OI3UKA I XIMIA TBEPAOI'O TUIA
T. 11, Ne 3 (2010) C. 552-557

PHY SICS AND CHEMISTRY OF SOLID STATE
V. 11, Ne 3 (2010) P. 552-557

ISSN 1729-4428

B.1. boituyk, B.b. T'onbcbkuii, P.1. Jlykin

JlocTiIKeHHs eHEePreTHYHOI0 CIIEKTPY | TYCTHHU MMOBIPHOCTI
nepe0yBaHHs KBa3iYaCTMHKH B IBOLIAPOBOMY HAHOKPHCTAJI
eJIICoIIAIBbHOIL (hopMH

Jlpozcobuywkuii Oepocagnuii nedazociynuii ynisepcumem imeni leana @panka,
Incmumym gizuxu, mamemamuxu ma ingopmamuxu

B po6ori nociipkeHo eHepreTHYHUN CIEKTp eJIeKTPOHA B JIBOIIAPOBIH KBAHTOBIHM To4L cdepoinanbHoi Gopmu.
3anady po3B’s3aHO B HAONMKEHI HECKIHYEHHO INIMOOKOI MOTCHIaJIBbHOI sIMU. JlOCHIKEHO T'YCTHHY HMOBIPHOCTI
nepeOyBaHHA KBa3i4aCTHHKM B JOCIHIUKYBaHIN rerepocTpykTypi. OOYMCIEHHS IPOBEJCHO I CTPYKTYpH

ckio / CdSe/ ckio.

KrouoBi ciioBa: KBAHTOBI TOYKH, HAHOKPHCTAJ, €HEPreTHUHMI crekTp, chepoinanbHa opma, HMOBIpHICTH

nepeOyBaHH.
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Beryn

[Iporpec B  mOCHIIKEHHI HAHOCTPYKTYp JaB
MOXIIUBICTh ~ BIIKPUTH  TIEPCIIEKTHBU  CTBOPEHHS
MPUCTPOIB  THITy  OJHOCNIEKTPOHHHX  TPAH3HUCTOPIB,

€IEeMEHTIB IaM’sTi Ta JasepiB. Po3Mipu cydacHHX
00’ €KTIB JJOCITIPKEHHSI CTAHOBJISTH HAHOMETPU. Y TaKuX
o05acTax HeoOXiTHO BpaxoBYBaTh e(peKTH PO3MipHOTO
KBaHTYBaHHS, 60 ¢bizuuHi BJIACTUBOCTI
HAITIBIIPOBITHUKOBUX CHCTEM ITIOYMHAIOTH 3aJIEKATH SIK
BiJ Qi3MYHUX, TAK | TEOMETPUYHHX [TAPAMETPIB.
Enincoimaneaa ¢gopma KT 3Beprae mo cebe ymary
qocmigHukiB [1- 6] y 3B'M3Ky 3 THM, IO 3a IEBHUX
rapaMmeTpiB eNIICoi MOXHA PO3IIIAATH SIK chepy UM sIK

HWIHADP, & eKCICPUMEHTAJIbHO Ba)XKO OTPUMATH
HAHOKPHCTAJIA BU3HAYCHOI (hopMHU.
V HaOmwKeHi HECKIHYEHOI IIOTEHIaJbHOI MU

3HAWJICHO €HEPreTUYHUI CIIEKTP 3apsKEHOI YaCTHHKH
Ta CKCHTOHA, JOCTIDKCHO BIUIUB IOJIAPH3AIHNX
edextiB Ha crekTp kBasidacTuHku [1 - 4]. ¥ poborti [5]
BHUKOPHCTAHO OPTOTOHANBHY KBa3iC(EepUUHY CHCTEMH
koopauHat, i gochimkenns KT emincoigambHOT
(bopMu 3 BpaXyBaHHSIM PEanibHOrO PO3PHUBY 30H HA MEXi
cepenoBuil. OTpuMaHi pe3ylbTaTH, OJHAK MOXKHA
BHUKOPUCTATH JHIIE JJIS JIOCHTh BEIHKOI CTYIeHi
CIUTIOCHYTOCTI (Bemukoro EKCIIEHTPUCHUTETY).
BpaxyBaHHs peanbHOrO pO3pHBY 30H Ha  Mexi
CepenoBHIN 3AilicHEHO B poboTi [6], 1e mpoBemeHO
aHaJli3 BIUIMBY CTYIEHS BHUTATHYTOCTI Ha eHepril
eNeKkTpoHa B enincoinanbHiin KT. JocmimkyBanuch i 1B0-
, TpU- Ta GaraToniaposi chepuyHi TeTePOCTPYKTYpH [7 -
12]. 3HaiineHo crekTp i XBHIBOBI (yHKINI eTEKTPOHIB
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Ta TMOJSIpU3AIHHIX (OHOHIB. Bu3HaueHO moTeHnianbHy
€HEprif0  B3a€MOJIl  3aps/DKEHOI  YacTUHKH 3
MOJMSIPU3ALIHHUME 3apsAaMi MEX TOMLTY, JOCHiPKEHO
TaKOX BIUIUB IIEPEXiJHHUX MIAPiB HA EIIEKTPOHHHUHN CIIEKTP
[8-9]. ¥V pobori [10] oTpumaHO SBHUI BHIJISAA
MOTCHINAMBHOI  eHeprii B3aeMOJii KBa3iYaCTUHOK 3
MEXEI0 TMOAUTY y TPOCTii chepruHiii KBAaHTOBIM TOYIII.
BBaxanoch, 110 Ha TpaHUIl iCHYe MepexigHuil map, B
SKOMY Ji€JIeKTpHYHA IPOHUKHICTH € HelepepBHOI0
(GYHKI€I0O KOOpAWHATH. 3 BpaxyBaHHSAM OJep)KaHHX
(dbopMyI, 0OYHCIIEHO ENIEKTPOHHI, AIPKOBI Ta €KCUTOHHI

CIIEKTPH HAHOT€TEPOCUCTEMHU HgS/ CdSs
[IpoanamnizoBaHO ¢bizuuHi BJIACTUBOCTI
eKCIICPUMEHTATBEHO CTBOPEHUX GaraTomapoBux
CKITaMHUX HaHoreTepocucTem [11 - 12].

Y mopaHiii po0OOTI pPO3BHHYTO TEOpito IS

BU3HAYEHHS EHEPreTHYHOr0 CIIEKTPY Ta XBHJIBOBOI
¢GyHKIIT 3apsay s ABomapoBoi emincoiganbHoi KT
JIOBIJIBHOTO ~ CTyNeHs  CIUIfocHyTocTi.  OTpumano
3aJIKHOCTI  €Heprii 3B’s3aHMX CTaHIB YaCTUHKH Bij
00'emy KT i crynens anizorpornii i1 ¢popmu. [ToOynoBano
rpadiky TyCTHHU HMOBIpHOCTI mepeOyBaHHS eJEeKTpOHA
B JIOCJIJUKYBaHiH reTepoCTpyKTYpi.

EHepretuuHmii CrieKTp Ta XBWJIbOBI (DYHKIIIi CTaHiB
€JIEKTPOHA

PosrnsimaeTbest nBOmMIApOBUIT HAHOKPHUCTAN 3 JBOMa
MEXaMH TOJUTy Yy BHUIJISOI BUTATHYTHX chepoiniB
(puc. 1.). Jlns 3anucy piBusiaus lpesinrepa 3aificHeHO
Tepexiji Bij IeKapTOBUX JI0 BUTATHYTUX cepoinanbHux
KOOp/IMHAT:

HY (x,h,j )=EY (x,h, ), (1)
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ne Y (X hf ), E— xBumsoBa ¢dyHKuis Ta eHeprisa

KBa314aCTHUHKH, a ramijJbTOHIaH YaCTUHKHA B
chepoinaabHO-CAMETPUUHOMY — IOJIi  Ma€  BUTJIAL
h? .
H=- NZ+U (x), 2
2m,
¥, X=X,X =X,
|
re U (x)=i SN )
10, x £x£x,
M. — edekTUBHA Maca CJICKTPOHA B HAHOKPHUCTAII,

X =X;, X =X, — piBHAHHA NIOBEPXOHb BHYTPilIHEOIO
1 30BHIIIHBOTO C(epoiJIiB BiAMOBIIHO.

[Ticnst po3nineHHs: 3MiHHHUX Ta PO3B’ SI3KY OTPHUMaHHX
nudepeHIiaabHuX PiBHSHDb, MOXKHA OTPUMATH XBHJIHOBY
¢yHkiito enexkrpona asomapoBoi KT y  Burmsmi
BHUTATHYTOTO chepoina:

Y (xhf)=5)(ch){BRY (cx)+BRE (cx))e™ (4)

¥ Puc. 1. Mogaenp mocnimkyBaHoro HaHokpucrtany. Ha
e Sr(rﬂ (C,h) =q'd™ (C) P (h), BCTaBIll — mepepi3 HaHokpuctany B mionmHi Y OZ.
r=01
572
Dex)e L @1 g Gmen),
Rna (¢.x) g m (2m+r)g x2 5 E‘Md' (c) r! imer (0)
a dm ()= |
r=0,1 .
2) 1 71677 & o (2m +r)
Rmn(C'X)_ ¥ (2m+r)g NE x a dr () rl an(CX)
a dm () g o '
1 :

P, (h) — mnominomu Jlexanmpa, |, (CX), pekypenTHux Gopmyi [13]. }
VMOBa HOPMYBaHHA JUIA XBHJIbOBOI  (DYHKIIi

n.. (CX ) — ctepuuni ¢ynkuii beccenst ta Helimana, a TeTepOCTPYKTYPH MA€ HACTYIHUIN BUIIIAL!

.. mn . .
KOC(blHlCHTI/I dr (C) 3HaXOJATbCA 3  BIAIIOBIJHHUX

3% 12p . 2
%c‘x‘)‘ x?-h?)(s (ch){BRY (cx)+BRA (cx))e™ ) df chx =1 5)
X, -10
KBaS)inJm SHAXOJUKEHHS  CHEPreTHYHOro  CreKTpa anlﬂ (C,Xl) Rr(nzn) (C,Xl)
ACTUHKH y  JBONIAPOBIA  KBAaHTOBIH  TOYI
chepoinansHoi (GopMu B HaOMIKEHHI HECKIHYEHHO =0, ()
TTHOOKOT TOTCHIIAIBHOI SMH MOTPIOHO BHKOPHCTATH R (C!Xz) R (C,XZ)

HACTYITHI YMOBH:

6) OTpuMaHO AWcHepciliHe PIBHSAHHS IUISi YaCTHHKHU
neomapoBoi KT. Po3B’s3aBmm 1#oro, MoKHa BU3HAYUTH
CHEPril0  JWCKPETHUX  CTaHIB  KBa3iYaCTHHKA B
JIOCITI/PKYBaHOMY HAaHOKPHCTAJII.

) e ) OOuuCieHHS  TPOBOMWINCH UL CTPYKTYpH
FICTCPMIHAHT PIBHIH HYITO- ckaol CdSe/ cxno . 06’em KT 0OMeEKeHOT

chepoigaTbHUMH TIOBEPXHAMHU 3aJICKHUTh BiJ (OKYCHOI

Y (x,,h,j )=0, Y (x,,h,j)=0,

3 ym0B (6) omepKaHO CHCTEMY OMHOPIHUX PiBHSHb,
sKa Ma€ HeTpUBIANIBHUH pO3B’S30K, TOAI  KOJIH

Biacrani d Ta mapamerpiB X; 1 X,, mo0 BU3HAYaIOTh
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MIOBEPXHI BHYTPIIIHBOrO 1 30BHIMIHBOTO cdepoinis. [Ipu

obuncnenni eneprii E, |

KBaHTOBUMM uMciIaMu N, =1, 2,

2000
1800

1600

E, meV

PO3TIISIAINCH Pi3HI CTaHH 3

HOMEp KOpeHs

pisastanst (7),n=0,1,2, ..., m=-n,-n+l, ..., n.

Puc.2. 3anexHicTh eHeprii enekTpoHa Bix & ABOLIAPOBiii KBAHTOBIN TOUI cepoinambHOT
dopmu mpu & = 1,1 ta d=48 A.

. Vi
1 ":122 %
C11 4
Ex
E111 /
100 + Euo //.
> 100 ./'
® =
E o
I J
50
T T T T T T T 1
1,5 2,0 2,5 3,0

Puc.3. 3anexHicTh eHEprii eleKTpoHa Bix & B ABOIIAPORBii KBaHTOBIH Toull chepoinanbHOi hopmu mipu & =5
Tad=48A

Ha puc. 2. HaBeIcHO 3aJIeXKHICTh CHEPTii eleKTpoHa
CKJIaJIHOTO HaHOKpHcTasa 1pu (OKYCHId BijacTaHi
d=48A rta mapamerpy & =1,1. 3mina mapamerpy &
Bezie 10 30inbIIeHHsT 00’ eMy Ta 3MeHIIeHHs KoedinieHTa
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BUTATHYTOCTI cdepoina (BiXHOMIEHHs OiNBIIOI MBOCI 10
MeHIoi). SIk BUIHO 3 pUCYHKa, 30iNMbleHHs & Beme 10
MOHOTOHHOTO 3MEHILIEHHSI eHeprii Bcix craHiB. Kpim
TOrO PI3HUI MIXK EHEprisIMA CTaHiB 30UIBLIYETHCS 13
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3MeHIIeHHIM &,. Po3paxyHKH nmoka3yroTs, mo aist & > 4
€Heprisi eJNeKTpoHa y CKJIaJHOMY HaHOKPHCTai
cepoinanbHOi (OPMHU MPAKTUYHO 30Ira€THCS 3 EHEPTiEI0
BiamnoBigHOI cepuunoi KT.

[HmMil reHe3uc €HepreTHMYHOro CHEeKTPY 3apany
MaeMo TIpM 3MiHi Tapamerpa & (d=48A, &, =5).
36inpmenns & Bix 1,1 go 3,5 (puc.3) Beme a0
3meHmeHHs mapy Il Ta anizorpomii ¢opmMu BHYTPIIIHBOT
obnacri | HaHOKpucTana. EHepris 4acTUHKH OY/b-SIKOTO
i3 JIOCHiPKYBaHHX CTaHIB 3pOCTa€, L0 IOSICHIOETHCS

3MCHIICHHSIM 00'emy obOmacti II. PisHmig ik
CHePreTHYHUMH  PIBHAMH i3  OJHAKOBUMH M
30LIBINYETHCS, MPOTE 3MEHIIYETHCA JJIA CTaHIB i3
pizHUMH N.

36inbmienns ¢okycHoi Bimcrani d mpu QikcoBaHHX

& Ta & cnpuumHsie 30uTbIIeHHS 00 emy mapy I
HaHakpucTalny. SIk BuWAHO 3 pHC. 4 3HauYeHHs eHepril
YaCTHHKU ISl JAOCIIDKYBAaHUX CTaHIiB 3MEHIIYEThCS 13
36impmienasaM d. SIk i Ha pHc. 2 3MEHIIYEThCS Pi3HUILT
MiX €HepPreTHYHUMH PiBHIMH 3 OHAKOBHM .

Jlns  3HaxXO/KEHHS TOYHOI'O BHIVIAY XBHJIBOBOI
(GYHKIIT YaCTHHKU B JOCIIIKYBaHiIH TeTOPOCTPYKTYPI,
Bupazumo B, uepes B,

(2)
B, = - —Oi';m; 8:1552, 8
mn L}
i MiCTaBUMO OTPUMAaHUI BHpa3 B YMOBY HOPMYBaHHS
(5). Otpumaemo Bupa3 s HeBigoMOro KoedilieHTta
XBHJIBOBOI (DYHKIIIT KBa31YaCTHHKH:

B, =

8 9)

X2 12p

X;-10

Bukopucrapum Bupasu (8) ta (9), Oymemo matu
SIBHUH BUTJIST XBHJIBOBOT (DYHKIIIT.

Jiist 3HaXOKEHHsI TYCTUHH HMOBIPHOCTI YaCTHHKH B
mpoctopi 'y cdepoigaqbHUX KOOpIHUHATAX HEOOXiTHO
BHUKOPHCTATH OPMYITY:

r (xhf ):dT:(xz—hz)

N

—

353

S (e ) {BRE (0x) + B.RE (ex)) " |

2

m m =

%] %]

(C'X1;R1>(c,x)+ R@(cx)%™ 7 dj dhdx

d° ook - h 2 Bs® (ch ) =
000k )grm(cy )Xg =

(cx,

r (xh ,f):%a(xz- h?)Vv (xhf)f, (10

[MincraBumo y ¢opmyny (10) BUrIsa XBUIBOBOI
G yHKIIIT:

(11)

2000
>
g
E
[ 1000 122
w E121
E120
Elll
\\ Ello
4.\\\\ 100
T T T T 1
20 30 40

d, A

Puc.4. 3anexHicTb eHeprii eleKTpoHa JIBOIIAPOBOi KBAHTOBOI TOUKH cepoinanbHoi hopmu
Bindopu & =1,31a &, =3

Jl71st 3pygHOCTI aHami3y pe3ysIbTaTiB HEOOXITHO MpHU

00YHCITEHHAX HepeﬁTH J10 JC€KapTOBUX KOOpAWHAT.
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Ha puc. 5 mopano pe3ynbrati 00UHCICHHS T'YCTHHH
HWMoBipHOCTI TepeOyBaHHs enekTpoHa B obmacti I
CKJIaJHOI KBaHTOBOI TOYKH. J[OCHi/KyBaaMCh T'yCTHHA
nmoBipHocti B mrommHi XOY Ta XOZ. T'padiku
nobynoBani it yactHkH B KT 3 TakuMu nmapamerpamu:

Eio0

d=36, £&,=1,1 ta & =4 mia miectd BUOpaHUX BHIIE
SHepreTHYHUX craHiB. B poGori [2] moGymoBaHO
aHayoriyHi rpadiku s yactuHku B KT oOmexeHii
omHi€l0 chepoinaTbHOI0 TMOBEPXHEIo, alle JIHIIE Ui
craniB Ejq, E110 Ta E1141.

Puc. 5. KonrypHi rpagiku rycTHHH HMOBIpHOCTI TIepeOyBaHHs eJIeKTpoHa y momuHi X OZ
JULSL IIECTH HAWHIDKYMX CTaHIB

Awnanizyroun puc.5 Buano, mo B rrommHi XOZ
MakCHMyMH TYCTUHM  HWMOBIpHOCTI  mepeOyBaHHS
KBa3i4aCTHHKU 3 eHepriero Ejo crocrepiraroTbess 1o
o0uBa OOKH Bijl BHYTPIIIHBOrO chepoina B IEHTPaIbHIN
yactuai mapy Il KT. V¥V mmommui XOY, BoHa crae
MaKCHMAJIBHOIO TTOCepeInHI MiXk cepoigaMmu.

Jus craniB Ejjp ta Ej14 TycTHMHA ¥#MOBipHOCTI
nepeOyBaHHs enekrpona B wiomuHi XOY piBHa HyIIO.
Ileii pe3ynbTaT MOXHA IIOACHUTH THM, LIO0 3a3HaueHi
CTaHW € aHaJOTiYHUMH 10 P-craniB cdepuunoi KT, B
SIKIH TYCTUHA HMOBIPHOCTI Ma€ TaHTEJNETOMIOHUI BUTIIS
i3 MiHIMyMOM Yy moyatky koopauHar. [Ipu posrisimi
T'YCTHHH MMOBIPHOCTI B IUIOIIMHI IO IPOXOJUTH Yepes3
¢okycu i mapanensHa XOY, makcumyMm s crany Ejig
criocrepiraerbest Omkue 10 POKycy, Hix Uit Eqgeg.

Jns dactuHku 3 eHeprieto craHy Ejp, Eii B
rwronmHi XOY rycTrHa HMOBIpPHOCTI piBHA HYJIO, JJIS
crany Eip:p — BimMminHa Bif Hyns. Tomy mis craniB Eqp,
Eip+1 3amexxHocTi OyayBaJMCh B IUTONIMHI, IO

napanensHa 10 XOY 1 3HaX0omuThCs Ha BiJcTaHi d in

2
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nei. s crany Ejpo ryctuna IMOBIpHOCTI B I TUTOMIMHI
Ma€ MEHII 3Ha4yeHHs HDK Ml crany Ejpp. 3 puc. 5
BuHO, 110 B miomuHi XOZ cran Ejpy XapakrepusyeTbest
HE CUMETpUYHOI (yHKHiero I Ha BiaMiHy Bif Ejpig.
[Ipore anst oOMABOX CTaHIB € YOTUPU MAKCUMYMHU
T'YCTUHH HMOBIpHOCTI: uisi Eqp0 ABa MakcuMymu OuTbIIi
3a nBa iHmN, a m1d Ejpyy — yci 4oTupum Makcumymu
omuHakoBi. YactuHka 3 eHepriero Ejpp Mae iHmi
XapaKTepPUCTUKH TYCTHHU HMOBIpHOCTI, HIK B CTaHax
E10 1@ Ejp41. Sk 3a3Ha4YeHO BHIIE, TYCTHHA HMOBIPHOCTI
nepeOyBaHHS YacTHHKU JISI [BOTO CTaHy B IUIOLIMHI
XOY BigMiHHA BiJ HyA, 1 Ma€ OMIOHI XapaKTEPUCTHKH,
mo i s crady Eigo. A B mwronmui XOZ rycruHa
HMOBIPHOCTI XapaKTEepU3YETHCSI IBOMA MaKCHUMYyMH, SIKi
PO3MilIeHHI 10 00u/IBa OOKHM BHYTPIIIHBOTO cepoina.

Takum  uymHOM, B  poOoTi Ha  TNpHKIAIi
rerepocTpykrypu  ckaol CdSe/ ckno  mocmimxeHo
3aIeKHICTh  €HEPreTHYHOr0  CIIEKTPY Ta T'YCTHHHU

HWMOBIPHOCTI CKJIaJHOI eJincoifanbHOi KBAaHTOBOI TOYKH
BiJl mMapaMeTpiB BHYTPIIIHBOI Ta 30BHIIIHBOI MEX
noxainiB. Ha Biaminy Big KT chepuunoi ¢popmu enepris
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3apsiy 3aJIEKUTh 1 BiJ MAarHITHOIO KBAaHTOBOTO YHCIA. [IpoananizoBaHo  TreHe3uC  TYCTUHM  HWMOBIPHOCTI
BenuunHa po3miensieHHsT piBHIB 1O M 3aJ€XHTh BiJ nepeOyBaHHS YaCTUHKH y TIPOCTOpI TpH  3MiHi
wroni Mexi mnomity Ta ¢okycHoi Bigcrani KT. TEOMETPUYHHX MapaMETPiB CKIIAJHOI KBAHTOBOI TOYKH.
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I nvestigation of the Energy Spectrum and Probability Density Stay
Quasiparticlesin Two-Layer Nanocrystals Ellipsoidal Shape

Drohobych Sate Pedagogical University named after Ivan Franko
Ingtitute of Physics, Mathematics and Computer Science

In this work the electron energy spectrum in quantum dot two-layer spheroida shape. The problem is solved in
approximate infinitely deep potentia pit. Investigated the probability density of quasiparticles in the host
heterostructure investigated. Calculations carried out for glass structure / CdSe/ glass.

Key words. quantum dots, nanocrystals, the energy spectrum, spheroida shape, the probability of staying.
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