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AHHOTAIUA

Ipeamer uccienoBanusi. ccie10BaHo BIMSIHUE BHELIHETO IEKTPUYECKOTO IOJIsl HA JIFIOMHHECLICHTHBIE XapaKTePHCTUKN
HAHOYACTHLL Cy/Ib(uia cepedpa, BHEAPEHHbIX B IUIGHKY HA OCHOBE ONTHYECKH MTACCUBHOM AUNICKTPUYECKOI MaTPHIIBL.
Metoa. MccnenoBanne JTIOMUHECIEHTHBIX XapaKTEPUCTHK BHIMOIHEHO METOJAMHU ONTUYECKON CIEKTPOCKONHUH, a
TaKKe BPEMSAPa3pPEUICHHON CIEKTPOCKONNH ¢ MPUMEHECHHEM TEXHUKH BPEMSIKOPPEIUPOBAHHOTO CUETA OJMHOYHBIX
(oToHOB. Mophonorust HaHOYACTHI] N3yUCHA MPH TIOMOIIH IPOCBEUUBAIONIEH MIEKTPOHHON MHKpOCKOHH. OCHOBHBIE
pe3yabTaThl. [Toka3aHo, 4To momMenieHre HaHOYACTHUII CyIb(hHIa cepedpa BO BHEIITHEE IEKTPHUIESCKOE MOJIC IPUBOJHUT
K YBEJIMYEHUIO MHTCHCUBHOCTH II0JIOCHI PEKOMOMHAIIOHHON JIIOMUHECIEHIINN, a TaKXKe K YCKOPEHHIO IIPOIECCOB
peaKcaryy IeKTPOHHOTO BO30YKAeHUS. DTOT Y3GPEKT MOKHO OOBSICHUTD TEM, YTO NIEKTPUUESCKOE MOJIC YBEIMYMBACT
CKOPOCTb TPAHCIIOPTa CBOOOJHBIX ABIPOK K JICKTPOHHBIM JIOBYIIKAM, KOTOPBIC UTPAIOT POJIb LIEHTPOB U3JTydaTeIbHOI
pexomOunauuu. IpakTuyeckasi 3HaunMocTh. [TokazaHo, 4To HaHOYACTHLBI Ccynbduaa cepedpa MoryT ObITh
9 (EKTUBHO MCIIOIb30BAHbI B KAYE€CTBE AKTUBHBIX CIIOEB OPraHUYECKHX CBETOM3IYYaIOIIUX AMO/OB, I7I¢ BHEIIHEES
nose nopsiaka 500 kB/cM He mpuBeaeT K yXyALICHUIO HX Pa00vnX JTIOMHHECLECHTHBIX XapaKTCPUCTHUK.
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Abstract

The effect of an external electric field on the luminescence characteristics of silver sulfide nanoparticles embedded
in a film based on an optically passive dielectric matrix has been studied. The luminescence characteristics were
studied using methods of optical and time-resolved spectroscopy involving the time-correlated single-photon counting
technique. The morphology of the nanoparticles was studied using transmission electron microscopy. It was shown that
in an external electric field, an increase in the intensity of the recombination luminescence band is observed for silver
sulfide nanoparticles, together with an increase in the electronic relaxation rate. This effect is explained by the fact
that the electric field enhances the transport of free holes to electron traps which are radiative recombination centers.
The observed effects indicate that silver sulfide nanoparticles can be effectively used as active layers of organic light-
emitting diodes, where an external field of the order of 500 kV/cm will not lead to a deterioration in their operating
luminescence characteristics.
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BBenenue

B nacTosmee BpemMs MepCreKTHBHBIMA NCTOYHIKAMHI
CBETa SABJIAIOTCS OPTAaHWYCCKUE CBETOM3ITYYAIOIINE THOIBI
[1-5]. Takue ycTpoiicTBa SKOHOMHYHBI, 00JIAIAI0T HU3KOH
ceOCCTOMMOCTBIO M MOT'YT OBITh HAHECCHBI HA THOKHE MO/~
JIOKKH. Bonpimmx YCIIEX0B B CO3ITaHNN OPraHNYCCKUX CBC-
TOAUOOOB JIOGI/IJ'II/ICI) IIpH UCTI0JIb30BAHUHN aKTUBHBIX CJIOCB
Ha OCHOBE IMOJIYIIPOBOJHHUKOBBIX HAHOKPUCTAIIOB [6].
Takue TFOMUHECIICHTHBIC MaTCPUAITBI IIO3BOJISTIOT CO3/1aTh
CBETOM3ITYYAIOIINE YCTPOMCTBA C BRICOKOW KBAHTOBOH (-
(heKTHBHOCTBIO U B MCHBIIICH CTEIICHH TTOIBEPIKEHBI JIeTpa-
JIAIIAH 110 CPABHEHUIO C OPTaHWICCKIMH JIFOMUHO(POPaMH.
OTMeTHM, 9TO IMEIOIINECS Ha CETOIHAIITHAN ICHb YCIeXH
JMOCTUTHYTHI [T BUITUMOM o0nacTy criekrpa. [Ipivenenmne
TTOIYTIPOBOJHUKOBBIX HAHOKPHUCTAJUIOB JUTSI CO3/TaHUS HH-
(pakpacHBIX CBETOJUOOB MCCIETOBAHO CYIIECTBEHHO
MCHBIIC, XOTs TAKHUC paGOTBI OKa3bIBAIOTCA aKTyaJIbHBIMU
U UMCIOT MHOXXECTBO NMPUMCHCHUHU, HapuMep B cdepe
ManMHHOTO 3penus [7]. Hanboree moaxoasummMu MaTepu-

ajyiaM¥ ISl KCIIOJIb30BaHMsI B KAYECTBE JIIOMUHECIIEHTHBIX
CJIOEB B OPraHUYECKUX CBETOAMOAAX JJIsi HH(paKpacHOi
0051acTh CHeKTpa SIBISIFOTCS. HAHOYACTHUIIBI HA OCHOBE y3-
KO30HHBIX NOJYIPOBOAHUKOB, U, B YaCTHOCTH, HA OCHOBE
KOJUTOMJHBIX ChepUueCcKUil KBAHTOBBIX TOYEK Cynbduaa
cepebpa (Ag,S) [8-11].

Co3nanue opraHuuecKuX CBETOIMO/IOB TpeOyeT BCcecTo-
POHHETO M3YYCHHUS MaTepuaja akKTUBHOTO U3TYJaroIiero
ciost. B 3TOM cityuae BayKHBI HE TOJIBKO JTFOMHUHECIICHTHBIC
CBOWCTBA, HO M MX 3aBHCUMOCTh OT BHEIIHETO 3JIEKTPH-
YECKOTO TOJIsl, BO3HUKAIONIETO B CTPYKTYPE CBETOU3IY-
yatoniero ycrpoiictsa [12, 13]. Jlnst Hanouactun Ag,S
MCCIIe/IOBAHKS 3aBUCUMOCTH JIIOMUHECIIEHTHBIX CBOMCTB OT
BHCHIHETO 3JICKTPUYCCKOIO IOJIA ABJIAOTCSA CAMHUYHBIMU U
HE TI03BOJIAIOT MOJIyYHTh MTOJIHYI0 KAPTUHY IIPOUCXOIALINX
B HAHOYACTHUIIAX [TPOIIECCOB.

B Hacrosieii paboTe Uccie0BaHO BIUSHUC BHEIITHETO
9NIEKTPUYECKOTO OIS Ha JIIOMUHECIICHTHBIE XapaKTePUCTH-
KU HaHOYAcTHI Ag,S, MOIyYEHHBIX METOIOM (POTOMH/YIIH-
POBaHHOTO CHHTE3a B STHJICHIITUKOJIC.
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CnekTpasibHble U KNHETUYECKNE CBOMCTBA KBAHTOBLIX TOYEK Cynbduraa cepebpa BO BHELLHEM 3JIEKTPUYECKOM Mosie

Texnuka IKCIIePpUMEHTA

Cunre3 HaHOYacTHIl AZ,S OBUT MPOBEAEH C TOMOIIBIO
TEXHUKA (POTOMHAYIIMPOBAHHOTO POCTA B 3TUIICHIIIUKOJIE,
oOecrieunBaroliell NaCCUBAIMIO X TIOBEPXHOCTH C MOMO-
110 2-MEPKANTOINPONINOHOBOM KHCIOTHI [ 14]. B xagecTBe
HCTOYHHKA cepedpa UCIIOIb30BaH HUTPAT cepedpa, a HCTOY-
HUKa Cepbl — 2-MEPKaITOIPOIMOHOBAsI KUCIIOTa, B3ATas
B MOJIIPHOM COOTHOILCHHH, B JIBa Pa3a MPEBBIIIAIONIM
KOJIMUECTBO HHUTpara cepedpa. CHHTE3 NMPOBEJCH B CTe-
KIITHHOW KOJIOE, TePMOCTATHPOBAHHOW IPU TEMIIepaType
25 °C u npu NOCTOSHHOM NEPEMEIINBAHNN MarHUTHON
memrankoi. B 30 M1 STHMICHITIMKOISA ITIOMENIEH 2,4 MMOIIb
HUTpaTa cepebpa, a 3aTeM nobdasieH 4,8 MMoOIb 2-Mep-
KalTOTPOTTMOHOBOM KHCIIOTHI TAK)XXE B BHIE pacTBOpa B
STHJICHIIAKOIE. POCT HAHOYACTHIT OCYIIIECTBIECH B TEMHOM
TIOMETIICHUH B TCYCHUE CYTOK. YMEHBIIICHHUE FCIICPCHH Pe-
3yJIBTHPYIOIIMX HAHOYACTHUI] 10 pa3MepaM peayn30BaHoO C
MTOMOIIIBIO (POTOJIHM3A MTPU OOTYYCHUH TIOJTYYSHHOTO PacTBO-
pa u3IyueHueM Jiazepa ¢ IJIMHOM BosHbl 405 HM U cpeHei
MortHocThio 100 MBT npy mocTostHHOM NiepeMenvBaHuH B
TedeHue cyTok. [locie nposeneHus npoueaypsl poTomsa
HAHOYACTHIIBI OBLTH BEIICP)KAaHBI B TEMHOTE B TCUCHUE TPEX
CYTOK JUTsI CTaOMITH3aIUH.

HanowacTurs! ObITH BHEAPECHBI C MIOMOIIBI0 MH(HITH-
TpaIMX TTOTYYSHHOTO PACTBOPA B ONITHYCCKH ITACCUBHYIO
TUAIIEKTPHYECKYI0 OpPTaHUYISCKYI0 MaTPHUIly Ha OCHOBE
TTOTYIPOHUIIAEMON MEMOpPaHBI U3 PETeHEPUPOBAHHON IIeIT-
JIFOJI03bI TOJIIIMHOW 5 MKM; XapaKTepHbIe pa3Mepbl Mop
MeMOpaHbI COCTABIIIN TIOPSAKA 3 HM.

KoHTpob pa3MepoB CHHTE3MPOBAHHBIX HAHOYACTHI]
MPOBEJICH C IIOMOILIBIO ITPOCBEYNBAIOIIEH JIEKTPOHHOU MU-
KpOCKOIUH ¢ ipuMeHenneM cucremsl Carl Zeiss Libra 120.

Jlist onipeniesieHust BIUSTHUSL AJICKTPHYECKOTO TOJIS Ha
JIIOMMHECIICHTHBIC CBOWCTBA HAHOYACTHIl AZ,S M3rOTOB-
JIeHa cepusi 00pa3IoB, COCTOSIIINX U3 ABYX CTEKJISTHHBIX
TTONTOKEK C HAHECEHHBIMH TIOJTYTIPO3PAYHBIMH AIIEKTPOIa-
MH Ha OCHOBE OKCHJIa HHAMS-0JI0BA, TIOKPBITHIMH TUICHKOH
MOJUCTUPOJIAa TONIIMHON 5 MKM. MexXay 3JIeKTpogaMu
TIOMEIIIEH COHBHUY U3 IJICHKH Te(IIOHA TONIIHMHON 5 MKM,
MeMOpaHbI ¢ BHEIPEHHBIMU HaHOYAcTUIAMu Ag,S, U ele
OJHOW aHAJOTMYHOU MJICHKH Teduiona. B pesynbrare 00-
pasubl UMEIOT CTPYKTYPY, COOTBETCTBYIOILIYIO MIIOCKO-
My KOHJICHCATOPY TOJIIMHOM 25 MKM, HMEIOIIEMY MOy-
MIpO3pavyHbIe 00KIAIKH, B 00BEM JUAIIEKTPUKA KOTOPOTO
MTOMEIEHBI UccienyeMble HaHoYacTUIbl. Hanpsokenue
CMEIICHUS HA MMOJyYCHHBIC KOHJCHCATOPHI IMOJJAaHO C BBI-
COKOBOJIBTHOTO MICTOYHHKA MOCTOSHHOTO HAIPSIKCHUS
Tesla TV-2, mo3Borrsttomero 3a1aBath HampspkeHne ot 0 10
1500 B. Ilpu 5TOM B 00BEME AMANIEKTPHUKA KOHIEHCATOPA
OBLTO CO3/TaHO TIOCTOSIHHOE DJIEKTpHUYecKoe moje ot 0 1o
500 xB/cM ¢ ydeToM AMANEKTPUIECKON MPOHHUIIAEMOCTH
HCIIONB3YEMBIX MAaTEepPHAIOB. YKa3aHHbIC 3HAYCHUS OIS
ABJIAIOTCA XapaKTCPHBIMU IJII OPraHNUYCCKHUX CBETOU3ITY-
YaIOUIUX JIHOJIOB.

CHCKTpI)I JIIOMUHECUHCHI WU UCCIICAOBAHHBIX HAHOKPH-
CTaJIJIOB U3MEPEHBI C MOMOIIBIO BOJIOKOHHOTO CIIEKTPO-
Metpa Ocean Optics Maya 2000 Pro, 9yBCTBUTEIBHOTO B
muarazone 200—-1100 am. Bo30yxaenne Obu1o ocyImiect-
BJIICHO ¢ momouibio jazepa PicoQuant LDH-C-400, us-
mydatomiero B oomactu 405 HM co cpenHel MOIIHOCTHIO

5 MBT. 3Mepenye KHHETHKH JTFOMHHECIIEHIINH OBLIO Mpo-
BEJICHO METOZIOM BPEMSKOPPEIHMPOBAHHOTO CUETA OTUHOY-
HBIX (DOTOHOB C UCIIOJIb30BaHNEeM Koppeistopa PicoQuant
TimeHarp 100. ITpx 5TOM CHUrHaJ JTIIOMHHECIICHIINU PETH-
CTPHPOBAJIH C ITIOMOIIBIO (POTOINEKTPOHHOTO YMHOXKUTEIS
PicoQuant PMA-C 192-N-M, 9yBCTBUTEIFHOTO B 00IACTH
250-850 am. ITomoca neTekTHpOBaHUS IMUPUHON TTOPSIKA
5 HM BBIp€3aHa C HOMOILBIO YCTAaHOBIEHHOTO Iiepe (oTo-
UIEKTPOHHBIM YMHO)KUTEIIEM MOHOXPOMATOPA.

Pe3yJ'II)TaT])l H UX 06cy>1<11e}me

W3zobpaxenne ancamOIIsi HAHOYACTHIl AZ,S, TTOTyUYeH-
HOC C ITOMOIIBIO TPOCBEUNBAIOMIETO JIEKTPOHHOTO MU-
KPOCKOIIa, IPEICTaBIICHO Ha puC. |. AHANMN3 N300pakeHUs
MOKa3aJ, 4TO CPEJHUH pa3Mep HaHOYACTHI[ COCTABISIET
2,7 HM, a qucniepcus o pasMepam He npebimaet 20 %.

CriekTpbl POTOMOMUHECIICHITUH aHCAMOJIsl HAHOYACTHI]
Ag,S, NOMEIIEHHBIX B 3JIEKTPUYECKOE MOJIE C Pa3IuuHON
HanpsHKEHHOCTBIO, MTPECTAaBICHBI Ha pHC. 2, a. B ciexTpe
HaOJII0aeTCsl IPKO BBIPAKEHHBIH MaKCHUMyM B 00JIacTH
sHepruii 1,4 3B, oTBevaronuii peKOMONHAIIMOHHON JIFOMH-
HecueHuuu [15-17], npu 3ToM MIUpUHA CIIEKTPa Ha MOJy-
BBICOTE cocTaBmiia okoyio 320 MaB. IToMmenienne Hanoya-
CTHII B JJICSKTPHUECKOE TOJIE TIPUBENIO K CKAYKOOOpa3HOMY
YBEIMYEHUIO MHTEHCUBHOCTH IOJIOCHI JIIOMHUHECLCHIINH.
OT™MeTHM, 4TO ¢ POCTOM MOJISI HHTEHCUBHOCTH MOHOTOHHO
YMEHBIIAeTcs, a opMa CIeKTPOB (POTONOMIHECIICHIINHT 1
MOJIOKECHUE €€ MAKCUMYMa CYILIIECTBEHHO HE U3MEHSIOTCSI.
JI1st HaTTIATHOCTH Ha pucC. 2, b IpecTaBlIeHa 3aBUCUMOCTh
MHTErpaJia CeKTpa peKOMOWHAMOHHOW JIIOMUHECHEHITH
TI0 SHEPTUHM JUIA HaHOUACTHIL Cyib(puna cepedpa oT Hanpsi-
JKEHHOCTH 2JIEKTPUYECKOTO MOJIS. YBETHMUCHHE IEeKTpUYe-
ckoro moitst oT 100 1o 500 kB/cM puBENO K MPaKTHYECKH
JMHEHHOMY YMEHBILICHNIO NHTEHCHBHOCTH PEKOMOHMHAIIN-
oHHoM nonocel ot 100 % 1o 92 %. JlanbHeiiee ysenuye-
HUE HANpsDKEHHOCTH HIEKTPUYECKOTO TOJIST HE TPOBOAN-
JIOCh B CHUTY DJIIEKTPUIECKOT0o Tpobos oOpasia.

Kunetndyeckne 3aBUCHMOCTH MHTEHCHBHOCTH (o-
TOJIOMUHECIEHIINN HAaHOYACTHII Ag,S NpPU Pa3IUUHBIX

3

Puc. 1. 300paskenne HaHOUACTHI] Ag,S, TTOIy4IeHHOE C
MTOMOIIBIO MPOCBEYHBAOIIETO MIEKTPOHHOTO MHKPOCKOIIA

Fig. 1. Transmission electron microscope image of Ag,S
nanoparticles
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Fig. 2. Photoluminescence spectra for Ag,S nanoparticles in an external electric field (a); dependence of the photoluminescence
intensity of Ag,S nanoparticles vs. the external electric field (b)
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Puc. 3. Kunernueckue 3aBucuMocty /() GpoTONMOMUHECIICHIINN HAaHOYACTUI] AZ,S, N3MEpEHHBIE IIPU Pa3IHIHBIX 3HAYCHHSIX
BHEIITHETO 3IEKTPUIYCCKOTO MO (@); 3aBHCUMOCTh HHTErpasia S KHHETHYSCKUX KPUBBIX /(¢) o BpemeHH ¢ B mpenenax 0—650 He ot
BEJIMYHMHBI BHEIITHETO AIICKTPUUECKOro nous (b).

Ha Bpe3ke 4epHbIM 1IBETOM HU300pakeHa 3aBUCHMOCTS /(f), 3eTICHbIM — TeOMeTpHUYeCcKasi HHTEePIpeTalus HHTerpana S

Fig. 3. Photoluminescence decays /(¢) for Ag,S nanoparticles measured at different values of the external electric field (a);
dependence of integrated decays S within range 0—650 ns vs. the external electric field (b). The inset shows the /(¢) dependence
(black); the green field shows the geometric interpretation of the integral S

BEJIMYMHAX BHEIIHETO AJIEKTPUUYECKOTO OIS NPEACTaB-
JIEHBI Ha pHUC. 3, a. 3aBUCUMOCTH HUMEIOT CYIIECTBECHHO
HEOKCIOHEHIMAIBHBIN BUI. BuaHO, 4TO NpU BKITIOYEHUH
AIIEKTPUUYECKOTO TI0JISI IIPOUCXOJUT YCKOPEHHE TIPOLIECCOB
peJakcanuy IeKTPOHHOTO BO30YXaeH s. [J1st TOro 4To0b
YCTaHOBUTH Ka4€CTBEHHOE MOBE/ICHIE KNHETHIECKHIX 3aBH-
CHMOCTEH NPY U3MEHEHHUH BEITMYMHBI BHELIIHETO JICKTPHU-
YeCKOTI'o IMoJIsl, MOCTPOCHBI 3aBUCUMOCTH HHTErpasia S oT
KHHETHYECKUX KPHBBIX JTIOMHHECLECHIMH /() HAHOYACTHIL
1Mo BpeMmeHH ¢ B npeaenax ot 0 mo 650 HC mpu pas3mmd-
HBIX 3HAQUCHMAX HANPSDKCHHOCTH JIEKTPUYECKOTO MOJIS
(puc. 3, b). B obnacTu HYJIEBOTO JIEKTPUUYESCKOTO OIS
BENIMYHMHA HHTErpasia MaKCUMalbHa; pu mojsx ot 100 ro
500 xB/cm 5Ta Benn4MHA YMEHBIIACTCS U U3MEHSIETCS C
POCTOM T0JISI HEMOHOTOHHO.

Habironaemble SKcriepiMEHTaIbHBIE PE3YIIBTaThl MOX-
HO OOBSICHUTH CIEAYIOIIMM 00pa3oM. YCKOpeHHe Iporec-
COB pEJIaKCaIMN AIIEKTPOHHOTO BO30OY)KICHUS M yBEINUe-
HHE HHTCHCUBHOCTH JIFOMUHECLICHIIUH OIPEACIISACTCS TEM,
YTO AIEKTPUYECKOE MOJIE YBEIMYNBACT CKOPOCTH TPAHCIIOP-

Ta CBOOO/IHBIX JBIPOK K DJIEKTPOHHBIM JIOBYIIKAM, UTPAIO-
UM POJIb LIEHTPOB M3Iy4aTenbHON pekomOuHarun [18].
CHIDKEeHHE MHTETrPaJbHON HHTEHCUBHOCTH (hOTOTFOMHUHEC-
LEHI[UU C POCTOM IOJISI MOXKET OBITh OOBSICHEHO 00MICH
(oroxerpasanyiell MHTEHCUBHOCTH JIIOMUHECLICHIINN Ha-
HouacTtul [19] B pe3ynbrare AMUTEILHOTO KOMOMHUPOBAH-
HOTO BO3IEHCTBUSI BO30YK/IAIOIIETO Ja3ePHOTO U3y ICHUS
1 BHEIITHETO JIEKTPUIECKOTO TIOJIS.

3akjoueHue

B pabore 3kcriepuMeHTaIBbHO MTOKAa3aHO, YTO BHEIITHEE
JJCKTPUICCKOE TIOJIC MOXKET U3MEHSATh HHTCHCHBHOCTh
JIOMUHECIICHITUN HAaHOYACTHII CyIb(puaa cepedpa, a Tak-
)K€ BIIMATH HA CKOPOCTh MPOMCXOASIIMX B HUX MPOIECCOB
penakcaluu EKTPOHHOTo Bo30yxaeHus. Tem He MeHee,
MOJIyYEHHbIC U3MEHEHHs JIIOMUHECIICHTHBIX CBOWCTB B
noisix ot 100 mo 500 kB/cM He SBIAIOTCS CyIIeCTBEHHBIMHU
JUISL TOTO, YTOOBI YTBEPIK/IATh, YTO HAHOYACTHUIIBI CYIbduIa
cepebpa He MOAXOMAT JIJIs CO3MaHUs Ha MX OCHOBE Opra-
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CnekTpasibHble 1 KNHETUYECKME CBOMCTBA KBAHTOBLIX TOYEK CyNbduraa cepebpa BO BHELUHEM 3JIEKTPUYECKOM MNoJie

HUYECKHX CBETOM3IIyUYaIOMIMX JTHOM0B. Takum o0pazom,
MOJy4E€HHBIE PE3YJIbTaThl CBUIETEILCTBYIOT O TOM, UTO Ha-
HOYACTHIIBI CyiIb(duia cepedpa MOTyT ObITh UCIIOIB30BaAHbI
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