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Obtaining and studying the luminescent properties of zinc oxide
synthesized in a stream of high-energy electrons

For the first time, zinc oxide samples were obtained by a method based on irradiation of nominally pure zinc
with a stream of high-energy electrons with an energy of 1.4 MeV and a power density of 7 kW/cm? in at-
mospheric air. The morphology of the synthesized substance was studied by transmission electron and optical
microscopy. Particles of ultrafine zinc oxide in the form of needles were found at a distance (1-3) cm from
the irradiation zone, with average lengths and diameters of 150 and 10 nm, respectively. Ultrafine samples are
characterized by the presence of a hexagonal wurtzite structure. By optical microscopy, ZnO whisker micro-
structures with a diameter of ~ 1 um and a length of 50-100 pum were detected in the irradiation zone. The
photoluminescence spectrum of all samples is represented by one narrow exciton band with a maximum at A
=380 nm and a decay time of t < 13 ns in the absence of other bands due to intrinsic and impurity defects,
which indicates the high crystalline perfection of the synthesized crystals.

Keywords: zinc oxide, radiation synthesis, nano- and microstructures, transmission electron microscopy, pho-
toluminescence.

Introduction

Adding Zinc oxide is of scientific and practical interest due to its unique properties: wide band gap
(~ 3.3 eV at 300 K), high exciton binding energy (60 MeV) and high radiation resistance. In this regard,
ZnO-based materials synthesized by various methods are of interest for the creation of UV light-emitting
devices, registration of gamma quanta and X-ray radiation [1-3]. Recently, special attention has been paid to
highly dispersed forms of ZnO nanocrystals and thin films. Due to their improved physical and chemical
properties, nanostructures have become attractive materials in the field of nanoelectronics, optoelectronics,
energy and biomedicine [4-6]. Zinc oxide is a promising material for the creation of semiconductor lasers in
the UV and blue ranges operating at room temperature [7]. Various methods are used to produce thin films of
zinc oxide and nanostructures of other materials: molecular beam epitaxy, hydrothermal, pulsed laser spray-
ing, magnetron deposition, chemical vapor deposition [8-11]. The literature data indicate a strong influence
of the synthesis method and the presence of impurities on the luminescent characteristics of zinc oxide
nanocrystals. Special attention is paid to the development of high-performance, economical and safe tech-
nologies for the production of nanopowders, thin films and multicomponent ceramics, which include electron
beam and laser [11, 12]. The purpose of this work is to elucidate the possibility of radiation synthesis of ZnO
nanocrystals using a powerful electron beam with energy of 1.4 MeV and a power density of 6-10 kW/cm?
released into the air at atmospheric pressure.

Experimental

For the synthesis of ZnO, samples of pure (99.9 %) zinc in the form of granules were used, which were
placed in specially prepared cells in a copper plate (crucible), measuring 40x100x10 mm, with a diameter of
8 mm and a depth of 4 mm and irradiated with an electron flux with an energy of 1.4 MeV and a power den-
sity of (6-10) kW/cm? generated by the ELV-6 accelerator (BINP, Novosibirsk). The crucible moved at a
speed of 1 cm/s relative to an electron beam with a cross section of 1 cm? Thus, the surface of Zn was irradi-
ated for 1 s. The characteristics of products deposited on a copper substrate were studied by transmission
electron microscopy (TEM) on a JEOL JEM-2100F electron microscope by employees of the Scientific and
Educational Innovation Center “Nanomaterials and Nanotechnology” TPU (ESNPT).

In addition to TEM, luminescent analysis of the synthesized material was applied. The source of excita-
tion of pulsed photoluminescence (PPL) was a nitrogen laser (A = 337.1 nm; T = 10 ns). The PPL spectra and
luminescence kinetics were recorded using the “point-by-point spectrum” method using the MDR-23
monochromator, PMTs -84 and the Tektronix DPO-3034 oscilloscope.
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Results and Discussion

Zinc irradiation led to the formation of a white powder located both on the irradiated zinc surface
(Fig. 1, a, zone 1) and on the surface of the copper plate (Fig. 1, a-b, zone 2), at a distance of up to 10 mm
from the irradiation zone.

¥
Figure 1, a-b. Photographs of a white powder formed on the surface of Zn (zone 1)
and on the surface of a copper plate at a distance of up to 10 mm from the irradiation zone (zone 2).

Zone 2 was formed as a result of the effect of the supply ventilation air flow on the evaporation prod-
ucts formed near the irradiated zinc surface. The powder layer formed away from the irradiation zone
(zone 2) was easily removed by mechanical cleaning, while the white layer, tens to hundreds of microns
thick, formed on the irradiated zinc surface (zone 1) had good adhesion. At the periphery of the copper cy-
lindrical cell, a thicker layer was formed (Fig. 1, b, zone 3), in the form of a roller.

Filamentous formations (whiskers) with a diameter of 1 um and a length of 50-100 microns were found
inside the copper cell after irradiation with an electron beam on the surface of microcrystals (Fig. 2, a-b)
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Figure 2, a-b. Image of an ensemble of filamentous structures formed on the surface of microcrystals
synthesized inside a copper cell.

Figure 3a shows a high-resolution photograph (HRTEM image) of white powder nanocrystals formed
on the surface of a copper plate at a distance of 10 mm from the irradiation zone, and Figure 3b shows an
electronogram (SEAD image) on which several diffraction rings are observed.
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Figure 3 a— TEM — image of ultrafine ZnO powder; b — electron diffraction from the same region.

The calculation of the rings radii (r) and the corresponding interplanar distances d (A) is given in Table.
and indicates that the white powder is zinc oxide with a hexagonal wurtzite structure.

Table
Calculation of the radius of the rings and the corresponding interplanar distances
No. 1/2r 1/r r d(A) h k I
1 7.0588 3.5294 0.284 2.84 1 0 0
2 7.647 3.5294 0.2615 2.61 0 0 2
3 8.0672 4.033 0.2479 2.47 1 0 1
4 10.420 5.210 0.191 1.91 1 0 2
5 12.268 6.134 0.163 1.63 1 1 0

The analysis of synthesized ZnO was additionally carried out by the luminescent method. The PPL
spectrum and the kinetics of luminescence of zinc oxide are shown in Figure 4, a, b.
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Figure 4. a— PPL spectrum; b — photoluminescence kinetics of synthesized ZnO

It can be seen that in the PPL spectrum there is one exciton band with a maximum at A =380 nm with a
decay time of T < 13 ns in the absence of other bands due to intrinsic and impurity defects, which indicates
the high crystalline perfection of the synthesized nanocrystals.

The revealed features of the process of formation of ZnO filamentous structures correspond to the mod-
el representation of the classical Vapor—liquid—solid (VLS) mechanism by Givargizov-Chernov [13]. Ac-
cording to the model, the process of forming filamentous structures begins with the formation of an ensemble
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of metal droplets, in this case zinc, whose molecules condense on a copper substrate. Subsequently, oxygen
vapor molecules from atmospheric air enter the drop, where they react with zinc and form a supersaturated
liquid solution. Zinc oxide crystals fall out of the solution. A similar mechanism of growth of filamentous
crystals was observed earlier by the authors of [14] when growing CdS on a SiC substrate.
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of a single exciton band in the absence of bands associated with impurities and defects. The implementation
of electron beam technological processes in atmospheric pressure air opens up new possibilities for obtaining
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B.N. Onemiko, LI3pictoans JIn

7Korapsbl JHepPrUsA/IbI JJIEKTPOHAAP aFbIHBIHIA CUHTE3/1eJTreH
MBIPBIII OKCHIIHIH JJIOMUHECHEHTTI KACHETTEPIiH a1y JKJHe 3epPTTey

AJIFall peT MBIPBIII OKCHAIHIH ChIHaMaJlapbl HOMHHAJIbI Ta3a MBIPBIITHI aTMOC(hEpalIbIK ayaaa SHEPTUsIChl
1,4 M»3B koHE KyaT TBHIFBI3JBIFEI 7 KBT/CM2 JKOFapbl SHEPTHSUIBI JIEKTPOHIAp AFBIHBIMEH COyIeIeHAIpyTe
HeTi3/ieNTeH aicneH anbHabpl. CHHTe3eNnTeH 3aTTHIH MOP(OJIOTHACH TPAHCMHICCHSUIBIK, SIEKTPOH/BI XKIHE
ONTHKAIBIK MUKPOCKOIHMS apKbUIBI 3epTTenai. MHemep TypiHzmeri ymbTpa >KYKa MBIPBHII OKCHAIHIH
OeummexTepi coyneneHy aiiMarsiHaH (1-3) ¢M KaIIBIKTBIKTa, OpTallla Y3BIHIBIFEI MEH JHaMeTpi colKeciHIIe
150 xone 10 HM OomaThIH. YIBTpa JKYKA YITUIEp alnThIOYPHIITH ByPIUT KYPBUIBIMBIHBIH OOMybIMEH CHIIAT-
Tanaapl. ONTHUKAIBIK MHKPOCKOIMS apKbUIbl COYJIeJICHY aiMarblHaa qUaMeTpi ~ | MKM jXoHe Y3BbIHIbIFbI 50-
100 MxMm GomateiH ZnO BUCKEPIi MUKPOKYPBUIBIMAAPHI aHBIKTAIIBL. bapisIk yariaepaid GoToIoMHHECICH-
LS CIIEKTPi MakCUMyMBI A = 380 HM jK0HE BIABIPAY YaKBITHI T OONATHIH Oip Tap 3KCUTOH IHana30HBIMECH
YCBIHBUIFaH. T < 13 HC iIIKi )koHE KOCHAJBIK aKaysiapra OainaHbICTHI OacKa jkojaKrap OoiaMaraH Kesze, Oy
CHHTE3/ICIITeH KPUCTAJIapAbIH KOFaphl KPUCTAJIBI JKETLTYiH KOpCceTe .

Kinm CGS’()@p.' MBIPBIIIT OKCI/IZ[i, paauanusAIbIK CUHTE3, HaHO- KOHC MHKPOKYPBUIBIMIAP, TPAHCMHCCHUAJIBIK
DJIEKTPOHAbI MUKPOCKOINAA, (bOTOHIOMI/IHeCLIeHL[I/IH.

B.U. Onemxo, [[3pictoans JIn

IHonyyenue u n3yvyeHue JIOMUHECHEHTHBIX CBOMCTB OKCH/IA IIUHKA,
CHHTE3HMPOBAHHOIO B MOTOKeE 3J1eKTPOHOB BHICOKOI IHEPTrUM

BriepBrie momydensr 0Opasipl OKCHAAa IIMHKA METOZOM, OCHOBAHHBIM Ha OOTyYeHHH HOMHHAIBHO YHCTOTO
LIUHKAa TTIOTOKOM BBICOKOIHEPIreTHYECKUX 3JEKTpOHOB ¢ 3Heprueil 1,4 MsB u minoTHOCcThIO MomiHOCTH 7
kBr/cmM? B arMocdepHOM Bo3ayxe. Mopdonorns CHHTE3MpPOBAHHOTO BEIIECTBA HCCIEHOBANACH METONAMK
MPOCBEYMBAIOIIEH AJIEKTPOHHOM M onTHYecKoil Mukpockonuu. Ha paccrosianu (1-3) cM OT 30HBI 00TydeHHS
oOHapyXeHBI YaCTHIBl YJIBTPAJUCIEPCHOTO OKCHAA LUHKA B (hOpME WIJI, CpeHHE 3HAUSHHUs JUIMHBI U THa-
MeTpoB cocTaBisttoT 150 u 10 HM cooTBeTCTBEHHO. 1S yABTPaIUCIIEPCHBIX 00pa3IoB XapaKTEPHO HAJIHYHE
TeKCaroHaJbHOU BIOPIUT CTPYKTYPHI. METOIOM ONTHYECKOH MUKPOCKOINH B 30HE OOIydeHUs] 0OHAPYKEHBI
BUCKEpHBIE MHKPOCTPYKTYpsl ZNO nuamerpom ~ 1 MM u mumuHO# 50—-100 MxM. CriekTp HOTONMOMIHECTIEH-
UH BCeX 00pa3loB MPEACTaBICH OJHON Y3KOW SKCHTOHHOH IMOJIOCON ¢ MakCUMyMoM mipu A=380 HM u Bpe-
MeHeM 3aTyxaHus T < 13 HC IpU OTCYTCTBHH JIPYTHX MOJIOC, 00YCIOBICHHBIX COOCTBEHHBIMU M IPUMECHBIMHU
nedexTaMH, YTO CBU/ICTENBCTBYET O BEICOKOM KPHCTAJUINYECKOM COBEPIICHCTBE CHHTE3UPOBAHHBIX KPHUCTAI-
JIOB.

Kniouesvle cnosa: okcup IMHKA, paJHallMOHHbBIA CHHTE3, HAHO- M MUKPOCTPYKTYPBI, TIPOCBEUNBAIOMIAS dJIEK-
TPOHHAs MUKPOCKOIIHS, ()OTOTFOMHUHECIICHITHS.
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