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VYV HabmkeHHI e(peKTUBHOI MacH JOCIIJDKEHO CIEKTP €JEKTPOHA B IPOCTOMY Ta CKIAJHOMY EIINTHYHOMY
KBaHTOBOMY JPOTi, moOymoBaHoMy Ha ocHOBI Al,Ga; As. OTpruMaHO TOYHUN ESHEPTETHYHUIN CIIEKTP CICKTPOHA Y
enintuudomy kBaHtoBomy apoti (EKJ[) y Bumamky Oe3MexHOro MOTEHI[adbHOro Oap’epy Ha Mexi po3ailty
CepeOBHII NPH Pi3HUX CIIBBIIHOIICHHSIX BEIWYHH MiBOcel eiinca. EHEpreTHYHUI CIEKTp CKIAgaeThes i3 cepiit
piBHIB, IO BiANOBiZalOTh MAPHUM Ta HETIAPHUM CTaHAM EJICKTPOHA, SKi MAIOTh Pi3HY MOBEAIHKY y 3aJIeKHOCTI Bif
BEJIMYMHHU EKCLEHTPUCUTETY EJIIICa, a Y BUIAAKY BUPODKEHHS €IINTHYHOTO JIPOTY Y LMWIIIHAPUYHHMIL, eHepril mapHUX
Ta HENapHUX CTaHIiB 30irarorbcs. Po3paxoBaHo HAOMIDKEHWH ESHEPTeTHYHHH CIEKTP €JICKTPOHA B EJIINTUIHOMY
HaIliBIIPOBITHUKOBOMY KBaHTOBOMY JIpoTi GaAs, moxpuromy miiBkoo Al,Ga; As, MOMIIIEHNX y HieNEKTPUYHE
cepenosuuie. [lokazaHo, 110 y Takiil cHCTeMi BEIMYUHN PO3IIEIUICHHS eHepriii MapHUX Ta HellapHUX CTaHiB 3aJIe)KaTh
BiZl eJINTHYHOCTI sIK oxHi€i Tak i1 aApyroi Mexi noxiny cepemoBuil. OTpUMaHO 3aJIEKHOCTI EJIEKTPOHHOTO
EHEePreTHYHOr0 CIEKTpa BiJ PO3MIpiB Ta IeOMETpUYHOI (OPMH MOIEPEUHOro IMepepidy KBAHTOBOIO JAPOTY, 1€
crioctepiraethbest €heKT PO3LUITOBXYBAHHS CHEPIeTHIHUX PIBHIB OHAKOBOI CHUMETPIl.

Kurouosi ciioBa: EninTuanmii KBaHTOBUI JPiT, CHEPTETUIHUI CIIEKTP €ICKTPOHA.

Cmamms nocmynuna oo pedakyii 04.08.2006; npuiinama 0o opyky 15.06.2007.

Beryn

®di3uka HAMIBIPOBITHHKIB OCTAaHHIX JIECATHPIY,
3aBISKH JIOCATHEHHSM B TEXHOJIOTII, NEpETBOPHIIACH
TOJIOBHUM YHMHOM Yy (i3MKYy HH3BKOPO3MIPDHHX CHCTEM.
Ha nanuii MOMEHT icHye 0araTo MeTOJiB BHPOLILYBaHHS
HAIBIPOBITHAKOBUX  HAHOCHCTEM, 3aBISKH  SIKHM
OTPUMYIOThCSI KBAaHTOBI TOYKH Ta KBAHTOBI JAPOTH Pi3HOT
reomerpuydHoi Qopmu. HamiBnpoBiaHUKOBI HAHOAPOTH,
mo BupomeHi 3 Si, Ge, GaP, GaAs i InP inTeHCHBHO
JOCTIKYIOTBCSL 3 METOI0 X 3aCTOCYBAaHHS B JIOTIYHHX
mpuiamaXx Cy4acHOi  HAHOCNIEKTPOHIKH, MOOYyIOBH
e(eKTUBHMX Ta HAHOMACIITAOHWX CBITJIOMIOMIB UM
(dhoromereKTOpiB. TTorenuianbHi MO>KJIMBOCTI
HariBIPOBITHUKOBUX HAHOJAPOTIB MOXYTb OyTH CyTTEBO
po3LIMpeHi 3a  pPaXxyHOK CTBOPEHHS  pajiajJbHUX
TeTEPOCTPYKTYP YCEPEIHHI IPOTY.

Po3paxyHOK €HepreTHYHOro CIEKTpa KBa3iuaCTHHOK
y TaKMX HAHOCHCTEMaX BHUKOHYIOTh Y paMKaxX MOJENCH,
0 HaWKpalle ONUCYIOTh OCOOJIHMBOCTI I'€OMETPHYHOT
(opMu Ta HAOMYCKalOTh MOMJIHMBICTE OTPUMATH Xo04a O
HaOmkeHi po3B’si3ku  piBHAHHA lpeninrepa. [nsa
IMJTIHAPAYHUX KBAHTOBHX JIPOTIB OTPUMYETHCS TOUHHI
EHEepPreTUYHUl  CIeKTp  Ta  XBWIbOBI  (QyHKIIT
KBa31YaCTHMHOK. Y BHIAIKy NOPYLICHHS IMITiHAPUYHOT
CHUMeTpIl Taka 3ajaya pi3KO YCKJIAJHIOETBCSA. 3 METOI0
PO3paxyHKy €HEpPreTH4YHOr0 CHEKTpa KBa3iYacCTHHOK Y
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KBaHTOBUX JpOTax 3 AaCUMETPUYHUM TONEPEUYHUM
nepepizoMm B poborax [1,2] 3HaliieHO CHepreTHYHHIA
CHEKTp U KBa3i4YaCTHHKH B CITINTUYHOMY KBAHTOBOMY
JIPOTi.

by by y
Puc. 1. 'eomerpuuna Ta norenuianbua cxema CEK/I.
JOCIIDKYETBCSl  €HEPreTHYHUI

GaAs,
Taki

B pmaniii poborti
CHEeKTp B ENINTHYHOMY KBaHTOBOMY JIPOTI
MOKpUTOMY eminTuyHOor 1iiBkoro  Al,GajAs.
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JIOCTIDKCHHST aKTyalbHi, OCKUIBKH, $K IIOKa3aHO B
pobori  [3], iHTEHCHBHICTE  (DOTOJFOMIHICICHIIIT
CKJIAJHOTO KBaHTOBOTO ApoTy GaAs/Alj1,GaggsAs y 20
pas3iB Oinbllia HIK Y BIAMOBIJHOMY IIPOCTOMY.

I. TamigbToHiaH i XBHJIBLOBI (QyHKIIL

€JIEKTPOHA y CKJIATHOMY
eJIiNTHYHOMY KBaHTOBOMY  [POTi
(CEK])

PosrimsiHemo  enminTuyHMid  KBaHTOBHH apit GaAs

(cepemoBume 0), mokpurtuii obononkoro Al,GajAs
emntuaHol ¢Gopmu (ceperoBuine 1) Ta MOMIMICHUN B
JUeNeKTPUYHY MaTPULO (cepenoBuiiie 2), TeOMeTpUYHa i
MOTEHIlIaJIbHA CXeMa SIKOro 300pakeHi Ha pwuc.l.
CucreMy KOOpAMHAT BuOepeMO Tak, 1mo Bick Oz
HampaBjieHa B3IOBX JpoTy. [loreHIianpHa eHepris i
e(eKTUBHA Maca €JICKTPOHA B JIEKAPTOBUX KOOpPIHUHATAX
MaTHMe BUTJIIST

ty, X /ag+y> /b <1,

H(X,Y) =9 H,

x*/ai+y /by >1 N x*/al +y* /bl <1 (1)

)75 xz/a12+y2/b12>1,

=0, xz/a02+y2/bzél,

VO
Ux, )=V, =V,
VZ

I
8

ne ap , bgp ta a; , by — miBoCci BHYTPIIHBOTO Ta
30BHINIHLOIO €JIiIIca BiIITOBIIHO.

VY HampsMKy B3JI0BX KBaHTOBOTO JPOTY EJIEKTPOH
3MiACHIOE BUThbHHMU pyX. Jloyis eHeprii, 110 3yMoOBIICHA

NO30BXKHIM pyxoM Mae Burnsan E, =ik’ /24", ne

4 — ycepenHena edextmBHa Maca. TyT  Mu

KOPUCTYeEMOCSI TepMiHOM  “ycepenHeHa edeKkTHBHA
Maca”, m00 BiAMITUTH TOW (haKT, 10 KBa3iYaCTUHKA SIK
€IMHUIA KBAaHTOBUH 00’€KT PYXa€eThCs y TO3M0BKHBOMY
HanpsiMKy 3 KBasliMmIyibcoM k, B ycix mapax CEK]]
OJIHOYACHO, X04a MPHU [bOMY MepeOdyBae y pi3HUX IIapax
3 pi3HOIO HMOBIPHICTIO.

EHeprisi, 3yMOBJIEHa TONIEPEYHUM PYXOM EIEKTPOHA
3HAXOIUTHCA 3 Po3B’si3Ky piBHsAHHs Llpeninrepa, sxe y
3araJlbHOMY BHIAJKy KOOPIMHATHO 3aJIe)KHOT MacH Mae
BUIIISIA

2
g

2 pxy)

MMincrapnsroun (1) i (2) B piBHsHHA (3) OTpUMaEMO
JUISl KOYKHOTO CEpPEJOBUILA HACTYITHI PIBHSIHHS

AP (x,y)+ Ky (x,y) =0, (i=0,1,2) 4)

VY (x,p)+U(x,y)¥(x,y)=E¥(x.y). (3)

+ +
o8 ot 2

|: 62 62 kaZ

L(cosh2&—cos2n) W (£,n)=0.

x*/ag+y* /b >1 N x*/al +y*/b} <1, )
. x'/al +y* b} >1,

2
ne kf:h—‘z‘l(E—V,.).

BpaxoByroun Te, MmO JaHa HaHOTeTepoCHCTEMa
BOJIOJII€ ENINTHYHOI CHMETpi€r0, TO pIBHAHHA (4)
3pyYHO pO3B’S3YBaTH B CNINTHYHHX KOOPIMHATAX
(&,m,z), sxi MaroTh 3B’S30K 3 JIEKapTOBUMH 32

HACTYITHUMHU CIIiBBIIHONICHHSIMHU

x=fcoshécosn, 0<&E<w
y=fsinhésinng, 0<n<2x;, 5)
z=12z, —00 < z < 400
ne f =+a*—b* — poxycHa BincTaHp, & — BHKOHYE POIIb
pamianpHOI KOOpAWHATH, a 77 — KyToBoi. PamiampHa

KooparHaTa ¢ BU3HAYAETHCS CIIBBIHOLICHHSM IMiBOCEH
enirca (tanhé =b/a).

[epeitmoBmm y piBHSHHAX (4) BiI JeKapTOBUX
KOOpJHHAT JI0 eNINTHYHUX, OTPUMAEMO

(i=0,1,2) (6)
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XsunboBy dynkuito ¥!/(&,7n) moxua monmaru y
BUIIISAL
¥, (En)=R(5)6," (1), (N
ne R (&)- panianbha i 6(n)— kyToBa yacTuHH, SKi
3aJ0BOJILHAIOTH PiBHAHHAM Mat’€e
%0, (n)/0n* +(c~2q,cos2n)6," (n)=0, ®
O°R,’(&)/ 08 —(c~2q,cosh2&)R(£)=0, (9)

npu meomy g, =fkl/4, ¢ ~— KOHCTaHTa
PO3IiNeHHSI.
JeranpHuii  aHamiz KyTOBOTO Ta  pajialbHOTrO

piBHsHR Mar’e, a TakoX iX 3arajdbHUX pO3B’S3KIB
MPUBEJICHO B poboTax [4, 5].

PosB’s3kamu  piBHsHHS (8) € QyHkumii Mar’e
nmepmoro Ta Apyroro poxy. OCKiIbKH, yMOBaM
MEepiOANYHOCTI MOXYTh 3aJOBOJIHATH JIMIIE IapHa
ce,(q,n) Ta HemapHa se,(q,n) ¢yHkui Mar’e

HepIIoro poy,
MaTUMe BUTJISIT

TO KyTOBa YaCTUHA XBWJILOBOI (DYHKIIT

ce,(q.1),
Hm (q’n) ={ (10)
se,(q,1)-
PosB'si3kamu  paxmianeHOro  piBHsHHE  (9) B

3araJlbHOMY BHIIQJIKY € JIiHifiHa KOMOiHallis mapHux (e)
Ta HemapHux (o) MoaudikoBanux ¢QyHkuii Mar’e
MEPIIOTO 1 IPYTOTo POAY:

e A;Jem(q’ §)+B:1Nem (q’ 5) ’ q > 0
R (q.&)=1"" k (1)
A'le (q.&)+B.Ke, (q.5), ¢q<0
0 4,Jo,(q.6)+B,No,(q.5) , >0
Rm(q’ 5) = 0 o (12)
4,10,(q.5)+B,Ko,(q.5)., q<0
ne A ,A,B B, — BiOnmoBimgHi KoedillieHTH, IO

BU3HAYAIOTHCSl TPAaHUYHUMH YMOBAMH Ta YMOBOIO
HOpMyBaHHs. SIk Bimomo 3 Teopii ¢yHkuiit Mat’e [4],
iHIEeKC m JyUid TapHUX CTaHiB MpUAMae 3HAYCHHS
m=0,1,2,3..., a nnsg Henapuux — m = 1,2,3.... 3 yM0OBHU
30DkHOCTI panmianbHOi (yHKMOIT mpu £ =0 oTpumaeMo

J,.(q9,5,)

Bi" =B =0. 1o
JieJeKTpUYHE  CEpelOBHINE  CTBOPIOE  Oe3MexHHUH
MOTeHLIATbHUN Oap’ep Uil KBa3lYaCTUHKH, XBWJILOBA
¢ynkuis npu & =¢& piBHa Hymo. Ha Mexi momimy
& =&, icHye CKIHYEHHMH CTpUOOK IOTEHLIaIbHOI
eHeprii, TOMy BHKOPHCTOBYIOYM YMOBH HEIIEpPEpPBHOCTI

XBHJILOBOI (pyHKIIT Ta TYyCTHHN MOTOKY HMOBIPHOCTI JUIst
MapHHX Ta HETIAPHUX CTaHIB

Baaxaroun, 30BHIIIHE

LR (a£)/08] 1 ORY(a. 8008y
Hy RYV(90.8) | om RYV(an8) |
LR g E)/0g| L AR (g 80008
Hy RZ(O)(qo’é:) e, M R:z(l)(qvé:) g,
OTPUMAEMO  EHEePreTUYHU  CHeKTp Ta  HeBigoMi

koedilieHTH UIs XBWIbOBOI (QyHKIil. Sk mokazaHo

aBTopamMu poboTH [2], Taki pPO3B’SI3KM  PIBHSIHHS
pexninrepa OyayTh TOYHUMH JIMIIE Y BHUIAAKY
BUPOJDKEHHS  €JINTUYHOIO  KBAaHTOBOTO  APOTY Y

muTiHApUYHUE. B 1ilt poOoTi HaBENEHO pe3yNbTaTH
PO3paxyHKy €JIEKTPOHHOTO CIIEKTpy 3a JIOIIOMOTOIO
KIiHIIEBO-PI3HHUIIEBOTO YHCENFHOTO METOAY PO3B’S3KY
piBasHEss  Illpenmiarepa. [lopiBHAHHS  pe3yIbTaTiB
PO3paxyHKiB, BUKOHAaHUX aBTOpaMu B pobotax [1, 2] mis
eNINTUYHUX  KBAaHTOBUX  JPOTIB 13  CTpUOKOM
MOTEeHIIAIbHOT eHeprii Ha Mexi I[OALTY CepeNoBHII
Vo= 10,7527 eB, noka3yioTb, 1o rpaHuyti ymoBu (13) i
(14) MOXyTh OyTH BHUKOPHCTaHI JUIsi 3HAaXOIKEHHS
HaOmmkeHux po3s’s3kiB. Ilpm npoMy moxmOka B
OTPUMAHUX CHEPrisX JUI1 KBAaHTOBUX JPOTIB i3
CIIBBIJHOIIEHHSAM  IiBOCeH  emimca  ay/by<2  He
nepeBurye 5%. 3MCHIICHHS CKCIEHTPUCUTETY Pi3KO
3MEHIIIYE 10 TIOXHUOKY, a B o0macti 1<ay/by<1,5 criekrpu
30iraroTbcsl MOBHICTIO. OTKe, 0OMEKYIOUNCH PO3TILIIOM
CNMNTUYHUX  KBAaHTOBUX  JAPOTIB 3  HEBEIHKHM
eKCIICHTPUCHUTETOM, BpaxoBylounm ymoBu (13) i (14),
OTPUMAEMO JIMCIEPCIHHI PIBHSIHHS JUIS BU3HAYCHHS
eHepril MapHUX Ta HEMapHUX CTaHIB

J0,(q,6)N,.(9,,6) = N, (9,607, (9,,¢))

J,,(40,$,)

1y I (@& LT, (@ &N, (00, E)— N,y (418, (@ E)]

1,(4,,$)K,,(9,,¢) — K,,(4,,¢)1,(9,,¢))

> 1 =Y

(15)

ne  qyskuii J,(¢q,5). N,(9.6).1,(9.5). K,(9.5)
MO3HAYalOTh MapHi 1 HemapHi ¢yHKIil Mar’e s

ESY n=1,2,

BH3HAYEHHs €HEpriil BiJNOBiIHUX CcTaHiB £

3 TOJIOBHE KBAHTOBE 4YHCJIO,

HOPSJKOBHII HOMED Bi/INOBIHOTO KOPEHS.
Taki poO3B’S3KM MOXJIHMBI JIAIIE UISI  CKIATHAX

SNINTUYHUX KBAHTOBHX JPOTIB, MEXKaMH  IOALTY

AKe HyMepye

Uy J,(q058) B wmll,(q,,6)K, (q,,6)— K, (4,,6,)1,,(4,,6)] -
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CEpEeNIOBHUI SIKHX € EJIICH 3 OJHAKOBOIO BEJNYNHOIO
(hoxycHO{ BiNICTaHI, OCKIJIBKH IBOTO BHMAarae BHOpaHa
eNINTHYHA cHUCcTeMa KoopanHart (5).
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II. AmnaJui3 Ta 00roBopeHHs1 pe3yJabTaTIiB
YHCJIOBHUX PO3PAXyHKIB

Jisi  4MCNOBUX PpO3paxyHKIB BHKOPHUCTOBYBAIHCH
HACTYIIHI TapamMeTpu HaIIBIPOBIIHUKOBUX KPHCTAJIIB!
x=0,12, H, =0,067m,

1, =(0,067+0,083x)m, ~0,077m,, — epexruHi Mach

€JIEKTPOHA y BHYTPIIIHII )KMIi Ta 0OOJIOHII KBAHTOBOTO
apoty  (myg Maca  BUIBHOTO  CJICKTPOHY),
V =0,57(1,55x+0,37x* )= 0,109 eB BHCOTA
MOTEHLIAILHOTO  0ap’epy MJsl €JIEKTpOHAa Ha MEXi
cepenoBuil (0) ta (1), agaas= 5,65A — mocriiina TpaTKu
HaIBOPOBITHUKOBOTO KprcTary GaAs.

Ha puc.2a npuBeaeHO pe3ynbTaTd pO3PaxyHKY
eHepriii monepeuHoro pyxy eiekrpona y EKJl GaAs 3
HEMIPOHUKINBUMHU cTiHKaMu (k, =0) y 3aJIexHOCTI BiX

CHIBBIHOIICHHs TMiBOcel emimca ay/b, MpU MOCTIiHINA
poro mmiomi (pamiyc piBHOBETHKOTO 3 EJIIICOM Koja

R, =.la,b, =10nm ). EdexTuBHa Maca eneKTpoHa

2,0 >
% 777724y
o
W ,///’(2,1)°
1,5 s
. /
;77 (2.4) 2b
1777 2a
//// (17)0
1,0 777 . L)~ =
777 P S
’7 -"=ZzZzZzzZz°7
/ -=ZzZZZZz7 73
ers Z-zZZ22223 700
05_ a,::::’ (17)e
TS Z -z =222= ‘
V'? = = -

wF—

alb 15
6)

Puc. 2. 3anexHocTi eHepriii napHux (CyuiibHi JdiHii) 1

HermapHUX (IITPUXOBI JIiHII) CTaHIB €JEKTpoHa B

elinTHYHOMYy (@) Ta BIANOBITHMX IM CTaHam B

piBHOBenmukoMy (ab=rma,b,) mupsmokyTHOoMy (0)

KBaHTOBHX JpoTax GaAs Bin criiBBigHOMEHHS a/b.
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H, =0,067m,, m,— maca BinpHOro enexrpoHa. IlapHi
CTaHU 300paXEHO CYUUJIBHUMH JIiHISIMH, HemapHi —
IITPUXOBUMH. JI1s MOpIBHSAHHSA Ha puUC.20 HaBeAEHO
PO3paxyHKH €HEpPreTUYHOro CHEKTPy €JIeKTpOHa B

KBaHTOBOMY JpoTi TPSIMOKYTHOTO nepepizy
(piBHOBETMKOMY 3 ETNTHIHUM) 32 (opMyITOF0
222 2 2
n°ht(ny n
= =+ | (16)

2
a

miy

24, b’

Jie a, b — mornepeyHi po3Mipu KBaHTOBOTO JIPOTY.

3 pucyHKa 2a BHIHO, LIO MapHi Ta HemapHi CTaHu
YTBOPIOIOTH cepii piBHIB, NpPHUOMY €Heprii MapHUX
CTaHIB pO3TAallIOBaHI HIDKYE B CHEPreTHYHIM IIKami 3a
BIJMIOBiHI CHEprii HemapHUX cTaHiB. HaWHWKYOK0
eHeprieto Bonomie mapHuit craH (1,0)e , SIKHH
3aJIMINAETHCS HE BUPOIKEHHUM ITPH ay/by = 1.

SIKicHO TOHMIOHWIT  CHEKTp  CIIOCTEpIraeTbesi Yy
KBaHTOBOMY JIPOTi MpPSIMOKYTHOTo Tepepidy (puc. 20).
306inbIeHHsT CITiBBIAHOLICHH a/b, pU MOCTIHHIN o
MOTIEPEYHOT0 TIepepi3y IpoTy, MPUBOIUTD JI0 CTBOPEHHS
KBaziHerepepBHUX 30H eHeprii sk y EKJ/], Tak 1 B
KBaHTOBOMY  JIpOTi  MPSAMOKYTHOTO  mepepizy. Y
TPaHUYHOMY BHIIQJIKY, KOJIH €JIIC BUPOKYETHCS B KOJIO
(ag/bp = 1), a IpIMOKYTHHK — B KBa/IpaT , €HEPrii MapHUX
Ta HETMApHUX CTaHIB 30iraloThes.

Ha pwc.3 HaBemeHO pe3ysibTaTH PO3PaxyHKY
€Hepriii MapHUX 1 HeMapHUX CTaHIB eleKTpoHa 3 k, =0,

m=1 y CEKJ GaAs/Al,Ga; As y 3aJeXHOCTI Bij

/ /b
152 125 116 141 108 1,06 000
3 ; . (
WONG | f=15a,; a=20a,,,; m=1 |
0,31
0,21
0,11

50
8p86ans

Puc. 3. 3anexnicte enepriii mapuux (E; ) Ta

nm
Ea

nm

) craniB enexktpona B CEKJl mpwu
E, Yy

nm

HemapHuX (

m=1 (cyuinpHi JiHii) Ta eHeprii

BignosigHoMy CLK/] (trrpuxoBi miHii) Bif .

BEJIMUMHM TMIBOCI d¢ BHYTPIIIHBOI KWK KBaHTOBOT'O
npory GaAs TmpM TOCTIHHIA TOBHIMHI  OOOJIOHKH
Al,Ga, 4As B HanpsaMKy Bici OX Aa = 20ag,as Ta cTamii
BeMuMHI  (OKycHOi  BimctaHi = 15ag,as 000X
0OMEXYIOUHX eNNTHYHUX WIHAPIB (CYHUIbHI JIiHIT).
Jis TopiBHSHHS HaBeIeHA aHAJIOTIYHA 3aJIeKHICTh IS
PIBHOBEJIMKOTO CKJIQAHOTO IMIIHIPUYHOTO KBAaHTOBOTO
apory (CHK) xpyroBoro mepepidy (IITpUXOBI JiHIi).
[Tpu upomy paniycu ry ta r ans CUK/] BusHavanuch 3
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YMOBH OJTHAKOBOI IUIOIII TIepepi3y BHYTPIIIHBOI KIIH Ta
OOOJIOHKM  JJIsl  eNINTHYHOTO Ta  IWJIIHIPUYHOTO

KBAHTOBOTO APOTY: 7y =+/a,b,, r, =+/ab, .

3 puc.3 BHAHO, WO €Heprii MapHUX CTaHIB
enexktpona B CEKJI 3aBxnu MeHII, a HemapHUX - OUIbIII
3a BignoBigHi eHeprii B CIIK/[. Take po3smiemnicHHs €
BEIMKMM JUISI HIDKYMX  CHEPreTHYHUX  PIBHIB 1
3MEHIIYEThCS TSI CTaHIB i3 OUIBIIMM 3HAYECHHAM
TOJIOBHOT'O KBAaHTOBOTO yHcia. Lle mosicHIoeThesl THM, 110
BITHOIIICHHS (/b 3aBXIu Oinble HIXK @1/b; (OCKUTBKH
¢okycHa BiacTaHb 000X €IINCIB OJHAKOBa), ale
MOCKUTPKM ~ CTPUOOK  TOTEHIiaNbHOI ~ eHeprii  Ha
BHYTPIMIHI MeXi MOALTY CepPeNOBHUII CKIAIA€ BETMINHY
V=109 meB, To enekTpoH y craHax 3 OUIBIIOI EHEPriel0
MeHIIe “BimuyBae” 1m0 Mexy. [lpu 30iibmIeHH]
BEJIMUMHH a, eninTuyHi nepepizu CEKJ] HaGmmkaroTbes
JI0 KpyroBuX (Il BUIHO 3 BEJIMYUH d/b), HABEICHUX Ha
BEPXHIH TOPH3OHTANBHII OCi pHCyHKa Ta 300pa)KeHb
MONIEPEYHOro Tepepizy KBaHTOBOTO JIPOTY), €Hepril
NMapHUX 1 HENapHHX CTaHiB EJIEeKTPOHA 30iraroThes i
IpSIMYIOTh 10 BignoBigaux 3HadeHb y CLIK/[. ToHoBaHa
obylacTh Ha puc.2 BiINOBimae oOyacTi eHeprii HrKde
BHCOTH TOTEHIiaTbHOTO Oap’epa. Y il obmacri
EHEPreTUYHUN CHEKTp Ma€ MOHOTOHHO  CIaJHUI
xapakrep. Y [Iiama3oHI €Hepriii BUINE MOTEHIIATBHOTO
Oap’epy criocTepiraerbes €peKT po3ITOBXYBAHHS PiBHIB
(aHTHKPOCIHT), OCKINIBKH, IOCHTIPKyBaHa HAHOCHCTEMa
CKJIAIA€ThCS 3 ABOX MOTEHUIAIBHUX SIM, KOXKHA 3 SKUX
BOJIOZII€ CBOEIO CHCTEMOIO EHEPreTWYHUX piBHIB. I3
30inbIIeHHAM po3MipiB  BHyTpimHboi kmm  CEKJ]
CHEPreTUYHI  pIiBHI, 10 HaJSXKaTh  BiATOBIIHIN
MOTEHITIABHIA SMi OIyCKAIOTHCS N0 11 JHA, MIPH IBOMY
BOHM Mani O TepeTHHATHCS 3 PIBHSIMH, LIO HAJICKATh
MOTEHITIaTTbHIN sMi, YTBOpEHIH 000JIOHKOIO
(ropmzoHTaNbHI TyHKTHpHI JiHIl). i cramiB 3
OJJHAKOBUM 3HAYE€HHSIM KBAaHTOBOTO YHMCJIA M1, Y BHIAIKY,
kon kBaHTOBI siMu (0) i (1) yTBOPIOIOTH €IMHY CHCTEMY
JUIsl €IIEKTPOHA, TaKi epeTuHU 3a00poHeHi. B pe3ynbrari
3aJIOKHICTh CHEPreTHYHOIr0 CIIEKTpa eNeKTpOHa Bil
BEJIMYMHU @y B 00JIACTi BUINE MOTCHIIATBHOTO Oap’epy
Mae HEMOHOTOHHHH XapakTep. B obuacri
PO3IITOBXYBaHHSl EHEPreTUYHUX PIBHIB BiIOyBa€eTHCS
3MiHA JIOKami3amii KBa3lYaCTUHKA B HAHOCHUCTEMI.
CrnabkocmagHi  IUISHKM ~ €HEPreTHYHOrO  CIIEKTpa
BiJINIOBITAIOTh 00JACTi CHEPril, MpH SKUX EICKTPOH 3
OBIIOI0 WMOBIPHICTIO 3HAXOAUTHCS B cepenoBumi (1).
[IIBuakocnamHi MOUISHKA EHEPTETHYHOTO CIIEKTpa Ha
pHC.3 BiAMIOBINAIOTE CTaHAM Y SIKHUX €JIEKTPOH 3 OLIBIIOI0
H“MoBipHicTIO IepedyBae y cepenosuiii (0).

Ha puc. 4 300pakeHO 3aJeXHOCTI eHeprii mapHUX
E;, (cyuinbHi niHii) Ta HenapHux E;, (WITpUXOBI JiHiT)
CTaHIB €NEeKTPOHA Bill TOBIIMHA Aa  eTINTHYHOI
obononku AlyGa;,As mipu ag = 10aguas Ta f= S5aGaas- 3
PHCYHKa BHIHO, IO LS 3aleXHICTh Ma€ MOHOTOHHO
cnagHuil xapaktep. B rpanmunomy Bumaaky Aa=0
OTPUMYETHCS SNINTAYHUA  KBaHTOBHHM  IpiT 3
HETIPOHUKHAMHU MOTEHIIIAJIBHUMHA CTIHKaMHU. Iz
30UIBIICHHSAM TOBIIMHH OOOJOHKM Aa TOCIa0iIoeThes
pO3MipHE KBaHTYBaHHS, OCKUIBKH MOTEHIIAIbHA €HEePTist
€JIEKTpOHA B OOOJIOHIII CKiHYEHHA, TOMY EJIEKTPOH Yy
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Puc. 4. 3anexuicte eHepriii mapuux E; —(CyLUIbHI

miHi{) Ta HemapHux FE;  (WITPHXOBI IiHIil) CTaHIB

enextpona B CEK/] npu n = 1 Bix Aa.

HalHWKYOMY  CHEpPreTUYHOMY  CTaHi  3B’A3ye€ThbCs
MOTEHILIATBHOIO IMOIO LIEHTPANILHOT yacTUHU ApoTy. [Ipu
Aa > 8agaas 3ANMEKHICTH €HEPrii OCHOBHOTO CTaHy
€IeKTpOHA BiJ TOBIIMHH OOOJOHKH BHXOIWTH Ha
HACWYCHHSA, SKE BIANOBiZae eHeprii eleKTpoHa B
STNTHYHOMY  ApOTi, TOMIIIEHOMY B  MacHBHE
cepenoBuiie Al,Ga; As. Enepril 30ymkeHHX CTaHIB
€JIEKTPOHA, 30JIMKAIOYNCh MK CO0O0I0, OMYCKAIOThCS 10
JHa TIOTCHIIaNbHOI MM, YTBOPEHOI EIINTHYHONO
000s10HKOI0. BennunHa po3IuernyieHHs] eHepriii MmapHuX
Ta HEMAPHUX CTaHIB 13 30UTBIICHHSIM TOBIIUHHI O00JIOHKH
Aa 3MEHNIYEThCS, OCKUTLKH 3MEHIIYEThCSI eNNTUYHICTD
30BHIMIHBOT MeXi MOAUTYy (BEIMYMHA CIiBBITHOIIEHHS
miBoceii /b, mpuBeneHa Ha BEpXHiii Bici rpadika).

Ha puc.5 HaBeieHO 3aeXHICTh eHepriit mapHux E;,

ab,
o 1,0 1,02 1,09 1,25 1,67
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q’uf aO_1oaGaAs’ Aa_saGaAs EZO _--
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Puc. 5. 3anexnicte eHeprii mapuux £, (CywinbHi

minil) Ta Hemapuux FE  (WITPHXOBI JIiHII) CTaHIB

enextpona B CEKJ] mpu n = 1 Bin f.

E 0

1m

(cyuinbHi JiHiT) Ta HENApHHUX CTaHIB (mTpuxoBi
JIiHiT) eeKTpoHa BiJ POKYCHOI BifCTaHi f TIPH MOCTIHHUX
BelMuHHAX dyp= 10agaas Ta Aad = 5agaas. 3 IbOTO rpadika

BHIHO, O Ko f — 0, TOOTO eNirc BHPOHKYETHCS B



B.A. T'onosankuit, B.1. T'yiyn

KOJIO, TO €Heprii MapHUX Ta HEMAPHUX CTaHIB 30iraroThes
i eneprernunmii cnektp y CEKJI mnepexomuth y
BianoBiguuii cnexktp anst CLIK/]. 30iiblieHHs] BeIMYUMHU
¢dokycHoi Binctani f TPUBOIUTH JIO 3POCTaHHS
CIIBBIIHOIIEHHS do¢/by , a 3HAYUTh [0 OILJIBIIOTrO
pO3INECIUICHHS MAapHUX Ta HEMapHUX CTaHiB. Y
TpaHUYHOMY BHUHNAIKy, KOIH [ = ap= 10ag,as CEK]I
BHPOJDKYEThCS B emintuyHmid  apit  Al,Ga;,As 3
HEMPOHUKHUMH CTIHKAMH.

BucHnoBku

B eninTuuHii cucteMi KOOpAMHAT Ha OCHOBI
¢ynkuii Mar’e B HaOmmKeHHI eQEeKTHBHHX Mac
pO3paxoBaHO €HEpreTU4Hui cnekTp enekrpoHa B EK]
GaAs 3 HENPOHWKHUMH ISl €JIEKTpOHAa CTiHKaMH.
EnepretudHuii CrieKTp €NEKTPOHA CKIANAETBCSA 3 Cepii
€HepreTUYHUX pIiBHIB, IO BiANOBIJAIOTh MAPHUM Ta
HENapHUM CTaHaM eJEeKTPOHAa 1 SKICHO ToniOHuii Ha
SHEPreTHYHNH CHEKTP KBa3i4aCTUHKU B MPSIMOKYTHOMY
KBaHTOBOMY JpoTi. OTprMaHi TOYHI PO3B’SI3KH PiBHIHHS

peniarepa MOXyTh  OyTH  BHKOPHCTaHI  IpH
JOCHI/DKEHHI ~ B3a€MOJIii KBa3lYaCTUHOK Yy KBaHTOBUX
JpOTax eJNTUYHOTO Mepepizy.

PesynpTaTi NOCHIIUKEHHS EHEPreTHYHOTO CIIEKTpa
enektpona y CEKJI, mo cKiIagaeTbess 3 eNNTHYHOTO
HamiBIpoBigHUKOBOrO  ApoTy  GaAs,  MOKPHTOrO
obomonkoro  Al,Ga;4AsS TMOKa3yiTh, IO BEIUYHHA
PO3IICIJICHHS MK EHEprisMH MNapHUX Ta HeMapHHX
CTaHIB 3aJICKUTH BiJ] BENMYMHH CKCLHEHTPHCHUTETY 000X
MEX TIOITy CepelOBHII, MPUYOMY HABITh HE3HAYHA
nedopmalis MTIHAPAIHOTO KBAHTOBOTO APOTY iCTOTHO
BIUIMBA€ HAa EHEPIeTUYHUH CIEKTp eNeKTpoHiB. Jlms
CTaHIB 3 OJHAKOBOIO CHUMETpi€l0 B 00NacTi eHepriit
BUIIMX 332  BUCOTY  IOTEHIiaJbHOrOo  Oap’epa
CIIOCTEPIraeThesi €PeKT PO3LITOBXYBAHHS €HEPreTHUHHX
PiBHIB.

Tonosauyvkuit B.A. — npodecop xadenpu TeopeTHIHOI
¢izukwy;
Tyyyn B.I. — actiipant Kadenpu TeOpeTHIHOI (Pi3UKH.
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Electron Energy Spectrum in Semiconductor Elliptical Nanowire
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The electron spectrum in single and complicated elliptical quantum wire constructed of

Al,Ga;_As is

investigated within the effective mass approximation. The exact electron energy spectrum in the elliptical quantum
wire (EQW) for infinite potential barrier at the media interface is obtained for the different ratio between ellipse
semiaxises. Energy spectrum consists of the sets of the levels corresponding to the even and odd states of electron
and having different behaviour depending on the magnitude of the ellipse eccentricity; in case of the degeneration of
the elliptical wire into the cylindrical one, the energies of the even and odd states are equal. The approximated energy
spectrum of electron in elliptical semiconductor quantum wire GaAs covered by Al,Ga; As shell embedded into
dielectric medium is calculated. It is shown that in such system the magnitudes of the even and odd energy states
depend on the ellipticity of the both media interfaces. The dependence of electron energy spectra on the sizes and
geometrical shape of quantum wire cross is obtained. The effect of the energy levels anticrossing is observed for the

levels with the same symmetry.

Key words: elliptical nanowire, electron energy spectrum.
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