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1 JABOPATOPHA POBOTA Ne 1
"HOCJIIKEHHA ITPAMOI I'VIKA
BOJIBT-AMIIEPHOI XAPAKTEPUCTHUKHU AJIOJA"

MeTowo poOOTH €: JOCHTIUKCHHS CKCIICPUMEHTAIBHO OTPHUMAaHOI
MPSIMOT TUTKH BOJBT-aMIiepHOI Xapakrepuctuku (BAX) repmanieBoro mio-
Jla, BA3HAYCHHS CTPYMY HACHUYCHHSI.

1.1 TeopeTn4Hi BinomocTi
1.1.1 Knacudikauisi eJIeKTPOHHO-TipKOBUX MepPexoIiB

[MpuHun poGOTH OIMBIIOCTI CyYyacHUX HAIiBIPOBIIHUKOBHUX MpHUIIa-
JIiB OCHOBaHUI Ha BUKOPHCTaHHI BJIACTUBOCTEH p-N mepexony. EnekTpon-
HO-ZIPKOBHHU Tlepexix — Iie MepexiAHuiA Iap MK HamiBIIPOBITHUKAMHA p- 1
n- TUMYy.

EnextpoHHo-IipKOBi mepexoau Kinacu(}ikyloTh 3a Pi3HUMH O3HAKa-
MU. 3a TEOMETPUIHAMH O3HAKaMH PO3PI3HSAIOTH ILIONINHHI 1 chepudHi p-n
nepexoau. SIKmo po3mipu chepuaHOTO p-n TIepexoay MOPiBHIHHI 3 Audy-
31HOIO JTOBKHUHOIO HOCIiB 3apsily, HOTO Ha3UBAIOTh MOYKOGUM; SKIIO KOH-
HEHTPAIil JOMIIIOK 10 O0MJIBI CTOPOHH PIBHI — 1€ cuMempuuHull Iepexi,
AKIIO He piBHI — HecumempuyHui. [Ipu BIIMIHHOCTI KOHIIEHTpAIINA TOMi-
IIOK Ha OJMH-IBA MOPSIKY 1 OijibIlle TIEPEXOAN HA3UBAIOTh 0OHOOIMHUMU 1
103HaYaloTh N'-p, p'-n. 3a XapaKTepoM pO3NOJiTy JOMIIIOK p-71 TIEPEXOa1
MiAPO3IUIAIOTE Ha pi3ki — 13 CTYMIHYACTHM PO3IIOAIJIOM JAOMIIIIKOBHX aTo-
MIB 1 n1a6HI — 3 PO3MOJIIJIOM KOHIIEHTpAIlii JOMIIIKOBUX aTOMIiB, III0 OIH-
CYIOTBCSI SIKOIO-HEOY/Ib HENepepBHOI (YHKINi€. Po3moainm JoMiliok y
TaKHX Tepexo/iax mokasadi Ha puc. 1.1.
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a — PO3MOJiN JOMIIIOK Y Pi3KOMY Iepexo/i; O — po3HoAii JOMIIIOK Yy MIaBHOMY Mepexoi

Pucynok 1.1 — Po3nozinu goMimmoxk y p-n nepexoaax



Memanypeitinoto medicero Ha3UBAIOTH TUIOMIUHY, € 3MIHIOETHCS THIT
JIETYI0YOi JOMIIIKH.

1.1.2 PiBHOBaKHUIi CTaH p-n MEPEXOTY

Cran p-n mepexofy Ha3HWBAIOTh PIGHOBAJNCHUM, SIKIIO O HBOTO HE
NpUKJIaJeHa 30BHIIIHS Hampyra. Y piBHOBOKHOMY CTaHi p-n TEpexoly 3a
HAsSBHOCTI I'Pajli€HTa KOHIEHTPAIIi]l 3 HAIliBIPOBIIHIKA N-TUITY B HAIIBIIPO-
BITHHUK p-TUNY AU(QYHOYIOTh €JIEKTPOHH, a Y 3BOPOTHOMY HAIPAMi — JIiPKH.
[Ticns Bigxomy eJEeKTPOHIB 3 Tiel 4acTHHU N-06JacTi, sika Oe3mocepeIHbo
MIPUMHKAE IO METaIypriiHOI TPaHMIli, B Hil 3aJIUIIAIOTHCS TIO3UTUBHI 10HU
MIOHOPHOT HoMitku. [ipku, axi audyHAyIOTE 3 p- B N-007aCTh, 3aHINAI0TH
OiNisl MeTamypriiHOi rpaHuUIll HETaTHBHI 10HW aKUENTOpHOI momimku. Ta-
KHM YAHOM, B pe3ynbTaTi qudys3ii HOCIIB B 001aCTAX, MO MPUMHKAIOTH 10
TPaHUIll TOJLTY, YTBOPIOIOTHCS MPOCTOPOBI 3apsiau 10HIB HOMImKw (puc.
1.2, 6), mo He komrieHCYOThes. Le 1 € p-n nepexin. Ockiibku 00JIACTh Tie-
pexony 30iIHEHa OCHOBHUMHE HOCISIMU 3apsily, BOHa Matume Habarato Oi-
JBIIAN OTTip, HIXK eNEKTPOHEHTpaNbHI p- 1 n-mmapu. ToMy p-n mepexi 4acTo
Ha3UBAIOTh 36i0HeHumM wiapom. [103UTHBHMN 1 HEraTUBHUHN 3apsiid B CyMi-
JKHUX IIapax OJHAKOBi, B I[JIOMY MEpeXiJ eJeKTPOHEHTpanbHUl (pHC.
1.2, B), ToMy B HECUMETPUYHUX TepexoAax 00acTi, 3aiiMaHi MPOCTOPOBU-
MU 3apsamMu, Pi3Hi: B MIapi 3 MEHIIOK KOHIIEHTPAIIEI0 JTOMIIIKH ITUPUHA
00J1acTi MPOCTOPOBOIrO 3apsiAy Olibla, TOOTO HECUMETPUYHHH IMepexis
PO3TaIIOBaHUI IEPEBAKHO Y BUCOKOOMHOMY IIapi.

Mix pi3HOWMEHHUMH 3apsgamMH B p- 1 n- 00JacTsIx BUHUKAE AUPY-
3iliHE ToJie, M0 MEepPeIIKopKae moAaiblIiil Audy3ii OCHOBHUX HOCIiB 3apsi-
Iy depe3 mepexia. BcraHoBimoeTbes piBHOBaXHHMH cTaH. Mix p- i n-
o0nacTsMHu TPy IbOMY iCHY€E Pi3HUIII TOTEHITiaB, Ky HA3UBalOTh KOHMA-
KMHOI PIZHUYEI0 NOMEHYIAIE.

30HHY aiarpamy p-N Mepexojy B PIBHOBAXXHOMY CTaHI MOKa3aHO Ha
puc. 1.2, e. EHepreTuuHi piBHi B p- 1 N-001acTAX 3CYHYTI Ha BEJIMYHMHY, SKa
JOpiBHIOE pi3HMLI piBHIB DepMi B IMX 001acTAX 32 BiACYTHOCTI KOHTAKTY.

1.1.3 IIpsimMe 3MileHHs p-N epexoay

Sxmo mogatu Ha p-N mepexij npsMe 3MIMIEHHs, 30BHIIIHE eNeKTPH-
YHE 1oJie OyAe MPOTHIIEKHOTO HANpsAMY 10 IU(Y3iHHOTrO MOJIs, a MOTEeHL -
anpHM Oap'ep Ha mepexoni 3MeHmuThes (puc. 1.3, a). B pesynbrati uepes
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a — PO3MO/LN KOHIEHTPALT JOMIIIOK; 6 — PO3IiICHHS 3apsIiB | BUHUKHEHHS
EJISKTPUYHOTO MOJIST; B — PO3MO/LI T'YCTHHH 00'€MHOT0 3apsiy; I' — PO3IOIi KOHIICHTpALIi{
HOCI{B 3apsity; 1 — pO3MOALT HANPYKEHOCTI 10JIsl; € — 30HHA Jiarpama

Pucynok 1.2 — Po3nonisii pisHUX THIIB y CTYNIHYaCTOMY p-7 TIEpeXoJii i 30HHa aia-
rpama p-N Iepexoy B piBHOBXKHOMY CTaHi



p-N mepexia mpoXoauTUMYTh MUQY3iiHI CTPyMH, 3yMOBIEHI MEPEMIIIeH-
HSM €JIeKTPOHIB 3 N- o0macTi B p- 00JacTh 1 AIpOK y MPOTHIIEKHOMY Ha-
npsimi. BinOyBaeThcst mporiec BBeACHHS (iHoicexkyis) HOCIIB 3apsmy B 00-
JIaCTh, JI¢ BOHU CTAIOTh HEOCHOBHHUMU.

E E W )

9(Px-Unp)

10*

a — IpsAMe 3MIIIeHHS p-# TIepexoy; O — 3BOPOTHE 3MILIICHHS p-71 TIEPEXOTY

Pucynok 1.3 — Eneprerndna niarpama p-n nepexofy 1 po3nois KOHIEHTpalii HoCi-

1B IIpH IOZaBaHHI Ha MEPeXiJ MPSIMOTO i 3BOPOTHOTO 3MIIIEHHS
3MEHIIEHHSI BHCOTH NOTEHLIANBHOrO Oap'epa MEpexoay BHUKIMKAE
3MEHIIIEHHS HAIIPYKEHOCTI pe3ynbTytodoro noist € . [llupuna p-n nepexo-
Iy 13 3pOCTaHHSM MPSIMOT HANIPYTH IIBUAKO 3MEHIIYETHCS, 1 IPU PIBHOCTI
IPsAMOI HaIpPyIr'W 1 KOHTAKTHOI P13HMIN MOTEHL1aTy (Unp =@, ) 30i1HeHa

obnacte mepexoxy 3HuKae. Komm Unp > (@, , HaJUIMIIOK 30BHIIIHBOI Ha-

Npyry nagae Ha 00'eMHOMY OTOPi HaMiBIIPOBIJHUKOBOI'O MaTepiaty.

[Mix BruMBOM iHXKEKIii MOOIHM3Y TPaHMIls 3allipHOTO Mapy BHHUKA-
I0Th HEPIBHOB@)XHI KOHIIGHTpAIli HEOCHOBHMX HOCIIB 3apsny (puc. 1.3, a,
1.4, a). 1o mipi nmpocyBanHsl yriaub objacTeld HEpIBHOBaXKHI HOCIT 3apsity
PEKOMOIHYIOTh 3 OCHOBHUMH HOCissMu. Ha BificTaHi JeKiIbKOX AU(PY3IHHUX



JIOBKHH Bil METAypTiifHOI TPAaHUIll KOHIIEHTpAIlisl HEPIBHOBAKHUX HOCIIB
B 000X 00J7aCTAX 3MEHIITY€ETHCS 10 HYIISL.

Posmonin  HagMmipHOI KOHIEHTpAIlil EIeKTPOHIB B  n—00JacTi
(puc. 1.4, a)

An, (x)=An,_exp(x/L,), (1.2)

Koopamrara X mpuitHATa piBHOIO HYINIIO Ha MEXax p-n MEPexofmy i
HelTpanpHux oOnacredl kpuctama. Y ¢opmyni (1.1) koopmuHara X
BiJI’€MHA, OCKUIBKH HAIPSIM OCI X TPHHHATHHA MPOTHIICKHUM.

|
I
p-wap |
|
|

[
(=)

a — TIIpH [IPAMOMY 3MIllIeHH]; O — IPH 3BOPOTHOMY 3MillIEHHI
Pucynok 1.4 — Po3nozin HaaMipHOi KOHIIEHTpallii HepiBHOBAKHUX HOCIIB 3apsmy

AHaIori4HO B p-00acTi
Ap, (x)=Ap, zpexp(—x/Lp ) :

KonuenTpartiii HEOCHOBHUX HOCIiB Ha TPaHUISX MEPEXOAY 3aJIeKATh
BiJl HANIPYTH, IPUKIIAJIEHOT IO TIEPEXOJIy:

n,., =N, exp(U/e,); 12
pn 2p = pnO eXp(U /(PT)
Yum Oinbmia wHanpyra U, TuM Oinbliie BCEpeAMHI 3allipHOTO Iapy

3'SIBJIIETHCS HATUIIIKOBUX HOCIIB 3apsaay. [lpu moctaTHhO Benukiid Hampys3i
KOHIICHTpAIll Ha/UIMIIKOBUX EJICKTPOHIB 1 IIPOK CTAlOTh IOPIBHAHUMH 3
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KOHIICHTPAIiSIMA OCHOBHHX HOCITB 3apsy, 0 IPU3BOIUTH 10 3MEHIIICHHS
OTIOPY 3aIiPHOTO Mapy.

SKmo mepexin HeCUMETPUYHHIA, TO HEPiBHOBaYKHA KOHLIEHTPALIisS HO-
CiiB 3apsdy, 1HKCKTOBAaHMX Yy BHCOKOOMHHMH IIap, 3Ha4YHO Oijiblia, HiX
KOHIIEHTpAIlisl HOCIiB 3apsqy, IHKEKTOBAHUX y HU3bKOOMHHI map. Tobto
IHXKEKI[ii B HECHMETPHUYHOMY TMEPEeXO0Jli HOCHUTh OJHOOIYHHHA XapakTep.
ToMy map 3 MEHIIUM MHUTOMHUM OIMOPOM, 3BIIKH MEPEBAXHO 1HKEKTYIOThH
HOCI{ 3apsATy, HA3UBAETHCS emimepom, a map 3 OUIBIIIM THTOMUAM OTIOPOM,
B SIKMI IEPEBAYKHO IHKEKTYIOTh HEOCHOBHI IS HHOTO HOCI1, — 6a3010.

1.1.4 3BopoTHe 3MillleHHS p-H TIEPEXOTY

3MillleHHsT TIepeX0ly Y 3BOPOTHOMY HANpsIMi BUKJIHMKAE 301JIbIICHHS
HANPYKEHOCTi €NEKTPUYHOTO IO YCepearHi 00IacTi 00'eMHOTO 3apsiay,
OCKUTBKH TIONE, IO CTBOPIOETHCS 30BHIMIHIM JHKEPEIIOM, TOJAETHCS 0 ic-
Hyto4oro nudysiiiHoro nons. [Ipu oMy BHcOTa MOTEHIIAIBHOTO Oap'epa
JUIL OCHOBHUX HOCIiB 30ibmIyeTsest (puc. 1.3, 6). s HEOCHOBHUX HOCIiB
MOTEHIiabHAN Oap'ep y p-n mepexomni BincyTHid. HeocHoBHI HOCIT BTATY-
I0TBCSI TIOJIEM B p-1 TIEPEXiJ 1 MPOXOATh Yepe3 HbOTO B CYCIJTHIO 001acTh.
BinOyBaeThcs poriec BBEACHHS HOCIIB 3apsy B 00J1acTh, /e BOHH CTalOTh
OCHOBHHMH, 1Ie# MPOIIEC HABUBAETHCS eKCHMPAKYICIO.

KonnenTpariiss HEOCHOBHUX HOCIIB OIS TpaHUIb MTEPEXOAY TIPH IO~
My 3MeHInyerbes (puc. 1.3, 0 ta puc. 1.4, 0). MakcumalibHe BiJIXHJICHHS
BiJl pIBHOB&)XHOI KOHIICHTpaIlii BiIOYBa€ThCsl Ha TPAHUIAX MEpexoay. 3
BUJIAJICHHSIM BiJl TpaHUIlb 3017HEHOT 001acTi HA BiJICTaHb JEKUIBKOX audy-
31MHUX JIOBKUH KOHIICHTpAIlisl HAOJIMKAETHCS JI0 PIBHOBAXKHOT.

OcCKiJIbKM HEOCHOBHHUX HOCIIB 3aBXIH JyXe Majio (Ma€e MICIe CITiB-

BiZHOMIEHHs NP =N’), TO i 3BOPOTHi CTPYMH MAIOTh y’Ke Majli 3HAYEHHS.

1.1.5 BoabT-amMnepHa XapakTepUCTHKA p-n nepexoay. MeToauka
BHU3HAYeHHS CTPYMY HaCMYeHHA

Hetansuuit ananiz BAX p-n nepexojiB — cCkjiaJHe 3aBJaHHS. 3a3BH-
Yail po3IIIAAA0Th 1€aIbHUN p-n NEPEXijl, HEXTYIOUM IPU LIbOMY HaiHHAM
Halpyrd Ha HEHTpalbHUX 00JACTAX KPUCTala i HE BPaXOBYIOUU SIBUIL HA
HOBEpPXHI KpHCTajla, BBAXKAIOYH, 110 TOBIIMHA 3aIlipHOTO HIapy Ay’Ke Maja
(Ipy IbOMY HE BPaxOBYIOThLCS SIBHIIA, IO BiIOYBAIOThCS B CAMOMY Iiepe-
xozi), a piBeHb iHKeKIil HU3bKUil: & =Ap, /N, <1 (ue 103BONsE BBAXKATH
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HaJAMIpHY KOHIIEHTpAIil0 HEBEIWKOI 1 BPaxOBYBaTH TiNbKH AUDY3IHHY
CKIIQJIOBY CTPYyMY).
HanmipHi KOHIIEHTpAaIlil HEOCHOBHHUX HOCIiB Ha TPAHUIAX MEPEXOAY

3Hainemo, BifmimMaroun 3 n, . ta P, (1.2) BiANOBiAHO piBHOBaXHI KOH-

LEHTpaIii N, Ta P!

u u
An, = np{e‘f’T —1}; Ap,., = pno[e‘PT —1} (1.3)

BBaxkaemo, 10 Ha Mexax NEpexojy HANPYXKEHICTh MO AOPIBHIOE
HYIIO 1, OTKe, cTpyM Mae mudysiiny mpupoxy. ['yerurHy audy3iiHAX
CTpYMIB, 3yMOBJICHHX TEPEMIIICHHSAM EJIEKTPOHIB i IPOK, BU3HAYAIOTH 3a
BUpa3aMu

i, =aD,grad(an,) =D, 2%,
dx a(en) (1.4)
Jpou pougp = 9D, 9rad(ap,) =-aD, ==

Hudepentitoemo Bupasu (1.1)

d(An,) _ An, ., eX/L“'

dx L,
d(Ap,) _ AP, e_X/Lp (1.5)
dx L '

p

[Mincrasmsroun Bupasu (1.3) i (1.5) B (1.4) 3 ypaxyBaHHAM TOTO, IIIO
X =0 Ha rpaHuI Mepexoay, OTPUMYEMO TYCTHHU TU(Y3iHHAX CTPyMiB
. qb, u/
Jn()m]) = L npO (e (pT

n

cI

-1);

Ulg,

~1).

Jp oup — n0

IloBHa rycTtuHa CTpyMy depe3 p-n MEpexin AOPIBHIOE CyMi T'YyCTHUH
CTPYMIB €JIEKTPOHIB 1 JIIpOK y Oyab-sikoMy Tiepepisi gioaa. [lincymoByroun
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BEIMYMHH ], ,,, T2 jp oup» TIOMHOXKHMBIIM iX CyMy Ha IUIOLLY I€PEXOLy,
OTPUMYEMO MaTeMaTHYHUI Bupa3 BAX ixzeanpHOTO p-# mepexomry
U/
=1 -1), (1.6)
JIe CTPYM HaCHYCHHS
— anS qDPS

S L npO + L pnO'

n p

BonpT-ammnepHi XxapaKTepUCTHKN pealbHUX MiOAIB BiAPI3HAIOTHCS Bif
ineanizoBanoi BAX. Aune, ockinbku (opmyia (1.6) mpocTa i Hao4Ha, MPH
aHaJi3i i po3paxyHKy HamiBIpOBiTHUKOBUX mpuiaaiB Ta IMC Hero 3aBxan
KOPHCTYIOTBCS, aje MPH IIbOMY BBOJSATH IMOMPABOYHHNA KOe(IIli€eHT M B
3HAMEHHHK apryMEHTYy €KCIIOHEHTH.

Ockinpkn BAX repMaHi€BOr0 TOYKOBOTO Ai0fa HAHOUTBII OIM3BKA
J0 ineanizoBaHoi, TO, BHKOpPHUCTOBYOUW Bupas (1.6) mma ommcy BAX,
OTPUMAaHOI B pe3yJbTaTi eKCIIEPUMEHTY, 3HAXOAUMO CTPYM HACHYCHHS.

bes BpaxoByBanHs oguHuI y Bupasi (1.6) MoxHa 3ammcaTi

11, =e97® In@i/1)=In1=In1. U /e,

S

Toni mpu U =0 maemo Inl =Inl To6ro nobyaysasum orpumany
EKCIIEpUMEHTANIbHY XapaKTepUCTUKY B HAIMiBIOTapU(PMIYHIX KOOPIUHATAX
Inl=f (U) 1 TIPOJIOBYKUBIIIM 3aJISKHICTh 10 TIEPETUHY 3 BICCIO OPJMHAT,

MOKHa 3HAfTH 3 JOCTATHIM CTYNEHEM TOYHOCTI CTpyM HacudeHHs |,

KW JIOPIBHIOBATHME BEJTMYMHI BiJIPi3Ky, 110 BiZICIKAETHCS HA OCI.

1.2 Cxema eJieKTpHYHA YCTAHOBKH [1Jis 3HATTA BAX niona

Cxema, 3a gonoMororo skoi 3HimaeTbesi BAX miona, 300paxkena Ha
puc. 1.5.

B sikocTi mxepena 3MiHHOT HAPYTH BUKOPUCTOBYIOTh JKEPEIIO JKH-
BieHHss BC—24M 3 moxumBicTiO perymioBaHHs Hampyr Big 0 mo 50B.
106 orpumatu BAX nioga Ha ekpani ocumiiorpada, Ha HOro ropu30HTa-
JIbHI BIIXWIISIOUI TUIACTHHM OJAI0Th HAMPYTY, 10 Majga€ Ha Ji0ji, a Mpo-
NOPIIHHY CTPYMY Yepes3 JIioJl Harpyry, 1o najaae Ha onopi R2=10wm, mo-
JTAIOTh Ha BEPTHKAIIbHI BiJXWISIFOYI IIACTUHHU.
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R1
VD nX
= V4 y"
~ [ R2 ,\/
=

Pucynok 1.5 — Cxema enekTpudHa yCTaHOBKH IS 3HATTS BAX niona

Tun pocnimpkyBanoro mioga — J19. V Takux nmiomax 3a HOpMaJTbHHX
yMOB poOOTH TOCTilHa Hampyra, 3a gaHumu TY, ckiagae He Outbie 1B

npu noctiiiHoMy ctpymi Bix 10 mo 90 MA 3anexxHo Bix Monudikamii miona.
Omnip R1 motpiOHMIA B cxeMi 1uisi OOMEKEHHS HANpPYTH, 110 MOJAETHCS Ha

nioj, 1o Aomyctumoro 3HaueHHs. /s cnoctepexenns BAX ciig Bukopu-
cTaTH ocumiorpad 3 JBOMa BXOJaMH.

1.3 3aBpanns

1.3.1 3uimite BAX nioza.
1.3.2 BwusHaure cTpyM HaCHYEHHS Mi0a.

1.4 llopsinoxk BUKOHAHHS POOOTH

1.4.1 36epith ycraHOBKY Juis 3HATTS BAX mioza.

1.4.2 3amantoiite BAX gioza 3 ekpana ocipuiorpada.

1.4.3 Bigkamniopyiite ocimorpad, sIKmio kamiopatop B ocupuiorpad
He BOyZ0BaHUH.

1.4.4 TloOynyiire BAX nmiona, BijkIanawoyu 1o ocsax (Hi3udHi OJUHH-
1.

1.4.5 BuzHaute CTpyM HacHYEeHHS Ji0]a, BUKOPHCTOBYIOUH IPUBE-
neHy y m.1.1.5 MeToauKy 3HaXOMKEHHS CTPYMY HaCHYEHHS.

1.5 3micT 3BiTY

3BIT MOBUHEH MICTHTH: METY POOOTH; CXEMY €IIEKTPUYHY YCTaHOBKH
st 3ua1Ts BAX mioma (puc. 1.5); pucyHok BAX miona, mo BimmoBimae
300payKeHHIO Ha eKpaHi ocuuiorpada; miHy HOIUIKH 110 0Ci X YCTAaHOBKH Y
BOJIBTAX, IIHY MOJIIKK 1O Oci Y YCTAHOBKH B amIiepax; rpadik mpsimMoi rii-
k1 BAX niona 3 BUkopucTtaHHsIM (pi3sMUHUX OJMHULB; rpadik BKa3aHoI Iij-
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KM y MiBIOTapu(PMIYHUX KOOPAWHATAX; 3HAYEHHS PO3PaxOBaHOTO CTPYMY
HACHYCHHST; BUCHOBKH 32 Pe3yJIbTaTaMu POOOTH.

1.6 KoHTpoJIbHI 3aniMTAHHS

1 IIlo Take eneKTPOHHO-TIPKOBHI mepexin?

2 o Take KOHTaKTHA Pi3HUIII TTOTCHITIATIB?

3 Skuii cTaH p-n Mepexoy Ha3UBAETHCS PIBHOBAYKHUM?

4 o po3ymieThCs i MPSIMO3MILLIEHHM p-#1 IEPeX010M?

5 o po3ymieTses g 00epHEHO3MIIIEHUM p-71 TIEPEXOI0M?

6 SIK 3MIHIOETBCSI LIMPHHA p-1 TIEPEXOY MPH MPHUKIAAEHHI 10 HHOTO

npsaMoi 1 3BOPOTHOT 30BHIIIHBOT HATIPYTH?

7 o Take piBens depmi?

8 Sxe piBusHHA 1 Burisin BAX imeanizoBaHoro p-n nepexomy?

9 o Take iHXeKIig HOCIiB 3apsay?

10 o Take excTpakiiist HOCIiB 3apsry?

11 Hlo Take MeTamypriitHa Mexa?

12 Slkuii BUA MarOTh 30HHI JiarpaMu JipKOBOTO i €JIEKTPOHHOTO Ha-
MiBIPOBIIHUKIB TIPY a0COMIOTHOMY HYJI1 TeMIeparypu?

13 Sxuit BUA 30HHUX JliarpaM BJIACHOTO, €IEKTPOHHOTO, JiPKOBOTO
HamiBrpoBigHuKiB pu T # 0 K ?

14 Illo Take mupuHa 3a00pOHEHOT 30HU?

15 Sk kmacudikyroThCs eNeKTPOHHO-TIPKOBI TIepexoau?

16 Slkwmii map B 1i0/i HA3UBAIOTH EMITEPOM, a KU 6230107

17 Slkwuii 3a BeJIMUUHOO OIip 00acTi nepexoay?

18 3a sKMM 3aKOHOM pPO3MOAUIAIOTHCS HAIMIIKOBI KOHIEHTpAL]
HOCI{B 3apsiay B p- 1 n-001acTax Mpu NpsMOMY 3MIIIeHHI p-n Tie-
pexomy?

19 o Take iAcanbHUit p-n nepexia’?
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2 IABOPATOPHA POBOTA Ne 2
» TOCJILJKEHHSI TEMIIEPATYPHOI 3AJIEXKHOCTI
3BOPOTHOI I'VIKU BAX JIOJA”

Mertoto poOOTH €: TOCTIHKEHHS BIUIUBY TEMIIEPAaTypH Ha 3BOPOTHY
rinky BAX mioma; mpocTexeHHs 3MiHU CTpyMy HACHYCHHS 31 3MIHOIO TeM-
nepaTypy Ha p-n TEpexo/li; BU3HAYEHHs] KOHTAKTHO! Pi3HUII MOTEHITIaTiB
p-n Tiepexo/y Ha OCHOBI OTPUMAaHUX B Pe3yJbTaTi eKCIIEPUMEHTY XapaKTe-
PHUCTHK.

2.1 Teopernuni BizomocTi
2.1.1 MeToanka BU3HAYEHHA KOHTAKTHOI Pi3HULII MOTeHUiaTiB

[Ipu 3BOpoTHOMY BBIMKHEHHI Ji0f]a BUCOTa MOTEHINIadhHOTO Oap'epa
30UTBIIYETHCS, IO TEPEIIKOKAE TIPOXOHKEHHIO Yepe3 p-1 TepeXiJi OCHO-
BHHUX HOCI1B. HEOCHOBHI HOCIT BTATYIOTHCS €ICKTPUYHUM IOJIEM B p-n Tie-
pexin i eKCTparyloTh B cycigHio ob6nacte. IIpu mpoMy depes p-n mepexin
Te4e Mauii 3BOPOTHUHN CTPYM, OCKIJIHbKH KOHIICHTPAIlis HEOCHOBHUX HOCI{B
HEe3HayHa.

KonreHTpailiss HEOCHOBHUX HOCIIB 3apsay OIS MexX p-n mepexomy
3MEHIITY€ThCS, BUHUKAE TPAMIi€HT 1X KOHIEHTpAIlii i, IK HACHIIOK, TU(Y3isd
HEOCHOBHHUX HOCIiB 3apsjy 3 00'eMiB p- 1 n-oOmacreii mioma. HeocHoBHI
HoCIT 3apsiay, o AU YHIIIOI0TE, BUHUKAIOTH B PE3YJIbTATi TEIUIOBOI reHe-
pauii i Ha HeBUNPSIMIISIIOUMX KOHTAKTaX.

3BOPOTHUH CTPYM [i0J1a, TOUMHAIOYH 3 Iy>K€ MAJINX 3HAYEHb 3BOPO-
THOI Hanpyru, He 3MIHIOETHCS MpH 3MiHI Hanpyru. Lleit ctpym Ha3uBaroTh
CTPYMOM HacHUeHHsI Jiona. oro moctiiiHicTh MOXHA TOSCHUTH THM, IIO
3a yac KUTTSA 10 p-# MEPEXOAY MOXKYTh NPoAu(yHIyBaTH TIIbKA HEOCHOB-
Hi HOCI{, 10 BUHHUKIIM Ha BIJICTaHi, sIKa HE MEPEeBUINYE TUQPY3iIHHY TOBKH-
Hy. [HIII HEOCHOBHI HOCI1, HE BCTUTHYBIIN JIHTH JI0 TIepexomry, peKoMOi-
HYIOTB B 00'emi (puc. 2.1).

CtpyM HacHMUYEHHS MOeE 3MIHIOBATHCS TUIBKH ITPH 3MiHI KOHIIEHTpA-
11ii HEOCHOBHUX HOCIiB 3apsdy B p- 1 1-001aCTAX, IO MOXE OyTH BUKIIMKA-
HO TUIBKH 3MiHOIO TemrepaTypu. ToMy cTpyM HacHUEHHsI Ha3MBaIOTh Ta-
KOXX TETJIOBUM CTPYMOM.

Ctpym, 1110 Tede uepe3 p-x nepexil, MOXKHa BUPA3UTH 3aJICKHICTIO
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Pucynok 2.1 — ExcTpaxiisi HOOCHOBHUX HOCIIB 3 MIPHJICTIINX 10 p-1 TIEPEX0oay oda-
cTeil pH pi3Hill 3BOPOTHIN HaNpy3i Ha Tiozl

D n w
——E2cth—L |(e™T —1), (2.1)
p p L, L,
ne D,, Dp — xoedinientn audysii enekTpoHiB i Aipok; L, Lp -

auys3iiiHi TOBXHHU €IEeKTPOHIB 1 AIpoK; P,,, N,, — KOHLEHTpaIii Heoc-

po
HOBHHX HOCIIB B PIBHOBXHOMY CTaHi p-n mepexoay; S — IDIOIIa Mepexo-
oy; W, Wp — TOBIIHUHU N- 1 p-00IacTeil.

ITpn HeratuBHMX 3HaYeHHSX U , Ouipumx 3a 3¢, , ApyTuil CliBMHO-
JKHUK B PIBHSHHI HaOMIKAETHCS 0 MIHYC OAWHHIL 1, OTXKE, Yepe3 p-n Te-

pexia MpoXoAWTHME CTPYM HACHUEHHSI, HE3aJCKHUHN BiJ NMPHUKIAAEHOI Ha-
npyru. Moro Bupas

D,n w
. =Sq DoP cth +——P2 cth—2
L L L

p p n n

CTpyM HacWueHHS 3aJIeKUTh BiJ CITiBBIIHOIIEHHS WL, IIpu
W, > L, ta W, > L moxua Beaxarn cth(W /L)~1, Tomi
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D
_p+& . (2.2)

D pnO n pO =Sqn<2
I‘nnnO

L )

n p Mpo

I3 Bupasy (2.2) Buxoquth, mo ctpyM |, Bu3HauaeThcs enekTpodizn-

YHUMH BJIACTUBOCTSIMH HAMIBIPOBiTHUKA, HA OCHOBI SKOTO BHTOTOBICHHUI
p-n mepexia. Bumpsmiiarodi BIacTHBOCTI p-n MEPEXOAy THUM Kpaili, 9uM
MEHIITUM € CTPYM HACHYCHHSI.

BukopucToByI0UH CIiBBiAHOILICHHS

h — % — e_q(px/(kBT) ,
ppO r]nO
piBHSAHHS (2.2) MOXKHA TIEPETBOPUTH HACTYITHUM YHHOM:

D ppo n n0 q(P /(kT)
L L

p n

Banexnictio koedinientis qudysii D, Ta D, mudysilinux nopxun

L, i L, Bix Temnepatypu MojkHA 3HEXTYBATH; KOHLEHTpALil0 P,, MOXHA

npuitasta piBHoro N, , a konnenrpaunito N, — pisaoto N, . Tomy 3 Benu-

KOI0 MIpOI0 TOYHOCTI MOXHAa NpEACTAaBUTH TEMIIEpaTypHY 3aJeKHICTh
CTpyMy HACHYEHHS y BUTJTISI

1,(T)= lme_q(p*/(kBT). (2.3)

IIpuiimaemo, mo ctpym |, He 3anexuts Bix Temmeparypu. 3011b-
HIEHHS] CTPYMY HACHYEHHS i3 3pOCTaHHSIM TeMIepaTypu ayxe Benuke. Ha-
npuKnaz, juist repmaniesoro gioga mpu | (T, )=1mkA , T, =20°C 3Bopo-
THHUH cTpyM 30ubInyeThes y 430 pasie — g0 0,43MA mpu T =80°C. [lpu
BEJIMKHX TeMIleparypax cTpyM |, 30iibliyeThest HACTIIBKH, IO 10/ BTpa-

Yae npane31aTHICTh.
OTpumaBIIM B pe3ysbTaTi €KCIEPUMEHTY 3HAUYEHHS CTPYyMIB HAacH-
YeHHs J10/1a JUIsl Pi3HUX TeMIepaTyp i BUMIPSIMUBIIN BKa3aHy 3aJIeKHICTh B
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koopauHarax Inl = f (1/T), MOYKHa BU3HAYUTH 4yepe3 TaHTeHC KyTa Ha-
XWIYy OpsAMOi KOHTAKTHY PI3HULIIO TOTEHILIAIB @, .

VY mponoHOBaHiil METOAWIII PO3paXyHKYy KOHTAaKTHOI Pi3HHUII MOTEH-
iaiB He BPaXOBY€EThCS 3alIEKHICTB i1 BiJ Temneparypu. Hacrpasai ¢, i3

3pOCTaHHSIM TeMIIepaTypy 3MeHINyeThes. L{e moB'si3aHo 3 TvM, 1o mpu 30i-
JBIICHH] TeMIiepaTypu piBeHb Depmi SK B p-, Tak i B n-00J1aCTAX Mparae A0
cepenuHu 3a00poHeHOT 30HU. TOMy B pe3ynbTaTi po3paxyHKIB OTPUMYEMO
JISSKY YCepeIHECHY B Jlialla30HI BUMIPIOBAHUX TEMIEpaTyp KOHTAKTHY Pi3-
HUITIO TIOTEHI[ialliB.

2.1.2 BniimB npouneciB reHepanii B p-n nepexoni Ha BAX mgiona

PiBusiaast BAX nepexony (2.1) otpumano 6e3 ypaxyBaHHS MPOLECIB
reHeparlii i pekoMOiHaIil HOCITB 3apsiay B 00J1aCTi IPOCTOPOBOTO 3apsiay.
Take mpumymeHHs CpaBeINBe TUIBKU IS Ty’Ke TOHKUX repexomiB. [
OimpmiocTi peadpbHUX TepexoiiB Bua BAX icTOTHO 3anexaTume Bia IUX
MPOIIECIB.

[Ipu 3BOpOTHOMY 3MillIEHH] p-# TIEPEX0y HOTO 3aIipHuA map 30i1-
HeHHit HocisMu 3apsay (NP < N?) i piBHOBara Mix mporiecamMy TeHepanii i
pexomOiHarii nopymiena. [lepeBaxarounm Oyje mporiec TeHeparii HOCITB
3apsmy.

I'enepartist HOCIiB 3apsy BimOyBaeThCs 4epe3 MACTKH, IO MAalOTh
eHepreTHyHi piBHI mobOnm3y cepeannn 3abopoHeHol 30HU. llacTku 3axor-
JIOIOTH €JICKTPOHU 3 BaJICHTHOT 30HU. JlipKH, 1110 YTBOPIOIOTHCS TIPU IIbOMY
y BaJICHTHIH 30Hi, 3pa3y kK MEPEHOCATHCS MOJIeM Y p-0071acTh. EnekTponu,
IO MOTPANMJIM Y NACTKH, TIOBEPHYTHUCS y BaJCHTHY 30HY HE MOXYTb, OCKi-
JIKYA TaM HEMae JIPOK, 3 AKUMHU BOHU Moru O pexomOinyBatu. [1ig miero
TEIIOBOTO 30y/DKEHHS €IeKTPOHH NepexXoJisiTh B 30HY MPOBIIHOCTI 1 Mif
J€10 30BHIIIHBOTO MOJII MUTTEBO BUBOJAATHCS B 71-00J1aCTh 3 p-1 IEPEXOY.

B pesynbraTi reHepanii nap eneKTpoH — AipKka BUHHKA€E 3BOPOTHHUI
cTpyM reneparii. Lleit ctpym nponopiiiiauii 06'emy 36igHenoro mapy SL
(me L — TOBIIMHA p-n MEpexoy) i MBHIAKOCTI TeHepallii HOCIiB B HLOMY
G=n,/7, ne N, — KOHLEHTpALis HOCIIB, II0 BUHUKAIOTH Yy 30iJHEHOMY
wapi; 7 =7, +7, — CyMapHUi 4ac KUTTS €JIEKTPOHA 1 JIIPKH. 3BIICH CTPYM

TepMoreHeparrii

I =0SLG=0qSLn, /7.
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VY niomax Ha OCHOBI HaIIiBIIPOBIAHHUKIB 3 Majol0 IIMPHUHOIO 3ab0po-
HEHOI0 30HM (N, BEJIMKE) MPH 3BOPOTHOMY 3MIILICHHI II€PEBAXAE CTPYM
HACHYCHHSI, 3 BEJIMKOIO IIUPUHOIO0 — CTPYM TE€pPMOTeHepalii.

CtpyMm TepMoreHepauii 3aleXHuTh BiJ 3BOPOTHOI HAmlpyrH, siKa BU-
3HAYa€ TOBIIMHY p-n Tepexoxy. ToMy B Jiofax, J¢ HEepeBaKAIOUNM €
CTpyM TepMoOTeHepalii, HeMae AUISTHKH MOCTIHHOTO CTPYMY Ha 3BOPOTHIN
rimmi BAX.

SKIo 9ac KUTTA HOCIiB 3apsAy CIIaOKO 3MIHIOETBCS 3 TEMIEpaTy-
pOI0, TO CTPYM TEpMOTEHEpaLlil MaTHME TaKy K TeMIIepaTypHy 3aJIeKHICTb,
mo i N,. 3 Bupasy (2.2) BUAHO, IO CTPYM HACHYEHHs MpONopHiiinuii n’,
TOMY 31 3MiHOIO TEMIIEPaTypH BiH 3MIHIOETHCS MIBHIIE, HIXK CTPYM TEPMO-
reHepartii.

2.2 3aBaaHus

2.2.1 BUKOPHCTOBYIOUM OTPHMAaHi B pe3yJbTaTi eKCIEPUMEHTY 3BO-
potHi rinku BAX miona mpu pi3HHUX Temreparypax, HoOyayihTe TaOIuIlo
3a ¢opmoro 2.1. Ha ocHOBi Tabnwmmi moOymyiTe rpadik 3alexHOCTI

Inl, = f(YT), Busnaure crpym |, , mo mopiBHIOE BenHuHHI BiApPisKy,

SKHUH BifICiKaeThcs rpad)ikoM Ha OCi OPIMHAT, & TAKOXK KOHTAKTHY PI3HUIIIO
HOTEHIIATIB (, p-n NMEpexo.y, AKII0 TaHIeHC KyTa MIX CHPSMIICHOIO 3a-

_do,

B

nexwicrio Nl = (1T) i occro abcume tgar , ne kg — crana Bosb-

[IMaHa.

Tabmus 2.1 — @opma TabnuIi AJIs 3aMUCy Pe3yIbTaTiB BUMIPIOBaHb

T.K I, A YT,K* Inl,

2.2.2 Tlobynyiite B MacmTadi 30HHY Aiarpamy AOCIHiIKYBaHOTO p-71
nepexoay B piBHOB&KHOMY CTaHi.



20

2.3 [opsiok BHUKOHAHHS POOOTH

2.3.1 JIns pociikeHHsT HEOOXiTHO BUOpATH Ii0J, BUTOTOBIICHUH 3
HaITIBIIPOBITHUKA 3 MaJOI0 IMTUPHHOI 3a00pOHEHOI 30HU (Ha-
MPHUKIIA]], TepMaHif0). TiTpKH y TaKUX MiO/AIB BU3HAYAIHHOIO
CKJIaJJOBOIO 3BOPOTHOTO CTpyMY Aiofa Oynie CTpyM HaCHUYCHHS.
3BopoTHi riiku BAX kpeMHi€BUX 1 apceHin-TamieBuX Ai0iB HE
MAroTh UITHKH HACHYCHHS.

2.3.2 3ibpatu ycTaHOBKY AJisi 3HATTS 3BOpoTHOI Trimku BAX nmioga
(cxeMa eJleKTpUYHa YCTAaHOBKH MpHBeieHa Ha puc. 1.5).

2.3.3 300pa3utu 3BopoTHI rinku BAX miona npu pizHUX TemIepary-
pax cepenoBuiia. 3MiHa TeMIEpaTypH CEPEIOBUINA IMITYETHCS
HarpiBaHHsM Jioja B TepMmocTarti. [linBumiyBatu Temmeparypy
CJIiJT 1O BUHUKHEHHS MPOOIHHIX SBUII Y JTIOI.

2.3.4 3pobutn kamiOpyBaHHs ocumiorpada 1mo KOKHOMY 3 BXiJTHUX
KaHaJIiB, SIKIIO KaiiOpaTop B ocumnorpad He BOYJOBaHHIA.

2.3.5 TloOynyBaTu TpadiuHi 3a1eKHOCTI 3BOPOTHUX Tinok BAX mio-
71a TIPU Pi3HUX TEMIepaTypax CepepoBHIIa B A0COTIOTHHX OJIH-
HUISIX.

2.3.6 IoGynysarn rpadiuny sanexwicts Inl = f (YT).

2.3.7 Bukonaru nynkta 2.2.1 12.2.2 3aB1aHHs.

2.4 3micr 3BiTY

3BIiT MOBUHEH MiCTUTH:

— MeTy pobotu;

—  CXEeMYy CJICKTPUYHY YCTAaHOBKH JIJIS 3HATTS 3BOPOTHOI r'iiku BAX
miona (puc. 1.5);

— 300paxkeHHs1 3BOPOTHHX TiIoK BAX niona mpu pi3HHX TemIiepa-
Typax CepeIOBHIIA;

— rpadiku 3ajexHOCTel 3BOpOoTHHUX I'itok BAX mioga npu pi3HHX
TeMIIepaTypax cepeioBHILIa B aOCOMOTHUX OJAWHUIIAX;

— 3amoBHEHY 3a opmoro 2.1 TabauLIo pe3ysbTaTiB eKCIEPUMEHTY;

— sanexsicts Inl = f(YT);
—  BH3HaYCHUH CTPyM ls, | KOHTAKTHY PI3HHIO MOTEHI[ANIB @,

p-n TIepexony;
—  30HHY Jiarpamy JOCHiUKYBaHOTO p-1 MEPEX0y B PIBHOBAKHOMY
CTaHi y Macmraoi;



21

— BHCHOBKH 3a pe3yJIbTaTaMi POOOTH.

2.5 KoHTpO/IbHi 3anUTaHHS

1 SIke siBuIIE Ha3UBa€eTHCA AUDY3i€r0 HOCIIB 3apsay?

2 o Take nudysiiiHa TOBKUHA HOCIIB 3apsmy?

3 Sk 3MiHIOETBCS IUPHHA 3a00POHEHOI 30HW HAIIBIIPOBITHHKIB 31
3MiHOIO TemMmepaTypu?

4 Ski HOCIT 3apsiy 1 HiA €0 9OTO CTBOPIOIOTH 3BOPOTHHH CTPyM
gepe3 p-n nepexin?

5 SIkuit cTpyM Ha3WBaAIOTH CTPYMOM HACHYEHHS Jiona’?

6 Sk pO3pi3HSIOTBCS CTPYMH HACHYCHHS JIBOX p-H TIEPEXO[iB, BUTO-
TOBJICHHX 3 OJJHOTO Marepiaiy, aje 3 Pi3HHM CTYIEHEM JIeTyBaHHS
6azu?

7 Sxum siBuleM 0OYMOBJICHUI CTpyM TepMOTeHepallil p-#n mepexo-
ny?

8 Slke CHiBBITHOIIEHHS MK CTpyMam# TepMOTeHepallii i cTpymamu
HAaCUYCHHS y TepMaHIEBUX 1 KPEMHI€BUX MEePEX0IiB?

9 SIk 3aneKUTh KOHTAKTHA Pi3HMIIS MOTEHIiaIiB Bi TeMIiepaTypu?

10 Yum 3yMOBIIEHO 3pOCTaHHS CTPyMy TE€pPMOTeHepallil mpu 30i71b-
IIEHH] 3BOPOTHOTO 3MILLEHHS p-1 TIepexoy?

11 SIk 3MiHIOETHCS BUCOTA MOTEHIIAILHOTO Oap'epa Mpu 3BOPOTHOMY
3MIILEHHI p-n Tiepexoay?

12 SIx 3MiHIOETBCS BHUCOTA TOTEHIIIAIBHOTO Oap'epa Tpu MpsIMOMY
3MIILIEHHI p-n Tiepexoay?

13 YoMy 3BOpOTHHI CTPYyM IrepMaHi€BOTO J[i0/]a, TOYNHAIOYH 3 JyKe
MaJIMX 3HAY€Hb 3BOPOTHOI HANPYTH, HE 3MIHIOETHCS NMPH 3MiH1
Harpyru?

14 Jlaiite siKicHy OLIHKY 3anexHOCTel KoedinientiB audysii D, Ta
D, , nudysiitnux nosxun L, i L, Bin temnepatypu.

15 Yomy cTpyM HacH4eHHsS 31 3MIHOIO TeMIepaTypu 3MiHIOETHCS
HIBHUJILIE, HIX CTPYM TepMOT€HepaLii?
16 YoMy cTpyM HaCHUEHHS Ha3UBAIOTh TAKOXK TEIUIOBUM CTPYMOM?
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3 IABOPATOPHA POBOTA Ne 3
"BU3HAYEHHSA OITOPY BA3HU AIOJA”

MerToro poboTH €: BUBYEHHSI BITUBY 0a30BOi 00NacTi AioAa Ha mps-
My rinky BAX nioga; Bu3sHaueHHs1 onopy 6a30Boi 00JacTi HamiBIPOBITHU-
KOBOTO J1i0/1a; BU3HAYCHHS M-(hakTopa.

3.1 Teoperuuni BizomocTi

3.1.1 Binminnocri peanbuux BAX nioaiB Bix ineanbuux. SABuina,
MOB'AA3aHi 3 HAABHICTIO 00'€MHOTO0 onOpPYy 0a3u

BonpT-amnepHi XapakTepUCTHKH pEATbHUX TIOJIB MArOTh JIESAKi BiJl-
XWJICHHS BiJ TeopeTuuHuX (puc. 3.1). OCHOBHI NMPUYMHU TaKUX BiIXHUICHB!
HasBHICTh TIOBEPXHEBHUX CTPYMIiB BUTIKaHHs, TeHepalis i pexoMOiHaris
HOCI{B y 301 JHEHOMY II1api; BUCOKHI PiBEHB 1HXKEKIIi{; BILTUB TIOCIiJOBHOTO
onopy. BimMiHHOCTI 0COOIMBO iICTOTHI /IS AiOIB, BUTOTOBJICHUX 3 IIHPO-
KO30HHUX HaIliBIIPOBIIHUKIB.

"np,MA

200

100

a 10
20

I380p, MA

a— BAX igeanbHOro p-n niepexony; 6 — BAX peanbHOro niona

Pucynok 3.1 — BAX mioga
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PosrissHeMo BIIMB HaBeIeHUX HMPUYHH Ha mpsMmy Timky BAX kpem-
HieBOTO Miona. HasBHICTH cTpyMiB BUTIKaHHS MOSICHIOETHCS ICHYBaHHSIM Ha
MOBEPXH1 HaMiBIIPOBIAHUKA iIOHHUX 3apsiB, SKI IHAYKYIOTb 3apsiy B Hali-
BIIPOBIIHUKY, IIO MPHU3BOAUTH A0 YTBOPEHHS MOBEPXHEBUX KaHAiB. Y
KPEMHIEBHUX [1i0/1aX TIOBEPXHEBI CTPYMH BHUTIKAaHHS MEHIII 32 CTPYMH pe-
KoMOiHaii.

VY niomax Ha OCHOBI HAIIBIPOBIJHUKIB 3 BEJIUKOK NIMPUHOKO 3a00-
POHEHOI 30HHU i3-3a BEIWKOiI BHCOTH IOTEHINIATLHOTO Oap'epa mpw Majiux
MPSIMUX HAIPyTax 1HXKEKIis HOCIiB yCKIaaHeHa. ToMy MpsIMEA CTpyM TIpH
MaJslii Hampy3i BH3HauaTHMEThCS peKoMOiHaliiiHuM cTpymMoM. OcHOBHa
YacTHHA HOCIIB HE MOXKE 3/10JIaTH MOTCHIIaIbHUMI Oap'ep mepexoy i moob-
U3y CepeNHU p-n Tepexoay Moxe BinOyBarmces ix pexomOiHamis. Ckia-
JIOBY TIPSIMOTO CTPYMY, MOB'sI3aHy 3 MpoLiecoM pekoMmOiHarii HOCIiB B eJek-
TPOHHO-IIPKOBOMY ME€PEXO0/i, HA3UBAIOTh PEeKOMOIHAIIIMHUM cTpyMoM. [liis
MoiB, y SKMX TOBIIMHA 0a3u Habararo OinbIina AuQy3iiHHOT TOBXKHHA HOCI-
iB 3apsqy, CTpyM pexoMOiHarIii

U
..~ exp(=—).
pex p( 2(PT )

Toni moBHMI CTPYM, IO € CyMOIO CTPYMIB peKOMOiHaIii 1 iHXKeKIIii,

| =~ U
np ~ exp 1

mo,

ae M- M-dakrop (M=2, Km0 IEepeBaXkac pPeKOMOiHAIINHMIA
ctpyM, i M=1, skmo mepeBaxae iHXEKIiHHUA cTpyM). SIKIO 0OMaBa
CTPYMH TIOPiBHSIHHI 32 3HAYSHHSIM, TO 3HaYeHHS M 3HAXOAUTHCA Mixk 11 2.

Ipu HeBenuKiii rycTuni cTpymy(~10 A/cm?) miod IpaIoe B peskuMi
HU3BKOTO PiBHA imxekwii (Ap, < n,,). Maibke Bcsl MpuUKIaJeHa Hampyra
najae Ha p-n nepexoii. KoHIeHTpalis HepiBHOBaXXHUX HOCIiB B N- i p-
o0JacTsax He3HauHa.

Ipu rycruri cTpymy 6mussko 10° A/cm® HepiBHOBakHI Hocil opy-
HIYIOTHh €JIEKTPOHEUTPaIbHICTh p- 1 N- oOmactei. Jipku, Hanpukiaa, npo-
HUKAIOTh B N-00J1aCTh, CTBOPIOIOTH B Hill JIESIKMI TIO3UTHBHUI 3aps], B pe-
3yJIbTaTi 3'IBIAETHCA €IEKTPUYHE TOJIe, IO MPU3BOAUTE A0 PYXY EIEKTpPO-
HIiB BiJl HEBUNIPSMIIIOYOTO KOHTAKTY 10 IPUTPAHUYHOI 00JIACTI epexoy.
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3apsa eNeKTPOHIB MPAKTUYHO ITOBHICTIO KOMIIEHCYE 3apsan Hipok. Y N-
obmacti ToBumHow W, , y siKiif ToBIIMHA 3amipHOi obmacti L, , mpHpo-
IICHHS KOHLICHTpAIlii EeJICKTPOHIB 1 AIpoK MpHONM3HO piBHI (puc. 3.2).
[Ipore HaMIIKOBa KOHIIEHTpAIis OCHOBHHX HOCI{B OUIA p-n mepexomy
JICIIO MCHIIIe HAJJIMIIKOBOI KOHIIEHTpAIlil HEOCHOBHHMX HOCIiiB. B 1pomy
BUMAJAKY NOTPUMYETHCS HE ificalibHA CIICKTPOHEHTpaNbHICTh 0a3u, a Ha-
OmmkeHa abo, SK 11 Ha3UBAIOTh, K8AZIHEUMPATbHICIb.

Pn;nn A

0 W,-£, X

Pucynok 3.2 — Po3noziin KoHIIEHTpallii HEOCHOBHHUX 1 OCHOBHHX HOCITB B 6a3i mioaa
IpH OPAMOMY BBIMKHEHHi Ta I'yCTHHI cTpyMy 6mmssko 10° A/em®

I'yctuHa cTpyMy Benmumuor0 npubmmsso 10* A/cm® mpusBoauTs 10
Jy’k€ BUCOKOTO piBHA imxekuii (Ap, >n,, ). IIpu npomy najaiHHs Hanpyru
Ha TEPeXOJi 31 3pOCTaHHSAM CTPYMY 3MIHIOETBCA cIab0 B MOPIBHSHHI 3i
3MIHOI) OMIYHOI'O TaJiHHS HANpPyrd B 000X 00nacTax aiona. AJle maiHHsS
HaIpyryd Ha 00'eMHOMY OMOpi 0a3u OiIbIle, HIX Ha OIOPI eMiTepa, OCKIiIb-
K1 0a3a JleroBaHa MEHIIIE.

[To6ynoBa BAX B HamiBnorapudmidHoMy mMacmradi Moke JaTH iH-
¢dopmallito BiTHOCHO MEXaHi3MiB MPOTiKaHHs cTpyMmy. He 3aBxxam xapakre-
PHUCTHKA MOXeE CIIIBIIAAATH 3 XapaKTEPUCTUKOIO Ha pHC. 3.3, NesKi AUISTHKH
Ha Hil MOXXyTb OyTH BiacyTHiMU. Hanmpukinan, minsHka, 010 BiANOBiAae pe-
KOMOIHAIIHHOMY CTPYMY, MOKe BiJjpa3y MepeiTH B JUISHKY 3 IepeBakaH-
HAM AUQy31HHOTO CTPyMY.

Omip 0a3u i3 3pocTaHHAM cTpyMy 3MeHuryeTbes. Lle sBume, mo Ha-
3UBAETHCA MOOYAAYi€0 onopy Oasu, BUHUKAE 13-3a 301IBLICHHS! KOHIICHT-
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pariii elekTpoHiB y 6a3i BHACTIIOK TOTPUMAaHHS YMOBH KBa3iHEHTpaIbHOC-
Ti. IIpoBigHicTh 6231 B IEOMY pasi ciIiff po3paxoByBaTH 3a (pOPMyIIO0

& = Qty (Mg + AN(X))

Bkazane sBuie nokparnrye BAX miona npy BEIUKHX CTpyMax.
nl

a — MmepeBakaHHA T'eHepaniiHO-peKOMOIHAIIITHOTO cTpyMy; O — mepeBakaHHA AUQY31HHOTO
CTpyMYy; B — BHCOKHI PiBeHb IHXKEKIIii 1 MOAYIALIS omopy 06a3u; T — Hampyra Ha

€IeKTPOHHO-iPKOBOMY MepeXO0li HabMMKaeThCA 10 P,

Pucynok 3.3 — Ilpsma rinka BAX mioma B HamiBiorapu(MiuHHX KOOpAHMHATAX
ineansHoTrO (1) 1 peamsHOTO (2) Mioga

3.1.2 Pisusinns BAX giona 3 ypaxyBaHHSIM MaJiHHSI HATIPYTH HA

onopi 6a3u. MeTonuka Bu3Ha4YeHHsI onopy 6a3u R 5

Mopynsii€eto oropy 0a3u MOKHA 3HEXTYBATH y TOMY BHIIQJIKY, SIKIIIO
TOBIIMHA 0a3u y Oararo pasiB mepesuinye audy3idHy TOBXHUHY HEOCHOB-
Hux HociiB. Toxi piBHsHES BAX mioga moxxe OyTH mpescTaBieHe y BUIIIS-
bist

U-IR,

I=I|e™ —1], (3.1)

ne |, — 3BOpOTHHI CTPyM HaCHYCHHS,
U — Hanpyra, NpHKJIaJeHa J0 A10/a;
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R, — omip 6a3u niona;

M — xoedilieHT Impu TeMIepaTypHOMY MOTeHmiaii (M -hakTop); mo
BBOJIUTHCS JJIsl BpaXyBaHHS HElJCaNbHOCTI TIEPEXOy.

[Ipu BHCOKHMX pIBHIX 1HXKEKITii Ha OIopi 6a3um IMmagae JOCTaTHHO Be-
JIMKa YaCTUHA HANIPYTH, IPUKJIAJCHOI JI0 J1ioJa.

Toni npsiMa Hampyra BUPaKaTUMEThCS

U=mg; In IL+1 +1R,. (3.2)

S

Jus kpemHieBux miomiB y Bupasi (3.1) MOKHa 3HEXTyBaTH OIWHU-
11€10, OCKUIBKY CTpYM || ayske Manuii.

Hpyruii monanok (oMiyHe MaJiHHS HANpYTH) 3aJ€KUTh Bill CTPYMY
TiHiIHO, a nepmwii — nmorapudmiyao. ToMy IpH TOCUTH BEIHKOMY CTpyMi
excroHeHmianbHa BAX BUPOIXKYETBCS, cTae OUIBII JTiHIHHOIO:

U=g¢, +IR,

IO TO3BOJIAE JUIS AiOAIB 3 TOBCTOIO 03010 OIIHUTH KOHTAKTHY DPi3HUIIO
noteHiaiis (puc. 3.4).

IRg
OmiMHa
1 NinAHKa
-
Bupogxena

inAHKa

y

g P ]

1 — mpsima TisNKa igeansHOTO p-n mepexonay; 2 — BAX peanpHoro miona
Pucynok 3.4 — IIpsiMa rinka izeanbHoro p-n nepexony Ta BAX niona
Hinsaka BAX, ne xapakrepucThka HaONMKaeTbea J10 JiHIMHOI, Ha-
3MBAETHCSI OMIUHOK0. SIKOM MOyl ONOPY 0a3u HE Maja Miciis, JUISTHKA

Oyna 6 niniiiHOor0. Omip 6a3u 3aNeXuTh BiJ il TUTOMOrO OMOpY 1 BU3HAYA-
€TBCSI TEOMETPIEI0 PO3TIKaHHA CTpyMy 0as3u. [3-3a HasBHOCTI omopy 0a3u
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MOTIPITYIOTHCSI BUMIPSMIIIOUI BIACTHBOCTI p-A TIEPEXO.Ty, OCKIIBKHU 3017Tb-
IIyETHCS MPSIME TaMiHHSA HAPYTH Ha A0/ 1 3pocTae po3citoBaHa HA HHOMY
MOTYXXHICTh. BIIMB omopy 0a3u iCTOTHO 3MEHIIYETHCS TIPYU BUKOPUCTAHHI
MaTtepiajiB 3 emiTakCiaJTbHUMH HIapaMH.

3pydHUM TapaMeTpoM, IO Xapakrepusye npsamy Tinky BAX, e nu-
¢depenuianpanid omip mepexony. LnsxoMm HecKIamTHUX NEpeTBOpEHb 3Ha-
YEeHHS [[LOTO OTIOPY MOXKe OyTH oTpUMaHe 3 Bupasy (3.2):

du  me;

=— =—"T 4R
ough dl

= -
I +1,

Banexuicte R, (1) mokazama ma puc. 3.5. TIpu BenMKHX CTpyMax

JuQepeHIiabHUN OImip HAOIIKAETHCS 10 OTOpY 0a3H.

Rﬂuqb“

Rg

Pucynok 3.5 — 3anexHicTh quQepeHIiaT-HOTO OTopy Ai0/a Bil CTpyMy Aiona

3.2 3aBpanua

3.2.1 OTpumaiitTe eKCIEPUMEHTAIBLHUM LUITXOM MpsiMy Tinky BAX
KpEMHI€BOTO Ji0/a.
3.2.2 BuzHaure omip 6a3u giosma, M -¢pakrop.

3.3 Ilopsiok BUKOHAHHSA POOOTH

3.3.1 30epiTh ycTaHOBKY AJIsl 3HATTA npsMoi rinku BAX niona (cxe-
Ma eJIEKTPUYHA YCTAHOBKH MMOKa3aHa Ha puc. 1.5).

3.3.2 3amasnroiite npsimy rinky BAX miona 3 ekpaHy ocipiorpada.
3.3.3 3po0iTh kamiOpyBanHsa ocuuiorpada 1mo KOXXKHOMY 3 BXIIHUX
KaHaJIB, SIKIIO KariopaTop B ocumiorpad He BOyIOBaHUIA.

3.3.4 Tlo6ynyiite BAX niona B aOCONIOTHUX OAMHHUIISX.
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3.3.5 ToOymyiiTe Tpadik 3anexHOCTI AUPEPEHINIATHHOTO OTOpPY Ji0-
na Bin ctpymy, BusHavaroun R, =dU/dl sk Tanrenc xyra

HaxXWiy JOTAYHOI /10 TOYKH Ha mpsimii rinmi BAX. o rpadiky
Bu3Haure Rp.

3.3.6 ITobynyiite rpadiuny sanexuicts Inl=f (U -AU), ne AU —
NaJiHHA Hanpyry Ha 6asi niona, pisae IR, ; U — AU — maninns
Hanpyru Ha p-n nepexoni. Busnaure 3 rpagika me; .

3.3.7 Pozpaxyiite m -¢paktop, npuitussum ¢, =0,0258 B .

3.3.8 IloOymyiite BAX p-n mepexony.

3.4 3micr 3BiTY

3BIT MOBUHEH MICTUTH: METY pOOOTH; CXEMY €IEKTPUIHY YCTAaHOBKH
Ut 3HATTA npsmoi Tinku BAX (puc. 1.5); pucynok npsimoi rinku BAX
nmiona 3 ekpany ocuwiorpada; BAX mioma B aOCOMOTHUX OAMHHUIAK; TO-
OynoBaHuii Tpadik 3aJMeKHOCTI TU(EPEHITIATBHOTO OMopy Jiofa Bix CTpy-
My Ji0J1a; BU3HAUCHHH 3 BKa3aHOTo rpadika omip 6a3u Rg; rpadiuny 3aie-
xkuicte Inl = f (U -AU) Bignosixno 1o 1. 3.3.6; 106ytok M -akropa Ha
TeIJIOBUH MOTeHHial M@; ; M -(hakTop, po3paxoBaHUH BiIMNOBIAHO 10 II.

3.3.7, BAX p-n nepexopny y rpadiyHOMY BHIJIA/i; BACHOBKH 3a pe3yJbTa-
TamM# POOOTH.

3.5 KoHTpoJsbHi 3an1UTaHHS

1 Bix 4yoro 3ajiexuTh ormip 6a3u mioxa?

2 Sk BrumMBae mporiec pekoMOiHaIii HOCIiB B p-n mepexoi aiofa Ha
iioro BAX?

3 3 sxux npuuuH BAX peabHuX Ji0J1iB BiAPi3HSAIOTHCS BiJ i7€alib-
HUX?

4 SIxi sBuia MOTPiOHO BpaxoByBaTH MpH poOOTI ioJa HA BUCOKOMY
PiBHI 1HXeEKIIii?

5 Sk BIiIMBa€ HasiBHICTH ONopy 0a3m JioAa Ha BUNPSMIISIOUI BIacTHU-
BOCTI p-n niepexony?

6 Slke siBHUIIIE HA3WBAETHCS MOAYJIALIEIO OMOPy 0azu?

7 Sk Bu3HavaeThes nudepeHLiaIbHuM omip aiona?

8 Xapaxtepni ainssaku BAX nmiona.

9 Yuwm BinpizastoThest BAX mi0/1iB 3 TOBCTOIO 1 TOHKOIO 6azaMu?
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4 IABOPATOPHA POBOTA Ne 4 ” JOCJIIJI’KEHHSA
BAX AI0OJA B OBJACTI TEIIJIOBOI'O ITPOBOIO”

Meroro poboTu €: mociimkenHs BAX mioma B 00jacTi TEIIOBOTO
po0O0I0; BU3HAYCHHSI TEIUIOBOTO ONOPY KOHCTPYKIIIT Tioa.

4.1 TeoperuuHi BizomocTi
4.1.1 MexaHi3M BUHUKHEHHS TEMJIOBOT0 MPO00I0

Pizke 3menmenHs: audepeHIiaTbHOrO OMOpy 3allipHOro mapy MpH
JOCSATHEHHI 3BOPOTHOI0 HANPYrol KPUTHYHOTO 3HAYCHHS HA3UBAETHCS
po0oEM p-n Tiepexony. ICHye Tpyu OCHOBHI MeXaHi3MH MPOOOI0: TETIIOBUH,
TIaBUHHUM 1 TYHETTbHHH.

TermoBuit po6ii 00yMOBJICHHI CaMOPO3IrPiBaHHIM p-71 IEPEXOLY
3BOPOTHUM CTPYMOM, LIO IMPOXOAUTH Y€pe3 HbOTO, MPHU HEAOCTATHHOMY
TEIUIOBIBOI. Y MOJIOHIN CUTYaIlil epexij MOXKe HarpiTUCs J0 TeMIiepa-
TYpH, TIPH SIKii MOKJTUBHIA PO3PHUB BAaJICHTHHX 3B'SI3KiB BHACIIZIOK TETJIOBO-
ro 30ymkenHs. lle BUKIMKae MiIBHINEHHS KOHIEHTpAIlii BUTRPHUX HOCIIB
3apsAay B p-n MEPEexXoi i, 0Txke, mojanbiie 30iIbpIeH s cTpyMy. B pe3ynb-
TaTi mepexin Oy/e 1me po3irpiBaTHcs, a CTPYM 3pOCTaTH.

TerutoBuii po6iii HE3BOPOTHUH, OCKLIBKH CYIPOBOKYETHCS PYH-
HYBaHHSIM HAaITiBIIPOBIIHUKOBOTO MaTepiairy B MicCIli p-n nepexofy. PyitHy-
BaHHIO MaTepialy MOJKHA 3armo0irTy, SKIO MOCTIIOBHO 3 JII0J0M BKJIIOUHU-
TH OIIip, MO0 0OMEXYE CTPYM.

4.1.2 3BoportHa rinka BAX nmioga B pe:kuMi TensjoBoro mpoooro.
MeTonuka BU3HAYEHHS TeMJI0BOT0 ONMOPY KOHCTPYKUII xiona

[pu 3BOpOTHOMY 3MillleHHI p-n TIEpeXoay 4Yepe3 HbOTO Tede HEBEIH-
KWW 3BOPOTHHI CTpyM. [10TY>KHICTB, 1110 BUAIISAETHCS HA p-1 TIEPEXOIi

Pgud :U 1

360p™ 360p °

Bin p-n nmepexomy B pe3yibTaTi TEIUIONPOBITHOCTI BiABOJUTHCS TO-
TYXHICTh

P

6i06

=(T,-T,)/ R,

ne T; — Temmeparypa p-n nepexouy;
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T, — Temneparypa IOBKULIS,
R, — Temutosuii omip aioxa, K/Bt .
VY cramioHapHOMY PEKHUMi BCTAHOBIIOETHCS TEIJIOBA PiBHOBAra Mix

TEIUIOTO0, 10 BUAUISETHCS 1 BIIBOAUTHCS. PiGHsHHSA Menniogo2o 6aiaucy
Mae€ BUTIIAL

__
U 360p I s60p R
T

3 ¢i3uKK HAIiBIPOBIAHKUKIB BiIOMO, IITO

r]nO ppO 2
qe, =k,T mT; n. =N_N, exp(-AE, / (k,T)),
ne N_, N, — edbexTuBHa rycTUHA CTaHIB y 30HI IPOBiAHOCTI Ta y Ba-
JIEHTHIH 30HI;
N, — KOHLIEHTpaLis HOCIiB 3apsAy Yy BIaCHOMY HaIliBIIPOBIAHUKY.

Tomi
qp, =K, T(n(n,p,o) —In(N.N,)+AE, / (k,T))=
n
= AE +kBT|an"°=AE —kBTIn—NCNV.
g Nch ’ nnO ppO

Ha mizgcrasi popmynu (2.3)

- AE
IS(T):ISOOe q(pk/(kBT)zIswexp(__g"‘ln'NCNv):
kBT n0 Mp0

AE, AE
k

)=1{. -exp(=—22).
T k,T

N_N
p— C \
=1 - exp(—
nnO ppO
BBaxarouu, 110 |s' _, MEHIIIE 3aJIeXKUTh BiJl TeMIEpaTypH MOPIBHSIHO 3

€KCIIOHEHTOI0, TeMIIepaTypHa 3aJIeKHICTh 3BOPOTHOTO CTPYMY HaCHYECHHS
3 JOCTaTHBOIO TOYHICTIO OMHUCYETHCS HOPMYIIOI0
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AE

—— a9

| =1e KT, (4.1)

360p

me |’

<., Mae GopmanbHUI ceHC 3BOPOTHOTO CTPYMY IIPH HECKIHYEHHO Be-
JIUKIW TeMIIeparypi.

{06 ormiHUTH BIJIMB pO3ITPIBaHHS p-n-TIEPEXONY Ha 3BOPOTHUI
CTPYM Ji0/a, YBOJSATH MOHATTS TEMIEpaTypHOro KoedimieHTa 38B0pOTHOTO

CTpyMy:

dl.
a =TKI =i ) (4.2)
.., dT,
[MigcraBnstoun piBHstHHSA (4.1) y Bupas ( 4.2), oTpuMaeMo
AE
11, exp(-—2)- AE,

1 kT, AE, 43)

AE _2 _2

Lexp- ) D ol

B'j

Pozpinumo 3MmiHHI B nudepeHmiaabHOMy piBHSHHI (4.2) 1 3poOHMO
IHTETpyBaHHS, TOTOJIUBIIN MEXI1 IHTETPYBaHHS :

Lup ] T,
[ T =aldT,
TO

lo 360p

ne |, — mouatkoBe 3HaUCHHS 3BOPOTHOTO CTPYMY HACHUYCHHS IIPH I10YAT-
KOBIif TemMmeparypi mepexony 1,.

[Ipu inTerpyBaHHi NPUITYCKAEMO, 110 TEMIEPATYpHUH Koe(ilieHT «
HE 3aJIeXHTh BiJl Temrieparypu. Lle mpumnymieHHs BipHe Ha MOYaTKy PO3BH-

TKY TEIIOBOTO MPOOOI0.
B pesynbrati iHTErpyBaHHS OTPUMAEMO

Nt = (T, -T,) (4.4

0

abo
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_ 1 ao1-1)
l.cop = 168 : (4.5)
[incraumo |, B piBHAHHS TEMIOBOTO GaNaHCy i po3B’sukeMo Horo
BigHocro U,
T,-T,
360p a(TJ- 7T0) . (46)
R 1.

Bupasu (4.5) 1 (4.6) € cucteMoro 1BOX piBHSHB 3BOPOTHOI ik BAX
Jliona 3 ypaxyBaHHSM TETUIOBHAUICHHS B p-# nepexoni. BAX mioma B 00ma-
CTi TEIJIOBOTO MPOOOIO MoKa3aHa Ha puc. 4.1.

U"3eop Useop.r

lze0p.7

V]'gaop

a— BAX mioma B 06macTi TeruoBoro npo6oro mpu remneparypi 7p; 6 — BAX miona B
o0acTi TemoBoro mpo6oto npu temrepatypi 71> Ty, B — BAX miona mpu nepexozi
JIABUHHOTO IIPOOOI0 Y TEIIOBUH

Pucynok 4.1 — 3BopotHi rinku BAX niofa B pexumi TerioBoro npo6oro

360p

[Ipu TennmoBomy mpo6oi =0. Iicns audepeHiiroBaHHs piB-
i
HsIHHSA (4.6) 1 CTIPOIIeHb OTPUMAEMO

1-a(T,-T,)=0.

3 ypaxyBaHHAM Bupazy (4.3)
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(T, -T,)=0

k T2
abo
, AE,_ AE,
T T+ T, =0, (4.7)
B B
I3 BUpazy (47) MOKHa OHiHI/ITI/I TEMIICPATYpPY p-n nepexony Inpu
U
npo6.T

AE AE Y AE
T =_—_9_ I —h
12k, 2k, k, °

Bukopucrosytoun pisnsuus (4.4) i (4.6), supasumo U, =~ BinHOCHO
ISH()[)
In(l,,, /1
sop — ( 360p 0) ) (48)
aRT Ijsop

Bupas (4.8) € piBusiausim BAX B 0671acTi TemioBoro mpo6oro.

Ak BugHO 3 puc. 4.1, 31 3pocTaHHSAM CTPYyMYy Halpyra Ha p-u Mepexo-
Il CHIOYATKy 3pOCTa€, a TMOTIM MOYMHAE 3MECHITYBaTHCS. XapaKkTepUCTHKa B
o0macTi TerIoBoro mpoOok0 Mae JUISHKY 3 HETaTUBHUM IH(epeHIiaTbHIM
OTIOPOM, SIKUI MOXKe OYTH BU3HAUYCHUH 3 BUPa3y

du 1 I
Rup=——2= —(1-In—=>=2). (4.9)
d I 360p a R I 360p I 0
Opu U, ,=U, .. R,, =0, mo Mox1uso npu norpumanni ymo-
Bu INn—*=1a6ompu U, =U, .-

0

I el,=2,721,=1

330p 360p. T "

Hamnpyra TeruioBoro mpo6oro 3 ypaxyBaHHsM BupasiB (4.3), (4.8) i1
(4.9
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— 1 — kBTJ‘2
TR, AERL,

T " 360p.T T " 360p. T

(4.10)

Hampyra TemmoBoro mpo6oio THM MeHIIa, YUM OUTBIINI TEIUTOBUH
orrip 1 MM OUTBIIHIA 3BOPOTHHM CTPYM Uepe3 MTiOI.

OtpumaBmiu B pe3ynbTaTi ekcriepumenTy BAX miona B o0macrti Ter-
70BOTO TPo6oIo i BusHaumBmm 3 Hei U, ., Ta |, . MOXKHA, BAKOPHCTO-

ByIOuH piBHAHHSA (4.10), 3HalTH TemIOBU omip Hiona.

4.1.3 Oco6MBOCTi TEMJIOBOT0 MPOOOI0 B peabHUX Aioaax

TerutoBuit mpo6iit B peampHUX Ai0AaX, K MPABHIIO, JOKATI3YETHCSA B
Jeskux "cnabkux" MicUsX p-n MEepexoay, 1 B TAaKOMY pasi TOBOPSATH PO
TEIJIOBE IIHYPYBAaHHA CTPYMY B p-# TIepexojli. YTBOPECHHS IIHypa MOXKe
OyTu BUKJIHKaHe a0o0 medeKTaMH B PEalbHOMY p-71 TIepexoi, abo cTaTuc-
THYHOIO (MIYKTYaIli€l0 TYCTHHH 3BOPOTHOTO CTPYMY 3a IUIOLICIO p-11 Tiepe-
xoxy. JliameTp mHypa Moxe OyTH BCbOTO JCKiJIbKa MIKPOMETPIB, a IOBXKHU-
Ha BH3HAYAETHCS TOBIIMHOIO p-71 TIEPEXOAY 1 CKIAIa€e JECSITKH MIKpOMET-
piB. [3-3a Manoro 06'eMy IIHypa TETUIOBHI MPOOiil MOXKe cTaTUCS TPU Ma-
JIMX 3BOPOTHHX CTPYMax 1 MaJliii 3BOPOTHii Hampys3i.

Hamnpyra terioBoro mpoOor Jijisi KPEMHIEBHX MIOAIB, 1€ 3BOPOTHI
CTPYMH Malli, Ha0araTo BHIIE 332 HANPYTY JAaBUHHOTO i TYHEIILHOTO TPo0o-
iB. B 11bOMy BUMAJKy TEIJIOBUI MPOOii MOXE MOYATUCS JHUIIE TOJ, KOJIH
3BOPOTHHUI CTPYM BXKE JOCST JIOCHUTHh BEIMKOI'O 3HAYEHHS 32 PaxyHOK Jia-
BUHHOTO 200 TYHEJIBHOr0 MeXaHi3My Npo0oro. Y repMaHieBHX Aioaax 3BO-
POTHI CTpyMH 3HAYHO OLIBII, OTKE, MiIBUIYETHCS 1 IMOBIPHICTh BHHUK-
HEHHS TEIJIOBOTO MPo0oIo.

TerutoBuit po6iit MOXe HAcTAaTH MPH BIIHOCHO HEBUCOKIH 3BOPOT-
Hill Hampy3i, KOO0 He 3a0e3levYeHe 3a/I0BiUIbHE TEIUIOBIIBEACHHS a0o0 Iie-
pexiI mpaIfioe B yMOBaxX HEMPUITYCTHMO BUCOKOT TEMIIEpaTypH JIOBKIIIIS.

INepenaya TeroTy BiJl KOPHYCY NPWIAAY B JTOBKUIIS 31IIHCHIOETHCS
KOHBeKIi€r0. [li KOHBEKIi€l0 PO3yMIlOTh Tepeavy TEeIUIOTH Tra30Imomio-
HOMY CEepelOBHILY 3 ypaxyBaHHSIM MNEepeMilllyBaHHS 1 MepeMilleHHs ras3y
o063y Kepena TeIIoTH (B JaHOMY BUIAAKY KOPITYCY). YBOAHUTHCS T0-

HATTS TEIUIOBOTO OIOpPY KOpIyc — cepenoBuie R, .., SIKe 3aJIeXHUTh Bij

TUIOILI TEIUIOBiIBEACHHS Kopiycy abo paaiaropa, CTyNEHIO HOro 4YOpHOTH,
TUCKY 1 IIBHUAKOCTI pyxy MHOBITps. OCKUIBKM LI BEIMYMHHU 3aJIeKaTh Bix
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YMOB eKCIUTyaTarlii, B TEXHIYHUX YMOBaxX Ha HaIiBIPOBIIHUKOBUN TPUIIA]
MepPEBAKHO BKa3yIOTh TEIUIOBHE ormip mepexin — kopmyc R, . 1 Bci Bumi-

pIOBaHHS MPOBOIATH MPH 33/IaHIA TeMIeparypi Kopiycy. TemmoBuii omip
nepexiJ - KOpIyc NpsMO MPOMOPLIHHUI TOBIIMHI KpUcTajia 1 oOepHEHO
NPONOPLIHHUN IO p-7 Tepexoy 1 Koe(ilieHTy TeroNpoBiAHOCTI Ha-
niBnpoBinHuka (mast  kpemHito A =1,45Brt/ (K-CM), IUIL  TEepMaHiro

A=0,64 Bt/ (K . CM) ). OTxe, M TEIOBUM OMOPOM Ai0/1a PO3YyMITHMEMO

TETUTOBUH OIIip Mepexij — KOpPIyC IpH 3aJaHiil TeMIepaTypi KOpIycy.

4.2 3aBaanns

4.2.1 Busnaure temnepatypy p-n mepexony npu U, =U .. Ha

s60p
OCHOBI OTpHMaHOI B pe3ynbTaTi ekcriepuMenTy BAX nmiona B
00J1aCTi TEIIOBOTO MPOOOIO.

4.2.2 Bu3HauTe TEIUIOBHH OMip KOHCTPYKIIi TOCIHIIPKYBaHOTO Tep-
MaHi€BOTO J1i0JIa Ha OCHOBI METOVKH, IpUBeneHol y 1. 4.1.2.

4.3 Ilops10K BUKOHAHHS POOOTH

4.3.1 36epiTh ycTaHOBKY st 3HATTA BAX nmiona (cxema eneKkTpuyHa
YCTaHOBKH TMOKa3aHa Ha puc. 1.5).

4.3.2 Orpumaiite BAX niona B o0macti TermmoBoro mpoooro, momic-
TUBIIM Ji0J] y TEPMOCTAT i HArpiBarouu HOro 70 BUHUKHEHHS
po6oro. [Ipu boMy HEOOXiTHO BUMipIOBATH TEMIIEPATYPY J10-
BKiIsS (Y TEPMOCTATI).

4.3.3 3po6iTh KanmiOpyBaHHs ociuiorpada, Ko KaaiopaTop B oc-
muorpad He BOYOBaHHH.

4.3.4 TloOynyiite BAX miona B aOCONIOTHUX OJWHHUIISX.

4.3.5 BuxkopuctoByroun orpuMany BAX mioma B 00macTi TEmioBoro
Mpo000, BU3HAYTE TEIUIOBUH OMmip iojia i TeMIIepaTtypy p-n
nepexony.

4.4 3micT 3BiTY

3BIT MOBUHEH MICTHTH: METY POOOTH; CXeMYy E€NeKTPUYHY AOCIHiTHOT
ycranoBku (puc. 1.5); pucynok BAX mgiona B o6macti TerioBoro mpoooro 3
ekpany ocuunorpada; BAX miona B obnacti TemnoBoro npo6oto B abco-
JIOTHUX OJAMHMIX; BHU3HAYEGHY TEMIeparypy p-n TeEpexoay Ipu
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U..p =U,05.7 5 TEIIOBUHA OMIp TOCII/UKYBAHOTO T€PMaHI€BOrO Mi0/a; BH-

CHOBKH 3a pe3yJIbTaTaMHt POOOTH.

4.5 KoHTpobHi 3anUTaHHS

1 Slkunit MexaHi3M YTBOPEHHS TEIIOBOTO po0o0?

2 Slxuit BUTTISA Mae PiBHSHHS TETJIOBOTO OajaHcy?

3 SIka 3aexHICTh 3BOPOTHOTO CTPYMY HACHUEHHS BijJ TeMmepaTypu?

4 1llo Take TemreparypHuii Koe(ilieHT 3BOPOTHOTO CTPYMY Jiojia?

5 SIxi xapakrepHi minsaka BAX B 0671acTi TEIIOBOTO Ip0o00I0?

6 Bix 9oro 3aiexuTh HaNpyra TEIUIOBOTO MPOO00?

7 Uum BigpizustoTecst BAX nmiona B 065acTi TeMioBoro npo0oro npu
Pi3HUX TeMIepaTypax JOBKJLIs?

8 YoMy B repMaHi€BHX Aiofax IMOBIpHICTb BHHUKHEHHS TEILIOBOTO
po0oro BHIIA?

9 Slke sBUILE Ha3UBAIOTh TEIJIOBUM IIHYPYBAaHHSAM CTPYMY B p-N Te-
pexomi?

10 o po3yMitoTh i/l TEMIOTPOBIAHICTIO 1 KOHBEKIIEIO?

11 Big 4oro 3ajie)XUTh TEILUIOBHA OMIp Nepexia — Kopiyc?

12 Big 9oro 3aieXuTh TETUIOBHHA OMip KOPITyC — cepeloBHIe?



37

5 IABOPATOPHA POBOTA Ne 5 ”? TOCJAL’KEHHA
BAX JIOJA ITPU IABUHHOMY IIPOBOI”

MeTtoro poOOTH €: BUBYCHHS MEXaHi3My BUHHKHEHHS JIABUHHOTO
mpo0O0ot0; eKcrepuMeHTanbHe oTpuManHsd BAX mocmimkyBaHOTO [iona mpH
JaBUHHOMY Tpo0oi; cknaneHHs piBHAHHS BAX mioma y mepenmpoOiliHiii
o0macTi; aHai3 3aJIe)KHOCTI Koe(illieHTa JJABUHHOT'O TIOMHOXKEHHS Bij Ha-
TIPYTH Ha eIEKTPOHHO-AIPKOBOMY HIePEXOIi.

5.1 TeopeTuuHi BizomocTi

5.1.1 MexaHi3M yTBOpeHHsI JaBHHHOro mnpodorw. KoediuieHT
yaapHoi ionizauii

B ocHOBI MexaHi3My YTBOPEHHS JIABUHHOTO MPOOOIO JIGKUTH SBHIIES
JIABUHHOT'O NIOMHOXEHHS PYXJINBUX HOCIiB 3apsily B CHJIbHOMY €JIEKTpHUY-
HOMY TIOJi p-N TIepexoy.

Sxmo 10 p-n mepexoly MpUKIaleHa AOCHTh BHCOKA 3BOPOTHA Ha-
npyra, B HbOMy BUHHKA€e CHIIbHE eNleKTpuuHe mose. Hocii 3apsiy, mo npu-
CKOPIOIOTHCSI IIMM TI0JIEM, Ha JOBXHUHI BUTBHOTO TIPOOITy OTPUMYIOTH €HEp-
rito, JOCTaTHIO JJIsl yIapHOl 10Hi3allii aTOMIB HammiBIPOBIAHMKA. [Hakiie
Ka)Xy4H, [IPH 3ITKHEHH] HOCIiB 3 aTOMaMH BiJI0YBa€TbCSl PO3PUB KOBAJICHT-
HUX 3B'SI3KiB HEHTpaJIbHUX aTOMIB HAIiBIPOBIIHUKA, TOOTO TeHEpaIlis ene-
KTPOHHO-IIPKOBHUX Hap.

EnextpoHn, mo yTBOpHIIHCS, i AIPKH MPUCKOPIOIOTHCS TOJIEM 1 Ta-
KOXX OTPUMYIOTh €HEpTil0, OCTATHIO JIs TeHeparlii BibHUX HOCiiB. [lpu
IOMY €IIEKTPOH, PyXalouylCh B 30HI MPOBITHOCTI, PH 3ITKHEHHI Biamae
YacTUHY CBOET €Hepril sl TeHepallii mapy HOCIB 1 MepexoJuTh Ha HIKYUHA
EHEepreTUYHUI PIBeHb B 30HI NpOBiAHOCTI. [lipka npu 3iTKHEHHI TeX Biggae
YaCTHHY €Heprii JUIs YTBOPEHHS EJNEKTPOHHO-AIPKOBOI MapH i mepeMimnry-
€TbCsl ONIDKYE J0 CTEeNi BAJICHTHOT 30HU (HACIPaB.i €JIEKTPOH, 3HAXOJS-
YKCh Y BAJICHTHIN 30HI 1 BIJJIABIIY YaCTHHY €HEPTii, OIyCKAe€ThCS Ha HHXK-
YHMi €eHePreTUYHUM PiBEHb, OCKIIBKH JIPKH - (JIKTUBHI YaCTHHKH, IO JIMIIE
JOMIOMAraloTh OMHUCAaTH PyX CYKYITHOCTI €JIEKTPOHIB BAJIGHTHOI 30HHM Harli-
BIIPOBIIHUKA).

IcHye nBa MexaHi3Mu ynapHoi ionizamii. [Ipu ojgHOMY €JIeKTpoH Ha-
Oupae eHepriio, TOCTAaTHIO IJIsl YAApHOI 10Hi3awii, Bigpa3dy Ha OBXKHUHI Bi-
npHOTO Tpodiry. [lpu iHIOMYy MexaHi3Mi 10 eHeprilo BiH HaOupae Ha Jie-
KUTBKOX JIOBXKHHAX BUILHOTO MPOOIry, OCKUIBKU NMPH KOKHOMY 3iTKHEHHI
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BTpadaE €Hepriio, ACN0 MEHIIy, HiX Ta, Ky BiH HaOpaB, pyXar4nch piB-
HOTIPUCKOPEHO B IPOMDKKY 9acy MiXK 3iTKHEHHSIMHU.

VYnapHa ioHi3allii HOCUThH JaBUHOMOJIOHMI XapaKTep 1 HACTae, K
T0Ka3ye J0CBi, Ipu HanpyxeHocTsax nons 10%...10° B/cm . [TpoGiii sxe Ha-

cTae JMIe mpu HanpyxkeHocTsx nons 10° B/cm . Ilpu MeHmmX Hanpyke-

HOCTSIX JIaBHHA HE MOYKE€ HApOCTaTH IO HECKIHYEHHOCTI, OCKUIBKH TIPH
yaapHiil 10HI3aIlil pa3oM 3 YTBOPEHHAM Iap €JIeKTPOH — JIipKa 3pOCTae
HMOBIpHICTh peKOMOiHAaLIiT, IO TePeIIKoHKae MPOoOOIO.

[IBuaKiCT, HETEIUIOBOI TEHEpaIlii eIeKTPOHHO-IIPKOBUX TIap B OJIH-
HUII 00'eMy TpH yAapHii ioHi3amii

G=a,nv, +a,pv,,

ne a,, &, — KoehillieHTH yaapHOi 10Hi3allli eJTEKTPOHIB 1 IipOK Bif-

HOBIZHO, CM ;

V,,, V, — WIBUJKICTb PyXy €JIEKTPOHIB i IPOK BIIIOBIAHO, CM/C ;

N, P — KOHIEHTpAIlii BUTbHUX EJIEKTPOHIB 1 JIPOK y p-N Tepexoi.

Koedimient ynmapnoi ioHizamii mMmokasye, SKe€ UYHCIO EIEKTPOHHO-
JIIPKOBHX TIap TE€HEPYE eNeKTPOH (IipKa) Ha OMUHUII NUISAXY MepeMilIeHHS.
KoedimieHT & excHnoHEeHUianbHO 3pocTa€ 31 301IbIICHHAM HalpyXEHOCTI

nois B obsacti 00'eMHoro 3apsiny. [Ipym oHAKOBHX €NEKTPUYHHX MOJISIX
KoedillieHT yIapHoi 10Hi3aIii THM MEHIITNH, YUM BHIA TEMIIEpaTypa.

5.1.2 Pieusinnst BAX niona B mepeanpo6iiiniii o6acti. MeTtonuka
PO3paxyHKY HANPYrH JABHHHOrO Mpo0or i koedilieHTa JABUHHOIO
TMOMHOKeHHS

Hanpyra, npu sikiif BimOyBa€eThCsl CTpiMKE 3pOCTaHHSA CTPyMy, Ha3u-
BAETHCS HANPY2010 ABUHHO20 NPODOOIO.

JlaBMHHE TIOMHOXXEHHS HOCIIB 3apsly BPaxOBYETbCS KoepiyieHmom
nasunno2o nomuoxcennss M | sikuii TOPIBHIOE BiJHONIEHHIO KIJTBKOCTI HO-
CiiB MEBHOTO THITY, 110 BUXOASTH 3 IEPEXOY, A0 KLIBKOCTI HOCIiB IIbOTO X
THITy, IO BXOMITh y mepexiz, M =n/n,. 3 HapoCcTaHHSM KOHLEHTpALil
HOCITB MOB'13aHO 30UIBIICHHS 3BOPOTHOIO CTPYMY, TOMY KOe(illi€HT Jia-
BUHHOTO TTIOMHOXKEHHSI MOKE€ OYTH BH3HAYEHHH K BIJHOIICHHS 3BOPOTHO-
r'0 CTPYMy IPH JIABHHOYTBOPEHHI JI0 TOYAaTKOBOT'O 3BOPOTHOTO cTpymy |, :
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M=1/1,

BonbT-amnepHi xapakTepHUCTUKH TEPMaHI€BOTO 1 KPEMHIEBOTO p-N
MepEeXoiB B 00JIacTi JIABHHHOTO MPOOO0IO MoKa3aHi Ha puc. 5.1. PiBHIHHS
BAX B iepenmpo6iifHiii 001acTi onmucyeTsest GopMyIIor0

| 1

M == y
IO l_ (U /Unpoﬁ.J)n

(5.1)

e n — KOHCTaHTa, 3aJIe)KHa BiJ HAIMBIPOBITHUKOBOTO Marepiany i
Tumy nepexomy (p*-N, N*-p), OCKiIBKU PyXIMBOCTI €IEKTPOHIB i AipoK s
pi3HUX BHIAKIiB pi3Hi; |, — cyma cTpyMiB HacHYCHHs i TepMOreHepamii
( IO = Is + IG )

Jus nudy3idHuX p-N TIepexofiB, OTPUMAHUX TUQY3i€0 AOMIIIOK B
KpeMHill p-ThIly 1 B TepMaHiii N-turry, N =3, a 1 p-N IepexoiB, OTpuMa-
HUX TUQY3i€r0 TOMIMIOK B Te€pMaHil p-TUITY 1 B KpeMHil N-Tummy, N=5.

"330:.1" i
|
|
|
|
|
|
|
|
|
L4 el |
Is ! .
0 unpo&.n Usaop
a

Le0p |
|
|
|
|
|
|
|
- |

I -

0 Unpos‘n Uasop

0

a — 3BopoTHa Tiika BAX repmanieBoro p-n- nmepexomy; 6 — 3BopoTHa rinka BAX
KPEMHIEBOTO p-71- TIEPEX0Iy

Pucynok 5.1 — BosbT-aMmrepHi XapaKTEpHCTHKH TEPMAHIEBOTO 1 KpPEMHIEBOTO
p-n- IEPEXO/IiB B 00J1aCTi TABUHHOTO MPOOO0
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Po3p’s3aBmu piBHsAHHS (5.1) BiIHOCHO 3BOPOTHOI HANPyTH, OTpUMa-
€MO 3aJIeKHICTh

| X

— 0\n
U _Unpoﬁ.ﬂ(l_T) : (52)
Hampyry naBuHHOTO Mp0o00I0 1 KOHCTAHTY N AJIS PIBHSAHHS, IO OIH-
cye BAX pocmimkyBaHOTO Ai0a, MOYKHA pO3paxyBaTd, OTPUMABIIN €KC-
nepumeHTanbHO BAX mioma B mepenmpoO6iitHiii o6macTi i mpUITyCTHBIIH,
0 BOHA OMHCYETbea BUpa3oM (5.2). Jlms mporo HeoOXimHO MOOymyBaTH

. . I .
rpadiuny sanexnicts INU = f(|n(l—T°)). 3goporuuii ctpym |, crin

3a/1aBaTH, SKIIO HOro BaXKO BU3HAYUTHU 3 OTPUMAHOI €KCIIEPUMEHTAIbHOL
XapaKTEPUCTHKH.

5.1.3 3ane:kHOCTi HANPYTM JJABHHHOTO NMPOGOIO Bil KOHIEHTpamii
AoMilIOK y 0a3i, ii MMTOMOrO0 omopy i TemnepaTypu

Hanpyra jpaBuHHOTO Tpo00I0 p-N Mepexoy 3aJIeKHUTh BiJl KOHIICHT-
pariii JOMIIIIOK B HEUTpabHUX p- 1 N-oOmacTsax. s pi3kux HecUMeTpud-
HHX NIEPEXOIiB 115 3aJI€XKHICTh MOXKE OYTH BUpaKeHA TAKUM YHHOM:

_B_t (5.3)

npoo. n N K1

ne B — koncranTa, 3anexHa Bij tumy nepexony i matepiany; K1 — xoedi-
Li€HT, PI3HUM 118 HiodiB 3 pisHux matepianiB; N — KOHIEHTpalis J0Mi-
IIOK B ciraboneroBaniit 06acri, To0TO B 6a3i mioja.

BpaxoByroun, 110 mutoMuii omip 00epHEHO MPOIIOPIIHHIN KOHIIEHT-
pariii momimmkwu, criBBigHOIIEHHS (5.3) 3py4Hillle 3aMucaT y BATIISII

_ K
Unpmﬁ - mp '

ne o — nuromuid omip 6a3u, OM-cM; M, kK — KOHCTAaHTH, 3aJICKHI Bix
Marepiaiy 1 TUIY TIepexo/ry.

{06 HOCIi BCTUrIM IPUAOATH TOCTATHIO JJIsl 10HI3aIlil eHeprito, Jac
iXHBOTO PyXy B Iepexofi Mae OyTH BiTHOCHO Benukuil. ToMy yaapHa ioHi-
3allisi 1 JJaBUHHUN TPOOid BiAOYBalOTHCS TIIBKH B IMUPOKUX MEpPEXojiax.
JlaBuHHMIA POGiil XapaKTepHUH Ui IIUPOKHUX MEPEXOiB, sKi (OPMYIOTh-
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Cs1 IUIAXOM KOHTAKTYBaHHS HU3bKOJETOBAaHMX HAIliBIPOBIAHUKOBHUX 00Ja-
CTEH.

[ligBuieHHs: TeMnepaTypu NPU3BOJUTH A0 301TbIICHHS MPOOUBHOT
Hanpyru (puc. 5.2), OCKUIBKM JOBXHHA BiJIBHOTO MPOOIry 3MEHIIYETHCS 3
MiABUIIEHHSM TeMIepaTypH, 3MEHIIYEThCS 1 €HEepris, Ky HOCIH MOxKe
MpUI0aTH, PyXatoduCh B MOJII HAa TOBXXHHI BITFHOTO MIPOOIry.

Hanpyra naBunHOro npo6oto BU3Ha4a€e BEPXHIO MEXKY 3BOPOTHOI Ha-
MpyTH OUTBIIOCTI MIOMIB 1 KOJEKTOPHOI HAMpYTH OIMOJSPHUX TPAH3UCTO-
piB, a Takoxx HanpyTy ctoky M/III-TpaH3ucTopis.

VY pa3i mpuknageHHs A0 AioAa BEIMKOI 3BOPOTHOI HANpPYTd MOXKE
CTaTuCs JTAaBUHHUH MpOOii p-N mepexopay; 3BOPOTHHH CTPYM TIPH LBOMY
Pi3KO 30ULTBIITYETHCS, MO0 BUKIWKAE PO3IrpiBaHHA 102, ITOAAJbIIe 3pPOC-
TaHHS CTPYMY 1, SIK HACTIIOK, TETUIOBHUI MPOOiii i pyiHYBaHHS p-N mepexo-
ny. BinpimicTs 1ioNiB MOXKYTh HAAIHHO MPAIIOBATH IPU 3BOPOTHIH Hampys3i,
mo He nepesutye 0,7-0,8 mpobusHOi Hanpyru. [lixBuIeHHS HATIPYTH TIO-
HaJ TPOOHMBHY, SK MPaBHUJIO, IPUBOAUTH O MPOOOI0 MEPEXoay 1 BHXOIY
niona 3 maxy. ToMy mapamMeTpoM J1io/ia € MaKCUMAIBHO JIOIyCTHMAa 3BOPO-
THA Hampyra.

1
P Useop npob.n Unpo&n 0
- T

\
\
|
1
\ L>T,
\

T, T
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PucyHok 5.2 — 3BOPOTHI T'iJIKH BOJBT-aMIIEPHUX XapaKTEPUCTHUK Ji0a B PeXKUMI
naBuHHOTO Npo6oro mpu Temneparypax 1, i 1, (1,>T),)

BrnactuBicTh pi3koro 30ibIICHHST 3BOPOTHOTO CTPYMY 1 JIy’KE Majo-
ro 301IbIIEHHS 3BOPOTHOI HANPYTH MPH JJABUHHOMY MTPOo001 BUKOPHUCTaHA B
HAIBIPOBITHUKOBOMY TpPWJIaJi CTAOUIITPOHI, NMPU3HAYCHOMY JUIS OTPH-
MaHHs cTabinizoBaHoi Hanpyru. CTaObUTITPOHH BUTOTOBIISIIOTH 3 KPEMHIIO,
OCKIUJIBKM XapaKTEePUCTUKUA KPEMHIEBUX p-N MEPEXOAiB MaIOTh AYXKe KPYTY
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3BOPOTHY TUIKY B IepeAnpoOiifHiii 007acTi 1 B IUPOKOMY JIiana3oHi pooo-
YUX CTPYMIB y HHX HE BUHHKA€E TEIIOBOTO MPOOOI0, MO MPHU3BOIMTH IO
nosiB Ha BAX IiISTHKY 3 HEraTUBHUM OIOPOM, SIK Y TepMaHIEBHX MPUIIa-
Jax.

5.2 3aBaanus

5.2.1 BUKOPHCTOBYIOYH OTPUMAHY B pe3yabTaTi ekcrepuMeHTy BAX
Jiofa mpu JaBUHHOMY Mpo0oi, CKIafiTh piBHSHHS, 110 OMHUCYE ii B mepen-
npo0iliHiit obmacTi.

5.2.2 TloGynytite TpadiuHy 3alIexKHICTh KOe(illi€eHTa JTABHHHOTO T10-

MHOXeHHs Bifl Bimnomenns U /U, . .

5.3 IlopssaioKk BUKOHAHHA poldoTH

5.3.1 306epiTh ycraHoBKY juist 3HATTS BAX miona (cxeMa ejleKTpuyHa
YCTaHOBKH TpUBE/ICHA Ha puc. 1.5).

5.3.2 Orpumaiite BAX nioja npu 1aBUHHOMY MPOOOi.

5.3.3 3po0iTh kamibpyBaHHa ocumiiorpada Mo KOXHOMY 3 BXIAHHX
KaHaJiB, IKIIO KaiOpaTop B ocimiorpad He BOYTOBaHHIA.

5.3.4 lloGynyiite BAX nmiona B aOCONFOTHUX OAMHHUIISX.

5.3.5 TloGyayiite rpadiuny sanexnicts INU = f (|n(1—||—°)) . 3 rpa-

¢ixa Busnaure U i koedimieHT N. [loyaTkoBuUil 3BOPOTHHIA CTPYM JTiO-

npoo.

na |, mpuiitMiTe piBHUM 3BOpOTHOMY cTpyMy aioza mpu O, U, 5.

5.3.6 3anuuite pieasHEs BAX miona B nepeanpo0OiiiHiid obnacti Ha
ocHOBI (popmyiu (5.2) i KOHKpeTH30BaHUX 3HaYeHb U Ta 1.

npo6. 1

5.3.7 Tlo6ymyiite rpadiuny sanexnicts M = f(U /U )mna ocHo-

npob. 1

Bi criBBiHOMmEHHS (5.1).

5.4 3micT 3BiTY

3BIT MOBUHEH MICTHTH: METY POOOTH; CXEMY €JIEKTPUYHY YCTaHOBKH
st 3Tt BAX miona (puc. 1.5); pucynok BAX miona npu JIaBUHHOMY
npo6oi 3 exkpany ocumiorpada; BAX nioga npu naBUHHOMY Mpo6oi B ab-

. . I
COJIOTHMX OAMHHUISAX; rpadik 3anexunocti INU = f(ln(l—l—o)); 3HAYEHHS



43

Hanpyru npo6or U Ta xKoedinienta n; pisaaHHsa BAX miona B mepen-

npoo. a1

npoGiiiHiit o6macti; rpadik 3amexsocti M =f(U /U ) ; BUCHOBKH 3a

npob. 1
pe3yapTaTaMu poOOTH.

5.5 KoHTpOJIbHI 3aNUTAHHA

1 Slkwif MexaHi3M YTBOPEHHS JaBUHHOTO TPOO0I0?

2 SIki icHYIOTh JIBa MEXaHI3MHU YAapHOI 10HI3aIii?

3 Illo Take koedilieHT yaapHOi i0HI3aI1?

4 11lo Take koeillieHT JABUHHOT'O TOMHOKCHHS?

5 Sk 3anexxuTh Harpyra JJABHHHOTO TIPOOOIO BiJ KOHIIEHTPAIil JOMIIIKH y
0a3i i BiJ muTOMOrO ornopy 6azu?

6 Sk 3a7eKUTh HAMpyra JaBUHHOTO MPOOOI0 BiJ TeMIlepaTypu?

7 Sk 3amexuTh Koe(ilieHT ymapHOi i0Hi3allil BiJg HANpPY>KEHOCTi IOJS B
obmacti 06'eMHOTO 3apsy, Bix Temmeparypu?

8 3a sikux yMOB MO>XKJIMBA yJapHa i0Hi3alisl HamiBIPOBiAHUKA?

9 Skuit mpuHIMT Aii Mae cTabimiTpoH?

10 YoMy minBHIEHHS TeMIIEpaTypy MPU3BOIUTH 10 30UTHIICHHS MTPOOHB-
HOi Harpyru?

11 INpu AKuX HANPYKEHOCTSAX EINEKTPUUHOrO TOJIS yIapHA i1OHi3alis Mae
JMaBUHOTIONIOHMI XapakTep?

12 YV sgxoMmy BHNAAKy BiIOyBaeThCsl JaBHUHHUM NpoOill B OiMOMApHMX i
M/IH-tpan3ucropax?

6 JABOPATOPHA POBOTA Ne6
"BINOJAPHUN TPAH3UCTOP”

Mertoto poOotu €: BUBUCHHS (Di3MUYHUX OCHOB POOOTH IHTETPOBAHOTO
OIMOJIIPHOTO TPaH3UCTOPa; O3HAHOMIIEHHS 31 CTPYKTypamu OiloOJSIpHOTO
TPAH3UCTOPA 1 TEXHOJIOTIE€I0 BUTOTOBIICHHS HAITIBIIPOBIIHUKOBHUX OIMOJISp-
Hux IMC; nmocmiypkeHHs cXeM BBIMKHEHHS, XapaKTEpUCTHK 1 TlapaMeTpiB
OIMOJIIPHOrO TPAaH3UCTOPA.

6.1 TeoperuuHi BizomocTi
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6.1.1 OcHOBHI M0JI0KEHHA

Binonsipauii TpaH3UCTOp SIBISIE COOOIO MEPETBOPIOBAILHUM HAIiBII-
POBITHUKOBHH €JIEMEHT 13 IBOMA p-N Iepexogamu.

[pusanmn nii 6iMOISIPHOTO TPaH3UCTOpA TOJIATAE y B3a€EMOJII JABOX
3yCTpiuHO BBIMKHEHHX P-N mepexoniB. Bzaemonis p-n mepexonis 3abe3rme-
YyeThCSl THM, IO MEPEeXOAW PO3TallOBaHi JOCTATHBO OJIM3BKO OJWH BiX
OJTHOTO — HAa BiACTaHI MeHIIid, HiXK nudy3iitHa movxuHa. /Jughysitina 0oe-
JICUHQ HOCIIB 3apsily — e BiJICTaHb, Y MeXax sIK0i KOHIEHTpaLlisi HEPiBHO-
Ba)XHUX HOCIiB 3apsIy 3MEHILIYETHCS B € PasiB.

OCHOBHI BJIaCTUBOCTI TPAaH3UCTOPIB BU3HAYAIOTKCS IpollecamMu B Oa-
31 Tpan3ucTopa. OCHOBHY POJIb IIPH IBOMY BiJliTpal0OTh HOCII, III0 € HEOCHO-
BHUMH B 0a30Bili 006JacTi TpaH3KCTOpA: B TPAH3UCTOPI P-N-p-TUITY OCHOBHY
POIB BiAIrparOTh JipPKH, a B TPAH3UCTOPI N-P-N-THITY — €NEKTPOHHU.

B HamiBmpoBiTHUKOBUX MIKpOCXeMax BHKOPHUCTOBYIOTHCS, B OCHOB-
HOMY, TPaH3UCTOPHU THITYy N-p-N, 00 BOHU MAIOTh NEPEBArd B MOPIBHIHHI 3
TpaH3UCTOpaMu THITy P-N-p. Hanpukian, TpaHsucTopu THIy N-p-N Xapax-
TEPU3YIOTHCS KPAIIMMU ITiICHITIOBAIBHAMH 1 YaCTOTHUMH BIIACTUBOCTSIMH,
TOMY IIIO €JIEKTPOHW MAlOTh OLTBII BUCOKY PYXJIMBICTh, HiX Aipku. Kpim
TOT0, TEXHOJIOTisl BATOTOBJICHHSI TPAH3UCTOPIB THITY N-p-N OiJIbII IPOCTA.

TurmoBa CTpyKTypa IUIaHAPHOTO OIMOJISIPHOTO TPAH3UCTOPA, BUTOTO-
BJIICHOTO 3a CIMiTaKCIaIbHO-TUIAHAPHOIO TEXHOJOTIEI0 3 MIDKEJIEMEHTHOIO
130JIsA1Ii€F0 0OEPHEHO3MIIIIEHUM P-N Mepexo0M, oKa3aHa Ha puc. 6.1.

E 5 K

Pucynok 6.1 — CTpykTypa iHTErpoBaHOTO OINOJSIPHOTO TPaH3UCTOpa

HusbkooMHUi cXoBaHHil N*-Iap CIIyKUTh JUIS 3HUKEHHS ONOPY KO-
JIEKTOPHOT N-00s1acTi. 3HU3UTH OMip 00JIACTEl KOJIeKTOpa 1 6a3u MOXKHA 3a
JTIOTIOMOT OO 301JIBIICHHS TUIONII KOHTAKTIB JI0 [MX 00acTel, ajie MpH Ibo-
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My 30UTBITYIOTBCS PO3MIPH TPaH3HUCTOpA 1, BIATOBIAHO, Oap'epHI €MHOCTI
p-N-Tiepexo/iB, IO HEraTHBHO BIUIMBAE HA MIBUAKOMIO TPHIIALTY.

CtpyKkTypa iHTerpanbHoro OimoysipHoOro TpaHsucropa (puc. 6.1) mMae
TaKi XapaKTepHi PUCH:

- IUIOIIA €MITePHOTO MEePexXoly MEHIIE IUIOMI KOJIEKTOPHOTO Tepe-
XO0my;

- 0a3oBa 00JaCTh TpaH3HMCTOPA JITOBaHA 3HAYHO MEHIIe, HiK eMiTe-
pHa, a KOJIGKTOpHa — 3HAYHO MEHIIe, Hixk 0a30Ba;

- TPaH3WCTOp Ma€ aKTUBHY JOHHY YaCTHHY i TACUBHY Oi14HY;

- BCl OMIYHI KOHTaKTH PO3TaLIOBYIOTHCS B OJHIN MJIOMKWHI (TIIaHap-
Ha KOHCTPYKIIis);

- 0a3oBa 007acTh TPaH3HUCTOpA € HEOJHOPITHOIO, TOOTO KOHIIEHTpa-
Iis TOMIIIKOBUX aTOMIB 3MEHIIYEThCS 3 TVIMOMHOIO, TOMY III0 €MiTepHA 1
0a3oBa 00JacTi IHTETPOBAHOTO TPaH3UCTOPa (POPMYIOTHCS METOAOM AU(Y-
3ii.

Poszmonin KoHIEHTpaIlil TOMIIIKOBUX aTOMIB 3a TIMOMHOIO TPaH3UC-
TOPHOI CTPYKTYpH 300pakeHuil Ha puc. 6.2.

Heonnopigaicts 6a30B01 0051aCTi TpaH3UCTOPa MPU3BOAUTH 10 iCHY-
BaHHS "60y006aH020" eNeKTPUIHOTO TOoJs B 0asi, 10 BIUIMBA€E Ha ITi/ICH-
JIOBJIbHI 1 YaCTOTHI BJIACTHBOCTI TpaH3ucTopa. Ilim mi€lo enexTpudHOro
MOJIsl HEOCHOBHI HOCIi 3apsiy apeiidyroTe mo 6azi. Tomy iHTerpoBaHHiA
TPaH3UCTOP HA3UBAIOTh Opelighosum TPaH3UCTOPOM.

[lpr BHUTOTOBJIECHHI TUIAHAPHHUX TPAH3UCTOPIB BUKOPUCTOBYIOThH 3a-
XHCT TIOBEPXHI, JJIS IIbOTO YTBOPIOIOTH CYIIFHY MacKylody ILTIBKY Ha BCild
MOBEpXHI MaliOyTHROI MIaHAPHOI CTPYKTYypH. B Wil miBmi moTiM BUTpaB-
JIOIOTH BiKHA, Yepe3 sKi MpoBoAsATh audysito. [ImiBka qiokCHIy KpeMHII0 €
MacKoO s AU YHIIIOI0YNX aTOMIB, 0 3a0e3redye JoKai3alliio mpole-
cy mudysii. ToOTO y BIKPUTI AUISHKY TiANIapKa JOMIIIKOBI aToMH AuQy-
HIIOIOTh Ha HEOOXiHY TJIMOMHY BiJl IIOBEPXHi, TOJI K Y MAaCKyrOUy TUTiB-
Ky BOHHM IPOHHUKAIOTh HE3HAYHO.
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PucyHoKk 6.2 — Po3nozin KoHIeHTpamii JOMIIIKOBUX aTOMIB 33 TTITHOMHOIO
TPaH3UCTOPHOI CTPYKTYpHU

TexHOMOTisI BUTOTOBIIEHHS TPAH3UCTOPA BKIIIOYAE TaKi OCHOBHI TeX-
HOJIOTIYHI eTarnu:

- TOYaTKOBE OKHCJICHHS,

- ¢orouitorpadis, 3a JOMOMOIrO0 SKOI y IIapi JIOKCHUAY KPEMHIO
(GOpMyYIOTh BiKHA ISl TIOJQIBIIOTO CTBOPEHHS BUCOKOJIETOBAHOTO MPUXO-
BaHOT'O MPOIIAPKY KOJIIEKTOPA;

- mudy3id A CTBOPEHHS IPUXOBAHOTO MPOIIAPKY KOJIEKTOPA;

- KOHTPOJIb IOBEPXHEBOT'O ONOPY, 3HATTS OKHUCY;

- BUPOLIYBaHHS EMITAKCIHHOTO TPOIIAPKy MOHOKPHCTAIIYHOTO
KPEMHIIO N-THITY;

- KOHTPOIIb TOBIIMHHM EMITAKCII{HOTO MPOIApKy i MUTOMOTO OIOpY,
MIOBTOPHE OKUCIICHHS;

- ¢oromitorpadis ms GopMyBaHHS BIKOH I i30J110r04i 001acTi i
0a30By 00J1aCTh TPAH3UCTOPA;

- 1mudy3ig Ans CTBOPEHHS 130J110104MX 001acTei 1 obnacti 6a3u;

- OKHUCIIeHHs i ¢oTomiTorpadis aJisi CTBOPEHHS 00JIACTi eMiTepa;

- mudy3isd A CTBOPEHHS 00JIaCTi eMiTepa i OKUCIICHHST,

- (dotomitorpadis mis GopMyBaHHA BIKOH MiJ] OMiUHI KOHTAaKTH JI0
JIISTHOK eMiTepHO1, 0a30B0i, KOJIEKTOPHOI 00IacTel;
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- MeTaii3alis, TOOTO HAaHECCHHsI TUTIBKH aJTFOMiHII0 Ha BCIO TTOBEPX-
HIO MAIIapKa JUIS TMOAANBIIOT0 YTBOPEHHS OMIYHHX KOHTAKTIB 1 MiXkelne-
MEHTHUX 3'€HaHb;

- (dotomitorpadis A7 CTBOPEHHS MIXK3'€IHAHD;

- eNeKTPUYHUI KOHTPOJb HA PYHKIIFOBAaHHS.

[TocmimoBHICTh BUKOHAHHS TEXHOJIOTIYHUX ONEpAIiil MPH BUTOTOB-
nenHi Oimomsipaux IMC 3 i30ysLi€r0 €IeMEHTIB 3BOPOTHO3MILICHUM P-N
MepexoI0M HaBeseHa y Taomn. 6.1.

IcHyIOTH TpM cXeMH BBIMKHEHHSI TPAaH3HCTOpA: i3 CIIUTFHOIO 0a30t0
(Cb), i3 cninbauM emitepoM (CE), i3 cmineHum kojekropom (CK)
(puc. 6.3) B ycix TppOX cxemax BBIMKHEHHS TPAH3UCTOP ITiJICHITIOE TTOTY K-
HicTh. KpiMm Toro, B cxeMi i3 Cb TpaH3HUCTOp MiJICHITIOE HATIPYTY, B CXeMi 3
CE — nampyry i cTpyM, B cxemi i3 CK — cTpym.

Po3pi3HsAtoTh yoTHpH 00JIaCTI POOOTH TPaH3UCTOPA B 3aJICKHOCTI Bif
MOJIIPHOCTI HATIPYT, 10 MPUKIIAACHI 10 EMITEPHOTO i KOJIEKTOPHOTO Tepe-
X0[IiB (17151 N-P-N-TpaH3UCTOPA):

- mpu U, >0, Uy, <0- npsma akTuBHA 0071aCTh;

- upu U, >0, Uy, > 0— obnacts HacH4eHHS;

- mpu U, <0, Uy <0-— obnacts BiacikaHHs;

-upu Uy <0, Uy >0— inBepcHa akTHBHA 00sacTh (LeH pexuM
BUKOPHUCTOBYETHCS PiJIKO).

o
KE U U
o EE /.p N EE / B
U + T iU . T TU
EET L Ure Us ¥ KE  Ugpy KE
+ - - - + +
a o 6

a — 13 ciinbHOIO 6a30io (CB);
6 — i3 ciinbauM eMitepoMm (CE),;
6 — i3 criinbHUM KonektopoM (CK)

Pucynok 6.3 — Cxemu BBIMKHEHHS TPaH3HCTOpa
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JloriuHi iHTErpOBaHi CXeMH, BCSA MU(PPOBA CXEMOTEXHIKAa BUKOPHUCTO-
BYIOTh PEXHMH HAaCHUYEHHS 1 BiACIKaHHsS, a aHAJIOTOBa, IiJCIIIIOBAJIHFHA
CXEMOTEXHIKa BUKOPHCTOBYE aKTHBHHH PEKUM, SIKUH € TMPOMDKHUM MiX
peKMMaMU HACHUYCHHSI 1 BiJICIKaHHSI.

6.1.2 IlpuHuun aii 0inoJsspHOro TpaH3UCTOpPa

Jlns 3a0e3medeHHsT Mpare3IaTHOCTI TpaH3HCTOpa OOOB’SI3KOBO TIO-
BUHHI BHKOHYBaTHCh JBI YMOBH: Meplua — 0a3oBa 00NacTb TPaH3HUCTOPA
MOBHHHA OyTH TOHKOIO, i TOBIIMHA MOBMHHA OYyTH 3HAYHO MEHIIOIO BiJl
nmudy3iiHOT TOBKWHN HEOCHOBHHUX HOCIIB 3apsiay B 0a3i; Ipyra — KOHIEHT-
parlisi OCHOBHUX HOCIiB 3apsAqy, sika 0OyMOBIeHa KOHIICHTPAII€I0 JTOMIMI-
KOBHUX aTOMiB, B 0a3i MOBMHHA OyTH 3HAYHO MEHIIOIO, HXK B eMiTepi. Bu-
KOHAHHS X YMOB 3a0e3Meduye BUCOKI MiJICHIIOBAIBHI BIACTHBOCTI TpaH-
3UCTOpA.

Ipunyun pobomu mpansucmopa. B akTHBHOMY PeXHMi IO BXiIHOTO
(emiTepHOTO) P-N TepexoAy NpHUKIaJeHa MpsMa Hampyra, A0 BHXiJIHOTO
(rxomexkTopHOT0) — 3BOpoTHA. Ilim miero mpsMoi HaMpyry Ha BXiAHOMY Iie-
pexo/i OCHOBHI HOCIi 3apsiiy 3 eMiTepa iHKEeKTYIOTh B 0a3y, /e BOHH CTa-
I0Th HEOCHOBHUMHM HOCISIMH, JIaJli BOHU IIIsXoM audysii ta apeiidy Marixe
CTOBIJICOTKOBO JOXO/STH JI0 KOJIEKTOPHOTO TIEPEXO/1y, IOTIM, SIK HEOCHOBHI
HOCI1, 6€3 MeperKo/ 0Ia0Th 3BOPOTHO3MIIIIEHHH KOJIEKTOPHUH P-N mepe-
Xijl 1 MOnasaTh B KOJIEKTOP, a MOTIM IIIIX0M audy3ii Ta apeidy mpoxo-
JSTh y BUBiZ Konekropa. [Ipu npoMy gacTka qudyy3iiHOI CKIIa10BOT KOJIEK-
TOPHOTO CTPYMY 3MEHIIYETHCS TIPH BiJUIaIEHHI BiJ] KOJIEKTOPHOTO Iepexo-
Iy, @ 4acTKa JAPei(oBOI CKIIaI0BOI CTPYMY 3POCTAE.

B 06a3oBiit 001acTi 10 KOJEKTOpa HE JOXOMAATH JIMIIE, SIK MPABHUIIO,
1+3% wHociiB, mo npuiinuk B 6a3y 3 emitepa. Bonu B 6a3i BcTHraroTh pe-
KOMOiHYBaTH 3 OCHOBHUMH ([u1s1 6a3m) HocisiMH 3apsiay. Lle mpu3BoauTs 10
HOSIBH  HEBEJIMKOTO (HOplBHHHO 3 eMITepHHM 1 KOJEKTOPHHM) 0a30BOTO
CTpyMy. 3BiJICH BUTIKA€E PIBHSIHHS:

le =1, + 1,0

TOOTO CTPYM eMiTepa JOpiBHIOE CyMi CTPYMiB 0a3Hu 1 KOJIeKTopa.

SAxio B 0a30Bii 00/1aCTi iICHY€E 3HAYHUK T'PAJIEHT KOHIIEHTpALIi 10-
MIIIKH (K y BUNAAKY IHTETpPOBAHOT'O TPAH3UCTOPA), TO ApeidoBa cKiano-
Ba CcTpyMmy Oa3u JomiHye Haja audy3iiHOI0, 1 TPaH3UCTOp HA3HMBAIOTh
opetigposum.
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Tabmums 6.1 — ITocmiqoBHICT, BUKOHAHHS TEXHOJOTIYHUX OIepartii
TIPH BUTOTOBJICHHI HAITIBIIPOBIMHUKOBHX Oinosipanx IMC

[Tepepi3 cTpykTypu HaiimenyBaHHs onepauiit
XumivuHa 06poOKa moBepxHi
» MiIapiB KPEMHI0 p-TUITY
r [Tepie oxkucnenHs
] [
[epmra dporomitorpadist
£
] I .
. nt J [epma audy3is (oTpuMaHHs
r BHCOKOJIETOBAHOT'O NMPHXOBA-
HOTO N* -Iapy KOIeKTopiB
"‘ ni / 3HATTS Wapy AIOKCUIY Kpe-
F MHiI0
" EniTakciitHe HaponryBaHHS
11apy KpeMHito N-TUIy
.\ nt P
H Hpyre okucneHns
. nt 7
1 L 2l ¥ 1 L
" Hpyra dotomitorpadis
k nt J




[IponosskeHns Tabnuii 6.1
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[lepepi3 cTpykTypn HaiimenyBanus onepaiii
A | L ¥ ¥ | L]
W l. bl J W Hpyra mudysis (yTBopeHHS i30-
O :: - ) JIOIOYHX 0a30BUX 00J1aCTEH)
£

Tpets dhotonitorpadis

Tperss mudysis (YyTBOpeHHS eMi-
TEPHUX O0JIACTEH 1 3aMUKaHHS
130JTI0F04901 0071aCTI)

UerBepra audysis (yTBOpEeHHS
HU3bKOOMHHUX JIVIAHOK N’ -THITY
il OMiYHI KOHTaKTH JI0 €MITepiB
1 KOJIEKTOPIB)

[M'sta qudysist (YTBOPEHHS HHU3b-
KOOMHHX [iJITHOK p -THITY TIif
OMIYHI KOHTAKTH JI0 0a3)
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[IpomoskenHs Tadmii 6.1

[lepepi3 cTpykTypn

HaiimenyBanHs onepamiit

Ce i a Ema
—

E b

K

Se e ] A DA
— L —

Hammuenns  amomiHieBO1
IUTIBKK Ha TTOBEPXHIO IIi-
JIIAPKiB

[ocTa dhoTomitorpadis
(popmyBanHs Mixkene-
MEHTHHX 3'€/IHaHb)

Hanecenns
TTOKPUTTS

3aXUCHOT'O

Pexnm p06OTI/I 6yIH:-${KOFO TPpaH3UCTOPAa MOXXHA BU3ZHAYUTH TAKOK

3a JOIIOMOror0 TadI. 6.2.

Tabmurs 6.2 — Pexxumu poOOTH TpaH3UCTOpa

3MilieHHs
Pexxum poboTH EMITEpHOTO KOJIEKTOPHOT'O
p-h mepexony p-h mepexony
AKTHBHUH HOpMaJIbHUI [Ipsime 3BopoTHE
Hacuuenns [Tpsime [Ipsime
Bincikanus 3BOpOTHE 3BOpOTHE
AKTHBHUH 1HBEpCHUI 3BopoTHE IIpsime
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B pexxumi HacudeHHS 00mIBa P-N mepexoau (EMITEpHHH 1 KOJIEKTOP-
HUI) TPSIMO3MIIIEH] 1 TeTep yKe CTpyM 0a3u JOPIiBHIOE CyMi CTPyMYy eMi-
Tepa i (4aCTKOBO UM MOBHICTIO) CTPYMY KOJEKTOpA.

B pexumi BifcikanHs o0uaBa P-N nepexoan 3BOPOTHO3MIIIEH], TpaH-
3UCTOP 3aKPUTHH, depe3 P-N mepexoy MPOTIKAIOTh JINIIE TyKe MaJeHBbKI
3BOPOTHI CTPYMH.

®i3uuHi mpolecH B caMOMy TPaH3UCTOPI MPOTIKAIOTh OJHAKOBO He-
3JIC’KHO BiJl CXeMHU BBIMKHEHHS TPaH3UCTOPA; TIPU 3MiHI CXEMH BBIMKHEH-
HS 3MIHIOIOTBCS JIMIIE €IeKTPOIH, IKi BUKOHYIOTH (PYHKITIT BXiHOTO 1 BU-
X1IHOTO, CHITBHUHN €N1eKTPOA, BiIHOCHO SKOTO BipaxOBYIOTh BXiIHY 1 BH-
X1IHy HampyTH, Ta MapaMeTpH, XapaKTePUCTUKH 1 TiICHIIOBANbHI MOXKIH-
BOCTI TPaH3UCTOPA.

B cxemi i3 criyibHOIO 023010 TPaH3UCTOP MOXKE IIJICHITIOBATH (3a Ha-
SIBHOCTI OTIOpPY KOJIEKTOPHOTO HAaBaHTa)KEHHS) HANPYTY 1 MOTY)KHICTh, a B
CXeMi i3 CHUIbHUM €MIiTepPOM — CTPYM, a TakoXK (IIpH HasABHOCTI OMOpY KO-
JIEKTOPHOTO HABAaHTAKEHHS) HATMIPYTY 1 MOTYXHICTb.

B cxemi i3 criibHOIO 023010 MiJCHIIIOBAIBHI BJIACTUBOCTI TPAH3UCTO-
pa XapakTepHU3yIOThCsA KOSDILIEHTOM & — Koe@iyicHmom nepedavi cmpymy
emimepa, 1O JOPiBHIOE BiIHONICHHIO MPUPOILCHHS CTPYMY KOJIEKTOpa 10
NPUPOLICHHS CTPyMy eMiTepa MpH HE3MiHHil Harpy3i Ha KOJEKTOPHOMY
MePexo/Ii:

/4
a:a—K npu U, = const.

oI,

B cxemi i3 cITiIbBHUM eMiTepoM MiICHITIOBaIbHI BIACTUBOCTI TPaH3H-
CTOpa XapaKTepU3yIThCS Koepiyienmom nepedaui cmpymy oasu [

ol
B=—" mpu U, =const.
ol g

Koedinientn a1 £ B3aemMo3B'13aH1 Mixk co0010:

LB
1+p

Koedinientn a1 £ 3anexarpb Bia pexxuMy poOOTH TpaH3ucTopa. Po3-

a
’ ﬂ_l—a'

IJISTHEMO 3aliexHicTs [ Bin crpymy [, i Hanpyru Uy . Ilpn mamux [,
HIBHJIKICTD €JIEKTPOHIB, 1HXKEKTOBAaHHX 3 eMiTepa, Mana. Tomy OinbmIicTh
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CJIICKTPOHIB pekoMOiHye 3 nipkamu y 0a3i. KoedimieHT [ Mae HeBenmke
3Ha4yeHHs. [lpu 30unbIeHH] [/, IIBHAKICTH €IEKTPOHIB 3POCTAE, MOMKIIH-
BicTh pexoMOiHamii 3MeHmIyerbesi, [, 3pocrtae, [ 30imbnryerscs. [Ipu Be-
aukux [, B 6a30Bill 007ACTI TPAH3UCTOPA HAKOIIMYYETHCS BETUKUH 3apsi.

Uepes Te, 1m0 0a3oBa 00JIaCTh TOBUHHA BECh Yac 3alUINATHCS HEHUTpalb-
HOIO, JI0 HEl HAJXOJUTh MO3UTUBHHMIA 3aps]l 13 30BHINIHBOTO Kojia. MOXIIn-
BiCTh peKOMOiHaIlii eNeKTPOHIB 1 AipoK 30umbIIyeThca. CTPyM KOJEKTOpa

nanae, [ 3MeHmyeTbes. I'padik 3amexHocti f Bim [, HaBeneHWH Ha
puc. 6.4, a. 3anexuicts S Bin U, nokaszana na puc. 6.4, 6.

i Y Y

a 6
a — BiI CTpyMy eMiTepa; 6 — Big Hanpyru U KE

Pucynok 6.4 — 3anexxHocri koedilieHTa nepenadi ctpymy 6azu [ Bix ctpymy
eMiTepa i HanmpyTrH KOJIEKTOP-eMiTep

Koediuient S 30inpiyerses 3 poctoM 3BopoTHOi Hanpyru U ;. , 1110
TIOSICHIOETHCS HasBHICTIO epexTy Epuri.

Bounbr-amnepni xapakrepuctuku (BAX) OimonsipHoro TpaH3ucropa
3a CXEeMOIO i3 CITUThHAM eMiTepOoM IoKa3aHi Ha puc. 6.5.

Ha puc. 6.5, a niBa xapakrepuctuka (npu U,, =0) Biamnosinae npa-
Bilf rpaHuIi 007acTi HACHUYEHHS POOOTH TPAH3UCTOPA, B SIKIH eMITEpHUI 1
KOJIGKTOPDHHH TEepexoy TPaH3HCTOpa 3MILIEHI B MNPSIMOMY HAamlpsMKY.
Crpym 0a3u npu bOMy JIOPiBHIOE CyMi CTPYMiB JIBOX P-N mepexoi. [Ipu
30inbuIeHHi BuxigHoi Hanmpyru U,, BXiJHI XapaKTEPUCTHKU 3MIiLIyIOThCS
npaBopy4, TOOTO BinOyBaeTbcs 3MEHIICHHS CTpyMy ©asu mpu
Uy, = const.
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E U =1 Ederr Epmi

Upg *0 Ofmacte

Ofimacte HACHHEHHA I
HACHHEHHA TMpsa *
AKTHEHA IB;

ofmacte OfmacT BigcixamET

» Fi r‘r‘r".-’r"r’a";"r’f:"r"r’r"r".-’r’r"r’ffs:n
r
u_ 007 o
a 6
a — BXIJIHI; 6 — BUXIIHI

Pucynok 6.5 — BAX Ginoxsapaoro Tpansucropa 3a cxemoro CE

Taka 3MiHa TOJOKEHHS XapaKTEPHCTHK IOSCHIOETHCS HAsSBHICTIO
edexry Epmi B Tpamsucropi. CytHicts edexty Epmi (edexty momymsmii
TOBIMMHU 0a3W) CKIAAAETHCS B TOMY, LIO MpH 301IbIICHHI 3BOPOTHOI Ha-
MIPYTH Ha KOJIEKTOPHOMY MepeXoi BiOYBa€ThCS PO3MIUPEHHS KOJIEKTOP-
HOTO TIepexoy, MUpHUHA 0a30BOi 00JACTi MIPH MBOMY 3MEHIIYEThCS. 3Me-
HIIIYETHCSI MOXKITUBICTD PEKOMOIHAIIIT eJIEKTPOHIB i3 AipkaMu B 0a30Biid 00-
JacTi, TOMY 3MEHIIYETbCsl 0a30BUil cTpyM. BXinHa XapakTepucTUKa 3Mily-
€THCSI IPABOPYHY.

Psin BUXiTHUX XapaKkTEpPUCTHK TPAH3UCTOPA, IO BKIFOUSHHH 32 CXe-
moto CE, mokazano Ha puc. 6.5, 6.

Ha mux rpadikax Bunmineni Tpu obnacrti: ob6macte HaCW4eHHs (TIpH
U, <0,7B, I, >0); npsima aktuBHa obnacts (npu U,, >0,7B, I, >0);
obnactp Bincikanus (npu |, = 0).

Ha BuxigHux XapaKTepHCTHKax TaKOX BHSBISEThCs edexT Epmi. 3i
3pOCTaHHAM BHXIJTHOI HalPYTU CIIOCTEPIra€ThCs 3pOCTAaHHS KOJEKTOPHOTO

CTpyMy, TOOTO iCHye HaXWJ BHUXIJHOI XapaKTePUCTUKU B MPSAMii aKTHBHIH
obnacri.

6.2 3aBaaHHA

6.2.1 3HiMITP BXiZHI XapaKTEPUCTHKH TpPaH3UCTOpa  IpH
U, =0,46B (I =1mMA ). Cxema ycTaHOBKH AJsl BuMiptoBanHs BAX

TPaH3UCTOpPA MOKa3aHa Ha puc. 6.6.

5'max
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Pucynok 6.6 — Cxema yctaHOBKH JUTs BUMipioBaHHI BAX Tpan3ucropa

6.2.2 3HIMITh BHXIi/JHI XapaKTEPUCTUKH TPaH3HCTOpa IS BOX 3HA-
4eHb cTpyMiB 6azu 20; 35 mxA (| =50MA ).

6.2.3 [loOyny#iTe rpadiky BXiAHUX 1 BUXITHUX XapaKTEPUCTHUK.

6.2.4 Pozpaxyiite BXigHuil qudepeHiasHuil ommip TpaH3UCTOpa MPH
U,, =4 B Ha niHilHI}i AiASHL BXiIHOT XapaKTepUCTHKU. {11 po3paxyHKy

K max

BHKOpHCTaiiTe hopmyny R, =AUy, /Al

6.2.5 3 BUKOpUCTAaHHIM BUXITHHX XapaKTEPUCTHUK TPAH3UCTOPA PO3-
paxyiiTe CcTaTWYHHMI KOeillieHT mepemadi cTpymy 0a3u 3a (opMYJIOH
P =Al,/Al;, nupu npubnusnomy 3nauyenHi U,, =4 B.

6.2.6 3 BUXigHHX XapaKTEPUCTHK TPAH3HCTOPAa BHU3HAYTE BUXIJHI
nmudepeHIianbHi ornopu TpaH3UCTOpPA 3a (dhopmyoro
Roug = AU gux [ Al npu | ; =35MKA U1 1BOX CTPYMIB KOJIEKTOpa

Ha KPYTiH 1 MOJOT1H JSTHKaX XapaKTEPUCTHKH.

8Ux >

6.3 Ilopsiiok BUKOHAHHSA PO0OTH

6.3.1 30epith cxemy 1t BumiproBanHs BAX tpansucropa (puc. 6.6).

6.3.2 Bumipsiite 3anexuocti | 5(U g5 ) npu pisHux mocriiiHux 3Ha-
uyeHHIX Uy, BiamoBinHO 10 1. 6.2.1. Pe3ynbraTti BUMIpIOBaHb 3aHECITH Y

TabJIMITI0, hopMa KO IIpeacTaBiicHa B Ta0. 6.3.
6.3.3 Buwmipstiite 3anexnocti | (U ) Ipu pi3HEX NOCTIHHUX 3HA-

YeHHSX |, BiAmoBigHO 10 1. 6.2.2. Pe3ynbTaTé BUMIpIOBaHb 3aHECITH Y
Tabnumto, popma Kol mpeacraieHa B Tad. 6.4.
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Tabmuns 6.3 — @opma TabIUI AJIS 3aMUCy Pe3yNbTaTiB BUMIPIOBAaHb
BX1JIHUX XapaKTEPUCTHK TPAH3UCTOPA

Uge=0B Uge=4B Ue=6B
- 1, MKA U, B 1, MxkA U, B 1, MKA

U

Tabmuug 6.4 — ®opma TabmuUI 47151 3aKUCy Pe3yIbTaTiB BUMIPIOBAHb
BUXIJTHUX XapaKTEPUCTHUK TPAH3UCTOPA

1, =20 MxA U,.B
I MA
I, =35MKA Ug B
I MA

6.3.4 TloOynyiiTe Tpadiku i 3po0iTh PO3paxyHKH BiIMNOBITHO A0 II.
6.2.3-6.2.6.

6.4 3micT 3BiTY

3BIT MOBUHEH MICTUTH: METy poboTH; Tabnui 3a popmamu 1ab1.6.3,
Tabi. 6.4; rpadiku, MoOy0BaHI Ha OCHOBI BKa3aHUX TAOJIHIIb; PE3yJIbTaTH
pO3paxyHKiB 3a 1. 6.2.4 - 6.2.6; BUCHOBKH 3a pe3yJibTaTaMu poOOTH.

6.5 KoHTPOJIbHI 3anuTaHHS

1 Crpykrypa 6iMONAPHOTO TPaH3UCTOPA.

2 Sxwit npuHnMn gii Mae OIMmoNsIpHUE TpaH3ucTop?

3 SIki OCHOBHI €Tamy TeXHOJIOTIYHOTO MPOIECY BUTOTOBJICHHS OIMmOsp-
HOT'O TpaHsucropa?

4 SIxi 0coONMMBOCTI Ma€e CTPYKTypa IHTETPOBAHOTO TPaH3UCTOPA?

5 B skux pexxuMax MOXe MpairoBaTH OINOJSpHUN TpaH3UCTOP?

6 Sxuil posmonin JOMIMIOK MO TIMOMHI B IUIAHAPHOMY OIMOJIIPHOMY
TpaH3uCTOPi?

7 Sxi migcHIIOBaJIbHI MOJKIIMBOCTI MAOTh OCHOBHI CXEMH BKJIFOYEHHS
TpaH3ucropa?

8 UuM xapakTepu3ylOTbCs MiACHIIOBAJbHI BIACTUBOCTI TPAaH3UCTOpPA B
cxemax Bmukanug Cb, CE?

9 B yomy nossirac MeToIMKa BU3HAUCHHS TTApaMeTpPiB TpaH3UCTOpa?
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7 JABOPATOPHA POBOTA Ne7
”IIOJIBOBUU TPAH3UCTOP 3 MIH-CTPYKTYPOIO”

Meroro poboTu €: o3HaAHOMIICHHA 3 (Di3WIHHMMH OCHOBaMH pPOOOTH
M/IH-TpaH3ucTopiB; BUBUEHHS CTPYKTYPH 1 TEXHOJOTII BUTOTOBIICHHS
M/IH-TpaH3ucTOpiB; AOCHiIKEHHSI XapaKTEPUCTHUK 1 ImapaMeTpiB TpaH3HUC-
TOPIB.

7.1 Teopernuni BizomocTi
7.1.1 OcHOBHI M0JI0KEHHS

Tpam3uctop 13 CTPYKTypOIO MeTal-IieJIeKTPUK-HAIiBIIPOBITHIK
(MIH) BiAHOCHUTBCS 10 YHIMIOJSPHUX TPAH3UCTOPIiB, B OCHOBI pOOOTH SIKUX
JISKUTh BUKOPHCTAHHS HOCIiB 3apsiy OIHOTO TUMY: abo eJEeKTPOHiB, abo
nipok. OcHOBHHM crtocoOoM pyxy HociiB B MJIH-Tpan3ucropi € apeiid B
enekTpuyHoMy modii. Ilpouecu imkekuii 1 qudy3ii B Takux TpaH3UCTOpax
HE BiAIrpaloTh CyTTeBOi poii. PoGoTa TpaH3ucTOpa MOSCHIOETHCS 3MIHOIO
BEJIMYMHU CTPYMYy B IPUIIOBEPXHEBOMY IPOIIAPKY HAMIBIPOBiTHHKA (Ka-
HaJi) BHACTIIOK 3MiHH €JEKTPONPOBIAHOCTI KaHAIY MiJ BIUIUBOM e(peKTy
HOJIS.

Egexmom nons HazWBalOTh 3MiHY KOHIIEHTpaIlii HOCIiB 3apsmy, a
3HAYUTH 1 TIPOBITHOCTI, B MPUMIOBEPXHEBOMY MPOIIAPKY HAITiBIIPOBITHUKA
i1 BIUIMBOM €JIEKTPHYHOTO modisi (puc. 7.1). SIKIO CTBOpPEHUI TaKUM YH-
HOM MPONIAPOK Ma€ MiJBHINEHY BiJJHOCHO PIBHOBKHOI KOHIEHTPAIIiIO
HOCIiB 3apsiy, Oro Ha3WBalOTh 30d2ayeHuM, a MPOIIAPOK i3 3HIKEHOIO
KOHIICHTPAIIIEI0 — 30I0HEHUM.

Jienextpuk
Iieran \I—IarﬁBnpuBip}n«n{
| [T
: -....+ +
= N A
= R
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o o

Pucynok 7.1 — Edexr mons y CTpyKTypi MeTala—IieTIeKTPHUK—HAITiBIIPOBI THUK
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Uepes cucteMy MeTal-AieNeKTPUK-HAIIBIIPOBIMHUK IPOTIKAHHSA
CTPYMy HEMOXKITHBE, TOMY TaKa CHCTEMa € CBOEPITHUM KOHICHCATOPOM, Y
SIKOTO OJ{Ha 3 OOKJIaJIOK HAITiBIIPOBIIHUKOBA, a iHIIA — MeTayieBa. Ha Harmi-
BITPOBITHUKOBIH OOKIAII Oy/ie HABEICHUI TaKOl K BEIWYMHU 3apsi, SK i
Ha METaJIeBiH, ajle 3HaK HOro — MPOTHUIICKHUH.

[Ipore, Ha BiAMIHY Bix MeTamy, 3aps/l Y HAIiBIPOBIIHUKY MOIIHAPIO-
€TBCS Ha JIESIKy TIHOHMHY, a HE 30CepeKy€eThbCcsl Ha HOTO MOBEpXHi. 3HaK
3apsay HaIiBIIPOBITHMKA 3aJIEKHUThH Bif MOJISPHOCTI MPUKIAACHOI 10 MeTa-
ny Hanpyrd. [Ipu HeraTHBHIN HOJSAPHOCTI HaBEIESHUH 3apsl MO3UTHBHHA.
VY HamiBOPOBIIHUKY p-THUITY MMO3UTUBHUM 3apsii 3yMOBICHUH JipKaMu, 110
NPUTATINCS 10 MOBEPXHi, a B N-HAIMIBIPOBIIHUKY — 10HAMU JOHOPIB, BiJl
SKHX BIAIMMTOBXHYIUCS CJICKTPOHU. Y MEpIIOMY BHMAJIKY BiIOyBa€eThCs
30azavenns, a B qPYromy — 30i0HiHHs TIPUIIOBEPXHEBOT'O MPOIIAPKY OCHOB-
HUMH HOCISIMH.

[Ipu Mo3UTHBHIN MONSAPHOCTI HANPYTH B N-HAIMIBIPOBITHUKY BiI0y-
BA€ThCs 30araycHHs MPHUIIOBEPXHEBOTO MPOIIAPKY €JICKTPOHAMH, a B p-
HAIMIBIPOBITHUKY — 301JHIHHS JipKaMH ¥ OTOJICHHS HETaTHMBHUX aKIENTO-
PHUX 10HIB.

Crpykrypa MJIH-Tpan3uctopa 3 iHIZyKOBaHMM (HaBEeOeHHM) N-
KaHaJIOM, 1[0 BUTOTOBJICHA HA OCHOBI HAIMIBIPOBIJIHUKA p-TUITy, MTOKa3aHa
Ha puc. 7.2.

[ipmapor p-mTy -

Pucynok 7.2 — Ctpykrypa M/IH-Tpan3ucTopa 3 iHIyKOBaHHM KaHAJIOM

MeraneBuii eneKTPOI, MO0 CTBOPIOE €(PEKT IOJIsI, HA3UBAIOTh 3aTBO-
pom (3). [lBa iHImIUX enekTpoja Ha3uparoTh BUTOKOM (B) i ctokom (C). Lli
€JIeKTPOIM B TPHUHIUII 3BOPOTHI. CTOKOM Ha3MBA€THCA TOH i3 HUX, Ha
KU HAAXOATh poOoUi HOCIT 3apsny. SKio kaHan N-Tuiry, To pobodi HO-
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cii — eNeKTpOHH, a MOJSAPHICTh CTPYMy IMO3WTHBHA. BUTIK, SK mpaBumio,
3'€THYIOTHh 3 OCHOBHOIO IIACTHHOIO HAMBIPOBIIHMKA, SKY Ha3WBAIOTH IIi-
nmapkom (IT).

7.1.2 HNpunnun aii MJAH-TpaH3ucTopa Ha OCHOBiI HamiBHpPoOBia-
HHUKA p-TUILY

Sk mpaBuno, MJIH-TpaH3ucTOp BKIIOYAIOTH 32 CXEMOIO 13 CHIJIBHUM
BuTOKOM. IIpn Hanpy3i Mixk 3aTBOPOM 1 BUTOKOM U ,; , 110 TOPIBHIOE HYIIIO,

KaHaJl He iIHAYKY€EThCA, 1 Ha IUISIXY MK CTOKOM 1 BATOKOM OITMHSIFOTHCS /1B

3yCTPIYHOBBIMKHEHHX p-N nepexoau. ToMy mpu nozpaBanHi Hanpyru U .,

MK CTOKOM 1 BATOKOM CTPYM Y JIAaHIIF031 BUTOKY Oy/ie Mi3€pHO MaJliM.
Sximo noxaty Ha 3aTBOp HeratusBHy Hanpyry U, <0, To npunosep-

XHEBUH MPOIIAPOK 30araTUThCs IipKaMH, MPU EOMY CTPYM y poOOYOMY
JIAHII031 MaJlo 3MIHUTHCS. SIKINO K MOaBaTH HA 3aTBOP yce OiIblIy MO3u-
TUBHY Hanpyry U,, >0, To crio4aTtky yTBOPHThCs 301AHEHHI IPOIIAPOK, a

MOTiM 1HBEPCHUH MPOIIAPOK ENIEKTPOHIB, TOOTO €NEKTPONPOBIIHUN KaHAI.
[Ticnst mporo CTpyM CTOKY Ha0yBa€ KiHIEBOTO 3HAYCHHS 1 € (DYHKII€IO BiJl
Hanpyry Ha 3aTBopi. Lle 1 € pobounii pesxxum MJIH-Tpan3ucropa. Ockinbku
BXIJIHUI CTpyM B KOJIi 3aTBOpa JyK€ MaJIMH, YTBOPIOETHCS 3HAYHE ITiJICH-
JICHHS TIOTY KHOCTI, Habararo Ouiblie, HiX y OiMOJSPHUX TPAH3UCTOPIB.

Kananm, o BificyTHI B piBHOB2)XKHOMY CTaHi 1 YTBOPIOIOTBCS TLIBKU
i1 T1I€F0 30BHIMIHBOI HAPYTH, HA3UBAIOTHCS iHOYKOBAHUMU.

Hanpyra Ha 3aTBOpi, pH SIKii YTBOPIOETHCS KaHAaIl, HA3UBAETHCS 1O-
po206oIo Hanpyeoio 1 Io3HavYaeTbes U,

Icayrore MJIH-Tpan3ucTopu, B sIKUX KaHaJ c(hOpMOBaHHIA y TpoIieCi
BUTOTOBJICHHS TpaH3UCTOpa. Takuil KaHal HAa3UBA€TBCA G1ACHUM a0O 6u-
eomognenum (60ydosanum). Ha 3aTBOp TpaH3HMCTOpA 3 BUTOTOBIEHUM Ka-
HaJIOM MOXKHA MOJ]aBaTH HANpYTy SK HEraTUBHOI, TaK i MO3UTUBHOI MOJISP-
HocTi. [lpy HeraTWBHIH MOJSPHOCTI HANPYTH eJEKTPUYHE TI0Je 3aTBOpa
HaMaraeThbCsl K O BUIITOBXHYTH CJEKTPOHHM 3 KaHAy, i KaHal 3011HF0-
€TbCSI OCHOBHUMH HOCISIMU. B pe3ynpTarti MpoBiAHICTH KaHATY 1 CTPYM CTO-
Ky 3MeHINyIoThCs. [Ipr qocTaTHRO BEJIMKIM HEraTUBHINM HANpy3i Ha 3aTBOPI
NPOBIIHICTh KaHATy HAOMIKAETHCS 10 HYJIs. Takuii pexxuM poOOTH Ha3H-
BAaIOTh pedcumom 30i0Henns:. IIpy IO3UTUBHIN MOJSIPHOCTI HANPYTH €JIEKT-
pUUHE TOIIe 3aTBOPA HAMATACTHCS BIATTH B KaHAI JOAAaTKOBI CIIEKTPOHH, i
BiH 30aradyeThCsi OCHOBHIMH HOCisSIMH. B pe3ynbraTi mpoBijHICTE KaHAMYy i
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CTPYM CTOKY 301bIIyIOTECS. Takuil pexuM Ha3UBAETHCS peHcUMoM 30a2a-
YEHHSL.

SAxmo 8 M/IH-Tpan3ucTopi migmapok Mae N-THI, a MPOIIAPKH BHTO-
Ky 1 CTOKY 3po0ieHi p-tuiy, To yrBopuThcss M/IH-TpansucTop i3 iHgyKo-
BaHUM p-KaHaIOM. BiH XapakTepu3yeTbCsi HETaTUBHUMHU IOJSIPHOCTSIMHU
noporosoi i1 pobounx Hanpyr: U, <0; U,, <0; U, <0.

OcKibKM Halpyru MiX 3aTBOPOM 1 BUTOKOM (U ,, ) Ta MiXk CTOKOM 1

nop

BUTOKOM (U ., ) BU3HAYAIOTHCS BITHOCHO OJHOIO i TOrO K €J1eKTpoja (BH-
TOKY), TO JaJli IO TEKCTY IIpH MO3HAYCHH] HANpyT Apyruii inaekc ( B) Oyae
onyenuii (Oyne nozHageno U, ta U.).

[Migmrapox MJIH-TpaH3nucTOpiB HaMararThCsi 3pOOUTH 3 MaTepiay 3
BHUCOKUM MUTOMHUM OIOPOM, 1100 TOJCTIIMTA YTBOPSHHs KaHamy i 3011b-
UIMTH IPOOMBHY HANPYTY MEPEXO/IiB BUTOKY 1 CTOKY.

Cxema TEeXHOJIOTIYHOTO TIPOIIeCY BHUTOTOBJICHHS KpemHieBoro M/IH-
TpPaH3UCTOPA 3 IHAYKOBAaHUM KaHAJIOM N-TUITy HaBeJeHa Ha puc. 7.3.

Ha kpemuieBmii migmapox N-tumy (puc. 7.3, a) 3a IOMOMOToI0 emiTa-
Kcii HapoIIyeThes MpoIIapok p-tuiy (puc. 7.3, 0). Jami mmsxoM OKHCITIO-
BaHHS MPOMApKy i GopMyBaHHS Ha HOTO TOBEPXHI MPOIIAPKY TBOOKHCY
KpeMHit0 (puc. 7.3, B) 1 HACTYyHOTO TpaBJIEHHS IOTO MPOIIAPKY
(puc. 7.3, T) ofepKyIOTh 3aXUCHY Macky (puc. 7.3, T). 3a J0MOMOIoI0 JH-
¢y3il JTOHOPHOI JOMINIKK eMTaKCIHHWIA TPOIIAPOK p-HAIiBIPOBITHUKA
"pixkerbess" Ha kmmieHi (puc. 7.3, 1). MJIH-tpan3uctop, chopmoBanmii y
KOXHIM KHUIIICHI, eJICKTPUYHO 130JIbOBAHUH BiJl IHIIUX €JIEMEHTIB p-N Tiepe-
XOIOM KHILIEHI.

B pesynbraTi BUTOTOBIICHHS JPYroi Mack 3 MPOMIAPKY JABOOKUCY
KpeMHito (puc. 7.3, €) i moBTopHOI Audy3ii JOHOPHOT TOMIIIKH YTBOPIOIOTH
CHIIbHOJIErifloBaHi 06sacTi cTOKy 1 BUTOKY (pHc. 7.3, k). 3a0pyaHeHy Io-
MIIITKaMH MacKy BHJAIISIOTH i BUTOTOBIISIFOTH HOBY (pHC. 7.3, 3), IMICIsI 9OTO
(bOPMYIOTh ENEKTPOJN — KOHTAKTH BHUTOKY 1 CTOKY (puc. 7.3,1), a Takox
HAIMJIIOIOTh €JIEKTPOJI 3aTBopa (puc. 7.3, K). ENekTpoau BUTOKY, CTOKY i
3aTBOpa BUKOHYIOThH 3 JIIOMIiHIiIO, TAHTAIy Ta IHIIMX METAJB i3 BHCOKOIO
€JICKTPOIPOBIIHICTIO.
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Pucynok 7.3 — CxemMa TEXHOJOTIYHOrO MapmipyTry BurotoBieHHs MJIH-
TpaH3HUCTOpa
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7.1.3 Xapakrepuctuku M/AH-Tpan3ucropa

Py BUXiZHUX (CTOKOBMX) XapaKTEPUCTUK HaBEAEHO Ha puc. 7.4,a. Y
BUNAAKy BOymoBaHoro N-kaxamy Hampyru U, <0; U,,=0; U,,>0, a
ingykoBaHoro N-xka”amy — U, >0; U,,>0; U, >0. XapakrepucTUKu

MOJKHA PO3JITUTH HA JIBI MUISHKU: MTOYATKOBA — JIiHIAHA AUISHKA 1 Ipyra
JIJISTHKA — HACHUYEHHS CTOKOBOTO CTPYMY — IPH JOCTaTHBbO BEIUKIH CTOKO-
Bili Hampy3i. Mexy HaCUUEHHS XapaKTepU3ye HANpyra HaCHueHHS Uy, :

U CBrac — U 3B U nop*
F
I
UEB 1
Uzga
U3B3
CF wac U':B
a
I F
C Ueps Uops
i Uspa Yepa
PP Uont Uopy
Upyy ! Unop Usp,
6

a — CTOKOBi; 0 — cTOK03aTBOpHi: 1 — XapaKTEepUCTUKH TPAH3UCTOpPa 3 BOYIOBAHIM
KaHAJIOM; 2 — XapaKTePUCTHKH TPAH3UCTOPA 3 IHIYKOBAHUM KaHAJIOM

Pucynox 7.4 — Craruuni xapakrepuctuku M/IH - Tpan3ucropa
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[lepmry nminsgHKY XapaKTepUCTHKH YacTO HAa3WBAIOTh TPIOJHOIO abo
OMIYHOIO, a APYTY — MEHTOAHOI0 a00 HACHYEHHS.

Ha npaktuili KOpucTyroThCs amnpokcumarlisMmu BAX, i3 skux s
TPIOHOI JUISHKH HAHOUIBIIT TPOCTOO 1 ONMTUPEHOIO € TaKa:

I :b{(ug -U,,)U, —;Ué} ,
b=S/(Us;-U,,),

ne b — mmroma xpyticte MJIH-TpaH3ucTopa (THIOBE 3HAYCHHS
b~0,1 mA/B?).

Ha menTOoqHI# AiNSHII XapaKTEePUCTUKU CTPYM CTOKY He 3MIHIOETHCS
1 3aIMIIAETECA PIBHUM TOMY 3HA4YEHHIO, SIK€ BiH Mae€ MPHU HAIpy3i HaCH-
YCHHA:

I, =%b(U3 -u,, ).

Sk mpasmito, HoMiHaBHEM cTpyMoM M/JIH-TpaH3ncTopa BBaXaeThCs
CTpyM Tipu Hanpy3i U, =2U, , ToOTO:

nop 2

1.2
Crom — Ebunap :

Psan  mepenmaBambHuX  (CTOKO3aTBOpHWX) Xapaktepuctuk MJIH-
TPaH3UCTOPIB HaBeJeHO Ha puc. 7.4, 6. [lepiia cyKymHICTh XapaKTEePUCTHK
(Ne 1) BimHOCHTBCS 0 TPaH3KMCTOPA 3 BOYJOBaHMM KaHaoM, a apyra (Ne 2)
— 3 iHAyKOBaHUM KaHainoM. [Ipu cTOKOBHX Hampyrax, IO BiAIIOBiIAIOTH
PEKUMY HACHUCHHS, XapaKTEPUCTUKU MPAKTUYHO 3MMBaIOThHCs. llodaTok
YCIX XapaKTEepUCTHK BIANOBI/Ia€ OPOroBii Hanpysi U, .

7.1.4 llapamerpu MH-Tpan3ucropa

[MiacmmoBaneHi BiactuBocti MJIH-TpaH3ucTopa XapakTepu3yrOThCs
koedimieHToM mincuieHHs K 1 KpyTICTIO S BOJIBT-aMIEpHOI XapaKTepHucC-
THKU:

S olc

= apu U =const,
2, p c
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ouU
K=—X mpu I, =const.
oU 5
Buxinnuit qudepenuiansHuii omip CTOKy
ouU
Ry = —= mpu Uy =const.
ol ¢

Buxonsau 3 iporo, BenmnunHa KoedimienTta miacmwieHas K
K=§8Ry, .

Take Bu3HaueHHs KoeilieHTa MiACHUICHHS MPUBOIAATH Tyros, [mi-
00B, YaprkoB, CTenaHeHKO Ta iHIII aBTOPH ITiPYIHUKIB.

PosriisHeMo yBakHile GopMyiH JUis BU3HaYSHHs KoedillieHTa Imiji-
cuneHHs. OdeBugHO, MoBa Wae mnpo migcwieHHs Hampyru M/IH-

TPaH3UCTOPOM. YMOBA, 0 /. = const , 03HaYae, MO TPAH3UCTOP KUBUTh-

cs1 BiJ TeHepaTopa CTpyMy, y SIKOro BHYTpilIHil omip R~ — 0. B abco-

eHymp
JIOTHIN e OLIBIIOCTI BUIMAJIKIB TPAH3UCTOPHI CXEMU JKUBJISITHCS BiJl TeHe-
paTopiB HampyrH, y Skux R — 0. Toxi myst Toro, MO0 MaTH MiCHIICH-

eHymp
HSl HalpyTH, B KOJIO CTOKY OOOB'SI3KOBO IOTPIOHO BKIFOYMTH OIip HaBaH-
TakeHHs R, .
B takomy Bumanky ¢opmyna s Bu3HaueHHS KoedillieHTa TmiacH-
JIeHHS Harpyru OyJie MaTH TaKUil BUTIISA:
ouU,. ou,, _RH-8[C:

K: =— =
ou, ou, ou,

~S-R,,,

ne U, — Hampyra Ha OIopi HaBaHTAXECHHSL.

KpiM Toro, xoedillieHT MmiCHIICHHS CIig OpaTh 3a MOMYJIEM, OIyC-
KaruM 3HaK “—*, 110 3'SBJISETHCS MPH YUCIOBUX PO3pPaxyHKax i BKa3zye Ha
3MiHy a3y BUXiJHOTO CUTHAITYy BITHOCHO BXiZHOTO.

M/IH-TpaH3uCTOp TEOPETUYHO HE CIIOKMUBAE BXiJHOIO aKTHBHOTO
ctpymy. OTxe, HOro MOXKHA BBa)KaTH aKTHBHHUM €JIEMEHTOM, KEPOBaHHM
HaTpPyTOIO.
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UactotHa wmexa 1 mBuakomis MJ/IH-tpan3uctopa o0OMexyroTbes
MIBUKICTIO TIPOIIECY BCTAHOBJICHHS KOHIIEHTPAIlil OCHOBHHX HOCI{B 3apsiLy
B KaHaJ IiC/s 3MiHM HANpPYy>KEHOCTI TOJIsl B HbOMY. 3aTBOp i KaHAJl yTBO-
protoTh po3nosiieny RC-iHit0, JIaHKH SKOT 3apsKAIOThCS HEOJHOYACHO 1
HEOJTHAKOBO: €EMHOCTI, BiiIaJIeH] Bil BUTOKY, 3apsIKAIOTHCS TOBUIBHIIIE 1
TMi3HiIIe, TOMY III0 BOHHU 3apsKAIOTHCS Yepe3 JOBITY JUISTHKY KaHAIy.

[TprGIN3HO MOXKHA BBAKATH, IO CTAJa Yacy KaHaly 7, JOPiBHIOE:
T =Cy 1

ne Cy. — eKBIBaJIGHT PO3MO/IiIEHOT EMHOCTI 3aTBOP-KaHAJ;

7y — €KBIBAJEHT PO3HOJUIEHOrO ONOPY KaHaly (BEIMYMHA 7 Mae
MOPSAZIOK COTeHb OM).
MiHiMalbHO JOCSKHA BelnuuHa 7, gopieHioe 0,1...1 He. 3 ypaxy-

BaHHAM 30BHILIHBOIO ONOpPY B JIAHIIO31 3aTBOpa 7, 30UIBLIYETHCS 0
10+100 He.
Kpim emuocri 3atBop-kaHan C,,., y TPAH3UCTOPI € MApa3uTHI €MHO-

CTi: 3aTBOp - BUTIK C,,, 3aTBOp - cTiK C,., BUTIK - cTik Cg. . KoxHa 3 Hux,

SIK TIpaBUIIO, He nepeBuinye 1 nd.

[T-nonibHa ekBiBasieHTHA cxeMa ineanbHoro MJIH-Tpan3ucropa 6e3
BpaxyBaHHs BIUTMBY Mijmapka 300paxena Ha puc. 7.5. L{s cxema mozenroe
po0OTY TpaH3MCTOpa HA HU3bKHUX YaCTOTaX.

TemmeparypHa 3aJexXHiCTh IIOPOTOBOI HANPYTH 1 HANPYTH BiACiKaH-
HS1 3yMOBJICHA 3MIHOIO MOJIOKEHHS piBHsI DepMi, 3MiHOO 00'eMHOTO 3apsi-
Iy B 30iHEHIA o0JacTi i BIUIMBOM TeMIIEpaTypyd Ha BEIMYWHY 3apsay B
TIEIeKTPHUKY.
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Pucynok 7.5 — ExBiBasieHTHa cxeMa ineanbHoro MJIH-Tpan3ucTopa

7.2 3aBnanHsA

7.2.1 3mimith aBI BuXigHi (CcTOKOBi) Xapakrtepuctuku MJIH-
TPaH3UCTOPA.

7.2.2 3HiIMITH JBI TepenaTtodHi (CTOKO3aTBOPHI) XapaKTEPUCTHKH
MOH-tpan3uctopa.

7.2.3 3a IOMOMOT0I0 CTOKO3aTBOPHUX XapaKTEPUCTUK BU3HAUTE I10-
pOTOBY Hampyry ado Hanpyry BijICiKaHHS TPaH3UCTOPA.

7.2.4 O6uucniTh KoeilieHT MiACUICHHS Ul ABOX 3HaUeHb R, .

7.2.5 O0UUCHiTh KPYTICTh CTOKO3aTBOPHOI XapaKTEPUCTHKH.

7.2.6 O0uMCHiTh BUXITHUMEA AudepeHIiaIbHUN Omip IS JBOX JIUIs-
Hok BAX.

7.3 IlopAI0K BUKOHAHHS POGOTH

7.3.1 30epiTh cxeMy BUMIpIOBaHHs, II0 HaBeJileHa Ha puc. 7.6, ae
V1 — BonbTM™MeTp, 10 BuMiptoe Hanpyry U ,,; V2 — BoabTMeTp, 110 BUMi-
proe Hanpyry U, ; MA — MisliamriepMeTp, 1110 BUMIPIOE CTPYM CTOKY.

7.3.2 IlpoBenite BumiptoBaHHs. [Ipy BUMipIOBaHHI CTOKOBHX Xapak-
tepuctuk MJIH-Tpan3ucropa Hanpyra U, [uid KOXXHOI XapaKTE€pPUCTHKU

3aJIMIIAETHCS MOCTIHHOIO, a Hanpyra U 3MmiHI0€Thes B Hyna 1o U o .



67

+E3

_E —_—
3 © o —Z,

Pucynok 7.6 — Cxema 11 BUMiproBaHHs Xapakrepuctuk M/IH-Ttpan3ucropa

Bennunna makcumanshoi Hanpyru U 3aJIeKUTh BiJl TUILY TpaH-

C max
3UCTOpa 1 BU3HAYAE€ThCS 3 AOBiAHMKA. Benmuunu nanpyr U,, 3amaroTbes
BUKJIaJIa4ueM.

I[Ipu BuUMipIOBaHHI CTOKO3aTBOpPHHX  xapaktepuctuk MJIH-
TpaH3ucTopa Hanpyra U. Ul KOJKHOI XapaKTePHCTHKH 3aIUIIAETHCS T1OC-

TiiiHOMO, a Hampyra U, 3MiHIO€THCA Big Hyist 10 U . [Ipu BuMiproBanHi

3 max
oux XapaKTCpI/ICTI/IK KOHTpOJ'IIOCTBC?I C’I‘pyM CTOKy, BCJINYHHA SIKOI'O HE I1O-

BUHHA NEpeBUIYBaTH [ .. . 3HAUEHHs CTpyMy I . BU3HAYa€TCA 3 JOBI-

max
nHuKa. Bennunan nanpyr U, 3a1ai0ThCsl BUKJIAIaueM.
7.3.3 [loOyyiiTe rpadiky i 3po0iTh PO3paxyHKH.

7.4 3micT 3BiTY

3BIiT MOBUHEH MiCTUTH:

- TUTYJIBHY CTOPIHKY;

- MeTy po0oTH;

- CXeMy JIJIsl BAMIpIOBaHb XapaKTEPUCTHK;

- rpadiky CTOKOBHUX 1 epeiaBalIbHUX XapaKTePHCTHK;
- (GopMyIH 1 po3paxyHKH TapaMeTpiB;

- BHCHOBKH.
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7.5 KOHTPOJIbHI 3anUTaHHSI

B 4yomy nonsirae edext momns?

Sy crpykrypy mae MJIH-Tpan3ucrop?

B yomy nonsirae npuamumn aii MJ/IH-Tpansuctopa?

Ski eramm Mae TEXHOJNOTiYHWUN mpouec BUroToBiaeHHs MJIH-
TpaH3ucropa?

5 B skux pexxumax moxke npamroBatd MJIH-tpan3uctop?

6 ki XxapakTepHi JiUISHKHA MOXHA BUIUTUTH HA CTOKOBUX XapaKTEPUCTH-
kax MJIH-tpan3ucropa?

7 Sxi BiAMIHHOCTI MaroTh IlepemaBaibHI Xapaktepuctukun MJIH-
TPaH3UCTOPIB 3 BUTOTOBJICHUM Ta iHJYKOBaHUM KaHaIaMu?

8 Yum Bu3HavaeThes mBHakoaist MJIH-Tpan3ucropa?

9 SIkumuE OCHOBHMMH TapaMeTpaMH XapakTepu3yeTbcs pobdora M/IH-
TpaHsucropa?

O N -
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