OJIHA 00JIaCTh: N — JJIs1 €IEKTPOHHUX MACTOK Ta P — AJIs JIPKOBUX. 3 OTJIS Y
HA 1€ JIJIS JIOCHIDKEHHS peJlakcallii EeMHOCTI BUKOPHCTOBYIOTh HE P-N-TIEPEXO/IH, a
KOHTaKTH MeTajld-HamiBnpoBiTHUK (Oap'epu IIoTTki) a00 * aOCOIIOTHO HECHMET-

W= : (13.28)
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PUYHI p-n-TiepexoiM, TaK 3BaHi p -n- uM n -p-miogu. J[Is TakuX CTPYKTYp Y
13.28) caixg 3HexTyBaTH OOHUM 13 momaHkiB (N;), ado (N;),, ToMy eMHICTE Oap'epa
b
HIoTTKI Y1 HECUMETPUYHOTO J10/1a BU3HAYATHMETHCS (POPMYIIOFO:

c=s | deeoNi (13.30)
2(U, -U)

3rigo 3 (13.29) y [OBUIBHMI MOMEHT dYacy NOBHY KOHIICHTPAIlIO
10HI30BaHUX IIEHTPIB OJJHOTO BHAY B 301JHCHOMY IIIapl MOKHA 3aIIMCaTH K

N; =N, £n.(t), (13.31)
ne n(t) — KUIbKICTh €JIEKTPOHIB HA ITMOOKOMY piBHI B MOMEHT dYacy t; 3Hak "-"
BIIHOCUTHCS JIO HAIIBOPOBIIHMKA N-TUIy, a 3HaK "+" — 10 p-TUIy, TOOTO

€JIEKTPOHU € OCHOBHUMH YHM HEOCHOBHHMMHM HOCISIMH 3apsiy BiamoBinHo; N, —
CyMapHa KOMIIGHCOBaHa MiIKa OMIIKa, SKa y BUIAAKy JOHOPHUX TIIMOOKHUX
piBHIB piBHA [N, - Noy + Njy1|, @ y BUNQAKy aKIENTOPHUX CTAHOBUTH BEITUYHUHY
| Nyuw = Nay |- Toai Bupa3 st 3MiHU B 4aci €EMHOCTI HECUMETPUUHOTO P-N-TIEPEXOTY
gn Gap'epa LLloTTKi MaTUMeE BUTIISA:

szsfﬁwﬂwinﬁm:Smeﬂmianﬂ_NMimu)_

2(U, - V) 2(U,-U) N, £ng (o)
1/2
oo | 14 Re® -0, ()
= C() Lli N, inr(@)} , (13.32)
e
0) = qSSO[NM inr(oo)]
C( )_s\/ . —U) (13.33)

a ny(c0) — KOHIEHTpAIlS EJEKTPOHIB HAa TIMOOKOMY pIBHI MICJIS 3aKIHUYCHHS
penakcanii, BUKJIMKaHOI IMIYJbCOM 1HXEKI[i. Ko riaMboKuil piBeHb 3aXOIUTI0E
eNneKTpoHu (emirye nipku), To ni(t) = Ny [1 - exp(-t/t)], To6TO n(0) = N,.. Axmr0 X,
HABMaKW, BIMOYBA€TbCS €MICisd EJIEKTPOHIB 3 TJIHOOKOTO piBHA, TO ni(t) =

= Ny-exp(-t/t), a n(e0) = 0. Toxi 175 060X 1IUX BUIAIKIB MOKHA 3aIMUCATH
t

n (t)-n.(w)=xN_.-e *. (13.34)
OCKUTbKM KOHIICHTpAI[is TJIMOOKMX IIEHTPIB 3AeOUThIIOr0 Habarato MEHIIa
KOHIIEHTpaIii Mitkoi goMimku, To0To N, << N, Bupa3 (13.32) nabyBae BUrmsigy:

t 1/2 ¢

N N
CtH=C(0)-|1x—Le T ~C(o)-|[1x—-¢ T |. 13.35
(t) = C(0) N () N ( )

M M

3HaiimeMo moBHY BenuuuHy penakcailii eMHocTi AC = C(o0) - C(0), ne C(0) —
eMHICTh Tiepexony B MoMmeHT yacy t = 0. Iligcrasnstoun B (13.35) 3nauenns t =0,
Ma€EMO:
NF
2N,

C(0) = C(c0)- (1 + ;:IF j . AC =C(0) — C(0) = FC(w0) (13.36)

M M

[TinctaBupmm (13.36) B (13.32), orpumyemo
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t t
C(t)=C(0) —[C(0)-C(0)]-e T=C(x)—AC-e *. (13.37)
TakuM 4YHHOM, BHMIPSBIIM TIOBHY BEJIMYHMHY pejakcarii €MHOCTI 3a
noromororo (13.36) MokeMO BU3HAYUTH KOHIIEHTPAIIF0 TIMOOKUX LEHTPIB, SIKIIO
BijOMa CyMapHa BeJMYMHA KOHIICHTpAIli KOMIICHCOBAHOI MUIKOi JOMIIIKH.
OcTaHHS JIOCTaTHHO IPOCTO BHU3HAYAETHCSA IUISIXOM BHMIPIOBAHHS 3aJICKHOCTI
craiioHapHoi eMmHocTi (To6T0 C(00)) BiA BEIMYMHM 3BOPOTHOI HAIPYTH,
npukiaageHoi go 6ap'epa LIoTTKi (HeCUMETPUYHOTO 11i0/1a).

13.5. bap'epHa eMHIiCcTB 32 HAABHOCTI IACTOK 000X BUAIB

PosrnsineMo Temep neTanbHIlE MPOLECH Mepe3apsaKaHHsA TITHO0KUX IEHTPIB
B N-0611aCTi acHMeTpUYHOro p -n-iona. Hexaii KpiM MiNKHX JIOHOpPIB 3 eHepriero
E.n Ta koHmeHtparieo N,,, B
3a00poHEeHIH 30H1 n-001acTi € ABa |

C . N — a)
r/IMOOKI PiBHI: JOHOPHMH 1 aKiien- p
TopHuid 3 eHeprismu E ;. 1 E, Ta /Ec
KoHIeHTpaIisMA N, 1 N, Biamo- 5 AL
BimHO. BBakaTmmMemo, o MiJKi ¥ é"-_i“oo...................:EF
aKIEenTopy B n-00JIacTi BiACYTHI 0 N\i™ AT
a00 iX KOMIIGHCYIoUa i BXKe n

BpaxoOBaHA B KOHIICHTPAIIil MUJIKHX
noHopiB N, ,. Takox BBaxatume- E
MO, WO CHpPaBIKYIOTbCA HEPIB-
HOCTI N, >> N, 1a N, >>N,,
TOOTO aKUENTOpHI TIIMOOKI pIBHI E
KOMIICHCYIOTh ~ MUIKY JOHOpPHY
JOMIIIKY HEe3HAYHUM 4uHOM. Kpim
TOTO, JTOHOPHHUM TIUOOKHUHA pIBEHB
MICTUTBCS Y BEPXHIA TOJOBUHI
3a00pOHEHOI 30HW, a aKIEeNnTop-
HUW — y HIDKHIHM, SIK ITOKa3aHO Ha

puc. 13.2. L Ax{

3a BiACYTHOCTI 30BHIIIHBOT e Ry I DR E.
HaTpyTH, MPHKJIAIEHOI 0 P -n- Cp+ ! 120000 /i
nepexony (puc. 13.2, a), mmpuHa _N,"/b"‘: o :-,:’:;::: ooo_poooo:EFn
mapy HpOCTOPOBOIO 3apsiy Cra- Epq /" Po0oocopl X mmmmm qu™ ‘EM
HOBHTH h, a cramioHapHe 3amoB-  Ly—F - X Ear
HCHHSI  €JIEKTPOHAMH  TITHOOKHX o' h'x" \Epp n b

JIOHOPIB Ta JipKaMu — TIMOOKHX

aKIENTOPiB MOBHICTIO BU3HauaeTh- Puc. 13.2. Enepretuyni giarpamu p+-n-ﬂiona
ca piBaem ®@epmi Ep. Tak, qoHopui 32 BLICYTHOCTI 3MIMIEHHS (@), 31 3BOPOTHUM
rauboki meHTpu B 00'emi x >x; 3MmimeHHAM U (0) Ta 3 npsAMHM 3MINICHHSAM
MO’KHA BB@KATH TOBHICTIO 3amoB- U (B). IomizoBami noHopu (Minki Ta rim-
HEHUMM €JIEKTPOHAaMHU, a B 00'emi OOKI1) MO3HA4YeHI CUMBOJIOM '"+", 10HI30BaHI
0 < x <X, — MOBHICTIO 10HI30BaHU- TJIUOOKI aKIENTOPH — CUMBOJIOM "-"
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MU. (PaKTUYHO TYT MU HEXTyeMO THM, 110 3a yMoBU Ep - E;  <4kT noGauzy
nepepizy X, 3amoBHEHHS pPiBHA 3MiHIOEThCs Bim 0 mo 1). AkmentopHi riamOoOKi
IEeHTpH OyayTh 3amOBHEH1 JipkamMu B 00'emi 0 < x < x| Ta IMOBHICTIO 10HI30BaHUMH
B o0'eMi x>x;. Minki noHopu, B cuiy Toro, mo E.-E,, <4kT, noBHicTio
10HI30BaHi B yciil n-o0macti gAioaa.

SIKImo 10 p'-n-epexoay NpHKIAcTH Hampyry U B 3BOPOTHOMY HampsMi
(imoynee 0 — U), to 30imHeHU#N map (mmap IpoCTOPOBOTO 3apsiay) 3pOCTe 0
BenmmuuHU h'. BinbHi ocHOBHI HOCii 3apsgy (emektponu) 3 ob'emy h<x <h'
JIOCTaTHBO MIBUJIKO BIIAIISTFOTHCS €IIEKTPUYHUM TI0JIEM MEPEXOY, BHACIIIOK YOTO
€MHICTb p+-n-;[ioz[a pidko 3meHmyeTbesa g0 BenmuunHU Cy(0), mo Biamoigae
Hanpysi U 3rigno 3 (13.30). Jlani eMHICTb p -n-1i0/1a BiTHOCHO MOBIIBHO peakcye
1o 3raueHHs Cy(co), a BenMu4YrHa Ta CTajila TAaKOi pelakcailii BU3HAYAETHCS 3MIHOIO
CTYTICHS 3alTIOBHEHHS TJIMOOKUX PIBHIB.

Jns onucy 3amoBHEHHS TNIHOOKUX PIBHIB y IbOMY BUMAAKY BXKE HE MOXKHA
CKOpHCTATHCS €auHUM piBHEM @Depmi, OCKUIbKM KOHIICHTpAIlii OCHOBHUX Ta
HEOCHOBHHUX HOCIIB 3apsaay B 301IHCHOMY Iapi BIAPIHSIIOTHCS Bl PIBHOBAXKHUX.
HatomicTh BUKOpPHCTOBYIOTh Tak 3BaH1 KBa3ipiBH1 Pepmi Ep, Ta Epp, uepes ki
HEPIBHOBA)XKHI KOHIIGHTpAIlii OMUCYIOTHCS TAKUM YHHOM, SK PIBHOBAXHI 4epe3
3BuyaiiHuil piBeHb depmi. Hampukian, cramioHapHi 3HaUY€HHS KOHIEHTPAIIN N,
Ta Pe; OMUCYIOTHCSA 33 JOTIOMOTOIO BHPA3iB:

E.-E

n. =N, exp[—cTFn], (13.38)
Ep, —E

Per =Nvexp[—%]. (13.39)

X KBaSI:piBeHB ®epmi Juis aipok Ep, 36i1‘a€"TBC$I 3 p.iBHeM Oepmi B (?6'€Mi
p -001acTi, TOOTO 3 BEpXHLOIO MEKEIO BAJICHTHOI 30HH E, 1 IPaKTUYHO HE3MIHHUN
y Mexax 30i1HeHoro mapy (1o x =h'). lani B Mexax o0'emy L, sikuil Bignosiznae
nudy3iitHIA TOBXHUHI IS AIPOK B n-00J1acTi, KBa3ipiBeHb DepMi 1Jid 1IpOK ITIABHO
nepexoauTh y KBazipiBeHb Pepmi ans enekTpoHiB Ep,. AHanoriyHo KBazipiBeHb
depmi s enekTpoHIB 30iraerbesi 3 piBHeM @Depmi B 00'emi n-o0rnacTi,
3aJIUIIAETHCS MPAKTUYHO HE3MIHHUM y 301IHEHOMY IIapi Ta IJIABHO MEPEXOIUTh
(B Mexax mudy3iifiHOT TOBKUHM JUIS eIeKTpoHiB L, B p -06macti) y kBasipiBeHb
depmi ansa  gipok. Bincrane MK KBa3ipiBHAMH BH3HAYAETHCS BEIMYUHOIO
npukiaaeHoi Hanpyru qU.

3anoBHEHHSI TJIMOOKOrO0 JOHOPHOTO pIBHS €JIEKTPOHAMHU  OIMHCYETHCS
kBa3ipiBHeM Depmi sl eNEKTPOHIB, a TIIMOOKOTO aKIENTOPHOTO PIiBHS JIIpKAMH —
kBazipiBHeM depmi g aipok. ToMy micias moAgaHHsS 3BOPOTHOI HANMpyru eJeK-
TPOHU MOKUJIAIOTH JOHOPHI IMUOO0KI IEHTPH B 00'eM1 Ax; = X' - X5, 1110 TPU3BOJIUTH
1o 3poctanss (auB. (13.29)) KiIBKOCTI 10HI30BaHUX IIEHTPIB (MMO3HAYEHUX K "+'")
y 36iIHEHOMY Iapi, i K HACIIZOK — [0 3POCTAHHSA €MHOCTI p -n-nepexoxny. Crana
penakcarlii éMHOCTI MPH I[bOMY BHU3HAYAETHCS IMIBUAKICTIO €MiCli €JIEKTPOHIB 3
TIIMOOKOTO JOHOPA €, 1 CTAHOBUTS Ty, = (en‘ﬂ‘r)‘l.

[[ogo akuenTopHOTO TIUOOKOTO PiBHS, TO MOAAHHS 3BOPOTHOI Hampyru U
TAKOXX MPU3BOJUTUME JI0 JACSKOTO 3POCTAHHS KUIBKOCTI 10HI30BaHMX IICHTPIB
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nmn

(mo3HaueHux sk "-"), OCKUIBKM [IPKM TOKUIATUMYTh AKIENTOPHUN TITUOOKHUI
piBeHb B 00'eMi Ax; = x; - x;'. OgHaK rITMOOKI aKIENTOPU € MAaCTKaMd HEOCHOBHMX
HOCIiB 3apsiy B N-06JIaCTi P -N-TIepexo1y, TOMY BHECOK TAKOTO IPOIECy B EMHICTh
p’-n-Tiepexoay € HEraTHBHUM (CyMapHa KilbKiCTh iOHI30BAaHOI JOMINIKH JEIIo
3MEHIIYETHCS BHACIIOK KOMIICHCAIIl MUTKUX JOHOPIB 10HI30BAaHUMH TIMOOKUMHU
aknenrropamu). Crana penakcailii I[bOr0 BHECKY B CyMapHY €MHICTh BU3HAYAETHCS
IIBUJKICTIO eMicli JIPOK 3 aKIENTOPHOrO IJIMOOKOIrO PIBHS €,y 1 CTAHOBUTH
Tp = (ep.a.r)_l-

BennuwHa 3arambHOI penakcarii €MHOCTI p -N-TIepexoiy BH3HAYAETHCS
CyMOIO OIMCAHUX BHUIE BHECKIB 1 MOXE MaTh pI3HUW 3HAK, OJIHAK SKIIO
KOHIIEHTpAIlii TJIMOOKUX ITOHOPIB Ta TIIMOOKHX aKIENTOPIB MPUOJM3HO OIHOTO
MOPSAJIKY, TO OYEBHWIHO, 110 BHECKOM TIIMOOKHMX aKIENTOpPiB MOXKHA 3HEXTYBATH,
OCKUTbKH Ax; << Ax,. Sxmo x N,.>>N;;, To B OUIBIIOCTI BUIAJKIB IOBHA
B3a€EMHA KOMIICHCAIlisI BHECKIB BIJOYBA€ThCS TUIBKH Y JAESIKOMY BY3bKOMY
TEMIIEPAaTypHOMY Jliaria30Hi, B TOM Yac 5K 3 IHIIMX TEMIIEPaTyp OJIMH 3 BHECKIB €
nepeBaxkarounuM. B 1ipomMy pasi MoxkHa peecTpyBaTH OOMJIBI MACTKU 32 JIOIIOMOTOI0
TEMIIEPATYPHOI'O CKaHYBaHHS, OMCAHOIO B 1. 13.6.

BHECKOM TIHOOKHX aKLENTOPiB y 3arajibHy PENaKkcalilo eMHOCTI p -n-mepe-
XOJIy MOXHa TaK0X 3HEXTYBaTH y pa3i JOCTAaTHbO BEIMKHMX 3HAYCHBb MPHUKIAJICHOT
3BOpOTHOI Hampyru. To/i MOKHA 3 TEIKUM HaOMMKEHHAM BBaXkKaT, o Ax; = h', a
Ax; << h'. Ile o3Hayae, 10 €IESKTPOHHU IMOKUAAIOTH MPAKTUYHO BC1 IITMOOKI IOHOPH,
K1 MICTATBCS B mapi mpocropoBoro 3apsaay (0 <x <h'). Ilpu oMy Bci TmmbOoKi
aKIIENTOPH TaKOK IMOBHICTIO 10HI30BaHi, OJHAK IXHI1M BHECOK y 3arajibHy pesak-
CcaIfito EMHOCTI IEPEeXO/1y HE3HAUYHUI MTOPIBHSHO 3 BHECKOM TITMOOKHUX JJOHOPIB.

B takomy Bumaaky 3MiHy B 4aci KOHILIEHTpAIlil 10HI30BaHO1 JOMIIIKHA MOXHa
OTIMICAaTH BHPA30M:

Ni (= N[[.M - Na.r + N;[.r[l —exp(—t- Cnar )] (13.40)
[TincrapuBmin 1e 3HadeHHs B (13.30), orpumyemo mouatkoBe Cy(0) Ta
crarionaprae Cy(o0) 3HaYeHHS EMHOCTI ITEPEXOTy:

qeey (NI[.M - Na.r)

C%(0)=S? Uy (13.41)
K
N,,-N, . +N
C2 (o) = 52 L0 T ar), (13.42)
K

3 OTpUMaHUX BHUPa3iB BUXOAMTH, 110 HAXWJI rpadiKiB 3aJIeKHOCTEN Cijz(O) Ta

Cbz(oo) BiZ 3BopoTHOI Hanpyrd U A03BOJsi€ BU3SHAYMTH BeNWYHHH N, - N,, Ta
N = Nar + Ny BBaxkarouu, 1o Cy() = Cy(0), MoxKEMO BU3HAYUTHU BEIIMUUHY:

Cti () ~CEH(0) _[Cy (o) = Cy()]-[Cy () + Cy ()] _

CH() CH ()
2AC N
e VI AT , (13.43)
CU(OO) N,I[.M _Na.r +Nz[.r

Ile o3Havae, MO0 TpaHWYHE 3HAYECHHS KOHIEHTpalii MMHOOKHX JOHOPHHX
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JOMImOK (I N -p-Tlepexoy — aKIENTOPHUX), SKi MOXKYTh OyTH BH3HAdeHi 3a
JIOTIOMOTOI0 €MHICHOT HECTaI[IOHAPHOI CIEKTPOCKOIIii, BU3HAYAETHCS BEIIMUNHOIO
ACy/ Cy(), TOOTO 4yTIHUBICTIO EMHICHOT'O BUMIPIOBAJIBLHOI'O MOCTA.

st Toro, moOu CTBOPUTH TMOYATKOBE 3AMOBHEHHS TJIMOOKUX PIBHIB, IO
Bignosigae U = 0, ciig MUTTEBO MOBEpHYTH BennuuHy Hanpyru U mo Hyms (Takuid
iMOyJbe Hampyru 3a3puuail mo3HadaroTb U — 0). Toai B o6'eMi h<x <h'
KOHIICHTpAIlil BUIBHUX HOCIIB 3apsjay JIOCTaTHbO IIBUJKO TOBEPHETHCA 10
CTaliOHAPHOTO piBHOBa)kHOTO 3HaueHHS. [Ipu mpomy B piBHsHHI (13.11) Bke He
MOXHA 3HEXTYBAaTH BEIMYMHOIO N, IMOPIBHSIHO 3 N; Ta P, OUIBIIE TOro, Nc;
Habararo Oulbllla BKa3aHUX BEJIWYMH B 00'emi x > X, (puc. 13.2, a). AHanoriuuo B
o0'eMi 0<x<Xx; Pe>>p;. Takum dYUHOM, 3aMOBHEHHS TIHOOKHX pIBHIB
BH3HAYATUMETHCS IXHIMH KOe(DiIieHTaMH 3aXOTICHHS €JICKTPOHIB Ta JAIPOK:

Npgp =Ny -—ner (13.44)

Cher T Cp.cr

s TOHOPHHUX TMOOKUX PIBHIB (EJEKTPOHHUX NACTOK) 3a3BHYAN Cpcr >> Cpor, 4
AJIs aKLENTOPHUX (MIPKOBUX MACTOK) — HABMAKHU, Cpcr >> Cper. LI€ O3Hauae, 10
pelsiakcaiiiss €MHOCTI, 3yMOBJICHA Mepe3apsPKaHHAM MAacTOK BHACIIAOK IMITYJIBCY
U — 0, BigOyBaTuMeTbcsl 31 CTajOl0 Yacy, SKa BH3HAYAEThCS KOE(IIEHTOM
3aXOTUICHHSI €JIEKTPOHIB Cy ¢; IS TITMOOKHX JTOHOPIB Ta KOE(DIIIEHTOM 3aXOIICHHS
IIPOK Cp cr AJIS TIIMOOKUX aKLIENTOPIB.

VY Bunagky imiynbcy U — 0 Takok MOXKHA 3HEXTYBATH Iepe3apsIKaHHSIM
TTIMOOKUX AaKIENTOPiB, OCKUIBKH TaKWi IMIylbC (DAaKTHUYHO BBOJIWUTH TUIBKH
€JIeKTPOHU (OCHOBHI HOCIi 3apsiy) 1 HE MPU3BOJUTH A0 IHXKEKIi B n-o0JacTh
p -n-Tiepexofy Jipok (HEOCHOBHUX HociiB). KpiM Toro, MoXHa 1oKasaTtu, 1o Jjis
n'-p-Tepexony aHAJOTIYHHH IMITYIbC TaKOX BBOJMTHME TiIbKM OCHOBHI HOCIl
3apsany (mipkm). Takum guHOM, iMitysibe U — 0 (3 HactynmHuM immysibeoM 0 — U)
MO>KHa BUKOPHUCTOBYBATH JJIsl BUABIICHHS IMACTOK OCHOBHHUX HOCIiB 3apsly, OJHAK
BiH MaJl0 TPUAATHUNA IS PEECTPYBAHHS IMACTOK HEOCHOBHHX HOCIiB 3apsmy.
[locnigOBHICTD TOAAHHA IMITYJIbCY 1HXKEKIII OCHOBHMX HOCIIB 3apsay Ta
BIAMOBIAHOT HOMY penakcallii €MHOCTi, 3yMOBJICHOI Mepe3apsIKaHHSIM MacTOK
OCHOBHHX HOCIiB, IeMOHCTpYye puc. 13.3, a.

Jlyis BUSABNIEHHS! TACTOK HEOCHOBHUX HOCIIB 3apsiay (TIHMOOKMX aKIEeNnTOPiB y
pO3MIAAYBAaHOMY MPHKIAAl) CIi TOAATH TaKUM IMIYJIbC, SKAH 1HXKEKTYE
HEOCHOBHI Hocii (mipku) B 36imHEeHMH map p -n-mepexoxy. Hexait mo p'-n-mioma
NIPHMKIIAJIeHa Hampyra npsMoro 3mimenHs U, sk mnoka3aHo Ha pwc. 13.2, B.
Ockinbku Beanunna U’ He MEepPEBUIIlYE€ KOHTAKTHOI pi3HHUIIl moTeHIianiB U, To
36iqHeHHil Iap p -n-Tepexoay BCe K 3alHIIAEThCS (IPAMHI CTPyM BimcyTHiit),
X0Y 1 3MEHIIYEThCS 10 BenmnuuHu h". Takoxk 3anumniaeTbcsi HE3HAYHWUN BUTHH 30H B
npoMy mapi. KBa3zipiBui ®epMi B3a€MHO 3MilyroTbcs Ha BenmuuHy U, OJHAK
Terep kBazipiBeHb Depmi s enekTpoHiB Ep, B 00'eMi n-o6sacTi BUIIUH, HIXK
kBazipiBens ®epwmi s ipok Eg, B 06'emi p -o6nacti. [lpu 1poMy KBasipiBeHb
®epmi 1y aipok B 00'emi 0 > x > x," Oyae po3TamioByBaTUCh CHEPTETUYHO HIDKYEC
aKIIENITOPHOro0 IIMOOKOro piBHSA, TOOTO y BKa3aHOMY 00'eMi 3a YMOB PIBHOBaru
el piBeHb Oy/e 3amoBHeHMI nipkamu. [le o3nauae, mo immynse 0 — U’ THXEKTYy€E
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A3MIIEHHS pH-n-Tiepexomy +A3MimeHH$[ pt-n-nepexony

U _________ —
0 t’ 0 t’
U u
AC T a) rc R 6)
C(0) f-p------
AC<o|
C(=) C(=) f :¥
L exp(-t/ty)
C(0) !
=0 g

Puc. 13.3. [locnimoBHICT, TOMAHHS IMITYJIbCIB 1HXEKIli OCHOBHMX (a) Ta
HEeOoCHOBHUX (0) HOCIIB 3apsay, a TaKOX BIAMOBIHI BHECKHM B peaKcaIliio
€MHOCTI, 3yMOBIICHI Iepe3apsAkKaHHsIM MacTOK OCHOBHHUX (a) Ta HEOCHOBHHX
(6) HociiB 3apamy (LI p -n-epexomy — eIeKTPOHHHX Ta JIPKOBHX IIACTOK
BIJIMIOB1/THO)

B 30iZHEHM map p -n-mepexopy HEOCHOBHi Hocii 3apsamy (mipku), sKi 3amoB-
HIOIOTh aKIENTOPHUMN IITMOOKHI piBEHb.

OnHOYAaCcHO TaKOX 1HKEKTYIOThCSI M OCHOBHI HOCIT 3apsiy, 110 MPU3BOIUTH
JI0 3alOBHEHHS €JIEKTPOHAMHU JIOHOPHOTO TJIUOOKOTO PIBHS MPAKTHYHO Y BCHOMY
00'eMi n-o6macti (x > x;"). BHaciijiok nepexojiB eJ1eKTPOHIB 13 30HU MPOBIIHOCTI
Ta JOHOPHOTO TJIIMOOKOTO PiBHSA Ha IIMOOKWH akuenTopHUi B 00'emi h" >x > h'
BCTAHOBJIIOIOTHCS CTalllOHAPHI 3allOBHEHHS BKa3aHUX PIBHIB, sIKI BU3HAYAIOTHCS
dbopmynamu:

C +e n.. +
fa,np __nacr pa _ Ynaller Yp.apla ’ (13.45’ a)

Cpacr T Cpacr VTnaller + Yp.aPer
C

n.ja.ct + ep.]l _ Ynaler + yp.nplﬂ

Sanp = (13.45, 6)

Cl’l.I[.CT + Cp.,[l.CT ’Yl’l.ﬂnCT + ’Yp.ﬂpCT

1 3amexarh BIJ PIBHA 1HKEKII Ta CIIBBIJHOIIEHHS MDK KoediieHTaMu
3aXOIIJICHHS €JIEKTPOHIB Y, 1 AIPOK Y, I OKPEMOro IIMOOKOro piBHA. 33 yMOB
HI3BKOTO PiBHA iHKeKii (mpsMa Hanpyra U  He MepeBHINye KOHTAKTHY Pi3HHUIIIO
noreHmiamiB Uy, TIpAMUANA CTPYM BIACYTHIN) MAaEMO P << N¢p. SIKIIO MPHU HBOMY
Yp.aPer << YnaTer, TO fanp = 1, AKIO XK YpaPer >> YnaNers TO faup = 0. AHanorigni
MIpKyBaHHS MOXHA 3aCTOCOBYBATH 1 10 JOHOPHOTO PiBHSI.

3a yMOB BUCOKOTO PiBHS iHyKeKIIii HeocHOBHUX HociiB 3apsay (U > U,, gepes
nepexig IPOXOAUTh NEAKUN NMPAMHUN CTPYM ) KOHILICHTpAIIIsA JIPOK Y BAJICHTHIN 30H1
n-0671acTi P -N-TIEPEXOy 3POCTAE: Per = Ner. 1IPH IILOMY 3aMOBHEHHS TIIHOOKHX
pPIBHIB BH3HAYA€ThCSI TOJOBHMM YMHOM IXHIMH KoOe(]iIlieHTaMH 3aXOIUICHHS
€JIEKTPOHIB Ta AIPOK: faup = Yna/ (Yna T Vpa) T frnp = You/ (Yo T Vp.0)-

SIkmo Temep Ha P’ -n-Tiepexii 3HOBY ToAaTH 3BOpoTHY Hapyry U (iMmyimbe
U — U), To iMOBipHICTb 3allOBHEHHS €JNEKTPOHAMM TI'IMOOKHX DIiBHIB y MeXkax
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OPAKTUYHO BCboro mnepexony (daxktuyno B o0'emi h">x>h'") 3MmiHuTHCS:
Jamp = fo=1, fump —f=0, mo mnpusBene no 3MIHM B daci (penaxcarii)
KOHIICHTpAIll 10H130BAHO1 JIOMIIIKH:

Ni (t) = N;[.M + N)l.r(l - f;[.np) - Na.r ' fa.np + Nll.l“ ’ f)l.np[l - exp(_t “Chr )] -
- Na.r ’ (1 - fa.np) ) [1 - exp(—t ’ ep.a.r)] = NI[.M + Nn.r [1 - le.np ) exp(—t “Chr )] -
- Na.r[l - (1 - fa.np) ) exp(—t "Cpar )] (13-46)

[TincraBumo (13.46) B (13.30) ta orpumaemo mouatkoBe Cy(0) i1 cramioHapHe
Cuy(©) 3HaYEHHSI EMHOCT1 TIEPEXOY:

2 _ <2 988y
CU (O) =S 2(UK _ U) [NZ[.M + Nz[.r (1 - fz[.np) - Na.r : fa.np] > (13'47)
2 2 &g
Ci(0) =S —2(UK —U)[NH'M +Npr -N. .l (13.48)

Busnaunmo Benuuuny:
C ()= CH(©0) _ Nar * fump ~Nar (1= fanp)
2 - .
Cy(e) Nym + Nyr =Nayp
3a yMOBM HHU3BKUX KOHIICHTpAIli TTMOOKUX JOHOPIB Ta aKIENTOPiB (MOPIBHSHO 3

KOHIEHTpPAIIE0 MUIKMX JOHOPIB) JIBY YAaCTHHY pIBHAHHS MOKHa 3amucaTH
ananoriyao piBHsHHIO (13.43), ToOTO

CIZJ (OO) B C%J(O) - ZACU - NJZ[.F ’ fll.np - Na.r (1 - fa.np)

(13.49)

. ~ (13.50)
Cy () CU (0) N}l.M + N;:[.r —Nar
B ananoriuynuii crmocid MO)KHa OTPUMATH 1 TaKe CITIBBIIHOIICHHS:
Cy(®)=Cy(0) Npr - fonp [I-exp(=t-en )]
CU(OO) 2. (N}:[.M + Nz[.r - Na.r)
_ Na.r(l_fa.np)'[1_exp(_t'ep.a.r)] . (13.51)

2. (NII.M + Nz[.r - Na.r)

OCKUIBKHM cTaja pellakcallii BU3HAYAETHCA MEPEepi3oM 3aXOIIEHHS BIAMOBIIHUX
HOCIiB 3apsiy, eHEpPreTUYHUM IOJ0KEHHSIM TITMOOKOro piBHS B 3a00pOHEHIN 30H1
Ta cutbHO (~ T7) 3amesxuts Bin Temmeparypu (xus. dopmyn (13.21) ta (13.22)),
TO B OUIBIIIN YACTUHI €KCTICPUMEHTAIBHO JOCTYITHOTO TEMIIEPATYPHOTO Jiama3oHy
BEJIMYMHHU Ty 1 T, BIIPI3HAIOTHCS MDK cO0010 OUIbII HIXK Ha mopsiaok. Lle o3Hauae,
0 Tepe3apsiHKaHHs KOXKHOTO 3 TITMOOKUX PIBHIB MOKHA PO3IIISIATH HE3AICKHO
BiJI IHIIHUX TNTMOOKHUX PIBHIB.

3 (13.51) TakoX BUXOAWTH, IO BHECOK Y 3MiHYy €MHOCTI p -Nn-Tiepexoy,
3YMOBIICHUH Tiepe3apsKaHHsAM JOHOPHOTO PIBHA BHACTIIOK IMITYJIbCY 1HXKEKIIil
HEOCHOBHHUX HociiB 3apsany (U™ — U), Mae Takuii xke 3HaK i CTaly penakcarii, K i
aQHAJIOTIYHUM BHECOK TICJS IMIYJIbCY 1HXKEKIIlT OCHOBHUX HOCIiB 3apsaay (0 — U).
AMITIITYIM TWX BHECKIB BIAPIBHAIOTBCS MDK COOOI TUIBKM BEIMYWHAMHU
IMOBIPHOCTI 3aII0BHEHHS INIMOOKHMX PIBHIB €JEKTPOHAMH f p (UNTaf,=1(U=0).

Jlnst macTKM HEOCHOBHMX HOCIIB 3apsiAy (aKIenTOpHUM TIIMOOKUN PIBEHb)
BHECOK y pEeJlaKCaIlil0 €MHOCTI Ma€ MPOTWICKHUK 3HaK (auB. puc. 13.3,0). 3a
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MEBHUX TeMIlepaTyp OOWJBa BHECKM MOXYTh Yy OUIbLIIA YK MEHIIIN Mipi
KOMITEHCYBAaTH OJMH OJHOTO, OJHAK IPAKTUYHO B YChOMY TEMIIEPATYPHOMY
Jliarra30Hi OJMH 3 BHECKIB € IepeBakalOuuMM. biablie TOro, KOXKE€H 3 BHECKIB €
nepeBakaloyuM Yy BIANOBIIHOMY HOMY Jiala3oHi TeMIeparyp, IO J103BOJISE
BUSIBUTH TaKWi TTIMOOKWI PiBEHb Ta BUSHAYUTH HOTO MTApaAMETPH.

KpiM po3risHyTHX BHIINE IMITYJbCIB 1HXKEKIII OCHOBHHX Ta HEOCHOBHHX
HOCIIB 3apsily, ICHy€ psJ IHIIMX CHOCOOIB 3alOBHEHHS MAacToK. Jledki 3 Hux €
JOCTaTHHO MPOCTHUMH B 3aCTOCYBaHHI, SIK, HAPUKIIAA, 3aMiHa IMITYJIECIB HAIIPYTH
IMITyJIbCAMH CBITJIa, CHEPris KBAHTIB SKOTO BIAMOBINA€E Kpato (YHIAMEHTAJIHLHOTO
(BmacHoro) moryimMHaHHA. [HII crocoOu mependayaroTh CTBOPEHHS JOJATKOBUX
HAIIBIPOBITHUKOBUX CTPYKTYp, IO HE 3aBKIM MOKe OyTH 3acTOCOBaHE Ha
npaktuii. Omuc penakcanii €eMHOCTI B TaKMX BHIIQJKaX Ma€ CBOI OCOOJHBOCTI,
OJTHAK 371€OUTBIIIOT0 MaJIO BIAPI3HAETHCS BT PO3TJISHYTUX BUIIE MTPUKIIAIB.

Cepen ycix nux cnoco0iB 0coOIUBE 3HaUEHHS MAIOTh TaKi, AK1 IHKEKTYIOTh Y
nociipKyBaHnii 06'em p'-n-nepexony (6ap'epa IlloTTki) nmmie HeocHOBHiI Hocil
3apsay, OCKUIBKH 1HXKEKIsl TUIBKM OCHOBHHX HOCIIB 3apsay JOCTaTHBO IMPOCTO
peaizyeTbcsi 3a JOIOMOrolo iMmybciB Hanpyru U — 0. OIHUM 3 TaKUX CIIOCOO1B
€ CTBOPEHHSI TPAH3UCTOPHOI CTPYKTYPH, SIKA Y PO3TIISTHYTOMY BHUIIE BUIAIKY Ma€
BUTJISI P -N-p, TOOTO (pOPMYBaHHS JOJATKOBOT p-00JIacTi cripaBa Bij n-o6JacTi Ha
puc. 13.2. SIxmo Tenep 3MIiCTUTH TOAATKOBHHA p-n-TIEpeXia y MpSMOMY HampsiMi, TO
TIpKU 3 p-006sacTi OyayTh IHXKEKTOBaHI B n-00JacTh, a €JICKTPOHU 3 N-00J1acTi,
HaBMaku, OyAyTh BUAAJCHI B p-o0iacTh. HeoOXigHO TUIbKK 3a0€3MeunTH, M00u
TOBUIMHA nN-00JIacTI Takoi TPaH3UCTOPHOI CTPYKTYpH He IMepeBHUIlyBajia
audys3iiHoT JOBXKUHY U1 A1pok L, B n-o0nacri.

Hpyrum cmocoboM € BHUKOPHUCTAHHS JOMIIIKOBOTO TOTJIMHAHHS, TOOTO
IMITYJIbCIB CBITJIA, €HEPrisl KBAHTIB SIKOT'O BIANOBIAAE €HEPTii aKIENTOPHOI MACTKH,
BiJIpaXx0OBaHOi BiJl HIKHBOTO Kparo 30HU TPOBiMHOCTI. Take CBiTIO e(eKTUBHO
MOTJIMHAETHCS HAMIBIPOBIAHUKOM 1 MPU3BOAUTHL [0 TMEPEXOAy €JIEKTPOHIB 3
AKIIETITOPHOTO PiBHSA B 30HY MpOBigHOCTI. [Ipy IbOMY BKa3aHMi PiBEHb (aKTHUHO
3amoBHIOEThCS  Jipkamu. [licast 3akiH4eHHS Ail IMITyJIbCYy CBIiTIa BHECOK Yy
peTaKcallilo €eMHOCTI p -n-nepexony Oyae AaBaTH TUIbKM BHOPAHHI aKIENTOPHHIL
piBeHb. 3alOBHEHHS IOHOPHHX TACTOK Y N -p-TIEPEXOAi 3/iHCHIOETECS B aHATO-
riYHAl Croci0, OJHAK E€HEepris JTOHOPHOI MACTKW, MIO BIAMOBiTa€ HEOOXiTHIN
eHeprii KBaHTIB CBITJA, BIIPAXOBYETHCSA B BEPXHBOTO Kpar BaJCHTHOI 30HH.
3HOBY JX TaKd TOBIIMHA JOCII/DKYBAHOTO 00'€eMy TOBHHHA HE IEPEBHINYBATH
nu(y31HHOT JOBKWHHY JIJI1 HEOCHOBHUX 3apsI/IiB Y HHOMY.

13.6. BuzHavyeHHs BUAKOCTI eMicii HociiB 3apsiny 3a 10moMorom0 '"'BikHa
HMIBHAKOCTI"

Skmio micas BIAMOBITHOTO IMITYJIBCY 1HXKEKIIlI OCHOBHMX YHM HEOCHOBHHX
HOCIiB 3apsily PEECTPYEThCS pernakcallis 6ap'epHOi EMHOCTI, TO TTOCTA€ MUTAHHS: B
AKUH croci®d 3 IbOTO CHUTHAIY MOXHA OTPUMATH CTajy penakcaiii, ToOTo
(haKTUYHO BU3HAYMTH IIBUAKICTH eMicii HOCIIB 3apsy 3 TIIMOOKOro PiBHS?

3BICHO, MOJIMBOCTI Cy4aCHOI OOUMCIIIOBAJIBHOI TEXHIKH J103BOJISIIOTH 3a(ik-
cyBatu (3amam'sTaTH) CHTHAJ pellakcalii Ta OIpaIfoBaTH HOro 3a JOMOMOTOI0
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OJIHOTO 3 HAaOJMKCHUX METOJIIB anpoKCUMallii, HampuKiaga, METOA0M HAWMEHIIHNX
kBazapaTiB. OQHAK TaKWil CIOCIO BUABISIETHCS HAATO CKIAAHUM Ta MaJIOTPHUIIAT-
HUM, OCKUIBKH B OUTBIIOCTI BUITQJIKIB HEB1JIOMO, CKUIBKH Ta sIKi TJIMOOKI PIBHI € B
JOCHTIPKYBaHOMY 00'eMi HAIIBOPOBITHUKA, a TaKOX SIKI BEJIWYMHU BHECKIB
KOXKHOTO 3 HUX y CyMapHY pejakcailiro eMHocTi. KpiM Toro, KOHIEHTpaIlis TaKuX
PIBHIB 3a3BHYail Ha JEKUIbKa MOPSJIKIB HUKYA BiJl KOHIIGHTpAIll MUIKOI JIOMIIIIKH,
T100TO 3ri1HO0 3 (13.43), (13.50) Ta (13.51) moBHa BenmunHa penakcailii eMHOCTI AC
Ha CTUIBKH X MOPSIKIB MEHIIA cTamioHapHoi 6ap'epuoi emaocti C(). Lle o3nauae,
o curHan AC(t) 4acTo Mayo BIIPI3HIETHCS BiJ MIYMIB BUMIPIOBAIBHOTO YCTATKY-
BaHHs, Yepe3 1110 BAXKKO OTPUMATH TOYHY alIPOKCHMAIIiI0 CUTHATY penakcartii. s
MiABUIICHHS BIIHOIICHHS CHUTHAI/IIYM MOXXHA 3aCTOCYBAaTH HAKONMUYCHHS
CUTHAJy, OJHAK IPH IbOMY HEOOXiIHO 3a0e3Me4ynTH HE3MIHHY TEeMIIepaTypy
B3IpIIS YITPOJIOBXK TPUBAJIOTO Yacy, IO CYTTEBO 3MEHIIIYE €KCIIPECHICTh METOTY.

HabGaraTo ToYHImIMM 1 BOXHOYAC MPOCTIIIUM € METOH, SIKHU Oa3yeTbcs Ha
KOHIIENIii TaKk 3BaHOTO "BikHA mBHUAKOCTI" (rate windows). 3rigHO 3 HEIO, BIKHO
MIBUAKOCT1 BCTAHOBIIIOE TTOBHUM MEPioJ IHTEIPYBaHHS t, =t; - t, 111 BU3HAUCHHS
B3aEMHOI KOpeJsIii MK eMHICHUM curHasioMm C(t) Ta AesKO0 BaroBoio (yHKIIIEIO
W(t). Tlpu npomMy KOpemsiiiHy MpOIEAYpPy MOXKHA PO3MIISIATA SIK OMEpaIliio
(GUIBTPYBaHHS €EMHICHOTO CUTHAIY, IO J1a€ BUXIAHUI CUTHAI

3
S(tm) = [C(t)- W(t)dt .
t
Hanexxuum BuOOpoM BaroBoi (yHKIIII MOXHA BUIUIATH TUIBKH TaKy CKJIaI0BY
3araJlIbHOT0 €MHICHOTO CHTHATY, CTaja periakcarii sikoi 30iraetbcs 3 t,. BiacHe
KOHIIEMIis BiKHA MIBUIKOCTI MOKJIAaJeHa B OCHOBY BCIX METOMIB HECTAI[IOHAPHOI
cnekrpockomnii, B Tomy uncii C-DLTS ta Q-DLTS.

Puc. 13.4 nemoHcTpy€e, B KU CIIOCIO
| /\

(13.52)

3MIACHIOETBCS  PO3JUIBHE PEECTPyBaHHS
CUTHAIIy BiJl PI3HHX IMAaCTOK 32 JIOTIOMOTOIO
BiKHa IIBUAKOCTI. HKHS YacTHHA pUCyHKa
siBNIsie cO00I0 TUMOBHIM Tpadik aKTHBAIliii-

£ ) S I/T  Hoi 3a)1€XKHOCTI Ul BUIAAKY JBOX MACTOK.

— :: »  3riguo 3 (13.21) um (13.22) 3anexHicTh

Ine | | i 1 BikHo _ Jorapudmy mBuakocti emicii In(e) Bix I/T
- 11 WBHMIKOCTL ¢ ppgma miHiA 3 TOYHICTIO 10 JOJAHKA
------ e 2In(T), saxumii B jiana3oHl CcepeHIX Ta
_________ L N\ ¥ BHUCOKHX TeMIIepaTyp ci1abo 3aleKUTh BiJ
T. BumiproBanbHe O00JaJHAHHS PEECTPYE

1}/T BIITYK S (BepXHsS YacTHHA PUCYHKY) TUIBKH

TOJ1, KOJIU IIBUIKICTH eMicli He BUXOIHUTH

Puc. 13.4. CxematuuHa imrocTpaiis 3a MEXI 3aJjaHOro BikHA. TakuM YMHOM, 3a

KOHIIEMII] BIKHA IIBHIKOCTI eMIcCii,
gKa TIOKJaJeHa B OCHOBY BCIX
Mmetonis DLTS. 1, 2 — akruBamiini
3aJIEKHOCTI1 ITACTOK
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OUTBIIIE TTACTOK, IO JIAIOTh BHECOK Y 3arajbHy peJiakcallifo €EMHOCTI.

KoHnemnmiro BikHa MIBHIKOCTI MOXXHA peaji3yBaTH PI3HHUMH CIIOCOOAMH.
3a3BUuail 3aCTOCOBYIOTH CIICIIAIBHUN MPUCTPIN (EJICKTPOHHY CXEMY), TaK 3BaHUI
no/BiitHUIN cTpoOyrouunii iHTerpatop (double boxcar integrator), sikuii 3amam'sato-
Bye (cTpoOy€) MUTTEBI 3HAUYCHHS CUTHaNy penakcarii emHocti C(t) B nBa pi3Hi
MOMEHTH 4acy t; i t, Ta Gopmye BUXITHUN CUTHAJI S, MPOMOPIIHHUN Pi3HUIl
C(t)) - C(ty). 3a gomomororw cTpoOiB t; 1 t; 3a7ar0Th BIKHO PEECTPOBAHOT
MIBUAKOCTI emicii, a IHTerpyBaHHS (HAKOMHMYCHHsS) CHUTHAIY S 103BOJISE
MiABUIIUTH BITHOIICHHS CUTHAJI-IITYM IIIIXOM YCEPEIHEHHS, [0 € BAXIUBUM JIJIs
BUSIBJICHHSI TIACTOK 3 HH3BKOK KOHIICHTpaIli€l0. BracHe 1ieil opuriHanbHUR Ta
JOCUTHh MPOCTUH METOJ BHW3HAYCHHS IIBUAKOCTI eMmicii, 3amponoHoBaHuii 1974
poky Jlenrom (D.V. Lang), HazuBaeTbcst metogom C-DLTS.

Ha puc. 13.5 nokazano mnpuHuun peectpyBanHsi crektpa C-DLTS 3a
JIOTIOMOT'OI0 TIOABIHHOTO OOKCKapa i3 3aJIaHMM BIKHOM IIBHIKOCTI eMmicii. 3rigHo 3
(13.21) Ta (13.22), mBHAKICTH eMicii HOCIiB 3 TIIMOOKOTO PIBHA HAI3BUYANHO Maja
3a HU3bKUX TEeMIeparyp, BHACHIIOK 4oro eMmHicHUi curdan C(t) mpakTUYHO HE
3MIHIOETHCS YOPOAOBXK TPUBAJIOro 4vacy (Beduwka crtama penakcauii). [Ipu mpomy
mudepentiianii curaan 6okckapa S = C(ty) - C(t,) piBHUI HyII0. 3 MiBUIIEHHSIM
TEMIIepaTypy MIBHJIKICTh eMicil 3pocTae (cTajia pesakcaiii 3MEHINYEThCS), BHa-
CIimoKk 4oro audepeHIiHHUA CUTHAI S TaKOX 3POCTaE 1 cAra€ MaKCUMyMy 3a
TeMrepaTypu Tpax. 3 MOAAIBIIUM MiABUIIEHHSM TEMIIEPATYpH CTalla pellakcarii
HAaCTUIbKH 3MEHIIYEThCs, 10 eMHICHUN curHan C(t) HaOyBae CBOTo cTaIfioHap-
HOTO 3HaueHHs1 C(o©) 1Ie J0 MOMEHTY

t;, To6ro pizHmms C(t;) - C(t;) 3HOBY ACt) BikHO

piBHA HYIIO. IIBHIKOCTI
Skmio Ha B3ipellb MEPIOIMYHO h

MO/IaBaTH IMITYJIbCH 1HXKEKI[li (OCHOB-
HUX YU HEOCHOBHHX HOCIiB 3apsiiy) Ta
MOCTYNIOBO CKAaHYBAaTH (3MIHIOBAaTH)
TEMIIEpaTypy B3IpIs, TO Ha BUXOAl
OOKCKapa OTpUMAaEMO PI3HULIEBUI CHUT-
Han S(T), sikuit HA3UBAETHCS CIIEKTPOM
C-DLTS.

BuszHayuMo COiBBIIHOIIEHHS MIXK
CTaJO0 peiakcarii €MHOCTI T, 34
temnepatypu T, TOOTO (QaKTHUHO
MDK IIBUAKICTIO €MICIT €max = 1 / Tmax TQ — i
3HAUEHHAMHM CTPOOIB t; 1 tp, IO i
33/1al0Th BIKHO IIBHJKOCTI OOKCKap- |
iHTerpaTopa. OCKUIBKH B TOYIl Tpax Oty t =C(t,)-C(ty)
nudepeHIiiHuid  curHan  OOKcKap-
inrerparopa S(T) csrae makcumymy Pue.13.5. [IpuHiun peecTpyBaHHs CIEK-
(exctpemymy), To Horo moximma 3a Tpa C-DLTS 3a nonomororo mojaBiiHOro
TEMIIEPATYPOIO IOBHHHA OyTu piBHa OOKCKap-iHTErpaTopa i3 3aJlaHAM BIKHOM
HYJIIO: HIBUJIKOCTI eMicii

CUTHAJI pellakcarii eMHOCTI
l
TeMIeparypa cKaHyBaHHs
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dS(T) dS(T) dv
dT dt dT

BinnoBigao mo (13.21-22) crama penakcailii MOHOTOHHO 3ajeXuTh Bimx T,
tomy dt/dT # 0. Toai Heobximuo, modu dS(T)/dt=0. Hns po3B'si3aHHS 1IOTO
piBHSHHS OymeMo BBaaTH, 10 Oap'epHa €MHICTH B3IpI OMHCYETHCS PIBHAHHIM
(13.35), xoua aHanOriYHWI pe3yJdbTAaT MOKHA OTpUMatu 3 piBHAHB (13.43) um
(13.51). Posrnsaemo HopMmoBanuii curnai S(T), ikuil Mae BUTTISIL;

STy = S C) _ o1y exp(- 12y, (13.54)
AC T T
ne AC = C(x) - C(0) — moBHa BeJIMUMHA peJiaKcallii EMHOCTI, sKa, 3T11HO 3 (13.36),
€ BennuuHa crtana (ms 3amanoi Hanmpyru 3MmimeHHs U). Judepenuitoroun mei
BHpa3 MO T Ta NIPUPIBHIOIOUHU MOXIIHY 0 HYJISL, OTPUMYEMO:
g =270 (13.55)
ln(tz/tl)

TakuMm auHOM, cTana penakcarii EMHOCTI Ty, @ OTKE 1 MBUAKICTD EMICIT €pax,
o BignoBigae Makcumymy DLTS-miky mactku, € QikcoBaHa BeJIMUHUHA, SIKY Pa30M
31 3HAYEHHSIM TeMmImepaTtypu MmiKa T,z MOXHA BUKOPUCTaTH AJid NOOYI0BU
aKTHBAI[ITHOT 3aJIE)KHOCTI B KOOPJAMHATAX ln(t'Tz) Big 1/T, sk ommcaHo BHIIE B
n. 13.3. KoxHe TeMrepatypHe ckaHyBaHHs 3 (pikcoBaHUM HaOOpOM CTpoOOiIB t; 1 t;
Jla€ TUIbKK OJHY TOYKY AKTHUBAIIMHOI 3aJIe)KHOCTI, TOMY JJisi il MOOYJOBH CIif
IPOBECTH IIOHAMMEHIIE JABa TAKUX CKaHYBAaHHA 3 pi3HUMH HaOopaMu CTpoOiB, a,
BPaxOBYIOUM HEMHHYYl IMOXHMOKH BHMIPIOBaHb Ta OOYHCIIEHb, — PSIJ TaKHX
CKaHyBaHb 3 METOIO ONPAI[IOBAHHS OTPUMAHUX PE3YJIBTATIB 32 JOTIOMOTOI0 METOY
HaWMEHIITUX KBaJIpaTiB.

BukopucroByroun MIBUIKOIIFOYMN BHUMIpIOBauY pejlakcallii éMHOCTI MOKHa
3a6e3MeUNTH MaKCHMATbHY PEECTPOBAHY MIBUAKICTH emicii ma piBui 10° ¢’
Hwxusa Mexa MpUHITMIIOBO BIICYTHS, OJHAK HEIOIUIBHO PEECTPYBATH BEIWYMHU
IBUIKOCTI emicii MeHmi 1 c", OCKUIBKHM TOJ1 3HAYHO 3pOCTAa€ TPHUBAIICTh
TEMIIEPATYpHOTO CKaHYBaHHS a00 K 3MCHIIYETHCS BiJHOIICHHS CHTHAJI-IIYM.
Takum 9MHOM, MOXHA OXOIUTH IHTEPBAI Yy M'ATh MOPSAAKIB BEJIUYUH HIBUAKOCTI
eMicii, 110 BU3HaYa€e BUCOKY PO3IUIBHY 34aTHICTh METOTY.

B wmeroai C-DLTS BaxiauBo BHOpaTH Takhil peXHUM TMPOBEICHHS
EKCIIEpUMEHTY, KWK 3a0e3redye BH3HAYCHHS IMapaMEeTPiB MACTOK y IIHPOKOMY
Jiana3oHi €Heprii Ta 3 JOCTaTHBOIO TOYHICTIO 3a JOMOMOTOK MIHIMaJIBHOT
KUTBKOCTI TEMIIEpaTypHUX CKaHyBaHb. 3 I[1€}0 METOIO CIIIJ 3a/1aTu CTpoOu tp 1 t; B
TaKWi C1ocio, mo0 OTpUMAaTH Pi3HI BiKHA MIBUAKOCTI 71 KOKHOTO 31 CKaHYBaHb.
ICHYIOTh TpH CXeMHU 3aJaHHS CTPOOIB t) 1 t;:

1) t; — dpixcoBanwmit (const), t, — 3MiHHMII (var);

2) t; — 3MinHUi (var), t, — ¢pikcoBaHmit (const);

3) BimHOWICHHS t,/t; = [ — ikcoBaHe (const), a 3MIHIOIOTHCS K t;, TaK 1 t).

VY nepuiomy BUNAAKY 31 3MEHIICHHSM [3 MOKpAIlyeThCS BIAHOIICHHS
CUTHAJ / IIyM, a B APYrOMY BHUIAJKY 31 30UThIIEHHSAM [} pO3LIMPIOETHCA Alana3oH
CTAJIUX Yacy, SIKI MOXHA PEECTPYBATH 32 MaKCHUMaJIbHOT'O 3HaueHHs t. Tpertiit
BapiaHT Mae MepeBary nepej ABoMa IHIIMMU 3 OIJISIy Ha 3pYyYHICTh PAKTUYHOTO

0. (13.53)
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OTPUMAHHS CIEKTPIB, OCKUIbKH Yy pa3i (ikcoBaHOi BequuunHU [ dopma crekrpa
C-DLTS ne 3anexxuth Bin 3Ha4YeHb t; 1 t,. JlificHo, migcTaBuBmu (13.55) B (13.54)
st MakcumyMy curHany S(T) orpumyemo:

t t) t) t)
(T ) =€xp| = —L—In| -2 || —exp| - —2—1In| -2 | |=
(Tinax ) = €Xp el ad | et by
] J ( Bj ( 1 J
=B[1_B —p\IP =Bgl-B b (13.56)

T00TO miKoBe 3HavyeHHs curHany C-DLTS He 3anexuTb Bim BHOOpPY CTpoOIiB i
BU3HAYAETHCA JIUIIE IXHIM BiaHOMmEHHIM . [Ipy 11boMy 17151 pi3HUX 3HAYEHB t) 1 t)
BiZIOYBa€THCS TUTBKH 3CYB CIIEKTpa B3J0BXK OCI TEMIepaTyp.

OueBHIIHO, IO MIBUJKICTH 3MIHU TeMIEpaTypH HE BIAIrpae CyTTEBOT PO s
Bu3HaueHHs (opmu Ta mosokeHHs mikiB C-DLTS. Opnak 1e crnpaBIKyeThCs
JIMIIIE 32 TIEBHUX YMOB, HAMPUKIIA, SIKIIIO TEMIIEPATyPHUN CEHCOP PO3TANIOBAHUN
mo0M3y B3IpI, a MIBUAKICTH 3MIHM TEMIIEPATYpH CHCTEMH HE IMPHU3BOJUTHL 10
BIIXWJICHHS TMOKa31B CEHCOpa BiJl ICTUHHOI TeMIlepaTypu niofa abo * 3a YMOBH,
0 CTaJla IHTEIpyBaHHS OOKCKapa IOCTaTHBO Majla Ta HE CIOTBOPIOE BXITHUUN
curHaja. Skmo Taki yMOBH BHKOHAHO, TO IIBHJAKICTh 1 HampsM TEPMIYHOTO
CKaHyBaHHS HE BIUIMBATHMYTh Ha curHai. lle o3Hauae, 1mo Mo)kHa criocTepiraTu
CHEKTP ] 9ac OXOJIOKEHHS 3 OJJHUM BIKHOM IIBHIKOCTI Ta Iij 9Yac HarpiBaHHA 3
IHIITAM BIKHOM IIBHIKOCTI, IIIO JO3BOJISIE HAOIMKEHO OLIIHUTHU MapaMeTpHu MacTOK
YIPOJOBXK OJHOTO TEMIIEPATYPHOT'O IUKITY.

Ha puc. 13.6 moka3zano cepito criektpiB C-DLTS B3ipis n-GaAs, BUpOIIEHOTO
METOJOM pinuHHO(A3HOI emiTakcii 3 KOHIEHTpAIIE0 OCHOBHHMX HOCIIB
n=>510" cm>. JlocaimKeHHSIMM BUSBJICHO JBI TACTKM HEOCHOBHUX HOCIIB, IMO3HA-
gyeHnx A 1 B, 3 koHIEHTpaIieo 1,4-1014 oM™ Ta EHEpPTricr0 aKTHBAIlli BIIHOCHO

ACH)-Clt)  Np=14-10%cen? 1/t Mc z 4 n-GaAs
B1JH. OX. 5-0,02/0,2 § 4
4-0,05/0,5 o107K
S 1 W A
A o 510°T '\0,76 ¢B
0.4 B 24 0,76 eB 12-05/5,0 E \\> A
qflOz" 0,44 eB
5
§101..
=
T.K = i 1009/T

100 150 200 250 300 350 400 450 500 25 30 35 40 45 50
Puc. 13.6. Cepis Tumosux criektpie C-DLTS  Puc. 13.7. 3anexHoCTi MBUAKOCTI
n-GaAs 3 pI3HUMHU 3HA4YCHHSAMH t; 1 t,. TEpMIYHOI eMicii JIPKOBHX MaCTOK
Eneprii aktuBartii nipkoBux mactok A Ta B A Tta B, oTpumani 31 CHekTpiB
BiZJpaxoByIOTbCs  Big BepxHboro kparo C-DLTS, nokazanux Ha puc. 13.6
BAJIEHTHO1 30HU
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BasieHTHOI 30HM 0,44 1 0,76 eB BignmoBigHo. s oTpuMaHHS CHEKTPIB BUKOPHUC-
TaHa cXema 3 3aJaHHs HmapaMmeTpiB t; 1 tp, ToOTO t/t; = 10, a TakOX M'ATH PI3HUX
3HaY€Hb BIKOH IMBUAKOCTI. SIK MoOxkHa moOauutu 3 puc. 13.6, 31 3MiHOIO BiKHA
HIBUAKOCT1 IMIKK 3MIIIYIOTBCS B3J0BX OCI TeMIlepaTryp MpakTUYHO 0e3 3MIiHU
dbopmu. Y pasi BUKOpUCTaHHS cxeMHU | Oyne CyTTEBO 3MIHIOBATHCH SK BEJIMUYWHA,
Tak 1 popMa MiKiB, KpiM TOr0, HU3bKOTEMIIEpaTypHa CTOPOHA CIIEKTPa 3MIIYEThCS
31 3MIHOIO tp, TOJI SIK BUCOKOTEMIIEpATypHa — MPAKTUYHO HE 3Minlyerbes. s
CXEMU 2 MaeEMO TPOTHICKHHUI Pe3yabTaT — TYT 3MIIIYETHCS BUCOKOTEMIIEpATYpHA
CTOPOHA, a MPAKTUYHO HEPYXOMOIO € HU3bKOTEMIIEPATypHA.

3BicHO, piBHAHHSA (13.55) MOXHa 3acTOCOBYBaTH y pa3i BUKOPUCTAaHHS Oy/ib-
akoi 3 3-X cxeM, 1 pe3yJabTaTH, OTpPUMaHI TaKUMHU crocobamu, Ayxe mo0pe
Y3TOJUKYIOTBCS MUK co0o0ro. OpHaK BHW3HA4YaTH TIOJNIOKEHHS TIKy HabaraTto
3py4Hillle Ta MPOCTilIe 3 BUKOPUCTAHHIM CXeMHU 3, OCKUIbKU TOMI In(ty/t;) = const,
a 3rigHo 3 (13.55) BenmuuuHa Ty, TPOMOPITIHHA TUTBKH (t; - t)).

Konnenrpariito macTok TakoXX MOXHA OTPUMATH 3 PE3yJbTaTiB TeMIEpa-
typHoro DLTS-ckanyBanusa. Jlyis 1poro ciif miactaBuTH 3HadeHHA (13.55) B
(13.54) ta BuzHauutu BeanuuHy AC. SIKIIO IMIYJIbC OCHOBHHX HOCIIB 1OCTAaTHHOT
BEJIMYUHH Ta TPHUBAJIOCTI JUIS TOTO, MOOM ITOBHICTIO 3alIOBHUTH IACTKH, TO 3T1THO
3 (13.35) moxna Bu3HauuTH N;. OCTaHHS yMOBa JIETKO BHKOHYETHCS MUISIXOM
JEKUTPKOX CKaHyBaHb 3 IMITyJIbCAaMH 3pOCTAI0Y0i BETMUNHU Ta TPUBAIOCTI, TOTIOKH
BEJIMYMHA MKy MACTKU HE MEePECTaHe 3pOCTATH.

ToyHICTP BU3HAYEHHSA KOHUEHTpAIlli MACTOK BHU3HAYAETHCS BIIHOIICHHSIM
AC/C. 3a3Buuaii, meton C-DLTS mae uyTnuBicTh Bin 10* N, 10 2-107 N,,. Kpim
TOTO, YYTJIMBICTH METOAY TAaKOXX CHJIBHO 3aJ€KUTh Bl XapaKTEpHOrO dacy
JIEJIEKTPUYHOI peakcarlii Ta CTpyMiB BTPAT, OCKUIBKA BOHH € MIPUYMHOIO IIYMIB,
SIK1 MOJTYJIIOIOTh €MHICTH Oap'epHOT CTPYKTYpH.

OTtpumMaHi BHIIIE TEOPETUYHI BUKIAJKA 3aCTOCOBHI HE TUTBKH JJISI CTPYKTYP 3
Gap'epom IIOTTKI WM A aCHMETPUYUHHX p N- Ta N p-IEPEeXOmiB, AKi OyiIo
posrnanyTo y mm. 13.4-5. OgHak ang 3BUYAMHUX p-n-TIEpPEeXOAiB 1HTEpIIpeTallis
pesynbratiB BuMiptoBanb C-DLTS, 3a3Buyaii, Habarato ckinagaima. He3Baxatoun
Ha I1e, B OUTBIIIN M MEHIIII Mipi Il BUKIAJKH TaKOX 3aCTOCOBHI 1 I 3BHYAHUX
JI0JIB, a pe3yJabTaTH, OTpUMaHi 3a JonoMoro aHamizy ixHix C-DLTS-cnekrpis,
MO>KHA PO3TIIAIATH SIK TIONIEepe IHI HaOIMKeH1 pe3yabTaTH.

VY pasi pocmimkenas MOH-ctpykryp meton C-DLTS € Bakk03acTOCOBHUM.
Tyt yke HeoOXITHO BpaXOBYBaTH €MHOCTI OKCHUHOTO IIAPy, HASBHICTh BEJIHMKOTO
qrciia TTOBEPXHEBUX CTaHIB 1 MOXKIUBICTH (DOPMYBaHHS Ha NMOBEPXHI HAIiBIPO-
BIIHMKA 1HBEpPCHOTO Mmapy. POpMyBaHHIO IHBEPCHOTO IIapy MOKHA 3amo0irTu
TUTBKH Y TOMY BHITQJKy, SKIIO MiJ 9ac JOCTIKEHHS TAKUX CTPYKTYp 3aJaBaTH
YMOBHU CHJIBHOTO 30iHEHHS MOOIM3Yy MEXi OKCHI-HamiBopoBigHUK. Yac dopmy-
BaHHS 1HBEPCHOTO IIapy JUIsl TUIOBUX 3HAYE€Hb 4YaCy >KUTTSA HEOCHOBHUX HOCIIB
3apsily Ta KOHIIGHTpAIlli JIETyrouoi JIOMINIKA Ha PIBHI 10" cm™ cranoButh
npubmsHo 0,2 ¢, mo Hadarato OLTbINE TPUBAIOCTI IMIYIbCY HacHUYCeHHA. Biacue
TOMY T'€HEPOBaHI HEOCHOBHI HOCIi HE HAKOMUYYIOTHCA IMiJ] 4ac TEMIIEPaTypHOTO
CKaHyBaHHS, OCKUIbKM BOHU JIOCTaTHHO IIBHJIKO PEKOMOIHYIOTH YIIPOJIOBK
HACHYYIOYOT0 IMITYJIbCY HAIIPYTH.
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PeectpyBanns cnektpiB C-DLTS, 3a3Buuaii, 3A1iCHIOETBCS B aBTOMATUYHOMY
PeKHMiI 32 JOIMOMOTOI0 KOMITHOTEPH30BAaHOTO YyCTaTKyBaHHsA. Jlo #oro ckiamy
BXOJIUTh PsJT OKPEMHUX TPWIAJIB: UYYTIMBUN Ta MIBUIKOJIIOUUAN BUMIpIOBaY
€MHOCTI /111 OPMYBaHHS CUTHAJTY pejlakcallii, IMIyJIbCHUIM reHepaTop JUIs IIBU/I-
KOi 3MiHHM 3MIIIECHHS Ha B3ipIli, IBOXCTPOOOBHI OOKCKap-1HTEIPaTOp, KPIOCTAT IS
KOHTPOJIbOBAHOI 3MIHM TeMIIEpaTypH B IIMPOKOMY Jialla30Hi, a TAKOXK KOMII'FOTEp
(koHTpOJIEp) ISl KOHTPOJIFO MpHUasiB, 300py W aHam3y pe3yiabTaTiB BHMIPIO-
BaHHsA. OIMH 3 BapiaHTIB TAKOTO YCTaTKyBaHHs MOKa3aHui Ha puc. 13.8.

JI0 BAaKYYMHOI
MOMITH =
<
[Tporpamuuii 610k Jxepeno =
<] BCTaHOBJIECHHA » KUBJICHHS -g
TeMIIepaTypHu HarpiBHUKA =
=
< k— Hudposwmii XononHuii cnai e
= [ BOJIETMETP TepMonapu
= . o
5 JlocmpkyBaHui |
3) [Iporpamne B3IpeLb
™ K=Y ukepeno e
=y Hamnpyru I
=%
= | Ocumnorpad |
= Bonprmerp
CuHXpOT ICHITIOBAY Bumipiosay
I PomA | EMHOCTI  [¢—
K= EOM |—» I'padonobyrosysau

Puc. 13.8. Lludposa cucrema peectpyBanns cnektpiB C-DLTS

B3ipenp po3MimyrOTh y KpiocTaTl, SKHH OXOJOJKYETHCS PIAKUM a30TOM.
Temneparypa B3ipiisi BAMIPIOETHCS TEPMOIIAPOI0, CUTHAJ SIKO1 IEPETBOPIOETHCS Y
muppoBUid KOA 3a AOMOMOror nudpoBoro BombTMeTpa. llIBHaKicTs HarpiBaHHS
KOHTPOJIOETHCA BEJIIMUYMHOIO CTPYMY, IO BU3HAYAETHCS MiJIrPIBHOIO CHUCTEMOIO.
Bci BumiptoBanHs koHTposiroroThest EOM Pentium 1V. Ilpunaaum B3aeMopitoTh
gyepe3 intepdeiicny muny GPIB (IEEE-488). EOM 3amae BombTMETpY NEBHY
4acoBy CTajy Ta 4YacTOTy 34MTyBaHHs. lIporpaMoBaHe iMIyJIbCHE IKEPENO
reHEpY€e IMIYJIbCHU HAMpPyrd HEOOXITHOT TPHBAJIOCTI. 3a CIAJ0M IMIYJIBCY
BOJIPTMETP BHMIPIOE€ CHTHAJ Ha BUXO/[I BUMIpIOBa4Ya €EMHOCTI Ta TIepeIae 11i JaHi Ha
iHTepdeiicay muny. L{g npomeaypa NOBTOPIOEThCS AEKLTbKA pa3iB 1 A1 KOXKHOI 3
TEMIEpaTyp MPOBOAUTHCS ycepeaHeHHs. OTpuMaHl B TakWil CIoci0 pe3yibpTaTh
HaKOMHMYYIOTHCS B (paili.
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Jns 3anoOiranHHs TeMriepaTypHOi MOXMOKM IMIBUAKICTh HArpiBaHHS MIATPH-
MyI0Th Ha piBHI 2 K/xB. [Ipu npomy i1 3a1aHOTO TEMIIEPaTYpPHOTO Tiana3oHy Bij
80 mo 500 K mnoBHmii wac BumiproBaHb He mepesumnye 3 roa. Ha pwc. 13.9
nokazaHo crnektpu C-DLTS B3ipus n-GaAs, emiTakciiHO BHPOILEHOTO 3

BUKOpHUCTaHHAM 4-X pizHux mkepen MIIE ta Tppox pi3HUX JIETyIOUUX JOMIIIOK:
Si, Sn, Ge.

A CI/IFHaJI C-DLTS
T . 1 1. JleryBanns Si.
\/ R W Np - Np=2:10" em™.
\/\_/13/:’; 2. JleryBanns Sn.
I5 10 Cgf"’” Np - Na= 510" cm”.

"““'““w\

Mo
K" Wm 13 4
x“&ldﬁ I 1 10 3. JleryBanHs Sn.
A ;W“i / 11‘10%M No - Ny = 7:10% o™
Ll I M2Y
T, K 4. JleryBanns Ge.
T M3 Np - NaA=9-10" cm™.

50 lOO 150 200 250 300 350 400 450 500 550

Puc. 13.9. C-DLTS-criekTpy €lIeKTPOHHHUX IAacTOK y TECTOBUX CTPYKTypax
Hlortki wa n-GaAs, BHUPOIICEHOMY 3 BHKOPHUCTAaHHSIM PI3HUX CHCTEM
MOJIEKYJIIPHO-IIPOMEHEBOI emiTakcii

13.7. Cnexkrpu Q-DLTS mapyBaTux retepocTpyKTyp Ha ocHOBi GaAs Ta
AlLLGa;  As

CydacHl MeTOAM peakCaliifHOi CIEKTPOCKOIIi IIMPOKO BUKOPHUCTOBYIOTh
JUTA TOCIIIPKEHHS HE TIbKU p-n-miepexoiB uu Oap'epis LloTTki, ane i mapyBaTtux
TrEeTEPOCTPYKTYp (HaArpaTok). Y MoImepeaHixX MiIpo3aijiax OMMCaHO OJUH 13 TaKUX
metofiB — emHicHy PC (C-DLTYS) Ta ii 3acTocyBaHHS JJIs1 JOCJIIPKEHHSI TECTOBUX
ctpykTyp (TC) Ha ocHOBi p -n-mepexony uum 6ap'epa IllorTki. Temep posrisHEMO
iy moaudikamito PC — 3apsaoy PC (Q-DLTS), sika 6arato B yomy nojiObHa 10
C-DLTS, ogHak MOe 3acCTOCOBYBAaTHCS JUIsl JOCIHIPKEHHS BHUCOKOOMHHX a00
MIMPOKO30HHUX HAMiBIPOBITHUKIB, a TaKOX CTPYKTyp, BU-eMHICTH SKuUX He
3QJICKHUTH BiJl 3apsA0BOTO CTaHy 00'eMHMX nacTok 1 moBepxHeBuX cTaHiB (I1C) Q.
Taka curyarisi XxapakTepHa BJAacHE JUIsl IIAPYBATUX T'€TEPOCTPYKTYpP, TOBIIMHA
mrapiB SKMX MEHIIA Bi IIMPUHU 301AHEHOTrO Imapy, abo aiusi BUPOIKEHUX
HAITIBIPOBIAHUKIB Y BUIMAAKY MIHIHTY (¢ikcairii) piBHA PepMi Ha MeX1 PO3ILTY
JEJIEKTPUK-HAIIBIPOBITHUK.

Meton Q-DLTS 6a3yerbcsi Ha 3ammci Ta aHaji3l 3MiH Yy 4Yaci 3apsIoBOTO
CTaHy CTPYKTYpH Micisi Ail IMIYJIbCIB HANpyrd MEBHOI MOJSIPHOCTI. 3 #oro
JIOTIOMOTOI0  MOXXHa BHU3HAYUTU €HEPril0 aKTUBalli, Iepepi3 3axOIICHHS,
CHEKTpaJbHy TYCTHHY Ta HPOCTOPOBE pPO3MIIIEHHS LEHTPIB Iepe3apsIKaHHs,
BEeJIMYNHU BUTHHY €HEPreTHYHHX 30H Ha TeTepoOMEexi Ta MiHIHTY piBHI Depwmi,
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TITMOVHY KBaHTOBUX MOTEHIIIAIBHUX SIM TOIIO.

PosrnsiHeMo pe3ynabTaTH AOCTIIKEHHS 3apANOBHX PEIaKCAIHHUX CIEKTPIiB
Q-DLTS monmynboBaHO JIETOBaHUX TETEPOCTPYKTYp Ha OCHOBI cmoiiyk GaAs i
AlyGa; 4As, a Takox 3 O-meroBanuM 00'eMoM y tmapi Al,Ga; As, K1 BaXXITUB1 JIs
PO3YMIHHSI KBAHTOBUX PE30HAHCHO-TYHEIBHHUX €PEKTIB Y TETEPOCTPYKTYpax.

Hnst nocnimkennst cnektpiB Q-DLTS BukopucTtoByBaBCS aBTOMAaTH30BaHUMN
BUMIpIOBaJIbHUHN KoMIuteke "LlykaT-5", sskuii IpoOMIIIOB JOCTITHY €KCIUTyaTaIlio B
KuiBcbkOMYy HayKOBO-AOCTIAHOMY I1HCTHTYTI MikponpuianiB. Lleit komruiekc
MOJKE IMPAIIOBATH B JIBOX PEKUMaX BUMIpIOBaHHs: penakcaiii emHocti (C-DLTS)
Ta penakcarlii ctpymy um 3apsay (ctpymoBa abo 3apsjosa Q-DLTS). s C-DLTS
MaKCcHMaibHa BeianunHa BuMiproBaHoi emHocTi TC cranoButs 300 nd, a wmiHi-
MaJlbHa BEJIMYMHA BUMIpIOBaHOI penakcailii eMHocTi AC = 10 ¢, 1o BiAMoOBigaE
MakcuManbHil ayrmusocti AC/C = 3-107. Taka 4yTaMBiCTH 703BOJSE BH3HAYATH
MiHIMaJIbHY KOHIEHTPAIii0 TMHOOKNX HeHTpiB Ha piBui 10° cM™ Ha T KOHIEH-
Tpauii Minkux meHtpis y mexxax 10" = 10™ cm™, To6T0 3a6e3medye BUMIprOBaHHs
31 CIIIBBIAHOIICHHSAM KOHIEHTPAIIIM TITMOOKHUX 1 MUIKUX IIEHTPIB HE MEHIIIE 10°®,

V¥ Bunaaky Q-DLTS miHiManbsHa BeJMUKMHA BUMIPIOBAHO1 pejakcalii cTpymy
cranosuts 107° A, a MakcuMaJibHa — 10° A. 3a3Buvai, TaKui PEXUM JOILILHO
BUKOPUCTOBYBATH JUIsl KOPOTKOTpUBaiux (1o 1 roxa.) mpoueci. Lleit TecTtoBuit
KOMIUIEKC J03Bojisie oTpuMyBatH crnektpu Q-DLTS nuisixom cTanmapTHOTO
temriepaTypHoro ckanyBaHHS AQ(T)a¢=const 800 CKaHYBaHHS 32 YaCOBHM BIKHOM
AQ(A)T = consts 1€ AQ = Q(tp) - Q(t;) — 3apsa, uro crikae 3 TC (micas aii 36arady-
IOYHUM IMITYJILCOM HAampyrH) 3a IPOMDKOK 4acy At=t, - t;. TyT t; 1 t, — 3HaueHHs
CTpoOiB, SIKi 337]aI0THCS BijI MOYaTKy penakcartii. 3 m. 13.6 Bigomo, o Jyist 3HaX0/1-
JKEHHsI IIBHUIKOCTI eMicii HOCIiB 3apsay 3 rmbokoro piBHSA, € = In(ty/t))/(Aty),
BITHOCHO TpUBaJIeé B 4Yacl TeMIIepaTypHE CKaHYBaHHS He MOTpPiOHE, OCKUIbKHU Aty
BU3HAYAETHCSA 32 MAKCHMYMOM CIIEKTPaibHOI 3aleKHOCTI AQ(Ab)T = const (At = At,
ko d(AQ)/d(At) = 0). Tomy st mo6YIOBH akTHBaLiiHOT 3anexHocTi In(e™ T?)
Bia 1/T, 110 BUKOPUCTOBYETHCA Il BUSHAUYCHHS Mepepi3y 3aXOIUICHHS MacTOK Ta
eHeprii ixapoi akTBallii, 1ocTaTHRO BUMIpATH AQ(At) M MEKUTBPKOX 3HA4YEHBb
teMmnepatypu (5 + 7 TOUOK).

Bci mactku, siki naroth BHecoK y ciekTp Q-DLTS 31 ckanyBaHHSIM 32 yacOBUM
BIKHOM At, mepe3apsyDKaloThCs 3a OJHAKOI TEeMIepaTypH, 3aBISKA UYOMY Ha
EHEPreTUYHUI CHEeKTp MAacTOK HE BIUIMBA€ HABITh CHJIbHA TEMIIEpaTypHa 3aJiexk-
HICTh IXHBOTO Mepepizy 3axoruieHHs 6. KpiM Toro, BIACYTHI TaKk0X CHOTBOPEHHS
CIEKTpa, TOB'A3aH1 3 TEMIEPATYPHOIO 3AIEKHICTIO KOHIIEHTPAIlil BUTBHUX HOCIIB i
BinnmoBimHO BY-emHOCTI mociimkyBaHoi cTpykTypu. Ilig wac 3amucy cmnekTpiB
AQ(At) BinHOIIEHHS ty/t; aBTOMAaTUYHO MiATPUMYETHCSI HE3MIHHUM 1 CTAaHOBUTH
tz/ t] = 2

BumiproBanbHul KOMIUIEKC JO3BOJISIE JAOCHIIKYBATH €HEPreTUYHUI CIEKTp
MACTOK, PO3MIIIEHUX HIKYE PIBHOBAXKHOIO piBHSA Depmi, 063 MpUKIAJIEHOI 110
CTPYKTYpPH 301JHIOI0YOT HANPYTH 3MIIIEHHS Ta HACTYIMHOT'O MOJaHHs 30araqyrounx
IMITYJIBCIB. Y TaKOMY pa3i 3A1HCHIOEThCSA 3anuc 3a1eKHOCTI AQ(AT)T = const
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t) t)
AQ- (A1) = [ Qua (Ddt — [Qq (t)dt, (13.57)
£ t
TOOTO PI3HUIN 3apsfiB, AKi CTEKIW 3 B3IpI MICIS MOAAHHS JBOX 301THIOIYHX
IMITYJIBCIB PI3HOT TPUBAIOCTI Ty 1 To. TYT AT = T, - T, BIIHOIIICHHS T,/T; = const, t| —
MIHIMQJIBHO MOJKJIMBE 3HAYCHHS 4Yacy, K€ MOXHa peaiizyBaTH 3a JOMOMOTOIO
BUKOPHCTOBYBAHOTO BHMIPIOBAJIBHOTO IMPHUCTPOIO, t, BiAMOBiZae yMOBI MOBHOTO
CTIKaHHSA 3apsaay. Taka METOIMKa pelTaKcariifiHOi CIEKTPOCKOMii, Ha BIAMIHY Bix
C-DLTS, nosBonsie gocnimkyBatu B3ipii TC 3 BiTHOCHO BEIMKUMU HACKPI3SHUMH
CTpyMaMH, OCKIUTBKH CYTTEBO 3MEHINYETHhCS HATIKAHHSA MApa3uTHOTO 3apsay Ha
BUMIPIOBAJIBHUI TIPUCTPIit.

Jns orpuManns iHGopMalii 1010 nNpo@iao KOHIEHTpalli TITMOOKUX PIBHIB
Ni(x) ab6o cnekrpanbhoi ryctuan [IC Ng(Es) Ha3Banmii koMIuiekc 3adesnedye
aBTOMaTUYHE BUMIPIOBAHHSI Ta 3amuc pi3HuLeBUX crekTpiB Q-DLTS

AQ'(AD) = AQ(ADU-au - AQAD | AQY(AT) = AQUAT)-su - AQWAT)L,
a Takox 3anexHocTi AQn'(U) 1 AQ;,'(U), ne U — nHampyra, sfika MogaeTbcs Ha
TECTOBY CTPYKTYpy-B3ipeup, AU — ii npupict, AQ'= AQ,,' 1 AQ;' = AQ. ' 32 yMOB
d(AQ"/d(At) = 0 1 d(AQ.")/d(At) = 0 BigmoBiHO.

Bennuuna 3apsy, Mo cTikae 3 JOCIiKYBAaHOTO B3IPII 32 TPOMDKOK dacy At
BiJl TIOYATKy pO3pANY, 3aJ€KHUTh Bl psAAy IMapaMeTpiB 1 Moxke OyTH IojaHa y
BUTJISLIL

AQ(T, U, t,t5, 1) # AQg — AQ — AQy, (13.58)
ne AQg — 3mina moBepxHeBoro 3apsay [1C abo craHiB, sSKi MalOTh HETIEPEPBHHIMA
eHepreTUYHui crektp; AQ, — 3MiHa 3apsay JUCKpETHUX 00'eMHHX MacTOK; AQ. —
3MIHa PYXOMOTO 3apsily BUIBHUX HOCIiB, SIKa BU3HAYA€THCS TIEOMETPUYHOIO
BU-emnicTio cTpykTypu. PisHuii xapaktep 3anesxxnocteit AQgs, AQy, AQy. Bin T, U,
t;, t, 1 T Jae MOXIMBICTh BHUIUIUTH BHECOK KOXXHOTO 3 IHUX 3apsaiB y
BuMiproBanbHUM ciekTp Q-DLTS.

VY BumiproBanbHoMy Komruiekci "Ilykar-5" peamizoBaHa Taka TE€XHiKa BHMi-
pIOBaHb, 3aBSKH SKiil 1€ 10 MOMEHTY ty (tg — MiHIMaJIbHE 3HAYEHHS Yacy t;, sKe
MOXKHA 3anatu A 3anucy cnektpiB Q-DLTS) B3ipenps moxke OyTH Bij'eTHAHUM
BiJl BUMIPIOBIBHOTO MPUCTPOIO ISl TOTO, MO0 3apsaa AQ,., 4ac CTIKaHHS SKOTO
MaJii, He MomaJaB Ha BXiJ iHTerparopa. B Takomy pasi BUI ciekTpa Ta XapakTep
HOro 3aj7eXHOCTI BiJl BXIAHUX IapameTpiB OyJie BU3HAYATHUCS CITIBBIIHOIICHHIM
Mk 3apsgamMu AQg 1 AQy.

Sxmo B HamiBnpoBinHUKY MOH-CTpyKTYpH NpHUCYTHI MACTKU OJAHOTO BUIY,
K1 32 Oynb-akux Hanpyr U cIyCTOIIYIOThCS B PE3yJIbTaTi TEPMOEMICIi, IPU LIbOMY
AQSS << AQtr» TO

Ny (x)=[1+ Coe(Wau 8-4-Qn (U)AU]’ (13.59)

Ci A-q-Aw(U)py
ne x = &A/Cs(U)au, & — JI€NEKTpUYHA CTajla HAIMIBIOPOBITHUKA; A — IUIOIIA
enekrpona; Cg = AQy/AU — eMHICTh mapy HmpOCTOPOBOTO 3apsly HAmiBIPOBif-
HUKa; C; — EMHICTD JI€NIEKTPUKA;  — 3apsij eeKTpoHa; Aw — 3MiHa IUPUHU 1Py
MPOCTOPOBOrO 3apsiay 3 npupoctoM Hampyru U Ha AU. Lel mpupict y HaOnu-
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xeHH1 LOTTKI OnuCcy€eThesl TAKUM BUPA30OM:

sz[zgs(% +A¢s)]1/z _[283_%]1/2 = CiCec I - AU
qN(x) qN(x) Ci +Cy qN(x)
ne N(x) — KOHLIEHTpaIlisi HEKOMIICHCOBAaHUX MIJIKHUX JIOMIMIOK; @5 — 301MHIOIOYHI
BUTHUH 30H y HAMIBIPOBILAHUKY Ha MEXI1 3 JI€JIEKTPUKOM; A@s — 3MiHA BUTHHY 30H 3
npupoctoM Hanpyru U Ha AU.

Otpumani Bupazu paidicHi, skmo AU << U Ta Ags << ¢,. Jlusg BU3HAYCHHS
KOHIEHTpaliitHoro npoduito Ni(x) 3 BUKOPUCTAaHHSAM METOAMKH, 110 Oa3yeThcs Ha
MOJIaHH1 ABOX 301HIOIOUMX IMITYJIbCIB HAanpyrH, y Gopmymi (13.59) ciix 3aminuTu
AQy'(U) Ha AQ./(U).

Makcumymu ekcniepumeHTabHUX KpuBUX AQ'(At) 1 AQ;'(At) po3MiLlyOThCS
npu At = At, = In(t:/t))/e Ta At = Aty= In(12/11)/e BignmOBIAHO, a iXHE MOJIOKCHHS
He 3aiexuTh Bix U, ToOTO myig 00'€eMHOro piBHS MAacTOK y pa3i TEPMOEMICIHHOTO
MexaHi3My crnycTomeHHs: d(Aty)/dU =de/dU =0 1 d(At,)/dU = de/dU = 0. Taky
0co0smBicTh MakcUMyMiB criekTpiB Q-DLTS moxHa BHKOpUCTAaTH AJs 11€HTH-
dbikarrii mkKia.

Axmo y BumiptoBasibHuid ciektp Q-DLTS MOH-cTpykTypu nepeBakarouuii
BHECOK J1ae TepmoeMiciiiae mepesapsupkanas [IC, Tto0to AQg >> AQq, TO 3a
pe3ylbTaTaMi  BHUMIPIOBaHb  MOXKHAa  BU3HAYUTH  CIEKTPaJbHY  T'yCTHHY
TIOBEPXHEBHX CTaHIB, IO € BAXJIMBUM JJIs AOCTI/DKEHHS MIAPyBAaTUX CTPYKTYp. Y
TaKOMy pa3i, HampukiIag, Ui CTPYKTYp 3 JOHOPHHMH MAcTKaMH, MOXHa
BU3HAUUTU KOHIIEHTpaliiHuii npodins I1C y Burmsani Bupasy:

'
NSS(ES):[1+CSC(U)AU]_ 8AQm (U)AU , (1361)

G A-q-Ag Uy

ne Eq = E. + kT In[6,V,N At (U)/In(ty/t))], Ec — eHepreTuuHe monoxeHHs JTHAa 30HU
npoBinHOCcTl, k — crama bonblimMaHa, G, — mepepi3 3axOIUICHHS €JIEKTPOHIB
nactkofo, UV, = (8kT/mm*)"? — cepeiHsi TeruioBa WIBHAKICTH ENEKTPOHIB, m* —
e(pexTHBHA Maca Hocis 3apsny (exextpona), N, = 2[2m-m*-kT/h*]? — edexruna

I'yCTHHA CTaHIB y 30H1 NPOBIIHOCTI, h — cTana [Inanka.

Jnst Bu3HaueHHS Ng(Eg) 3 BUKOPUCTaHHSM METOJMKH JBOX 301THIOIOYHMX
IMITYJIbCIB HampyTH, nepeadoadeHiid y xomrmiekci "llykar-5", y dopmymi (13.61)
cmig 3aMiHuTa AQy,'(U) Ha AQ,1,'(U). CaM BUTHH 30H MOKHA 3HANUTH 3 BUPA3Y:

U+AU C C |
Apg= [ (1+ )G AU. (13.62)
5 C

(13.60)

1

sey U = (1+
C. U (
Sxmo TIC MaroTh HemepepBHUI €HEPreTUYHUN CIIEKTP, TO MIBUAKICTH eMicii e, a
Takok At, Ta At, Bxe Oyayts ¢yHkumismu Hamnpyru U. TyT mnonoxeHHs
MakcumyMiB kpuBuX AQ'(At) Ha AQ.'(At) 3amexats Big U, T00TO d(Aty)/dU # 0,
d(Aty,)/dU # 0. JInst JOHOPHHUX MTOBEPXHEBUX CTAHIB

Atm(U):M-exp[AEs(U)/kT], (13.63)
o,V N,
ne AEg = E; - E. — enepris akTuBalii moBepXHEBUX CTAHIB.

Axmo AQgs >> AQy, To BUrIA 3aneXHOCTI ¢5(U) MOKHA BCTAHOBUTH 3MIHOKO
noJispHOCT1 iMmynbeiB Hanpyru U, mo mnoparoThesi Ha B3ipenb TC, Ta
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3aCTOCOBYBAaHHSM  MaJIOCUTHaJIbHOTO  pexxumy  BumiptoBanHs (AU < kT/q,
Aps < q’kT) pizauneBux cnektpiB AQ'(At) 1 AQ,'(At). 1lg BuCOTa MOTEHIIAIEHOTO
6ap'epa I1C Oyne BU3HAYATHCH BUPA3OM

os(U)au =@50 + Aps(U)=E (U)pay — EF, (13.64)
1€ (5o — MOYATKOBUM BUTHH 30H B HAIIBIPOBITHUKY HA MEXKI1 3 JICTIEKTPUKOM J10
noganus Hanpyru U; Aps=qU;, U; — yactuna nanpyru U, sika cmajmae Ha mapi
IPOCTOPOBOTO 3apsily HaIIBOPOBiNHUMKA; Ep — eHepreTHuHe MOJOKEHHS PiBHS
®epmi B o0'emi HamiBnpoBimHMKA. 3 Bupasy (13.64) BUIHO, 11O BUMIPIOIOYH
pizuutesi cnexktpu mpu U = 0, MOKeMO TaK0oX BUSHAYUTH 1 Apy. OueBuIHO, 110

AQ'(At)y =0, auz0 = AQ(At)y —au Ta AQ:'(AT)u =0, au 20 = AQL(AT)y =au.

Hns ctpykryp 13 AQg << AQy oTpuMaHe 3HaueHHs eHeprii aktupaiii AE,
TOOTO BizcTaHb Bif piBHS MacToK E; B 00'emi HamiBnpoBigauka 10 piBast epmi Er
He 3anexuTh Big U 1 BUBHAYAETHCA IMIYJIbCAMU HANPYTU 3BOPOTHOI MOJISIPHOCTI.
i x dQopmynu mis BU3HAUCHHS KOHIEHTpamiiHOro mnpodumo N, Ny Ta
MIOBEPXHEBOI'O TOTEHIIIaly MOXKHa TaKOXX BHKOPHUCTATH JJI1 BCTAaHOBJICHHS
napaMeTpiB macTok y miogax IIoTTki.

Takum umnaoM, Ha Biaminy Big C-DLTS, meronmuka Q-DLTS mo3Bomse
BH3HAYATH MMapaMeTpH MAcTOK 1 MoBepXHeBUX craHiB Ha MJIH-cTpykTypax, mo €
BAYXJIMBUM TSI TOCHIIPKEHHS apCeH1A-Tali€BUX IIAPYBATUX CTPYKTYP (HAAIPATOK).

13.8. EkcniepumenTanbHi pedyabratn Meroauku Q-DLTS na apcenia-
rajiieBUX reTepocTpyKTypax

Ananorn MJIH-ctpykryp 3 13omorounm (1) mapom Aly;Gag7As sk Jienek-
tpukoM (puc. 13.10) emitakciifHO BHpoIIyBaiM Ha JeroBaHuX KpemHieM GaAs-
minkaagkax (n= 10" cm™) 3 opientamicro (110). Omiuni koHTakTH (GOpMyBaIH
HUIAXOM BraigoBaHHS IUIBOK In um Au. Cnektpu AQ(At), oTpuMaHi B pexumi
noganHs Ha TC 30aradyroumx IMITyJbCiB HampyrH, AOCTAaTHIX IJIS BUNPSMIICHHS
BUTHHY 30H @y (puc.13.10,a), mokaszaimu HasBHICTh JBOX TikiB A Ta B
(puc. 13.11, a). 3a Takux yMOB CBIil BHECOK Yy PEECTPOBAHHUI CHUTHAN JaBaju
NPAaKTUYHO BCI Mepe3apsKyBaHI MACTKHA 3 CHEPTri€l0 BUIIE KBa3ipiBHOBAKHOTO

a) /j - 1-Alg3Gag 7As 0) Xl_(Ga o o Al 3Gag 7As
N—1
n-GaAs 1 creiicep |miakimanka
Aulosa] 2 | " Nitooslo-1] 2 | d wiew !

B) \ Alg3GagsAs  i-Aly;GagAs

Puc. 3.10. [liarpamu 30HH
MpOBIIHOCTI  Ta  HaOIp
GaAs emiImapiB apceHiA-TalieBUX
T ARRaED TETEPOCTPYKTYP

d, Mkm
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piBasa depmi Ta po3mimieHi K B 00'eMi, Tak 1 Ha MeXl1 po3auty. EHepretuune
MIOJIOKEHHST KBa3ipiBHOBa)XXHOTO piBHA DepMi HA MeXi PO3AUTY, a BIAMOBIAHO i
HANPY)KEHICTh BHYTPINIHBOI'O EJIEKTPUYHOTO MOJS 33JaBAINCHh 3a JOMOMOIOI0
nocriHoro 3minieHHss U. Ilpu mpomy eHepreTuyHi mosiokeHHs mikiB A ta B y
cnektpax Q-DLTS He 3MiHIOBaNIHCH Yy BChOMY Jiala3oH] HAMpPYT, IO JO03BOJISIE
BBakaTH d(Aty,)/dT = 0. Lle Bka3zye Ha TepMOEMICIHHUN MeXaHi3M Mepe3apsIKaHHs
MACTOK 1 MPAKTUYHY BIJICYTHICTh MOJILOBOI YU TEPMOIIOJILOBOI €MiCii HOCIIB.

A AQ, x10MKn A AQ'", x10"°Kn A (AQ, AQ,"), X102 Kn
31 a) 37 201 o2 B)
) > 15
10"
! ! 5 At,
At,c 0 0,2 AT, C
T e . A T ERETE T 100 102 100

Puc. 13.11. a) Cnexrp AQ(At) (U = 1 B) ctpykrypu Ha puc. 13.10, a. 6) Pi3nuneni
cuextpu AQ'(At) wmiei xx cTpykTypu 3a ymoB 30inHenHs (U; = 0 B) Ta 30arauenns
(U,=08B, U;=0,2B; Uy;=0,4B; Us=0,6 B). B) Pisauneni cnekrpu AQ'(At) Ta
AQ/'(At) ctpyktypu Ha puc. 13.106 3a ymoB U<0, AU=-0,1B ta U>0,
AU =+0,1 B BiamosigHo. Temnepatypa peectpyBaHHs ycix crekTpis 350 K

3riHo 3 MPOBEIECHUMH pO3paxyHKaMU, BUSBJIEHI MMIKU IyXe A00Ope 1HTeprpe-
TYIOTBCS JIBOMA JIUCKPETHUMH PIBHSAMH EJIEKTPOHHUX MACTOK: MK A — piBHEM 3
enepriero axtusawii AE, ~ 0,5 eB 1 mepepizoM 3axoIuieHHs 6,4 ~ 1077 cM™ Ta mik
B — piBaeM 3 AEg=0,35¢eB 1 o5 = 1,5-10'18 oM Jns moOynoBu 3anexHOCTen
In(e'T?) Bix 1/T i Busmauennss AE ta o, BuxopuctoByBamn crektpn AQ(At),
OTpUMaHI1 JyIs Pi3HUX 3HA4YeHB T.

3MmeHmeHHs ToBIMHU mapy Alg3;Gag;As IpU3BOAUTE 1O CHaAy IHTEHCUB-
HOCTI BUAUICHHX MiKiB A Ta B Ha 3arampHOMY TIIi, 3yMOBIEHOMY Tepe3apsii-
YKaQHHSIM CTaHIB 3 HEMEPEPBHUM €HEPreTHUYHHUM CIEKTpoM. Lle cBiquuTh, 10 mact-
KU, BIANOBIJIaJbHI 32 (OPMYBAaHHS MIKIB, PO3TAILIOBYIOTHCS B 00'€éM1 130JIH0I0UOTO
mapy i-Alp3Gag 7As. Skmo ToBumHa 1poro mapy Merma 100 HM, TO mepeBaxHHMA
BHecoK y criekTp Q-DLTS marore moBepxueBi ctanu (IIC), po3TamioBaHi Ha Mexi
po3nuty n-GaAs-i-Aly3Gag 7As, 1e MoxkHa BBaKaTU AQgs >> AQy.

Ha pwuc. 13.11, 6 mokazano pizunesi cunektpu AQ'(At) Takux CTpYKTyp,
OTpHUMaHI 3a JOIOMOI'0I0 MaJIOCUTHAJIBLHOI'O PEKUMY BHUMIPIOBAHb 31 301THIOIOYH-
mu (kpuBa 1) Ta 30arauyrounmu (KpuBi 2 +5) iMmysiabcamu Hampyru. Sk 1
ouiKyBasioch, pizHuIeBi criektpu AQ'(At) 1 12 (U = 0) 36iraroThcs 31 cieKTpamMu
AQ(A?t) (JU| = AU), ne nanpyra AU mogaBayiach y pexuMi 301THEHHS 1 30aradyeHHs
BinnmoBigHO. 3 puc. 13.11, 6 BugHo, 1m0 d(At,)/dU # 0, a makcumanbHe 3HAYCHHS
AQp,' Ha crieKTpaIbHUX KpHUBHUX 3pocTae 31 30iumpmenasm U. OctanHiit pe3yabTar
CB1IUUTH Mpo minBuiieHHsa ryctuau [1C B Mipy HaOMM)KEHHS 10 30HU IMPOBITHOCTI.
AmnanoriuyHo BenyTth cebe 1 crektpu AQ.'(At). 3 migBumeHHsM U BinOyBaeThCs
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3MILIEHHS CIEKTPIB B 01K BEJIMKUX 3HAUYEHb AT, 3pOCTatOTh ATy, 1 AQ: ', 1O CBIA-

9UTH Tpo HasBHICTh U-nomiOHoTO cniekTpa [1C B TakuX mapyBaTHX CTPYKTypax.

V pasi 3MeHIlIeHHsT TOBIIMHU 130JIF0I0YOT0 MIapy J0 BeNWYuH MeHIuX 50 HM
PI3KO 3pOCTalOTh CTPYMH BTpaT Yy JOCIIJKYBaHINA CTPYKTYPI, 1110 YHEMOKIIUBIIIOE
3aCTOCYBaHHS MOCTiHOT Hanpyru 3MimeHHs U, sika, 3a3BU4aid, BAKOPHUCTOBYETHCS
JUIsl TIpOBeJieHHsT penakcaniiaoi crnektpockomii [IC, po3ramoBaHuX HHIKYE
piBHOBaxkHOTO piBHSA Pepmi. B TakoMy BUMajKy rmapamMeTpu MOBEpXHEBUX CTaHIB
BIABaJIOCh OTPUMATH JIMIIEeHb 13 cekTpiB AQ;'(At) Ta AQ,'(At). BnacHe B ipomy 1
nosisirae  ocHoBHa mnepeBara meroauku Q-DLTS (mopiBusno 3 C-DLTS), 3a
JIOTIOMOTOI0  SIKOi MOXHa OTPHUMYBATHU SKICHY 1 KUIBKICHY 1H(OpPMAIlIIO II0JI0
noBepxHeBux cTaniB MOH-cTpykTyp Ta HaATpaTok (IapyBaTUX CTPYKTYP).

Jns BusHauenns eneprii AEg = Eq - E., e Eyg — eHepreTnyHe mOJIOKEHHS
piBHa @epmi Ha Mexl po3auty rerepoctpyktypu mnpu U =0, Ta BHUCOTH
NOTEHIIAIbHOTO Oap'epa ¢y Oyin BHUKOpHCTaHI MalocurHaibHi criekTpu AQ(At),
OTpUMAaHI 3a JIEKUTBbKOX pi3HMX Temreparyp. 3HaueHHst AEg Oymo oGuuciene i3
CHEKTPIB, BUMIPSHUX Yy PEXKUMI MOJaHHs 30aradylouux iMIyJibsciB Hanpyru U, a
@s0 — 30imHIOIOYMX. 3TigHO 3 TpoBeAeHUMH po3paxyHkamu, AEg = 0,58 eB,
050~ 0,47 eB. Cnix 3a3HaUnTH, 1[0 BKAa3aHE 3HAYCHHS (g 301raeThCs 31 3HAUCHHSIM
@50, OTPUMAHUMHU 32 JIONOMOIOI0 BHUMIpPIOBaHb KIHETHKHU (POTO-€.p.C. 32 YMOBHU
BHCOKOI IHTEHCUBHOCTI IMITYJIbCHOTO OCBITJICHHS.

MonynrsoBano-neroBani rerepoctpykrypu (MJII'C) € ocHOBOwO cydacHHX
HAJIPaTOK PE30HAHCHO-TYHEIBHUX MIOMIB 1 TpaH3UCTOPIB. s MOCHIIKEHHS
TaKUX CTPYKTYp, Moka3zaHux Ha puc. 13.10, 6, 1o 3axucHoro (cmeiicepHoro) mapy
n-GaAs ¢dopmyBaBcs Ni-koHTakT IIOTTKI HUISIXOM TEPMIYHOTO HAMWICHHS Y
BakyyMi. J[Is CTBOpPEHHS OMIYHOrOo KOHTaKTy g0 mmapy n -Aly3GagsAs
(N = 10" em™) 3acrocoByBaocs Bramoanss In. OueBnano, mo Hampyra U, sika
TIOJTA€THCS HA CTPYKTYPY, Oyzae 3miHtoBatu 3apsioBuii ctad [IC i BUTHH 30H JuIe
Ha Mexi Ni-n-GaAs ta n-GaAs-n+-A10,3Ga0,7As, a TaKOoX 3aps]l MacToK B 00'eMi
creiiceproro mapy n-GaAs Ta mapy n'-Alg3Gag;As. 3aBAfSKH 1[LOMY MOKHA
OTPUMYBATH 3apsA0B1 peslakcaliiiHi XxapaKTepUCTHKH BKazanux mapis MJII'C.

Jns cnektpiB Q-DLTS-AQ(At), orpumanux 3 noganusm Ha MJII'C 36arauy-
ounx iMnynbsciB Hanpyru U > 0,5 B, xapakTepHUM € HasiBHICTH Mika A, 3yMOBIIe-
HOTO MI/IBUIIIEHHSAM CIEKTPAIBHOI T'YCTHHH MACTOK 3 €HEPri€r0 Mo0In3y CepearnHu
3aboponenoi 300U GaAs (AE4 = 0,7 eB). SIk moka3anu po3paxyHKH, MPOBEICHI Ha
OCHOB1 OTpuMaHuX crnekTpiB AQ(At) 3a IeKUIbKOX 3HaYEHb TEMIIEPATYpPH, LeH MK
MO>KHA THTEPIPETYBATH Mepe3aps/HKaHHAM JUCKPETHOTO PIBHS JOHOPHHUX MACTOK
3 eHepriero aktuBallii AE, = 0,69 eB Ta nepepizoM 3aXOTUICHHS Gyp = 10" em

Puc. 13.11, B nemoHcTpye pizHuineBi cnektpu AQ'(At), oTpumaHi 3a yMOB
30arauenns (U <0), ta AQ,'(At) — 3a ymoB 36imaenns (U >0), a puc. 13.12 —
3HalJeHl 3 BUKOPUCTAaHHAM IHMX cHEKTpiB 3anexkHocTi AQ.'(U), 1 AQ.n'(U),
At,'(U) Ta Aty,'(U). 31 30inbmennsm Hanpyru U, nomanoi na MJII'C B npsimomy
HanpsMi, 10 = -0,3 B monoxxenns Mmakcumymy mika A B criektpax AQ(At) mpakTuy-
HO He 3MiHI€eThes, oaHak npu U =-0,3 B B crektpi AQ'(At) (BiamiueHOMy *)
NOSIBIIIETHCSL HOBHI K, SIKM MOYKHA PO3TJSAATH CYTTEBUM BHECKOM Y CHEKTP
JUTSl BITHOCHO BEJIMKUX 3Ha4eHb U 1 MacTOK 3 €HEpric€r0 aKTHBAIlii MEHIIOK, HIXK
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A AQ(U), x102Kn A AQ, ,(U), x10"Kn

201
154
104
5 +
704 02 0 02 o4
At (U), ¢ 6)
g g
107 107
L. g t 'U’E L. g t 'U’E

04 02 0 02 04 04 -02 0 02 04

Puc. 13.12. ExciepuMeHTaabHI 3aJIe)KHOCTI IS CTPYKTYpH, 300pakeHOi Ha
puc. 13.10,6: a) AQ,n(U) (U<0); 6)At,(U) (U<0); B)AQ:x»'(U) (U>0);
r) Aty (U) (U > 0). Temmepatypa peectpyBanHs ycix crekTpiB 350 K

EHEepris akKTUBAIIil MaCTOK, SIKi BUIMOBIAAIOTH MKy A.

Lleit noBuit mik mnepeBaxae y crektpax AQ'(At) 3a ymoBu U <-0,3 B,
3pOCTaroy Ta 3MINTyIOYUCh 31 30UtbmeHHsM U B Oik MeHIIUX 3HadeHb At. Taka
NOBEJIHKa MOXe OyTh MoB'i3aHa, SK OyJ0 3a3HAYCHO BHUIIE, 3 HASBHICTIO
U-nionibHoro HenepepBHOro crnekrpa [IC Ta 30UIbIICHHSIM BHECKY IIUX CTaHIB y
BumiptoBanuii cnektp AQ'(At). IloBeminka cnektpanbHux KpuBuX AQ.'(AT) mpwm
U > 0 € TNOBOIO JJ1s1 CTPYKTYP, B AKUX MepeBaxkae nepe3apsmxanns [1C.

Takum UYWHOM, EHEPTreTHYHWN CIEKTP MACTOK Y JOCIIPKYBaHOMY 00'eMi
MIJIT'C moxHa nogatu y Bursiai cymu U-nonidHoro HenepepHoro cuektpy [1C
(puc. 13.12, a, B), BHECOK SIKMX 300pakeHH I MyHKTUPHOIO JIiHI€0, 1 criekTpa [1C 31
3pOCTal0UOI0 TYCTHHOIO MOOJIN3Y cepenHH 3a00pOHEHOT 30HU B CIIEHCEPHOMY N-
GaAs-mapi (mTpux-myHKTApHA JiHIA). [3 3amexsHocTi Aty,(U) (puc. 13.12, 6)
TaKOX BUXOAUTH, 110 noxigHa d(At,)/dU > 0 nns Bcix 3HayeHb U, 110 XapakTepHO
s TIC. OmHowacHO B Mexax 00'emy 3 migBumieHoto ryctuHoro [IC BennumHa
d(Aty,)/dU nemio 3MEHIIYEThCS, BIJMOBITHO 3MEHIIYEThCS BIUIUB HAIPYTU
3MIIIEHHSI Ha eHepreTuuHe mnosioxkeHHs piBHA Pepmi Eg. Takuii edext mMoxkHa
PO3TIISAATH SIK YacTKOBUH miHiHT piBHA Depmi Ha Mexi Ni-n-GaAs i fioro MmoxkHa
OTHCATH 3aJICIKHICTIO:

Ry AE U1 d Aty (U)
dU At (U) dUu
3 ekctpemymoMm mnpu AE = AEg, = 0,07 eB, sxuii 30ira€ctbCsi 3 MaKCHMyMOM

(13.65)
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ryctunu 1IC. Tomy oueBUAHO, 10 3 MOCHJIGHHAM MIHIHTY piBHS DepMmi moxigHa
d(Aty,)/dU 3MeHITyBaTUMETBCSA, a Y Pa3i MOBHOTO 3aXOIUICHHS Oy/ie PIBHOIO HYIIIO.

Jnsa  mocnmipkeHHST TETepOCTPYKTYp 13 O-nmeroBaHuM 1mapom  Alg3Gag7As
(puc. 13.10,B) 10 miapy 3 aHOMaJIbHO BHCOKOK KOHIICHTPAIIIED BUIBHUX
eNeKTpoHiB (opMyBaBcs oMiuHMN In-koHTakT, a Takok Ni-konrtakt ILloTTKi MO
cnelicepHoro mapy n-GaAs. AHaJIOTIYHO, SIK 1 JIsE CTPYKTYP 3 130TI0K0UHUM IIIapOM
Aly3Gag7As (puc. 13.10, a), B cnektpax AQ(At), (U > -0,5 B, pexxum 36araueHHs)
cnocrepiranoce 2 miku: A Ta B. Amnami3 pesynbrariB BuMiproBaHb AQ(At) s
JEKUTBKOX TEMIIepaTyp IOKa3aB, MO0 IMIKK MOXYTh OyTH 3yMOBIIEHI Iepe3apsii-
KaHHSAM JBOX THMIB macTok 3 mapameTpamu AE, = 0,68 eB, 0,4 = 10" em? i
AEg= 0,27 eB, o~ 1,25-10‘18 cm’. B pisauneBux crektpax Q-DLTS Takox
CITOCTEPITAIMCH 0OM/IBA TTIKH.

[TonoxxeHHs ¥ aMIUIITYy1a TIiKa A MPAaKTAYHO HE 3ajexania Bijx Hanpyru U, 1o
MOJKHA TIOSICHUTH PO3MIIICHHSIM BiJNOBITATBbHUX 3a HOTO (OpPMYBaHHS IMAacTOK B
130;1b0BaHOMY 00'eMi Aly3Gag7As. B Toit xe vac 3mina Hanpyru U mpusBoauia 10
CHWJIBHUX 3MIH aMILTITYIU Ta ToJioxeHHs Iika B. YV pasi 3menmends U amiutityaa
nika B 3pocrtae (puc. 13.13), mo cBiZYUTh MPO JIOKATI3aIII0 BIAMOBIAAIBHUX 3a
HOro mosiBy MmacTok moOmm3y abo Ha TOBEPXHI CTPYKTypH. 3 IHIIOTO OOKY,
MO/TaHHS 3BOPOTHOI HAMPYTH MIPU3BOJIUTH 10 3MEHIIICHHSI €HEPT1l aKTHUBAITii MaCTKH
B, a me i 30umbmenns, mo xapakrepHe musi [IC. Kpim Toro, moxigHa
d(Aty,)/dU < 0. Taky aHOMaJIbHY TIOBEIIHKY ITiKa MOKHA MOSICHUTH, SIKIIO MIPHUITYC-
TUTH, 10 B 3axucHoMy miapi n-GaAs Ha Mexi 3 i-Aly3Gag7As popMyeTbes 1BOBU-
MipHa noTeHuianbHa siMa (I151) s enexkTpoHiB, sika BUKOHYE POJIb MACTKH M1 4ac
penaxcariitoi cnekrpockonii crpykrypu (puc. 13.14). Ii enepris axrusanii, sxa
BU3HavaeTheA 13 cnekrpa Q-DLTS, cranoButume AE, = AE. - E|, ne AE. — po3pus
30HH nmpoBignocTi, E; = (h%/ 87t~m"‘)1/2'(91t'q'F/8)2/3 — HepIIni pIBEHb KBAHTOBOI IMU

A (AQ, AQ,), x10™Kn A (AQn', AQq ), X101 K
601
601
401 0)
501
201
40T '— + + + :U’B
04 -02 0 02 04
301
(Atm: ATm),C
201 107! B)
101 1073 \
U,B
—/ A } i > o 1 1 1 1 >
104 1073 (At, A1), ¢ -04 02 0 02 04

Puc. 13.13. a) Pizuunesi cnextpu AQ(At) Ta AQ'(At) cTpykTypH, mogaHoi Ha
puc. 13.10,8 (T=400K, |AU|=0,1 B); 0)cnextpu AQ,'(U) (U<0) Ta
AQ.'(U) (U > 0); B) 3asexHicTb Aty(U) (U < 0) Ta Aty(U) (U > 0)
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(puc. 13.14, a, 6), F — Hanpy>keHICTh €IEKTPUYHOTO TOJISl HA TeTePONePeXoii.

I3 puc. 13.14 Bugno, mo E,, a BignoBinuo i AE,, € ¢ynkuiero nanpyru U,
npuaomMy 3BopotHa Hampyra U 3menmye eneprito aktuBamii AE, (mpomec 1),
ockuibku 3poctae F 1 BignmosinHo E;. ¥V pasi npsamoi nanpyru 3mimieHHs E;— 0, a
€HEeprisg aKTHBallii cArae CBOTO MaKCHUMaJIbHOT'O 3HAYCHHS 10 TUX IIp, TMOKHU
nmporec 2 (mepexia eneKTpoHiB y Oik mertany Ni) € He3HayHUM. TomMy MOKHa
3po0OUTH BUCHOBOK, 10 3HaijeHe 13 crekTpiB Q-DLTS makcumaiibHe 3HAYCHHS
eHeprii akTuBamii AN MAcCTOK, fAKi (OpMyIOTh MK B, piBHe po3pHBY 30HH
npoBigHOCTI AE..

0)

In

. Ep
1-A10,3Ga077As /}

Puc. 13.14. Jliarpama 30H1 TIpOBiJI-
HOCTI YaCTHMHH TeTePOCTPYKTYpPH,
nojanoi Ha puc. 13.10, B, 10 sKoi
npukiaaeHo "Hanpyry U: a) U =0;
6)U<0;B)U>0

Nl n-GaAs i-A10,3GaO’7As

Ha BimMiHy Bim cuTyamii Ha Mexi n-GaAs-n+-A10,3Gao,7As B MJII'C
eHepreTHuHUN Oap'ep anms enekTpoHiB Ha Mexi n-GaAs-i-Aly);Gag;As He €
TYHEJIBHO MPO30PUM IPAKTHUYHO JJIsl BCIX 3HAYEHb €HEPIrii €JIEKTPOHA, MEHIIMX
Oap'epa, a IMOBIPHICTh TEPMOIIOILOBOI Ta MOJILOBOI €MICil MPAKTUYHO PIBHA HYIIIO.
Takum umHOM, ciektpu Q-DLTS MoxyTh OyTH BHKOPHCTaHI ISl JTOCHIKCHHS
OaraTolIapoBUX TE€TEPOCTPYKTYp (HAAIPAaTOK) 3 METOI0 BU3HAYEHHS MapaMeETpiB
KBaHTOBHUX SIM, 30KpeMa BHCOTH NOTEHIIAJILHOTO Oap'epa Ha reTeporepexol
(rmuburm 115). Bmacae tomy metonm Q-DLTS mo3Bosisie OinbIni MOMXKITHUBOCTI
nociimkens sk MOH-cTpykTyp, Tak 1 reTrepocTpykTyp, Hixk MeToa C-DLTS.

[lincymoByrOUH 11€¥ pO3]ILT CII1/I OKPEMO JOAATH, 1O JAOCTIKEHHS METOJaMu
emuicHoi Ta 3apsnmoBoi DLTS we mnorpeOyroTe mopororo oOnajHaHHA 1 3a
JIOTIOMOT0I0 CYYacCHUX KOMH'FOTEPU30BAHMX BUMIPIOBAJBLHUX IMPHUCTPOIB MOXKYTh
OyTH peai3oBaHl MPAKTUYHO Yy KOXKHIM HaykoBii saboparopii. Ille opniero
NIEpEeBaror MUX METOJIIB € iXHIM HepYHHIBHUI XapakTep, TOJI SK 10 HEIOJIKIB —
noTpeba y crnemiaibHOMY B3ipii — miomi uu cTpyktypi IIOTTKI Ta CKIAgHICTH
IHTEpHpeTalii CHeKTPiB Yy BUMNAAKY 3HAYHOI KUIBKOCTI TJIMOOKUX PIBHIB, IO
BIJIMTOBIAAIOTH PI3HUM 3apsIOBUM CTaHAM ITACTOK.
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