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BUOKPEMJIEHHSI KOPUCHOI IHOOPMAIIT
3 HAAUMPOKOCMYT'OBOI XBWJII ¥V BJIMKHIM 30HI
BUITPOMIHIOBAHHSI

Pospobneno memoouxy euokpemiienns kKopucHoi ingopmayii 3 HAOWUPOKOCMY20801 IMNYIbCHOI X8UI, 3ACHOBAHY
HA 8UKOPUCTAHHT DI3UYHUX HEUPOHHUX Mepedc 00820MPUBAn0i KOpomKocmpokoeoi nam ’ami. Ilposedeno modenio-
BAHHS NPOYECI8 BUNPOMIHIOBAHMSA, NPUUMAHHA MA 00POOKU IMIYILCHOL X6UNi 3 YPaAXYy8AHHAM egheKkmie OnUdNCHbOI
30HU GUNPOMIHIOBAHHA MA NAPA3UMHUX 3a8a0. K nepedasanvHy poO32IAHYMO JIH308Y AHMEHY IMAYIbCHO20
B8UNPOMIHIOBAHMHSA.

Kniouosi cnosa: nadwupoxocmy208a iMnynbCHa X6Uisl, NiH30684 AHMEHA IMRYIbCHO20 GUNPOMIHIOBAHMS, ONUIICHS 30HA,

@isuuna neliponHa mepedica, 00620CMpPOKO8A KOPOMKOMPUBALA NAM SAMb.

Hogoto ceporo 3acTocyBaHHS OCIiTOBHOT HAIIIIU-
poxocmyroBoi pagioenekrponiku (DS-UWB) ceoroani
ctae inTepHeT peueil. OCHOBHUMY YHHHUKAMH 1S IIbOTO
CTaJIi BUCOKHUH piBeHb iH(popMaliitHoi 6e3mekn, mopis-
HSTHO HU3BbKUH piBEHb CIIOKMBAHHS €IEKTPOCHEPrii Ta ii
CTIMKICTB 10 By3bKOCMYTOBUX 3aBaj]. OyHKI[IOHYBaHHS
TaKHX MPUCTPOIB HA MaJIeHBbKIN BiZICTaHI /I 3a/1a4 iH-
TEpHETY pedelt €, cKopilie, mepeBaroi, aHiX HEmoi-
KOM, 4epe3 3MEHIICHHS pa/1i03a0py/THEHHS TPUMIIICHHS.

[Tpuammn poboTH Cy4acHOTO0 HAAUIMPOKOCMYTOBO-
ro (HIIC) imMmynscHOTO pajio MOCIiOBHOI Hepenadi
[1] MoxxHa y3aradbHUTH HACTYIHOI (DYHKIIIOHAIBEHOO
cxemoro (puc. 1).

IIpouec nepeTBOpEHHS NPUITHATOI IMITYIBCHOT €IeK-
TPOMAarHiTHOI XBWII B (ifepHiil cucremi B curHAN y
MIPOBOAI Y3arajbHIOIOTH K MacIITaOHO-4acoBe Iepe-
TBOPEHHSI, IKe MOXe OyTH TEXHIYHO peali3oBaHoO y pi3-
Hu croci6 [2]. [cHyroui MpUHIMITA aHaJI0ToBOi 00p00-
KH IPUHHATOTO IMITYJTECHOTO palioCUIHATY yCHaIKOBa-
Hi BiJI CXeMOTEXHIKH, BOHU 3aCTOCOBYBAJIUCH JIO TAPMO-
HiAHUX curHaiiB [3]: a5 0OpoOKH OTPUMAHOTO 3 aHTe-
HU €JICKTPHYHOTO CTPYMY BUKOPHUCTOBY€ETHCS ITOCIIiI0B-
Ha (inpTpalis Ta MiICUICHHS 3 TOAaIbIINM OIH(POBY-

BaHH:M 3a goromororo AIIIT i mudpoBoi 06poOKu B Mo-
nynsx FPGA (puc. 1).

KoxeH 3 mocImiJoBHUX €TalliB aHAJIOTOBOT 00POOKH,
HaIpaBJICHUI Ha MOKPAIICHHS OKPEMOI XapaKTePHCTH-
KM CUTHaJTy, HeMUHY'Y€ BIIMBA€E 1 Ha 1HII HOTo Xapak-
TEPUCTHKH, IO IPU3BOJUTH 1O HAKOIMYCHHS MTOXHO-
KM Ta BTPaTH YaCTHHH iH(opMamii mpo CUTHAMI Ta PO
IIyM, a came:

— JiHiIfHE TOKpAIIEHHS CHiBBiAHONICHHS CUI'HAJ-
ryM ((ineTpalisl) Ha IPaKTUII MAa€ He3HAYHUI HeMiHiH-
HU BIUTMB Ha iHII1 Xapakrepuctuku HIIIC-curnay, Ha-
MPUKJIaJ]] HA KPYTU3HY IMITyJIbCY;

— KBasiniHiliHE MiJACHIECHHS HE3HAYHUM YHHOM
BIUTUBAE Ha (GopMy IMITyIIbCY 3a paxyHOK HENiHIHHOCTI
aAMIUTITyAHO-9aCTOTHOI XapaKTEPUCTUKH, a TaKOX Iif-
CUITIOE apTedaKTH 3aBa;

— aHAJOTOBO-IU(POBE NMEPETBOPEHHS CUTHAITY
ryouts gactury iHpopmanii mpo HIIC-mmym uepes
JIUCKPETH3aIlilo, sSIka MOKe HE BIATOBIAATH KPHUTEPisIM
Haiixgicra.

Takum yuHOM, B MOyab FPGA Ha unciioBy 00poOKy
MOTPAILISE IS0 BUI03MIHEHUH TTOPIBHSIHO 3 ITOYaTKO-
BUM curHaI. Kpim Toro, uepe3 HeoOXiqHICTh MPOBEICH-

o 5| MigcunroBau 5|  CwmyroBwuii -
e MOTY>KHOCTI i (insTp - 7| HaammpoxocMyrosa
ASIS / FPGA aHTeHa
ITudposa o6podka Ta digepHa
CHUTHAITY JTiHISA 3 HEpeMUKaYeM

Manomymunii |
i ICHITIOBAY

CMyroBuit Ha PEKHMH POOOTH
i
<

GinsTp

Puc. 1. Knacuyna cxema iMITyJIbCHOTO HaJIIUPOKOCMYTOBOTO paJiio
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CUCTEMM IIEPEJAYI TA OBPOBKH CUT'HAJIIB

Hs1 00p0oOKH B KBa3ipealbHOMY Yaci caM aJIlTOPHTM 3a3BH-
qaif BUOMpaeThCst mpocTuM. ToOTO, TP BUKOPUCTAHHI
(YHKIIOHATILHOT CXeMU Ha pHC. | IS ITOCITi IOBHOTO BH-
OKpeMJICHHsI KOPHCHOT iH(popMaIlii 3 CUTHAIY 3HUKY-
€ThCSI SIKICTh pOOOTH pagioo0naTHAHHS Yepe3 HeMOXK-
JUBICTH BpaxyBaHHS IPUPOIH MOITUPEHHS IMITYIIECHHAX
€IIEKTPOMATHITHUX XBHJIb:

— B OJIMKHIM 30H1 aHTEHH (JOPMa OTPUMYBAHOTO CH-
THAITy 3HAYHOIO MipOI0 3aJIC)KUTh BiJl HAIIPSIMKY CIIOCTe-
pekeHHs [4—6], a pagiocHCTEMH HE BPaXOBYIOTh OCO-
OJMBOCTI PO3NOBCIOMKCHHS XBUJIb, CITUPAIOYUCH JIUIIIE
Ha OpPMY OTPUMYBAaHUX CHUTHAIIIB;

— HeE BPaxOBYEThCS HEliHIMHA TpUpoIa MOIIUPEH-
HS IMIyJIbCHAX XBWJIb B IPOCTOPI T4 B KOMIIOHEHTaX
aHTeHHO-(inepHol cuctemu [7].

VY naniii po0OOTI 3aPOMOHOBAHO aJbTEPHATHBHUMA
Croci0 BHOKpEMIICHHsI KOPHUCHOT iH(opMaIlii 3 HaImmpo-
KOCMYTOBOI IMITYJIbCHOT €JIEKTPOMArHiTHOI XBHJIi, BiJTb-
HUH BiJ] 3raJlaHUX HEIOJIKIB, a TAKOXK MPOBEIECHO HOTO
TEOpETHUYHE MOPIBHIHHS 3 KIIACHIHUAM IMITYTECHUM pa-
nio mpsimoi nociinoBHocti (DS-UWB).

BnuiuB edexTiB 0JM:KHBOT 30HU Ha dopmy
HATIIHPOKOCMYTOBOTO €JIEKTPOMATHITHOTO
iMmnyascy

PosrnstHeMo BITHB ehekTiB OMIDKHBOT 30HH HAa XBH-
J1i, 30y/KEeHi JTIH30BOK aHTEHO IMITYJIBCHOTO BHIIPO-
MiHtoBaHHs (LIRA). Taka aHTeHa HU3bKOT JOOPOTHOCTI
(puc. 2) bopMye BUCOKOHAITPABIICHE IMITYJILCHE MOJIC 32
PaxyHOK JieJICKTPUIHOTO HATOBHEHHS 1 €MINTHYHOI JTiH3H
Y PO3KpHBI TEM-pymopa. CxkopucTaeMoCs IepeXiTHO0
¢yrkuiero niei anrenu E, Ta inTerpanom [lroamens [6]
JUTSE TIOOYZIOBH TTOJISL y OJIVDKHIN 30H1 JJ1s PI3HUX TOYOK
CIIOCTEPEIKEHHS Ta PI3HUX 30y/KYIOUNX CTPYMIB.

Po3risHEMO TOYKM CIIOCTEPEKEHHS 7| Ta I, B LH-
MiHApUuHiA cucTemi koopaunat: r; ={0; 0; 2R} Ta
7, ={R/2; m/2; 2R}, ne R — pajiiyc anepTypy aHTECHH.
3MOIETIOBABIIH B IUX TOYKAX IMITYJIbCHI ITOJIS, BUKJTHKA-
Hi 30y/DKEHHSIM PI3HOTO TUITY (TayCiaH Ta MoXiHa Bij ray-
ciaHa), MOYKHA HAJISITHO TIPOUTIOCTPYBATH (pHc. 3), 10 B
OKPEMHUX BHITAJIKaX IIi ITOJIT MOXKYTh OYTH CXOKUMH MK
c00010, a 3HAYNUTH, B YMOBaX 3aBa]l IIe MOXKE MTPU3BECTH
10 301IbIIEHHSI TOXUOKH B POOOTI JiHIHHOTO (DUIBTPY.

Puc. 2. Monenb J1iH30BOT aHTEHH IMITYJILCHOTO BUIIPOMIHIOBAHHS
B niporpami-cumyisropi CST Studio

a) E, 5=
B/m )i
40 §-
204

044

ct/R

1,5 2,0 2,5 3,0

Puc. 3. Komnonenra E, nons LIRA mpu 36yaixyBansHoMy
iMIysbel y BUIMIAAL rayciana (a) Ta moxigHoi Big rayciaxa (0)
y TOUKax CIOCTEpexeHHs ry (a) Ta r, (6)

(a2 ocsix abcuc BiakIaaeHO Oe3p03MipHY BEITHUNHY, TPOMIOPLIIHY
J00YTKY yacy TOIIMPEeHHs XBUII ¢ Ha IIBU/KICTh CBITJIA C)

IMnynabcHmii pagionpuiiMay Ha 6a3i ¢pizmuHol
HelpOHHOI Mepe:xi

PiBenp onTuMi3auii cy4acHUX NpOrpaMHUX 1HCTPY-
MCHTIB MaImIMHHOTO HaBuaHHsA, Takux Ak CUDA Ta
Tensorflow, a TakoX piBEHb PO3BUTKY allapaTHUX 1HCTPY-
MeHTiB GPU/ASIC no3BosstoTh aHamizyBaTH nu(poBi
4acoBi MMOCIIIJOBHOCTI 3a MEepioJl MOPSAKY AECATKIB Mi-
JICEeKYH/, 1O J03BOJIsI€ BUKOPUCTOBYBATH TaKi 1HCTPY-
MEHTH P poOOTi 3 CUTHAJIOM y KBa3ipeaJbHOMY Yaci,
onpanboByrouu curnan micis AIIIL. HegomikoM Takoro
METOIY MOXKe OyTH BUCOKa BapTiCTh KiHLIEBUX BUPOOIB,
a TaKOXX BUCOKHI PiBEHb CIIOKUBaHHA €Heprii. 3 1HIIo-
ro 00Ky, 3apa3 IBUAKO PO3BUBAIOTHCS (Hi3WUHI IITYUHI
HeiiponHi Mepexi (LLIHM), BUKOHaHI 3a TEXHOJOTI€l0
CMOS. Ha Taki nmpucTpoi MOXHa MOJATH CUTHAJ Ha-
npsiMy 3 aHTEHHO-(iaepHoi cucteMu. BoHu Bxke mupo-
KO 3aCTOCOBYIOTHCSI PaliOTEXHIKaMH B T'aly31 KOTHITHB-
HOTO pafio [8], a TakoX aJanTUBHUX BY3bKOCMYTOBHX
aHTeHHUX cucteM [9]. B uux 3agayax izuuHi mwTy4Hi
HEHPOHHI Mepeki BUKOPUCTOBYIOTHCS AJISl ONTUMIi3aLlii
JesIKUX MapaMeTpiB MpUHoMy-Tiepeadi CUTHAIY B pe-
JKUMI1 peanbHOro vacy.

OcTaHHIM 4acOM TeXHIYHUH PO3BUTOK B rayy3i amna-
paTHUX IITYYHUX HEHPOHHUX MEPEX T03BOJIMB BTLIIOBA-
TH 1XHI pi3HOMAaHITHI TOIOJIOTi4HI OCOOIUBOCTI B €JIeK-
TPOHHUX aHAJIOTOBUX MpHUCTposixX. [Ipoananizyemo Mox-
JUBICTh 3aCTOCYBaHHS LIUX TEXHOJIOTIN JUId 3a/1a4 Kiia-
cudikamii oTpuMaHoro curHaiy (sequence-to-label) ta
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BH3HAYCHHS HOTO MPUCYTHOCTI B KOKEH MOMEHT Yacy
(sequence-to-sequence).

BaxxmuBuM [T TOKPAICHHS TEXHIYHUX XapaKTepH-
CTHK IMIYJIECHOTO PaJIio € 3MCHIICHHS POSKTHUX HOPM
CMOS-texmnpornecy. Hapasi icHyrOTh TOTOBI IpHIIaIu
LSTM, Bukonani 3a 180-um HOpMamu [ 10]. TTepexin no
5-HM HOpM, IO 3apa3 aKTHBHO OCBOIOIOTHCSI, JO3BOJIHUTH
36iIBIINTH IBUAKICTL 06p06KH curHanis y 10° pasis mo-
PIBHSHO 3 KJIACHYHHMH CXeMaMH IMITYJIbCHOTO Pajio 3
AHAJIOTTYHOIO ITU(PPOBOO 00poOKoto. I1ITyuHa HEelpoH-
Ha MepeXa B TaHOMY BUIAIKY € CICKTPHIHHM KOJIOM,
BHYTPIIIHS TIepeqaBaibHa (yHKIIS SIKOTO BU3HAYAETh-
sl IIHIAHOIO KOMOIHAIIIED IEAKOT0 HA00OPY MaTPHYHKMX
xapaktepuctuk. ToOTo 3a1ag9a 00pOOKH MPUHHATOTO pa-
IIOCUTHAITY 3BOIUTHCS 10 IMTOUTYKY HEOOXiTHHX MAaTPHY-
HUX IMapaMeTpiB 3a JOMOMOIO0 Pi3HOMaHITHHX METO/IIB
ontumMizanii. Hampuknaza, ams mporo 1o6pe miaxoasTh
rpaJi€HTHI METOAN HABYAHHS 3 YUUTEIIEM, ¢ KOHKPET-
Ha IMIJIEMEHTAIlis TPOoLlecy TPEHYBaHHS Ta HA0ip TPEHY-
BaIbHHX JaHUX 3AJICIKHUTH BiJ] TUITY PO3B'sSI3yBaHOI 33/1a4i.

SIx mpuKIIa HEWPOHHOT ApXITEKTYPH TSI KiJT 00p0o0-
KH pagiocuTHaITy po3mistHeMo cxemy encoder-decoder
[11]. B wiii apxiTeKTypi HEHpPOHHA MEePErKa TOMOIOTIUHO
po30uBaeThes Ha ABi uactuHw. [leprra, eHkonep, Tpanc-
(hopMye BXiJIHY Y4acOBY TMOCHIIOBHICTD B ICIKHHA HAO1p
mapaMeTpiB, sIKi OMHO3HAYHO XapaKTEePU3YIOTh BX1THUHA
CHTHAJ, TOOTO CHKOZIEp POSKTYE BXiTHUH CHTHAI Ha Je-
SIKMI 03HAKOBUH IpocTip. Jlpyra 4acTrHa MEepexi, JeKo-
Iiep, IEPETBOPIOE HaOip 03HAK B TY SAKICHY a00 KUTbKiCHY
XapaKTEePUCTHUKY, Ky MepeadadeHo ITOCTaHOBKOKO 3a1adi,
HaNpUKIaI: JJIs 3a/a4di TeJIeKOMYyHiKallii — 1e iHdop-
MalliiiHe OBiJOMJIEHHS, U1 paJapHoi 3aa1a4i — Lie I10-
JIO)KEHHS Ta THII L1,

Buxinuuii curHan, npoayKoBaHHH (Pi3HYHOIO HEW-
POHHOIO MEPEIKEI0, BU3HAYAETHCS aKTHBALIITHOIO (DYHK-
Li€r0 BUXiTHOTO Hewpony. Lludposuil BUXiTHUIA CUTHAT
MOYKHA OTPUMATH CTYTICHEBOIO aKTUBAIIHOIO (PYHKIIIEIO
(nepcentpon Po3enbnara), 110 J03BOJIA€ 3pYYHO BUKO-
PHCTOBYBAaTH OMTUCAHU MIPUCTPIil STK MEPEIKEBHIH iHTEP-
(eiic KOMIT'TOTEpa YU JKEPEI0 KEPYIOUOTr0o CUTHATY LIS
POOOTOTEXHIKH.

®opmyBaHHS TPEHYBAJIbHUX JaAHUX
JIJIs1 HelipOHHOTO pafio

PosrsiHeMo 3aauy OHOCTOPOHHBOI Tepeaadi iH-
(dhopmarnii yepe3 HelpoHHE pajio. Poib mepenaBaib-
Hoi aHTeHH Oynae BUKOHyBaTH aHTeHa Tumy LIRA, a
NpUAMANBHOT, JJIs CIIPOIICHHS, — 1/IeabHUid HallIH-
POKOCMYTOBHI BUMIipIOBad HANpPYXKEHOCTi €NEKTpHU-
HOTO TOJIS, SKUH HEe BIUIMBAE Ha (opMy OTPHUMAHOTO
curHaiy. CurHan 3 npuiiManbHOI aHTEHHO-(igepHOT
CHUCTEMH TOJA€ThCS Ha NeAKy (Bi3UYHy HEHpPOHHY Me-
pexy. HampyKeHiCTh eIeKTPHYHOTO OIS sz’ opo-
JDKEHOTO BUITPOMiHIOBAJIBHOIO aHTEHOIO, MOXKHA BU3HA-
YHUTH B JIOBIJIbHIN TOYIlI CIOCTEPEKEHHS MIPH JIOBIJIBHO-
My 30y/KeH1 3 ypaxyBaHHIMHU e€(eKTiB ONMKHBOT 30HH,
KOPHUCTYIOUUCH iHTerpasioM [lroamens Ta MepexiJHOI0

(dyHKIiEr0 TIepenaBaabHOl aHTCHN ]_ﬁo. Toxi orpumanuit
3 aHTEHHO-(1IEPHOT CUCTEMH CHTHaNI Oyae MPOoopIiki-
HUM KOMIIOHEHTaM HAIPy>XEHOCTi eIeKTPUUHOIO OIS
BHITPOMIHIOBAIBHOT aHTCHH. SIKIO 3MIHCHIOBATH TiloO-
TETUYHE BUMIPIOBAHHSI B IUIOIIHHI, e CIOCTEPIraeThest
0X-KOMITOHEHTA HATIPY>KEHOCTI TOJIs, & IpUiMAalTbHA Ji-
Hisl € i1eaJIbHO Y3TODKEHOIO 1 He Ma€ BTPAT, TO OTpUMa-
HUIi CUTHAIl MATUME BHIJIS

t
S (?’t):f%ﬁo (F,f—‘t)d‘t,
0

e f,(t) — dynxuis, mo onucye 30yKyBaTbHUNA CUTHAJL.

(M

3HaiiemMo onTUMabHy HEHPOHHY apXiTeKTypy, a Ta-
KOX ii BaroBi Koe(illieHTH, K1 JO3BOJIATH CIIBBITHECTH
HNPUIHATUI CUTHA 3 AEIKUM TUIIOM 30yIKEHHS Ha Tie-
penaBadi B yMOBax 3aBaj] Ta BPaxyBaTH JesKi e(ekTu
OMMXKHBOT 30HH.

TpenyBanbHuil Habip AaHUX AJS 1i€l 3amadi CKia-
JaTUMEThCS 3 Map 4acOBUX IOCIHIOBHOCTEH: CTpyMy
30y/KEHHS TI€peaBallbHOI aHTEHH f, (f) Ta CTpyMy, 110
Oyzie oTpuMaHO npuitMayeM f, (f) IpH pi3HUX HOTO PO3-
TalllyBaHHSIX BiJHOCHO CHCTEMM KOOPJHMHAT MepeaBa-
ya (IuB. puc. 2).

JJ1st MakCUMAaIIbHO KOPEKTHOTO (PyHKIIIOHYBaHHS Me-
PEeXi B 331aHUX YMOBaxX Ha0ip TPeHYBAJIbHUX JaHUX MAE
MICTUTH BUYEPIIHY iHPOPMAIi0 IpO NOBEAIHKY MONS y
BCiit 00acTi (hyHKI[IOHYBaHHS aHTEHHOI CHCTEMH, TOO-
TO MICTHUTU BUMIpIOBaHHS B ONMXHIHN 1 TaIbHIM 30HaX.
3rigHo 3 BU3HAYEHHSAM JAILHLOI 30HU BiACTaHb Z B
JoKepena, e HeoOXiTHO MPOBOAUTH BUMIPIOBaHHS, Jie-
XUTh y Alana3oHi 0 <z < §8R. HanpaBleHiCTh aHTEH TUITY
LIRA n03Bosisie OOMEXUTH pajiiyC MOMEPEUHOro 3pi3y
LHUIIHAPUYHOT 00M1aCTi, 1e MPOBOSATHCS BUMiPIOBAHHS:
0 < p <R, a cuMeTpia Kepena — po3MIsLIaTH HE BECh
3pi3, a nuie ioro nepury uyBepTh: 0 < @ < /2.

Jns HaOmokeHHS MOAeNi 70 pealbHUX YMOB J0
KOXKHOI OTPUMAHOI YMCJIOBOI MOCHIIAOBHOCTI f, (7) 10~
JlaMo JIesiKy BUIIAAKOBY 3aBay. HaiimpocTimoro Moaen-
JII0 BpaxyBaHHS 3aBaj B 3aJjadaxX KOMYHIKalii € KaHal
3B'SI3Ky 3 aJUTUBHUM O11uM raycoBuM (AWG) mymom,
Jie EHepris IIyMy BU3HAUAEThCA SIK KBAJpaT CEPEIHbO-
rO BIAXWIEHHS. /| OIIHKM 3allyMJICHOCTI €JIeKTpo-
MAarHiTHOTO IMIynbCy BBOASATH kpuTepiit SNR 3a ne-
IUOENbHYIO HIKAJIOK0:

SNR = 10 1g(c?),

ne W(c?) — eHepris eNeKTPOMATHITHOT XBHUIi;

@

G — JApPYrHid CTaTHCTUYHHA MOMEHT MOpeni OuIoro
raycoBOrO IIyMy.

3a3HaunMo, 10 y IEOMY BHPa3i HE BPaXOBaHO BILTUB
MOCTIMHOT (POHOBOT HANPYKEHOCTI MO, IKa Qirypye
B MOJIeJi O1J10T0 IIyMy Uil KaHaIly 3B'SI3Ky, 4yepes Bil-
CYTHICTBh HOTO BIUIMBY Ha YacOBY 3aJICKHICTh MPHHHSI-
TOTO CHUTHAIY.

Uepes HampaBIieHi BIaCTUBOCTI aHTEHH, HaBITh TIPU
MOCTifHOMY piBHI 3aBaj], OTpUMaHMi HaOip JAHUX CKIIa-
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JATUMETHCS 31 3pa3KiB 3 pisHUM 3Ha4eHHsIM SNR: Ginb-
[IMM Ha OCi BUIIPOMIHIOBAHHS T4 MEHIIIUM Ha mepude-
pii, gk 1e BumHO 3 puc. 4. OTxe, MOCTa€ MUTAHHS MO0
HEeoOXiJHOT MPOMOPIIiIHOCTI KiIBKOCTeH N CHIBHO- Ta
c1ab03aIyMIICHUX 3pa3KiB JJIsl JOCATHEHHS HalKpamoi
TOYHOCTI MOJIEJIi Ha peabHil 3amadi. g skicHOTo HaB-
YaHHS HEO0OXiJHO, 00 PO3MOJIiT TPEHYBAILHUX JaHUX
3a 3Ha4eHHsIM SNR BinmoBinaB iMOBipHICHOMY po3mO-
IUTy IPpUHHATHX CUTHAJIB 3a 3HaueHHsAM SNR B ymMoBax
pearsHOTO BUKOPUCTAHH. [IpHITycTHMO, 110 KOPUCTY-
Bayi MPHUCTPOIB OyIyTh HAMAaraTucsi BECTH NPUHMaHHS-
nepenady, MakcuMizyroun SNR, Toxi peansHuii iMoBip-
HICHUH PO3MOILT NPUUHATHX CUTHATIB MaTHUME BUIIISA
rayCoBOTO 4epe3 CTATUCTHYHI BiAXWICHHS BiX ifealb-
HHX ITapaMeTpiB Ta B yMOBax 3aBal.

i sikicHOTO TIpoliecy HaBYaHHS HEOOXiJTHO, 00
TpeHyBaJIbHUH HaOip JaHUX HE JIUIIEC MICTHB BCIO MaJli-
Tpy 3HaueHb SNR Ha KOXKHiif ertoci HaB4aHHS, a IIie 1 1o-
CJIiTOBHO 3MEHIITYBaB HOTO CepeHE 3HAYCHHSI, I0CSTAI0-
YH JIOKAJIFHOTO MiHIMyMY LTBOBOI (DyHKIIII.

J1s1 mepeBipKu MOKIIMBOCTEH HEHPOHHOTO pajIio BU-
PI3HATH Pi3HI BUAM CHTHAJIB PO3MISTHEMO Bifgpasy Ie-
KiJIbKa Pi3HUX 30yMKYBaIbHUX IMITYJIbCIB!

So(H) =05 3)
S,(8) = sinc(t — 1/2); 4)
So(t) = exp(= (¢~ 1/2)%); (%)
A= Lexp(~(1-5/2) ). ©)

B takomy BHManKy OTpUMaHU# Ha0ip JAHUX MaTUME
YOTHPH KIIACH, JIe OKPEMHM KJIACOM € TOH, IO MICTHTh
e iryM AWG f(¢). J1ns noTpuMaHHs 36a1aHCOBaHOC-
Ti JAHUX B TPOIIECi HABYaHHS 10 paHIoMai3epa noxaa-
MO BHITAIKOBUH PIBHOMIPHO PO3IIOIIICHAN TUCKPETHUH
napaMeTp, IO BiJIOBiJaTUME TUITY 30Y/DKEHHS, TOOTO
Bupaszam (3) — (6). s Makcumizariii SKOCTi HaBUaHHS
PO3TISTHEMO JIMIIIE TOH HaOlp AaHUX, NI BUOIPKH 33 TH-
oM 30y/KeHHS KITBKICHO 30alaHCOBaHi.

[Ipotec HaBYAHHS IITYYHOI HEHPOHHOT MEPEIKI MOXKE
MIPOXOIUTH SIK Ha KOMIT FOTEPi, TaK i Ha arrapaTHOMY MO-

N
400 4

300 -

200 4

100 4

0

SNR

Puc. 4. PiBens 3amymiaeHoCTi HaOOPY TPEHYBAIbHUX JaHUX

0 5 10 15 20

Tyl 32 paxyHOK CTBOPEHHS CIEeNiaJbHUX IIPOTPAMHIX
JpaiiBepiB 10 amapaTHOi YacTHHU. B Mexax mocrasie-
HOI y JaHOMY JIOCTII/DKeHHI 331241 JIOCTaTHIM € HaBYaH-
HS Ha KoMIT'1oTepi Ha pecypcax CPU i GPU.

Habip TpeHyBanbHAX TaHUX U HABYAHHS HEOOX i1
HO AWCKpeTu3yBatu. it BHOOpYy 4acTOTH TUCKPETH3a-
1ii ckopuctyemocs kpurepieMm Haiiksicta. B Takomy pasi
KOKEH 3pa30K TPEeHyBaJILHOTO HaOOpy CKIIaIaTHUMEThCS
3 YaCOBOi MMOCIAOBHOCTI, IO BiJIIOBi1a€ IPUHHATOMY
CUTHAITy, Ta METaIaHMX, III0 OIUCYIOTh TPCHYBAJIBHUI
3pa3o0kK, a came: 3Ha4eHHs eHepreTuaHoro SNR, tum 30y-
JDKCHHS, TOUKA CIIOCTEPE)KEHHS, €(heKTHBHA TPUBAIICTh
30ymkeHHs Ta iHme. J{Js mboro 3pydYHO BHKOPHCTAaTH
¢dopmaru 36epiranns nanux JSON ta TFRecord.

MopesroBaHHS JeTeKIil CUrHAJTY
JJIs1 PeKYPEHTHUX MojeJIei

PexypenTri Mojieni, Ha BiIMiHY BiJl TOBHO3B'SI3HOI,
MOXYTbh IPAIIOBaTH SIK 32 CXEMOI0 many-to-one, Tak i
3a CXEMOI many-to-many, KOJI{ BXiTHUH CUTHAI B KO-
>KEH MOMEHT 4acy OIUCYEThCS 3aTPe0yBaHOO SAKICHOO
a00 KiIBbKICHOIO XapaKTEPUCTUKOIO.

V¥ Bumangky many-to-one mpor{o3 HEMpOHHOI Mepe-
&1 CTOCYETbCS KOB3HOTO BiKHA B LILJIOMY, a OTXKe, TOU-
HICTh BU3HAUEHHS MEX CUTHAITy y 4aci Oyae BU3HAuUCHO
PO3MipOM BiKHa CIIOCTEPEkKEHHs, AKe B JCKJIbKa pa3iB
HIMpIIE 33 CUrHal1. Mogeni, 0 OpaloTh 32 CXEMOI0
many-to-many, 1030aBJI€HI LIbOTO HEAOMIKY 1 3a paxy-
HOK HasIBHOCTI OLIIHKU CUTHAITy B KO)KEH MOMEHT 4acy
HAJAI0Th YiTKy MEXY NPUCYTHOCTI IMIYIbCY y JEAKO-
My CUTHAI.

OCHOBHHUM HEHOJIKOM KJIACHYHOI PEKypPEHTHOI
IITHM € HecTaOIbHICTh MpOLleCy HABUAHHS — TaK 3Ba-
Hi Ipo0neMu 3HUKAaHHS Ta BUOyXy rpafieHty (exploding
gradient Ta vanishing gradient). Came nj1si BUpileHHS
ux mpo0OIieM Oysii CTBOPEHI PeKypEeHTHI Mepexi 3 O11b1I
cKJIaHUM 3BOpoTHIM 3B's13koM GRU ta LSTM [14].

Ha puc. 5 300paxkeHo cxeMy HEHPOHHOTO pajio 3
BUKOPUCTAHHSIM PEKYPEHTHHUX MITY4YHUX HEHpOHHHX
Mepex. HelipoHu ocTaHHBOTO 1Iapy (JIeKoAepy) MaloTh
CUTMOIIaIbHI aKTUBALiNHI (YHKIIIT, a IXHI BUXiHI 3HA-
YEHHS ONUCYIOTh IMOBIPHICTh CIIOCTEPIraHHS CUIHATY
neBHoro tumy. Bxinuuit map IIIHM — pekypeHTHuUI
LSTM, T06TO 3aKIaIa€ThCS 3 TAHIIOKKY OJJHAKOBUX HE-
ipoHiB. OnucaHa IITYy4YHA HEHPOHHA Mepexka Mae JINIIe
116 3MiHHHX apaMeTpis.

Crepiry po3IIsiHEMO SIKICTh POOOTH PEKYpPEHTHOL
aHAJIOTOBOI MITYYHOI HEMPOHHOI Mepexi, opraHizoBa-
HOIO 32 CXEMOI0 many-to-one.

Ha puc. 6, a 300pakeH0 3MiHY 3Hau€Hb LIJTLOBOI
¢yHKIIT B mponeci HaBUaHHA. TyT BUIHO, IO HIBHJI-
KiCTh TPEHYBaHHS HE € PIBHOMIPHOIO — CIOCTepira-
I0ThCA “IUIATO” 31 CTAIMMH 3HAUECHHSAMH IIJIbOBOT (DyHK-
ii 32 BUKJIFOYEHHSAM BUIMAKOBUX BUKKAIB. I[Toganeninii
aHaJli3 MOKa3aB, MI0 KOXKEH 3 TaKUX BiJpi3KiB BiAIOBI-
Jla€ 32 HaBYaHHS PO3Ii3HABAHHIO KOXKHOTO 3 THUITY CUT-
HaJIiB, 1110 BUBYAIOTECA. SIK MOYKHA IIOMITUTH, KO)KEH Ha-

6
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[IInHa BBOAY-BUBOIY ZI0 MIKPOIIPOLIECOPY

ct

LSTM
Bxignuii Hanmmpoxocmyrosa Amnanorosa Amnanorosa binapHi BuXiaHi
CUTHAI aHTEeHHO-(inepHa peauizanis peautizaris CUTHAIU
i3 3aBagaMu cucreMa Mozeni MIOBHO3B’SI3HOTO B peabHOMY
(noBinbHA) LSTM HEWPOHHOTO LIapy yaci

Puc. 5. Cxema iMIyIbCHOIO pajiio Ha OCHOBI HEHPOHHOT MEpPeXi JOBroi KOPOTKOTPUBAIO] aM'saTi

S
N

0,25
= = = TpeHyBaHHs

0,20 m——— TecTyBaHHs

0,15

0,10

IinboBa (pyHKITis

0,05

20 40 60 80 100

Howmep enoxu

120 140

=)}
~

0,1
0,10
0,09
0,08
0,07 1
0,06

= = = TpeHyBaHH:

m—— TecTyBaHHs

IinsoBa QyHKIIis

0 60 120 180 240 300 360 420 480

Howmep enoxu

Puc. 6. 3mina 3HadeHHs HiboBO1 QyHKIIT Momeni LSTM B mpolieci TpeHyBaHHs 32 MOACIIAMHU
many-to-one (@) Ta many-to-many (6)

CTYITHUI TUII CUTHAJTY BUBYA€ThCS AOBIIE MOIEPEAHBOTO.
[Nopsinox BUBYEHHS IMITYJIBCIB TEX BUSIBUBCS HE BHIIA/I-
KOBHM: UMM IIUPIINI CIEKTP Ma€ iIMITYJIbC, TUM Ii3HiIlIe
MIOYMHAETHCS 1 JOBILE TPUBAE HOTO 3aMaM'sITOBYBAHHSL.

Baunmo, 1m0 3aCTOCYBaHHS HEHPOHHUX MEpEX 3a-
MICTb JiHIHHOI (inbTparii 103BoJIsE 3IHCHIOBATH KJIa-
cuikaliito iMyabciB y OMIKHIN 30H1 aHTeHH, e (op-
Ma CHUTHalIy JOCUTh MiHnuBa [15]. BukopucrtoByroun
PEKYpEHTHI HEMPOHHI Mepexi, HATPEHOBAaHI 33 CXEMOIO
many-to-one, MOXHa A0CSITTH TOUHOCTI 99,7%.

Tenep posrisaHeMo TpeHyBaHHsI 3a MOZAEILTIO many-to-
many. Torosoris Mepexi Taka cama, TOOTO 5K Ha puc. 5,
JlaHi JUI TPCHYBaHHS aHOTYIOThCSL OKPEMO B KOXKEH MO-
MEHT 4acy, 3aMiCTh aHOTYBAaHHS JAHUX JUIA BIKHA CIIO-
ctepexenHs. Ha puc. 6, 6 300pakeHO 3MiHy 3HaYEHb 11i-

160BO1 (PYHKIIT B IpoLieci TpeHyBaHHS Takoi HeHpOHHOT
Mepexi T po3B'sI3aHHS 3a]1a4i MapKyBaHHs IOCIiJOB-
HOCTi. MiHiMallbHE 3HaYeHHS LiTbOBO1 (PYHKIIIT J03BO-
JIUTh MAKCUMIi3yBaTH 3/[aTHICTb MOZIENI BU3HAYATH iIMO-
BIPHICTh MPUCYTHOCTI CHUTHAJIy IIEBHOTO BUIY B IIEB-
HHUM MOMEHT CIIOCTEpEeXXeHHs. SIK BUIHO, TpU Hepexoi
BiJ] many-to-one 10 many-to-many TpeHyBaHHs IIOMiT-
HO CIIOBUIBHUJIOCH.

Ha puc. 7 npencrasneHo CyMillleHi y 4aci BXiIHHUH Ta
BUXIJHI CTpyMH (hi3U4HOI IITy4HOI HEHPOHHOI Mepexi,
SIKy BUKOPUCTAHO JUISl KJIacH(iKallii NpUHHATOTO HaIIIH-
POKOCMYTOBOTO CUTHAIY B KOKEH MOMEHT 4acy, ToOTO
JUISL BUPIIIEHHS 3a/a4i MapKyBaHHS 4aCOBOI MOCHiI0B-
HOcTi. B npencraBneHoMy 3pa3Ky BXiAHUX JaHUX CHO-
CTepiraeThcs OTpPUMaHHIL IPH TIOJ0KEHH mpuitvada T
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Awmmutityna, B

0 0,5 1, L5 2,0 25 3,0 ct/R
Puc. 7. Bxignuii curnan (/) Ta Buxifni (2—.J5) CUrHaI# pi3HOTO
tHny (f, — f;) dizuunoi ITHM npu monokeHHi npuitmMaga L,
2—fp3—fd—HI—h
IMITyJIbC, TOPOMXKEHUM 30yIPKeHHsIM aHTeHH TUIly LIRA,
10 Ma€ YacoBY 3aJICKHICTh Y BUINISA1 MOX1IHOT Bif ray-
ciaHa, 10 OMUCY€EThCS BUpa3oM (6), — KpuBa 5. Sk Oyio
MOKAa3aHO Ha pHC. 3, OTPUMAaHUH IMITYJIEC CIIOCTEPIraeTh-
¢ 3 TAKUM BiIXHIICHHSIM Bijg oci 0Z, 1110 3a CBOIMH CITEK-
TpaJIbHUMHU XapaKTEPUCTUKAMHU CTa€ HEBIIPi3HEHUM Bif
IMITyJIbCY, TOPOIXKEHOTO 30Y/KEHHSIM 3 YACOBOIO 3aJIEXK-
HicTIO Y BUNIIAAl QyHKuii 'ayca (5) — kpuBa 4.
3a3HaunMo, 10 BHXiJHI CUTHAJIM HEWPOHHOI Mepe-
XK1 — 1€ eJIEeKTPUYHI CTPYMH, a CyMapHe 3HA4eHHS iX-
HIX aMIUTITy B KOXXEH MOMEHT 4acy JOPIBHIOE OJUHH-
11i. @I3UYHUM 3MICTOM BUX1THUX aMILTITYJ € IMOBIPHICTh
MIPUCYTHOCTI CHTHaJy meBHoro tumy (3) — (6) B okpe-
MU MOMEHT CIIOCTEPEKEHHS BUIAIKOBOTO IIPOLIECY f, (7).
JUis MpOMIXKKY 4acy, 110 Hepeye iMITyIbCy, IKUi Ha
rpagiky CHOCTEpIraeTbcsi HAOUHO, IMOBIPHOCTI NIPHUHA-
JISKHOCTI BUXIZTHOTO CUTHANY A0 KOKHOTO 3 YOTHUPHOX
PO3IVISIHYTUX THIIIB 3a/IUIIAIOTHCA IPUONINU3HO PIBHUMHU
Ta CKJanarTh 61mu3bKo 25%. Lle o3nauae, 1o y Bunaj-
Ky HasiBHOCTI O1710TO IIyMy BEJIMYHHY CHUTHAly Ha BH-
X0l HeHPOHHOT MepeKi BUSIBUTHU MPABIWIBHO (PAKTHUHO
HEMOXJIUBO. AJle HasIBHICTh CUTHATYy MOXHA BU3HAYH-
TH, aHaJi3y104u Bci Buxifani 3HaueHHs [IIHM: axmio imo-
BIPHOCTI HasIBHOCTI CUTHAJIIB KOXKHOTO 3 TUIIIB PiBHI (B
TOMY YHMCII 1 HyJbOBI), IIe O3HAYAE, M0 CIIOCTEPIracTh-
Cs1 JIMIIIE IITyM, 1 I[F0 CUCTEMHY ITOXMOKY MOXKHA BPaxy-
BaTH BiAMOBiAHUM YHHOM. (Taky moxuOKy MOKHA MOsIC-
HHUTHU THM, 10 HEIPOHHA Mepeka HaMaraeThCsl BUALIH-
TH B IITyMi CUTHAJI KOXXHO{ 3 BUBUEHHX (hOPM, a HE 3Hail-
IIOBIIH KOT0, BOHA BUJIA€ MiHIMAJILHUI PiBHOIMOBIpHUN
pe3ynbTar.)
[Ja#i puc. 7 UTFOCTPYIOTH, 110 HAaBiTh y OJNMXKHIH 30H,
Je (hopma iMITyIbCy MOXKE 3MiHIOBATUChH HACTIIIBKH, IIIO
CTae OLIbIIE CXOXKOIO Ha IHIINIT CUTHAJI, HEHPOHHE pajiio
rapaHTye CTIHKHIA pexxuM pobotu. [lounHarouu 3 MOMEH-
Ty, KOJTM CUTHAJI criocTepiraethes HaouHo (Bix 1,1 10 1,3),
JESIKMH Jac 3pocTae iIMOBIpHICTh MPHHAIEKHOCTI CHT-
HaJTy 70 JISSIKUX THUIIIB, 10 MOXHA MOSICHUTU CXOXICTIO
rpajiieHTa 9acoBOi MOCTIIOBHOCTI HAa TPAJIIEHT CUTHATIIB

pi3HUX THMIB. [lani 3HaYeHHs IMOBIpHOCTEH cTadimizy-
IOThCSI Ha BECh Yac TPUBAJIOCTI CUTHAILY.

3a3HaunMo, 10 TOYHICTH POOOTH MEpEeXi Ha Bali-
JaniitHomy Habopi naHux Bnama 110 98,9%, mpo € 3a-
KOHOMIpHUM HIpPH MiJBUIICHHI TOYHOCTI BU3HAYEHHS
TPUBAJIOCTI CUTHAITY.

3acTocyBaHHS HeHPOHHOIO Pajfio A HAAIIUPOKO-
CMYTOBOI iMITYJIbCHOT LM(POBOI KOMYHiKALIT

Sk Gyio mOKa3aHo, 3aCTOCYBaHHS CHKONEPY Y BUTIIS-
Il peKYpPEHTHOT HeHPOHHOT MepeXi pOOUThL HEHPOHHE pa-
JUO MPUIATHUM JIJTSI IPAKTHYHOT peajti3alii 3aBIsSKy CyT-
TEBOMY 3MEHIIICHHIO KITLKOCTI IITYYHUX HEHPOHIB, a Ta-
KOXK TIOKPAIIY€ SKiCTb POOOTH 32 PaXyHOK TOHOJOTiTHOTO
BpaxyBaHHS [IPUHIUITIB IIPHIUHHOCTI Ta CYTEPIIO3HIILI.

3 METOI0 CHPOLICHHS MPOMHUCIOBOTO BUPOOHHUIITBA
MPUCTPOIB TSI IEPBUHHOTO HABYAHHS HEHPOHHOTO pa-
Ii0 3a3BUYAif 3aMiCTh EKCIIEPUMEHTAILHIX BUMIPIOBaHb
3aCTOCOBYIOTBCS JJaHi, OTPUMaHi TEOPETUIHUM MOJIe-
JFOBAHHSM, [0 BUKJIMKAE TAIiHHS TOYHOCTI JETEKTY-
BaHHsA. OJHUM 3 IIJISXIB BHPIIICHHS I[i€l MPoOIeMH €
3aCTOCYBaHHS METOMIB IIEPEHOCY HaBYAHHSI, SIKi IIHPO-
KO BHKOPHCTOBYIOTHCS B 3a7[a4yaxX aHali3y YacOBHX IIO-
CJIIJOBHOCTEM.

CyTHICTh METOIIB MEPEHOCY HABYAHHS MOJITAE B
JOTPEHYBaHHI OKPEMUX EIIEMEHTIB MEPEXKi IIPH BUKOPHU-
CTaHHI €KCIIEPUMEHTANEHO OTPUMAHUX JaHUX JJIS aarl-
Talii ii mapaMeTpiB A0 PeaJbHUX YMOB. TakuM YUHOM,
MIEPBUHHE TPEHYBAHHS HA JaHUX, OTPUMAaHIX MOJIEITIO-
BaHHM, JTO3BOJISIE CYTTEBO 3MEHIIMTH 00'€eM HEOOXi-
HUX eMITipUIHUX BUMipPIOBAHb.

Kopucryrouuce hopmynoro Lllenona st Hagmmpo-
KOCMYTOBUX CHUCTEM [1], MO)KHA OLIHUTH MEPCICKTUB-
HICTh KOMyBaHHs iH(opMalii BEIHKOI KUIBKICTIO iM-
MYNBCIB Pi3HOI (POPMU Ta TPUBAIOCTI:

| logy, (14 SNR)

C= (M
N, smp 1/ B + TRMS

ne C — iHQopMalliifHa eMHICTB;

N_  — KiJIbKICTh JOCTYIHHX IMIYIbCiB pi3HOI dopmu Ta

smp . .
TpuBanocTi (radix);

B — mmpuna criextpy;

TRMS — CKBa’>XHICTb.

AHaII3yI041 3aJIeKHICTh MK 1HPOPMAIIHHOIO €M-
HICTIO Ta KUIBKICTIO IMITyJbCiB, MOXKEMO 3pOOUTH BU-
CHOBOK, 1110 301JIbIIEHHS KUTBKOCTI JOCTYIHUX 1IMITYJb-
ciB Nsmp 3 KJIACUYHHUX JIBOX JI0 IIECTH 30UIBIINUTE KiJb-
KicTb iH(popMalii B TpU pasHu.

[lepcneKTHBHUM HAaIPSAMKOM JOCIIIKEHHS B 001acTi
HEHPOHHOTO Pajio € 3aCTOCYBaHHS IMITYJIbCHUX IITYYHUX
HEHPOHHUX MEPEeX 3aMiCTh LITYYHOI HEHPOHHOT Mepexi
MPSMOTO MOIIMPEHHs. TpeHyBaHHS TaKUX MEpex 3aii-
CHIOETHCS IIUIIXOM CaMOOpraHi3allii CHCTEMH ITiJ] 30BHiLl-
HIM BIUIMBOM 3 MTO3UTUBHUM MiAKPIIUICHHAM. BukoHaTn
TaKi Mepexki y BUIJISII aHAJIOTOBOT MIKPOCXEMH IIPOCTIlLIe,
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CUCTEMMH INEPEJAYI TA OBPOBKU CUI'HAJIIB

HDK Mepexi MPAMOro MOIIMPEHHsL. 3 Oy MajIoro oocs-
Ty IHCTPYMEHTAIBHOTO arapary JJisl HABYAHHS TAKKX MO-
JIeNelt 1ed miaxin B JaHii poOOTi He pO3MISIAETHCS, ale
IIBUJKUM PO3BUTOK MOMIOHMX TEXHOJOTIH pOOHTH TaKi
JIOCITI/PKEHHS TIEPCIIEKTUBHUMU B MalOy THEOMY.

BucHoBku

IMITysTbCHI HAAITMPOKOCMYTOBI PaIiOTEXHIYHI MPHU-
CTpOi MaroTh TEOPETUYHI IEPEBATrH HaJl By3bKOCMYTOBH-
MU B T1aHi iHopmarriiHoi eMHOCTi [ 1], ajre Ha mpakTuIi
HE BJIaBaJIOCh BUKOPUCTOBYBATH I1i TIEpEBary OBHOKO Mi-
poro uepe3 neBHi ckinaaaocti 00podku HIIIC-curnaimis.
3anporoHOBaHMIA ITiIXiJT BHOKPEMJICHHS KOPUCHOI iH-
dopmarii 3 immysbcHOT HILIC enexTpoMarHiTHOT XBHITI
JIO3BOJISIE TIOKPAIUTH XapaKTEPUCTUKH TAKMX KOMyHiKa-
[MIHHUX CHCTEM 3aBJISIKHA BPaXyBaHHIO 3aJIS)KHOCTI (hop-
MU IMITYJIBCY BiJl HAPSMKY CIIOCTEPEKESHHS.

BuxigHuii curHan HEWPOHHOTO pajio Hajxae iH(Op-
MaIlifo He JIMIIE PO MPHUCYTHICTH OTPUMAHUX IMITYIIb-
CiB ITIEBHOTO THITY, a e i IPO iIMOBIPHICTH, 3 TKOIO BOHU
crnioctepirarotbes. Lo iHpopMariiro MoKHA 3aCTOCOBYBA-
TH U1 KepYBaHHS aJalTUBHUMH aHTEHHIME CHCTEMaMH
Ta CHCTEMaMH KOTHITHBHOTO PaJio, sKi TAKOXK MOXYTh
CKJIAIaTHCh 3 (DI3MYHUX HEHPOHHUX MEPEK.

[TopiBHSHHS PiBHS CTIOKHBaHHSI €JICKTPOCHEPTii aHa-
JIOTOBOTO HEHPOTpoIiecopa Ta aHAJIOTIYHOTO IH(PPOBOTO
npuctporo GPU/ASIC nokasaio kpaiy eHeproe()eKTHB-
HICTB TS epioro. BinTak, BUKOPHCTaHHS aHAJIOTOBOTO
Helpornpolecopy 3aMicTh JiHiIHHOTO pibTpy, AL Ta
FPGA nmo3BoJ1si€ 3aCTOCOBYBaTH MaTeMaTH9HI MIPOLIECH
BHCOKOT CKJIQTHOCTI MPH 3HAYHO MEHIII /i BUTPATI CHEPTi.
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BBIJIEJIEHUME [TOJIE3HOU MHOOPMALIMY 13 CBEPXIIIMPOKOIIOJIOCHOM
RIIEKTPOMATHUTHOM BOJIHBI B BJIMJKHEN 30HE U3JIYUYEHU A

Ilpedcmasnena agmopckas memoouxka 6bloenenus Noae3HOU UHGOPMayuu U3 CEEPXUUPOKONOLOCHOU UMNYIbCHOU dNEeKMPO-
MACHUMHOU B0IHbI, KOMOPAsL OCHOBAHA HA NPUMEHEHUU UUYECKUX HEUPOHHBIX cemell OTUMETbHOU KPAMKOCPOUHOU NaMs-
mu. [Iposedeno mooenuposanie npoyeccos u3nyueHuss, npuema u 00pabomxy UMnYIbCHOU 60HbL. B kayecmee nepedatowyell
aHmenHbvl bIOPANA TUH306A5 AHIMEHHS UMNYILCHO20 USTYHeHUs. [l MOOeTUpOBAHUs NPOYECCa U3TYHeHUsl INeKMPOMAsHUM -
HbIX BOH C 3A0AHHBIMU BPEMEHHBIMU 3ABUCUMOCIIAMU B030YAHCOAIOUW €20 MOKA UCNONL308AHA NepexoOHas YHKYUs aumeH-
Hbl U NPUHYUN cynepnosuyuy, gopmanusosannslii unmezpanrom [Jioamena. Mooenuposanue nposedeno ¢ yuemom sgpghexmos
OnudCHel 30HbL USTYYEHUs U Napa3sumublx wymos. llpoananusuposana nepcnekmusa npumMeHerus npeoiodHCenHol MemoouKu
6 3a0auax unmepHema ewyell.

Knrouesvie cnosa: CEPXUUPOKONONIOCHAA UMNYIbCHAA 60/IHA, TUH30605 ARMEHHA UMN)IbCHO20 U3IYYEHUA, onudicHs 30HA, an-
napamas HEZZPOHH(ZE cemv, doneas KpamrKoCpO4YHas namsimao.
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INFORMATION EXTRACTION FROM ULTRAWIDEBAND
ELECTROMAGNETIC WAVE IN NEAR RADIATION ZONE

The authors study the dependence of the shape of electromagnetic pulse received in near radiation zone of the antenna
on the observation point. The paper discusses negative and positive effects of this phenomenon on the wireless impulse
communication and presents a new method of information extraction form ultrawideband electromagnetic pulse, comparing it
to the traditional way of signal processing.

The method is based on modern deep learning technics and recurrent neural networks, namely physical long short-term
memory. Moreover, the paper presents a concept of direct sequence ultrawideband (DS-UWB) impulse radio receiver based
on a physical neural network. It is proposed to change the traditional way of radio signal processing and use a single neural
network instead of a matched filter, a magnitude amplifier and a FPGA processor. The architecture of the physical neural
network was designed with an intention to study the behavior of ultrawideband short pulse (UWB-SP) radio signal in near
and far radiation zones.

The applicability of the neural radio concept is proved by simulation of AWGN communication channel for multiuser
environment and real time RX signal processing by the designed neural network. The paper contains the results of a numerical
modeling of the radiation-reception process and illustrations of the neural network training process. The lens impulse radiation
antenna is considered as radiator of transient electromagnetic field for simulation. The radiation process is modeled with the
help of the antennas transient response obtained using the evolution approach and the superposition principle in the form of
Duhamel integral.

The prospects of using the proposed methodology in the problems of the Internet of Things are analyzed. The study shows that
using the proposed method allows solving multipathing and multiuser problems even in near radiation zone.

Keywords: ultrawideband (UWB), electromagnetic pulse (EMP), lens impulse radiation antenna (LIRA), near zone, physical

neural network, long short-term memory (LSTM).
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MATRIX CALCULATION OF CORRELATION
CHARACTERISTICS OF TIME CHARTS BASED
ON SPECTRAL METHODS

The paper is devoted to the problem of calculation of autocorrelation function that is important for solving the tasks that
require finding the repeating intervals of the signal or defining the main frequency of the signal against the background
of non-stationary noise. The authors propose an algorithm to transform the connection between arithmetic and logical
correlation functions in oriented basis into the matrix form. Comparative analysis is conducted for the computational
complexity of different types of autocorrelation functions using different spectral methods — Fourier, Walsh, and
oriented basis transform.

Keywords: spectral transform, autocorrelation function, Fourier transform, Walsh transform, spectral transform at

oriented basis.

A lot of research tasks contain the stage of finding
the repeating intervals of the signal or defining the
main frequency of the signal against the background of
non-stationary noise. To solve these tasks, the analysis
based on the autocorrelation function (ACF) calculation
is used [1—3].

Correlation analysis is included as necessary stage in
many tasks of signal processing, recognition and predic-
tion, as well as of studying transient and steady regimes in
electronic schemes. Triple logic could be used in different
applications, including third state control of electronic
components, three-position electronic devices, switches,
etc. That is why mathematical methods that are able to
operate with triple logics could be helpful and promising
in terms of computational speed and simplicity. These
methods could even be implemented in specialized digital
signal processors (DSP) and field-programmable gate
arrays (FPGA) in order to increase their effectiveness
and operation speed.

Moreover, the task of motor diagnostics in many cases
could come down to revealing the periodical components
against the background noise. In this case, it is neces-
sary to study the ACF — the presence of the highest
autocorrelation coefficient of t" order indicates that the
time dependence of the analyzed function contains cyclic
oscillation with the period 7.

Using the spectral transforms involves the following
procedure: 1) calculate the image (spectrum) function
from the dataset represented by N digits of the signal —
based on direct fast transform (Walsh or oriented basis
(OB) transform [4]); 2) calculate the ACF spectrum; 3)
apply the reverse fast transform from the ACF spectrum.
Thus, dyadic or m-ary ACF will be found. In order to
get arithmetic ACF, it is necessary to convert obtained
Walsh or OB spectrum into Fourier spectrum. In [5—7],

the connection was shown between the arithmetic and
logical correlation functions in matrix form for Walsh
and OB methods, respectively. However, there was no
generalized case for diagonal matrix.

The aim of this study is to increase the processing
speed of the control and analysis algorithms based on
integer processors by reducing the computational com-
plexity by finding an algorithm for transforming the
connection between arithmetic and logical correlation
functions in OB into the matrix form.

Calculation of ACF in matrix form

Logical autocorrelation function defined in OB takes
the following form:

P(0)=-5> 5, (1), 1)

p=1 t=0

(M

where xp(r) is one of the set of realizations of the random
process x(?);

N is the number of discrete digits in x(?);

@ is the operation of addition by module 3 [8].
3

Thus, logical ACF could be defined as the average of
N different m-ary ACF calculated in OB basis:
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N = 3
If the following equation is correct
%, (1) =x(t+p),
the logical ACF takes the following form:
N N-1
Px(r):%Zpr (t+p)x, [(t@r)—i—p]. 3)
N p=1 t=0 3
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Analogously to the Gibbs formula for Walsh method
[9], let us define the connection between the arithmetic
correlation function and the logical one for the OB
method:

P(t)=—> R ||[tD r) 0t
( ) N ; 3 )3
Let us transform the calculation into the matrix form:
P (o) =[] |R. (<) )
We propose the algorithm to transform the system (3)
defining the connection between arithmetic and logical
correlation functions in OB basis into the matrix form
(5). First, let us compose the matrix of the arguments of

the function ||R (7)||. If N =9, the matrix ||R (7)|| will be
as follows:

. “)

0000000O0O
117117117
28828828 8
333333333
IR(t) =4 4 1 4 41 44 1]
522522522
6 6 6666666
77 4774774
8§ 55855855

Each (7, j) element of the matrix ||4]| is defined as a
sum of the elements equal to j in i row of the matrix
IR(OIl G, j =0, ..., N-1). In our case, the matrix ||4]]
equals

N
I
S O O O O O o O v
S O O O W o O O
S O O O O O W o o
S O O O O v o o o
S W O O O O O O O
AN O O W o o o o O
S O O O O O o o O
S N O O O O O W o
w o O O O O o o O

The matrix ||4|| contains only one non-zero element in
0" row, i.e., (0, 0) =9, because the corresponding 0™ row
of the matrix [|R (7)|| contains 9 zeros. The first row of the
matrix ||A|| contains 2 non-zero elements: (1, 1) = 6 and
(1, 7) = 3, since the corresponding 1% row of the matrix
IR (7)|| contains six “1” and three “7”.

Let us represent the matrix ||4|| in the form of multi-
plication of diagonal matrix || D|| and transforming matrix
I71]. From the view of the matrix ||4|| it is evident that the

elements of the diagonal matrix ||D|| should correspond
to the following expression:

A Sp1+Sp—8(km)  A1-Sp—Ska—8(k.0)
dy =2 3 ,

(6)
where S, is the number of “1” in 3-ary representation of the
value £;

S, is the number of “2” in 3-ary representation of the
value k;

O(k, i) is the Kronecker delta function,

5(k.1) 1 for k=i
1) = 5
0 for k=i

k=0,1,2,..,N—-1.

Let us compose the diagonal matrix ||D|| with the ele-
ments from the main diagonal that meet condition (3), i.e.

[D]= |diag(dy,)-

Then one could write as follows:

[ = [IDII-{71],

where || 7]| is the transforming matrix with the dimension
NxN and “1” in the main diagonal. Then (4) in matrix
form will be as follows:

12l = [1D[-I7TI-[|R (oIl O

Let us find transforming matrices ||7]| for the partial
cases at the intervals N =3 and 9 and define the common
formulas for obtaining these matrices.

For N = 3, the equation (7) will be

B (o) =12l 17 | (=) =

300

=10 2 1||R(1))=

021
1 0 0

:%-00,667 0 |x

0 0 0333

10 0

X0 1 0,5][R(7)-

02 1

For N=9 it will be
90000000 0
06 0000030
003000006
000900000

P(t)=|l0 3 0 0 6 0 0 0 0f[r(z)-
006 003000
000000900
00003006 0
0000O0G6O0O0 3
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and the matrix ||R (7)|| will be defined as

10 00 0 00 0 0
02/300 0 00 0 0
0 0 1/30 0 0 0 0 0
00 0 1 0 00 0 0
Rx(r)||:é~o 0 0 02/3 00 0 0 |x
00 0 0 0 1/30 0 0
00 00 0 0 1 0 0
00 0 0 0 0 02/3 0
00 00 0 0 0 0 /3
10 00 0 00 0 0
0 1 00 0 00 1/20
00 10 0 00 0 2
00 01 0 00 0 0
x[01/7200 1 00 0 0
00 20 0 10 1 0
00 00 0 01 0 0
00 001/200 1 0
00 00 0 20 0 1

Similarly, it could be done for N = 27 and further.
Analysis of the transforming matrices ||7]| shows that
for all considered cases they have the same structure.
It gives the possibility to get the following recurrent
formula

|7 (o= 1)] 0 [E(e-1)
|7 (@)|=]0.5-|E(a—1)| ||’ (c—1) 0 |.®
0 2-|E(a—1)| [ («—1)

where ||T'(0—1)|| is the triangle matrix that is formed from
the corresponding matrix ||7(o—1)|| when
all elements of the main diagonal are re-
placed by “07;

||[E(o))|| is subsidiary matrix that is the component
of || T(a)]l;

a is the step of recurrent formula.

Elements of the matrix ||E(a—1)|| could be found from
the equation

0 0 £ (1)
|E(a)|=0.5-|E(a=1)] 057" (a—1) 0 | ©
0 et 21

First values of recurrent matrices are defined by
equations
7(0) = 1, E(0) =0.

For example, if a = 2, the matrices have the follow-
ing form:

ol o ) 1o o
rol=lose@] o] o |<o 1 o}
o 2z o)) oo

0 0 |£(0)
0] =[os £ ) osfro] o |-
o 2[e()] 2r'(o)
0 0 0
=0 0,5 0|;
0 0 2
00 O, 120
[r@)={o.5-[e@)] [r@] o |
o 2e@)] )

From the equation (4) arithmetic correlation function
could be found as

IR = T IDI 1P (D).

Comparative analysis

(10)

Let us compare the ACF computational complex-
ity using Fourier and Vilenkin — Krestenson functions
(VKF), as well as Walsh and direct and reverse OB trans-
forms (using fast algorithms). Estimation of the number
of non-trivial arithmetic operations during the calcula-
tion of the spectra of Fourier, Walsh, OB transforms for
the two variants [8] and VKF-Paley based transform is
described in [10—11].

The numbers of calculation operations is defined as
follows:

QFourier = k(4N 10g2 N + 4N)’ (1 1)
QVKF_k\N(m_I)[1+m_1]10gm N]; (12)
m
QWalsh = N10g2 N + Nn (13)
2

1
QOBdirec[ = n_ln [%1] + m(m - 1)‘; (14)
2
-3
QOBreVerse = mn_ln (m 4 ) +m(m72) > (15)

where QFourier’ QVKF’ QWalsh’ QOBdirect’ QOBreverse are
numbers of operations for Fourier, VKF-Paley, Walsh,

direct and reverse OB accordingly; & is the computational
complexity ratio while processing fractional numbers
compared to integers.

By “non-trivial operation” we mean the elimination
of the operations with zero matrix elements.
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In this case we also eliminate from the total number of
arithmetic operations the addition with zero, multiplica-
tion by “+1” or by “—1".

At m =3, we obtain

TN
QOBdirect = Tlog3 N (16)
Oop =2Nlogy N. a7

reverse

The calculation of ACF for the Walsh method requires
two transform procedures, for the Fourier method by
(3) — three procedures. Calculation of the m-ary ACF
for different modifications of the OB method needs 3
procedures in total.

ACF computational complexity for spectral methods
transforms at m = 3 is shown in the Table.

ACF computational complexity for fast spectral methods

Transform Amount of calculation operations
(spectral method) for arithmetic, dyadic or m-ary
ACF
Fourier 3k(27,96N log;N + 4N)
VKF-Paley 27,96N log,N + 4N
Walsh 2N log,N + 2N
OB (direct) 6,66N log,N
OB (reverse) 6,66N log,N

Coeflicient & in the equation for Fourier transform re-
flects the computational complexity ratio while calculat-
ing fractional numbers compared to integers. It depends
on the microprocessor/microcontroller realization. For
example, for the modern ARM processors with FPU like
STM32F407V, k can be taken as “1”, for integer proces-
sors like Atmel, & lies between 10 and 20, depending on
program realization and assigned processing exactness.
Fig. 1 shows the dependence of the computational com-
plexity on the interval N at k= 10.

Fig. 1 demonstrates that the computational complex-
ity of dyadic and m-ary ACFs is far lower than that of
the arithmetic one for Fourier transform. At N> 100, the
computational complexity for the dyadic ACF is 65 to 68
times lower for Walsh and 32 to 34 times lower for OB.

However, the exact calculation of ACF needs the
calculation of N dyadic or m-ary ones. Then for N > 67
(for Walsh) or N> 33 (for OB) this advantage disappears.

The computational complexity could be decreased
significantly by decreasing the number of dyadic (for
Walsh) or m-ary (for OB) ACFs that are included into
the logical ACF equation [8]. Such calculation will be
approximate. In order to estimate the minimum necessary
dyadic or m-ary ACFs, the modeling of quazi-stationery
processes were made. During this, the coefficient of
similarity of exact and approximate ACF was estimated.
It should be indicated that approximate functions could

10

T T
Fourier

o]

N

I

OB

O -
- D —
-

.:_—-"ﬁ' '_T’id(.-ﬂ—’ -F\ Walsh
0 200

Computational complexity
[\

400 N

Fig. 1. ACF computational complexity for different
computational types on the interval N
(arithmetic — for Fourier transform;
dyadic — for Walsh, m-ary for OB transform, VKF-Paley)

be successfully used in order to investigate the functions
described above as well as for finding the repeating sec-
tors or estimating the carrier signal frequency under the
noises and oscillations of different frequencies. The lower
is the computational complexity, the faster are the control
and analysis algorithms based on integer processors.
This factor is very important in real-time data processing
systems, i.e., in the systems of power stations diagnostics
where decreasing the time of revealing the pre-emergency
state and decision-making are of particular essence [12].
It also has an undoubted advantage in signal transmitting
systems and in the tasks where it is necessary to reveal
the periodical sectors in time series [13—14].

Conclusions

Thus, the research allowed establishing the connec-
tion between arithmetic and logical correlation functions
for the oriented basis method and to propose an algorithm
for its transformation into the matrix form.

It is shown that computational complexity of the dy-
adic and m-ary autocorrelation functions is significantly
lower than that of the arithmetic ones (for Fourier trans-
form). At N > 100, the computational complexity of the
dyadic autocorrelation function is 65—68 times lower
(for the Walsh method) and 32—34 times lower (for the
OB transform).
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KopensyiuHumu Qyukyismu 6 oasuci @yukyiti Ha ocHo8i opienmoganozo 6aszuca (OB), ¢ mampuuny popmy. I[opienano
mpyodomicmkicme obuucienns AK® 3a donomozoro nepemeopenv @yp’e, Yomua ma OB 01 060x éapianmie y 6unaoxy 3a-
CMOCY8AHHSL WBUOKUX AN20PUMMIS.

Tlokaszarno, wo mpyoomicmricms 3Haxo0xcents: diaonux AK® ma m-AK® 3uauno menwa 3a apugpmemuuni AK® (nepemeo-
penns @yp'e): npu N > 100 eona y 65—068 pasie menwia ona nepemeopennsn Yonuwa ma 'y 32—34 ona nepemeopenns Ob.

Toxaszano, wo mpyodomicmxicme obuucnennss AKD moocna cymmego smenuumu, AKWO 3MeHWUmMuy 4ucio Jiaduux (y 6unaoxy
Yonwa) abo m-AK®D (y eunaoky Ob), wjo éxoosme y eupas noziunoi AK®, ane make obuucnenns 6yoe npubnusnum. /s susna-
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Menwa mpyodomicmricmes 00YMO6II0€ OLIbULY WBUOKOOIIO ACOPUMMIE OIACHOCMUKY HA OA3I YILOYUCTEHUX MIKPONPOYecopis.
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CIIEKTPAJIbHA ®OTOYYTJIUBICTbH JU®Y3INMHUX
Ge-p—i—n-©OTOAIOAIB

Onucano npoyec 8U20MoGIeHHs: OUQPY3IUHUM MemoOom weuokooitouux Ge-p—i—n-gomooiodie 0t 1azepHo2o danekomipa 3
Maxcumymom pomouymaugocmi Ha 006xcuti xeuni 1,54 mxm. B pezynvmami po3paxynky ompumano meopemuity Kpusy ix-
HbOI cheKmpaibHOi homouymaueocmi, IKa 0OCmMamubo ONU3bKO 30ieaemvcs 3 OanuMu umipig. [lokaszano moxciugicms 6pa-
XY8aHHS OLbUOCMT KOHCIPYKYIUHUX 1hA MEXHOL02IYHUX 0codnueocmeli (pomodiodie npu nposedenti meopemuiHo2o mMooe-
JI0BAHHS, WO O036OIAE 3HAUHO BOOCKOHANUMU NPOYEC IXHbO2O GU20MOGAEeHHA. TaKkum YuHoM, 0Opana Memoouka Mooeno8an-
H51 003607A€ OIIbUL MOYHO NPOSHO3YEATNU MA ONMUMIZY8aAmMY napamempu Gomooiooie 051 KOHKPemHOI NPAKMU4HOT 3a0ayi.

Kniouosi crosa: Ge, p—i—n-ghomo0dioo, cnekmpanbHa pomoyymaugicme, iMnyIbCHUL 1A3ePHULL OATEKOMID, meopemuy-

He MOOenioB8amnHs.

JlazepHi nanekoMipu MIMPOKO BUKOPUCTOBYIOTHCS IS
BUpIIIICHHS 3a/1a4 BUMIPIOBAHHS BiJICTaHi B reofesii, Oy-
JUBHUIITBI, 0araThOX TEXHIYHUX Taly3sIX IIUBUTLHOTO Ta
BIICHKOBOTO MPU3HAYCHHS, & TAKOXK PAKETHO-KOCMIYHIN
TexHili [ 1—6]. B onTuuHOMY KaHaJi IMITYJILCHUX JIa3ep-
Hux panexoMipis (IJI/1) BUKOPHUCTOBYIOTH IIBUIKOIFOU1
p—i—n- abo nasuHHi Portonionu (JIP/L), BUTOTOBJICHI Ha
ocHoBi Si, Ge a6o InGaAs 3aeHo Big po0040i JOBKUHA
XBHII A, nanexomipa [ 7—10]. BpaxoByroun HeOOXiHICTh
BU3HAYCHHS 3HAYHUX BiZIcTaHEH 10 00’ €KTiB (TIOHAT 5 KM)
y BIICBKOBHX JTAJICKOMipaX BUKOPHCTOBYIOT, SIK IPAaBHU-
1o, notyxHi IJIJ] 3 A, =1,064 Mmxm abo A, = 1,54 MxMm,
1110 00YMOBJICHO MOXJTUBICTIO CTBOPCHHS AKTUBHHX CE-
penosu jasepis [ 10] mis poboTu y BikHAX MPO30POCTI
armocepu. [pu mpomy, LT 3 A,=1,54 MM MaroTh nepe-
Bary 3 TOUKH 30py OC3IEYHOCTI 30py OIepaTopa y mopiB-
uaHi 3 I 3 A,=1,064 MKM, BOHH Bi/INIOBI1a10Th BUMOTaM
110 030poenHs 3a crangaptramu HATO. Y na3zepHux na-
JIEKOMipax mepesaya ONTUYHOTO CUTHAITY BiflOyBa€eThCs
Kpi3b aTMOC(epy Ha BiIMiHY BiJ] BOJTOKOHHO-OIITHYHUX
JiHIH 3B’ A3KY, JIe TAKO)K BUKOPUCTOBYIOTHCS aHAJIOTIYHI
MIBUIKOI0YI POTOMIONU. A TOMY Y BICHKOBHX Jajie-
KOMIpax JJi 3MEHIICHHS BIUTMBY (POHOBOTO BHIIPOMi-
HIOBAHHS T4 IHIINX CHEHIATbHUX HEePEIIKO, HATIPHKIIA]T
«ocHimeHHs» (HOTONMPUIMATFHOTO IPUCTPOIO CTOPOH-
HIM MOTYXXHUM JIa3ePHUM IMITYJIbCOM, BBOASATH TOAAT-
KOBI1 €JIeMEHTH: onTH4Hi QineTpH, miadparmu, oneHan
ta iame [11—13], ane B JiTeparypi BiICYyTHI BiloMOC-
Ti MPO BIUIMB BKa3aHHUX €JIEMCHTIB Ha po0Odi mapame-
tpu Ge-p—i—n-poromionis ado JID/. V [14—16] noci-
JUKyBaJIach CTiMKICTh (OTONMPUHMANBHOTO NMPHCTPOIO
JIa3epHOTO JajieKomipa 3 A, = 1,54 MKMK, 1oOy10BaHO-
ro Ha ocHOBI repManieBoro JID/I, 10 «OCIITUTIOI0YOT0Y
IMITYJIBCHOTO TIOTYKHOTO JIa3€PHOTO BUTIPOMIHIOBaHHS 3
%,=1,064 MKM i T, = 4 HC. BcTaHOBJIEHO, 110 T'PaHUYHE

3HAYEHHS MTOTY>KHOCTI ,,0CIITUTIOI0YOr0 Ta3€PHOTO BU-
npomintoBanns 11 Ge-JI®] cranosuts 1108 Br/em?,
toxi sk y JI®J] ma ocHoBi crnomyk A’B’ (mampuknan,
InGaAs) 1ie 3HaueHHs Maike Ha J[Ba MOPSIIKK MEHIIIE,
10 OMHO3HAYHO CBITYUTH PO MepeBary BUKOPUCTAHHS
repMmanieBux ¢otornpuiiMadiB y BificekoBux IJIJ1. Kpim
Toro, y [14] nokazano, mo Ge-JID/] 3 6inbin rmuboxum
3aJISITaHHSAM p—1-TIEPEXOy BiJl OIPOMiHIOBaHOI ITIOBEPX-
Hi (= 6 MKM) IIPOSIBIISIIOTH B pa3u OUIBINY CTIHKICTh, HIXK
3 TIMOWHOIO 3aJATaHHS 2 MKM, IO TOSICHIOETHCS OCO-
OJMBICTIO TeHEpaIlil Ja3epHO-IHAYKOBAaHUX Je(EKTIB B
aktuBHiil obnacti Ge-JI®/. JloriuHo AOMyCTUTH, IO B
Ge-p—i—n-horomiogax OymyTh CocTepiraTuch aHaJIOT -
YHi BCTaHOBJICHUM aBTopamMu [ 14—16] 3akoHOMipHOCTI
3MiHH TEMHOBOTO CTPyMY i IIyMy NPH iXHBOMY ,,0CJIi-
IUICHHI IMITyJIbCHUM JIa3€pHUM BUIIPOMIHIOBAHHSIM 3
Ao = 1,064 Mxm. 3azHauumo, mo y [14—16] ne nosigo-
MIIIETBCS TIPO CTIEKTPAJIbHY 3aJISKHICTH aMIlep-BaTHOI
gyuBocTi Ge-JID/] 3 MeHmiM (2 MKM) 1 OLTBIIT TIHOO-
KUM (6 MKM) p—n-TIepexoJIoM Ta il TpaHchopMaLito mij
JEF0 «OCIITUTIOI0YOT0Y» BUMTPOMIHIOBAHHS.

Mertoro naHoi poOOTH € 3’sICyBaHHS MOXJIHBOCTI
MIPOTHO3YBAHHS aMIlep-BaTHOI uyTinuBocTi Ge-p—i—n-
(hoTOMIOIB 3aJEKHO BiJ MapaMeTpiB iXHbOI aKTHBHOL
o0nacTi Ha OCHOBI iICHYIOUMX TCOPETHYHHX MOJEITICH Ta
MOPIBHSHHS PE3YIIBTATIB PO3PAXYHKY 3 CKCIICPUMEHTOM.

Burortosiienns 3pa3kiB Ge-p—i—n-dortonionis

Bimomo, 110 y KpeMHii TacuBYrO4y QYHKITIIO YCITIIII-
HO BHKOHY€ BlIacHui okcujl SiO,, a 3aXUCHY, K IIPaBu-
710, — maianexTuyHi mwiiBku Si;N, [6, 9, 17]. B Ge Bnac-
nuii okcug GeO, HecTaOinbHMH, TOMY 1 MacuBalii
akTUBHO1 007acti Ge-QoTo/i0/1iB BUKOPHUCTOBYIOTHCS
misku Si0O,, GeS, Si;N, ta ixni komOGinauii [7, 18, 19].
BpaxoBytoun (akT izeanbHOr0 y3ro[KeHHS [TapaMeTpiB
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KpHCcTami4YHuX pemitok Ge i kyOigHoro ZnSe, a Takox
3aJJ0BUTBHUH 30ir iXHIX Koe(illieHTiB TepMiYHOTO PO3-
mmpenns [20, ¢. 721, y [21, 22] nocnimKyBanach MOXITH-
BICTb BUKOPHCTAHHSI MOTIKPHCTATIIYHUX ITIBOK ZnSe Ky-
6iynoi MoaM(iKamii IK CTaOITBHUX MACHBYIOUHX 1 3aXUC-
HUX IOKPUTTIB aKTUBHOI 00macti Ge-p—i—n-GhoToiomiB.
Tpupiuni BuIpoOyBaHHS BUSABWIN BiACYTHICTh HA JTHIII-
KOBHX IIIYHTYIOUUX CTPyMiB, 0OYMOBIIEHHX TOBEpPXHE-
BOIO MIPOBiIHICTIO TeTepoMexi ZnSe/Ge .

Ge-p—n-nepexoan BUTOTOBIISUIUCH METOIOM AUQy-
311 aKkIenTopHUX JOoMimoK Zn Ta In B miakmanku Ge
N-THITy TIPOBIAHOCTI 3 MUTOMUM OHOpoM p = 15 OM-cm
(T'=300 K). [ToBepxHs migxnagok Kpuctaaorpagpiaaoi
opienTarii (100) 06pobsnack 3a CTaHIAPTHOO MPOIIE-
nypoto [23, 24]:

1) nBocTopoHHE abpa3uBHe HuTi(hyBaHHS 1 OJIIPyBaH-
Hs1 TIOBEPXOHB 13 TIOCTYOBUM 3MEHIIICHHSM 3€PHUCTOCTI
abpazuBy;

2) CTpaBIIOBaHHS MEXaHIYHO MOPYIICHOIO IIapy
(= 70 MKM) METOJIOM XIMiKO-THHAMIYHOTO MOJTipYBaHHS
MAKIIAIKA 3 000X CTOPIH 3 BUKOPUCTAHHSM MOJIPYHOYOro
TPaBWIBHOTO PO3UYKHY, BATOTOBIIEHOTO Ha OCHOBI CP-4A;

3) 3HEXKUPEHHS 1 OUUTIICHHSI TOBEPXHI I IKJIAIOK BiJl
3aJTUIIKIB XIMIYHAX PEAKTHUBIB y KHILISTYOMY 130ITPOITH-
JIOBOMY CIIHPTI Ta Y AUCTUIbOBaHIM BOJII;

4) mpocyuryBaHHs B aTMOC(eEpi aproHy.

Taka migroroBka moBepxHi minkianok Ge, mo BUOIp-
KOBO KOHTPOJIOBAJIACS] BUMIPIOBAHHAM IIBIINPUHU KPH-
BHX KOJIMBaHHS PEHTTEHIBCHKOTO TU(PPAKIIHOTO BiIOKT-
Ts1, 3a0e3MevyBasa Bi/ICYTHICTh Ha HUX ITOPYIIICHOTO I1Iapy.
Biniopani migknanku Ge ToBmmHO0 600 MKM pazoM 3 u-
(y3aHTOM, B pOJIi SIKOTO BUKOPUCTOBYBABCS CIUIaB In—Zn
cknagom 50:50 06. %, 3aBaHTa)KyBaIMCh B Pi3HI MICIIs KBap-
[IOBOI aMITyJIH: BHA3Y PO3TAIlIOBYBaBCS MH(DY3aHT, & Ha BiJl-
cTaHi 5—6 cM BiJ HpOro — rpymna 3 3—5 miakiaagok Ge
po3MipoM 9%9 MM. AMITysia BaKyyMyBaJIach 10 OCTaTOYHO-
ro BakyyMmy 5-107> MM pT. CT. i 3aBaHTaKyBajIach y TEIJIOBE
T0JIe BEPTUKAIBHO PO3TAIIOBAaHOI Auy3iiHOT ey, Ky mo-
TIepeTHFO BUBOIIIIN Ha 3aJaHIH TEMITCPaTyPHUH PEKUM.
V temoBiii 30H1 mKepena audysii TemnepaTypa cTaHo-
Buia 650+ 0,5°C, B 30Hi migkiaagok — 700 £ 0,5°C, qu-
¢y3is npoBoaMIack Bponosxk 7 rof. Ilicns mporo am-
IyJ1a BUILHO OXOJIOXKYBaJIOCh Ha MOBITPi.

I'mubuna 3ansranss p—n-nepexoay BU3HAYAIOCh 110
OJTHOMY 13 IpyTIH 3pa3KiB METOIOM TEPMO30H/Ia PH TO-
[IapOBOMY CTpaBITIOBaHHI1 p-00iacTi. J[s BuIe3a3Haue-
HUX TEXHOJIOTIYHUX PEXHUMIB IU(]y3il BOHA CTAHOBUIA
340,2 MxM. 3MiHa TOJISPHOCTI TEPMO-EPC CBIIIHIIA TIPO
3MiHY THITYy TIPOBITHOCTI, III0 PEECTPYBAIOCH ONITHIHUM
CIrocoO0oM 3a J0TOMOTOK iHTephEPEHIIIHHOTO MIKpO-
cxorna MII-4.

Ha BiniGpaHuX CTpYyKTypax 3 p—n-IepexoioM BU3HA-
Yayiach po0oYa CTOPOHA, SKa 3axXuInagacs XiMiYHO CTiH-
kuM jtakoM (XCJI), a mpoTuiie)kHa CTOpPOHA pa3oM 3 60-
KOBUMH TPaHSMH CTPaBIIIOBAIACH MOMIPYIOUUM PO3UH-
HOoM CP-4A nHa rmubuny 10 mxwm. Tlicns ountmeHHs po-
60uoi ctoporu Big XCJI Ta 3aMHUIIKIB XiMIYHOTO TpaB-

JIEHHA BOHA JIOJIATKOBO MiJATPaBIIOBalach Ha MITUOUHY
0,1 MKM y KHIUISIYOMY PO3YHHI MEPEKUCY BOIHIO IS
3HATTS OKCH/IIB, Ki ()OPMYBaINCh HA TIOBEPXHI MiAKIIa]-
ku Ge y nporeci qudysii.

Ha pobouy moBepXHIO CTPYKTYypH TEPMOBaKyyM-
HUM CIIOCOOOM HAHOCHJIMCH KOHTAKTHI IUIOIIAJLKU Ii-
ameTpoM 0,4 MM y BHIIAIAI TOHKUX (1—2 MKM) TuTi-
BOK cruiaBy Sn+3%In, a Ha 3BOPOTHY CTOpPOHY — Cy-
LUIBHY IUTIBKY TaKOi K TOBILMHU 31 criaBy Sn+3%Sb.
st hopMyBaHHS SAKICHMX OMIYHHX KOHTAKTIB CTPYK-
TYpY 3 KOHTAKTHHUMH ILIONIAIKAMU MiaBaIH TePMO-
00po61i B aTMocdepi YMCTOr0 BOJIHIO y BaKyyMHIH
ycTaHoBIi mpu Temmneparypi 400°C ynpogorx 10 xB.
IToBepxHs mmomero 1,2X1,2 MM HaBKOJIO KOHTAaKTHUX
TUTOIIAJI0K Ha POOOUii CTOPOHI p-00macTi 3axuIanach
XCJI. TepmooOpoOKa KOHTAKTiB Mpu3Bena 10 Gopmy-
BaHHS CHJIBHO JICTOBaHUX ITIIKOHTAKTHUX oOiacTe
p*-Ta n*-Tumy B p- Ta n-00MaCTi NEPEXOLY BiAMOBIMHO.
IMpunosepxueBuil udysiiHuil p*-map nepexoay Tos-
muHOI0 0,1 MKM MaB e(eKTHBHY KOHIICHTPAIIIIO TIPOK
p =2-10'8 cMm3, 06ymosneny pozunnenum Zn B Ge npu
temneparypi audysii 800°C [25, c. 96].

Me3acTpyTypHi p—n-TIepexoy BUTOTOBJISIINCH CTPaB-
JIIOBaHHSIM HE3aXHINEHOT 00JIaCT NMTIMOMHOIO 5 MKM Yy TIO-
nipyrodomy po3unHi CP-4A. Me3acTpykTypa macuByBa-
Jack 1 3axuinanack TOHKO (1,5 MKM) MTiBKOO TOMiKpH-
CTaJigyHOTO ZnSe, sika HAaHOCUITacsl TEPMOBAKYMHIM CIIO-
co00M Ha pob0oUy CTOPOHY CTPYKTYpPH IIPH TEMIIEpaTypi
350—370°C (Temmeparypa BUNapoByBaHHsS ZnSe cTa-
HoBUTH 850°C). [TacuBOBaHy CTPYKTYpY 3 TPYyIIOI0 Me3a-
CTPYKTYpPHHX p—1-TIEPEXOJIiB PO3Pi3asid METOJOM CTPYH-
HOi a;Ma3HOi PI3KH Ha OKpeMi Yirmu 3 po3MipoM 0aszu
3%3 MM, sIKI MOHTYBAJIICh Ha HIXKY KOPITyCY (DOTOMIONIB.

J1ist mocItiKeHHS BIDIMBY Ha CTICKTPATLHY 3aICKHICTh
amrep-BaTHOI 4yTnuBocTi audysiHnx Ge-¢oTomaionis
Oys10 PO3pOOICHO 1 BUTOTOBJICHO CIICIiabHI KOPITYCH,
KOHCTPYKIIiSl IKAX 3aXHWIIEHA TTATeHTOM YKpaiHu Ha KO-
PHCHY MOJIEITb [26], 3 IPOCBITIICHHM B CIICKTPAJIBHOMY Ji-
amnazoni A = 1,4—1,6 MKM KpeMHi€BHM (iTETPOM.

Ha puc. 1 HaBe1eHO KOHCTPYKLiIO ME€3aCTPYKTYPHO-
TO YyTIUBOTO elleMeHTa qudys3iiiHoro Ge p—n-repexomy,
AKa JEMOHCTPY€E PO3MIlIeHHS HOTO KOHCTPYKTHBHUX
€JIEMEHTIB.

> (hv ?

JRAN

p-GC p*—Ge

AL L

n-Ge

n*-Ge

Puc. 1. KoHcrpykuis Me3acTpykTypHoro Ge-doroniona
3 IIyOMHOIO 3aNATaHHs p—n-niepexony [, :
1 — ZnSe; 2 — aHOIHMIA OKCH
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MogneJib 1J1s1 pO3paXyHKY aMIlep-BaTHOI Yy TJIMBOCTI
Ge-dortonionin
B po6orax [17, c. 59; 21] BukopUCTOBYEThCS (HOP-
MyJa, 3a SKOK MOXKIHUBO OLIHUTH MOHOXPOMATHYHY
amIiep-BaTHy 4y TIMBICTh (POTOMI0/Ia B A0COTFOTHUX OZIH-
Hulsx (y A/BT):

A
S,=(1—-RTQa,  —— (1
i p—n ’
1,24
ne R — xoeilieHT BiOUTTS;
T — xoediuieHT NPOMyCKaHHI ONTUYHOTO (iNbTpYy;
O — BHyTpilHIA KBaHTOBUH BHXiN (OTOEPEKTy B ak-
TUBHI# o0nacTi Goromiona;
0, — koeiieHT 30upaHHs HEPIBHOBAXKHUX HOCITB 3apsi-
ny (HH3), renepoBaHMX BHUIPOMIHIOBAaHHSIM B aK-
THBHIH o0nacTi Gporomiona;

A — JoBxMHA XBUII (B MKM), Ha sKii BU3HaYaeThCs S,.

3azHaunmo, mo 30upanas HH3 B audysiiianx Ge-
(horomiofax 3AIICHIOETHCS 3 TPHOX OONACTel: KBa3iHew-
TpaJIBHUX p-, n-00macTel Ta 00I1acTi MPOCTOPOBOTO 3a-
pany (OII3), Tomy

apfn = ap +0’Ol'l3 +a‘n‘

2

Jlis omiHKY X KoedimieHTiB y [23] 3anpomnoHoBa-
HO HACTYIHI BHpa3H:

i S;” + kL, — X exp(—kl)
o, = T A - kL, exp(—kl)[; (3)
n —"sh—+ch—
Dn Ln Ln
X:&chi+shi; (3"
Dn Ln LI’L
Ooms = exp(—kl)[l — exp(—kW)]; 4)
kL
o, =—7>—exp|—k(I+W)|, 5
O A [+ w)] ©®)
ne k — xoediuieHT MK30HHOTO MorTMHaHHS B Ge;

S — mBUAKICTH NOBEPXHEBOI pekoMOiHaIIi1 B p-o0nacTi;

L ,L — 3HaueHHs Ou]y3iHHOI JOBXUHU HEPIBHOBAXKHUX

w =p . ;
CIICKTPOHIB Ta AIPOK;
W, — xoediuient mmpunu OI13;

D, — xoediuieHT qudysii eneKTpoHiB.

Sk BuaHO 3 aHami3y dopmyn (1)—(5), TeopeTHuHa
MOZETb PO3pPaXyHKy aMIep-BaTHOI Yy TIMBOCTI (POTOMI-
0J1a 1a€ MOXJIMBICTh JOCIIIXKYBaTH BIUIUB KOXKHOT 3 00-
JIaCTeN p—n-nepexoAy Ha ii 3arajJpHe 3Ha4EeHH Ta Mpo-
THO3YBaTU KOHCTPYKIIO aKTHBHOI 00JIaCTi 3aJI€XKHO Bif
[TEOBOTO TIPU3HAYCHHS.

Pe3ysibTaTh Ta iXHE 06rOBOpEeHHsI

Bonsr-amnepHi xapaxrepuctuku (BAX) Bumiproa-
JIMCH TIPH TOCTIHOMY CTPyMi B Aialla30Hi 3HAYECHb CTPY-
My 1:107°—1-1073 A. JlocmigkeHHs BONBT-(papagHux

xapaktepucTuk (B®X) 31iiicHIOBAIOCH 32 JOITOMOTOO
npwiany E7-14 Ha gacroti f= 10 kI'11 mpu KiMHATHIH
temneparypi. ([Ipu f= 1 MI'11 eMHiCTh 3pa3KiB He 3aJie-
JKUTh BIJI HANIPYTH 3MIIICHHS B Jialma3oHi MpUKIaaeHOT
Harpyru U =+2 B i BU3HaUa€THCS TCOMETPHYHUMH PO3-
MipaMH BHCOKOOMHOI 0a3u.) CHeKTpasibHi 3aJeKHOCTI
amIep-BaTHOI Yy TIMBOCTI BUMIPIOBAJIKMCh 32 KIMHATHOT
TeMIepaTypy Ha YCTaHOBIII, 3MOHTOBaH1H Ha 6a3i MOHO-
xpomatopa SPM-2 3 LiF nmpusmoro, B Tiana3oHi JTOBKH-
HA XBWIH 0,5—2,0 MKM 3 CHHXpPOHHHM JIETEKTYBaHHIM
curHaiy Ha gactoti 670 I't. Sk Jkeperio BUTIPOMIHIO-
BaHHS BUKOPHCTOBYBAJIach KBapIICBO-TAIOTCHHA JTaMIIa
moTyxHicTio 250 BT. PIBHOMIpHICTB MOTOKY BHITPOMIHIO-
BaHHS Ha BXI1JHIH OUTMHI MOHOXpOMATopa 3abe3revyBa-
Jach 00’ €KTUBOM 3 KBapIIOBUMH JIiH3aMU. [10TyKHICTB
BHITPOMIHIOBAHHSI, [0 MOTPAIISIIO MICIsA BUX1IHOT IITi-
JIMHU MOHOXPOMATOpPa Ha BCIO aKTHBHY MOBEPXHIO OCITi-
JoKyBaHUX Ha 9acToTi 10 K[ 11 3pa3KiB, BUMIPIOBAJIOCH ITi-
POENEKTPHIHUM MPUIMadeM, BUTOTOBICHUM B [HCTHTYTI
¢isukn HAH Vkpainu i arecToBaHMM Ha Mojei adbco-
JFOTHO YOPHOTO Tina. Peectparist curHaimy 3 oCBITICHUX
qumiB Ge-(oromionis BinOyBanxacek y oTOranbBaHigHO-
MY PEXHMi CTPYMy KOPOTKOTO 3aMHKaHHS Ha HaBaHTa-
KyBajabHOMY onopi R, = 1 xOwm, sikuii Ha 1Ba NOPAIKU
MEHIIINH 32 TEMHOBUH TudepeHiiiamii omip hotoaionis
mpu £ =300 K. B [21] moka3aHo, 1110 Harpyra 3B0pOTHOTO
smimeHHs U =—10 B He mpu3BOAXTE 10 CYTTEBOI 3MiHH
amIep-BaTHOI Yy TIIMBOCTI Y ITUX XKe 3pa3kax, ToMy (o-
TOJIOHUMN PEXHM TXHBOTO BKJIFOYCHHS B il pOOOTI HE
JociipKyBaBes. B intepBaii temneparypu 227—316 K
eKCTIEpUMEHTAIBHI Pe3yIbTaTH MPH MPSIMHUX HampyTax
3MIIIEHHS 33JJ0BUTEHO aIllPOKCHMYIOTHCS BUPAa30M
e(U—1IR,)
I=1I|exp——=—1|,

Bkt (©)

ne I, — cTpyM HaCHYCHHS;
R, — mocnigoBHuii onip;

B — xoediuieHT HeineaTbHOCTI.

Hanpuknan, mis kiMaatHOT TeMmeparypu (1 = 293 K)
1,=2,6'107 A, R =1,2-10° Om, B = 1,3, a wyHTytounii
omip R, = 1,3-10° Om. IIpu 3B0pOTHOMY 3MilleHH] Be-
mnunHOK U, = —20 B TeMHOBUI CTPYM He NEPEBUIYE
2:10% A, mo cBigunTh PO JOCTATHHO BUCOKY SIKICTh
excriepuMeHTaIbHUX Ge-p—n-nepexoiB 3 IXHIMU eNek-
TPUYHUMHU BJIACTUBOCTAMHU.

AHaJi3 1okasas, 10 eKCIIePUMEHTAIbHI TaH1 BUMi-
proBanHs BOX na gacrori 10 k['11 JiHeapHU3yIOThCS B
koopaunarax C>—U, ne C — 6ap’epHa eMHICTb Hepe-
xoxy, a U — Hampyra 3BOPOTHOTO 3MIIIEHHS, [0 OTHO-
3HAYHO CBIAYUTH MPO TUIABHUH (JIIHIHHMI) pO3IOIiI Jie-
TYI0YO1 JIOMIIITKA Zn Ha MEXI1 p—n-TIepexoIiB.

3a HaxuioM rpadika sanexnocti C = {U) omuine-
HO TPaJi€HT KOHIIEHTpaIlii Jeryrouoi (audys3iiHoi) go-
MIIIKK Zn Ha JHIHHIA JUISHI i1 Tpoiaio ieryBaHHs,
KU cTaHoBHB a = 4,4-10'° e, a noxuna OIT3 Tre-
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Puc. 2. CnekrpansHuit po3noin xoedinienTis 30upanus HH3
3 akTUBHHX obOnacreit mudysiiinoro Ge-¢poroaiona 3 mapame-
tpamu I12 (quB. Tabnuio):

1 — xBa3iHeHTpanbHOI p-obmacti; 2 — 0061acTi TPOCTOPOBOTO
3apsny; 3 — KBa3iHEHTpabHOI #-007acTi; 4 — CyMapHUH

pexoiB IpU HyJAbOBIM Hampy3i 3MiIIEHHS TOpiBHIOBaJa
W,=3 mxm mpu ¢ = 293 K.

3naueHHs (oro-epc HacuueHHS Ge-p—n-mepexoiB
¢doromioniB mpu iX OCBITIEHHI 1HTEIPAJIbHUM KOHIEH-
TPOBAaHUM BUITPOMIHIOBAHHSIM BiJl KBapLIEBO-TAIOTEHHOT
nammu pocsrano sHadens U,=0,3+0,02 B (¢ = 293 K).
TakoX BH3HAYaJMCh 3HaYE€HHS KOHTAKTHOI Pi3HUILI 1O-
TeHLialiB B AU(y31HHUX p-i-n-Tiepexoaax.

st mpoBenieHHsT PO3paxyHKIB KoedilieHT BiaOu-
BaHH: Juis nianasony 1,5—1,9 mxwm Oyi1o B3sT0 3 [27], a
Koe(]iLieHT BIacHOro normHaHHsa — 3 [28]. Ha puc. 2
MIPEJCTaBICHO TUIIOBUH CIIEKTPaJIbHUMA PO3MOLT Koedi-
LI€HTIB 30MpaHHsI, OTpUMaHUX 3a popmynamu (2) — (5)
Jutst napameTpi [12, HaBeneHux y Tadauii.

PesynbTraru po3paxyHKy CIeKTpajIbHO1 aMIiep-BaTHOT
yyTiuBocTi qudysiiiHoro Ge-p—i—n-doromiona 6e3 Kkpem-
HI€BOTO ONTHYHOTO (iNbTpa AJs TPHOX BapiaHTiB Mapa-
METpiB aKTUBHOI 00JacTi, a TAKOXK EKCIIEPHUMEHTabHI
JaHi 300pakeHo Ha puc. 3. AHai3 UX JaHUX [OKAa3ye,
110 HalO1JIbIIIe 3 eKCIICPUMEHTAIHIMHI JaHUMH 30ira-
IOTBCSI pE3YJIbTaTH PO3PAXyHKY aMIlep-BaTHOI Uy TIIMBOCTI
Jutst Bapianty [13 (kpuBa 2), IpU4oOMy JAOCTaTHBO 3aJ10-
BUIBHUI 30IT CIIOCTEPIra€ThCs B CIICKTPAILHOMY Jliara-
30H1 JoBXHHU XBWIB 0,85—1,8 MkM. Bt cyTTeBi po3-
xo/pkeHHs pH A < 0,85 MKM MOXyTb OyTH OB s13aHi 31

Hapamempu akmugnoi obracmi Ge-p—n-nepexooy 0Jisk mpbox
6apianmié po3paxyHKie

[MapameTpu akTHBHOT 001aCTI
Ilo3nauenns
BapiaHTy L, | Dy | S, L, w, | L,
MKM |cM2/c | cM/C | MKM | MKM | MKM
it 72
12 30 | 52 |1-10°| 3 3 | 230
I13* 23

*V 1poMy BUMAAKY IJIs1 pO3paxyHKiB koedirieHT 30upanus 3 OI13,
orpumanuii 3a opmyinoro (4), 3MeHIIyBaBcs BIBIYI 1 JOPiBHIOBaB
0,500113, 110 OJNMIKYE 0 PEaTbHUX YMOB.

S, A/Bt 4
L
0,6 P 5
0.4 / ~ fﬂé
d /a///
&////
0 r—*" o
0,50 0,8 1,1 1.4 1,7 2, MKM

Puc. 3. CnekrpansHuil pO3MOILUI aMIIep-BaTHOI 4yTJIMBOCTI
mudysiitaoro Ge-¢hoTtoniona, OTpUMaHUl eKCIIEPHUMEHTAIb-
HO (/) Ta B pe3ynbTari po3paxyHKy [UIsl TPbOX BapiaHTiB
napameTpiB aKTUBHOI 00yacTi (IMB. TaOIHIIIO):
2—TI3;3—T12;4— 111

CITPOIIIEHOK0 MOJIEIUTIO PO3PAXYHKY. 3T1IHO 3 TEOpETHY-
HOIO MOJIEJIIIO BBAKAETHCS, 110 3HAYEHHs L, HEPiBHO-
BaKHMX HOCIIB 3apsi/ly B KBa3iHEHTpasbHil p-o0nacTi me-
PEXOY € CTAIO0 BEIUYHNHOIO, 3HAUCHHS SIKOT ITPUBE/IE-
HO B TaOnuIli. AJle peaibHa p-001acTh (POPMYETHCS JTU-
Gy31iHIM MPodisieM JTeTYI0YHX aKIENTOPHUX JOMIIIOK
Zn ta In, o 00yMOBITIOE 3MiHY Pa3oM i3 mpodisem Jie-
ryBaHHs i napameTpis D, Ta T, (4ac KUTTs HEPIBHOBAXK-
HHUX €JIEKTPOHIB), Ki IPU3BOAATH 10 3MiHH L,, OCKiJIb-
ku L, =./D,t,

3a3HaunuMo, 10 JUIS POTHO3YBAHHS aMIlep-BaTHOT
qyTnuBocTi Ge-p—i—n-POoToNMioNiB 3aJIeKHO BijJl KOH-
CTPYKIIii Ta MapaMeTpiB Yy TIUBOI 001aCTi BXKIUBUM €
came CIieKTpalIbHUiA faiana3oHn 1,0—1,7 MKM, a TaKoX 110-
JIOKEHHSI MAKCUMYMY (DOTOUYTIIMBOCTI Ta HOTO 3HAYCH-
HSl B MAKCUMYMi. SIK BUTHO 3 pHUC. 3, TOJIOKESHHS MAaKCH-
MyMIB Ha BCIX KPHBHX 30ira€ThCsl 3a/I0BUIBHO 1 TIpUTIa-
nae Ha A = 1,54 mxwm. [Ipu oMy BlacHe MaKCHMalbHE
3HAUECHHS aMIep-BaTHOI UyTIMBOCTI, OTPHMAHE eKCIIe-
PUMEHTAJIBHO, BIJIPI3HAETHCS HE OubIe HIXK Y 1,3 pa3u
BiJl OTPMMAHOTO TEOPETHYHO ITPH pO3paxyBaHHI 3a Bapi-
anToMm [13, ToOTO 13 3MeHIIeHNM Koe(illieHTOM 30MpaH-
Hs 3 OI13 (po3paxyHKOBI OibIIIi).

TakuM 9MHOM, ITPEICTaBIICHI Ha pUC. 3 JTaHi CB1I4aTh
TIPO JIOIUTHHICTH POBE/ICHHS PO3PaXyHKIB 13 3MEHITICHIM
koedirienTom 30upanns 3 OI13, 110 103BOIISIE BpaxyBaTH
BIUIMB JIOJATKOBUX (PAKTOPIB IPHU BUTOTOBIICHHI 3pa3KiB.

JlocTaTHhO 3aJIOBUTBHUH 30IT eKCIIEPHUMEHTATBHUX
JaHWX 3 PO3PAaXyHKOBHMHU Ha Kpaio MOTTIHHAHHS (A >
1,56 MKM) CBITYMTH SIK TIPO KOPEKTHICTh MaHHUX (Koedi-
ieHTiB orHaHHS B Ge), Tak 1 Ipo aJUTUBHICTH Ma-
pameTpiB L, B KBasiHeHTpanbHii n-o6nacti audysiiiHo-
r0 p—H-TIEPEXOLY.

BrnmB mpocCBITIGHOT0 KPEMHIEBOTO ONTHYHOTO
¢inpTpa (IUB. KPUBY MPOITyCKAHHS Ha PHUC. 4) HA CIICK-
TpaJIbHUI PO3TO/ILI aMITep-BaTHOT Uy TAMBOCTI Audy3iii-
Horo Ge-¢oTojiona HaBeJeHO Ha pHC. 5. Y 1[bOMY BH-
MKy 3 eKCIIEpUMEHTAILHUMHY JIAHUMH HalKkpaiie 30i-
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[
0.8 ]

/
0,6 7
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0,4 /
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Puc. 4. CnexrpanbHuil po3nonin koedilieHTa MpOIyCKaHHS

KPEMHI€BOTO ONTUYHOTO (HiJBTPa, MPOCBITICHOTO B Jliana3oHi
A=1,4—1,6 MKM

A, MKM

S, A/Br 7]
3
0,6 L
/| ?
A/
0,4 / % 1
0.2 %
0
0,5 0,8 11 1.4 1,7 A MKM

Puc. 5. CnektpanbHuii po3MOIia aMIIep-BaTHOT 4yTAUBOCTI
mudysiiiHoro Ge-dortoniona 3 kKpeMHiEBUM (BinbTpOM, OTpH-
MaHuil eKCIepUMeHTalbHO (/) Ta B pe3ylbTaTi po3paxyHKy
JUTS TPhOX BapiaHTIB MapaMeTpiB aKTHBHOI 00J1acTi, HaBee-
HUX y TaOnui:
2—1I13; 3 —1I12; 4 —1I11

TalOThCSI PE3YNIbTaTH PO3pPaxXyHKiB, OTPUMAHUX JUIA Ta-
pameTpiB akTuBHOI oOnacTi [13, mo A03BoJIsIE TPOTHO-
3yBaTH aMIep-BaTHY 4yTinuBicTe Ge-p—i—n-doTomiona
3 KPEMHI€EBUM ONTHYHUM (QiIBTpOM. 3ayBaXXHMO, IO
it A = 1,064 MKM 3aCTOCYBaHHS Y KOHCTPYKLIii KOpITy-
cy (oTonmiona KpeMHI€BOTO ONTUYHOTO (iNbTpa 3MEH-
IIye aMInep-BaTHY (pOTOUyTIUBICTH Maiike Ha MOpS-
nok. ToOTo HaBiTh micns nii ,,0CHIIITIOIYOro J1azep-
HOTO oIpoMiHeHHs 3 A = 1,064 MKM BiliCbKOBI Ja3epHi
JAJIEKOMIpU 3 TaKUMH (OTOMIOAAMU 3MOXYTh 30epir-
TH CBOIO MPAIe31aTHICTh NPU MOTYXKHOCTI ONPOMiHEH-
HS Ha TIOPSIIOK OB, Hi’ BCTaHOBIEHO B [14—16].
3a0BinbHUIT 30iT MOTOXKEHHS MaKCUMYMY (hOTOUYTIIU-
BOCTI PO3PaXyHKOBUX Ta €KCIEPUMEHTAIbHUX JAHUX
(A =1,54—1,55 MKM) CBiAUUTB PO KOPEKTHICTH BUKO-
PHUCTaHHS JITepaTypHUX JaHUX 100 KOe(illiEHTY MiXK-
30HHOr0 nonvHaHHA B Ge.

BucHoBkm

TakuM YMHOM, B pe3yJIbTaTI POBEACHUX JOCIIPKSHb
MOYKHA 3pOOUTH BUCHOBOK, IO Ha 0a3i ICHYIOUHX Teope-
THYHHX MOJIENeil MOXKHA KOPEKTHO MTPOTHO3YBATH CIIEK-
TpaJibHy QoTouyTiauBicte Ge-p—i—n-dotomiony. B mpo-
BEJICHOMY TOPIBHSHHI €KCIIEPUMEHTAILHO BHUMIPSIHUX
3HA4YEHb aMIIepP-BaTHOI Yy TIIMBOCTI BUTOTOBJICHHX 3pa3-
KiB Ta TEOPETUYHOIO PO3PAXYHKY PI3HUISI JJISI MAKCHU-

MyMy 4yTIHBOCTI He niepesutye 0,2 A/Bt, a yTouneH-
HS XapaKTCPHCTUK HAaJa€ MOXKIIMBICTh TEOPETHIHO MO-
JICJTFOBATH ITapaMeTPH BUTOTOBJICHOTO (hOTOIIONY.

OTpuMaHi pe3yabTaTH CBiq4aTh PO Te, IO PU BHU-
TOTOBJICHHI (DOTOMIONIB TSl PO3PAXYHKY CIIEKTPaTbHOT
(hOTOUYTIIMBOCTI JOIIJTPHO BUKOPHUCTOBYBATH HaBEICHY
TEOPETUYHY MOJIENb: MiI0Ip MapaMeTpiB, sIKi BHOCSTH
HaANOLIBIINI BKJTA]] B OCTaTOUHY CIIEKTPaIbHY (OTOTYT-
JIUBICTb, JO3BOJIE OTPUMATH ONTHUMAIbHE ii 3HAYCHHS
JUTST KOHKPETHOTO CIIEKTPATLHOTO JTiana3ony. Kpim mporo,
MOPIBHSAHHS CIIEKTPAIbHOT (POTOUYTIMBOCTI CTBOPEHUX
3pa3KiB 3 TEOPETUIHO PO3PAXOBAHOIO JO3BOJIUTH OI[IHUTH
SKICTB iIXHHOTO BUTOTOBJICHHS, BCTAHOBUTH BiIXUJICHHS
B CTPYKTYpi (POTOAI0Y B pa3i iX HAABHOCTI Ta CKOpETY-
BaTH TEXHOJOTIYHHH MPOIEC BUTOTOBICHHS.

Takok pe3ynbTaTH BKa3ylOTh Ha Te, IO IIPH Teope-
TUYHOMY MOJIENIOBaHHI MOXKIIBO BPaxOBYBaTH OKpe-
Mi ONITHYHI €JIEMEHTH, TaKl K KpeMHIEBHHA (DiIBTp, 110
JIa€ 3MOTY OULTBII TOYHO PO3PAaXOBYBATH IXHIW BIUIMB Ha
CTBOpIOBaHMI (poTonpuiiMad B CKJIAJI IIJIOTO MPHIIATY.
e € KopuCHUM ITpH PO3pOOIT KOHCTPYKIIIT Yy TIIUBOT 00-
nacti Ge-QoTomioiB Pi3HOTO MIJTLOBOTO MPU3HAYCHHS.
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SPECTRAL PHOTOSENSITIVITY OF DIFFUSED Ge p—i—n-PHOTODIODS
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Laser rangefinders are widely used to measure distances for various civil and military purposes, as well as in rocket and space
technology. The optical channel of such rangefinders uses high-speed p—i—n, or avalanche, photodiodes based on Si, Ge or
InGadAs depending on the operating wavelength of the rangefinder in question.

The paper describes a manufacturing process for high-speed Ge-p—i—n photodiodes for laser rangefinders using the diffusion
method. The passivation layer is made of ZnSe, which is a new solution for this type of photodiodes. The existing theoretical
models are used to study the spectral ampere-watt sensitivity of the diodes at various values of the active region parameters,
and the simulation results reliability is evaluated by the respective measurements. It is shown that the obtained theoretical
dependence well agrees with the measurement data.

Moreover, the authors for the first time study the spectral photosensitivity of the Ge-p—i—n photodiode with a coated silicon
filter covering the range A = 1.4—1.6 um. The spectral sensitivity range for the diodes is determined to be A = 1.1—1.7 um.
The maximum photosensitivity of 0.42 A/W is achieved at a wavelength of A = 1.54 um. The authors argue that Ge-p—i—n
photodiodes with a silicon filter are resistant to the “blinding” laser radiation with A = 1.064 um. The calculated data on the
spectral photosensitivity of the photodiode with a filter also well agree with the experiment.

Thus, the chosen simulation technique allows taking into account most design and technological characteristics of the
photodiodes during theoretical simulation, which makes it possible to accurately predict and optimize their parameters for a
specific practical task and improve the manufacturing process of the photodiodes.

Keywords: Ge, p—i—n photodiode, spectral photosensitivity, pulsed laser rangefinder, theoretical modeling.
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CIHEKTPAJIBHAS ®OTOYYBCTBUTEJIBHOCTD JUODY3HBIX Ge-p—i—n-©OTOJNOJOB

Onucan npoyecc uzeomosienus ou@yzuonuvim memooom ovicmpoodeticmgyiouux Ge-p—i—n-homoouooos 0s 1a3epHo20
oanvHomepa. B kauecmee naccusupyoujezo cios vl evibpan ZnSe. Ha ocnoee cyuecmeyrowux meopemuieckux mooenei
UCCIe008aHa UX CREKMPANbHAS AMNEP-6AMMHAS YYECMEUMETbHOCHb NPU PA3TUYHBIX 3HAYEHUAX NAPAMEempos8 AKMUHOU 00-
Jacmu u npogedeHo cpasHeHue ¢ pesyibmamamu usmepenuil. Ilokazana y0oenemsopumenbHas cxoOUMOCHb Meopemuieckoll
3A6UCUMOCTIU C IKCNEPUMEHMATHBLMU OAHHBLMU.

IIposedensvi uccnedosanus CneKmpaibHOU GOmMoyy8CmeUmenIbHOCmu omoouoda ¢ KpemMHuesbviM Guibmpom, npoceemieH-
HblM 6 Juanaszorne ). = 1,4 — 1,6 mxm. Yemarnoenen cnekmpanvhbvii ouanason ux yyecmeumenvrocmu: A = 1,1 — 1,7 mxm.
Makcumym gpomouyscmeumenbHOCmu NPUXOOUMcs Ha OAuHy oaHvl A = 1,54 mxm u cocmasnsem 0,42 A/Bm. Obocnosano
npeononodicenue 00 YCmouuugoCmu markozo ¢omoouooa k “ciensiwemy”’ nazepromy uznyuenuio ¢ A = 1,064 mrm.

Takum 0bpazom, GbLOPAHHASL MEMOOUKA MOOETUPOBAHUS NO3GOAENT YUUMbBLEANb OONLULUHCIBO KOHCTPYKYUOHHBIX U MEXHO-
JA02UYeCcKUx 0cobeHrHocmeti homoouodos npu NPosedeHUU MeopemuyecKkoe0 MOOeIUpOB8arUs, Ymo no3eousenm 00CmamoyHo
MOYHO NPOZHOZUPOBAMb U ONMUMUIUPOBATb UX NAPAMEmpPbl OJis KOHKPEMHOU NPAKMUYECKOU 3a0adi U YCOBEPULEHCMBO8AMb
npoyecc ux u320moeaeHUs.

Knouesvie cnosa: Ge, p—i—n-gpomoouod, chexmpanvHas domouyscmeumenbHOCmy, UMNYIbCHBIU J1A3epHblll OaTbHOMED,
meopemuieckoe Mooenuposanue.
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ODODOEKT TPAHCOOPMAILINU SJIEKTPUYECKOI'O IT1OJIA
B AHMU3OTPOIIHBIX JUIJIEKTPUUYECKUX CPEHAX

2

Paccmompenwvt ocobennocmu pacnpeodenenus 31eKmpuiecko2o nois 6 AHU30MPONHOU OUILEKMPULECKOll cpede U ycma-
HOBNEHbL 3A8UCUMOCIU €20 NPOOOTLHOU U NONEPEHHOU COCMAGIAIOWUX OM 2e0Mempudeckux gakmopos. Bnepevie
VCMAHOBIEHA 803MONCHOCHIb NEKMPOCMAMUYECKOl MPAHCHOPpMAYUY 8eIUYUHBL JNEKMPUYECKO20 RO U NPOAHAIU3U-
POBAHbI OCHOBHBIE MemOObl ee onmumusayuu. Mcnonv308anue onucanno2o 3¢pghekma no3eonum 3Ha4umenbHo pacuii-
PUMb 803MONCHOCIYU NPAKMUYLECKO20 NPUMEHEHUS PACCMOMPEHHBIX NeKMPOCMAamuyeckux Ae1eHutl, npusedem K noss-
JIeHUI0 HOB020 NOKONEeHUs npubopos u ycmpoticms oai CBU-mexuuku, s1eKmporHuKi U 91eKmpoIHep2emuKil.

Kniouesvie cnosa: anuzomponus, OusieKmpux, meH3op, 6eKmop, NOAPU3AYUSL, ILeKMmpuyeckoe noie, mpancgopmamop,

npornuyaemocms.

OTKpBITHE SIBIEHUH 3JIE€KTPOMArHUTHONW MHIYK-
nuu (M. @apaneit, 1831 1) u Tpanchopmanuu Toka
(I Pymxopd, 1852 1) 00yclIOBHIIO TOSIBICHUE HOBBIX
HAayYHO-TEXHUYECKUX HAMpPaBICHUH, MO3BOJUBIINX
I1. AA6nouxoBy B 1876 romy NpeasioxKUTh U CO3ATh TPAHC-
(dopmarop. B HacTosiee BpemMsi umeeTcs O0IbIIoe KO-
JUYECTBO Pa3IMYHBIX KOHCTPYKTUBHBIX PEIICHUH 3TOTO
YCTPOICTBA, MOMYYHUBIINX IIHPOKOE PacIpoOCTpaHEHUE
B COBPEMEHHOH TEXHHKE, YEro HENb3sI CKa3aTh O sIBJIC-
HHH 3JEKTPOCTaTHYECKON HHAYKINH, KOTOPOE TOXKE H3-
BECTHO JIOCTAaTOYHO AaBHO [1, c. 135].

B nannoit pabote ucciaenoBaHbl 0COOEHHOCTH pac-
npe/esIeHHs DISKTPHYECKOTO MOJIS B aHU30TPOITHBIX AU~
ANEKTPUYECKHUX CPEAaXx C IeNbI0 BHISIBICHUS BO3MOXKHO-
CTH NIpeoOpa30BaHuUs €ro BEIMYHMHBI U1 CO3aHHs HOBO-
O IPHHIIUIIA TPAHC(HOPMALIUH, YTO TIO3BOIUT 3HAYUTEIb-
HO PaCUIMPUTH MIPAKTHYECKHE BO3MOXKHOCTH 3TOTO SIBJIe-
HUS1, 0COOCHHO B 00JIACTSIX AIEKTPOHUKH U SHEPTETHUKU.

YpaBHeHue TpaHchopMaluy JIEKTPUIECKOTO MO

PaccMoTpuM aHU30TPOIHYIO AUANIEKTPUIECKYIO Cpe-
Iy, TNIaBHBIE KpucTaiuiorpaduueckue ocu [1], [2], [3] ko-
TOpo¥ coBmanaioT ¢ ocsimu [1'], [2'], [3'] HEKoTOpOIA Ha-
OoparopHOW CHCTEMBI KOOpAWHAT. TeH30p ee JUAJICK-
TPUYECKOM MPOHUIIAEMOCTH TPEACTABISACTCS CISIyTO-
M obpasom [2, c. 89]:

g, 0 0
eE=|0 g, O (1)
0 0 &4

B ciydae co3maHust U3 Tako# cpeibl MPSMOYTOJb-
HOH TUTACTHHBI pa3MepaMu axbxc, KpucTaiorpagu-
yeckue ocH [1] u [2] KOTOpOH pa3MemieHsl B TUIOCKO-
cTH OOKOBO I'paHu axb, a OTHA U3 ITHX OCEH HAXOJUT-

Cs1 TIOJI HEKOTOPBIM YIJIOM 0. K pedpy a (puc. 1), TeH30p
npruodpeTaeT BUJ

2 .2 .
€],C08" 0+ €,81n"0l (811 —szz)sm(x-cosa 0
A . . .2 2
€ =|(g;, — &, )sinacosa g sin‘a+¢&,c0s’a 0| (2)
0 0 €35
1 XapaKTepU3yeTCsl HATNIHEM TTPOIOIBHON (eH) W Tiote-
PedHOH (€ ) COCTaBIAIOIIMX:
- 2 20
€| = &) COS0L T+ &y, Sino; 3)
4)

(B pacuerax He y4MTBIBAIOTCS KpaeBble U I'PaHUY-
HBIE 3((PEKTHI.)

[Ipunoxxenne k BepxHel 1 HIKHEH rpaHsM ax b mia-
CTHUHBI HEKOTOPOH pa3sHoCTH MoTeHInaioB AU BedeT K
MOJISIPU3AINN e¢ 00beMa M BOSHUKHOBEHHIO KaK IIPO-
nonpHOH (P)|), Tak U monepedHoH (P, ) COCTaBIAIONINX
BEKTOpA 3JIeKTpudeckoi nonspuzamuu P [3]:

€, = (&, — &,,) sina-coso.

}_ﬂ = %(gl cos’a + azzsinza); (5)
]3l = ATU(SH — &5, )sinarcosa. (6)
[21
[1]
2] : ’
o

a (1]

Puc. 1. AHuzoTponHas AUdIEKTpUYECKas IaCTUHA

(xpucramtorpaduaeckas ock [3] coBnagaer ¢ maboparopHoit [3'],
OHH PacIOJIOKEHBI IIEPIICHUKYIISPHO IOCKOCTH PHCYHKA)
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Ontumuzanust 3HadeHni BenuarH (5) u (6) mo yriny
) o’P
0, JUTsl KOTOPOTO CrpaBeuinBo — = 0, —- < 0, noka-
da. Jo
3aJ1a, 4TO MX MakCMMyM Halironaercs npu o, = 45°.

B atom ciydae

- U
Py :%(811 "‘822); ™
- U
f|)| :%(811 _822) ®)

U Pa3sHOCTh NOTEHIHUANOB AU, MEXITy IPOTHBOIIOIOXK-
HBIMH TOPIICBEIMH I'PaHSIMU bX ¢ TUTACTHHBI IPEICTABII-
€TCs CIICAYIOIIIM BBIPAKCHUEM:
U
U, = %(811 —&p)a. ©)
Koadurment rpanchopmarym 7 Takoro ycTpoicTsa
oIpeeNnseTcs, C OHON CTOPOHBI, BETMUMHOI OTHOIIIE-
HUSI pa3HOCTH KO3((HUIMEHTOB TUIEKTPUIECKON MPo-
HULIAEMOCTH €, U &,, MaTepuaa IIaCTHHbI K UX CyM-
Me, ¢ Apyroid — koapduimeHTom ero hopmsl a/b [4]:

_&I(SII_SZZ)Z (10)

- Y (e +ex) b

Cremyer OTMETHTH, YTO paccMaTpUBaeMBbIi 3¢ eKT
MO3BOJISIET TPAHC(HOPMHUPOBATH KaK MOCTOSHHOE, TAK U
MEPEMEHHOE AIIEKTPHUYECKOE TIO0JIE.

HMccnenoBanus Takke M0Ka3aju, 4To JIByXMEPHOCTh
SIIEKTPHYECKON MHAYKIMH P 00ycaaBIuBaeTcs pac-
MOJIOXKCHUEM SKBUTIOTCHITUATBEHOM TOBEPXHOCTH TOTIe-
PEYHO# COCTABIISIIONIEH AMEKTPUIECKOTO MO B 00beMe
MJIACTUHBI IO HEKOTOPBIM yIyioM 3 k ocu [2'] (puc. 1):

B:arctgm. (11)
€ &y
KoaddunmeHnt npeodpazoBanus | MaTepraa MiacTu-
HBI OTIPE/IEIISIETCS OTHOIIICHUEM 3HAYECHUH JIEKTPUIECKON
SHEPIHHU MONEPEIHOTO U MPOIOIHHOTO IOJIeH IpH 3Hade-
HUH TaHT'€HCA yTyIa QUAJICKTPHIECKUX MOTeph MaTepraa

IJIaCTHUHBI, PaBHOM HYIIIO U OIMMCBIBACTCSA BBIPAXKCHUEM

n:UiZCL _ (811_822> , (12)
UG e +ez)

rac C”, CJ_ — IIonepeYHas U MpOoA0JIbHAsA COCTABIIAIO-
muc 3HeKTpI/I‘ICCKOﬁ CMKOCTH IIJIaCTUHBI.

O1eHKa YMCIICHHBIX 3HAYEHUH 1| U1 pa3IM4HbIX 3Ha-
yeHuit m = g,,/¢,, MoKasana, uTo npu m > 60 Habmona-
eTcsl HachlleHue pyHkuu u n = 0,94.

HexoTropble KOHCTPYKTHBHBIE 0COOCHHOCTH
AHM30TPOIHOI0 AUIJIEKTPHYECKOIro
Tpancdopmaropa

B obmiem ciryuae BBIOOP KOHKPETHON KOHCTPYKIIUH
AQHU30TPOIHOTO AMIIEKTPUUECKOTO TpaHchopmaTopa
OTpeJIeNsIeTCs YCIOBUAMH €ro dKCITyaTanuu [5]. Onun
13 BO3MO)KHBIX BAPUAHTOB 3TOTO YCTPOMCTBA IPUBEACH
Ha puc. 2. OCHOBOII €ro SBISETCS MPSIMOYTONIBHAS TUTa-

3
/\
(e11]

NANNRN
Y o
6 A
l_O.Q
s
7
5

A, T
a AZ

< >
<« >

[522]

,Alt\h‘ﬁkl\)

Puc. 2. Cxemarndeckass KOHCTPYKIHS TpaHcpopmaropa
Ha OCHOBE IJIACTUHBI (/) U3 aHU30TPOITHOTO TUAJIEKTPHUKA:

2 — IUBNEKTpUYECKHe CIIOH; 3 — 3JIEeKTPONPOBOISIINE CIIOH;
4,5 1 6, 7 — COOTBETCTBEHHO, BXOJIHBIC U BBIXOJHbIE 3JIEKTPU-
YECKHE BBIBOIBI

cTUHa |/ U3 aHU3O0TPOIHOIO JUAJIEKTPUUECKOIO Mare-
puana, Kpucrawiorpapuaeckie 0Cu KOTOPOH pacioo-
JKEHBI B TUIOCKOCTU OOKOBOH TpaHu axb, IPH 3TOM OCh
€| OPMEHTHPOBaHA IOJ YIJIOM 0, . = 45° K CTOPOHE d.
BepxHssa ¥ HUWOKHAA TPaHU aXxc¢ 3TOM IUIACTUHBI COLEP-
XKaT TUDIIEKTPUIECKUE CTI0OM 2 TOJIIIMHOM A C TUDIIEK-
TPUYECKON NPOHULIAEMOCTEIO €. VIX HapyKHBIE CTOPO-
HBI COZIEPIKAT DIIEKTPOIIPOBOAAIIME CIIOU 3 TONIIMHON A,
C BXOJIHBIMH JIEKTPUYECKUMU BBIBOJAMHU 4, 5. BEIXOHBIE
3JIEKTPUUYECKUE BBIBOJBI O, 7 pacloyiararorcsa Ha IpoTH-
BOIIOJIOKHBIX TOPIIEBEIX IPpaHsIX bXc.

Takas KOHCTpYKIMs TpaHchopmaTopa obecrneunBa-
€T PaBHOMEPHYIO DIIEKTPUUYECKYIO MOJIIPU3AINIO 00be-
Ma TUIACTHHBI [ ¥ TIPEIOXpaHsieT TpaHCPOPMUPOBAHHYIO
Pa3HOCTh MOTeHIUaNoB AU, OT IMIyHTHPOBAHUS JIIEK-
TPOIPOBOJALIMMHU CIOSIMU 3.

AHanu3 pacnpeneneHus NEeKTPUUECKoro Mo mia-
CTHHBI [ TIpH OPUEHTALNH KPHCTAILIOTpaduaeckoi ocu
oz yriom o = 45° (puc. 1) moxasai, 4To HaJIOKEHUE
ANIEKTPOIPOBOJAIINX CJIOEB 3 Ha BEPXHIOI M HUKHIOKO
TpaHu aXc¢ BeIeT K HEKOTOPOMY HCKaXEeHUIO (POPMBI IK-
BUITOTCHIIHANILHBIX MTOBEPXHOCTEN B ee o0beMe, a ciie-
JIOBaTeNbHO, M K YMEHBIICHUIO K03((HUINEHTa TpaHC-
¢dopmanuu n. Eciim xKe oCh pacmoiokuTh MOJ YITIOM
Y=a,,,— B (pHc.2), TO 5KBUIIOTEHIIAIbHBIE TIOBEPXHO-
CTH TPaHC(HOPMHUPOBAHHOTO IEKTPHUIECKOTO 1oy AU |
HE UCKa)KaIOTCS U PacrojaratoTcs napaiesibHO TPaHsiM
bxc, a BennunHa ko3 duipienTa Tpanchopmanuu Tako-
IO YCTPOMCTBA ONpenessieTcs BbIpakeHueM
() —&,, )sinycosy q

2 -2 :
€,C08 y+eysin"y b

m = (13)

Takoe KOHCTPYKTHBHOE pelleHHue MPaKTHUYECKU
YCTpaHsIET BIHMSHUE DIICKTPOIPOBOJSAIINX CIOEB Ha
00BbeMHOE pacrpeielieHHe SKBUITOTCHIIMAIBHBIX dJIEK-
TPUYECKUX TIOBEPXHOCTEH paccMaTpUBacMOIO TpaHC-
¢dopmaropa.

OKBUBaJICHTHAs CXeMa JICKTPHUIECKOTO 3aMEIICHHSI
3TOT0 YCTPOICTBAa OTHOCUTEIBHO DIIEKTPUIECKUX BBIBO-
IIOB 4 U 5 MpeacTaBnseT coO0i TpH MOCiea0BaTeILHO
coenuHeHHBIX KoHaeHcaropa C|, C,, C; (KOHAEHCATOPbI
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C,, C; 06pa30BaHbI SIEKTPONPOBOIAIIMM CIIOEM 3 ¥ HO-
BEPXHOCTBIO @XC € IBYX CTOPOH muactusl, C, — BEpX-
Hell ¥ HWKHEH moBepxHOoCTAMH axc). [Ipu aTom

ac
C=C=¢,—; 14
1 3 CA] ( )
bc
C2:0,5(8H+822)7_ (15)

[TockoneKy £, >> (g, +&,,), b>>A, 10 C, = C;>> C,,
a 3HAYUT, IPAKTUYECKU BCS pa3HOCTb NOTEHLUaN0B AU,
MOJIKITF0YaeMasi K 3JICKTPUYECKUM BbIBOZAM 4, 5, mpu-
JIOXKEHA HENOCPEACTBEHHO K BEpXHEH U HIDKHEH rpa-
HsIM aXc.

Tpanchopmuposannas pa3HOCTb TOTeHIHMANOB AU |
BO3HHUKAET MEXIY TOPIICBBIMH TPaHIMHU bXc MIacTu-
HbI, 00pa3yoIMMHU BEIXOAHYIO eMkocTh C, = C |, Ko-
TOpas paBHa

C,=0.5(,, — £)). (16)

B kauecTBe Marepmana IUIACTHHBI MOYKHO HCIONb-
30BaTh KaK MOHOKPHCTAJUINIECKUE aHU30TPOIHEIC IH-
ANEKTpHIECKUE Marepualsl [6, c. 40], aHU30TPOITHUSI KOA()-
(PUIHEHTOB ANAIEKTPUYECKON TIPOHUIIAEMOCTH KOTOPBIX
€,/ &, = 1,53, Tak ¥ HCKYCCTBEHHO aHM30TPOIIHBIX
CIIOMCTBIX MaTePHAIIOB C &, / &,, = 10'—10% [7, c. 728;
8, c. 228], MeToaMKa pacueTa KOTOPhIX OyIeT TaKou xKe.

3aKkJjoueHue

ITpoBeneHHbIE HCCIEIOBaHUS 0COOEHHOCTEH pacmpe-
JIETICHUS HJIEKTPUUECKOTO MOJIsI B AaHU30TPOITHBIX TU3JIEK-
TPUUYECKUX CPe/laX yKa3bIBAtOT HAa BO3MOXHOCTB IIPe00-
Pa30BaHUs €ro BETMYHMHBI AJIS CO3JAHUSI HOBOTO NPUHIIU-
na Tpancopmaruu. CTpyKTypHBIE JIEMEHTHI HAa OCHO-
BE€ aHU30TPOIHBIX TUANEKTPUUECKUX TPAHC(HOPMATOPOB
CMOT'YT HalTH IIMPOKOE IPUMEHEHHE KaK B ICTOUYHHUKAX
JNEKTPOIMUTAHUS PA3TUUHBIX 3JEKTPOHHBIX MPUOOPOB,
TaK U JUI COIIACOBAaHMS MPUEMO-TIEPEAIOIIUX CHCTEM
paxuONOKalluy C AHTCHHBIMU pelIeTKaMH CAaHTUMETPO-
BOT0, MMJUTUMETPOBOTO U CyOMMIITUMETPOBOTO JUana-
30Ha JUTUH BOJIH. BO3MOXXHOCTE OTHOBPEMEHHOI! TpaHC-

(hopmalLu MOCTOSHHOTO U IEPEMEHHOT0 IEKTPUYECKO-
ro noJiei OTKPBIBACT NEPCIICKTHUBY UX UCIIOJIb30BaHUSA B
YCTpOWCTBaX OJNHOBPEMEHHOTO KOMITAPMPOBAHMS, YTO
MO3BOJIUT ONPEAEIATH IECHCTBYIOIINE 3HAUECHUS HaIps-
JKSHHS TOKA, & TAK)KE MOIITHOCTH IEKTPOMATHUTHOTO 13-
JTy4eHUs B IMPOKOM JMana30He JUTUH BOJH. Buxpeoit
XapakTep JIEKTPUUYCCKOTO IMOJsl B 00beMe IUIACTHUHEI,
00yCIIOBIEHHBI aHU30TpOITHEl KOAQHUIIMEHTA AUDITEK-
TPUYECKO IPOHHUI[AEMOCTH, TAKXKE CO3/1aeT MPEIITOChLI-
KU ISl TIOSIBJICHHSI HOBBIX PHHIMIIOB FeHEPAIIUH JIEK-
TPOMarHUTHOTO U3Ty4eHHUs OOJIBIIOI MOIIHOCTH B IIIH-
POKOM CIIEKTPaIbHOM [uamna3one. Yactora reHepamnum
TaKHX yCTPOUCTB OyJeT ONpeAeTATHCS TEOMETPUICCKH-
MU pa3MepaMu aHU30TPOIHOM IJIACTHUHBL.

Takum 00pa3om, UCTIONB30BaHKE OMTMCAHHOTO Y heK-
Ta TpaHCPOPMAIIMHU MO3BOIUT 3HAYUTEIHHO PACIIUPUTD
BO3MO)KHOCTH IPAKTHYECKOTO PUMEHEHHS PACCMOTPEH-
HBIX 3JIEKTPOCTATHUYECKUX SBICHU, YTO TIPUBEJIET K 10~
SIBJICHUIO HOBOTO MOKOJICHUSI IPUOOPOB U yCTPOKHCTB
Jutsi CBU-TeXHUKH, SIMEKTPOHUKH U JIEKTPOIHEPTETHKH.
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E®EKT TPAHC®OPMALIIT EJIEKTPUYHOTI'O ITOJISI B AHI3OTPOITHUX

Posensinymo ocobnusocmi po3nodiny enekmpuuno20 Nois 6 AHI30MPONHOMY Cepedosuwyi | 6CMAHOGIEHO 3ANeHCHOCTIE
N030082ICHbOT | NONEPEUHOL 11020 CKA0BUX 8I0 2eOMEMPUUHUX PAKMOPIS.

Hocniooiceno nracmumy npsamoxymuoi hopmu posmipamu a xb xc, ubparni Kpucmanocpagiuni ici akoi posmiugeHi 8 niouuHi
60K0601 2pani axb, a oOna 3 HUX OpicHMOBaHa Nid desaKum Kymom o 0o pebpa a. Ilokazano, wo npuKkIaOanHs 00 6epXHbLOI i
HUNCHbOI 2paHell 0esKoi pisHUYi NOMenyianie npu3eo0ums 00 eneKmpuyHoi nonspusayii 06'emy niacmunu i noasi N030064CHbOI
i nonepeunoi ck1aodo8uUx BHYMpiuHb020 e1eKMpUIH020 nos. Jociodiceno modciugicms mpancopmayii 6enuduny enexmpuy-
HO20 nons i memoou it onmumizayii. Koeghiyienm mpancghopmayii maxo2o npucmpor 8UsHa4aembCst 6eNULUHON0 AHI30Mponii
dieneKmpuyHoi NPOHUKHOCMI Mamepiany naacmunu ma ii koegpiyiecnmom gopmu k = a/b. 3anpononosano exgisanreHmuy enex-
MPUYHY CXeMy PO32TAHYIO20 GAPIAHMY KOHCMPYKYii mpancgopmamopa.
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MATEPHAJIbI SJIEKTPOHUKHN

Cmpykmypui enemenmu Ha OCHOBI AHI30MPONHUX OieeKMPULHUX MPAHCHOPMAMOPIE 3MOXHCYMb 3HAUMU WUPOKE 3ACMOC)-
BAHHA K 6 Odcepeax eeKmpOoNHCUBTIEHHA PIZHUX eIeKMPOHHUX NPUNAOi8, MAK i 05 Y3200HCeHHS NPULLMATIbHO-NEPEOdBaIbHUX
cucmem padionoxkayii 3 AHMEHHUMU PEWTMKAMU CAHMUMEMPOBO20, MITIMEMPO8020 | CYOMINIMEempo8020 Jianasony 008U~
Hu xeunb. Mooicnugicms 00HOUACHOT mpancghopmayii nocmiliHo20 i 3MIHHO20 eeKmMpPUYH020 NOi6 GIOKPUBAE NePCNEeKMUBY
iXHb0O20 BUKOPUCMANHSA 8 NPUCMPOAX OOHOUACHO20 KOMNAPYBANHS, WO 00360NUMb GU3HAYAMU Jil04i 3HAUEHHS Hanpyau CHpY-
MY, @ MAKOANC NOMYNCHOCIE eLEeKMPOMASHIMHO20 GURPOMIHIOBAHHS 8 WUPOKOMY OIana3oHi 008ICUH X6ulb. Buxposuii xapak-
mep eneKmpuiHo20 Nosis 6 00'emi NIACMUHU, 0OYMOBLEHUTI AHI30MPONIEN KoeiyieHma OieleKMmpuiHol NPOHUKHOCTI, MAKONC
CMBOPIOE nepedymosu 0I5l NOAGU HOGUX NPUHYUNIG 2eHepayii eneKmpOoMazHimHO20 6UNPOMIHIOBAHHS BETUKOI NOMYICHOCTI 8
wupokomy cnekmpanvHomy oianazoui. Yacmoma ecenepayii maxux npucmpois 6yoe GUSHAUAMUCT 2COMEMPUYHUMU POIMIDAMU
AHI30MPONHOI NAACMUHU.

Buxopucmanns onucanozo egpexmy mpancgopmayii 003601ums 3HAYHO POFWUPUNY MOHCIUBOCE NPAKMUYHO20 3ACMOCY-
BAHHA PO32NAHYMUX eNeKMPOCMAMUYHUX AGUWY, WO NpU38ede 00 NOsAGU HOBO20 NOKONIHHA Npunadie ma npucmpois o1 HBY-
MexXHIKU, eNeKMPOHIKU Ma eJleKMpOoeHepemuKu.

Kntouosi cnosa: anizomponis, Oienekmpux, meH3op, 6eKmop, NOAApu3ayis, elekmpuyne noie, mpancgopmamop, npoHUKHicmb.
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ELECTRIC FIELD TRANSFORMATION EFFECT IN ANISOTROPIC DIELECTRIC MEDIUM

The authors consider the aspects of the electric field distribution in an anisotropic medium and establish how its longitudinal
and transverse components depend on the geometric factors.

A rectangular plate of dimensions axbxc is studied, its selected crystallographic axes located in the plane of the side face
(axb), while one of the axes is oriented at a certain angle o to the edge a. It is shown that applying a certain potential difference
to the upper and lower faces electrically polarizes the volume of the plate and causes the appearance of the longitudinal and
transverse components of the internal electric field. The authors investigate the possibility of transforming the magnitude
of the electric field and methods for its optimization. The transformation coefficient of such a device is determined by the
anisotropy of the dielectric permeability of the plate material and its shape coefficient k = a/b. The paper considers one of the
design options for an anisotropic dielectric transformer and proposes its equivalent electrical circuit.

Structural elements based on anisotropic dielectric transformers may be widely used both in power supplies of various electronic
devices and for coordination of radar transceiver systems with antenna arrays of centimeter, millimeter and submillimeter
wavelength ranges. The possibility of simultaneous transformation of constant and alternating electric fields allows them to
be used in devices of simultaneous comparison, enabling to determine the current values of voltage, as well as the power of
electromagnetic radiation in a wide range of wavelengths. The vortex nature of the electric field in the plate s volume caused
by the coefficient anisotropy of the dielectric permeability also creates the preconditions for the emergence of new principles
for generating high-power electromagnetic radiation in a wide spectral range. The generation frequency of such devices is
determined by the geometric dimensions of the anisotropic plate.

The use of the described transformation effect will significantly expand the possibilities of practical application of the
considered electrostatic phenomena, which will lead to the emergence of a new generation of devices for microwave technology,
electronics and electric power.

Key words: anisotropy, dielectric, tensor, vector, polarization, electric field, transformer, permeability.
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EJIEKTPOHHI XAPAKTEPUCTUKHN KBAHTOBHMX TOYOK CdS,
O MICTATH JEDPEKTHU

Memooom gynxyionany eycmunu 3 BUKOPUCTIAHHAM 6A3UCY RAOCKUX X8UTb POIPAXOBAHO AMOMHY CIPYKIYPY, &YCMUHY
€NIeKMPOHHUX CIAHI8 Ma CNeKMpU NO2IUHAHHA Keanmosux moyok CdS, wo micmame énacui degpekmu ma OOMiwKU 3a-
Mminwgenns. Ilokazano, ugo 10KanbHi cmanu y 3a00poHeHill 30Hi MAKUX HAHOKPUCIAILIE (POPMYIOMbC 8AKAHCIAMU KAOMIIO
i Modicyms 6ymu yeHmpamu 6UNPOMIHIO8ANbHOL peKOMOIHAYIT, MOOI sK THWI YMEOPIIOMb eHepeemudHti pieHi abo y enu-

Ouni saneHmuoi 30HuU, abo nobausy it epuiuHL.

Hanismpoinaukosi kBanToBi Touku (KT) cnomyk
A2B6 3a3BHYail BUTOTOBJISIFOTH METOJAMU KOJIOIIHOT Xi-
Mii, o 3a0e3reuye By3bKy CMYTY (POTONFOMIHECHCHITIT
Ta BUCOKHW KBAaHTOBWI BHXiJ [1] 3aBOsSKH yHIMOAAIb-
HOMY pO3TOiTy 1 By3bKill aucmepcii po3mipis. Lle mo-
3BOJISIE BUKOPUCTOBYBATH iX SIK CBITJIOBHIIPOMIHIOIO-
YU Marepian y JoKepenax CBiTIa 4u (hOTOMepeTBOPIO-
Bayax, K O10JIOTIYHI MapKepH Ta B 1HIIUX PI3HOMAHIT-
HUX BOXJIMBUX TEXHOJIOTIYHMX 3acTocyBaHHsX [2]. Ha
BiIMiHY BiJl 00’€MHHX HaIiBIPOBiTHUKIB, BIaCTUBOCTI
SIKUX BH3HAYAIOTHCSI JIUIIE KOMIIOHEHTHHM CKIIAIOM,
ocobmuBicTi0 KT € MOXKIUBICTh KepyBaTH CHEKTpaMHU
¢doromominecuenii (PJI) nuTxoM KOHTPOIIO IXHBOTO
PO3MIpy IIPH BUKOPUCTAaHHI KBAHTOBO-PO3MiPHOTO e(heK-
Ty. Llei eekT 1aBHO BiIOMUH, 10OpE OMMCAHUH B JTiTe-
parypi i 4iTKO CIIOCTEPIraeThCs B EKCIIEPUMEHTAIBHUX
crnexrpax @JI. 3a3Buyaii HOro OB’ A3yI0Th 3 EKCUTOHHOIO
TIPUPOJIOIO JTFOMIHECIEHIIi1, sIKa Ma€ MiCIle TIPU PO3Mi-
pax KT Oinbimmx Hi’Xk €eKCUTOHHUE OOpPIBCHKHIA paaiyc.
OnHak mpy MaluX po3Mipax 301IBIIYETHCS CIIBBiIHO-
LIeHHS TOBEPXH:/00’ €M, 110 MPU3BOIUTH A0 3pOCTAHHSA
MMOBEPXHEBOI JIFOMIHECLEHIIIT 1 “TIPUDITyIIye” KBAHTOBO-
PpO3MipHWMIA e(peKT: TpH 3MEHIIEHH] TIPOCTOPOBHX PO3Mi-
PiB HaIiBIPOBITHNUKA 3MEHIITY€E€THCS JTJOKaJIi3aIlisl HOCITB
y obnacti KT, npu boMy 3MeHIIYyeThCSl BKIIA BIaCHO-
IO MMOTIMHAHHS Ta 3pOCTAa€E BKIIAJ B MMOTIMHAHHS Ta (o-
TOJIFOMIHECLIEHIIIIO JIOKAJIbHUX CTaHiB. BHaACIIi 10K Benu-
KOi KUTBKOCTI MOXKIMBUX THIMIB Ae(ekTiB sk camoi KT,
TakK i i OTOYEHHsI, BCTAHOBHUTH MPHUPONY TAKUX JIOKAIb-
HUX CTaHIB IyX€ Ba)XKO, X04a JOCIIIPKCHHS ¥ [EOMY
HanpsIMKY BEyThCs. 30KpeMa, TOCIIPKEHHIO (POTOIFO-
MIHECIIEHTHUX BJIACTUBOCTEW Ta BCTAHOBJICHHIO MeXa-
HI3MIB BHUIIPOMiHIOBaJIbHOI peKoMOiHa1lii HAHOKpUCTA-
niB CdS npucesdeHa miia cepis po0Oit [3—9], ne Haid-
OUTBII IMOBIPHUMH KaHAJIaMH JIFOMIHECIISHITIT BU3HAHO
BakaHCII KaJaMilo.

Kniouosi crosa: keanmosi mouxu, oegpexmu, éaxancis, CdS, memoo gynkyionany eycmunu.

[HIIEM crI0COOOM KOHTPOJIO BHIIPOMIHIOBAHHS €
3MiHa KoMIoOHeHTHOro ckiany KT umisxom meryBas-
Hs1. Hanmpuknan, BBenennsm g0 KT CdS momimku nuH-
Ky MO’KHa OTPHUMATH IMUPHUHY 3a00pOHEHOT 30HU Y Jia-
na3oHi Big 2,42 1o 3,91 eB 3anexHo Bij KOHIIEHTpAIIi.
Kpim Toro, npu iboMy 3011b1IY€THCS TYCTHHA €JIEKTPO-
HHUX CTaHIB MOOIU3Y JHA 3a00pOHEHOT 30HH 1 BIOCKOHA-
JIFOETHCS] KpUCTajIiuHa cTpykrypa [10, 11], mo npusso-
JUTH J10 TIOSIBU HOBUX LIEHTPIB BUIIPOMIHIOBaJIbHOI pe-
KOMOIHaIIii 1, IK HACIIA0K, IO CYTTEBOTO 3pOCTaHHS 1H-
teHcuBHOcTi DJI. JleryBanns KT ionamu mizai npusBo-
JIUTH JI0 TTaCUBAIlil MOBEPXHEBHUX CTaHIB 1, BIAMOBITHO,
Jo 30ipmeHHs iHTeHcuBHOCTI BiracHoi DJI [10]. TIpo
30inbiIeHHs iHTeHcHBHOCTI PJI npu NeryBaHHI MigIo
3 KoHIeHTpari€ew 10 10% MoBiIOMIISIOTh TAKOX aBTO-
pu [12]. Pazom 3 TuMm, y cnektpax jrominecteHIiii KT
XaJIbKOTEHI/IIB KaJIMIF0 TaKOX CIIOCTEPIraeThCs JTOMi-
HECLEHIIIs 32 y4acTi eHepreTHUHUX PiBHIB, TIOB’ I3aHUX
3 nedexramu [13].

Sk 3a3Ha4YeHO BUIIE, BCTAHOBJICHHS TUILY Ie(eKTiB
Ta MEXaHi3MIB BHIPOMiHIOBaJbHOI pexoMOiHalii Ha-
HOkpucTaniB, 30kpema KT CdS, € HeTpuBiaiibHOO 3a-
Jla4yero, siIka Ha ChOTOHIIIHIM Yac 10 KiHIlsM He BUpIIIe-
Ha, X04a poOOTH BeAyThcad y 0ararbox HayKOBUX Ipy-
max [3—8]. 30kpema, HEBCTAHOBICHOIO 3aJIMIIAETHCS
MIPUPOZA IIEHTPIB BUIPOMIHIOBAIBHOI pekoMOiHaIlii B
KT CdS. B onnux po6otax BHCYBaloCh MPUITYILIECHHS,
110 JIFOMIHECIICHITIS BiI0YBaEThCS Yepe3 MOBEPXHEBI Jie-
(eKTH HEeB1IOMOI IPUPOJH, B IHIINX — II0 Yepe3 [eH-
tpu Vi Vg [4, 8], e onHi NpUIKCYIOTh JTFOMIHECIIEH-
{0 aKIENTOPHUM HeHTpaMm Vi, [5—7].

Jana poboTa mpucBSYeHa MOJICIIOBAHHIO BIACHUX
nedeKTiB — BaKaHCil MeTally Ta MKBY3JI0BO1 CipKH, a
TaKOX JIOMIIKM 3aMilleHHs Zn -, Ta Cugy.
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MeTtoauka po3paxyHKy

Pozpaxynku atomuoi crpykrypu KT mpoBomwmmcs
MetonoM ¢dynkiionany ryctuau (DFT) B HaOmvokeHHI
y3aranpHeHoro rpanieaTa GGA, peanizoBaHOro y mpo-
rpamHoMy naketi Quantum-Espresso [14]. Kiactep mo-
MICTHJIM Y TIPOCTY KyOi4HY eJeMeHTapHy KOMIpKy 3i
CTAJIOKO TPATKH 2,5 HM TaKMM YHHOM, III0 BiZICTaHb MK
CyCITHIMM KJIacTepaMH CTaHOBWIJIA OJuM3bKo 1,2 HM, 32
SIKO1 KYJIOHIBChKa B3a€MOIisl Mi>kK HIMU HEXTOBHO MaJia.
BuxopuctoByBaimcs yaprpam’sKi ICEBIOMOTCHIIATH
[Tepmro — bepka — EpHueproga [15] 3 BpaxyBaHHIM
4d'%55?-panieHTHHX €NEKTPOHIB I KaaMiro Ta 3s23p*
st cipku. [HTerpyBanus 3ouu bpimmioeHa mpoBonu-
JOCsI 3 BUKOPHUCTAHHSAM OZHIi€T / -TOUKU A-TIPOCTOPY Ta
cxemu Metdecens — [Nakcrona [16] 3 mapameTpom pos-
MuTTA 0,065 eB. TecToBi po3paxyHKH MOKa3aJIH, IO MPH
PO3KIIaIaHHI XBHIBOBOI (DYHKIIIT ITO MIIOCKUX XBHIISIX JIISI
OTPUMAaHHS 3aJI0BUTHHOT TOYHOCTI PO3PAXyHKIB IILITKOM J0-
CTaTHBO MaKCUMAJIFHOTO 3HAYCHHSI BENTITYMHH KiHETHYHOL
eHeprii 400 eB. [ToyaTkoBi CHCTEMU FEOMETPUYHO OTITH-
Mi3yBaJIHCS 32 BciMa BHYTPIITHIMU 3MIHHUMH 32 JIOTIOMO-
roro anroput™my bporinena — ®dneruepa — [onmpadapoa
— I[anno [17], noku cunu I'enbmana — DeitHmaHa
He craBayi Menme 107# a. o. Ilicns 1poro mpoBoMIIH-
Csl PO3PaxyHKH TOBHOI €HEprii, TYCTHHU €IeKTPOHHUX
CTaHiB Ta PO3MOALTY TYCTHHH 3apsiy.

Pe3yabraTn po3paxyHkiB i 00ropopenns

Bubip MoaensHOTO KilacTepa nmoTpedye monryKy Kom-
TIPOMICHOTO PIillICHHS, OCKLIBKH, 3 OJHOTO OOKY, OlTbIa
KUTBKICTh aTOMIB JIO3BOJISIE BpAXOBYBAaTH BiITOBITHO OLITh-
11y KUTBKICTh €IEKTPOHHHUX CTaHiB 1 TAKUM YHHOM OTpH-
MarH BUIILY iXHIO TYCTHHY, a 3 1HILIOI'0 — 3pOCTaHHS Yucia
aroMiB noTpedye OLNBIINX OOUMCIIOBAIBHUX PECYPCIB 1
MIPU3BOJUTH JI0 PI3KOTO MiJBHUILEHHS Yacy PO3PaxyHKIB.
Buxonsuu 3 1p0ro, MOAEIUIIO ISt AOCHIIKEHb Oya0 00-
pano crexiomerpuunuii knacrep Cd,;S,,, “Bupizanuii” 3
00’eMHOr0 rexcaroHasisHOr0 CdS 31 30epekeHHSM JIHIIIe
THX aTOMiB, 10 MAlOTh HE MEHIIIE IBOX HAHOMMKINX Cy-
cigiB. @opma knactepa Onusbka 10 chepuyHOi 3 LEH-
TpoM nocepeauni Cd—S-38’s3ky, aiametp 1,3 HM. Takuii
KJIaCTep Ma€ MiHIMaJIbHY KiIbKICTh 00IpBaHMX 3B’ SI3KiB
Ha MIOBEPXHI, 1, KPIM TOT0, HAHOYACTUHKHU TAKOTO PO3MIpy
€ “MariuHumMu’ (HaJ3BUYaiHO CTIMKUMHM) 1 HavacTilIe
3yCTpi4aroThes y KOJIOigHUX po3unHax [18].

Ha BiamiHy Bix HamiBOpOBiIHUKIB A;Bs, y HaHo-
KpHUCTaNax rpynu A, B 3a1eXHICTh IMPUHHE 3a00pOHe-
HO{ 30HH BiJl pO3Mipy MEHII 4y TIHBa A0 XIMIYHOT'O CKJIa-
Iy noBepxHi. Tak, y cTexioMeTpHYHUX HAaHOKpUCTAaaxX
MOKHa OTpUMaTH BUCOKUI KBAaHTOBHI BHXiJ] HABITh 0€3
nacuBallii MOBepXHi 3aBISKU TaK 3BaHOMY €(EeKTy camo-
BiJTHOBJICHHA MOBepXHi [ 19]: pecTpykTypH3auii moBepx-
Hi, py AKii riGpUaHi sp°-3B’A3KU IOBEPXHEBOTO aTOMA
MeTajly TPaHC(OPMYIOTHCS y Sp>-3B’SI3KH 3 TPhOMA Haii-
OMKYMMHU aTOMaMH HEMeTaly, 10 IPU3BOAMT JI0 3CY-
By “IIOBEpPXHEBUX CTaHIB” Y BaJICHTHY 30HY, 301JIbIIyIO-
YM TYCTUHY CTaHiB y i1 BepIInHi.

Puc. 1. TeomeTpuHa CTPYKTYpa ONTUMI30BaHOTO 0€3/1ePEeKT-
Horo kinactepa CdS

(’KOBTHIM KOJILOPOM ITO3HAYEHO aTOMH CIpKH, CipHM — KaJIMifo,
3eJIeHUM — KBaJpaT XBUIbOBOI QyHKIiT crany HOMO)

Sk BumHO 3 pHc. 1, TEOMETPUYHO ONTHMI30BaHHUN
KJactep 30epirae NeBHUN KPUCTATIYHIHA TOPSIOK Y BHY-
TPINIHIA YaCcTHHI, a BHACTIJIOK PECTPYKTYpH3allii 1mo-
BepxHi piBeHb HOMO (HaiBHIIOi 3a1T0OBHEHOT MOJICKY-
JSIpHOT opOiTali, BiIIIOBIIA€ BEPIIUHI BaJCHTHOI 30HH
00’eMHOTO KpHcTana) GopMyeThes aTOMHUMHU (DyHKITI-
SIMH JTUIIIE KITBKOX ITOBEPXHEBHX aTOMIB CIPKH Ha Bill-
MiHy Bix 06’emHoro CdS, me cBilf BKJIaJ BHOCSTH BCi
atomu cipku. JlomxnHa Cd—S-3B’s3KiB 3MIHIOETHCS BijI
0,258 HM st BHYTpIIIHIX aToMiB kaamiro a0 0,246 HM
JUTS. TIOBEPXHEBUX, 1110, OYCBHJIHO, BIAMOBIIA€ KOHQITY-
partisim sp3— Ta Sp2—3B’;13KiB BiamoBigHo. L{i BeauunHM
I00pe Y3roKYIOTECS 3 OTPHIMAHUM EKCIIEpUMEHTAIb-
HO 3Ha4yeHHsM 0,252 HM y 00’emHOMY CdS.

SIK BUZTHO 3 pHC. 2, y IIIOMY T€OMETPUIHA CTPYKTY-
pa CHCTEM 3 YTBOPEHHSAM J1e(DeKTiB 3MIHIOETHCS MAJIO.
Y BunaKy BakaHcii metany (V) HaliOi1bIIi 3MiHH CII0-
CTEpPIraroTHCs Y MONOKESHHSX aTOMIB CipKH, III0 yTBOPIO-
BaJIH 3B’ SI3KH 3 BUAAJICHHUM aTOMOM (00BEICHO ITyHKTHP-
HOIO JIIHIEF0), Ta HAWOIMKIOTO0 aToMy Kaamiro. [Ipu mbo-
My piBenb HOMO ¢opmyeThbes cTaHaM# aTOMIB CipKH B
OKOJI1 BakaHCii Ta HAlOIMKYOro aroMa KaaMilo.

MixBy3s10Ba cipka S; (00BeI€HO) MiCIst FeOMETPUY-
HO1 onTHMi3anii yrBoproe nanmoxok Cd—S—-S—Cd,
NP IILOMY CTPYKTYpHA peJakcaiis TyT OOMEeXYEThCS
JIAIIIE 3MIIIEHHSIM aTOMIB I[LOT0 JIAHIIFO’KKA, TO/] 5K I10-
JIOKEHHS 1HIIMX aTOMiB 3MIHIOIOThCS Ha MOPSAIOK MEH-
we. Jlopxkuna 38°43Ky S-S ctanoButh 0,215 HM, iHIIMII
3B’s130K naHIokka S—Cd mae gomxuny 0,251 HM, TOmI
AK 3B’A3KM MUK S| Ta HaHOMMKYMMM aTOMaMH KaJIMilo
nerro nosmri — Big 0,27 1o 0,29 am. Po3nonin ryctuam
€IIEKTPOHHOTO 3apsIly CBIIYHUTH MPO Te, IO CTAaHH JO-
MIIIKOBOTO aTOMa S| Ta iHIIKMX NPHJIEIINX aTOMIB CIPKH
npuiiMaroTh ydacts y opmysanHi pisas HOMO CdS.
To6T0 oueBnaHO, 10 piBeHb HOMO MoXHa onucyBaTh
Je(eKTHUM PiBHEM SIK Y BUIAJIKy BaKaHCIT KaiMit0, TakK
1y BHTIQJIKY MIKBY3JIOBOI CIPKH.
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IIpu BBEIEH] NOMIIIKK 3aMilIEHHS Zn - (TI03HAYEHO
¢ioneroum kombopoM) Ta Cu, (II03HAYEHO KOPUYHE-
BHUM, 00BEZICHO ITYHKTUPOM) CTPYKTYPHI 3MiHU HE TaKi
MTOMITHI, SIK y BUITAJIKy BIIAaCHHUX Ie(DEKTiB, 1 CTOCYIOThCS
BOHH JIMIIIE TOBXMHM 3B’ A3KIB 3 HAMOIM>KYUMH aTOMa-
Mu cipku. Jlominika 3amilnieHHs Zn . HiclIs TeOMETpHY-
HOT onTUMi3aIlii 30epirae Bci yotupu Zn—S-3B’3KH, J10-
BKHHA SIKUX CTaHOBUTSH Bij 0,231 10 0,252 HM. Minb nipu
ONTHMI3allii BTpayae OJMH 3B 30K, YTBOPIOIOUH 3 Cip-
koro Tpu Cu—S-38’s13ku nowxunot0 0,223 HM. Cynsauu 3
PO3TOAINY T'YCTHHH 3apsiy Ha pUc. 2, TOMIIIKa ITUHKY
He mpuiiMae ydacTi y ¢popmysanHi pisHs HOMO, Tomi
SIK BKJIJ] MiJli, OY4EBHUIHO, PA30M 3 aTOMaMH CIPKH TYT
CYTTEBHH.

JIist miATBEpIHKEHHS IPHITYIICHb, 3pO0JICHIX Ha OCHO-
Bi BUIIIsY XBUIILOBOT (pyHKii piBHss HOMO, Oyio po3-
paxoBaHO T'yCTHHY €JIEKTPOHHHX CTaHiB Oe3nedexkTHoro
CdS i3 nedexramu 3anexHO BiJl €HEPTii, IKY IPeICTaB-
JieHo Ha puc. 3, a. TyT Bci 3a1eKHOCTI BUPIBHIHO 32 PiB-
Hem LUMO (HaiiHrbK4Ya BaKaHTHA MOJIEKYJISIPHA OpOiTab)

Puc. 2. TeomeTpuyHa CTPYKTYpa ONTUMI30BaHHMX KJIACTEPIB 3 PI3HOTO POy AeheKTamMu:
V(4 — BakaHCi€ro KaaMmito; S; — MiKBY3JI0BOIO CipKoI0; Zny, Cuy — AOMIlIKaMK 3aMillleHHs MHKY Ta MiJi

(mo3HaueHHs Ti kK cami, 110 i Ha puc. 1)

Sy

JUTSL BCIX CHCTEM, a I0YaToK BiJUTIKY BCTAHOBJICHUH PiB-
HuM eHeprii HOMO 6e3nedextroro knacrepa CdS. Sk
BHJIHO 3 PUCYHKA, JIMILIE BaKaHCiA Kaamiro V-, popmye ne-
(bexTHHH piBEHb, 3HAYHO BiJOKPEMIJICHHH BiJl BAJICHTHOI
30HM — #oro eHeprist cranoBuTh 0,16 eB. MixBy3/10Ba
cipka Ta joMimka 3amimenHs Cu,, X04 i BHOCATH 3Ha-
gHHA BKIaa y opmysanss pisast HOMO, niporte 1ieii pi-
BEHb TPAKTUYHO 1 € BEPIITMHOIO BAJICHTHOT 30HH 200, TIPH-
HalMHI, 3HAXOIUTHCS JTye OTM3bKO JIO Hel 1 He MOYKe BBa-
JKaTHCS JTOKaJIi30BaHUM JE(EKTHIM CTAHOM.

Cynsum 3 puc. 3, a, 1OMilIKa 3aMilEHHS LHHKY Zn -y
MOKPAIIlye €HEPreTHYHY CTPYKTYpY KBAHTOBHX TOUYOK
CdS, 1o mobpe MoMiITHO y TOPIBHAHHI 3 YOPHOIO JIiHi-
€10 B 00JIaCTi BEpPIIMHH BaJICHTHOI 30HU. AHAJIOTIYHE
MOKPAIIEHHS €HePreTUYHOT CTPYKTYPH ISl CHCTEMH 3
MDKBY3JIOBOIO CIpKOIO 3yMOBJIEHE, IIIBUIIIC 33 BCE, OLITb-
IIOF0 KiJIBKICTIO aTOMIB 1, BIATIOBIAHO, O1TBIIOK I'YCTH-
HOIO CHePTeTUYHUX CTaHIB.

3pemrToro, Ha puc. 3, 6 MOKa3aHO PO3pPaxX0OBaHi CIIEK-
Tpu noruHanHA (Im(e, ;) — ysBHA 9aCTUHA KOMILIEKCHOT

30
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Emnepris, B

MaKpOCKOMIYHOI JienekTpuyHoi QyHKii). OcoOmuBiCTh
[UX PE3yNIBTATIB MOJISATAE Y TIOBEIIHII JJOMIIITKH 3aMiIlIeH-
HS Mi/li, KA, K BUTHO, YTBOPIOE BUCOKHH MK B 00JaCTi
¢ynnamenransHoro normuHanHsa KT CdS. Ilopsn 3i
3MEHIIICHHSAM KUTBKOCTI XIMIYHHX 3B’ SI3KIB 3 YOTHPHOX JI0
TPBHOX MPHU 3aMillIeHH] KaIMiO 11€ TIOB’3aHO 13 HEOAHO-
PIZHICTIO KPUCTaNYHOI CTPYKTypH Cynbgixy mizi Cu, S:
JUTSL pi3HOT CTEXIOMETPil IS CIOJTyKa MOKE MaTH sSIK Ha-
niBIpoBiTHUKOBI B1acTuBOCTi (Cu,S), Tak i BIaCTHBOCTI
metairy (CuS). 3aranom, mupuHa 3a00pOHEHOT 30HH JUIS
HamiBIpoBiaHuKoBoro Cu, S nexuts y aianasoi Bix 0,6
1o 2,35 eB [20], 1110 CyTTE€BO YCKIAJHIOE TIOPIBHIHHS
pO3paxoBaHUX eHeprii JedeKTHUX PiBHIB 3 BiINOBIiJ-
HUMU €HEprisiMH Yy IHIINX cucTemax. HaBiTh OinbIire:
SIK TTOKa3aHo y [21], B3aeMoist JOMIIIKK MiJli 3 HOCIs-
MH 3apsily IPU3BOAUTE JI0 TTOSIBU IBOX THIIB A€(EKTIB,
10 YTBOPIOIOTH JIOKAJIbHI CTaH! y 3a00pOHEHiH 30Hi.
Sk 3a3Ha4ANOCS BHIIE, PO3PAXyHKU METOOM (DYHKIII0-
HaJTy TYCTHHH MTOTPeOYIOTh 3HAYHUX OOUHCITIOBATLHUX pe-
CypCiB, 0 00MEXKY€E pO3MIp AOCIIHKYBaHHX CHCTEM JIO
HopsAKy coTeHb aroMiB. Onnax Buoip knactepa Cd,,S,s,
110 BiIMOBIIA€ “MariyHOMY’’ YHCITY aTOMIB, € aICKBATHIM
3 Tiel Touku 30py, mo KT takoro po3mipy — npubnnzHo
1,3 HM — JICHO 3yCTPIYaOThCS Y KOJIOITHUX PO3UHHAX,
a OTKe, Take HaOMMKEHHS LIIJIKOM BiloOpakae peanbHy
KapTUHy. 3 iHIIOro 60Ky, IPOBEACHI HAMH PO3PAXyHKH
JIEMOHCTPYIOTh 3HAYHY Uy TIIUBICTH PE3YJIBTATIB 0 3MiHH
KIUJIBKOCTI aTOMIB y CHCTEMI, III0 CYIPOBODKYETHCS 3Mi-
HOIO TYCTHHH CTaHIB Ha KPasx BaJCHTHOI 30HH Ta 30HH
npoBinHocTi. [TogidbHOTO pomy po3paxyHKH IPOBOIUITUCS
y [22], ne mocimipKyBaiucs BCi MOXKIIMBI THITH BJIACHUX
nedexris 1 knacrepa Cd, ,S,,. 3a ixnimu pesynbrara-
MU, popMyBaHHS OyIb-SKOTO BIACHOTO Ae(EeKTy B Lijo-

6) 0,25
. = CdS (Bare)
1 — 7
0,20 — SC“
4 1
) — Cugy
R /n
0,15 «

Puc. 3. T'ycTHHa €JIeKTPOHHHX CTaHIB g K (YHKIIiS eHepril () Ta CIeKTp ONTHYHOTrO MOMIHHAHHS (0) Ui 0e31eeKTHOrO
knacrepa CdS (Bare) i A4 TakuXx, M0 MIiCTATh Pi3HOTO pofy Ae(eKTH: BAKAHCiIO0 KaaMito V-, MIKBY3IOBY CipKy S|, JOMIIKH
3aMillleHHs HMHKY Zn, Ta Migi Cug

Enepris, B

My IPH3BOJUTH [0 3BY>KeHHsI 3a00poHeHoi 30HH KT, a Ba-
KaHCisl KaIMitO 1 MIJKBY3JIOBa CipKa YTBOPIOIOTH JJOHOP-
Hi piBHI TOOIH3Y BAJIEHTHOI 30HH, IO SIKICHO y3TOMXKY-
€ThCS 3 pe3yJbTaTaMH HAIIUX pO3paxyHKiB. [Ipu oMy
CJIIJT 3ayBaXKUTH, 110 KUTbKICHE TIOPIBHSIHHS PO3paxoBa-
HUX 3Ha4YeHb €Hepriii 1e(heKTHUX PiBHIB 3 €KCIIEPUMEH-
TaNbHUMH JAHUMH YU PO3PAaXOBAaHUX IHIIHMMHU METOIa-
MH Ha MPAKTHUI YaCcTO BUSBISETHCS HEMOXKIHBUM BHa-
CIIIIOK CYTTEBOI pO301KHOCTI IUX NAHUX: MpodiieMa-
TUYHUM € He JINIIEe BU3HAYCHHS €Hepril 3aJsiraHHs Je-
(hexTHOTO PiBHS, a i MpUpPOAX LILOTO PiBHSA B3arami [23].

BucHoBkn

Metonom ¢yHKI[IOHATY TYCTHHH 3 BHKOPHUCTAaHHIM
0a3nCy IIOCKUX XBIIIb PO3PAaXOBAHO aTOMHY CTPYKTYPY,
CHEPreTHYHUI CIIEKTP Ta XBUIHOBI (PYHKIIT KBAHTOBHX
Touok CdS, ieropaHux arToMaMH Mijii Ta IIMHKY, Ta TAKUX,
110 MICTSTh BJIACHI Ae(DEKTH — BaKaHCIIO KaIMIIO Ta MiK-
BY3J10BY cipKy. [Ioka3aHo, 1110 yBeIeHHsI TOMIIIKOBO1 Cip-
KM 49¥ JIOMINIKY IIMHKY TIOKpaIlye eHepreTuuny (i, ove-
BUJIHO, KpucTaiiuHy) ctpykTypy KT. Beranosneno, 1o
JIOMIILKA 3aMileHHS ZNn -, YTBOPIOE €HEPreTUYHI PiBHI y
IIMOMHI BaJIEHTHOT 30HH, TOAI K Jomimka Cugy — 1o-
Onu3y Ha 3a00pOoHEHOT 30HH. MIXKBY3JI0Ba CipKa TaKoXK
YTBOPIOE PiBEHb MOOIH3Y JHA 3a00POHEHOT 30HH, OTHAK,
K 1y Bunaaky gomimku Cug, el piBeHb HEIOCTaTHBO
BI/IIIICTICHUH BiJ BAJICHTHOL 30HH i HE MOXKE TPaKTyBa-
THCS SIK JIOKaJIi30BaHUi nedexTHuUi piBeHb. 31 BCiX THIIIB
JeeKTiB, 10 JOCHTIPKYBAIHCS y pOOOTI, JINIIIE BAaKaHCIs
KaJIMiI0 YTBOPIOE PiBHi, BIAIIEIJICH] Bl BAJICHTHOI 30HU
Ha 0,16 eB, siKi, TakKUM YHHOM, MOXKYTh BBaXKaTHCS JOOpe
JIOKAJTI30BAaHUMH Je(DEKTHIUMH PIBHSIMH 1 TIPOSBIIATHCS Y
CreKTpax (hoTOTFOMiHECIICHIIII.
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Pacuemer npouseedenvr ona knacmepa Cdy;S;; coomeememesyioue2o max Ha3bl6aeMOMy MASUHECKOMY pA3MeEpy K6AHMOBOU
mouku. Taxotl pazmep umeem MUHUMYM 0O00PBAHHBIX CE5A3€ell HA NOBEPXHOCMU U NO3605em 00X00UMbCs 6e3 Naccusayui.

Jlemanvno npoananu3uposanvl cmpykmypHvie penaxcayuu npu GopmMuposanuy yKazauuslx 0egexmos u pacnpeoeietie 80-
HOBOU (hyHKYUU COCIOAHUS, COOMEEMCMEYIoUe20 sepuiune 6aieHmuoll 30nul. Ilokasano, umo eakancus kaomus gopmupyem
JIOKaNlbHble COCMOANUSA 6 3anpeujeHtol 30He Hanokpucmannog CdS, komopuvle MO2ym CYHCUMb YeHmpamu U3Ty4amensHou pe-
Kombunayuu. /[pyeue oegexmul 00pazyiom sHepeemuyecKue ypoeHu 6 2nyoune 6aieHmHoll 30Hbl Ui 8OU3U ee GePULUbL, NO-
JI0JICeHUe KOMOPBIX He COOMBEMCMEYem MAKCUMYMaM HOTOC HA IKCNEPUMEHMATbHBIX CHEKMPAX (OmMOAIOMUHeCY eHYUU K8aH-
mosvix mouex CdS, kax Henecupo8anHbix, MAaK U 1e2UpOSAHHBIX YUHKOM.

Paccuumannvie cnekmpbl onmuyecko2o no2noujeHus 0eMOHCMPUpPYIOm GblCOKUL NUK 6 obnacmu hyHOaMenmanbHo20 no2no-
wenus CdS ons knacmepa, cooepoicauje2o npumecy sameujenus Cu ., 6 omaudue om opy2ux cucmem, 20e no00OHbIX NUKOE He
nabmooaemcs. Kpome moeo, nokazano, 4mo 3ameHa amoma Kaomusi Ha amom mMeou Npugooum K YMeHbUEHUIO KOTUYecmea
Xumuyeckux cesseli 00 mpex u, COOmeemcmaento, K Hauboavulell cpedu Uccie008antvlx cucmem peaaxcayuu. Taxkas ocoben-
Hocmb 00yCNo61eHa HeOOHOPOOHOCIBIO KPUCMAIAUYECKOU cmpykmypol cynbguoa meou Cu,S, Komopas 6 3asucumocmu om
cmexuomempuu Modicem Obims Kax NOAYNPOGOOHUKOM, MAK U MEMAJIOM.

Krouesvie cnosa: keanmogwvie mouku, oegpexmot, sakarcust, CdS, memoo yHKyuoHaia niomHoCmu.
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ELECTRONIC CHARACTERISTICS OF CdS QUANTUM DOTS WITH DEFECTS

Using the density functional theory and the generalized gradient approximation, we calculated the atomic structure, the den-
sity of electronic states, and the optical absorption spectra of CdS quantum dots containing intrinsic defects — a cadmium
vacancy V., and an interstitial sulfur atom S, and substitutional impurities — zinc and copper in place of the atom cad-
mium — Zn -, and Cu, respectively. The calculations were performed for the Cdy,S;; cluster corresponding to the so-called
“magic” size of the quantum dot. This size has a minimum of dangling bonds at the surface and allows the using of such a
cluster without the passivation. The structural relaxation during the formation of such defects and the distribution of the wave
function of the state corresponding to the top of the valence band are analyzed in details. It has been shown that the cadmium
vacancy forms local states in the band gap of CdS nanocrystals, and can serve as centers of radiative recombination. Other
defects form energy levels in the depths of the valence band or near its top, but whose energy positions do not correspond to
the band maxima in the experimental photoluminescence spectra of CdS quantum dots, both undoped and doped with zinc. The
calculated optical absorption spectra demonstrate a strong peak in the region of fundamental absorption of CdS for a cluster
containing a substitutional impurity of Cu, in contrast to other systems where no such peaks are observed. In addition, the
replacement of the cadmium atom with copper leads to a decrease in the number of chemical bonds to three and, accordingly,
to the largest relaxation among the systems studied. This feature is caused by the crystal structure inhomogeneity of copper
sulfide Cu,S, which, depending on stoichiometry, can be either a semiconductor or a metal.

Keywords: quantum dots, defects, vacancy, CdS, density functional method.
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EKCITIEPUMEHTAJILHE JOCJIJPKEHHS KOMITAKTHOI
CHUCTEMHM OXOJIOM’KEHHS 3 TEIINIOBUMH TPYBAMU
JUTA TTOTYXKHOI CBITJIOAIOJHOI MATPULIL

Pospobreno koncmpykyito nomyscrnoeo ceimio0io0H020 CEIMUNLHUKA KOMIAKMHUX PO3MIPI6 Ol OCEIMLEeHHs NPUMi-
weHsb. 3acobamu mennosiosedents € mennogi mpyou 006axcunor 150 mm. Kinoys menioo6MiHHUKA 0OXON00ACYIOMbCS
NPUPOOHLOIO KOHBEKYIEIO OMOYYIOHU020 NOSIMps. 3a 00ONOMO20H0 KOMN FTOMEPHO20 MOOCTIO8AHHS MA O0CAIONHCEHHS eKC-
NepUMEHMANbHO20 3PA3KA NPUAOY BUSHAYEHO MONCIUBICING 3ANPONOHOBAHOI CUCMEMU 0XOL00N4CeHHs 3abe3neyyeamu
HOPMATbHUL MENJOBULL PENCUM C8IMI00I00H020 Odicepena ceimaa. Pezynvmamu xomn 1omeprno2o mooeniosanns ii mem-
nepamypHo2o noisi ROKA3Aau, Wo npu nomyscnocmi ceimunvuura 140,7 Bm memnepamypa kopnycy c8imao0ioonoi ma-
mpuyi cknadae 60,5°C, a sumipsna excnepumenmanvio — 61,3°C. Busnauena excnepumeHmanbHo menioga nomyic-
Hicmb c8imnodioonoi mampuyi cmanosuna 91,5 Bm, memnepamypa p—n-nepexody — 79,6°C, 3azansHuti menaoguii onip
cucmemu oxonooncenns — 0,453°C/Bm.

Kniouosi cnosa: ceimnodioOnuil 0ceimuo8aibHull npucmpitl, meniosa mpyoa, cucmema OXON00NCeHHsL, KOMN TOmepHe

MO()EJIIOG‘CZHH}Z, eKcnepumenmallbne MOOeOBAHHSL.

Jl1s CTBOPEHHSI CBITJIOBOTO CEpeOBUINA TOOYTOBUX
Ta IPOMHUCIIOBUX MPUMIIIEHb ChOTO/IHI MIMPOKO 3aCTOCO-
BYIOTBHCS CBITIIONIOHI Jkepena cBitia [1]. CyTTeBi ixHi
nepeBary, Taki sk BUCOKa CBITJIOBa €(peKTHBHICTH (I10-
Haja 100 nm/Bt [2]), 3HauHmii Tepmid cayx0u (1o 100
000 rox [3]), BucOKHUH iHAEKC KObOpornepenadi (rmoHas
95 onuHMLb [4]), MIMPOKMIA TiaNla30H KOPEIbOBAaHHUX KO-
mipaux temnepatyp (Big 2000 mo 8000 K) ta edexTus-
Hi IIJSIXY CTBOPEHHS MOTPiOHUX THIIIB CBITIOPO3MOAi-
Ty 3 BUKOPUCTAHHSM JIiH3, JO3BOJISIOTH [IPU CTBOPEHHI
OCBITJIIOBAIbHUX NPHUCTPOIB BCE YACTIIIE BiJMOBIISTH-
Cs1 B1J{ BUKOPUCTAHHS IHIINX THIIB JPKEPEI CBITNIA Ha KO-
PHCTh CBITJIOAI0HUX.

Opnak pa3oM 3i 301TbIIEHHSIM MOTYXKHOCTI CBITJIO-
JIOJIIB 3pOCTA€E 1 KUIBKICTh PO3CitOBaHOT TEIJIOTH, IO
MPU3BOAUTE IO MiABUIICHHS TEMIIEPAaTypH HamiBIPO-
BiIHUKOBUX KPUCTAJIIB Ta, BIAMOBIIHO, 1O 3HIKEHHS
HaAIHHOCTI iXHBOT poOOTH Ta 10 3MiHU (OTOMETPUU-
HUX XapakrepucTtuk [5—7]. Tomy mpu po3poOiii KOoH-
CTPYKLIH CBITIOMIOJHUX OCBITIIOBAIBHHUX MPHUCTPO-
iB muTaHHIM 3a0e3nedeHHs] poO0Yoro TEMIOBOTO pe-
KUMY HMpUILISeThCs ocobnuBa yBara [8]. 3amaua min-
BUIIEHHS €(PEKTUBHOCTI OXOJIOKEHHS CTa€ BKpal ak-
TyaJbHOIO NPH 3aCTOCYBaHHI B CBITWJIBHHUKAX MOTYX-
HUX 0araTOKpUCTAIBHUX CBITIOAIOAHUX JKEPEI CBIT-
na, Tak 3BaHux COB (chip-on-board — uin Ha maTi)
Mmatpuub [9]. Tak, HanpuUKIad, CBITIOAI0HA MATPHUIIS
tury CITIZEN CLUOS58 mictuth 648 KpucTaiis, po3-
MIIIEHUX Ha Iu1aTi po3Mipamu 38%38%1,4 MM, i Mae 1mo-
TY>HicTb 70 526 Bt [9].

KonmeHTpariss TemioBoi MOTY)XKHOCTI Ha KOPIyCi
TaKUX CBITIIOMIOAHUX MATPUIlh IPOMHUCIIOBOTO BUKOPH-

cTanHs cknajnae nonaz 10° Br/m?, Tenmenuii 10 3MeH-
HIEHHSI pO3MipiB CBITIIOBUIIPOMIHIOIOUHX KPUCTANIB IIPU
30inbIIeHH] noTyxHOoCTi [10, 11] Bka3yloTh Ha noAasb-
mre mie OLTbII cepiio3He 3aroCcTpeHHs NpobiIeMu edek-
THUBHOTO TETIJIOBiABEACHHS BiJ] HUX.

J1s OXOJOIKEHHsI MOTYXHUX CBITIIOAIOMHUX JXKe-
pell CBiTJIAa 3aCTOCOBYIOTHCSI CHCTEMH, MOOY0BaHI Ha
Pi3HUX IpUHIUIAX POOOTH: Ha OCHOBI MACUBHUX paji-
aropiB [12], TepMOENIEKTPUYHUX OXOJOMKyBawiB [13],
I €30€TEKTPUYHUX BEHTUISATOPIB [14], cTpyMeHeBuX
OXOJIOJKYBauiB [15], piAMHHUX CHCTEM OXOJIOJIKSHHS
[16], a TakoXX eKCIIepUMEHTaJIbHI CHCTEMH Ha OCHOBI
eneKkTpoHHoro BiTpy [17—19]. Jns niapumeHHs edek-
THUBHOCTI CHICTEM OXOJIO)KEHHsI BUKOPHUCTOBYIOTHCS Ta-
KOX KOMOiHamii pi3HUX NPUHIUMIB IXHBOI MOOYNOBH.
3BHYAITHO, KOKCH THII CHCTEM OXOJIOKESHHS Ma€ CBOI He-
JIOJIKU Ta MepeBary, ajne TePMiH CIyXKOH CUCTEMH 0XO-
JIOMXKCHHS JUISl CBITJIOAIOHUX JDKEpeN Ma€e OyTH Onn3b-
KHM JI0 TepMiHy uTTs cBiTnomionis (50—100 tuc. rom).
Haii6inpmmit TepMiH ci1y>kOM MaroTh MaCUBHI CHCTEMHU
OXOJIOJKEHHS Ha OCHOBI pafiaTopis [12], BUTOTOBIEHUX
3 OHOPITHUX MaTepialliB 3 BUCOKOIO TETUIOMPOBIIHICTIO.

3 mouatky 2000-x pokiB i €()eKTUBHOTO BiIBe-
JICHHS TEIUIOTH BiJ] IIOTY>KHHUX €JICKTPOHHUX KOMIIOHEH-
TiB (MIKpOIIPOIIECOPIB, Ta3epPHUX Ji0AIB, TPAH3UCTOPIB
IGBT ta MOSFET ToI1110) IIPOKO 3aCTOCOBYIOTHCS IBO-
¢a3Hi TemIonepeaaBaIbHi IPUCTPOi — TEIUIOBI TPY-
6u Ta Tepmocuonu [19—23], sKi ocTaHHIM YacoM Bce
YacTillle TOYMHAIOTh BUKOPHCTOBYBATUCH 1 JUIS OXOJO-
JOKEHHS CBITJIONIOHUX JKEPE CBITIIA.

Oco6mmBoCTI TOOYIOBH CBITHIBHUKIB OTPEOYIOTh
PO3pOOKH creniagbHUX KOHCTPYKIIH CHCTEM 0XO0Io-
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JoxeHHs 3 TeroBumu Tpy6amu (TT), siki 6 manu Bigno-
BIIHUI NW3aiiH Ta MpUBaOIMBUN BUIIIsA. 3a3BUUall Te-
IUIOB1 TPYOU BUKOPUCTOBYIOTH Pa30M 3 IHIIIMMU €J1eMeH-
TaMU TEIUIOBIJBEeIeHHs, HanmpuKiaj B [24—26] — cy-
MICHO 3 paziiaTOpoM, 10 OXOJOIKY€ETHCS BUIBHOIO KOH-
BEKLII€I0 OTOYYIOUOT0 MOBITpPs, B [25] — B KOMILIEKCi
3 IUIABJISTY0I0 PEUOBUHOIO, B [27] — 3 paniaTopom, 1o
00/1yBaeThCs BEHTWISITOpOM. HaliOinbin HaMiitHUMH Ta
MPOCTUMH Y BUTOTOBJICHHI € CUCTEMH OXOJIOJKEHHS Ha
OCHOBI TEIUIOBHUX TPYO Ta paaiaTopis 3 BUIbHOIO KOHBEK-
ui€to noBiTpa. BoHu He moTpeOyrOTh €eHEproBUTpar Ha
TIEPEMIIIICHHS TEIUIOHOCIS Ta € HAaHOUTBIIT TPUIATHUMHU
JUTSL 3aCTOCYBAaHHA B CBITJIOAIONHUX CBITHJIBHUKAX JJIS
OCBITJICHHSI IPUMIIIEHb [26, 27].

BinburicTh KOHCTPYKIiH CUCTEM OXONOMKEHHS, TO0Y-
noBaHuX Ha ocHOBI TT, nepenbauae 3Ha4HI pO3MipH MO
BUCOTI [28—32], 110 BUKITUKAHO KOHKPETHUMHU YMOBa-
MU eKcrtyaTauii. B pszi 3acTtocyBaHb, TaKUX SK OCBIT-
JIEHHS KUTIOBUX NPUMIIIEHb 3 HU3bKUMHU CTEISIMU, Ka-
01H Ta caJOHiB aBTOMOOUIEHOTO, MOPCHKOTO Ta MiCHKOTO
TPaHCIIOPTY, BaroHiB MOTATIB TOIO, 0a’kaHO MaTH KOM-
MAKTHI CBITMJILHUKY 3 MiHIMaTbHUMH PO3MipaMH 110 BU-
corti. Take pileHHs 3alIPONIOHOBAHO, HANPUKIIA, ¥ [33,
34], ane BOHO BUIIIAJIA€ HE 30BCIM €CTETUYHO, a 1€ € JI0-
CTaTHBO BAXUIMBUM Y MIEpeTiueHIX BUMAIKaX.

Binbin ecTeTnyHMii BUIIISAA Ma€ HOBA THIIOBA KOH-
CTPYKLiS CBITJIOJI0{HOTO CBITHJIBHUKA 3 CHCTEMOIO 0XO-
JIOJPKEHHSI HA OCHOBI TETIOBHUX TPYO, 3aIIPONIOHOBAHA B
[35—38]. 3aBnanHsaM 1aHOi pOOOTH € KOMIT IOTEPHE MO-
JIJIIOBaHHS, BUTOTOBIICHHS Ta €KCIIEPUMEHTAIbHE JI0-
CIJIKEHHS TaKO1 CUCTEMHU OXOJIOKEHHS CBITIIOIOAHO-
T'0 OCBITJIFOBAJILHOTO IPUIIAJTY 3 TETUIOBUM HaBaHTa)KEH-
HsaMm g0 100 Bt.

IMapameTpu KOMII’IOTEPHOI MO/IeJi CUCTEMH
OXO0JIO’KeHHS CBiT/IONi0NHOT MaTpuUILi

KoHcTpyKIlisi CHCTEMH 0XOJIOJKEHHS 3alpOIIOHOBA-
HOTO B [35—38] cBiTHIBHHKA Ma€ pedpa OXOJIOHKEHHS,
BHUKOHAHI y BUDJISA/II KOHIIETPUIHHX KiJIETb, SIKi 32 JIOTIO-
MOTOI0 pajiaiibHO po3TamoBanux TT 3'eHaHi 3 3a0e31e-
YEHHSM TETIOBOTO KOHTAKTY 3 OCHOBOIO JPKEepelia CBITIIa.
KoHcTpykitis Moxke OyTH MacIiTaboBaHa BiIIOBITHO JIO
MOCTABIICHHUX TIepe pO3pOOHUKAMH 3a1a4. SHAFOUH 3a-
JIaHy TIOTY>KHICTh CBITJIONIOHOI MATpPHIli, MAKCUMAITb-
HE 3HAYEHHS TEeMIIepaTypH il KOPIyCy Ta TeMIEPATypy
OTOYYIOYOTO MOBITPS, MOYKHA B KOXKHOMY KOHKPETHOMY
BHIIAIKy BU3HAYUTH HEOOX1IHY KibKicTh TT Ta Kinenp
OXOJIO/PKEHHSI, TEOMETPUYHI TTapaMeTPH CUCTEMH OXOJI0-
JDKEHHSI TOIIO, BAKOPUCTOBYIOUM HaBeneHy y [37] meTo-
JIMKY ONITHMI3allii. BukoHaHi HaMH po3paxyHKH MOKa3a-
1, 110 JiU1s1 QYHKITIOHYBaHHS OCBITIIFOBAJILHOTO TIPHIIa-
Iy 3 TETUTOBUM HaBaHTaXEHHM cBiTiomionis 10 100 Bt
JIOCTaTHHO YOTUPHOX TEIJIOBHUX TPYO, HiaMeTp CUCTEMHU
OXOJIOJKEHHST MOYKe CTaHOBUTH 300 MM TIpH KUTBKOCTI
KiTens 7 Ta oNTUMAaNIbHIN BUCOTI Kineus 30 MMm.

Cxemy po3p0o0JICHOTO CBITIOMI0THOTO OCBITIIOBAIb-
HOTO MPHJIAAY 3 TEIJIOBOKO MOTYXHICTIO CBITIOMiIOXHOT
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—
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Puc. 1. KOHCTpYKTHBHA CXe€Ma CHCTEMHU OXOJOJKEHHS
CBITJIOZIOJJHOTO OCBITIIOBAJILHOIO MpHIaAy Ha OCHOBI
TEIUIOBHUX TPYO

Marpuiii 1o 100 Br, siky Oysio oOpaHo B AaHiid poOOTi Iist
MPOBEICHHS KOMIT FOTEPHOTO Ta €KCIIEPUMEHTATBHOTO
JOCITIJDKEHHS, HaBeJieHO Ha puc. 1. B ocBiTIOBaIbHO-
MY MPHJIai BAKOPUCTAHO CBITIIONIOIHY MATPHIIIO /, SIKY
3aKPITUICHO 3 BUKOPHCTAHHIM MiXK ii KOPITyCOM Ta OCHO-
BOIO CUCTEMH OXOJIO/DKECHHS IIapy TEIJIONPOBITHOT Iac-
TH TOBINKHOIO 1074 M 3 Koe(]ilieHTOM TEIUIOPOBITHOCTI
8,7 Bt/(m-K) (Arctic Silver 5 [39]). Cructema 0XoJIomKeH-
HS CKJIAJIAETHCS 3 OCHOBH 2, 1110 Ma€e popMy TPSIMOKYT-
HOTO TIapaJesernine/ia, BATOTOBICHOTO 3 IBOX allFOMiHi-
€BUX TUTACTHH po3MipaMu 60x60x5 MM, CeMU TEII000-
MIHHUX KUJIelb 3 BUCTOXO 30 MM Ta TOBILMHOIO 2 MM Jia-
MeTpoM Bix 180 1o 300 MM Ta YOTHPHOX MiTHO-BOASHUX
TEIUTOBHX TPYO 4 MoBXKHHOIO 150 MM Ta giaMeTpoM 8 MM.
B ocHOBI Ta B KUIBIIAX BUKOHAHO OTBOPH JIiaMETPOM 8
MM, 110 3a0€3MeUyr0Th Ha [IHHHUI TeTIOBUI KOHTAKT Te-
TUIOBUX TPYO 3 BiJINIOBITHUMH €IIE€MCHTaMH.

JlocmipKeHHSI TETUTOBUX XapaKTEPHCTUK MOJIET CH-
CTEMH OXOJIOJDKCHHS TIPOBOIMIINCS 3 BUKOPUCTAHHSIM
Momyis aHamizy FlowSimulation SolidWorks cucremu
KOMIT FOTepHOTro npoektyBanHs SolidWorks.

[Ipu cTBOpEeHHI KOMIT IOTEpHOI MOJIei OyiIr Bpaxo-
BaHi Taki yMOBH:

— TeIJIOBI TPyOH BUKOHAHO 3 MiJli, TETIOHOCIH —
JIMCTHIILOBaHA BOJa, €peKTHBHA TeruIonpoBiaHicTs TT
BiJITIOBIJTHO JI0 EKCIIEPUMEHTAILHO BU3HAUYCHHUX 3HAYCHD
craHoBmia 4542 Br/(m-K);

— BCIl eJIEeMEHTH KOHCTPYKIIIT (KpiM TEIIIOBHX TPYO)
BHTOTOBIICHO 3 aTroMiHieBoro crutaBy AJ[31, koedirieHT
TEIUIONPOBITHOCTI SKOTO JIJISl TEMIIEPaTypHOTO Jliana3o-
Hy 300—600 K cranoButs 190 B1/(M-K) [40];

— HaBKOJIUIITHE CEPEIOBHIIE — TOBITPS;

— TeMIepaTypa HaBKOJIHIITHROTO cepenoBuia 20°C;

— armocdepnwmii Tuck 101,325 xIla;

— IIBUKICTH MMEPEMILIICHHS OTOYYIOYOTO CEPEIOBH-
1I1a JAJIEKO 3a MeKaMu cBIiTHIIbHHKA 0 M/c;

— TETI0Ta PIBHOMIPHO PO3MOALISETHCS 11O 30BHIIII-
HIl MOBEpXHI MOJIEII JuKepena CBiTia (CBITIOMI0ONHOT
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marputi CXA3070-0000-000NTHADS0H) 3 po3mipom
koprycy 27,35%27,35 MM Ta AiaMeTpoM 30HH IIijBe-
JICHHSI TETUTOTH (30HU BHIIPOMIHIOBAHHSI CBITIIA) 23 MM.

Jl1s KOHTPOJI0 MOXUOOK JAUCKpeTH3amii i 301xk-
HOCT1 BUKOPHCTOBYBAJIHCS PO3PAXYHKOBI CITKH MOjIe-
nelt 3 cryneHeM jaetamizaiii 1o 801 THC. eleMEHTIB.
KoHTposnbsHUME TapamMmeTpamu Oysin 00paHi MaKCHMalTb-
Ha TeMIlepaTypa CUCTEMH OXOJIOJUKCHHS 1 IIBHIKICTh
BIJIbHOI KOHBEKIIIT OBITPsl. [1JIs pO3IIISIHYTOrO BapiaH-
TY BUKOHAHHS CHCTEMH OXOJIOIPKSHHSI TOXHOKA MOJIEITIO-
BaHHs CTaHOBUTH 4%.

Pe3an,TaTn KOMH’]OTepHOl"O MOAC/JIIOBAHHA
Ta EKCIICPUMEHTAJIbHUX }_IOCJ'li)I)KeHI)

OTpuMaHi pe3yasTaTH KOMIT IOTEPHOTO Ta eKCIepH-
MEHTAIbHOTO TEMI0(I3UUHOr0 MOIEIIOBAaHHS JO3BOJIHU-
T BU3HAYUTH TEMIIEPATypy B XapaKTEPHUX KOHTPOJIb-
HUX TOYKaX CUCTEMH OXOJIOMKEHHS Ta BU3HAYUTH 11 MOXK-
JMBOCTI 1010 3a0e3MeueHHs po0o4oi TeMIepaTypu Ho-
TYXHHUX CBITJIOAI0AHUX JDKEPET CBITIIA.

Pe3ynbpraté KOMIT IOTEPHOTO MOJENIOBAHHS MpPE-
CTaBJICHO Ha pHC. 2.

J1st o1liHKM TOCTOBIPHOCTI pe3yabTaTiB KOMI 1O-
TEPHOT0 MOJIEIIIOBAHHS OYJI0 BUTOTOBJIEHO €KCIIEPUMEH-
TaJbHUH 3pa30K CBITIOAIOAHOTO OCBITIIIOBAIEHOIO ITPHU-
nany (puc. 3) niamerpom 310 mm, Bucotoro 51 MM, Ma-
coto 1,2 kr. BuMiproBaHHs TeMIIepaTypu IPOBOIMIOCS B
XapaKTEepHUX KOHTPOJILHUX TOUKaX (JIUB. PUC. 2): Ha KOp-
myci cBiTaoxiogHoi Matputi (/, 2), Ha OCHOBI CUCTEMHU
OXOJO/DKEHH (3), Ha HepILIoMY, YUeTBEPTOMY Ta CbOMOMY
KUIBLISIX CHCTEMH OXOJIOJKEHHS (BIMOBIAHO, 4, 5 Ta 6).

Jist 301nbIIeH s iHQOPMATHBHOCTI Ta JOCTOBIPHO-
CTi pe3y/bTaTiB BUMIPIOBAHHS IPOBOAMINCS JIBOMA Me-
TOAAaMHU: 3a JIOTIOMOTOI0 TEIIOBI30pa Ta 3a JOIOMOIO0
TepMmonap. BukopucroBysanucs Temnosizop tumy FLIR
SC305 Ta miab-KoHCcTaHTaHOBI TepMmonapH (T-tumy) 3
OararoxaHalsHUM BUMiptoBadeM Temneparypu Y F-500.

t,°C
60,5
58,0
55,6
- 53,1
50,7
48,2
3 458
433
40,9
38,4

Puc. 2. Po3nonin TemMnepaTypud B CUCTEMI OXOJIOIKEHHS
CBITJIOAIOAHOTO JXKepesa CBITIa, OTPUMAaHUNW METOIOM
KOMIT FOT€PHOTO MOZIENTIOBAaHHS

(I...6 — KOHTpOJBHI TOYKM BU3HAYEHHS TEMIIEpPaTypH)

Puc. 3. Excnepu-

MEHTAJBbHUH 3pa-

30K CUCTEMU 0XOJI0-

JDKEHHS CBITIIONION-
Hoi Marpwii

B Ta6amui npenctaBieHO 3HAYEHHS TEMIEPaTypH
B KOHTPOJBHUX TOYKAX, OTPHMaHI €KCIIEPHMEHTAb-
HO Ta BU3HAYCHI METOJOM KOMIT FOTEPHOTO MOJEIIO-
BaHHS MPU TEIUIOBIH MOTYKHOCTI CBITJIOAIOJHOTO JDKE-
pena ceitina 91,5 BT, 3aranpHa NOTYXHICTh TPH IHO-
My cknanana 140,7 BT. AHani3 npencTaBieHUX TaHUX
MOKa3ye A00pY Y3rODKYBaHICTh PE3YIbTaTiB SKCIIEPHU-
MEHTAJIBHOTO BHUMIPIOBaHHS TeMIIEpaTypH 3 pe3yib-
TaTaM#l KOMII IOTEPHOTO MOJIEIIOBAHHS, 1[0 TOBOPHUTH
PO aJeKBaTHICTh KOMIT IOTepPHOI Mozeni. Po30ixkHOCTI
3HAuYeHb TeMIepaTyp, OTPUMaHUX 3a pe3yibTaTaMu
KOMIT IOTEPHOTO MOJIENIIOBAHHS T4 BU3HAYEHUX €KCIIe-
PUMEHTaJbHUMU METOIaMH, 3HAXOAUTHCS B MEXax I0-
XUOKH €KCIIEPUMEHTY.

3Hauenns memnepamypu 6 KOHmpOJIbHUX mo4Kax, ompuma-
HUX MemooomM KOMN ’iomepHozo MOOeNOBaHHSI ma eKkcnepu-

MeHmanvHo
Ne Temmeparypa, °C

TOIKM | ponenroBaHHA | TEIIOBi30p |  TepMomapu
1 60,5£1,9) | 61.2(x1) 61.4(x1)
2 60,5(£1,9) | 60,2(x1) 60,5(1)
3 5751,7) | 57.2(+1) 57,1(1)
4 469(:12) | 47.2(t1) 46,9(x1)
5 46,1(x1,1) | 455(1) 452(+1)
6 452(x1,1) | 44.8(1) 44,1(x1)

3a BKa3aHOI TEIUIOBOI MOTY>KHOCTI CepeTHE 3HAYECHHS
TeMIIepaTypH KOPITyCy CBITIOAIOAHOI MaTPHIL, OTpUMaHe
eKcriepuMeHTanbHo, cknaaae 61,3°C, a po3paxyHKoBe 3Ha-
YEHHS TEMIIEPaTypH p—1-TIEPEXO/y IPU TEIUIOBOMY OIIO-
pi «cBiTnOAionHMI kprcTan — kopiyc» 0,2 K/BT craHo-
BUTH 710 79,6°C.

BucHoBkn

Takum 4HHOM, TIOKa3aHO, IO €KCIIEPUMEHTAIbHHUI
3pa30K OCBITIFOBAIILHOTO MPHIIATy KOMIIAKTHHX PO3Mi-
piB 3IaTHUH 3a0E3NEUUTH TaKHW PIBEHb TEMIIEPaTypH
CBITJIOBUIIPOMIHIOIOYHX CTPYKTYD, IO J03BOJISIE MIEpe-
0aunTH TXHIO HamiHy poboty mpotsrom 100 Tuc. rom.
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Po3pobnenuii ekcriepuMeHTaTbHUH 3pa30K OCBITIIIOBAITb-
HOT'O IIPUJIaTy IOKa3y€e IPaKTUIHY MOXKITHBICTb CTBOPEH-
HS KOMITAKTHUX CBITJIOMIOAHUX CHCTEM OXOJOKEHHS Ha
OCHOBI TETIOBUX TPYO.
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SKCITEPUMEHTAJIBHOE MCCJIEJOBAHUE KOMIIAKTHOM
CUCTEMBI OXJIAXIEHMS C TEIVIOBBIMU TPYBAMU
JIJ151 MOLITHOYM CBETOMOIHOM MATPUIIbI

B nacmoswee apems 015 oceewjenus Obimosvix u npoMbIULTEHHBIX NOMeW eHUL WUPOKO NPUMEHSIOMCS C8eMOOUOOHbIE UCTOY-
HUKU c8ema, 6 YaCMHOCIU MOWHbIE MHO2OKpUCTAbHbIe. [Ipu dmom ¢ ygenuuenuem MOWHOCMU pacmem u KOu4ecmeo 6bl-
oensieMol meniombl, Ymo NPUBOOUM K HOGLIULEHUIO MEMNePanypbl NOLYAPOBOOHUKOBbIX KDUCTIANLO8 U, COOMBEMCMEEHHO, K
CHUDICEHUIO HAOEICHOCTU PADOMbL CEEMOOUOD08 U UMEHEHUIO UX Pomomempuyeckux xapaxmepucmux. Ilosmomy npu paspa-
bomKe KOHCIMPYKYUU C6eMOOUOOHBIX 0CEEMUMENbHBIX YCMPOCME 0c000e GHUMAHUe YOesemcs ONpocam obecneueHus pa-
6ouezo mennosozco pedxcuma. C nauana 2000-x 20006 015 3¢phexmusHoco omeoda menya om MOUWHbIX LEKMPOHHBIX KOMHO-
HEHMOos8 CIAu WUPOKo NPUMEHAMb meniosvle mpyovl. OHu He mpebylom dHepeo3ampam Ha nepemewerie menioHoCUmenst
u AssIIOMes Hauboiee noOX00SUUMU OJIsL NPUMEHEHUS. 8 CBEMOOUOOHBIX CEEMUNbHUKAX.

B oannoii pabome npogeodeHo KoMNbIOmepHoe MOOeTUpOBarUe CUCTEMbl OXIAANCOEHUs HA OCHO8e MeNN08blx mpyo, a 3amem
paspabomana u IKCNEPUMEHMANLHO UCCIE008AHA KOHCMPYKYUSL MOWHO20 C8eMOOUOOHO20 C8EMUNLHUKA C MENI0BON HA2PY3-
Koti 0o 100 Bm komnaxmHuix pazmepos.

Hns omeoda mennomul om c6emoou00H020 UCHOYHUKA C8eMa K KOHYEHMPUYECKU PACHOIOHNCEHHbIM 80KPY2 HE20 KOTbYdaM ne-
N100OMEHHUKA UCNONb3068AHbl meniogble mpyouvl Onunot 150 mm. Konvya menioobmeHHUKA 0OXAHCOAIOMCA eCMeCmEeHHOU
KOHBeKyuell OKpyxcaloue2o 6030yxd.

Pezynomamul komMnvromepHo2o MOOEIUPOBAHUS MEMNEPAMYPHO20 RO Pa3pabOmMAanHol CUCeMbl OXAAANCOeHUsI NOKA3AU,
YUMo Npu MOWHOCMU CBEMOOUOOH020 ucmoyHuxa ceéema 140,7 Bm memnepamypa kopnyca c8emoouo0Hol Mampuybl ocmas-
asiem 60,5°C, a usmepennas sxcnepumenmanvio — 61,3°C. Onpedenennasn SKCnepumMeHmaibHo meniosds MOWHOCHb C8emo-
OuooHot mampuysl cocmagnsina 91,5 Bm, memnepamypa p—n-nepexooa — 79,6°C, obujee menniogoe conpomugieHue cucme-
Mol oxaasicoenusi — 0,453°C/Bm. [lonyuennsie pesyivmamol c8UOEmMeNbCmayom 0o dgh@exmusnocmu pazpabomanHol KOH-
CMPYKYuu.

Kurouesvle crnosa: ceéemoouoonoe oceemumenbHoe yCWlpOlZCWlf}O, menjoeast mpy6a, cucmema OXJZLZDIC@@HM}L KomMnvromepHoe

Mode]lupoeanue, IKCnepumermailbHoe Modeﬂupoeanue.
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EXPERIMENTAL STUDY OF A COMPACT COOLING SYSTEM
WITH HEAT PIPES FOR POWERFUL LED MATRIX

LED light sources, and powerful multichip light sources in particular, are currently widely used for lighting household
and industrial premises. With an increase in power, the amount of heat increases as well, which leads to an increase in
the temperature of semiconductor crystals and, accordingly, to a decrease in the reliability of LEDs and a change in their
photometric characteristics. Therefore, when developing the design of LED lighting devices, special attention is paid to thermal
management. Since the early 2000s, heat pipes have been widely used to efficiently remove heat from powerful electronic
components. They do not require power for moving the working fluid and are most suitable for use in LED luminaires.

In this study, the authors carry out a computer simulation of a cooling system based on heat pipes, which is then used to design
and test a powerful compact LED lamp with a thermal load of up to 100 W.

Heat pipes with a length of 150 mm are used to remove heat from the LED light source to the heat exchanger rings located
concentrically around it. The heat exchanger rings are cooled by natural convection of the ambient air. The results of computer
modeling of the temperature field of the developed cooling system show that at a power of the LED light source of 140.7 W, the
temperature of the LED matrix case is 60.5°C, and the experimentally measured temperature is 61.3°C. The experimentally
determined thermal power of the LED matrix is 91.5 W. The p—n junction temperature is 79.6°C. The total thermal resistance
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HEAT TRANSFER CHARACTERISTICS OF MINIATURE
TWO-PHASE THERMOSYPHONS WITH NANOFLUIDS

This paper presents and analyzes experimental data on the total thermal resistances of two-phase miniature thermosyphons
with nanofluids, the geometric parameters of the thermosyphons for all experimental samples are identical: total length
700 mm, internal diameter 5 mm. The following nanofluids used as heat carriers are: aqueous nanofluid based on
carbon nanotubes, aqueous nanofluid based on synthetic diamond, and aqueous nanofluid based on amorphous carbon.
Much attention is also paid to the influence of the filling ratio on the heat transfer characteristics of the thermosyphons.
The influence of filling ratio and types of nanofiluid on the performance of miniature closed two-phase thermosyphons

is demonstrated.

Keywords: miniature thermosyphons, thermal resistance, filling ratio, nanofluid, heat flux.

The problems associated with maintaining the tem-
perature regime and cooling of semiconductor devices
are becoming more urgent and complex every day, which
requires an increasingly integrated approach to solving
them. This problem becomes particularly urgent with
the development of high-power computing; so-called
supercomputers need effective “supercooling”.

Due to the fact that the packaging density of electronic
equipment, which is at the same time a miniaturization
criterion, is increasing every day, the cooling systems
that have been used for decades have not been able to
meet the new requirements for thermal stabilization and
maintaining the temperature in a given normalized range.

Two-phase cooling systems have proven themselves
to be highly efficient and fairly cheap, while also being
quite reliable. The operation principle of such systems
is based on the evaporation-condensation cycle. Apart
from efficiency, one of the main advantages of these
cooling systems is that they are passive, which reduces
the operating costs relating to the pumping of working
fluid. Such systems include heat pipes, thermosyphons,
and vapor chambers.

This work is devoted to the study of heat transfer
characteristics of thermosyphons (TS), because their
efficiency-reliability-price ratio is optimal among all
the mentioned types. Since there is no capillary-porous
structure, the cost and thermal resistance of this device
type are much lower than, e.g., for heat pipes. One of the
main disadvantages of thermosyphons is that they are not
functional against gravity, but many tasks do not require
this particular capability.

However, it should be noted that the operation of
thermosyphons is limited and depends on a large number
of determining factors, such as the filling ratio, the evapo-
ration zone length, the working fluid type, the geometric
parameters (system design), etc.

In recent years, increasing interest has arisen in the
use of nanofluids as heat carrier for evaporation-conden-
sation systems. A huge number of studies are devoted to
the use of nanofluids as heat carrier in thermosyphons.
Unfortunately, the existing works are quite limited and
often controversial, and moreover, the thermosyphon
designs that they deal with can hardly be considered
miniature. This study addresses miniature closed two-
phase thermosyphons with nanofluid-based coolants.

Literature analysis

Nanoparticles are particles characterized by a small
size, which is in the range of 1—100 nm [1]. Nanoparticles
have become widely used in various industries because
of their unique physical and chemical properties due to
their large ratio of the surface area and volume.

Nanofluid (NF) is a base fluid (water, oil, ethylene
glycol, etc.) with nanoparticles dispersed in it. NFs have
better thermophysical parameters, and thus a better heat
transfer, compared to the base fluid. However, it is worth
noting that one should take into account the influence of
many factors when manufacturing specific NFs for every
particular purpose. The thermophysical properties of the
obtained fluid are influenced by the size, shape and con-
centration of the nanoparticles, the thermal conductivity
of the nanoparticles and the base fluid, the temperature
of the base fluid, etc. [2—4].

It was also noted that the use of micron-sized nanopar-
ticles can lead to a decrease in heat transfer as a result of
the dispersed phase turbulence suppression [5].

As to using NFs as working fluids for evaporation-
condensation systems, despite the increasing number of
studies appearing every year, it is impossible to describe
clearly the advantages of their use and the quantitative
increase in the heat transfer efficiency at the moment.
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Thus, some studies note a positive effect of NF-based
heat carriers [6—14], while the others highlight their
negative effect [15, 16].

The main NFs that have already been studied are:
Al, O, — water; CuO — water; Ag — water; FeO —
water.

It is also worth emphasizing that most of the thermo-
syphons described in the above-mentioned publications
cannot be considered miniature, but it is the latter that
are of particular interest at the moment.

Research techniques

One of the main criteria for the heat transfer charac-
teristics of thermosyphons is thermal resistance, which
is defined as:

o (i~ Ter)

0

where Q is the transferred heat flow;

(M

[ t_cz are the average temperature values of the evapora-
tor and condenser, respectively.

Average temperatures are used because even when the
stationary mode has already been established, the tem-
perature of the thermosyphon wall continues to change
with time (there are temperature ripples), therefore, the
temperature in the evaporation zone (EZ) and condensa-
tion zone (CZ) is determined by their average values for
the period of the stationary mode:
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The study of the heat transfer characteristics of the
miniature closed two-phase thermosyphons was carried
out on an experimental stand similar to that given in [17,
18] (Fig. 1).

Heat was supplied to the evaporation zone of the
thermosyphon by an electric heater, which was wound
onto the thermosyphon body over a heat-resistant di-
electric film with a thickness of 0.1 mm. For the manu-
facture of the heater, a nichrome wire with a diameter of
0.3 mm was used. Heat from the condenser was removed
by water running through a pipe-in-pipe condenser and
monitored using a flow meter & (Fig. 1). Cooling water
flow rate was kept constant and varied from 1.75-1073
to 7.85-1073 kgs.

The temperature in the main zones of thermosyphons
was determined using copper-constantan thermocouples
with an electrode diameter of 0.16 mm. Hot junctions of
thermocouples were soldered to the thermosyphon body.
The heat flux of the thermosyphon was changed using
a laboratory transformer and monitored in the evapora-

@

3)

—_\'9 10

220V

VS | 220V

)

s

Fig. 1. Schematic drawing of the experimental setup:

1 — miniature thermosyphon; 2 — evaporation zone heater;

3 — condenser; 4 — wattmeter; 5, 9 — voltage regulator (labora-

tory transformer); 6, /0 — voltage stabilizer; 7 — pressure tank;

8 — flow meter; // — heater for cooling water; /2, 13 — copper-

constantan thermocouples; /4 — analog-to-digital converter;
15 — personal computer

tion zone using a wattmeter 4. To reduce heat loss to the
environment, the thermosyphon was completely insulated
with basalt fiber.

The heater 2 was powered by a voltage regulator J,
which was connected via a voltage stabilizer 6 to the
mains (220 V, 50 Hz). The control of the supplied electric
power was carried out using a wattmeter 4 (D529). The
cooling water temperature was controlled with a heater
11 using a voltage regulator 9. The temperature of the
cooling water at the inlet and outlet of the condenser
was monitored using thermocouples /3. Signals from
all thermocouples /2 were fed to an analog-to-digital
converter /4 and then to a personal computer /5.

We studied three samples of thermosyphons with an
inner diameter of 5 mm and a length of 700 mm, filled
with different NFs (Table). To study the effect of the fill
ratio (FR), which characterizes the ratio of the volume
of the working fluid to the total volume of the evapora-
tion zone, a multi-section heater was used. As a result,
it was possible to change the FR in a wide range from

Properties of the nanofluids
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Heat carrier: Ma.ss Average Surface
fraction | diameter .
TS aqueous NF tension,
of NP, of NPs,
based on o mN/m
(] nm
TS1 | carbon nanotube 0,1 410—590 71,4
TS2 |synthetic diamond| 0,3 50—300 70,5
TS3 |amorphous carbon| 0,31 | 100—150 | 69,8
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Fig. 2. Schematic representation of the amount of heat carrier
relative to the evaporation zone volume at different filling
ratio values:

a—FR=044;b—FR=0.59;,¢c—FR=0.87,d — FR=1.66

0.4 to 1.7 (Fig. 2). The Table provides information on
the nanofluids used as coolants.

Research results

The study of the thermal resistance of miniature
thermosyphons with different working fluids showed that
their heat transfer characteristics are significantly higher
than of those with water as a heat carrier. The effect of
filling ratio on thermal resistance is shown in Fig. 3.

Fig. 3, a shows that for carbon-based thermosyphon
(TS1), the maximum transferred amount of heat corre-
sponds to FR = 0.44; the maximum transmitted heat flux is
180 W. The minimum recorded thermal resistance is
0.18 K/ W (FR=0.44). Moreover, an increase in 'R leads
to a decrease in the maximum heat flux and an increase
in thermal resistance.

Fig. 3, b shows that the heat transfer charac-
teristics of the thermosyphon with working fluid
based on synthetic diamond (TS2) are slightly lower
than those for TS1. The minimum thermal resis-
tance values for different filling ratios of TS1 and
TS2 are similar; however, the maximum heat fluxes are
somewhat lower. Thus, at FR = 0.44, the maximum heat

flux decreases to about 120 W. However, at FR > 0.44, the
thermosyphon TS2 has the maximum heat flux slightly
higher than does TS1.

It should be noted that the minimum thermal resis-
tances of TS2 and TS1 are close in their values to those
obtained in [6, 7]. However, the concentration and type
of nanopowders in water were slightly different.

Significantly lower are the values for the miniature ther-
mosyphon TS3 with working fluid based on amorphous
carbon (Fig. 3, ¢). The maximum heat flux for each FR
value decreased by about 1.5 times, and the thermal re-
sistance increased, its minimum value of 0.2 K/W being
fixed at FR = 0.44 (Fig. 3, ¢).

To generalize the experimental data presented above,
as well as to determine the effect of FR on the heat

a)
R, K/W
TSI
A 4
2 3
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1
ek
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\ 4
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|
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Fig. 3. Dependence of the thermal resistance R on the heat flux

for thermosyphons with working nanofluids based on carbon

nanotube (a), synthetic diamond (), and amorphous carbon (c)
at different filling ratio values:

I —FR=044;2—FR=0.59;3—FR=0.87,4—FR=1.66
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Fig. 4. Dependence of the maximum transferred heat flux O,

on the filling ratio for thermosyphons with working nanofluids
based on:

1 — carbon nanotube (TS1); 2 — synthetic diamond (TS2);
3 — amorphous carbon (TS3); 4 — water (TS4)

transfer characteristics of thermosyphons, the results
of experimental data are presented in the form of the
dependence of FR on the maximum transferred heat flux
(Fig. 4). Also, for the possibility of comparative analysis,
a thermosyphon was manufactured with an identical
design and water as a heat carrier (TS4).

Fig. 4 shows that the best heat transfer character-
istics were demonstrated by the thermosyphon TS2.
TS1 also showed good functionality. It was the latter that
transmitted the maximum heat flux (FR = 0.44), which
amounted to 180 W.

As was mentioned above, the lowest heat transfer
characteristics among the thermosyphons with nanofluids
was demonstrated by TS3. However, even this thermosy-
phon transfers the heat flux much more effectively than
the one with water (TS4).

For all tested thermosyphons, the following depen-
dence is traced: the maximum heat flux increases with
decreasing FR (increasing the length of the evaporation
zone). This is due to the fact that the liquid column located
above the evaporation zone creates additional hydraulic
resistance for the movement of the vapor phase from the
evaporation zone to the condensation zone.

Conclusions

Thus, the studies of miniature thermosyphons with
aqueous nanofluids based on carbon nanotubes, syn-
thetic diamond and amorphous carbon showed that the
heat transfer characteristics of the thermosyphons with
nanofluids significantly exceed those of thermosyphons
filled with ordinary fluids (water).

The experimental results show that using nanofluides
as heat carriers in miniature thermosyphons is promis-
ing, however it is evident that other types of nanofluids
also need to be tested as heat carriers (type of nanofluid,
concentration, size of nanoparticles, etc.), and life tests
need to be carried out.
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TEIUIOIIEPETABAJIbHI XAPAKTEPUCTHUKHU IBOPA3HUX
MIHIATIOPHUX TEPMOCH®OHIB 3 HAHOPIIMHAMUN

V 36'a3xy 3 nocmitinum 30inbueHHAM WinbHOCMI YNAKOGKYU €NIeKMPOHHO20 OONAOHAHHS, AKA OOHOYACHO € I Kpumepiem
MiHiamopusayii, cmaioms 8ce OiNbW HALANGHUMU | CKIAOHUMU NPOONeMU, NO8'A3aHI 3 NIOMPUMAHHAM MeMNepamypHo-
20 PeHCUMY I OXONOONCEHHAM HANIBNPOBIOHUKOBUX npucmpois. Cucmemu 0X0N00M4CeHHs, AKi GUKOPUCTOBYBANUC BNPOOOBHC
decsamuiimo, 8xce He MONCYMb 3a0080JIbHUMU HOBL 6uMo2u 00 mepmocmadinizayii i niOmpumku memnepamypu 8 3a0aHo-
My Oianasoni, wo nompebye éce Oiibll KOMIIEKCHO20 NiOX00y 00 iIXHb02o supiwents. Kpim yboeo, cucmemu 0Xono0iceHnHs.
eIeKMPOHHO20 YCMAMKY8AHHS 3036UNAL NPOEKMYIObCA N0 KOHKpemHe mexuiyne piuieHns, i @ makux 6unaokax eiocymHs
MOJACTUBICIMb SMIHIOBAMU 2eOMEeMPUYHI NApamempu (OU3atiH cucmemu) 8 wupoxomy oianasoni. 3 yici npuyunu 015 nio8UUeH s
egpexmugrocmi pobomu cucmem OX0100AHCEHH MANO He EOUHO MOICTUBUM BAPIAHMOM € NONINULEHHS MENNOPIZUUHUX 61ACTIU-
socmeti mennionocis. Came 3 makow Memor npo8oOOUMbCS 3aMIHA 36UNALIHO20 MENIOHOCIA (600a, emAaHoNL, MEMAHON i iH.) Ha
HAHOPIOUHY.

YV oaniii pobomi excnepumeHmanbHo 0OCHONCEHT MENnIONePedasaibHi XapaKmepucmuKky, makxi sk mepmMiyHuil onip ma Max-
CUMANLHULL MeNo8ULl NOMIK, 080QAZHUX MIHIAMIOPHUX MEPMOCUDOHIE NPU BUKOPUCIIAHHI HAHOPIOUHU K MENIOHOCIA.
Locniodcennsn nposoounucs 3 mpooma 8UOAMU HAHOPIOUHU HA OCHOBI 800U 3 Gy2lleyeGUMU HAHOMPYOKAMU, HAHOYACMKAMU
CUHMEMUYHO20 anMa3zy i amopghHozo gyeneyio. 3azanbHa 008xcuHa mepmocughorna cmanosuna 700 mm, sHympiwnii diamemp
5 mm. Byno noxazano, wjo menionepeoasanbii Xapakmepucmuxy mepmMocu@onie 3 HaHoPiOUHoI0 3HAYHO Kpawji 3a NOKA3HU-
KU MepMOCU@OHI8, 3anpagieHux 600010. JJoCaioNceHO MaKodic naue KoegiyieHma 3an06HeHHs Ha MenIoNepedasaIbHi XapaK-
mepucmuKy mepmocugonis.

Ompumani  pe3yiomamu nOKA3aAU NePCReKMUGHICMb  BUKOPUCAHHA HAHOPIOUHU SK MENIOHOCIs ONsl MIHIAMIOPHUX
mepmocughonis.

Knouosi cnosa: miniamopruii mepmocu@oH, mepmivHuil onip, Koeqiyienm 3anoeHeHHs, HAHOPIOUHA, Meni106Ull NOMIK.
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TEIUIONEPENAIOINUWE XAPAKTEPUCTUKU JIBY XPA3HBIX
MUHUATIOPHBIX TEPMOCHU®OHOB C HAHOXUJKOCTAMU

B nacmosweii pabome sxcnepumenmanbHo Ucciedo8ansl menionepedaruue Xapakmepucmuki, maxkue Kax mepmuyeckoe co-
NpomusneHue U MaKCUMAanbHblil nepedasaemvlil menio8oll NOMoK, 08YX@Aa3HbIX MUHUATNIOPHBIX MEPMOCUGOHO8 NPU UCCe)0-
BAHUU HAHOJICUOKOCMU Kayecmege menionocumens. Hccnedoeanus npogoounucy ¢ mpems GUOamu HaHONCUOKOCMU HA OCHO-
6€ 8OObL: C YeNepOOHbIMU HAHOMPYOKAMU, HAHOYACMUYAMU CUHIMEMUYECKO20 AAMasa u amopgroo yerepoda. Obwas Onu-
na mepmocugona cocmasnsia 700 mm, enympennuii ouamemp 5 mm. bvino noxasano, umo menionepedaiowue xapaxme-
PUCIUKU MEPMOCUDOHO8 ¢ HAHONCUOKOCTNAMU ZHAYUMETHHO NPEGLIUUAIOM NOKA3AMENU MePMOCUPOH08, 3anpaBIeHHbIX 8O-
dou. Hccnedosano maxoice 6nusnue Kod@uyuenma 3anoiHenus Ha menionepeoaiowue Xapakmepucmuxku mepmocugoHos.
Tlonyuennvie pe3ynvmamul NOKA3GAU NEPCNEKMUBHOCTL UCNONb308AHUS HAHONCUOKOCMU 6 Kadecmee Men10HOCUmenst O Mu-
HUAMIOPHBIX MEPMOCUPDOHOS.

Knrouesvie cnosa: MuHuamioprn? mepmocud)o%t, mepmuyecKkoe conpomueilerue, Koa(j)¢uuuenm 3ANO0JIHeHUA, HaHOJ/CMdKOCﬂ’lb,
Menn060t NOMOKT.
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NCCIIEJOBAHUE ITPOHULTAEMOCTHU
METAJUIOBOJIOKHUCTbBIX KAIIMJUUIAPHBIX CTPYKTYP
TEIUIOBbBIX TPYDb JUJIA OXJIAKAEHWA SJIEKTPOHUKN

IIposedeno sxchnepumenmanvHoe UCCLE008aAHUE NPOHUYAEMOCU MEMANLI080NI0KHUCbIX KANULIAPHO-NOPUCTIbIX
CMPYKMYp ¢ PA3IUYHLIM OUAMEMPOM 60LOKOH U PATUYHOLU HOPUCHOCTIBIO NPU HARPAGIEHUU DUILIMPAYUL MENIOHO-
cumensi 001b NIOCKOCMU 60UI0K08anus. TIpusedenvl makoice pacuemmnvle cCOOMHOWEHUs OJisl ONpedeienust 2Uuopaeiu-
YeCKUX XAPAKMEPUCIIUK KANUISIPHBIX CIMPYKIYP U PE3VIbMambl CPAGHEHUS PACHEMHbIX OAHHBIX U IKCHEPUMEHMAb-
Huix. Tlokasano, umo xapaxmepucmuku Memaiilo8010KHUCHbIX KANUWLIAPHBIX CIMPYKIMYD MEN08bIX MpPyo 3a6ucsim om
HanpasieHusi O8UNCEHUs. MenJOHOCUMeIs.

Knrouesvie cnosa: mennosas mpyba, npoHuyaemocms, KANUWLIAPHO-NOPUCIAS CIMPYKMYPA, NOPUCIMOCIb, OUAMEMp 60JI0KHA.

CoBpeMeHHOE pa3BUTHUE HIIEKTPOHHON TEXHUKH CBSI-
3aHO C MMPOOIEMO CHIDKEHHUS UX MacCOTa0apUTHBIX Xa-
PaAKTEPUCTHK IPU OJHOBPEMEHHOM yBEIHYCHUH TOTpe-
OJsIeMOi MOIITHOCTH, @ 3HAYHT U K IIOBBIIICHHUIO TEMIIC-
paTypHOro ypOBHS pabOTHI AIIEMEHTOB U YCTPOWCTB B
LIEJIOM, YTO CIIOCOOCTBYET CHHIKEHHUIO UX HAJEKHOCTH.
Taxk, eciiu pabouas Temieparypa 3J1eMEHTOB MUKPOCXe-
MblI Ha 10°C mpeBbIlIaeT ONTUMANIBHYI0, 3TO MOXKET MPH-
BECTHU K YBEJIMUEHUIO HHTEHCUBHOCTH 0TKa30B 10 30%
B 3aBUCHMOCTH OT KOMIIOHEHTHOI'O COCTaBa 3JI€MEHTOB
[1]. TToaToMy upe3BBIYaiHO BaKHOM 3ajjadeil sBIseT-
cs1 MOUCK 3()(HEKTHBHBIX CUCTEM OXJIAXKICHUS, KOTOPHIE
obecrnieynBany ObI MONICPKAHUE TEMICPATYPhl JIEK-
TPOHHBIX YCTPOMCTB B 3aJlaHHOM auana3oHe. K Takum
YCTPOMCTBaM B HACTOAILEE BPEMsI OTHOCSTCS TEIJIOBbIE
TpyOBI pa3IHMYHOI KOH(PUTYpALUHU U pa3MepoB [2—S5].

Terunosslie TpyOs! (TT) npencrasnsaoT codoii repme-
TUYHBIE MCTIAPUTEIbHO-KOHIEHCALIMOHHBIE YCTPOICTBa,
coziepyKallie Ha CBOel BHY TPEHHEH MOBEPXHOCTH KarlmJl-
JISIPHYIO CTPYKTYPY, KOTOpas U BBIMONHAET (DYHKIIUH LIUP-
KyJISILUU TEIUIOHOCHUTEIISL B TPOLIECCe MEepefadu Teruio-
ThL. [Ip1 3TOM SKBUBaJIEHTHAs TEIIONIPOBOAHOCTD TAKUX
YCTPOMCTB B 3aBUCUMOCTH OT Pa3MEPOB U IPUMEHAEMOT0
teroHocutesst MoxkeT gocturars 40000 B1/(m-K), uto Ha
JIBa MOPS/IKa BBILIE TEIJIONPOBOIHOCTH Meau. biaronaps
stomy TT MoryT nepenaBaTs OONbIINE TEIOBBIE TOTO-
KU TIPU OTHOCHUTENIBHO HEOOJIBIINX rabapurax U Macce.

Kanumnspaas crpykrypa (KC) urpaet BaxxHy 0 poib
B TEIIOBBIX Ipoleccax, nporekatouux B TT, mockonb-
Ky OHa 00ecreyrBaeT PeUUPKYIALUI0 padodeid JKUAKO-
CTH U3 30HBI OXJIAXIEHUS B 30HY Harpesa s 3ddek-
TUBHOTO (pyHKIMOHUpoBaHus TT BHE 3aBUCUMOCTH OT
ee opueHTauuu B mpoctpancTe [3]. CymecTByeT He-
CKOJIBKO BUJIOB KaITMJLISIPHBIX CTPYKTYP: BCTaBHbIE, KOH-
CTPYKTHBHBIE U KOMOMHUpOBaHHbIE [3—S5]. BeraBHbIe

KC uzrotoBnsrorcs u3 KanuuIIpHO-IIOPUCTHIX MaTepH-
ajnoB. B TermioBrix TpyOax HCHOJIB3YIOTCS, KaK MPaBH-
JI0, CETKH, MOPOIIKOBBIE U BOJIOKHUCTHIE MaTepHabl.
KoHcTpyKkTUBHBIE KalWUIIPHBIE CTPYKTYPhl — 3TO CH-
CTeMa Ma30B, BBIPE3aHHBIX Ha BHYTPEHHEN MOBEPXHO-
ctu kopiyca TT. B komOunupoBanubsix KC Ha BHYTpeH-
HEll MOBEPXHOCTH KOpIyca KpoMe COOCTBEHHO KaIluii-
JSIPHOM CTPYKTYpHI TaKKe UMEIOTCS apTepHH, MpeIHa-
3Ha4YE€HHBIE TOJIBKO AJIS TPAHCIIOPTa TEINIOHOCUTEN [3].

OpnnuMm u3 BugoB KC sBIsIOTCS METaNIOBOJIOKHU-
cThle. ABTopamu [3] ObLIO YCTaHOBIIEHO, YTO UCIONb-
30BaHHUE MMOPUCTHIX METAJIOBOJIOKHUCTBIX MaTepHasoB
MO3BOJISIET pa3padaThiBaTh TaKUE KOHCTPYKIHH TEILIO-
BBIX TPYO, XapaKTePUCTHKH KOTOPBIX MPHOIMKAIOTCS K
MOTEHIMATBHBIM BO3MOXKHOCTSIM 3THX TEIUIONEepeaaro-
IIMX YCTpoicTB. OZHUM M3 OCHOBHBIX IapaMETPOB Ka-
NWUISIPHOM CTPYKTYPBI, BIUSIOIINX Ha TEIUIONEpeaato-
e xapakrepuctuku 1T, sBisgeTcst NpOHUIIaeMOCTh, KO-
Topas xapakTepusyet cnocoonocts KC npomyckars ye-
pe3 ceOst JKUTKOCTh.

M3roroBneHne MeTaJIOBOJIOKHUCTON KaluJUIIPHO-
nopuctoit cTpykTypbl (MBKC) mporcxoauT ¢ moMoIbI0
BOMJIOKOBaHMA Ha IUIOCKOW MOBEPXHOCTH C MOCIETYIO-
MM CIIEKaHHWEM B I€YU MPH TeMIleparype, OMU3KOH K
TUTABJICHUIO METaJlla BOJIOKHA. BOOKHA KanmUIIpHOH
cTpykTypbl B TT pacrnonaraioTcsi B OCHOBHOM Iapai-
JIENIEHO OCH TPYOBI M COBIAAIOT C HANPaBIEHUEM J[BU-
JKEHHS TETIOHOCUTEIIS.

IIponunaemocts 1 KanwuisipHble cBoiictBa MBKC
3aBUCAT OT €€ CTPYKTYPHBIX IapaMeTpoB, dusuye-
CKHUX CBOMCTB >KUJKOCTHU U MOBEPXHOCTHBIX SIBICHUN
Ha TpaHHIle pa3fesia «BOJIOKHO — TEIIOHOCHUTEIbY.
[IpoHHIIaEMOCTB SBIISIETCS OHON U3 BAXKHBIX TPAHCIIOPT-
HbIX XapakrepucTik KC, omHako KOppeKkTHOE ee MOIeIH-
pOBaHUe, KaK U JPYTrUuX XapaKTepUCTUK TAKUX CTPYKTYD,

TeXHOJIOTUs M KOHCTPYHPOBAHHUE B 3JIEKTPOHHOIT anmaparype, 2020, Ne 3—4

ISSN 2309-9992 (Online)

47



OBECHEYEHHME TEIIJIOBBIX PEXXKUMOB

BBI3BIBACT HEMAJIBIE 3aTPYAHEHMS, ITOCKOJIBKY M3TOTOBIIC-
HHE TaKUX CTPYKTYp U3 MOHOAWCIIEPCHBIX JUCKPETHBIX
gacTuIl (BOJOKOH) SIBISIETCS BEChbMa CIOKHBIM M MHO-
roaktopHbM nporeccoM. Kpome toro, MBKC anm3zo-
TPOIHEI IO CBOCU MPHPOJE, UTO IPEKAE BCETO IPOSB-
JSETCsl B BOSMOKHOCTH (PMIIBTPALIM TETIIOHOCUTENS B
HaNpaBJIeHUH BJIOJIb BOJIOKOH M Monepek Hux (puc. 1).

B ofmem ciydyae HampaBieHHE JBUKEHUS KHUIIKO-
CTH B M30TPONHBIX KAIMUISPHBIX CTPYKTypax He BIIUS-
eT Ha Tpoliecc GUIBTPaLny, a KOdGGUIHMEHT TPOHULIA-
€MOCTH MOXKHO ONpeAeNuTh Mo 3akony [apcu [3], xo-
TOPBIIl ONHCHIBAET (UIBTPALUIO HHIOTOHOBCKUX KHJI-
KOCTEH CKBO3b MOpPHUCTYIO cpeay. OOmacTy mpuMeHe-
HU OTOTr0 3aKOHA OTpaHUYUBACTCA MaJIbIMU CKOPOCTA-
MU QUIBTPAINH, KOTIa YHCII0 PeliHONbCa MEHBIIIE HITH
Oomu3ko k equHwMIe. [Ipu 3TOM HabIrOMAeTCs JIMHEHHAS
3aBHCHUMOCTBH MEXIy TPAJHECHTOM JIABICHHUS W CKOPO-
CTBIO (PUITBTPAITHH.

B TT nBuxeHMe TEIIOHOCUTEIS N3 30HEI KOHJIEHCA-
UM B 30HY HATPEBa MPH OTCYTCTBHUH CHJI TPABUTALIUH
obecrieunBaeTcs 3a CYET KAMMUIIPHEIX CHII, & CKOPOCTh
ONKCHIBAETCS BBIPAKEHHEM

__ 9 1)
. — (
rp k11
rae O — mepeaaBaeMbli TEIIOBOH MOTOK;
r, p' — TeIIoTa IapooOpa3oBaHus ¥ IFIOTHOCTh )KUAKOCTH
COOTBETCTBEHHO;
F  — momepevHoe Ce4EeHHE KaUIIAPHOH CTPYKTYpBI

B TEIUIOBO# TpyOe;

IT— nopucrocts (OTHOIIEHHE O0beMa TOp K 00BbEeMYy
BCEH KaUMUIIPHON CTPYKTYPBI).

a)

6)

Puc. 1. Hanpasnenue 1BHKEHUS TEIIIOHOCUTEIIS MTOTIEPEK (&)
U BIOJIB (0) MIOCKOCTH BoinokoBanus MBKC

OpHeHTHPOBOYHBIH pacyeT CKOPOCTH ABWKECHUS
TEIJIOHOCUTENSI B TEIUIOBOH TpyOe (T. €. B YCIOBH-
SIX BBICOKMX 3HAYCHUH MOPUCTOCTH U OOJBIIHUX Te-
IUIOBEIX TIOTOKOB) TIOKA3BIBAET, YTO 3HA4YEHHE W, Mo-
xeT nocturats 10-107 m/c. IIpu 3ToM 3HaYeHHE YHC-
na PeliHONMbCA HAMHOTO OOJIBIIIE SAUHUIIBI, U PEKUM
TEYCHHS MOXKET MEPEXOAUTD U3 IAMUHAPHOTO B TypOY-
neHTHBIA. OUeBUJIHO, UTO B TAKOM CIIy4ae 3aBUCUMOCTh
MEXy TPaJUeHTOM AaBJICHUS U CKOPOCThIO (UIBTpa-
MY HEeJIMHEITHa, a MPUMEHNMOCTh 3akoHa Jlapcu oka-
3BIBACTCSA MOJ BOIIPOCOM.

AHanu3 muTepaTyphl MOKA3hIBAET, YTO OOIBITUHCTBO
uccnenopannii MBKC ObutH mpoBenieHBI ITpH JIBHIKE-
HUU KHUJKOCTH ToNepeK BOJIOKOH [3—9]. JlaHHBIX ke
o nporunaemoct MBKC B ycnoBusix, OJIM3KUX K JABU-
skeauro terronocurenedt B TT [10, 11], HemocTarouno
IUTA UX UCTIOJIb30BAaHUA MPU MPOCKTUPOBAHNUU U CO3J1a-
HUU TEIJIOBBIX TPYO C MOBBIIEHHBIMU TETLIONEPEA0-
MU cBoWcTBaMU. 1Ipu 3TOM HET OMHO3HAYHOTO OTBE-
Ta Ha BOIIPOC O KOPPEKTHOCTH NMPUMEHEHHS 3aBUCHMO-
CTeH, MOMYUYEHHBIX TIPH JIBIKEHUH TEILUTIOHOCHUTEIIS TI0-
TepeK BOJIOKOH, /ISl pacueTa MPOHHUIIAEMOCTH TPU €T
JBH)KCHHUH BIIOJIb BOJIOKOH.

Hacrosiee nccnenoBanue NOCBSIIEHO IKCIIEPUMEH-
TaFHOMY OTIPEACIICHUIO BIUSHUS MOPUCTOCTH U JTHA-
METpa BOJIOKOH METAJIJIOBOJIOKHUCTBIX KaITUJUIAPHBIX
CTPYKTYP TEIUIOBBIX TPYO, MPUMEHSIEMBIX JIJISl OXJIAXIe-
HUS DIIEKTPOHHBIX YCTPOMCTB, Ha KO3()OUITUESHT MPOHU-
[aeMOCTH TP (UITBTPAIIUH TETTIOHOCHTEISI BIIOJIb TIIO-
CKOCTH BOWJIOKOBaHHUSI.

O0pa3ubI 1J1s1 MccleI0BAaHNH M MEeTOAMKA
MPOBeIEHUs IKCTIEPUMEHTA

J1s1 SKCIepUMEHTAITBHBIX UCCIISIOBAHUH UCTIONB30-
BaJIMCh 00pa3Lbl KAMWUIPHBIX CTPYKTYP, BHITOTHEHHBIX
W3 MEIHBIX BOJIOKOH TuameTpoM oT 10 10 50 MKkM 1irHOM
3 mm, nipu 3HadeHuH nopuctoctu 50—90%. O6pasiisl
HMMEJTU BUJ] JUCKA IIWIHHIPUIECKON (DOPMBI JHaAMETPOM
25 MM TommuHOH 1,7+0,3 Mm. J17151 TOTO 9TOOBI TOTyIUTH
YCIIOBHSI CMAYUBAEMOCTH KalTWILISIPHOU CTPYKTYphI aHA-
JIOTUYHBIE YCIOBUSAM B TEIUIOBOU TpyOe, epel HadyaioM
SKCIIEpUMEHTA TIPOBOMIM OKHCICHHE 00pasiia — BbI-
JIEp’)KUBAJIM €T0 B BO3AYIIHOW cpeae B TeueHue | gaca
mipu Temrieparype 300°C, a 3aTeM OCTaBISUTH OXJIaXK1aTh-
Cs1 10 KOMHATHOU TeMmieparypsl [3].

B kauecTtBe paboueii ®KHUIKOCTH UCTIONb30BaIICT 96%-i
PacTBOp STHIOBOTO CIIUPTA.

CxeMa yCTaHOBKH TSl HCCIIEOBAHUS MMPOHUIIACMO-
CTH KaWUISIPHOW CTPYKTYPBI BIOJb TNIOCKOCTH BOMIIO-
KOBaHUS NIpYBe/ieHa Ha puc. 2. OHa COCTOUT U3 OTBITHO-
ro oOpasua /, 000iMbI ¢ HIDKHUM 2 B BepXHUM 3 (iaH-
[IaMU U KpernexxHbIMu Oontamu 4. Onanen 3 coennHs-
€TCsl C HAMOPHBIM IWJIMHAPOM 5, BHYTPEHHUM JIHaMe-
TPOM 6 MM, YPOBEHb JKHJIKOCTH B KOTOPOM 33JaeTCs C
MTOMOIIIBIO CIIMBHOM TpyOkH 6. O00iMa | IMITUH/P pa3-
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Puc. 2. Cxema sKcriepMeHTaIbHON YCTaHOBKH I10 OTIpe/erie-
Huto nponntaemoct MBKC Brons BosokoH:
1 — sKcrepuMeHTaNbHbIH o0pasern; 2, 3 — d¢uaHubr 4 — Kpe-
MEKHBIA OONT; 5 — HANOPHBIA MWIUHIP; 6 — CIHBHAs TPYO-
Ka; 7 — MpO3payHblil COCY/ ¢ HOCTOSIHHBIM YPOBHEM JKUAKOCTH;
8 — cnuBHOU narpybok; 9 — MepHas mkana; /() — pe3epByap;
11 — BeHTMIIB ]2 — MEH3ypKa

MEIIAIOTCS B cOCyle 7, YPOBEHb XKHUJIKOCTH B KOTOPOM
MIOAEP KUBACTCS TIOCTOSIHHBIM C IIOMOIIBIO ITaTpyOKa &.
Bennunna H nepenama ypoBHEH KHIKOCTH B cocyne 7
U B UWIMHAPE 5 U3MEPSAETCs C [IOMOILBIO MEPHOH 1IKa-
mel 9. KuakocTs mocTymaer B MUIUHAP 5 U3 pe3epBya-
pa 10 gepe3 perynupytonuii BeHTWIb /] 1 nanee depes
narpy0oK 8 B U3BMEPHUTEIBHYIO EMKOCTb /2.

Jlns onpenenenus nporumaemoctu MBKC Heobxo-
JTUMO U3MEPUTH PacXo )KUIKOCTH U Iepenaj AaBIeHUs
B cucreme. J{7st aToro pesepByap /0 3amonHseTCs KU-
KOCTBIO TIPH 3aKPBITOM TOJIOKEeHUH BeHTHIs /1. Takxke
3aI0JHSETCS COCyl 7/ — /10 YPOBHS, IIPU KOTOPOM U3
narpyOka 8§ HaYMHAET BHITEKATh JKUAKOCTE. [Ipu sTOM
MOPBl KaWJUISIPHOW CTPYKTYphI MOJTHOCTBIO HAaChIIIa-
10TCst KUAKOCThI0. [locie oTkpeITHs BeHTWIsT /] Kuj-
KOCTh M3 pe3epByapa /() HauWHAET mepeTeKkarh B IH-
JUHIpP 5 | ajee BhITeKaTh U3 narpyoka 8. [lockombky
pacxof JKUJKOCTH U3 pe3epByapa /() BbIlIe, 4eM pacxol
u3 marpyOka 8, B IHIMHAPE 5 MOANCP)KUBACTCS TIOCTO-
SIHHBII YPOBEHb XUAKOCTH. IIpu 3TOM yCcTaHOBUBIIWK-
sl pSKIM HACTyHaeT TOTa, Koraa U3 TpyOKu 6 HadwmHa-
€T BBITEKaTb KHUJKOCTb.

V3MepeHus: IPOBOAMIIUCH CIEIYIOMHUM 00pa3oM.
[Ipu ¢uxcupoBaHHOM Tepenaae HaBieHUS (YpOBHE
JKUAKOCTU H) B yCTaHOBUBIIEMCS PEXXHUME C IOMOILBIO
CeKyHJoMepa 1 MEPHOI eMKOCTH /2 omnpenesnsics pac-
XOJ1 )KUJKOCTH. 3HaueHue H MEeHsJI0Ch NOLIAroBo B -
amrazone oT 13 mo 140 MM (Ha Ka)Xa0M I1are BBITIOTHS-
JIOCh HE MEHEE TPeX U3MEPEHUH, a 1711 pacdyeTa UCIOJb-
30BaJIOCH CpeHEapH(PMETHIECKOE 3HAUCHUE).

KoaddhunmeHT mpoHHIiaeMoCTH OIpeIesIsuIcst U3 Ipe-
oOpa3oBaHHOrO ypaBHeHus Hapcu

x_ YGIn(r, /1) k. ?)
2ngHY

IJe v— KHHEeMaTh4ecKas BI3KOCTh KUJIKOCTH IPH TeMIIe-
parype IpoBeeHUS UCCIIEeJOBAHHIA;

G, — 00beMHBIH pacxoj KUIKOCTH;
H — BbIcOTa CTONI0A KUIKOCTH;

Voo V' — pa,Z[I/IXCLI HCCIIEAYEMOTO 06pa3ua u pr6KI/I, noga-
HOIICHU XXUIKOCTb, COOTBETCTBCHHO,

8 — TonmurHa 00pasua;

g — YCKOpEHHE CBOOOIHOIO IaACHHUSI.

Koaddumuenr k, Bxonsmuii B 3Ty Gopmymy, O3BO-
JSeT YYUTHIBATH JBYXMEPHOCTh TEUYCHHS KUIKOCTH.
B uccnenoBanusx 3, 6, 7] ObLI0 [MOKa3aHO, YTO PEKUM
TEUCHHUS TETUVIOHOCHUTENS B KAIMIUIIPHOH CTPYKTYpE SIB-
JsIeTCs TaMUHAPHBIM, TO3TOMY OBLIO MpHHATO k = 1.

ITorpewrHocTh onpeaenenus ko3 duuuenra npoHu-
1IaEMOCTH He TpeBbImana 8%.

Pe3yabTaThl HCcIeI0BaHN H UX 00CYKIeHHE

CpaBHEHHE pe3yIbTaTOB 3KCIIEPUMEHTOB, IPOBE/ICH-
HBIX TIpY QUIIBTPALIIH KUAKOCTH BJOJIb MJIOCKOCTH BOHi-
JIOKOBaHUS, C pE3yJabTaTaMu, MOyIeHHBIMU B [3, 7] ipu
JIBUKCHUU JKUJIKOCTH TIOTIEPEK Hee, MMOKa3au, 4To 3a-
KOHBI U3MEHEHHU KO PHULIMEHTa TPOHUIIAEMOCTH B 3a-
BHUCUMOCTH OT IIOPUCTOCTH HOCAT aHAJIOTUYHBIH Xapak-
Tep. KacarensHo KONMM4eCTBEHHBIX XapaKTEePUCTHK, OBIIO
YCTaHOBIIEHO, uTO Ipu nopucroctu I1 < 65% Hanpasie-
HHE QUIBTPALUH MPAKTHICCKH HE BIUACT Ha IPOHMIIA-
€MOCTb, B OTIHNYHME OT 00yacTu 3HaueHuit I1 > 65%, roe
9TO BIMSHUE CTAHOBUTCS 3HAYUTEIBHBIM. DTO, OUEBH/I-
HO, MOJKHO OOBSICHUTH T€M, YTO MPH MaJbIX 3HAYCHU-
SIX TIOPUCTOCTH AUAMETP TIOP B MPOIOJILHOM HarpasJie-
HUU MIPAKTUYECKU TaKOH ke, KaK U B BEPTUKAJILHOM, HO
IIPU €€ YBEIMUYEHUM KapTHHA MEHSAETCs, U TOrJa Hauu-
HAeT IPOSIBIIATHCS aHU30TPOIUS CBOMCTB KallWIIIIIPHOU
CTPYKTYpPBI, KOTOpasg CTAHOBUTCS MaKCUMAaJbHOU MpH
TPEIEbHBIX 3HAYCHHSX TopucTOCTH IT .

Uccnenosanns MBKC ¢ BonokHaMu pa3inyHOro Au-
aMeTpa MOKa3asM, 9To IPY yMEHBIIEHHUH d, CTETIEHb BIIU-
SIHUSL HaITpaBJIeHHsI (QUITBTPAIMU Ha KO3 PHUIIUEHT Mpo-
HUIIAEMOCTH CHUKAETCs, OIHAKO 3Ha4YeHUs K TIpH JBU-
JKEHUHU KHUJKOCTH BIOJb TNIOCKOCTH BOMJIIOKOBAaHUS BCE
PaBHO OCTAIOTCS HIKE, YEM NIPH JIBU)KEHUU MOIEPEK.

B [3, 7, 12] ObuH IOTyYeHBI 3aBUCUMOCTH JJISL pac-
yeTa k03¢ UIeHTa IPOHUIIAEMOCTH ITPU PUIIBTPALIIH
JKUJKOCTH HONEpPEeK MJIOCKOCTH BOMJIOKOBaHUS, OIU-
CBIBAIOIIME IKCIIEPUMEHTAIbHBIE TAHHBIE C pa30OpocoM
+ 20%. Kak Obl10 1MOKa3aHo BbIILE, B cliyyae (UIbTpa-
LMY )KUJKOCTH BIOJIb BOJIOKOH MX MOKHO HCIIOJIb30BaTh
JUIS pacyeTOB IIPU 3HAUYEHUSAX [TOPUCTOCTH MeHee 65%,
MMOCKOJIbKY B Juana3one usMenenus 11 ot 65% 1o an
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K, 1071032
5 © 50 MKM °
B 30 MKM ©
A 20 MKM /
4 ¢ 10 MKM
e 12 MM [9]
3 ! =
Pacuer / /.

21
_F/j

55 65

0

WA

5 &5 I1, %

Puc. 3. 3aBucumoctu ko3 pureHTa NPOHUIIAEMOCTH OT IT0-

PHUCTOCTH, TOJyYEHHbIE SKCIEPHUMEHTAILHO U B PE3yJbTaTe

pacueta o ¢opmyne (3) mst MBKC ¢ pasziaudHeIM 1ruame-

TPOM BOJIOKOH TPH (QHIBTPALMN KUAKOCTH BIOJIb IUIOCKO-
CTH BOMJIOKOBaHUS

pacxXoXkJIeHHE PE3yIBTATOB pacueTa U SKCIICPUMCHTAITb-
HBIX JaHHBIX MOXET cOCTaBIATEL 10 50%.

B Hacrosmeit pabote B pe3ynabraTe aHaIU3a dKCIIe-
PUMEHTAJIBHBIX JAHHBIX 11O (PHIBTPAIMH BJOIb TIOCKO-
CTH BOMJIOKOBAHHUS BO BCEM HCCJCAOBAHHOM IHaIa3o-
HE TIOPUCTOCTH OblJIa TIONYYCHA CICAYIOMmAs SMITUPH-
YecKasi 3aBUCUMOCTD:

K =0,4d,> exp(8,4-10°T1d, "),

rae II — nopucrocTs B OTH. €x.;
d, — MMaMeTp BOJIOKOH B MKM.

)

Kak mokazan ananus puc. 3, pacxoXIeHHE JKCIie-
PUMEHTAJIBHBIX TaHHBIX U PE3yJIbTaTOB pacueTa 1o 3a-
BucuMoctH (3) ue npessimaet = 10% B nuamazone I1 =
55 — 80% u + 20% B nuanaszone nusMenenus I1 or 80%
J10 TPEJIeNbHO BO3MOXKHOTO 3HadeHus 1T .

Ha puc. 3 nmpuBeneHs! Takxke 3KCHEpUMEHTAIbHBIE
IaHHBIC JIJIS alB =12 mx™m u3 [9], Tae uccnemnoBanue npo-
HUIIAEMOCTH TPOBOAMIIOCH MPH (QUIBTPAIIMH TTOTIEPEK
TUIOCKOCTH BOWIIOKOBaHHA. VX cpaBHEHUE C pe3ynbTa-
TaMH, TIOTyYEeHHBIMU B HACTOSALICH paboTe IPH OJIM3KOM
3Ha4eHuH d, = 10 MKM, HOATBEPKAAET ONIMCAHHBIE BHIIIE
3aKOHOMEPHOCTH: JI0 3HAUYEHU TTOPHCTOCTH MPUOITH3H-
TeNnbHO 75% HabItomaeTcs yIoBIETBOPHTEIBHOE COBIIA-
JIeHWE JaHHbIX, a npu nopuctoctu 8§0% pacxoxaeHue
yxe npessimaet 100%.

3akioueHue

Takum 00pa3oM, IPOBEIEHHBIE HCCIEIOBAHUS ITOKA-
3aJI1, YTO 3aBUCUMOCTh IPOHULIAEMOCTH OT IOPUCTOCTH
KaWULIPHOW CTPYKTYPBI MIPU (PIIIBTPALIUNH KHUIKOCTH
MOTIEePEK BOJIOKOH HOCUT MPAKTUUECKH TAKOM ke Xapa-
KTep, KaK ¥ pu GUIbTpanny Broib. KonnmdecTBeHHBIE

MTOKA3aTEeIH TaKXKe HACHTHYHEI B 00JIaCTH 3HAYCHUH 1T0-
puctocTH 0T 55 10 65%, OHAKO ITPU BEICOKOH ITOPUCTO-
CTH pa3iI4ys YK€ BEChMa CYIECTBCHHBI — OTIIHINE MO-
JKET cOCTaBIATE 110 50%.

B pesynprare amanmmsa SKCIEpUMEHTANBHBIX TaH-
HBIX OBIJIa IMOJyYeHAa IMITUPHUIECKas 3aBUCHMOCTB, 10~
3BOJISIFOINAS PACCYUTATH 3HAYCHHS KOA(D(DUITHEHTA TIPO-
HHUIIAEMOCTH UIS YCIIOBUH, XapaKTEePHBIX ST paboThI
TEIUIOBBIX TPYO.

C y4eToM NoTy4eHHBIX JaHHBIX 10 YKUAKOCTHOU TPO-
HHUIIAEMOCTH KalMJULIPHBIX CTPYKTYP BIOJMB IDIOCKOCTH
BOMJIOKOBaHHS MOTYT OBITH CO3JaHBI TEILIOBEIEC TPYOBI C
MaKCHMaJILHBIMH TETUIONIEPETAIOIIIMY XapaKTePHUCTHKA-
MU JUTST OXJIaXKICHHS SIICKTPOHHOMN TeXHHUKH.

HCTIOJIb3OBAHHBIE UICTOYHUKHN

1. ®enacrok [.B. Memoou ma 3acobu mennosoco npoexmy-
8aHHA MIKpoereKmpoHHux npucmpois. JIbBiB, Bun-so [Jlepx. yH-TY
“JIpBiBCHKa momiTexHika”, 1999, 228 c.

2.JoH.S.,AnS.,Nguyen X. H. et al. Modifying capillary pressure
and boiling regime of micro-porous wicks textured with graphene
oxide. Applied Thermal Engineering, 2018, Ne 128, p. 1605-1610.
https://doi.org/10.1016/j.applthermaleng.2017.09.103

3. Cemena M., I'epirynu A.H., 3apumnos B.K. Tenzogeie mpyoei ¢
Memanio8oN0KHUCMbIMU KanWspHuIMu cmpykmypamu. Kues, Buia
mkoja. 'ooBHoe u3a-Bo, 1984, 215 c.

4. Kocropuos A. I, [llaroBain A. A., Mopo3 A. JI. u ip. Ternobie
TPYOBI C KAITMJUISIPHBIMH CTPYKTYPaMH Ha OCHOBE KOMITO3HIIHOHHBIX
IpaJJUEeHTHBIX MaTepHaJIOB IS TEIIIOOOMEHHBIX CHCTEM KOCMHYec-
KOTO M aBHAI[MOHHOTO Ha3HauyeHUs. KocmiuHa Hayka i mexHonozis,
2009, 1. 15, Ne 2, ¢. 69-79. https://doi.org/10.15407/knit2009.02.069

5.Reay D.A., Kew P.A., McGlen R.J. Heat pipes: theory, design
and applications. Elsevier, 2014, 251 p.

6. Andraka Ch. E., Moss T. A., Baturkin V. et al. High performance
felt-metal-wick heat pipe for solar receivers. AIP Conference
Proceedings, 2016. http://dx.doi.org/10.1063/1.4949054.

7. Tepurynu A.H., Humuk A.I1. T'ungponnHamMuyeckue xapaxre-
PHCTHKH METAJJIMYECKUX NMOPHUCTHIX TOHKOBOJIOKHUCTBIX MaTepua-
JIOB AJIsl CHCTEM OXJIaXKICHUsI AICKTPOHHOU anmapartypsl. Tpyost XVIII
Medicoynap. nayu.-npakm. kongh. “Coepemennvie uHghopmayuoHHole
u anexkmponnvle mexnonoauu”. Yxkpaunna, Onecca, 2017, c. 39-41.

8. Marcus B. D. Theory and design of variable conductance heat
pipes, NASA Technical Reports Server (NTRS), 1972, 238 p.

9. De Kerpel K., De Schampheleire S., Steuperaert H. et al.
Experimental study of the effect of felt wick porosity on capillary-
driven heat pipes. Applied Thermal Engineering, 2016, vol. 96, pp.
690—698. https://doi.org/10.1016/j.applthermaleng.2015.11.070

10. esens E.B, Mensauk P.C. VccrenoBanue mpoHuiaemMoc-
TH METaJJIOBOJIOKHUCTBIX KalUUIIPHO-TIOPUCTBIX CTPYKTYP BIOJB
IUIOCKOCTH BOMJIOKOBAHUS. DHepeomexnonozuu u pecypcocoepenice-
nue, 2015, Ne 1, ¢. 33-36. https://doi.org/10.33070/etars.1.2015.04

11. barypxusa B.M., 3apunios B.K., Kpasent B.1O. u ip. iccnenoBanne
CTPYKTYPHBIX U MEXaHHYECKHX CBOMCTB METAJUIOBOMIOUHBIX (UTH-
JIeld, IpeiHa3HAYCeHHBIX JUISl BBICOKOTEMIIEPATyPHBIX TEIUIOBBIX TPYO
— COJIHEYHBIX pecuBepoB. Duepzemuxa, Ne 2, 2002, c. 41-46.

12. Hekpawesuu S.B. Tennonepeoasanvni xapaxmepucmu-
KU MIHIGMIOPHUX MEnaosux mpyb 3 Memanogoi0KHe80I0 Kaniisip-
Hoto cmpykmypoio. [uc. ... kano. mexu. nayk, HTYY «KIII im. Irops
Cikopcbkoroy, 2014, c. 148.

Jama nocmynnenus pykonucu
6 peoaxyuio 27.02 2020 .

50

TexXHOIOrHs U KOHCTPYHPOBAHUE B IEKTPOHHOM ammaparype, 2020, Ne 3—4

ISSN 2309-9992 (Online)



OBECIIEYEHUE TEIIJIOBBIX PEXKUMOB

DOI: 10.15222/TKEA2020.3-4.47
UDC 536.248.2

V. Y. KRAVETS, R. S. MELNYK,
A. A. CHERVONIUK, Ye. V. SHEVEL

Ukraine, Kyiv, National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute”

E-mail: kravetz_kpi@ukr.net

INVESTIGATING PERMEABILITY
OF METAL FELT CAPILLARY STRUCTURES
OF HEAT PIPES FOR COOLING ELECTRONICS

The paper presents the experimental results on the permeability of metal felt capillary-porous structures with a fiber diameter
of 10—50 um at porosity values from 57% to 90% when the fluid filtration occurs along the felt plane. It is determined that the
permeability depends on the geometric parameters of the capillary structure (fiber diameter), porosity and direction of fluid
filtration. In previous permeability studies, no attention was paid to the direction of fluid movement in the capillary structure.
It was believed that the metal felt structure is isotropic and the permeability was studied for cross-fiber filtration. In reality,
unlike regular capillary structures (powder), metal felt structures are anisotropic and their characteristics depend on the
direction of fluid filtration. In heat pipes, the capillary structure fibers are mostly positioned parallel to the axis of the pipe,
and thus the fluid moves from the condensation zone to the evaporation zone along the fibers.

It was shown that at a porosity of 55—70%, the value of permeability does not depend on the direction of filtration. In the
porosity range from 70% to 90%, error can exceed 50%. In this porosity range, the permeability value at cross-fiber filtration
significantly exceeds the permeability value at longitudinal filtration.

This proves that the calculation relations for determining the permeability coefficients of metal felt capillary-porous structures
obtained for cross-fiber filtration cannot be used to calculate heat pipes.

Analyzing the results and processing the obtained experimental data allowed proposing an empirical dependence that

generalizes the data with an error of up to 20% in the whole range of the studied porosity values.
The research results can be used to design heat pipes with maximum heat transfer characteristics for cooling electronics.

Key words: heat pipe, permeability, capillary-porous structure, porosity, fiber diameter.

REFERENCES

1. Fedasyuk D.V. Metody ta zasoby teplovoho proektuvannya
mikroelektronnykh prystroyiv [Methods and means of thermal design
of microelectronic devices]. Ukraine, Lviv, Publisher House of Lviv
Polytechnic National University, 1999, 228 p. (Ukr)

2.JoH.S.,AnS.,Nguyen X. H.,Kim Y., Bang B. H., James S. C.,
Choi ., Yoon S. S. Modifying capillary pressure and boiling regime of
micro-porous wicks textured with graphene oxide. Applied Thermal
Engineering, 2018, no. 128, p. 1605-1610. https://doi.org/10.1016/j.
applthermaleng.2017.09.103

3. Semena M.G., Gershuni A.N., Zaripov V.K. Teplovyye truby
s metallovoloknistymi kapillyarnymi strukturami [Heat pipes with
metal fiber capillary structures]. Ukraine, Kiev, Vyshcha Shkola,
1984, 215 p. (Rus)

4. Kostornov A. G., Shapoval A. A., Moroz A. L. et al. Heat pipes
with capillary structures on the basis of composite gradient materials
for space and aviation heat systems engineering. Space Science and
Technology, 2009, vol. 15, no. 2, pp. 69-79. https://doi.org/10.15407/
knit2009.02.069 (Rus)

5.Reay D.A., Kew P.A., McGlen R.J. Heat pipes: theory, design
and applications. Elsevier, 2014, 251 p.

6. Andraka Ch. E., Moss T. A., Baturkin V. et al. High perfor-
mance felt-metal-wick heat pipe for solar receivers. AIP Conference
Proceedings, 2016. http://dx.doi.org/10.1063/1.4949054.

7. Gerchuni A. N., Nishchik A. P. Hydrodynamic characteristic
sofimetal porousthin fibrous materials for cooling systems of electronic
equipment. Proc. of the XVIII Int. Sci. and Pract. Conf. “Modern Informa-
tion and Electronic Technologies . Ukraine, Odessa, 2017, pp. 39-41.

8. Marcus B. D. Theory and design of variable conductance heat
pipes, NASA Technical Reports Server (NTRS), 1972, 238 p.

9. De Kerpel K., De Schampheleire S., Steuperaert H. et al.
Experimental study of the effect of felt wick porosity on capillary-
driven heat pipes. Applied Thermal Engineering, 2016, vol. 96,
pp. 690-698. https://doi.org/10.1016/j.applthermaleng.2015.11.070

10. Shevel E.V., Melnyk R.S. Research of Metal Fibrous Capillary
Porous Structures Permeability along Felting Surface. Energy
Technologies and Resource Saving, 2015, Ne 1, pp. 33-36. https://doi.
org/10.33070/etars.1.2015.04 (Rus)

11. Baturkin V.M., Zaripov V.K., Kravets V.Yu. et al. [Investigation
of the structural and mechanical properties of metal wicks designed
for high-temperature heat pipes — solar receivers]. Energetic, 2002,
no. 2, pp. 41-46. (Rus)

12. Nekrashevych Ya.V. Teploperedaval'ni kharakterystyky min-
iatyurnykh teplovykh trub z metalovoloknevoyu kapilyarnoyu struk-
turoyu. Dysertatsiya ... kand. tekhn. nauk [Heat transfer characteristics
of miniature heat pipes with a metal-fiber capillary structure. Pd. tech.
sci. diss.] National Technical University of Ukraine*“Igor Sikorsky
Kyiv Polytechnic Institute”, 2014, 148 p. (Ukr)

TeXHOJIOTUs M KOHCTPYHPOBAHHUE B 3JIEKTPOHHOIT anmaparype, 2020, Ne 3—4

ISSN 2309-9992 (Online)

51



OBECHEYEHHME TEIVIOBBIX PEXKUMOB

DOI: 10.15222/TKEA2020.3-4.47 B. I0. KPABEI]b, P. C. MEJIBHUK, A. A. YEPBOHIOK, €. B. IIEBEJIb
VIK 536.248.2

Vipaina, M. KuiB, HanioHansHUi TeXHIYHAIT yHIBEpCHTET YKpaiHU

«KuiBchKHil MONITeXHIYHUH IHCTUTYT iMeHi [ropst CikopchKOTO»

E-mail: kravetz_kpi@ukr.net

JOCIII/DKEHHSA ITPOHUKHOCTI METAJIOBOJIOKHUCTUX KATIIVIAPHUX CTPYKTYP
TEIUIOBUX TPYD JIA OXOJIOPKEHHA EJIEKTPOHIKIA

Haeedeno pezynomamu excnepumenmanbHo2o O0CAIONCEHHS NPOHUKHOCTI NOPUCIUX MEMAI08ONOKHUCIUX KANIIAPHUX
cmpyKmyp (MBKC) 3 diamempom onokon 10 — 50 mxm i nopucmicmio 57 — 90% 3a ymog @inempayii piounu 63006s1c nio-
wunu 0UN0KY8anHa. Bcmanoeneno, wo nponuxuicme 3anedcums 6io eeomempuunux napamempie MBKC (oiamempa 6ono-
KOH), nopucmocmi ma Hanpsamxy @itempayii piounu. Ipu ybomy y nonepeonix 00CIiONCEeHHAX NPOHUKHOCIIE 8 OCHOBHOMY He
38epmanu ygaeu Ha HANpAM pyxy piounu 8 KaniiapHil CmpyKmypi, OCKiIbKU 86aJICAIOCH, WO MEMAL080IOKHUCINA CINPYKIY-
Pa € i30mponHoI0, i O0CTIOHCEHHSI NPOHUKHOCMI NPOBOOUNOCS npu (itbmpayii nonepexk 0J10KoH. PeanvHo i, Ha 8IOMIHY 8i0
pe2YIAPHUX KANLISPHUX CMPYKMYP (ROPOUIKOBUX,), MEMATOB0IOKHUCIE CIMPYKIMYPU € AHI30MPONIYHUMY, MOOMO iXHI Xapak-
TMepUCMUKU 3a1eicams 8i0 Hanpamky @irtempayii piounu. B menaosux mpybax éonoxna MBKC pozmauiogyromsbcs nepegasic-
HO napanenvbro 8ici mpyou, momy pyx piouru 6i0 30HU KOHOeHcayii 00 30HU 8UNAPOBYBAHHS 8i00Y8AEMbCS 83006XC BOIOKOH.

Byno ecmanoeneno, wo npu nopucmocmi 6io 55 0o npubnuzno 70% nponuxnicme He 3anexcums 6i0 HANPAMKY girbmpayii, a
6ofce 6 oonacmi nopucmocmi 6i0 70% 0o epanuyHux 3HAYEHb NOXUOKA Modce docsieamu 50%. ¥V ybomy dianazoni nopucmocmi
NPOHUKHICMb npu Ginbmpayii piounu nonepex 6010KOH 3HAYHO 8uwye, HIdC npu Gitempayii 63006dc 6onoKkon. 3 yiel npuuu-
HU O4e8UOHO, WO 8I0OMI PO3PAXYHKOGI CNiG8IOHOWEeHH s OIS BU3HAYeHHs Koehiyienmie nponuknocmi MBKC, ompumani npu
@inempayii piounu nonepex 6010KOH, He MOJCYMb OYMu 3aCmMoco8ani Osl po3paxynKie mennogux mpyo. 3a pesyrsmamamu
aHanisy i 00poOKu OMPUMAHUX eKCHePUMEHMATbHUX OAHUX 3aNPONOHOBAHO eMNIPUYHY 3ANEICHICY, KA Y3A2ANbHIOE iX 3 NO-
xubxoro 00 20% y 6cbomy 0ianazomi O0CHIONCYBAHUX 3HAUEHb HOPUCHIOCIII.

Pesynomamu npogedenux 00cnioxicerb Mo*Cymb OYmMu UKOPUCIAHT Ol NPOEKMY8AHH MENL08UX MPYO 3 MAKCUMATbHUMU
TMeni1onepedasanrbHuMU Xapaxmepucmukamu sk OXON00HCEHHS eLeKMPOHHOT MEXHIKU.

Kniouesi cnosa: mennosa mpyba, npoHuKHicmv, KaniispHO-NOPUCIA CMPYKNypa, NOPUCmicims, olamemp 6010KHA.
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«ENeKTpOHHI XapakTepUCTuKn
KBaHTOBUX ToYoK CdS,

LLO MICTATb AeeKTU»

Puc. 1. leomeTpnyHa CTpyKTypa onTUMi30BaHOIO
6e3nedekTHoro knacrepa CdS

YKOBTVM KONbOPOM MO3HA4YEHO

aToMW CipKW, CipUM — KagMito,

3erneHuM — KBagpat XBUIbOBOT
dyHkuii ctaHy HOMO

Puc. 2. lTeometpnyHa
CTPYKTYpa ONTUMI30BaHUX
Knactepis 3 BignoBigHNMM
Aedektamm (V,,, S, Zn.,, Cug,)
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Puc. 3. T'ycTuHa enekTpoHHMX CTaHIB g K (OYHKLISA Bif, eHepril (a) Ta CNeKTp ONTUYHOTO MOMMHAHHS (6)
ans 6espedekTHoro knactepa CdS (Bare) i 4ng Takoro, Lo MiCTUTb Pi3HOro poay AedekTu:
BaKaHcito kaamito V,,, MkBy3noBy Cipky S, AOMilLKY 3aMilLeHHs uuHKy Zn, Ta migi Cu,

Cd’
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