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JIneT perucrpanuy H3MEHEHHH U 1ONOTHeHHs!

JIACITUILIIMHBI

Ne Pazpen Kpatkoe conepxanue Hara. IMoxmuck
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1 HH(POPMAIOHHOTO 06eCeYeHHS mpotokon Nel 78




1 Ilean ocBOEHHH JUCHUILIHHDI

[ensamu n3yuenus qucuuIInHbl «HHaHORIEKTPOHUKAY ABIISIIOTCSA:

- dopMupoBaHHE HAyYHOH OCHOBBI, HEOOXOIUMOM Il CO3/1aHUs SJIEMEHTOB, IPHOOPOB U
YCTPOMCTB MUKPO- U HAHOBJIEKTPOHUKH;

- @opMHUpOBaHUE YMEHMS YYUTHIBATh COBPEMEHHBIC TEHACHLMH Pa3BUTHS JIEKTPOHMKH,
U3MEPUTEIIbHOM M BBIYMCIUTEIBHOM TEXHUKH, WH(POPMALMOHHBIX TEXHOJOTHH B CBOEH
npodecCHOHATIBHON 1 TeIbHOCTH;

- @opMHpOBaHHE yMEHUS AHAIM3UPOBATL M  CUCTEMAaTHU3UPOBATH  PE3YJILTATHI
UCCIICIOBAaHUM, TNPEACTaBIATh MaTepuaibl B BUAE HAy4YHbIX OTYETOB, IyOJMKalui,
IIPE3EHTALAMN.

3amayedl W3y4eHHs AUCLMILIMHBI «HaHO2IeKTpOHMKa» SBIAETCA HM3YyYEHHUE 3aKOHOB
($U3UKN HaHOPA3MEPHBIX MOIYIPOBOAHUKOBBIX CTPYKTYP ISl TOCJIEAYIOUIETO HCIOIb30BAHUS
UX NpHU pa3pabOTKe M SKCIUTyaTallud IPUOOPOB U YCTPOMCTB MUKPOBOJIHOBOW, LU(POBOH U
ONTHUYECKOM 3JIEKTPOHUKH, & TAK)KE ITPU IIPOCKTUPOBAHUU DJIEKTPOHHBIX CXEM HA UX OCHOBE.

2 MecTo TUCHMILUIMHBI B CTPYKType 00pa3oBaTe/IbHOI NMPOrpaMMbl MOATrOTOBKH
O0akaJjiaBpa

Juctunmmna «HaHOIEeKTpOHUKAY BXOAUT B MPOGECCHOHATIBHBIN UK 00pa30BaTeIbHOM
IIPOrPaMMBI 10 HAIIPABJIICHUIO MOATOTOBKH «JJIEKTPOHHKA W HAHOJJIEKTPOHHKA», NPOPHUIb
noAroroBkM «IIpoMbllIeHHAS 2JIEKTPOHU KA.

Nzyuenne pucuuiuinHbl «HaHORseKTpoHUKa» 0a3upyercsi Ha eCTECTBEHHO-HAy4YHbIX
JTUCHUTUTMHAX M JUCHUIUIMHAX O0IenpogecCHoHaNbHON MOArOTOBKH: (DHU3NYECKHE OCHOBBI
aNeKTpoHuKH, CxemorexHHMka, Pacuer »5S1eKkTpoHHBIX cxeM, Marepuansl U 3JIEMEHTHI
DIIEKTPOHHON TEeXHHUKH, @DH3MKa KOHJCHCUPOBAHHOIO COCTOSHHS, JJIEMEHTH HH(poBOit
TEXHUKHU.

Jannast nucuuIuiMHa HeoOXoauMa JJis YCHEIIHOTO IPOXOXKAEHUS TOCyIapCTBEHHOU
UTOTOBOW aTTECTALIUH.

3 Komnerenuuu o0y4awoumerocsi, ¢opmupyemble B pe3yJbTaTe OCBOCHHA
AUCHUILUIMHBI (MOYJIS1) M IJIAHMPYeMble pe3yJIbTaThl 00yYeHHus

B pe3ynbrare ocBoeHus AUCUUILIMHBI (MoAyisl) «HaHoanekTpoHMKa» 00ydaromuiics JOKeH
o0agaTh CIeayOUMMUA KOMIIETEHIIUSAMU:

CrpyKTypHBII
JIEMEHT [Tnanupyemble pe3yabTaTbl 00yd4eHHUs

KOMIICTCHIIN U

Kon u conep:kanue KkoMneTeHIMHU: CIOCOOHOCTh YUUTHIBAThH COBPEMEHHbBIE TEHACHIIUN
pPa3BUTHUS AIEKTPOHUKH, U3MEPUTEIHHON U BBIYUCIUTENBHON TEXHUKN, HTHPOPMAIIMOHHBIX
TEXHOJIOTUH B cBOEH nmpodeccruoHanbHol nesirenbHoctH (OI1K-7)

3Harb — nepcnekmugnble HanpasieHus passumus MexHuKy 8 001acmu MUKpo- u
HAHOIIeKMPOHUKU;

— 91eMeHmHYI0 643y CO8PEMEeHHOU dNIeKMPOHUKU,

— Qusuyeckue 0CHO8bl MUKPO- U HAHOIIEKMPOHUKU

YMeTh: — NpuMeHAmMb 3HAHUSA 8 npogheccuoHanbHou desmenvrocmu. Omauuame




CTpyKTypHBII
AJIEMEHT [TnarupyemMble pe3ynbTaThl 00yUCHHS
KOMITETEHIIUHT

aghghexmuenoe pewernue om nesghghexkmuernozo

— GbINONHAMb PACYEM XAPAKMEPUCMUK ITIEKMPOHHBIX NPUOOPOE MUKPO- U
HAHOLJIEKMPOHUKU

Bnazers: — NPaKmMu4ecKUMU HaA8bIKAMU MOOETUPOBAHUS, UCCTEO08AHUSL U
NpoeKmuposanust CmpyKmypHbvix, dJ1eKmMpPOHHbIX, MACHUMHbBIX U
ONMUYECKUX CBOUCME MUKDPO- U HAHOCMPYKIMYP

Koxa u cogepxanne KoMneTeHUMU: TOTOBHOCTh AHAJIM3UPOBATH U CUCTEMATU3UPOBATh
pe3ynbTaThl UCCIAEAOBAHUM, IPEICTABIIATh MATEPUAJbl B BUAEC HAYYHBIX OTUETOB,
nyonukanui, npezenranuii (ITK-3)

3Harb — npasuna oghopmierus omyemos

— npasuia no02omoeKu nyonuKayuil

— Memoobl AHAIU3A Pe3YIbIamos Ucc1e008aHull

YMeTh: — 0OKYMEeHmMUpo8ams pe3yibmamyl UCCIe008aHUL

— npedcmasiams Mamepuavl 8 8UOe HAYYHbIX OMYENO8

— QHATUZUPOBAMb U CUCTIEMAMUUPOBAMb PE3VIbIMambl UCCIe008aHULL
Bragers: — UHCMPYMEHMAMU NOO20MOBKU NPe3eHMAayuti

— HABbLIKAMU NOO20MOBKYU NYOIUKAYUL

— HABLIKAMU NOO2OMOBKU U PEOAKMUPOBAHUS NYOIUKAYULL

4 CrTpykrypa M cojep:xkanue IucuMIIMHbI «HaHO3/IeKTPOHHMKA» I OYHOI
(¢hopmbI 00yUeHust

O6H_[3.SI TPYAOCMKOCTH JUCHHUIIIMHBI COCTABJIACT 3 3aYeTHBIX CAVMHUIIbI 108 aKaJ. 4aCcoB, B TOM
HUCJIC:

- KOHTaKkTHas pabota — 55,9 akaj. 4acoB:
— ayauTopHas — 54 akaj. 4acos;
— BHeayauTopHas — 1,9 akaj. gacoB

- camocTosTensHas padora — 52,1 akaj. yacos;
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1 ®u3nuecKkue OCHOBEI
HAHOIEKTPOHUKH
1.1 KBaHTOBOE OTpaHHUYEHHE 1 |2/1]2
1.2 Bannnvcmqecxnn TPaHCIIOPT 1 211 |2 IOATOTOBKA K BAIHONHCHIE
HOCHTCJICH 3apsiia 1aGopaTopHEIM | 1aGOPATOPHBIX | . -
1.3 TynnenupoBanue Hocureneit | 7 | 1 | 2/1 |2 3AHATHSIM U pabor. 1VB
3apsaa KOHTPOJILHBIM KonTponsHble
1.4 CrimHOBBIE 3G PEKTHI 1 |21]2 paboram paboThI
1.5 DneMeHTHI HU3KOpa3MepPHBIX 2 | 414 |2
CcTpyKTYp. MoaenupoBaHue
aTOMHBIX KOH(UTYpaIuii
1.6 CTpyKTypHhI C KBAHTOBBIM 2 3 |2
OrpaHUYEHHEM, CO3/1aBACMBIM TorOTOBKA K BIHOIHEHHE
BHYTPEHHUM JJICKTPUIECKUM nabopaTopHbIM | JTa0OPATOPHBIX OLIK-7
HOIICM 3aHATHSM U pabor. 3VB
1.7 CTpyKTYpHI C KBAHTOBBIM 2 3 |2 KOHTPOIBHBIM KonTtposbHbie
OTpaHWYEHHEM, CO3/1aBaeMbIM paboram paboTsI
BHEITHUM JJIEKTPUIECCKHUM ITOJIEM
2 Metonbl (hopMUpOBaHUs
HAaHOJIEKTPOHHBIX CTPYKTYP
2.1 TpanuimOHHBIE METO B 2 3
(hOopMHUPOBaHUS TIEHOK
2.2 MeTo/ibl, OCHOBaHHbBIE Ha 2 3 CaMOCTOSITEITLHO
UCIIOJIb30BaHUH CKAaHUPYIOIIHX € H3y4eHUe OLIK-7
30HJIOB 4eOHOM .
4 Y . pedepar IK-3
2.3 Hanonurorpadus . 2 3 JTUTEPATYPHI; 3VB
Hanncanue
2.4 Camoperyupyronmecs 2 3 pedepara
HPOLIECCHI
2.5 ®opmMupoBaHue U CBOICTBA 2 3
HAHOCTPYKTYPHUPOBAHHBIX
MaTepHajIoB
3 DxeMeHTHI 1 IPUOOPHI
HAaHOJICKTPOHUKH
3.1 OHO3IEKTPOHHUKA 2 3 CaMOCTOSITEIIBHO
€ H3y4eHUue OIIK-7
3.2 CiuHTpOHUKA 2 3 yaeOHO
pedepar IK-3
JUTEPaTyphI; 3VB
3.3 KBaHTOBBIE KOMIIBIOTEPHI 2 3 Hanucanne
pedepara
3.4 Hanogoronuka 2 3
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3.5 MonekymspHas 31eKTpOHUKA 2 3
3.6 MeMpucTopHas 3JIeKTpOHUKA 2 3
3.7 IlonumepHasi 3JeKTpOHHUKA 2 3
3.8 Hanomna3sMoOHHKa 2 2,1
WTOro0 1Mo JUCHUTUIHHE 36 |18/8|52,1 3a4éT ¢ OIeHKOI

5. O6pa3zoBare/ibHbIe TEXHOJIOTHHI

Jdns  peanuzanu  TPEAyCMOTPEHHBIX  BUAOB  y4eOHOH  paboOThl B KayecTBe
o0pa3oBaTeNbHBIX  TEXHOJOIMH B  IpenoJaBaHUM  JUCUMIUIMHBL  «HaHosnmekTpoHukay
MCIOJIb3YIOTCS TPAAUIIMOHHAS U MOJIYJIbHO-KOMIIETEHTHOCTHAS! TEXHOJIOTUU.

[TpenycMoTpeHbl 0030pHBIE JIEKIUU — JUIS CUCTEMAaTH3allMM U 3aKpeIUIeHUs 3HAHWU IO
JUCLIUIUIMHE, NTHPOPMAIIMOHHBIE JIEKIIMM — JUIsl O3HAKOMJIEHHUS! CO CTaHJapTaMU U CIPaBOYHOU
uHpopManuel, JeKIMU BU3yaTU3alMu — JUIl HarJsIHOTO NPEACTaBICHUs CHOCOOOB pELICHMS
3a/1a4, npoOaeMHast JIEKIMsSI — U1 pa3BUTHS UCCIIEI0BATEIbCKUX HABBIKOB M M3yYEHUS CIIOCOOOB
peleHns 3a1a4.

JlaGoparopHble 3aHATUSA MO JUCIHUIUIMHE IMPOBOASTCS KaK B TPaJWLMOHHOW, Tak U B
UHTEpaKTUBHON Qopme. B pamkax HHTepakTUBHOrO oOy4deHHs npuMeHstorcs IT-merons
(MCIIONIb30BaHUE CETEBBIX MYJIBTUMEIUNHHBIX YYEOHUKOB, 3JIEKTPOHHBIX 00pa30BaTEIbHBIX
pecypcoB MO JJaHHOM AMCLUIUIMHE; COBMECTHas paboTa B MajibIx rpynmnax (2-3 cryneHra) —
IPOXOXKJIEHUE BCEX 3TAallOB M METO/OB BBINOJHEHHs J1aOOpaTOPHBIX padoT; MHIMBHUIyaIbHOE
oOydeHwue.

6. YuyeOHO-MeTOAMYECKOE 00ecnieYeHHe CAaMOCTOATEeIbHOM padoThl CTY/ACHTOB

[To mucuumiuue «HaHo37MeKTpoHMKa» NMpeaycMOTpeHa ayAUTOpHAas W BHEAyJUTOpHAas
caMocCTosTeNIbHas paboTa 00ydaronMxcs.
AynutopHas camMocTOsiITellbHasg padoTa CTYNEHTOB MpPEANoiaraeT BBINOJHEHUE
1abopaToOpHBIX paboT U pelieHrne KOHTPOJIBHBIX 3a/1a4 Ha 1a00paTOPHBIX 3aHATHUSX.
JlaGopaTopubie pabOTHI:
KBanTOBOE OrpannyeHue.
bainmucTrudecknii TpaHCIOPT HOCUTENEH 3apsaa.
TyHHenupoBaHue HOcUTeNeH 3apsa.
CnuHoBbie 3¢ (HEKTHI.
DeMeHThl HU3KOPa3MEePHBIX CTPYKTYp. MoaearpoBaHie aTOMHBIX KOH(QHUTypaIHid.
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6. CTpykTypel C  KBAaHTOBBIM  OTPAaHHYCHHEM,  CO3JaBacMbIM  BHYTPCHHHUM
JJIEKTPUYECKHUM II0JIEM.

7. CTpyKTypbl C KBAaHTOBBIM OTPaHUYECHHEM, CO3/1aBAEMbIM BHEIIHUM 3JIEKTPUUECKUM
IIOJIEM.

[IpumepHBIC ayaAUTOpHBIE KOHTPOIbHBIE paboThl (AKP):
AKP Nel «®usnyeckue 0CHOBbI HAHOAIEKTPOHUKHU:

1. Yto Takoe «KOPIYCKYJSPHO-BOJIHOBOW Ayalln3M» MUKpooOBekTa? UTo Takoe «BOJHA
ne-bpoitisi»?

2. Yto Ttakoe «BomHOBas (yHKuus»? KakoB ¢u3ndeckuil CMbICT KBajpaTa BOJHOBOM
byHKIUN?

3. B kakux ciydasx s pacuéra BOJHOBOM (DYHKIMHM MCIIOJIB3YETCSl CTAlMOHApHOE
ypaBHeHue Llpénunrepa?

4. Yo Takoe «COOTHOIIECHUE HeomnpeaenéHHocrei [ eiizendepran?

5. Uto Takoe «HHU3KOpa3MepHas CTPyKTypa»?

6. Uto Takoe «KBaHTOBOE OTpaHUYCHUEH?

7. YUto Takoe «I1OTEHIMAJIbHBII KOJI0oAeL»?

8. Uto Takoe «IOTSHITMAIBHEIN Oapbep»?

9. Yto 3HAUUT «pa3pemI€HHOE DSHEPreTHYECKOe COCTOSIHME dyeKTpoHa»? Hapucyiite
KAUeCTBCHHYIO 3aBHCHMOCTbh IUIOTHOCTH OSHepreTudeckux coctosiauii N(E) cBoOogHOrO
3JIEKTPOHA.

10. Yro Takoe «kBaHTOBas IUI€HKa»? HapucyiiTe kKaueCTBEHHYIO 3aBUCUMOCTh IJIOTHOCTH
sHeprerryeckux cocrosiHuid N(E) st kBaHTOBO# IIIEHKH.

11. Yro Takoe «xBaHTOBBIH HIHYp»? Hapucyiite kauecTBEHHYIO 3aBUCHMOCTb IUIOTHOCTHU
sHepreTudeckux cocrosuuii N(E) mis kBaHTOBOTO HIHYpA.

12. Yro Takoe «kBaHTOBas To4ka»? HapucyiiTe KaueCTBEHHYIO 3aBHCHMOCTH ILIOTHOCTH
sHepreTudeckux coctosiHuii N(E) mis KBaHTOBOM TOUYKH.

13. Yro Takoe «IBYMEpHBIN dJIEKTPOHHBIHN ra3y?

14. Yro Takoe «0anIMCTUYECKU TPaHCIIOPT HOCUTENeH 3apsaaan?

15. Yrto Takoe «cpenHss ATMHA CBOOOIHOTO Mpobera 3MeKTpoHa»?

16. Yro Ttakoe «ypoBeHb DdepMu» U «yinHa BOIHBI DepMu»?

17. Yro 3HaUUT «yHHBepcallbHas OalIUCTUYECKas TPOBOIUMOCTh)?

18. Yro Takoe «KBAaHTOBBIA TOYCUHBIA KOHTAKT»?

19. Yro Takoe «TyHHEITMpPOBaHWE KBAHTOBOM YaCTUIBI»?

20. Yro Takoe «HambOaphepHOE OTPaKEHHE KBAHTOBON YaCTHIIBI»?

21. YUrto Takoe «TyHHEIbHAasl MPO3PavyHOCTh MOTEHIMAIBHOTO Oapbepa»?

22. YUro takoe «x03(hHULuEHT MPOX0KIACHHUS MOTEHIIMAIBLHOTO 6apbepar?

23. Uto Takoe «KBaHTOBbIE YK CIIa»?

24.Uto Takoe «CIHMH» M «cHnuHOBoe uucio»? Kakue 3HaueHUS MOXET NPUHUMATh
CIIMHOBOE YMCJIO Y DJIEKTPOHA?

25. Uro takoe «orpanuuenue [laymn»?

26. Uto Takoe «COOCTBEHHAs CIIMHOBAS MOJISIPU3ALINS SJICKTPOHOB B MaTepHaie»?

27. Uto Takoe «remneparypa Kiopu»?

28. Uto Takoe «IIMHa CIMHOBOM penakcanumny»?

AKP Ne2 «HuzkopazMepHbIe CTPYKTYpPbI»:



1. Paccuuraiite n mocTporTe rpadUUecKd COOTHOIICHUE MEXIY IIUPUHONW OJHOMEPHOM
MPSIMOYTOJIBHON TOTEHIMALHOW SIMBI ¢ O€CKOHEYHON BBICOTON Oaphepa M SHEpruel mepBoro
paspemenHoro cocrosinus El1 B Helt, Bapbupyemoit B auanazone ot 0,05 3B no 2 sB nmns
AJIEKTPOHOB ¢ 3 dekTuBHBIMU Maccamu M* = 0,05mg, 0,10mq u 0,15mg

2. PaccumTaiiTe ¥ TOCTpOWTE TpapUUECKd COOTHOLICHHE MEXKIy IIMPUHOW KBAHTOBOM
MPSIMOYTOJIBHOW TOTEHIIMAJIBHON sIMBI ¢ BBICOTOM Oapwrepa Uy = 0,5, 1,0, 3 3B u sHeprueit
nepBoro pasperrennoro cocrosuus E; = 0,05Ug, 0,1Uq, 0,3Up, 0,50,05/Uy s 371€KTPOHOB C
s dextuBHOM Maccor m* = 0,06mo.

3. PaccumTaiite 3HayeHHe MMUPUHBI NPAMOYTOJbHOM MOTEHUIUATIBHON SIMBI, IPH KOTOPOM
OHEPreTHUECKUN 3a30p MEXKIY MEPBBIM U BTOPHIM Pa3pEIICHHBIMH COCTOSHHUSMHU B HEW OBLI
pasen 0,05, 0,1 u 0,13 5B npu 3¢ dextuBHON Macce rnmekTpoHoB M* = 0,06mp 1 BeicoTe Oapbepa
Up=23B u Up=eo.

4. PaccumuTaiite u moctpoiTe rpaduk 3aBUCHUMOCTH IUIOTHOCTH COCTOSHUI 3JIEKTPOHOB B
KBAaHTOBOW IJIEHKE TOMILMHONM 20HM, B KBAHTOBOM ILIHYpPE C CEYEHHEM 20X20HM2, KBaHTOBOM
Touke 20x20x20HM°  oOT sHeprun E, oTcuuThiBaeMOl OT JHAa 30HBI IPOBOAMMOCTH
MOJIYTIPOBOJTHUKA, U3 KOTOPOTO OHU M3TOTOBJICHBI, Ipu 3¢ dekTuBHON Macce nekTpona 0,04mg
u 0,07mo.

5. PaccumTraiite W mocTpoiite TpaduK 3aBUCUMOCTH KOHILEHTPALUHU DICKTPOHOB B
KBAaHTOBOM sIME, KBAaHTOBOM IIHYpE€ W KBAHTOBOM TOYKE MPU KOMHATHOW TemIeparype OT
nojio)keHuss ypoBHs @depmMu  OTHOCUTENBHO JHA 30HBI npoBoaumoctH (E—Ec) B
MOJIYTIPOBOJIHUKE, U3 KOTOPOro OHU M3rotoBieHbl. [llupuna kBanToBOW sAMbl —10 HM, cedyeHue
KBaHTOBOro mmuypa — 10x10 HM?, pa3Mepbl KBAaHTOBOW TOUKH — 10x10x10mM°, DddexTuBHAS
macca 3nektpona — 0,06mg. Oraomenue (Ef — Ec)/(ksT) BappupoBaTh B peaenax ot —410 +10.

AKP Ne3 «OqHOIIEKTPOHHOE U PE30HAHCHOE TYHHEIUPOBAHUEY:

1. lna  opHoOaphepHOM ~ TYHHENBHOM  CTPYKTYpbl — paccuuTaiiTe  HM3MEHEHHE
anekTpocTrarnyeckoit sHepruu AE, nmoporosoe HanpskeHue |V, BEIMUNHY KyJOHOBCKOIO 3a30pa
U KPUTUYECKHE YCIOBHA JUI TPOSBICHUS KYJIOHOBCKOM Onokanel. EmkocTh ocTpoBka
BapbUpPYHUTE B JUana3oHe 10+ 10 @, a BEJIMYMHY BHEIIHETO NPUIIOKEHHOTO HANPSKEHUS —
OT HYJISI 1O 3HaYEHUs, P KOTOPOM BO3HHMKAET KyJIOHOBCKasl OJIoKaa.

2. PaccumuTaiitTe BOJBTAMIIEPHBIE XapaKTEPUCTUKU CUMMETPUYHOM JByXOapbepHOM
TYHHEJIbHOM CTPYKTYpBl, COOTBETCTBYIOIIIME YIPYrOMYy M HEYNPYroMy COTYHHEIHPOBAHUIO B
Hed mpu temmeparypax 10, 80 u 300K B amana3zoHe mpuiioKeHHBIX HampsokeHuit 0-2 B mpu
emKkocTH 6apbepoB 10-18 ® kaxmpIii.

IIpumure:

01=0,=0,5 (MkOM M) ™" — IpOBOIMMOCTH GapbEpPOB B OTCYTCTBHH TYHHENBHBIX TIPOLECCOB;

A = ¢*/C — cpeHuMit SHEPreTHUEeCKHMil 3a30p MEXKILY COCTOSHUAMHI B OCTPOBKE;

El1=0,055B, E2 =0,03 3B.

3. PaccumnTaiiTe BOJBTAMIIEPHYIO XapaKTEPUCTHKY JBYXOaphepHOW OIIHOAIEKTPOHHOU
CTpYKTYpHI B auana3zone 0-3 B ¢ pa3nuyHbIME TYHHEIBHBIMH TPO3PAYHOCTSIMU OaphepoB TpH
3HAYCHWW MEHbIICH TyHHeNnbHOU mpo3pauHoctd T=0,7 mis qByx 3Ha4eHWH €MKOCTH OCTPOBKA
510D n 2:100.

4. PaccunTaiiTe yCIOBHsS NOJAEPKaHUS B OCTPOBKE OJHOIJIEKTPOHHOTO TPAH3UCTOPA
MIOCTOSIHHOTO KOJIM4YecTBa 31eKTpoHoB N=0, 1, 2, 3, 4, 5 B 3aBUCUMOCTHU OT MOTEHIIMAJA 3aTBOPA
B nuanasone 0—3B TpH 0XMHAKOBBIX EMKOCTSX MCTOKa i cToka Cs = Cyq = 10'®d u emxoctn
3aTBOpa Cg:10'16(I). Haiinurte paboune TeMnepaTypHble YCIOBHS Ul 3TOI'O TPaH3UCTOPA.



5. Jlnst CMMMETPUYHOM IBYyXOaphepHOM Pe30HAHCHO-TYHHEIbHON CTpyKTypsl AlAS/GaAs/
AlAs onpeznenute 3aBUCUMOCTD KO QHUIIMEHTA TPOXOXKICHUS 3JIEKTPOHOB OT ux sHeprun T(E;)
npu mupuHe 6apbepoB 1 u 2HM, BbicoTe OapbepoB U=1,3 u 1,55B, mmpune konoaua 2 u 3HM.
DHEpruto IEKTPOHOB BapbupyiiTe B AuanazoHe 0—U. DddexTuBHY0 Maccy 1eKTpoHOB B AIAS
npumure pasHoi 0,15mg, a B GaAs — paBHoii 0,067mo.

6. PaccumnTaiite »HEpreTMYecKoe IOJIOKEHUE PE30HAHCHBIX YpPOBHEH B PE30HAHCHO-
TyHHenbHER cTpykType AlGaAs/GaAs/AlGaAs ¢ mmpuHOi OapbepoB 1HM M IIUPHHOU
kosoaueB 1, 2 w 3HM, WCHIONB3YyS YCIOBHUS KBAaHTOBOTO OTPAHMYCHUS W KOIPPHUIIMESHTHI
TYHHEJIBHOW TPO3PAaYHOCTH CTPYKTYPbHl B paMKaxX MNPHOIMKCHHUS KBAaHTOBO-MEXaHUYECKOTO
UMIIe/JaHCa NMOTEHIUAIBHBIX 0apbepoB. DPPeKTUBHYIO Maccy 3eKTpoHOB B AlGaAs npummure
pasHoii 0,09my, B GaAs pasaoii 0,067my, U=0,233B.

7. OnpenenuTe 3aBUCUMOCTh TOKa OT MPHJIOKEHHOTO moTeHnmana B obmactu 0-0,1 B mist
JBYXOapbepHBIX PE30HAHCHO-TYHHENBHBIX CTPYKTYp AlAS/GaAs/AlAs ¢ pe3oHaHCHBIMHU
ypoBHsiMu sHepruu 0,06oB u 0,073B B mpubnmxenun ux jopeHueBckoi ¢opmel. [Tpumure
EF=0,054 5B, m* = 0,067mo, 1=10"¢, Jo= 4,5-10°A/m%, T=300K.

AKP Ne3 «CrirH-KOHTpOIHPYEMOE TYHHEITMPOBAHUEY:

1. Paccunraiite K09(h)HUITUEHT MPOXOXKISHHUS IS SIEKTPOHOB CO CIIMHOM BBEPX U CITTHOM
BHU3 HAHOCTPYKTYPHI (peppoMarHeTuK/In3NIeKTPUK/PeppoMarHeTHK B 3aBUCUMOCTH OT BBICOTHI
TyHHETbHOTO Oapbepa U B nuamnazone 2—53B s tonmus ausiextpuka 1, 2 u 3uM.

[Tpumure:

ho=1,93B — MosieKyIsIpHOE 1M0JIe B SMUTTUPYIOIIEM 3JICKTPOHBI (heppOMarHeTHKE;

Er=1,33B — sneprus ®epMu B SOMUTTUPYIOILIEM 3JIEKTPOHBI (heppOMarHeTuKe;

mMq=0,4m¢ — 3ppexTuBHAS Macca FIEKTPOHOB B IUIJICKTPHUKE;

0 = /4 — yron Mexy BEKTOpaMH HAMarHWYEHHOCTH ()ePPOMArHUTHBIX CIIOCB.

2. PaccumTaiiTe OTHOCHTEIbHOE HW3MEHEHHE KOI(DOUIIMEHTOB TMPOXOXKICHHUS IS
AJIEKTPOHOB co CIIMHOM BBEpX u CIIMHOM BHU3 HAHOCTPYKTYPbI
(beppoMarHeTHK/ANINEKTPUK/PEepPOMarHeTUK B 3aBUCUMOCTH OT yrjga © MeXay BEKTOpaMu
HaMarHMYEHHOCTH (DeppOMarHUTHBIX cj10eB B nuanasone ot 0 10 .

ITpumure:

ho=1,73B — MoneKyIspHOE 1MOJIe B SMUTTHPYIOIIEM SJIEKTPOHBI (hepPOMarHeTHKE;

Er=1,33B — sHeprus ®epMu B SMUTTHPYIOIIEM IEKTPOHBI (heppOMarHeTuKe;

mq=0,45m( — s hexkTrBHAS Macca JIEKTPOHOB B AUDIICKTPHUKE;

d=2HM - TONIMHA TUIICKTPHUKA,;

U=1,5, 2 u 4 3B — BeicoTa TyHHENIBHOTO Oapbepa.

3. PaccuunTaiite 3aBHUCUMOCTH NMPOBOAMMOCTH HaHOCTPYKTYpbl Co/mudnextpuk/CoFe ot
HaIPSHKEHHOCTH BHELIHETO0 MarHUTHOTO IOJISL B JMaia3oHe 1:10% = 5-10°A/m IIpU TeMIepaTypax
10, 100 u 300K.

ITpumure:

d=2HM — TONIIMHA TUICKTPHUKA;

U=35B — BrIcOTa TyHHEIIBHOTO Oaphepa;

M=0,145Tn — wnamaramdeHHoCTh HacbkimeHus CoFe (peBepcupyemMoro BO BHEIIHEM

MarHUTHOM TI0JIE AJIEKTPO/IA);

C=1,7- 10'7I[>1</M3 — KoHcTaHTa anu3otponuu COFe;

C,=0,7-107]x/M® — KOHCTAHTA MATHHTHOW CBSI3H MEXTy (eppOMarHUTHBIMU

IIEKTPOJIaMU;



Go=(300 Om/cm2 )'1 — MIPOBOJIUMOCTH CTPYKTYpHI pu T=0K;
Gs(T)=0.

BHueaynuTtopHas caMocTrosTenbHas paboTa OOy4aroIIUXCsl OCYIIECTBISETCS B BUJE
U3y4YeHMsl JIMUTEpaTyphl IO COOTBETCTBYIOUIEMY pa3zely ¢ ImpopaboTkoil marepuana. [lo nym
paszzenam MHpeaycMOTpeHa IMOAroToBka pedeparoB. Ilpu moaroroBke pedeparoB CTYAEHTHI
JIOJDKHBI [10JIb30BaThCsl OTEYECTBEHHBIMU U 3apYOEKHBIMU JIUTEPATYPHBIMU UCTOYHUKAMHU.

IIpumepHble TeMbl pedepaToB 1O pasgenaM «Meroasl (GOpMHUPOBaHUA
HAHOAJIEKTPOHHBIX CTPYKTYP» U «DJIE€MEHThI U MPUOOPHI HAHOBJIEKTPOHUKH »

1. Vrneponuele HaHOMaTepHadbl M CTPYKTypbl Ha uX ocHoBe. CBolcTBa, cdepa

MIPUMEHEHUS.

2. Opnoonextponuka  (single  electronics). ®usnyeckne OCHOBBL.  YCTpoOiicTBa
OJIHODJIEKTPOHUKH.

3. CriuaTpoHmKa (spintronics). @u3nuecKre OCHOBHI. Y CTPOMCTBA CIUHTPOHHKH.

4. KBanToBble KOMITbIOTEpPHl. KBaHTOBbIE BBIUMCICHHS. OIeMEHTHas 0a3a KBaHTOBBIX
BBIYHCIICHUM.

5. Monekynsiprast  snekTpoHuKa. (OCHOBBI MOJIEKYJISIPHOW AJICKTPOHHUKHU. Y CTPOICTBA
MOJIEKYJISIPHOM 3JIEKTPOHUKH.

6. Hanoporonuka.  ®dumsmueckne ocHOBEl. Cdepa  npuUMEHEHHsS. Y CTPOKMCTBA
HaHO(OTOHUKHU.

7. MempucropHas anekTpoHuka (memristor). CBoiicTBa MempucTopa. Y cTpoiicTBa Ha 6aze
MEMPHCTOPA.

8. [lomumepHast  yeKTpoHHKA. @DU3WYECKHE OCHOBBI.  YCTPOKMCTBA  IOJMMEPHOMH

3JIEKTPOHUKHU.
9. CBepxXmpoBOAUMOCTH U IEKTPOHHBIE YCTPOUCTBA HA CBEPXIIPOBOJIHUKAX.
10. Hanorura3moHHKa. Pusnyeckue OCHOBBI HAHOIUIA3MOHHUKH. VYcerpolictBa
HaHOIUIA3MOHHUKH.

11. Meroasl  ¢opMHupoBaHHS ~ HAHOCTPYKTYP, OCHOBaHHbIE Ha  HCIIOJIb30BAaHUU
CKaHUPYIOLUX 30H]I0B.

12. Hanonurorpadus. Buael nurorpaguu. OPusmueckue oOcHOBBI. JlOCTOMHCTBA U
HEJI0CTaTKU.

13. Camoperynupytomuecss nporeccel. CamocOopka M camoopraHuzanus. ATOMHbIE
KJIacTephbl

14. Metoab! popMupOBaHUS TOHKHX IJIEHOK B HAHOZJIEKTPOHUKE.

15. Hanoanekrpomexannueckue cucremsl (NEMS). Marepuaisl 1 TEXHOIOTHH.

7. O1ileHOYHbIE CpeacTea AJisi MpoOBECACHUSA l'lpOMe)KyTO‘-lHOﬁ arrecranuu

a) [lnmanupyemble pe3yibTaThl OOyYeHHs M OIICHOYHBIE CpPEJACTBA [UIS IPOBEICHHUS
IIPOMEXYTOUYHOM aTTecTaluu:

CTpYKTYpHBINA
TPYKTYP [Tnanupyembie pe3yabTaThl
JJIEMEHT OrneHOYHBIE CpeIcTBa
00yJeHIS
KOMIIETEHIINHU

Kona u conep:kaHue KOMIETEHIIMH: CIIOCOOHOCTh YUUTHIBATH COBPEMEHHBIC TCHACHIMU PA3BUTHSI
AIIEKTPOHHUKH, U3MEPUTEIBHON U BBIUMCIUTEILHON TEXHUKH, HHPOPMAITUOHHBIX TEXHOJIOTHUI B CBOCH
npodeccuonansHol aeatenbroctu (OIMK-7)

3HaTh — nepcnekmueHbvle BOI’lpOCbl K 3aqé'my:




CTpyKTypHBIH
JIIEMEHT
KOMITCTEHIINT

[TnaHupyeMbie pe3yIbTaThl
o0yueHus

O1IeHOYHBIE CPEICTBA

HANPasIeHust pa3eumus
MeXHUKU 8 001acmu MUKpo-
U HAHOINEKMPOHUKU

— 9neMeHmHYI0 6asy
COBPEMEHHO INEKMPOHUKU;
— usuueckue ocHoGbl
MUKDPO- U HAHOINEKMPOHUKU

— Kax ycmpoena ycmano6xka monexynspHo-
JIyuesou Snumaxcuu?

— Kaxue memoouwl ucnonvzyrom ons
MOHUMOPUH2A NPOYEcca MONEKYIAPHO-TYYeBOl
snumaxcuu?

— B uem cymb memooa 31eKmpoxumuiecko2o
ocanscoenus mamepuanog?

— Kaxue nooxoowt ucnonvsyrom ons
Gopmuposarus HAaHOCMPYKMYP - HAHOUIHYDOS,
HaHompyooK U HAHOMOYex -
INEKMPOXUMULECKUM 0CANCOEeHUEM
mMamepuanog?

— B uem cywyynocms memooa
INEKMPOXUMULECKO20 OKCUOUPOBAHUSA
(aHoOuposanus) mamepuanosg?

— Kaxkoe sgnenue nesxcum 6 ocHoge memooa
CKAHUpyowjeti myHHeIbHOU MUKpPOCKONuu?

— Kaxumu anemenmamu ocywecmensiom
nepemeujenue 30H0a Ha CYOHAHOMempPOosbie
paccmosanus?

— Kaxkoewi ocnognwvie pescumvl pabomul
CKAHUPYIOUIe20 MYHHENbHO20 MUKPOCKONA?

— Kaxkoe sgnenue nexcum 6 ocHoge memooa
AMOMHOU CUNO0B0U MUKPOCKONUU?

— Kax konmponupytom omxioneHue KOHCOoU ¢
30HOOM OM PABHOBECHO20 NOJIONCEHUS 8
AMOMHOM CULOBOM MUKPOCKONe?

— Kaxoswt munuunvie napamempol
9NEeKMPOHHO20 YU, UCNONB3YEMO20 05
9NeKMPOHHO-TLY4e80U aumozpaguu?

— Kaxue mamepuansi ucnonwv3yrom 8 kauecmee
pe3ucmos 01 INeKMpPOHHO-IyYeB01
aumoepaghuu?

— Kakoe paspewenue obecneuusaem
91eKMPOHHO-TyYesasn rumozpagus? Ymo
NPUHYUNUATBEHO O2PAHUYUBAEM DA3PEUAIOULYIO
CNOCOOHOCMb 2NIEKMPOHHO- NIYHeB01
aumoepaghuu?

— Ymo makoe camocbopka u Kakou 08udxcywel
cunou ona obycnosnena?

— Kakue xumuueckue coeouHenusi UCnonb3yom
Kauecmee npukpenisioueli 2pynnol,
NPOMEINCYMOUHOU 2PYNNbL, NOGEPXHOCMHOU
@yHKYUOHANLHOU ecpynnbl?

— Ymo makoe camoopzanuzayus u KaKou
osudcyueli CUol ona 00ycnosnena?




CTpyKTypHBIH
JIIEMEHT
KOMITCTEHIINT

[TnaHupyeMbie pe3yIbTaThl
o0yueHus

O1IeHOYHBIE CPEICTBA

— Ymo maxkoe 30162 Ymo maxoe 2env? Kax
APOUCX00AM 30]1b-2ellb-NpespaujeHus?

— Kakogvl nuzkopasmepmvie popmul yenepooHbix
cmpykmyp?

— Ymo maxoe rpagen? Kax nonyuarom rpaghen?
Kaxumu ocnosnvimu ceoticmeamu obraoaem
rpagen?

— Ymo makoe yenepoonas HaHompyoka u
KaKumu napamempamu cmpykmypsl OHa
xapaxkmepuszyemcs?

— Kaxumu anexmponnvimu ceoticmeamu
obaadarom 00HOCMeHHbLE YelepoOHble
Hanompyoxu?

— Kaxkoewi snekmponnvle ceoticmsa
MHO2OCMEHHBIX YelepOOHbIX HAHOMPYOOK?

— Kakxue memo0st ucnonv3yrom 0.is noayderus
yenepooHbIX HAaHOMPYOOK?

— Ymo maxkoe ¢hynnepenvi?

VYMeTn:

— NpUMEHAMb 3HAHUSA 8
npogheccuonanbHoll
oesmenvHocmu. Omauuams
aghghexmusnoe pewenue om
HeappexmusHoco

— BbINOIHAMb PACYEM
xapakxmepucmux
INEKMPOHHBIX NPUOOPOE
MUKPO- U HAHOIEKMPOHUKU

— Paccuumatime u nocmpoiime epaguuecku
COOmMHOUleHUe MeHCOY UWUPUHOU KBAHMOBOT
NPAMOY20/IbHOL NOMEHYUATILHOU AMbL C
svicomoti bapvepa U0 = 0,5, 1,0, 3 5B u
9Hepeuell nepeoco pazpeutenHo2o cocmosiusa El
=0,05U00, 0,100, 0,300, 0,50,05/U0 oaa
91eKMPOHO8 ¢ d¢hhekmusHou maccou m* =
0,06mO0.

— Paccuumatime 3nauenue wupumol
NPAMOY20/IbHOL NOMEHYUATLHOU AMbL, NPU
KOMOPpOM dHepeemudecKutl 3a30p mexcoy
nepsviM U 8MOPbIM Pa3peUleHHbIMU
cocmosinusmu 6 neil ovin pasen 0,05, 0,1 u 0,13
9B npu 3¢hpexmueroii macce snexkmporos m* =
0,06m0 u svicome 6apvepa UO = 2 3B u U = .
— Paccyumatime u nocmpotime epagux
3a8UCUMOCMU NIIOMHOCIU COCMOSIHUU
9/1eKMPOHO8 8 KBAHMOBOU NIeHKe MOAUUHOLL
20uMm, 6 KBAHMOBOM UIHYDE C CeYeHUEM
20x20um2, keanmoeou mouxe 20x20x20um3 om
snepeuu E, omcuumsvigaemoti om OHa 30Hbl
npPOBOOUMOCMU NOJYNPOBOOHUKA, U3 KONOPO2O
OHU U320MOBIEeHbL, NpU dhhexmusHol macce
anexkmpona 0,04m0 u 0,07m0.

— Paccyumatime u nocmpotime epagux
3a8UCUMOCMU KOHYEHMPAYUU ITEeKMPOHOS 8
K8AHMOBOU sMe, KBAHMOBOM WIHYPe U
K8AHMOBOU MoyKe Npu KOMHAMHOU
memnepamype om nonoxceHus: yposts Pepmu
OMHOCUMENbHO OHA 30Hbl Nposooumocmu (EF—




CTpyKTypHBIH
JIIEMEHT
KOMITCTEHIINT

[TnaHupyeMbie pe3yIbTaThl
o0yueHus

O1IeHOYHBIE CPEICTBA

EC) 6 nonynpogoonuxe, uz komopo2o oxu
uzeomognenvl. [llupuna keanmosgou samet —10
HM, cedeHue Keanmosozo wHypa — 10x10 nm2,
pasmepul keanmosou mouxku — 10x10x101m3.
Appexmusnasn macca snexkmpona — 0,06m0.
Ommnowenue (EF — EC)/(keT) eapvuposamy 6
npedenax om —4oo +10.

— Paccuumatime eonbmamnepnvie
XapaxkmepucmuKky CUMMempudHou
08YXOapbepHOUl MYHHENLHOU CIMPYKIYPbL,
coomeemcmayioujue Ynpy20my u Heynpy2omy
COMYHHENUPOBAHUIO 8 Hell Npu memnepamypax
10, 80 u 300K 6 ouanazone npunorHceHHbLX
nanpsixcenutl 0—2 B npu emxkocmu 6apvepos 10—
18 @ kaoxcowiii.

Ipumume:

ol=02=0,5 (MxOm m)-1 — nposooumocmu
bapvepos 6 omcymcmeuu MmyHHelIbHbIX
npoyeccog, A = e2/C — cpeonuii
SHepeemuuecKull 3a30p Meicoy COCMOSHUAMU 8
ocmposke;

E1 =0,055B, E2 =0,03 3B.

— Paccuumatime eonomamnepuyio
Xapakxmepucmuky 08yx6apvepHot
0O0HO31eKMPOHHOL CMPYKmMYpbl 8 ouanazote (—
3 B ¢ pasnuunblMu myHHe1bHbIMU
npo3pavHocmamMu 6apbepos npu 3HAYeHuU
MeHnbuteli myHHenvHou npospaunocmu 1T=0,7 ons
08yx 3HaueHuu emkocmu ocmpogka 5-10-19® u
2:10-190.

— Paccuumatime ycnosus noooepoicanusi 6
0CMPOBKe 00HOINEKIMPOHHO20 MPAHIUCTNOPA
NOCMOSIHHO20 KOoauuecmea 21ekmponos n=0, 1,
2, 3, 4, 5 6 3asucumocmu om nomeHyuaia
sameopa 6 ouanazore 0—3B npu 00uHaxkoswvlx
emrocmsx ucmoka u cmoxka CS = Cd = 10-17®
u emxocmu 3ameopa Cg=10-16®. Hatioume
pabouue memnepamyphbvie Yci08us 015 3mMo20
mpausucmopa.

— s cummempuunoil 08yxoapvepHoll
DPE30HAHCHO-MYHHENbHOU CIPYKIYPbl
AlAs/GaAs/ AlAs onpedenume 3asucumocmo
K03 puyuenma npoxoxcoerus 31eKmpoHo8 om
ux suepeuu T(Ez) npu wupune 6apvepos 1 u
2um, evicome 6apvepos U=1,3 u 1,53B, wupune
Kon00ya 2 u Ium. DHepeuto 21eKmpoHO8
sapvupyiime 6 ouanasone 0-U. Dppexmusnyio
maccy anekmponos 6 AlAs npumume pasnou




CTpyKTypHBIH
JIIEMEHT
KOMITCTEHIINT

[TnaHupyeMbie pe3yIbTaThl
o0yueHus

O1IeHOYHBIE CPEICTBA

0,15m0, a 6 GaAs — pasnoii 0,067m0.

— Paccuumatime snepeemuueckoe nonoxcenue
PE30HAHCHBIX YPOBHEl 8 Pe30HAHCHO-
mynHenvHeti cmpykmype AlGaAs/GaAs/AlGaAs
¢ wWupunou bapvepos Hm u WupuHol Ko1o0yes
1, 2 u 3um, ucnonv3ys yciosus K8AHMOB0O20
ocpanuyenus u Ko3gpuyuenmol myHHeaIbHOU
NPO3PAYHOCIU CIMPYKMYPbL 8 DAMKAX
NPUOIUNCEHUS KBAHMOBO-MEXAHUYECKO20
UMNEeOanHca NOMeHYUANbHbIX OAPbEPOS.

D hexmusnyro maccy snexkmpornos 8 AlGaAs
npumume pasnoii 0,09m0, ¢ GaAs paenoii

0,067m0, U=0,235B.

Bnaners:

— NPaKmMuyecKumu
HABLIKAMU MOOEIUPOBAHUS,
uccned08anus u
NPOEKMUPOBAHUS
CMPYKMYPHBIX,
INEKMPOHHBIX, MACHUMHBIX U
ONMUYECKUX CEOUCNE
MUKPO- U HAHOCMPYKIMYD

Buvinonnenue u 3awuma nabopamopuwix pabom:
— Keanmoesoe ocpanuyeHue.

— Bannucmuueckuii mpancnopm Hocumernetl
3apsoa.

— Tynuenuposanue Hocumernell 3apsoa.

— CnuHosbie 3¢hghexmbi.

— DnemeHmbl HU3KOPA3MEPHBIX CIPYKMYP.
Mooenuposanue amomHuix KOHDUSypayuil.

— CmpyKkmypbl ¢ KBAHMOBLIM 02PAHUYEHUEM,
€030A6aeMbIM 6HYMPEHHUM IIEKMPULECKUM
nozem.

— CmpyKkmypbl ¢ KBAHMOBLIM 02PAHUYEHUEM,
C030A60eMbIM HEUHUM INEKMPUYECKUM NOJIEM.

Kona u conepixanue KoMneTeHIMNI: TOTOBHOCTh aHATM3UPOBATh U CUCTEMAaTU3UPOBAThH PE3YJIbTATHI
UCCIIEeIOBAHUM, TIPEICTABIIATh MaTEpHalIbl B BUJIC HAYYHBIX OTYETOB, MyOauKanuii, npesentaruii (ITK-3)

3HaTH

— npasuna oghopmienus
omuemos

— npasuia n002OMosKU
nyonuKayuti

— Memoobl anaiuza
PE3YIbMamos ucciedo8anull

YMeTn:

— OOKYMEeHmMuposams
Pe3yIbmamsl UCC1e008aHUL
— npedcmaeiamo
Mamepuanvl 8 6UOe HAYUHbIX
omuemos

— AHATU3UPOBAMb U
CUCMeMamu3upo8amy
pe3yIbmamsl UCC1e008aHUll

Bnanets:

— UHCMPYMeHmamu
N0020MOBKU Npe3eHmayull
— HABbIKAMU NOO20MOBKU
nyonukayuti

— HABLIKAMU NOO20MOGKU U

Iloozomosums 0oknao no pazoeny «Memoouwl
Gopmuposanus HAHOIIEKMPOHHBIX CIMPYKIYP»
u «nemenmul u NPUOOPLL HAHOINEKMPOHUKUY
(memwvl 00K1A008 npusedensl 6 pazoene 6). Ilpu
nod2omoeke 00K1a0a cmyoenmsl 00IHCHbL
NOb306aMbCs OMeYeCmeeHHbIMU U
3apybedCHbIMU TUmepamypHuiMu UCTIOYHUKAMU.
B doxnade oyenusaemcs 3nauumocme u
NPaKmuieckas npueoOHOCMb NPEONONCEHHbIX
MEeXHUYeCKUX peuenul.




CTpyKTypHBIi
TPYRTYP [TnaHupyeMbie pe3yIbTaThl
AIIEMEHT O1ieHOYHBIE CpeICTBA
o0yueHus
KOMITCTECHIINU
peoaxmuposanus
nyoOIuKayutl

0) Ilopsnok mpoBeneHUs] MPOMEKYTOYHONH aTTeCTAallMH, MOKAa3aTeJId W KPUTEPHH
OLICHUBAHMUS:

[IpoMexyrouHas arTecTanysl MO AWCLUUIUIMHE  BKJIKOYAET TEOPETHYECKHE BOIIPOCHI,
MO3BOJIAIOIINE OLIEHUTh YPOBEHb YCBOCHHUS OOYYaIOIIMMUCS 3HAHUHM, U MPAKTHYECKUE 3aJaHus,
BBISBIISIIOLINE CTENICHb C(HOPMUPOBAHHOCTH YMEHHI U BIIAICHUH, TPOBOAUTCS B (hopMme 3aueTa ¢
OLICHKOMH.

3ayer Mo JaHHOW JUCHUIUIMHE MPOBOAUTCS B YCTHOH (hopme mo Omieram, KaxIblid U3
KOTOPBIX BKJIFOUAET 2 TEOPETUUECKUX BOMPOCA U OJJHO MPAKTUUECKOE 3aJaHuE.

[Tokazarenu u KpUTEpUH OLICHUBAHUS 3a4€Ta C OLICHKOM:

— Ha OLEHKY «OTJIHYHOY» (5 0aljIoB) — OOyUYaIOLIUICS JEMOHCTPUPYET BBICOKHI YPOBEHD
c(OpMUPOBAHHOCTH KOMIIETEHIIMM, BCECTOPOHHEE, CUCTEMAaTHMYECKOe U TJIyOOKOe 3HaHue
yueOHOro Marepuana, CBOOOJHO BBIMOJHSET MPAKTUYECKHE 3a/laHus, CBOOOIHO OmIepUpyeT
3HaHUSIMM, YMEHUSMU, IPUMEHSIET UX B CUTYalUsIX NOBBILIEHHON CII0)KHOCTH.

— Ha OLEHKY «Xxopoiio» (4 Oamna) — o0yJaromuiics AeMOHCTPUPYET CPEAHHI YPOBEHb
c(OpPMUPOBAHHOCTH KOMIIETEHIMI: OCHOBHBIE 3HAHMS, YMEHMSI OCBOEHbBI, HO JIOIyCKAIOTCS
HE3HAYUTENbHbIE OMIMOKH, HETOYHOCTH, 3aTPyIHEHUS TMpPU AHAIUTHUYECKUX OIMepaIusx,
NEepPEHOCE 3HAaHUI U YMEHUI Ha HOBbIE, HECTAHAAPTHBIE CUTYaLIUU.

— Ha OIECHKY «yIOBJIETBOpUTENbHO» (3 Oamna) — oOydaromuiics IEeMOHCTPUPYET
IIOPOTOBBI YPOBEHb C(HOPMHUPOBAHHOCTH KOMIIETEHIMI: B X0J€ KOHTPOJIbHBIX MEpONPUATUI
JOMYCKAIOTCA OIIMOKM, TPOSBISETCS OTCYTCTBHE OTAEIbHBIX 3HAHUM, YMEHHUI, HAaBBIKOB,
0Oy4arolMiCs HCIBITHIBAET 3HAYUTENbHbIE 3aTPYAHEHUS INpPU ONEPUPOBAHUU 3HAHUSIMH U
YMEHMSIMU NIPU X NIEPEHOCE HAa HOBBIE CUTYaLINU.

— Ha OIICHKY «HEYJOBJIETBOPUTEITHHO» (2 Oamna) — oOydyaromuiicss JEeMOHCTPUPYET
3HaHus He Oonee 20% TeopeTHYEecKOro marepuania, JOMYCKaeT CYLIECTBEHHbIE OLIMOKM, He
MOJKET MO0Ka3aTh MHTEJUIEKTYaIbHbIE HABBIKYM PEIICHUS MTPOCTHIX 3ajau.

— Ha OLIEHKY «HEY/0BJIeTBOpUTENbHOY (1 6amt) — oOyuaronuiics He MOKET M0Ka3aTh
3HaHMSI Ha YPOBHE BOCIIPOU3BEACHUS U O0BSCHEHHSI MHPOPMALUHU, HE MOKET IIOKa3aTh
MHTEJUIEKTYaJIbHbIE HABBIKU PEIICHUS IPOCTHIX 3a/1a4.

8. YueOHO-MeTOAHMUECKOe U HWHPOPMAIMIOHHOE oO0ecrnmeYyeHue
JUICITUTLINHBI (MOYJIA)
«Hanoaﬂekmpouuka»

a) OcHoBHas JUTEpaTypa:

1. Arees, 1. M. ®u3nyeckre OCHOBBI SJICKTPOHUKH M HAHOAJIEKTPOHUKH : yueOHOe rmocooue / .
M. AreeB. — Cankt-IlerepOypr : Jlans, 2020. — 324 c. — ISBN 978-5-8114-4081-8. — TekcrT :
3IIEKTPOHHBIH // Jlanb : 3JIEKTPOHHO-OMOINOTEeYHAS CUCTEMA. — URL:
https://e.lanbook.com/book/131007 (xara obpamenus: 20.10.2020). — Pexum jgoctyna: Ui aBTOpHU3.
MI0JIB30BATEINEH.

2. Jlozosckuii B.H.. HanotexHOMOrUs B 3JI€KTPOHKUKE. BBe/ieHue B crienuanbHOCTh: Yu.i. JlaHs.
2019. — 332 ¢. — Teker : anekTpoHHbii // Jlanp : smekTpoHHO-OMOMMOTEeuHas cuctema. — URL:
https://e.lanbook.com/book/113943 (mata oOpamienus: 20.10.2020). — Pexum npoctyma: namis
aBTOpU3. NIOJIb30BATEIIEH.



https://e.lanbook.com/book/131007
https://e.lanbook.com/book/113943

0) /lonoJHUTEIbHASA JINTEpaTypa:

1.. UrnatoB, A. H. MukpocxeMOTeXHUKa W HAHOAJEKTPOHUKA : ydeOHOoe mocobue / A. H.
UrnatoB. — Cankt-IlerepOypr : Jlanp, 2011. — 528 c¢. — ISBN 978-5-8114-1161-0. — Texkcr :
DIIEKTPOHHBIH // JIaHb : dnekTpoHHO-OMOIMoTeunas cucrema. — URL: https://e.lanbook.com/book/2035
(mata obpamenwns: 20.10.2020). — Pexxum gocTyma: A aBTOpH3. MOIb30BaTENEH.

2. Opnosa, M. H. Hanosnekrponuka. Kypc nexnuii : yue6Hoe mocobue / M. H. Opnosa, U. B.
bop3six. — Mocksa : MUCHUC, 2013. — 50 c. — ISBN 978-5-87623-725-5. — Tekcr : anekTpoHHbIi //
Jlanp : osmexTpoHHO-OMOmmoTeunas cucrema. — URL: https://e.lanbook.com/book/47464  (marta
obpamenus: 20.10.2020). — Pexxum gocTyna: Asist aBTOpU3. MOJIB30BATENCH.

B) MeToauuyeckue yKa3aHus U ydyeOHbIe OCOOUS
MeTtoauueckue yka3aHus IPUBEACHbBI B IPUIIOKEHUH 1.

r) llporpammHuoe obecieuenune 1 MHTEepHET-pecypcebl:

Haumenosanue [10 Ne norosopa Cpoxk nieficTBUS TULIEH3UU

NI Developer Suite K-118-08 ot 20.10.2008 0eccpouHo

Windows 7 J-1227 ot 8.10.2018 11.10.2021
J-757-17 ot 27.06.2017 27.07.2018
J1-593-16 ot 20.05.2016 20.05.2017
J-1421-15 ot 13.07.2015 13.07.2016

7 Zip CB006OIHO OeccpouHo
pacnpocTpaHsieMoe

CBOOOIHO pactpoCTpaHsIeMoe

FAR Manager o

OeccpouHo

MS Office 2007 Ne 135 ot 17.09.2007 0eccpouHo

IIpodeccnonanbubie 6a3b1 JAHHBIX 1 HH(OPMAIMOHHBIE CIPABOYHbIE CHCTEMbI

Ha3paHue Kypca Cchlnka

" -E .
H(popMalroHHas cucreMa - EfquHoe okHO JocTyna URL: http:/Awindow.edu.ru/
K MH(POPMALIMOHHBIM pecypcam

HanmonansHas nHGOpMaIMOHHO-aHATUTHYECKAsT
cucrema — Pocculicknii HHAEKC HAy4YHOTO
nmutunoranusg (PUHIT

URL: https://elibrary.ru/project risc.asp

[Touckosas cuctema Axagemus Google (Google URL: https://scholar.google.ru/
Scholar)

Poccwuiickas I'ocynapcTBenHas 6uOanoTeKa. https://www.rsl.ru/ru/4readers/catalogues/
Karanoru

OnexTpoHHbIE pecypchl onbmoreku MI'TY nm. http://magtu.ru:8085/marcweb?2/Default.asp
I".1. Hocomra



https://e.lanbook.com/book/2035
https://e.lanbook.com/book/47464
http://window.edu.ru/
https://elibrary.ru/project_risc.asp
https://scholar.google.ru/
https://www.rsl.ru/ru/4readers/catalogues/
http://magtu.ru:8085/marcweb2/Default.asp

1. Scilab Computation Engine — nporpamMMa CHMBOJBHON MaTeMaTHKH [CBOOOIHO
pacmpocTpaHsieMoe MPOrpaMMHOE obecrieucHue)]. Pexum JIOCTYyTIA:
https://www.scilab.org/about/scilab-open-source-software.

2. Ypok 449. KopnyckyssipHO-BOJIHOBOM ayanu3Mm. ['umnore3a ne bpoiins [uHTEpHET-
pecypc]. Pexum noctyna: https://www.youtube.com/watch?v=i-tSwRv7HNo

3. Ypok 450. DkcrepuMeHTaIbHOE TOATBEPXKIACHHUE CIPABEAIMBOCTH THUIOTE3BI i€
Bpoiins [unTepHeT-pecypc]. Pexum JOCTyMA!
https://www.youtube.com/watch?v=uAG7aw6w_ks

4. Ypok 453. Ilonsatue o BOJHOBOH (yHKIMH [MHTepHET-pecypc]. Pexxum mocryma:
https://www.youtube.com/watch?v=3GkwI9imw7k

5. Vpok 454. Vpasuenue Ilpénunrepa [unTepHeT-pecypc]. Pexum mocryma:
https://www.youtube.com/watch?v=FgZ9wZ8tq7g

6. Ypoxk 455. JIBwkeHHEe MHKpPOOOBEKTa B OJHOMEPHOM OECKOHEUHO TIIyOOKOM
MOTEeHLUATbHON aMe [urTepHeT-pecypc]. Pexum JIOCTyTIA:
https://www.youtube.com/watch?v=YI0I7ZvnFOw

7. Vpok 456. CooTHOIICHHE HEompeaeieHHocTel [uaTepHeT-pecype]. Pexxum mocryma:
https://www.youtube.com/watch?v=kjJ3XA8KO9Y

VYpok 458. O030p KBaHTOBOW TEOpHH aroma BojOpojaa [uHTepHET-pecypc]. Pexum
nocryma: https://www.youtube.com/watch?v=yKKTJVIT3bA

9. MaTepuajbHO-TeXHHYECKOE oDecnevyeHne JUCHUIIMHBI (MOTYJIs1)

MaTepI/IaJILHO-TeXHI/I‘{eCKOG obecneyeHne JUCHUITIIIMHBI BKIFOYACT:

Tun u Ha3BaHUE ayJUTOPHUH OcHalueHue ayuTopun

JlekunonHas ayauropus aya. 458 | MyneTumenuitHble cpesicTBa XpaHEHMs], Iepeiadn U
npezcTaBiIeHns HHPOPMALIUU

KOMHLIOTepHBIe KJ1aCChI I_[eHTpa HepCOHaHLHLIe KOMIIBKOTCPHI, O6’LC,[[I/IH6HHLIC B

MH(GOPMAIMOHHBIX TEXHOJIOTHH JIOKaJbHBIE CETH C BBIXOJAOM B Internet, ocHaleHHbIE
OI'bOY BO «MI'TY» n COBPEMEHHBIMU ITPOIPAMMHO-METOANYECKUMHU
crenuanu3upoBanHas aya. 367 KOMILJIEKCAMHU JJI1 MOZACIIUPOBAHUs, CTPYKTYPHBIX,

AJIEKTPOHHBIX, MATHUTHBIX U ONTHYECKUX CBOMCTB
MHUKpO- 1 HaHOCTPYKTYp (Scilab).

VY4ebHble ayIUTOPUH IS HNHTepakTvBHASA JOCKA, IIPOEKTODP;
MIPOBEACHUS IIPAKTUYECKUX
3aHATUH, TPYNIOBBIX U MynbTUMEAUIHBINA IPOEKTOP, IKPaH.

VHIUBUYAIbHBIX KOHCYJIbTAIIHM,
TEKYIIEro KOHTPOJIA U
MPOMEKYTOYHOM aTTECTALUH

VYdeOHbIe ayTUTOPHH IS [Mepconanbhbie KoMIbIOTEPHI ¢ TakeTom MS Office, ¢
BBITIOJTHEHUS] KyPCOBOTO BBIXOZIOM B IHTEpHET U C OCTYIIOM B AJIEKTPOHHYIO
MIPOEKTUPOBAHMSI, TOMEILIEHUS nH(}OPMaLIMOHHO-00pa30BaTENbHYIO CpENY

JUISL CAMOCTOSITEIbHON pabOTHI. YHUBEPCUTETA.

[Tomemienue 1ist XpaHeHUs U Crenmnaxwu, cedsl 1y1si XpaHEHUS YI€OHOTO
poUIaKTUYECKOTO o0opynoBanus. IHCTpyMeHTHI 1711 peMOHTa

o0cityk1BaHUs y4eOHOTO



https://www.scilab.org/about/scilab-open-source-software
https://www.youtube.com/watch?v=i-tSwRv7HNo
https://www.youtube.com/watch?v=3Gkwl9imw7k
https://www.youtube.com/watch?v=FgZ9wZ8tg7g
https://www.youtube.com/watch?v=YI0I7ZvnF9w
https://www.youtube.com/watch?v=kjJ3XA8kO9Y
https://www.youtube.com/watch?v=yKKTJvIT3bA

Tun u Ha3BaHUe ayqUTOPUU

OcHaluenue ayuTopun

obopynoBaHus

00opyIoBaHUsI.

Aynuropuu 1is
CaMOCTOSITeNIbHOM paboTHI €
BbIXOZIOM B MIHTEpHET U C
JIOCTYTIOM B DJIEKTPOHHYIO
MH(POPMAIIMOHHO-
00pa3oBaTEeNbHYIO CPEAy
YHHUBEPCHUTETA.

KoMIiproTepHbIe K1acchl, BKIIOYAIOIINE TEPCOHATBHBIC
koMItbroTepHI ¢ makeroM MS Office, MathCAD, Scilab;
YUTaJbHbBIE 3aJIbl OMOJNOTEKH

AyauTopuu JUis TPYIIIOBBIX U
WHIMBUyaJIbHBIX KOHCYJIbTALIHM,
TEKYILETr0 KOHTPOJIS U
MMPOMEKYTOUYHOM aTTECTALUH

[epconanpubie KoMIbIOTEpHI ¢ TakeTtoM MS Office,
MathCAD, Scilab u Beixonom B IHTEpHET




[MPMJIOXEHUE 1

BBenenue
C obuieTeopeTMHECKOM TOUYKM 3PEHMA, PACYET 3/IEKTPOHHbIX COCTOSIHUI B

CNOUCTbIX CTPYKTypax  [AOJ/IKeH npoBOAMUTbLCA nytem pelleHunn
COOTBETCTBYHOLLEN TPEXMEPHOM 334a4M O 30HHOW CTPYKType maTtepuana. B
HacTosAwee Bpema pa3paboTaHbl WM30OLPEHHbIE METOAbl KOMMbIOTEPHOrO
pacyeTa KBaHTOBbIX COCTOAHMMA B HAHOCTPYKTypaX, OCHOBAHHble Ha
MUWKPOCKOMMUYECKMX MOAENAX NCeBAOMNOTEHUMANA UNU CUNbHOM CBA3KU. Tem He
MeHee 3T MeToAbl NMOKa He BCeCU/IbHbl M HEe BCEMOTyLWM, U NPU KOHKPETHOM
paboTe MMeHHO npubanKeHHble meToabl 3¢PeKTUBHOM Maccbl (B cayyae
NPOCTbIX 3HEpreTMYecKUx 30H), 3OGPEKTUBHOrO raMuUNbTOHMAHA (Ans
BbIPOXAEHHbIX 30H) M NAaBHbIX oruvbatowmx (B MHOFO30HHOM MoAEenw,
Hanpumep, B Mmoaenu KelHa) okasbiBaoTca 6onee ygobHbIMKM U

pe3ybTaTUBHbIMMU.

B npubaunkKeHHbIX Noaxodax peleHWe BHYTPU  KaxKaoro cnon
MHOTOCNOMHOM  CTPYKTYpPbl (MAM  KOMMO3MUMOHHOMW 06/1acTU  MeHbLUen
pPa3MepHOCTM B KBAHTOBbIX MPOBOJIOKAX MM TOYKax) 3anucbiBaeTca B BUAE
NIMHENHOM KOMOWHAUMM HE3aBUCUMbIX OObEMHbIX PELUeHWUI, a ANS CLUMBKM Ha
reTeporpaHuLax BBOAATCA FpaHWUYHble ycnoBua pna ormbatowmx BOSHOBOM

CIJYHKLI,I/IM 3/1EKTPOHA N UX NPON3BOAHDbIX MO Hopmaanoﬁ KoopAuHarTe.

PacueTbl 3/1EKTPOHHbIX COCTOAHUMN B NoNynpPoOBOAHMKOBbIX
HAHOCTPYKTYpaXx, BbiMNONHAEMble B MeToAe 3PPEKTUBHON MACCbl, OCHOBaHbI Ha
pelweHnn  CTauMoHapHOro  (MCKAYas  3K30TUMYECKMEe  C/ay4yau, Koraa
noTeHUManbHbIn  penbed aABnaetTca  OGyHKUMEN BpemMeHu) ypaBHEHUA
LpeanHrepa, KoTopoe AnA ABUKEHMA 3/N1EKTPOHOB B MNepneHAUKYAApPHOM

NJIOCKOCTM CNOEB HanpaBaeHnNn ABNAeTCA OAHOMEPHbIM:

~ h- p-w{::El +U(z)-ywW(z.E)Y=E -y(z,E), (1)
2m oz




[MPMJIOXEHUE 1

3gecb m — 3dpPeKkTMBHAA macca 3NeKTpoHa, E — ero nosHas sHeprus, U(z) —
noTeHUManbHbIM penbed A[NA INEKTPOHa BOONb OCU Z HaANpPaBAEHHOW B
nepneHaANKYASsPHOM K MJIOCKOCTU C/I0EB HanpaBaeHWW. PelleHnem AaHHOro
ypaBHeHus LpeauHrepa nABnseTcs z-cOCTaBAAlOWaA ornbarowein BONHOBOM
byHKUMM (z, E), xapaKTepusylowasa ABUKEHNE INEKTPOHOB B NepneHaANKYNSPHOM
NJIOCKOCTM C/NOEB HAMpPaBJEHUM W ONpeaenAwwas, C TOYHOCTbO A0
HOPMWPOBKU, BEPOATHOCTb HAXOXAEHMUA 3/IEKTPOHA C 3Hepruen E apuKeHus

BAO0/b 0cM Oz B TOUYKE C KOOPAMHATOM Z.

OnAa npocToil 30HHOM CTPYKTYpbl FPaHUYHbIE YCNOBUA Ha WHTepdeince

MeXay cnoamu A n B B obem cnyyae MMeroT BUA:

Wai=0h W+l WY,
W=ty Wg +iyn Vg,

(2)

roe A,B — 3HauyeHusa orubatowen BONHOBOM (PYHKUMM Ha WHTepdelice co

CTOPOHbLbI ChoA Awuco CTOPOHbLbI ChoA B cooTBeTCTBEHHO,

- oyl - m, oy
Yy=l— Wg=l-—=-—,
OZ A J'.?‘!'H 02 B
map — 3pPeKTUBHbIE Maccbl 3/IeKTPOHOB B CNOAX A U B cooTBeTcTBeHHO, | —

NPOM3BO/IbHbIN NapamMeTp C PAa3MePHOCTbIO AJINHHbI, BBEAEHHbIN YTODObI ane-
MeHTbl MaTpuupl tj 6biin 6espasmepHbiMU. Bbibop 3HaveHWi tjj 0bbluHO

NOCTYyNIMPYETCA WM OCYLLECTBNAAETCA MyTeEM CpPaBHEHMA C pe3yabTaTaMu
3KCNepMMEHTa WM pacyeTa B pPaMKax KaKOM-IMOO MUKPOCKOMMUYECKOM
Mmozenu. Yawe ApyrMx MCNoAb3yloTCA TFPaHWYHblEe YCNOBUA, CBA3AHHblE C

MMEHEM EaCTapp,a:



[MPMJIOXEHUE 1

v, =vl,
1 Fw| _ 1 Fw|
m 4 '5:|_n Mg ::|H

Pewas ypaBHeHue (1) c rpaHUYHbIMMK ycaoBUAMMK (2), MOXKHO NMOCTPOUTD
ormbatowme BONHOBbIX GYHKUMIA 3/EKTPOHOB C Pa3/IMYHbIMU 3HAYEHUAMM

3Heprumn E.



[MPMJIOXEHUE 1

1 MoaenupoBaHue 3HepPreTUMUECKOro CMeKTpa 3/1IeKTPOHa B TBEpAOM
Tene (mogenb KpoHura-NeHHu)

MNpexae yem NpUCTynaTb K MOAE/IMPOBAHUIO SHEPreTUYeCcKoro cnekTpa
9/IEKTPOHOB B TreTepoOCTPYKTypaX, pPACCMOTPUM OBUXKEHUA I/1IeKTPOHa B
06blYHOM KpucTanne. [OTeHUManbHAA 3SHEPrMa 3SNEeKTPOHOB B KpUCTanne
ABnaetTca QyHKUMEN KOOPAMHAT C NepuofOM, PaBHbIM PACCTOAHUIO MeEXAY
aTOMaMM. DNEKTPOH B Nepnoanyeckom none obnagaet pagom obLmx CBOMCTB,
HE3aBUCAWMX OT KOHKpPeTHOM Qopmbl NepuoaMyeckoro noTeHuumana.
BONbWMHCTBO M3 HUX MOXKHO BbIICHUTb MPU PACCMOTPEHUM YMPOLLEHHOWN
MOAENN KpUCTanna, npeacrtaBndAsa ero B BMAE LENOYKM aTomos. [pun atom
nepruoamnyYecKkuni noTeHunan CTAHOBUTCA O4HOMEPHDbIM. dopma
nepumoanYeckoro noteHuwana BblbupaeTca TakoM, 4TOOblI pacyeT OKasascs
Hanbonee NpocTbiM. B 3TOM Cnyyae BO3MOXKHO NPOBeAEHME CTPOroro peLleHns
ypaBHeHuA LWpeauHrepa. B mogenn KpoHwura-lNleHHM noTeHunan vmeer Bua
NPAMOYronbHbIX AM (PUCYHOK 1), KOTOopble YepeaytoTca C NPAMOYro/ibHbIMU

noTeHuManbHbIMK Bapbepamu:

. ﬂ, ECAN NC =< Z < HNC+d
U(:)-

2

Uy, ecru(nc+a)<z<(n+1)c
AY

roe g — WupuHa AmMbl, b — wnpuHa bapbepa, ¢ a b — NOCTOAHHasA

KpUCTannnyeckom pewetkn, Ug — BbicoTa bapbepa, n 0, 1, 2, . PeweHusn

ypaBHeHua WpeauHrepa (1) npu E<Ug moryT 6bITb 3anuncaHbl B BUAE:

A e/l=me) 4 B gmIalzmne) eciunc<z<nc+a

f.“”e”[: (neva)] 4 D e Bltnerall - oeny (nc+a)<z<(n+1)

v, ()=

roe
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a=l 2m, E |

1 r
p=L2m, (U, E).

m, — 3¢deKTBHAA Macca 3/1eKTPOHa B KpUCTaNNE, j — MHMMAn eanHuLa.

a h
. T

PucyHok 1 — NoTeHUManbHbI penbed ANn 3NEeKTPoHa B KpucTanne (moaens KpoHura—TeHHn).

M3 rpaHuuHbIX ycnosuii (2), NpUHMMaAA BO BHMMaHME MNOCTOSHCTBO
3¢ EKTUBHOM MacCbl BO BCEM KpUCTanae, MNoJiydaem CAeaylollylo cucTemy

anrebpanyecknx ypaBHeHUN:

b
1€

— phb
A.lz + Bﬁ‘ - C.l'] ]E + Dﬁ‘
. ) Bl b
J{I'An_jaBn =C.l'] ]BE ?_Dar ]BE s
Joa Jgoa
Ae"™ +B.e =C,+D,,

jod e/ — jouB e/ =BC, —BD,.

(3)

Mpn atom mexagy KoapouumeHtamum C,.q, Dp.q W C,, D, cylwecTtsyet
CBA3b, BbITEKAlOLWLAA M3 CBA3M MeXAYy BOSHOBbIMU dyHKUMAMKU Wy, 1 n W, | Tak

Kak OyHKumMn W, 1 n W, aBnatotca peeHnamm ogHOro U TOro e ypaBHEHUSA



[MPMJIOXEHUE 1
LIJpe,u,MHrepa, TO OHWU MOTYT OTINMYATLCA APYr OT APpYyra TOJIbKO MOCTOAHHbIM

MHOXUTEeNEeM, KBaZipaT KOTOPOro paBeH eanHuue. To ecTb:

v, =y, e",

roe A — HEKOTOPbIM BEWECTBEHHbIN NapameTp.

OTtcroaa:

@

MoactaBnsa 3HauyeHuAa (4) B cuctemy ypaBHeHun (3), nonyymm cuctemy

N3 YyeTblpex O4HOPOAHbIX YPABHEHWUI C YETbIPbMA HEN3BECTHbIMU Ap, , B, , Ch m

Dn_ [na Toro, yTobbl 3Ta CcUCTEMA MMena HEeTpuUBUAAbHOE pelleHne, HeO6XO,£l,MMO,

4yTOob6bl ONpPeaennTeNnb, COCTaBAEHHbIN M3 KO3PPULMEHTOB 3TUX YPaBHEHUN, Bbin
paBeH Hyn. 3anucaB M pPacKpbiB oOnpeaenuTenb, MOJYyYUM YpaBHEHME,
onpeaenaoLLee 3Ha4eHUA SHEePrum 31eKTpPoHa E (BxoadAllei B BbipakeHus ans o

n B8), ANA KOTOPbIX CYLLECTBYIOT HETPUBUA/IbHbIE PeLIEeHNs cucTemMsl (3):

¥ 3

cos(oa )cosh(Bh)+ P -a” sin(cwa )sinh(Bb) = cos(i ). (5)

2a3

AHanus3 ypaBHeHus (5) 3aTpyaHeH Tem, 4To 3Heprua BXoAMT B o u 6,
O4HAKO €ero MOMHO YMNpoCTUTb, MNpPeacTaBMB MOTeHUMan B eweé bonee
naeanusnposaHHom Buge. [pousseaeHne 6Bb onpepensetr  creneHb
NPO3PaYHOCTM MOTeHUMaNbHOro bapbepa AN 3/1EeKTPOHOB, B HEro BXOAWUT

WwnpuHa bapbepa b n BbicoTa bapbepa Ug. PaccmoTpum cnyyan, Korga WUpUHA

6apbepa YyCTPEeMIAETCA K HY/I0, @ BbICOTa — K HECKOHEYHOCTU, NPUYEM TaK, UTO
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2
npoussegeHne Upb ocTaetca noctosiHHbIM. Mpu 3Tom, Tak Kak Ug ~6 , To npu

b—>0 n Ug > == npousseaeHue 8b—> 0. Torga, BBoaa o603HaYeHMeE:

Bab

P=lim
b
R
LU ph=consi

oT ypaBHeHus (5) nperiaem K bonee npocTomy:

sin(aa)

cos(aa)+ P = cos(i). (6)

CLa

YpaBHeHUe (6) Ha3biBaeTcs ypaBHeHnem KpoHura—TleHHWU. MapameTtp P
NPOMNOpPLMOHANeH NAOWaaAn NOoTeHUManbHOro bHapbepa; OH XapaKTtepusyeT
cTeneHb NPo3payvyHOCTM bGapbepa A/1A 3NEKTPOHOB MW CTeneHb CBA3AHHOCTU

3N1EeKTPOHA BHYTPU NOTEHLMANBHOM AMbI.

[nsa aHanusa ypaBHeHUs (6) n3obpasnm rpaduyeckn ero NeByo 4acTb
Kak QYHKUMIO apryMeHTa a (PUCYHOK 2, cniowHan AnHKuA). [encTBuTeNbHble
KOPHM 3TOro YpPaBHEHWA CYLLECTBYIOT TO/IbKO MPU TeX 3HAYeHMAX aa, npu
KOTOpPbIX 1IeBas YaCTb YypaBHEHMA NPUHMMAET 3HaYeHUs B UHTepBase [-1;1]. Ha
PUCYHKe 2 3alUTPUXO0BaHbl 061aCTU AONYCTUMbIX 3HAYEHWUI 0a . X WnpuHa 3a-
BMCMUT OT MapameTpa P: Yem OH MeHblUe, TEM OHU WKrpe 1 Npyu GUKCUPOBAHHOM

3HA4YeHUU P CTaHOBATCA wunpe Cc yseanyeHnem aa, a 3Ha4nT h aHepPrmnun.
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PucyHok 2 - N'padmyecknin aHanms ypasHeHua KpoHura—leHHu

Takum 06pasom, sHeprma 3N1eKTPoHa B MEPUOANYECKOM MOJIE HE MOXKET
npuMHUMaTb ntoboe 3HavyeHWe, KaK Aana cBobogHoro 3nekTpoHa. OHa
orpaHuM4YeHa paaom nosoc (30H) pa3pelleHHbIX 3HaYeHUN, OTAENEHHbIX APYr OT
Apyra 3anpeleHHbIMM 30HaMWU — 3HEPreTUYECKU CNEeKTP 3NEKTPOHa B
NepuoaMYeckom MoJsie UMEeeT 30HHYI CTPYKTypy. LUnpuHa paspelueHHbIX 30H
onpenenneTcs CTeneHbld CBA3AHHOCTU 3NEKTPOHA BHYTPU MNOTEHLMAbHOM

AMblI.

3apaHue gna KOMMNbIOTEPHOrO MOAENIMPOBAHUA

1. UN306pa3uTtb rpadpuyeckn neByto 4YacTb ypaBHeHUs (6), cxemaTU4ecku
n306pa3nTb Ha Nonyuymslemcs rpaduKe 30HbI paspeLleHHbIX W 3anpe-
WEHHbIX 3Ha4YeHUn a . MNpoMANOCTPUPOBATb, KaK U3MEHAETCA LMPUHA

paspeLleHHbIX 30H NPU N3MEeHeHMM napameTpa P.

2. MpoaHanu3npoBaTb ABa KpalHUX cnyyas: P O (3/1eKTPOH coBepLUeHHO
cBoboaeH) n P (bapbep coBeplleHHO HENPOHULLAEM, SNEKTPOH 3anepT B

npeaenax oAHOM NOTEHLUMaNbHOM AMbI).
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2 MopaenupoBaHue 3SHepreTUYECKOro CreKTpa 3S/1IeKTPOHa B
OAHOMEPHOI KBAHTOBOM AMe

Echm chopmmpoBaTb TOHKMA CNOM Y3KO3OHHOTO MaTepuana mexay
ABYMA [0OCTAaTOMHO TOACTbIMM CNOAMM LUMPOKO3OHHOTO MaTepuana, To AnA
3N1eKTPOHA, ABMIKYLLEroca B Nonepe4yHoM K MJIOCKOCTAM CNOEB HaNpaBAEHUN,
MoKeT bbiITb cPopMUMpPOBAH NOTEHUMANbHbIN penbed, n3obparkeHHbIN Ha
puUcyHke 3 (3Heprusa OoTCYMTbIBAeTCA OT AHa 30Hbl MPOBOAMMOCTM MaTepuana
Ambl). Takoro poga penbed HOCUT HA3BaAHME NPAMOYIO/IbHOM NOTEHLMANbHOM
AmMbl. B gaHHOM pasgene Mbl byaem paccmaTpmBaTb CUMMETPUYHYIO

NnoTeHUMaNbHYIO AMY (PUCYHOK 3, 6).

A U(z) A U(2)

E.}'r 1 F EJr[ )

M=
M=

PucyHOK 3 — DHepreTuyeckas AuMarpamma NPAMOYro/ibHOM NOTEHUNANbHOM AMBI:

0 — HECUMMETPUYHOMW, 6 — CUMMETPUYHOMN.

2.1 C 6eckoHeYHO 8bICOKUMU CMeHKamu

PaccmoTpeHne HayHemM C naeann3MpoBaHHOrO C/iy4asa MOTEeHUMaNbHOM
AMbl C BECKOHEYHO BbICOKMMMU CTEHKaMWU. B 3TOoM cnyyae BHe siMbl PYHKUMSA
Y(z, E) ToAecTBEHHO paBHa HY/O, a BHYTPU AMbl YA0BAETBOPAET YPaBHEHMIO

LLpegnHrepa snaa:
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- =E-y(z,E) (7)

C rPAHUYHbIMUA YCNTOBUAMMN:

&l
wt— F|=0,
"( 2 J

roe @ — LWUMPMHA NOTEeHUManbHOM AMbl (TONWMHA cpeaHero cnos
paccMaTpPMBAEMOM TPEXC/NIOMHOM CTPYKTypbl). Torda *a/2 — KoopAuHaThbI

nHTEPdENCOB MEXAY CNOAMM.

N3 matemaTuyeckor OU3MKM U3BECTHO, YTO YypaBHeHue (7) wumeet
peweHne Nnlb NPU AUCKPETHbIX 3HAYEeHUAX 3Heprum E — COBCTBEHHbIX

3Ha4YeHnAX AaHHOro ypaBHeEHUA:

.
h: (v
E=—|—]|.
2m\ a
Cuctema obnagaet cummeTpueirr no ocnm Oz OTHOCUTENbHO Ha4vana

KOOPAWMHAT, MO3TOMY COBOKYMHOCTb COBOCTBEHHbIX pPELWEeHU YypaBHEHUA

Lpeannrepa (7) pazbusaeTtca Ha NOArPYNnbl YETHbLIX N HEYETHbIX PELLUEeHUN:

5

4 e

[

C CGS(E} eciuv=173
y(z, E)=+

Csin(ﬁ), eciuv=2406,...

o

raoe C — HOPMMPOBOYHbIN KO3POULIMEHT.

lpaduKn ornbatowmx BoNHOBbLIX GYHKLUUIA INEKTPOHA B KBAHTOBOW AMe
WwupuHoit 20 aTomHbIX MoHocnoeB (11.3 HM) Ana nepsbix YeTbipex

pa3spelleHHbIX YPOBHEW 3HepruM npeactaBneHbl Ha pucyHKke 4,0, a
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9HepPreTMYeCKUn CNeKTP 3/IEKTPOHA B TaKOW sime — Ha pucyHke 4,6. MaTtepuan

AMbl — GaAs.

[yiz, BN E, 2B _' ----- s -4_'
0.8
0.6F e
0.6
0db — = Y2
0.4
Al y=2 |
0.z D2 b L
v=]
0 0L ;
-5 0 5=z

PucyHok 4 — Ormnbatowme BoNIHOBbIX PYHKLUMI () M KBaHTOBaHHbIE YPOBHW 3HEPrUn (6) aneKTpoHa B
NPAMOYro/bHOW KBAHTOBOW AMme

3apgaHuAa anAa KOMNbOTEPHOIro moaennposaHunA

1. MocTpouTb ormbatowme BOAHOBbIX QYHKUUIA M KBAHTOBAHHblE YPOBHM
SHEpPrun B NPAMOYro/NbHOM KBAHTOBOW siMe C GECKOHEYHO BbICOKMMM
CTEHKAaMW 415 PA3/INYHbIX 3HAYEHUN WNPUHbI AMbl: 10, 20 1 30 aTOMHbIX

MOHOCN0EB GAAS.

2.2 Co cmeHKamu KOHe4YHoli 8bicomebl

B peanbHOM cnyvyae CTEHKM MNOTEHUMaNbHOM AMbl MMEKT KOHEYHYIO
BbICOTY, WM ANA CUMMETPUYHON MOTEHUMANbHOM sAMbl noTeHuman Uz B

ypaBHeHuun (1) umeet BUA;:

0

a

a
eciu |:| = 5,
Ulz)=

a
U,. ecau |:| >—.
2
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PeweHunna ypaBHeHus LWpeanHrepa (1) 3anucbiBatoTcA OTAENbHO B

Kaxaon 13 Tpex obnacten, rae noteHuman U z NOCTOSIHEH, B BUAE:

Wl[:)z—"fle[t?
v, (2)=4,e’" +Bye /", (8)
ys(z)=Be ™.
2m, (U, —E) 2m E
roe B: 2 . 1= —-31
h h

ma u mg — 30PEKTUBHbIE MACCbl 3N1EKTPOHOB B MaTepuane A, obpasyolem
AMYy, U B MaTepuane B, obpasyrowem 6apbepbl, COOTBETCTBEHHO. PewweHuna W, un
Y, 3anucaHbl C Y4€eTOM TOrO, YTO OHM JAOJIKHbI PABHATbCA HY/AKO Ha

6ecKoOHeyHoCTH

TOro, 4YTO OHW [AO/KHbl PABHATLCA HY/AHO HA OECKOHEYHOCTW. 3HayeHuA
KOHCTaHT A1, Ay , By 1 B3 HaxogAaTca M3 rpaHUYHbIX YCIOBMIM, KOTOPbIE nocne

NoACTaHOBKM TyAa peweHui (8) npuHMmaltoT BuA;

B

a i

= = 'y
Ae ? =4, ?4+Be 2,

- |

4] . a .
—f | i1 ir=
Alie - =A:J—fe ° -8B, Y '
J mg m m,
a . o (9)
15 i

—p
A.e * + B.e =B.e ?
2 A |

[E]}-

= _-E 1 .-.,.E :[1
Azj—fe”E—Bjﬁe Iz——Jl'fi’3 p ]

m, m, mg
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Cuctema anrebpanyeckux ypaBHeHU (9) uMeeT HeTpuBMAsIbHOE

pelleHune Toraa v ToNIbKO Toraa, Koraa eé onpeaennTeb PaBeH Hyo:

[I'I!I il o
- I 1=
e 2 —_e 2 —e ? 0
. o
B =F _Jv im v g5 0
Det| "' e 4 =0
jy= j= =p
0 e 2 e ? —e 2
o . o
= f1= —f
0 JY 3 v m B
\ m 4 m Mg ),

PackpbiBasi onpeaenuTen W ynpowas MONYyYeHHOE BbIParKeHue,

NPVXOAMM K YPaBHEHMIO:
B’m7 sinh(jya)+ 2 jyBm jmy cosh(jya)—y’mj sinh(jya)=0, (10)

onpegenarowemy paspeweHHble 3Ha4eHNA IHEPTUN SZIEKTPOHA B KBAaHTOBOW AMe.

YpaBHeHune (10) sBnaetca TpaHCUEHAEHTHbIM M TpebyeT YUCAEHHOro WU

rpaduYecKoro peleHus.

Cuctema (9) MmeeT 6eCKOHEYHOE MHOXECTBO PeLLeHUIN, OTNMYAIOLLLNXCS
[IPYr OT Apyra NPou3BObHbIM MHOXUTENeM. Bbiparkasa 13 aTol cuctemsl A,, B,

u Bs yepes Aj, noayynm 4acCtHoe peweHune B snuae:

1 \ Gr-pE
Ay =4 -~ 1_j'Eﬂ€* 2
2 Ymyg )
(ir+B)=
B, =4 Ly jBma ), Ueeh
2 Y mg )
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lpaduKn ornbatowmx BoNHOBbLIX GYHKLUUIA SNEKTPOHA B KBAHTOBOW AMe
WMpKUHOM 20 aTOMHbIX MOHOCNO0EB (11.3 HM) AnA NepBbIX TPEX Pa3peLleHHbIX
YPOBHEN 3HEeprMm npeactaBAeHbl Ha puUCyHKe 5. Tpadukm cxemaTuyHo
Ha/I0XKeHbl Ha 30HHYIO AMarpammy reteponepexoaos, 06pasyoWwmMx KBAaHTOBYO
AMY, NPU 3TOM Ha4yasa OTCYEeTa MO OCKM OpAMHAT ANnA rpaduKoB ornmbatoLmx
BOJIHOBbIX PYHKUMIA COBMELLEHbI C COOTBETCTBYHOLMMM 3HAYEHUAMMU SHEPTUM

Ha 30HHOW Aauarpamme. MaTepuan smbl — GaAs, matepuan bapbepoB —

Alg 3 Gag 7 As.

Kak BUAHO U3 pucyHKa 5, B 0bnacTax 6apbepoB MMeeTcA onpeaeneHHas,
XOTb U BECbMa Manas, BEPOATHOCTb HaXOXKAEHUA 3/1IEKTPOHA, TO €CTb 3/1EKTPOH,
NPEUMYLLECTBEHHO /IOKA/IN30BaHHbIA B KBAHTOBOW fMme, MNPOHMKaeT U B

obnactn 6bapbepos.

el [ ' .
s L
b 'y

0nis + & N r LY =

/ LY 7 \

1 A\ !
/! 5 ! \
7/ N\
0.1 _-’ \\ o".! \-u
L _— Y s - =
0.05 F P M .
0 1 | |

-10 0 10 =

PucyHOK 5 — Ormnbatowme BOAHOBbIX GYHKUMIA M KBAHTOBAHHbIE YPOBHM 3HEPTUM 3/1EKTPOHA B

I'IpFIMOVFOI'IbHOl\;I KBAHTOBOM AME CO CTEHKAMM KOHEYHO BbICOTbI

3aaaHue AN KOMNbIOTEPHOro MOAENIMPOBAHUA.
1. MocTpouTb orubatowme BONHOBbIX (GYHKUMMN W KBAHTOBaHHblE

YPOBHU 3HEPrMnU B MNPSMOYrONbHOW KBAaHTOBOW sime, 06pa3oBaHHOM
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cnoem GaAs, 3aKNOYEeHHbIM Mexay cnoamu Algs Gagy As, ansa

Pa3/IMYHbIX 3HAYeHUM WnpuHbl AMbl: 10, 20 1 30 aTOMHbIX MOHOC/IOEB.

CpaBHUTb NONIOYKEHWNA SHEPTreTUYECKMX YPOBHEN B TAKOM KBAHTOBOW AMe

C 9HEepreTUYeCKMMM ypoBHAMM BECKOHEYHO F/TyOOKOM KBAaHTOBOM AMbI.
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3 MopaenuposaHue ABUXKEHUA 3/IEKTPOHa B6/M3M NOTEHUMaNbHOM
CTYNeHbKun

PaccmoTpum  mopenb pacceAHMA 3SNeKTPOHAa Ha NOTeHUMalbHOM

penbecbe, onmcblBaemom cneayromnm BbolpaKeHnem:

0, ecmz<0,
Ulz)= (11)

U,, eciuz =0,

N n306paKeHHOM Ha pucyHKe 6. Obnactb 1 cdopmmpoBaHa Y3KO30HHbIM

MaTepuanom A, 061acTb 2 — LWIMPOKO3OHHbIM MaTepuanom B.

U(z)

>
Z

0

PUCYHOK 6 - JHepreTUYecKana AMarpamma NoTeHLMaNbHOMN CTyNeHbKU

Bysem cumTaTtb, YTO MCTOYHWK 3NEKTPOHOB HaxoauTca B obnactn 1 m
6eCcKOHEeYHO yaaneH oT rpaHuLbl pa3aena (MHTepdelica) mexay obnactamm 1 um
2. DNEeKTPOHbI ABUMKYTCA OT UCTOYHWKA B MOIOMKUTENbHOM HANpPaBAEHUU OCK

Oz, obnapas sHepruen E.

PeweHne ypaBHeHua LpeaunHrepa (1) ¢ noteHumanom sBuaa (11) B

obnactn 1 6yget umeTb BUA;

y,(z,E)=Ae’"" + Be "7,



[MPMJIOXEHUE 1

2m E
rone v, = eI
1

rae m; — 3¢PeKTMBHAA Macca 3/71eKTpoHa B Mmartepuane A. To ectb, ¥

npeacTtasnser coboit cynepnosvumio Naaalollen U OTPa’KEeHHOW BOJIHbI Ae
Bpoiina, A1 — amnauTyga BOJIHbI, PACMNPOCTPAHAIOWENCA OT MUCTOYHMKA

3/1eKTPOHOB K MOTEHUWMANIbHOMW CTyneHbKe, Bi — amnauTyga BOJHbI,

OTpa)-KEHHOﬁ oT I'IOTeHLI,MBI'IbHOljl CTYNEHbKWU.

YunTbiBas 04HOPOAHOCTb cpeabl B 061acTv 2 (N0 NOCTaHOBKe 3a4aun B
061aCcTN 2 HET UCTOYHUKOB 3/IEKTPOHOB M HET HEOAHOPOAHOCTEMN, OT KOTOPbIX
OHM MoK Bbl OTPA3UTLCSA) U YCIOBUE KOHEYHOCTU BO/THOBOM QYHKLUUM BO BCEX
TOYKAX NPOCTPAHCTBA, B TOM YUC/IE U B TOYKE Z =+°°, pelleHMe YypaBHEHWUS
WpeanHrepa (1) ¢ noteHumanom Bmaa (11) B o6nact 2 MOXKHO 3anucaTb B

BMae:

IUE(:?E} = AIE'P'..::-,

rae Y, = \/ 2m, [f]_ Uy)

m, — 3ddeKTUBHaAA Macca 3NeKTpoHa B MaTepuane B.

To ectb, B o06sacTh 2 uUMeeT MecTo TO/IbKO BO/MHAa Je bBpownns,
PacrnpoOCTPaHAOLWLAACA B MONOXUTENbHOM HanpasaeHun ocu 0z, A; —

aMnAnTy[a 3TOM BOJHbI.
KoadpodunumeHTbl Ay 1 B4 moryT bbITb BblpaxKeHbl Yepe3 KOapdmumeHT Aq €
MCMNONb30BaHNEM FPAHNYHbIX YCAOBUIA:

.'4] + B] =A3,
YA =B =1,B,,
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OTKyAa

L — j""
B, = 4, i~ V¥a =1

) L (12)
Y1 +7%2 Y1 +7%Y2

KoapoumuymeHt Aq moxeT ObiTb HalgeH M3 YCAOBUA HOPMUPOBKM
BO/IHOBOM QYHKLUMMK, KOTOPAA MMEET CMbICN BEPOATHOCTU. [pn n3obparkeHnm
rpapurKkoB ornmbatowmx BOJIHOBbLIX GYHKUUA €ro MOXKHO MOJIOKUTb PaBHbIM
NPOU3BOZIBHOMY YWUCNY, MOCKONbKY GU3MYECKUI UHTepec npeacTaBAsieT He
aMmnAuTyaa nagarowent 3NeKTPOHHOW BO/IHbI, @ OTHOLIEHWA aMNAUTYA BOJIH,

npoLeawnx U OTPaXKEHHbIX K aMMNIUTYe BOJIHbI Nafatowei.

Ha pucyHke 7 npeactaBneHbl rpaduku ormbatowmx BOSIHOBbIX PYHKLMUN

ANA Pa3/INYHbIX 3HAYEHUI SHEPTMU INEeKTpoHa E B6M3M MHTepdenca mexkay
obnactamm 1 mn 2, obpasoBaHHbIMM MaTepuanamu GaAs u AlgsGag gAs

COOTBETCTBEHHO.
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PucyHok 7 — I'padmku ornbatolmx BoAHOBbIX GYHKLNIA 31eKTpoHa B6M3M NOTEHLMAbHOMN
CTYMNEHbKN ANSA PAa3NINYHbIX 3HAYEHUI SHEPTUM SNEKTPOHA, HaNOXKEHHbIE Ha NOTEHLMa bHbIN
penbed. Havana oTcueTa No ocu opaMHaT s rpaduKoB ormbatoLwmx BOAHOBbLIX GYHKLMNA

coBmelLlleHbl C COOTBETCTBYHOLWLMMU 3HAYEHNAMU SHEPTUN Ha 30HHOM1 anarpamme.

MPadUKM  CXeMaTUYHO  HAJIOXKEeHbl  Ha  30HHYID  AuMarpammy
reteponepexoga, Npyu 3TOM Hayasa OTcYyeTa MO OCUM OpAMHAT ANA rpaduKos
ormbalowmMx BONHOBbLIX PYHKUMA COBMELLEHbI C COOTBETCTBYHOLMMMU
3HAYEHUAMM 3SHEPrMM Ha 30HHOM Auarpamme. Takoe npeacTaBieHue
pesynbTaToB  pPacyeToB  MO3BOMAET  HArAsAHO  NPOWAIIOCTPUPOBATb
0COBEHHOCTU UHTEpdEPEHLMU INEKTPOHHBIX BOMIH Ha rpaHuLUe pasgena AByx

MaTepnanoB NPu PasINYHbIX XapaKTEPHbIX 3HAYEHUSAX SHEPTUN IEKTPOHa.
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®dU3NYECKUN UHTEpeC MPeAcTaBAAT KO3PPUUMEHTbI OTPANKEHUSA U

NPOXOXKAEHUA, onpegensemble  OTHOWEHWEM  MNOTHOCTEM  MOTOKOB,

OTPa)KEHHbIX M NpolWeAWwnx Yepes MHTepPenc 31eKTPOHOB K NAOTHOCTM

NOTOKa NafatolWmx Ha NHTepdeic anekTpoHoB. Onpeaenm BeKToOp NAOTHOCTU

NOTOKa BEPOATHOCTU J creaylolwmnm obpa3om (B Hallem OAHOMEPHOM Clyyae
3TO byaeT ckanap):

‘}- (] "
J =£(u;-1|,r* =y *y ) (13)
2m

Toraa Ko3dPMUMeHT npoxoxaeHna D n KoIGPUUMEHT OTparkeHusa R

onpeaenatoTca cneayowmm obpasom:

J+

D = lim 2! (14)
A
-

R=Ilm ‘ L‘ (15)
=,

+
rge ./1 — BEKTOpP NNOTHOCTU NOTOKA BEPOATHOCTU ONA SNTEKTPOHOB, Nadatownx

Ha rpaHuLUy pasgena co CTOPOHbl obnactn 1, J1 — BEKTOP NAOTHOCTM MOTOKA

BEPOATHOCTM ANA SNEKTPOHOB, OTPAXKEHHbIX OT rPaHuULbl pasgena obpaTHO B
+

obnactb 1, J» — BEKTOpP NNOTHOCTM MOTOKA BEPOATHOCTU ANA 3/NEKTPOHOB,

npoweawnx yepes rpaHuuy pasgena B obnactb 2. Cheayetr OTMETUTb, UTO
flaHHasA MOCTaHOBKa 3a4ayuM He npeaycmaTpuBaeT  pPeKoMbuHauumio
(nornouweHmne) sneKTPOHOB KaK Ha rpaHuue mexay obnactamu 1 M 2, Tak U B

camux obnacrax.

MoacTtasnan BbipaxkeHus (14) n (15) 8 (13), nonyyum:
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J; =h"1 A, I =—htL |B]\ F=nt2|a,
m,

Torpa BbipaxkeHUA ana Ko3PpPUUMEHTOB NPOXOKAEHMA U OTPAXKEHMUA OT

I'IOTEHLI,MEU]bHOﬁ CTYNeHbKU NMPUMYT BN,

|*r:~| m |4,
A4
B[
3 >
A
nnu, c yyetom (12):
_m 4|

m; |"r’1 Jr'r’;:|2
_ |'i"1 _"4*’2|2
|"r’1 4‘"!’_z|2

padrKn 3aBUCUMOCTU KOIDPULMEHTOB OTPAKEHUA U MPOXOXKAEHUSA OT

SHeprum sNeKTpoHa NpeacTaBaeHbl Ha PUCYHKe 8.



[MPMJIOXEHUE 1

2
IRI£
D l 2

0 0.1 0.2 0.3 04 E,5B

PucyHoK 8 — 3aBUCUMMOCTb KO3DOULMEHTOB OTPasKeHMs (KpuBaa 1) U NpoxoaeHns
(KpvBas 2) 31EKTPOHOB Yepes NoTEHLUMAIbHYIO CTYNEHbKY OT SHEpPruun.

OTMeTUM, YTO B C/ly4ae, Korga sHeprua sneKTpoHa E<Up , BennunHa 2
CTAHOBUTCS MHUMOM 1 GYHKLMA 2 NPUHMMAET BMA CNAAatoLLeit SKCNOHEHTbI:

+
B aTom cnyyae noToK 4yactuy, B obnactn 2 otcytcrteyet (J,7 = 0), a

KO3 PUUMEHT OTPaXKEeHUA:
2
R=L=P
Y +JB

HecmoTpa Ha 370, B 06s1acTM 2 BONHOBAA GYyHKUMA OT/IMYHA OT HyAs
(prcyHOK 8), TO ecTb UMeeTcA onpeaeneHHas, XoTa U Masias, BEpOATHOCTb TOro,

YTO 3/IEKTPOH MPOHWKAEeT nog noTeHumanbHbin Bapbep. Kpome TOro, Koraga
SHeprua 3snekTpoHa E>Up , umeeTca KOHeYyHasa BEepPOATHOCTb OTPaAXKeHUA

4acTnubl OT NOTEHUMNANBHOTO 6apbepa.

3apaHua ana KOMNbOTEPHOIro moaennposaHnA



ITPUJIOXXEHUE 1
PaccMmoTpeTb CTPYKTYpy, NPeAcTaBAAloLWy0 cobon uHTepdeinc mexay
AByma nonybeckoHeuyHbiMun obnactamm Al,Ga1—As n GaAs ansa 3Ha4eHun
napametpa x = 0,4.
MocTpouTb NOTeHUMaNbHbIN npodomnb  gnAa 3/1eKTPOHOB B
pacCMaTpMBAEeMOM CTPYKType, ONpeaenunTb BbICOTY MNOTEHUMANIbHOTO
b6apbepa Ug, OTCUNTbIBAA SHEPIUIO OT AHA 30HbI NPOBOAUMOCTM GAAS.
MocTponTb 3aBUCUMOCTU KOIOPUUMEHTOB OTPAXKEHUA U MPOXOXKAEHUA

OT SHeprum s3fieKTpoHa B AnanasoHe ot 0 go 3Ug .

MocTpounTb ornbatowme BoAHOBbIX GYHKUMIA BOAM3N MHTepdelica mexay
obnactamm 1 n 2 Ans pPasnMyHbIX 3HAYEHWUI 3SHEPrMn SNEKTPOHA W
CXEMATMYECKU HANOXUTb UX Ha MOTEHUMaNbHbIN NPOodUNb CTPYKTYPbI;

NPOUNNIOCTPUPOBATL cieaytolmne GaKTbl:

1) npu sHeprum snekTpoHa E Uy MmeeTca KOHe4yHas BepOSATHOCTb

OoTpaxKeHUA YaCTtuibl OT NOTEHUNA/IBHOTO 6apbepa, TO eCTb nepem

6apbepoM ecTb BCTPEYHbIM MOTOK YacTULL;

2) npw E Up BCe YaCTULbl OTPAXKAOTCA OT NOTEHLMANbHOWN CTYMEHbKM,

TO ecTb B 061acTu 6apbepa NMNOTOK 4aCTUL, OTCYTCTBYET,

3) umeeTca onpeaeneHHaa BEPOATHOCTb NPOHUKHOBEHUSA YacTULbI C
sHepruen E Ug BHYTpb NOTEHLMANBHOIO bapbepa.

6. OueHntb 3PpdeKTUBHYO rNYOMHY NPOHUKHOBEHMA 31EKTPOHA NOA

noTeHUManbHbin Bapbep, TO ecTb rMybMHYy, HA KOTOPOM BEPOATHOCTb

0BHapYKeHUA 3NeKTPOHA YMEHbLLAETCA B e pas.



