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The article provides a brief overview of the
works devoted to the synthesis, study of
photophysical and spectral properties and
analysis of applications of semiconductor
nanocrystals — quantum dots. The fundamental
laws connecting the morphology of quantum
dots with its optical-spectral characteristics

are discussed, as well as some theoretical
models that allow describing various effects
and processes: the quantum-dimensional effect,
electron-phonon interaction, local field effects,
photoluminescence blinking of single quantum
dots. The results of original experimental

and theoretical studies of the temperature
dependences of the spectra of colloidal quantum
dots with a CdSe emitting core are presented,
which made it possible to clarify the nature of
the formation of the spectra of single quantum
dots and their ensembles.
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SEMICONDUCTOR NANOCRYSTALS
(QUANTUM DOTS)

Semiconductor low-dimensional structures or quan-
tum dots (QDs) are the object of active fundamental
and applied research due to their unique optical prop-
erties. The interest in such systems is based on the
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noaynPoBOAHUKOBDIE
HAHOKPUCTAJJ1bl

(KBAHTOBbIE TOYKW)

[TonynpoBOOHUKOBBIE KBAHTOBOpasMepHBbIe CTPYK-
Typbl - KBaHTOBble TouKM (KT), 61aromapsi CBOUM
YHUKAJIBHBIM OITHYeCKHUM CBOMCTBAM, B IIOCTIe[Hee
BpeMsl SIBISIIOTCS OOBEKTOM aKTHBHBIX OGYHIAMeH-
TaJPHBIX W IIPUKIAAHBIX HCCIeJOBaHHUN. HMHTepec
K TAKUM CHCTeMaM 0byC/IOB/IeH 3HAYUTeIbHBIM OT/IH-
YheM HX OITHYeCcKHX CBOKCTB OT CBOMCTB aHao-
TUYHOro 06BeMHOro MaTepHasa. B 4YacTHOCTH, UM
CBOIICTBEHHBI TaK Ha3bIBaeMble KBAaHTOBO-Pa3MepHEbIe
3¢deKTr, CBS3aHHBIE C 3aBHCHUMOCTBIO 3HEpreTuye-
CKHX COCTOSIHHE OT pa3Mepa CaMOK CHCTeMBbI. Bappu-
pPysl pasMep KBAHTOBOM TOYKH, MOKHO H3MEHHTb
CIIeKTP ee SKCUTOHHBIX, 3J1eKTPOHHBIX U (OHOH-
HBIX COCTOSIHUM, YIIPaB/ISTb CIIEeKTPOM M3/1yueHHs
Y IIOTJIOIEHHU S, JOOMBAsICh TEM CAMbIM He0OX0JUMBIX
XapaKTepHCTHUK.

KBaHTOBBIE TOUKH OBUIH BIlepBble CHHTE3HPOBAHBL
B 1981 rony A. . EKMMOBBHIM U A.A. OHYIIIEHKO B CTe-
KISHHOM Matpule [1], a 3atem B 1983 roamy Jlyncom
BpiocoM B KO/UIOMIHOM pacTBope [2]. Teopusi KBaH-
TOBBIX TOYeK ObUIA cOo3maHa AleKCaHIpoM Idpocom
B 1982 roay [3]. A.U.Exumos, A.JI.3dpoc u JI. Bproc
32 OTKpBITHE KBAHTOBBIX TOUeK OBUIM HarpaskIeHbI
ITpemueri P.B.Byna (2006). Cam TepMHH “KBaHTOBasl
TOYKa» OB IpeyioskeH MapkoM Pumom [4].

PaboTsl A.H.EkuMoBa, A.JI.9¢poca u JI.Bproca
CTJIN OTIIPAaBHOM TOUKOM [JIs UCCIIeOBAaHUN HOBOTO
KiIacca Pu3uUeCcKUX OOBEKTOB C Pa3MeEpPOM B elU-
HHULBI HM. BCKOpe Ha OCHOBe HCCIeIOBAaHHUI HAHO-
Pa3sMepHBIX KPHUCTAIIOB IIOTYIIPOBOLHKKOB OBLI clie-
JIaH BBIBOJ O MOAMGHKALIMHK 37eKTPOHHBIX YPOBHEH
BeIlleCTBA IIPU Iepexofie OT 06BeMHOro Marepuasa
K HaHoMacmTabaM [3, 5, 6]. OTo siBIeHHE IIOTYUHIIO
Ha3BaHMe KBaHTOBO-pa3MepHoro 3ddekra [7], o KoTo-
poM rofgpobHee byneT paccKa3aHo gajee.

OnTryecKkue IapaMeTpbl KBAaHTOBBIX TOUEK TeCHO
CBSI3aHBI C UX FeOMeTPUYECKUMH XapaKTePUCTUKAMU
U XHMMHUYECKUM COCTaBOM. IIpaBHIIO, CIIpaBelilBOe
IJIsl BCeX IIOJIYIIPOBOJHHUKOBBIX KBAHTOBBIX TOYEK,
[JIACHUT, YTO C yMeHblIeHHeM QH3MYeCKUX pasMe-
POB BeJMYMHA 3aIlpellleHHOM 30HBI OyneT yBelHYU-
BaTbCsl, UTO, B CBOIO o4epenp, OymeT HAK/IaABIBATH
OTrpaHHYeHHs Ha BeJIMYHMHY KBaHTA SHEPrHUM, KOTO-
PYIO KBAHTOBAS TOYKA CIIOCOOHA ITOTIOTUTD MU HU3JTY-
4uTh. COBpPeMeHHBIe MeTOAbl CHHTe3a I103BOJISIOT
CO3[,aBaTh KBAHTOBBIE TOUKH K3 PA3THUHBIX MATEPHU-
anoBs (puc. 1). KoMbuHHPYs MaTepHasbl, CO34aBas
HAaHOYACTHLBI Pa3IMYHOr0 pa3Mepa, MOKHO IIONY-
YaTh CaMble pa3MvuHble KOHQUTYPALIMH ONTHYECKHUX
CBOMICTB, YeM KBAaHTOBBIE TOUKH K 3aCIY>KHJIHU CBOIO

=

significant difference in their optical properties from
the properties of the similar bulk materials. In par-
ticular, they are characterized by so-called quantum-
confinement effects associated with the dependence
of their energy states on the size of the system itself.
By varying the size of a quantum dot, it is possible to
change its spectrum of exciton, electronic and phonon
states, control the spectrum of radiation and absorp-
tion, thereby achieving the desired characteristics.

Quantum dots were first synthesized in 1981 by
A.I.Yekimov and A.A.Onushchenko in a glass
matrix [1], and then in 1983 by Louis Bruce in a col-
loidal solution [2]. The theory of quantum dots was
created by Aleksandr Efros in 1982 [3]. A.E.Ekimov,
A.L.Efros and L. Bruce were awarded the R. W. Wood
Prize for the discovery of quantum dots in 2006. The
term “quantum dot” itself was proposed by Mark
Reed [4].

Works by A.I.Ekimov, A.L.Efros and L.Bruce
became the starting point for the research of a new class
of physical objects with a size of units of nm. Shortly
thereafter, based on studies of nanoscale semiconductor
crystals, it was concluded that the electronic levels of
matter were modified during the transition from bulk
material to the nanoscale [3, 5, 6]. This phenomenon
was named the quantum-confinement effect [7], which
will be described in more detail hereafter.

The optical parameters of quantum dots are closely
related to the geometric and chemical parameters of
the particle. The rule which is valid for all semicon-
ductor quantum dots states is that with a decrease in
physical size, the size of the band gap will increase,
which in turn will impose restrictions on the amount
of quantum energy that the quantum dot is able to
absorb or emit. Modern synthesis methods make it
possible to fabricate quantum dots from various mate-
rials (Fig. 1). Combining materials and the various
sizes of nanoparticles, it is possible to obtain a variety
of configurations of optical properties. Due to that fact,
quantum dots have become enormously widespread.
In addition to the ability to fine-tune optical parame-
ters, which is of great interest to fundamental science,
quantum dots are in demand in technologies: solar
cells and LEDs, new displays, fast optical switches,
biological markers, markers for securities, quantum
computer science, and communications. Not all this
makes a complete list of applications of so-called “arti-
ficial atoms” - semiconductor nanocrystals.

QUANTUM-CONFINEMENT EFFECT

The optical properties of quantum dots are deter-
mined mainly by two factors: the band gap width
of the semiconductor material and the influence of
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OTPOMHYIO IIOMYJISIPHOCTE. KpoMme
BO3MOKHOCTH TOHKO HaCTpaHBaTh -VI:
OITHUYECKHE IIapaMeTphl, YTO CdSe, CdS, ZnS, ZnSe, CdTe, HgS
npeAcTaBiaseT OOMBLIION HHTEpec =V
AN QyHOAMEHTaTbHOU HAyKH, GaN, GaAs, InP, InAs, InGaAs
KBaHTOBble TOYKH BOCTPeOOBAHEI
B TeXHOJIOTUSX:. COJIHEUHble 3Jjie- VI-Iv
PbSe, PbS, PbTe, SnTe, SnS
MEHTBl U CBeTOLUONbI, HOBBIE
OycIien, OBICTpble ONTHYeCKHe T M v Vv VI
IepeKo4yaTenu, bronorudeckue
MapKepel U MapKephl g LeH- 5 10,811 6 12,011 7 14,007 8 15,999
HbIX Oymar, KBaHTOBasi HHOOP- B C N o)
MaTHKa B KOMMYHHKAIHH - BCe .
o Boron Carbon Nitrogen Oxygen
3TO He IIOJIHBIM [IepevyeHb IIPHJIO-
SKEHHUM TaK Ha3bIBaeMBIX “HCKYC-
13 26,982 14 28,086 15 30,974 16 32,065
CTBEHHBIX aTOMOB» — IIOJYIIPOBO-
OHUKOBBIX HAHOKPUCTAJI/IOB. Al Si P S
Aluminium Silicon Phosphorus Sulfur
KBAHTOBO-PA3MEPHbIU
SODEKT 30 6539 31 69,723 32 72,64 33 74,92 34 78,96
OnTtuueckue cBorictBa KT ompe-
P Zn Ga Ge As Se
OensIoTCs TJIaBHBIM obpa3zom . . . . .
B Zinc Gallium Germanium Arsenic Selenium
AByMs QakTOpaMK: IIHPHUHOHU
3aIlpellleHHOH 30HBI IOJNYIIPOBO-
48 112,41 49 114,82 50 118,71 51 121,76 52 127,6
OHKMKOBOTO MaTepHala U BJIH-
AHMEM  KBaHTOBO-pPa3MepHBIX Cd In Sn Sb Te
3¢ deKkTOoB. COBOKYHHOCTB 3THUX Cadmium Indium Tin Antimony Tellurium
$aKTOpOB U I03BOJISIeT U3TOTABIU-
BaTh 3pdeKTUBHBIe KOMIIAKTHEBIE 80 200,59 81 204,38 82 207,2 83 208,98
U3/ly4yaTeand C IIHUPOKOIIOJIOCHBIM . .
y P v Hg Ti Pb Bi
IIOIJIOIIeHMeM M Y3KOIIOJIOCHOH . .
. . Mercury Titanium Lead Bismuth
JIIOMHHeClleHIIMel Ha 3aJaHHOU
JUINHE BOJIHBI.
KBaHTOBO-pasMepHBIN 3ddeKT Puc. 1. KombuHayuu xumuyeckux 3nemeHmos, u3 Komopbix 603MOXKHO C030a8amb
B KT cBg3aH C IIPpOCTPaHCTBEH- pasAuYHble KBAHMOB80-pa3mepHble CmpyKmypbl
HBIM OrpaHUYeHHEM [IBM>KeHHUS Fig. 1. Combinations of chemical elements that make it possible to create various
HOCHTeslel 3apsga (37eKTPOHOB quantum confinement structures
U JBIPOK) II0 BCEM TPeM HaIlpaB-

neHHsiM. Takhe OTpaHHUYeHHUS

IIPUBOAAT K M3MeHEeHHIO0 3HepreTH4ecKoro CIeKTpa
MaTepHasia - BMECTO HeIlpephIBHOIO pacIIpe/ie/leHHs
06pasyroTCcst AUCKPETHBIE BOJLOPOJOIIOA00HEIE YPOBHU
(puc. 2). Ilo 9TOI NpHUYMHE KBAHTOBble TOYKH YACTO
Ha3bIBalOT UCKYCCTBEHHBIMH aTOMaMHU.

[IpUYKHY BO3HHKHOBEHHS CTOJb KapAHHA/IbHOMN
[IePeCTPOMKH SHEPreTHYeCKOM CTPYKTYpPbl MOSKHO
IIOHSITh, €C/IM PacCMOTPeTh 3a/lauy O HaXOXKIeHHH
3/IeKTPOHHO-ABIPOYHON IIaphl (3KCUTOHA) BHYTPHU
[IOTEeHLIMAJIBHOM SMBI. JTa 3aflauya B oblleM cilIydae
He MMeeT aHa/IMTUYEeCKOro pelleHHs, OJHaKO MOXKeT
OBITH 3HAYMTEJBHO YIPOLIeHAa MPHU BBIIIOJHEHUHU
psna ycaoBuH. Tak, HaIpuMep, eClTu IpeHebpedb
3Hepruer KyJOHOBCKOTO B3aMMOJEHCTBHS 1eKTPOHA
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quantum-confinement effects. The combination of
these factors makes it possible to produce efficient
compact emitters with broadband absorption and
narrow-band luminescence at a given wavelength.

The quantum-confinement effect in quantum dots
is associated with the spatial restriction of the move-
ment of charge carriers (electrons and holes) in all
three directions. Such restrictions lead to a change
in the energy spectrum of the material as discrete
hydrogen-like levels are formed instead of a continu-
ous distribution (Fig. 2). For this reason, quantum
dots are often called artificial atoms.

The reason for such a radical restructuring of the
energy structure can be understood if we consider
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U aplpku E_ = | = r| B CPaBHEHHUHM C CYMMapHOH the problem of an electron-hole pair (exciton) inside
80 e 'h

5Hepruell MX pa3MepHOIo KBAaHTOBaHMS (KOTOPYIO
MO>KHO IIOJIyYHTh, PACCMOTPEB 3a/lauy O HaXOXKAeHHUH
[0 OTAEIBHOCTH 3/eKTPOHA U OBIPKU B KBAaHTOBOM
siMe ¢ 6eCKOHEUHO BBICOKMMH CTEHKAMH), TO MOXKHO
3alMCaTh BBIpKEHHe IS SHEePruM 3KCUTOHa B KT

Cnenyomum o6pasom:
ke,
e o
2R m,

e

Eeﬂ Ebulk

rae E} - mMpHMHA 3ampelieHHOM 30HBI 0GBEMHOIO
KPHUCTa/UIA, fl U | - [JIaBHOE U OPGUTA/IbHOE KBAHTOBBIE
YHC/Ia 97eKTPOHOB (IBIPOK), k.| — -1 KOpeHb QYHKIIUH
Beccess [-oro nopsizaka, R - paguyc KT, m, u m, - 3dpdex-
THBHBIE MACChl 3/IEKTPOHA U [JBIPKH COOTBETCTBEHHO.
JlaHHOe TPHUONHMKEeHHe HOCUT Ha3BaHHUe «CHJIBHOIO
KOHGAMHMEHTa», ero IPUMEHHUMOCTh TeCHO CBs3aHa
C MOHSTHEM pajuyca SKCUTOHa Bopa R,. YcioBus
MaJIOCTH KYJIOHOBCKOTO B3aHMOJECTBHS IKBHBA-
JIeHTHO YCIIOBHIO R<«R,,, a MOTOMY, 3Has 3HAYeHHS
R # R,,, BO3MOXHO OLIEHUTh KOPPEKTHOCTh HCIIOIb30-
BaHUS ypaBHeHHs (1). st 6o/1ee KOPPeKTHOIO aHa-
W32 3KCIIEPUMEHTAIBHBIX CIIEKTPOB JIEOMHHECLIeH-
OUU U KOMOMHAILIMOHHOTO paccesnuss B KT
KeJIaTeJIbHO YYUTHIBATH KYJIOHOBCKOE B3aHMOJEH-
cTBHe. DTO MOXKHO Peajn30BaTh, NOGABUB B ypaBHe-

2
Hue (1) cnaraemoe: E_ = L rpeg~1.
g,R

[TPOTHUBOIIONOKHBIN PEKUM, COOTBETCTBYIOIIMMI
yCIoBHIO R>>R,,, HOCUT Ha3BaHHe «Cr1aboro KOHParH-
MeHTa» U (QaKTUYeCKH IIpeAIlojiaraeT pacCMOTpPeHHe
3amaun 06 SKCUTOHe BaHbe-MOTTa B IIOT€HILIMAJIBHOM
sMe (3TO ysKe AByXUaCTHUYHAs 33aJa4a B OT/IMYHeE OT pac-
CMOTPeHHsI CUJIBHOTO KOHaMHMeHTa). Kak BHIHO

a potential well. In general, this task does not have
an analytical solution, but it can be strongly simpli-
fied if a number of requirements is satisfied. So, for
example, if we neglect the energy of the Coulomb

eZ

ol =1
comparison with the total energy of their dimensional
quantization (which can be obtained by considering
independently the problems of an electron and a hole
in a quantum well with infinitely high walls), then
we can write an expression for the exciton energy in
quantum dots as follows:

n’k?,
—l 1,+L* . 1)
2R m,
bulk

where E;™ is a bulk crystal band gap, n and I are the
main and orbital quantum numbers of electrons
(holes), k,, is the n-th root of the Bessel function of the
I-th order, Ris a quantum dot radius, m, and m, are the
effective masses of the electron and hole, respectively.
This approximation is called “strong confinement”, its
applicability is closely related to the concept of the
Bohr exciton radius R,,. The conditions for the small-
ness of the Coulomb interaction are equivalent to the
condition R«R,,, and therefore, knowing the values
of Rand R,,, itis possible to evaluate the correctness of
using Equation (1). For a more correct analysis of the
experimental luminescence and Raman scattering
spectra in the quantum dots, however, taking into
account the Coulomb interaction is still desirable.
Accordingly, a summand should be added

where(~1.

interaction of an electron and a hole E_,= in

Eeﬂ Ebulk

. e?
to Equation (1) E. , =-(—,
q ( ) Coul QEOR
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u3 Tabn. 1, ycioBue R>R,, HocTa-
TOYHO PeAKO BBHIIONHSIETCA s

Ta6nuua 1. LnpuHa 3anpeLeHHON 30HbI M 60POBCKMIA PaaUyC 4159 HEKOTOPbIX
NoaynpoBoAHMKOB (MCTOUHMK [8])

peanbHbiX KT, MMeEIOIIHX Xapak-
TepHbIe PasMepbl IIOPSAKa eIHHHI]
(peske - IeCSITKOB) HM.

Fopasgo uwamle BCTpedaeTcs
TaK Ha3blBaeMBIH «IIPOMEXKYTOY-
HBIF KOHQAMHMEHT», pacCMOTpe-
HUe KOTOporo TpebyeT MOIIOMHMU-

MoaynpoBOAHMK

Semiconductor

Table 1. Bandgap width and Bohr radius for some semiconductors (source [8])

ZnS CdS = CdSe InP PbS  InAs

LLInpmnHa 3anpeLL,eHHOM 30HbI, 3B 3,8 2,5 1,8 13 04 0,35
Bandgap width, eV

PaguycakcntoHa bopa, HMm 1,02 2,7 5,8 11,3 18 0,35
Radius of Bohr exciton, nm

TeJbHBIX IIpefIIoNoKeHuM. Tak,
HampuMep, B pabore [9] mpu pac-
CMOTpeHHH HaHOKpHCTa1oB CdS u CuBr 6su10 mIpes-
JIO’KEHO CUMTATh, YTO JIETKHUM 3JIeKTPOH CBOOOIHO
IBIKeTCs 110 BceMy 06beMy KT, B TO BpeMsi KaK Kyza
bortee MacCHBHAsI ApIPKA IIOKOUTCS B €ro LIeHTpe.

Xots B obImeM ciydae BBIYHCTIEHHE SHEPTHUU 3KC-
HUTOHA 3aTpPyAHUTeNbHO, ypaBHeHue (1) maeT Bo3-
MOSKHOCTb KadeCTBEeHHO OOBSICHUTH 3aKOHOMEPHO-
CTU CIeKTpaJbHBIX CBOMCTB KT. Tak, Hampumep,
yMeHblIeHHe pasuyca KT R IIpUBOIMT K yBe/IHYe-
HUIO BeJTMYHHBI 3QPeKTHBHOMN 3aIlpellleHHOMN 30HbI
M COOTBETCTBYIOIEMY CABHUIY MAaKCHMyMa II0JIOCBI
JTIOMUHECLIeHIIJUH B KOPOTKOBOJHOBYIO 00J1acTh
(cM. pmc. 3), a TaKKe IOSIBIEHUIO OoJlee BBIPasKeH-
HBIX [IMKOB B CIIeKTpaXx IIOIVIOLIEeHHUS.

OTIenbHO HeobxomuMo oTMeTUTh KT TUIla AApO-
obonouxka (aHrn. core-shell). O60I0YKHU BBHIIIONHSIOT
poss IlaccuBaTOpa sApa, CHHXKas YHCIO IIOBEpX-
HOCTHBIX JedekToB. ITomobHble medeKThl, KaK CUH-
TaeTcs, HeraTUBHO BJIMUSIOT Ha ONTHYECKHe CBOU-
ctBa KT, mpuBoAgd K YMeHBUIEHHMIO KBaHTOBOIO
BBIXO/Id, BO3HHMKHOBEHHIO IIapa3UTHON peKombu-
HAallMOHHOM JIOMHHeCHeHIIUN U SIBIeHHUS MepLa-
HU4 ToMUHecleHIUU. KT tumna core-shell moskHO
YCJIIOBHO Pasfe/NuTh Ha ABa THUMA. [lepBbIM, MOTY-
YUBIIMK Haubosbllee pacIpoCTpaHEHHe, IIpef-
CTaB/sieT U3 cebsi SAPO M3 Y3KO30HHOIO IIONYIIPO-
BOJHMKA, IIOKPHITOE NIMPOKO30HHOM 000/109KOM
(mampumep, CdSe/ZnS). B Taxoit KT HocuTenu
3apsifa JIOKAJIM30BaHBL B siipe. BTopo TUI (Hanpu-
Mep CdTe/CdSe) oTnu4aercss CMEIIEHHBIMU OTHO-
CHUTe/IbHO IPYr Apyra KpasMH 3allpelleHHbIX 30H
saapa 1 06071049KK. B Takux KT 3/1eKTPOHBL U ABIPKHU
y>Ke He JIOKAJIM30BaHbl B sApe U HaXOOATCS B pas-
HBIX YacTsX HAHOKPHUCTA/I/Ia, YTO IIPHUBOJUT K BO3-
pacTaHHI0O BpeMeHH JIIOMUHECLIeHIIUKM, B TO Xe
BpeMsl 3Ha4YHUTe/lIbHOe YMeHbIIeHHe 3)deKTHBHON
3aIlpellleHHOM 30HBI I03BOJSET COBHUHYTb MaKCH-
MyM HCITyCKaHUS B KPACHYIO 06/1aCTb.

KBaHTOBO-pasMepHbIN 3bdeKkT MPosSBIsSeTCsS
I[P YMEHBIIeHUH XOTSI OBl OMHOrO K3 reoMeTpH-
YeCKHMX pa3sMepoB BelllecTBa [0 HEeCATKOB HaHOMe-
TpoB (pucC. 4). B 3THX YC/IOBHUSX 37eKTPOHHAs IIOA-
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Puc. 3. CnekmpanbHble xapakmepucmuku: a) cnekmpbl nozAo-
weHus (NYHKMUpHAs AUHUS) U CNeKkmpbl AMUHECUeHUUU
(cnnotwHas auHug) das noaynposodHUKo8bIX KT: puosemosas
AuHus - CdSe/ZnS (d=4,2 Hm); 3eneHas aurus - CdSe/ZnS
(d=4,4 um); kpacHas aunus - CdSe/ CdS/ZnS (d=4,5 Hm); cuHas
AUHUS = Cnekmp AOMUHeCUeHUuU 00uHo4Hou KT CdSe/CdS/ZnS.
[JanHbie 0aa CdSe/ZnS adanmuposaHsi u3 [10]; b) nonosxeHue
MaKcumyma nuxa AMUHecUueHUUU 8 3aeucUMocmu om pas-
mMepa u mamepuana KT (adanmuposaro u3 [10])

Fig. 3. Spectral characteristics: a) absorption spectra (dotted
line) and luminescence spectra (solid line) for semiconductor
QDs: purple line— CdSe/ZnS (d=4.2 nm); green line - CdSe/ZnS
(d=4.4 nm); red line- CdSe/CDs/ZnS (d=4.5 nm); blue line -
luminescence spectrum of a single QD of CdSe/CDs/ZnS. The
data for CdSe/ZnS are adapted from [10]; b) the position of the
maximum luminescence peak depending on the size and material
of the QDs (adapted from [10])
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CHCTeMa CTAaHOBHUTCS AUCKPeTHOH. Ellle Io3xke cTaslo
IIOHSITHO, YTO CTeIeHbI0 JUCKPETHOCTH MOYKHO YIIpaB-
JTISITh TIPH IIOMOIIY XMMHYeCKHX METOJO0B, MeHssl pas-
Mepel U GOpMy CTPYKTYp. Braromaps stomy sdpdexry
CIIeKTPbl JIIOMHHECLeHIIMU I10yIIPOBOJHUKOBBIX
HaHOKPHCTA/UIOB PasMepoM OT eJUHHI] A0 HeCKOJb-
KHX IeCSITKOB HAaHOMEeTPOB I1ePeKpbIBAIOT BUAUMBIN 1
OnrskHUe yabTpadroneToBrrt (YO) U MHPPaKpaCHBIE
(UK) nuamasoH [12].

KBaHTOBO-pasMepHBIN  3ddeKT  xapaKTepeH
He TOJIBKO [JJIsI YaCTHUL[ C OrPpaHHUYeHHEM pPa3MepOB.
9ddexT BO3HMKAaeT TaKKe IPU CMeHe MaTepHana,
K3 KOTOPOrO YaCTHLA CHHTE3HPOBaHA, a TaKkKe IIPH
IIPUJIOKEHHU U BHEIIHUX 101k U 106aB/IeHUH pasiny-
HBIX XMMHUYECKUX ITPUMeceH, NOIOTHUTEIbHBIX 060-
704eK W T.I. KBaHTOBO-pasMepHBIH 3QdeKT IIPOsIBIS-
eTcsl IPY BOSHUKHOBEHHUU BHYTPU HAaHOCTPYKTYPBI CHIJI
3/IeKTPOHHOIO B3aUMOMEHCTBUS (B T.4. JIOKAJIBHBIX
Iojier), KPUCTA/IMYeCKOM CTPYKTYpPhl. BO3MOXKHOCTB
KOMOMHUPOBAaTb pas3/HuHble MaTepUa/lbl B eJHUHOM
HAaHOCTPYKType OTKpEIBaeT IIMPOKHe BO3MOKHOCTH
IUISl TIPUKIAJHOTO IpHMeHeHHs. Cpegy MHOIOYHC-
JIeHHBIX IIPUMEPOB MOXXHO OTMeTHUTb KOMOHMHMPO-
BaHHEe MAarHHUTHBIX U OITHYECKHUX CBOMCTB B OLHOM
HaHouacThle FePt/PbSe [13] miu cHMHTe3 HaHOCTPYK-
Typsl Co/Fe,0; U3 ABYX pa3IMYHbIX MarHUTHBIX MaTe-
puanoB [14]. B KauecTBe a/JbT€PHATHBHOIO IIOAXOAA
BO3MOYKHO HCIIO/Ib30BaTh MHEPTHBIE MAaTePHaJbl s
IIOBBILIEHUS CTAOMIBHOCTH HAHOCTPYKTYp. [IprMepom
TaKOro IOAXOJa MOXKET sBjsieTcst pabota [15], aBTOPEL
KOTOPOI IIOMEeCTHJIM KBaHTOBble TOUKHU B aMOPOHBIN
IOHOKCH[ KpeMHHUS.

IIpMHIMIIMAIFHO BaKHO Pa3BUBaTh HOBLIE METOJBI
CHHTe3a HAHOCTPYKTyp AJsl IOAy4eHHs OOBEKTOB
CJIOKHOH 3aflaHHOU (OpPMEI, T.K. Pa3BHTasl CTPYK-
Typa Ha aTOMapHOM YPOBHe Tak’ke BHOCHUT CBOM BK/Ia[,
B CBOMCTBa MaTepHana. CoBeplIeHCTBOBaHHE MeETO-
DOJIOTUYECKOM M 3KCIIePUMEHTA/IbHOM 6a3bl [eaeT
BO3MOXHBIM H3y4eHHe IIPOLeCCOB, MPOMCXOISIINX
Ha ypoBHe OJMHOYHBIX MOJIEKYJ K aToMoB [16], uTo,
B CBOIO odepellb, BHOCHT OIPOMHBIH BKJIaJ B QyHOa-
MEeHTa/IbHYIO 06/1aCTh PU3UUECKUX 3HAHUH.

METO/4bl CMHTE3A, TUTbI
N MOPDOJIOTNA KBAHTOBDbIX TOYEK
CymiecTByeT Lie/blH psif, MeTOLOB CHHTe3a IIONYIIPO-
BOAHMKOBBIX HAaHOKPHCTA/IIOB: 3IIHMTAKCHS, KOJUJIOW[I-
HBIM CHHTe3, Jia3epHas abmsanusi, XMMHYecKas Camo-
cbopka, poct B Me3odase SKUIKOKPHUCTALIHMYECKHUX
MaTepHaJIOB U Ip.

Ha cerogHsIIHUM feHb Hauboblllee pacIpocTpaHe-
HHe IOJy4YM/IH ABe METOOHKH monydeHHsa KT: metox
KOJUTOHUJHOTO CHHTE3a U ITUTaKCHATBHBIN METOL,.

g

1 10HM

Puc. 4. V1306paxkeHue KeaHmMo8bix moyek core-shell
CdSe/CdS/ZnS, nony4eHHble HG NPOCBeYLBAOLLEM 3NeK-
MpoHHOM MUKpocKone JEM-2010 [11]

Fig. 4. Image of core-shell CdSe/CDs/ZnS quantum
dots made with the JEM-2010 transmission electron
microscope [11]

The opposite situation corresponding to the condi-
tion R>R,,, is called “weak confinement” and actu-
ally involves considering the Vanier-Mott exciton
problem in a potential well (this is already a two-
particle problem, in contrast to considering a strong
confinement). As can be seen from Table 1, the condi-
tion R>R,is rarely fulfilled for real quantum dots,
which have characteristic dimensions of the order
unity that are less than tens of nm.

Much more common is the so-called “interme-
diate confinement”, the consideration of which
requires additional assumptions. For instance, in the
paper [9] when considering CdS and CuBr nanocrys-
tals, it was proposed to assume that a light electron
moves freely throughout the entire volume of the
quantum dot, while a much more massive hole rests
in its center.

Although in the general case it is difficult to calcu-
late the exciton energy, Equation (1) is able to qualita-
tively explain the regularities of the spectral proper-
ties of the quantum dots. For example, a decrease in
the quantum dot radius R leads to an increase in the
effective band gap and a corresponding shift of the
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JIMUTaKCHaJIbHOe H3roToBaeHHe KT  MOKHO
OCYIIeCTBHUTh [BYMS METOJAMHM: C IIOMOIIBIO
MOJIEKYJISIPHO-IY4eBOM 3MHUTaKCHU [17] U ¢ moMo-
mpi0 MOC-rugpunHon (aHri.- MOCVD) rasodasHoun
snuTakcuu (18]. B aTux mporueccax KT dpopMuUpyOTCs,
KaK IPaBUJIO, B TOHKHX IIOJYIIPOBOJHHKOBBIX C/IOSX,
BBIPAIeHHBIX Ha XOPOILO OYMINEHHBIX MOHOKPHCTAI-
JTUYeCcKUX MOIJIoKKax. Heobxomumoe ycioBHe s
pocTa - pasauYHbBIe IIOCTOSHHEBIE PEIIeTOK IOMJIOXKKHU
Y HapalliBaeMOU IIIEHKH.

MoekyIsipHO-Iy4YeBasi 3IMHUTAKCUSA IIPeICTaBjIseT
coboi1 ycOBepIIEeHCTBOBAHHYIO Pa3HOBHUAHOCTh METOAA
TePMHUYECKOI0 HaIlblIeHHUS MaTepHajioB B YCIOBHUAX
CBEPXBBICOKOTO BakKyyMa. Poct KT OpoHCXOOMT Ha
MOHOKPHCT/UIMYECKHX IIOAJIOKKAX Onarogaps Halu-
YHIO HAIIPAaBJIE€HHOIO II0TOKA aTOMOB HJIM MOJIEKYII,
HCIapseMbIX HIH CyOIHMMHPYeMBIX CO CIIeLIHaJIBHO
[IOATOTOB/IEHHBIX HMCTOYHMKOB, Pa3sMelleHHBIX B CIIe-
LIMAJIBHBIX M30TePMUYECKHMX KaMmepax — T.H. 3Qdysu-
OHHBIX SYelKaxX. KomudecTBo 39QPy3HOHHBIX sUueeK
OIpele/sieTcsl COCTaBOM BhIpaliuBaeMbiX KT M Hamu-
4KreM JIETHPYIOIIUX IIPHMeCeH.

ITpu Kcnonbp30BaHUK MeToga MOC-TUIPHUIHOM Ia3o0-
ba3sHOM 3MHUTAKCHMH POCT IOIYIIPOBOAHUKOBOIO C/I0S
obecriedyrBaeTcsl OCKIeHKEM Ha II0/ITIOKKY ITPOLYKTOB
TePMHUYECKOI0 Pa3/IOKeHHs MOJIEKYJl OpraHUYecKHUX
ra3’oB, CofepKalllUX HeobxoAMMble XHMHUUECKHe 37e-
MeHTHI. B oT/IM4Me OT MOJIeKy/ISIpPHO-/Ty4eBOM 3IIUTaK-
CHH IIPOLIeCC IIPOMCXOAUT IIPU YMEPeHHBIX JABIeHUSX.
Kpucrajymusanus MaTepdaja IPOMCXOJUT Ha Harpe-
TOH IIOJJIOKKE B PeaKTope C XOMOOHBIMH CTeHKaMH
IIpH [IPOIyCKaHUHU Hall Hel ONHOPOSHOM CMeCH [a30B-
peareHTOB C ra3oM-HOCHUTeJIeM. B pesyabTaTe pasjioskKe-
HHS Ia3a Ha COCTAB/ISIOIIME Ha TOpsYer II0BePXHOCTH,
Ha ITOfIJIOKKe obpa3syeTcs IIeHKA K3 TpebyeMoro I1omy-
[IPOBOAHUKOBOI'O MaTepHasia.

ComctBa KT, MO/y4eHHBIX C IIOMOIIBIO SIIUTAKCHHU,
3aBUCAT OT MHOTHX (HaKTOpPOB: OT CTeIIeHM YHCTOTHI
KICIIO/Ib3YeMBIX MaTepHaJIOB, UX PU3UKO-XMMHUUYECKHX
CBOMCTB, HaJW4Ms NedeKTOB Ha KPHUCTaJ/UIM4YeCcKoM
IIOAJIOKKE, TeMIIepaTypbl, IPH KOTOPOM OCYIIeCT-
BJISIETCSL ITpollecC. Kak MpaBHIIO, CpemHsIsi MOHOIU-
CIIePCHOCTh IOJIy4aeMBIX 4YacTHI[ He IIpeBbIIIaeT
3%. K HemocTaTKaM HaHOKPHCTAJUIOB, BbIpallleHHbIX
TaKKM CI10C060M, MOKHO OTHECTH OTPaHHUYeHHOCTb X
IIpUMeHeHHs, 00yC/IOBlIeHHYI0 CBOMCTBAMHU TBEPIbIX,
3a4acTyl0 HeIpOo3pavyHbIX IOMJIOXKeK. JIJaHHBIM Hemo-
CTaTOK OCODEHHO SIPKO ITPOSIBISIETCSI IIPU HCIIOIB30BA-
Huu KT B KauecTBe MHCTPYMeHTA 151 6HOCEHCOPHUKHU
M MeMLIMHCKOK HaHOJMaTHOCTHUKH.

CoBpeMeHHBIH MeTOZ KOJJIOMJHOLO CHHTe3a
bepeT cBoe Hauajlo B MHOHEPCKUX paborax C.Murray
u M.Bawendi c coaBropamu [19]. KolIOUAHBIN CHUH-
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maximum of the luminescence band to the short-
wavelength region (see Fig. 3), as well as the appear-
ance of more pronounced peaks in the absorption
spectra.

The core-shell quantum dots should be noted sepa-
rately. Shells act as a core passivator, reducing the
number of surface defects on the core. Such defects
are believed to negatively affect the optical proper-
ties of quantum dots, leading to a decrease in quan-
tum yield, the occurrence of parasitic recombination
luminescence, and the phenomenon of luminescence
blinking. Quantum dots of the core-shell type can be
divided into two types. The first type, which is the
most widespread, is a core of a narrow-band semi-
conductor covered with a wide-band shell (for exam-
ple, CdSe/ZnS). In such a quantum dot, the charge
carriers are localized in the core. The second type (for
example, CdTe/CdSe) is distinguished by the edges of
the forbidden zones of the core and shell shifted rela-
tive to each other. In such quantum dots, electrons
and holes are no longer localized in the cores and are
located in different parts of the nanocrystal, which
leads to an increase in the luminescence time, at the
same time, a significant decrease in the effective
bandgap allows shifting of the emission maximum
to the red wavelength.

The quantum confinement effect is manifested
when at least one of the geometric dimensions of
a substance is reduced to tens of nanometres (Fig. 4.).
Under these conditions, the electronic subsystem
becomes discrete. Even later it became clear that
the degree of discreteness can be controlled using
chemical methods, changing the size and shape of
structures. Due to this effect, semiconductor nano-
crystals ranging in size from units to several tens of
nanometres are capable of blocking the entire visible
and near ultraviolet (UV) and infrared (IR) regions
with their radiation [12].

The quantum confinement effect is characteristic
not only for particles with a limited size. The effect
also occurs when the material from which the par-
ticle is synthesized is changed, as well as when exter-
nal fields are applied and various chemical impuri-
ties, additional shells, etc. are added. The quantum
confinement effect manifests itself when electronic
interaction forces (including local fields) of crystal
structure occur inside the nanostructure. The abil-
ity to combine different materials in a single nano-
structure provides a great opportunity for applica-
tion. Numerous examples include the combination of
magnetic and optical properties in a single FePt/PbSe
nanoparticle [13] or the synthesis of a Co/Fe,0; nano-
structure from two different magnetic materials [14].
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Te3 I103BOJISIET I10/Iy4YaTh HAHOCTPYKTYPhl Pa3THU4HBIX
dopM, pasMepoB U cocTaBoB [20].

B obmiem cryvae npu KOJUIOHMJHOM CHHTe3e HCIIONb-
3yeMble peareHThl [IOMeINAIT B PAaCTBOPUTEIb, IIe
IIPH BBICOKHX TeMIlepaTypax (200-360 °C, 6oree TouHOe
Ha3BaHHEe MeTOJa - BBICOKOTeMIIEPATYPHBIM MeTall-
JIOOPTaHHUYeCKUH CHHTe3) IMIPOUCXOAUT HYyKIeallHs
M POCT KPHUCTa/I/IOB. B KadecTBe pacTBOpHUTesNIel IIPH-
MEHSIIOTCS CJIOKHbBIe OpraHMYeCKHe COeJUMHeHUs: TPU-
oxtunocoup (TOP), TpuokTundochunorcun (TOPO),
tpubutundocdun (TBP), TpuokTUIdHOCHHIOCETEHU]T
(TOPSe) [19]. B YacTHOCTH, IJIsI CO3LAHUSI KBAHTO-
BoIX Touek CdSe pactBoputens TOPO pasorpeBaercs
I1o 360 °C B aTMocdepe aproHa, Imocjie 4ero ¢ IoMOILbIO
IIIPULA B HETO HHXKeKTHPYeTCS PacTBOP CMeCH ColeHr
KagMHS U ceneHa [21]. JIaHHBIM MeTOH II03BOJISIET
KOHTPO/IMPOBAaTh pa3sMep HAHOKPHUCTA/I/Ia B PeKUMe
peasibHOro BpeMeHH IIyTeM HU3MepeHHs JJIMHbBI BOTHEIL
JIIOMHHECLIeHITUH [22].

JaHHBIN MeTo[, INKPOKO IIPUMeHSIeTCs ISl CHHTe3a
KBAaHTOBBIX TOUEK, IIOKPBITBIX 0D0TIOUKOM M3 MIMPOKO-
30HHOro monynpoBogHuKa (KT Tuma simpo/obonmoduxka,
auri. core-shell). Jlesio B TOM, 4TO Ha OIITUYECKUE CBOM-
cTBa (B YaCTHOCTH Ha BeJIMYMHY KBAaHTOBOI'O BBHIXOJA
JTIOMHHeCLIeHLIMH) I10JyIIPOBOSHUKOBBIX HaHOKPU-
CTQJIJIOB OKa3bIBAIOT BJIMSIHHE BO3HHUKAIOIIHE B IIPO-
Llecce CHHTe3a II0OBePXHOCTHble HedekTrl. Takue
nedeKTbl UTPAIOT posib Oe3pI3ydaTelbHBIX LIEHTPOB
PeKOMOHMHALIMH, UX 3HAUYUTEIbHOe KOTHYECTBO BBI3BI-
BaeT Ccepbe3Hoe yMeHbIlIeHHe KBAaHTOBOIO BEIXoza. [
JTUKBUJALMHN IIOBepPXHOCTHBIX AedeKTOB BOKPYT sApa
M3 OJHOIO IIOJYIIPOBOJHHMKA HApaIlMBaeTCs TOHKasd
000J104Ka U3 APYroro MmoayIpoBOAHKKA, KaK IIPaBUIIO,
c bosee MIMPOKOM 3alpellleHHOM 30HOM (Harlpumep A1
snpa CdSe ucmonesyetcst obomouxa u3 ZnS). Hanudune
TaKOM 00OJIOYKU II03BOJISIET ITPEAOTBPATUTH HOTOXH-
MHYeCKYIO JeTpafallHIo 41pa, CYIleCTBeHHO [10BLICUTD
KBaHTOBBIK BbIXO[ [23]. OTAenbHOE MeCTO 3aHHUMAIOT
T.H. peKOM6I/IHaLII/IOHH]>Ie KT, obnagaromniue I POKHUM
CIIeKTPOM JIIOMHHECLEHIIMH, COABUHYTHIM B KPAaCHYIO
0071aCTh CIIeKTpa BCIeACTBHE HATUYHS 60/IBIIOT0 KOMTH-
yecTBa JedeKToB B CTPyKType [24]. Bonbplioil IOTeH-
LHaJl B IPUK/I3JHOM HCIIOTIb30BAHUH O’KHUIAETCS IIPU
cBsi3biBaHUU KT ¢ opraHu4ecKUMH (MaKpo)MoOJIeKy-
7TaMH, IOe YIAeTcsl pealn3oBaTh 3$PeKTHBHEIM Iepe-
HOC 3Hepruu [25-27].

OMNTUKO-CMNEKTPAJIbHbIE
XAPAKTEPUCTUKN

Xotst ypaBHeHHe (1) I103BOJISIeT B II€PBOM IIpHONIIKe-
HUU OLIEHUTh HMHPHUHY 3)eKTHBHOM 3aIlpeIleHHON
30HBI, a 3HAYUT, U JUIMHY BOIHBI TIOMHUHeceHIHH KT,
SKCIIEPHMEHTHI [TOKA3bIBAIOT, YTO CIIEKTPa/IbHbIE CBOK-

=

As an alternative approach, inert materials can be
used to increase the stability of nanostructures. An
example of such an approach is the paper [15], the
authors of which placed quantum dots in amorphous
silicon dioxide.

It is fundamentally important to develop new
methods for the synthesis of nanostructures to
obtain objects of a complex predetermined shape,
because the developed structure at the atomic level
also contributes to the properties of the material.
The improvement of the methodological and experi-
mental base makes it possible to study the pro-
cesses occurring at the level of single molecules and
atoms [16], which in turn makes a huge contribution
to the fundamental field of physical knowledge.

SYNTHESIS METHODS, TYPES AND
MORPHOLOGY OF QUANTUM DOTS

There are a number of methods for the synthesis
of semiconductor nanocrystals, which are epitaxy,
colloidal synthesis, laser ablation, chemical self-
assembly, the mesophase growth in liquid crystal
materials, etc.

To date, two methods of obtaining quantum dots
have become the most frequent practice: the method
of colloidal synthesis and the epitaxial method.

Epitaxial production of quantum dots can be car-
ried out using two methods: molecular beam epi-
taxy [17] and metal-organic chemical vapour depo-
sition (MOCVD) [18]. As a rule, in these processes,
quantum dots are formed in thin semiconductor lay-
ers grown on well-purified single crystal substrates.
A necessary condition for growth is the various con-
stants of the lattices of the substrate and the film
being built up.

Molecular beam epitaxy is an improved version
of the method of thermal spraying of materials in
ultrahigh vacuum conditions. Quantum dots grow
on monocrystalline substrates due to the directed
flow of atoms or molecules evaporated or sublimated
from specially prepared sources placed in special iso-
thermal chambers - the so-called effusion cells. The
number of effusion cells is determined by the compo-
sition of the quantum dots grown and the presence of
alloying impurities.

When using the metal-organic chemical vapour
deposition method, the growth of the semiconduc-
tor layer is ensured by the deposition of thermal
decomposition products of organic gas molecules that
contain the necessary chemical elements on the sub-
strate. Unlike molecular beam epitaxy, the process
occurs at moderate pressures. The crystallization of
the material occurs on a heated substrate in a reac-
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tor with cold walls when a homogeneous mixture of
reagent gases with a carrier gas is passed over it. As

CTBd HAHOKPHCTAJIJIOB MOT'YT CYIIEeCTBEHHO OT/IMYaThCA,
eCIn UMeeT MECTO pa3iM4He B HX JIOKA/IbBHOM OKpY-
KeHUH. 3[echb HeO6XO,E[I/IMO OTMETHUTDb, YTO HAJIHUYHE

OIIpeJleJIeHHOTO JIOKAJbHOTO OKPYKeHHS HaHOKPHU-
CTaJUIOB 3a4aCTyI0 IPOJUKTOBAHO OCODEHHOCTSIMH HX
[IPaKTHYeCKOTO MCII0/Ib30BaHUsA. KBaHTOBbIE TOYKHU
MOI'YT TeCHO COCeACTBOBATh C IMIPOBOASINMMMU IIOJIH-
MepaMH B Qoromuonax [28], MeTa/yIM4eCKUMH IOf-
JIOKKaMH M HaHOYaCTHLIAMU B (HOTOBOIBTAMYECKMX
3neMeHTax [29, 30], KBapLeBBIMU IOJJIOKKAaMU B I107Ie-
BBIX TpaH3UcTopax [31]. Mcnonb3oBaHue KT B KauecTBe
CpeZCTB 6HOBM3yaIH3aLUU IOAPa3yMeBaeT obsi3aTeNnb-
HYI0 MOAHGHKALIMIO ITIOBEPXHOCTH IIPHU MOMoOLIU 6uo-
COBMECTHMBIX ITONHUMEePOB [32, 33], dochomUmUIHBIX
MuLeI [34], HAaHOYACTULL IHOKCHAA KpeMHHUS [35].

OmHUM U3 BOKHBIX U IPAKTHYeCKH 3HAYKMMBIX CBOM-
CTB KBAaHTOBBIX TOYEK SBJISIETCS 3aBUCHMOCTb HX CIIEK-
TPaJIBHBIX XaPaKTEPUCTHUK OT Pa3sIMYHBIX [1apaMeTpoOB,
IPUCYIIUX Kak caMuM KT, Tak W BHEIIHeMY OKpysKe-
HUW0. CreKTpaibHEIe CBOMCTBa KT 3aBHCAT OT HX pas-
MepoB, OPMEI, COCTaBa U KOHLIEHTPALIMH B aHCaMbile.
Kpome Toro, Ha criekTphl KT OKa3bIBalOT BIUSHUE TeM-
repaTypa, JaBjleHHe ¥ MaTpHLa, B KOTOPYIO ITIOMELIeHbI
KT. VYkasaHHBIe OOCTOSTE/NBCTBA HAIOT BO3MOXKHOCTD
YIIPaB/ISATh CIIeKTPa/JIbHBIMU cBoHcTBaMU KT M MaTepu-
ajloB Ha ux ocHoBe. C Apyrou cropoHsl, KT camu cTa-
HOBATCA 3QPEeKTUBHBIMU CEHCOPaMHU Pa3IUYHBIX I1apa-
MeTpPOB OKpy>keHMs. Hampumep, KT MOryT BBICTYIIaTh
B KaueCTBe CEHCOPOB MarHUTHOTIO 110715 [36].

M3y4yeHue TeMIIepaTypHO-3aBUCUMBIX CIIEKTPOB
JMIOMUHecLleHIIMU KT MoskeT AaTh 60JbIION 00beM
MHOOPMaLIMH O [TapaMeTpax 3JIeKTPOH-GOHOHHOIO B3a-
MMOJIEHCTBHS, 2 TaloKe O BIHSHHUH MaTPHULBI HA 3TH
napameTpel. HccrenyroTcs TeMIlepaTypHble 3aBHCH-
MOCTH [apaMeTPOB CIIeKTPOB JIIOMHHECLIEHIIUH HaHO-
KOMIIO3UTOB: IIOJIOK@HHE MaKCHMyMa, COOTBETCTBYIO-
Ilee IIKMPHHE 3alpellleHHOI 30HbI (3HePruH 9KCUTOHA),
U murpHHa crekrpa. CrexTpsl KT, Kak IIpaBHIIO, IIpem-
CTaBJISIIOT COO0K CHMMeTPHUYHBIE I10JI0ChI, COOTBETCTBY-
IOI[e SKCUTOHHOM JIIOMHUHECUEHLIMH, C IIHPHHOHU
IIOPSAKA NEeCATKOB HM. B 3aBMCHMMOCTH OT MaTpPHIIbI-
OCHOBBI KOMIIO3MTA CIIeKTPBl OT/IMYAIOTCS II0JIOXKe-
HHeM MaKCHMYMa IIMKa 5KCUTOHHOU JIIOMHUHeCLIeHIIUH
(SHepruu 3KCHUTOHA). IIpU IOHKKEHHHU TeMIlepaTyphl
MaKCHMYMBI 3KCUTOHHBIX II0JIOC B CIIEKTPax JIOMHHeC-
LeHIIUU CMeIalTcsa B YP-061acTh crexTpa. Ha puc. 5
II0OKa3aHBl  TeMIIePaTypHO-3aBUCHMEIE  CIIEKTPhI
moMmuHeciieniinu KT CdSe/CdS/ZnS, moMelieHHBIX
B IIOJIMMEPHYI0 MaTpHlly monuusobyTtwiena ([IHB) (a)
U B 3aMOpOKeHHBIH Tonyon (b), B TeMIepaTypHOM Ana-
masoHe 4,2-300 K, a Takke TeMIlepaTypHble 3aBHCHMO-
CTH IOJIO’KeHUSI [TMKA U MUPHUHBI CIIeKTPa 3KCUTOHHOM
nMoMUHecteHIUH 11 CdSe/CdS/ZnS B Tonyore.
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a result of the decomposition of gas into components
on a hot surface, a film of the required semiconduc-
tor material is formed on the substrate.

The properties of quantum dots obtained by means
of epitaxy depend on many factors: the degree of
purity of the materials used, their physic and chemi-
cal properties, the presence of defects on the crystal-
line substrate, the temperature at which the process
is carried out. As a rule, the average monodisper-
sity of the obtained particles does not exceed 3%.
The disadvantages of nanocrystals grown in this
way include the limitations of their use due to the
properties of solid, often opaque substrates. This
disadvantage is especially pronounced when using
quantum dots as a tool for biosensorics and medical
nanodiagnostics.

The modern method of colloidal synthesis origi-
nates in the pioneering works by C.Murray and
M. Bawendi et alias [19]. Colloidal synthesis makes it
possible to obtain nanostructures of various shapes,
sizes and compositions [20].

In general, in colloidal synthesis, the reagents
used are placed in a solvent, where nucleation and
crystal growth occur at high temperatures (200-
360 °C, the more accurate name of the method is
high-temperature organometallic synthesis). Com-
plex organic compounds are used as solvents: trioc-
tylphosphide (TOP), trioctylphosphidoxide (TOPO),
tribitylphosphine (TBP), trioctylphosphyl selenide
(TOPSe) [19]. In particular, to create CdSe quantum
dots, the TOPO solvent is heated to 360 °C in an
argon medium. Afterward, a solution of a mixture of
cadmium and selenium salts is injected into it with
a syringe [21]. This method provides an opportunity
to control the size of a nanocrystal in real time by
measuring the wavelength of luminescence [22].

This method is widely used to synthesize quan-
tum dots coated with a wide-band semiconductor
(core-shell QDs). The fact is that the optical proper-
ties (in particular, the quantum yield of lumines-
cence) of semiconductor nanocrystals are influenced
by surface defects that occur during synthesis. These
defects play the role of non-radiative recombination
centres, their significant number causes a serious
decrease in the quantum yield. To eliminate surface
defects around the core of one semiconductor, a thin
shell from another semiconductor is built up, usually
with a wider band gap (for example, a ZnS shell is
used for the CdSe core). The presence of such a shell
makes it possible to prevent photochemical degrada-
tion of the nucleus and significantly increase the



I
SESSSSSSSSSS QUANTUM TECHNOLOGIES [EUMA
I

i g

TT T T T T 71T

1

Intensity, arb. un.
hL_\\\\\\\\\\\\\\\
Intensity, arb. un.
Temperature, K
Exciton energy, eV
,N
o
()]

| Lot 1"'"!-
540 580 620 660
b) Wavelength, Rt c)

) Wavelength, R

temperature range of 4.2-300 K

140

iy g8 130
oy 0, 4120

. . (o -1 110

4100

st "2 190

o
|
Spectral bandwidth, meV

T o - 80

0 50 100 150 200 250 300

Puc. 5. Cnekmpubl AomuHecueHuuu KT CdSe/ CdS/ZnS: a) KT, nomeLieHHbIX 8 NOAUMEPHY MAmpuLy NoAUU306ymuAeHa;

b) KT, nomeLueHHbIx 8 3amMOpoKeHHbIl MOoAYoA; C) MemnepamypHas 3a8UcuMoCcmb NOAOXKEHUS NUKA AMUHecueHuuu u FAWHM
0ns KT CdSe/ CdS/ZnS 8 memnepamypHom duana3oHe 4,2-300K

Fig. 5. Luminescence spectra of QDs of CdSe/CDs/ZnS CT: a) QDs placed in a polymer matrix of polyisobutylene; b) QDs placed
in frozen toluene; c) temperature dependence of the luminescence peak position and FMHM for QDs of CdSe/CDs/ZnS CT in the

Temperature, K

TeMIepaTypHble 3aBUCHMOCTH INHMPHUHBL 3aIlpe-
IIeHHON 30HBI OJII HAaHOKOMIIO3UTOB ¢ KT MOXKHO
AHA/IM3UPOBATh B PaMKaX pa3JIMYHBIX MoZeneH,
HaIpuMep 3/eKTPOH-QOHOHHOIO B3aKMMOJel-
cTBus (37, 38]. AHanu3 JIHUTepaTyphl IIOKa3bIBaeT,
YTO BIIEPBEIE TEMIIePATypHas 3aBUCHUMOCTb IIMPUHEI
3aIpellleHHON 30HBI IS OOBEMHBIX IIOJIYIIPOBO-
OHUKOB Obl7Ia SMIIMPHUYECKH OIMCaHa BapmHu [39]
B BUJIE:

oT?

B+T’ @

E,(T)=E,(0)+

£
rzeE,(0) - IpprHa 3aIpeleHHOM 30HbI IIPU 0 K, o ~TeM-
IepaTypHbIM Ko3ddULIMEHT, B - mapameTp, CBS3aH-
HBIM C TeMIIepaTypo Jlebast.

OfHaKO 3TO COOTHOIIEHHEe MaJo MHPOPMATHBHO
B (CJy4ae HCCIefloOBaHHUSI IIapaMeTpPOB 31eKTPOH-
dononHoro B3ammogmenctBus KT c martpuien [40].
B pabore O’[lonHena u YeHa [41] ObUIa BbIBe[leHa aHa-
nuTHvecKass GopMysa Ajsl OIIMCAHUS TeMIIepaTypHOM
3aBUCHUMOCTH:

2SE,,
E
exp| =0 |-1
p(kT
KOTOPasi COLEP>KUT [OIIOJNHHUTEIbHbIe IIapaMeTphl,
XapaKTepHU3yIoIIue CHJIy 31eKTPOH-GOHOHHOIO B3a-
umoperncTBUs - S (bakrop XyaHra-Puca) U CpeIHION

SHEPru0 (GOHOHOB IIPH PeIaKCALUU 3IeKTPOHHOIO
BO30Oy>kmeHuUs E .

EQ(T):EQ (0)_ ’ 3

quantum yield [23]. A separate place is occupied by
the so-called recombination QDs, which have a wide
luminescence spectrum shifted to the red wavelength
of the spectrum due to the presence of a large num-
ber of defects in the structure [24]. A great poten-
tial in applied use is expected when binding QDs
with organic (macro)molecules, where energy can be
transferred efficiently [25-27].

OPTICAL AND SPECTRAL CHARACTERISTICS
Although Equation 1 provides an opportunity to esti-
mate the width of the effective band gap in the first
approximation, and hence the wavelength of the
luminescence of QDs, experiments show that the
spectral properties of nanocrystals can differ signifi-
cantly if there is a difference in their local environ-
ment. It should be noted herewith that the proper-
ties of the environment of nanocrystals are often
dictated by the peculiarities of their practical use.
Quantum dots can closely coexist with conductive
polymers in photodiodes [28], metal substrates and
nanoparticles in photovoltaic cells [29, 30], quartz
substrates in field effect transistors [31]. The use of
QDs as a means of bioimaging implies mandatory
modification of the surface with the help of biocom-
patible polymers [32, 33], phospholipid micelles [34],
silicon dioxide nanoparticles [35].

One of the important and practically significant
properties of quantum dots is that their spectral char-
acteristics depend on various parameters inherent in

PHoOTONICs vOL. 15 N28 2021 631



i

OnuceiBas IIOJyYeHHble B 3KC-
IepHUMeHTe TeMIlepaTypHEbLe
3aBUCHMOCTA 3HepPruy 3KCHTOHA
C TIOMOIIBIO YKAa3aHHOU GOPMYIIHI,
MOSKHO IIOJIyYUTh 3HAYEHHUS I1apa-
METpPOB 3/71eKTPOH-QPOHOHHOI'0 B3a-
umogpericteusa nng KT B pasHBIX
MaTpuuax (cM. Tabim. 2).

[TonydyeHHBle 3HAa4YeHUS S
JIOBOJIBHO CUJIBHO OTJIHMYAIOTCS IS
pasHbIX 06pa3loB, T.e. HATHYUE
OKpY>KaloIled MaTPHLBl CHJIBHO
B/IMSeT Ha IIapaMeTpbl 3JeKTPOH-
$OHOHHOr0 B3aMMOIEHCTBUS. 3HA-
yeHUs E;, A pasHbIX 00pasioB
TakoKe OTIMYAIOTCS, YTO MOXKET
CBUJZIETENIBCTBOBATh O 3aMETHOM

MaTpuuax

matrices

KT (MaTpuua)
QD (matrix)

CdSe (KK okTaHoaT) 1.8 2,78 71 71 [37]
sddexre rubpupusanuu Konebda- Cdse (octanoate liquid crystal)
TeNbHBIX (QOHOHHBIX) MOM - B3a- 23 2.48 41 46
HUMOJIeUCTBUHU HM3JIy4dalollero
aapa KBAaHTOBOM TOYKH HE TOJIBKO CdSe/CdS (Ha noonoxke) 2,3 2,24 1,7 26 [43]
C JoKanbHBIMHU ¢oHOHamu KT, CdSe/Cds (on the substrate)
HO U C OHOHAMH MaTpHULIbI. Pa3- 3,3 2,13 157 23
JIUYKS B IlapaMeTpax 3/1eKTPOH-
DOHOHHOTO B3aHMOJIEICTBUS [IPHU- CdSe (nonnnaypun-metakpuiar) 3,0 2,17 - 25 [44]
CdSe (polylauryl methacrylate)
BOOSAT K 3aMeTHOMY H3MEHEeHHIO
3Q)eKTUBHOM YaCTOTBI JIOKA/Ib- CdSe (06beMHbIN MaTepman) - 1,757 - - [45]

HOoro QOHOHA, 4YTO CBUIETeJb-
CTBYeT O CUJIbHOM BJIMSSHUU JHHA-

CdSe/CdS/znS (MWB)
CdSe/CdS/znS (PIB)

CdSe/CdS/znS (tonyon)
CdSe/CdS/znS (toluene)

CdSe/CdS/ZnS (Ha noanoxke)
CdSe/CdS/znS (on the substrate)

CdSe (bulk material)

CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey
m KBAHTOBbDIE TEXHOJ/IOTMU/ I——
CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey

Tabnunua 2. NMapamMeTpbl 3/1eKTPOH-POHOHHOT0 B3anmoaencTems KT B pasHbIx

Table 2. Parameters of electron-phonon interaction of QDs in different

Pasmep KT, Eg(o),
HM eV
Size of QD,
nm

E;o.  Ccbinka
meV Link

4,5(3-7) 2,10 131 21,1 [38]

4,5(3-7) 2,07 2,66 228

4,5 (3-7) 2,09 167 214

MHKH MATPHULIBI Ha CII€KTPaJIbHbIE

M JIIOMHUHeCLeHTHBle cBoHcTBAa KT. JT0 ocobeHHO
3aMeTHO II0 IIOBEeJeHHIO TeMIIePaTypHOM 3aBHCHMO-
CTH LIMPHHBI 3aIlpelleHHOM 30HBI A KT B 3amopo-
SKeHHBIX PAaCcTBOpax BOJIM3U TeMIIEpPaTypsl ($a3oBBIX
IlepexofioB (HallpuMep IIPU CTeKIIOBAHUH),

AHaln3 TeMIlepaTypHO-3aBUCHMBIX CIIEKTPOB
JIIOMHUHECLIeHITUH SIBJISeTCSI KOCBEHHBIM METOLOM
IIOJIy4eHUs] MHQOPMALIMK O IlapaMeTpax JIOKAIH30-
BAaHHBIX QOHOHOB. [I/ISl [IOATBEPSKAEHHUS II0TyYeHHbIX
OAHHBIX MOKHO BBIIIOJIHHUTB JOIIOJTHUTE/IbHBIE H3Me-
PeHUs MeTOAAMU KosebaTeTbHOM CIIeKTPOCKOIINH [42],
B YaCTHOCTH MeTOAO0M KOM6I/IHaLII/IOHHOI‘O paccesHUA
ceeta (KPC) [11, 38]. B ykasaHHbIX paborax mas KT
B Pa3HBIX MaTPHLIAX B HHU3KOYACTOTHBIX CIIEKTPaX
KPC 6putn 0bHapyskKeHBI IIOTIOCHI, YACTOTBl KOTOPBIX
COOTBETCTBYIOT OLleHKaM BeJIMYHHEL E;4 I10 ClleKTpaM
NMoMHUHecleHIMH. Takum obpasom, KT MoryT 6bITh
HCII0/Ib30BAaHbI B KauecTBe 3QPeKTUBHBIX U UYBCTBHU-
TeJIbHBIX CEHCOPOB TeMIIepaTypbl U JIOKAJIbHOM Kojle-
6aTesbHOM JUHAMHUKH B PA3TMYHBIX MAaTPHULIAX.

HccmemoBaHHMs IIOKA3bIBAIOT, YTO CIIeKTpPaJbHBIE
CBOICTBA HAaHOKOMIIO3UTA CHJIBHO 3aBUCIT OT KOH-
ueHTpauuu KT. Hanpumep, B [46] ycTaHOB/IEeHO, UTO
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both the QDs and the external environment. The
spectral properties of QDs depend on their size, shape,
composition, and concentration in the ensemble. In
addition, the spectra of QDs are influenced by tem-
perature, pressure and the matrix in which the QDs
are placed. These circumstances make it possible to
control the spectral properties of QDs and materials
based on them. On the other hand, QDs themselves
become effective sensors of various environmental
parameters. For example, QDs can act as magnetic
field sensors [36].

The study of temperature-dependent luminescence
spectra of QDs can provide a large amount of infor-
mation about the parameters of the electron-phonon
interaction, as well as about the influence of the
matrix on these parameters. The temperature depen-
dences of the parameters of the luminescence spectra
of nanocomposites are investigated: the maximum
position that corresponds to the width of the band-
gap (exciton energy) and the spectrum width. As
a rule, spectra of QDs are symmetrical bands cor-
responding to exciton luminescence, with a width
of the order of tens of nm. Depending on the matrix
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C yBeIMYeHHeM KOHLeHTpauuu KT B pacTBope CIIeKTp
JTIOMHUHeCLeHIIUH CMeIlllaeTcs B KpacHyo o0671acTh
U YHIUpSeTCI. B CBA3HM C 3THM KOHLEHTpauunio KT
HeoOXO[MMO YIUTHIBATh IIPU IIPOBeJeHHUH HCCIIe0Ba-
HUH U pa3paboTKe MPUIOKEHUH.

B pabote [47] 6pU1a HccTenoBaHa GOTOMIOMUHECLIEH-
1y oguHo4YHBIX KT CdSe/CdS/ZnS mon meHcTBUeM
BHEIIHMX CHJI. JKCIIepHMMeHTajIbHas YCTaHOBKA IIpen-
CTaBisuia CoOOM COBMENIEHHBIM aTOMHO-CH/IOBO
U KOHOOKAJNBHBIM JIIOMHHECLIEHTHBIH MHUKPOCKOII.
OpuHouHble KT 6BUIM JI0KaJIM30BaHbL U IIOABEPTHYTHI
CepUH CHJIOBBIX BO3MIELCTBU C MCII0/Ib30BaHHEM HaKo-
HeYHMKa KaHTH/IeBepa aTOMHO-CH/IOBOIO MHMKPOCKOIIA
B KayecTBe IIOPIIHS HaHOMETPOBOIO pasmepa. TakuM
obpasoM, H3MeHeHHs QOTOPH3UUECKHUX XapaKTepH-
CTHK IIOfi JeMCTBHEM [AaBJIeHHs ObUIHM KCCIeO0BaHBI
Ha ypoBHe oguHOYHbBIX KT. B pe3ynbTaTe MCC1eJ0BaHHA
6bUI0 OOHAPY>KEHO, YTO CIEeKTPBl OAMHOUHBIX KT cMe-
IaJIKCh 1160 B CTOPOHY O0J1ee BBICOKUX, THO0 B CTOPOHY
bo/ee HM3KUX SHEPTUM H3IydeHHs 6e3 KaKUX-TH60
[IPU3HAKOB HAJU4YHA HECKOJIbKHUX JHHHUH H3/Iyde-
HHSI, HWHIYLIHUPOBAHHEIX [eHCTBHEM IIPHU/IOKeHHOH
cuabl. HampaBreHHe W BeJIMUMHA 3TUX OOPAaTHMBIX
CIIeKTP/IbHBIX CIBHIOB 3aBHCE/IM OT OPHEHTALIMH OCel
HaHOKPUCTA/IJIOB OTHOCUTE/IbHO BHeIIHek aHH30TPOIl-
HOU CHIbl. MaKCHMMa/bHBIe [aB/IeHHsl B AHalla3oHe
HeckonbKUX [Tla, peasr3oBaHHEBIE B JAHHOM 3KCIIEPH-
MeHTe, CPaBHHMEI CO 3HAYEHHAMH, II0y4YaeMBIMH
B OITHYECKMX KaMepax C a/IMa3sHBIMH HAaKOBa/IbHAMM.
CpenHsasa BeJIMYMHA CIIEKTPAJIBHOTO CABHIA COCTAaBH/IA
okono 3,0-3,5 m3B/ITIa. IlonydyeHHBIE pe3y/IbTAThI
CBUETEIbCTBYIOT O TOM, YTO CIEKTpP JIIOMHHEeCLEH-
LMK OMUHOUYHBIX KT MOKHO 0OpaTHMO I1epecTparuBaTh
B 3HAYHTe/JbHOM AMAaIla30He ITUH BOMH 6e3 yxysre-
HUSI X XapPaKTEPUCTHK. JTO OOCTOSTENBCTBO MOXKET
OBITh KCIIO/NIB30BAHO AJIS Pa3paboTKU IlepecTpauBae-
MBIX KCTOUHHKOB OTMHOYHBIX QOTOHOB.

BonpImIMM IOTeHI[HaIoM 06/1aJaloT HCClefoBaHuUS,
CBsI3aHHBIE C U3yYeHHeM KUHEeTHKU TIOMUHEeCLeHIINH
KT. B pa60Te [48] 6pUIa HCCIegoBaHa BO3MOKHOCTD
HCII0TBb30BaHUS KomnougHeix KT CdSe/ZnS B kade-
CTBe 30H/0B IJISI UCCIIeOBAHUS UX JU3JIEKTPHUUECKOTO
OKPY>KeHHSI, OCHOBBIBAsCh Ha NAHHBIX O BIMSHUU
JIOKAJILHOIO I[IOKa3aTesisl IIPeJIOM/IEHUs Ha KHUHETHKY
dnyopecuennyu 3TuX KT. OTMeTHM, 4YTO romobHbIe
KCCIeN0BaHUs I10 MHKPOPePpPaKTOMETPHH H Kap-
THPOBAHHUIO JIOKAJIBHBIX IO/ OBUIM BBIIIOJTHEHBI C
KCIIONIb30BaHHEM OAMHOYHBIX OPraHHYeCcKHX MoJie-
KyJ1 B TBepbIX MaTpuliax [49]. ABTopsI [48] HcIo/B30-
BaJIM MOJe/b TBepAbIX chep U IMpUOIIIKeHHe 3ddeK-
TUBHOM cpefpl BpyrreMaHa. B Xome McclaemoBaHHS
CBOMCTBa aHcaMbisg KT B OIHOPOZHOM PacTBoOpe Cpas-
HHMBAIK C XapaKTePUCTHUKAMHU OOHHOYHBIX KT, mome-

=

basis of the composite, the spectra differ in the
position of the maximum peak of exciton lumines-
cence (exciton energy). As the temperature decreases,
the maxima of exciton bands in the luminescence
spectra shift to the UV region of the spectrum. Fig.
5 shows the temperature-dependent luminescence
spectra of QDs of CdSe/CdS/ZnS placed in a poly-
meric matrix of polyisobutylene (PIB) (a) and in fro-
zen toluene (b), in the temperature range of 4.2-300 K
and the temperature dependence of the peak position
and width of the exciton luminescence spectrum for
CdSe/CdS/ZnS in toluene.

Temperature dependences of the band gap width
for nanocomposites with QDs can be analysed
within the framework of various models, for exam-
ple, electron-phonon interaction [37, 38]. An analysis
of the literature shows that for the first time the
temperature dependence of the band gap width for
bulk semiconductors was empirically described by
Varshni [39] in the form:

E,(T)=E,(0)+ £, @

where Eg(O) is the bandgap width at 0 K, a is the tem-
perature coefficient, B is the parameter associated
with the Debye temperature.

Nevertheless, this ratio is not informative enough
in the case of studying the parameters of the electron-
phonon interaction of QDs with a matrix[40]. In
the paper by O’Donnell and Chen, an [41] analyti-
cal formula was derived to describe the temperature
dependence:

28E,,

Ep '
exp[ﬁ)—l
which contains additional parameters character-
izing the strength of the electron-phonon inter-
action - S (Huang-Rhys factor) and the average
energy of phonons at the relaxation of electronic
excitation Ej,.

Describing the temperature dependences of the
exciton energy obtained in the experiment using this
formula, it is possible to obtain the values of the
electron-phonon interaction parameters for QDs in
different matrices (see Table 2).

The obtained values of S are quite different for dif-
ferent samples, i.e. the presence of the surrounding
matrix strongly affects the parameters of the elec-
tron phonon interaction. The values of E,, also differ
for different samples, which may indicate a notice-
able effect of hybridization of vibrational (phonon)
modes - the interaction of the emitting nucleus of

E,(T)=E,(0)- 3)
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IIeHHBIX BHYTPb PasHbIX AM3IEKTPHUYECKHX MaTpHII.
BbUIO YCTaHOBJIEHO, YTO IIOJYyYeHHBIe Pe3y/IbTaThl
MO>KHO OIIHCaTh B paMKax OJHOH MOJEIH TOJNbKO IIPH
YCJIIOBHHM, YTO TOYEYHBIM [HIIOJNBHBIM K3/1y4aTesb
PACITO/IOKeH Ha PACCTOSHMHM OT ITOIJIOKKH, KOTOpOe
cooTBeTCTByeT reomerpuu KT. [lasee ObuIM IIpoaHa-
JIM3UPOBAaHBl TPU TeOPeTHYeCKHe MOJe/IH, OIMChIBA-
IOIIMe 3aBUCHMOCTb CKOPOCTH CIaZia ¢pIyopecLieHIMU
OT JIOKJIbHOTO IIOKa3aTessl IIpelloMJIeHHUs, U ObLI0
II0Ka3aHO, YTO KIaccH4yecKasi mofend JlopeHua (BUp-
TyaJIbHOM II0JIOCTH) SIBISIeTCS Haunbosee MogXosimert
JJIs OIHCAaHHWA IIOJIyYeHHBIX JaHHBIX. Kpome ToroO,
aBTOPBI UCCIe[0BA/IM YYBCTBUTENbHOCTL KT K mapame-
TPaM OKPY>KaIoIllek Cpefibl, OLIeHUB IIpefiesl 0bHapysKe-
HHS aKTHBHOTO BellleCTBa Ha IIPUMepe MOJIeKyJI CTperl-
TaBUAMHA. TakMM 06pa3oMm, MoKas3aHo, 4To KT MoryT
OBITH MCIIONB30BAHBI B KauecTBe 3QPeKTUBHBIX CEHCO-
POB /11 KCC/IeNOBaHHS IIaPAMETPOB JIOKAIbHOIO OKPY-
SKEHUSI U CIIOCOOHBI CIYy’KUTh OCHOBOM IS CO3AHUS
HaHOCEHCOPOB [IJI OIIpeJe/IieHus COIepsKaHU s pasiuy-
HBIX BeIIeCTB B y/IbTPAaHU3KUX KOHLIEHTPALIMAX.

CNEKTPOMUKPOCKONUA
OONHOYHbIX KBAHTOBbIX TOYEK
[Ipu mepexoze K HUCCIeNOBAHUIO OAUHOYHBIX KBAHTO-
BBIX TOUeK OOHAPY>KHUBAIOTCS YHUKAIBbHBIE 3PEKTHI,
He3aMeTHbIe IPH H3yYeHHU 0OBeMHBIX KPHCTAJIOB
IIOJIyIIPOBOAHHKOB. OOHH U3 TaKUX 3pPeKToB — ABjIe-
HUe MepLAaHUs JIOMHUHECIeHIIUHU, KOTOpOe BO3-
HHUKaeT INpPU HeIpPepblBHOM Ja3epHOM Ob6Iy4eHHUU
ONVHOYHOM KBAaHTOBOM TOYKH. [IpriMep Takoro Iiose-
IeHUs IIpeiCTaBeH Ha pHUC. 6.

CToxacTU4ecKHe IIepPexofbl MeXAy COCTOSIHHEM,
B KOTOPOM KBAaHTOBAsl TOUKa HM3/Ty4aeT JTIOMUHeCLeH-
LU0 (T.H. “ON-COCTOSHHS») M COCTOSHHEM, B KOTO-
POM 3MHCCUSI IIPeKpallaeTcs IIPU HeIOCPeACTBeH-
HOM obnydeHnu («off-cocTossHMS»), yMeHBIIAIOT
0OIIMI KBAaHTOBBIM BBIXOMA YAaCTHUIIBI. [JaHHOe 06CTO-
SITEJIBCTBO HAK/IAABIBAET OTPAHHYEHUSI HA IIOTEHIIHU-
aTbHBIE BO3MOKHOCTH HCIIOTB30BAHUS IIOJYIIPOBO-
OHUKOBBIX KBAHTOBBIX TOUEK B KAadecTBE TPEKOBBIX
MapKepoB U 6HOJIOTHYeCKUX CEHCOPOB M B OCODEHHO-
CTHU B KaueCTBe HMCTOUHHKOB HEKIACCHUEeCKOro CBeTa.
MHoOrue HuCCIefoBaTeNbCKHe KO/IEKTHUBBL, IIPOBeAs
He3aBUCHMBIe HCCIefOBAaHUS, IPHUILIA K CIeAyko-
IIMM BBIBOJAM: udepefoBaHMe on- U off cocTosHUI
3aBUCHUT OT Pa3MepOB KBAHTOBBIX TOUEK, MaTepHasa
13 KOTOPOTO OHU CHHTe3HPOBAHBI, d TAKKe KOHPUTY-
pauuy (KBaHTOBAsl TOUKA, HUTh, IMa, HAJTHUYHE HIN
OTCYTCTBHe ODOJIOYKHM M T.[.); CYIIeCTBOBAaHHE TaK
Ha3blBAeMBIX «CEPBIX» COCTOSIHHH — IIPOMEKYTOUHBIX
COCTOSIHHH, B KOTOPBIX HMHTEHCHBHOCTD JTIOMHUHECIEeH-
LIMY MeHbIlle, YeM B ON-COCTOSIHHUSX U bobile, yem
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a quantum dot not only with local phonons QDs, but
also with the phonons of the matrix. Differences in
the parameters of the electron-phonon interaction
lead to a noticeable change in the effective frequency
of the local phonon, which indicates a strong influ-
ence of matrix dynamics on the spectral and lumi-
nescent properties of QDs. This is especially notice-
able by the behaviour of the temperature dependence
of the band gap width for QDs in frozen solutions
near the temperature of phase transitions (for exam-
ple, during vitrification).

The analysis of temperature-dependent lumi-
nescence spectra is an indirect method of obtain-
ing information about the parameters of localized
phonons. To confirm the data obtained, additional
measurements can be performed by vibrational
spectroscopy methods [42], in particular by Raman
scattering [11, 38]. In these studies, bands for QDs
were found in different matrices in the low-fre-
quency spectra of Raman scattering, the frequencies
of which correspond to the estimates of the E;, value
from the luminescence spectra. Therefore, QDs can
be used as effective and sensitive sensors of tem-
perature and local oscillatory dynamics in various
matrices.

Studies show that the spectral properties of the
nanocomposite strongly depend on the concentra-
tion of QDs. For example, it was [46] found that with
an increase in the concentration of QDs in solution,
the luminescence spectrum shifts to the red wave-
length and widens. In this regard, the concentration
of QDs should be taken into account when conduct-
ing research and developing applications.

Photoluminescence of single QDs of CdSe/CdS/ZnS
under the influence of external mechanical forces
was studied in [47]. The experimental setup was
a combined atomic force and confocal luminescent
microscope. Single QDs were localized and subjected
to a series of force effects using the tip of the atomic
force microscope cantilever as a nanometer-sized pis-
ton. Thus, changes in photophysical characteristics
under the influence of pressure were investigated
at the level of single QDs. As a result of the study,
it was found that the spectra of single QDs shifted
either towards higher or lower radiation energies
without any signs of the presence of several radia-
tion lines induced by the action of the applied force.
The direction and magnitude of these reversible spec-
tral shifts depended on the orientation of the axes of
the nanocrystals relative to the external anisotropic
force. The maximum pressures in the range of sev-
eral hPa utilized in this experiment are comparable
to the values obtained in optical chambers with dia-



I
SESSSSSSSSSS QUANTUM TECHNOLOGIES [EUMA
I

B off-cocTOSIHMSIX; Ha JTHUTETBHOCTb H3/Ty4aTelbHBIX
1 6e3pI3/TydaTe/IbHBIX COCTOSIHUI B/IHSIeT MHTEHCHB-
HOCTb BO30y>KIalollero M3jaydeHHUs, a Takke TeMIIe-
paTypa U Apyrue IapaMeTphl Cpellbl, OKPY>KaIoIek
KBaHTOBYIO TOUKY [50, 51].

CyllecTBYIOT pa3iHYHble ITOAXOAbl K OIIHCAHHIO
3TOro sIBJIeHUs. [lepBasi MoZie/ib, OIMCHIBAIOIIAS AHHA-
MMKY B KBAaHTOBOH TOuKe, 6b1a pa3paboTaHa IPppocom
1 Po3eHOM M MOJNy4YH/Ia Ha3BaHHe «3apsifoBoi» [53].
B pesynbTare mornomeHHs (OTOHA KBAaHTOBOM TOY-
KO ITPOMCXOAUT 06pa3oBaHHe 3/1eKTPOH-JIBIPOUHOM
Mappl C CHJIBHOM CBSI3bI0 (9KCHTOH). B KT mMmeroTcst
YPOBHU SHEPrHHU, KOTOpble MOT'YT 3aHHUMATb 3JIeKTPOH
1 IbIpKa, obpasyromiyie 5KCUTOH . AHHUTHJISILIHS TAKOM
e-h mapsl mpUBOOUT K H3My4eHHIO (OTOHA JIIOMHU-
HeCLleHLIIMM W Ilepexofly KBaHTOBOM TOYKH B OCHOB-
HOe COCTOsIHMe. XapaKTepHOe BpeMsl >KH3HH 3KCH-
ToHa, Hampumep B KT CdSe, cocTaBisieT HeCKOJIBKO
HC. KpoMe Toro, Ha MOBepPXHOCTH KBaHTOBOM TOYKH
CyILIeCTBYIOT AedekThl (HapylleHHe HeaJbHOM KpHU-
CTQ/UIMYEeCKON CTPYKTYpbI), KOTOpble HMeEIOT CBOHU

g

mond anvils. The average value of the spectral shift
was about 3.0-3.5 MeV/hPa. The results obtained
indicate that the luminescence spectrum of single
QDs can be reversibly rearranged in a significant
range of wavelengths without deterioration of their
characteristics. This circumstance can be used to
develop tunable sources of single photons.

Research related to the study of the kinetics of
luminescence of QDs shows off its great potential.
The paper [48] investigated the possibility of using
colloidal QDs of CdSe/ZnS as probes to study their
dielectric environment, based on data on the effect
of the local refractive index on the fluorescence
kinetics of these QDs. It should be noted that similar
studies on microrefractometry and mapping of local
fields were performed using single organic molecules
in solid matrices [49]. The model of solid spheres
and the Bruggeman effective medium approxima-
tion were used by authors in [48]. In the course of the
study, the properties of the QD ensemble in a homo-
geneous solution were compared with the character-
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KT CdSe/ZnS (paduyc KT 4,2 Hm); b) BuHamuka cnekmpa AMUHecUeHUUU, nposisAsiiolezo 3¢pdekm cnekmpaabHol dugeysuu,
MepuaLLas AlmMuHecueHyus oduHouHol KT (ucmouHuk Podshivailov et al [52])
Fig. 6. Spectral dynamics of a single colloidal quantum dot: a) fluorescence track of a single colloidal QD of CdSe/ZnS CT
(QD radius - 4.2 nm); b) dynamics of the luminescence spectrum exhibiting the effect of spectral diffusion, blinking lumines-
cence of a single QD (source Podshivailov et al [52])
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JIOJITO SKHUBYIIYe YyPOBHU SHepPrHMH, OTJIMYHBIe OT 3KC-
HUTOHHBIX ypoBHeH KT. 3/IeKTPOH WU ABIPKA B pe3yJib-
TaTe BHYTpPeHHeH HOHH3AaIllUHM MOTYT OBITh «3axBa-
YeHB!» Ha 3TH JedeKTHbIe YPOBHHU (T.H. JIOByLIeYHbIe
COCTOSIHMSI), 4 B siipe OCTAeTCsd HeCKOMIIEHCHPOBaH-
HBIM 3ap4afn. [anee NpH MocenyroLleM IOIJIOMeHUH
doTOHa U POKIEHUU e-h Iaphl CTAaHOBUTCS oIpele-
JSIOIKM IIpolecc Oxke-peKoMOMHALIMK - Iepefayda
SHEPrHH OT PeKOMOMHUPYIOIIEeH Mapbl HECKOMIIEHCH-
POBAaHHOMY 3apsify C IOCIeomel 6e3bI3TydaTeTbHOM
penakcarmer, TakuM obpasom KT He H3/1ydaeT B JIOBY-
IIeYHOM COCTOSIHUH. BpeMs IpeOBIBaHUS 371eKTPOHA
(IBIPKH) B JIOBYILKe CyLIeCTBEHHO IIPeBBHILIAET BpeMs,
33 KOTOpOe paclalaeTcsl S3KCHUTOH, IO 3TOHM IIPHYHHe
KT B TeueHHe [JIMTEJPHOIO BpPeMeHH (0T MHKpO-
CeKyHJl 10 YacoB) He H3/lydyaeT JTIOMHHECLEHIHIO
(Haxomutcst B off-cocrosHuu). Ilocse TyHHeIHpPOBA-
HHUS 3apsiia M3 JIOBYLIKH OOpaTHO B SIAPO CHCTEMA
[lepexofxT B KM3jly4aTe/IbHOe ON-COCTOsIHHe. JlaHHasd
MoOJIe/lb He OIMCBIBAaeT CTeIleHHOM 3aKOH pacIpefese-
HU on- U off- BpeMeHHBIX HHTEPBa/IOB, KOTOPOe 6bL10
3aperuCTPUPOBAHO PAa3THYHBIMH Hay4YHBIMH KOMAaH-
JaMu [54], UTO yUUTHIBAIOT CJIeAyIOLIe MOZe/H.

B Mozenu MHOXKeCTBEHHBIX PeKOMOHHAILIMOHHBIX
LeHTpoB (MPII-mozenb) [55] paccMaTpuBaeTcsl Cylle-
CTBOBaHKe MHOXKeCTBA LIeHTPOB PeKoMOMHalUU
IJIs. HOCHUTeNled 3apsifa. HaludHhe TakHX LIeHTPOB
peKoMOMHALMK IIPUBOIUT K QIYKTyallUK CKOPOCTH
6e3bI3/Ty4aTeIbHBIX IePEX0/IOB, UTO, B CBOIO O4Yepenb,
OTpa’kaeTcsd Ha HM3MeHeHHH CYMMAapHOH HHTEHCHB-
HOCTH JIIOMUHeCLeHIIUM W B pe3yjbTaTe IIPHUBOJUT
K 3QPeKTy MeplLiaHH.

CyuiecTByeT MoJejib, KOTOpas IIONIy4YM/Ia Ha3Ba-
HHe «KOMOMHHMDPOBAaHHAs», MCIIOb3YIONasl JOCTOMH-
CTBa 3apsAA0BOM MOJENIH U MOJEeNH TYHHeIHPYIOIINX
IOBYXypoBHeBbIX cucTteM (IYC) [56]. CornacHo Mofenu
IIepexofibl M3 H3/y4aTeIbHOTO COCTOSIHUS B 6e3bI3iy-
YaTe/lbHOe COCTOSHHEe CBI3bIBAIOTCS C IIpOLiecCaMH
O>kKe-MOHH3ALMU W Ioc/lenymomel O>Ke-HeUTpaIHU3a-
LM U /WA TYHHeTHPOBaHHUS 3apsifia 06paTHO B S7PO,
AHAJIOTHYHO MeXaHHM3My B 3apAJ0BOM MOJeNH.
CymecTBoBaHMe B obeux Mogensix on u off cocro-
SHUSIX IIepexoloB C MaJoM aMIUIUTYOON OOBSICHS-
IOTCS KICXO/[S U3 aHAJIOTHHU C MOZEJIBIO [IByXYPOBHEBBIX
cuctem [57]. Takue mepexofpl 06ycIOB/IeHBI QIyKTYy-
alMer BepOSITHOCTH 6e3bI3/lydaTe/bHBIX I1€PexofoB,
CBSI3aHHBIE C JHMHAMHKOHM aTOMOB Ha II0BEPXHOCTH
SIpa KBAaHTOBOM TOYKH (YTO B 060OILEHHOM CMBICTIE
onucaHo B MPLI-Monenu). HMHTepecHo, 4TO HHOOP-
Malus MoKeT OBITH IOJydeHa Aaske /ISl MepLaHUs
C XapaKTepHBIMHU BpeMeHaMH, OOIbIIMMU, YeM «Crie-
Ible» BpPeMeHa 3KCIePHMeHTa M IIPOMEXYTKHU Bpe-
MeHH MeXAy HUMH [58].
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istics of single QDs placed inside different dielectric
matrices. It was found that the results obtained can
be described within the framework of a single model
only if the point dipole emitter is located at a distance
from the substrate that corresponds to the geometry
of the QDs. Further, three theoretical models describ-
ing the dependence of the fluorescence decay rate
on the local refractive index were analysed, and it
was shown that the classical Lorentz model (virtual
cavity) is the most suitable for describing the data
obtained. Added to this is the fact that the authors
investigated the sensitivity of QDs to environmental
parameters by estimating the detection limit of the
active substance using the example of streptavidin
molecules. In doing so, it is shown that QDs can be
used as effective sensors for studying the parameters
of the local environment and serve as a basis for cre-
ating nanosensors to determine the content of vari-
ous substances in ultra-low concentrations.

SPECTROMICROSCOPY
OF SINGLE QUANTUM DOTS
Upon study of single quantum dots, unique effects
are discovered that are invisible when studying bulk
crystals of semiconductors. One of these effects is the
phenomenon of luminescence blinking, which occurs
when a single quantum dot undergoes continuous
laser irradiation. An example of this behaviour is
shown on the Figure 6.

Stochastic transitions between the state, in which
the quantum dot emits luminescence (the so-called
“on-states”) and the state in which the emission stops
under direct irradiation (“off-state”), reduce the total
quantum yield of the particle. This circumstance
imposes restrictions on the potential use of semicon-
ductor quantum dots as track markers and biological
sensors, and especially as non-classical light sources.
Many research groups that conduct independent stud-
ies came to the following conclusions: alternation of
on-state and off-state depend on the size of quantum
dots, the material from which they are synthesized,
and configuration (quantum dot, thread, well, the
presence or absence of shell, etc.). The existence of so-
called “grey” states, intermediate states, in which the
luminescence intensity is less than that in on-state,
and more than in off-state, the duration of radia-
tive and nonradiative states is affected by the inten-
sity of the exciting radiation, and temperature and
other parameters of the environment that surrounds
a quantum dot [50, 51].

There are various approaches to describing this
phenomenon. The first model describing the dynam-
ics in a quantum dot was developed by Efros and
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[Ipu mepexofie K CIEKTPOCKOITMYECKHM HCCIef0Ba-
HUAM 3pdeKTa MepLaoLell TIOMUHeCLeHIINH OIUHOY-
HOM KBaHTOBOM TOUKM CTaJI0 IIOHSITHO, UTO QIYKTY-
Al MHTeHCHBHOCTH CBSI3aHBI M C TaK Ha3blBaeMOM
CIleKTpalbHOM Auddysmert [52]. ITo sBIeHHe, INIPHU
KOTOPOM IIOJIOSKEHHe CIIeKTPAIBHOM IT0JI0CHI MEHSeTCs
HeITpepbIBHO MKy ABYMs (2 MHOTAA U 6OJIBIIHMM KOJIH-
YeCTBOM) 3HaUeHHSMH Ha IIKajJe 4acToT. JUHaMHKa
TaKoOTo IIpoliecca Hab/IoAaeTcs B IKCIIePHMEHTAaX C BBICO-
KUM BpeMeHHBIM paspellleHHeM, a IIPU JOATrOBpeMeH-
HBIX MCCTIEIOBAHUSX IPUBOSUT K 3HAUUTETBHOMY YIIH-
PEHHIO CIIEKTPAIIBHOTO KOHTYpa TIOMHHECLIEHIIUH .

AHQTH3HPYs TaKoe BpeMeHHoOe IOBeleHHe, MOKHO
OXapaKTepHU30BaTh AUHAMHUYECKHE IIPOLeCChl B OMHUHOY-
HOI KBaHTOBOM TO4Ke. OIKCHIBAETCS TaKasi JHHAMHKA
B paMKax Mofienu [52], KoTopas NpUHHMaeT BO BHU-
MaHHe oba Ipolecca - MepLaHHe JTIOMHHeCIeHIIUH
U CIIeKTPIBbHYIO nuddy3uo. B [43], B yacTHOCTH, OB
paszpaboraHa Mofie/b 31eKTPOH-GOHOHHOTO B3aHMOZEH-
CTBUS C PIIyKTYHPYIOIHM KO3QPUIIEHTOM CHIBI CBSI3H,
IIPUBOJSIIKM K CHHXPOHHOMY CKauKoobpa3HoOMY H3Me-
HEeHUIO TI0JIOKeHUS U IIMPHHBI CTIeKTpa TIOMHHeCIeH-
LMK (SKCUTOHHOTO ITMKa) BO BpeMeHH (pHC. 6).

Kak BHAHO, IIPU KCCIENOBAHUM HMHIMBUIYAIBHBIX
KBAaHTOBBIX TO4UeK 0OHAPY>KHBAIOT cebsl HOBbIE YHUKA/Ib-
Hble 3QdeKThI, He3aMeTHbIe IIPH UCCIe0OBaHUH aHCaAM-
6y 4dactul,. OcobeHHOCTH, IIPOSIBIISIOIIKECS TONBKO
Ha ypOBHe OJMHOYHBIX 00BbeKTOB, UMEIOT 6oraTer il
IIOTeHIIHaI AJIs1 IPUKJIAJHOIO MCII0NIb30BaHUS. B dacT-
HOCTH, (OTOCTAOUIBHOCTD K BBICOKHMH KBaHTOBBIM
BBIXOJ, JIOMHHECLIEHIMH 00yC/IaBIHUBAOT MHOTOYHC-
neHHble IpuaoKeHUs. KT B OIITOIEKTPOHKUKE, A BBICO-
Yyapias 4YyBCTBUTEIBPHOCTb OIITHKO-CIIEKTPAIbHBIX
XapakTepucTUK KT K BHENIIHHM I1apaMeTpaM I103BO-
NsleT KCIOb30BaTh HMX B KadeCTBe CIIeKTPaJbHBIX
HaHO30H/IOB.

BNATrOAAPHOCTU

PaboTa BBHIIIOJIHEHA B PaMKaX TeMbl TOCyJapCTBeH-
HOro 3aJaHus MOCKOBCKOIO I1e[4aroru4yeckoro rocy-
OAapCTBeHHOro yHHBepcuTeTa (MIITY) «du3uka
HAHOCTPYKTYPHUPOBaHHBIX MaTepHaJIoB: QyHIaMeH-
TaJIbHble UCCIeA0BAHUS U IIPHU/IOKEHUS B MaTepHaio-
BeJleHHH, HAHOTeXHOJIOTUAX U (OTOHMKE» IIPHU IIOA-
Iep>kke MuHHCTepcTBa IlpocBemeHUsS POCCHEICKON
depepanyu (AAAA-A20-120061890084-9) coBMeCTHO
¢ IIeHTpOM KOJ/UIGKTHBHOTO IIOJIb30BaHUA «CTPYK-
TypHasi OMAarHoCTHKa MaTepuanoB» QenepaabHOro
HccnenoBaTenbcKoro neHTpa PAH «Kpucramiorpadpus
1 GOTOHHKA». ABTOPBHI CTAThbU BXOIAT B COCTaB Beamy-
e HAy4YHOM MIKOAB PQ «ONTHKO-CIIeKTpaJbHas
HAHOCKOIIHS KBAHTOBBIX 0OBEKTOB U JUArHOCTHKA I1ep-
CIIeKTHBHBIX MaTepHasoB» (rpoekT HII-776.2022.1.2).
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Rosen and called as “charge model” [53]. Upon absorp-
tion of a photon by a quantum dot, an electron-hole
(e-h) pair with a strong bond (exciton) is formed. In
QDs, there are energy levels that can be occupied by
an electron and a hole, which form an exciton. The
annihilation of such an e-h pair leads to the emission
of a luminescence photon and the transition of the
QD to the ground state. The characteristic lifetime
of an exciton, for example, in a CdSe QD is several
ns. In addition, there are defects on the surface of
a quantum dot (violation of the ideal crystal struc-
ture), which have their own long-lived energy levels,
which are different from the exciton levels of the QD.
As a result of internal ionization, an electron or a hole
can be “trapped” at these defect levels (so-called trap
states), and an uncompensated charge remains in
the QD core. Further, with the subsequent absorp-
tion of a photon and the creation of an e-h pair, the
Auger recombination process becomes decisive - the
transfer of energy from the recombining pair to an
uncompensated charge with subsequent nonradiative
relaxation, thus the QD does not emit in a trapped
state. The lifetime of an electron (hole) in the trap sig-
nificantly exceeds the time during which the exciton
decays; for this reason, the QD does not emit lumi-
nescence for a long time (from microseconds to hours)
(itis in the off state). After tunneling the charge from
the trap back to the core, the system goes over to the
radiative on-state. This model does not describe the
power law of the distribution of on- and off-time
intervals, which was recorded by various scientific
teams [54], which is taken into account by the follow-
ing models

In the model of multiple recombination centres
(MRC model) [55], the existence of multiple recombi-
nation centres for charge carriers is considered. The
presence of such recombination centres leads to fluc-
tuations in the rate of nonradiative transitions, which
in turn affects the change in the total luminescence
intensity and as a result leads to the flicker effect.

There is a model that was named as combined,
using the advantages of the charge model and model
of the tunneling two-level systems (TLS) [56]. Accord-
ing to the model, transitions from the radiative state
to the non-radiative state are associated with the pro-
cesses of Auger ionization and subsequent Auger neu-
tralization and/or tunnelling of the charge back into
the nucleus, similar to the mechanism in the charge
model. The existence of low-amplitude transitions in
both on and off states is explained by analogy with
the TLS model [57]. Such transitions are caused by
fluctuations in the probability of nonradiative transi-
tions associated with the dynamics of atoms on the
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YHuKaAbHble pomo-u3suueckue cgolicmsa KBAHMOBLIX MOU4eK
0MKpbIBAIOM NYMb K WUPOKOMY Kpy2y npuAoskeHull (UCmOoHHUKU
ceema, buomapkepol, Aasepsl, HeAuHeliHble npeobpasosameiu
ceema, omosoAbmauUeckue 3AeMeHmsl U m. f.), umo bydem pac-
cmompeto 8 npodoaskenuu 063opa 8 caedytouiem Homepe kypHAaAG
®OTOHHKA.
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surface of the nucleus of a quantum dot (which, in
a generalized sense, is described in the MRC model). It
is interesting that information can be extracted even
for blinking characteristic times longer than both
blind times and time slots between them. [58]

When spectroscopic studies of the effect of blinking
luminescence of a single quantum dot were under way,
it became clear that intensity fluctuations are also
associated with the so-called spectral diffusion [52].
This is a phenomenon in which the position of the
spectral band changes continuously between two (and
sometimes more) values on the frequency scale. The
dynamics of this process is observed in experiments
with high temporal resolution, with long-term stud-
ies leading to a significant broadening of the lumines-
cence spectral contour.

Such temporal behaviour analysis provides an
opportunity to characterize dynamic processes in
a single quantum dot. Such dynamics is described
within the framework of a model [52] that takes into
account both processes - luminescence blinking and
spectral diffusion. In [43], in particular, a model of
electron-phonon interaction with a fluctuating cou-
pling strength coefficient was developed, which leads
to a synchronous abrupt change in the position and
width of the luminescence spectrum (exciton peak)
over time (Fig. 6).

As can be seen, upon the research of individual
quantum dots, new unique effects are discovered that
are invisible when studying an ensemble of particles.
Features that manifest themselves only at the level of
single objects have a great potential for application.
In particular, photostability and high quantum yield
of luminescence have become the basis of numerous
applications of QDs in optoelectronics, and the high-
est sensitivity of the optical-spectral characteristics of
QDs to external parameters provides them an opportu-
nity to be used as spectral nanoprobes.

ACKNOWLEDGEMENT

The work was carried out within the framework of the
State Assignment of the Moscow Pedagogical State
University (MPSU) “Physics of Nanostructured Materi-
als: Fundamental Research and Applications in Mate-
rials Science, Nanotechnology and Photonics” with
the support of the Ministry of Education of the Rus-
sian Federation (AAAA-A20-120061890084-9) together
with the Centre for Collective Use “Structural Diag-
nostics of Materials” of the Federal Research Centre
of the Russian Academy of Sciences “Crystallography
and Photonics”. The authors of the article are mem-
bers of the leading scientific school of the Russian
Federation “Optical-spectral nanoscopy of quantum



I
SESSSSSSSSSS QUANTUM TECHNOLOGIES [EUMA
NI g ——

20.

2.

22.

23.

24.

25.

26.

2.

28.

. Murray C.B., Norris D. )., Bawendi M. G. Synthesis and characterization

of nearly monodisperse CdE (E = sulfur, selenium, tellurium) semiconductor
nanocrystallites. Journal of the American Chemical Society. 1993;115(19):8706-15.

DOI: 10.1021/ja00072a025.

Vasiliev R.B., Dirin D. N., Gaskov A. M. Semiconductor nanoparticles with spa-
tial separation of charge carriers: synthesis and optical properties. Russian Chemi-
cal Reviews. 2011;80(12):1139-58. DOI: 10.1070/RC2011v080n12ABEH004240.

Yin., Alivisatos A. P. Colloidal nanocrystal synthesis and the organic-inorganic
interface. Nature. 2005;437(7059):664-70. DOI: 10.1038/nature04165.

YuW.W., Qu L., Guo W., Peng X. Experimental Determination of the Extinction
Coefficient of CdTe, CdSe, and CdS Nanocrystals. Chem Mater. 2003;15(14):2854~
60. DOI: 10.1021/cm034081k.

Peng X.G., Manna L., Yang W. D., Wickham J., Scher E., Kadavanich A.

et al. Shape control of CdSe nanocrystals. Nature. 2000;404(6773):59-61.

DOI: 10.1038/35003535.

Ovchinnikov 0.V., Smirnov M.S., Korolev N.V., Golovinski P.A., Vitukh-
novsky A. G. The size dependence recombination luminescence of hydro-

philic colloidal CdS quantum dots in gelatin.  Lumin. 2016;179:413-9.
DOI:10.1016/j.jlumin.2016.07.016.

Oluwole D. 0., Yagodin A.V., Mkhize N. C., Sekhosana K. E., Martynov A.G.,
Gorbunova Y. G. et al. First Example of Nonlinear Optical Materials Based on
Nanoconjugates of Sandwich Phthalocyanines with Quantum Dots. Chemistry.
2017;23(12):2820-30. DOI: 10.1002/chem.201604401.

Kondratenko T.S., Smirnov M. S., Ovchinnikov 0.V., Grevtseva I. G.
Excitation Transfer in Hybrid Nanostructures of Colloidal Ag2S/TGA Quan-

tum Dots and Indocyanine Green J-Aggregates. J Fluoresc. 2020;30(3):581-9.

DOI: 10.1007/510895-020-02521-2.

Slyusarenko N., Gerasimova M., Plotnikov A., Gaponik N., Slyusareva E.
Photoluminescence properties of self-assembled chitosan-based composites con-
taining semiconductor nanocrystals. Phys Chem Chem Phys. 2019;21(9):4831-8.
DOI:10.1039/c8cp07051b.

Coe S., Woo W. K., Bawendi M., Bulovic V. Electroluminescence from sin-

gle monolayers of nanocrystals in molecular organic devices. Nature.
2002;420(6917):800-3. DOI: 10.1038/nature01217.

g

objects and diagnostics of promising materials” (proj-
ect NSh-776.2022.1.2).

All the unique photo-physical properties of quantum dots open
a way for exciting applications (light sources, re-emitters and light
converters, biomarkers, lasers, photovoltaics etc.) which will be
considered in the next issue of PHOTONICS RUSSIA.

AUTHORS

Arzhanov A. 1., Moscow Pedagogical State University, Moscow; Institute
of Spectroscopy of the Russian Academy of Sciences, Troitsk, Moscow;
P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Troitsk
Branch, Moscow, Troitsk, Russia.
ORCID: 0000-0001-9305-067X

Savostyanov A. 0., Moscow Pedagogical State University, Moscow; Institute
of Spectroscopy of the Russian Academy of Sciences, Troitsk, Moscow;
P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Troitsk
Branch, Moscow, Troitsk, Russia.
ORCID: 0000-0001-8815-3440

Magaryan K. A., Moscow Pedagogical State University, Moscow, Russia.
ORCID: 0000-0003-4754-4657

Karimullin K. R., Moscow Pedagogical State University, Moscow; Institute
of Spectroscopy of the Russian Academy of Sciences, Troitsk, Moscow;
P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Troitsk
Branch, Moscow, Troitsk, Russia.
ORCID: 0000-0001-6799-2479

Naumov A.V., Moscow Pedagogical State University, Moscow; Institute
of Spectroscopy of the Russian Academy of Sciences, Troitsk, Moscow;
P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Troitsk
Branch, Moscow, Troitsk, Russia. www.single-molecule.ru
ORCID: 0000-0001-7938-9802

CoBpeMeHHbIM KOMMaHWUAM -
MHHOBaLMOHHbIe pelleHnn!

/ AvopgHblie nazepbl
- cepumn CTL c nepecTpoiKon
B WMPOKOM AManasoHe

OJIMH BOJTH

BadHLIM NPeMMyLLECTEBOM Na3zepos ceMedcTea CTL koMnaHuy TOPTICA {FEpMﬂHHH} ABNABTCA obecneyeHue
WHPOKOH W HENPEPLIBHOW NEPECTPOMKM 40120 HM H23 NEPECKOKA MOA HA ANWHAaX BonH 0T 880 HM 101630 HM
€ BLICOKMM pa3pelleHnen (BNnoTe Ao ypoBHA kM), OHW 06Naf3ioT BLICOKOA MOLWHOCTEIO, YIKOR WHPHHOA
NHHWAK <10 KT 1 HHZKHM YPOBHEM WYMa W ApeRda. Maepsl 0CHAWEHE YAOSHOR ANA NONLICBATENA NaHEN b
YNPABNeEHAR W NYALTOM GUETAHLHMOHHOMD yNpaaneHa. PEX MM CKAHMPOBAHMA BLINOAHABTCA C BLICOKWM paipe-
WeHWeM. YHUKANEHOe COYBETIHWE XapaKTePWUCTHK AenaaT na3eps CTL dasopuTamiy B CE0eH 06NacTK ¥ noaso-
NAET HCCNef0BaTENAM NPpOBOIWMTE H3MapeHHMA Ha KBaHTOBOM Npenene.

MpegnaraeTcn HOBaA MOAEAb STOMD CEMEWNCTBA — Maiep CTL goo € NEPecTPOMKOR ANWH BonH oT BBo 10 950 HM.
3TOT AAMANA30H OCOBeHHO BaXeH ONR PRIOHAHCHOrO BO2GYNMAEHMA KEAHTOBLIX TOMEK, AN CNeKTPOCKOnuK,
HanpHUMep, pegkoieMenbHbBIX HOHOB MK NTHHWKA Ueawa D.

IHCKADIUEHBM npedcmaaumenss komnaduy TOPTICA (Fepmanun) @ PO sasremca komnasus «EepoSTadas.

EBPOJIDN3

www.eurolase.ru PHOTONICS

PHoTONICs vOL. 15 N28 2021 639



=

29. Nozik A.J. Quantum dot solar cells. Physica E: Low-dimensional Systems and
Nanostructures. 2002;14(1-2):115-20. DOI: 10.1016/51386-9477(02)00374-0.

30. Luther).M., Law M., Beard M. C., Song Q., Reese M. 0., Ellingson R.).
et al. Schottky solar cells based on colloidal nanocrystal films. Nano Lett.
2008;8(10):3488-92. DOI: 10.1021/nl802476m.

31. Talapin D.V., Murray C.B. PbSe nanocrystal solids for n- and p-chan-
nel thin film field-effect transistors. Science. 2005;310(5745):86-9.
DOI:10.1126/science.1116703.

32. Bobrovsky A., Shibaev V., Elyashevitch G., Mochalov K., Oleynikov V.
Polyethylene-based composites containing high concentration of quantum dots.
Colloid Polym Sci. 2015;293(5):1545-51. DOI: 10.1007/500396-015-3551-6.

33. MaL.,TuC., LeP., Chitoor S., Lim S.)., Zahid M. U. et al. Multidentate Poly-
mer Coatings for Compact and Homogeneous Quantum Dots with Efficient Bio-
conjugation. J Am Chem Soc. 2016;138(10):3382-94. DOI: 10.1021/jacs.5b12378.

34. Dubertret B., Skourides P., Norris D. )., Noireaux V., Brivanlou A. H., Libch-
aber A. In vivo imaging of quantum dots encapsulated in phospholipid micelles.
Science. 2002;298(5599):1759-62. DOI: 10.1126/science.1077194.

35. Wang N., Koh S., Jeong B. G., Lee D., Kim W.D., Park K. et al. Highly lumi-
nescent silica-coated CdS/CdSe/CdS nanoparticles with strong chemical
robustness and excellent thermal stability. Nanatechnology. 2017;28(18):185603.
DOI:10.1088/1361-6528/2a6828.

36. Nekrasov S.V., KusraevY.G., Akimov I.A., Langer L., Kotur M., Yakov-
lev D.R. et al. Spin Dynamics of Negatively Charged Excitons in InP/(In, Ga)P
Quantum Dots in a Magnetic Field. Physics of the Solid State. 2020;62(11):2033-8.
DOI: 10.1134/51063783420110220.

37. Magaryan K.A., Karimullin K.R., Vasil'eva I.A., Naumov A.V. Analiz temper-
aturnoj zavisimosti spektrov eksitonnoj lyuminescencii kvantovyh tochek sele-
nida kadmiya, vyrashchennyh v zhidkokristallicheskoj matrice. Optika i spektros-
kopiya. 2019;126(1):50-2. DOI:10.21883/05.2019.01.47052.283-18.37.

MarapsH K.A., Kapumynnuu K. P., Bacunbesa U.A., Haymos A. B.

AHanu3 TeMneparypHoil 3aBUCMOCTY CMEKTPOB IKCUTOHHOM

NIOMUHECLIEHLMN KBAHTOBDLIX TOYEK CENeHNAA KAAMMUS, BbIPALLEHHDIX

B XMAKOKPUCTANNMYECKOA MATpHLLe. OnmuKka u cnekmpockonus. 2019;126(1):50-2.
DOI:10.21883/05.2019.01.47052.283-18.

38. Karimullin K.R., Arzhanov A.1., Surovcev N.V., Naumov A.V.
Elektron-fononnoe vzaimodejstvie v kompozitah s kollloidnymi kvan-
tovymi tochkami: issledovanie metodami lyuminescentnoj spektrosko-
pii i kombinacionnogo rasseyaniya sveta. Optika i spektroskopiya. 2022;130(1).
DOI:10.21883/05.2022.01.51902.42-21.

Kapumynaux K. P., ApxaHos A. W., Cyposues H.B., Haymos A. B. SnekTpoH-
q)OHOHHOE BS&MMOAEMCTBME B KOMMO3MTAX C KONNNONAHLIMW KBAHTOBLIMU
TOYKaMU: NCCNeZ0BaHWNE METOZAAMM NIOMUHECLEHTHOI CNeKTPOCKONUN

1 KOMBUHALMOHHOTO PaccesHus ceeTa. ONTHKA v ciekTpockonus. 2022;130(1).
DOI:10.21883/05.2022.01.51902.42-21.

39. Varshni Y. P. Temperature dependence of the energy gap in semiconductors.
Physica (Amsterdam). 1967(34).

40. Vainshtein I.A., Zatsepin A.F., Kortov V. S. Applicability of the empirical
Varshni relation for the temperature dependence of the width of the band gap.
Physics of the Solid State. 1999;41(6):905-8. DOI: 10.1134/1.1130901.

41. 0'Donnell K.P., Chen X. Temperature dependence of semiconductor band gaps.
Appl Phys Lett. 1991;58(25):2924-6. DOI: 10.1063/1.104723.

42. Dzhagan V.M., Azhniuk Y. M., Milekhin A.G., Zahn D.R.T. Vibrational
spectroscopy of compound semiconductor nanocrystals. J Phys D: Appl Phys.
2018;51(50). DOI: 10.1088/1361-6463/aadasc.

43, Wen X., Sitt A., Yu P., Toh Y. R., Tang ). Temperature dependent spectral prop-
erties of type-1 and quasi type-1l CdSe/CdS dot-in-rod nanocrystals. Phys Chem
Chem Phys. 2012;14(10):3505-12. DOI: 10.1039/c2cp23844f.

44. Al Salman A., Tortschanoff A., Mohamed M. B., Tonti D., van Mourik F.,
Chergui M. Temperature effects on the spectral properties of colloi-
dal CdSe nanodots, nanorods, and tetrapods. Appl Phys Lett. 2007;90(9).
DOI:10.1063/1.2696687.

45. Paufler P. Landolt-Bornstein. Numerical data and functional relationships in sci-
ence and technology. New Series, Editor in Chief: K. H. Hellwege. Group Il Crys-
tal and Solid State Physics, Vol. 7, Crystal Structure Data of Inorganic Com-
pounds, W. Pies, A. Weiss, Part b, Key Elements O, S, Se, Te, b3: Key Elements
S, Se, Te, Editors: K. H. Hellwege, A. M. Hellwege, Springer-Verlag Berlin 1982,
XXVII, 435 Seiten. Leinen, Preis: DM 740. - Cryst Res Technol. 1983;18(10):1318-.
DOI:10.1002/crat.2170181018.

46. Eskova A.E., Arzhanov A. 1., Magaryan K. A., Karimullin K. R., Naumov A.V.
Effect of Concentration on the Spectral-Luminescent Properties of Quantum

640 POTOHUKA TOM 15 N2 8 2021

CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey
KBAHTOBbDIE TEXHOJ/IOTMU/ I——
CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey

Dots in Colloidal Solutions. Bulletin of the Russian Academy of Sciences: Physics.
2020;84(1):40-3. DOI: 10.3103/51062873820010116.

47. FischerT., Stottinger S., Hinze G., Bottin A., Hu N., Basche T. Single Semi-
conductor Nanocrystals under Compressive Stress: Reversible Tuning of the Emis-
sion Energy. Nano Lett. 2017;17(3):1559-63. DOI: 10.1021/acs.nanolett.6b04689.

48. AubretA., Pillonnet A., Houel )., Dujardin C., Kulzer F. CdSe/ZnS quan-
tum dots as sensors for the local refractive index. Nanoscale. 2016;8(4):2317-25.
DOI:10.1039/c5nr06998).

49. Naumov A.V., Gorshelev A.A., Gladush M. G., Anikushina T.A.,
Golovanova A.V., Kohler ). et al. Micro-Refractometry and Local-

Field Mapping with Single Molecules. Nano Lett. 2018;18(10):6129-34.
DOI:10.1021/acs.nanolett.8b01753.

50. Galland C., Ghosh Y., Steinbruck A., Sykora M., Hollingsworth J.A., Kli-
mov V. 1. et al. Two types of luminescence blinking revealed by spectro-
electrochemistry of single quantum dots. Nature. 2011;479(7372):203-7.
DOI:10.1038/naturel0569.

51. Efros A.L., Nesbitt D. ). Origin and control of blinking in quantum dots. Nat
Nanotechnol. 2016;11(8):661-71. DOI: 10.1038/nnano.2016.140.

52. Podshivaylov E.A., Kniazeva M.A., Gorshelev A.A., Eremchev I.Y., Nau-
mov A.V., Frantsuzov P.A. Contribution of electron-phonon coupling to
the luminescence spectra of single colloidal quantum dots. J Chem Phys.
2019;151(17):174710. DOI: 10.1063/1.5124913.

53. Efros A.L., Rosen M. Random Telegraph Signal in the Photolumines-
cence Intensity of a Single Quantum Dot. Phys Rev Lett. 1997;78(6):1110-3.

DOI: 10.1103/PhysRevLett.78.1110.

54, Kuno M., Fromm D. P., Hamann H.F., Gallagher A., Nesbitt D. ). Non-
exponential “blinking" kinetics of single CdSe quantum dots: A univer-
sal power law behavior. The Journal of Chemical Physics. 2000;112(7):3117-20.
DOI:10.1063/1.480896.

55. Frantsuzov P.A., Volkan-Kacso S., Janko B. Model of fluorescence inter-
mittency of single colloidal semiconductor quantum dots using mul-
tiple recombination centers. Phys Rev Lett. 2009;103(20):207402.

DOI: 10.1103/PhysRevLett.103.207402.

56. Osad’ko I. S. Two types of the relation between the intensity and the life time
of photoluminescence of core/shell semiconductor quantum dots: important
role of Coulomb field and tunneling transitions. ) Chem Phys. 2014;141(16):164312.
DOI:10.1063/1.4898381.

57. Bauer M., Kador L., Naumov A.V., Vainer Y. G. Thermal activation of two-level
systems in a polymer glass as studied with single-molecule spectroscopy. J Chem
Phys. 2003;119(7):3836-9. DOI: 10.1063/1.1591174.

58. Shchukina A. L., Eremchev I. Yu., Naumov A. V. Looking at a blinking quantum
emitter through time slots: The effect of blind times. Physical Review E. 2015;
92(3): 032102. DOI: 10.1103/PhysRevE.92.032102.

ABTOPDI

A. W. ApxaHoB, MoCKOBCKIA NeAaroruyeckni rocyAapCTBEHHbIA YHUBEPCHTET,
Mockea; UHcTUTyT cnektpockonuu PAH, Tpouuk, MockBa; ®usnyeckuit UHCTH-
TyT uMm. 1. H. lebegesa PAH, Tpouikoe 0bocobneHHoe nospasaenexme, Mocksa,
Tpouugk, Poccus.
ORCID: 0000-0001-9305-067X

A. 0. CaBoCTbHOB, MOCKOBCKWI NeAarornyecknit rocyAapCcTBeHHbIN YHUBEPCHUTET,
Mockea; MHCTUTYT cnekTpockoniu PAH, Tpouuk, MockBa; Ou3nyeckuit UHCTH-
TyT uM. 1. H. lebegesa PAH, Tpouukoe 0bocobneHHoe nospasaenerme, Mocksa,
Tpouuk, Poccus.
ORCID: 0000-0001-8815-8440

K.A. MarapsH, MocKoBCKuit Nefarornieckini rocyAapCTBEHHbIA YHUBEPCHTET,
Mocksa, Poccus.
ORCID: 0000-0003-4754-4657

K. P. KapumynnuH, MOCKOBCKW# neAarornyeckuin rocyAapCTBeHHLIN YHUBEPCHUTET,
Mocksa; MHcTuTyT cnektpockonuu PAH, Tpouuk, MockBa; Ou3nyecknit UHCTH-
TyT UM. 1. H. lebegesa PAH, Tpouwikoe 0bocobneHHoe nogpasaenerme, Mocksa,
Tpouuk, Poccus.
ORCID: 0000-0001-6799-2479

A. B. HaymoB, MOCKOBCKHMI Nearornyeckuin rocyAapCTBEHHbIA YHUBEPCUTET,
Mocksa; MHcTuTyT cnektpockonuu PAH, Tpouuk, MockBa; Ou3nyecknit UHCTH-
TyT uM. 1. H. lebegesa PAH, Tpouikoe 06ocobneHHoe noapasaenexme, Mocksa,
Tpomuk, Poccusi. www.single-molecule.ru.
ORCID: 0000-0001-7938-9802



QUANTUM TECHNOLOGIES [

23-27 man 2022, Camapa, Poccus

VIl Me)>xpayHapoaHas KoHpepeHUna u Monoje)KHas LLIKOoa
«IHOpMaLUOHHbIE TeXHONOTrUU U HAHOTEXHONOTUWN»

OCHOBHbBIE HATIPABJIEHWA KOH®EPEHLIWIA:

9CCEHTOIITUKC (([) ESSENTOPTICS
PHOTON RT

Cnektpodotometp ana OntukoB | Spectrophotometer for Coaters

185 - 5200 nm

YHUKANBHO LWWPOKUW CNEKTPANBHLIW
OWANA3OH B OOHOM NPUBOPE

WORLD-RECORD WAVELENGTH RANGE
IN ONE INSTRUMENT

000 «3cceHTONTUKCH

23a-81, yn. 40 net NoBeael, BopoenAHe!, MuHcKkan obn., MuHckWi p-H, 223053 Benapyce
Ten.: +375-17-5112025 | ®akc: +375-17-5112026 |'www.essentoptics.com

PHoTONICcs vOL. 15 N2 8 2021 641



