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CTaTbs NpoAo/KaeT 0630p UCTOYHUKOB OANHOUHbIX
¢$OTOHOB, B KOTOPOM paccMaTpuBatloTcs
pasnnyHble cnocobbl co3AaHMSA 0AHOPOTOHHBIX
McTouHMKOoB (MO®). PaHee B NepBoii YacTn

0630pa (Photonics Russia. 2024; 18(5): 376-396)
o6cyxaanncb Tpe6oBaHNSA K 0[HOPOTOHHbIM
MCTOYHUKAM U KpUTEPUM MUX XapaKTepusauum,
ONUCbIBA/INCb UCTOYHUKUN OJMHOYHbBIX GOTOHOB Ha
OCHOBE OAUHOYHbIX MOHOB U HA OCHOBE OANHOUHbIX
aTomoB. MO® Ha KBAHTOBbIX TOYKAX U Ha LLEeHTpax
OKpacKu B Kpuctannax 6bi/iv pacCMOTpeHbI

BO BTOpoO#4 YacTn 0630pa (Photonics Russia. 2024,
18(8): 610-620). B TpeTbelt HacT! pacCMOTPEHbI
0AHO(MOTOHHbIE UCTOYHUKWN Ha YrnepoaHbIX
HaHOTpy6Kax u aedekTax B HUX (MHXeHepus
AedeKToB B HAHOTPY6Kax), HA HAHOKPUCTa/IAX

M CIOUCTbIX HAHOKpUCTaNIAX.

KntouyeBble C/I0BA: KBAHTOBbIE TOYKN, YTNEPOAHbIE
HaHOTPY6KM, MHXeHepus fedeKTOoB B HAHOTpy6KaXx,
MNHLEKCbI XMPaNbHOCTM, HAHOKPUCTANbI,
HU3KOPa3MepPHbIe HAHOCTPYKTYPbI

Cratbs noctynunna: 01.08.2024
CraTtbs npuHATa: 16.08.2024

YITNEPOAHbIE HAHOTPYBKMU (YHT)

YriepopHble HAaHOTPYOKM MOTYT CIy>KHTh HCTOYHH-
KaMH OIMHOYHBIX GoTOHOB [140]. YriepogHble HaHO-
TPYOKM IIPeICTaBISAIOT COOOM OAMH KM HECKOJIBKO
cnoeB rpadeHa, CBEPHYTHIX B LMIMHApP. [IpH Kaxy-
IEHCsl UX IIPOCTOTe HAHOTPYOKH - 3TO Lie/bIM KIacc
Pa3IMYHBIX HAHOOOBEKTOB C CaMBIMH Ppa3Hoobpas-
HBIMH CBOMCTBaMH. B CHIIy CBOero yHHMKaIbHOIO CTPO-
€HHS OHHM OJHOBPeMeHHO [JeMOHCTPHPYIOT CBOMCTBA
M OHOMEPHBIX, U JBYMEPHBIX, U TPeXMEPHBIX MaTe-
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The article continues the review of single photon
sources while considering various methods for
the single photon sources (SPS) development.
Earlier, the first part of the review (Photonics
Russia. 2024; 18(5): 376-396) discussed the
requirements for single-photon sources and
their characterization criteria, described the
single-ion and single-atom-based single-photon
sources. The SPSs based on the quantum dots
and color centers in the crystals were considered
in the second part of the review (Photonics
Russia. 2024; 18(8): 610-620). The third part
considers the single-photon sources based on
the carbon nanotubes and their defects (defect
engineering in the nanotubes), on nanocrystals
and layered nanocrystals.
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CARBON NANOTUBES (CNT)

Carbon nanotubes can be used as the single photon
sources [140]. The carbon nanotubes are one or more
layers of graphene rolled into a cylinder. Despite
their apparent simplicity, the nanotubes represent
an entire class of various nanoobjects with a wide
variety of properties. Due to their unique structure,
they simultaneously demonstrate the properties
of one-dimensional, two-dimensional, and three-
dimensional materials. For example, carbon nano-
tubes have demonstrated superconductivity and the
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puasioB. Hampumep, B yIJIepOAHBIX HAHOTPybKax IIpo-
IeMOHCTPUPOBAaHBl CBEPXIPOBOAUMOCTD M MeMpH-
CTOpHBIN 3ddeKT. HecMOTps Ha TO, YTO HAHOTPYOKHU
OBUIM TeOpeTHYeCKH IpefCcKa3aHbl U HabMIomamuch
3KCIIePUMEHTA/IBHO JOCTAaTOYHO AABHO, Pa3Hoobpasue
HAaHOTPYOOK BCEBO3MOKHBIX I'eOMeTpPUM K MOAUU-
KallUK MPOAO/KAET IIPUYMHOXATbCsl. MX CBOMCTBA
M3y4aloTCs 10 CHX IIOpP U Ha 3TOM ITyTH OTKPBIBAIOTCS
BCe HOBbIe FTOPH30HTHI.

YrneponHble HaHOTPYOKHM MOTYT OBITH OJHOCTEH-
HBIMH HJIHM MHOTOCTEHHBIMHU, OTKPBITBIMH HJIM 3aKpbI-
TBIMM, HX AHAMETp U [UIMHA MOTYT BapbHPOBAThCS
B IIMPOKUX Ipefienax (puc. 13). [luameTp HaHOTPYOOK
MOMKeT COCTaB/ISITb OT OFHOIO IO HEeCKOTBbKHX HecsT-
KOB HAaHOMETPOB, a [UIMHA JOCTHUraeT HeCKOJIbKHX
MMKPOH.

OnHOCTeHHbIe HAaHOTPYOKHM 067aJaloT TaKUM IIapa-
MeTPOM, KaK «XHUPaIbHOCTH» (pUC. 14), YTO MOXKHO
YIIPOILEHHO ITPeACTaBUTh KaK Yroyl II0 OTHOLIEHHIO
K KPUCTa/I7I0rpadryuecKUM OCSIM, IIOf, KOTOPBIM «BbIpe-
3aH» M3 IUIOCKOCTH Y4YaCTOK rpadeHa, U3 KOTOPOTo
«CBEpPHYTa» B LWJIMHJP AAHHAs HaHOTpPybKa. B obmem
Cydae HAHOTPYOKH, TaK >Ke KaK KU OSHOCIOMHBIN
rpadeH, OeMOHCTPUPYIOT META/UIMYECKHUM XapaKTep
IIPOBOAUMOCTH. OBHAKO ONHOCTEHHBIe HaHOTPYOKHU
C Ompefle/IeHHBIMU HHAEKCAMH XHUPaJbHOCTH JI€MOH-
CTPUPYIOT IOYIIPOBOSHKKOBbIE CBOMCTBA.

15 omHODOTOHHBIX HCTOYHHKOB MCIIOIB3YIOTCS
HMMEeHHO O/IHOCTEHHBbIe I10TyIIPOBOJHHUKOBBIE YITIePOJ-
Hble HAaHOTPYOKM. B TaKMX HaHOTpybKax IIpHU BO3-
IeNCTBUH BHEIIHEro U3j1yuyeHus WIH 31eKTPUUecKoro
TOKA IPOHUCXOAUT 0Opa3soBaHHe 3KCUTOHOB. IKC-
HUTOH - 3TO He3apsDKeHHasi BOJOPOAOIIONob6Hast KBa-
3UYaCTHIA, COCTOSIAS M3 CBS3aHHBIX MeXAy Cobom
37IeKTPOHA M ABIPKU. DKCHUTOHBI B IOJYIIPOBOAHU-
KOBBIX YIJIEPOJHBIX HAHOTPYOKax PeKOMOHHHUPYIOT

g

memristor effect. Despite the fact that nanotubes
have been theoretically predicted and observed experi-
mentally quite a long time ago, the diversity of nano-
tubes with various geometries and modifications con-
tinues to expand. Their properties are still being

Puc. 13. Cxemamuueckue mooeau 00HOCMEeHHbIX

U MHO20CMEHHbIX Y2AepodHbIX HAHOMpY6oK [141]

Fig. 13. Schematic models of single-walled and multi-walled
carbon nanotubes [141]
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Puc. 14. HaHompy6Ku ¢ pasHoli xupanbHocmbio [142, 143]
Fig. 14. Nanotubes with various chirality [142, 143]
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C ucmyckaHueM ¢oToHa. Takum obpasom, IIOIy-
IIPOBOAHUKOBbIE HAHOTPYOKM I10[ BO3ZEHCTBHEM
ONTHUYECKOTO HJIM 3IeKTPUYECKOT0 BO30OYKmeHHUs
M37y4ai0T POTOHBI B BUIUMOM U MHOPAKPACHOM [JHa-
nasoHe [144], T.e. 1eMOHCTPUPYIOT POTONIOMHUHHUCLIEH-
LIUIO U 371eKTPOTIOMHUHHUCLIEHLIHIO.

UTo6bl CO3[aTh MCTOYHUK ONMHOYHBIX (POTOHOB,
HeoOX0IMMO BHEAPHTH B IIOJYIIPOBOJHUKOBYIO OIHO-
CTeHHYI0 HAaHOTPYOKy CIIeLMaJbHBIN JAedeKkT, KOTO-
PBIF 6ymeT criocobcTBOBATh peKOMOMHAIIMK 3KCUTOHA
BOJIM3H 3TOro fepekTa. [Ipu 3TOM, eIk pa3Mepsl SKCH-
TOHA U INaMeTp HAaHOTPYOKHU COIIOCTAaBUMEBI, TO BOIH3U
nedexra (B 067acTH BBIHYKOEHHON peKOMOMHAIHHN)
32 OOUH pa3 PeKOMOMHUPYET POBHO OOUH 3KCHUTOH
M H3y49aeT POBHO OOWH QOTOH. BpeMs SKHM3HH 3KC-
HMTOHA Ha 6e3medeKTHBIX y4acTKaX HAaHOTPYOKHM 3Ha-
YHTE/IBPHO BBIIIE, U BEPOSITHOCTb CIIOHTAHHOH PEKOM-
OMHAIIMY 3HAUHUTEeIbHO MeHbIle. JIpyroi crocob - 3To
0OyCTPOMCTBO B HAHOTPYOKe 3KCHUTOHHOM JIOBYILIKH,
YIOOUB B KOTOPYIO, SKCUTOH JIOKQJIU3YeTCs, I10CIIe YEero
€My OCTaeTCsI TOTIBKO 61arornoay4Ho peKOMOHHPOBATh
I10 OKOHYAHHU CBOEI0 BpeMeHHU JKU3HH.

Kpome TOro, 3KCHTOHBI B HaHOTPyOKax, ITOZOOHO
aToMaM ra3oB, MOTYT CBSI3BIBATBCS IO JIBa M 06paso-
BBIBATh SKCUTOHHYIO MOJIEKYTy, KOTOpas TOXKe IpH
peKOMOMHALIMKU H31y4daeT ofuH GoToH. TakKe 6GbUIa
IIPOIeMOHCTPUPOBAHA PeKOMOMHAIMS C HCIyCKa-
HHUeM OfMHOYHOro GpOoTOHA IPU AaHHUTHISLIUU JIBYX
3KCHUTOHOB, [BIDKYLIUXCS II0 HAaHOTPyOKe HaBCTpedy
opyr mpyry [145], u aHHUrMISUUs (peKoMOHWHAIIKS)
3KCHTOHA Ha HY/IbMEPHOM COCTO-

SHUH B HAaHOTpYyOKe [146] (puc. 15).
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studied, and new horizons are opening up along this
path.

The carbon nanotubes can be single-walled or multi-
walled, open or closed, their diameter and length can
vary widely (Fig. 13). The diameter of nanotubes can
be from one to several tens of nanometers, and their
length reaches several microns.

The single-walled carbon nanotubes (SWCNT) have
such a parameter as chirality (Fig. 14) that can be
simply represented as an angle relative to the crystal-
lographic axes, at which a section of graphene is “cut”
from the plane. This nanotube is rolled into a cylinder
from such section. In general, the nanotubes, like
single-layer graphene, show metallic conductivity.
However, the single-walled nanotubes with the cer-
tain chirality indices demonstrate the semiconduct-
ing properties.

For the single-photon sources, the single-walled
semiconductor carbon nanotubes are applied. In such
nanotubes, the excitons are formed when exposed to
the external radiation or electric current. An exciton
is an uncharged hydrogen-like quasiparticle consist-
ing of an electron and a hole bound together. The
excitons in the semiconductor carbon nanotubes
are recombined with the photon emission, thus,
the semiconductor nanotubes under the influence
of optical or electrical excitation emit photons in
the visible and infrared ranges [144], i.e. they show
the photoluminescence and electroluminescence
properties.

B KauecTBe OITHYECKH AKTHB-
Horo nedeKra, IPHUHYKIAIOLIET0
SKCUTOHBI K PeKOMOHHAILIMH, MOTYT
BBICTYIIaTh CaMble Pa3THYHBIE 00B-
eKThl. M306peTeHHe TaKHUX OOBEK-
TOB M M3TOTOBJIEHHE HAHOTPYOOK,
ComepsKalllUX 3TH OOBEKTHI, Jake
IIOJIYYH/IO CIIelIMaJbHOe Ha3Ba-
Hue - Defect engineering of carbon
nanotubes - pa3spaboTka fgedeKToB
YIJIePOIHBIX HAaHOTPYOOK [147].

JlebekTsl B CTPOEHHH yIJIe-
POOHBIX HAHOTPYOOK HensaTcsi Ha
HeCKOJIBKO KaTerOPHH: TOII0JIO-
rudyeckue pgedexTsl, OedeKThl,
CBSI3aHHBIe C perubpuausanuen
aToMa yIJepofa, U AedeKThl HeHa-
CHIILEHHBIX (000PBAaHHBIX) CBSI3€H.

Tomonoruveckye nedeKkTbl KpH-
CT/TUYECKON CTPYKTYphI OBIBAIOT
Ype3BBHIYAHHO  Pa3HOOOpa3HHI.

Puc. 15. PekombuHauus 3KCUMOHA HA HYAbMEPHOM COCMOSIHUU U pekombuHayusl
BBYX 3KCUMOHO8 C LU3Ay4eHUem 00UHO4HO20 pomoHa [145, 146]
Fig. 15. Recombination of an exciton at a zero-dimentional state and recombina-
tion of two excitons with the single photon emission [145, 146]

b)
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Hanpumep, obpasoBaHHe MSTHUYTONbHUKA U CEMUY-
FOJIbHHKA B FeKCaroHaIbHOM CTPYKTYpe (nedekT CTOyHa-
Yarica); «IOKTeBble» JedeKTbl, KOTOpble IIPHUBOAST
K U3ruby HaHOTPyO6KH (HarpuMep, obpas3oBaHUe IIapsl
CeMHYTOIBHUK-TISTUYTOIBHUK Ha Pa3HBIX CTOPOHAX
HaHOTPYOKM HAIIPOTHB JPYT APYra); KOJIbLEBOM COBHU-
TOBBIM fedeKT, ON0OHBII TUCIOKALIUK B TPEXMEPHBIX
KPUCTA/UIAX, CBEPHYTON B KonbLo (bambyKoromobHas
IlepeMBIYKa), UK Cy>KeHHe HaHOTpy6ku (puc. 16).
BecbMa Momy/ISpHBEIM 1S M3BIeYeHHS OJHMHOUYHBIX
$OTOHOB M3 OJHOCTEHHBIX HAaHOTPYOOK SIBIISETCSI KPH-
CTA/UTHYEeCKUH fedeKT, CBSI3aHHBIN ¢ rTHOpuAn3anuen
37IEKTPOHHBIX 06071049€eK yrinepoga [151, 152]. [leno B ToM,
YTO 3/IeKTPOHHBIE OPOMTAIM YIIepoAa MOIYT T'Hbpu-
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THOPHUOHBIX OpOUTaAIN OpoOHUuTaINn

P — (il - O Bes) o) depexm» [149], 6ambykonodobHble cmpykmypbi [150]

Four hybrid Three hybrid Two hybrid Fig. 16. Stone-Wales defect [148] and elbow defect [149];
orbitals orbitals orbitals

: : bamboo-like structures [150]
(+1 p-orbital) (+2 p-orbital)

R To develop a single photon source, it is necessary

to introduce a special defect into the semiconduc-
tor single-walled nanotube that will promote the
2 e exciton recombination near this defect. In this
case, if the exciton size and the nanotube diameter

'% are comparable, then near the defect (in the area

of stimulated recombination) there is recombina-
tion of exactly one exciton and emission of exactly

sp? sp

Terpasapuyeckuii TPUCOHANEHELE e — one photon. The exciton lifetime in the defect-free
YIIIEpOx yrIepon yIepon areas of a nanotube is significantly higher, and the
Tetrahedral Carbon Trigonal Carbon Linear Carbon

spontaneous recombination probability is signifi-
cantly lower. Another way is to arrange an exciton

Puc. 17. Tubpudu3ayus 31ekmpoHHbIX op6umaneti trap in a nanotube. Having fallen into such a trap,

yenepoda [150] the exciton becomes localized, after which it only

Fig. 17. Hybridization of atomic orbitals of carbon [150] has to be successfully recombined at the end of its
lifetime.
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OU3UPOBAThCS PasHBIMHU criocobamu (puc. 17). Yua-
CTByIOIIe B IIPaBH/IBHOL TeKCarOHA/IBHOM pelleTKe
rpadeHa aTOMBI YIJIepOfia MMEIOT Sp>THOPUIH3AIIHIO,
HO C IIOMOINBIO CIIeIMajIbHBIX XMMHUYECKHX peak-
LIMA MOKHO INPHUCOeAHUHHUTHCSI K OTHEIBHOMY aTOMY
B KPUCTA//IMYECKOM PpellleTKe, M TOrAa rubpuausa-
LIKs OT[Ee/IPHOTO aTOMa B pellleTKe M3MeHUTCS Ha Sp’.
B TakoM ciydae sp>-TUOPHUIKM3HPOBAHHBIN aTOM YIJe-
poma 6ymeT co3maBaTh HEOMHOPOMHOCTH B HIeEalbHOM
pellleTKe K3 Sp> aTOMOB, M CTEXHOMETPHYECKH IIpa-
BUJIBHASI HAHOTpYbKa OymeT HMMeTb HEOJHOPOLHOCTh
B pacIIpefie/leHUH 37IeKTPOHHO IIJIOTHOCTH.

Jpyrou Kknacc gedpekToB: NedeKThl HeHacChIIeH-
HbIX (0bOpBaHHBIX) cBsizell (puc. 18). Takue medeKTHI
B DOJIBIIIOM KOJIMUECTBe 0OPa3yIOTCs IIPH TEPMHIECKOM
06paboTke HAHOTPYOOK IIPH BBICOKUX TeMIIEpPATypax.
Hamprimep, Ha puc. 18 moxa3aHbel HEKOTOPhIE MIHPO-
MUTHYeckue AedeKThl IIPU OTXKUTe HaHOTPYyboK Ha
BO3ayxe IIpH TemIepaTtype 600-700°. Hapsany ¢ asoTom
1 KUC/IOPOJOM HAHOTPYOKH MOTYT OBbITH JIeTHPOBaHBI
¢dTopom.

Ba>kHBIM Ka4yecTBOM HKMCTOYHHMKOB OLMHOYHBIX
$OTOHOB Ha OCHOBE YIJIEPOAHBIX HAHOTPYOOK SIBIIS-
€TCS BO3MOKHOCTh OZHOQOTOHHOIO H3/yYeHMsS IIPHU
KOMHATHOM TeMIlepaType [153-157]. TaxoKke MHTepecHO,
YTO YacTOTa M3/yYeHHUS 3aBHCUT OT AHaMeTpa HaHO-
TPYOKH, UTO JaeT BO3MOXKHOCTb «HACTPOMKM» YACTOTBI
HMCTOYHMKA B LIKPOKOM AHAIIA30He.

Ilepe4HCIeHHBIMH BO3MOKHOCTSIMH [e/I0 IATIeKO
He HcYyeplbiBaeTcsi. Tak HasplBaeMble MeTOAbl PyHK-
LIMOHAJIM3Aal[M HaHOTPYOOK IT03BOJISIOT CO3[aBaTh
XUMHYeCKHM MOAUQUIIMPOBAHHBIE HAHOTPYOKH MHO-
>KeCTBOM Pa3/lM4YHBIX CI10coboB. HaHOTPYOKH MOTYT
OBITH JIETMPOBAHBI IIPUMECHBIMU aToMaMH. K BHeI-
Hell TIOBePXHOCTH HAaHOTPYOOK MOTYT OBITh ITPHCOEIH-
HeHBbI JOIO/IHUTE/IbHbIe aTOMbl M paZiiKajibl. BHyTpU
HAHOTPY6OK MOTYT COAEepPsKaThCs LIeIIOYKH OIUHOYHBIX
aTOMOB WJ/IM OpraHH4YecKHe MOJIeKy/bl. B HacTosIlee
BpeMsI aKTHBHO H3y4aloTcsl IUIOoAb! (peapod) — HaAHO-
Tpyb6KH, HapapUIMpoBaHHBIE y/IepeHaMHU, KaK CTpy-
YOK ropoxa. HaHOTPYOKHU pa3HBIX JUAMeTPOB U XHUPAJIb-
HOCTel MOT'YT CIIMBATbCS JPYT C IPYroM II0[ pa3sHbBIMHU
yIJIaMu (HampuMep, IOYIIPOBOAHUKOBBIE M MeTall-
MuYecKre HAHOTPYOKH). OHM MOIYT BCSUYeCKH Ppas-
BETBJATECS (HAaHOTPYOKH Y- Tuma, H-Tuna u X-Tuna)
WM CBOPAaYMBAThCS B TOp. HaHOTPYOKH MOIYT HeKO-
pupoBaThcsl dynIepeHaMHU IOOOHO TallaM Opexo-
BBIX JIHUCTBeB. B KauecTBe KOHTAaKTOB K HAHOTpybke
MOT'YT KCIIOJb30BAThCS CHMHTE3MPOBAHHBIE C Peryisap-
HBIM IOPSIIKOM HYKIeoTH0B HUTHU JHK (monunykie-
OTH/IbI), 06epHYThEIe BOKPYT HAHOTPYOKHU.

B moBepieHHe KO BCeMy, HAaHOTPYOKH MOTYT OBITh
He TOJIBKO YIJIEPOAHBIMH. Y>Ke MOTydeHbl HAHOTPYOKH

32 ®OTOHUKA TOM 19 Ne1 2025

Puc. 18. lepekmbl HeHacblLeHHbIX (060p8aHHbIx) cas3ell.
PasnuyHbie KoH$uU2ypauuu coeduHeHuUst azoma c y2Aepooom
8 pewemke zpageHa (cepble Kpy>KKU — amombl y2nepodd;
CUHUE — a3zoma; KpacHele — KucAopoda; benvle — 8000-

poda (ucmo4Huk: PyczpageH, rusgraphen.ru)

Fig. 18. Defects of unsaturated (dangling) bonds. Vari-

ous configurations of nitrogen-carbon compounds in the
graphene lattice (gray circles - carbon atoms; blue circles -
nitrogen atoms; red circles — oxygen atoms; white circles -
hydrogen atoms (source: Rusgraphen, rusgraphen.ru)

In addition, the excitons in nanotubes (similar
to the incident reactants), can bind in pairs and
generate an exciton molecule that also emits one
photon upon recombination. Recombination with
a single photon emission during the annihilation of
two excitons moving along a nanotube towards each
other [145] and an exciton annihilation (recombina-
tion) at a zero-dimentional state in a nanotube [146]
(Fig. 15) have also been demonstrated.

A wide variety of items can be applied as the opti-
cally active defects that force the excitons to recom-
bine. The invention of such items and production of
nanotubes containing these items have even received
a special name: defect engineering of carbon nano-
tubes [147].

Defects in the carbon nanotube structure are
divided into several categories: topological defects;
defects related to the carbon atom rehybridization;
and defects of unsaturated (dangling) bonds.

The topological defects of the crystal structure
can be extremely diverse, for example, formation
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u3 HUTpUga bopa, kapbuzma b6opa, Kapbuma KpeMHUS
M HUTPUJIA YITIepofad; M3 OKCHIOB M JUXaJIbKOTeHH-
TOB II€PeXOJHBIX META/JIOB; U3 OKCHAA LIMHKA, KOTO-
PBIF SIBJISIETCS XOPOIIHM IThe303JIEKTPHKOM, a TakoKe
MHOTOC/IONHBIE yIJIepOAHble HAHOTPYOKH, IIOKPHI-
Thle OKCHAOM IIMHKAa; HUTPUIA M CeleHHIa Trai-
nust; pucynpduaa MonubaeHa M Boabppama. Tarke
CyIIeCTBYeT ITPUHII-TEXHOJOTHS IJIS CBOPAYKBAHHS
B TpybOKy HampsDKeHHBIX SIHUTAKCHAIBHBIX TeTepo-
CTPyKTYyp, Hampumep, AlCaAs/CaAs, GaAs/InCaAs,
Si/SiCe (HasBaHa MO0 GaMHUIHMKU POCCHMCKOIO y4eHOIo
B.d.IlpuHIa).

Bce 3TH MeTOABI ITO3BOJISIIOT IIO/Iy4aTh HOBBIE 00D~
eKTbl ¥ MaTepHUa/Ibl C HOBBIMH H IIOKa elle SKCIIepH-
MEHTATBHO He H3y4YeHHBIMU CBOMCTBAMH, H K HHUM
IIPUMEHHUMBl aHAJIOTHYHble ITPUHLIMIIEL KOHCTPYHPO-
BaHUSI OIHOQOTOHHBIX MCTOYHHUKOB.

HAHOKPUCTAJJ1bI,

HN3KOPA3MEPHbLIE HAHOCTPYKTYPbI
Pa3MuHble HAaHOCTPYKTYPbl U HAaHOOOBEKThI OYeHb I1ep-
CIIeKTHBHBI [I/IS1 UCTI0/Ib30BAHUS B KauecTBe OMHO(POTOH-
HOT'O MCTOYHMKA, T.K. IIPH Ilepexofe K HaHOopa3Mepam
B HH3KOpPa3sMePHOM CTPyKType (OBYMepPHOL HIH OLHO-
MEepHOH, H/IH [ja’ke HYJIbMEepPHOL), TaK ke, KaK U B KBaH-
TOBOM TO4YKe, BOSHHKAIOT YPOBHH Pa3MepHOr0 KBaHTO-
BaHHUSI, KOTOPHIMH MOYKHO YIIPaBJISITh K KOTOPbIe MOKHO
3aCTaBUTh paboTaTh B KBAHTOBOM peXHMe. B HacTos-
Iee BpeMs M300peTeHO BeIHMKOe MHOMKECTBO Pas/IHdy-
HBIX HaHOCTPYKTYP [/Is1 OPraHU3alUU OIHODOTOHHOIO
PeKHMA H3/TydeHMUs], U HeT Jaske HaJexIbl 0003peTh UX
CKOJIb OBI TO HU OBLIO [TOJTHO B >KypPHAIBHOL CTaThe.

IlpuBeseM TOJNBKO Iapy IpumeposB. Ha puc. 19
[IOKa3aH ONTHYeCKUIH Pe30HATOp B BHJE JIeTHPOBaH-
Horo 3pbueM BOJTHOBOAA C PETYISIPHOM CTPYKTYpOK
HAaHOMETPOBBIX OTBEPCTHUM. ATOMBI 5pOHsI B HUIOJIbYa-
TOM KpeMHHeBOM KPHCTaJUIe U3/1y4aloT CBeT C AJIMHOM
BOJIHBI 1536 HM, YTO COOTBETCTBYET KOPOTKOMY Kpalo
cTaHgapTHoro C-AMaIa3’oHa B TeIeKOMMYHHKALIHOH-
HeIX BOJIC.

Ha puc. 20 moxasaH HaHOIIPOBOM, M3 HUTPUAA Tajl-
JIHS C KBAHTOBOHM TOUKOHM M3 HUTPHIA MHAMS TaJUIHSL.
B TakoM HaHOIIPOBOJEe peajl30BaH OLHOPOTOHHBIN
PEeKMM H3Iy4YeHHUS C JHMHEHNHOM IojsipHU3aliiei
U 3IeKTpPHUYecKor HaKauKoH [160].

C/IOUCTbIE HAHOKPUCTAJJbI

[TonyrpOoBOOHUKOBblE HAHOKPHUCTAIBL  «sIpo-060-
nouka» (Core-shell semiconducting nanocrystals,
CSSNCs) IpeACTaBISIOT COOOM HOBBIM KJIACC MaTepH-
ajioB, KOTOpble 00/1aJal0T IPOMEeKYTOYHBIMH CBOK-
CTBAMM MEX/y CBOMCTBAMH HeOOIBIIMX OTHeTbHBIX
MOJIEKY/I K CBOMCTBAMH OOBEMHBIX KPHCTA/UIMUECKUX

g

of a pentagon and a heptagon in a hexagonal struc-
ture (Stone-Wales defect); elbow defects that lead to
the nanotube bending (for example, formation of
a heptagon-pentagon pair on various nanotube sides
opposite to each other); a ring shearing defect simi-
lar to the dislocation in three-dimensional crystals,
rolled into a ring (bamboo-like bridge); or narrowing
of the nanotube (Fig. 16).

The crystalline defect related to the hybridization
of the electron orbitals of carbon is rather popular
for extracting single photons from the single-walled
nanotubes [151, 152]. The fact is that the electron
carbon orbitals can be hybridized in different ways
(Fig. 17). The carbon atoms available in the regular
hexagonal lattice of graphene have sp?-hybridization.
However, with the help of special chemical reactions
it is possible to attach to a single atom in the crystal-
line lattice, and then the hybridization of this single
atom in the lattice will be changed to sp’. In this case,
the sp3-hybridized carbon atom will develop a non-
uniformity in the ideal lattice of sp? atoms. Therefore,
a stoichiometrically regular nanotube will have a non-
uniformity in the electron density distribution.

Puc. 19. Onmuueckuli pe3oHamop 0As KBAHMOo8bIX cemell Ha
OCHO8€e KpeMHUSI, Ne2UpOBAHHO20 amomMamu 3pbusi: Mecmo
3epKkan 8 pe3oHamope UcnoAb3yemcs pe2yasipHas cmpykmypa
omeepcmull HAHOMEMPpPOB020 pasmepa 8 KpUCMAaAU4eckom
KpemHUU; amombl 3pbusi, NOMeLeHHble 8 KpeMHUEesbil
KpUCcmana, uzAy4arom Ha dAuHe 80AHbI 1536 HM (C nomowybto
Maxux pe3oHamopos MOXKHO 2eHepupo8amb 00UHOYHbIe
¢omoHbl ¢ 3adaHHbiMU ceolicmaamu) [158, 159]

Fig. 19. Optical resonator cavity for quantum networks
based on silicon doped with the erbium atoms: instead of the
mirrors, the resonator uses a reqular structure of nanometer-
sized holes in the crystalline silicon; the erbium atoms placed
in the silicon crystal emit at a wavelength of 1536 nm (using
such resonators, it is possible to generate single photons
with the specified properties) [158, 159]
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Puc. 20. O0HOGOMOHHBIU U3ny4amenn ¢ AUHelHOU NoAsl-
pu3savuel u 3nekmpu4eckol HaKa4ykol — HAHONPo8ood

U3 HUMpUAa 2anausl ¢ KBAHMOBOU MoYKol U3 HUmMpuda
uHous-2anaus [160]

Fig. 20. Single-photon emitter with the linear polarization
and electrical pumping — a gallium nitride nanowire with
indium gallium nitride quantum dot [160]

IIOJTyIIPOBOJHUKOB., DTH HAHOKPHUCTA/UIBI COCTOSIT H3
I10JTyITPOBOAHUKOBOTO SIIpa — KBAHTOBOK TOYKHU — U 060-
JIOYKH U3 OTJTBHOTO II0JTITPOBOAHUKOBOIO MaTepHasa.
sIapo 1 060710uKa 0OBITHO COCTOSIT U3 TI0JIYITPOBOAHUKOB
TUI0B II-VI, IV-VI u IlI-V ¢ TaKUMU KOHOUTYPALIUAIMHU,
Kak CdS/ZnS, CdSe/ZnS, CdSe/CdS u InAs/CdSe (Tunuy-
Hoe obo3HaueHme: core/shell) [161, 162]. Opranuyecku
IIaCCUBUPOBAHHBIE KBAHTOBbIe TOUYKH MMEIOT HU3KHI
KBAaHTOBBIF BBIXOJ (IyOpecLieHIIMH M3-3a CBSI3aHHBIX
C IIOBEPXHOCTBIO JIOBYIIEK [163]. CSSNC pelIaroT 3Ty IIpo-
6y1eMy, IIOCKOTBKY 0DOJIOUKA yBeTHYHBAET KBAHTOBBIE
BBIXOZ 32 CYeT IaCCHBALIUM I1OBEPXHOCTHBIX COCTOS-

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
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Another class of defects includes the defects of
unsaturated (dangling) bonds (Fig. 18). Such defects
are formed in the large quantities during thermal
treatment of the nanotubes at high temperatures. For
example, Fig. 18 shows some pyrolytic defects dur-
ing the nanotube annealing process in air at a tem-
perature of 600-700 degrees. Along with nitrogen and
oxygen, the nanotubes can be doped with fluorine.

An important quality of single-photon sources
based on the carbon nanotubes is the possible single-
photon emission at a room temperature [153-157]. It is
also interesting that the emission frequency depends
on the nanotube diameter that makes it possible to
set the source frequency in a wide range of values.

The possibilities listed above are far from exhaus-
tive. The so-called nanotube functionalization meth-
ods allow the development of chemically modified
nanotubes in a variety of ways. The nanotubes can
be doped with the impurity atoms. Additional atoms
and radicals can be attached to the outer surface of
nanotubes. The inner part of the nanotubes can con-
tain the chains of single atoms or organic molecules.
The peapods, namely the nanotubes stuffed with the
fullerenes like a pea pod, are currently being actively
studied. The nanotubes of various diameters and
chiralities can be cross-linked to each other at differ-
ent angles (for example, semiconductor and metallic
nanotubes). They can be branched out in all sorts of
ways (the Y-type, H-type and X-type nanotubes) or
rolled into a torus. The nanotubes can be decorated
with fullerenes like the nut leaf galls. The DNA
strands (polynucleotides) synthesized with a regular
order of nucleotides and wrapped around the nano-
tube can be used as the contacts for the nanotube.

Finally, the nanotubes may not only be the carbon
ones. The nanotubes made of boron nitride, boron car-
bide, silicon carbide, and carbon nitride; of transition
metal oxides and dichalcogenides; of zinc oxide that

. Hg(OAC), OLA 0 (NH,),S-OLA _CALD[S]
RT | Hg(OAC),-OLA, RT C-ALD [Cd], RT
CdSe/s*
core CdSe/1HgS CdSe/(m+1)HgS

Puc. 21. KeaHmosble moyku npedcmasasitom coboli 19po u3 ceneHudd kaomusi, Npocaoliky u3 cyAbduda pmymu 8 060A04Ke

u3 cyabguda kaomus: CdSe/HgS/ CdS [165]

Fig. 21. Quantum dots with a core of cadmium selenide, an interlayer of mercury sulfi de in the shell of cadmium sulfide:

CdSe/HgS/CdS [165]

Continuous

Annealmg m]ectlon [cd, s]
T=200°C T=220°C
CdSe/(m+1)HgS/2CdS CdSe/(m+1)HgS/nCdS
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Hu [163]. KpoMme Toro, obonouxa obecrieurBaeT 3alIUTy
OT H3MeHeHHM OKpYysKaloller cpefbl, GOTOOKUCIH-
TeJIbHOM Jlerpajlaliii U obecriedrBaeT ellle OfUH IIyTh
MonynbHOCTH (163, 164]. To4HBIM KOHTPOIb pasmMepa,
bOpMBI M cOCTaBa Kak SIpa, Tak U 060I0UKHU [103BONISIET
HaCcTpauBaTh [UIMHY BOJIHBI U3JIy4eHUs B Oojlee IIKpPO-
KOM [Halla3oHe IJIMH BOJIH, YeM B ClIydae C JII0ObIM
OT/Je/IbHBIM I10/TyITIPOBOHUKOM.

OdeHb NpHUBIeKaTelbHA OTHOCHTEbHASI MPOCTOTA
IOyYeHUs HaHOKPHCTA/ZIOB CSSNC 4YHCTO XMMUYe-
CKMMH METOAAMH B KOJ/UIOHMIHBIX PacTBOpax 6e3 mpu-
MeHEeHHS IOPOrOCTOSLINX MHUKPOIEKTPOHHBIX TEXHO-
JIOTHYeCKUX YCTAaHOBOK. Ellle ofHa HMHTepecHeMINas
BO3MOXKHOCTb 3aKJII0YaeTcsi B IIPOCTOTE HaHeCeHMs
HAaHOKPHCTA/IZIOB Ha IIOATOTOBJIEHHYIO I1OBEPXHOCTh
MMKpPOUHIIA B BHJE CYCIIeH3UH U CII0COOHOCTH KOJI-
JIOUJHBIX HAHOKPHUCTA/JIOB CaMOOPIaHH30BBIBATHCS
B MOHOCJIOH.

Bonee TOHKHe BO3MOKHOCTH YIIpaB/IeHHS CTabMIIb-
HOCTBIO M YaCTOTOM H3y4eHHUs IIPefOCTaB/ISIOT Tpex-
CTIOMHBle HaHOKPHUCTA/UIBI, B KOTOPBIX MEXKIY SIIPOM
1 000JI0YKOM BHeCeH cIlelicepHbIN (OydepHBIN) c1oi
M3 CIeI[UaJIBHO ITofobpaHHOro MaTepuana (puc. 21).
Hampumep KBaHTOBble TOUKH IIPe[CTaBISIOT OO0
SOpO U3 CelleHHJa KafMHUs, IPOCIOHKY K3 Cyabdraa
PTyTH B 0bos104Ke U3 cynbduna kagmus: CdSe/HgS/CdS.
B Takux cHCTeMax yxe ObUIO IPOAE€MOHCTPHPOBAHO
0fHOQOTOHHOe H3/lydeHHe IIPU KOMHATHOM TeMIlepa-
Type (puc. 22) [165].

Takke HHTEpeCHBl OpraHHYecKHe COoeJUHEeHMUs
Iofo6HBIX MHOTOCTIOMHBIX HAaHOKPUCTA/JIOB U CIIe-
LIMA/IBHBIX OPraHHMYeCKUX PafiUKa/IoB, COAepP>KaIIUX
penKko3eMe/ibHBIe MOHBI. Hampumep, 6bU1 paspaboTaH
rUOPUAHBIN MaTepHasl, COCTOSIIHUM M3 TPEeXCIOMHBIX
HaHOKpHcTannoB CdSe/CdS/ZnS, oKpyskeHHBIX 060-
JIOUKOM U3 CIIeLUAIBHO I0A06PAaHHOIO KOMIUIEKCHOTO
COeIMHEHMUs PeIko3eMeJIbHOTO0 MOHA HeofMMa C Opra-
HUYeCKMMH MojleKyJaMHu. OpraHuueckas «00Bsi3Ka»
CIIY>KUAT CBOEOOPa3HBIM «aKKyMYJISITOPOM» JIJIS1 SHEPIUH
HaKa4yK{ U KaTaJM3aTOpoM Bo36ykaeHHUs sipa [166].

B npodoaskenue o063opa bydym paccmompenvt 00HopomoHHble
UCIMOHHUKU HA KOAAEKITIUBHBIX COCMOAHUAX 8 AHCAMOAEBBIX CUCITIE-
MaX, Ha 00UHOUHBIX MOABKYAAX, HA LOHAX MErAAA08 8 0AUMEPHOLL
mampuue, a MAK>Ke UCMOUHUKU HA HeAUHELHbIX KpUCMAAAaX.
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is a high-quality piezoelectric, have been obtained.
Moreover, there are the multilayer carbon nanotubes
coated with zinc oxide; gallium nitride and selenide;
molybdenum disulfide and tungsten. There is also
a Prince technology for rolling up the strained epitax-
ial heterostructures into a tube, for example, AlGaAs/
GaAs, GaAs/InGaAs, Si/SiGe (named after the Russian
scientist V.Ya. Prince).

All these methods make it possible to obtain new
items and materials with the advanced and as yet
experimentally unstudied properties. In principle,
the similar construction principles of single-photon
sources can be applicable to them.

NANOCRYSTALS, LOW DIMENSIONAL
NANOSTRUCTURES

Various nanostructures and nanoobjects are very
promising for use as a single-photon source, since
when moving to the nanoscale in a low-dimensional
structure (two-dimensional or one-dimensional, or
even zero-dimensional), as well as in the quantum
dot, the dimensional quantization levels occur that
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can be controlled and operated in a quantum mode.
At present, an enormous number of various nano-
structures have been invented for arrangement of
a single-photon emission mode. Moreover, there is
not even a hope to review them in any complete way
in an article.

Let us give a couple of examples. Fig. 19 shows an
optical resonator cavity in the form of an erbium-
doped waveguide with a regular structure of nanome-
ter holes. The erbium atoms in a needle-like silicon
crystal emit light with a wavelength of 1536 nm that
corresponds to the short edge of the standard C-band
in the fiber-optic communication.

Fig. 20 shows a gallium nitride nanowire with an
indium gallium nitride quantum dot. This nanowire
implements a single-photon emission mode with the
linear polarization and electrical pumping [160].

LAYERED NANOCRYSTALS

The core-shell semiconducting nanocrystals (CSSNCs)
represent a new class of materials that demonstrates
the properties being intermediate between those of
small individual molecules and those of bulk crys-
talline semiconductors. These nanocrystals consist of
a semiconductor core (a quantum dot) and a shell made
of a separate semiconductor material. The core and
shell are typically composed of II-VI, IV-VI, and III-V
type semiconductors with the configurations such as
CdS/znS, CdSe/ZnS, CdSe/CdS, and InAs/CdSe (typical
designation: core/shell) [161,162]. The organically pas-
sivated quantum dots have low fluorescence quantum
yields due to the surface-bound traps [163]. The CSSNCs
address this issue since the shell increases the quantum
yield by passivating the surface states [163]. Moreover,
the shell provides protection against the environmen-
tal changes, photooxidative degradation and provides
another route to modularity [163, 164]. Precise control
of the dimensions, shape, and composition of both core
and shell allows the emission wavelength to be set in
a wider range of wavelengths than is possible with any
single semiconductor.

The relative simplicity of obtaining CSSNC nano-
crystals by purely chemical methods in the colloidal
solutions, without any application of expensive micro-
electronic process units, is rather attractive. Another
interesting possibility is the simplicity of nanocrystal
application to the prepared microchip surface in the
form of a suspension, and the ability of colloidal nano-
crystals to be self-organized into a monolayer.

More subtle possibilities for controlling the radiation/
emission stability and frequency are provided by the
three-layer nanocrystals where a spacer (buffer) layer
of a specially selected material is introduced between
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KoHgepeHUMA NOCBALLeHE COBPEMeHHEIM MCCNeaoBanuam B o6na-
CTH CHCTEM OOMONHEHHOM, BUPTYaNbHOM M CMELUEHHOW peanbHo-
CTH, KOTOPLIE BKAKYEKDT OCOGSHHOCTH Pa3paboTHH M NPHMHUMNOBE
NOCTROEHMA NOROEHEIX YCTPOWCTE, NPOSKTHDOBAHME ONTHUSCKMX
MOOYNER W CHHTEZ ONTHUSCKMXY HOMMNOHEHTOB, NEPCNeKTHEHYIO
INSMEHTHYID Ba3y M TEXHONOTMYBCKME aCNeKThl WIrOTOBNEHMH,
pa3zpatoTiy AR/VR/MR-NPHMAOMHKEHMA, 3 TAKMEe ONLIT NPAaKTHUeCKo-
ro npUMMeHeHdn, shderTsl PEeanbHoro BHEAPeHMs Bblllernepaumrc-
NEHHBIX CMCTEM B PASNHYHBIX OBNACTHX M IProHOMMYECKHE OCO6aH-
HOCTI B3aMMOABRHCTEMS NONLIDBATENA C HHMMHM,

CEKUMSA CEKLMA CEKLIMSA CEKLIMSA CEKUMA
1 2 3 4 S

onTHYeCKHe KomnoHeHTHan Sa3a MPakTHYSCHoR proHoOMHUSCHHE ANroOpMTMbI
CHeMbl M 3NeMeHThI H NERCNEKTHEH blE NpHuMeHeHHE ACMEeKTE H MporpamasHoe

OnA AR/YR TEXHONOH ARIVR yCTROHCTE HCMONBI0BAHMA oEeCneyeHHe
Oucnneen AHcnneAHbX AR/VR ana ARSVR H cHcTem
1 hOTOHHBIX CHCTEM B 3 ANMIALLAM

Kpyrneli cton

AKTYANbHBbIE BONPOCH PEIpatoTHH OTEUSCTREHHLIX YCTROACTE JONONHEHHOA M CMELLAHHOR PeantHoCTH
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the core and the shell (fig. 21). For example, the quan-
tum dots represent a core made of cadmium selenide,
an interlayer of mercury sulfide in the shell of cadmium
sulfide: CdSe/HgS/CdS. The single-photon emission at
a room temperature has already been demonstrated in
such systems (Fig. 21) [165].

The organic compounds of such multilayer nano-
crystals and special organic radicals containing the
rare earth ions are also rather interesting. For exam-
ple, a hybrid material consisting of three-layer nano-
crystals CdSe/CdS/ZnS, surrounded by a shell made of
a specially selected comprehensive compound of rare
earth neodymium ion with organic molecules has been
developed. The organic strapping is used as a kind of
accumulator for pumping energy and a core excitation
catalyst [166].

In the remaining part of the review, the single-photon sources on
the collective states in the ensemble systems, on the single mol-
ecules, on the metal ions in a polymer matrix, as well as the sources
on nonlinear crystals will be considered.
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