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Meronamu ab initio TpOBelEH NPOTHOCTUYECKMI aHAIM3 BJIMAHMA JeopMaly pacTSHKeHHUs/CKATUSA Ha
OIITUYECKHE M ONTOICKTPOHHBIE CBOICTBA BaH-IEP-BaaJIbCOBBIX KBasu-2D rerepocTpykTyp, 0Opa3soBaHHBIX rod-
PUPOBAaHHBIM OOPO(EHOM C TPEeyrojbHOH KPHCTA/UIMYECKOH PEmIeTKOH U rpadeHONmOmOOHBIMI HUTPUAOM TaJUIis
GaN u okcunom 1mHka ZnO. IlonpoOHO paccmarpuBaloTcs Citydan AeOopMaliyy, NMPUBOASIIME K HOSBJICHHIO
SHEPreTUYECKOH LIEJIM B 3JIEKTPOHHOM CTPOGHHH HCCIICLYEMBIX BaH-EP-BaajIbCOBBIX I'ETEPOCTPYKTYD: OXHOOCHOE
cxarue Ha 14 % u nByxocHoe cxatue Ha 4 % B cilydae reTepocTpyKTypsl 6opoden/GaN 1 ofHOOCHOE pacTshHKeHHE
Ha 10 % u nByxoocHoe cxxaTne Ha 6% B cilydae rerepocTpykTypbl 6opoden/ZnO. [TokazaHo, YTO MpU OTHOOCHBIX
nedopMaluaX CIEKTPBl ITOIVIOIIEHHUST O0EUX TIeTepOCTPYKTYp Hambosee 3aMeTHO u3MeHsworca B obmactn MK
Juana3oHa, JCMOHCTPUPYS YBEJIMYCHHE KO3(hQUIMEHTa IOIJIONEHNS] B HECKOJIBKO pPa3 IO CPaBHEHUIO C €ro
3Ha4YeHUAMH B OTCyTCTBHE nedopmanmii. Hanbospieit BesmunHoit norsomenns B MK nuanasone xapakrepusyercs
rerepocTpykTypa 6opoden/GaN mpu omHOoOocHOM cxkaThu Ha 14 %. B ciydae nByXOCHBIX JedopManuii mjisi rere-
pocTpykTypsl 6opoden/GaN Taxxe xapakTepHO yBesmdeHue kKodgdumnuenta nornomenus B MK nuanasone, a ms
reTepocTpyKTypbl 6opoder/ZnO nomumo yBermuenus norsionieHns B K muanasone oOHapyXKeHO yBeIMYEHHE ITHKa
HOIVIOIICHNS B O0JIACTH [IMaNa3oHa BHAMMOIO M3JIyYeHHs IPH ABYXOCHOM cxatuu Ha 6 %. IlokasaHo, 4To oceBas
nehopMarus pacTsHKCHUSI/CKATHsL BBI3BIBACT YCWJICHHE TI'eHepanrd (OTOTOKA Yy HCCIICOYCMbIX I'€TEpOCTPYKTYp B
nnanazoHax MK m BuguMoro usiydeHus 3a cyeT yBeJMYEHHS HMX KO3(QQUIMEHTa MNOIVIOIIEHHS B YKa3aHHBIX

auaria3oHax IJIMH BOJIH.

KmoueBbie coBa: 60pod)eHOBEIE T€TEPOCTPYKTYPBI, OCEBOE PACTHKEHUE/CxKATHE, TeopHsl (PYHKIMOHANIA TUIOTHO-
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1. BBepeHune

Iocne otkpeiTust rpadena [1] 3amMeTHO BO3POC MHTEpeC
K 9KCIIEpHIMEHTaJIbHOMY IIOJIyYEHHIO U HCCJICHOBAHUIO [BY-
MepHbix (2D) matepuanos [2]. ITo cpaBHEHHIO CO CBONMHU
0o0beMHBIMU aHajioramu 2D-MaTepuasiel UMEIOT OOJIbLIYIO
IUIOLIA[b TIOBEPXHOCTH U OoJjiee BBICOKYIO PEaKLMOHHYIO
CcrocoOHOCTh, 9TO B coYeTaHUU C A(P(PEKTOM KBAHTOBOTO
Or'PaHNYCHUS TPUBOAUT K MX YHUKAJIBHBIM (PH3UYECKUM U
xuMmueckuM coiictBam [2]. CrieoM 3a rpadeHoM B (hoKyce
WCCJICIOBAHUII OKa3ajmch Apyrue 2D-marepuwanbl, Takue
KaK rekcaroHaibHblii HuTpHx Gopa (h-BN) [3], uepHbli
¢dochop [4], cunmuen [5], cranen [6], repmanen [7], mpen-
CTaBHUTEM [UXAIBKOTCHHUIOB IMEPEXOMHBIX METauioB [8].
B macrostmee Bpemst cemeiictBo 2D-MaTepmasioB TpoOmod-
KAeT IIOMOJIHATBCS HOBBIMH YiICHAMH [9], OIHAKO JIHIIb
HeOoJsblllasg 4acTh U3 HUX SABJIAETCS MOHO3JIEMEHTHBIMIL
Cpenn HamboJiee MHTEPECHBIX MOHORJIEMEHTHBIX MaTepHa-
JI0B BhiensieTcs: 2D anorponHas ¢popMa 6opa, MMeHyeMast
6opodenom [10]. DToT Marepuan 00JIaqAET YHHUKATHHBIMH
VIIPYTHMH, 3JICKTPOHHBIMH, ONTHYCCKHAMH, TEPMHYCCKHMH
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U TpaHCHIOPTHBIMEU cBoiictBamu [11-14], 4ro roBopur o
MHOroo0eNalomux MepcrleKTUBax ero HCIOJb30BaHUA B
CYIIEPKOHJCHCATOPAX, YCTPOUCTBaX XpaHECHHs SHEPTUH, CCH-
copax, MEIUIIHCKOM OOOPYIOBaHHM H B ONTO3JICKTPOHU-
ke [15]. Kak M3BecTHO, TpeXBaJICHTHHII GOp HMeeT MHO-
KECTBO aJUIOTPONHBIX Momudukanmil. [1omoGHbI TOIMMOp-
¢msm mpucym u OopodenHy. Meromamu ab initio ObiO
IIPeCKa3aHo CYLIECTBOBAHME PAa3JIMYHBIX ATOMHBIX KOH(U-
rypaumit 2D-HanocTpykTyp Gopa [16]. TToMumo JiCTOB ¢
reKcaroHaJIbHOM M TPeyrojbHOi peruetkamu [17], a Takxke
ro)pUpOBaHHBIX JIMCTOB C TPEYrojbHOI peruetkoii [18],
CYIIECTBYIOT M JApyrue pasHoBugHOocTH 2D-mmctoB Oopa
C TeKcaroHaJbHBIMH OTBepcTHsiMH [19], B ToM umcie a-
JICT, B-JUCT, Y-JTUCT. DKCIEPUMEHTAJIBHO Pa3/IMYHble aJl-
JloTponHbe (OpMBI GOpoeHa MOKHO IOIydaTb METOTAMHA
aTOMHO-CJIOEBOTO OCAXKIAEHHSA Ha METAUTMYECKHX MOIJIONK-
kax [20]. B Hacrosimiee BpeMsi YCIENIHO CHHTE3UPYIOTCS
Takie KoH(purypammm OopodeHa Kak Tro(pHpOBaHHBIA C
TPeyroJIbHOM pPeleTKol, rexkcaroHasbHbii, 12 u x> [14].
CorylacHO pe3ynbTaTaM pacdyeToB ab initio, HanOoJIbIIEi
SHEPreTHUYCCKOIN CTa0MIBHOCTHIO 00IamaeT roppupoBaHHbII
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6opodeH ¢ TPeyroyibHOM KpUCTAJUTMYECKo# pemeTkon [21].
Kpowme Toro, mannas aymtorporHas Moaudukarms oopodera
SIBJISICTCS CWJIBHO aHU30TPOIHBIM METAJUIOM C BBICOKHM
monyseMm IOHra Bposb ero HampasijieHus armchair, IpeBBI-
maroiuM Momyits fOHra rpadena [22], u xapakrepusyercs
3aMeTHOW aHM30Tporuell TertonposoaHocty [23]. Buaro-
mapsi mpucynieMy OopodeHy moJuMop¢pusMy OH oOJiafaet
XOpOIIIeil BOSMOKHOCTBIO OOpa3OBBIBATH I'ETEPOCTPYKTYPHI
(BepTHKaJIbHBIE WIM JIaTepasibHble) C pasjmdHbMu 2D-
matepuanamu [24]. TlepBbIMH 3KCIIEPUMEHTAIBHO OBLTH
peasm3oBanbl OopogeH-rpadeHOBbIC BepTHKaIbHbIE TIeTe-
POCTPYKTYpHl [25-27|, MPOIEMOHCTPHPOBABIIHE XOPOLIYIO
CTPYKTYPHYIO CTaOHMIbHOCTB. [10M0OHBIE TeTepOCTPYKTYpPHI
y)Ke TPUMEHSIOTCS JUIS CO3NaHWSl NATYMKA BJIAYKHOCTH,
IIOKa3aBIIEr0 4yBCTBUTEILHOCTh IpuMepHO B 700 pa3 BB
me, 4yeM y oOblMHOro rpageHa, u B 27 pa3 BbllE, YeM
y HHEUBHAyasibHOro Gopodena [26]. Beprukanshbie 2D-
TeTepOCTPYKTYpsl OopodeH-MoS, paccMaTpuBaloTCs Kak
MICPCIICKTUBHBI MaTepHuas I Pa3padOTKU Ta30BBIX CEH-
copoB [28] W MATYMKOB BJIAKHOCTH, UMEIOIINX BBICOKYIO
9yBCTBUTEJIBHOCTh M OBICTPBIA OTKIMK [29]. Mertonamu
ab initio mporHo3upyeTcs Co3naHue BEPTUKAIBHBIX ITeTEpO-
crpykryp 6opoden/g-CoN [30], 6opoden/MX, (M =Mo, W
u X=S, Se) [31] u 6opoden/InSe [32], kOTOpBIE ABISAIOTCS
NEPCIICKTUBHBIMA KaHIUIATAMH U Pean3aliyd KOHTAaKTa
MeTaJUT-IIOJTyPOBOIHHK ¢ Oapbepom oTTkm.

B macrostmeit pabore paccMaTpuBaloTCsi 00poheHOBBIC
BaH-JIep-BaajibcOBble KBa3u-2D-rerepocTpyKTyphl OBYX TH-
noB — Oopopen/GaN u 6opoden/ZnO, mnpenackasaHHbIC
Hamu paHee Metomamu ab initio [33]. Ilnst ux mocTpoeHus
WCTIOJIb30BAJIMCh TOPPHPOBaHHEIN O0opodeH ¢ TpeyroapHON
pemeTkoit u rpapenonogodnsie cinon GaN n ZnO. Llempio
WCCJICIOBAHUS SIBJISICTCS BBISIBJICHAE 3aKOHOMEPHOCTEH BJIU-
AHUA OedopMaluyl pacTSHKEHUS/CKATHA Ha ONTHYECKHE U
OIITORJICKTPOHHBIE CBOMCTBA ITUX IeTEPOCTPYKTYP.

2. MeTogbl uccnepgoBaHus

PacyeTrsl mcciienyeMbIX reTepoCTPYKTYp IPOBOIIIINCH B
paMkax (opMaM3Ma TeOpHH (YHKIMOHAJA TJIOTHOCTH
(DFT) B nporpammuom nakere S| ESTA [34] ¢ ucnonbs3oba-
HUeM Oa3ucHoro Habopa nosgpusanuoHHbx ¢Gynkuuit DZP
1 0OMEHHO-KoppessiioHHoro (yHknmonana GGA (0606-
IICHHAS] TPAIMEHTHAS AMIPOKCHMMAIsi) B (HOPMYJIAPOBKE
IMepneio, Bypke u Dpusepxoda (PBE) [35]. Hammune cu
Ban-nep-Baanbca MexIy CIIOSME TeTEpOCTPYKTYPHl YUHUTHI-
BAJIOCh BBEICHHEM [IMCIECPCHOHHBIX MONPaBoK ['pumma [36].
Haxoxxnenne paBHOBECHOI KOH(UIypallu Cyliep-sueek re-
TEPOCTPYKTYP BBIIOJIHATIOCH MyTeM MHUHHUMM3ALMH TTOJTHON
SHEPrHU 3JICKTPOHHOW CHCTEMBI C IMOMOINBIO aJropuT™Ma
Bpoitnena-TTynas [37]. Penakcaiwst CTpyKTypbl IIPOBOJMIIACH
IO TeX IIOKa, CHJIbl, ACHCTBYIOIIME Ha KaXIblil aToM, He
craHoBuuch MeHee 0.025eV/A. JIna Toro 4tobhl HCKITIO-
YUTh BJIUSIHUE CJIOEB FeTEPOCTPYKTYpPBI APYr Ha Apyra B He
MICPHOINIHOM HAIPABJICHIH, BEJIMYMHA BAaKYYMHOTO IIpOMe-
’yTKa BbiOMpanach pasHoil 20 A. Kunerwueckas sHeprus

Ontrka n cnekTpockonus, 2025, Tom 133, Boin. 5

oTceyku B pacdeTax cocTabisiia 150Ry. PaszOuenue 30HbI
Bpuiossa npoBoamiock o cxeme Mouxoper-Tlaka [38] ¢
cetkoit 12 x 6 x 1 u3 k-Touex.

MakcuMasipHOE  3HaUeHHE (OTOTOKA PaACCUMTHIBACTCA
¢dopmyre:

(7}

. e/ A(w)Power g (@) q

hv @ (1)

w1

e € — 3apsi arekTpona; A(w) — koadHIMEeHT ToTIToIIe-
HEsT; POWET gjor (W) — MOIIHOCTH COJIHEYHOTO H3JTYYUCHHST,
hy — sHeprust KBaHTa COJTHEYHOTO M3JIyYCHHSL.
KoadpuieHT norsomenuss paccuuThBaeTCs B paMKax
HECTalMOHAPHON TEOpHM BO3MYIICHWIA MEPBOTrO IOPS/-
Ka [39]:
Aw) = s e2(®) @
cn(w) 20
e &(w) — MHHMas 4acTb KOMIUICKCHOW IHAJICKTpHYC-
CKOU MPOHMIIAEMOCTH, N(w) — HOKa3aTelb MPESIOMJICHHSI,
C — CKOpOCTb CBETa, @ — 4YacTOTa AJICKTPOMArHUTHOTO
n3JIydeHus. MHUMasi 4acTh JUAJICKTPUYECKON POHHUIAEMO-

cti & (w) onpenesnsiercs o Gopmysie Buja:

e - R
&(w) ZWZ /dk|<|l/)ck|e’p|¢vk>|2
v-C Bz

x 6(Ec(k) — Ev(k) — ho), (3)

e CYMMHPOBAHIE MPOBOIUTCS MO KXKIOM Mape COCTOSTHHUIA
BQJICHTHOW (3aIOJIHCHHO#) 30HBI M 30HBI IPOBOIMMOCTH
(He3aHsATOl), a WHTErpUpoBaHHE — MO BceM K-Toukam
B 30HE BpmiUTIOSHa, WHIEKCH C M V OTHOCATCS K DJICK-
TPOHHBIM COCTOSIHHSIM B 30HE IPOBOTMMOCTH U BAJICHTHOM
30HE COOTBETCTBEHHO, E(,)(K) U Y,)k — dHeprum
U CcOOCTBeHHBbIE (YHKIMM 3THUX COCTOSHHA. MaTpudHbIA
SJIEMEHT BJIEKTPOHHOTO IWIIOJIHOTO TEPEX0Ia HAXOMUTCS
MEXTy 3aIlOJIHCHHBIM M HE3aHSITHIM COCTOSTHUSIMHE, T € —
BEKTOp mossipu3anum, a P — omeparop mmmysbea. Omrrde-
CKHe MapaMeTpPhl UCCIICYyEMbIX BaH-eP-BaaIbCOBBIX reTepo-
CTPYKTYP PACCUMATHIBAIUCH JIUIS JBYX Pa3HBIX HAMpaBJICHHI
nossipusanmn cBeta (Bektop E mapasutesien ocu X u mapai-
siesieH ocu Y) B nuanasone muymH BoH 0.28 — 2 um. Pacuer
ONTHUYECKUX XAPAKTEPUCTHK HCCIICMYEMBIX TE€TEPOCTPYKTYP
MIPOBOIMJICS TIPU pa3bHeHuH 30HB BpuiLiosHa ¢ pasmepom
ceTku k-Touek 960 x 480 x 1.

3. ATtomMucTMYecKue Mogenm
60opodreHOBbIX BaH-Aep-BaanbCOBbIX
reTepocTpyKTyp npu gedopmaumsax
cXartua U pactaXeHus

IonpobHoe omucanue nporecca MOTy9eHUs cylep-gueek
retepocTpykTyp 60opodpen/GaN u 6opoden/ZnO conepKuT-
cs B pabore [33]. Ha puc. 1 mokasaHbl MX paBHOBECHBIC
KOoHpUTypanyu. BeKTopsl TpaHC/AIMU Cylep-siueiKi reTe-
poctpykrypsl Gopoden/GaN — Ly = 3.35A nLy = 6.10 A;
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Puc. 1. Cynep-stueiiku 60podeHOBBIX BaH-Iep-BaajbCOBBIX reTepocTpyKTyp: (a) 6opoden/GaN; (b) Gopoder/ZnO.

BEKTOPBl TPAHCJALMY CyNep-A4eiiki reTepoCTPyKTyphl 00-
poper/ZnO — Ly =3.28A un Ly =5.83 A. Paccrosiaue
Mexnay ciosmu 6opogpena u GaN BIosib ocu Z COCTaBUIIO
291 A, mexny crnoavu 6opodena u ZnO — 2.51 A.

IIo pesynbTaTaM MNPOBENCHHBIX paHee MUCCIIeI0BaHUI
3JIEKTPOHHOI'O CTPOCHUSI TeTepoCTPyKTyp Oopoden/GaN u
6opoten/ZnO [33] OBUIO YCTaHOBJIEHO, YTO OHH HUMEIOT
OecIesieByl0 30HHYIO CTPYKTYpY, 4TO OOYCJIOBJIEHO OIpe-
HeJIAI0IMM BKJIAoM TrodpupoBaHHoro Oopodena c Tpe-
YTOJIbHOM pelIeTKoi B (OpMUPOBaHUE 30HBI IIPOBOIMMOCTH.
Kak wn3BectHO, 11 3¢G@EKTUBHOrO NpHMEHEHHS BaH-IEp-
BaaJIbCOBBIX T'eTEPOCTPYKTYP B YCTpOHCTBax (hoTOBOJIbTA-
UKH, B YaCTHOCTH, /I COJIHEUHBIX OaTapeil, HEOOXOIUMO
obecreynTh HaJM4Ue Y HUX SHEPreTUYECKOU e Mex-
Oy BaJICHTHOH 30HOH M 30HOH mMpoBoguMocTH. OmHUM H3
BO3MOXHBIX CIIOCOOOB OTKPBITHS HEPreTHYECKOH IIeNu B
30HHOIl CTPYKType HaHOMaTepuasa siBjIgeTcs AehopManus.
B pamkax Hamero mpemblayIlero ucciiefoBaHusi ab initio
BaH-TIep-BaaJIbCOBBIE TeTePOCTPYKTYpH 6opoden/GaN u 6o-
poten/ZnO monBepraguch OTHOOCHON U IByXOCHOH nedop-
Manuu cxatusi/pactsokerusi [40]. PaccmarpuBanuch citydau
ONHOOCHOW [edopMaly CXaTHf U PacTSHKEHUS BIOJIb
ocu Y (Bmomb 3ursaroo0pasHoro kpas Jcra Gopodena)
Ha 1—14% u nBYXOCHOH nedopmaluy CKaTHS U PacTs-
KeHHs1 BIOJb oceil X (momepek 3ursaroo0pasHoro Kpas
ymacta Gopogena) u Y Ha 1—10%. Ilo pesympraram mpo-
BEJICHHBIX YHCJICHHBIX SKCIICPUMEHTOB OBLUIO YCTaHOBJIC-
HO, YTO y TeTepoCcTyKTypbsl Oopopen/GaN sHepreTmueckast
IIeJTh TOSIBJISIETCS] B CIIyYasix OOHOOCHOTo cxatusi Ha 14 %
(0.028eV) u mByxochoro cxkarusi Ha 4% (0.018¢eV), a
Yy TeTepoCTpyKTypsl Oopoden/ZnO oHa NOSBISETCA TNPH
onHOOCHOM pacTtsbkenust Ha 10 % (0.063 eV) n 1ByxoocHOM
oxatnn Ha 6% (0.012¢eV). IlpuyeM I OTKpBITHS Ie-
JI1 HEOOXOIMMO O0ECIICUnTh HaJIMYUH HYJICBOH IJIOTHOCTH
auekTpoHHbIX cocrosimii (DOS) BOsm3u yposHst Pepmu B
pacmpenenenusax DOS anekTpoHHBIX opOuTasieil 1 aToMOB
6opodena, n aromoB GaN/ZnO. IMeHHO OTMEUYCHHBIE BHIIIIC
ciaydan pedopmanyy 1 ObUTM HAMH OTOOpaHBI /ISl aHAJIN3a
ONITHYECKUX M ONTO3JICKTPOHHBIX CBOMCTB Je(pOPMHUPOBAH-
HBEIX BaH-ICP-BaaJIbCOBBIX T€TEPOCTPYKTYp Oopodern/GaN u
6opoden/ZnO.

4. OnTUYeCKNEe N ONTOIIEKTPOHHbIE
cBouncTBa 6opocheHOoBbIX
BaH-Aep-BaasibCOBbIX reTepPOCTPYKTYp
npu gedopmMaymnax cxarna n
pactaXxeHus

Jtst uccienyeMbIX BaH-Iep-BaallbCOBBIX IETEPOCTPYKTYP
IIPOBOAMJIUCH PacyeThl CIIEKTPOB IOIVIOLICHHUS U CIEKTPOB
¢oTOTOKa B OMamna3oHe UIMH BOJIH BJIEKTPOMAarHUTHOTI'O
nanmydenns 0.28—2um. PaccunTanHble CHIEKTpH HOTJIOLNIE-
HUA 71 Hede(OPMUPOBAaHHON M [AepOpMHUPOBAHHOU Ie-
TepocTpyKTypsl Oopoden/GaN mpencraBiieHsl Ha puc. 2.
YucseHHas oleHKa KOd((@UIIEHTa MOIJIOMEeHUs BbIIOIHSA-
JIach ISl ABYX CJIy4YaeB HOJIIPHU3AIMH 3JICKTPOMArHUTHOTO
M3JIyYeHHUsT: BIOJb ock X (IOMepeK 3ur3aroobpasHoOro Kpas
scTa 6opodena) u Bnob ocu Y (BIOJb 3Ur3aroo0pasHoro
Kpasi Jmcta Gopodena). M3 rpapukoB Ha puc. 2,a Bui-
HO, 9TO JUIS HeneOpMUPOBaHHON IeTepOCTPYKTYpBI OOpO-
¢en/GaN xapakTepHa aHHU30TpoONUs KO3 (HUIMEHTa MOIJIo-
mennsi. Kax mokasano B Hameil npensiayiuei paore [41],
HaOyogaemMasl aHU30TPONHUS OOBACHAETCA TeM, 4YTO IIpU
NOJAPHU3AMU CBeTa BAOJIb OCH X OIpeHesAomui BKIA
B ONTHYECKHE CBOWCTBA T'eTEPOCTPYKTYpHl Oopoden/GaN
BHocuT cijoii GaN, a mnpu mojsgpu3aluy CBeTa BHOJIb
ocu Y — Oopoden. IIpn 3Tom B 00omx cirydasx MOJISpU-
3alliyl MUK MOTJIOLICHUSI IIPUXOAUTCA Ha 00JIacTh CPEeqHero
Y@ ussrydeHus, HO ero BeJMYMHA MPH HOJIIPU3AINK CBETa
BIOJIb ocH Y B 3 pasa BbIlle, YeM IpH HOJIAPU3ALUK BIOJIb
ocn X. Pucynkm 2,b m 2,c, HarjsiiHO TOKa3bIBAIOT, YTO
U OJHOOCHOE, M [BYXOCHOE C)XaTHe BHOCAT CYLIECTBEH-
Hble M3MEHCHHS] B CHEKTpP IIOIVIONICHHSI T'€TePOCTPYKTYPHI
6opogen/GaN, uro 00ycsOBJIeHO, B NEPBYIO OYepelb, IO-
SIBJICHIEM SHEPreTHYeCKON HICNU B ee 30HHOH CTPYKTYype.
OnHoocHas nedopmarusi ckarusi Ha 14 % (puc. 2,b) BbI-
3BaJla yBEJMYCHUE BBICOTH IIMKa IIOIJIOLICHHS B 00JIaCTH
UK nuamasona B 3.5 pasa mpu moJisipusalliid CBETa BIOJIb
ocu X (¢ 45% no 15.8%) u B 13 pa3s mpu mossipu3anuu
csera Boosb ocu Y (¢ 1 mo 13.2%). B Y® puanmasone muk
TIOTJIOIIEHUs] CMellaeTcsl 0 MKajle AJIMH BOJIH U3 00J1acTu
cpenHero Y@ B obmacte OmmkHero Y@ ¢ coxpaHeHHEM
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Puc. 2. Koa¢pdumeHT oNTHYISCKOro MOITIOMEHNs BaH-Iep-BaalbCOBON reTepocTpyKTyphl 6opoden/GaN IpH HOJISIPU3AlMU CBETa BOJb
oceit X nY: (a) B orcyrcrBue aedopmanmy; (b) mpu omHOOCHOM cxatud Ha 14%; (c) npu aByxocHoM cxatuu Ha 4 %. Ha BcTaBKax K
PUCYHKaM TIOKa3aHbl ()ParMEHTHI CIIEKTPOB TOIVIOIICHNS B YP nuana3oHe JUIMH BOJIH.

CBOEH BBICOTHI IS CITy4asi IIOJIIPU3ALH CBETa BIOJIb OCH X
U yMeHbIIaeTcs Mo BbICOTE B 3.5 pasa, HO ocTaeTcsd IIO-
IpeXHEeMy B mpenesax oOsiactu cpemHero Y® B cirydae
NOJIApU3alMd cBeTa BIOJb oc Y. HakoHen, nmpucyTcTBylo-
muil y HeneopMUPOBaHHON IeTePOCTPYKTYPhl B BUANMOM
aWana3oHe MUK Ha jumHe BosHB 0.75 um mis cirydas nosts-
pH3aLK CBeTa BOJb och X nocsie gepopMalui cMeImaeTcst
B cTOpoHy Y® nuana3oHa, 3aHuMas AauHy BosiHbL 0.48 um
u Tepasa npu 3toM MeHee 1% BoicoThl. Ilpu nByXocHOM
oxatin Ha 4% KapTuHa M3MEHEHHI B CIIEKTpE ITOTJIOIIe-
HUSA reTepocTpyKTpsl 6opoden/GaN He CTONb paguKasbHa,
KaK B ONMCAHHOM BBIIIE CJIy4ae OHOOCHOH Aedopmanud,
omHaKo Takxke 3arparuBacT Y@, sunmmerii 1 UK mmnama3oHst
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9JIEKTpOMarHuTHOro wamydenusi. Habiomaercs cHmkeHme
BBICOTHI IMHKa morjomeHuss B YO nuamasone ¢ 6.4 % mo
3.6% pnmnsa cBeTa, TMOJIIPU30BAHHOTO BIONMb OCH X, W C
18.2 no 12.8 % nns cBeTa, MONAPU30BAHHOIO BIOJb OcH Y.
B UK nmanazone, Hao00pOT, MUK NOIJIOMIEHUS BO3pacTaeT
U1 0bomX cilydaeB mosisipu3aru cera: ¢ 4.5 go 6 % s
noJyispu3anyu Baoiab ocu X, ¢ 1 mo 2% nia monspusanyu
BHIOh och Y. B BUmMMOM [mama3oHe TpH TOJISIPU3AIA
cBeTa BIOJIb OCH X THK IOIJIOIIEHUST PaCICIUISIeTCs Ha JIBa
nuka BbicoToit ~ 3.8 % (mmmnbl Bosta 0.56 um u 0.45 um),
KOTOpast YCTYIaeT BEICOTE ITMKa Hene(opMUPOBaHHOU reTe-
pocTpykTypHl Ha 1.5 %. B 11eJ1o0M MOXKHO OTMETHUTb, YTO IIPU
MOJIIPU3AIMK CBETa BJIOJIb OocH Y OMHOOCHAs JedopMarius
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Puc. 3. Pacumpennsiii hparmeHT retepocTpykTypsl 6opotden/GaN, cocTosimmii U3 IsITH cynep-siaeek: (a) Bun cuepent; (b) BUm cOOKY.

CHJIbHEE BJIMSICT HA KOJMYECTBEHHBIC M3MCHEHUS K03(ddu-
LHEHTA MOTJIOICHUS TeTePOCTPYKTYpsl 6opoden/GaN.

[IprunHoit HabrOMAEMBIX pa3IMInil MEKIy HaIllpaBJICHH-
SIMHU TIOJISIPU3AIIMN CBETA SIBJIAIOTCS OCOOEHHOCTU aTOMHOIO
crpoenus 2D-micra GopodeHa ¢ TpeyroybHON KpUCTaIIU-
YECKOH pemeTkoi. PaccMoTpuM uX Ha mpUMepe pacIlupeH-
HOro (parMeHTa reTepocTpykTyphl 6opoden/GaN, cocros-
IIEro U3 MATH Cylep-s4yeeK, M300pakeHHBIX Ha pHc. 1,a.
ITocTtpoenHslil (parMeHT MOKa3aH HA pPHUC. 3 B ABYX IpO-
exuusix: Bux cuepemu (puc. 3,a) u Bug cOoky (puc. 3,b).
Bunno, uro Booibs ocu Y aToMel 60pa (opMUpPYIOT 3Ur3a-
rooOpasHble LIETTIOYKH CO MHOXECTBOM IIONEPEYHBIX CBA3EH,
OKa3bIBAIOIINX BBICOKOE COIPOTHBJICHNE JIe(OpPMaIN CKa-
TUs1, AEUCTBYIOIIEH B HAIIPaBJICHUH TOH e OCH, B TO BpeMs
KaK B HampaB/IeHMA ocd X aTOMBbl BBICTPaWBAIOTCA BHOJIb
NPAMBIX JIMHUM.

IlepeiineM k 00CYKIEHUIO BIUAHUA AePOopMaIK Ha CIIEK-
TPBI TIOTJIOIICHUSI TeTePOCTPYKTYpHl Oopoden/ZnO, mpen-
craBicHHble Ha puc. 4. U3 pumc. 4,a BUmHO, UYTO [JIS
Hele(hOpMHUPOBAaHHON T'eTepPOCTPYKTYPhI TAKXkKe CBOUCTBEH-
Ha aHM30Tponms Kod(duImenTa morsomenns Ipu BeIOOpe
HaIpaBJICHUsI MOJISPU3AIAN CBETA, KaK M JUI TeTepOCTPYyK-
Typbl 6opoden/GaN. Kak Obls10 moka3aHo B Hauleil mpesl-
myueit padore [41], B obsact Y® 1 BUAMMOTrO IMAIA30HOB
OCHOBHO¥! BKJIaJT B (POPMUPOBAHUE CTIEKTPAIBHBIX TIPOQIUICH
TIOTJIOIICHNUS B HanpasyieHnn ocu X BHocuT ZnO, B Hampas-
Jgennu ocu Y 6opoden, a B obsmactu UK guanaszona mpo-
SIBJISICTCH CHHEPreTHIecKuii 3 ekt couetanns bopodenHa n
ZnO B cocrase cioncToi cTpykTypsl [Ipm omHOOCHOM pac-
TskeHun Ha 10 % HamOGospiie M3MEHEHHs MPOMCXONAT B
obnacti K nuanasona (puc. 4, b): MaKCUMYM TOTJIOIICHAS
BO3pacTacT B 2 pasa JUIs CiIydas MOJIIpU3aliii CBETa BIOJIb
ocu X M B 5 pa3 mpH mosiApU3aliM CBETa BIOJIb och Y.
B nocnennem cirydae oOpamaeT Ha cebs BHUMaHHE MOSIB-
JICHHE XapaKTEepPHOro MHKa MAaKCHMaJbHONH MHTEHCHBHOCTH
Ha JyMHe BOsIHBL 1.35um, 4To 0O0YCJIOBJIEHO YIOMSAHYTBIM
BBIIE CHUHEPreTHYeCKUM 3(G@PEKTOM OT B3aUMOACHCTBHS
6opoena m ZnO B reTepOCTPYKType, IPOSABIIAIOMIEMCS
B BHJC BO3PACTAIONIECTO y4YacTKa XapaKTEPHCTHK CHCTBH-
TEJIbHOW M MHUMOM 4acTel KOMILIEKCHON IUAJIEKTPUIECKON
nponuiaeMoctd B obsacth UK nmamasona [41]. B VO
IMamna3oHe MaKCHMyM IIOIVIOIICHUS] B 0OJIacTH OJIMKHEro
Y® camxkaercst ¢ 3.7 no 3 % m1si cBeTa, MOJISIPA3AIMOHHOTO

Boib ocu X, m Bo3pactaeT ¢ 84 mo 11.8% mns ceera,
NOJIAPU30BaHHOIO BAOJIb ocd Y. B BuammoMm auamnasone
HaOyofaeTcs yBeJMYeHHe MakcuMyMa IIOIJIOLIeHHs MeHee,
4yeM Ha 1%, U cMelueHue ero IO JJIMHaM BOJH B CTOPOHY
Y® nmama3zona mpu MONpU3aIA CBETa BHOIBb och X, a
TaK)Ke TPOCKpPAaTHOE YBEJIMYCHHE B 3 pas3a IpH MOJSApH3a-
MU cBeTa BIOJIb ocH Y. PasHMIla MeXmy HarpaBICHHSMH
NOJAPHU3alMU CBeTa MOXET OBITh OOBbSICHEHa TeM, YTO B
cily4yae IOJISpU3alliy CBeTa BJIOJIb OCH X B 3HAYMUTEIIbHOMN
CTETICHH TPOSIBJISIOTCS ONTHYECKUE cBoiicTBa ZnO, B ciydae
ocu Y — Oopodena. JIByxocHoe cxarue Ha 6 % NPUBOOUT
K BO3pacTaHMI0O MaKCHMyMa IIOTJIONICHHST BO BCEX Tpex
paccMaTpuBaeMbIX JHUAMa30HaX 3JIEKTPOMArHUTHOIO M3JTy-
YeHUs MpU NoJsipu3anuu cBeta Baosb ocu X: Ha 1% B YO
nuarasoHe, Ha 3 % (IOYTH BABOC) B BUAMMOM [HANa3oHe U
Ha 2% (mouru BuBoe) B UK mmanasone. [1pu mossipusanin
cBeTa BOOJIb OCH Y 3aMETHBIX Ka4eCTBEHHBIX M3MCHCHHU B
npoduie crekTpa Horjoumenus He npoucxogut. Habmona-
I0TCS KOJIMYECTBEHHbIC U3MEHEHNS B 3HAUCHUSAX MaKCUMyMa
noruomeHust B Y@ nuanasone (cHmwkenue ¢ 8.4 mo 6.2 %)
u UK nnanasone (yBesmmuenue Ha 0.2 %). B ciryuae ogHooc-
HOU eopMaIii pacTSHKEHUST MOKHO OTMETHTDH OOJIBIIYIO
YYBCTBHTEJIBHOCTh ONTHYECKMX CBOWUCTB TI'€TEPOCTPYKTYPHI
6opopen/ZnO mnpu mnojsApU3alMUd CBeTa BAOIb oOcH Y,
YTO, KaK U B CJIydae C reTepocTpykTypoil 6opoden/GaN,
00BsSICHACTCA TEOMETPHICCKIMU ocoOeHHOCTsME 2D-nmcra
Gopodena B 3TOM HampasiieHHH ((pOPMHUPOBAHHE 3HUI3Ar0-
00pa3HbIX [EMOYEK CO MHOMKECTBOM IIONICPEUHBIM CBSI3EH ).
OTu reoMeTpuyecKre OCOOCHHOCTH MOXKHO YBHUIETb U3
puc. 5, rae B ABYX IPOEKIMAX IOKa3aH pacIIUpeHHBIH
(¢parMeHT reTepocTpyKTyphl 6opoden/ZnO, cocrosmmit u3
IIITH CyTIep-si9eeK, N300paKeHHBIX Ha PHC. 2,d.

Ha ocHOBe IMOJTy4eHHBIX CIIEKTPOB MOIJIOMICHUS M CIICK-
TPOB COJIHEYHOIO M3JIydeHH HA IOBEPXHOCTH 3eMiu
(AM1.5) u BHe 3emHOit atMocdepst (AMO) st uccremye-
MBIX BaH-I€P-BaaJIbCOBBIX FETEPOCTPYKTYP PAaCCUUTHIBAIUCH
crnekTpsl poToToka. CHeKTpsl coHevHoro n3mydeHus AMO
n AML.5 6pum B3ATH C caiita National Renewable Energy
Laboratory [42], roe npHBENCHBI COJHCYHBIC CHEKTPHl B
nuanaszoHe JUMH BosiH 0.28—2 ym. PaccuuTaHHbBle CHEKTPHI
¢doToTOKa HeneopMHUPOBAHHOMN U AeGOPMUPOBAHHON BaH-
Jep-BaaJIbCOBON TeTepoCTPYKTypsl 6opoden/GaN mokasaHsl
Ha puc. 6. 3HaueHUs (HOTOTOKA MPUBEICHBI IS TUIOMIANN

OnTtuka n cnektpockonusa, 2025, Tom 133, Bbin. 5
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Puc. 4. KosdppuimeHT onTr4eckoro MorjiomieH|si BaH-Iep-BaabCcOBOM TeTepOCTPYKTYphl Oopoder/ZnO mpu MoJsipusaliii CBETa BIOJIb
oceit X nY: (a) B orcyrcrBue medopmarmm; (b) mpu omHoocHOM pactspkennu Ha 10 %; (¢) mpu aByxocHoM cxatnn Ha 6 %. Ha BcraBkax
K PUCYHKaM IIOKa3aHHl (JparMeHTHl CIEKTPOB IorioneHns B YP nuamnasoHe JUIMH BOJIH.

Puc. 5. Pacumpenssiii hparMeHT reTepocTpykTypsl 6opoden/Zn0O, cocTosImiA 13 mATH Cymep-sideek: (a) Bu cuepent; (b) Bum cOOKY.

OnTnka u cnektpockonusi, 2025, Tom 133, BbIn. 5
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Puc. 6. Coekrpsr ¢ororoka Ha mosepxHocti 3emim (AM1.5) u 3a mpemesnamu 3emHuOit atmocdepsl (AMO) Isi reTepoCTpyKTyp
6opoden/GaN: (a) B orcyrcTBHe Aedopmanuy; (b) mpu OOHOOCHOM CxaTud Ha 14 %; (c) mpu mByxocHOM cxxatiu Ha 4 %. Ha BcraBkax K
PHCYHKaM TMOKa3aHbl ()parMeHThl CIIeKTPOB (oToTOKa B auanazone mimH BoiH 0.28 — 0.7 um.

noBepxHocTH, paBHOH 1cm?. Kak BumHo u3 puc. 6,a,

HanOoJIbIIasi MHTCHCHBHOCTh MHTETPAJIbHOM BEJIMUHHBL (o-
TOTOKa HaOmofiaeTes B 00J1aCTU BUAUMOTO U YO U3JTydeHuUs.
Haunnast ¢ sl Bostaet 0.8 um (MK nnanason) Habutona-
eTCsl CIajl BEJIMYMHBI HHTETPAIbHOTO (POTOTOKA, 00YCIIOB-
JICHHBI{, BO-TIEPBBIX, MAJIBIM KO3()(UIMEHTOM IMOIJIOLICHHS
TeTePOCTPYKTYP B 3TOM [Hala3oOHe, BO-BTOPBIX, MCHBIICH
MOIITHOCTBIO COJTHEYHOT'O U3JTydeHUs] (MAKCUMYM IPHXOIUT-
ca Ha mmHy BosHBL 550 um). Ilpu medopmanuu cxatus
KaK OHOOCHOH (puc. 6, b), Tak u IByXOCHOI1 (puc. 6,c) Ha-
OJIoaeTesl pOCT MaKCHMAJIBHOTO MHTETPaJIbHOIO (OTOTOKA

B obsmactu MK numanasona, mpuyeMm B Cilydae OTHOOCHOTO
cokatuss Ha 14% NPOMCXOOUT TPOEKPAaTHOE YBEIUYCHHUE
MakcnMyMma (OTOTOKa Ha IJIMHE BOJIHBI ~ 2um IO CpaB-
HEHHIO ¢ HemeOpMIPOBaHHOI CTPYKTYpoit (puc. 6,a). [Ipu
9TOM XapaKTepHble IMHKHA B OOJACTH BHAUMOIO [IHMaIa3oHa
COXPAHSIOTCS U1 000X CITydaeB medopMariim.

Ha puc. 7 nokasansl criekTpsl (poToToKa HemehopMupo-
BaHHOU W Je(OpMHUPOBAHHOIN BaH-ICP-BaalbCOBOM T'eTEPO-
CTPYKTypHl 6opoder/ZnO. B orcyTcTBrE MedopMauy MOx-
HO HaOJIOMATh 3aKOHOMEPHOCTH M3MeHeHus kKoddduimenTa
norsionieausi (puc. 7,a), Cxoxue co ciydaeM Hemedop-

Ontrka n cnekTpockonus, 2025, Tom 133, Bbin. 5
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Puc. 7. Coekrpsr ¢ortoroka Ha mosepxHocti 3emim (AM1.5) u 3a mpemesnamu 3emHuOit atmocdepsl (AMO) Isi reTepoCTpyKTyp
6opoden/ZnO: (a) B orcyrcrBue nedopmauny; (b) mpu omHoocHOM pactspkennd Ha 10%; (c¢) npu oByxocHoM coxartin Ha 6 %. Ha
BCTaBKaX K PUCYHKaM IIOKa3aHbl ()parMeHTHl CIEKTPOB ()OTOTOKA B AuanasoHe [mH BosH 0.28 — 0.7 um.

MHPOBaHHO# reTepoCTpyKTypsl 6opoder/GaN (puc. 6,a).
OnnoocHas nepopMarusa pactsokenus Ha 10 % npuBonut k
ABYXKpPAaTHOMY POCTY MaKCHMaJIbHOI'O HHTErpajbHOro ¢o-
ToTtoka B GuimkHeM MK nuanasone (miuHa BosHBL 1.2 um) ¢
COXpaHeHHeM MakcuMyMa (OTOTOKa B JHUANa30He BUAMMOIO
manydenust (puc. 7,b). JIByxocHass nedopmarmsi Cxatus
Ha 6% BBI3BIBACT YBEJIMYCHUE HHTErPAjIbHOM BEIMYMHBI
($oTOTOKa BO BCEM paccMaTpUBaeMOM MHTEpBaJIe JJIMH BOJIH
WK nuana3oHa u moyTu OBYXKpaTHOE YBEJIMYECHUE MAaKCUMY-
Ma ¢oroToka B 00JaCTH AMAana30HA BUAMMOIO W3JIyYCHUS
(puc. 7,c). B memom, MOXHO OTMETUTb, YTO BBISIBIICHHbIC
3aKOHOMEPHOCTH W3MEHEeHHUs1 Koa((HHUIIEeHTa NOTJIOMCHNS B
paccMaTpUBaeMOM JHAIa30He IUTMH BOJIH JIS1 MCCIICTYESMBIX
reTePOCTPYKTYP B MPHUCYTCTBHHU JeGOpMalliy TPOSIBIISIOTCS
1 B CIIEKTpax (POTOTOKA, PACCUMTHIBAEMBIX Ha OCHOBE CITCK-
TPOB TIOTJIOMICHHSI.

Ontrka n cnekTpockonus, 2025, Tom 133, BbiN. 5

5. 3aknouyeHue

TakuM 00pa3oM, ¢ TOMOINBIO OTHOOCHOH M IBYXOCHOI
neopMaluy PacTSHKEHUS] M CKaTHA BO3HUKAET BO3MOX-
HOCTh YIIPaBJICHUsSI ONTHYCCKUMH (KO3((PUIMCHT IOrjo-
IIEHNsI) W ONTOICKTPOHHBIMU (MHTErpajibHasi BeJIMYMHA
(oTOTOKA) XapaKTEPUCTUKAMH BaH-ICP-BAaIbCOBBIX IETe-
poctpykTyp Oopoden/GaN mu Oopopern/ZnO Ha ocHOBe
ro¢pupoBaHHOro OopoeHa C TPEYroNbHOH KpUCTaJLIAde-
ckoil pemeTkoil. [losiByieHNe SHEPreTHYECKOH HIeTM MEXTy
BQJICHTHOI 30HOI M 30HOI IPOBOIMMOCTH B 3JISKTPOHHOM
CTpoeHUH Yy OOpOGEHOBBIX TIeTEPOCTPYKTYp IPUBOOMUT K
pocty Koa((UILIEeHTa IMOIJIOIEHUSI U WHTErpajibHOM Be-
JuauHb (otoToka B obyactu MK nmamasona, ocoOeHHO
3aMETHOMY ISl CJIy4asi OOHOOCHOH nedopMalvd CKaTus
rerepocTpykTypsl Oopodern/GaN Ha 14%. B nHampasie-
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HUM TIOJIIPU3AlMM CBETa BIOJb 3HI3aro00pasHOro Kpast
ymcta OopodeHa BIMSHWE ONHOOCHBIX pAedopmanumii Ha
KOJIMYECTBEHHbIE U3MEHEHUS K03 PUIMeHTa IOIJIOLIECHNS H,
Kak CJIe[ICTBUE, MHTEIPaJIbHON BeJIMUMHBI (OTOTOKa OoJiee
OLIyTUMOE BBUAY TOTO, YTO aTOMHl OopoeHa B 3TOM
HalpaBJIeHUN (GOPMUPYIOT 3UI3arooOpasHble LEMOYKH CO
MHOYKECTBOM IIOIIEPEYHBIM CBfA3EH, OKa3bIBAIOIIUX 3aMETHOE
conporusiienne aedopmaruu. Ilpornosupyercs, 4To BaH-
Jep-BaaJIbCOBBIE TeTePOCTPYKTYpbl O6opoden/GaN u 6opo-
(hen/ZnO npu HaMIKu aepopMalvil pacTSHKCHUSA U CKATHS,
NOPUBOAAIIMX K IOSABJICHUIO SHEPreTHYECKOH INeSIM B HUX
30HHOIl CTPYKType, MOTYT ObITb IEpCIEKTHBHBI B Kaue-
CTBE YyBCTBHUTEJIbHBIX AJIEMEHTOB COJIHEUHBIX OaTapeit K
Auana3oHa, paboTaomuX KaKk Ha IMOBEPXHOCTH 3eMJIH, TaK
U 3a ee IpefeiaMH, a TaKke B KadyecTBe 3(P(PEeKTUBHBIX
nerexkropoB UK m3mydenus.

®uHaHcupoBaHue paboTbl

PaGora BblIOJHEHa MpH  IOJEpXKe rpaHta Poc-
cuiickoro HayuHoro ¢onma (mpoexr Ne 21-72-00082,
https://rscfru/project/21-72-00082/) n rocynapcTBeHHOro 3a-
nanns Muno6pHaykn FSRR-2023-0008.
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