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1. JABOPATOPHAS PABOTA Ne 1
HN3mepenue MUKpPOTBEPAOCTH

Leap padoThl: 03HAKOMJIEHUE C METOJUKON H3MEPEHHUs
MHUKpPOTBEPJOCTH Pa3jIMYHbIX MaTepuaioB Ha npubdope [IMT-3,
9KCIIEPUMEHTAJIbHOE H3MEPEHHE MHUKPOTBEPJOCTH METAJIOB U
MOHOKPHUCTAIITNYECKUX 00pa310B MOIYIPOBOAHUKOB.

Du3uueckas npupooa MUKpomeepoocmu

N3MepeHne TBEpIOCTH Pa3IMYHBIX MATEPUATIOB — OJWH W3
HaumOoJee JIETKO M OBICTPO BBHITIOJHUMBIX BHJIOB MEXaHUYCCKHX
ucneiTanuii. [loap3ysich UM, MOKHO OCYIIECTBJISATH OBICTPBIA U
TOYHBIA KOHTPOJIb KAa4eCTBA M3JECIUNA M MaTEpUajoB, MPOBOAUTH
MHOT'OUYHCJICHHBIC (PU3UKO-XUMHUUYECKHIE MCCIICIOBAHMUS, CBSI3aHHbIE
C pacIio3HaBAaHUEM BEIIECTB M M3YYEHHEM HUX CBOWCTB U CTPYK-
TYPHBIX IIPEBPALLCHUN.

Psa BaKHBIX TPUMEHEHUH ATOT METOJ MOJYYHJ B CBSI3H C
BO3MOXHOCTbIO KOCBEHHOM OLIEHKHU JIPYTMX MEXaHMYECKHUX Xapak-
TEPUCTUK BEIIECTB, MEXY KOTOPBIMH, C OJTHOW CTOPOHBI, U TBEP-
JOCTBIO, C IPYrOM CTOPOHBI, UMEETCS ONPENEIICHHAs KOPPEIALHUS.
Kpome Toro tBepnocth CBA3aHa C KPUCTAIIOXUMUYECKUMH CBOW-
CTBAMM BEILECTBA, METOJ U3MEPEHUS MUKPOTBEPAOCTH MO3BOJISIET
W3y4aThb CTPOCHHE M AWArpaMMbl COCTOSIHUS CIUIABOB JIBYX- U
MHOT'OKOMITOHEHTHBIX CHCTEM.

TBepaocTh HE MOXKET OBITh OMNpejesieHa OJHO3HAYHO, TaK
KaK OHa 3aBHICHUT OT LIEJIOT0 psia (PU3NUECKUX CBOMCTB, a TAKXKE OT
MeToJla uchbITaHus. [103TOMy B MOHSTHE TBEPIOCTH PA3TUYHBIE
ABTOPBI BKJIAJIBIBAKOT PA3JIMYHBIA CMBICI B 3aBUCUMOCTH OT METO-
Jla U3MEPEHUS TBEPJIOCTH B 00JIACTH MHTEPECOB ITHX aBTOPOB.

TBepIOCTh, U3MEPEHHYIO METOJOM BJABJIMBAaHHS WHJEHTO-
pa, IPUHATO Ha3bIBaTh MUKPOTBEPJIOCTHIO, MOCKOIBKY TBEPIOCTh
B 9TOM METO/IE OLICHUBAETCS B OTPAHHMUYEHHOU 0OJIACTH.



MUKpOTBEPAOCTh HE SIBJIACTCS TaKOM (hU3MUECKON KOHCTaH-
TOH BEILIECTBA, KaK, HAIIPUMEP, TEMIIEpaTypa IUIABICHUS WU Tel-
nora cyonmumaruu. OHAKO 3Ta YCIOBHAS XapaKTEPHCTUKA COIPO-
TUBJICHUS YIPYTOIUIACTMYECKUM Je(QOopMalusaM MpU KOHTAKTHOM
C)KaTHUHM BECbMa YYBCTBHUTEIbHA K PA3IMYHBIM (paKTopam, CBS3aH-
HBIM C DHEPrUEH KPUCTAIUINYECKON PEILETKH.

3aBUCUMOCTb MHUKPOTBEPAOCTH /1 OT MEKAaTOMHOIO pac-
crosiHust d JUTS HOJYIPOBOJHUKOB €O CTpyKTypoit anmasza (C, Si,
Ge, a-Sn), chanepura wmm Bropuuta (coenuuenns A°B®, A’B°
A'B’) BciencTBIE MICHTHYHOCTH CTPYKTYpPbI M OJIM3KOro Mexa-
HU3Ma JeopMaluy yOBIETBOPSET YPAaBHEHUIO

K
H=—-. 1.1
4 (1.1)

Jlnist 3IIeMEeHTapHBIX MOJYIMPOBOJHUKOB C YHCTO KOBAJICHT-
Ho#t cBsi3pio (C, Si, Ge, a-Sn) MUKPOTBEpAOCTh MaKCHMAlIbHASL U
COOTBETCTBYET YPaBHEHHUIO

~ 11000

H—F, (12)

rme d — mexaromHoe paccrosuue, A; H — MHKpOTBEpaOCTH,
k[/Mv?,

IIpy oAMHAKOBOM MEXATOMHOM pPAacCTOSHUM, HaIpUMep,
d =25 A, Habmonaercs pe3koe CHIKEHHE TBEPAOCTH MpHU Tepe-
XO0JIe OT YUCTO KOBAJIEHTHBIX MOJIYNPOBOAHUKOB K HU30CTPYKTYp-
HBIM Haubosee HOHHBIM cocTosHusaM A'B’. YmeHbinenne MUPO-
TBEPJOCTH OOBSICHIETCS CHUKEHHEM KOMIIOHEHTHl KOBAJICHTHOM
HampaBlieHHOM cBs3u. B ypaBHenun (1.1) pe3ko ymeHsblnaercs
3HaueHue kodd¢unuenta K, a mokazaTenp crerneHd N He HU3Me-
HSETCS, TO €CTh JUIsl IOJYNPOBOJHUKOBBIX MAaTE€pPUAJIOB CIIpaBE-
JIUBO



H= (1.3)

K
FES

rac K YMCHBIIACTCA C YBCIIMYCHUCM JOJIM MOHHOCTU COCIUHC-

Hus. CylecTBOBaHME JTMHEHHBIX 3aBUcuMocTell H —d" mo3Bosis-
€T MPOTHO3UPOBATH MHUKPOTBEPAOCTH €Ill€ HE CHHTE3UPOBAHHBIX
WJTU MAJIOU3yYEHHBIX COSIUHEHUH.

3HaYeHUs] MUKPOTBEPAOCTH 3aBUCIT OT KOHIICHTPALMH Jie-
rupyroueid npumecu. HaunHasi ¢ KOHUEHTpauu 10 cm® B 06-
pasnax JBIPOYHOTO THUIA IMPOBOJUMOCTH IMPOWCXOIUT OBICTPOE
nagenue TBepaocTd. [Ipy mpouux paBHBIX YCIOBHSIX 0Opaslbl -
TUIIA MEHEE XPYIIKHU, 4YeM 00pa3Iibl N-THUIIA.

TBepmocTh miacTud Si, OPHEHTHPOBAHHBIX B HAIPABICHUU
<100>, B 1,2 pa3a mens1e, uem B <111>.

MUKpPOTBEpOCTh HOHHBIX KPUCTAILJIOB MOAYHHSICTCS SMITH-
PUYECKOMY COOTHOIIICHHUIO

H= % (1.4)

rae f — cTpykTypHbli K0O3(pPULMEHT; Z, U Z, — BAICHTHOCTH HO-

HOB; d — Me)aTroMHOE paccTostHue; M = 4 — 6 It CTPYKTYp THIIA
NaCl. 3x1ech, kak U B cityyae aaMa3onoA00HBIX CTPYKTYP, MHKPO-
TBEPAOCTH TEM BbIIIIE, YeM 00Jiee KOBAJIEHTHA CBS3b.

MHUKpOTBEpAOCTh OOJBIIMHCTBA METAJUIOB MPUOIMKEHHO
MOTYUHSETCS] YpaBHEHHIO

H=—r, (1.5)

Takum 00pa3zoMm, Ui KOBAJEHTHBIX, HOHHBIX M MeTaJlJIHye-
CKHX KPUCTAJJIOB MUKPOTBEPJOCTb, KaK U SHEPTUsl PEUIeTKH, CBS-
3aHa C MEXaTOMHBIM paccTosiHueM ypaBHeHueM (1.1). Onmnako
IIPOBOJIUTh KOPPEISALMM 3HAUYEHUH MHMKpPOTBEPAOCTH ATOMHBIX U
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HMOHHBIX KPHUCTAJUIOB MOXKHO JIMILb NPU OJMHAKOBOM THIIE KpH-
CTAJUIMYECKON CBSI3M, OJMHAKOBBIX BAaJICHTHBIX COCTOSIHUSIX U
OJINHAKOBOM THIIE€ KPUCTAIUIMUECKON PELIETKH.

Jliia u3MepeHust MUKPOTBEPAOCTH TepMaHusi, KPEMHUS U TI0-
nynpoBoHKKOB THIA A’B® 0GBIMHO HCIIONB3YETCS METOM, OCHO-
BaHHBIM HA WU3MEPEHUU JIMHEHHON BEJIMYMHBI IUArOHAIM OTIIeYaT-
Ka, MOJIYy4aeMOro OT BJIABJIMBAaHUS aJIMa3HOM MUpaMUIKU B HcCe-
JyeMbI MaTepuall 1Mol OnpeaesieHHON Harpy3koi. [Ipubopom st
M3MEPEHUsT MUKPOTBEPIOCTH CIY:KUT MHKpoTBepaomep [IMT-3
(CM. HHCTPYKIHIO K MOJIb30BAHHUIO).

OTtoT mpuUOOp MpeACTaBiIsAeT COOOH CIEUUANBHBI MHUKPO-
CKoM, o0liee yBeJIMYeHHe KOTOPOro ¢ MpuilaraéMbiMu 00bEKTHBA-

Mu cocraBisier 487° u 130°, cHaOKEeHHBIH OCOOBIM MPHUCIIOCO0-
JIEHUEM — UHJEHTOPOM, B KOTOPBI BCTaBI€HA KBaJpaTHAas ajiMas-
Hasg nupaMmujka. MHAEHTOp NpUBOAMTCS B CONPUKOCHOBEHUE C
OTIIOJINPOBAHHOM WJIM XOPOLIO OTHUIM(OBAHHON MOBEPXHOCTHIO
uccineayemoro obpasua. [Ipu 3ToM anmazHas nupaMujka 1moj of-
peIeeHHON Harpy3Koi BIaBinuBaeTcs B oOpaseil. [lonmyunBmiuiics
OTIIEYaTOK MUPAMUKU HA TIOBEPXHOCTH O0OBEKTa paccMaTpHUBaeT-
Csl B MUKPOCKOII U [IPH 3TOM IPOU3BOJUTCS U3MEPEHUE AUAroHaIu
oTneydaTka. MUKpOTBEpIOCTh OIpeeseTcs no Gpopmye

.a P
H =2Sin—-—, 1.6
> D (1.6)

e O — yrojd MeXJy TPaHsMH aJIMa3HOW MUPaAMHUIKH, OOBIYHO
136°; P — narpy3ska, kI'; D — nuaronane otne4arka, Mm.

JlaHHBIE W3MEPEHHS] MHUKPOTBEPJOCTH 3aBUCAT OT OPUEHTA-
MM UCTIBITYEMOU TpaHH, BIOOpa HArpy3Kd, MPUKIAIBIBAEMON K
WHJIEHTOPY, BBIOOpA NTUTEILHOCTH HArPYKEHHUS U BBIIECPIKKHU MO
Harpy3Koi, METOJMKH MOATOTOBKH 00pa3ioB u T.M. B coBpemeH-
HOW WHTEpIpeTalud MHUKPOTBEPAOCTh [ ompenensercs dyepe3



yI€IbHYIO IIOBEPXHOCTHYIO SHEPTUIO TPAHU &, , TO ECTb SHEPTUIO

00pa3oBaHMs €MHULIBI TIOBEPXHOCTH TPaHH.

[Ipu u3MepeHUn MHUKPOTBEPAOCTH CJIENyeT YYUTHhIBaTh (Ppu-
3MKO-XMMHUYECKYIO IPUPOLY HCCIEAYEMOr0 MaTepHraa.

Jlis miacTHYHBIX MaTepuasoB (¢ mpeobiiajaHueM MeTalllu-
YEeCKOr0 XapakTepa CBS3M) OTIEYATKH IMOIYYaIOTCS MPAaBUIBHOMN
(hOopMBI, U OIIEHKa MUKPOTBEPIOCTH HE BBI3bIBACT 3aTPyIHEHUH.

Jis Xpynkux mMarepuanoB (¢ mpeoliagaHiueM KOBaJCHTHOM
CBSI3M) OTMEUYATKH YacTO MOJYYalOTCS HCKaKEHHON (GOpMBI, ¢
TPEUIMHAMU U CKOJIAMH, YTO MPUBOJIUT K TIOXOW BOCIIPOU3BOIH-
MOCTH PE3yJIbTaTOB U 3HAYUTENIbHBIM MOTPEIIHOCTSM HU3MEpPEHUM.
Jnist Takux MaTepHalioB PE3yIbTaThl MOXKHO CKOPPEKTHPOBATH,
YUUTHIBasE MHUKPOXPYIKOCTh. XPYINKOCTh OLIEHUBAETCS UHCIOM
OTIIEYATKOB C TPEIIMHAMH, YUCIIOM TPEIIUH y KaKI0TO OTIeYaTKa
U uxX xapaktepoM. J[ns ompeseneHus cpeiHero 0aiia XpymnkocTu
BBeJICHA MATHOAUTbHAS IIKAJIA, IPeICTaBICHHAs B Ta0u. 1.1.

CyMmMapHsbIil 0ai XpynKocTH onpeenseTcs no Gopmyine

Xe=0-ng+1-n+2-n,+3-n;+4-n,+5-n,, (1.7)
rzie Nj — OTHOCUTEIbHOE KOJIMYECTBO OTIEUATKOB U3 OOIIEro yucia
¢ mauueiM (1) Oa/ioM XpymKOCTH (PEKOMEHAyeTCs naenarh 25 —
100 oTnedaTkoB).

s yaera Temria HapacTaHHsI XPYIKOTO pa3pyIICHUs Ma-
Tepuaia B 3aBUCUMOCTH OT Harpy3ku P O6epyT OTHOIIEHUE Impupa-
HIEHHUs] CyMMapHOTro Oaiijia XpynkocTd AX MpuUpalleHuIo Harpys-

ku AP :
%) <o (1.8)
P ), AP

[TokazaTenb XpynKoOCTU MaTepHaia ¥, PaBeH



VP = XP(Z_ﬁJP' (1.9)

OH oTpaxaeT xapakTep XpYIKOro pa3pylieHus U TeMI Ha-
pacTaHusi €ro ¢ yBeJIMYEHHEM Harpy3KH.

Tabmuma 1.1
bann xpynkocTtu B 3aBUCUMOCTH
OT XapakTepa OTIevaTka
XapakTep oTredaTka bann
XPYIKOCTH
be3 BUIMMBIX TpEIIuH U CKOJIOB 0
Opna TpemuyHa HeOoIbIIas 1
Opna TpemmMHa, HE COBHAAANOIIAs C IMPOJOJ- 2
KEHHEM UaroHalIu OTreyaTKa
JIBe TpemMHbI B CMEKHBIX yIJIax oTIevyaTKa 3
JIBe TpeuHbl B MPOTUBOIOJIOKHBIX YIJIax OTIIe-
yaTka
Bbonbiie Tpex tpemuH. OnuH - 1Ba CKOla y CTO- 4
POH OTIIeYaTKa
Pa3pymienue ¢popmel oTneuaTka 5)

[Ipu u3mMepeHnn MUKPOTBEPJOCTH Ha XPYIKUX o0pa3iax He-
00X0IMMO COOMIOAATh TMOCTOSHCTBO YCIOBHM WCHBITAHUN: TOYHO
BBIIEPKUBATh BPEMsI Harpy >KEHUs, BpeMs BBIACPIKKHU IIOJ HATPy3-
KOW W MHTEpBall BpEMEHU Toclie CHATHS Harpy3ku. OOpa3oBaHue
TPEIIMH M UX POCT MPOJOJDKAETCS €IIe HEKOTOPOE BpPeMsl MOCie
CHSITUS HArpy3KH, TO3TOMY U3MEPATh OTHEYATOK ciieayeT uepe3 10
— 15 ¢ mociie HaHeceHns HaKoJIa.



Jnist u3MepeHus MUKPOTBEPIOCTH Ha XPYIIKOM 00pasiie mpo-
BOJISIT CEPUIO M3MEPEHUI ITPU Pa3IMYHbIX Harpy3kax. Uem Oombime
Harpyska, TeM OoJjblliee KOJMYECTBO OTIECUATKOB IOJIY4aeTCs C
Oosiee BBICOKMM OayuioM XpynkocTd. OTHeyaTku ¢ OJMHAKOBBIM
0aJJIOM XPYNKOCTH TPYNIHPYIOTCS B CEPHH, M JUII HUX OLICHUBA-
eTcsl 3HAYCHUE KaXKyIIeHCst MUKPOTBEPIOCTH.

3aBHCUMOCTh MHUKPOTBEPAOCTH OT Oalia XpyNKOCTH OOBIYHO
HOCHUT JIMHEHHBIA XapakTep. DKCTparnonupys rpaduuecku 3Ty 3a-
BUCHMOCTh Ha HYJEBOH Oalia XpyNKOCTH, MOIYy4YaroT 3HA4YECHUE
MHUKPOTBEPIOCTH, KOTOPOE MOKHO CUUTATh UCTHHHBIM.

Hopaook evitnonnenusn pabomut

1. IlpeaBapuTenbHO HEOOXOAUMO ONPEAETUTDH LIEHY JeJICHUS
OapabaHa BHHTOBOT'O OKYJSIp-MHKpPOMETpa WJIM MacmTald yBelu-
yeHus. J{ist aToro:

1.1. IlepenBuxkeHnueM oOmpaBbl ITIABHOM JIMH3bI YCTAHOBUTH
OKYJISIp Ha Pe3K0€e U300paKeHUE CETKH.

1.2. Ha mpeaMeTHBIH CTOJIMK YCTAaHOBUTH OOBEKT-MHUKPO-
METp, MOCIe Yero nepemMenienueM tyoyca (Tpy0oit 1 MUKpOHABO-
KOH) YCTaHOBUTh pe3Koe u300paxeHne OOBEeKT-MUKPOMETpA.
OOBEKT-MUKPOMETpP HYXHO IMOBEPHYTh TaK, YTOOBI IITPUXHU OBLIH
napajuleNbHbl IITPUXaM HETIOABUKHOM IIKaJIbl OKYJISpa.

1.3. CoBMecTUTh MepeKpecTre MOABMKHOM CETKH ¢ M300pa-
KEHHEeM OOBEKT-MUKPOMETpa U CHATH OTCYET C U3MEPUTEIHHOIO
6apabaHa OKyIsip-MUKpOMeTpa. Bparienuem usmepurenbHoro 6a-
pabaHa CMECTUTh MEPEKPECTHE HAa BO3ZMOXKHO OOJIbIlIee YHUCIIO Jie-
JIeHUH MIKalbl 00BEKT-MUKPOMETPa U CHOBA CHSATh OTCYET IO U3-
MepuTeabHOMY OapabaHy. PazHoCTh OTCUETOB HaeT 4Mcio Jene-
HUHN OKYJIAp-MHUKPOMETPA, YMECTUBLINXCS B OIPEJIEICHHOM UYHUCIIE
neneHuit o0bekT-MuKkpoMerpa. Llena aeneHuit oKysIsip-MUKPOMET-
pa onpezensiercs o popmyse



L (1.10)

rae Z — 1eHa JeleHuid o0beKT-Mukpomerpa, Z =0,01mm; T —
YHUCIIO JeNieHUH 00BEeKT-MUKpOMeTpa; A — pa3HOCTh OTCYECTOB
OKYJISIp-MUKpOMeETpa. Pe3ynbTaThl HM3MEpEHUH  I[IEHBI JCIICHUS

OKYJISIp-MUKPOMETpa CBECTH B Tabnuiy 1.2.
Tabnuua 1.2

OHpe,I[CJ'ICHI/IC HCHBI ACJICHUS OKYJIAP-MHUKPOMETpPA E

Yucio Uucno genenuii okymsp-
COBMEHICHHBIX MHKpPOMETPA
Howmep . P P [ena
JleJICHU I
n3Me- Hauano | Konerng JICJICHUS
00BEKT- Pasnoctb
peHus OTCUEeTa, | OTCUETa, E, Mxm
MHUKPOMETpa, A=b-a
a b
T
1
2
3
Cpennee

2. Ipubop IIMT-3 pomxeH OBITH OTLEHTPUPOBAH Tak,
YTOOBI OTIEYATOK OT aJMa3HOH MUPAMHUJIKH pacrojarajics MmpH-
OJIM3UTENIBHO B LEHTpe moist 3peHus. [IpoBepka EHTPOBKHU Mpo-
U3BOAMTCS crnenyroumM obpazom. Hlnud u3 mMoHokpucTammnye-
ckoro Al wim o6paszenr NaCl cBexxero ckosia moMecTHTh Ha Mpe-
METHBII CTONMUK T0J] 00beKTUBOM. CTOJHMK JOJKEH OBITh MPHKAT
K jesoMy yriry. CpokycrupoBaTh MUKPOCKOII Ha NMOBEPXHOCTb 00-
pasua. Ha yTonmeHHyro 4acTh IITOKA Harpy»KaroIllero MeXaHn3ma
ycTaHoBUTH Tupio BecoMm 100 I' (u1st momydeHust OOJBIIOTO0 HAKO-
na). PykosTkoit 41 (cM. MHCTPYKIIMIO) IOBEPHYTH CTOJIUK IPOTHUB
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4acoOBOM CTpENKH A0 yropa. Bpamenuem pykositku 33 npoTuB ya-
COBOI cTpesnku mpousBecTH Hakoid. IlogHATH anmas, MOBEPHYThH
CTOJIMK B IIPEKHEE MOJIOKEHHE.

Ecnn npubop He pacueHTpupoBaH, TO LEHTP OTIeyaTKa
JOJDKEH COBMAJaTh C LEHTPOM IEPEKPECTHUS CETKU BHUHTOBOIO
OKYJISIp-MUKPOMETPA, YCTAaHOBJICHHOI'O B HYJIEBOE MOJIOKEHHUE, TO
€CTb IEPEKPECTUE IOJBUKHOM CETKU COBMECTUTCS C JEJIEHUEM
«4» HEeNnoJBMXKHOM CETKM NpH yCTaHOBKE OapabaHYMKa BUHTOBOI'O
OKYJIsIp-MHKpoMeTpa Ha «0».

Ecnu oTnedaTok He COBMAJAaeT ¢ LEHTPOM IEPEKpPEecTUs, TO
LIEHTPOBOYHbIMM BHUHTaMU 42 IEHTp OTHEeYaTKa MOJABOAUTCA K
LEHTPY IEePEKPECTUsl CETKU OKYJISIP-MUKPOMETPA, YCTAHOBIECHHOIO
B HyJieBo€ MoJiokeHrne. C MOMOIIbI0 MUKPOBUHTOB CTOJIMKA BBI-
OpaTb HOBOE MECTO HAKOJa, BHOBb CJIeJIaTh OTIEYATOK U TOOUTHCS
COBIIAJICHUS LIEHTPA OTIIeYaTKa ¢ LIEHTPOM IEPEKPECTHSI.

3. M3mepeHue MHUKpPOTBEPIOCTU HCCIEAYEMbIX OOpa3IoB.
MonokpucTtaimuueckue o0paslbl IMepel H3MEPEHHEM JTOJIKHBI
OBITH TIIATENBHO MPOUUTU(OBAHBI HA OPTCTEKIIE B BOJHOW CyCIIEH-
3UM MHKPOIIOPOIIKA, MPOMBITEI BOJOH U BBICYLIEHBI (QUIBTPO-
BaJIbHOI Oymaroii.

3.1. OOpa3zen 3akperuisieTcs IMJIaCTUJIMHOM Ha miaHke 40,
IIpUYEM HCClleyeMas MOBEPXHOCTh JOJDKHA pacloiaraTbCs Ia-
paienbHO paboyell MIOCKOCTH CTOJIMKA. DTO JIOCTUTAETCS C I0-
MOILBIO py4HOTo npeccuka 50.

3.2. I'pys B 100 I' momemiaercs Ha YTONIIEHHYIO 4YacTb
LITOKA.

3.3. CdoxycupoBaTh MUKPOCKOIT Ha TIOBEPXHOCTH TJIACTUHBI
U BBIOpATh MECTO HaKOJIA.

3.4. [InaBHO NOBEPHYTh NPEIMETHBIN CTOJIMK IIPOTHUB YaACO-
BOW CTPEJIKH 10 yIopa.

3.5. MemieHHBIM TOBOPOTOM PYKOSTKH 33 TMPOTHUB Y4acOBOM
CTPEJIKM OMYCTUTh IITOK TaK, YTOOBI ajMa3 KOCHYJICS MOBEPXHO-
CTH uccienyemoro oopasna. [locne BeIiepKKHM B TeUeHUE 5 ¢ MOJ



Harpy3koi MOBEpPHYTb PYKOATKY 33 appeTupa B MCXOJIHOE I0JIO-
KEHHUE.

3.6. IIpenMeTHBI CTOIUK OCTOPO’KHO MOBEPHYTH B MCXOJ-
HOE IOJIOKEHHUE.

3.7. TlpoBecTu W3MEpEHHE TUATOHANIM OTIEYaTKa IPHU TO-
MOIIY OKYJISIp-MUKpOMeTpa. MUKPOBUHTaMH MOABECTH OTIIEYATOK
K TIEPEKPECTHIO TaK, YTOOBI IBE CTOPOHBI MEPEKPECTHS MPUIICTAITIH
K JIByM CTOpOHaM OTIeyaTKa, pUCyHOK, a. [IpousBectu orcuer no
u3MepuTenbHoMy OapabaHy. 3areM H3MepUTENbHBIA OapabaH
BpaLalOT J0 TeX MOp, MOKa KPECT OKYJIsipa COBMECTUTCS C IPOTH-
BOTIOJIOKHBIMH JIByMsI CTOPOHAMH OTIIeYaTKa, pucyHoK, 0. [Ipouns-
BECTH OTCUET 10 U3MepuTelpHOMYy OapabaHy. PasHuua orcueros,
YMHOXXEHHAsI Ha IIEHY ACNICHUs W3MEPUTENbHOro OapabaHa, maer
MCTUHHYIO BEJIMYMHY AUArOHAIN OTIIE€YaTKa.

W3mepenue nuaroHany OTrevaTka mpyu oMo
OKYJISIp-MUKPOMETpa

MuKpoTBEpAOCTh Onpeaensercs no popmyse
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 1854.P

= (1.11)

H

raie H — MUKpOTBEpAOCTb, KF/MMZ; P — marpy3ka, I'; D — nua-
TOHAJIb OTIIEYATKA, MKM.

3.8. Yka3zaHHBIM 00pa3oM ONpeAETUTh MUKPOTBEPIOCTh HC-
cienyeMoro obpasua B 10 pa3inyHbIX TOYKAaX, BBIYUCIUTH CPE.l-
Hee 3HaYCHHE U MOTPEIIHOCTh U3MEPEHHUS ISl KaKJ0r0 00pasiia.

3.9. Pe3ynbTarsl n3mepenuii ceectu B Tadm. 1.3.

Taomuma 1.3

Pe3ynbrarel n3MepeHnii MUKPOTBEPAOCTH

= | | [uaronans orneyarka, nene-
5 | &| £ || Huit okynsap-mMukpomerpa
S J 2 8| =
a0 S o ] H’
oS N < « L D, MkMm
£ &€l 3 >‘§E~ g5 & 5 ’ k[/mm?
E Ol | = 8‘ %—1) == g - o O
“lg|Elg2°|ge" Eu
= o X5 e
11
2
3
Cp.
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KOHmp0Jleble 80NpPOChL

1. MexaHuueckue CBOMCTBA TepMaHusl, KDEMHMS U MOTYIIPO-
BOJHHUKOB THIIA A%B®.

2. MuKpOTBEpPIOCTb U €€ U3MEPEHUE.

3. OcoOeHHOCTH OIpeNeIeHUus] MUKPOTBEPIOCTH XPYIKHX
MaTEepUasoB.

2. JABOPATOPHAS PABOTA Ne2

HccaenoBanune TeMnepaTypHoOii 3aBUCHMOCTH
3J1eKTPONPOBOHOCTH MOJTYIPOBOTHHKOB

Leab padoThl: U3ydeHHE OCOOCHHOCTEH TemrmepaTypHOU
3aBUCUMOCTH 3JIEKTPOIPOBOJHOCTH MOTYIPOBOIHUKOB.

OcHogvl 30HH01I meopuu

DJNeKTpUYECcKre CBOWCTBA TOIYIIPOBOTHIUKOB OMPEIEIISIOTCS
BAJICHTHBIMU DJIEKTPOHAMHU, IOITOMY OCTaJbHBIE HIIEKTPOHBHI,
MIPOYHO CBS3aHHBIE C SIIPOM M HE YYaCTBYIOIIHE B AJIEKTPOIPO-
BOJIHOCTH, HE MIPEJCTABIAIOT UHTepeca. COOTBETCTBEHHO B TEOPUU
AJIEKTPOIIPOBOTHOCTH PACCMATPHUBAIOTCS HE BCE DHEPreTHUECKHUE
30HBI, @ TOJBKO T€, B KOTOPBIX PACHOJAraloTCsl BaJCHTHBIE JJIEK-
TPOHBI, U T€, B KOTOPBIE OHU MEPEXOAT MPU YBEIUYCHUU CBOCH
sHepruu. TakuMm 00pa3oM, PHEPreTUUECKUH CIEKTp 3JIEKTPOHOB,
MPUHUMAIOIINX Y9aCTHE B AJIEKTPOIIPOBOIHOCTH, TIPEJCTABIISIIOT B
BUJIE TpPEX 30H: 30HA BAJECHTHBIX DJIEKTPOHOB (BaJEHTHAsl WIIU
HOpMaJlbHasl 30HA), 30Ha HEBO3MOXKHBIX ISl DJICKTPOHA DHEPTUil
(3amperieHHast 30Ha) ¥ 30Ha YHEPTHid, KOTOPBIMU MOTYT 00J1aaaTh
ANEKTPOHBI MPOBOAUMOCTH (30Ha MPOBOAMMOCTH). M300paxkeHue
ATUX 30H Jaercs Ha puc. 2.1.
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[Ipu aGcomOTHOM Hylle BCE YPOBHU DHEPTUU B BAJICHTHOU
30HE IOJHOCTHIO 3aII0JHEHBI. B 30HE MPOBOAMMOCTH 3JIEKTPOHOB
HeT. B TakoM COCTOSHMM IPOBOJHUK SABIISIETCS U30aATOpOoM. IIpn
MOBBIIICHUM TEMIIEPATyphl SHEPIHsl DJIEKTPOHOB PACTET U MOKET
JOCTUYb 3HAYEHUS, COOTBETCTBYIOLIETO SHEPTETUYECKUM YPOBHIM
30HBI NTPOBOJUMOCTU. Takue 3JIEKTPOHBI HE CBA3aHBI C SIPOM U
MOTYT CBOOOJHO mepeMeInaThest o Kpuctamty. Ilpu HanoxeHuu
BHEIIHETO 3JIEKTPUYECKOIO IOJISL 3TU IEKTPOHBI MOTYT y4acTBO-
BaTh B CO3JAHMM TOKA. BeieacTBue yxoaa 3JIE€KTPOHOB U3 BAJICHT-
HOM 30HBI B HEell 00pa3yroTcs cBOOOIHBIE YHEPreTUYECKHUE YPOBHH,
Ha KOTOpbIE MOTYT IIEPEUTH BAJICHTHBIC AIEKTPOHBI C 3aIOJHEH-
HBIX YPOBHEW IIPU HAJIO’KEHUU BHEIIHETO 3JIEKTPUYECKOTO TTOJIS.

E

JoHa NpoBOAMMOCTH

BEHPEMBHHEH 30Ha

BaneHTHaAn 30Ha

Puc. 2.1. 30HHas cxeMa MoaynpoBOIHUKA

Ha ocBobOoauBmmecs ypoBHHM MOTYT HNEPEUTH CIEAYIOLIUE
AJIEKTPOHBI U TaK JAJEE, TO ECTh AIEKTPOHBI, UMEIOIINE SHEPTHIO,
COOTBETCTBYIOIIYIO BAJIEHTHOM 30HE, TaKK€ MOIYT NPUHUMATh
y4acTHE B CO3JAAHMM DIIEKTPUUYECKOIO TOKA, TOJBKO XapaKTep HX
JBUKEHMSI TIOJ JeMCTBHEM BHEIIHEro mosst Oonee cioxkeH. Jlis
MIPOCTOTHI OMMCAHUS ATOTO Mpolecca OOBIYHO PACCMAaTPUBAIOT T1€-
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peMelleHne He 3JIEKTPOHOB, a CBOOOHBIX OT HUX MECT Ha SHepre-
THYECKUX YPOBHSIX. DTH CBOOOIHBIE MeCTa NPHUHITO HA3bIBAThH
«IIBIPKAMHI.

AHanu3 MOBEIEHHS JJIEKTPOHOB B PAa3pEIICHHBIX SHEPreTH-
YCCKHUX 30Hax IIOKa3bIBAacCT, 4YTO BOJIM3H HIDKHEH rpaHuiibl 30HBI
ANIEKTPOHBI BEAYT ce0sl KaK OTPHUIIATEIIbHBIC YaCTUIBI C MOJO0XKHU-
TeNbHOW 3((EeKTUBHON Maccoil, KoTopass He 00s3aTelnbHO paBHA
Macce MOKOSIIEToCs JIeKTpoHa. A BOIM3M BEpXHEH IpaHHIbI 30-
HBI 3JISKTPOHBI BEAYT CeOs KaK YaCTHIIBI C OTPULIATEIIEHOMN Y dek-
TUBHOIM Maccoii, T.e. IpU YBEIMYEHHH SHEPTUH £ UMITYIbC JJIEK-

tpoHa P =7k =~+2mE ymenbmraercs, ctpemMsch K HYJIIO Ha Tpa-
HUIIE 30HBI, IO3TOMY JIEKTPHUECKOE T0JIe YCKOPSIET UX B HAIIPaB-
JIeHUH, 00paTHOM YCKOPEHHUIO CBOOOIHOTO 3JIEKTpoHA. B cBsizu ¢
STHM JBW)KEHHUE 3JICKTPOHOB B BEPXHEW YacCTH BAJICHTHOW 30HBI
YCJIOBHO OTHCBHIBACTCS MEPEMEIICHUEM MOJI0KUTEIBHBIX «IBIPOK
C TIOJIOXKHUTEIHHBIMU MaccaMu. Takoe MpeCTaBIeHHE HE SIBIISETCS
00s13aTeNbHBIM 11 OOBSICHEHUS! CYIIHOCTU HOJIYHPOBOJHUKOB M
M30JIATOPOB, HO MMEHHO 3TOT METOJ MPHUBOAMT K MPOCTOMY 00B-
SICHEHHIO TPOBOJUMOCTH M TO3BOJISIET OMMCHIBATh JIBUKEHUE HO-
CHUTEJel TOKa B 30HE MPOBOJAMMOCTH M B BaJCHTHOW 30HE OJHUMHU
U TEMH K€ 3aBUCUMOCTSIMH.

Takum 00pa3oM, B TMOJYMPOBOAHUKE TEPEHOC SJIEKTpUYE-
CKOTO TOKa BO3MOYKEH KaK CBOOOJHBIMHM 3JEKTpOHAMH (B 30HE
MIPOBOJIUMOCTH), TaK M YCIOBHBIMU TOJOXKHUTENBHO 3apPsHKEHHBIMU
yacTULlaMU («IbIpKaMK») B BaJICHTHOU 30HE.

[lepBblif THI TPOBOAMMOCTH HA3bIBAIOT AJIEKTPOHHBIM
(n-THIT), BTOPO# THII — IBIPOYHBIM (p-THIT).

MexaHu3M 3JIEKTPOIPOBOIHOCTH JIYUIIE BCETO PacCMaTpH-
BaTh C MOMOIIIBIO 30HHOH JuarpaMmsbl. B uaeanbHO YMCTOM HOMY-
MIPOBOJTHUKE, ATOMBI KOTOPOTO PACIIOJIOKEHBI B KPUCTAJUTMIECKOM
pemeTke 6e3 aAe(eKToB, IEKTPONPOBOJHOCTh HA3bIBAIOT COOCT-
BEHHOU B OTJIMYME OT MPUMECHOH 3JIEKTPONPOBOAHOCTH, KOTJa B
HEH y4acTBYIOT JIEKTPOHBI, BHECEHHBIC B KPHCTAIUT IPUMECHIO.
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IIpu abcostOTHOM HyJIe BaJIEHTHBIE IEKTPOHBI CBA3aHBI CO
CBOMMM aTOMaMH, YTO DHEPreTUYECKU COOTBETCTBYET HaAXOXKJe-
HUIO UX B BaJleHTHOH 30He (puc. 2.1). IIpu atom 30Ha npoBoauMoO-
CTH HE COIEPIKUT DJIEKTPOHOB. B 3THX yCIOBUAX MOIYIPOBOIHUK
BezleT ce0s kaK u30aTop. C MOBBILIEHUEM TeMIIEpaTypbl HEKOTO-
pBI€ DJIEKTPOHBI IIOJY4YarOT SHEPIHI0, NOCTATOYHYIO i1 TOIO,
4TOOBI OTOPBATHCSI OT ATOMOB U CBOOOJIHO MEpEMENIaThCs 10 KpH-
CTajuly. DTO COOTBETCTBYET IOSBICHUIO B 30HE IPOBOJUMOCTH
CBOOO/IHBIX JIEKTPOHOB, & B HOPMaJIbHOU 30HE — JIbIpOK. Bennuu-
Ha I0Jly4aeMOoil SHepruu J0JDKHA ObITh HE MEHbIIE LIIMPUHBI 3a-
IIPEIICHHON 30HBI.

Temnepamypuasn 3a6ucumocms 31eKmMponPo0OHOCMU

YroObl HAaliTU 3aBUCUMOCTb 3JEKTPONPOBOAHOCTHU MOIYIPO-
BOJHUKA OT TEMIIEpaTypbl, HYKHO IPEXKJE BCETO ONPEIACIUTh
KOHLIEHTPALMIO CBOOOJHBIX HOCHUTENIEH, CIIOCOOHBIX Yy4acTBOBATH
B Inpoliecce NpoBoAUMOCTH. C TOYKHU 3peHHs] CTATUCTHUECKON (Pu-
3MKH JIEKTPOHBI IPOBOJAUMOCTH B IOJIYIIPOBOJHUKAX, TAK XK€, KaK
U B METaJulax, PacCMaTPHUBAIOTCA KaK WICAIbHBIA ra3, KOTOPBII
nopuuHsercs craructuke @epmu-/upaka. @yHKIUA pacnpenene-
Hus Gepmu-/upaka

- E-E_\"
f =|1l+exp——F 2.1
e/(+ pE ! ] 2.1)

BBIP2XKAET BEPOSITHOCTH TOTO, YTO DJIEKTPOH HAXOAUTCS B KBAHTO-
BOM COCTOSIHWH ¢ 3Heprueil E mpu temneparype T  3mecy Ep —
XUMUYECKUN TToTeHIHaN (vin sHeprust depmu) 3JEeKTPOHHOTO Ta-
3a; K — mocrosiaHas Bonbiivana.

Ecnu mIOTHOCTh KBaHTOBBIX COCTOSIHMM dJIeKTpoHa (0e3
ydeTra CruHa) B uHTepBaie E — €+dE: B 30HE MPOBOAUMOCTH
MOJTYTIPOBOTHUKA O00O3HAYHUTH Yepe3 g(EEjE, TO KOHIICHTpAITUS
3JIEKTPOHOB MPOBOAUMOCTH OyneT
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n=2 [g€ ¥ €, 22)

IJe PHEPrusi OTCUUTHIBACTCS BBEPX OT JHA 30HBI IIPOBOIAUMOCTHU
Ec, puc. 2.2.

B HpOCTCfIH.ICM ClIydac, Korga B 30HC IIPOBOAUMMOCTH I10-
BCPXHOCTHU ITOCTOSTHHOM OHEPIUU SABJIAKOTCA C(l)epI/ILIeCKI/IMI/I, TO
€CTh

21,2
E:EC+%, 2.3)

n

E| 3oua NpoBOAUMOCTH

BaneHrHaA 30Ha

Puc. 2.2. CoOGcTBEeHHBIE U TPUMECHBIE NTEPEXO/IbI
IUIOTHOCTh KBAHTOBBIX COCTOSIHUI

gefz( Je EC (2.4)

[MoxacraBnss (2.1) u (2.4) B (2.2) u BBeAst 0003HAUCHUS
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&= , =T (2.5)

IMOJIYYMM KOHIOCHTPALUIO 3JICKTPOHOB B 30HC ITPOBOANMOCTHU

2m kT "’ de ~
n:4 N F 6 y 2.6
( h2 j J‘1+exp(‘ 77) c'1/2 — ( )

rac

3
* 2
N, = [Zmnnij 2.7

Ha3bBaeTcs d(P(PEKTUBHON TUIOTHOCTHIO KBAHTOBBIX COCTOSIHUM B
30HE MPOBOJAUMOCTH, a QYHKITUSI

2 ¢ &Y'%de
F.Q x - 2.8
T8 Bl [oveeraun (28)

npeacrasiser codoil uatTerpan Pepmu-/lupaka.
[TooOGHBIM k€ 00pa3oM Ui BaJIEHTHOM 30HBI, XapaKTepH-

3YIOLIENCS CKANAPHON d(DPEKTUBHON MacCoii HIPOK M, KOHIIEH-

Tpanus CBOOOJIHBIX IBIPOK

Er - 2moKT )27 £'%de
- [g€7F € dE=4 P -
P _;[g P ﬁ( ] Ofl+exp(:p+Ag—77/

=N, F, (—Ag—q:, (2.9)

\ ~
rae f € =1-F € _— BeposTHOCTH TOTO, 4TO COCTOSIHHE C IHEP-

ruel E 3aHATO ABIPKOIA:
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N, = ;;2 : (2.10)
& :EV_E:—A—E—E_EC——Ag—g, (2.11)
P KT KT KT

rae AE — mmpuHa 3anpelieHHON 30Hbl; SHEPTUsl OTCUUTBIBACTCS
OT JIHa 30HbI IPOBOJIUMOCTH.

VYciioBHE 3MEKTPUUECKOW HEHTpallbHOCTH B COOCTBEHHOM
MIOJIYIPOBOJIHUKE TpeOyeT, 4YTOOBl BBINOJHAJIOCH PaBEHCTBO
N =P = Nj (MHOEKC yKa3bIBAaeT Ha MPUHAUIEKHOCTh K COOCTBEHHO-
My MOJYINPOBOJHUKY). YPOBEHb XHUMHMUYECKOro noreHnuana E.
(ypoBenp @epMmu) onpenensercs Kak KOpeHb ypaBHEHUS JIEKTPO-
HENUTPabHOCTH:

N, =NcF), (7} Ny Fy, ('Ag_ﬂ:- (2.12)

JlJ1 HEBBIPOKJIEHHOTO COOCTBEHHOT'O MOJIYIMPOBOIHHUKA, KO-
rna BenmuuuHa N, Mana no cpasHenuto ¢ N. u N, , ypoBens dep-

MU JIEXKUT BHYTPH 3alpelIcHHON 30HBI 110 KpalHEHl Mepe Ha He-
ckonbko KT ot rpanun 30H. [Ipu 3Tom 00a unterpana depmu B
ypaBHeHHMHU (2.12) MOTYT ObITh 3aMEHEHBI UX INpeJeIbHBIMU MPH-
OJIMKEHUSIMU JIJIs1 HEBBIPOXKACHHOT'O Cllydasi, TaK YTO

n=Ncexp§ =N, €As—77, (2.13)
OTKyJa
1
~ [N, )2 Ag
ex = Y| exp| -— 2.14
pﬁ/(ch p( 2) (2.14)
NIn
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AE 3 m’;
+
m

KT . (2.15)

*
n

ITpu abcomoTHOM Hyse TemmepaTypbl ypoBeHb depmu B
COOCTBEHHOM ITOJIYIIPOBOJHUKE PACIIOJIOKEH Ha CepeuHe 3arpe-
[ICHHOW 30HBI, C MOBBIIICHUEM TEMIIEPATYPBl CMEIIAETCS B CTOPO-
HY 30HBI C MeHbIlIeH 3(pPeKTUBHOM Maccoil HocuTenen 3apsa.

CobcTBeHHAass KOHIIEHTpalusi HOCUTENEH 3apsia N HaXOAUT-
cst ipu nojictaHoBke (2.15) B (2.12), uro maer

1 AE
n = N, 2exp| ———|. 2.16
= €N, 2 p( ZKTJ ( )

Ecnu mmpuHa 3amnpenieHHONW 30HBI CYIIECTBEHHO OOJblle
KT, To TemnieparypHasi 3aBUCMOCTh N, OTpEIENseTCS B OCHOBHOM

3KC1‘IOHCHI_II/IaJ'ILHBIM yiieHoM (hopmybl (2.16), Tak Kak BeJIWYMHA
Q.N, ) ? M3MEHSCTCS C H3MEHEHHEM TemmepaTypsl Kak T /7.
PaccmoTpuMm Temepb MPUMECHBIN 3JEKTPOHHBIA MOIYIPO-
BOJIHHK C KOHIIGHTpaluel 1oHopHOIl mpumecn N, pacronoxeH-
Hol Ha AE, Hiwke nHa 30HBI MpoBOAMMOCTH (pHC. 2.2).
[TockonbKy SHEprusi MOHWU3AUKN JAOHOPHOW mpumecu AE,

3HAYUTEIBbHO MEHBIIE IIUPUHBI 3alPELICHHOW 30HBI, TO IIPU J0OC-
TaTOYHO HU3KOM TEMIIEpAType SJIEKTPOHBI MOIYT IEPEXOAUTH B
30HY NPOBOJUMOCTH TOJIBKO C JOHOPHBIX YPOBHEW M MX KOHLEH-
Tpauus

n=N,-N,-f€ >N, J+sexp€s, +n}, (217)
rie
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— AEd

Ag, =——
CKT

, (2.18)

f€, = {1+ B exp[%ﬂ_ (2.19)

— BEpOSATHOCTh HAXOXKACHUS DJICKTPOHA HAa MPUMECHOM YPOBHE C
sHeprueit E; .

Oyuxuust | €,  omimuaercs 0T QYHKUMH PacipenesIeHus
depmu-/lupaka K03(DGUIIMCHTOM CIHHOBOTO BBIPOXKIACHUS MPHU-
mecu B (™ =2 nns odHOBaNeHTHOH JOHOPHOIH mpuMecH). B To
e BpeMsi KOHIICHTpAIHs 3JICKTPOHOB B 30HE MPOBOJAUMOCTH OJI-
HO3HAYHO ompezesserca monoxeHueM ypoBHs Pepmu (Ep) n,
CIIE/IOBATEIIBHO,

NcFy2 ‘7:: Ny [+ﬂileXp¢5d +77j- (2.20)
B orcyrcTBue BhIpokAeHMs, korma F, ﬁ} exp @ , peme-
Hue ypaBHeHus (2.20) naet

2
n:ﬂz—ln Ne | | Ne | Ne eprEd . (2.21)
PN,

2N, kT

HpI/I A0CTATOYHO HU3KUX TEMIICpATypax, KOTaa

AE, N
ex >> —= 2.22
p[ KT j N, ( )

TIOJIOKCHHUEC YPOBHS q)epMI/I OIPCACIIACTCS BBIPAKCHUEM
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(2.23)

W3 Beipaxenus (2.23) BugHO, yto nipu temneparype 1 =0
yposenb depmu paciosioker Ha pacctossaud AE, /2 BHE3 oT qHa
30HBI MTPOBOJUMOCTH M TIPH TOBBIIICHUU TEMIIEPATyphI MEpeMe-
maercst BBepx, moka N. < AN, , 3arem BHu3, korma N. > AN, .

OrtoMy mepeMenieHnio ypoBHsI depMu COOTBETCTBYET HKC-

MOHEHIMAJIbHAsl TeMIIepaTypHas. 3aBUCUMOCTb KOHIIEHTPALUU
3JIEKTPOHOB

4 AE
n=@N.N, 2expl ——2 |. 2.24
R 220

[Ipu nanpHEMIIEM NOBBIIIEHUN TEMIIEPATyPbl KOHLIEHTP AL
JJIEKTPOHOB B 30HE IIPOBOJAUMOCTU CTAHOBUTCS CPAaBHUMOM C KOH-
neHtparnueid npumecu Ny u Beipakenus (2.23) u (2.24) Henpume-
HUMBI.

OpHako Tenepb MOXKHO pacCMOTPETh IPYrol KpalHUH Cily-
yai, KOrja TeMIeparypa JOCTATOYHO BBICOKA M BBIIIOIHAETCS He-
PaBEHCTBO

AE, Nc
exp—* << —=, 2.25
P kKT N, ( )

ITpu sToM popmyna (2.21) annpokcUMUpPYeTCs BhIpAXKEHUEM

E, —E. —KTIn| Ne | (2.26)

d

KoTopoMy cooTBeTcTBYeT N, =N. DTO 03HaYaer, 4To MpaKTude-
CKU BCSl IOHOpHAs MPUMECh HOHU3UPOBAHA U KOHIICHTPALIUS JICK-
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TPOHOB B 30HE ITPOBOJIUMOCTH MOUYTH HE 3aBUCUT OT TEMIIEPATYPBHI.
Takomy ycliOBUSI COOTBETCTBYET MOJIOKeHHE YpoBHS depmu Ha
Heckonbko KT Huke ypoBus npumecu E, .

[Ipn nanbHeiiieM MOBBIIIEHUH TEMIEPATyphbl YBEIHUEHUE
KOHIEHTPALUU 3JEKTPOHOB B 30HE MPOBOJUMOCTU OyIeT ocyllle-
CTBJISITHCSL 32 CYET MEPEXO0JI0B JIEKTPOHOB U3 BAJICHTHOW 30HBL. B
3TOM Ciy4yae KOHIIEHTpalHs 3JEKTPOHOB M IOJIOKEHHE YPOBHS
®depmu OyayT onpenensaTbes ypaBHeHUsMU (2.15) u (2.16), momy-
YEHHBIMU JIJIs1 COOCTBEHHOTO MOJIYIIPOBOIHUKA.

Takum o00pa3oM, HCHOIB3Ys] OMUCAHHBIE MPUOIMKEHUS,
MOKHO MPOCIEAUTh U3MEHEHHE KOHIICHTPAIMH JIEKTPOHOB U TI0-
J0’keHUs ypoBHS DepMH B 3alpEIIEHHON 30HE JIEKTPOHHOTIO I0-
JYNPOBOJHUKA BO BCel 00JacTU NMPU U3MEHEHUU TEMIIEpaTyphl.
[TogoOHbINl aHaNM3 I AKLIENTOPHOTO TOJMYIMPOBOJHUKA AET
aHaAJIOTUYHBIE PE3YJIbTATHI.

Cnenyer, 01HAaKO, OTMETUTb, YTO ONUCAHHAS MOJEIb 3JIEK-
TPOHHOTO IMOJIYIPOBOJIHUKA MaJI0 COOTBETCTBYET pealIbHbIM yCJIO-
BUSM, TaK KaK HEBO3MOXKHO MOJIYYUTh MOIYHPOBOAHHUK C OJHUM
TUTIOM TIpUMecedl U C TMOJHBIM OTCYTCTBHEM KomneHcauuu. [lo-
ATOMY Takasi MOJIEJb SIBJSETCS XOPOUIMM MPUOIMKEHUEM TpU HE
CIIMIIKOM HM3KHX TEMIIEpaTypax, KOrja KOHIEHTpaILus 3JIEKTPO-
HOB B 30HE€ MPOBOJUMOCTH 3HAUUTENHHO MPEBBILIIAET KOHIIEHTpa-
LU0 KOMIEHCUPOBAHHOW NMPHUMECU U, CJEI0BATENbHO, SIBICHUEM
KOMITCHCAIIUU MOKHO TTpeHeOpeyb.

Bocnonb3oBaBmnch HalWJIEHHOW paHee TeMIepaTypHOU 3a-
BHUCHMOCTbIO KOHLIEHTPALIUKU HOCUTENIEH 3apsijia, ONpPEeeIUM 3aBU-
CHUMOCTb 3JIEKTPOIPOBOJHOCTH OT TeMIIEPATyphl JJIsi COOCTBEHHO-
IO ¥ 3JIEKTPOHHOTO MOJIYIPOBOJHUKOB.

B cOOCTBEHHOM IOJIYIPOBOJHNKE KOHICHTPALMK CBOOOJ-
HBIX 2JIEKTPOHOB N M ABIpOK P onunakoel €= p=n, , snexrpo-

IPOBOHOCTH COOCTBEHHOTO MONYIIPOBOAHUKA
o, =enu, +epu, =en €, + 4, (2.27)
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rage u, u ﬂp — [NIOABHKHOCTDb HOCHUTENCH 3apsaa, € — 3apsaq dJICK-

TpOHA.

[ToaBMXHOCTH HOCHTENEH 3apsga /4 YUCICHHO paBHA CKO-
pOCTH HOCHUTENEH 3apsijia, MPUOOpPEeTaeMOil WMHU IMOA JCHCTBHEM
NEKTPUYECKOTO OISl ANHUYHOW HampshkeHHoctH (=0/E, un
UMEeT Pa3MEepHOCTh BOJIbTA, JCICHHOTO Ha KBAaJPAaTHBIA METp U
CeKyHy. BenumunHa MOJBMKHOCTH 3aBUCUT OT MEXaHHU3Ma pac-
CesTHUSI HOCHUTENICH 3apsiia B MOJYNPOBOJHUKE, KOTOPBIM ompese-
JSeTCSl TUIIOM XUMHUYECKOW CBSI3M KPUCTAIIIMYECKON pEIIeTKH,
HAIMYHEM IPUMECH U APYTHX KPUCTALTHYECKUX NEPEKTOB MOIY-
npoBogHUKA. OOBIYHO TIOJBM)KHOCTH HOCUTEIICH 3apsa sIBISETCS
CTereHHOH (yHKIMEH TeMIiepaTypsl T , M B 00J1aCTH COOCTBEHHOM
MPOBOAMMOCTH IOKa3zareib cTeneHu paBeH 3/2. [loatomy temre-
paTypHasi 3aBUCUMOCTb dJiekTpornpoBogaocTu o { : orpeenseTcs
B OCHOBHOM TEMIIepaTypHOU 3aBUCUMOCTbIO KOHIIEHTPAIlUU HOCH-
Tener 3apsia U B COOTBETCTBUU ¢ (2.27) u (2.16) mMoxer ObITh
MIpEJICTaBIIeHA B BUJIC

4
o, =e,+u, NN, 2 exp(—%j. (2.28)

VY4uTeIBast, 4TO MMpPHUHA 3ampenieHHoi 30861 AE, cama sB-
nsercs  ¢ynkuued Ttemmeparypbl AE =AE;—aT , Bepaxkenue
(2.28) MmoxHO peoOpa3oBaTh K BUILY

AE
.= const-exp| - —2 |, 2.29
oy p( 2kT) (2.29)

rne AE, — mmpuHa 3anpemienHol 3oue ipu T =0.

AHaJOTMYHO ISl MPUMECHBIX MOJIYIMPOBOAHUKOB B 00J1aCTH
TeMIIepaTyp, KOrJa KOHLIEHTpalusl HOCUTENEH 3apsia U3MEeHSeTCs
1o 3aKkoHy (2.24), 3JIeKTPONPOBOJHOCTh SIBISIETCS IKCIOHEHIIH-
aJIbHOW (DyHKIIMEH TeMIepaTyphl:
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AE
=const-exp| - —< |. 2.30
c p( 2ij (230)

OnHako mpu TeMIepaTypax, Korja UMeeT MECTO IMOJHasl HO-
HU3aIMs IPUMECH, 3aBUCHMOCTD 3JIEKTPOIIPOBOJIHOCTH OT TEMIIe-
paTypsl yke He onucbiBaeTcsl BelpaxkeHneM (2.30), a onpenensier-
Csl TeMIepaTypHOI 3aBUCUMOCTBIO TTOJIBUKHOCTU /L .

TemnepaTypHasi 3aBUCHUMOCTb 3JIEKTPOIIPOBOJHOCTH COOCT-
BEHHOTO TMOJYNPOBOAHKKA, TMpeACTaBlieHHas ypaBHeHue (2.29),
JIEKUT B OCHOBE OJHOTO M3 CaMbIX PAaCHpPOCTPaHEHHBIX METOIOB
M3MEPEHHS IIMPUHBI 3aMPEIICHHOM 30HBI TOJYIPOBOIHUKOBBIX
MaTepUasoB.

OueBunHO, ecny ypaBHeHUE (2.29) MOCTPOUTH rpadUuecKy B

koopaunatax Ino or T7':
AE, 1
Ino =Inconst——2-—, (2.31)
2k T
TO MIMPHUHA 3ampenieHHon 30861 AE; MoxxeT ObITH OmpeseneHa u3

HaKJIOHA ATOM JIMHEHHOM 3aBUCUMOCTH. J|eMCTBUTENLHO, TAHTCHC
yrila HaKJIOHa 3TOU MPSAMOM

tger = dinc _ AE, 1 (2.32)
(1) 2k
d =
=
AE, = 2k/AMNa] (2.33)

1
Al —
T
AHaJTOTrHYHBIM 06pa30M nu3 TCMHCpaTypHOﬁ 3aBUCHUMOCTH

ANEKTPONPOBOTHOCTH MPHU HU3KHUX TeMIlepaTypax, YUUTHIBasi BbI-
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paxxenue (2.30), MOKHO OIPENEIUTh IHEPIUIO HOHU3ALMHU JIOHOP-
Hoii AE, wm aknenrtopuoii AE, mpumeceil. DHeprusi MOHH3aLUH
pUMecH OyJIeT ONpeesaThCs TakKe BeIpakeHHeM (2.33).

3Kcnepumenmaﬂbnaﬂ uacmo

Jlnst u3MepeHust yIeapHON 3J1€KTPOIPOBOAHOCTH MCIOJIb3Y-
€TCsl IBYX30HJIOBBI METOJI, IPUMEHUMBIN JUIsl MCCIel0BaHus 00-
pa3loB MPaBHIBHON T€OMETPUYECKON (OPMBI C TTOCTOSTHHBIM I10-
[IEPEYHBIM CEUEHUEM, UMEIOIINX OMUYECKHE KOHTAKTHI. Y JeNIbHAs
3JEKTPONPOBOAHOCTD

1 254
p R-S
rae p — yuaenpHoe compoTusieHue; | — nmuHa obpasua; R — co-
NPOTUBJICHHE; S — IUIOIIA/Ab IONEPEYHOTO CEUCHHS.

W3mepenue conpoTHBIEHUS MPOBOAUTCA LHUPPOBBIM OM-
MeTpoM. Cxema M3MEpPEHHMH TeMIIepaTypHOM 3aBHCHUMOCTH JJIEK-
TPOINIPOBOJHOCTHU IIPUBE/IEHA Ha puC. 2.3.

MunnuBonbTHETD
9

TepMonapa

Puc. 2.3. CxeMa uzMepeHuii TeMieparypHoi
3aBHCUMOCTH AJIEKTPOIIPOBOTHOCTH
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Ilopadox évinonnenusn padomuol

1. U3meputh comportuBiienne obpasna R U 1Mo U3BECTHHIM
reomeTpudeckumM pasmepam (| u S) paccunrars yueapHyO K-
TPONPOBOJHOCTh O MpPH KOMHATHOU Temreparype T .

2. BxiouuTh neub. s u3amepeHus temmneparypbl oOpasna
HCIIONB3yeTcss  Tepmomapa ¢ Kodbdumuentom  tepmMoI/[C

a=40MkB-K™. Temneparypa o6pa3sua Onpenensercs H3MepeHH-

€M Pa3HOCTHU MOTCHLUAIOB HA TCPMOIIApeC UTQHC N BBIYHUCIIACTCA

o ¢popmyse

U
T=T,+—2, (2.35)
o

3. U3mepuTth compoTuBieHHE 00pa3iia Mpu pa3InyHOU TEeM-
nepatype. JlaHHble 3aHECTH B TaOJIHLLY.
4. llo mnony4eHHBIM [aHHBIM IIOCTPOUTH 3aBUCHUMOCTHU

R=f& _ wu Ino=fq . Onpenenurs y4acTKH SKCIOHEHINATb-
Hoit 3aBucuMocTd o @ , Ha KOTOpHIX IO HAKIOHY MPSIMBIX

Inc¢/T _onpenenuts sHepruo noHU3auuu npumecei AE .

Pe3ynbprarel n3MepeHnii TeMIiepaTypHOn
3aBUCUMOCTH DJIEKTPOIIPOBOHOCTH

Homep |U,,,- | R o T UT | Ino | InT
n/n

5. Onpenenutpy y4acTOK MCTOLIECHHUS MPUMECHOM MpOBOIU-
MOCTH, JUIsl KOTOPOI'O TEMIIEPaTypPHBIM X0 3JIEKTPOIPOBOJIHOCTH
26



O COBIAJAET C TEMIIEPATYPHBIM XOAOM IOABHXHOCTH HOCHTENIEH
4. Jljis 3TOr0 ydacTka MOCTPOUTh 3aBUCHMMOCTh Ino = f (nT:.
Ha monmy4eHHOW KpHBOW OTMETHTh YYacTOK 3aBUCHMOCTH
o~ u~T". Onpenenuts r. Crenath BBIBOA O NPeodiaarouieM

MEXaHHU3ME pacCEesTHUS HOCUTEIIEH.
Konmponsnuie éonpocut

1. DnexTpornpoBOJHOCTh COOCTBEHHBIX M MPUMECHBIX MONY-
MIPOBOJIHUKOB C TOYKH 3PEHHS 30HHOU TEOPHH.

2. ®ynkuus pacnpenenenus @epmu-Jupaka.

3. KoHueHTpalus 3JIeKTPOHOB U JBIPOK B 30HAX.

4. TeMriepaTypHasi 3aBUCHUMOCTh KOHIIEHTpAIlMU HOCUTEIEH
U nosnoxeHust ypoHs Gepmu.

5. TemnepaTypHas 3aBUCUMOCTb ITOIBHKHOCTH HOCUTEJIEH.

6. Onpenenenve MUPUHBI 3alPELIEHHOW 30HBI M 3HEPTUU
aKTHBALMU U3 TEMIIEPATypPHON 3aBUCUMOCTH IIPOBOJHOCTH.

3. JABOPATOPHAS PABOTA Ne 3
HccaenoBanue TeHsodpdexra

eab padoThbI: 03HAKOMJIEHUE C TEOPETUYECKUMHU OCHOBAMHU
TeH303(QdeKTa 1 IKCIEPUMEHTATbHOE OIpeneieHne KodphuimeH-
Ta TCH30YYBCTBUTEILHOCTH METAUITMYECKUX M IOJYIPOBOHUKO-
BBIX MaTEpUaJOB.

Du3zuuecKue 0CHOGbL MEeH30pe3ucCmuéHoco 9¢(1)el<ma

V3MeHeHHe 37eKTPOCONPOTUBICHHUS MPOBOAHUKOBBIX U IO-
JYIPOBOTHUKOBBIX MaTE€pPHalOB IO/ JCHCTBHEM MEXaHHYECKOU
neopManuy Ha3bIBACTCS TEH30PE3UCTUBHBIM 3(P(PEKTOM.
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DJNEeKTpUYECKOe COMPOTHBICHUE NpU IePOpMalui U3MEHS-
eTcsl KaK 3a CYeT U3MEHEHHUS TeOMETPUYECKUX pasMepoB Tella, TaK
M 32 CUET M3MEHEHHUs YJIEIbHOTO CONPOTHUBICHUS MaTepuana. B
cilydae OJOOCHOTO HampspKeHHs (HampuMep, PacTsDKEHHS) OTHO-
cutenbHoe n3MeHenue comnporusnenus dR/R snementa anmHOil
| ¢ ynenpubIM compotuBicHueM p u kodddurmenrom [Tyaccona

v, Oyzer

drR I d
Jo,

B ypaBuenun (3.1) mepBoe cinaraemoe onpezaesnseT u3MeHe-
HUE T€OMETPUU Tela, a BTOPOE - U3MEHEHHUE YJEIbHOIO CONpo-
tussenus. [lockonbky V,, <0,5, To mpupaiieHue ConpoTUBICHUS

3a CYET W3MEHEHHs IE€OMETPUYECKUX pa3MEPOB HE IPEBBINIAECT
2dl/1. Tlpupamienre CONPOTHUBIIEHUS 3a CUET M3MEHCHHS YICITb-
HOTO COIPOTHBJIEHHs 3aBHCHT OT CTPYKTYPHI U CBOWCTB Marepua-
Ja ¥ MOXET OBbITh B JIECATKM M COTHHM pa3 OOJIbIIE, YEM 3a CUET
reometpuu. [IpuHsaTo o003HauaTh

d—p: mﬂ, (3.2)

yo, |

I7Ie M— KOHCTaHTa, XapaKTepu3yrouasi N3MEHEHUE yIeIbHOTO CO-
MPOTHUBIICHUS ITPH JiePOpMaIiy.

ITpu nedopmaruu ynenbHOE CONPOTUBIEHUE TBEPIOTO Tela
MOJKET U3MEHATHCS BCIIEICTBUE CIEAYIOMINUX MPUYHNH:

— U3MEHEHUS B3aUMOJEICTBHS MEXY dJIEKTPOHAMU U yIIpY-
T'MMHU BOJIHAMH B KPUCTAJUIMYECKOH pelIeTKe, TaK KaK MCKaKaeTcs
KpUCTAJIJIMYECKasl PELeTKa, M3MEHSeTCS aMIUTUTyJaa KoseOaHus
aTOMOB, OTKYy/a CJIe[yeT U3MEHEHHUE JUIMHBI CBOOOJHOro mpobera
AJIEKTPOHOB U UX MOABHKHOCTH;
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— u3MeHeHust sHeprun Depmu, 4TO NMPUBOAUT K U3MECHCHUIO
YHciIa AIEKTPOHOB MPOBOJAUMOCTH;

— M3MEHEHHsI 30HHOW CTPYKTYpBI BCJICACTBUE MEPEKPHITHS
WK COJIMKEHUSI Pa3JINYHbBIX 30H;

— BO3HUKHOBEHHS HOBBIX KPHCTATMYECKUX MOTUDUKAITUIA.

Y GOJBIIMHCTBA MPOBOAHUKOB (METAJUIOB U CILJIABOB) Ipe-
obnanaet 3¢(HeKT U3MEHEHHUS PACCEeSTHUS W COOTBETCTBEHHO IOJI-
BIKHOCTH DJICKTPOHOB (BKJIaJ, B M3MEHECHHE COMPOTHUBIICHHS 32
CUET M3MEHEHHs dHepruu PepMu W Ymciaa ANEKTPOHOB MPHHSTO
CUHTATh MAJIbIM).

[puparieHusi CONMPOTHBIICHUS MPOBOJIOK U3 PA3IMYHBIX Me-
TAJJIOB U CILIABOB OT AeOpMalliu M3MEHSIOTCS JIMHEHHO B 00-
JacTu ynpyroro pactsbkeHus. Ilostomy ypaBHeHue (3.1) MOxHO
3aIucaTh B BUJIC

A (3.3)

rae kKod(pPUIUEeHT MPOMOPIIMOHATIBHOCTH MEXAY OTHOCHTEIBHON

nedopmanueit dl/| u oTHOCHTENBHBIM M3MEHEHHEM COMPOTHUBIIE-
aust dR/R

K; =1+2v, +m (3.4)

HazbIBaeTCsl KOAQ(ULIHUEHTOM TEH304yBCTBUTEIbHOCTHU. J1J1 00JIb-
IIMHCTBA METAJIJIOB U CIUIAaBOB B 00JIaCTH yHpyroi nedopmanuu
K; HeBenuk u m3menserca ot 0,6 1o 5,5. B obnactu minactude-
CKoW nedopmanuu MeEXaTOMHBIE PACCTOSHUS HE MEHSIOTCS,
M=0, u TeH303QPeKT ompenaenseTcs TOIbKO W3MEHEHHUEM Ieo-
METpUHU NMPOBOJHUKA. Tak Kak B 00J1acTH IutacTudeckon nedopma-
mu V, =0,5, To K; a1 Bcex NpOBOAHUKOB OJMHAKOB U PaBeH 2.
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Bnuanue oegpopmayuu na snekmpogusuueckue
napamempul nOJIynpPo60OHUKO8

[IpyunHOl M3MEHEHUs! YIEeNbHOIO CONPOTUBJICHUS TMOIY-
MPOBOAHMKA NpU JedopManuu MOXKET ObITh JHOO0 H3MEHEHHE
KOHIIEHTPAILMU HOCHUTEINEH 3apsaa, TM00 W3MEHEHUE HX IOJBHK-
HocTU. I N -TUIa MOJIYIPOBOAHUKA

1
p=—" (3.5)
eng,

PaccmoTpum aBa Buja nedopMalvi: BCECTOPOHHEE CxKaTHe
U OJJHOOCHO€ CKATUE WIIN PACTKECHHUE.

Bcecroponnee cxxatue kpucramia ¢ KyOU4ecKkoil cuMMeTpu-
el He U3MEeHseT ero CUMMETPUH, a U3MEHSET TOJIbKO PacCTOsSHUE
MEX1y aToMamMH. JTO NMPUBOJAUT K YBEJITMUEHUIO SHEPTUU B3aUMO-
NEHCTBUSL aTOMOB PELIETKH, U3MEHEHUIO PACIIOIOKEHHsI dHepre-
TUYECKUX 30H APYr OTHOCHUTEIBHO JPYra COOTBETCTBEHHO H3Me-
HEHHIO IIMPUHBI 3alpelieHHol 30Hbl E . M3menenne E; mpuso-

JIUT K U3MEHEHUIO KOHIICHTPAIlUK HOCUTENEH 3apsia:

n'p'= €2 ex A =n,p, ex AE, (3.6)
npn_i/p 2k-l-_npn p 2k.|.! .

rae A E,— u3MeHeHne MMPHHBI 3alPEICHHO 30HBI pH eop-

Malnn (BC@ BCJIMYMHBI, OTMCUCHHBIC IITPHUXOM, OTHOCATCA K JC-
(bOopMHPOBAaHHOMY MOITYIPOBOJIHUKY).

Ha puc. 3.1. moka3ansl 3HepreTiueckue cTpykrypsl Ge u Si,
B 30HE MPOBOJUMOCTH KOTOPBIX MMEIOTCS TP MHUHHUMYMa JHEp-

run: B Touke k =0, Ha ocu [111] u na ocu [100].
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B

INeKTpOHI! InexTpoHs:

E;~(0.663B Eg= 1,068
% 4 '"”"
(7T 0 ool g U 0 [00j

Puc. 3.1. DHepreruyeckasi CTpykTypa repmanus (A)
u kpemuus (b)

DHepreTu4ecKue 3a30pbl MEKIY pa3InYHbIMU MUHUMYMaMu
JIOCTATOYHO BEJIMKHU, IO3TOMY B COCTOSIHUM PABHOBECHS AJIEKTPO-
HbI 3aIlOJIHAIOT JIMIIL caMblii HYOKHUNA MuUHUMYM. B Ce stor mu-
HUMYM pacrosioxer Ha ocu [111], B Si - Ha ocu [100]. [Togo6Hyr0
CT3pyI<Typy 30HBl MPOBOJUMOCTH HMEIOT COEIUHEHHS] TPYIIIBI
A’B®, Hanpumep, B GaAsS Takke UMEIOTCs aHAIOTHYHbIE MUHUMY-

MBI, HIOKHHU# U3 KOTOPBIX pacrosiokeH B Touke K =0.
DKCNEPUMEHTAITBHO MOKAa3aHO, YTO MUHUMYMBI Ha ocu [111]

u B Touke k=0c YBEJIMYEHUEM THUIPOCTATHUECKOTO aBJICHUS
nosHUMaroTesd, a Ha ocu [100] monmxkarorcs. Iloatomy B ykazas-
HBIX IOJYNPOBOJHHUKAX Ey yBEIMUUBACTCA, €CIM MUHUMYM B 30HE
IIPOBOAMMOCTH PACIONOKEH B HampasieHud [111] wimm B TOuke
k=0,u YMEHBILIAETCsl, €CIM MUHUMYM DPAcCIIOJIOKEH B HarpasJie-
Huu [100]. B noxynpoBoaHuKax epBoro THUIA C pOCTOM JIaBJICHUS
BO3MO)XHA CMEHA 3HAaKa M3MEHEHUS HIMPUHBI 3alpeluIeHHON 30HBI
E4. Hanpumep, B Ge HMKHUI MUHUMYM PAcCIIONIOKEH B HaIpaBJe-
Huu [111]. C yBenndeHuem AaBiieHUs] OH NOJHUMAETCs, U Ey yBe-
mauuBaercst (AE; >0). OXHOBPEMEHHO OIYCKAETCs MUHUMYM B

HanpasieHuu [100]. Ilpu ompeneneHHOM HMaBICHUH MHUHHUMYM
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[100] moxet cTaTh HMKEe MUHUMYMa [111], 1 Bce 31eKTpOHBI 30HBI
IIPOBOIMMOCTH nepeiyT B MunumyM [100]. Benuuuna Eq4 Oyzner
OMPENEHATHCA MEXAY BEPUINHON BAJIEHTHOW 30HBI I MUHUMYMOM
[100], koTOpBIN TPOIOIHKAET OMYCKATHCS MPHU AAIbHEUIIIEM pOCTE
nasneHust, AE; craHOBHTCsS MeHbLIe Hyls. COOTBETCTBEHHO KO-

>ppuument  dE;/dP  mpm  manbix  JaBieHMsAX  paBeH

5.10°B/k[ - cm (cmermenre muauMyMa [111]), a npu 60sbImX

2-107° sB/kr- cm (cmemenue muaumyma [100]).

[Ipu onHOOCHO AedopManuy HapylIaeTcs CUMMETPUS KpU-
CTaJUla, YTO MPHUBOJUT K UCKAKEHHUIO (DOPMBI OTAEIBHBIX 30H U
M3MEHEeHHIO 3()()EeKTUBHON TUIOTHOCTH COCTOSIHUHM B 30HAX, TO €CTh
3¢ deKTUBHON Macchl HOcUTeNeH 3apsiia, U K U3MEHEHHUIO KOHIIeH-
TpaLy HOCUTENEH 3apsiaa.

IIpou3BeneHne KOHLEHTPALMU IEKTPOHOB U JBIPOK

E
np=n>=N.N, exp| ——= |, (3.7)
e 2kT

rac
3

NN, :2(27zm* k—sz (3.8)

np K2
- B(I)q)CKTI/IBHaSI IUIOTHOCTh COCTOSIHUM B 30HE IpoBOAUMO-

CTH U B BaJICHTHON 30HE COOTBETCTBEHHO.
B nedpopmupoBaHHOM NOTYIPOBOTHUKE

E, +AE, _
2kT

n'p'=N'c. Ny exp(—

' N E AE
=_NCNV NN, exp| - = EXP| —- > |=
NN, 2kT 2kT
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— NIC N'V AEQ

=———"exp| — 3.9
NN, P 2kT (39
[To ananoruu c (3.6) 3anumiem (3.9) B Buze
n'p'=n’ex A, (3.10)
PERER T ) '
rie
N.N
AE,, =AE  +KkTIn —< Y (3.11)

NNy

Takum oOpa3om, Ipu ONPENeIeHNH KOHIIEHTPAIIMH HOCUTE-
nei 3apsaa n3MeHeHue 3((EeKTUBHON IUNIOTHOCTH COCTOSIHUN IpU
OJIHOOCHOM aedopmanii MOXHO YYECTh BBEACHHMEM BEJINYMHBI
3G (HEKTUBHOTO W3MEHECHHUs IIMPUHBI 3aNPELICHHON 30Hbl AE 1
JUIS OTIpe/ieNIEHUs] KOHLIEHTPALUK HOCUTENEH MOIb30BaThCsl 00ObIY-
HOW (hopmyoit (3.6), B KOTOpOil BMECTO NEHCTBUTEIBHOTO U3Me-
Henust AE; crour ee spdpexrusroe msmenenue (3.10). Mismenenne

N.N, MakcumanbHO, eciy HampaBieHue aedopMaIiy COBIaIaeT

C HAIpaBJICHUEM PACHOJI0KEHHs HIDKHET0 MaKCHMyMa 30HBI MPO-
BOJMMOCTH, TOT/Ia TIpU OOJBIINX JABJICHHUSIX BTOPOE CllaraeMoe B
(3.11) moxer cratk Gonbiue nepsoro. Ilpu s5Tom 3Hak AE; Moxer

U3MEHATHCS Ha IPOTUBOIMOIOKHBIM.
M3meHeHne NOABMKHOCTH HpPU OJHOOCHOH aedopmanuu
CBSI3aHO, BO-TIEPBBIX, ¢ omucaHHbIM u3MeHeHmeM N. u N,

(#~1m", m;  ~NZV), BO-BTOpBIX, C IepepacIpeeneHIeM HO-

CUTENEH 3apsaa MEXy pa3IMIHBIMU TTO30HAMM.
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PaccmoTpuM BTOpYIO NpUYMHY, KOTOpas SIBISETCS ONpese-
nsromedt 1t Ge n S N-tuna. B cocTosHUM paBHOBECHUS 3JIEKTPOHBI
3aHUMAIOT CaMbld HW)KHMM MUHUMYM B 30HE IIPOBOJMMOCTH. Ta-
KHUX HEpreTHYecKMX MUHMMYMOB HECKOJIbKO, Hampumep, B Ge-4,
B Si-6, ¥ OHH MOJHOCTBIO SKBUBAJICHTHBI. M309HepreTudeckue mo-
BEPXHOCTU BOJIN3M MUHUMYMOB IPEACTaBIIAIOT cOOO0M 3IuHIIcOu-
JIbl BPAIIEHUS C OCbI0 CUMMETPHUH, COBMIAJNAIOLIEH C HAIpaBJIECHU-
em [111] B Ge u [100] B Si. Ha puc. 3.2. moka3aHbl CCUEHUS H30-
HHEPreTUIECKUX MOBEPXHOCTEN Npu Aedopmariu Baois ocH [ 100]
aust Si. CIUTOLIHBIME JIMHUSIME H300pa)KEHO UCXOIHOE COCTOSHHE,
IIYHKTUPOM - cxxatue BoJib ocu [ 100].

DddexTuBHAs Macca IEKTPOHOB B POAOILHOM (M) U 1o-
nepedHoM (M) ) HAIPABICHHSX PA3IHYHA, 2 KMCHHO M, > M), .

Tak xaxk 4 ~1/M |, TO ¥ 3HaYEHUS IMOJBMKHOCTEH TaKXKe
PasIUYHBL M L4 < [, .

NN Vi o7 [100]

Puc. 3.2. I3MeHeHNE NOI0KEHUS DHEPTETUUECKUX
MHHHMYMOB B 30HE MPOBOUMOCTH Si mpu gehopMaIiiu

[Tpu oTcyrcTBUM nedopMalvy JOTUHBI BAOJb HANPaBICHUN
[100] u [010] cumMeTpUYHBI U KOHLIEHTPALIUs 3JIEKTPOHOB B HUX
onuHakoBa. CymmapHasi IpOBOJUMOCTh, OOYCIIOBJIICHHAST HATHYH-
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€M 3JICKTPOHOB B 3THX JBYX JIOJIMHAX MPU TOKE B HAIPABICHUHU
[100], onpenensiercst Kak

o = e+, =enu, (3.12)

unpu N, =N, =N,/2 OT HAaMpsDKEHHUS HE 3aBHUCHT. B 3TOM Citydae
CpenHss MOJBUKHOCTD L, = %I +u 12,

Ecnu cxarp nonynpoBoaHuk B HampasieHuu [100], To pac-
CTOSIHME MEKJy aTOMaMH{ B 3TOM HAalpaBJIEHUU YMEHbILAETCS, a B
MEPIEHIUKYJIIPHOM YBEIMYMBAETCA. DTO NMPUBEAET K TOMY, YTO
JTHO 30HBI MPOBOAUMOCTH B HarpasieHuu [100] omycturcs, a B
Harnpasienuu [010] mogaumercsa. BeiencTBue 3Toro mpousonaeT
nepepacnpe/iesieHue AJIEKTPOHOB MEXAY NMEPBBIM U BTOPHIM MH-
HUMYyMaMH, TO €CTb N, yBenuuuTcs, a N, ymeHslutca. O0o3Ha-

YUM YHCIIO SJIEKTPOHOB, IMEPEHISANINX M3 OJHOTO MHUHHUMYMa B
Ipyroi, uepe3 AN, Toraa npoBOIUMOCTD MPH IedopMaluu

. (3.13)

el +an g+ € -An g, . eAnds —u,
o 0
2 2

Tak KaKk 4 < 4, , TO DIEKTPHYECKAs TPOBOIUMOCTD Jieop-

MHPOBAHHOTO MOJYIPOBOAHUKA YMeHbIIUTCS (0, <0, ). OTHOCH-
TEIbHOE U3MEHEHHUE JIEKTPUUECKON MPOBOIUMOCTH

_An 47 AN ol (3.14)

OTpEEISIETCSl KOJMUECTBOM TEPEPACTIPEICIEHHBIX JJIEKTPOHOB H
OTHONIEHNEM TIOJBWAKHOCTEH a =44/, . B Si a=516; B Ge

a=193.
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AHaJIOTUYHO MOKHO OIPEJEeNIUTh W3MEHEHHE 3JIEKTPOIpO-
BOJIHOCTHU TIpU AedopMaIiy ¢ y4eToM BCEX MHHUMYMOB. Makcu-
MaJIbHOE U3MEHEHHE MOABIKHOCTH MPOUCXOAUT NpHU JAeGopManuu
B HAIPaBJICHUM PACIOJIOXEHUS HUKHUX MHHMMYMOB: B N-Ge B
Hanpasnenuu [111], B n-Si B HanpaBnenuu [100].

B Ge, Si u GaAS p-Tumna npoBoJMMOCTH aHH30TPOIIUH MO/
BIKHOCTH JIBIpOK Npaktuyecku HeT. Kak BujgHO M3 puc. 3.1, B
BEpLIMHE BAJICHTHON 30HBI CONPHKACAIOTCS [IBE BETBU IHEPIHUHU,
T.€. BEpIIMHA BAJCHTHOH 30HBI SBISAETCS BBIPOXKICHHOH. DTUM
BETBSIM COOTBETCTBYIOT pa3ivuHble 3((EKTUBHBIE MAcChl IBIPOK,
B CBSI3U C YeM NOJ30HY ¢ Majioi 3((eKTUBHONW MacCOi Ha3bIBAIOT
MO/I30HOM "«IeTKHX"» JBIPOK, a OONBIION — «TspKeNbIX». [Ipu ox-
HOOCHOHM JedopManvy HapyllaeTcss CUMMETPHS KpHCTalia, 4To
MIPUBOJUT K CHATHUIO BBIPOXKACHHUS, T.€. MOA30HbBI JETKUX U TSXKe-
JIBIX JABIPOK CMELIAIOTCS B IPOTUBOIIOJIOKHBIX HAMIPABICHUAX. JTO
MIPUBOJUT K IepepacnpeeseHUIO JbIPOK MKy Noa30HaMu. Eciaun

o, =€ ()muﬂ + Prity :’ (3-15)

rne P,, W A, ; — COOTBETCTBEHHO KOHIICHTPAIMS U TIOJBHXK-

HOCTB JICTKUX U TAKCIIBIX OBIPOK, TO
Ao =eQp, 1, +Ap p; } eAp €, — 4, :v (3.16)

TaKk Kak o0Ias KOHIIEHTpAlus IBIPOK P, = P, + P, TOCTOSHHA
€ =N, onpezensiercst KOHIEGHTpALMEH aKIENTOPHOM IPUMECH U

Apﬂ = _ApT .
OTHOCHUTEJILHOE U3MEHEHHUE IIPOBOANMOCTHU

Ao _ Apilﬂ_,ur:. (3.17)
G Pukyt Priy
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MakcumanbHOe M3MEHEHUE IMOJBMKHOCTH AbIpok Ge, Si u
GaAs p-Tuna npoBOAUMOCTH MPOUCXOIUT IpU Aedopmanuu B Ha-
npasyenuu [111].

[Ipu paccmoTpeHuu BIUsHHUS AeQopManuy Ha dHEpreTude-
CKYIO CTPYKTYpPY IMOJIYIPOBOJHUKOB HE YYUTHIBAJIIOCH MU3MEHEHHUE
SHEPTrUU MOHU3AIMHU MPUMECH IpH JedhopManuu. ITO CHpaBeIn-
BO JUIA IIpUMeECeH, 00pa3yromMuX MEJIKO3aJeraollie ypOBHU B 3a-
MIPEILEHHOM 30HEe, KOT/Ia YK€ MPHU JOCTaTOYHO HU3KUX TeMIlepaTy-
pax Bce aTOMbI IPUMECH MOHU30BaHbl U KOHIICHTpAIUs HOCUTENEH
3apsija py HEOOJBIIMX U3MEHEHUSX SHEPrUU MOHU3ALUU [IpUMe-
cu He usmensiercs. Ecnu npumecs obpasyer riy0okue ypoBHHU, TO
W3MEHEHHUE DHEPrUHM HMOHU3AlMU TpuMecu OyAeT CYIIECTBEHHO
M3MEHSTh KOHLEHTPALIMIO HOCUTENEH 3apsia.

TeH304yBCTBUTENBHOCTh B IOJYIPOBOAHMKAX 3aBUCUT OT
KpUCTAIIOTpauecKoro HampaBlieHUs, THMA MPOBOJUMOCTU U
yIIEeIbHOTO COMPOTHUBIICHUS, C POCTOM KOTOPOTO TEH30YyBCTBH-
TEJIBHOCTh PACTET, puc. 3.3.

B Ge n- u p-tuna npoBoAMMOCTH HauOOJbIIAS TEH304UYBCT-
BUTEJIBHOCTh HaOrOMaeTcss B Hampasiaenuu [111], B Si n-tuma B
nanpassienuu [100] u B Si p-tuna B Hanpasienuu [111]. 3nak TeH-
304yBCTBUTEIBHOCTH B MOJYNPOBOJHUKAX N-THUIA OTPULIATEIb-
HBI{, a B OJYIPOBOIHUKAX p-TUIA — ITOJIOKUTEIBHBIN.

Haubonbiee 3HaueHue kos¢p@duireHTa TeH304yBCTBUTENb-
Hoctu anst Ge u Si mopsiaka 150 — 170. TeH304yBCTBUTEIBHOCTD
GaAs p-tuna MakcumasibHa B HanpasieHuu [111] u gocturaer ta-
KO ke BeTu4nHbl, Kak B Ge u Si.

Bonbmoit TeH309yBCTBUTENHHOCTHIO 00JIAIAI0T COSTUHEHUS

n-GaSb B nampasnenun [111] (K; =-226), p-InSb B nampasie-
nn [111] (K, =+212).

JInisi yMEHBIIICHUS BIUSHHS TEMIIEPaTypbl HA BEIUYHHY CO-
MIPOTHBIICHHUS TEH30PE3UCTOPHI M3TOTOBJISIOT M3 MPUMECHBIX I10-
JYIIPOBOJIHUKOB, B KOTOPBIX KOHIICHTPAIIUS OCHOBHBIX HOCHTENEH
paBHa KOHIICHTPALMU MPUMECH M HE 3aBUCHT OT JedOpMallvH.
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[ToaToMy WM3MEHEHHE COTPOTHBIICHUS TpH JedopMaIiu Onpee-
JIAETCS TOJIBKO U3MEHEHUEM ITOJBUKHOCTH.

m
160

1
2

80

A\

) I

4

5
T —— 6
0,4 1 10 100 p; OM-cH

Puc. 3.3. 3aBucuMOCTh TEH304YBCTBUTEILHOCTH KPEMHHUS
OT YJIeJIbHOTO COIIPOTHUBIICHUS NPH Pa3IMYHOM THIIE
AIIEKTPONPOBOTHOCTH U B PA3TTMUHBIX
KpHUCTaIorpadu4eckux HalpaBIeHUX:

1 — p-tumn, [111]; 2 — p-Tum, [110]; 3 — p-tun, [100];

4 —n-tum, [111]; 5 — n-tum, [110]; 6 — n-Tun, [100]

Tenzopesucmopwi. Koncmpykyuu,
MexXHON02UA U32OMOBEeHUA

Ten3zope3nucTop KOHCTPYKTUBHO MPEACTABIISIET COOON UyBCT-
BUTEJIbHBIN 3JIEMEHT M3 TEH30UYBCTBUTEIILHOIO MaTepHuaia (mpo-
BOJIOKH, (POJIBTH), 3aKPETUICHHBIN C TIOMOIIIBIO CBS3YIOMIETO (KiTes,
LIEMEHTA) Ha HcclieayemMoi aetanu. [{ns npucoe1MHeHNs] YyBCTBH -
TETBHOTO DJIEMEHTAa B JJEKTPUUYECKYIO IIEMb B TEH30PE3UCTOPE
HMMEIOTCS BBIBO/IHBIE TPOBOJITHUKH.

B nacrosmee BpeMss HanbOoJbINIee pacPOCTPAHEHHUE TOJY-
YUJIA METAJUIMYECKHE MPOBOTHUKU U (DOJIbTOBBIE TEH30PE3UCTOPHI
¢ K03h(PHUIMEHTOM TEH30YyBCTBUTEIBLHOCTH TIOPSIKA HECKOJIBKUX
eANHMUII.
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W3 mosiynpoBOJAHUKOBBIX MaTE€pPHAlOB JUIsI H3TOTOBJICHUS
TEH30pE3UCTOPOB LIMPOKO HCHOJb3yeTcs: KpeMHuil. Kpome BbIco-
KOI TEH304YYBCTBUTEIHHOCTH, OH JOCTATOYHO XHMHYECKH HHEp-
TEH, UMEET OTHOCUTEIIbHO BBICOKOE (TI0 CPaBHEHUIO C JPYTUMH
IOJYIIPOBOJIHUKAMH) 3HAa4CHHE Ppa3pyLIAIOIEro HaNpsHKEHUs
(9~108 [Ta) u Oomplioe 3HAaYEHWE JOMYCTUMOMW pabouelt Temmepa-
TYpBHI.

Inpoko pacnpocTpaHEHHBIM CIIOCOOOM HM3TrOTOBJIEHUS IIO-
JYIPOBOJIHUKOBBIX TEH30PE3UCTOPOB SBJISETCS BHINUINBAHUE TCH-
3049yBCTBHUTEIBHBIX JJIEMEHTOB M3 MOHOKPHUCTAJUIOB MOJIYIPO-
BOJIHMKA C HAaHECEHHMEM KOHTAKTOB U MPUCOCTUHEHHUEM BBIBOJIOB.
Vcnonb3oBaHue i 3TUX LieJIed KPUCTAJUIOB HUTEBUIHOW (POPMBI
HCKJIIOYaeT HEOOXOAUMOCTh MEXaHUYECKON 00pabOTKH U IIOITOMY
SBIISICTCS TIPEATTOYTUTEIHHBIM.

Jlpyroif METO/1 U3rOTOBJIEHUS] TEH30PE3UCTOPOB OCHOBAH Ha
CO3JIaHUM p—n nepexoa nyreM uddy3uu npuMeceid B MIACTHHY
MOJTYIIPOBOIHUKA. B pe3ynbraTe Ha KpUCTaUIe MOIXYIPOBOJHHUKA
MOJTy4aeTcsi TeH30YyBCTBUTENBbHBIA MU GY3MOHHBIN CIIOH, OTxae-
JICHHBIH 3JIEKTPUYECKH OT OCHOBHOI'O KPUCTAJIIA; p—# TIEPEXOJIOM.
C moMOmIBbI0 TaKOTO METO/a MOKHO CO371aBaTh Kak OTIEIbHBIC,
TaK ¥ CABOCHHBIE TEH30PE3UCTOPHI, H30JUPOBAHHBIE JPYT OT JAPY-
ra IMpocCJIONKOW BBHICOKOOMHOIO KPEMHHS ¢ p—n TEepexojaMHu U
yIIOOHBIE JJIS1 KCTIOJIb30BAaHMSI B MOCTOBBIX CXEMaX.

OCHOBHBIMH CBOWCTBaMH IIOJIYIPOBOJHUKOBBIX TEH30PE3H-
CTOPOB B OTJIMYME OT METAIMUECKUX SBJISIOTCS Majible pa3Mepsl,
OYEHb BBICOKHE KOA(PPHUIMEHTH TEH30YYBCTBUTEIHHOCTH (Ha /1B
MopsiIKa BBINIE, YeM Y METAJUIMYECKHX), BHICOKHIA YPOBEHH BBI-
XOJJHOTO CHTHAja W3MEPHUTENbHBIX cxeM. Baxuelmas ocoOeH-
HOCTB IOJTYITPOBOIHUKOBBIX TE€H30PE3UCTOPOB — BOBMOXKHOCTD H3-
TOTOBJICHHS WX C PA3IMYHBIMA MEXaHWYECKHUMHU U DIIEKTPUICCKH-
MU CBOWCTBaMH, YTO HEOCYIIECTBUMO JUIS MeTautmyeckux. Ha-
pUMep, IPU OJTHUX U TEX ke pa3zMepax CONPOTHUBIECHHE MOTYIIPO-
BOJHHMKOBOTO T€H30pe3ucTopa MoxkeT ObITh 0T 100 Om 10 50 kOwm,
a K03 PUIMEHT TeH304yBCTBUTENBHOCTH OT -100 10 +200.
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Onucanue 3Kcnepumenmazzbuoﬁ ycmaHo6eKu

VYcraHOBKa JUIs MCCIIEA0BaHUs TeH309(QPEeKTa, MpUBEICHHAS
Ha puc. 3.4, COCTOUT U3 KOHCOJIbHO 3aKPEINIEHHOW METaJlJINYECKOM
Oanku 1, K TOBEPXHOCTU KOTOPOH MPUKJIEEH HCCIEAYyeMblid 00pa-
3el 2. DIEeKTPUUYECKUEe KOHTAKThI ¢ 00pa3ia MOJKII0UEHBI K KIeM-
MaMm 3. CBOOOJHBIN KOHEL OalKH Harpy>kKaeTcsi ¢ MOMOIIBIO IITOKA
MUKPOMETPUYECKOr0 BHHTa 4, crTpena mnporuba Oamku pe-
THCTPUPYETCSI MUKPOMETPOM.

Uccnenyemblii oOpasen 2, yCTaHOBJICHHBIA Ha BEpXHEH MO-
BEPXHOCTU OAJIKM, HCIBITHIBACT A(OPMALIUIO PACTSHKEHUS, BEJIU-
YHHY KOTOPOW MOXHO OIPEENUTH 10 (hopMyIie

g=%5, (3.18)

I7Ie £ — OTHOCUTENbHas JedopMalus OalKu Ha pacCTOSHUE X OT
TOYKH €€ 3aKperuieHus; | — paccrosHHe OT TOYKH 3aKpEIUICHHUS
OaJIK¥ JI0 TOYKM TPHIOXKEHHUS CHIIbL, N — TonmmHa OGanku; O —
CTpena mporuda Oalku B TOUKE MPHIIOKEHUS CHIIBI. DIIEKTpUYe-
CKOE CONpPOTHBJIEHHE 00pa3la HU3MEpSieTCs MOCTOM IOCTOSIHHOTO
TOKa (TIOJKITIOYEHUEM ero K KiieMMam 3).

Ilopsaook evinonnenus pabomut

1. Ompenenuts Teomerpudeckue pasmepsl Oanku — I, h;
paccTosiHHE OT TOYKM 3aKpeIuIeHUsl OaJKu J0 CepeAMHBbI HcClie-
JyeMoro oopasia x.

2. Y6enuBuMch B TOM, YTO Oajika HEHArpyXeHa, U3MEpUTh
CONpOTHBIIEHUE oOpasna 0e3 nmepopmammu — R, (mogxirounTh

MOCT K KJIeMMaM 3).
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AN

o

Puc. 3.4. Cxema ycTaHOBKH JJIsl HCCIIEAOBaHUS TeH303(dekra

3. OmpeenuTh HayadbHOE MOKA3aHWE MUKpoMeTpa — b,, ¢

KOTOPOTO HAYMHAETCSl M3MEHEHUE CONPOTHBIICHUS 0Opa3ia R .
4. YBenuumBasi cTpenry mporuda HarpyXKeHHEeM MHUKPOMET-
PHUYECKOT0 BUHTA, U3MEPHUTh COOTBETCTBYIOLIUE 3HAUEHHS COMpPO-

TUBJICHUA.

I[aHHBIe 3aHCCTH B Ta6n1/1uy

Howmep| Ilokaza- | Ctpena | Compo- | OtHOCUT. | OTHOCHT.
n/m HUE nporuba | TuBime- | u3MeHe- | aedop-
MHUKpO- | § =b—b, | Hue 00- HUE Marnus
MeTpa pasuaR | compo- £
b THUBIL.
AR/R,
1.
2.

5. OTHOCHTEIBHOE M3MEHEHHUE COMPOTUBICHUsT 00pa3ia or-
penenutsb mo hopmyse
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AR _R=Ry (3.19)
Ro Ro

6. OTHOCUTENBHYIO eOopMaIH0 00paslia £ BBIYHCIUTH 110
dbopmyite (3.18).

7. loctpouts rpaduk 3aBucumoct AR/R, = f (:, 10 TaH-
TCHCY yIJla HaKJIOHa KOTOPOTO OMPEeAeIuTh KOd(D(MUIIMEHT TEH30-
qyBCTBUTEIBHOCTH 0Opa3ma K; .

2R _K,e. (3.20)

8. OnpenenuTh CUCTEMAaTHUECKYIO OIIMOKY M3MEPEHUs & U
K; . OueHuThs NOrpemnIHOCTh M3MEPEHus Kod(pPUIUEHTa TEeH30-

4yB-CTBUTEIIBHOCTH.
9. Jlns momympoBOAHUKOBOTO 00pasiia OMpeNeiuTh THIT
npoBouMocTH (110 3Haky K )

I(OHmpOﬂbele 60NpPOChL

1. Yto takoe TeH303(p(dekT, K0o3PUIMEHT TEH30UyBCTBU-
tenpHOCTH? Yem ompenensercss BenuunHa KodhduiimeHTa TeH3o-
qYBCTBUTEIHHOCTH?

2. Bnusiaue nedopmanuu Ha 37eKTpodU3HUEcKUe CBONCTBA
MIOJIYTIPOBOIHUKOB.

3. Tloyemy MakcuManbHBIN TeH303(pdekT B N-Ge Habro1a-
ercsi B HanpaByieHuu [111], a B n-Si B Hanpasienun [100]?

4. Yem oObscHseTcst Oonblioe 3HaueHHe KoddduireHnTa
TEH304yBCTBUTEIbHOCTH B Ge u Si p-Tuna npoBoauMocTH?

5. IlpeumyiiecTBa U HEJOCTATKH IMOJYIPOBOJIHUKOBBIX TEH-
30PE3HCTOPOB.
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