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BBEAEHWE

[To/yIIpOBOJHKKOBble HAHOKPHUCTa/LIbl (KBAaHTOBBIE
Touky, KT) 00JafaroT yHUKAIBHBIMU GOTOdH3HUe-
CKHMH CBOMCTBaMH, 3aBUCSIIMMU OT UX MOPGOIOTUH
Y XMUMHYeCKOI0 COCTaBa, a TAKoKe TEPMOJUHAMUYECKHX
[IapaMeTPOB I CBOMCTB OKPY)KAIOILIeH Cpenbl (Xapak-
TEPUCTHUKU 3MeKTPOMArHUTHOIO II0JSI, KUCJIOTHOCTb,
BJIKHOCTh, XMMHYECKHUI COCTaB W T.II.) [1]. HammeH-
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Semiconductor nanocrystals (Qquantum dots,
QDs) have unique photophysical properties,
which opens up wide possibilities for their
applications in the methods and tools of modern
photonics. This article discusses possible
applications of QDs. Both existing devices and
prospects for the development of new methods
and photonics devices are discussed. Innovative
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INTRODUCTION

Semiconductor nanocrystals (quantum dots, QDs)
have unique photophysical properties that depend on
their morphology and chemical composition, as well
as thermodynamic parameters and environmental
properties (electromagnetic field, pressure, acidity,
humidity, chemical composition, etc.) (1). The funda-
mental regularities found in the studies (these issues
were covered in detail in the first part of this review
in (1)), which determine these relationships, make it
possible to carry out the engineering and controlled
synthesis of QDs and nanocomposites based on them
with desired properties. Thus, QDs are increasingly
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Hble B HCCIe[JOBAaHHUIX OQyHAAMeHTA/IbHble 3aKOHO-
MEepPHOCTH (II0ZPO6HO 3THU BOIIPOCHI OBLIK OCBEIEHBI
B II€PBOM YaCTH JAHHOTro 0630pa B [1]), onpenersitonire

il 4

being used in various branches of science and technol-
ogy, and, first of all, in various applications of pho-
tonics. Conventionally, there are several main areas of

3THU CBA3H, IIO3BOJIAIOT OCYIIECTB/IATh MHXXUHUPUHT

U yIpasisieMblt ciHTe3 KT 1 HaHOKOMIIO3UTOB Ha HUX
OCHOBe C 33JaHHBIMH CBOMCTBaMH. brarogaps sTtoMy
O6CT051TEJ'ILCTBy KT Bce yamie HaxoOdT IIPHMeEHEHUSs

B Pa3/IM9HBIX OTPAC/IAX HAYKH M TEXHOJ/IOTHSIX, U, B I1€P-

BYIO o4epenb, B PA3/IMYHBIX IIPHJIOCKEHUAX CI)OTOHI/IKI/I.

YCII0BHO MOXKHO BBIAETUTH HECKOJIBKO OCHOBHBIX oba-

crert npuMeHeHus KT (cM. cxeMy Ha puc. 1):

* HCTOYHUKH CBeTa (BK/IIOYAs CBETOH3JIydaloIlHe
OHOAbI, JIa3€epHble HCTOYHHKH, CBETOBbIE KOH-
BEPTOPbI, HUCTOYHUKU HEKJIACCUYECKOT0 CBeTa).

e Jlucrierd ¥ MHOIOKOMIIOHEHTHBIE SKPaHBbI.

¢ JIIOMHHeCUUPYIOIIHe MapKepsl - HAaHOMETKH
IUIS. PasIMYHBIX IPHUIOKEHUH, BKIIIOYAsl HAHO-
,E(I/IaI‘HOCTI/IKy KOHAEHCHUPOBAHHBIX Cpel U HAHO-
KOMIIO3HUTOB, Me,E[I/IL[I/IHCKYIO ,ELI/IaFHOCTI/IKy
Y TePAaHOCTHKY, a[PECHYIO JI0OCTABKY JIEKaPCTB.

+ HoBble HAaHOMaTepHaJIbl, BRIIOYasl KBa3UIByMep-
Hble HAHOCTPYKTYpPblI, IIPUPOAOION0OHbBIE MaTe-
pHasIbl (HarprMep, HeMpoMOpPHBIe CTPYKTYPBI).

« CBeToBble IIpeobpa3oBaTeNll M KOHBEPTOPHI,
BK/IIOYasl 37eMeHTHyI0 6a3y HeJIHuHeHHOM
ONTHUKU U CIIEKTPOCKOIIHMU, CBETOBBIE IE€PEKIIIO-
yatenu (ONTHYeCKHe TPAH3UCTOPHI), 1eTEKTOPHI
Ha pas/JIMYHBbIe JHAIIa30HbI CIIeKTPa 37IeKTPOoMar-

application of QDs (see the diagram in Fig. 1):

« Light sources (including light-emitting diodes,
laser sources, light converters, non-classical
light sources).

 Displays and multi-component screens.

« Luminescent labels - nanotags for various appli-
cations, including nanodiagnostics of condensed
matter, medical diagnostics and theranostics,
targeted drug delivery.

« New nanomaterials for photonics, including
quasi-two-dimensional nanostructures, nature-
like materials (e. g., neuromorphic structures).

« Light converters, including the basic elements of
nonlinear optics and spectroscopy, light switches
(optical transistors), detectors for various spec-
tral range.

 Basic elements of quantum technologies, includ-
ing non-classical light sources, quantum mem-
ory and quantum sensors.

« Basic elements of solar energy (photovoltaic
cells).

In this article, these applications of QDs will be
considered in detail, regarding to the fundamen-
tal characteristics of new materials described in our
recent paper (1).

HUTHOTO U3/Ty4IeHHUs.

e DneMeHTHas 6asa KBaHTO-
BBIX TEXHOJIOTUH, BKIKOYAs
MCTOYHHMKKM  HeKJIaccuuye-
CKOT'O CBeTa, KBAHTOBYIO
[1IaMSTh, KBAHTOBBIE CEHCOPHI.

e JjeMeHTHas 06asa coHed-
HOHN 3HepreTHUKU (HOTOBOJB-
TauveCcKHe 3JIeMEeHTEHI).

B IAaHHOM cTaThe 3THU HAIIpaB-
JIeHUsI [PUKIALHOIO MCII0Ib30-
BaHus KT 6ymyT pacCMOTpeHBI
IogpobHO C OTCBUIKOM K QyHAA-
MEHTAJIBHBIM XapPaKTePUCTHKAM
HOBBIX MAaTEPHAJIOB, OIIMCAHHBIX
B HeflaBHeH craThbe [1].

NCTOYHUKWN CBETA U LED

KT MoryTr OBITP HCIIOJIB30BAHBI
B KayecTBe SIPKUX H3/IydaTeslei
KaK ajbTepHAaTHBa OpPraHHYeCKHUM
nroMuHodopam [2]. CBeToguoAbl
Ha ocHoBe KT 3a cyeT BBICOKOTO
KBAaHTOBOIO BBIXOJa 06yagaoT
6osee BBICOKOHM 3bdEKTUBHOCTHIO
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Fig. 1. Main Applications of Semiconductor Quantum Dots
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10 CPaBHEHMIO C OPraHUYEeCKUMH COeJHHEeHUsSIMHU [3].
OpraHuyeckue JIOMUHOQOPEL XapaKTepPU3YTCS IIHPO-
KHM CIIeKTPOM H3/TyYeHMUSsI, YTO OTPaHUYHUBAECT BO3SMOXK-
HOCTH ITPOM3BOJUTe/Ie TOYHO HaCTPauBaTh LIBETOBYIO
TeMIIepaTypy MCTOYHMKA IIyTeM CMeEIIeHHUS H3JIyde-
HUSI HeCKOJIbKUX JIIOMHUHOQOPOB (HAIpUMep, CHHEro
U kenToro). CHeKTpaJbHBIMU CBOMCTBAMH JIIOMHHO-
dopoB Ha ocHoBe KT MOXKHO yIpaBiasTh brmaromaps
3¢ PeKTy pa3MepHOro KBAHTOBAHMUS, [OAOMPAsI CIIEKTP
CBEUEHHS 3a CYUeT MCIIONB30BAHMSA 3aaHHOIO pacIipe-
JeneHus pasmepoB KT. Takon JTIOMHHOPOP MOKHO
BO30Y>KIATh OOBIYHBIM CHHUM CBETOAHOAOM br1arogapst
HaJIMYHUIO IIIHPOKOIO CIIeKTPa IIOIVIOMIeHHS.
CBeTomuonepl Ha ocHoBe KT HaxoOsAT IpHMeHe-
HHue B OBITy, CTaB OCHOBOM TEXHOJIOTHH, IIPHIIe]-
meld Ha 3aMeHY IIPHUBBYHBIM OpraHHYeCKHM
KK-pucnnesam. KT, ucmonb3yemMbie B Ka4eCTBe MCTOY-
HUKOB H3Jy4eHHS B TeXHOJIOTHMH QLED, IT03BOJISAIOT
CO3[aBaTh AUCIUIEM C BBICOKOIM SIPKOCTBIO U IIOBBI-
IIeHHOM IIBeToIlepefiauel. Yke BefyTcsl pa3paboTKu
HOBOT'O IIOKOJIEHMS JHCIlIeeB (TMOKHe, IIpO3padyHble)
Ha ocHOBe KT, MHTerpUPOBAaHHBIX C MOXYIIMHU bec-
IIPOBOAHOM CBSI3U [JIS1 KCIIONIB30BAaHHS B HOCHMOM
371eKTpoHUKe [4]. Takke IIpoleMOHCTPHPOBAHBI BO3-
MOYKHOCTH CO3[JaHHSI HOCHUMBIX YCTPOMCTB C AHCILIe-
SIMH Ha OCHOBe MaccHBoB KT st oToOpaskeHUs pas-
JIMYHBIX OMOQYHKIIMOHAIBHBIX I1aPAMeTPOB SKHUBBIX
OpraHu3MOB (HaIlpuMep, [OUCTAHIIMOHHAS MeAU-
IIMHCKAs OUArHOCTHUKA). Maccussl U3 KT, BBRIpAIlleH-
HBIX Ha 3/J1aCTOMEPHOM IIOBEPXHOCTH, MOLYT IIPH-
KPeIUISIThCSL K KOKe U HMMEIOT CBOMCTBO PaCTSKeHMUS
M HH3KOTO dHeprororpebieHus. [JaHHOe YCTPOKCTBO
CII0COOHO BHU3YaIbHO 0TOOPaskaTh CUTHAJIBI IBH>KEHHUS
Te/la ¥ TeMIIepaTypsl KOXKU OT IepUPepUIHBIX JaTUH-
KOB [5]. OCHOBHBIM HeIOCTATKOM, OTPaHHUYHBAIOIIUM
IIHMPOKOe BHeJpeHHe JaHHOK TeXHOJIOTHH, SB/ISeTCA
TO 0OCTOSITeNIECTBO, UTO MaccuB KT mepensnydaeT cBeT
BHEIIHEero HCTOYHHKA BO30ykIeHUs (MaTpHIIBI CBe-
TORMOZOB), & He SIBJISIeTCSI CAMOCTOSTETBHBIM HCTOY-
HMKOM H3JIyUYeHHsI. B HacTodllee BpeMs BeLeTCs
AKTHUBHBIM IIOUCK CIIOCODOB CO3ZAHMS OTHENbHBIX
RGB MHMKCeIOB Ha OCHOBE 3JIEKTPOIIOMHHECIIHPYIO-
KX I101YIIPOBOJHMKOBLIX HAaHOKPHCTA/IJIOB, OLHAKO
Ha CerofHSUIHUN JieHb TeXHOJIOTHsl OIPaHHUYHBaETCS
JIMIIb MCIIOJB30BaHHMeM HaHOYaCTHI B KayecTBe IIpe-
obpasoBaTesell 4YacTOThI M31y4deHUs [6].

MPEOBPA3OBATE/IN N OETEKTOPDbI CBETA

[ToroBOpyM O BO3MOKHOCTSIX Ipeobpa3oBaHUs H3Iy-
YeHHs C HcIonb3oBaHHMeM KT B KauecTBe [OeTeKTO-
poB. B HacTosimee BpeMsi Haubobllee pacrpocTpaHe-
HHUe B Pa3/IMYHBIX QOTOIIPUEMHHKAX U MATPUUYHBIX
ceHcopax, OQYHKUMOHUPYIOIIMX B BHAMMOM [JHa-

08 ®OTOHUKA TOM 16 N22 2022

LIGHT SOURCES AND LED

QDs can be used as bright light emitters as an alter-
native to organic phosphors (2). Due to their high
quantum yield, LEDs based on QDs (QLEDs) are more
efficient than organic compounds (3). Organic phos-
phors are characterized by a wide emission spectrum,
what limits the ability of manufacturers to fine-tune
the color temperature of a light source by mixing
emission of several phosphors (e. g., blue and yellow).
The spectral properties of QD-based phosphors can be
controlled due to the quantum size effect by selecting
the luminescence spectrum using a given size distri-
bution of QDs. Such an emitter can be excited with
a conventional blue LED due to the presence of a wide
absorption spectrum.

QLEDs are, becoming the basis of a technology
that has come to replace the LC displays. QDs used
as radiation sources in QLED technology make it
possible to create displays with high brightness and
enhanced color rendering. The development of a new
generation of displays (flexible, transparent) based
on QDs for wearable wireless electronics is already
underway (4). The possibilities of creating wearable
devices with displays based on QDs arrays for dis-
playing various biofunctional parameters of living
organisms (e.g., remote medical diagnostics) have
also been demonstrated. QDs arrays grown on an
elastomeric surface can adhere to the human skin
and exhibit stretchable properties and low power
consumption. This device is capable of visually dis-
playing body movement and skin temperature sig-
nals from peripheral sensors (5). The main disad-
vantage that limits the wide introduction of this
technology is the fact that the QD array re-radiates
light from an external excitation source (an array of
LEDs), and is not an independent source of radiation.
Currently, there is an active search for ways to create
individual RGB pixels based on electroluminescent
semiconductor nanocrystals, but today the technol-
ogy is limited by using nanoparticles as radiation
converters (6).

LIGHT CONVERTERS AND DETECTORS

Let’s discuss the possibilities of radiation conversion
using QDs as detectors. At present, elements based
on silicon, or other semiconductor heterostructures,
are most widely used in various photodetectors and
matrix sensors operating in the visible spectral range.
However, such detectors have a limited operating
spectral range from 400 to 1000 nm. Extending the
range to the near (1.3-1.5 pm) and middle (20-200 pm)
IR regions can become possible due to covering photo-
active Si surface with QDs (7). Interest in promoting
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Na3oHe, IMOJYYHU/IH 3JeMeHTH
Ha OCHOBe KPeMHUS HIH JIPYrHX
MOJYIIPOBOAHUKOBBIX  TeTepo-
CTPYKTyp. OOHaKO TaKHe [eTeK-
TOPBL HMEIOT OrpPaHHYEeHHBIH
pabodui CIIeKTPa/JbHBIN [Harla-
30H oT 400 mo 1000 HM. Paciuu-
peHHe [Oxara3oHa B OIMDKHION
(1,3-1,5 MKM) u cpemHio0 (20-200
MKM) HK-0671acTh MOXKET CTaTh
BO3MOKHBIM Osaromapsi HCIIONb-
30BaHHI0 KT Ha ¢GOTOAKTUBHOU
noBepxHocTh Si [7]. HHTepec K
NPOABUKEHUIO BBICOKOUYBCTBH-
TeJbHOH JeTeKTOPHOM TeXHHUKU
B MK-guamasoH cBsi3aH ¢ 6ypHBIM
Pa3sBUTHEM  OIITO3JIEKTPOHHBIX
TeXHOJOTHH M TeleKOMMYHHKa-
IIUM, HOBBIMH 33JJa4yaMH KBaH-
TOBOM ONTHKH W HEHMHBA3UBHOU
MEeIUIUHCKON TUATrHOCTUKH.,
PaboThl MO CO3MAHHIO TaKHX
IeTeKTOpOB BedyTCs B HACTOS-
Ilee BpeMs, B YaCTHOCTH YAAJIOCh
COo3IaTh TakHe IIpeobpa3oBaTely
He TOJIBKO C HCII0JIb30BAHHEM 311U~
TakcuaabHBIX KT Ha HaHOrerepo-
CTPYKTypax [8], HO U KOITOUIHBIX
KT [9]. B ucciemoBaHUAX ObLUIO
[I0KA33aHO, YTO OCaKAeHHe KOJJIO-

Ul 4
1,0
Common
0,5~
0
350 463 575 688 800 (nm)
1,0
Mesolight
QD LED
0,5 Spectra
0
350 463 575 688 800 (nm)

Puc. 2. (Jleswbili pucyHok) C8emoduodsl ¢ kBaHMoabiMu mo4kamu (QD-LED) -
HO8bILI MUN MOHKONAEHOYHbIX CBemou3AyYdtoLLUX ycmpolicmes, Komopbie
06/adatom 3Ha4umeAbHbIMU NPEUMyLLECMBAMU, MAKUMU KAk LWUpoKas ueemo-
8asl 2aMMa, 8bICOKAS IPKOCMb, OAUMEAbHbIL CPOK CAYXKObI, YAbMPAMOHKOCMb,
HU3KO0e 3HepzonompebAeHUe U 8bICOKOe Ka4ecmao u306paxkeHus.. Ha ux ocHoge
Mmozy 6bimb peanu3osaHbl 2ubkue ducnaeu. (Mpaswili pucyHok). CpagHUMenbHble
CNekmpbl U3AyYeHUs 06bIYHbIX C8eMOoAL0OHbIX 6bIMo8bix Aamn (c8epxy) U 2ubpuo-
HOUI AaMNbl Ha 0CHOBe KBaHMOoBbIx moyek (8HU3Y). (B3smo ¢ calima npou3eodu-
mens https://www.mesolight.com/application.html)

Fig. 2. (Left picture) Quantum dot light-emitting diodes (QD-LEDs) are a new
type of thin-film light-emitting devices that have significant advantages such as
wide color gamut, high brightness, long life, ultra thinness, low power consump-

tion, and high image quality. Based on them, flexible displays can be implemented.

(Right figure). Comparative emission spectra of conventional LED household
lamps (top) and a hybrid lamp based on quantum dots (bottom). (Taken from the
manufacturer's website https://www.mesolight.com/application.html)

uaHeiX KT Ha IOBEPXHOCTh KpeMm-

HUS I103BOJIIeT YMEHBIIMTh OKHO
IIpO3PavyHOCTH IIOJYIIPOBOSHHKa B HK-muamasoHe
33 CYeT CO3[aHMS IPHMECHBIX COCTOSIHHMH B 3aIlpe-
IIeHHOW 30He KpPeMHHs. YUYHUTBIBasg TOT (aKT, YTO
koymouaHble KT 10CTaTOYHO IIPOCTHL B U3TOTOBIEHU U
M 00J1afaloT IIHPOKUMU BO3MOKHOCTSIMHU IIO yIIPaB-
JIEHUIO CIIeKTPAJIbHBIMHU CBOMCTBAMM, MOXKHO II0JIa-
raTth, 4TO MCCIeJOBaHHUA B JaHHOM HaIlpaBIeHUHU
MOTYT AaTh MOIIHBIM HMMIIY/ILC /IS COBEPLIEHCTBOBA-
HMSI KpeMHHEBBIX OIITO3/IeKTPOHHBIX YCTPOMCTB.

3HAYUTETBHBIM IIpOrpecc B pa3paboTke meTek-
TOPOB CBeTa JOCTHUIHYT IIPU MCIIOJIb30BAHUM KOJI-
JIONGHBIX KBAHTOBBIX Touek PbS, PbSe, Bi,S;,
In,S; [10], 4To mpuMeHseTcsI B I'HOKON 37eKTPOHHKE
1 CMOS-TexHOIOTHAIX.

Dyny4Hd JIerKO HMHTETPUPYEMBIMH B pa3IH4HBIe
MeTaMaTepHajbl U TeTepoCTPyKTYphl, KT mo3BossioT
IlepelTH K KOHCTPYHPOBAHHIO HOBOIO I1OKOJIEHHS
YCTPOMCTB MHTerpasbHON GOTOHUKU. Tak B [11] mpo-
JeMOHCTPHPOBaHa BO3MOKHOCTb CO3JAHHMS BBICOKO-
‘IyBCTBI/ITe)'H:HOI;I KaMephl Ha cpeJ:(HI/H?I HK-puarasoH
Ha OCHOBe MaCCHBAa IIJIA3MOHHBIX CTPYKTYyp, HHTe-

highly sensitive detector technology in the IR range
is associated with the rapid development of optoelec-
tronic technologies and telecommunications, appear-
ance of the new challenges of quantum optics and
non-invasive medical diagnostics.

The development of such detectors is still underway,
in particular, it is possible to create light converters
not only using epitaxial QDs in nanoheterostructures
(8), but also using colloidal QDs (9). It was shown,
that the deposition of colloidal QDs on the silicon
surface makes it possible to reduce the transparency
window of the semiconductor in the IR range due
to the creation of impurity states in the bandgap of
silicon. Taking into account the fact that colloidal
QDs are quite simple to manufacture and have wide
possibilities for controlling spectral properties, it can
be assumed that research in this direction can give
a powerful stimulus to the improvement of silicon
optoelectronic devices.

Significant progress in the development of light
detectors has been achieved using colloidal QDs PbS,

PHoTONICs vOL. 16 N22 2022 g9
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TPUPOBAHHBIX C CHUCT@MOM KBAaHTOBBIX TOYeK BHY-
TPHU KBAaHTOBBIX SIM.

Cucremsl ¢ KT moryt OBITH HCIIONB30BAHBI K [JIg
6onee C/IOKHOrO ITpeobpa3oBaHMUSI CBETOBBIX IIOTO-
KoB. Tak B [12] 6bUIO IpenJioskeHO KCIIONB30BaTh 3KC-
HTOHHBIE YPOBHH IOJYIIPOBOSZHUKOBBRIX KT THIIa
CdSe/CdS/ZnS pyis 3amucH M CYUTHIBAHUS ABYXKBaH-
TOBBIX TPaH3HEHT-TOJIOrpaMM. B CBOIO ouepens HaHO-
MeTpoBble pa3Mepsl KT I103BOIAIOT pacCMaTpUBaTh UX
KCII0/Ib30BaHHe B QOTOHHBLIX M OINTHUKO3JIEKTPOHHBIX
mpeobpa3oBatensix UHTeIPATbHOM ONTUKU . Hammpumep,
B [13] 65U1 paccMoOTpeH 3deKT IJIA3MOHHOTO ITePEeKITIO-
YeHHs [JIS1 II0BePXHOCTHBIX IIIA3MOH-IIOJISIPUTOHOB
B rpadeHOBOM BOJIHOBOZE, MHTeTPUPOBAHHOM C LITHI-
peBBIM HaHope3oHaTopoM ¢ KT. OOHapyskeHHBIH
3$PeKT IMOTeHIHMAJIBHO 00ecrieurBaeT BO3MOKHOCTD
yIIpaBJIe€HHS CBETOBBIMH IIO0TOKamu MK-AuarasoHa,
JIOKQJIM30BaHHBIX B YCTPOMCTBe C pasMepaMu 20 HM.

CEHCOPHbDIE TEXHOJIOI'MIA

BpICOKasi 4yBCTBUTEIIBHOCTh OIITHKO-CII@KTPaIbHBIX
napameTpoB KT K XapaKTepHCTHKaM BHEIIHEr0 OKpY-
JKEHHSI OTKPBIBAeT BO3MOXKHOCTb Pa3paboTKHU Ha HX
OCHOBe pa3/IMYHBIX CeHCOPHBIX yCTPOMCTB. Hampu-
Mep, CeJIeKTUBHOe HM3MeHeHHe QH3HUKO-XHUMUYeCKUX
CBOMCTB KOMITO3UTOB ¢ KT HIPH KOHTaKTe C pasiny-
HBIMHY BeIlleCTBAMHU II0JIO’K€HO B OCHOBY I'a30BBIX CeH-
copos (NO,) [14].

TemmepaTypHas 3aBUCHMMOCTh CII€KTPATbHBIX
xapakTepucTUK KT MOXKeT CTaTb OCHOBOK TeMIIepa-
TYPHBIX ceHcopoB [15, 16] u HaHOCceHCOPOB [17, 18].

CosmaHue KoMII03UTOB ¢ KT obecriedyuBaer cyie-
CTBeHHOe IOBbIIIeHHe 3QeKTHUBHOCTH paboTsl doTo-
KaTIUTHYeCKUX CUcTeM [19].

CompspkeHHe KBAaHTOBBIX TOYEK CO CJIOKHBIMHU
HAaHOKOMIIO3UTAMH [aeT BO3MOXKHOCTb BBICOKOYYB-
CTBUTEJIBHOTO [eTeKTUPOBAHMSA JPYyTHUX QU3HUKO-
XMMHUYECKUX IIapaMeTpoB cpel, Hampumep B [20]
IIpeJIO’KeHO MCII0/Ib30BaTh KOMIIO3UT IoauMep-KT-
OKCHJ, rpadeHa B KayeCTBe BHICOKOYYBCTBUTEIBLHOIO
pH-ceHcopa.

Eme ogvH IpUMep HCIIONb30BAaHUS KBAHTOBBIX
TOYeK B KauecTBe CeHCOPOB MaTepHajIbHBIX XapaKTe-
PUCTHK Cpefibl CBsI3aH C 3¢deKTaMH JIOKAAbHOTO I10JI4,
IIPOSIBIAIOIIMMHUCA B 3aBUCHMOCTH BPeMeHH 3KHU3HU
B036y>KLLeHHOI‘O coctogHUg KT oT 3HadeHHUSs IIOKa3a-
TeJIst IIpeJIOM/IeHHs] Cpefibl (AU3/IeKTPUYeCKON IPOHU-
11aeMOCTH, MAarHUTHOM BOCIIPUHUMYHBOCTH) [21, 22].
B cBsI3U ¢ 9TUM, JloMHHecuupyomue KT MoryT 6pITh
HCIIO/Ib30BaHBl B OPUIHMHA/IIBHOM TeXHUKE MHKPO-
pedpakToMeTpUHU IJIs OIpele/ieHHs [IoKasaTess Ipe-
JIOMJIEHUS Cpeflbl U KapTHPOBaHMA ero QIyKTyallHH,
B T. 4. Ha CyDMHKPOMeTPOBBIX MacIITabax (23, 24].
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PbSe, Bi2S3, In2S3 (10), that are used in flexible elec-
tronics and CMOS technologies.

Being easily combined with various metamateri-
als and heterostructures, QDs make it possible to
proceed to the design of a new generation integrated
photonics devices. Thus, in (11), the possibility of cre-
ating a highly sensitive camera for the mid-IR range
based on an array of plasmonic structures integrated
with a system of QDs included in quantum wells was
demonstrated.

QDs-based structures can also be used for more com-
plex conversion of light fluxes. Thus, in (12), it was
proposed to use semiconductor CdSe/CdS/ZnS QDs
exciton levels for writing and reading two-quantum
transient holograms. In turn, the nanometer dimen-
sions of QDs allow to use it in photonic and optoelec-
tronic converters of integrated optics. For example, in
(13), the effect of plasmon switching was considered
for surface plasmon polaritons in a graphene wave-
guide integrated with a pin nanocavity with QDs.
The detected effect potentially provides the ability to
control the light fluxes of the IR range, localized in
a device with a size of 20 nm.

SENSOR TECHNOLOGIES

The high sensitivity of QD optical parameters to the
characteristics of the external environment opens up
the possibility of developing various QD based sen-
sor devices. For example, the selective change in the
physical and chemical properties of composites with
QDs upon contact with various substances is the basis
of gas sensors (e.g. NO2) (14).

The temperature dependence of the spectral charac-
teristics of QDs can become the basis for temperature
sensors (15, 16) and nanosensors (17, 18).

The creation of composites with QDs provides a sig-
nificant increase in the efficiency of photocatalytic
systems (19).

The conjugation of QDs with complex nanocom-
posites enables highly sensitive detection of other
physicochemical parameters of media; e.g., it was
proposed in (20) to use a polymer-QD-graphene oxide
composite as a highly sensitive pH sensor.

Another example of QD usage as sensors of the
material characteristics of a medium is associated
with local field effects, which manifest themselves in
the dependence of the lifetime of the excited state of
a QD on the value of the refractive index of the medium
(permittivity, magnetic susceptibility) (21, 22). In this
regard, luminescent QDs can be used in the origi-
nal micro-refractometry technique to determine the
refractive index of a medium and map its fluctuations,
including on the sub-micrometer scale (23, 24).
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FOTCSl TEXHOJIOTMH COJTHEYHOM 3HePreTHKH. Jl0 CaMoro 45 Fourjuncrion o 88T ¢
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1pobsieMbl KpeMHHEBOM OITOYIEKTPOHUKHU — JTOPOro- Year
BM3HA U CJIOKHOCTH IIPOH3BOZICTBA.

Ha ceromHSIIIHUN OeHb HabMIOmaeTcs WHTEHCHUB- |  Puc. 3. [laHHble HauyuoHabHol Aabopamopuu 60306H06AS-
HOH pocrt 00IIlerl MOIIHOCTU reHepaluu 3J1eKTPo3- emMblX UCMOYHUKO8 3Hepauu (NREL) das 3¢ppekmusHocmu
HeprUH C HCII0JIb30BaHUEM COMHEUHBIX 3JIeKTPOCTAH- | NpeobpasnsaHus 3Hepauu CoAHe4H020 C8ema 0As pasHbiX
uun (puc. 4). IIpu 3ToM pacTyliue MOIIHOCTH U 6e3 munos GomoseoAbmauyeckux emeHmos. (adanmuposaHHble
TOTO SHEPro- M PeCcypco3aTpPaTHOIO IIOJNYIIPOBOAHH- | OdHHble u3 https://www.nrel.gov/pv/cell-efficiency.html)
KOBOT'O ITPOM3BOACTBA (KpeMHHeBBIX oToBonbTamue- | Fig. 3. Data from the National Renewable Energy Labo-

CKHX 37IeMEHTOB) IIPUBOIST K M3MeHEeHHIO KIHMara ratory (NREL) for solar energy conversion efficiency for
Ha IUIaHeTe, B CBSI3M C YeM OCTPO BCTaeT IpobieMa different types of photovoltaic cells. (adapted data from
[IOMCKAa HOBBIX MAaTepPUaJIOB I H3LOTOBJIEHHS COJI- https://www.nrel.gov/pv/cell-efficiency.html)
HEeYHBIX S4YeeK.
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M C KaKIBIM rofioM 3p$eKTHBHOCTD I1peobpa3oBaHHUs
3HepruH C UX HUCII0/Ib30BaHKeM pacTeT. CornacHo [26],
B HACTOsIlee BpeMsl JOCTUTHYTO 3HadeHHe 3ddek- | Puc. 4. [JaHHble 0 06eMax COAHe4HOU 2eHepauuu 31ekmpo-

TUBHOCTH 16,6% 17151 KOJUIOMIHBIX ITePOBCKUTHBIX KT. |  3Hepzuu 6 mupe u npozHo3 Ha bauxatiwue 2006l om Eeponeli-
CBOVICTBA KOJUIOMIHBIX PACTBOPOB HAHOKPHCTA/UIOB |  CKOU Accoyuayuu conHeqHol 3Hepzemuku SolarPower Europe

[T03BOJISIIOT KCIT0/Ib30BATh MX [JIsl M3TOTOBIEHUS 3K30- | (adanmuposaHsl u3 https://www.solarpowereurope.org/
TUYeCKUX (HOTOBOIBTAMYECKHX MAaTepUAJIOB (HAmpH- | solarpower-europe-newsletter-december/articlefig02/)
Mep, THOKUX CONMHEUYHBIX 371eMeHTOB) [27]. Ha ceron- | Fig. 4. Data on the volume of solar electricity generation
HAIIHUN JeHb CYLIeCTByeT MHOKEeCTBO MEeTOJ0B in the world and forecast for the coming years from the

M3TrOTOBJIEHUS COTHEUHBIX ITaHeIer M3 KOJUIOUIHBIX European Solar Energy Association SolarPower Europe
PacTBOPOB, CpefM KOTOPBIX 0CcODO CilefyeT BBIOEIUTH (adapted from https://www.solarpowereurope.org/

TexHonoruio roll-to-roll (R2R) [28]. CyTs MeToza 3aK/TIO- solarpower-europe-newsletter-december/articlefig02)
YaeTcsd B OCUKIAEHHH KOJUIOUOHBIX PaCTBOPOB IIYTEM
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mabepHOro HaHEeCeHMUSsI, HAIIbUIEHHS WM HHKeKLIH-
OHHOI'0O HaHeCeHMUSs KOJJIOMIHBIX PACTBOPOB Ha rHb-
KYIO OCHOBY C IIOCJIEAYIOIIMM 3alleKaHHueM IS IOy~
YeHHS OJHOPOAHOro €051 GOTOAKTHBHOIO BeIeCTBA.
braromapsi TakoM TeXHOJIOTHH YAAJIOCh He TOJIBKO CO3-
JaTh YIBTPATOHKHE COTHEYHBIE 3JIEMEHTRI, HO U CyIIe-
CTBEHHO Y[elleBUTb IIPOM3BOACTBO (OTOBOJbTAHMYe-
CKUX 3JIeMEeHTOB Ha OCHOBe KOJUTOUAHBIX KT.

JTA3EPblI HA KBAHTOBbIX TO4YKAX

3a MHUHYBIIMe IIeCTb JecsiTKOB JIeT II0C/Ie H3o6peTe-
HHS jla3epa IIONyIIPOBOSHMKOBBIE MaTepHUasibl IIpe-
KPAaCHO 3apeKOMEeHIOBAIH Cebsi B KauecTBe JIa3epHbIX
cpen. Iloce 3HAUMTE/IBHOIO IIpOrpecca B CHHTe3e KOJI-
nouaHbIX KT B cepeariHe 90-X TOL0B BOIIPOC O IIE€PCIIEK-
TUBaX UX IPUMEHEHHUS [/ U3TOTOBJIeHHS BBICOKO3(-
$eKTUBHBIX, HO B TO K€ BpeMs KparHe KOMIIAKTHBIX
JIa3epHBIX Cpel, BCTaI 0COOeHHO ocTpo. OCHOBHEIE
[IperMYyIlecTBa HaHOKPHUCTA//IOB OTHOCHUTEIBHO Tpa-
OUIMOHHBIX 0ObeMHBIX MaTepHAJIOB, TaK MM HHAUe,
CBSI3aHBI C 3QPeKTaMH pa3sMepHOT0 KBAHTOBAHM,
IIO3BOJISIOMIMMU AOCTUYb OOCTATOYHO HM3KOIO 3HA-
YeHHUs IIOpOra Ja3epHOM reHepalluM IIPH BBICOKOH
TEPMOCTAOUIPHOCTH M BO3MOKHOCTH ITOJCTPAMBATh
JJIMHY BOJIHBI U3/IyYeHHUS 3a CUeT MCIoab30BaHus KT
Pa3IHYHBIX Pa3MepoB.

HccnenoBaHUS BO3MOXKHOCTEH JIa3epHOM TeHepa-
[IMU B CUCTeMax Ha ocHOBe KT ObLIM HayaThl 4OCTA-
TOYHO [aBHO, U B KOHIIe 1990-X IPOTOTUIIBI TaKHUX
na3epoB yBUIenu cBeT [29,30]. BBISICHH/IOCH, OAHAKO,
4TO NOCTH’KeHHe FeHepalluU B I10/YIIPOBOJHHKOBBIX
HaHOKpHCTaJUIax SB/ISIeTCSI BeCbMa CJIOSKHOM 3aJjavuem.
L1t co3maHus I/IHBepCHOI;I 3aceeHHOCTU B KT Heob-
XOOHMO BO3OYAMTh KaK MHUHHMYM Iapy 3KCHUTOHOB.
Kasanoce 6plI, 3TOro He CJIOKHO HOOUTBCSI, BO3OYK-
Jass KT momHeIMU HeMTOCEKYHAHBIMU JIa3ePHBIMU
HMMITY/IbCAMH, OJHAKO, KaK 0OHAPY>KHUIIOCh, SKCUTOHBI
B KT pasmepa mopsiika HeCKOJIBKHX HaHOMETPOB CIIO-
COOHBI LOCTAaTOUHO OBICTPO 0OMEHHBATBCSI SHepruer
(Tak HaspiBaeMas Oske-peKOMOHMHAIIMS), YTO IIPeIsT-
CTBYeT CO3[aHUI0 MHBEPCHOM 3aCeleHHOCTH, Heobxo-
JUMOMU JIJIS1 IOCTU KEHU S JIa3epHOU T'eHepalivH.

9Ta TPYAHOCTH BIIepBble 6bLIA IIpeofoieHa B pabore
Hay4HoH Trpynmbsl B.Knumosa [31], rme BHepBble
6pIa IIPOJEMOHCTPHPOBAHA BO3MOXKHOCTH IIOTydYe-
HHS HHBEPCHOM HacCeleHHOCTH B IUIOTHOYIIaKOBaH-
HBIX C/105IX HaHOKpUcTanoB CdSe ¢ pasmepom 1,2 HM.
H3mepenHble 11 JaHHBIX KT xapakTepHble BpeMeHa
6e3bI3/1yuaTeIbHOTO I1epexoia Mexkay Bo36yskaaeMbIM
U 3ace/sseMbIM YPOBHSIMH COCTaBHJIa BIIeYATJISIONIME
COTHH $eMTOCeKYHJ, KaK /IS 3JIeKTPOHOB, TaK U AJId
IOBIPOK, YTO Ha IIOPSAAOK MeHbIlle BpeMeH OsKe-peKoM-
6unanuu (~6 mc st KT CdSe ykasaHHOro paguyca).
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SOLAR ENERGY (PHOTOVOLTAICS)

In recent years, solar energy technologies have been
actively developing all over the world. Recently, sili-
con has been common material for solar panels, as
the most efficient radiation converters used in solar
energy have been developed and commercialized.
According to the National Renewable Energy Labora-
tory (NREL) (see Fig. 3), silicon photovoltaic cells have
a fairly high energy conversion efficiency (up to 27.6%)
(25). Engineering the same multi-junction photovol-
taic cells provides an increase in conversion efficiency
up to 47%.

At the same time, a significant problem of silicon
optoelectronics should be noted - the high cost and
complexity of production.

To date, there has been an intensive growth in the
total capacity of electricity generation using solar
power plants (see Fig. 4). At the same time, the grow-
ing capacities of the resource-intensive and energy-
consuming semiconductor production (silicon photo-
voltaic cells) lead to climate change on the planet, in
connection with which it the problem of finding new
materials for the manufacture of solar cells becomes
acute.

Increasingly, semiconductor nanocrystals - QDs
and composites (including hybrid ones) based on them
act as the basis for light-converting elements (photo-
voltaic cells). Due to the wide absorption spectrum,
QDs can effectively absorb from the UV to the far IR
spectral range, which makes them promising for use
in solar energy. QDs already occupy a certain niche
in this area, and every year the efficiency of energy
conversion is growing. According to (26), an effi-
ciency value of 16.6% has been achieved for colloidal
perovskite QDs. The properties of colloidal solutions
of nanocrystals make it possible to use them for the
manufacture of exotic photovoltaic materials (e.g.,
flexible solar cells) (27). To date, there are many meth-
ods for manufacturing solar panels from colloidal
solutions, and the roll-to-roll (R2R) technology which
is among them should be highlighted (28). The essence
of the method is the deposition of colloidal solutions
by blade coating, spraying or injection application on
a flexible base, followed by baking to obtain a homo-
geneous layer of a photoactive substance. Thanks to
this technology, it is possible to create ultrathin solar
cells, and also to reduce the cost of production of pho-
tovoltaic cells based on colloidal QDs significantly.

QUANTUM DOT LASERS

In the past six decades since the invention of the
laser, semiconductor materials have proven to be
excellent laser media. After significant progress in
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B manpHeHmeM ObUI ITpefjIo’KeH CIIOCOD OCYIIeCT-
BJIeHHsI 1a3epHOI reHepaliiu B KT u 6e3 Bo36yskneHUs
MYJIBTHIKCUTOHOB (Single-exciton optical gain in semiconductor
nanocrystals). Matepuan u guametp KT (CdS/ZnSe) 6p11u
1omobpaHbl TAKKUM 00pa3oM, YTOObI ITPH BO3OY>KIeHUH
9KCUTOHA JIa3€PHBIM HMIIYJIBCOM OCYILIECTB/ISJIOCH €r0
[IPOCTPAHCTBEHHOE pasfe/ieHue, IIpUYeM 3JIeKTPOH
OKa3aJiCs JIOKAJIM30BaHHBIM B sifipe KT, a nbIpKa - B ee
obosouke. Bo3HMKaloIllee IIPU 3TOM JIOKaJIbHOE 3JIeK-
TpUYeCKOe II07Ie JOCTATOYHO BeIHKO (~100 Mm3B), uTO
3HAYMTEJIbHO M3MEHSeT SHEePrHuIi0 5KCUTOHA, POXKAae-
MOTO IIpH CIeAyoleM akTe Bo30y>kmeHus. Kak pesyss-
TaT, B BO30Y>KAAaeMbIX II0C/TIEOBATETPHBIMH HMIIYJIb-
camu KT Hab/1100aeTcs CABUT I10JI0C IIOTJIOMEeHUS, YTO
B CBOIO O4epezib II03BOJISeT CO3/1aBaTh B HUX HHBEPCHYIO
HaceJIeHHOCTh. [ToHMMaHHe IIPUPOIbl B MeXaHM3MOB
3THX IIPOLIECCOB OTKPBUIO IYTh K CO3JaHMIO J1a3epoB
Ha KT ¢ HU3KMM IIOPOTOM Te€HepallHK, peaar3aliiu
OITHUYECKOr0 YCHJIEHHS IeKTPUYECKOM HHKeKIHeH,
a Takke pa3paboTke /1a3epoB C OITHYECKOM HAKAUKOMH,
CTaHJAPTHOIO CBETOM3/Iy4YaOIero JUozAa C 3JIeKTpruYe-
CKUM Bo3byskmeHHeM U on-chip naszepos [32-34].

dddexTHBHAS JasepHAs TeHepalUs MOXKeT OBITH
IOOCTHUTHYTa B CTPYKTYpax C paclpefeleHHBIMH 6par-
TFOBCKMMHM pellleTKaMK Ha KBAaHTOBBIX sIMaX, TOYKax
U C KBAaHTOBBIMU KacKagamu [35]. MHTerpalus KBaHTO-
BBIX TOUeK INAs B IJIaHapHBIE GaAS BOJTHOBO/, I10TYIIPO-
BOAHUKOBOKM HaHOCTPYKTYPbI, COIPSDKEHHBIM C IOJY-
[IPOBOHHKOBBIM JIa3€POM C 3/IeKTPHYeCKON HaKauyKou
Ha ocHoBe AlAs/AlGaAs MHuKpope3oHaTOpa C KBaH-
TOBBIMHU sIMaMH GaAS B aKTHBHOM 006/1aCTH, II03BO-
JgeT peajnr30BaTh LUPKYASPHO-IIONSIPHU30BaAHHOE
H3ydeHue [36].

OMNTUYECKUE NEPEKTIOYATE/IN

AKTyalpHOM 3amaved Hcronb3oBaHua KT sgBisercs
paspaboTka HOBBIX (OTOHHBIX JIOTHUECKHX 3JIe-
MEHTOB M CO3/aHHe BBIUMC/IHUTEIBHBIX apXUTeKTYP.
Ha 3aMeHy 6a30BBIM JIOTHYEeCKHM 37eMeHTaM 3JIeK-
TPOHUKHU - TPAH3UCTOPAM - IIPUXOAST OINTHYECKHU
aKTUBHBIe HAaHOOOBEKTHI. 32 CUeT HUX MacIuTabupye-
MOCTH U KBaHTOBOIO IIOBefleHHSI OHU IIpe[ICTaBIISIOT
OOJIBIION MHTepeC /15t CO3AAHUS POTOHHBIX YCTPOHCTB
06paboTku curHanos [37]. Ha JaHHBIM MOMEHT pas-
paboTaHO MHOXKECTBO HAaHOPAa3MEPHBIX JIOTHUYeCKHX
YCTPOMCTB, pabOTAIONIMX Ha CUCTEMAaX M3 3aXBaUeHbIX
HMOHOB [38] Y OMMHOYHBIX aTOMOB [39], HeJIMHEMHBIX
MaTepHaiax [40], ofMHOYHBIX MoJsekyaax [41], mmas-
MOHHBIX HAHOYACTHLAX [42], BAKAHCHOHHBIX LIeHTpax
OKPAacK{ B ajiMasax [43] u Apyrux. B kadecTBe aKTHB-
HOTO MaTepHasa JJIsl TAKKMX CUCTeM MOXKHO HCII0/Ib30-
BaTh M IIOJYIIPOBOSHHMKOBBIE KouTouAHEle KT, KOTO-
Ppble SBIISIIOTCSI MCTOUHHUKOM OJUHOYHBIX POTOHOB.

il 4

the synthesis of colloidal QDs in the mid-1990s, the
question of the prospects for their application for the
manufacture of highly efficient, but at the same time
extremely compact laser media, became especially
acute. The main advantages of nanocrystals over tra-
ditional bulk materials are, associated with size quan-
tization effects, which make it possible to achieve
a sufficiently low lasing threshold with high thermal
stability and the ability to adjust the radiation wave-
length using QDs of various sizes.

Research into the study of laser generation in sys-
tems based on QDs was started quite a long time ago,
and in the late 1990s prototypes of such lasers came to
light (29, 30). It turned out, however, that achieving
generation in semiconductor nanocrystals is a very
difficult challenge. To create a population inversion in
a QD, itis necessary to excite at least a pair of excitons.
It wouldn’t seem that difficult to achieve by exciting
the QDs with high-power femtosecond laser pulses,
however, as it was found, excitons in QDs with a size
of the order of several nm can exchange energy quite
quickly (the so-called Auger recombination), which
prevents the creation of a population inversion neces-
sary to achieve laser radiation.

This difficulty was first overcome in the work of the
V. Klimov scientific group (31), where the possibility of
obtaining population inversion in close-packed layers
of CdSe nanocrystals with the size of 1.2 nm was dem-
onstrated for the first time. The characteristic times of
the nonradiative transition between the excited level
and required to populate one, measured for these QDs,
amounted to impressive hundreds of femtoseconds for
both electrons and holes, which is an order of mag-
nitude shorter than the Auger recombination times
(-6 ps for CdSe QDs of the indicated radius).

Subsequently, a method was proposed for imple-
menting laser generation in QDs without excitation
of multiexcitons (single-exciton optical gain in semi-
conductor nanocrystals). The material and diameter
of the QD (CdS/ZnSe) were chosen so that after exci-
tation by a laser pulse, exciton spatial separation is
carried out in such a way: the electron turned out to
be localized in the core of the QD, whereas the hole
moved to its shell. The resulting local electric field is
strong enough to significantly (~100 meV) change the
energy of the exciton produced during the following
excitation process. As a result, in QDs excited by suc-
cessive pulses, a shift of absorption bands is observed,
which, in turn, makes it possible to create a popula-
tion inversion in them. Understanding the nature
of the processes has opened the way to the creation
of low-threshold QD lasers, the implementation of
optical amplification by electrical injection, and the
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[ToTHOCTBIO GYHKIIMOHUPYIOIIAsI JIOTUKA Oblla €03~
IaHa Ha OJHWHOYHBIX I10JIyIIPOBOAHUKOBBIX KT, BK/IIO-
yaoIas B cebs BEICOKOTOUHBIE BEHTHJIU C KBAHTOBBIM
yrnpaBieHHeM [44], ¢oToHHEIe MepeKnodaTenu [45],
a TakcKe IOBTOpuTenu [46]. Ilo aHAJIOTMM C TpaH-
3UCTOPAaMM OIITHUYEeCKHe 3/1eMeHTbl JIOTUKH MOIYT
OBITh HCIIOJIB30BAHBI IJI1 Pa3paboTKH K IIOCTPOEHUS
IIOJTHOCTBIO ONTHYECKUX HMHTEIPaJbHBIX MHKPOCXeM,
YTO MOYKET CH/IPHO IIOB/IHSThH Ha IIPOrPecc KBaHTOBBIX
$OTOHHBIX TEXHOJIOTUH B 6pKanmem byayimeM.

®JIYOPECLLEHTHAA HAHOCKOIMUA,
BMOMAPKEPDBI U AAPECHASA JOCTABKA
NIEKAPCTB

KBaHTOBbIE TOYKH MCIIONB3YIOTCSA B KayecTBe 3QHeKTHUB-
HBIX (GIyOpeCcilieHTHBIX METOK, I JOCTaBKHU JIeKapCTB,
MOHHUTOPHHIA IIpoliecca MeTabonm3Ma JIeKapCTB
B OpraHu3Me 6rarofgapsi CBOMM yYHHKaJIBHBIM QH3HKO-
XUMHUYECKUM XapaKTepUCTHKaM. [pyrue 6uomenu-
LIMHCKHe ITpuaoskeHHs: KT BRIIOYAIOT B cebst co3fpaHUe
YyBCTBUTEJIBHBIX CEHCOPOB 151 0OOHApY>KeHHUsI 3ab0/1eBa-
HMU U IIpoBefleHHe GpIyopecLieHTHBIX aHA/IM30B JJ1S Pa3-
PabOTKU HOBBIX JIEKAPCTBEHHBIX ITperapaTos [47-49].

B mocnenHue rombl aKTUBHO Pa3sBUBAKOTCS METO[BI
diyopeclieHTHOM HAHOCKONHMHK (MHKPOCKOIIMH CBepX-
BBICOKOTO ITPOCTPAHCTBEHHOIO paspelleHus), rae KT
MOI'YT BBICTYIATh B KadeCTBe OJMHOYHBIX TOYEUHBIX
M3Ty4aTeseli-MapKepoB [50,51]. MeTombl HaHOCKOIIMH
Pa3sBUBAIOTCSA B TOM UYMC/Ie M B HAIIpaBJIeHUU Tpexmep-
HOI BH3ya/IM3allUK HAHOCTPYKTYPBI UCCIeNyeMOro obb-
eKTa, TPeKMHI'a HAaHOYaCTHL], [52].

C koHIa 1990-X romoB KOJIMYECTBO PA3THUYHBIX oba-
CTeH IIpPUMEHEHMSI KBAaHTOBBIX TO4YeK B OHONOrHHU
U MeJUIIMHe pacTeT B IeOMeTPHYeCKOM IIPOrPecCHH.
ITonyrmpoBOAHMKOBEIE HAHOYACTUIIBI aKTHUBHO MCIIOJb-
3YIOTCS B KauecTBe GprIyopecLieHTHBIX METOK 15 61oaHa-
JIUTUYECKUX LieJIek, TAKUX Kak obHapykeHue JHK, 6er-
KOB, 61OMOJIeKy/T U KIeTOK. [I/Isl aHa/IM3a CBSI3bIBAHUS
WIM IlepeHoCa SHepruy OT OHMONIOrMYecKHUX CTPYKTYp
(HarmprMep 6e/IKOB) HCIIONB3YIOT MeXaHH3MBbI depcre-
POBCKOTO Pe30HAHCHOTrO ItepeHoca sHepruu (FRET) [53].
g peanusanuu MexaHusMma FRET B kauecTBe JOHOpPa
HCIIO/IB3YeTCs HCC/IefyeMBI OHOIOTHYecKUI 0OBbeKT
(HampuMep, MoseKysa 6esika), a B KauecTBe aKLeIITopa
MOryT 6BITh KCII0/1b30BaHbl KT. [IJ151 3THX Iie/lell II0Bepx-
HOCTh KT GYHKIIMOHAMU3UPYIOT CIIeIIHA/IbHO BBIpa-
INeHHBIMM JIUTAaHAAMH, CIIOCOOHBIMH ITPUKPEITHUTHCS
K CJIOKHOHM MOJIeKy/e, IIpUYeM PacCTOSIHHEe OT LieH-
Tpa HaHOKPHUCTA/IIA 0 MOJIEKYJ/IbI JOJIKHO HaXOAUThCS
B mpefenax oT 1 go 10 HM. IIpu obpa3oBaHHM Iapbl
JOHOP-aKLEIITOP 3a CYeT AHUIIONb-JTUIIONIBHOTO B3aKMMO-
IeMCTBHSI ITPOMCXOIUT Ilepeiadya SHEpPruH 6e3 mpome-
SKYTOYHOI'O HMCITyCKaHUSA GOTOHA. ITO 3HAYMT, YTO IIPO-
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development of optically pumped lasers, a standard
light-emitting diode with electrical excitation, and
on-chip lasers (32-34).

Efficient lasing can be achieved in structures with
distributed Bragg gratings on quantum wells, dots,
and with quantum cascades (35). Integration of InAs
QDs into a planar GaAs semiconductor nanostructure
waveguide coupled to an electrically pumped semicon-
ductor laser based on AlAs/AlGaAs microcavity with
GaAs quantum wells in the active region makes it pos-
sible to realize circularly polarized radiation (36).

OPTICAL SWITCHES
An actual task of using QD is the development of new
photonic logic elements and the engineering of com-
putational architectures. Optically active nanoobjects
come to replace the basic logical elements of electron-
ics - transistors. Due to their scalability and quantum
behavior, they are of great interest in the creation
of photonic signal processing devices (37). Numer-
ous nanoscale logic devices have been developed to
date, operating on systems of trapped ions (38), single
atoms (39), nonlinear materials (40), single molecules
(41), plasmonic nanoparticles (42), vacancy color cen-
ters in diamonds (43), and others. Semiconductor col-
loidal QDs, which are sources of single photons, can
also be used as an active material for such systems.
Fully functioning logic was created on single
semiconductor QDs which consisted of high-preci-
sion quantum gates (44), photonic switches (45), and
repeaters (46). By analogy with transistors, optical
logic elements can be used to design and build all-opti-
cal integrated circuits, which will greatly affect the
progress of quantum photonic technologies soon.

FLUORESCENCE NANOSCOPY, BIOLABELS
AND TARGETED DRUG DELIVERY

QDs due to their unique physical and chemical char-
acteristics are used as efficient fluorescent labels,
for drug delivery, monitoring of the process of drug
metabolism in the body. Other biomedical applica-
tions of QDs include developing sensitive sensors for
disease detection and performing fluorescent assays
for drug design (47-49).

In recent years, methods of fluorescent nanoscopy
(microscopy of superhigh spatial resolution) have been
actively developed, where QDs can act as point-like
emitters (labels) (50, 51). Nanoscopy methods are
also developing in the direction of three-dimensional
visualization of the nanostructure of the object under
study, tracking of nanoparticles (52).

Since the late 1990s number of different applica-
tions of QDs in biology and medicine is growing expo-
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Liecc Irepenauu 6e3pI3ydaTesnbHBIN, a SHeprus byzer
IepefaHa aKLeNTopy (HalprMep, KBAHTOBOM TOYUKE),
KOTOpasl B JaJIbHeHIIeM NIpHUBeeT K PoKAeHHUI0 PoToHa
moMuHecHeHIUH KT, 3GeKTUBHOCTE IIepefayuu SHep-
THU BBILIE He TOJIBKO 32 CYeT IIPOCTPAHCTBEHHOM 61H-
30CTH ABYX 06BeKTOB (3¢dekTHBHOCTH FRET 3aBHCHUT
OT pacCTOSIHUS Kak RC), HO M 3a CYeT IepeKphIBAHUS
CIIeKTpa BO3DOYKAEHMSI JOHOPA U CIIeKTpa IIOIIOMIeHHS
akpenTopa. KT gBIFI0TCS BeCbMa IIePCIIeKTHBHBIMH
AKLENTOPAMH 3a CYeT IIMPOKOI0 KOHTYpa IOIJIOIeHUS
B CHHeH 0671aCTH CIIEKTPa, B KOTOPOM ITOIJIOIIAIOT MHO-
rue 6rosoruyeckre o6beKThI.

Ele ogHa BO3MOKHOCTD UCII0/1b30BaTh KT B 610/I0TH-
YeCKHUX LIe/ISIX OCHOBAaHA Ha DAKTepHIIMIHBIX CBOMCTBAX
HAHOKPHCTA/UIOB Ha OCHOBe cepedpa. X0poIlIo u3BecTHa
CI10c06HOCTB HOHOB cepebpa 6710KMPOBATH JEHCTBHE Pas3-
JIMYHBIX TUIIOB BUPYCOB, a TaKKe OKa3blBaTh TepalleB-
THYeCcKoe e CTBHe IIPH JIeYeHUH Psiia BUPYCHBIX 3260~
JIeBaHUH. B CBS3U C 3TUM pa3BHUTHE METOJIOB CHHTe3a
KBAaHTOBBIX TOYEK C HCII0JIb30BAaHKEM cepebpa, a Takke
rUOPHUIHBIX ACCOLMATOB HAa KX OCHOBe [54] IT03BONIUT
B JAIBHEMIIEeM CO3[aBaTh ITperiapaThl C aHTHMHUKPOO-
HBIM JIeMCTBUEM.

HOBbIE MATEPUAJIbl ®OTOHUKN

OpHuMH K3 Haubollee WHTEPeCHBIX HOBBIX MaTepH-
anoB aBiaATCI KT Ha ocHOBe yriepoja, B T.4Y. TakK
Ha3bpIBaeMble TpadeHOBBle HAaHOKPUCTAIEL [55]. I'pa-
¢denosrie KT He CTOMT IIyTaTh C dyaaepeHaMu - che-
paMH M3 aToMOB yriepona. OOBIUHO TakHe HAHO-
0OBEKTBl CHHTE3HUPYIOT U3 $parMeHTOB IpadeHOBOM
JIEHTBl WIK HAHOTPYOKM [56], UTO [enaeT HX II0XO-
SKUMH CKOpee Ha XJIOIbs. braromapsi mpHUpomHOH
XMMHUYeCKOM HHEPTHOCTH M aM(UPHUIBHOCTU Irpade-
HoBbIe KT IMOTeHLHa/JIbHO IIPMMEHHMBI B Pa3THYHBIX
OHOJIOrMYecKUX IIPUIOKEHUAX. Kak U KO/UIOUIHBIE
[IO/IyIIPOBOAHKMKOBbIe HAHOKPUCTA/IBL IpadeHoBbIe
KT xapakTepu3ylOTCsi HaJIH4YHeM 3aBHUCHUMOM OT Pas-
MepOB 3alpelleHHON 30HBI (IyopeclieHLIMH, KOTO-
pas BO3HMKaeT BCIeACTBHE KBAHTOBO-Pa3MepPHOIO
s¢pdekra. Bryme 3tu ocobeHHOCTH AenaioT KT u3 rpa-
deHa MPeBOCXOLHBIMU KaHAUAATAMU Ha Posib 6HOCOB-
MeCTUMBIX MapKepOB.

Eme oOHMM HMHTepPeCHHIM KBaHTOBO-Pa3MepHBIM
06BbEeKTOM SB/ISIIOTCS IIOJTHOCTBIO HeOpraHHYecKHe
nepoBckUTHBle KT (PeQD). B mepcrekTHBe Ha HX
OCHOBe MOTYT OBITh Pa3paboTaHBI CBETOM3JIyYaIOLIHe
yCTpOHCTBA 6e3 cofep>KaHMsI TOKCHYHBIX BeIeCTB (Ka-
Mus). Takye HAaHOKPHUCTAJ/UIBL CXOKH IIO CBOKCTBAM
C IONYHnpoBOAHUKOBEIMU KT M XapaKTepH3YyIOTCsS BO3-
MO>KHOCTBIO YIIPaB/ISITh IIHPHUHOM 3aIlpellleHHOM 30HbI
BO BCEM BHIMMOM CIIeKTpe. TakKke OHH JEeMOHCTPHU-
PYIOT peKopaHble 3HadyeHHs 3PPeKTHBHOTO KBAHTO-

il 4

nentially. Semiconductor nanoparticles are actively
used as fluorescent labels for bioanalytical purposes,
such as detection of DNA, proteins, biomolecules, and
cells. For analysis of binding or energy transfer from
biological structures (e. g., proteins), Forster resonant
energy transfer (FRET) mechanisms are used (53). To
implement the FRET mechanism, a biological object
under study (e.g., a protein molecule) is used as
a donor, and QDs can be used as an acceptor. For these
purposes, a QD surface is functionalized with spe-
cially grown ligands capable of attaching to a specific
complex molecule, and the distance from the center
of a nanocrystal to a molecule should be from 1 to 10
nm. When a donor-acceptor pair is formed due to the
dipole-dipole interaction, energy is transferred with-
out intermediate emission of a photon. This means
that the transfer process is non-radiative, and the
energy will be transferred to the acceptor (e.g., a QD),
which will subsequently lead to creation of a QD lumi-
nescence photon. The efficiency of energy transfer is
higher not only due to the spatial proximity of two
objects (the FRET efficiency depends on the distance
as R®), but also due to overlap of the donor excitation
spectrum and the acceptor absorption spectrum. QDs
are very promising acceptors due to the wide absorp-
tion spectrum in the blue region of the spectrum,
appropriate for many biological objects.

Another opportunity to use QDs for biological pur-
poses is based on bactericidal properties of silver-based
nanocrystals. The ability of silver ions to block action
of various types of viruses, as well as to have a thera-
peutic effect in the treatment of a numerous viral dis-
eases, is well known. In this regard, the development
of methods for QDs synthesis using silver, as well as
hybrid associates based on them (54), will make it pos-
sible to create drugs with antimicrobial activity in the
future.

NEW MATERIALS OF PHOTONICS

One of the most interesting new materials are carbon-
based QDs, including so-called graphene nanocrys-
tals (55). Craphene QDs should not be confused with
fullerenes - spheres of carbon atoms. Typically, such
nanoobjects are synthesized from fragments of a gra-
phene ribbon or nanotube (56) which makes them
look more like flakes. Due to the natural chemi-
cal inertness and amphiphilicity graphene QDs are
potentially applicable in various biological applica-
tions. Like colloidal semiconductor nanocrystals Gra-
phene QDs exhibit band gap dependent fluorescence,
which arises due to the quantum confinement effect.
Together, these features make graphene QDs excellent
candidates for the role of biocompatible markers.
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Boro BbIxoma (93%) [57]. 3a cyer cBoHX poTodU3MUe-
CKHX CBOKCTB I1epOBCKUTHBIE KT HallIK IIpHMeHeHHe
B Pa3HOOOPA3HBIX OIITHYECKUX [IPHJIOSKEHHUSX : STIeHKHU
OIITHYecKoM NaMsTH [58], doTomerexTopsr [59], comHey-
Hble 371eMeHTH! [60], nasepsr [61], cBeTomMoms! [62].

KBAHTOBbIE TOYKU B KBAHTOBDbIX
TEXHOJIOIMMAX

MNCTOYHUKN OANHOYHbIX (IJOTOHOB
BricOKO3pdeKTUBHBIe UCTOYHUKU OOUHOYHBIX (HOTO-
HOB SIBJISIIOTCS KJIIOUYEBBIMH 3JIeMeHTaMHU [JIs pea-
JMH3allUK, HallpUMep, KBAaHTOBBIX JIMHUK CBA3HU [63].
Hapsay ¢ oIMHOYHBIMM aTOMaMH, OpraHHYecKHMU
MoOJIeKyJIaMH, LIeHTpaMH OKpacKH B ajmMas’ax U Ip.,
B KauyeCcTBe TaKMX YIIPaB/IseMbIX MCTOYHKMKOB MOLYT
OBITH HKCIIO/IB30BAHBI IIONIYNPOBOAHKUKOBBle KT [64].
OCHOBHBIM CII0OCOBOM H3rOTOBJIEHHSI HCTOYHHKOB
OOHOGOTOHHOIO H3/Iy4eHHs Ha HUX OCHOBE SBJISeTCS
MOJIeKY/ISIPHAsI SIIHUTAKCHS, [103BOJISIONIAS C BBICOKOU
TOYHOCTBIO pasMenaTh KT Ha IIOOJIOKKAX, a TaKKe
BHYTPU OITHYECKUX BOJIHOBOLOB M MHKPOPE30HaTO-
poB [65-67]. CymlecTBYIOT MU ApPyrde HHHOBAI[MOH-
Hble MeTOJBbI YIIPAB/ISIeMOI0 CHHTe3a TAKUX CTPYKTYP,
HaIlpuMep, «IIpsiMoe Jla3epHoe IIHCcbMO» [68].

[I1pOoKUK BbI6OP IONYIIPOBOJHUKOBBIX MaTepHa-
JIOB I03BOJISIET IOy4YaTbh MCTOYHUKU C PasHOM JIU-
HOM BOMHBI M3nydeHusi: KT Ha ocHoBe GaN/AlGaN
[I03BOJISIOT IIOJIy4aTh TeHepalui B OIKHEM
Y®-guamasode [69, 70](~280-330 um), CdSe/ZnSe[71]
U CdSe/ZnSSe[72] B BugumoMm puarasoHe (~550 HM),
InGaAs/GaAs[73] (900 M - 1,55 MkM) U InAs/InP [74]
(~1,55 mKkMm) oxBaTbIiBaloT MK-guamasoH, B TOM YUC/Ie
M OKHa IIPO3PayHOCTH OITHYECKOI0 BOJIOKHA Ha 1310
1 1550 HM. B TO ke BpeMs M3j1ydaTe/IbHBIMH CBOM-
crBaMu KT MOSKHO yIIpaBisiTh (PUC. 5), HallpUMep 3a
C4eT B3aMMOJEHCTBHS C IIJIa3MOHHBIMH HaHOCTPYK-
Typamu [75].

OCHOBHBIMH TeXHHYECKUMHU I1apaMeTpaMH, OIpe-
OensIoUMU  3QPeKTUBHOCTD paboThl HCTOYHHUKOB
ONHOPOTOHHOTO M3JIYUYeHMs, ABISIOTCS 3HaYeHUs
ABTOKOPPEISLIMOHHOM QYHKIIMH BTOPOro MOpsAKa

rme (d'u 4 - omepaTopbl POSKIEHHS U YHUUTOKEHUSI
OIITHYECKOIo IIOJSI, COOTBETCTBEHHO) U TeMIIepaTyp-
HBII JUAIIa30H, B KOTOPOM BO3MOKHA OLHOPOTOHHAS
reHepanys. KauecTBo IocjaefHeHN OIIpefesercs 3Ha-
yenriem §2(0). Jiist ofHOPOTOHHOTO U3TyYeHHS B Hie-
anpHOM ciay4ae ¢?(0)=0 (Tak Ha3bIBaeMast “aHTUTPYII-
NHPOBKa GOTOHOBY), /I Pea/IbHBIX HCTOYHHKOB g(Z)(O)
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Another interesting quantum-well object is the
completely inorganic perovskite QD (PeQD) which
has opened up great prospects for the development of
light-emitting devices without toxic substances (cad-
mium). Such nanocrystals have similar properties to
semiconductor QDs and have an adjustable bandgap
throughout the entire visible spectrum. Also, they
demonstrate ultra-high effective quantum yields (93%)
(57). Due to their photophysical properties, perovskite
QDs have found applying in various optical applica-
tions: optical memory cells (58), photodetectors (59),
solar cells (60), lasers (61), LEDs (62).

QUANTUM DOTS

IN QUANTUM TECHNOLOGIES

Single-Photon Sources

High-performance sources of single photons are key
elements for the implementation, for instance, of
quantum communication lines (63). Along with single
atoms, organic molecules, color centers in diamonds,
etc., semiconductor QDs can be used as such con-
trolled sources (64). The main method for manufactur-
ing sources of single-photon emission based on them
is molecular epitaxy, which makes it possible to place
QDs on substrates with high accuracy, as well as inside
optical waveguides and microcavities (65, 66, 67). The
other innovative methods of controlled synthesis of
such structures, for example, direct laser writing (68),
also exist.

A wide choice of semiconductor materials makes it
possible to obtain light sources with different emission
wavelengths: QDs based on GaN/AlCaN can obtain
generation in the near UV range (69, 70) (~280-330 nm),
CdSe/ZnSe (71) and CdSe/ZnSSe (72) in the visible range
(~550 nm), InGaAs/GaAs (73) (900 nm - 1.55 pm) and
InAs/InP (74) (~1.55 pm) cover the IR range, including
the optical fiber transparency windows at 1310 and
1550 nm. At the same time, the radiative properties
of QDs can be controlled, for example, by interacting
with plasmonic nanostructures (75).

The main technical parameters that determine the
efficiency of single-photon sources are the values of
the second-order autocorrelation function

, @

where (a" and a are the creation and annihilation
operators of the optical field, respectively) and the
temperature range in which single-photon generation
is possible. The quality of the latter is determined by
the value of g®?(0). For single-photon radiation, in the
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IIpUHHMaeT 3HaveHus oT 0 mo 0,5, 4To 06yCHOBneHo
HeMHOeaJlbHOCTbI0 H3roToBaeHHbIX KT M HEBO3MOKHO-
CTBIO IIOJIHOCTBIO MCK/IIOYHTL JeTeKTHPOBaHHe Ilapa-
3UTHOTO CHIHajJla BO BpeMsl SKCIepHMeHTa [65].
Ha ceromHSIHHUHU [OeHb, IpH TeMIepaTypax
B Heckoabko K TumuuHble 3HadeHus ¢2(0) mast KT
cocrapisgoT 0,02-0,25, MAaKCHMAJIBHO >Ke€ OOCTHXKH-
Mble paboure TeMIlepaTypbl CYIIeCTBEHHO KoJle-
6nrorcs ans KT pasiM4yHOIO XMMHUYECKOIO COCTaBa
M MOTYT HaXOUThCS KaK B IIpefenax AecsiTKoB K [76],
TaK ¥ JOCTUTATh 3HaueHUH 300-350 K [77]. KauecTBO
OOHOPOTOHHOM TeHepalllu OXHUIAeMO YXYAIlaeTcs
C POCTOM TeMIIepaTypbl M COOTBETCTBYeT 3Haye-
HusiM ¢@(0) B ipemenax 0,2-0,5 /11 BEpXHUX [PAHUILL
pabodero TemIiepaTypHOro AHaIIa30Ha.

[Ipy KOHTPOIIHUPYyeMOM CHHTe3e MaJIBIX aHCaMbrer
B3aMMOAeUCTByIomUX KT C CHJIBHOU CBS3bI0 MOYKHO

&

ideal case, g?(0)=0 (the so-called “antibunching of
photons”), for real sources, g?(0) takes values from 0
to 0.5, which is due to non-ideal fabricated QDs and
the impossibility of eliminating the detection of
a noise signal during the experiment (65). Today, at
temperatures of several K, the typical values of g®(0)
for QDs are 0.02-0.25, while the maximum achievable
operating temperatures vary significantly for QDs of
various chemical compositions and can be within tens
of K (76) and reach values of 300-350 K (77). The quality
of single-photon generation expectedly worsens with
increasing temperature and corresponds to ¢g?(0) val-
ues within 0.2-0.5 for the upper limits of the operat-
ing temperature range.

With the controlled synthesis of small ensembles of
interacting QDs with strong coupling, it is possible to
carry out the engineering of multiphoton (entangled)

states. For instance, in the case

of shell QDs with a double radiat-
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ing core (78) or paired QDs (79),
one can expect the generation of
biphoton states, which are also in
demand in problems of quantum
informatics.

Quantum memory

Another promising application of
QDs in quantum technologies is
their use in the implementation of
quantum memory devices. In the

300
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100

general case, the principle of oper-
ation of quantum memory is based
on the processes of controlled
absorption and subsequent re-
emission of a photon (80). Devices
that implement the operation of
quantum memory require the
most accurate transfer of the ini-
tial quantum state; for a number
of applications, the storage time

20HAAbHBIX noAsipuauusx (c, d). Basamo u3 [66]

Delay, ns

Puc. 5. Mpumep peanusayuu 6Au3K020 K UdeaabHOMY UCMOYHUKA 0OUHOYHbIX
(omoHo8 c ynpasnsiemoll noAspu3sayueli Ha 0CHo8e KBAHMOo80oU MoYKU 8 6p32-
208CKOM pe3oHamope (a), npocmpaHcmeeHHoe pacnpedeneHue ezo sipkocmu (b),
KOppeAnsiUOHHAs GyHKLUUS 8Mop0o20 nopsioka 0Asl AKOMUHECUEHUUU 8 08yX 0pmo-

Fig. 5. An example of the implementation of a near-ideal source of single photons
with controlled polarization based on a quantum dot in a Bragg resonator (a), the
spatial distribution of its brightness (b), the second-order correlation function for
luminescence in two orthogonal polarizations (c, d). Taken from (66).

of the quantum state and the pos-
sibility of simultaneous storage of
several states play a role (81, 82).
An example of the practi-
cal implementation of quantum
memory based on InAs QDs grown
in a CaAs matrix using the epitaxy
and placed inside an optical cavity,
which is a one-dimensional pho-
tonic crystal (CaAs/AlAs), is given
in (83). In such a scheme, a thin
QD layer is located inside the p-n
junction formed by GaAs/AlAs
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pean30BaTb MHOIOQOTOHHBIE ([lepellyTaHHbIe) COCTO-
saHUsg. HampuMmep, B caydae obonodeunsix KT Touek
C ABOMHBIM H3J/Iy4aloIUM siAPoM [78] MK CrlapeHHBIX
KT [79] MOXKHO OXKHIOATH reHepanmio 61 POTOHHBIX
COCTOSIHUH, TaKKe BOCTPeOOBAaHHBIX B 3aJjadaX KBaH-
TOBOM MHGOPMAaTHUKH.

KBaHTOBas namaTb
Eme OOHMM IepCIeKTUBHBIM HOpuaokeHHeM KT
B KBAaHTOBBIX TEeXHOJIOTHSX SIBISETCd HUX IIPUMeHe-
HHe B Pea/IM3allMM yCTPOKCTB KBAaHTOBOM IIaMSTH.
B obmem ciydae, IMPUHIUII [OEHMCTBHUS KBAaHTOBOM
[IaMATH OCHOBAaH Ha IIpolleccax YIIpaB/IsieMOro
IIOIJIOIIEHUSI U IIOCJIeAYIOIero IleperCIlyCKaHHUSs
dorona [80]. OT yCTPONCTB, pealH3yIOUIUX PaboTy
KBAaHTOBOM IIaMSTH, TpebyeTcs MaKCHMAaJIbHO TOY-
Had I1epefada UCXOAHOI0 KBAHTOBOI'O COCTOSIHUSA, /I
psAla NPHUIOKEHUMN HUrpaeT poJib BpeMs XpPaHeHHS
KBAaHTOBOT'O COCTOSIHHSI M BO3MOYKHOCTb OLHOBpPeMeH-
HOT'O XpaHeHM s HeCcKOIbKUX COCTOSIHUM [81, 82].
[TpuMep MPaKTHYeCKOHM Ppeanu3alldy KBAaHTOBOM
IIaMSTH, OCHOBaHHOM Ha KT INAS ¢ ITIOMOIIBIO SIIHUTAK-
CHM BBIPAIlleHHBIX B MaTpulle GaAs U IIOMeIleHHBIX
BHYTPb OITHYECKOIO PEe30HATOpa, IIPeACTaB/ISIOIIEro
cobort omHOMEpPHBIN GOTOHHBIN KpUCTALI (CaAs/AlAs),
IIPUBOAUTCS B paboTe [83]. B Takor cxeMe TOHKHE C/I0K
KT pacrionaraercss pakTH4YeCKd BHYTPHU P-N IIepexola,
o6pa30BaHHoro cnoamu GaAs/AlAs, IOIOMTHUTEILHO
JIETUPOBAHHOI'O, COOTBETCTBEHHO, aTOMaMH yIJIepoja
U KpeMHHUs. IIpollecC 3allMCH B KBAaHTOBOIO ITaMSThb
3allycKaeTcs IIpU IOMOWIM C/1aboro LHPKYJISPHO-
IIOJIPH30BAHHOIO CBETOBOTO HMITY/IbCA, BO3OysKIalo-
mero B KT 3KCHUTOH C OIlpefie/ieHHBIM CIIMHOBBIM COCTO-
sHueM. [TomobpaHHas KOHQHUTYPALIHS [IOTeHIIMAIBHBIX
6apbepoB MPUBOAUT K IIPOCTPAHCTBEHHOM JIOKAJIM3a-
LMK YIeKTPOHA, B TO BpeMsl KaK AbIPKa JOCTATOYHO
OBICTPO (IT0 CPAaBHEHMIO C XapaKTepHbIMU BpeMeHaMH
PeKOMOMHALIMH 3KCHTOHA) TYHHEIHPYeT 3a IIpefesbl
KT. Ilepexon K CTaiuM CYUTBIBAHUA MHPOPMALIUH
(3amMCAaHHOM IIPY IIOMOINM CIIMHA 3JeKTPOHA) 3aIly-
CKaeTCsl IofJaver 3JIeKTPUYEecKOro HMMIIYJIbCa, BO3-
Bpamaromiero B KT yske mapy abIpok. OgHa M3 OBIPOK
PeKOMOMHUPYET C 3/eKTPOHOM, IPHUBOAS K H3JIyde-
HMI0 GOTOHA C [TO/ISIpU3alivell, oIlpeesisieMON CIIMHOM
37IeKTPOHa (a 3HAUYHUT U IOJspHU3aLikel MOIVIOIeHHOro
paHee $OTOHA). B IpHUBeneHHOM 3KCIIEPHMeEHTe yha-
7I0Ch JOOUTBCST BpPeMEHH XPaHEHHs CIIMHOBOTO COCTOS-
HUA ~1 MKC IIpU Temmepatype ~10 K.

KBaHTOBbIE CEHCOPbI

HaxkoHel], eme ofHUM, BaKHEHIINM HaIlpaBleHHeM
IPUKIATHOTO HCI0ab30BaHHSA KT B KBAaHTOBBIX TeX-
HOJIOTHSAX SB/ISETCS KBAHTOBAs CEHCOPHKA. YyBCTBH-
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layers additionally doped with carbon and silicon
atoms, respectively. The process of writing to quan-
tum memory is triggered by a weak circularly polar-
ized light pulse that excites an exciton with a certain
spin state in the QD. The selected configuration of
potential barriers leads to the spatial localization of an
electron, while a hole rather quickly (compared to the
characteristic exciton recombination times) tunnels
outside a QD. The transition to the stage of reading
information (recorded with the help of the electron
spin) is triggered by applying an electric pulse that
returns a couple of holes to the QD. One of the holes
recombines with the electron, leading to the emission
of a photon with a polarization determined by the
spin of the electron (and hence the polarization of the
previously absorbed photon). In the above experiment,
it was possible to achieve a spin state storage time
of ~1 ps at a temperature of ~10 K.

Based on QDs, it is possible to realize qubits, for
example, spin qubits (84).

Quantum sensors

Finally, one more important area of applied use of
quantum dots in quantum technologies is quantum
sensors. The sensitivity of the optical-spectral charac-
teristics of QDs to the local environment and external
parameters is used in quantum sensors to character-
ize nanodefects (85), for measuring electric fields (86),
and temperature (16),(87).

CONCLUSION

Semiconductor nanocrystals (quantum dots) and
new composite materials based on them, while con-
tinuing to be the subject of intensive fundamental
research, are already being actively implemented in
various photonic applications. The dependence of
the functional properties of QD materials on their
morphology and chemical composition provides the
possibility of engineering and deterministic synthe-
sis with predetermined (calculated) physicochemical
characteristics. In turn, these properties can depend
in a known way on the physicochemical parameters
of the local environment, thermodynamic and field
characteristics. All this explains the growing inter-
est in the applied use of QDs in various photonics
methods and tools. QDs has already found its high-
performance applications in the light source indus-
try and related technologies (light-emitting diodes,
displays, laser sources), solar energy (high-efficiency
and low-cost photovoltaic cells), security systems and
anti-counterfeiting techniques. QDs are one of the
most effective materials for the implementation of
the element base of quantum technologies (sources
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TEJIBHOCTb OIITUKO-CIIEKTPATIBHBIX XapPAKTEPUCTUK KT
K JIOKQJIBHOMY OKPY’KEHUIO U BHEIIHUM [1apaMeTpam
HCIIO/IB3yeTCsl B KBAHTOBOM CEHCOPHKE IS XapaKTe-
pusanuu HaHomedeKToB [85], [JIs CEHCHHTA 3IEeKTPU-
YeCKHX Ione [86], Temmeparypsl [16, >87].

3AKJ/TIOMEHUE

[To/1yIpOBOJHUKOBbIE HAHOKPHUCTAIIBL (KBAaHTOBBIE
TOYKH) M HOBBle KOMIIO3MTHble MaTepHa/lbl Ha HX
OCHOBe ITPOZOJIKASI OCTABATBHCS OOBEKTOM HMHTEHCHB-
HBIX QyHIAMEHTAJIBHBIX HCCIeOBAHUM, yXKe cernvac
MHTEHCHBHO BHEIPSIOTCSI B Pa3sHO0Opa3sHBIX OTOH-
HBIX IPUIOXKEHUAX. 3aBUCUMOCTD QYHKIMOHAIBHBIX
cBoMcTB KT-MaTepuanoB oT MOPOOTIOTHU U XUMUUe-
ckoro coctaBa KT obecmedrBaeT BO3MOXKHOCTb HX
WHKMHUPHUHIA W JeTepMUHMPOBAHHOIO CHHTe3a
C 3apaHee U3BeCTHBIMHU (pacueTHBIMHU) QU3UKO-
XMMHUYeCKUMHU XapaKTepUCTHKAMHU. B CBOIO ouepenb
3TH CBOMCTBA MOIYT M3BeCTHBIM 00pa3oM 3aBHCETbh
0T U3MKO-XMMHYECKHUX IIapaMeTPOB JIOKaJIBHOIO
OKPY>KeHHS, TeDMOAUHAMHYECKHUX U I10JIEBBIX XapaK-
TePUCTHUK. Bce 3TO 0OBSCHSET PACTYyIIME HHTepec
K IIPUKIAJHOMY HCII0onb30BaHHI0 KT B pa3Hoobpas-
HBIX METOJaX M MHCTpPyMeHTaxX GOoTOHHKU. KT yke
Halll/IM CBOM BBICOKOIGEKTUBHEIE IIPHJIOKEHMUS
B MHIYCTPUM HCTOYHHKOB CBeTA M CMEKHBIX TeXHOJI0"
rusx (CBeTOM3/y4aoliye JUO/bl, JUCILIEeH, Ia3ePHbIe
HMCTOYHHKH), COMTHEYHOM 3HepreTHKe (BbICOKO3DPEeK-
TUBHBEIE U [elIeBble B IIPOM3BOJACTBE (HOTOBOIBTAM-
YecKHe 3JIeMeHTHI), CUCTeMax 6e30IIacHOCTH U aHTH-
KOHTpadaKTHEIX MeTomuKax. KT ABISIOTCS OOHUM
13 Haubonee 3P eKTUBHBIX MaTepHaJIOB IJIsI pea-
NMH3aLUK 3IeMeHTHOM 6a3bl KBAHTOBBIX TeXHOJIOTHH
(MCTOYHMKHM HEKJIACCUYecKOro CBeTa JIjIsl KBAaHTOBBIX
KOMITBIOTEPOB M KBAaHTOBBIX TeJIeKOMMYHHKAIIHUH,
37eMeHTHasi 6a3a KBAaHTOBOM IIAMSTH, KBAaHTOBBIE
CEeHCOpBI), HOBBIX OIITHYECKUX M OIITO3/IeKTPOHHBIX
YCTPOMCTB (HeNTHHeMNHble OITHUecKHe ITpeobpa3oBa-
TeJlH, IlepeK/ovYaTell, KOHBEPTOPhI, HeTeKTOPHI),
B TOM 4YHC/Ie B OYyPHO Pa3BUBAIOMIMXCS TEXHOIOTHSIX
uHTerpanpHou (on-chip) omtuku. MHoroobermaro-
IIMM I[IPe[CTaB/IseTCs HCIIojib30BaHKe KT B KavuecTBe
HAaHOMapKepoB IIPH pelleHHUH HIKMPOKOro Kpyra 3ajau
6rodpoToHUKH (PayopeclieHTHAss HAHOCKOIHUS, IIPO-
TOYHasl IIUTOMETPHSI, TePaHOCTHKA, ITPHPOJOIOH06-
Hble TeXHOJIOTHH). PellleHHe MHOTMX HPHUK/IaJHBIX
3a7ja4 CBSI3aHO C [IOMCKOM HOBBIX MaTePHAJIOB U MeTO-
OB CHHTe3a Ojid ITpor3BoACTBa KT ¥ HaHOKOMIIO3M-
TOB Ha UX OCHOBe (TOHKHUX IIJIEHOK, HM30JIMPOBaHHBIX
KT ¥ UX yHOpsSIOYeHHBIX aHcaMbiel, rHOpHUIHBIX
CTPYKTYp KM MeTaMaTepHasoB), B TOM YHC/Ie JBYyMep-
HBIX HAHOCTPYKTYp (rpadeH U rpadeHomomobHbIe
Matepuansl), KT Ha oCHOBe yriepoja U TepMaHHS,

il 4

of non-classical light for quantum computers and
quantum telecommunications, the element base of
quantum memory, quantum sensors), new optical
and optoelectronic devices (nonlinear optical convert-
ers, switches, converters, detectors), including in
rapidly developing integrated (on-chip) optics tech-
nologies. The use of QDs as nanolabels seems promis-
ing in solving a wide range of biophotonics problems
(fluorescent nanoscopy, flow cytometry, theranos-
tics, nature-like technologies). The solution of many
applied problems is associated with the search for
new materials and synthesis methods for the pro-
duction of QDs and nanocomposites based on them
(thin films, isolated QDs and their ordered ensem-
bles, hybrid structures and metamaterials), includ-
ing two-dimensional nanostructures (graphene and
graphene-like materials), QDs based on carbon and
germanium, diamond QDs with impurity color cen-
ters, nanoparticles from materials with a perovskite
structure, QDs with complex geometry and morphol-
ogy (multilayer heterostructural particles, tetrapods,
nanorods and nanoplates).
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