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Touki mwiisku ZnO nerosauni Al Oysu orpuMani METOIOM BHCOKOYACTOTHOI'O Ma-
THETPOHHOrO HamuTioBanHg. Pa30Buil aHai3 Ta MapaMeTpu KPUCTATITHOI CTPY-
KTypu Oy/Iu OTpUMaHi 3 JaHuX peHTreHiBchbKOol audpakiii. Cepemniit po3mip 3ep-
Ha IiBKK BuU3HAYaIH 3a ¢opmynoo Ileppepa. TakoK BCTAHOBIEHO BETHINHY
medopmariii Ta miAbHICTD Amcaokariii. JlocaimkeHo crmekTpanbHy 3aeKHICTD
OIITHYIHOTO MPOITYCKAHHS OTPUMAHOTO 3pa3Ka y BUANMIN Ta OmuzkHiM indpadep-
BOHI 00/IACTSX 38 KIMHATHOI Temmeparypu. Busnadeno iHTerpaabauii OMTHIHIH
KOeiIiEHT MPONMYCKAHHS Ta 3HAYEHHS IITMPWHU 3a00POHEHOI 30HU TOCJIi 1KY Ba-
HUX T71iBOK. Ha 0CHOBI OTpumMaHWX eKCIepuMeHTATHHAX PEe3yIbTaTiB BUBHATEHO
MMOKA3HUK 3aJI0MJIEHHS T BUCOKOYACTOTHY Ji€JIeKTPUYIHY MPOHUKHICTH, BUKOPHU-
croBytoun crissiznomenus Tpumnari, Mocca, Pasingpu ta Epse-Banmama. s
KpAIloro pO3yMiHHSI €KCIEPUMEHTAJbHUX TaHUX TPOBEIEHO MEePITOTPWHITHITHI
PO3PAXyHKH B MEXKaX Teopii (DYHKITIOHAIY TYCTHHU CTPYKTYPH T €JIEKTPOHHUX
BiactuBocreil ZnO:Al. BeraHoBiieHO, 10 JJjIs OMUCY 3MIiHM ONTHYHOI IMIUPUHU
3a00pOHEHOI 30HMU, IIpHU JieryBaHHi aromaMmu Al, HeOOXinHO BpaxoByBaTu epeKT
Bypmreitna—Mocca. Harmri Teoperndni pe3yiabratn 100pe MOSCHIOIOTH TEHICH-
Li10 3MiH y Bi/IIIOBIJIHUX €KCIIEPUMEHTAJIbHUX PE3YJIbTaTaX.

KurrouoBi cioioBa: Jjerosanmit ZnQO, 3a00poHeHA 30HA, ONTUYIHE MPOITYyCKAHHSA,
Teopis OYHKITIOHAJIA TYCTUHH.

1. Beceryn

Oxcupy nuuky (ZnO) € Bigomum MmarepianoMm s 3aCTOCYBaHHsL y 0ararboX OIITO-
€JIEKTPOHHUX IIPUCTPOAX, TAKUX AK BAPUCTOPH, OIOCEHCOPH, CEHCOPU JJIs JI€TEKTYBAHHSA
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pi3HuX rasis, npo3opi esexrpoau Touo [1-4]. ZnO e nepcuekTuBHUM MaTEPiaIoM 3aBIAKU
mMpOoKiil npsamiii 3abopoHeniit 301l 3a kimuarHoi remneparypu (3,37 eB ays MoHOKpU-
crasy) Ta BUCOKIil eHeprii 38’a3ky excurona (60 meB), mo nae Mmoxiusicrs creoproBaru
BUMpoMiHIOBadil B ynbTpadioneroriit obmacti [5]. 3a BiIHOCHO HM3BKOI TEMTIEPATYDH Ha-
nuieHHs [6, 7], muuiBku ZnO MOKHA OTpUMATH DI3HMMH METOJAMH, TAKUMHU SK paJioda-
CTOTHE HAIUJIEHHS, CIIPEH-TIiPOJIi3, CIIIHOBE TIOKPUTTS, XiMidHE OCA/I2KEHHS 3 Ta30B01 dha3u
Ta iMIysbcHe Ja3epHe Hanecenus [2,3,6—10]. s nokpameHHs ONTHYHOrO IPOILYCKAHHS,
OKCHJ IUHKY 3a3Bud4ail jieryiors egementavu III rpymu mepioam4anol Tabmuri, 30Kpema
neryeanuga aromamu B, Ga, In abo Al mpu3BOINTH 10 3MiHU €IEKTPUIHNUX, ONTHIHUX Ta,
inmux Baactusocreit ZnO. Cepes pizuux TumiB jerymounx gomimok, ZnO jgerosanuit Al
(ZnO:Al), € memoporum MarepiajioM i Ma€ BiAMIHHI €J€KTPUYHI Ta ONTUYHI BJIACTUBOCTI
Ta MIUPOKO JTOCTIIKYETHCA B HAyKOBOMY Kouti. OcTaHHi 10C/izKeHHs TOHKUX TTiBOK ZnO
seroBaroro aromamu Al ta Ga BUSBUIM BUCOKHUIT TUTOMHUI OIip Ta 3HAYHY MTPO30PICTDH
(6m3bK0 90 %) y miamasoni gosxun xsuib 370-800 HM Takux Jieropanux IiiBok [11]. Y
pobori [12] mokaszano, mio seryBanust ZnO aromamu Al, In Ta Ga mocwiioe npomycKaH-
HS MaTepiajiB Ta 3MEHTIy€e IXHill TUTOMUI OMip MPW HU3BKUX KOHIEHTPAIIAX JIETYIOUIX
peuosBun. Apropu y pobori [13] nposesu gociimzkents BiuiuBy MOpgoJIorii moBepxHi Ha
ONTHKO-CIEKTPAJIbHI Ta eJIEKTPUIHI BJIACTHBOCTI TOHKUX MIiBOK ZnO 3 pi3HOI KOHIIEH-
rparieio jsieryBanisg aromamu Al Ga ta In. s rorkux mwiiBok ZnQO jieroBanoro aroMamu
aToMiHiIo 31 3MiHOIO KOHIeHTpanil gomimku Bix 0,3 10 1,4 mac. % 3HaUEHHS MUPUHA 3a-
OOpOHEHOT 30HU 30LIbITy€eThCs Bi 3,39 10 3,46 eB. ABTOpU MOSICHIOIOTH Take 301/IbIEHHS
3HAYEHHS ONTUYHOI MupuHU 3a00poHenol 30uu edexrom Bypireiina-Mocca.

Takoxk, 6araTo TEOPETUIHUX CTYALI MTPUCBAYEHO JOCIIiIKEHHIO BILIUBY JIETYBAHHS HA,
pizai Bracrusocti ZnQ, Taki K KpUCTaJIidHa CTPYKTYPa, €JIEeKTPOHHI XapaAKTEPUCTHKH Ta
orruuni BractuBocti [14-17]. Taki Teoperndni po3paxyHKH MOXKYTh JTaTH CYTTEBE YsIB-
JIGHHST TTPO MiKPOCKOIIYHI XapaKTEPUCTUKH JIETOBAHUX MaTepiajiB. 30KpeMa, Pe3yIbTaTh
MEPITIONPUAHIIATHAX PO3PAXYHKIB TA MOPIBHAHHS 3 €KCIEPUMEHTAJbHUMY TOCIILIPKeHHSI-
mu [17] mokazasu, 10 HeBesmKe 30LIbIIEHHS MUPUHE 3a00POHEHOI 30HU B JIEFOBAHOMY
OKCHJIi ITUHKY MOXKe OyTH BHKJIMKAHO HASIBHICTIO B CTPYKTYPi BakaHCiit Zn.

VY wiit poboTi MM HPEICTABIAEMO PE3YJIHTATH E€KCIEPUMEHTAJbHUX Ta TEOPETUIHUX
JIOCJIIPKEHb CTPYKTYPHUX, €JIEKTPOHHUX i ONTUYHUX BJIACTUBOCTEN TOHKUX TIiBOK ZnQO,
seropannx aromamu Al (ZnO:Al).

2. ExcnepumeHT

Touki muisku ZnO, seroani Al (ZnO:Al), Hanocuawcs Ha CKIISHI MAKIAIKA PO3-
mipom 16 x 8 x 1,1 mm® meromom BucokouactorHoro (BY) MarneTpoHHOrO HalMIeHHs
(~13,6 MI'n) 3 Bukopucranusam Bakyymuoi cranuil BYII-5M (Selmi, Ykpaina) [18,19].
K miulenb BUKOPUCTOBYBaJM JUCK 31 ciedeHoro nopowky ZnQO (uucrora 99,99 %) 3
pomimkoo AlyOs (2,5 mac. %). Bigcrans mixk mimenHio Ta migk/iaa koo JI0PIBHIOBAJIA
60 mMm. ITowaTok i KiHenpb TpoIeCcy HAMUIEHHS KOHTPOTIOBAINCS 34 JTOTIOMOTOI0 PYXOMO-
ro 3arBopa. llepesr HamMIeHHESM KaMepy BiIKadaJid, TUCK Ta3y BCEPEANHI KaMepH i Jac
HANWJIEHHs IWIiBKY Aopismiosas 4 - 1074 Ila.

[Moryxuicts BY marnerpona minrpumysasnacs #a pisai 30 Br, a Temneparypa miz-
kiagku — #a piBui 373 K. Jlna marpiBanus nifkiiagku BUKOPUCTOBYBABCS BHCOKOTEM-
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neparypuuit Bosbdpamosuii HarpiBad noryxuictio 300 Br. Temneparypy konTposioBaiu
3a JI0M0MOro0 npomnopiiiino-inrerpanbuo-noxiguoro (ITIIT) konrposepa, sxuii 3abe3me-
4yBaB HAIPIBaAHHS TA OXOJIO/PKEHHS, & TAKOXK TeMIepaTypPHI yMOBU OCLJIaHHSHA.

®a30Buil aHAMI3 Ta MapaMeTpW KPUCTATIYHOI CTPYKTYPH JIOCTIIKYBAJIUCH 34 JIOMO-
morom ganux X-npomeresoi audpakiii (XRD), orpumanux na mudpaxromerpi DRON-
2.0M 3a KiMHATHOI TeMIEepaTypH, BUKOPUCTOBYIOuM BunpominioBanus FeKa (A =
1,936087 A).

Mopdosorito noBepxui orpumanux miaiBok ZnQ:Al BuBganau 3a JOMOMOrO0 CKaHYIO-
4oro ejekrponnoro mikpockoua JSM 6700F (SEM-EDS). Cuekrpasibhi 3asexxknocti owru-
9HOI TPOHWKHOCTI OTPUMAHUX 3PA3KiB BUMIDIOBAJIN ¥ BUANMIN Ta O/Iu3bKill iHdpadepBo-
Hiii o6macTax (300-2500 HM) 3a KiIMHATHOL TEMIIEPATYPH, BAKOPUCTOBYIOYN CHEKTPOMETD
Shimadzu UV-3600 [20].

3. Meroauka po3paxyHKiB

Onrumizariito Mogeni CTPYKTYpPH Ta PO3paxXyHKH eIeKTpPOoHHOro crnekrpa ZnQ mpo-
BeseHo B Mexkax reopii dynkuionany rycrunu (DFT), BukopucroByrouu nporpamumii
naker Quantum-Espresso [21]. s po3paxyHKiB BUKOPUCTAHO OOMIHHO-KOpessuifiHuit
dyukuionan y nabaukenni yzaraabaenoro rpaaienta (GGA) B mapamerpusarii Iepbro-
Bypke-Epzeproda ansa teepaux tin (PBEsol) B komGinamnii 3 yjbrpam’sKMMHA NCEBIOTIO-
reHrjagamu Baugepbinbra [22]. I'panndna KiHeTHYIHA eHeprist MII0CKUX XBUJIb CTAHOBHJIA
380 eB, BasenTHuil KoMILIeKke onucysasu opbitanamu 3d'0 4s? ana aromis Zn, 2s2 2p?
ans aromis O 1a 3s? 2p! s aromis Al. JTobpe Binmomoro mpo6iieMoro po3paxyHKIB 3
BUKOpUCTaHHAM Ha0auKenHsa GGA e mHemooninka 3a00pOHEHOI 30HM JJIsT HAIIBIIPOBIJI-
HUKIB. AHaJi3 NMepIoONpUHIMITHAX PO3PAXyHKIB s Kpuctaiis ZnO mokasye, 1m0 MeToI
GGA memooriHOE eHeprudHe pPo3TaIlyBaHHus 30H 3d-eJeKTpOHIB Zn BiJHOCHO BEPINWHU
BaJIeHTHOI 30HU. BepiinHa BaJEHTHOrO KOMILIEKCY (OpMyeThest p-cranamu aromis O,
CHJIbHA TiOpUAN3aliis IKuX i3 d-cTaHaMu aToOMiB Zn MPU3BOIUTH 10 3CyBY d-CTaHIB BroO-
Py 32 €HEPreTHYHO0 LIKAJIOI BAJIEHTHOI 30HU Ta CYTTEBO 3BY2Ky€E 3aboponeHy 3ony [23].
EdexkTnBarM MeTOIOM 1J1sT BUTTPABJIEHHS 3aHUKEHUX 3HAYEHb 3a00POHEHOT 30HU € BUKO-
pucTaHHs ampokcuMarii 3 nonpaskamu ['a66apra (DFT+U) [24-27]. BrirovyeHHst 10 po3-
paxyukiB nompasok ['abbapma U monae npobiemy moBHOTO 3B’ ss3yBaHHs d-eIeKTPOHIB Zn
i TpU3BOAXUTH 0 KOPEKTHOIO PO3TAIYBAaHHSA d-CTAHIB ZN Ta €HEPreTUIHOrO MOJIOXKEHH S
sIK BEPLIMHU BAJIEHTHOI 30HMU, TaK 1 aHa 30Hu nposianocri [33]. B nawiii pobori mis pos-
PaXyHKIB €JIEKTPOHHOTO CIIEKTPA T ONTUYHUX BJIACTUBOCTEN BUKOPUCTAHO MBI TIOMPABKU
Ta66apma: mas 3d-cranis Zn (Uy = 10 eB) i gas 2p-cramis O (U, = 7 eB) [17,26, 27].
Bukopucranns mux nmonpasok [ab0ap/a /1jist pO3paxyHKy 30HHO-€HEPTE€TUYIHOI CTPYKTY-
pu ZnO nae 3nadvenus mupuau 3a60poreHol 30U 3,4 eB, 10 BIAMIHHO y3TO[Ky€EThCS 3
eKCIIePIMEHTAIbHIME JaHuME [28].

st mozesioBanns Jjierysanis ZnO aromamu Al noOyzoBano cynepkoMipky 3x3x3,
gka mictuth 54 aromu Zn Tta 54 aromm O. Crmovyarky MPOBEIEHO ONMTUMIBAINI0 HEJIero-
BAHOI CYMEPKOMIDKH, a JaJIi B Hill 3aMIHSIN OAWH aTOM ITUHKY HA aTOM aJIIOMIiHiO, IO
Bianosinae crynento nerysanas 1,85 ar. %. i ontumisaniiiny nmponemypy HOBTOPIOBAJIH.
36iKHICTH TPOIEAYPU PETAKCAIil CTPYKTYPU BBAXKAJIACH JOCATHYTON, KOJIA BETHIUHU
cul, dki ailoTh Ha aromu, craBasu Meniumu 0,02 eB/ A.
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4. PesyabTaTn Ta IXHE 0OTOBOpPEHHH

Kpucraniuny crpykrypy niisok ZnO:Al suznaganu meromom XRD (nus. puc. 1). ITi-
ku Ha XRD-cuekrpi Oyiu Busgsieni npu 260 40,9, 44,25, 46,75 1 73,6, ki MoxKHa, BiHECTH
mo mommwmH (100), (002), (101) Tta (110) ZnO, Mo OMUCYIOTH TeKCATOHAIBHY CTPYKTYPY
Bopuury. OTike, ToHka miaiBka ZnO: Al kpucramiszyerbcsd B TeKcaroHaJbHIll CTPYKTYpi
(mpocroposa rpyma cumerpii — P6zmc (Ne 186), mapamerpu ejleMeHTapHOI KOMIpKU a—
3,226(2)A Ta ¢ = 5,155(6)A, o6’em V = 46,49 (6)A3). Terampnmii anamis mosumiii exc-
mepuMeHTAIbHIX pedIeKCiB Ta iXHi IHTEHCHBHOCTI MTOKA3aB Ay Ke CHIbHY IePeBarKAI0Ty
opienrauio komipok daszu ZnO y cunresosaniil wiisui (Tekcrypi) HOPIBHAHO 3 Teope-
TUYHUME TiKamMu. BiTHOCHO HeBeInKi aHOMAJIbHI pedJIeKCH CITOCTEPIrar0ThCsT TAKOXK Bil
ngtontus 3 ingekcamu (10z) Ta (20z) hkl Minnepa. 3 pesyabraris XRD Takox criocrepirage-
Mo 1aaro mixk 20 1 55°. Ile mraro BiamoBigae npucy THOCTI HE3HAYHOI KITHKOCTI aMOpHOT
da3u B TOHKIH 1IiBII.
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Puc. 1: XRD mogens Toukoi miiskmu ZnO jerosanoi Al.

Ha XRD-cnekTpi He BIAJIOCA BUSBUTH JOJATKOBUX IIKiB, IO HAJEKATDH 10 1HIITHX
OKCH/IiB, IO CBITYUTH PO yTBOpeHHS uncToi ¢gasu ZnO, a takoxk mpo te, mo Al mobpe
inTerpoBanwmit y rparky ZnQO.

Posmip kpucramitis (D) pospaxoByBajiu 3a PO3MIMPEHHAM MiKiB, BAKOPUCTOBYIOYH
piBusinus [leppepa [29]:

0.9\
B Beos(0)’ (1)

Je A\ — JI0BXKHHA XBUJIi X-BHIPOMIHIOBaHHs, 0 — mKpUHA pedJiekca Ha PiBHI [I0JOBUHU
Bucory, 0 — Ky audpaxuii.
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Tabn. 1: [Tapamerpu crpykTypu ToHKOI miiBku ZnO:Al.

Tun crpykrypu | IlpocTroposa rpyma cumerpii ITapamerpu rparku
a,A c,A V,A3
Zn0O Pé63mc 3,226(2) | 5,155(6) | 46,49(6)
D, 1M 5, HM 2 € TC (hi1 d, iM
44,2+6.87 0,00051 0,1040.01 1,79 454,83

Hanpy»xenns € Ta mijgbHicTb JUca0Kanii § pO3paxoByBasy 33 TAKUMU CIIiBBiIHOIIE-
HHstMu [30]:

e = B20)cos(6) 2)
1
5= %. 3)

IIepeBazkma opieHTallisT POCTY BU3HAYAIACS 33 JOTOMOTOI0 KoedilieHTa KPHUCTAI0rpa-
dbiunoi rexcrypu TCiyy [9]:

Linty/ Lokt
(l/n)(E(I(hkl)/IO(hkl)) '

ne Iy — BuMipana BigHocHa inTencupHicTsh mromwmHn (hkl), Iopky — BiapocHa iH-
rercuBHicTh womuan (hkl), B3ara 3 xkaptu ganux JCPDS 36-1451, a n — kijgbKicTh
mudpakiitanx mikis. 36impmennsa koedimienta tekerypu (TC > 1) mokasye mepesa-
JKHY OpieHTanito kpucrausiris y3gosx miommuau (100). Crpykryphi napamMerpu IU1BOK,
OTpHMAaHi 3a JOIMOMOrol X-mpoMeneBoi audpaxiiii, HaBeaeni B Tadburi 1.

Mopdostorist moBepxHi CHHTE30BAHMUX IIIIBOK HaBeaeHa Ha puc. 2. [lepen mocmimken-
HsM MOPQOJIOTIT TIiBKY, 11 MOBEPXHIO MPOMUBAJIN B aIleTOHI. 3a3HAYNUMO, IO YTBOPEHHS
3€PHUCTOCTI TIiBKY € piakicTio. Y TOHKIi# NJIiBIl BUSBIEHO KPHUCTAIITHA y BUIVISIL 1A~
CTHH, SKi HAWIACTIIIe MAIOTh IPABUIBHY (POPMY.

TChry =

(4)

WD=24.1mm

Puc. 2: Mopdouorisz nosepxui Tonkoi miisku ZnO:Al (aisopya — COMPO, upasopys — TOPO
PeXKUM).
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Cnekrpu nponyckanus T(A) Tonkux mwiiBok ZnQ:Al (puc. 3) xapakrepusyoThcs Bu-
pazkeHUM Kpaem (PyHIAMEHTAIBHOrO MOIJIMHAHHS. 3HAYEHHS IHTErPaIbHOTO POy CKaH-
HS OLIHEHO 33 BUPA30M:

b
- 1
T = TdA, (5)
a—b
a

ne T — npouyckanns B aianaszoni a-b (aus. puc. 3). Orpumane 3Ha4eHHs iHTErpaJib-
HOI'O 1pollycKauHs cranosutb 77,78 % (a = 300 um, b = 2500 um).

CrekTpu IPOIYyCKAHHS TAKOXK XaPAKTEPU3YIOThCs HASBHICTIO iIHTEPGEPEHIIIHUX eKC-
TPEMYMiB, IO CBiYUTH MPO JOCKOHATIICTH OTPUMAHUX TIBOK. OTKe, BKIaX aMOpQHOI
da3u € HE3HAYHUM 1 HE BU3HAYAJBHUM y CIEKTPAJIbHIA TOBEIHII ONTUIHUX (DYHKITIN.
Yirki intepdepenniiini Mmakcumymu ta MiHiMy™mu y Jianasoni J0BxKuH XBHJIb Bij 300 110
1500 aM MokHA TOOAYUTH HA PHUC. 3, TOJOKEHHS SKUX BU3HAYAECTHCH TOBIIUHOIO JIETO-
BAHOI IJIiBKH.

7%

P

L ke 10° (evteBY

T T
300 L0

Puc. 3: Cuekrp npomyckanusa T'(% ) roukoi miisku Zn0O:Al 3a ximaaTaol Temmneparypu. Beraska:
koedimienT morHARHS o B TpeacTasienHi (o -hy)? ax byukmis emeprii dhoroma hy.

JIist OIMiHKY TOBIIMHE JOC/TIIXKYBAHUX ILTIBOK BUKOPUCTAHO TaKe PIBHSIHHA:

g M1
2(71()\1))\2 — ’I’L(/\Q)/\l) ’

Je A1 Ta Ao — JOBXKWHHU XBWJIb, IO BiMMOBIMAIOTH CYCiTHIM €KCTpeMyMaM y CIeKTpi
nponyckauusa, a M = 1 — mjia ABOX Cycigmix ekcTpemyMmiB ofmHOro tuiy (max—max,
min-min) Ta M = 0,5 misg JBOX CyCiAHIX eKcTpeMyMiB IpOTU/IeKHOro Ty (max—min,
min-max) [19]. ToBuna roukux miisok ZnO:Al, pospaxosana 3a dopmyioro (6), crano-
BUTH 454,83 HM.

Orminena mmpuna ontudHol 3aboponenol 3ouu (E,) Tomkux mmiBok ZnO:Al (zus.
puc. 3) cranoBurb 3,26 eB. IlopiBusnus orpumanux pe3dynbraris 3 Bigomumu Jiire-

(6)
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PaTypPHUMHU [TaHUMHU A€ 3MOIY BCTAHOBUTHU 3HAYHY KOPEJISAIII0 OTPUMAHUX PE3YJIbTa-
TiB [8,13,31-33]. Bokpema, B pobori [33] Touki niisku ZnO: Al Gysiu orpuMani Mmeroaom
MArHeTpPOHHOro Hanusenus (nouibuuil meroy 6yB Bukopucranuil y uiit pobori) i orpu-
MaHHI 3HAYEHHS MUPUHA 3a00POHEHOT 30HN YNCTOI TOHKOI TaiBku ZnO Ta MIiBKY, JIETO-
Banol atomamu Al cranoBisats 3,21 eB Ta 3,25 eB Binnosiguo. fIBuile 3pocTaHus MUpU-
HU 3a00pOHEHOI 30HM Y JIErOBaHIM TUIIBIN MOsICHIOBAJIOCH BILIBOM edekTy Bypireiina-
Mocca [13,17,27,33]. Amopduuii BKiaJ y TOHKIH N1iBLi IPU3BOAUTL JO 3HAYHOIO 3PO-
cranHs a00 3MEHILEeHHs BeJMYUHU WupuHu 3a60ponenoi 3ouu [34]. Ockinbku 6yso Bera-
HOBJICHO HE3HAYHEe 3pOCTaHHA F,, mo modcHioeThea edextom Bypmreitna-Mocca, i e
JOJATKOBO TiITBEP/IZKY€E BUCYHYTE BUIIE MPUMYIEHHS PO AKICTb OCAIZKEHOI TIJTiBKH.

3HadYeHHS MOKA3HUKA, 3AJIOMJIEHHS 7 TICHO ITOB’si3aHE 3 €JIEKTPOHHWMU BJIACTUBOCTSI-
Mu Marepiany. bararo eMmipuYHIX CHiBBIAHONIEHb MiXK TMOKA3HUKOM 3aJIOMJIEHHS 7 Ta
UIMPUHOIO 3a6POHEHOT 30Hu OyJ10 3anpornonoBano pasinte [35-39]. Bixnosiauo no cuissiz-
nowends Tpunari [39], LOKA3HUK 3a/0MIIEHHS HALIBIPOBIHUKA 110B’43aHUI 3 LLUPUHOIO
3a00pPOHEHOT 30HH SIK:

n = no(1+ ae P), (7)

1e no= 1,73, a= 1,9017 Ta 8= 0,539 (eV)~! — KOHCTaHTHI mapameTpu [isi TIEBHUX
Jiama3oniB Temmeparypu Ta THCKy. lle cmiBBigHOMIEHHS 33/10BLIBHO KOPEJIOE 3 BiaIO-
BIJTHUMH €KCIEPHMEHTAIbLHUMHI 3aJeXKHOCTAMUA B Mexax 0 <K, < 5 eV. [eaxi inmi
eMmipudHi criBBigHOMeHHsS — 1ie criBBigHomenHs Mocca [35], Pasinapa [36] ra Epse-
Banmamme [37,38] (aus. piBusanus (8), (9) Ta (10), BixnosigHo).

n'E, = 95eV, (8)
n=4,084 —0,62E,, (9)
A
2 -1 2 1
n +(7Eg+3) ; (10)

ne A — enepris ionizanii Boxuio (13,6 eB), a B — 3,47 eB — nocriiinuii napamerp,
SAKWI BBAXKAETHCH Pi3HMIEIO MiK eneprieio Y P-pe3oHaHCy Ta MUPUHOIO 3a00POHEHOI 30-
uu. Orpumani 3HaYEHHS N 3 BUKOPUCTAHHIAM DI3HUX MoJesel HaBeJeni B Tabsmni 2. Ha
OCHOBI 3HAYEHb 7, OOUMCIEHNX 33 PI3HUMU CITiBBiTHOIIEHHSIMA, MU TAKOXK OTPUMAJIY BU-
COKOYACTOTHY [ie/IeKTPUHIHY TIPOHUKHICTD (€40 = M2, TUB. TabI. 2).

Tabn. 2: Po3paxoBanHi 3HAYEHHS TOKA3HUKA 3a/I0MJIEHHS (7)) 1 BUCOKOIACTOTHOL JTi€TeKTPIIHOL
IPOHUKHOCTI (E00) suist TOHKOL miBku ZnO:Al.

ITapamerpu Mogeni
Crissignormmenns | Crispignormenns | Croissigmnoments | CroiBBiHONTEHHSA
Tpinari Mocca Pagingpa Epge-
Banzamme
n 2,02 2,32 2,06 2,25
€00 4,08 5,38 4,24 5,06
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Hanpuknan, y po6ori [31] wiisky ZnO, serosany Al (npubmuzuo 2 % mac. Al), oca-
JKYBaJId HA MiJKJIAIKY 3 HATPIEBO-BAITHIHOIO CKJIa 3a goromoroio BY marmerpoHHOro
HAIMJIEHHS TA OTPUMAHO uid i€l 1iiBKu nokasnuk 3asomients 2,2450. Ilopisuiooun
orpuMani Hamu pe3yabrard (AuB. Tabs. 2) 3 IHITMMU eKCIIepUMEHTATLHAMA JAHUMU, MO-
2KHQ, TIPUITYCTUTH, 110 CrriBBiaHomeHHst EpBe-Bamnmamme HaflOLIBIT TOYHO 1a€ 3MOTY BCTa-
HOBWUTHY 3HAYEHHS TTOKA3HUKA, 3aJIOMJIEHHS.

JList Kparoro po3yMiHHs 3MiHU reOMeTPUIHOI cTpyKTypu ZnO i1 BILTHBOM JTOMIIITKA
Al a TakOXK eJIEKTPOHHUX TPOIECIB, MO BiIOYBAIOTHCs B JIErOBAHUX TOHKUX ILTIBKAX, MU
TAKOK MTPOBEJIN MEPITOTPUHITUITHE JTOCTIIZKEHHS CTPYKTYPHUX, €JIEKTPOHHUX 1 OTITHIHUX
Biacrusocreit ZnO:Al. Ha puc. 4 306paykena onTUMi30BaHa MOJIEIb CYIEPKOMIPKHU JIErO-
Baroro ZnQ:Al. Ilicis mpoBeieHHST peslaKCalifHOl TPOIEIYPH TTapaMeTPH I'PDATKY JIETO-
BAaHOI CTPYKTYPHU CTAHOBJIATH ¢ = b = 3,230 A, ¢ = 5,199 A. Binxunenns nmapaMeTpiB
IPATKU MiK PO3PAXOBAHMMU Ta €KCIEPUMEHTAJbHIMYU 3HAYEHHSIMHU CTAHOBUTH HPUOJIH-
310 1 %, mo cBigunTh 1po HaAlHICTL HAMKMX PO3paxyHKiB. OTpuMaHi 3HAYEHHS € HUZXK-
anuMu, WK y Hesterosaniit crpykrypi ZnO(a = b = 3,251 A, ¢ = 5,213 A [17]), mo Taxox
HiJITBEp/IZKEHO eKcriepuMeHTanbHo [32]. Jdoxkuna 38’s13ky Zn—O B OKOJi JOMIIIKK 715t
ZnO:Al € 6ibmmomo (2,05 A), HIXK BIIOBiHA [TOBXKWHA 3B’s13KYy B HEJIETOBAHIN CTPYKTYPI
(1,98 A [27]), a nosxuna 38’a3ky Al-O cramosuts 1,79 A, 1m0 € Memme HizK T0BXKHHA
38’s13Ky Zn—0. Bci 3miau reomerpil crpykrypu ZnO seroBanoro aromamu Al nos’s3ani
3 TuM, 1o iommwit pagiyc AIPT (0,54 A) € MEHIIUM HiXK IOHHWH paJiyc 3aMilmenoro iona
Zn*t (0,74 A).

Puc. 4: OurumizoBana crpykrypHa Mozaesib cynepkomipku ZnO:Al.

Po3paxyHKu 30HHO-€HEPreTUYHOI CTPYKTypu JieroBanoro ZnQ (puc. 5) mokasyioTb,
1o micJist 3amimmennst aroma Zn aromom Al crpykrypa ZnO:Al orpumMye xapakTepucTUKY
HANIBIPOBLAHUKA N-TUILY, Ha 110 BKa3ye 3Minienus piBug Pepmi (Ha puc. 5 nozHauena
K WTpUxoBa JiHig na pisui 0 eB) Bropy no enwepreruuniii wkani B 301y uposigHocri,
BHACTIIOK edekTy Bypmreiina-Mocca [40,41] Ta mpusBoguTh 10 GOpMyBaHHS OMTHIHOL
3a00pPOHEHOI 30HU — €HEePTeTUIHOI BiICTaHI BiJl BEPITUHN BAJIEHTHOI 30HH 10 piBHA Pepwmi
(muB. puc. 5 6). Bajingari craHu B HUXKHINA YACTHHI 30HU POBLAHOCTI MOXKHA PO3TJIAIATH
AK JTONATKOBUI eHepreTuvdHui Oap’ep, AKuil HEOOXiTHO MOIOJIATH, HMEPI HiXK eTeKTPOH
Moke OyTm 30y/KeHni# 3 BaJ€HTHOI 30HH B 30HY mposimnocti. Po3dpaxyHnkm mokasanu,
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IO MMpPHUHA ONTUIHOI 3ab60porenol 3ouu miis ZnO:Al cranosuts 3,31 eB, mo mo6pe yaro-
JIZKY€ETHCS 3 JTAHUME €KCIIEPUMEHTY.

ZnO ZnO:Al
=7

) NN

~NJ A~

B 4]

- -2
R 21

~ —
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Puc. 5: 3oHHO-eHepreTuyHa CIpyKTypa Hesaerosanoro (a) ra serosanoro (6) ZnO.

3 Merol BH3HAYEHHS] MeHETHYHOTO TOXO/YKEHHs eJIEKTPOHHUX CTAHIB y JIErOBaHIN
crpykrypi ZnO unposezneno pospaxyuku nosuoi (DOS) ra napuiansuoi (PDOS) rycrunu
crauiB (puc. 6). Pesysbraru po3paxyHKiB LI0Ka3a0Th, 10 y BaJEHTHIH 3011 rocrpuii uik
B okosii B —10 eB 31ebimbmoro moxomuTh Bim d-opbiTajeit aromiB Zn, sIKi He MalOTh
BILUIMBY HA MUPUHY 3a00pOHEHOI 30HY. BepiinHna BajJeHTHOrO KOMILIEKCY Biag —6 10 —3,3
eB rosoBuo dhopmyeTnest BHeckamu Binm p-opbitaseit aromis O. OcHOBHMIT BHECOK y 30HI
nposignocti B okoai pisasg @epmi orpumano Big s-opbiraseit aroma Al

Ha puc. 7 npezcraBieno po3paxoBani creKTpu mpomyckants st Zn(Q JeroBaHoro
aromamu Al y Buammiii ta ysibrpadioserosiit obnacti. CrekTpu OpoIyCKaHHS PO3PAXO0-
BaHi 3 BUKOPUCTAHHAM TAKOTO CITiBBIIHOIIEHHS:

T =(1-R)%e 4, (11)

ne T — onrwune npomyckanus, « 1 R — koedimnienTu norsivmHands Ta BiaOWBaHHS, Bif-
noBiHO, d — ToBmuHA 1wWiiBKHU. [y PO3paXyHKIB MU BHKOPHCTAJIN €KCIEPUMEHTAJILHO
BU3HAYEHe 3HadeHHs d ~ 455 uMm. Pesynabraru po3paxyHKiB nmokazamu (puc. 7), mo y
BAIMMIN 0OJIACTI CIIEKTpa ONTHYHE MPOIyCKAHHS CTAHOBUTH 85 %, Tomi sk B yabrpadi-
onetosiit obmacti — 77 %. Orpumani mami, K 6Gadanmo, 706pe y3rOIKYIOTHLCA 3 TaAHAMHA
€KCIIEPUMEHTY.

BucuoBknu

Orke, B wiit npami jgeroani Touki mwiisku ZnQO:Al HagoCUIMCS Ha CKIISAHI TiIKIaIKKA
meromom BY marmerponHoro HanuieHHs. PeHreHOCTPYKTYpPHI DOCTIIZKEHHS ITOKA3AJIH,
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Puc. 6: Po3noinu moBHOI Ta mapujaabHOi TycTuHu craHiB ZnO:Al
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Puc. 7: CriekTpu mpomyCKaHHe Ta MOTJIMHAHHS (BCTaBKa mpasopyw) mia ZnO:Al

IO OTPUMAaHI TOHKI IJIIBKI KPHUCTAJI3YIOThCA B TeKCATOHAIBHIN cTPpYyKTypi. Buanmi arno-
MasbHI Mani pediekcu Bin maommH 3 iHgekcamu (10z) ta (20z) hkl Minnepa csizuars
[po Te, MO y 3pa3KaxX MPUCYTHs TAKOXK HEBeJnKa KUIbKicTh gomimkoBux da3. OcHoBHe
1I0JIOZKEHHS KPAIO [OIVIMHAHHS B CIEKTPL IPOIYCKAHHH JOC/I/KYBaHUX TOHKMX ILJIIBOK
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BiAmoBiae 3HadeHHsAM, XapakTepauM st cnonyku ZnQ:Al. Topumua maiBku d ~ 455
HM Oy/ia OTpHMAaHA IIJISIXOM AHAJI3y ONTUIHUX iHTePQEPEHIINHNX CIEeKTPIB MPOIYCKAH-
st T () wiiBok ZnO:Al. g 3paskis ZnO:Al orpuMano 3HadeHHs OUTHYHOL LIMPUHU
3aboponenoi 3omm £, = 3,26 eB.

Ha migcraBi orpuMaHuX €KCIEPUMEHTAJIbLHUX JAHWX OYyJI0 OTPUMAHO MOKA3HUK 3a-
JIOMJIEHHS Ta BUCOKOYACTOTHA JieJIeKTPUYHa NMPOHUKHICTH. BcTaHoBJIEHO, O CHiBBiA-
nomrennsi Epse-Banmammve HaOIIbIT TOYHO /1a€ 3MOIYy BU3HAYUTH 3HAYEHHS MOKAZHUKA
3aJIOMJIEHHS.

Takok TPOBEIEHO MOCTIIKEHHST 30HHO-eHepreTudHol CTPYKTypu Zn(Q JIeroBaHOTO
aromamu Al B mexkax meopil ¢GyHKIOHATY TycTHHH, BUKOpucTOoByIoun Merom DFT+U
JJISI TOYHOT'O OMHUCY HOTO €JIEKTPOHHOI CTPYKTYpHU. Byiio BUusSBII€HO, IO J0/TaBaHHS aTOMAa,
Al 10 ZnO nmae 3Mory 3MIHIOBATH HOTO €JIEKTPOHHY CTPYKTYPY. 3MiHA 30HHOI CTPYKTYpPH
ta PDOS ZnO nicns neryBanus Al o3nadae, 1o JieroBaHa CHCTEMa MOXKE MPOSBIISATH
pi3Hi ontuyHi BracTuBOCTI. BaxkK/inBO Bi3HAYUTH, IO TEOPETHIHO OTPUMAHI PE3y/IbTaTH
J100pe y3rOIKyIOThCS 3 eKCIEPUMEHTAJIHBHUMI CITOCTEPEXKEHHIMU, 1 Bi/IMOBiTHI BIaCcTH-
BoCTi, orpuMani pozpaxyukamu iy ZnQO, jmeroamoro Al Takoxk Oysiu BCTaHOBJIEHI B
peaibHUX MaTepiaiax.
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Crystal structure and optical properties of
Al-doped ZnO thin films: first-principle modelling
and experiment
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Al-doped ZnO (ZnO: Al) thin films were prepared using high-frequency
magnetron sputtering. The phase analysis and crystal structure refinement are
carried out using X-ray diffraction data. The film thickness was obtained by
analyzing ZnO: Al films’ optical interference transmission spectra. The average
grain size of the films was established using the Scherrer formula. The strain
and the dislocation density are also calculated. The optical transmittance of the
received sample in the visible and near-infrared regions is investigated at room
temperature. The integral optical transmittance and the bandgap value of Al-
doped ZnO films are determined. The obtained value of the optical bandgap
is 3.26 eV. Based on our experimental results, the refractive index and the
high-frequency dielectric constant were evaluated using different relations, parti-
cularly Tripathy, Moss, Ravindra, and Herve-Vandamme. Comparing our results
with other experimental data, we can conclude that the Herve-Vandamme relati-
on most accurately allows us to establish the value of the refractive index. In
addition, the structural, electronic, and optical properties of zinc oxide thin
films with Al-doping have been investigated with density functional theory
(DFT) calculations with Hubbard U corrections. We found that the position
of the Fermi level of the Al-doped sample was shifted to a higher energy level
compared with the undoped material. The calculated results show that the opti-
cal bandgap of ZnO: Al is in good agreement with the experimental one. Also
should be noted, that around the Fermi level of Al-doped ZnO emerged the
shallow donor states from mainly 3s-Al states. Transmission spectra for ZnO
doped with Al atoms in the visible and ultraviolet regions were calculated. The
results of the calculations showed that in the visible region of the spectrum,
the optical transmittance is 85 %, while in the ultraviolet region — 77 %, whi-
ch correlates well with experimental data. In general, all our theoretical results
explain well the trend of changes in the corresponding experimental results.

Key words: doped ZnO, bandgap, optical transmittance, density functional
theory.



