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1 Iles1u ocBOCHUS TN CHMILTHHBI (MOYJI51)

[enbto n3ydenus aucuumiunsl «HaHo3meKTpoHuKay gBiseTcs GopMUpOBaHUE HAYUYHOU
OCHOBBI, HEOOXOIUMOHN JJIi CO3/aHUSl DIEMEHTOB, NPHOOPOB M YCTPOWCTB MHUKPO- H
HaHORJIEKTPOHUKHU.

3amauell W3ydeHHs AMCUUIUIMHBI «HaHOA/IEeKTpOHWKa» SBISETCS H3yYeHHE 3aKOHOB
(GU3uKN HaHOPa3MEPHBIX IMOJYIPOBOJAHUKOBBIX CTPYKTYpP AJIS MOCIEAYIOIIErO MCIIOJIb30BaHMS
UX NpH pa3paboTKe M SKCIUTyaTallMd MPUOOPOB U YCTPOMCTB MHKPOBOJIHOBOM, HU(POBOH H
ONTUYECKOH IIEKTPOHHUKH, a TAKXKE PH IPOEKTUPOBAHUY IEKTPOHHBIX CXEM Ha UX OCHOBE.

2 MecTo THCHUIIMHBI (MOYJIAA) B CTPYKTYpPe 00pa30BaTe/JIbHOI MporpaMMal

Hucnumimaa HaHO37eKTpoHHKA BXOIUT B YacTh y4eOHOro IiaHa (GopMupyemyro
y4aCTHHKaMHU 00pa3oBaTeIbHbIX OTHOIIEHUI 00pa30BaTeIbHON IPOrPaMMBbl.

JUia  u3ydeHus  AMCUMIUIMHBI  HEOOXOAMMBI  3HAaHUS  (YMEHMs,  BJaJEHUs),
chOpMHUPOBAHHBIE B PE3Y/IbTATE U3YUCHHSI AUCLUILIUH/ IPAKTUK:

CxeMoTexHUKa

Pacyer 351eKTpOHHBIX CXeM

®u3MKa KOH/IEHCUPOBAHHOTO COCTOSHUS

Du3nYecKrue OCHOBBI AEKTPOHUKHU

OnemeHTbl LU(PPOBON TEXHUKU

3nanus (YMEHHs, BIAJICHUS), TOTyYCHHbIE NMPH M3yYCHUU TAHHOM NUCIMILIMHBI OyIyT
HEO0XOAUMBI JUIsl U3yYeHUS UCHUILINH/TIPAKTHK:

OCHOBBI TEXHOJIOTHH IEKTPOHHON KOMIIOHEHTHOM 0a3bl

BrinonHenue u 3ammura BbITYCKHON KBaTU(UKAMOHHON paboThI

CXeMOTEXHUYECKHE CPEICTBA CONPSKEHUS

Cpencrta nepegaun MHPOpMaLMK

OCHOBBI NPOEKTUPOBAHUS HJIEKTPOHHONH KOMIOHEHTHOH 6a3bl

3 KomnereHunu ody4yaroiierocsi, popMupyemMbie B pe3yabTaTe 0CBOEHUsI

AUCHMIUIMHBI (MOAYJIS) U IVIAHUPYEMbIe pPe3yJibTaThl 00y4YeHUs

B pesynbpraTe ocBoeHMsi muCHMIUIMHBI (Moayisi) «HaHosnmekTpoHUKa» OOydaroniuiics
JOJKEeH 00J1a/1aTh CIEAYIONUMHU KOMITETECHIHSIMHU:

KO,[[ HHJAUKATOpa I/IHI[I/IKaTOp JOCTHIXKXCHHUA KOMIICTCHIIMH

[1K-1 CnocoOeH pa3pabaTbIBaTh CTPYKTYPHBIE H (DYHKIIMOHAIBHBIE CXEMBI 3JIEKTPOHHBIX CUCTEM
Y KOMIUIEKCOB, IPUHIIMIIAAIBHBIX CXEM YCTPOUCTB C UCIOJB30BAHUEM CPEJICTB KOMITBIOTEPHOTO
IIPOEKTUPOBAHUS, IPOBEIECHUEM  IPOEKTHBIX pPacdeToB MU  TEXHUKO-KOHOMHYECKHM
000CHOBaHHEM MPUHUMAEMbIX PEIIEHUN

[K-1.1 Pa3pabaTpiBaeT 3CKU3HBIN MPOEKT, BKIFOYAIOIIUNA: BBHIOOP CTPYKTYPHOMH
CXEMBI DJICKTPOHHOTO YCTPOMCTBA WJIH CHCTEMBI ITyTEM COTOCTABJICHHS
pa3IMYHBIX BapHAHTOB M WX OICHKH C TOYKU 3PEHHS] TEXHUUYECKUX U
YKOHOMHYECKUX TPEOOBAHUI; paCCUUTHIBACT BCE HEOOXOMMBIEC ITOKA3aTEITN
CTPYKTYPHOM CXEMBI AJIEKTPOHHOTO YCTPOMCTBA UITU CUCTEMBI, B TOM YHCIIE

MOKa3aTean Ka4ecTBa; BBIOMpAET u 000CHOBBIBAET CXEMBI
BCIIOMOTaTEIIbHBIX YCTPOUCTB
IK-1.2 [Tpon3BOIUT TEXHUKO-3KOHOMUYECKOE 000CHOBAHUE MPUHATOTO PEIICHHUS C

pacucTaMu ce0eCTOUMMOCTH yCTpOI\/JICTBa U CTOMMOCTH €TI0 3KCILTyaTaluu;
CpaBHHBACT C aHAJIOTraMH I10 TCXHUKO-3KOHOMHNYECKNM XapaKTCPUCTUKaM




4. CTpyKTypa, 00bEéM U coep:KkaHue TUCHUIIMHBI (MOAYJIs)
OO0wast Tpya0eMKOCTh JUCLUIUIMHBI COCTaBIISIET 2 3a4eTHBIX €AMHUI] /2 akaj. 4acoB, B TOM

YUCJIC:

— KOHTaKTHas pabora — 52,8 akaj. 4acos:
—ayauTopHas — 51 akaJ. 4acos;
— BHeaynuTopHas — 1,8 aka. yacos

— caMocTosTeNbHas padora — 19,2 aka. yacos;

®dopma aTTecTallum - 3a4eT C OLEHKOMN

AynutopHast § s
o | xonraxtHas pabora o 3 dopma TeKyIIEero
=
5 B aKa/l. yacax 2] Bu KOHTPOJISI
Pazpen/ tema 3 (B axaz. acax) == A . p Kon
S 3 © | camocrosTenbHOl | ycreBaeMOCTH U
JUCLIUATUINHBI 5 S . | KoMIeTeHIUU
@) Q & padoThI MIPOMEKYTOYHOM
na6. | mpakrt. [ € &
Jlex. - [HPAKT ] =g aTTecTalyu
3aH. 3aH. | O &
1. duznyeckue OCHOBBI
HAaHOICKTPOHHKH
IloaroroBka k Brinonnenue
11a00paTOPHBIM 1a00paTOPHBIX
MK-1.1,
1.1 KBaHTOBOE OrpaHUUCHUE 1 2 3aHATHAM U pabor. K-1.2
KOHTPOJIBHBIM KonTponbubie '
paboTtam paboThI
IloaroroBka k Brinmonnenue
1.2 Bannmucruueckuit 11a00paTOPHBIM 1a00paTOPHBIX IK-1.1
TPAHCIOPT HOCHUTENEH 1 2 3aHATHAM U pabor. MK 1' 2’
3apsiaa KOHTPOJIBHBIM KoHTponbHbIE '
paboTtam paboThI
IloaroroBka k Brinmonnenue
1ab0paTOPHBIM 71ab0PaTOPHBIX
13 TyHHenupoBaHue paTop patop IK-1.1,
N 1 3/11 3aHATHAM U pabor.
HOCHTEJEH 3apsaa TIK-1.2
KOHTPOJIBHBIM KoHTponbHBIE
6 paboTtam paboThI
IToaroroBka k Brimonnenune
71a00PaTOPHBIM 71a00PaTOPHBIX
TK-1.1,
1.4 CriuHOBBIE 3G GEKTHI 1 2/11 3aHATUSAM U pabor. MK-1.2
KOHTPOJIBHBIM KontponbHbie '
paboram paboTsI
IToaroroBka k Brimonnenune
15 CTpyKTYpHI c
71a00PaTOPHBIM 71a00paTOPHBIX
KBAaHTOBBIM OTPaHUYCHHUEM, TIK-1.1,
2 421 3aHATUSAM U pabor.
CO37aBAEMBIM  BHYTPEHHHM TIK-1.2
KOHTPOJIBHBIM KontponbHbie
AIEKTPUYECKUM TI0JIEM
paboram paboTsI
IToaroroBka k Brimonnenune
1.6 CTpyKTyphl c
71a00PaTOPHBIM 71a00paTOPHBIX
KBaHTOBBIM OTPAHUYEHUEM, TIK-1.1,
2 421 3aHATUSAM U pabor.
CO371aBa€MbIM BHEUTHUM TK-1.2
KOHTPOJIbHBIM KonTponbHbie
3JEKTPUYECKUM TI0JIEM
paboTam paboThb
Hroro no pazaeny 8 | 17/61
2. Meromsl  opmHpOBaHUS

HAHORJICKTPOHHBIX CTPYKTYP




CaMocCTOsTebHOE
u3yucHHe y4eOHOM

2.1 TpaauuuOHHBIE METOJbI 2 1 HTEPATYDL: edpepar TIK-1.1,
(hopMHpOBaHUS TIICHOK Hanica}}llrl)de, pedep TIK-1.2
pedepara
CamocrosTensHoe
2.2 Mero/pl, OCHOBAaHHBIC n3ydeHue y4eOHOH
IK-1.1,
Ha UCTIOJIb30BaHUU 2 1 JUTEPATYPHI, pedepar TK-1.2
CKaHUPYIOUIUX 30HI0B Hamnucanue '
pedepata
CamocrosTensHoe
u3ydeHue yueOHon K-1.1
2.3 Hanomnurorpadus 2 1 JUTEPATYPHI, pedepar .
IK-1.2
Hanucanue
pedepara
CaMmocrosTensHoe
M3y4eHne yueOHon
2.4 Camoperynupyronuecs ) TK-1.1,
MIPOLIECCHI 2 ! ﬂg;ﬂiﬁﬁi’ pegepar TIK-1.2
pedepara
CamocrosTensHoe
25 dopmupoBanue u .
. u3ydyeHue yueOHon
cBoHcTBa 2 1 JUTEPaTypBbl; edepar MIR-1.1,
HAHOCTPYKTYPHPOBAHHBIX Hanica)g;le’ pedep MK-1.2
MarepuaIoB
pedepara
HWroro no pazneny 10 5
3. DnemeHtsl u  npuOOpPHI
HAHOAJICKTPOHHKH
CamocTosTenpHoe
u3ydeHue yueOHon
TK-1.1,
3.1 OnHOBNEKTPOHUKA 2 2 JUTEPaTypBbl; pedepat
MK-1.2
Hanucanue
pedepara
CamocTosTenpHoe
u3ydeHue yueOHoun
MK-1.1,
3.2 CiuHTpOHUKA 2 2 JIUTEPATYPHI, pedepar
IK-1.2
Hanucanue
pedepara
CamocTosaTenbHOoe
3.3 KBanroseie 2 29 H3y;;;{enzzqegl‘{on edbepar TIK-1.1,
KOMIIBIOTEPBI ' PaTYpHI; pedep TK-1.2
Hanucanue
pedepara
CamocTosaTenbHoe
u3ydeHue y4eOHOH MK-1.1
3.4 Hanodoronuka 2 2 JUTEPATYPHI, pedepar )
MK-1.2
Hanucanue
pedepara
CaMocCTosTebHO
35 MornexymnsipHas 2 2 my;;;glzzqegmﬂ edbepar [K-1.1,
3JIEKTPOHHKA paTyphl, peaep IK-1.2
Hanucanue

pedepata




CaMocCTOsTebHOE
u3yucHHe y4eOHOM

3.6 MempucTopHast 2 5 TEDAIVDLL: dbepar MK-1.1,
3IEKTPOHHUKA cpatypel, peoep TK-1.2
Hamucanne
pedepara
CamocTosaTenpHOe
3.7 IMonumepHas 2 1 my;;:eﬂzzqeggopl edhepar IK-1.1,
3IEKTPOHHUKA Parypel, pedep TK-1.2
Hanucanue
pedepara
CamocTosaTenpHOe
u3ydeHue yueOHon K-1.1
3.8 HanomnasmoHunka 2 1 JUTEPATYPHI, pedepar .
IK-1.2
Hanucanue
pedepara
HWroro no pazneny 16 14,2
Hroro 3a cemectp 34 | 17/61 19,2 340
Hrtoro no aucuuIinHe 34 | 17/61 19,2 3a4eT C OLCHKOU




5 O0pa3oBaTte/ibHbIE TEXHOJIOTHH

Jia  peanuzany  OPEeIyCMOTPEHHBIX BHUAOB  y4eOHOW paboThl B  KadecTBe
06pa3OBaT€JIBHBIX TEXHOJIOT UM B npenogaBaHuun JUCHUITIINHBI ((HaHOI-)HeKTPOHI/IKa»
UCIIOJIB3YIOTCS TPAAULIMOHHAS U MOAYIbHO-KOMIIETEHTHOCTHAS TEXHOJIOTHH.

[IpeaycmoTpensl 0030pHBIC JIEKIIUU — AJII CUCTEMAaTH3alUud U 3aKPEIJICHUs 3HAHUU 110
JTUCIUILIMHE, NTH(POPMAIIMOHHBIE JIGKIIMU — JJI1 03HAKOMJICHHS CO CTaHAapTaMU U CIIPaBOYHOM
uH(pOopMaIeH, JTEKIU BU3YAIU3AMHA — ISl HATJISHOTO IMPEACTABICHUS CIIOCOOOB pEIICHUS
3aja4, MpoOsieMHas JeKIUs — JUIs pa3BUTHSI UCCIIEI0BATEIbCKIX HABBIKOB M U3yYEHUS CIIOCOO0B
peleHus 3a1a4.

JlaGoparopHble 3aHATUS MO JUCIUIUIMHE MPOBOASATCS KaK B TPAJAULIMOHHOW, Tak U B
UHTEpPaKTHBHON (opme. B pamkax HHTEPaKTHBHOrO OOyuYeHHs NpHUMEHSIOTCS |T-MeTos
(MCTIONBb30BaHUE CETEBBIX MYJIBTUMEIUNHBIX Y4€OHUKOB, DJIEKTPOHHBIX OOPa30BaTEIbHBIX
PECYpCOB 10 JTaHHOM MUCIHILIMHE, COBMECTHAas paboTa B Maibix rpymmnax (2-3 crymeHTa) —
MPOXOXKACHUE BCEX ATAOB U METOJOB BBHIMOJIHEHHs JIaOOPATOPHBIX PadOT; MHIUBUIAYATHHOE
oOydeHwue.

6 YueOHO-MeTOAUUECKOE 00eciedeHre CAMOCTOSITeJIbHOI PadoThl 00yYaOIIMXCs
[TpencraBneno B mpuioxeHun 1.

7 OueHOYHBIE CPeACTBA /JIsl IPOBeeHHs POMEKYTOUHOI aTTecTAlMI
[IpencraBieHsl B IPUIIOKEHUH 2.

8 YueOHo-MeTOAMYecKOe H HH(POPMALIMOHHOE O0ecnedeHrue TUCIUIITIHHBI (MOTYJIs1)

a) OcHoBHas1 IMTEpPaTypa:

1. Arees, 1. M. ®usndeckue OCHOBBI 3JEKTPOHMKM M HAHODJIEKTPOHUKH : ydeOHOE
nocoone / U. M. AreeB. — Cankr-Ilerepoypr : Jlams, 2020. — 324 c¢. — ISBN
978-5-8114-4081-8. — Tekcr : aneKTpoHHBbIN // JIaHb : 3IE€KTPOHHO-OMOIMOTEYHAs CUCTEMA. —
URL: https://e.lanbook.com/book/131007 (mata obpamenus: 20.10.2020). — Pexum moctyma:
JUIs aBTOPH3. MOJIb30BaTENEH.

0) lonmotHuTEIBHAS TUTEPaTypa:

1. Urnaros, A. H. MukpocxeMOoTeXHHKa U HAaHOAJIEKTPOHHKa : yueOHoe nmocobue / A. H.
WrnatoB. — Cankr-IlerepOypr : Jlans, 2011. — 528 c. — ISBN 978-5-8114-1161-0. — Texkcr :
AIIEKTPOHHBIH // Jlanb : 3JIEKTPOHHO-OMOIMOTEeYHAs CHUCTEMA. — URL:
https://e.lanbook.com/book/2035 (mara oOpamenus: 20.10.2020). — Pexum noctyma: ais
aBTOPH3. MOJIb30BATENCH.

2. OpiioBa, M. H. Hanoanekrponuka. Kypc sekmuii : yaebHoe mocooue / M. H. Opioga,
. B. bop3eix. — Mocksa : MUCHUC, 2013. — 50 c. — ISBN 978-5-87623-725-5. — Tekcr :
AJIEKTPOHHBIH // Jlanb : AJIEKTPOHHO-OMOIMOTETHAS cucTema. — URL:
https://e.lanbook.com/book/47464 (nara oOpamenus: 20.10.2020). — Pexum mocryma: amis
aBTOPH3. NIOJIb30BATEIICH.

B) MeToanyeckue yKazaHus:
MeTtoaudeckue yKa3aHus IPUBEICHBI B IPUIIOKEHUH 3.

r) [Iporpammuoe obecneuenue u UHTepuer-pecypceni:

IIporpammHoe o0ecnneuenne

Haumenosanue I1O No norosopa CpoOK eCcTBUS TUIEH3UU




SCII?b Computation cB0OOTHO pacmpocTpansemoe [10 OeccpodHo
Engine

GNU Octave CcB00OTHO pactpoctpansemoe [10 0OeCcCpovYHO
MS Windows 7

Professional(mis  |[1-1227-18 ot 08.10.2018 11.10.2021
KJIACCOB)

MS Office 2007 |y 135 4117.09.2007 GeccpouHo
Professional

IIpodeccuonanbublie 6a3bl JAHHBIX U HH(POPMALMOHHBbIE CIPABOYHbIE CHCTEMbI
Hazsaunue xkypca CchlIKa

ITouckosas cucrema Akanemus Google (Google Scholar) |URL: https://scholar.google.ru/

9 MaTepHaJbLHO-TEXHHYECKOE o0ecneuyeHne TN CIHIINHBI (MOLYJIf)

MarepuanbHO-TEXHUYECKOe 00ecTIedeHUE AUCIIUIUTMHBI BKITIOYACT:

JlekumonHas aynmutopusi: MynbTUMEIUIHBIE CPEACTBA XpaHEHHs, IEpefayd Hu
npeactaBieHus uHpopmanuu (aya. 458).

Kommbrorepubiii  kmacc:  IlepcoHanbHble ~ KOMIBIOTEPHI € YCTaHOBIJICHHBIM
crnienuanu3rupoBadHoM [1O ans MoaenupoBaHUs, CTPYKTYPHBIX, JJICKTPOHHBIX, MarHUTHBIX U
OINTHYECKHUX CBOMCTB MUKPO- U HaHocTpykTyp (Scilab, GNU Octave) (ayxa. 357).

Aynuropus JUIsl CaMOCTOSITENIBHOM paboThl: KOMIbIOTEpHBbIM Kiacc I[lepcoHanbHble
KOMITBIOTEPHI C YCTAaHOBIICHHBIM crielaan3upoBaHHoM [10 ams MonenupoBaHusi, CTPYKTYPHBIX,
JNICKTPOHHBIX, MArHUTHBIX W ONTHYECKUX CBOWCTB MHKpO- M HaHOCTpykTyp (Scilab, GNU

Octave) (aya. 357).



I[MPUJIOXEHMUE 1

6 YueOHO-MeTOoAMUYeCKOe o0ecnedeHne CaMOCTOATeIbHOI padoThl CTY/IeHTOB

[To nucummivbae «HaHO3E€KTpOHUKA) MPENyCMOTpPEHA ayAUTOpHAs W BHEAYAUTOpHAs
camocTosTelbHas padboTa 00yJarommxcs.
AynutopHas caMoOCTOsITENIbHasg padoTa CTYIEHTOB IPEAINONAracT BBIIOJIHEHUE
1abopaTopHBIX paboT U pelIeHrne KOHTPOJIbHBIX 3a/1a4 Ha J1a00paTOPHBIX 3aHATHUSAX.
JlaboparopHbie pabOTHI:
KBantoBoe orpanuieHue.
bamnctuyeckuii TpaHCIIOPT HOCUTENEN 3apsiaa.
TyHHEnMpoOBaHKE HOCUTENEH 3apsiia.
CrinHOBBIE 3 (EKTHI
CTpyKTYpbI C KBAHTOBBIM OTPaHHUUYEHHUEM, CO3aBAEMbIM BHYTPEHHUM JJIEKTPUUECKUM
HOJIEM.
6. CTpyKTypbl C KBAaHTOBBIM OTPaHHUYEHHUEM, CO3[aBA€MbIM BHEIIHUM 3JIEKTPUUYECKUM
HOJIEM.
[TpumepHBIe ayIUTOpHBIE KOHTPOJIbHBIE paboThl (AKP):
AKP Nel «®usnyeckue 0CHOBbI HAHOAIEKTPOHUKH:

agrwpnE

1. Yro Takoe «KOpIMYCKYISPHO-BOJIHOBOH Ayalin3m» MUKpooObekTa? UTo Takoe «BOJHA
ne-bpoinsa»?

2. Yto Takoe «BomHOBas (yHKuus»? KakoB ¢u3ndeckuil CMbICT KBajpaTa BOJIHOBOM
byHKIIUN?

3. B kakux ciydasx s pacuéra BOJHOBOH (DYHKIMHU HCIIOJIB3YETCS CTAllMOHApHOE
ypaBHenue Ulpénunrepa?

4. YTto Takoe «COOTHOIICHUE HeonpeaenéHHocte [ eiizenbepran?

5. Uto Takoe «HU3KOpa3MepHas CTPYKTypa»?

6. UTo Takoe «KBaHTOBOE OTPaHUUYEHUE)?

7. UTo Takoe «IOTeHIHATBHBIN KOIoae1»?

8. Uto Takoe «IOTSHITMABHEIN Oapbep»?

9.Uro 3HAUMT «pa3pemiéHHOE DSHEPreTUYEeCKOe COCTOSHHWE JJeKTpoHa»? Hapucyiite
Ka4eCTBEHHYIO 3aBUCHMOCTh IUIOTHOCTH OJHepreTudeckux coctosHuid N(E) cBoOGogHOTO
AJIEKTPOHA.

10. Yto Takoe «xBaHTOBas MmiuéHKa»? HapucyiiTe kauecTBEHHYIO 3aBUCUMOCTD TUIOTHOCTH
sHepreTudeckux coctossauii N(E) mis KBaHTOBOM MIEHKH.

11. Yto Takoe «xBaHTOBBIA HMIHYp»? HapucyiiTe kauecTBEHHYIO 3aBUCHMOCTh IUIOTHOCTH
9HEpreTudeckux coctostauii N(E) 11 KBaHTOBOTO MIHYPA.

12. Uto Takoe «kBaHTOBas Touka»? HapucyiiTe KaueCTBEHHYIO 3aBUCUMOCTH IUIOTHOCTHU
sHepreTudeckux coctosiauii N(E) mis KBaHTOBOM TOYKH.

13. Yro Takoe «IBYMEpPHBIN dIIEKTPOHHBIH ra3»?

14. Yo Takoe «0aNIMCTUUECKUI TPAHCTIOPT HOCUTENEH 3apsiaar»?

15. Yro Takoe «cpemHsis JyIMHA CBOOOHOTO MPoOeTa dIEKTPOHaN?

16. Uto Takoe «ypoerb Depmu» U «uiHA BOJIHBI Depmu»?

17. UTo 3HaYUT «yHUBEPCAIbHAS OAITUCTHYECKAs TPOBOANMOCTE)?

18. Uto Takoe «KBaHTOBBIM TOUCYHBIH KOHTAKT»?

19. Yto Takoe «TyHHEIHPOBAHUE KBAHTOBOM YaCTUIIBI»?

20. Uto Takoe «HaA0aphepHOE OTPAKEHUE KBAHTOBOW YaCTHIIB»?

21. Yro Takoe «TyHHEJIbHas MMPO3PAYHOCTh MOTCHITHAIBHOTO Oapbepay?

22. Yrto Takoe «k03PGUIHEHT MPOXO0XKIACHHS TOTCHIIMAILHOTO Oapbepan?

23. YTto Takoe «KBaHTOBBIE YUCITa»?
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24. Yto TaKoe «CIIUH» U «CIUHOBOE unciao»? Kakue 3HaueHust MOKeT MPUHUMATh CIIMHOBOE
YHCJIO Y 3JEKTpOHA?

25. Uro takoe «orpanunuenue [laymm»?

26. Uto Takoe «coOCTBEHHAsI CTUHOBASI MOJISIPU3AIINS YJICKTPOHOB B MaTepuane»?

27. Yro takoe «remmeparypa Kiopu»?

28. UTo Takoe «JIMHA CTUHOBOM peaKcarum»?

AKP Neo2 «HuzkopazMepHbIie CTPYKTYpPbI»:

1. PaccunraiiTe U mOCTpoOiiTe TpapruecKu COOTHOLICHHE MEXIY IIUPHHON OJXHOMEPHOMH
MPSIMOYTOJIBHON TOTEHITMALHOW SIMBI ¢ OECKOHEYHON BBICOTON Oaphepa M dHEprueil mepBoro
paspemenHoro cocrosinus El B Helt, Bapbupyemoit B amamazone ot 0,05 3B no 2 sB nmns
3JIEKTPOHOB ¢ 3P pexkTuBHBIME Maccamu M* = 0,05mg, 0,10mg u 0,15mg

2. Paccunraiite U MmOCTpoiiTe rpapuueckd COOTHOIICHHE MEXAY UIMPUHON KBAHTOBOM
MPsIMOYTOJIBHOM MOTEHIIMATBLHOMN sIMBI ¢ BbIcOTOM O6aprepa Uy = 0,5, 1,0, 3 5B u sHeprueii nepsoro
paspetentoro cocrosaus E; = 0,05Ug, 0,1Ug, 0,3Uyg, 0,50,05/Uq mist 311eKTpoHOB ¢ 3 HeKTUBHOM
maccoit m* = 0,06my.

3. PaccuunTaiite 3HaueHHE MUPHUHBI MPSIMOYTOJBLHON MOTCHIUAIBHON SIMBI, IPU KOTOPOM
SHEPreTUUECKUN 3a30p MEXKTy IIEPBBIM U BTOPBIM Pa3pelIEeHHbIMU COCTOSIHUSIMU B HEW ObLI paBeH
0,05, 0,1 u 0,13 3B npu 3¢ dexruBHOMN Macce tekTpoHoB M* = 0,06mp u BeicoTe Oapbepa Uy = 2
B u Uo = oo,

4. PaccumuTaiite u moctpoiTe rpaduk 3aBUCUMOCTH IIOTHOCTH COCTOSHUI 3JIEKTPOHOB B
KBAaHTOBOW IJIEHKE TOMIMHONM 20HM, B KBAHTOBOM IIHYpPE C CEYEHHEM 20X20HM2, KBaHTOBOM
Touke 20x20x20HM°  oOT sHepruu E, oTcuMTBIBaéMONM OT JHA 30HBI MPOBOAUMOCTH
MOJIYTIPOBOJIHUKA, U3 KOTOPOI'O OHU U3TOTOBJIEHBI, TpH 3 PexTruBHOM Macce 3nekTpoHa 0,04mo u
0,07mo.

5. Paccunraiite u mnoctpoiiTe TpaduK 3aBUCMMOCTH KOHIIEHTpAlMM 3JIEKTPOHOB B
KBaHTOBOH sIM€, KBAaHTOBOM IIIHype€ M KBaHTOBOW TOYKE INpPU KOMHATHOM Temmeparype OT
NOJI0XKEeHUS YpoBHS PepMU OTHOCUTENBHO AHA 30HbI MpoBoauMocTH (EF—E() B monynpoBoanuke,
13 KOTOPOTo OHU U3rotosieHsbl. [llnpuna kBaHTOBOM MBI —10 HM, cEUeHUE KBAaHTOBOTO LIIHYpa —
10x10 uM%, pa3Mepbl KBAaHTOBOM TOYKH — 10x10x10mM°, D¢ dexkTuBHas Macca JIEKTpOHA —
0,06mq. Otromenue (Eg — Ec)/(ksT) BappupoBath B mpenenax ot —410 +10.

AKP Ne3 «OgHODIEKTPOHHOE M PE30HAHCHOE TYHHEITHMPOBAHUE):

1. lns  opHoOaphepHOM  TYHHENBHOM  CTPYKTYphl — paccuuTaiiTe  HM3MEHEHHe
aNIeKTpocTaTndeckoit suepruu AE, moporoBoe HanpsbkeHue |V, BETMUUHY KYJIOHOBCKOTO 3a30pa
U KPUTUYECKHE YCIOBMA JUIS TPOSBICHUS KYJIOHOBCKOM Onokanel. EMkocTh ocTpoBka
BapbUpYNTE B JUaNa30He 10 +10" @, a BEJIMYUHY BHELIHETO MPUII0KEHHOT'O HAIPSKEHUS — OT
HYJIs 1O 3Ha4EHUs, P KOTOPOM BO3HHUKAET KyJIOHOBCKasi 6J10Kaa.

2. PaccunraiiTe BOJBTAMIICPHBIC XAPAKTEPUCTUKH CHUMMETPUYIHOH  JIByXOapbepHOM
TYHHEJIBHOU CTPYKTYpPBbI, COOTBETCTBYIOLIUE YIIPYTOMY U HEYIIPYTOMY COTYHHEIIMPOBAHUIO B HEN
npu temneparypax 10, 80 u 300K B quanazone npuinoxeHHbIX HanpsbkeHnid 0—2 B npu eMkoctH
OaprepoB 10—18 @ kaxIbIid.

IIpumure:

61=0,=0,5 (MKOM M) — IPOBOIMOCTH GapbEPOB B OTCYTCTBHH TYHHEIBHBIX IPOLIECCOB; A

= ¢%/C — cpe/IHHiT SHEPreTHUECKHiT 3a30p MEXK/Iy COCTOSHHSAMH B OCTPOBKE;

El1=0,055B, E2 = 0,03 5B.
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3. PaccunTaiiTe BOJBTaMIIEPHYIO XapaKTEPUCTHUKY IBYXOaphepHOU OIHOIIECKTPOHHOM
CTpYKTypHl B auamna3zone 0—3 B ¢ pa3nuuHbIME TYHHEJIBHBIMU MPO3PAYHOCTSIMU OapbepoB MpH
3HaYeHUU MEHbINEH TyHHenbHOU mpo3pauHoctd T=0,7 mis nByX 3HaYeHUH €MKOCTH OCTPOBKA
5-107°® u 2-10®.

4. PaccuuTaiiTe YCIIOBHS TOJJAEP)KaHUS B OCTPOBKE OJHODJIEKTPOHHOTO TPAaH3UCTOPA
MOCTOSTHHOTO KOJInYecTBa AMeKTpoHoB N=0, 1, 2, 3, 4, 5 B 3aBUCUMOCTH OT IIOTECHIIMAJIA 3aTBOPA B
nuarnazone 0—-3B npu 0IMHAKOBBIX €eMKOCTX MCcTOKa M cToKa Cs = Cy = 10V ® u emxoctu 3aTBOpa
Cg:1O'16CD. Haiinure paboure TemMnepaTypHbie YCIOBHS IS TOTO TPAH3UCTOPA.

5. Jlnsg cCUMMETpHYHON JBYXOapbepHO# pe30HAHCHO-TYHHEIbHOU CTpyKTYphl AIAS/GaAs/
AlAs onpeznenute 3aBUCUMOCTD KO3 QUIIHEHTa TPOXOKACHUS MEKTPOHOB OT ux dueprun T(E;)
npu mupuHe 6apbepoB 1 u 2HM, BbicoTe OapbepoB U=1,3 u 1,53B, mmpune konoaua 2 u 3HM.
DHEpruto IEKTPOHOB BapbupyiiTe B Auana3one 0—U. DddexTuBHY0 Maccy 1eKTpoHOB B AIAS
npumure pasHoi 0,15mg, a B GaAs — paBnoii 0,067mo.

6. Paccunraiite JHEPreTUIECKOoe MOJIOKEHUE PE30HAHCHBIX ypOBHE B
pe3oHaHCHO-TyHHenbHeH CcTpykType AlGaAs/GaAs/AlGaAs c¢ mupuHoi OapeepoB lHM u
HIMPUHOM KoJoa1eB 1, 2 1 3HM, UCIIOJIBb3YS YCIOBHS KBAHTOBOT'O OTpaHUYEHUS U KO HUITUEHTHI
TYHHETIbHOM MPO3pPauHOCTH CTPYKTYpPHl B paMKaX MNPUOIMKEHHS KBAHTOBO-MEXaHUYECKOTO
UMIIeIaHCa TTOTEHIMAIBHBIX 0aphepoB. DPPEKTHBHYIO Maccy AeKTpoHOB B AlGaAs mpumuTe
pasuoii 0,09mg, B GaAs pasroii 0,067mg, U=0,233B.

7. OnpenenuTe 3aBUCUMOCTh TOKa OT MPUJIOKEHHOTO ToTeHuana B odiactu 0-0,1 B ms
NBYXOapbepHBIX PE30HAHCHO-TYHHENBHBIX CTPYKTYp AlAS/GaAs/AlAs ¢ pe30HaHCHBIMHU
ypoBHsiMu 3Hepruu 0,06oB u 0,0735B B mpubnuxenun ux jnopeHueBckoir ¢opmel. [Tpumure
EF=0,054 5B, m* = 0,067mo, t=10"%c, Jo= 4,5-10°A/m’, T=300K.

AKP Ne3 «CriiH-KOHTpOIHPYEMOE TYHHEITUPOBAHHEY:

1. Paccuuraiite K03(pHUIUEHT NPOXOXKIECHUS I SJEKTPOHOB CO CIIMHOM BBEPX U CIIMHOM
BHU3 HAHOCTPYKTYPBl (peppOMarHeTHK/IUIEKTPUK/(PeppOMarHeTuk B 3aBUCUMOCTH OT BBICOTHI
TyHHesbHOTro Oapeepa U B tuanazone 2—53B 11t Tonmue ausnektpuka 1, 2 u 3aMm.

ITpumure:

ho=1,99B — MoJieKkyIsIpHOE TT0JIe B AMUTTHUPYIOLIEM JJIEKTPOHBI (PeppoMarHeTuke;

Er=1,35B — sHeprus @epmu B SMUTTUPYIOLIEM JIEKTPOHBI (heppOMarHeTHKeE;

my=0,4mo — 3¢ pexkTuBHAS Macca SJEKTPOHOB B IUAIEKTPHKE;

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

2. PaccumTaiiTe OTHOCHTEIbHOE W3MEHEHHE KOA(DOUIIMEHTOB TMPOXOXKICHHUS IS
AIIEKTPOHOB co CIIMHOM BBEpX u CIIMHOM BHU3 HaHOCTPYKTYPBI
(beppoMarHeTHK/AUINEKTPUK/PEepPOMarHeTUK B 3aBUCUMOCTH OT yrja © MeXay BEeKTOpaMu
HaMarHMYEHHOCTH (peppOMarHUTHBIX ca0eB B nuanasone ot 0 10 m.

IIpumure:

ho=1,75B — MoneKyIIpHOE MOJIE B IMUTTUPYIOIIEM JJIEKTPOHBI (heppOMarHeTHKE;

Er=1,33B — sneprus ®epMu B SMUTTHPYIOIIEM AIEKTPOHBI (heppOMarHeTuke;

mMy=0,45Mg — a3 pexTHBHAS Macca AIEKTPOHOB B AMIJICKTPHUKE;

d=2HM - TOJIIMHA AUIIICKTPHUKA,

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

3. PaccumTaiite 3aBUCUMOCTH MPOBOAUMOCTH HaHOCTPYKTYpbl Co/mmdnextpuk/CoFe ot
HaIPSH>KEHHOCTH BHELTHETO MAarHUTHOTO TIOJISI B IMANa30HE 1-10% = 5-10°A/m IIpY TeMIepaTypax

10, 100 u 300K.
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[Tpumure:

d=2uM — TONIIMHA JUAJICKTPUKA;

U=35B — BpICOTa TYHHEILHOTO Oapbepa;

M=0,145Tn — wnamarmuuyeHHocTh HacwimeHuss CoFe (peBepcHpyeMOro BO BHEIIHEM
MarHUTHOM TI0JI€ AJIEKTPO/Ia);

C=1,7 10'7[[>1</M3 — KoHcTaHTa aHuzorponuu CoFe;

C,=0,7-10"/M® — KOHCTAaHTa MarHUTHON CBSI3H MeXIy (GeppoMarHUTHBIMHU
ANEKTPOIAMH;

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

Gs(T)=0.

BaeaynuTopHas caMocTrosTenbHas paboTa OOydYaroIUXCS OCYLIECTBIISICTCS B BUAE
U3y4EHHsl JIMTEpaTyphl IO COOTBETCTBYIOUIEMY pa3zely ¢ ImpopaboTkoil matepuana. ITo asym
pas3zenam IpeaycMOTpeHa MOoAroToBka pedeparoB. Ilpm moaroroBke pedepaTroB CTYAEHTHI
JIOJDKHBI [TOJIb30BAaThCs OTEUECTBEHHBIMU U 3apYyOEKHBIMH JIUTEPATYPHBIMUA HCTOYHUKAMHU.

[TpumepHbIe TeMbl pedeparoB no pazzaenam «MeTosbl popMUpPOBaHUS HAHOAIEKTPOHHBIX
CTPYKTYp» U «DJIEMEHTHI U IPUOOPBI HAHODJICKTPOHUKI:

1. Yrneponuele HaHOMaTepualbl M CTPYKTYpbl Ha uX ocHoBe. CBolicTBa, cdepa

HIPUMEHEHHUS.

2. Ognoosnextponuka  (single  electronics). ®dusuveckre OCHOBHL.  YCTpoiicTBa
OJTHO3JIEKTPOHUKHU.

3. CriuaTpoHMKa (spintronics). @U3HUECKHE OCHOBHI. Y CTPONCTBA CIUHTPOHHKH.

4. KBaHTOBBIE KOMIIBIOTEpHl. KBaHTOBBIE BBIUMCIICHHUS. DJeMEHTHas 0a3a KBaHTOBBIX
BBIYMCIICHUM.

5. MonekymsipHast ayeKTpoHuKa. OCHOBBI MOJIEKYJISIDHOW 3JIEKTPOHUKH. Y CTpOICTBa
MOJIEKYJIIPHOM 3JIEKTPOHHUKH.

6. Hanoporonuka.  ®dusznuueckne ocHoBbl. Cdepa  npumeHeHus.  YcTpoiicTBa
HaHO(OTOHHKH.

7. MempucTopHas 3ekTpoHuKa (memristor). CBoiicTBa MeMpHucTOpa. Y cTpoicTBa Ha 6a3e
MEMpHUCTOpA.

8. [lomumepHast  dnmekTpoHUKA. (DH3MUECKHE OCHOBBI.  YCTPOWCTBAa  IOJMMEPHOM

ANEKTPOHUKHU.
9. CBepXmpOBOAMMOCTH H ICKTPOHHBIC YCTPOKWCTBA HA CBEPXIIPOBOTHHUKAX.
10. Hanoma3mMoHHKa. dusznyeckue OCHOBBI HAHOIUTA3MOHHUKH. VYcrporictBa
HaHOIUIA3MOHHUKH.

11. Metoasl  ¢dopMHpOBaHHS  HAHOCTPYKTYP, OCHOBaHHblE Ha  HCIOJIb30BAHUHU
CKaHUPYIOLUX 30H]I0B.

12. Hanonurorpadus. Buasl nutorpaguu. Ousmueckue ocHOBHL JlocromHcTBA U
HEJOCTaTKH.

13. Camoperynupyrommuecss mpormecchl. CamMocOopka HW caMOOpPTaHH3anusl. ATOMHBIC
KJIaCTepbl

14. Metoab! popMUpOBaHUS TOHKUX IJIEHOK B HAHOZJIEKTPOHUKE.

15. Hanoanexkrpomexanndeckue cucreMsl (NEMS). MaTepuansl U TEXHOJIOTHH.
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7 OueHoYHbIe CpeCTBA JJIM MPOBeIeHNsI IPOMEKYTOYHOM aTTecTAlNU

a) I[lnanupyembie pe3ynabTaThl OOYYEHHS W OLIEHOYHBIE CPEJACTBA ISl TMPOBEIACHUS

IIPOMEKYTOUHOM aTTECTAL[UU:

Kon
WHIUKaTOpa

Nupukarop qocTruxeHust
KOMIIETEHIINH

OneHouHble CpeaCTBA

[1K-1: CnocobeH pa3pabaTbiBaTh CTPYKTYpHBIE U (PYHKIIMOHATIBHBIE CXEMBI JIEKTPOHHBIX CHCTEM
¥ KOMILJICKCOB, MPUHIMITHABHBIX CXEM YCTPOWUCTB € HCIIOJIb30BAHUEM CPEJICTB KOMITBIOTEPHOTO
IPOEKTHUPOBAHUS, IPOBEJICHUEM IPOCKTHBIX PACUE€TOB U TEXHUKO-IKOHOMHUYECKUM
000CHOBAaHHEM NPHHUMAEMBIX PEUICHUH

IK-1.1

PazpabarbiBaeT 3cKU3HBII
MPOEKT, BKIFOYAIOLIHIA:
BBIOOD CTPYKTYPHOH CXEMBI
3JIEKTPOHHOTO YCTPOMCTBA
WJIH CUCTEMBI ITyTEM
COTIOCTABJICHUS PA3TMYHBIX
BapHAHTOB U MX OIICHKH C
TOUYKH 3PEHUS TEXHUYECKUX
¥ DIKOHOMHUYECKHX
TpeOOBaHUIl; paCCUUTHIBACT
BCE HEOOXOUMBIE
MOKa3aTeIH CTPYKTYPHOI
CXEMBI JIEKTPOHHOTO
YCTPOMCTBA UM CUCTEMBI, B
TOM YHUCJIC TTOKA3aTeIH
KauyecTBa; BHIOUpPAET U
000CHOBBIBAET CXEMBI
BCIIOMOTaTeIbHBIX
YCTPOICTB

— Paccuumatime u nocmpoiime cpaguuecku
COOmMHOUleHUe MeAHCOY UWUPUHOU KBAHMOBOT
NPAMOY20/IbHOL NOMEHYUATILHOU AMbL C
svicomotl bapvepa U0 = 0,5, 1,0, 3 5B u snepeueii
nepeoco paszpeutenro2o cocmosnus E1 =
0,05U00, 0,100, 0,300, 0,50,05/U0 oas
NeKMPOHO8 ¢ AP GexmusHol macco m* =
0,06mO0.

— Paccuumatime 3nauenue wupumol
NPAMOY20/IbHOL NOMEHYUATbHOU AMbL, NPU
KOMOPOM dHEPeemuyecKull 3a30p Mexicoy
nepeviM U BMOPbIM Pa3peuleHHbIMU
cocmoanuamu 6 Heti ovin pasen 0,05, 0,1 u 0,13
9B npu s3¢hpexmusHotl macce snekmpornos m* =
0,06m0 u svicome 6apvepa UO = 2 3B u U = .
— Paccyumatime u nocmpotime epagux
3A8UCUMOCMU NIIOMHOCIU COCMOSHULL
INEKMPOHOB 8 KBAHMOBOU NIEHKE MOTUUHOU
20uMm, 6 KBAHMOBOM UIHYDE C CeYeHUeM
20x20um2, keanmoeou mouxe 20x20x20um3 om
sHepeuu E, omcuumsvigaemoti om OHA 30Hbl
nPOBOOUMOCMU NOYNPOBOOHUKA, U3 KOMOPO2O
OHU U320MOBTIeHbl, NpU IhhekmusHoll macce
anekmpona 0,04m0 u 0,07m0.

— Paccyumatime u nocmpotime epagux
3A8UCUMOCMU KOHYEHMPAYUU ITeKMPOHO8 8
K8AHMOBOIL sIMe, KBAHMOBOM WHYpe U
K8AHMOBOU MOo4Ke Npu KOMHAMHOU
memnepamype om nonoxcenus yposHs Pepmu
OMHOCUMENLHO OHA 30Hbl NPOBOOUMOCIIU
(EF—EC) 6 nonynpogsooHuxe, uz Komopozo oHu
useomosnenul. Lllupuna keanmogoti samvt —10 Hm,
ceueHue Kk8anmoso2o wiHypa — 10x10 nm2,
pasmepul keanmosou mouxku — 10x10x101m3.
Dphexmusnas macca snexkmpona — 0,06m0.
Ommnowenue (EF — EC)/(keT) sapvuposamy 6
npeoenax om —40o +10.

— Paccuumatime gonbmamnepHoie
Xapakxmepucmuku CUMMempuiHou
08yxX0apbepHOll MYHHENbHOU CIPYKMYPbl,
coomeemcmayiowjue Ynpy20my u Heynpy2omy
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Kon
HHIKATOpa

Nupukarop qocTuxeHust
KOMIIETEHIINH

O1eHOYHEIE cpeacTBa

COMYHHENUPOBAHUIO 8 Hell NPpU memMnepamypax
10, 80 u 300K 6 ouanazone npunosHceHHbIX
Hanpsiscenuit 0—2 B npu emxocmu 6apvepos
1018 @ kaoicovuil.

Ilpumume:

ol=02=0,5 (MxOm m)-1 — nposooumocmu
bapvepos 6 omcymcmeuu myHHelIbHbIX
npoyeccog, A = e2/C — cpednuii snepeemuyeckul
3a30p MeAHCOY COCMOAHUAMU 8 OCIPOBKe;
El=0,055B, E2 = 0,03 3B.

— Paccyumatime 6onvmamnepuyto
Xapaxkmepucmuxy 08yx6apbepHol
0OHOINEKMPOHHOU CIMPYKMYpbl 8 duanazone 0—3
B ¢ paznuynvimu mynnensuvimu
npO3PAYHOCMAMU 6APbEPO8 NPU 3HAYEHUU
MeHbvuel myHHenbHou npospaunocmu T=0,7 ona
08yx 3Hauenuu emxocmu ocmposexa 5-10-19D u
2:-10-190.

— Paccuumatime ycnosus noodepoicanus 6
0CMpOoBKe 00HOINEKMPOHHO20 MPAHIUCTOPA
NOCMOSIHHO20 Koauyuecmea 31ekmponos n=0, 1,
2, 3, 4, 5 6 3asucumocmu om nomenyuaia
3ameopa 8 ouanazorne (0—3B npu oounaxogwvlx
emkocmsax ucmoka u cmoka CS = Cd = 10-17® u
emxocmu 3ameopa Cg=10-16D. Haiioume
paboyue memnepamypmbvie YCi08us 01 IMo20
mpau3ucmopa.

— s cummempuuHot 08yx6apbepHoli
PE30HAHCHO-MYHHENbHOU CIPYKIY Dbl
AlAs/GaAs/ AlAs onpederume 3agucumocmso
Koaghhuyuenma npoxoxcoenus 31eKmpoHo8 om
ux snepeuu T(Ez) npu wupune 6apvepos 1 u 2nm,
svicome bapvepos U=1,3 u 1,53B, wupune
Konooya 2 u 3um. DHepeuio 31eKmpoHO8
sapvupyime 6 ouanazone 0-U. dppexmusnyio
maccy snekmporos 8 AlAs npumume pasroti
0,15m0, a 6 GaAs — pasnoii 0,067m0.

— Paccuumatvime snepeemuueckoe nonoxcenue
PE30HAHCHBIX YPOBHEl 6
PE30HAHCHO-MYHHENbHEel CMPYKMype
AlGaAs/GaAs/AlGaAs ¢ wupunoii bapvepog [Hm
U WUpUHoU Konooyes 1, 2 u Ium, ucnonwv3ys
VCA08USL KBAHMOBO20 OCPAHUYEHUS U

K03 puyuenmol myHHeNIbHOU NPO3PAYHOCTIU
CMPYKMYPbl 8 PAMKAX NPUOIUNCEHUS
K8AHMOBO-MEXAHUYECKO20 UMNEOanca
NOMEHYUATbHBIX Oapbepos. DhhekmusHyro
maccy anexkmponos 6 AlGaAs npumume pasroti
0,09m0, 6 GaAs pasnoui 0,067m0, U=0,235B.
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Kon WNupukaTop nocTuxkeHus
. OneHoyHbIe CpPECTBA
WHMKATOpa KOMITETEHITH

Buvinonnenue u 3awyuma nabopamopmwsix pabom:

— Keanmosoe ocpanuuenue.

— Bbannucmuueckuti mpancnopm nocumenei

3apsoa.

— Tynuenuposanue Hocumeneu 3apsaoa.

— Cnunosvie 3¢hghexmoi.

— Dnemenmol HUKOPASMEPHBIX CIPYKMYD.

Mooenuposanue amomHuix KOHUSYpayuil.

— Cmpykmypbl ¢ K6AHMOBLIM 02PAHUYEHUEM,

€030a8aeMblM GHYMPEHHUM IIeKMPULeCKUM

nozem.

— Cmpykmypbl ¢ KBAHMOBLIM 02PAHUYEHUEM,

€030a8aeMbIM GHEUHUM INeKMPULECKUM NOTEM.

[1K-1.2 [IpousBoaut Iloocomosums doxnad no pazoeny «Memoowi

TEXHUKO-IKOHOMHUYECKOE Gopmuposarus HAHOINEKMPOHHBIX CIPYKIMYD»
000CHOBaHHE TPUHATOTO u «Onemenmul u NPUOOPLL HAHOINEKMPOHUKUY
pEIICHUS C pacueTaMu (memwvl 00K1a008 npusedensl 6 pazoene 6). Ilpu
ce0ECTOMMOCTHU YCTPOUCTBA | n10020MOBKe OOKAAO0A CIYOEHMbl Q0JIHCHbI
U CTOUMOCTH €T0 N01b3068AMbCSL OMEUeCMBEeHHbIMU U
OKCIUTyaTaIllH; CPABHUBALT C | 3aPYOeHCHbIMU TUMEPAMYPHBIMU UCTOYHUKAMU.
aHaAJIOTaMH 10 B ooxnaoe oyenusaemcs snauumocmo u
TEXHHKO-IKOHOMHUYECKUM NPAKMUYecKas npu20OHOCMb NPeOl0HCEeHHBIX
XapaKTePUCTUKAM MexXHU4eCcKUx peuleHuil.

6) Ilopsimox mpoBeeHHs NPOMEXKYTOYHOW aTTecTaluH,
OILICHUBAHWSL:

[TpomexyTouHas aTTecTanus no Juciurinae «HaHnoanekTpoHnKay BKIIIOYAET OLlEHUBaHUE
KOHTPOJIbHBIX paboT u pedeparoB. dopma arrecTanyiv — 3a4€T ¢ OLIEHKOM.

[Tokazarenu U KpUTEPUHU OLICHUBAHUS:

— Ha OLIEHKY «OTJIMYHO» (5 0aymioB) — 00y4aronuiicss 1eMOHCTPUPYET BBICOKHI YpOBEHb
c(OPMHPOBAHHOCTU KOMIIETEHIMH, BCECTOPOHHEE, CHUCTEMAaTHYEeCKOe U TIJIyOOKoe 3HaHue
y4eOHOTO MaTepuasia, CBOOOJHO BBINOJNHSAET IMPAKTHYECKHE 3aJaHus, CBOOOJHO OIEpPHpPYET
3HAHUSIMH, YMEHUSMHU, TPUMEHSIET UX B CUTYallUSIX TTOBBIIICHHON CII0)KHOCTH.

— Ha OIIEHKY «Xopomoy» (4 0amra) — oO0ydyarmuiicss JEMOHCTPUPYET CPEIHUN YPOBEHB
c(OPMHPOBAHHOCTH KOMIIETEHLIUH: OCHOBHBIE 3HAHMSA, YMEHHMS OCBOCHBI, HO JOMYCKaIOTCS
HE3HAYNTENbHBIC OMIMOKH, HETOYHOCTH, 3aTPYTHCHUS TIPY aHATUTHYECKHUX OTIepaIHsIX, IEPeHOCce
3HaHWI U YMEHU Ha HOBbIE, HECTAH/IAPTHBIC CUTYAI[UH.

— Ha OIICHKY «YJIOBJIETBOPUTEIBbHO» (3 6aria) — 00yJaronuics 1eMOHCTPUPYET IMOPOTOBBII
yYpOBEHb C(OPMHUPOBAHHOCTU KOMIIETEHIIMI: B X0JIe KOHTPOJBHBIX MEPONPUATHI JOMYCKaIOTCS
OMIMOKH, TPOSBISIETCS OTCYTCTBHE OTACIHHBIX 3HAHWH, YMEHHIA, HABBIKOB, OOyYarOIIUHCS
WCTIBITHIBACT 3HAYUTENbHBIC 3aTPYJHEHHS MPH OMEPUPOBAHUN 3HAHUSAMHU U YMEHUSMU MPU UX
NepeHOCe Ha HOBBIE CUTYAIIHH.

— Ha OLIEHKY «HEYJOBJIETBOPUTEIBbHO» (2 6aiia) — o0yyaromuiicss AeMOHCTPUPYET 3HAHUS
He Oosiee 20% TeopeTHUeCcKOro maTepualia, JOMYCKAaeT CYIIECTBEHHBIC ONIMOKH, HE MOXET
MOKAa3aTh UHTEIUICKTya IbHbIe HABBIKU PEIICHHS MPOCTHIX 3a/1a4.

— Ha OLCHKY «HEYIOBJIETBOpUTENbHO» (1 Oamr) — oOywaromuiics HE MOXET IOKa3aTh
3HaHUS HAa YPOBHE BOCIPOM3BEACHHS W OOBACHEHHS WH(POpMAlMU, HE MOXKET IO0Ka3aTb
MHTEJJICKTYaJIbHbIE HABBIKM PELIEHUS MPOCTHIX 3a/1ad.

MOoKa3aTejini " KpUTCPUU
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BBenenue
C o0mrereopeTHIECKOM TOUKH 3pEHHUsI, pacueT JIEKTPOHHBIX COCTOSHUMN B

CIOUCTBIX  CTPYKTypax  JOJDKEH  MPOBOAUTHCS  MOYTEM  PEHICHUs
COOTBETCTBYIOIIEM TPEXMEPHOM 3a1adyd O 30HHOM CTPYKType Marepuana. B
HaCTOsIIee BpeMsl pa3padoTaHbl M30LIPEHHBIE METO/IbI KOMITBIOTEPHOI'O pacyera
KBAaHTOBBIX COCTOSIHUI B HAHOCTPYKTYpPaxX, OCHOBAHHBIE HA MUKPOCKOIIMYECKHUX
MOJEJIAX MCEBAONOTEHIMANA UM CUJIBHON CBI3U. TeM He MEHee 3TH METOHbI
[IOKa HE BCECWJIbHBI M HE BCEMOTYIIW, U NPU KOHKPETHOW paboTe HMEHHO
npuOIuKeHHbIe MeToAbl  A()QPeKTUBHOM Macchl (B ciaydae MPOCTHIX
HHEPreTUUECKUX 30H), 3P (HEKTUBHOIO raMUJIBTOHMAHA (17151 BBIPOXKIEHHBIX 30H)
Y IJIABHBIX Orudaronmx (B MHOrO30HHOM Moienu, Hanpumep, B mojenu Keitna)
OKa3bIBAIOTCS O0JIee YTOOHBIMU U PE3YJIbTATUBHBIMH.

B npubnmkeHHBIX MOAXOAAaX pELIEHHWE BHYTPU KaXIOro  CIOs
MHOTOCJIOWHOM ~ CTPYKTYphl (MM KOMIIO3WIIMOHHOM OO0JacTH MEHBIIEH
Pa3MEPHOCTH B KBAHTOBBIX IMPOBOJIOKAX WJIM TOYKAX) 3aMKMCHIBAETCS B BUJE
JTUHEWHOW KOMOWHAIIMM HE3aBUCHUMBIX OOBEMHBIX PCIICHHH, a JJIS CIIMBKH Ha
reTeporpaHmliax BBOJSATCS TPaHUYHBIE YCJIOBMS JJiI OrMOAIOIIMX BOJHOBOM
(YHKUMU 3IEKTPOHA U UX MPOU3BOJIHBIX 10 HOPMAJIBLHON KOOpAUHATE.

PacueTbl  3JMEKTPOHHBIX  COCTOSHMM B TOJYyNPOBOAHUKOBBIX
HaHOCTPYKTYpax, BBIIIOJIHEMbIE B MeTO1e 3((EKTUBHON MacChl, OCHOBAHbI Ha
pPELIEHUH  CTALlMOHApHOTO  (MCKJIKOYas  JK30TUYECKHE  Claydau, KOrIJa
NOTEHIIMAIBbHBIA  penbed  sABiseTcs  (QYyHKUMEH BpPEMEHH)  ypaBHEHUS
[IpeauHrepa, KOTOpOE€ I [BHXKEHHSI DJIEKTPOHOB B IEPHNEHIUKYISIPHOM
IIJIOCKOCTH CJIOEB HAIIPABJIEHUU SIBJISIETCSI OJTHOMEPHBIM:

~ h* 6*y(z, E)
2m &zt

+U(z) - y(z,E)=E-y(z,E), Q)

3nech M — 3¢ddekTuBHas mMacca anekTpoHa, E — ero momnast sueprus, U(z) —
MOTCHIMAJBHBIN pelibed Ui DJIEKTPOHA BIOJb OCH Z HANpPaBICHHOW B

NEPHEHANKYJIIPHOM K IUIOCKOCTH CJO€B HamlpaBlIeHUU. PellleHneM IaHHOrO
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ypaBuenus lllpenuHrepa sBIseTCs Z-COCTaBIISAIONIAs OTHUOAIONIEH BOJTHOBOM
¢bynkuuu (z, E), xapakrepusyroiias ABMKEHHUE JIEKTPOHOB B MEPIEHAUKYISIPHON
IUIOCKOCTH CJIOEB HANPABICHUM M  ONpPEAeNsonmas, ¢ TOYHOCTBIO 10
HOPMHUPOBKH, BEPOSITHOCTh HAXOXKJICHUS AJIEKTPOHA ¢ 3Heprued E aBmxeHus
B110JTh ock OZ B TOUYKE ¢ KOOPIUHATOM Z.

JUtst IpOCTO 30HHOM CTPYKTYpbl TpaHUYHBIE YCJIOBHS Ha HHTepderice
Mexay ciaosiMu A u B B o011iem cirydae ©MEIOT BU:

Wa=h"Wg+hs Yg,
W,y =1y Wg+in Vg,

(2)

raie A,B — 3HaueHus oruOaromieil BoJiHOBOW (yHKIMKM Ha uHTEpdeiice co

CTOPOHBI CJI0A Awuco CTOPOHBI CJI0A B COOTBCTCTBCHHO,

s m, oy
_ _ A
Vy=l-— . wg=l-—"—,
0z | 4 mg Oz |g

MaB — 3bdexTrBHBIE MacChl 3IE€KTPOHOB B cinosx A u B cooTBercTBerHO, |
—IPOU3BOJIBHBIA TApaMeTp € Pa3MEPHOCTHIO JIJIMHHBI, BBEICHHBIA YTOOBI
5JIe-MEHTBl Matpuibl tjj Obln Oe3pasMepHbIMU. BbiOOp 3HaueHwil tjj 0OBIYHO

MOCTYJIUPYETCAd WM OCYUIECTBISETCS NYyTEM CpPaBHEHUS C pe3yJbTaTaMu
AKCIIEPUMEHTA WJIM pacyeTa B paMKax Kakoh-1100 MUKPOCKOMUYECKONH MOJENH.

‘—Iame APYIrux HCHOJB3YIOTCA TI'PAHUYHBIC YCJIOBHA, CBA3AHHBIC C HWMCHCM

bacrappa:
v, =v,
I oy| __1 oyl
m, 5:|.! mg -:?:|Er

Pewas ypaBaenue (1) ¢ rpaHUYHBIMU YCITOBUSAMH (2), MOYKHO MOCTPOUTH
oru0OaroIye BOJHOBBIX (YHKIUI SJIEKTPOHOB C PA3NUYHBIMU 3HAYECHUSMHU

sHeprum E.
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1 MoaeanpoBaHue 3HEPreTUYECKOro CIEeKTPa 3JeKTPOHA B TBEPAOM
TeJie (mogeab Kponura-Ilennn)

[Ipexxne yem MpUCTYNaTh K MOJAEIUPOBAHUIO DHEPIETHUYECKOTO CIIEKTpa
AJIEKTPOHOB B FETEPOCTPYKTYPaAX, PACCMOTPUM JIBUKEHUS JIEKTPOHA B OOBIYHOM
kpuctamie. [loTeHManbHas SHEPrUs SIEKTPOHOB B KPUCTAIIE SBISETCA
GbyHKIIMEH KOOPAWHAT C TIEPHOJOM, PaBHBIM PACCTOSHUIO MEXIY aTOMaMHU.
OJIEKTPOH B TMEPUOAMYECKOM TI0oJie 00yiaaeT psSaoM OOLIUX CBOMCTB,
HE3aBUCAIIMX OT KOHKPETHOM (OpMBI  MEPUOJUYECKOrO0  IMOTEHIHAIA.
BoJBIIMHCTBO M3 HUX MOXHO BBIICHUTH MHPH PACCMOTPEHUU YIPOILIECHHOU
MOJENN KpHUCTala, MPEACTaBIsAs €ro B BHJE LEMOYKH aTtoMoB. lIpu stom
MEePUOANYECKUN MOTEHIINA CTAHOBUTCS OJHOMEPHBIM. DopMa NEPUOANIECKOTO
MOTEHIIMAJIa BEIOMPAETCS TAKOM, UTOOBI pacueT okaszaycs Haubosiee mpocThiM. B
ATOM Cllyda€ BO3MOXXHO TMPOBEJICHHE CTPOrOro pelIeHUsS ypaBHEHUS
Ipenunrepa. B  wmomenmn  Kponura-lIleHHn  moTeHUMan HMEET  BU
OPSIMOYTOJIBHBIX SIM (PUCYHOK 1), KOTOpbIE YEepenyrTCsl ¢ MPsIMOYTOJIbHBIMU
MOTEHIIMAIBHBIMU OapbhepaMu:

U(z)= 0, ecrunc<z<nc+a

Uy, ecru(nc+a)<z<(n+1)c’
rJic @ — IIUpUHA MBI, b — mpuHa 6apbepa, C @ b —  mocrosiHHas

KpUCTaJIM4Yeckoil pemetku, Ug — BbicoTa Oapeepa, N 0, 1, 2, . Pemenus

ypaBHenus llpenunrepa (1) mpu E<Ug moryT ObITh 3anicaHbl B BUJIE:

( ] A”e-““: ne) 4 B e falz ""J, eciunc<z<nc+a
"‘l'F.Iz Z)= f ?
JPl==lnc+a) S~Blz-{ncta) e . - :
C,e [=~(ne ‘]+D”c [=-{ne ”], cc.m(m +a}¢:-<:(n+1)c

rie

|

o=—+2mE
h

1
B = E‘Jz‘!nu (L.f{. o E) 2

M — 3¢ deKTUBHAS Macca IEKTPOHA B KPUCTAILIE, | — MHHMAas ¢IMHUIIA.
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a h
. T

Pucynoxk 1 — [TorenumanbsHeiii penbed uis 31eKTpoHa B kpuctaiuie (moens Kporaura—Ilennmn).

W3 rpaHnyHBIX ycioBuil (2), mpuHMMas BO BHHMAaHHE MOCTOSHCTBO
3¢ (pEeKTUBHOM MacChl BO BCEM KpPHUCTaLIE, IOJYy4aeM CIEIYIOIIYI0 CHCTEMY
anreOpandyecKkux ypaBHEHUM:

o B

A +B =C, " +D, |
jod, — joB, =C, pe” - D, pe™,
Ae™ v B e —C 4D

jod, e’ — juB e =BC, ~BD,.

¥

@)

ITIpu stom MmMexay kodddunmentamu Cp.1, Dp-1 u C,, Dp cymectByer
CBSI3b, BBITEKAIOIIASl U3 CBSI3M MEXKy BOJTHOBBIMH (pyHKIMsIMU P 1 u ¥ . Tak
Kak QyHKUMH ¥h 1 u ¥ ABASIOTCS PEIICHUSIMHU OJTHOTO U TOTO K€ YpaBHEHUS
[Ipenunrepa, TO OHU MOTYT OTJIMYATHCS JIPYT OT JAPyra TOJIBKO MOCTOSHHBIM
MHOXHUTEJIEM, KBaAPAT KOTOPOTO PAaBEH €IUHUILIE. TO eCTh:

Il"fr = ]'l"‘.'z ]eﬂh’

r7ie A — HEKOTOPBIM BEIICCTBEHHBIN MapameTp.
Orcrona:
— S
Cer 1= (‘_'“”E 4

- 4
D.'z 1= Dfre .H-' ( )

[Toncrapisist 3HaueHus (4) B cUcTeMy ypaBHEHHH (3), TOJIydUM CUCTEMY U3
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YETHIPEX OJHOPOJIHBIX YPABHEHUN C YETHIPbMS HEU3BECTHBIMU Ay , B, Ch 1 Dy,
st Toro, 4ToOBI 3Ta CHUCTEMa WMeJa HETPUBHAIBLHOE pelleHHe, HEeoOXO0IUMO,
9TOOBI ONpPENETUTENb, COCTABICHHBIN U3 KOI(P(ULIKUEHTOB 3TUX YpPaBHEHUMU, ObLI
paBeH HyJIO. 3amWcaB W PACKpPbIB OMNPEIACIUTENb, TOJyYMM ypaBHEHHUE,
oTpeeNsItoIIee 3HaUYeHUsI SHEPTUU dIEKTPoHA E (BXOAIIIeH B BRIpOXKECHHS IS O K

[), AJig KOTOPBIX CYIIECTBYIOT HETPUBHAIIbHBIE PEIICHUs CUCTEMHI (3):

¥ ¥

cos(owa Jcosh(Bb)+ P o sin(cua )sinh(Bb) = cos(A.). (5)

2o

AHanmu3 ypaBHeHHS (5) 3aTpyJHEH TEM, YTO SHEPrHs BXOIUT B o U f,
OJTHAKO €ro MOJKHO YIPOCTHUTh, TPEJACTABUB IIOTEHIMAT B emé Oojee
uaeanu3upoBanHoM  Buje. l[lpouwsBenenue fb  ompeaensieT  CTEINEHb

MPO3PAYHOCTH MOTEHIHAIBHOTO Oaphepa [Jisi SJIEKTPOHOB, B HETO BXOJHUT
mupuHa 6apbepa b u BeicoTa O6apbepa Ug. Paccmotpum ciyuait, koraa mupuHa
Oapbepa ycTpeMIIsieTCs K HYJII0, a BBICOTa — K O€CKOHEUHOCTH, IPUYEM TakK, 4TO

2
npomsBenenne Ugb ocraercst mocrosiaubM. [Ipu atom, Tak kak Ug ~f ~, To mpwu

b—0 u Ug —oo mpomsseaenne fb— 0 . Torma, BBoas 0003HAUECHHE:

Brab

3

P = lim
bl
L
Lgb=const

oT ypaBHeHUs (5) npeaeM k 0oJiee MPoCToOMYy:

cos(oa )+ P% = cos(). (6)

VYpaBuenue (6) HazbiBaercst ypaBHeHuem Kponura—Ilennu. Ilapamerp P
OPOMOPLMOHANIEH TUIONIAJAM MOTEHIMAIBHOTO Oaphepa; OH XapaKTepusyer
CTENEHb MPO3PayHOCTH Oapbepa JUIsl JIEKTPOHOB WIIM CTENEHb CBS3aHHOCTU
AJIEKTPOHA BHYTPHU MOTEHUUAIBLHOMN SIMBI.

Jlist ananm3a ypaBHeHH (6) n300pa3uM rpaduuecKu ero JIEBYI 4acTh Kak

(GyHKIMIO apryMeHTa a (PUCYHOK 2, CILIOIIHAs JUHUS). [eficTBUTENbHbIE KOPHU
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ATOr0 YpaBHEHHUs CYLIECTBYIOT TOJIBKO NPU TEX 3HAUEHHUAX 0ld, IPH KOTOPBIX
JieBas 4yacTh YpaBHEHUsI IPUHUMAET 3HaUeHus B uHTepBaie [-1;1]. Ha pucynke 2
3aIITPUXOBAHBI 00JIACTH JOMYCTUMBIX 3HaUeHHUM od . VX mupuHa 3a-BUCHUT OT
napamerpa P: yem oH MeHblIIe, TEM OHH IIHPE U MPU PUKCUPOBAHHOM 3HAUECHUHU

P cranoBsTcs rape C YBCIIMUYCHUEM 0d, 4 3HAYUT U DHCPIUH.

coale)e P sinfoa )

LT

NN
VA VAR VAR W W SR VARV AR VAR

Pucynok 2 - I'papuueckuii ananus ypauenus Kponura—Ilennu

Takum 00Opa3oM, SHEPrus 3JIEKTPOHA B MEPUOAMYECKOM IOJIE€ HE MOMKET
MPUHUMATBH JH000€ 3HaUeHHE, KaK Jisi CBOOOAHOTO 3iekTpoHa. OHa OrpaHryYeHa
pPAIOM TOJOC (30H) pa3pelIeHHBIX 3HAYEHHWH, OTICICHHBIX APYyr OT Jpyra
3alpEIIEHHBIMU  30HAaMH —  JHEPreTUYECKUH  CIIEKTpP DJJIEKTPOHA B
NEPUOJUYECKOM T0JI€ UMEET 30HHYIO CTpYKTypy. LlluprHa pa3penieHHbIX 30H

ONpCACIIICTCA CTCIICHBIO CBA3AHHOCTU JJICKTPOHA BHYTPU HOTCHHI/IaJIBHOﬁ SAMBI.

3agaHue I KOMIIBIOTEPHOT0 MO1eJIMPOBAHUS
1. U3oOpa3uth rpaduyecku JIEBYIO YacTh ypaBHEHHS (6), cCXeMaTHYECKU
n300pa3uTh Ha TMOJy4YHMBIIEMCS TIpaduke 30HBI pPa3pelICHHBIX |
3ampe-1eHHbIX 3HadeHu a . lIpomsumroctpupoBaTh, Kak H3MEHSETCA
HIMpUHA pa3pelIeHHbIX 30H MPU U3MEHEHUH napametpa P.
2. llpoananu3upoBath 1Ba KpaiiHux ciay4as: P 0 (371€KTpOH COBEpIIEHHO
cBoOozeH) u P (Gapbep COBEpILIEHHO HEMPOHMIIAEM, BJEKTPOH 3amepT B

npeaenax OJJHON MOTEHIUATIbHOU SMBI).
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2 MojgeanpoBaHue JHEPreTHYECKOro CHEKTPa JJeKTPOHA B
OTHOMEPHOI KBAHTOBOM siMe

Ecnu cpopmupoBaTh TOHKHIA €101 Y3KO30HHOTO MaTepraia MexIy AByMs
JOCTATOYHO TOJICTBIMHU CJIOSIMU IIMPOKO30HHOTO MaTepuaia, TO JUIs DJIEKTPOHA,
JBYDKYIIIETOCS B TIOTIEPEYHOM K TUIOCKOCTSAM CIJIOEB HAIPaBJICHUHU, MOXKET OBITH
chopMHUpPOBaH MOTEHIIUATIBHBIN penbed, n300pakeHHbI Ha pUCYHKE 3 (HEprus
OTCUUTBHIBAETCS OT JIHA 30HBI MPOBOJMMOCTH Marepuaina smbl). Takoro poja
penbed HOCUT Ha3BaHUE MPSMOYTOJBHOW MOTEHUHAIBHOW siMbl. B maHHOM
paszziene Mbl OyJaeM paccMaTpuBaTh CUMMETPUYHYIO MOTEHIHUAIBHYIO SIMY

(pucyHoK 3, 6).

A Uz) A U(z)

EJr 1 r EJr[ )

|
M=
|
|
M=

-

o o

Pucynok 3 — DHeprerudeckas iuarpaMMa npsiMOyTroJIbHOM MOTEHIIUAIBHOM SIMBI:
a — HECUMMETPUYHOM, 6 — CHMMETPUYHOM.

2.1 C 6eckoneuno evicoKumu cmenKamu
PaccmoTpenne HauHeM C HIEaTM3UPOBAHHOTO Cliydas MOTEHIMAIbHOU

MBI C 0ECKOHEYHO BBICOKUMU CTEeHKaMU. B 3ToM cityuae BHE siMbl QyHKLUS
Y(z, E) ToxmecTBEeHHO paBHA HYJIIO, & BHYTPU MBI yIOBJECTBOPSET YPABHCHHUIO

[lIpenuHrepa Bua:

_h 3y(zE) _

2m oz

E-y(z,E) @)

C 'PAHUYHBIMHU YCIIOBUSAMM:
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a
w +— FE =0,
”[ 2 ]

rie a8 — MUpPHHA MOTEHUHUAJbHOM SMbI (TOJIIKMHA CPEAHEro CIos
paccMaTpuBaeMoOM TPEXCIOMHOM CTpykTyphl). Torma 4a/2 — xoopAWHATHI
UHTEPPENCOB MEKTY CIOSIMH.

N3 maremarnyeckoid (pU3MKKM WU3BECTHO, 4TO ypaBHeHHe (7) HMeeT

pC€UICHUC UMb IIPU AHCKPCTHBIX 3HAUCHUAX OHCPIUHU E — coOcTBeHHBIX

Ezﬁ(ﬂjz_
2m\ a

Cucrema O6J'IaIIaeT CI/IMMeTpHeﬁ mo ocu Oz OTHOCUTEIBHO Hadaja

SHAUYCHUAX JAHHOI'O YPABHCHMA:

KOOpJIMHAT, TII03TOMY COBOKYIIHOCTh COOCTBEHHBIX pELICHUN YypaBHEHUS

[peaunrepa (7) pazduBaeTcs HAa MOATPYIIITBI YETHBIX U HEUYETHBIX PEIICHUIA:

5,...

a ¥

[#}

CEOS[E], eciuv =173
yl(z, E) =1

Csin[ﬂ} ecauv=24.060,...

o

rne C — HOpMUPOBOYHBIN KOIPPHUIIHEHT.

I'paduxu orubaromux BOJHOBBIX (DYHKIIMN AJEKTPOHA B KBAHTOBOH sIME
mupuHor 20 aromHbIX MoHOcnoeB (11.3 HM) mig TepBBIX UEThIpEX
pa3peuIeHHbIX YpPOBHEW SHEPrUM IMpEeACTaBI€Hbl Ha pUCyHKe 4.,a, a
AHEPreTUYECKUM CIEKTpP 3JIEKTPOHA B TaKOW siMe — Ha pucyHke 4,6. Marepuan

ambl — GaASs.
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|1'-|'{:1EJ;: E,'TIB . L

______ V=4

0.5
0.6F -

(.6
0db - - Y23

0.4
L y=2 |
o 02 Y32

v=]
( 0L 1
-5 LIl 5z

Pucynox 4 — Orubaroriye BOJIHOBBIX (QYHKIHMH (a) U KBAHTOBaHHbBIC YPOBHHU SHEPTUH (0)
AJIEKTPOHA B PSIMOYTOJIbHOW KBAaHTOBOM sIME
gaI[aHl/Iﬂ AJIHA KOMIIBIOTEPHOIo MOAC/JINPOBAHUSA
1. IMocTpouth orubaronme BOJHOBBIX (PYHKIIUN U KBAHTOBAHHBIC YPOBHHU SHEPTUU
B NPSMOYTOJIbHON KBAHTOBOM sIME C OECKOHEYHO BBICOKMMM CTEHKaMHU st
pa3IMYHbIX 3HaUYeHHUN mHUpuHbI AMbL: 10, 20 1 30 aTOMHBIX

MOHOCI0EB GaAS.

2.2 Co cmenKkamu KOHEeYHOU 6bICOMbl

B peanbHOM ciydae CTEHKM NOTEHLMAIBHOM SIMbI MMEIOT KOHEUYHYIO
BBICOTY, U JUIsl CHAMMETPUYHOM IMOTEHIIMAIBHOM sIMBI TOTeHIHa1 Uz B ypaBHEeHHH

(1) umeet BuU;

0

2

a
eciu |:| =—,
U(z)= 2

a
U,.ecu |:| > —.
2

Pemienus ypasuenust llpenunrepa (1) 3anuchIiBatoTCst OTICIBHO B KAXKI0M
13 Tpex obsacteit, rae noreHuuran U Z mocTosiHEH, B BU/IE:
N B=
yi(z)= 4™,
y,(z)=4,e’"" + Bye /"5, (8)
2 B=
ys(z)=Bse .
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Ma 1 Mg — 3¢ (HEeKTUBHBIE MACCHI AIIEKTPOHOB B MaTepuaie A, 00pa3yiomiem smy,
1 B matepuasie B, oOpa3zytomiem Gaprepbl, COOTBETCTBEeHHO. Pemenns ¥ u ¥,
3aMucaHbl C y4eTOM TOTO, YTO OHU JOJIKHBI PABHATHCS HYJIIO0 HA OECKOHEYHOCTH
TOTO, YTO OHU JIOJKHBI PABHATHCS HYJIIO0 HA 0ECKOHEYHOCTH. 3HAUYE€HUSI KOHCTAHT
A1 , Ay , By u B3 HaxomATcs U3 TpaHWYHBIX YCIOBUH, KOTOPBIE MOCIHE

MOJICTAHOBKH Ty/Jla PeIIeHUH (8) MPUHUMAIOT BUI:

Zp s

Ll
Ae ? =4,e ?+B,e 2,

-

e =

* | | ©

-
-—
—
|-l_il'-h
[
S
e
-
ta |

4]
—f
:4] ﬁ 2 ..’41

Cucrema anredpandeckux ypaBHeHHi (9) uMeeT HETPUBHAJILHOE pEelIeHUE

TOrga U TOJIBKO TOTrAa, KOoraa ee OIIPCACIINTCIIb PaBCH HYJIIO:

”H [ o
= fys 1=
e 2 —_e 2 —ej 2 0
—p . L2 - L1
B, JY 0 0
Det| "# M4 4 —0
2 2 ag '
0 e 2 e 2 —e
. o o o
frs - -
0 S s v s B
\ m, m, My /

PackpeiBass onpepenurens W ympomas IOJIYYEHHOE BBIPAXKEHUE,

NPUXOIUM K YPABHEHHIO:
B°m? sinh(jya)+ 2 jyBm jmy cosh(jya)—y’mjy sinh(jya)=0, (10)

ONPEIEISIIONIEMY PA3PEIICHHbBIE 3HAUECHUS SHEPTUU AJIEKTPOHA B KBAHTOBOU sIME.
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VYpaBaenue (10) sBasercs TpaHCHEHASHTHBIM H TPEOYeT YHCICHHOTO WU
rpaduuecKoro perieHus.

Cucrema (9) nmeer GECKOHEUHOE MHOXKECTBO PEIICHUH, OTIMYAIOIINXCS

JPYT OT ApyTa MPOU3BOJbHBIM MHOXKHUTEEM. Beipaskas u3 aToit cucteMsl Ay, B, n

B3 acpe3 Al, IMOJIYYUM 49aCTHOC PCIICHHUC B BUAC:

1 ) (B
Ay = A Lo B U
2 Y Mg )
(ir+p)=
B, = A, L[ 14 ;B |V
2 ¥ mg
1 |
By= A | 1= B e Ly B e
2 Y mpy 2 Y my

I'paduxu orubaromivx BOJHOBBIX (PYHKUHMN 3JEKTPOHA B KBAHTOBOH sIME
mupuHON 20 aTOMHBIX MOHOCIIOEB (11.3 HM) /U1l IEPBBIX TPEX Pa3pelICHHBIX
YpOBHEW DSHEPruM TMpelcTaBlieHbl Ha pucyHke 5. ['paduxm cxemaTtudHo
HAJIOXKEHBI Ha 30HHYIO JUarpaMmy reTeporepexoioB, 00pa3yronx KBaHTOBYIO
My, TIpM 3TOM Hayaja OTCYETa MO OCHU OpAMHAT Ui IpaduKoB Orudarolux
BOJIHOBBIX (DYHKIIMII COBMEIIEHBI C COOTBETCTBYIOIIMMH 3HAYECHUSIMU SHEPTUU

Ha 30HHOM auarpamme. Matepuan smbl — GaAS, matepuan 6apbepoB —
Alg 3 Gag 7 As.

Kax BugHO M3 puCyHKa 5, B 001acTsX 6apbepoB UMEETCS ONpeIeICHHAs,
XOTh ¥ BeCbMa Majasi, BEPOSITHOCTh HAXOXKJICHHSI DJICKTPOHA, TO €CTh JJICKTPOH,
MIPEUMYIIECTBEHHO JIOKATM30BAaHHBIN B KBAHTOBOU SIME, MPOHUKAET U B 00JIaCTH

OapbepoB.
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PI/ICYHOK 5-— OFI/I68.I-OH_II/IG BOJIHOBBIX (1)YHKI_II/II7I 1 KBAHTOBAHHBIC YPOBHU SHCPI'UU 3JICKTPOHA B

HpHMOYFOHBHOﬁ KBaHTOBOH SIME CO CTECHKaMH KOHEYHOH BBICOTHI
3ajaHue 1y KOMIIBIOTEPHOI0 MOACJIMPOBAHUS.
1. [loctpouts orubaromue BOJHOBBIX (YHKIMH M KBAaHTOBaHHBIC
YPOBHH 3HEPTUHU B IPSIMOYTOJILHON KBAaHTOBOMU sIM€, 0Opa30BaHHOM CIIOEM
GaAs, 3akmoueHHbIM Mexay ciosmu Algz Gag7 AS, mis pasIudHbBIX
3HaueHUuM mupuHsbl AMbl: 10, 20 1 30 aTOMHBIX MOHOCTIOEB.
2. CpaBHUTBH MOJOKESHHSI YHEPTETHUECKUX YPOBHEH B TAKOW KBAHTOBOM sIME C

AHEPreTUYECKUMU YPOBHIMHU O€CKOHEUHO ITyOOKOWM KBAHTOBOM SIMBI.
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3 MogenupoBaHue ABHKEHHUS JJIEKTPOHA BOJIM3M IMOTEHUHUAJIbHOU
CTYNIEHbKH

PaCCMOTpI/IM MOICJIb PACCCAHUS JJICKTPOHA HAa ITOTCHIHAJIbHOM penbe(be,

OIIMCBIBACMOM CJICAYIOINNM BbBIPAKCHUCM:

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

Uy, ectiz=0,

U u300pakeHHOM Ha pucyHke 6. OOnacte 1 chopmupoBaHa yY3KO30HHBIM

MarepuanoM A, 001acTh 2 — MUPOKO30HHBIM MaTepuanoMm B.

U(z)

>
Z

0

Pucynok 6 - DHepreTuueckas uarpaMMa MOTEHIIMATBHON CTYIIEHBKU

Bynem cuuTaTh, 4TO MCTOYHMK 3JIEKTPOHOB HaxoJuTcs B oOiactu 1 u
OECKOHEYHO yJaleH OT IpaHMIlbl pazjaena (uHrepdeiica) Mexay odnactsamu 1 u
2. DNEKTPOHBI IBHXKYTCS OT UICTOYHHUKA B MOJIOKUTEIBHOM HanpasieHuu ocu Oz,
obOnanas Hepruei E.

Pemenne ypauenusi Illpemunrepa (1) ¢ mortenmumanom Buma (11) B

obnactu 1 Oynetr UMeTh BUI:

IP]{:_’ E]:J,r.lle..r'."]—_ +B]€ _lr‘_.ll_-j

2m E
rne T] = h] ]

rie m; — s¢dexkTuBHas Mmacca 3ekTpoHa B Matepuane A. To ects, ¥
MpEeCTaBIsIeT COOOM CYNMEpPHO3UIMIO MAJaoleil U OTpaXEHHOW BOJIHBI Jie

bpouna, Ay — aMmmMTyaa BOJIHBI, PAaCHPOCTPAHSIOIIEUCA OT HMCTOYHHUKA
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QJICKTPOHOB K HOTeHHHaHBHOﬁ CTYIICHBKC, B]_ — aMIIINTyda BOJHEI, OTpa}KeHHOﬁ

oT HOTCHHH&HBHOﬁ CTYIICHbKH.

Y4auThiBas 0OTHOPOTHOCTH Cpelbl B 00JacTH 2 (IO TMMOCTAHOBKE 3a/1aydl B
00J1aCTH 2 HET UCTOYHHUKOB JIEKTPOHOB U HET HEOJHOPOTHOCTEH, OT KOTOPBIX
OHH MOTJIH ObI OTPA3UTHCS) U YCIOBHE KOHEUHOCTH BOJIHOBOM (DYHKIIMH BO BCEX
TOYKax MPOCTPAHCTBA, B TOM YHCJIE U B TOUKE Z =100, PEIICHUE YPaBHCHUS

[penunrepa (1) ¢ norennuanom Buaa (11) B o61actu 2 MOXKHO 3aUcaTh B BUJE:

IUE{:?E} — AIE.J'I.-Q:_’

2”1 o] [E - E.-'Ir{i }
rae Y2 = —
h L
m, — 3¢ (eKTUBHAsA Macca 3JIEKTPOHA B Marepuane B.
To ecth, B oOmactu 2 uUMEET MECTO TOJBKO BOJHA Je bpoiiis,
PacIpOCTPaHSIONIAACS B MOJIOKUTEILHOM HanpaBiaeHuu ocu Oz, Ao — aMIIuTyna

3TOU BOJIHBI.

Koaddurmentst Ap 1 B1 MOryT ObITh BEIpaKEHBI uepe3 ko3 uuueHt Ag ¢

VICTIOJIb30BAHUEM I'PAHUYHBIX YCIIOBHM.

.'4] + B] =A3,
71 =718, =7,B,,

?

OTKyJa

Y R— 2
B, =A]u? 4, =4 _“h

. 12
Y1 +7Y2 ]'}’]“"}'1 (12)

Kosdpdummment A1 Moxer OBITH HaMIEH W3 YCJIOBUS HOPMHUPOBKH

BOJIHOBOM (DYHKLIMHU, KOTOpasi UMEET CMBICT BeposTHOCTH. [Ipu m3o0paxeHnu
rpa@uKoB OruOarMMX BOJHOBBIX (DYHKIMI €ro MOXHO MOJOXKUTh PaBHBIM
MPOU3BOJILHOMY YHUCIY, MOCKOJbKY (DM3MUECKUN HHTEpeC MPEACTABISET He
aMIUINTYy/la TaJalollied 3JEeKTPOHHOM BOJIHBI, @ OTHOILIEHUS AMIUIUTY] BOJIH,
MPOLIEIINX U OTPAXKEHHBIX K aMIUIATY 1€ BOJHBI 13 IaIOILEH.

Ha pucynke 7 npencraBieHbl rpa@uKyd OruOarouX BOJTHOBBIX (GYHKIUN
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JUTSL pa3lIMYHbIX 3HAYEHUW SHEPruu 3JieKTpoHa E BOMM3M uHTepdeiica Mexmay

obmactamu 1 wm 2, oOpasoBanHbiMu MatepuaiamMu GaAs u Alp4GaggAs

COOTBETCTBEHHO.
E,3B; |wiz.E)l
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Pucynok 7 — I'paduku oru6aromux BOJTHOBBIX (PYHKIUHI 3J€KTpOHA BOJM3U NOTEHIUAIBHON
CTYNEHBKH U1l pa3JIMYHbIX 3HAYEHUH SHEPTUHU AJIEKTPOHA, HAJIOKEHHBIE Ha MOTEHLUAJIbHbII
penbed. Hauana orcuera mo ocu opauHar i rpadukoB orudaroux BOJHOBBIX (PyHKIMI

COBMCIICHBI C COOTBETCTBYIOUIMMHU 3HAYCHUAMU SHEPIHUU HA 30HHOI auarpaMmme.

I'paduky  cxemMaTMYHO  HAJOXKEHbl  HA  30HHYIO  JHarpamMmy
rereporepexosia, Npu 3TOM Hayaja OTcueTa MO OCH OpAMHAT IJs rpadukoB
OruOaroMMX BOJHOBBIX (PYHKIMHA COBMEIIEHBI C COOTBETCTBYIOIIMMHU
3HAQYCHUSMM ODHEPIMM Ha 30HHOW auarpamMme. Takoe ImIpeacTaBiICHUE
pe3yJabTaTOB PACUETOB MO3BOJISET HAVIAAHO IPOMIIFOCTPUPOBATh OCOOEHHOCTH
UHTEp(PEepEHIINH STEKTPOHHBIX BOJIH Ha TPaHMIIEC pa3zelia IByX MaTepUajIoB Mpu

Pa3INYHBIX XapaKTCPHBIX 3HAYCHUAX OHCPIruu OJICKTPOHA.
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Ou3znyueckuii WHTEpPEC MPEACTABIAIOT KOADGUIIMCHTH OTPAKCHHUS U
MIPOXO’KICHUSI, OTIPECISIEMbIC OTHOIIIEHUEM TUIOTHOCTEH MTOTOKOB, OTPaYKEHHBIX
Y MIPOTIEIIITNX Yepe3 MHTEPPEIC IMEKTPOHOB K ITIOTHOCTH IMOTOKA MMAIAI0IINX Ha
uHTEpPEc AMeKTPoHOB. ONpeaenuM BeKTOp MIIOTHOCTH MOTOKAa BEPOSITHOCTH J
CIeAYIOIIUM 00pa3oM (B HaIlleM OJHOMEPHOM CiIydyae 3TO OyJeT CKasp):

Jh

J=2=(y -y ¥ —y*y). (13)
2m

Torna xoaddunuent npoxoxiaenus D u xoadpdunuent orpaxkenus R

OTIPEIIENISFOTCS CICAYIONIIM 00pa3oM:

J+
D= lim 2!, (14)
Sl VA
-
R—]im‘l‘j (15)
lz]== “"JI-F

+
rac J]_ — BCKTOpP IINIOTHOCTH IMOTOKA BEPOATHOCTHU IJISA DJICKTPOHOB, IaAAalOIINX

Ha TPaHHMIly pasiena co CTOPOHBI 00nacTu 1, J| — BEKTOp MIOTHOCTU MOTOKA

BEPOSTHOCTH [IJISl DJIEKTPOHOB, OTPAKCHHBIX OT TPaHUIIBI pa3zaena oOpaTHO B
+

obmacte 1, J) — BEKTOp IJIOTHOCTU IMOTOKAa BEPOSITHOCTH AJISi DJIEKTPOHOB,

MNpOUIeIINX Yepe3 IpaHully pasnena B obnacte 2. CiaemyeT OTMETUTh, UYTO

JlaHHasl TOCTAHOBKA 3aJ1au HE MpelyCMaTprUBaeT pEeKOMOUHAINIO (TTOTJIONIEHUE)

AJIEKTPOHOB KaK Ha IpaHULie MeXy obsnacTsaMu 1 1 2, Tak U B caMHX 00JacTsIX.
[Toacrasnss Beipaxkenud (14) u (15) B (13), nonyuum:

Jf =hIL|4
m,

T =-h LB I =24,
m

m,

Torga BeipaskeHust 111 KO3PPUIUEHTOB MPOXOXKACHUS U OTPAXKEHUS OT

HOTCHHI/IaJIBHOfI CTYIICHBKHU IIPUMYT BU:
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bl m |4
il ma |4,
_|Bf
5 »
4
uu, ¢ yuetom (12):
_m uie
"h|?1+T2F
2
R |'i"1 _TE‘E |
|%+Yﬂ

I'paduxu 3aBUCHMOCTH KO3(DPUIIMEHTOB OTPAKEHUS U MPOXOKIACHUS OT

OHCPIUH 3JICKTPOHA IIPCACTABICHLI HAa PUCYHKC 8.

2 | 1 1 |

|R|£
D /L :

1 [P ——
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0 ] 1 1
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Pucynok 8 — 3aBucumocTts K03pGUIIUEHTOB OTpakeHusl (KpuBas 1) U IpoXoxkKaeHus
(kpuBas 2) 3J€KTPOHOB Yepe3 MOTEHIUAIBHYIO CTYIEHbKY OT SHEpPIUH.

OtMmeTuM, 4TO B cilydae, Korja sHeprus annektpoHa E<Ug , Benmnumna 2

CTAaHOBUTCS MHUMOM U (i)YHKHI/I}I 2 IIPUHUMACT BU cnaﬂa}omeﬁ OKCIIOHCHTHI.

+
B stoM cnydae motok wactuilr B oOmactu 2 oTcyrctByeT (J;0 = 0), a
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KO3 (UIUEHT OTPAKEHUS:

2
R= Vi —JP ~1
Y, +JP

Hecmotpst Ha 5T0, B 0Onactu 2 BONHOBas (PYHKUIMS OTIMYHA OT HYJIS
(pucyHok 8), TO €CThb UMEETCS ONPEEICHHAsA, XOTS U MaJjasi, BEPOSITHOCTh TOTO,
YTO 3JIEKTPOH MPOHUKAET MOJ| MOTEHIMaNbHBI Oapbep. Kpome Toro, korma
sHeprus diekTpoHa E>Up , nmMmeeTcs KOHEYHas BEPOSITHOCTh OTPAXKEHUs

qaCTHUIOBI OT ITIOTCHIMAJIBHOI'O 6apbepa.

3az[amm AJIHA KOMIIBIOTEPHOIo MOAC/JINPOBaAHUSA

1. PaccMOTpeTh CTPYKTYpY, MPEACTABISIONIYI0O cOOOM HHTEepdeic MexIy
AByMsI roryoeckoHedHbIME o0nacTsMu AlyGay yAs n GaAs s 3HaUYCHUS
napametpa X = 0,4.

3. TloctpouTh  MOTEHIMATBHBIA  TPOPWIb I JJICKTPOHOB B

paccMaTpUBaEMON CTPYKTYpE, OMNPEAEIUTh BBICOTY MMOTEHIHUAIBHOTO
Oapbepa Ug, OTCUATHIBASI SHEPTHIO OT JHA 30HBI MpoBoauMocTu GaAs.

4. TlocTpouTh 3aBUCUMOCTH KO3(PPUIIMEHTOB OTPAKEHUS U TPOXOKICHUS OT
SHEPTUM 3JIEKTpoHa B Auamnazone ot 0 g0 3Ug .

5. Tloctpouts orubarorire BOJTHOBBIX (DyHKIMI BOIU3M MHTEpdEiica MexXITy
obmactssMu 1 W 2 a8 pa3NMUYHBIX 3HAYCHUH HHEPTUU DJIEKTPOHA H
CXEMaTHYECKH HAJIOKUTh WX Ha MOTEHIUATBHBIA MPO(UIb CTPYKTYPHI;
MPOWLTIOCTPUPOBATH CIAEAYIOMNE (PaKThI:

1) npu sHepruu snektpoHa E Ug mMeeTcss KOHEYHas BEPOSTHOCTH

OTPAKEHUS YaCTUIIBI OT MOTEHIIMAILHOTO Oaphepa, TO €CTh Mepes

0apbepoM eCTh BCTPEUHbIN MOTOK YaCTHI;
2) npu E Ug Bce 9acTuIipl 0TpakaroTcst OT MOTEHIIMAILHON CTYIICHBKH,

TO €CTh B 00J1aCTH 6apbepa IMOTOK YaCTHI] OTCYTCTBYCT,

3) HMECTCs OIpCACIICHHAsA BCPOATHOCTHL IMPOHWKHOBCHHUA YaCTHIIbI C

sHeprueit E Ug BHYTph MOTEHIIMAIIBHOTO Oapbepa.
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6. Onenuts 3PpPexTUBHYIO TTyOMHY MPOHUKHOBEHHS 3JIECKTPOHA MO/
MOTEHLMAJIBHBIA Oapbep, TO €CTh IMNIyOMHY, Ha KOTOPOHl BEPOSATHOCTDH

OoOHapyKeHMsI 2JIEKTPOHA YMEHBIIAETCS B € pas.



