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HEBITAABHbIX OMUYECKUX KOHTAKTOB
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Paspabomansr memodst snumakcuaibHo2o pocma cuabHoAe2UPOBAHHbIX croee n+ InAs(Si) na nodsoxncke GaAs oas co3danus
OMUHECK020 KOHMAKmMa ¢ Memaaiuzayuei, He mpebyroujeeo eniasienus. Ilpedaoxcensvt paziuunsle KOHCMPYKUUU NEPEXOOHbIX CA0-
€6 U MemoouKu pocma, no3goasuue 00CMu1b 8biCOKOU NOOBUNICHOCMU 31eKMPOHOE NPU HUZKOU WePOX08amocmu NO8epXHOCMU

cnoes InAs.
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BBenenune

Apcenun uHausl InAs gBasgeTcs HpUBIEKaTEIb-
HBIM TOJIYIPOBOJHUKOBBIM MaTepuaaoM JUIsl 3JeK-
TPOHHBIX U ONTO3JEKTPOHHBIX TPUOOPOB — OH 00JIa-
JIaeT MaJION SHEPTUEN 3aNPELLEHHOM 30HbI U BBICOKOM
MOJBUXHOCTBIO 3J1eKTPOHOB. [Tockonbky InAs ume-
et Haubosbiuyio cpenu apyrux A"BY nonynposon-
HUKOB 3HEPTUIO CPOJCTBA K JIEKTPOHY, B KOHTAKTE C
MeTaIoM (POpMUpYeT 30HHBIN Ipoduab ¢ odoraiie-
HHEM 3JIeKTpOHAMU NPUKOHTAKTHOI objactu [1]. Jle-
TMPOBaHHBIN TOHOpamMu InAs ¢ KOHLIEHTpaluei npu-
mecu 1...5+ 108 ™3 (n+1InAs) MOXeT OBbITh UCITIOJb-
30BaH B KaUeCTBE KOHTAKTHOTO CJIOSI, KOTOPBIiA TTO3BO-
JISIET MIOYYUTh OMUYECKUIA KOHTAKT C METAJUIU3aLUECHA
HCTOKA M CTOKAa, HE TPeOYIOUIMi BIUIABICHUS, TPU
9TOM JOCTMTaeTCsl COINMPOTUBIEHUE KOHTAKTa IMOpsaKa
1070 Om - cm? [2]. B apyrux rerepocTpyKTypHBIX TEXHO-
norusix, HarpuMep, P-HEMT AlGaAs/InGaAs/GaAs ¢
JIETMPOBaHHBIM KOHTAaKTHBIM cjioeM n+ GaAs(Si), mist
JOCTUXKEHUST CTOJIb HU3KMX 3HAYEHW KOHTAaKTHOIO
CONPOTUBJIEHUS IPUMeEHsIeTCs TUGGY3MOHHOE BILIaB-
JIEHUE, TIpY KOTOPOM IPOUCXOIUT JEeTUPOBaHUE MPU-
KOHTAKTHOW 00JIaCTH MOJYIPOBOAHUKA U (DOPMUPO-
BaHWE "IIYHTOB" ¢ METANTUYECKON IMPOBOIUMOCTBIO,
yTo obOecrneuuBaeT paspylueHue Oapbepa IlloTTKM C
METALJIOM OMUYECKUX KOHTAKTOB. DTall BbICOKOTEM-

nepaTypHoil 00pabOTKN OMUYECKUX KOHTAKTOB Mpe/-
ecTByeT (OpMUPOBAHUIO 3aTBOPHOM METAIU3ALINH,
B MPOTUBHOM Cllyyae HarpeB MPUBOAUI Obl K IAUD-
(y3MoHHOMY pa3MbIBaHUIO META/IM3ALIMU 3aTBOpA U
cHuxXeHuo O0apbepa IIoTTKu Ha 3aTBOpE, UTO SIBJISI-
eTcsl HexenaTeabHbIM. OIHAKO MCITOJIb30BaHUE MPU-
KOHTakHbIX cioeB n+InAs uin n+InGaAs cHumaet
3TO OrpaHUYEHHUE.

B takom ciyyae meTtaynuzauusi OMUYECKUX KOH-
TaKTOB MOXET CJIeIOBaTh Iocje popmupoBaHus T-00-
pa3HoOro 3aTBOpa TPAH3UCTOPA M €€ MOXHO BBIIOJ-
HUTb 10 CAMOCOBMEUIEHHON TeXHOJOTuu. BepxHss
4yacTh 3aTBOPA SIBJISIETCS MacKoii, hopMUpyIoliei Kpast
CTOKa M MCTOKA CTPOTO IO TpaHMIIEe UIISAINKU 3aTBO-
pa. IIpu 3TOM peanusyeTcss MUHMMAJIbHBIN 3a30p Me-
KAy CTOKOM M HCTOKOM TpaH3UCTOpa, MPUYEM ero
JIETKO 3a/1aTh JUIMHOM IIJISITIKK 3aTBopa. Takas Toro-
JIOTUSI TPaH3MCTOpA MO3BOJISIET CHU3UTDb BpeMsI MpoJie-
Ta 3JIEKTPOHAMHU aKTUBHOM 00JIACTA W YBEJIMIUTH Tpa-
HMYHYIO YacTOTy ero padoTsl. Takoi moaxoa 0CoOeH-
HO BaxeH B TexHojoruu KBY TpaH3uCTOpOB U LuG-
POBBIX CXeM, 0a3UpYIOLIMXCI Ha TeTepOCTPYKTypax C
BBICOKUM cojepxkaHueM InAs, roe MakCUMaJIbHO HC-
MOJb3YIOTCS MpPEeUMYIIeCTBa BBICOKOM ApeiidoBoii
CKOPOCTH 3JIEKTPOHOB [3].

JJ1s1 UCITOJIb30BaHUSI IpeuMylecTB InAs npu co3-
JaHUM OMMYECKMX KOHTAKTOB paccMaTpUBalOTCS MOJI-
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XOIBI TIO €r0 BBIPAIIIMBAHUIO B KAYECTBE BEPXHETO JIe-
TMPOBAHHOTO CJIOSI B F€TEPOCTPYKTYpax, B TOM UUCIIE
yepe3 Mmacky [4]. OmHako MexaHWdeckue medopma-
LINM, BbI3BAHHbIE HECOOTBETCTBMEM ITOCTOSIHHBIX pe-
LIEeTKM, 3aTPYAHSIIOT MOJIyuyeHHE BbICOKOKAYECTBEH-
HbIX cyoeB InAs mpu snuTakcuaaibHOM pocTe. PocT
ncesagoMopdHO HaIpspKeHHOro cjios InAs yxe mpu
BeCchbMa MaJIoii TOJNIIUHE TUIEHKU (CBBILLIE 4...5 HM 1151
COEIMHEHU, pellleTOYHO-CcorjacoBaHHbIX ¢ InP, u
cBblie 2...3 HM 11t GaAs-COBMEILLEHHBIX CJIOEB) IIPHU-
BOJUT K Hayajly Heyrnpyrom pejakcaluu IjieHKu 1 00-
pa3oBaHUIO AUCTOKalMii. BbicoKas MIOTHOCTb AWCIIO-
Kaluui B ciioe InAs MOXeT BbI3BaTh UX PacIpoOCTpaHe-
HUE B HUXeJIeXalllue aKTUBHbBIE CJIOM TeTePOCTYPKTY-
DBI, 3HAYUTEIBHO YCUJIMB PACcCESTHUE JIEKTPOHOB, UTO
MPUBEJET K CHUXXKEHUIO TOKA, YaCTOTHBIX MapaMeTpOB
TpaH3UCTOPa U YBEIMICHUIO IIIyMOB. OMHUM U3 peliie-
HU SIBISIETCS POCT ITOJUKpUCTaIndeckoro InAs [5].

ITpu pssMOM BIMTaKCUAIBHOM POCTE peJlaKCUpO-
BaHHBIX TUIEHOK InAs 0e3 MCIIoIb30BaHMS MEPeXO/l-
HBIX CJIOE€B IJIOTHOCTh OUCJIOKAIIMI CHUXKAETCS He-
JIOCTaTOYHO OBICTPO C YBEJIUYEHUEM TOJILLIMHbI IUIEH-
K1, yAy4llIeHde KauyecTBa HabIomaeTcs py TOJIIIMHE
ciost >1,5...4 MxMm [6, 7], ¥ TaKo# TOAXOI HEPUMe-
HUM 1 retepocTpyKTypHbix HEMT-texHonoruii.
ITpu cTaHAapTHBIX CKOPOCTSIX U TeMIlepaTypax pocTta
6omnee 500 °C poct InAs Ha GaAs NPUBOAUT K Ille-
pPOXOBATOM MOBEPXHOCTH M PA3BUTHIO Ae(PEKTOB yra-
KOBKU. [Ipy 3TOM MNOABMXKHOCTb L 3JEKTPOHOB B
IUIeHKax ToJinHoi MeHee 100 HM cocTaBiisieT BCETro
400...1000 CMZ/(B *C), YTO 3HAYUTEJBbHO HMXE MOJ-
BWXXHOCTU 6e3nedexkTHoro InAs. Kpome Toro, Mmopdo-
JIOTUSI M CTPYKTYPHOE KauyecTBO IIeHOK InAs Ha non-
Joxxkax GaAs CUJIbHO YYBCTBUTEJIbHBI K TEMIIEpaType
poCTa M COOTHOLIEHMIO NaBJEHUI TTOTOKOB MBIIIbSIKA
u uHaus [7].

Lenblo Hacrosiieit pabOThl SIBIASJIOCH Pa3BUTHE
METOAO0B BMUTAKCUAJILHOTO BbIpalllMBAHUS CUJIBHO
JIETUPOBAHHBIX JTOHOPaMU KPEMHUs TOHKMX TJIEHOK
n+InAs(Si) mpu coxpaHEeHUM MaKCUMAaJbHOTO CTPYK-
TYpPHOTO KayecTBa cjioeB. Kputepuem sBisieTcsl co-
XpaHEHUE MOHOKPUCTAINUECKOU CTPYKTYPHI CJIOEB,
HU3KOM IIepOXOBATOCTU MOBEPXHOCTU M TOCTUKECHUE
MaKCHUMaJbHON TOABUXXHOCTUA BJIEKTPOHOB, B 3TOM
cllyyae KOHTakTHhIe ciion n+InAs(Si) moryr mpume-
HATbCS B reTepocTpykTypHbix HEMT-TpaH3ucTopax
IS CO3[IaHUs] HEBIJIABHBIX OMUYECKUX KOHTAKTOB.

DKCHepUMEHTAJIbHBIE 00pa3Ibl
M pe3yJbTaThl U3MEpPeHuii

Jns vccaemoBaHus M ONITUMU3ALIMA TTPOLIECCOB 3K~
TaKCHMAJILHOIO POCTa JIETMPOBAHHBIX IIeHOK #+InAs
ObUTM BBIOpaHbBI TPU CTPYKTYPbl MEPEXOAHBIX CJIOEB
(obpasiiel 1-ro, 2-ro U 3-TO THUIIA), PACIIOIOXEHHBIX
Mexny cioeM GaAs u JerupoBaHHBIM citoeM 100 HM
n+InAs(Si). ITocne oygpepa GaAs U TOHKOU CBepxpe-
wetkn AlAs/GaAs ciemoBan cioii AlGaAs, 3atreM B
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oOpasuax 1-ro tuma — pellakcallMOHHBIE cIoU InAs,
2-ro tuna — mnoxacnoi In Alj_,As ¢ coaepxaHuem
InAs 75...90 %, 3-ro Tna — MeTaMOpP(MHBIA IIEPEXOa-
HbliA 6ydep In, Al _,As ¢ nsmMeHeHnem cocrasa ot 20
10 90 % Ha TtomuHe 1,1...1,2 MKM.

ITocKoabKy TIJIaBHOE TOBBIIIEHUE MOJBHON TOJIU
InAs 10 100 % TexHMYECKU peaan30BaTh 3aTPYIHU-
TEJIbHO B CBSI3U C MHEPLIMOHHOCTBIO 3(P(y3MOHHBIX
sgJeek, (puHaIbHAsI YacTh MepexoaHoro oydepa Obliia
peaqn3oBaHa B Buzie cBepxpelieTku InAs/In, Al _ As.
IIpu Takoit cCTpyKType cj0eB Haubosiee pe3Kuil Ie-
penam coctaBa In M MakcUMalbHBIE HATIPSKECHMUS
MpM Hayaje pocTa IUIeHKU InAs peajin30BbIBAIUCH B
CTpyKTypax 1-To TuIa, Torma Kak 2-i Tumn odecrneum-
BaJj1 OoJiee IUIaBHBIN mepexon oT pemeTku GaAs K pe-
meTke InAs, a 06pasinl 3-ro TMIa 00eCcIeYnBaIv MaK-
CMMAaJIbHO IUTaBHOE paclipefie/ieHne BO3HHMKAIOIINX
JUCIOKAMA HECOOTBETCTBUS MPU peaKkCalluu CJIos
In, Al, _,As. ITapameTpsl BEIpalEHHLIX 00Pa3LOB (1101-
BVXXKHOCTD |1 M KOHLEHTPALUA 71, SJIEKTPOHOB, a TAKXKe
CpemHEKBaApaTUYHAS IIIEPOXOBATOCTH ITOBEPXHOCTH
RMS) npuBeneHsl B Tabnulie.

Ha puc. 1 npuBeneHbl peHTTeHOBCKUE AUGPaAKTO-
rpamMmbl oTpaxkeHust (004) ot odpasuos 2-ro tumna. Ha
00pasiax BbICOKOIo KauecTBa cjior InAs nmokasbiBaloT
MaJjioe YIIMpeHne TUHUN Tu¢pakIIu, YTO CBUIETEThb-
CTBYET O XOPOILE MOHOKPUCTAUIMYECKOMA CTPYKTYpe
1 HU3KOM TIJIOTHOCTH TUCIIOKALIMI B TOJIIMHE OCHOB-
Horo cios InAs. Hanmnuue nozacios In Al;_ As nipo-
SIBJISIETCS] B BHIE JOMOJHUTEIBHOTO TTMKAa, PacIoio-
KeHHoro crnpaBa oT nuka InAs. Takum obpa3om, oc-
HOBHas peJlakcalusl HaIPSLKEHWA TPOWCXOOUT TIPH
(dopmupoBanuu cinos In, Al As 1 Ha4aJIbHBIX CJIOEB
InAs. IlnoTHOCTh AMCIOKALMI U 1e(hEeKTOB YIIaKOBKU
B cioe InAs HampsMmylo BIMSET Ha 3JIEKTPOHHBIC
TpaHCHOPTHbBIE CBOMCTBA. [J1s1 MX aHaIM3a u3Mepsiiach
XOJIJIOBCKAst KOHIIEHTpAUWsS W TOOBUKHOCTh 3JICK-
TpoHOB npu KoMHaTHOU TemmepaType (300 K) u rem-

YcaoBus pocTa U mapaMeTpbl H3rOTOBJIEHHBIX 00Pa3I0B

n+InAs/AlGaAs
Growth conditions and the parameters of manufactured samples
of n+InAs/AlGaAs
Ne Tun 20 -
o6pasia| obpasia TTpOCTa PA,S; p, cm</(V+s) ne],g RMS,
Sample | Sample g{PWth)’ 10 107 nm
number type C Torr |300 K| 77 K |cm™3
61 1 470 2,9 | 5450 6000 | 1,41 | 1,6
66 1 460 2,3 | 6610 7390 | 0,47 | —
87 2 460 5,5 7020 | 7800 | 0,45 | 2,3
119 2 450 2,4 1860 | 1880 | 23,7 | 2,0
120 3 460 5,3 8340 | 9580 | 1,40 | 1,3
122 2 460 4,0 726 | 780 58,2 | —
123 3 430 4,0 |10 800|12450( 0,62 | 2,0

Ilpumeuanue: TpOCTa — TeMIiepaTypa IOIJOXKH IPU POCTE
aKTUBHOTO ciiosl InAs; Py, — JaBIeHNE MBILIbSIKA.

Note: Ty.owm — the substrate temperature during the growth
of the InAs-active layer; P, — pressure of arsenic




nepaTtype KuneHus xunkoro azota (77 K). O6pasibl
C HU3KUM JIETMPOBAaHUEM KpPEMHMEM ObUIM HcCClie-
IOBAaHBI TSI OIIEHKH BKJIaJa paccessHus Ha nedeKTax.
B ciyuyae cnaboro paccesiHusl Ha AedeKTax U MIOHU3U-
POBaHHBIX JTOHOPAaX MOIBUKHOCTbH 3JIEKTPOHOB OTpa-
HUYMBaeTCsl (DOHOHHBIM pacCesiHUEM U HabJIogaeTcs
ee yBenuueHue npu temnepatype 77 K.

OOpa3upl 1-ro TUIa UMEIOT TOCTATOYHO HU3KYIO
MOJABUXXHOCTh 3JIEKTPOHOB TPU HU3KOM IIIEPOXOBaA-
TOCTU TOBEPXHOCTU. BBeneHHWe TOHKOTro TMOJCO0s
In, Al _,As Tomuunoi 25...30 HM B o6pasuax 2-1o Tu-
T1a YBEJIMYMBACT IOABIKHOCTD 3JICKTPOHOB Ha 5...15 %.
B o6pasuax 3-ro tumna ¢ MetamopdHBIM Oydepom
ToJuHoM 1,7...2,0 MKM HaOmogaauch HanboJjiee Bbl-
COKMe 3HAaYeHUsl MOABMXKHOCTU 2JIEKTPOHOB, a TaKXKe
HauOOJBIINKA MOPUPOCT IOABMKHOCTU IIPU a30THOM
TeMreparype. 3aBUCUMOCTH TMOJBUXXHOCTU BJIEKTPO-
HOB OT MX KOHIICHTPAIINK B MCCIIEIOBAHHBIX 00pa3Iiax
npu T = 300 K npuBeaeHsl Ha puc. 2. [opu3oHTab-
HBIMW JTUHUSIMU TTOKa3aHbI 3HAYCHUS TTOIBYKHOCTH,
roJjiydaemble Ha TuieHKax InAs tommuunHoi 100...150 Hm
rpu npsiMoM pocte Ha GaAs (bulk) [6], 1 ¢ Uconb30-
BaHUEM TOJICTOTO IepexoaHoro oydepa (metamorphic).

Mopdoaorust IOBEpXHOCTH IVIEHOK CUJIBHO CBsI3a-
Ha C YCJIOBMSIMU POCTa, TeMIIepaTypoil pocTa U NaB-
JIeHNeM MbIIIbgKa. [Ipy TTOBBIIIEHUN TEMIIepaTyphl
pocTa HabJogaIuCh KpymHble Oe(eKThl, CBI3aHHbIE,
BEPOSITHO, C KjacTepu3alueid Metauimueckoro In.
M30bITOK As NIpuBOAUT K (OPMUPOBAHUIO Ne(PEKTOB
YIaKOBKU Y MOSIBJICHUIO 1LIEPOXOBATON MOBEPXHOCTH.
HaubGosee ontumManbHble ¢ TOUYKU 3peHUsT MOPdOI0-
I'MU IUIEHOK YCJIOBU Haomogaauch npu 7 ~ 460 °C u
JaBJIEHUM MBIIIbsIKA 4... 5+ 1070 Topp (puc. 3). B 00-
paslax 3-ro TUIAa ¢ TOJCTHIM MeTaMOopdHBIM Oydepom
He Habmoganack MOp@OJIOrus MONepevYHO-M0JI0CaTO-
ro penabeda. BeposTHO, 3TO CBSI3aHO C yBEJIUYESHUEM
HWCTUHHOM TeMIepaTyphl MOAJIOXKU B MIPOLIECCE POCTa
u3-3a yBeanueHus norioiieHus MK Harpesa npu poc-
T€ CJIOEB C BBICOKMM cojepxkaHueM InAs.

CHJII)HOJIOI‘I/]DOB&HH]:IB IUICHKHA

Ana wuccnenoBaHUsT TOHKUX CHUJIbHOJIETHMPOBAH-
HBIX cJI0oeB 1+ InAs, MpUMEHNMBIX IJIST CO3MaHUS He-
BIUIaBHBIX KOHTAKTOB, ObljIa BbIpallleHa cepusi 00pas-
IIOB ¢ 00BEMHOI KOHIIEHTpALMEe TOHOPOB KPEMHMUS
N;=1..6-10" cv™3. Tommuna cnost n+InAs co-
crapisiia ~100 um. Ilpu HamboJblleM JeTMPOBAaHUU
yBeJIMYCHNE KOHIIEHTPALUM TOHOPOB OCYIIIECTBIISIIOCH
3a CYET CHUKEHUSI CKOPOCTU pocTa 10 3,5 HM/MUH U
MAaKCUMaJIbHOW TEMIIEPATypbl KPEMHUEBOU SYCWKU
~1250 °C.

BrjioTh 10 MakcMMalbHOM KOHILIEHTpPALUM TOHO-
poB (6 - 101 CM73) He Haboaanoch ahheKToB amdo-
TEPHOCTU TIpUMeCH Si ¥ OTKJIOHEHUS OT TIMHEHO 3a-
BUCUMOCTHA JINHUM JIETUPOBAHUS — KOHIIEHTpAIIUU
3JIEKTPOHOB OT ITJIOTHOCTH BBEACHHOTO KpeMHMs. Kak
BUIHO Ha pHUC. 2, IJIsI CUJIbHOJETUPOBAHHBIX TIEHOK
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Puc. 1. Penrtrenomudpakuuonnoe orpaxkenne (004) or oOpasuos
n+1InAs/AlGaAs 2-ro Tunma Ne 82, 87 ¢ nonciioem InAlAs (M. M. I'pe-
XOB)

Fig. 1. X-ray diffraction pattern reflection (004) of the n+InAs/AlGaAs
samples of the i type 2 No 82, 87 with InAlAs sublayer (M. M. Grekhov)
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Puc. 2. 3aBucumMocTb NOJBMKHOCTH 3JIEKTPOHOB OT HX KOHIIEHTPAIIMHA
B 00pa3uax n-InAs/AlGaAs Bbicokoro (HQ) u nu3koro (LQ) kaue-
crea (M. C. BacunbeBckmii)

Fig. 2. Dependence of the electron mobility on their concentration in
InAs/AlGaAs samples of a high (HQ) and low (LQ) quality
(1. S. Vasil evskii)
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Puc. 3. MopdoJiornsi noBepxHOCTH 00pa3ioB (MUKporpadus B pexume
(azoBoro unTepdepeHnMOHHOr0 KonTpacTa, yseandenue X 100), Bbi-
PANIEHHbIX NPH TeMIepaType:

a — HeontumanbHoit (480 °C) u b — ontumanbHoil (460 °C)
(A. H. Bunuuenko)

Fig. 3: The surface morphology of the samples (micrograph in the mode
of phase interference contrast, % 100 zooming at the temperatures: a —
sub-optimal (480 °C) and b — optimal (460 °C) (A. N. Vinichenko)
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n+InAs TOABMKHOCTh 3JIEKTPOHOB YMEHBIIIAETCS C
BO3pacTaHWeM YpOBHS JeruposaHus. Kpome Toro,
CHUXXAETCSl MPUPOCT MOJABUXHOCTU BJEKTPOHOB IPU
temrneparype 77 K oTHOCUTETbHO BEJTMYMHbBI TTOJBHXK-
HocTtu, usmepeHHoi npu 300 K. Dto 00yciaoBieHO
BO3PACTAIOIIMM BKJIAJOM paccesHUs Ha MOHU3UPO-
BaHHBIX IOHOPaX KPEMHUSI B CHUXKEHME TTOABUXKHOCTU
9JIeKTpOoHOB. OIHAKO MHPOBOAMMOCTb IIEHOK InAs,
XapakTepusdyemasi NMpOM3BEACHUEM TOJBMXHOCTU U
KOHIICHTPAIIUM 3JIEKTPOHOB, M3MEHSETCS B 3TOM WH-
TepBajie HE3HAUYMTEJbHO (MX COMPOTUBIEHUE COCTaB-
qsteT 25...40 Om/oO). OTMETHM, 9TO TIOIBMKHOCTD 3JIeK-
TPOHOB B MOHOKPHCTAJUIMYECKUX TUleHKax #n+InAs,
MOJIyYEHHBIX B TaHHOM paboTe, Ooiee ueM B 5 pas Ipe-
BBILIAET JaHHBbIE paOOTHI [S5], MOJIyYeHHbIE Ha MOJM-
KPUCTANIMUYECKUX TUIEHKaxX InAs mpu aHaJoruyHoMm
ypOBHe JierupoBaHus. TakuM o0pa3oM, BeIpallliBaHUE
CWJIBHOJIETMPOBaHHBIX #+InAs cioeB, B OTIMYME OT
JierupoBaHHbIX n+ GaAs win n+InGaAs KOHTaKTHBIX
cioeB B P-HEMT- u HEMT-TpaH3UCTOPHBIX CTPYK-
Typax, TMO3BOJIIET 00eCneYnTh OYEHb BBICOKYIO KOH-
LIEHTPALMIO B3JIEKTPOHOB MpPH OTCYTCTBUM Oapbepa
IoTTkM A1t co3naHusT HEBIJIABHBIX OMUYECKUX KOH-
TaKTOB TPAH3UCTOPOB.

3akimouyeHue

PeanuzoBaHbl MOOXOIBI, MO3BOJISIONINE BbIpAI-
BaTh METOJOM MOJIEKY/ISIPHO-JTyUYeBOM SMUTAKCUUA MO-
HOKPUCTAJUTMYECKHE TUIEHKH 7+ InAs BBICOKOII cTeTie-
HU KPUCTAJUTMYECKOI'O COBEPIIEHCTBA C 3epKalbHOM
MOBepXHOCTHI0. CHJIbHOE JIeTMpOBaHUE KpeMHUEM I10-
3BOJISIET JOCTUYb KOHILICHTPALUM 3JIEKTPOHOB B Jua-
nasone 1..6+ 1012 cm 3 MpY AJOCTATOYHO BBICOKOM MX
NoABMXKHOCTU. Pa3paboTaHHas TEXHOIOIUS IIO3BOJISI-
€T M3rOTaBJIMBATh BHICOKOKAYECTBEHHBIE SIMUTaKCHUAJIb-

Hele ciou InAs moBepx GaAs-COBMECTHUMEBIX IeTepo-
cTpykTyp (AlGaAs/InGaAs/GaAs), 4TO MOXET ObITh
HCITIOJIb30BAaHO TSI CO3MaHNS HEBILJIABHBIX OMHUECKHX
KoHTakToB B HEMT-Tpan3ucTopax.

Paboma evinoanena npu nodoepicke Munucmepcmea
obpazosanus u nayku Poccutickoi Pedepayuu ¢ ucnonw-
308anuem ob6opydosanus LIKII "lemepocmpyxmypHas
CBY-31ekmponuxa u u3uka wupoKo30HHbIX HOAYAPO-
eoonukos" HUAY MUDHU ¢ pamkax KomMnieKcHo2o npo-
eKma no co30aHUi0 BblCOKOMEXHOA02UYHO20 HPOU3B00-
cmea "Paszpabomka nepcnexkmuesnvix CBY komnonenmos
04151 8bICOKONAOMHBIX PAOUOINEKMPOHHBIX MOOYAEl HOBO-
20 nokonenus”, wugp "2013-218-04-050", Ilocmaroene-
Hue [Ipasumenvcmea Poccuiickoi @edepayuu om 9 an-
peas 2010 e. Ne 218.
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Growth and Properties of High-Quality n+1InAs(Si) Epitaxial Layers
with High Doping Level for Nonalloyed Ohmic Contacts

Methods of epitaxial growth of highly-doped n + InAs(Si) layers on GaAs substrate for nonalloyed ohmic contacts were developed.
Different structures of transition layers and various growth procedures were proposed to obtain high electron mobility and low surface

roughness of InAs layers.

Keywords: molecular beam epitaxy, heterostructures, doping, InAs, GaAs, ohmic contacts

Introduction

Indium arsenide InAs is a semiconductor material
for electronic and optoelectronic devices. It has a small
energy bandgap and high electron mobility. Since InAs
has the greatest electron affinity energy among the
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AlllgY semiconductors, in contact with the metal it
forms a band profile with the electron-rich area near
the contact [1]. InAs doped with donors with the con-
centration of 1...5- 10'8 cm™3 (n+1InAs) can be used as
a contact layer, which allows to obtain an ohmic con-




tact with the source and drain metallization, which does
not require fusing.

The contact’s resistance is about 10°° ohm - cm
[2]. In other heterostructure technology, for example,
P-HEMT AlGaAs/InGaAs/GaAs with the doped con-
tact layer n+ GaAs(Si), the diffusion alloying is used to
achieve such low contact resistances, in which the do-
ping of the contact area of the semiconductor and for-
mation of a "shunt" with metallic conductivity occurs,
that enables destruction of the Schottky barrier with the
metal of ohmic contacts. The gate metallization pre-
cedes their high-temperature treatment, otherwise the
heating would lead to the diffusion erosion of the
gate’s metallization and would reduce the Schottky
barrier on the gate, which is undesirable. However, the
near-contact layers #n+InAs or n+InGaAs remove this
restriction.

The metallization of the ohmic contacts may be
made after formation of T-type gates of the transistor,
and it can be performed by the combined technologies.
The upper part of the gate is a mask, which forming the
edges of the drain and source strictly on the edge of the
gate’s cap. At this, a minimum gap between the drain
and source of the transistor can be realized, and it is
easy to set by the length of the gate’s cap. This topology
allows to reduce the transit time of the electrons in the
active region and to increase the border frequency of
the transistor. This approach is essential in the tech-
nology of short-wave transistors and digital circuits on
the heterostructures with high concentration of InAs,
which uses the advantages of high drift velocity of the
electron [3].

To use advantages of InAs for manufacturing of
ohmic contacts, its growing regarded as an upper doped
layer of the heterostructures, including through the
mask [4], is observed. However, the mechanical defor-
mations due to the mismatch of the lattice constants
make difficult obtaining of the high-quality InAs layers
during epitaxial growth. Growth of the pseudomorphi-
cally strained InAs layer with a film thickness of more
than 4...5 nm for lattice-matched compounds with InP
and more than 2...3 nm for GaAs-aligned layers leads
o its inelastic relaxation and formation of the disloca-
tions. High density of InAs can cause propagation of
the dislocations into the underlying active layers of the
heterostructure, enhancing the scattering of electrons,
thus reducing the current, the frequency characteristics
of a transistor, an increase of noise. One of the solutions
is the growth of polycrystalline InAs [5].

In direct epitaxial growth of the relaxed InAs films,
the dislocations’ density decreases quickly with increase
of film thickness, and the quality improvement is ob-
served with a layer thickness of >1,5...4 microns [6, 7].

This approach is not applicable for heterostructure
HEMT technology. At the standard speeds and tem-
peratures above 500 °C, the growth of InAs on GaAs
leads to formation of a rough surface and stacking

2

faults. The electron mobility in the films with the thick-
ness less than 100 nm is about 400... 1000 cmz/(\/ *s),
that is below the mobility of the defect-free InAs. In ad-
dition, the morphology and the structure of InAs films
on GaAs substrates are sensitive to the growth tempe-
rature and ratio of the pressures of the flow of arsenic
and indium [7].

The purpose of work is development of epitaxial
growth of the thin films #n+ InAs(Si) heavily doped with
silicon at maintaining of the maximum quality of the
structural layers. The criterion is to maintain a single-
crystal structure of the layers, low surface roughness
and the maximum electron mobility. In this case, the
contact layers n+InAs(Si) may be used in the hetero-
structure HEMT transistors for creation of unfused
ohmic contacts.

The experimental samples and the results
of measurements

The structures of transition layers (samples of the
15, 27 and 3™ type) located between GaAs and the
doped layer of 100 nm »n+InAs(Si) are chosen to op-
timize the epitaxial film growth of n+InAs films. The
GaAs buffer and superlattice AlAs/GaAs were followed
by the AlGaAs layer, then, in the samples of 1% type —
InAs relaxation layers, for the ond type — In,Al;_,As
sublayer with InAs content of 75..90 %, for the
3rd type — the metamorphic transition In,Al,_ As
buffer with the change of the composition from 20 to
90 % at a thickness of 1,1...1,2 um.

Since the gradual increase of InAs mole fraction up
to 100 % is difficult to implement due to the inertia of
the cells’ effusion, the final part of the transition buffer
is implemented as a superlattice InAs/In Al;_ As. In
such a structure, the sharpest drop of In composition
and the maximum strain at the beginning of the InAs
film growth were implemented in the structures of the
15t type. The ond type provided more seamless transition
from GaAs to InAs lattice.

The samples of the 3rd type provided the most
smooth distribution of misfit dislocations at relaxation
of In,Al,_,As layer. The parameters of the samples
(mobility n and concentration of electrons n,, the
mean-root-square surface roughness RMS) are given in
the following table.

Fig. 1 shows the X-ray diffraction patterns of the re-
flection (004) from the samples of the ond type. On the
high quality samples, the InAs layers show small broade-
ning of diffraction, that testifies a good monocrystal-
line structure and low density of dislocations in the
thickness of InAs layer. Availability of In, Al;_,As sub-
layer appears as a peak to the right of the InAs peak.
Then the main stress relaxation occurs during forma-
tion of the In, Al _,As layer and initial InAs layers. The
density of dislocations and stacking faults in the InAs
layer affect the electron transport properties. To ana-
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lyze them, the Hall concentration and the electrons’
mobility at 300 K and boiling point of liquid nitrogen
(77 K) were measured. The samples with low doping by
silicon were investigated to assess the contribution of
scattering on the defects. In the case of weak scattering
on the defects and ionized donors, the electron mobility
is limited by phonon scattering; its increase is observed
at 77 K.

The samples of the first type have low electron mo-
bility at low surface roughness. Introduction of the
In, Al _ ,As sublayer with the thickness of 25...30 nm
in the samples of the ond type increases the mobility of
electrons by 5...15 %. The highest electron mobility was
observed in the samples of the 3rd type with the meta-
morphic buffer with the thickness of 1,7...2,0 um, as
well as the largest increase in mobility at the nitrogen
temperature. Dependences of electron mobility from
their concentration in the samples at 300 K are shown
in fig. 2. The horizontal lines show the mobility on the
InAs films with the thickness of 100...150 nm in direct
growth on GaAs (bulk) [6] and with the use of thick
transitional buffer (metamorphic).

The surface morphology of the films is associated
with the growth conditions, temperature and pressure
of arsenic. If the temperature was increased, the large
defects were observed, probably due to the clusteriza-
tion of the metallic In. Excess of As leads to formation
of the stacking faults and appearance of the rough sur-
face. The optimal conditions were observed at 7 of about
460 °C and the pressure of arsenic of 4...5 - 107 Torr
(fig. 3). The morphology of striated relief was not ob-
served in the samples of the 3rd type with a thick meta-
morphic buffer. This is probably caused by the increase
of the true temperature of the substrate due to increase
of absorption of infrared heating at the growth of layers
with a high content of InAs.

Highly-doped films

The samples with the silicon’s donor concentrations
of Ny=1..6- 10" cm ™3 were grown for studies of thin
highly doped n+InAs layers, applicable for creating of
non-alloying contacts. The thickness of the n+InAs
layer was about 100 nm. At the highest doping, the in-
crease in concentration of the donors was carried out by
reducing of the growth rate to 3,5 nm/min and the tem-
perature of the silicon cell to 1250 °C.

The amphoteric of the Si impurity and deviations
from the linearity of the doping line (concentration of
the electrons injected from the silicon density) were not
observed up to a maximum concentration of donors
(6-10" ¢cm™3). For heavily doped n+InAs films, the
electron mobility decreases with increase of the doping
level (fig. 2). In addition, the growth of the electron
mobility at 77 K with respect to mobility at 300 K is
also reduced. This is caused by increasing contribution
of scattering on the ionized donors of silicon into re-
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duction of electron mobility. However, the conductivi-
ty of InAs films, which is characterized by a multipli-
cation of mobility and concentration of the electrons,
varies insignificant within this range (their resistance
is 25...40 /o). It must be noted, that the electron mo-
bility in the obtained #+InAs monocrystalline films
more than 5 times exceeds the data [5] for InAs poly-
crystalline films at the similar level of doping. Thus,
cultivation of heavily doped n+InAs layers unlike to
n+GaAs or n+InGaAs doped contact layers in
P-HEMT- and HEMT-structures enables to obtain
high concentration of electrons at the absence of the
Schottky barrier in creation of the non-alloying ohmic
contacts of transistors.

Conclusion

The approaches were implemented, which allow to
grow n+InAs monocrystalline films with the high grade
of crystalline perfection with a smooth surface by mo-
lecular beam epitaxy. The heavy doping by silicon allows
to reach the concentration of electrons in the range of
1...6 - 10" ¢cm™3 with high mobility. This allows to pro-
duce high-quality InAs epitaxial layers on top of GaAs-
compatible heterostructures (AlGaAs/InGaAs/GaAs),
which can be used to create non-alloying ohmic con-
tacts in HEMT-transistors.

This work was made with support of the Ministry of
Fducation and Science of the Russian Federation with the
use of the equipment of CUC "Hetero structure microwave
electronics and physics of wideband semiconductors” of
the National Nuclear Research University Moscow Engi-
neering and Physics Institute in the framework of the
project on creation of high-quality production "Develop-
ment of advanced microwave components for high-density
radio-electronic modules of the new generation”, code
"2013-218-04-050", decree of the Government of the
Russian Federation of April 9, 2010 Ne 218.
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(TexHuyeckuii yHuBepcuTeT, I. MOCKBa)

IAEKTPOOU3ZUNYECKHUE XAPAKTEPUCTUKN HAHOTETEPOCTPYKTYP Si/Ge

C KBAHTOBbIMN TOYKAMMU Ge

Ilocmynuna é pedaxyuro 25.11.2014

Jlaemcs ananus aumepamypHsix 0GHHBIX NO dAeKmpu4eckKum ceoticmeam Hanocemepocmpykmyp Ge/Si. Onucanvt ocobeHHoCMU
NOAYHPOBOOHUKOBBIX CIPYKMYD C KBAHMOBbIMU MOYKAMU U UX I1eKkmpogpusuyeckue ceoticmea. [Iposeden 0630p memooog uzme-
PeHUs FNeKMPOpU3ULECKUX NApamempos noaynpogoodrukoswix Ge/Si-nanoeemepocmpykmyp ¢ keawmosvimu mouxkamu Ge: 60avm-
gapadnvix xapakmepucmuk, oabm-amnepusix xapaxkmepucmuk, DLTS-cnexmpos, memnepamypHoix cneKkmpog npogooumocmi.

Karoueevie caosa: nHanoeemepocmpykmypul, K@aHMOBble MOUKU, KPEMHUU, eepMAHUL, CONHEYHble dNeMeHmbl, (pomonpeodpa-
306amenu, 31eKmpoguau4ecKue XapaKmepucmuku, CneKmpoCcKonus nOAHOU NPOGoOUMOCIU, AOMUMMAHC, 801bM-AMNEPHbIE XA~

pakmepucmuku

Beenenune

Dnexrpodusznueckre U (HOTOEKTPUIECKUE CBOM -
CTBa TOJIYIIPOBOJHUKOBBIX HAHOTETEPOCTPYKTYp Ha
OCHOBE CHCTEMBI TepMaHWI1/KPeMHU ¢ KBAHTOBBEIMU
TOYKAMU T'epMaHUs MPUBJIEKAIOT CETOAHSI OCOOEHHOE
BHUMAaHHWE UCCIIEAOBATENICH B CBA3U C HAIMYKUEM B T10-
TOOHBIX CTPYKTYpaX YHUKATbHBIX (DU3NIECKUX CBOICTB,
BeChbMa MEePCIICKTUBHBIX IJII CO3MAHMST OIITOJIEKTPOH -
HBIX MPUOOPOB C YIYYIICHHBIMU XapaKTepHCTUKaAMU
[1—6].

i namepeHns 31eKTpoPUINIECKIX CBOMCTB CY-
IIECTBYET PSIi METOMOB 3JEKTPUUYECKON CIEKTPOCKO-
MY, B KOTOPBIX OCHOBHYIO POJb WUTPAIOT MPOILIECCHI
3axBaTa U AMUCCUM HocuTesel 3apsima. K HUM oTHO-
CSATCSI: METOJI BOJIBT-aMIIEPHEIX, BOJBT-(hapagHbIX Xa-
PaKTEePUCTUK, CIEKTPOCKOIMMS TOJHON MPOBOAUMOCTU
(ammutraHca) (admittance spectroscopy), HecTallUO-
HapHasi €MKOCTHasl CITEKTPOCKOITHS TIYOOKMX YPOB-
Hell (deep level transient spectroscopy, DLTS).

B HacrosieM 0030pe pacCMOTPEHBI JIEKTPOPU3N-
yeckure CBOICTBa rerepocTpykryp Ge/Si ¢ KBaHTOBbI-
MM TOYKAMH, a TAKKEe METOOUKUA WX U3MEPEHMUSI.

BoabT-(apaanbie XapaKTepUCTHKH
HaHoreTepocTpykTyp Si/Ge

Merton BoJIbT-(apaaHbIX XapaKTEPUCTUK 3aKJtoya-
ercsl B ciaenyrouieM. [lpukiaapiBasi mepeMeHHOE Ha-
NpsKeHME K CTPYKTYpe, colepxallieil KBaHTOBbIE TOY-
KU, MOXHO JIOOUTHCSI TOTO, YTO B TE€YEHUE OAHOTO TO-
JIyrieprofia 3axBaT HOCUTeJIel ToukaMM MpeobsiamaeTt
Hall 9MUCCHUEN, a B APYroM IOJyNepuoae, Hao0oporT,
npeobiagaeT sMuccusi. B pe3yabraTte MacCUB KBaHTO-
BbIX TOUEK OYAET mepe3apsikaTbcsl Ha YacToTe MPUJIo-

JKEHHOTO MepeMEHHOTr0 HaMpsLKeHUs, T. €. BECTU cebst
noao0HO KOHAeHcaTopy. M3Mmepsia eMKOCTh IpU pas-
HBIX HaMPSDKEHUSIX CMEIEHUsI, MOXHO TOJYYUTh UH-
(opmaliio 0 KOHLEHTpallUM HOCUTEJIE B oOpa3lie,
0 3apsifie, HAKOIJIEHHOM KBaHTOBBIMM TOYKaMH, U O
TUIOTHOCTU cocTosiHuii. (Criocob ompeaeneHus mioT-
HOCTH COCTOSIHMI B KBAHTOBBIX SIMax M aHCaMOJISIX
KBaHTOBBIX TOYEK IO BOJbT-(hapaiHbIM XapaKTepH-
CTUKaM ObUI pa3BUT B pabote [7].)

B ocHOBe €eMKOCTHOI CHEKTPOCKOIMU KBaHTOBBIX
TOUEK JIEXUT TOT (DaKT, UTO 3apsii B HYJIb-MEPHbIX
CHCTEMAaX MOXET M3MEHSTHCS TOJBKO IMCKPETHBIM
00pa3oM Ha BEeJUUYUHY

30 = eN,

rae e — 3apsiji 3JeKTpoHa, N — 4uCJIo TouyeK B 00-
pasiie.

BhelHee HanpsokeHue V, Ha YpaBJisioleM 9J1eK-
Tpoje, cMellasi MoTeHLMaa B OCTPOBKAaX MO OTHOILIe-
HUIO K ypoBHIO DepMu B KOHTAKTe, OTAEJICHHBIM OT
OCTPOBKOBOTI'O CJIOSI TYHHEJIbHO-TIPO3PauyHbIM Oaphbe-
pOM, CTUMYIMpPYeT JubOO 3axBaT HOCUTEIEH M3 KOH-
TakTa Ha YPOBHM KBAaHTOBBIX TOUEK, JIMOO OITyCTOIlIE-
HUE 9THX YPOBHEI B 3aBUCUMOCTH OT MOJISIPHOCTA V.
IIpu coBnameHun ypoBHST PepMK B KOHTAKTE C 9HEP-
TUel CBSI3aHHOTO COCTOSHMSI B KBAaHTOBBIX TOYKAX
auddepeHLManbHas eMKocTh C( Vg) =dQ/d Vy momx-
Ha UMETb MUK, CBUAETEIbCTBYIOLIMI O HATUUUU JTUC-
KPETHOTO YpOBHs 3Hepruu. IlonHas eMKOCTb CTpYK-
TYpBI IPEACTABIISIET COO0 CYMMY ABYX BKJIQJIOB: MEp-
BBIIf OOYCJIOBJIEH HAaJIWYMEM 00JIaCTH MPOCTPAHCTBEH-
HOTO 3apsiia B OKPYXKamlleM OCTPOBKM MaTepuase
(B IaHHOM cJIy4yae 3TO KpeMHMUIi1), BTOPOI BKJIajd CBsI-
3aH ¢ TIepe3apsiIKoil KBaHTOBBIX TOYeK [6, 8].
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Puc. 1. BosbT-hapaanas XxapakTepucTHKA reTEPOCTPYKTYPbI C MHO-
KEeCTBEHHbIMH KBAHTOBBbIMH sivamu [9]

Fig. 1. Capacity-voltage characteristic of the heterostructure with plural
quantum holes [9]

i, CTN

L1 I T=80K

1-10%7

11016 4

L]

Puc. 2. IIpoduib KOHIEHTPAIMM HOCHTEJICH 3apsna B CTPYKType C
CaMOOPraHU3YIONIMMNICA KBAHTOBbIMH TouKamMu InAs/GaAs (I) B
cpaBHeHMH C KBaHTOBO# saMoii InGaAs/GaAs (2) [10]

Fig. 2. Profile of concentration of the charge carriers in the structure with
InAs/GaAs self-organizing quantum dots (1) in comparison with
InGaAs/GaAs quantum well (2) [10]

TunuunHas BoabT-papanHas (C-V) xapakTepucTu-
Ka TeTepOoCTPYKTYphl, coAepxKallleili HECKOJIbKO KBaH-
TOBBIX $IM, IpuBeaeHa Ha puc. 1. Kaxgoe ropuzoH-
TaJlbHOE TLJIATO Ha HEil COOTBETCTBYET HaJIWYUIO, B
o011IeM cTyJae, reTeporiepexona, KBAaHTOBOM SIMBI WJTH
KBaHTOBO# Touku. [IpuunHa mosiBAeHMSI TUIATO Ha
C-V 3aBUCUMOCTU OOBSICHSIETCSI TEM, 4YTO 00JIacThb
00BEMHOTO 3apsiia, PaCIIMPSISAChH C YBEIMYEHUEM MPU-
JIO(KEHHOTO CMEIlleHUsI, TepecekaeT CBoeil TpaHulleit
y4acTKu oOorallleHus] OCHOBHBIMM HOCHUTEISIMU 3a-
psaa, KOTopble BO3HUKAIOT BOJM3M TeTeporepexoa,
KBaHTOBOU SIMbl WJIM KBAHTOBOW TOYKM [9].

HuddepeHuupoBanue C- ¥ 3aBUCUMOCTHU MTO3BOJISI-
€T MOJIy4YUTh MPODWIb KOHLIEHTPALMM OCHOBHBIX HO-
cuTesielt 3apsiaa nmo riayorMHe TeTepOoCTPYKTYPHI.

P-n-reteponepexopl, comepxalilue CJIou KBaHTO-
BbIX ToueK InAs, BhIpalllMBaJMCh Ha CUJIbHOJIETUPO-
BAHHBIX MTOUTOXKAX /1 -GaAS METOIOM MOJIEKYJISIPHO-

10 HAHO- I MUKPOCUCTEMHAS TEXHHKA, Ne 2, 2015

nyukoBoii snutakcuu wim MOCVD-metomoMm. Ak-

THUBHasI 30HA pa3Mellajach B cepearuHEe TOJCTOro Ofl-

HOPOJHO JIETUPOBAHHOTO ciost n-(GaAs U TpeacTaBs -

Jla coOOli OMMH CJIONM KBAaHTOBBIX TOYEK WJIM TP CJIOSI

BEPTUKAJIGHO CBS3aHHBIX KBAHTOBBIX TOYEK, pasle-

JICHHBIX TYHHEJIbHO-TIPO3pauyHbiMKU OapbepaMu GaAs

[10]. Inst co3naHust p-n-Tiepexoja CBEpPXy HAHOCHUJICS

cnoii GaAs p-tumna. Ha puc. 2 npuBeaeH TUIIMYHBIN

npoduib KOHUEHTPALMK HOCUTEJIeH 3apsiia B CTPYK-

Type C CaMOOPTaHU3YIOLIMMUCS KBAHTOBBHIMUA TOYKa-

mu InAs/GaAs.

HMHrerpupys 1oromags Mo KOHIICHTPAIIMOHHOM
KPUBOI, MOXXHO TOUHO PACCUMTATh 3apsii B KBAHTO-
Boit Touke. s TpeACTaBICHHOM TeTEePOCTPYKTYPHI
3apsit qgps aKKYMYJII/IPOBaHHbII/I B Macane KBaHTO-
BbIX TOUYEK, PABEH ¢op/q =5 1010 cm™ HpI/I T=200 K.
CpaBHMBas ¢ JAaHHBIMU MUKPOCKOIIUM TIO JlaTepajib-
HOH TJIOTHOCTM KBAHTOBBIX TOYEK, MOXKHO OIpese-
JIATHh YMCJIO BJIEKTPOHOB B OXHOI KBAHTOBOM TOUKE.

B pabote [6] ucciegoBanuch BonbT-(hapagHbie Xa-
paKkTepUCTUKU CTPYKTYp Si/Ge ¢ KBAHTOBEIMHM TOUYKA-
mu. B ucciaenoBaHHBIX CTpyKTypax ¢ 6aprepom IloTT-
KM U3MeHsutach 3¢ deKTUBHas ToMIHA d, o CT1051 Ge
KBaHTOBOM TOUYKM. CTPYKTYpHI IPEICTABIISIIN CICIYIO-
11[ee PacoJIOKEHUE CJI0eB, HAUMHAasI OT MOJJIOXKU:

. p+—1'IOI[IIO)KKa Si(100), ciyxaiass HUXHUM 3JI€K-
TPUIECKUM KOHTAKTOM;

o cnoii Siy 5Ge 5 TomuunHoi L = 10 1M, obecrieun-
BalOILLIMIA PE3KYI0 TeTeporpaHully MOCIenyIoIero
TyHHEJIbHOro Oapbepa Si;

e TYHHEJIHHO TPO3pavYHEI 6apbep Si, KOHIICHTPAIIHS
JIBIPOK p = 7 106 ¢ M3

e cJoil HaHOKpucTaLioB Ge;

e OJOKMpYIOLIWiA ci10it Si, p=7 * 1016 cm3; ; L=>50 1wMm;

e VIOPaBISIOMMWI 3aIllOJJTHEHHUEM OCTPOBKOB 3JICK-
Tpox u3 Al, bopmMupyoolIMii Ha TpaHulie ¢ Si 6apb-
ep LoTTKu, TIomanpk aTlOMHUHUEBON IUIOMIATKA
~8-10
Boabr-apannbie (C-V) xapakTepuCcTUKU CTPYK-

Typ 0e3 ciiost Ge uMenu OOBIYHBINA BUJ IJISI OOEIHEH-

Horo cjios Si p-tuna (puc. 3). B cinyyae addekTuBHOM

TOMUHBI cyos Ge deff = 2 moHocJos (MC) Ha xapak-

TEPUCTUKAX MOSIBISIETCS TU1ATO, XapaKTepHOE MJ1s1 ABY-

MEpHOro raza Hocutejei. B obnactu a3 heKTUBHBIX

tomuuH Ge 8 < deﬁc< 13 ML (ML — moHocnoii) Ha

C-V KpUBBIX TIOSBIISTIOTCS TIMKH, PACCTOSTHUE MEXIY

KOTOPBIMM, UX IIIMPUHA U TOJIOXEHWEe Ha IIKaje Ha-

MPSKEHUS (9HepreTW{eCKOf/i H_IKEU'Ie) 3aBUCUT OT d off-

C poctom d of KM CTAHOBSATCS yKe U YMEHBIIIAeTCS

SHEPreTUYECKUI 3a30p MEXIY HUMM.

B pa6ore [11] wucciemoBajiuch 3JeKTpUYECKHE
CBOICTBA MHOTOCJIOMHBIX MACCUBOB FEpPMaHUEBBIX Ha-
HOKJIACTEPOB, BbIpallleHHbIX Ha moBepxHocTu Si(001)
MpM HU3KMUX TemIlepaTypax. PaccmaTpuBaiuch TeM-
rmepaTypHble 3aBucuMoctu C-V xapaktepucTuk. Ha
puc. 4 uzoopaxennsl C-V xapakTepuCTUKU 00pa3LOB,
W3MEPEHHbIE MPU KOMHATHON Temnepatype. Touiu-
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Puc. 3. BoabT-(hapaanbie xapakrepucTuku rerepoctpykryp Ge-Si(001)
¢ pa3muHoil 3dexTuBHoi ToMmuHO#H MoHOCH0s (ML) Ge. Temne-
patypa usmepenus 300 K [6]

Fig. 3. Capacity-voltage characteristic of Ge-Si(001) heterostructures
with various effective thickness of the Ge layer. The temperature of
measurement was 300 K [6]

Ha HanblIeHHOro ciiost Ge mist odopasua / coctaBuiia
0,6 uM, mrg obpasua 2 — 1 HM, mig obpasua 3 —
1,4 um. IToBepxHOCTHASI TJIOTHOCTh HAHOOCTPOBKOB
JIst oopasua / cocraBuia 3 101 CM_2, Ji1s1 obpasua 2 —
6-10' ecm 2, ma o6pasua 3 — 2- 101 M2,

Bo Bcex cTpykTypax eMKOCTh He TTOTYMHSIETCS 3a-
KOHy 1/ V172 y s Beex KPMBBIX HAOJII0AAIOTCS MOJIO-
rue yyactku. Ha puc. 4 BuaHO, 4YTO MOJIOTME YYACTKU
KPUBBIX IS KaXA0TO o0pasiia pasiuyHbl. M3 mmpu-
Hbl AU 1 3HaueHUsI Cp (€eMKOCTh Ha TI0JIOTOM yacTKe)
MOXHO OLIEHWTh KOHIIEHTPAIINIO IBIPOK B KBAHTOBHIX
TOYKAX:

p = AUC,/(Sy),

rome S — mromanbk guona IloTrTkm, a ¢ — 27IeMeH-
TapHBIfl 3apsa. [lodydeHBl ciemyiomue 3HAYCHUS
KOHLeHTpauuii: p = 3,4 101! cm2 I obpasua
p=7-10" eMm™? s o6pasua 2, p=1,7-10'" cm 2
1151 o0pasia 3. OTH 3HaUeHUs COIIACYIOTCs CO 3Haye-
HUSIMU TTOBEPXHOCTHOM TUIOTHOCTHA KBAaHTOBBIX TOUYEK
IUIST KaXKIOTO U3 00pas3loB, YMCIO AbIPOK, aKKyMYJIU-
POBaHHBIX B KBAaHTOBBIX TOUYKAaX, ITPOIOPIIMOHAIBEHO
TJIOTHOCTU KBAHTOBBIX TOYEK.

C-V XapaKTepHCTUKU, 3allMCaHHBIC TIPH Pa3HBIX
temneparypax oT 77 go 300 K, He moka3sIBaloT oIpe-
JIeJICHHBIX OCOOEGHHOCTeM 11 oOpa3uoB I U 2, Torma
Kak Is1 obpasua 3 B Ipeaeiax TemiiepaTryp ot 77 1o
200 K Habmonmancs ructepesuc C-V xapakTepUCTUKU.
Ha BcraBKe K puc. 4 BUIHO, UTO ITOJOTHM YY4aCTOK
KPHUBOI MPU CKAHUPOBAHMM OT OOPATHOTO K MPSIMOMY
cMeleHno (TIporlece 3axBaTa) MMeeT JaBa Iureda, KO-
TOPBIE MOTYT ACCOLIMMPOBATLCS C 3aXBATOM HOCUTEJIEI
JIBYMST TUTIAMW KBAaHTOBBEIX TOUYEK C IBYMS Pa3TMYHbBI-
MM DHEpreTuYecKUMu ypoBHsIMU. [1pn ckaHupoBaHUU
B pexXrMe 0OpaTHOTO X0/1a SMUCCHUSI TPOMCXOIUT C OJ1-

Horo ypoBHs, 1 Ha C-V xapakTepucTuKe HabJtomaeTcs
TOJIbKO OJJHO TUIEYO. DTO MOXKHO OOBSICHUTb TEM, UTO
CKOPOCTb BMUCCUU C OJHOTO YpOBHS (c Oojee riay6o-
KOro) CTaHOBUTCSI MEHbIIIE, U HOCUTEIU "3aMOpaxu-
BalOTCS"' Ha 5TOM YPOBHE B KBAHTOBOW TOUKE.
Hcrionb3yst COOTHOLLEHUS p = (‘185180)_1 C3/ (dC/dV)
u W= eSisoSC_l, IIe p — KOHLEHTpauusi AbIPOK B
KBAaHTOBBIX TOYKAX, ¢ — 3apsiJl 3JEKTPOHA, &g; — AU-
3JIEKTpUYECKas MPOHUIIAEMOCTb KPEMHUSA, &) — IU-
SJIeKTpUIecKast TOCTOsTHHAs, W — ImMprHa 30HBI 00eI-
HeHuMs, a Takke 13 C-V XxapakTepucTUK MOXHO TMOJTy-
YUTh KOHLEHTpPALUMOHHbIE TTpoduau 3apsaa (puc. 5).
M3 puc. 5 BuaHO, 4TO 1jis1 oOpasua / mojaoxkeHue
KOHILIEHTPALIMOHHOTO TMHKa, BBHI3BAHHOTO aKKyMYJIsI-
LMel IBIPOK, OJIM3KO K MPeaIojaraeMoMy reOMeTpy-

YECKOMY ITOJIOKCHUIO CJI0Ad C KBAHTOBBIMM TOYKaMM

Puc. 4. C-V xapakrepuctuku Tpex cTpykryp (1, 2 u 3), u3mepeHHbie
npH KOMHATHO#M Temmeparype (Ha BcraBke — C-V XapakTepHCTHKA
obpa3ua 3, uamepennas npu 77 K B pexume odparroro xona) [11]
Fig. 4. C-V characteristics of structures (1, 2 and 3) at a room tempe-
rature (in the insert is the C-V characteristics of sample 3 at 77 K in
a reverse motion mode) [11]

02 04 06 oA 14 12
W um

-

Puc. 5. Konuenrpauuonnsie npoduin oopasuos 1, 2 u 3, nojiydeHHbie
u3 C-V xapakrepuctuk [11]

Fig. 5. Concentration profiles of samples 1, 2 and 3 of the C-V cha-
racteristics [11]
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(320 uMm). banszkoe 3HaUeHME MOIYYEHO TaKXKe IJISI 00-
pasua 2 (290 um). st obpasua 3 moaydeHHas ri1yorMHa
KOHIIEHTPALIMOHHOTO ITMKA HE COOTBETCTBYET OXKMIAC-
MOMY T€OMETPUUYECKOMY TOJOXKEHUIO CI0SI ¢ KBAHTO-
BBIMM TOYKaMM U cocTapisieT 520 um [11].

B pa6orte [12] uccienoBaiuch BoJbT-dapaaHbie Xa-
pakTepucTuku AuonoB IIIOTTKM Ha OCHOBE TreTepo-
ctpyktyp Ge/Si ¢ kBaHTOBbIMM TouKamu Ge. bbliu
noaydyeHbl C-V xapakTepHUCTUKU 0Opas3loB C pa3idd-
HOU TOJIUHON deff ocaxneHHoro cnost Ge. M3mepe-
HUS TIPOBOIVUIM IIPY KOMHATHOM TeMIlepaType Ha Jac-
tote f = 100 xI'1. 3aBUCMMOCTh eMKOCTH OT 0OpaTHO-
ro cMelleHus ajs oobpasua, He coaepxauiero Ge, He
001a1a€T HUKAKMMU OCOOEHHOCTSIMU U HMEET BUJ
o0b1uHoOM C-V xapakTepuctuku mist Kontakra Ilort-
KM C IIOJIYIIPOBOAHUKOM p-Tumna. B obpasuax ¢ KBaH-
TOBbIMU ToukamMu Ge Ha BOJIbT-(hapagHbIX KPUBBIX
MTOSIBJISIIOTCS  XapaKTepHBIC CTYINEHHU, CBSI3aHHBIE C
BKJIIOUYCHUEM TOIMOJHUTEIbHOH €MKOCTHU, KOTOpas
00yCIIOBIIeHa M3MEHEHWEM 3apsia B CJI0¢ KBAHTOBBIX
ToueK. [Ipu HyIeBOM CMeIlleHUH KBAHTOBBIE TOUKMU
aKKyMYJUPYIOT OBIPKM M OHU HUMEIOT TIOJIOXKHUTEIThb-
Hblid 3apan. Ilpu nHanpsaxenun cmewienusa U, > 4 B
wist dgg=6 MC, Uy, > 5 B st dyg=8 MCu Uy > 6 B
st dpe = 10 MC KBaHTOBbIC TOYKU OCBOOOXIAIOTCS
OT JBIPOK U CTAHOBATCSI HEUTPaTbHBIMU.

HecranuonapHas eMKOCTHASI CIIEKTPOCKONHSA
IJIyOOKHX YPOBHEi M TeMnepaTypHas
CHEKTPOCKONHUSI NPOBOIUMOCTH

B pabore [11] wumccaemoBamuch DLTS-crekTpnl
MHOTOCJIOMHBIX MAaCCMBOB T€épMaHMEBBIX HAHOKJIACTE -
pOB, BbIpalliecHHbIX Ha moBepxHocTy Si(001) mpu HU3-
KUX TeMmIiepaTypax. Bo Bcex mcciaemoBaHHBIX CTPYKTY-
pax HaiigeHbl MakcumyMbl DLTS-cnekTpoB npu or-
peneseHHbIX O0paTHBIX CMeIIeHUsIX (puc. 6). ABTOpPHI
paboTHl IpeAnoaaraloT, YTo MUKW, HaOJIogaeMble B
CIIEKTpaX, BepOsITHee BCETO BBEI3BAHEBI MPUCYTCTBUEM
HaHokJacTtepoB Ge.

Ha puc. 6 (kpuBble I 1 2) BUZHO, YTO CIIEKTPHI IS
00pasloB / U 2 UMEIOT CIOXHYIO (DOPMY Y MaKCUMY-
Mbl HepazinuuMbl. 1o aTol MpuynMHE HEe MOTYT ObITh
BEpPHO OINpEAeIeHbl PHEPIMM aKTUBALIMU LIEHTPOB C
r1yookuMu ypoBHsMU. M Tonbko miist oopasua 3 on-
peneneHa sHeprusi aktuBaiuu 260 m3B, cooTBercT-
Bytolasi Mmakcumymy mipu 235 K. s Bcex cTpyKTyp
TakxXe MMeercs MakcumyMm Tipu 168 K, Koropslii Ha-
osronancs nMpu pasHOOOPAa3HbBIX YCIOBUSIX U3MEPEHUI
U BbI3BaH, BEPOSITHEE BCETO, TPUCYTCTBUEM OOBEMHBIX
nedekToB B obpasuax [11].

B merone teMnepaTypHOi CIIEKTPOCKOMUMW MpPO-
BOJMMOCTHU PETUCTPUPYETCS aKTUBHas 4acTb aIMUT-
TaHca (IIPOBOAMMOCTb) KakK (PYHKUMSI TeMIlepaTyphl.
TemnepaTypHoe CKaHMPOBaHUE MPOBOAMMOCTU 00-
paslia OCYUIECTBJISIETCI MPU Pa3IMUYHBIX YaCTOTaX ®
TECTOBOTO CUTHAJIa, 00ecreynBasi TEM CaMbIM pa3HbIe
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Puc. 6. DLTS-cnektpbl 00pa3uoB I, 2 u 3 HAHOreTepoOCTPYKTYP
Si/Ge ¢ kBaHTOBbIMH TOYKamu Ge [11]

Fig. 6. DLTS-spectra of samples 1, 2 and 3 of Si/Ge nanoheterostruc-
tures with Ge quantum dots [11]

IUHAMWYECKUE YCIIOBUSI SMUCCUN HOCUTENIEH ¢ TITy0o-
KOro ypOBHSI WJM MaccvBa KBaHTOBbIX Touek. Jlanee,
MoCTpoeHWeM Tpadmka AppeHHyca B KOOpPIMHATAX
o = f(1/T) nng NonoxeHUin TeMIepaTypHbIX MaKCH-
MYMOB CIHEKTPOB MPOBOAMMOCTH OMpPEAEIISIETCS] IHEP-
TUsl aKTUBALIMMY, XapaKTepU3yIolas MojJoXXeH!ue ypOB-
Hell KBAaHTOBAHMSI B KBAHTOBBEIX TOUKaX. COBMECTHBIN
aHAJIN3 3TUX IBYX METOMUK MOXKET IaTh IMOJHYIO WH-
(opmanrio o MoBeACHUM HOCUTENEH 3apsiia B caMo-
OPTaHU3YIOIINXCS KBAHTOBBIX TOYKAaX.

B crniekTpax mpoBOAUMOCTHU p-H-TeTePOIIEPEXOI0B
¢ InAs/GaAs KBAaHTOBBIMYU TOYKAMMU MPU OOJIBILINX 00-
pPaTHBIX CMEIICHUSIX (UO6p > 3 B) B cniekTpax MpoBo-
JUMOCTU HaOI0aICsa OAUH KUpoKuii muk. C MoHU-
JKEHHEM OOpaTHOTO CMEINEeHUs aMIUIATyda CUTHaja
MPOXOAWIA Yepe3 MaKCUMYM, W ITOCJIe 3TOro Ha HU3-
KOTeMIMEPATYpHOH CTOPOHE CHEKTPOB TMOSIBISIICS
BTOpoil muk. OOHapyXeHHbIE MUKW CBSI3bIBAIOTCS C
BMUCCUEN IEKTPOHOB C OCHOBHOTO U BO30YKIE€HHO-
0 BHEPreTUYECKMX YPOBHEH B KBAHTOBBIX TOYKAaX.
IMosiBnenue U moaudpuKauUs TUKOB OOBSICHSIETCS
TEM, YTO C YBEJIMUYEHHUEM OOPATHOTO CMEICHUS DJIeK-
TPUYECKOE M0JIe, MTPOHUKAs B CJI0il KBAHTOBBIX TOUEK,
BBITAJIKMBAET DHEPreTHUECKHE YPOBHU KBAHTOBAHUS
BBEPX, M YPOBEHb JIEKTPOXMMMUYECKOIO IMOTEHIIMaNIA
IepeceKaeT UX OOWH 3a IPYTUM, CO3IaBast YCAOBUS ISt
MOSIBJICHUS pe30HaHCa B 9KBUBAJEHTHOM U3MEpUTEb-
Hoi nerm [13]. O6paboTka TeMIepaTypHBIX CIIEKTPOB
MIPUBOAUT K TUMUYHOMY CEMEMCTBY I'papuKoB Appe-
HUyca ISl HaXOXASHUSI SHEPTUM aKTUBallMM SMUCCU-
OHHOTO TIpoliecca U3 MacCHBa KBAHTOBBIX TOYEK.

Ilo aHanorum ¢ rayoOKMMHU YPOBHSIMU B MOJIY-
MPOBOJHUKAX MMPUHIIMUIT CTIEKTPOCKOMUU aAMUTTaHCa
CTPYKTYpP C KBAaHTOBBIMU TOUYKAMM OCHOBaH Ha U3Me-
PEeHUY KOMIUIEKCHOU MPOBOAMMOCTH CUCTEMbI, BO3HU-
Kalollei Tpu Tepe3apsiake KBAHTOBBIX TOYEK BCIIECNCT-
BUE 9MUCCUM HOCUTEJEeH 3apsiia U3 KBAHTOBBIX TOYEK




B pa3pelleHHbIe 30HbI U UX 3aXBaTe Ha JIOKAIIM30BaH-
HbI€ COCTOSIHMSI B KBAHTOBBIX TOUKAaX.

B paborax [12, 14] mccnenoBaimch KpPeMHHEBBLIE
auoanl IIIoTTKM co BCTPOEHHBIM B 0a3y cjl0eM KBaH-
ToBbIX Touek Ge. Ha puc. 7 mokazaHbl 3aBUCMMOCTHU
MpoBOAMOCTU G, HOPMUPOBAHHOI Ha YacTOTy o = 27f,
OT TeMIIepaTyphbl B pa3anuHbIX 00pa3uax. Kpusbie ObI-
i uaMepensl ipu U, =2 B u f= 50 kl'u. Kak u B
ciyyae C-V xapakTepUCTHK, ITPOBOAMMOCTb 0Opa3la
0e3 KBaHTOBbIX ToueK Ge He MMeeT HUKAKUX OCOOEH-
Hocrei. st muonoB IIIOTTKY ¢ KBAHTOBBIMU TOYKAMU
Ha 3aBUcUMOCTIX G(T) TOSBISIOTCS MAKCUMYMBI, KO-
TOpBIE CMEIIAIOTCS B CTOPOHY OOJIBIIMX TeMIlepaTyp
TIpA YBEJIMYEHUN pa3MepoB KBAaHTOBBIX Touek Ge.
Poct temneparypel 7).y, IPM KOTOPOi MPOBOIM-
MOCTb M€eT MaKCUMyM, MOXHO OOBSICHUTH JTMOO 3a-
rTy6JIeHUEeM ITBIPOYHBIX YPOBHEH B KBAHTOBBIX TOUKAX
MpU yBEJIMYEHUU pa3Mepa TouyeK (yBeIUYeHUU a’eﬂ),
J1bo yMeHbllIeHUeM ceueHus 3axBara. Ha puc. 8 mno-
Ka3aHbl TeMITepaTypHBIE 3aBUCMOCTH IIPOBOINMOCTH
obpazua ¢ deﬁc= 6 ML. IToxoxwue KpuBble ObLTH TTO-
JIy4eHBI ¥ [U1s1 00pa3LoB ¢ IPpYyroi TomuiiHoi cnosa Ge.
KauectBeHHO 00BACHUTHL moBeaeHue G(7T) MOXKHO
cienytomuM oodpasom. Ilpu pukcupoBaHHOM cMele-
Huu U, mpoucxoaurt mnepesapsika ypOBHs IbIDKM B
KBaHTOBBIX TOYKAX, COBMAAAIOIIETO ¢ ypoBHeM Depmu
B nmomioxke p+-Si. TemMn smuccuum OIpOK ¢ JAHHOTO
YPOBHSI YMEHbILIAEeTCsl TTPU TMTOHUXKEHUU TeMIIepaTyphl,
IMOSTOMY C YMEHBIIEHWEM YacTOTHl 30HAWPYIOIIETO
HaNpsDKeHUST YCJIOBUE MaKCMMyMa MPOBOAMMOCTH J0-
CTUTaeTcsl MIpU MEHBIIUX TeMmIieparypax (puc. 8, a).

Ilpu yBenuuyeHUM OOpPaTHOrO CMEIIEHUS B MpPO-
leccax IPOBOAMMOCTM HAYMHAIOT MPUHUMATh ydYa-
CTHE IBIPKHU, JIOKAJIM30BaHHBIE Ha Bce Oosee TiIy0o-
KHX YPOBHSX B KBAaHTOBBIX TouKax. [1o 3Toit mpuunHe
¢ poctoM Uj, MakCMMyM NPOBOAMMOCTU Ha puc. 8, 6
CIBUTaeTCsSI B CTOPOHY OoJblIMX TemiiepaTyp. Ilpu
U, > 4 B kBaHTOBBIE TOUKM G€ MOJHOCTHIO OIYCTO-
marorcs 1 MakcumyMm G(T'), CBSI3aHHBIN C IIepe3apsii-
KON KBaHTOBBIX TOYEK, McCUe3aeT.

B pa6ore [15] MeTogoM CHEKTPOCKOIMM ITOJTHOU
MMPOBOIMMOCTH MCCIIeIOBaNIach 2JIEKTPOHHAS CTPYK-
Typa KpeMHHUeBoro auoaa ¢ 6apbepom LlloTTkm ¢ de-
TEIPBMS clioaMU Ge KBaHTOBBIX TOUYEK, BHEAPEHHBIMH
B Marpuuy Si. B cucreme Ge/Si KBaHTOBBIX TOUEK
JIBIPKM JJoKanu3yTcs B Ge, a 3J1eKTPOHbI CBOOOIHbI
B 30HE MPOBOAMMOCTU Si. B MHOTOCIOMHBIX CTPYKTY-
pax ¢ KBaHTOBBIMU TOYKAMU SJIACTUYHBIC HAITpsTKe-
HUS IPUBOAAT K M3rMOy 30H Ha TPAHUIIE C KBAHTOBBI-
MU Toukamu. Takum oOpa3oM, BO3BMOXHO HabJ101aTh
JIOKQJIM3AIUIO 3JIEKTPOHOB B KPEMHHUU Ha T'PaHUIIEC C
KBaHTOBbIMU TOYKAMU.

ABTOpPHI [15] 0XXKMAAIOT, YTO ¢ YBEJIMUEHUEM YuUC/ia
CJI0eB KBAHTOBBIX TOUEK YBEJMUYUTCS 3JIACTMUYHOE Ha-
TIpsDKeHME, YTO TIPUBEIET K YBETMUSHUIO TITYOMHBI TT0-
TEHIIMAJTBHOM SIMBI M UI3MEHEHUIO SHEPTHH JIOKAJIN3a-
MU anekTpoHa. MccnenoBaHHbIF MMM oOpasel] ObLI

Puc. 7. 3aBHCHMOCTH AKTHBHO# YACTH AIMHTTAHCA OT TEMIIEPATYPbI
B 00pa3nax ¢ pa3jMYHO# TOJIIMHOIM ocaxaeHHoro cios Ge, mame-
pennsie npu Uy = 2 B na gacrore = 50 xI'n [12]

Fig. 7. Dependences of the active part of admittance on temperature in
the samples with various thickness of the deposited layer of Ge at
Uy, = 2 V on frequency f = 50 kHz [12]

Puc. 8. TemnepaTrypHbie 3aBUCHMOCTH NPOBOAMMOCTH 00pa3na ¢ ToJ-
uuHOi ocaxaenHoro cinos Ge dyp= 6 ML npu:
a — ¢duxkcupoBaHHoM obpaTHoM cMewleHun Uy = 1 B n pasHbIX

YacTOTaX 30HIMPYIOLIEro HampskeHus: 1 b — (UKCUpOBaHHOM
yactore f= 50 k't u paznuaHom cmetennu [12]

Fig. 8 The temperature dependences of conductivity of the sample with
thickness of the deposited layer of Ge deﬂr = 6 ML at: a — fixed reverse

shift Uy, = 1V and different frequencies of the probing voltage; b — fixed
frequency of f = 50 kHz and various shifts [12]

HAHO- I MUKPOCUCTEMHAS TEXHHKA, Ne 2, 2015 13



BBIpAIlleH METOIOM MOJIEKYJISIPHO-TY4eBO SIUTaK-
CUM Ha TTOIJIOXKE n+—Si(OOl), JISTUPOBAHHOM CYpb-
MOW 10 KOHLIEHTPAILIAU ~ 10" em 3. TlepBbiit 1 BTOpOIt
cioii Ge, a Takxke TpPEeTMI U YETBEPThIM CJIOU pasfe-
JieHbl 3 HM Si, B TO BpeMsl Kak BTOPOM U TPEeTUii ciou
Ge pasgeneHsl 5 HM Si. 17151 cpaBHeHUSs! ObLI BhIpallieH
o0Opaszell MpuU TaKUX Xe YCJIOBUSX, HO HE COAepKallnii
Ge. IIpu uamMepeHun TeMMepaTypHbIX CIIEKTPOB IIPO-
BOJMMOCTH OOpa3loB ObIIO OOHAPYXEHO, 4YTO JIs
00oux 00pa31oB HabJII0JaI0TCS MAKCUMYMBI B 00Jiac-
™ 20 K, a g1 oOpasla ¢ KBaHTOBbIMU Toukamu Ge
elle onuH MakcuMym B oosactu 30...40 K. TTosnoxe-
HUE TIEPBOro IMKKa, B OTJUYHME OT BTOPOTO, HE MEHS -
€TCsl C UBMEHEHUEM MPUTIOXKEHHOTO HANIPSIKEHUST. AB-
TOpbl [15] CBS3BIBAIOT MEPBLIN MK C YPOBHEM IIpUMeE-
CHM, a IPyroil MUK — C YPOBHEM BJIEKTPOHOB B 30HE
IIPOBOAUMOCTH Si Ha rpaHMIIe ¢ KBAHTOBBIMU TOYKAMMU.

BoJabT-amMnepHbie XapaKTepUCTHKH

PazBuTHE BOJIOKOHHO-ONTUYECKUX CETEH CBSI3N CTH-
MYJMpPOBAJIO pa3paboTKu 3(PpGEeKTUBHBIX OITORJIEK-
TPOHHBIX KOMITOHEHTOB, TaKMX KaK (pOTOAETEKTOPHI K
CBETOM3TYYAIOIINe CTPYKTYPhI, AEMCTBYIOIINX B OJIIIK-
Heit UK obGnactu criektpa. B paborax [18—23] nc-
CNIeIOBANINCh p-i-n-(POTONMONB HA OCHOBE MHOTO-
clioitHbIX cTpYKTYp Ge/Si ¢ KBaHTOBBIMU TouKamMu Ge.
B pabGotax ObLIO MOJyYeHbl TEMHOBBIE BOJbT-aMIEpP-
Hble XapaKTEePUCTUKU CTPYKTyp. Ha puc. 9 nzobdpaxke-
HbI BOJIbT-aMIlepHble XapakTtepucTuku (BAX) tumnuy-
HOTO AMO.A.

Ha puc. 10 uzoOpaxeHbl MojiyueHHbIE B padoTe
[23] BonbT-aMIIepHBIE XapaKTEPUCTUKU IJig TpeX 00-
pasuos: A, B, u C ipu 77 K. TomuuHbl cieiicepHBIX
cnoeB coctapistiiy 20, 20 u 50 HM, YPOBHU JIerMpoOBa-
Hug Ge — 6+ 1018; 0,6- 10" 1 6-10'® cm™3 coorser-
CTBEHHO 111 obpa3uoB A, B, u C.
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Puc. 9. BoabT-amMnepHbie XapaKTepPUCTHKH p-i-n-JHOAA C KBAHTO-
BbiMH Toukamu Ge mpu 77 u 300 K [22]

Fig. 9. VAC of a p-i-n-diode with Ge quantum dots at 77 K and 300 K
122]
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Puc. 10. TemnoBbie BOJIbT-aMNepHbIe XaPAKTEPUCTHKHA, H3MEPEHHbIE
npu 77 K, nna oopasuos A, B u C ¢ pa3auyHbIMH YPOBHSMH JIeTH-
poBanusa Ge W pa3IMYHbLIMH TOJIIMHAME cHeiicepHbIX cjioeB [23]
Fig. 10. Dark VAC measured at 77 K for samples A, B and C with various
levels of Ge doping and various thicknesses of the space layers [23]

Puc. 11. TemMHOBBIE BOIbT-aMIIEPHBbIE XaPAKTEPHCTHKH KPEMHHEBOTO
TOPUEBOro ()OTOITEKTPHIECKOro mpeodpasosaTens [24]

Fig. 11. Dark VAC of the silicon butt photo-electric converter [24]

CpaBHuBas pe3yabTathl 1151 00pa3oB A u C, MoX-
HO 3aMETUTb, UTO C YBEJIMYEHHEM TOJIIMHBI crielicep-
HOTO CJI0SI TEMHOBOI TOK YMEHbIIIAeTCsl. DTO MpPOUC-
XOIUT B OCHOBHOM M3-32 OCJIa0JIEHUS 2JIEKTPUIECKOTO
nojisi. CpaBHUBas pe3yjabTaThl A 00pas3lioB A u B,
MOXHO YBUJIETb, YTO C YBEJIMUEHUEM YPOBHS JIETMPOBa-
Husg B 10 pa3 TeMHOBOI TOK yBeJIM4MBaeTcs Ha 4...5 To-
PSIIKOB T10 BEJIMYMHE. DTO TIPOUCXOAUT OTYACTU U3-3a
OosblIel TJIOTHOCTUM HocuTesel 3apsna. K Tomy xe
aHeprus ypoBHs1 DepMU yBeIMUMBAETCS TIPU JIETUPO-
BaHuu [22].

[nst cpaBHEHUSI CO CTPYKTypamu, CoAepKalluMu
KBaHTOBBIE TOYKU, Ha puc. 11 mpeacraBiaeHbl TEMHO-
Bbl€ BOJIBT-aMIIEpHbIE XapaKTEPUCTUKU KPEMHUEBBIX
(hoToaniekTpuuecknx MpeodOpa3oBaTesieil Ha OCHOBE
p-i-n-CTPYKTYp, UCCIAEAOBAaHHBIX B paboTe [24], usme-
peHHbIe B quamna3oHe temmneparyp 0...100 °C.




AHanu3 npsIMbIX BeTBeil TeMHOBBIX BAX 1oxa3sbi-
BaeT, YTO HaMNpPsSKEHUE OTCEUKU C MOBBILIEHUEM TeM-
nepaTypbl YMeHbllIaeTcsl OT 3HaYeHus1 nopsiaka 1,9 B
mpu 0 °C mo 0,4 B npu 100 °C [24].

Takum 00pa3oM, Ha OCHOBE MPOBEICHHOIO 0030pa
MOXHO clieJlaThb BbIBOJ O TOM, YTO 3HEPTrMU aKTUBaA-
LI SMUCCHUM ABIPOK M3 KBAHTOBBIX TOYEK B MCCIIE-
JOBaHHBIX CTPyKTypax Si/Ge ¢ ogHUM CJI0eM KBaHTO-
BbIX ToueK (auoapl IIoTTKM), mosyyeHHbIe B pa3iny-
HBIX paboTax MeTOAaMM HeCTallMOHAPHOU eMKOCTHOI
CMEKTPOCKOMUM INTyOOKMX YPOBHEH 1 TeMIlepaTypHOI
CMEKTPOCKONIUM TIPOBOAMMOCTH, JieXaT B Mpeaesiax
200...700 ma2B.

st mccnemoBaHUS COMHEYHBIX 3JIEMEHTOB Hau-
0oJiee BaxKHBIM C MPAKTUYECKON TOUYKU 3pEHUST SIBJISI-
eTcs ucciaegopanne BAX, Tak Kak Ha €€ OCHOBE MOXET
OBITH ompenesieHa 3(P¢GEeKTUBHOCTb MPeoOpa3oBaHUs
9JIEMEHTA, CTEIIeHb BJIMSHUS Mapa3UTHBIX COIMPOTUB-
JICHUM.

3akiouyeHue

B Hacros1eit paboTe poBeaeH 0030p 3JEKTPOH-
HOM CTPYKTYPbI U 3J€KTPOGU3NYECKUX CBOMCTB Ma-
TepuajoB Ha OCHOBe HaHoretrepocTpykTtyp Ge/Si ¢
KBaHTOBBIMU ToukaMu Ge, 0630p METOIOB U3MEPEHUS
BJIEKTPOPU3NYECKUX TTapaMeTPOB MOJYIPOBOIHUKO-
BBIX HAHOTETEPOCTPYKTYP C KBAHTOBBIMU TOUYKAMMU.
CyuiecTByeT psil. METOJOB 3JIEKTPUYECKOM CIIeKTPO-
CKOIMMHU, B KOTOPBIX OCHOBHYIO POJIb UTPAIOT MpOILIeC-
CHI 3aXBaTa M 3MHUCCUM HOcHTeNel 3apsna. K HuMm ot-
HOCSITCSI: METOJl BOJIbT-(hbapaJHbIX XapaKTePUCTHUK,
CIIEKTPOCKOMMSI TIOJTHOM TTPOBOAMMOCTHU (aIMHUTTAH-
ca) (admittance spectroscopy), HecTallMOHApHasi €MKO-
CTHasl CHEKTPOCKONUS TJYOOKUX ypoBHeu (deep level
transient spectroscopy, DLTS). VI3aMepsiss eMKOCTb Npu
pPa3HbIX HAMPSKEHUSIX CMEILEHMSI, MOXHO IOJIYYUTh
nHGOPMaIMI0 O KOHILIEHTpAllMX HOCUTesell B oOpas-
11e, O 3apse, HAKOIIJIEHHOM KBaHTOBBIMM TOUYKAMM, U
O TUIOTHOCTU COCTOSIHUM. M3MepeHUs KOMILJIEKCHOMI
MPOBOIMMOCTU (aAMUTTAHCA) KPEMHUEBBLIX 0apbepoOB
ILoTTKM ¢ 3aXOPOHEHHBIM CJIOEM KBaHTOBBIX ToueK Ge
MO3BOJISIIOT MOJYYUTh JTOMOJIHUTENIBHYIO MH(MOPMAIIUIO
O CTPYKTYpEe SHEpPreTMYECKOTO CITeKTpa KBAaHTOBBIX
TOYEK U MapaMeTpax AbIPOYHBIX COCTOSIHUI. B MeTo-
Jle TEeMIIePaTypHOU CIIEKTPOCKONUU TIPOBOIUMOCTH
PErUCTPUPYETCS aKTUBHAsI YacTh alMUTTaHCa (IIPOBO-
IUMOCTh) KaK (PYHKLHS TeMIlepatyphl. TeMmeparyp-
HO€ CKaHMPOBaHKE MTPOBOAUMOCTH 00paslia OCyIIEeCT-
BJISIETCSl TIPU Pa3IMYHBIX YAaCTOTaX @ TECTOBOTO CHUT-
HaJsla, oOecrieurBasl TeM CaMbIM pa3Hble JUHAMUYECKUE
YCIIOBUS BMUCCUM HOCHUTENEH ¢ TIyOOKOTro YPOBHS
WJIM MaccuBa KBaHTOBBIX Touek. Jlajiee, MOCTpoeHUEM
rpacduka AppeHuyca B KoopauHaTax o = f(1/T) nnsa
MOJIOXKEHUI TeMITepaTypHbIX MaKCMMYMOB CIEKTPOB
MPOBOIMMOCTU OMNPEAESICTCS] SHEPTUST aKTUBALIMU, Xa-

pakTepusylolasl MoJoXKEeHUE YPOBHEH KBAHTOBAaHUS B
KBAHTOBBIX TOYKax. M3amepeHUs] TEeMHOBBIX BOJIT-aM-
TEPHBIX XapaKTePUCTHUK TTO3BOJISIOT OLIEHUTh YPOBEHb
TEMHOBOTO TOKa B MOJIYTPOBOAHUKOBBIX p-i-n-(OTO-
IUOAAaX CO BCTPOCHHBIMH CJIOSIMU KBAHTOBBIX TOYEK.

Hccaedosanue 6vinoaneno npu uHancoeoi noo-
depucke PODU ¢ pamxax nayunoeo npoekma p_Cu-
oupv_a No 13-07-95023.
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Electrophysical Properties of Ge/Si Heterostructures with Ge Quantum Dots

This paper presents an analysis of the literature data on the electric properties of nanoheterostructures of Ge/Si. It describes spe-
cific features of the semiconductor structures with quantum dots and their electrophysical properties. A review was done of the me-
thods for measurement of the electrical parameters of the semiconductor Ge/Si nanoheterostructures with Ge quantum dots: capacity-
voltage characteristics, voltage-current characteristics, DLTS-spectra, thermal conductivity spectra.

Keywords: nanoheterostructures, quantum dots, silicon, germanium, solar cells, photodetectors, electrophysical properties, ad-

mittance spectroscopy, admittance, voltage-current characteristics

Introduction

Electrophysical and photo-electric properties the
semiconductor nanoheterostructures on the basis of
germanium/silicon with quantum dots of germanium
attract attention in connection with the presence in
them of unique properties, perspective for development
of optoelectronic devices with improved characteristics
[1—6].

For measurement of the electrophysical properties
there are used methods of electric spectroscopy, in which
the basic role is played by capture and emission of the
charge carriers. Among them are the volt-ampere meth-
od, capacity-voltage characteristics, admittance spec-
troscopy and deep level transient spectroscopy (DLTS).

In the present review the electrophysical properties
of Ge/Si heterostructures with quantum dots and also
techniques of their measurement are discussed.
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Capacity-voltage characteristics
of Si/Ge nanoheterostructures

The method boils down to the following. By applying
an alternating voltage to the structure containing the
quantum dots we can achieve the following — during
one half-cycle the capture of the carriers by the dots
prevails over the emission, and in the other half-cycle,
on the contrary, the emission prevails.

As a result the mass of the quantum dots is recharged
on the frequency of the applied alternating voltage, i.c.
it works like a capacitor. By measuring the capacity at
different shift voltages it is possible to obtain informa-
tion on the concentration of the carriers in a sample,
about the charge accumulated by the quantum dots,
and about the density of the states. (The method of de-
termination of the density of states in the quantum




holes and ensembles of the quantum dots by the capaci-
ty-voltage characteristics is developed in [7].)

At the heart of the capacity spectroscopy of the
quantum dots lays the fact, that a charge in zero-di-
mensional systems can change in a discrete way the val-
ue of §Q = eN, where e — is an electron charge, N —
is a number of dots in a sample. The external voltage of
Vg on the control electrode, displacing the potential in
the islets in relation to Fermi level in the contact, sepa-
rated from the islet layer by a tunnel-transparent bar-
rier, stimulates the capture of the carriers from the con-
tact on the levels of the quantum dots or a devastation
of these levels, depending on the polarity of Vg. If Fermi
level coincides in a contact with the energy of the bound
state in the quantum dots, the differential capacity

C(Vyp) = dQ/dV,

should have a peak, testifying to the presence of a dis-
crete level of energy. The full capacity of the structure
represents the sum of two contributions: the first is due
to the presence of the area of a spatial charge in the ma-
terial surrounding the islets (in this case it is silicon),
the second (CQD) is connected with a recharge of the
quantum dots [6, 8].

Typical capacity-voltage (C-V') characteristic of a
heterostructure containing several quantum holes is
presented in fig. 1. Each horizontal plateau in it corre-
sponds to the presence of a heterojunction, quantum
holes or dots. Its appearance in C-V dependences is ex-
plained by the fact that the area of a volume charge, ex-
tending with an increase of the applied shift, crosses the
sites of enrichment with the basic charge carriers, which
arise near the heterojunction, quantum holes or dots [9].

C-V differentiation allows us to obtain a profile of
concentration of the basic charge carriers on the depth
of a heterostructure. P-n-heterojunctions containing
layers of InAs quantum dots were grown on highly
doped n+-GaAs substrates by the method of molecule-
beam epitaxy or MOCVD-method. The active zone
was in the middle of a thick homogeneously alloyed
layer of n-GaAs and represented one layer of the quan-
tum dots or three layers of vertically bound quantum
dots divided by GaAs tunnel-transparent barriers [10].
For creation of a p-n junction a GaAs layer of p-type
was deposited from above. Fig. 2 presents the profile of
the concentration of the charge carriers in the structure
with InAs/GaAs self-organizing quantum dots.

By integrating the area under the concentration
curve, it is possible to calculate a charge in QD. For the
presented heterostructure the charge accumulated in
the mass of the quantum dots is equal to 5 * 1010 cm™2 at
200 K. By comparing the microscopy data on the lateral
density of QD, it is possible to determine the quantity
of electrons in one quantum point.

In [6] the capacity-voltage characteristics of Si/Ge
structures with quantum points were investigated. In
them the effective thickness of d layer of Ge quan-
tum points changed together with Schottky barrier. The
structures represented a number of layers beginning
from a substrate:

. p+—substrate of Si(100), which served as the lower
electric contact;

o Sij 5Ge , layer with thickness of L = 10 nm, which
ensured the heteroborder of the next tunnel barrier
of Si;

o tunnel transparent barrier of Si, p =7+ 1016 cm73;

o layer of nanochrystals of Ge;

« blocking layer of Si, p = 7+ 10 cm™3; L = 50 nm;

o clectrode of Al controlling filling of the islets and
forming a Schottky barrier on the border with Si, the
area of the aluminum plot was ~8 - 1073 cm?2.

The capacity-voltage (C-V) characteristics of the
structures without a Ge layer had a usual appearance
for the impoverished layer of Si (fig. 3). In case of an
effective thickness of Ge deﬁr = 2 of a monolayer (ML),
a plateau appears on the characteristics, typical for the
two-dimensional carrier gas. In the range of the effec-
tive thicknesses of Ge 8 < d, < 3 ML on C-V-curves,
peaks appear, the distance between which, their width
and position on a voltage scale (energy scale) depends
on d,z with the growth of d,; peaks become narrower
and the energy gap between them also decreases.

In [11] the electric properties of the multilayer mass
of the germanium nanoclusters, grown on the surface of
Si(001) were investigated at low temperatures. Tempe-
rature dependences of C-V-characteristics were consi-
dered. Fig. 4 presents C-V-characteristics of the sample
at a room temperature. The thickness of the deposited
layer of Ge for sample /— 0,6 nm, for 2 — 1,0 nm,
for 3 — 1,4 nm. The surface density of the nano-islets
for sample 7 — 3 - 10" em™2, for 2 — 6- 101 cm™2,
for 3—2-101 cm™2.

In all structures the capacity did not obey the law of
1/ V172 and for all the curved lines gently sloping sites
were observed. Fig. 4 demonstrates that they are diffe-
rent for each sample.

From width AU and C, it is possible to estimate the
concentration of holes in the quantum dots:

p=AU-C/(S"g),

where § — is Shottky diode area, and g — is an elemen-
tary charge. The following concentrations were obtained:
p=34: 10 cm™2 for sample 1, p=7-10' cm 2
for2, p=1,7- 10! ¢m™2 for 3. They agree with the
surface density of the quantum dots for each sample.
The number of the holes accumulated in the quantum
dots is proportional to their density.

The C-V-characteristics, which were recorded at
temperatures from 77 up to 300 K do not show any spe-
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cific features of samples 7/ and 2, while for sample 3
within temperatures from 77 up to 200 K a hysteresis of
the C-V-characteristics was observed. The insert to
fig. 4 demonstrates that the flat site of the curve at
scanning from the reverse to direct shift (capture) has
two shoulders, which can associate with the capture of
the carriers by two types of the quantum dots with two
various energy levels. During scanning in the mode of
a reverse motion an emission occurs from one level,
and on C-V-characteristics only one shoulder is ob-
served. This can be explained by the fact that the speed
of emission from one deeper level becomes less, and the
carriers "are frozen" at that level in a quantum dot.

By using the correlations p = (qz;SisO)_l C3/(dC/d V)
and W= gq;g(SC _1, from C-V-characteristics it is pos-
sible to obtain the concentration profiles of a charge
(fig. 5).

It is visible that for sample / the position of the con-
centration peak caused by accumulation of holes is
close to the prospective geometrical position of the layer
with the quantum dots (320 nm). A close value was also
received for sample 2 (290 nm). For sample 3 the re-
ceived depth of the concentration peak did not corre-
spond to the expected geometrical position of the layer
with the quantum dots and equaled to 520 nm [11].

In [12] the -capacity-voltage characteristics of
Shottky diodes on the basis of Ge/Si heterostructures
with Ge quantum dots were investigated. The capacity-
voltage (C-V) characteristics of the samples were ob-
tained with various thickness of the deposited Ge d,z
layer. Measurements were done at a room temperature
on the frequency of f= 100 kHz. The dependence of
the capacity on the reverse shift for the sample, which
did not contain Ge, had no specific features and looked
like a regular C-V characteristic for a Shottky contact
with a p-type semiconductor. In the samples with Ge
quantum dots on the capacity-voltage curves the steps
appeared connected with the inclusion of an additional
capacity, which was due to a change of a charge in the
layer of the quantum dots. At a zero shift the quantum
dots accumulated holes and were charged positively. At
Ub>4Vfordeﬁr=6ML, Uy, > 5V for dy =8 ML
and U, > 6 V for d,; = 10 ML they were released from
the holes and became neutral.

Deep level transient spectroscopy and temperature
spectroscopy of conductivity

In [11] DLTS-spectra of the multilayered mass of
germanium nanoclusters, grown on the surface of
Si(001) at low temperatures, were investigated. In all
the structures the maxima of DLTS spectra were found
at certain reverse shifts (fig. 6). The authors believe that
the peaks in the spectra were probably due to the pre-
sence of Ge nanoclusters.
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In fig. 6 (curved lines 7 and 2) it is visible, that the
spectra for them has a complex form, and the maxima
are unsolvable. Therefore, it is impossible to determine
reliably the energy of activation of the centers with deep
levels. Only for sample 3 the energy of activation was
determined as 260 meV, corresponding to the maxi-
mum at 235 K. For all structures there was also a max-
imum at 168 K, observed at different conditions of
measurements and caused, possibly, by the presence of
volume defects in the samples [11].

The method of the temperature spectroscopy of
conductivity records the active part of admittance
(conductivity) as a temperature function. Temperature
scanning of conductivity of a sample is carried out at
various frequencies o of the test signal, ensuring diffe-
rent dynamic conditions for emission of carriers from a
deep level or a mass of the quantum dots (QD). Fur-
ther, by construction of Arrhenius plot in coordinates
o = f(1/T) for the temperature maxima of the spectra
of conductivity, the energy of activation is determined
characterizing the position of the levels of quantiza-
tion in the quantum dots. A joint analysis of these
techniques can provide complete information on the
behavior of the charge carriers in the self-organizing
quantum dots.

In the spectra of conductivity of p-n-junctions with
InAs/GaAs QD in case of big reverse shifts (U, > 3 V)
one wide peak was observed. With a decline of the re-
verse shift the amplitude of the signal passed through
the maximum, and after that, on the low-temperature
side of the spectra a second peak appeared. The disco-
vered peaks were bound with the emission of electrons
from the basic and excited energy levels in QD. The ap-
pearance and modification of the peaks are explained
by the fact that with an increase of the reverse shift the
electric field, penetrating into the layer of QD, pushes
the energy levels of the quantization up and the level of
the electrochemical potential crosses them one by one,
creating conditions for appearance of a resonance in
the equivalent measuring chain [13]. Processing of the
temperature spectra leads to typical Arrhenius plots for
discovery of the energy of activation of the emission
process from the mass of QD.

By analogy with the deep levels in semiconductors,
the spectroscopy principle of admittance of the struc-
tures with QD is based on measurement of a complex
conductivity of the system arising during their recharge
owing to emission of the charge carriers from QD in the
permitted bands and their capture on the localized
states in QD.

In [12, 14] the silicon Shottky diodes with QD layer
of Ge embedded in the base were investigated. Fig. 7
demonstrates the frequency normalized dependences of
conductivity, on the temperature in various samples.
The curves were measured at U, = 2V and /= 50 kHz.
Just like in case of C-V-characteristics, the conductivity




of the sample without Ge QD had no specific features.
For Shottky diodes with QD on dependences of G(T)
the maxima appear, which are shifted towards the big
temperatures during increase of Ge QD in sizes.

The growth of 7, at which conductivity has its maxi-
mum, can be explained by embedding of the hole levels
in QD in case of an increase of the size of the dots (d,z)
or reduction of the section of a capture. Fig. 8 demon-
strates the temperature dependencies of a sample’s con-
ductivity d,- = 6 ML. Similar curves were received for
the samples with other thicknesses of Ge. Qualitatively,
it is possible to explain the behavior of G(T) in the fol-
lowing way. In case of a fixed shift of U, a recharge of
the level of a hole in QD appears, coinciding with the
level of Fermi in the substrate of p+-Si. The rate of
emission of the holes from the given level decreases
with the fall of temperature, therefore with a reduction
of the frequency of the probing voltage the conductivity
maximum is reached at lower temperatures (fig. 8, a).

With an increase of the reverse shift in conductivity
the holes, localized at the deeper and deeper levels
of QD, begin to take part in conductivity. For this rea-
son with the growth of U, the conductivity maximum
(fig. 8, b) shifts towards higher temperatures. At
U,> 4V Ge QD are completely devastated and the
maximum G(T), connected with their recharge, di-
sappears.

In [15] by the method of spectroscopy of full con-
ductivity the electronic structure of the silicon diode
with Schottky barrier with four Ge layers of the quan-
tum dots introduced in Si matrix was investigated. In
Ge/Si QD system the holes are localized in Ge, while
the electrons are free in the zone of conductivity of Si.
In the multilayer structures with QD the elastic strains
lead to a bend of the border zones. So, it is possible to
observe a localization of the electrons in silicon on the
border with QD. It is expected, that with an increase of
the number of QD layers the elastic strain will also in-
crease, which will result in a bigger depth of a potential
hole and change of energy of the electron localization.
The investigated sample was grown by MBE on a sub-
strate of n*-Si(001), by alloyed antimony up to the
concentration of ~10'? cm™3. The first and the second
layers of Ge, and also the third and the fourth layers are
divided by 3 nm Si, while the second and the third layers
of Ge are divided by 5 nm of Si. For comparison a sam-
ple not containing Ge was grown in the same condi-
tions. During changes in the temperature spectra it was
discovered that for both samples the maxima were ob-
served in the range of 20 K, while for Ge QD there was
one more maximum within the range of 30...40 K. The
position of the first peak, unlike that of the second one,
did not change with varying of applied voltage. The first
peak is bound with the impurity level, and other peak —
with the level of electrons in the zone of Si conductivity
on the border with QD.

Volt-ampere characteristics

Development of fiber-optical communication net-
works encouraged development of effective optoelec-
tronic components (photodetectors and light-emitting
structures of the near-field IR-area of the spectrum).
In [18—23] p-i-n-photodiodes on the basis of multi-
layer structures of Ge/Si with Ge QD were investigated.
The dark volt-ampere characteristics of the structures
(VAC) were obtained. Fig. 9 presents VAC of a typical
diode.

Fig. 10 presents VAC obtained in [23] for three
samples: A, B, and C, at 77 K. The thicknesses of the
space layers were 20, 20 and 50 nm, the doping levels
of Ge — 6-10'8, 0,6+ 10'8 and 6 - 10'® cm™3 for sam-
ples A, B, and C, accordingly.

Comparing the results for samples A and C one can
notice that with an increase in the thickness of a spacer
layer the dark current decreases. This is mainly due to
lessening of the electric field. Comparing the results
for samples A and B, it is possible to see, that with a
10-times increase of the doping level the value of the
dark current increases by 4...5 orders. This is partly due
to a bigger density of the charge carriers. Besides, the
energy of Fermi level increases because of doping [22].

For comparison with the structures containing
the quantum dots, fig. 11 presents the dark VAC of the
silicon photo-electric converters on the basis of the
p-i-n-structures investigated in [24], measured within
the range of temperatures from 0...100 °C.

Analysis of the direct branches of dark VAC shows
that with the rise of the temperature the voltage of a
cutoff decreases from about 1,9 V at 0 °C down to 0,4 V
at 100 °C [24].

Thus, the review suggests a conclusion that the ener-
gy of activation of the emission of holes from QD in the
investigated one-layer Si/Ge structures (Schottky di-
odes) obtained by the methods of deep level transient
spectroscopy and temperature spectroscopy of conduc-
tivity is within the limits of 200—700 meV.

From a practical point of view, for the solar ele-
ments most important is research of VAC, because on
its basis the efficiency of transformation of an element,
and degree of the influence of a parasitic resistance can
be defined.

Conclusion

The work contains a review of the electronic struc-
ture and eletrophysical properties of the materials based
on Ge/Si nanoheterostructures with Ge QD, and a re-
view of the methods for measurement of the eletrophysi-
cal parameters of the semiconductor nanoheterostruc-
tures with QD. There are several methods of electric
spectroscopy, the main role in which is played by the
capture and emission of the charge carriers. Among
them are the method of capacity-voltage characteris-
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tics, spectroscopy of full conductivity (admittance) (ad-
mittance spectroscopy), and deep level transient spec-
troscopy (DLTS). By measuring the capacity at differ-
ent shift voltages it is possible to receive information
about the concentration of carriers in a sample, about
the charge accumulated in QD, and about the density
of states. Measurements of a complex conductivity (ad-
mittance) of the silicon Schottky barriers with a buried
Ge QD layer allow us to receive additional information
on the structure of the energy spectrum of the quantum
dots and the parameters of the hole states. The method
of the temperature spectroscopy of conductivity records
the active part of admittance (conductivity) as a tem-
perature function. The temperature scanning of con-
ductivity of a sample is carried out at various frequen-
cies of o test signal, which ensures different dynamic
states of the emission of carriers from a deep level or
mass of QD. Further, by construction of Arrhenius plot
in coordinates w = f(1/T) for positions of the temper-
ature maxima of the spectra of conductivity we define
the energy of activation characterizing the position of
the quantization levels in QD. Measurements of dark
VAC allow us to estimate the level of a dark current in
the semi-conductor p-i-n-photodiodes with embedded
QD layers.

The research was implemented with the financial sup-
port of RFFI within the framework of the scientific project
Sibir No 13-07-98023.
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deepabHOE TOCYIAPCTBEHHOE OIOMKETHOE YUpexKIeHHe HayKu
MHCTUTYT CBEPXBBLICOKOUYACTOTHOM IOJYIIPOBOIHUKOBOM 3JIeKTpOoHUKN Poccuiickoit akageMuy Hayk

HUTPUAHBIE TEXHOAOITUN AASl OCBOEHUA
MUAAUMETPOBOTIO AUATIA3OHA AAUH BOAH
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Ilpusedenvi pezyromamol aHAAU3A COBPEMEHHOR0 COCMOAHUS U OCHOBHbIX HANPABAEHUTI PA3BUMUS MEXHOA0UYU CO30AHUS MUA-
aumempogvix CBY npubopoe na wuporozonnsix eemepocmpykmypax (Al, Ga, In)N/GaN 3a nocaeonue 8 rem 3a pybexcom u é Poc-
cuu. Iloxazarno, ymo docmuenymolll MeXHOA0SUMECKULL YPOBEeHb PA3PAOOMKU U U320MOBACHUS MOHOAUMHBIX UHMESPANbHBIX CXeM
(MHUC) munrsumemposoeo duanazona Ha HumpuoHsix eemepocmpykmypax ¢ UCBYIID PAH naxodumcs é xopouiem coomeem-
cmeuu ¢ 00UeMUPOBLIMU MEHOCHUUAMU U OOCIUICCHUAMU, YMO C030aem nPeonocyiAKY 045 CO30aHUS U 0CB0EHUS NPOMbIULIEHHO20
npouzsodcmea ¢ Poccuu xomnaexmoe MHUC oas npuemo-nepedarouwux cucmem Ka-, V- u W-ouanazonos uacmom, npeeocxoos-
wux no ceoum napamempam CBY npubopvt Ha apceHUOHbIX eemepocmpyKmypax.

Karoueevie caosa: AlGaN/GaN HEMT, wupoko3onHble eemepocmpyKmypbl, HUMPUOHbIe 2emepoCmpyKmypbl, NpeoesbHas
4acmoma ycuaeHusi no MoKy, MoHoAumHbie unmeepaishole cxemvl (MHUC), mursumempogoili Ouanazon OAUH 604H, NpUEMOnepe-

darowyue modyau

BBenenune

HEMT Ha ocHOBe LIMPOKO30HHBIX TeTEPOCTPYK-
Typ AlGaN/GaN upe3BbIYaiiHO TIPUBJICKATEIbHBI IJIsI
MpuMeHeHus1 B MollHbIX Tepenatoimx CBY ycrpoii-
CTBax PaaMOJOKAIIMOHHBIX M TEJIEKOMMYHUKAIIMOH-
HBIX CUCTEMAaX BBUY MX OYEBUIHBIX MPEUMYLIECTB Me-
pen TpaH3UCTOpaMHM Ha Y3KO30HHBIX ITOJTYIIPOBOIHU-
kax Ha ocHoBe (In, Al, Ga)As. B nocieaHue roasl mosi-
BWJIACHh HACYIITHAsl HEOOXOAMMOCTh B OCBOCHHNH OoJiee
BBICOKOYACTOTHBIX K-, W- u (Q-auamna3oHOB 4acToOT B
CBSI3U C Pa3BUTHUEM CBEPXIINPOKOIOJOCHBIX TEJIEKOM-
MYHUKAIIMOHHBIX CHUCTEM HOBOTO IMOKOJEHMUS, BBICO-
KOTOYHBIX CUCTEM BOOPYXKEHUI, CUCTEM MEXKCITyTHH -
KOBOI CBSI3W, aBTOMOOMJIBLHBIX PalapoB, aHTUTEPPO-
PUCTUYECKUX CUCTEM M JP.

CoBeplIeHCTBOBAHHE T€TEPOCTPYKTYP

B teuenue 3—4 ner 8 MCBYIID® PAH 6b110 ucC-
CJIeIOBaHO OOJIBIIIOE KOJUYECTBO HUTPUIAHBIX FeTepO-
ctpykTyp AlGaN/GaN ¢ TonunHaMu 6apbepHOro CJIost
AlGaN 75 = 28... 33 um (1-ro Tuma), a TakxKe Crenu-
aJlbHO BBIPAIIEHHBIX [JI aHajau3a TeTepOCTPYKTYP
AlGaN/AIN/GaN c¢ TomuuHaMu OapbeEPHOTO CIOS
tgp = 7...28 HM (2-ro0 TUNA) Ha NOJIOXKKAX U3 cardupa
u kapouaa kpeMmHusi (SiC) (taba. 1 u 2). Pesynbratom
HCCIIEOBAaHM SIBJIIETCS ONpeneacHue KpUTEPUEB BbI-
6opa ONTHMATBHBIX MMApaMEeTPOB TETEPOCTPYKTYD IS
pPa3IMYHBIX YACTOTHBIX JMAIa30HOB.

B yactHoCcTH ycTaHOBJIEHO, UTO 1J1s1 Ka-auamna3zoHa
gacToT (26,5...40 I'T'n) onTUMaNbHBEIMU SBJISIOTCS Te-

TEPOCTPYKTYPHI 2-TO TUIIA C fz = 15 HM, U3 KOTOPBIX
Ha CEroAHSIIHUN NeHb HAWIYYIIUe NapaMeTpbl UMeeT
rerepoctpykrypa V-1400 (3A0 "Dnma-Manaxut") Ha
nomioxke SiC, obecneynBarolas co3gaHUe TpaH3U-
CTOPOB C HaYaJIbHBIM TOKOM [, < 1,1 A/MM mpu
MaKcUMaJbHOI KpyTuszHe <380 MA/MM U Hampske-
HUM oTceuku MuHyc 4 B. IIpu 3TOM 1nojieBble TpaH3U-
cTophl ¢ IIMHOM 3atBopa L = 180 um (Lg/tg = 12)
umerot fr= 62 I'Tu u f,,, = 130 I'Ty npu orcyrer-
BUM KOPOTKOKAHAIbHBIX 3(p(EKTOB, YTO OINTUMAJIb-
HO ISl yCuuTesnell MollHOCTU Ka-muana3oHa. B To
Ke Bpems TpaH3UCTOpbl ¢ L; = 100 oM (L;/1p = 8) Ha
9TON Xe TeTEepOCTPYKTYype HMEIOT 0oJjiee BBICOKHUE
qactoTsl f7 = 77 I'Tu u f,, = 161 I'Tu, T. e. MoryT
OBITh MCITOJB30BaHbI B 00Ji€€ BBICOKOYACTOTHBIX V- 1
E-nmanazonax vactoT (ot 50 mo 75 I'T'm m ot 60 1o
90 I'T COOTBETCTBEHHO), HO BCJIEICTBUE KOPOTKOKa-
HaJIbHBIX 9D (HEKTOB HE SIBJISTIOTCS ONTUMATbHBIMU IS
3TUX yactort [1, 2].

INoteHIMaNBEHO ©0OJIee BBICOKOYACTOTHEIE TETEpPO-
CTPYKTYpPBL C MEHBIIVMH TOJIIIUHAMU f5 = 13 1 11 HM
npousBoiacTtBa 3A0 "CsernaHa-Poct" moka mMmeroT
3HAYUTEJILHO MEHBIIME HavyaJdbHBIC TOKM TPAH3UCTO-
poB (500 MA/MM 1 300 MA/MM cOOTBeTCTBEHHO). bo-
Jiee YCIEIIHBIMU OKa3ajuCh paboTHl IO CO3TAHUIO
TOHKUX rerepocTpykryp AlGaN/AIN/GaN (11 HM)
u AIN/GaN (3,5 HM) Ha nmomJioxXkKax u3 camndupa,
BbITIOJIHsIeMble coBMecTHO ¢ HUII "KypuatoBckmii
nHCTUTYT . BriepBeie B Poccum TosrydeHBI TpaH3M-
CTOPBI C HaYaJIbHBIMU TOKaMu Oonee 1 A/MM Ha rere-
poctpyktypax AIN/GaN/cangup, 4TOo OTKpHIBAEcT
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Tabnuua 1
Table 1
ITapamMeTpbl OTEYECTBEHHbIX IMMPOKO30HHBIX HUTPHIHBIX HAHOTETEPOCTPYKTYP
4 TPAH3UCTOPOB C ONTHMAJILHOI JJIMHOI 3aTBOPOB HA MX OCHOBe (pacuer),
ucnoan3osannsix UCBUYIID PAH npu paspadorke MUC MHLIAMETPOBOIO IMANA30HA
Parameters of domestic wide-band nitride nanoheterostructures and transistors
with the optimal gate length based on them (calculation), used by IMSE RAS
in development of the SSI of millimeter wave-range

Howmep rerepo- fg, NM Licos fr(max), GHz | Lg (opt), nm
CTPYKTYPBI Y
II\}Zmbyg' (AlGaN + AIN) mA/mm (Lg/tg=15) | (Lg/tp=15)

3A0 «Csetnana-Poct», crmoco6 pocta MBI nomnoxku: candup, KapOna KpeMHHUST
CJSC "Svetlana-Rost", method of MBI substrate growth: sapphire, silicon carbide

Ne 992 27 1000...1200 36,5 405
Ne 1120 13 500 76 195
Ne 1124 11 300 90 165
3A0 «Biama-Mamnmaxut», crnocod pocta MOCVD momioxXKu: Kapoua KpeMHUS,
KPEeMHMit
JSC "Elma-Malachite", method of MOCVD substrate growth: silicon carbide, silicon
V-1285 25 1300...1450 40 375
V-1267, 19,5 1250...1350 50 292
V-1269
V-1305, V1317 16 1000...1100 60 240
V-1400 15,3 1000...1100 65 230
V-1723 (Si) 25,7 B craguu mc- 38 385
CJIeNoBaHUM

HWII «KypuaTtoBcKuii MIHCTUTYT», crtiocod pocta MBI momnoxku: camdup
SIC "Kurchatov Institute”, method of MVI substrate growth: sapphire

26 4,27 3 11 nm > 1200 90 165
(AlGaN/AIN) +
+ 30 nm SiN
026 3, 027 4 3,5 nm AIN + > 1000 300 48
+ 30 nm SiN

MepCHeKTUBE OCBOCHMST W-auamna3zoHa
yacTtoT (ot 75 mo 110 I'T'w).

Hauatbl pa6otsl o cozgpanuto CBY
NnpubopoB Ha 6aze HUTPUIHBIX reTepo-
CTPYKTYp Ha KPEMHHUEBBIX MOAJOXKKaX
(3A0 "Dnma-Manaxut"), 4TO OTKpbIBa-
eT MyTU K UX yIELIEeBJICHUIO U Macco-
BOMY BBIITYCKY.

O6wast uaeoa0Tusl pa3BUTHSI HUT-
PUOHBIX IIpUOOPOB 3a pyOexXoM st
MWLUIMMETPOBOIO AUaIa3oHa B Mocie -
HHeE TOIBl TTOKa3aHa Ha puc. 1.

CoBepllIeHCTBOBAHME  HUTPUIHBIX
TETEPOCTPYKTYP [IJIsI MOBBILLIEHUST pabo-
YUX YacTOT MPUOOPOB B OCHOBHOM 3a-
KJII0YaJIOCh B YMEHBIIEHUU TOJUIMHBI
BEPXHET0 0apbepHOro CJIOS g B LEJSAX
COXpaHEeHUsI 3HAYEHUST acCTIeKTHOTO OT-
HoweHuss Lg/tg > 15 [15] g npenor-
BpallleHUsI Pa3BUTHSI KOPOTKOKaHaJb-
HbIX 9((HEKTOB MPU YMEHBIIEHUU T~
HBI 3aTBOpa L, 4TO HEOOXOAMMO MJIs
MOBBILLIEHUs] pabOYUX YACTOT TpaH3U-
cropoB. [lommepxkaHue 3HaYeHUs ac-
MEKTHOTO OTHOIIEHMUS HA KaK MOXKHO
0oJiee BBICOKOM YPOBHE KpaitHe BasKHO
TakXke U ISl COXpaHEHHsI BBICOKUX TTPO-
OMBHBIX HANIPSKEHMI, KOTOpHIE, Kak
oKaszajoch [3], onpenensitoTcsa He TOM-

Tabauia 2
Table 2

Pa3zBuTne mmpoko3oHHbIX HaHorerepocTpykTyp (Al,Ga)N/AIN mis MmusmmerpoBoro auanazona (Ha konen 2013 r.) no onenke UCBUIID PAH
Development of wide-band nanoheterostructures (Al, Ga)N/AIN for mm-range at the end of 2013 (estimation by IMSE RAS)

[ToasuxxHOCTh | KoHuEHTparus Cnoesoe . PexomeH-
Howmep retepo- | TonuHa 6apbe- comnpotuB- | Tok Hacwlie- | HavanbHBI TOK .
3JIEKTPOHOB 3JIEKTPOHOB JIOBAHHBIM
CTPYKTYPBI pa AlGaN/AIN JIeHue, HUs (pacyer) TpaH3MCTOpa
B KaHaJjie B KaHajie Om/xB ManazoH
Ne Heterostructure AlGaN/AIN Mobility of Concentration Layer Saturation cur-| Initial current | Recommen-
barrier thickness, | electrons in the | of electrons in resistance, | rent (estimate),| of the transistor | ded band
nm (Xy)) channel, the channel, Q/sq. A/mm (Ug =0), A/mm
cmz/V °s cm 2
3A0 «Dama-Manaxut», cnocod pocta - MOCVD, nomnoxka - SiC (*) — 2012 r.
JSC "Elma-Malachite”, method of growth - MOCVD, substrate - SiC (*) — 2012 e.
1 V-1909 26,7 (29 %) 2055 1,11-10"3 274 1,77 1,0 o (under)
2 V-1915 25,7 (28 %) 2100 1,17 - 103 254 1,87 1,1 10 GHz
3 V-1910 15,7 (31 %) 1880 1,28-10'3 259 2,05 1,2 o (under)
4 V-1440* 15,3 (32 %) 1880 1,3-1013 260 2,08 1,2 40 GHz
5 V-1911 13,7 31 %) 2300 1,28-10'3 212 2,05 1,1 o (under)
6 V-1966 13,2 (38.7 %) 1944 1,34-10'3 240 2,14 1,3 60 GHz
7 | V-1990 13,2 (39 %) 2000 1,32-1013 237 2,11 1,2
8 V-1991 11,7 (39 %) 1720 1,43-1013 254 2,29 —
9 V-1912 11,2 (31 %) 2040 1,16+ 1013 264 1,86 0,85
HWII «KypyaToBcKuii MIHCTUTYT», criocod pocta — MBE, nmomioxka — camndup ﬂi%éu(l;(lig)
SIC "Kurchatov Institute”, method of growth — MBE, substrate — sapphire
10 | 26_4 10 (40 %) 1462 1,55- 1013 237 2,48 1,35
11 {273 3,5 (100 %) 1220 1,8-1013 284 2,88 1,6 o (under)
150 GHz
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Puc. 1. OcHoBHbIE HANPABJIEHUS PA3BUTHSA PA0OT MO HUTPUAHOI TemaTHke 3a pydexom B Tedenue 2005—2012 rr. U WIAHBI HA NEPCIEKTUBY
Fig. 1. The main directions of work on nitride theme abroad in the 2005—2012 and plans for the future

IIUHON TeTePOCTPYKTYPHI, a ACTIEKTHBIM COOTHOIIIE-
HueMm Lg/tp. Oco3HaHue naHHOrO (hakTa, KOTODBIi
ObUT YCTAaHOBJIEH SMITUPUYECKH HA OCHOBE 00pabOTKU
9KCMEPUMEHTAbHBIX PE3YJIbTaTOB MHOTOYMCICHHBIX
padort, TIpMBeEJIO K pa3padOTKe HOBBLIX TUIIOB 0OJIee TOH-
KUX U 23(hGEKTUBHBIX IMPOKO30HHBIX T'€TEPOCTPYK-
Typ: ot AlGaN/AIN/GaN (7z 1o 7 um) xk AIN/GaN
(g 1o 3,5 um) [4] n InAIN/(AIN)/GaN (7 1o 4,7 Hm),
KOTOpPbI€ MOTEHILIMAJbHO MOTYT UMETh 0OoJjiee BbICO-
KUe€ MapaMeTphl JBYMEPHOTO 3JIEKTPOHHOrO rasa [5, 6].
[TpoGaeMbl co3aaHus TAKUX TeTePOCTPYKTYP U TOJY-
YeHHBbIC Pe3yIbTAaThl OTPaXeHBI B MHOTOUYMCIIEHHBIX
MyOJIMKALIVSIX, YACTUYHO YIIOMSIHYTBIX B 0030pax [7, 8].
BaxxHO OTMETHUTb, UTO JJIsI COXpPaHEHMSI BBICOKOU
KOHLEHTPALMK 3JEKTPOHOB JIBYMEPHOTO rasa 1, Ipu
YMEHBIIIEHUH TOJIIMHBI 0aphePHOTrO CJI0SI TeTePOCTPYK-

TYp ! IPULLIOCH YBEJIUUUTh B HEM conepxkanue Al:
1o 60 % B rerepoctpyktype AlGaN/AIN/GaN, mo 100 %
B rerepocTpykType AIN/GaN u mo 83 % B rerepo-
crpykrype InGaN/(AIN)/GaN.

Bricokoe comepxanue Al B GapbepHOM cjIoe Iep-
BOHAYAJIBHO BBHI3BAJIO CEPbE3HBIE MPOOJIEMBI C M3rO-
TOBJIEHUEM OMUYECKUX KOHTAKTOB K TaKUM TreTepo-
CTpyKTypam [9], s pelieHrus: KOTOpbIX ObUIM Mpeio-
KeHbl oopaleHHble (N-face) rerepocTpykTyphl [10], B
HacTosIliee BpeMsI aKTUBHO pa3BuBaeMble Kammdop-
HUNCKUM YHUBEPCUTETOM, HA KOTOPBIX OBLIO MOJIyYe-
HO YIEJBHOE COMPOTUBIIEHNE BXUTAEMBIX OMHUECKUX
KoHTakToB 10 0,1 Om - MM [11]. OnHako u 11st 0ObIY-
HbiX (Ga-face) retepoctpyktyp AlGaN/GaN Takxe
ObLTO HalimeHo penieHue [12], 3akiovaroiieecs B yac-
TUYHOM BBITpaBIMBaHUM OapbepHOro cioss AIN B
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mwiazme BC13 nj1s yaydilieHus: OMUYECKOIO COIPOTUB-
JICHUSI BXXUTraeMbIX KOHTaKToB 10 0,59 OM * MM, xapak-
TEePHBIX I TpamuiIoHHBIX "ToncTelx’ HEMT-rete-
POCTPYKTYp ¢ coaepxkaHueM Al B OapbepHOM cCJioe
okojio 27—31 %. B nanbHeiilieM pa3BUTUE 3TOM UIeH
OBICTPO MPUBEJIO K CO3MAHNIO TEXHOJIOTUN HEBXUTAE-
MBIX OMUYECKUX KOHTAKTOB JJIsI BCEX TUIIOB IeTepo-
CTPYKTYp, 3aKJIlouarolieecsl B TOJHOM BbITPaBIMBaHUU
Al-conepxaiiiero 6apbepHoro ciosg g0 kaHaina GaN
1151 Ga-face reTepoOCTPYKTYP UM BEPXHETO HEJIErMpo-
BaHHoro GaN no 6apbepa AlGaN mist N-face retepo-
CTPYKTYD, C ITOCJICAYIOIINM BhIpAIlIMBAaHUEM Yepe3 Mac-
Ky SiO, CUJIBHO JIETMPOBAaHHOIO KOHTaKTHOTO CJIOS
n"GaN ¢ koHueHTpaumeit kpemuust (6...8) - 102 em 3,
"B3pbIBHBIM" ynaneHueM SiO, B pactBope HF B ynbT-
pPa3BYKOBOW BaHHE M HaMbLUIEHUMEM MeTajljla OMHYe-
ckux KoHTakToB coctaBa Cr/Pt/Au [13] wim Ti/Pt/Au
[14], okazaBlIMMKCSA Hanbolee TEPMUIECKU CTAOUIIb-
HBIMU JJIs1 BCEX TUITOB reTepocTpykTyp no 7 = 450 °C.
IMonygyeHHBIE PE3YIBTATHI TS PA3TUIHBIX TETEPOCTPYK-
TYp CYMMUpPOBaHbI B Mpe3eHTallu1 YHUBepcuTeTa Notre
Dame. Bpumm mMoOJy4eHBI yHOETbHBIC COIPOTUBIICHMS
HEBXMTaeMbIX OMHUYeCKMX KOHTakToB (0,27 OwMm * MM
nnsa Ga-face HEMT [15] u 5o 0,09 Om * MM o1 N-face
HEMT [16]. Cneayer moguyepKHYTb, YTO CO3daHUE
TEXHOJIOTUM HEBXUTAeMbIX OMUYECKUX KOHTAKTOB CO3-
nano ycnoBus anas usrotoiaeHuss HEMT mo camo-
COBMEIIIEHHON TEeXHOJOTHN, MUHUMM3UPYIOIIEH CO-
NpOTUBJICHWE KaHaja TpaH3ucTopa. Tak, B pabote
[17], siBasitoleiicsi KBUHTICCEHLIMENM BCEX IMepeuuc-
JIEHHBIX BBIIIIE TEXHOJOTMUECKUX JOCTIDKEHUM, TTOJTy-
YEHO PEKOPJHO Majoe COMPOTHMBICHUE TpaH3UCTOpA
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B OTKPBITOM cOCTOSIHUU — 0,29 OM * MM, COMPOTHUB-
JIeHne oMU4ecKuX KoHTakToB — 0,025 OM * MM, Kpy-
TU3Ha Xapakrepuctuku G, = 1105 mCm/MM, Havasb-
HBIA TOK [0 = 2,77 A/MM, yacToTa OTCEYKM TOKa
Sr=155TTw.

B nocnenHue ronbl pelaguch BOIPOCHl COBEPILIECH-
CTBOBAaHUSI TEXHOJIOTVH MAaCCUBAIIMY HUTPUIHBIX TIPU-
00opoB, HaMpaBJIeHHbIE HAa YCTPaHEHUE JIOBYIIIEK Ha re-
TepOrpaHMIIAX, B YaCTHOCTH, maccuBanusd "in-situ”" B
KaMepe pocTa cTajia yxe MPOMBIIUIEHHOW TeXHOJIOT -
el TIpU TIPOM3BOMICTBE TETEPOCTPYKTYP.

B pesyabTaTe TEXHOJIOIMYECKOTO MPOpPhIBa MOCeI-
HUX JIET 3apyOeKHBIMA MCCIICA0BATEIIMHA JOCTUTHYTHI
yacTOTHbIe napamMeTpbl HUTpUAHbIX HEMT, nputau-
KaloIMecsT K PeKOPAHBIM MapaMeTpaM apCeHMIHBIX
pHEMT u mHEMT Ha nomnoxxkax GaAs u InP. Tak,
B 2008 r. Ob110 nosryyeHo 3HauyeHue fr = 190 I'T'u [18],
3ateM B 2010 r. mpu ummHe 3atBopa L = 40 HM 1o-
Jydensl sHauenusd f= 220 I'Tuu £, = 400 I'Tu [19],
KOTOpPbIE ObUIM MEPEKPBITHI 3HaUeHueM f= 343 I'Tu
[20] yxe B 2011 T.

HutpunHbie HaHOTETEPOCTPYKTYPHI SIBUJIHUCH OC-
HOBOI IJIs1 pa3pabOTKM M CO3AaHMST BbICOKOI(DDEK-
THUBHBIX PagvallMOHHO-CTOMKNX MOHOJMTHBIX WHTE-
rpanbHbIX cxeM (MU C) ycunureneit MmoHocTu (YM)
Ka-nnanazona, B 10—15 pa3 npeBocxopstiux MUC
Ha ocHoBe pHEMT GaAs no maccorabapuTHbIM I1a-
pametpam (UMS, 2012 r). PazpabaTbiBaloTcsl Takxke
npuemoriepenatoue Monynun ADAP nng pamgmono-
katopoB auanazoHa 94 I'T'u (QuinStar Technology co-
BMeCTHO ¢ HRL) ¢ BBIXOOHOW MOIIMHOCTBIO 10 5 BT
(yAenbHOM BBIXOAHOW MOIIHOCTBIO Oojiee 2 BT/MM).

-
r

1%
LT
-
H1vE

[
fr.ITu
fr, GHz

Al

Puc. 2. IloBbienne npenesibHbIX 4acToT (@) U ycuiaenus (b) TpaH3MCTOPOB HA MMPOKO30HHBIX HaHOreTepocTpykTypax AlGaN/AIN/GaN/SiC

B AuMana3oHe vactot 85...95 I'Ty

Fig. 2. Improving of Cut-off frequencies (a) and Gain (b) of transistors fabricated on wide-gap AlGaN/AIN/GaN/SiC nanoheterostructures for

85—95 GHz band
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Puc. 3. Yiyuienne cTaTHIECKHX NapaMeTPOB TPAH3UCTOPOB HA rerepocTpykrypax V-1440 (a)

ur/c V-1912 (6)

Fig. 3. Improvement of I—V characteristics of transistors on wafers V-1440 (a) and V-1912 (b)

Benymue 3apyoexHble mpousBogutenu (Northrop
Grumman, Cree, TriQuint, Fujitsu u 1p.) B IOCJACAHUE
TOJbl BHICOKMUMU TEMITAMU COBEPIICHCTBYIOT TEXHO-
JIOTHIO M OCBAMBAlOT BBIMYCK IIIMPOKON HOMEHKIIATY-
pet MUC Ha HUTPUOHBIX TETEPOCTPYKTYpax ¢ pabo-
yuMmu vactotamu o 100 I'Tuy u BbIE, mpuyeM He
TOJIBKO ycunuTeneir MmourHoct. Hanpumep, paspabo-
taHa MUC MIIY nnamnaszona 75...82 I'T'y ¢ koaddpu-
uuenrom myma K, = 3,8 1b Ha yacrore 80 I'Tu nmpu
Ko3(ppULIMEHTE YCUICHUST I(p > 20 nb [21], yTo mpe-
BocxonuT napametpsl gydiinx MMC Ha GaAs u InP.

OcBOeHME TPOMBIIIIEHHOTO IPOM3BOACTBA HUT-
PUIHBIX TETEPOCTPYKTYP HA KPEMHMEBBIX TMOMTOXKKAX
mrameTpoM 10 8" (NITRONEX Corp., CLIA [22]),
€03/11aJ10 YCJIOBHUS IS MACCOBOTO MPOM3BOACTBA JeIIe-
BbIXx MM C, KOoTOpBIe MOTYT MOJIHOCTHIO BhITeCHUTH BY
u CBY npubopsl Ha TpagULIMOHHBIX apPCEHUIHBIX Te-
TEPOCTPYKTYpax U KPEeMHUM.

OCHOBHBIC HAITPaBICHUST COBEPIIICHCTBOBAHUS TEX-
HOJIOTUMU:

— WCIIOJb30BaHUe 00jIee TOHKUX
TeTepOCTPYKTYP B LIEJISIX IMOBBILLICHUS

. S

otHoweHUA Lg/thgan > 10; e
— ONTHUMM3ALUS CUCTEMBI 3JIeK-

TPOHHBIX pPE3UCTOB M IIpollecca :::

BJIEKTPOHHO-JIy9eBOM JUTOrpadpum
IUIS1 YMEHbIIEHUS JUIMHBI 3aTBOpA 10
L; <90 HM ¥ CHMXXEHMS TapasuT-
HOI €eMKOCTH Cg ;

— CO3IaHNe TEXHOJOTUM HEBXM-
raeMbIX OMMYECKMX KOHTAaKTOB C
R, < 0,11 Om - mm;
COBEPIIIEHCTBOBAHME TEXHO-
JIOTUW TIACCUBAIIUM T€TEPOCTPYKTYP,

KBY pgmamazoHax 3a pybexoM u
omnbita pador MCBYIID PAH c re-
tepoctpykrypamn AlGaN/GaN, 1o-
JIy4EHHOM B XOJI€ BBIMIOJHEHUS psiaa
HWOKP B npeasiayime roasi [1, 2],
OBLI cleslaH BBIBOI O BO3MOXHOCTH
1 HEOOXOIMMOCTH TIePeHECeHUST aK-
LIeHTa MCCIeAOBAaHMI Ha CO3JaHME TEXHOJOTHUM TIPO-
€KTUPOBAHUSI M M3TOTOBJICHUS IIMPOKOW HOMEHKIIa-
Typbl pagualumoHHo-cToiikux MUC nnsg npuemone-
pelaMx MOIyJieil MUJIIUMETPOBOrO T1ara3oHa Ha
0aze 1mmpoko3oHHbIX HEMT retepocTpykTyp oreue-
cTBeHHBIX mpousBoautenein (3A0 "Bama-Manaxut",
3A0 "Csernana-Poct", HUIL "KypuaTtoBckuii mH-
ctutyt").

Paspadorka kommaekros MUC

Co3naHHas TEXHOJIOTUS SIBJSUIACh OCHOBOM IS pa3-
pabotku KomIiektoB MUC Ha HUTPUIOHBIX TeTEpPO-
cTpyKTypax mjs npuemornepenamoimux CBY ycrpoiicts
B3aMeH TpaaulLMOHHO McnojbdyeMblx MUC Ha ap-
CEeHUJHBIX retepocTpykrypax. CocrtosiHue padoT B
MCBYIID PAH B manHO# 00jacTy IMPOMJLIIOCTPU-
poOBaHO Ha puc. 4, rIe NmokKa3aHbl ye 3aKOHYEHHbIE
(CIUTOLLHBIE JUHUM) WU HaxoAsdIIMecs] B Pa3IMUHbIX

YEMAMEEAN MOUHEITH [YI)
Py arrylafovs (F4)

h =
B YaCTHOCTU HaHeceHue SizNy B =
pocToBoOil Kamepe MJID ycTaHOBKU
"in-situ".

CrnenyeT OTMETUTb (pUC. 2, 3), 4TO
YeM TOHbIIIe Oaphep reTepPOCTPYKTY-
pbl AIGaN/AIN, TeM BbIlIIE:

— KpyTu3Ha TpaHsucropa G,
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Puc. 4. Cocrosinne pa3pa6orok MIUC Ha mMHPOKO30HHBIX HATPHIHBIX FeTEPOCTPYKTYPax
pasnnynoro HasHayenns UCBYIID PAH g 2011—2013 rr.

Fig. 4. Development of IUHFSE RAS in 2011—2013 of SS1 on wide-band nitride heterostructures
for different purposes
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CTpyKTypax MoxHo mnpuBectu CBY
napameTpbl pa3pabOTaHHBIX BHEpP-
Bole B Poccun MU C YM auanazoHa
yactot 85...95 I'Tu (puc. 8, cMm. Tpe-
ThlO CTOPOHY 00J0XKM). M3mepe-
HUs TIpOBeNEeHbI HA 000pPyIOBaHUU
®I'VIT "HIII "UcTok", pe3yabTaThl
rnmokasaHbl Ha puc. 9. CrenyeT oT-

JMAHHBIN TMana30H 4acTOT, YTO CBU-
JIETeJIbCTBYET O COOTBETCTBYIOIIEM
ypoBHe TmpoekTupoBaHus MHUC.

2 2 XM M I M 3T M 36 3B 40 42 44 48

f GHz

Puc. 6. CBY napametpsi onbiTHoro oopasua MUC YM Ka-nuanazona (rerepocTpykrypa

V-1910, uzmepenns — 15 noadps 2013 r.)

Fig. 6. S-parameters of the samples of MIC PA (heterostructure V-1920, measurements — No-

vember 15, 2013)

cTanusx pa3paboTKu (IIyHKTUPHBIE JIMHUM) MOHOJIUT-
HbIe MHTETPaJIbHbIE CXeMbl HA HUTPUIHBIX T€TEPOCTPYK-
typax. Ha puc. 5 (CM. TpeTbl0 CTOPOHY OOJI0XKH) MO-
kazana MUC YM mig nuanasona yactot 30...40 I'T,
CO3JaHHasE Ha HUTPUIHOM reTepocTpykrype. M3me-
perHbie CBY 1 BBIXOAHBIE TTapaMeTPhl TpeX 00pas31LoB
MMOKa3aHbl Ha puc. 6, 7.

B xauecTBe WITIOCTpPALIMU K YPOBHIO TEXHOJOIM-
yeckux npoctkenniit MCBYII® PAH B ocBoeHum
MUWJUIMMETPOBOTO IMAIla30Ha HAa HUTPUAHBIX TeTepo-
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1 B Hacrosiiiee BpeMsi mpomoJiKaroT-
05 csl paboOThl B JaAHHOM HaIlpaBJIeHUU
o Ha 0oJiee TOHKMX T'eTepOCTPYKTypax

npousBoactea HUILI
CKMI UHCTUTYT".

BaxwHeiieit 3amadyeit mo cosma-
Huio MUC MuimMeTpoBoro aua-
rna3oHa sBJsIeTCS (OPMUPOBAHUE
HaHopa3MmepHbix HEMT.

3aTBOpBI ¢ MaJIOM IJIMHON MeXa-
HUYECKU HEYCTOWUYUBBHI U CKJIOHHBI
K "3aBanmBaHuio". CylliecTByeT psi MOIXOIOB K pelle-
HMIO JaHHON MpOoOJeMbl: B YACTHOCTU, CO3IaHMUE CYO-
HOXKM, OIMPAIOILIEICS Ha MOACION AN3JIeKTpHUKa; hop-
MMPOBaHME MAacCUBa MUKPOKOJIOH, MOAACPKUBAIOLIMX
"ty TprboobpasHoro 3atBopa. [1pu hopmMupoBa-
HUU TAaKOTO 3aTBOpa C TMOMOIIbBIO TPEXCIONHOM cucTe-
Mbl pesuctoB [IMMA950K / TIMI'Y / TIMMA950K
3a cYeT NMpoPUINPOBAHUS LICHTPAIbHOM J03bI (3KCITO-
HUPOBaHMUSI KpaeB HOXKW C MEHbIleH 10300, uem
LIEHTP), MOXHO JTOCTUTHYTh Lg ~ 50 aM. Takas cuc-
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Puc. 7. Boixogusie napamerpsl onbiTHOro 06pa3ua MUC YM Ka-nunana3zona na yacrorax 30 I'Tu (a) n 40 I'Ty (b)
Fig. 7. Output parameters of the sample of MIC PA for Ka-band on 30 GHz (a) and 40 GHz (b)
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Puc. 9. Pesyabrarsl u3mepennit CBY napamerpos tectosbix HEMT AlGaN/AIN/GaN/SiC (a) u onbiTHoro oopasua MUC YM (b) (rerepo-
crpykrypa V-1911, uamepenus 25.12.2013 r. 8 OAO "HIIII "Uctok" um. Illokuna)

Fig. 9. Measured S-parameters of test AIGaN/AIN/GaN/SiC HEMTs (a) and prototype of PA (b). The measurements on 25.12.2013 in JSC "SPE

ISTOK" named after Shokin

Tema 3JIEKTPOHHBIX PE3UCTOB UYBCTBUTEbHA K BHELI- e IMHUPOKYIo "HIISAMNyY", YTO JOIOJHUTEIBHO TIPU-
HUM (akTopaM: pebedy MOBEPXHOCTU HAHOTETEPO- BOJIUT K YMEHbllIeHUIO KoabdunureHTta myma. Cam
CTPYKTYp; pasMepy M reoMeTpuu mnepudepuiiHbIX aur3ar umeln pasmax 200 am ¢ nmepuomom 4000 HM.
KOHTaKTHBIX TUIOLIAN0K;, YCJIOBUSIM MPOSIBJICHUS; CymMapHast ToiammHa "uuisansl” coctaBuia 800 HM
TOJIILIMHE MeTajljla. BBUIY HEBO3MOXHOCTU YCTONYM- (puc. 11). Ha puc. 12 nmoka3aHbl CO31aHHbIE 3aTBOPHI,

BOTO BOCIPOM3BELCHMUSI 3alaHHOTO L, 9T (hakTopbl OHU UMEIOT IMHY 75 1 37 HM.

OTPAaHMYMBAIOT TIPAKTUUECKOE WC-
MOJIb30BAHUE TPEXCIOMHOM CHUCTEMBI
pe3uvictoB. Takum oOpa3oM, Il co3ma-
HUS 3aTBOPOB € MIMHON MeHee 50 HM
HeoO0XoauMbl OoJiee CIOXHBIE CUCTE-
Mbl PE3UCTOB C MpoAyMaHHOU ¢hop-
MoO#t "HOXKHU" 3aTBOpAa.

Pa3paboraHa nsTuciioitHas cucrema
BJIEKTpOHHBIX pe3rctoB [IMMA9SOK /
[IMI'1 / TIMMA950K / TIMI' /
IIMMA950K nnsa obecrieueHUsT BBI-
COKOM MEeXaHNYeCKON yCTOMYNBOCTU
3aTBopa. Camu 3aTBOpPHI (hOpMHUPOBaA-
JINCh DJIEKTPOHHO-JIYYeBOM JIMTOTpa-
¢ueit Ha HaHomuTorpacde RAITH
150-TWO (puc. 10, cM. TpeTbiO CTO-
pOHY 00JI0KKM). IS KOHTpOAsl pa3-
MepoB U (opMbI "HOXKHU" 3aTBOpa 00-
JlacTb ee (popMupoBaHUs Obl1a pa3ou-
Ta Ha PSI MOACIOEB CUCTEMBI PE3UCTOB
IIMMA950K / TIMI' / [IMMA950K,
KOTOPBIE HE3aBUCUMO MIPOSIBIISITIACH B
nposButese MUBK:UIIC (1:1). D10
JIaJI0 BO3MOXHOCTb YBEJIUUUTH BBICO-
Ty "HOXKU", YTO IOJIKHO MPUBOAUTH
K YMEHBILIECHUIO Mapa3uTHBIX €MKO-
creii. Takasi Hoxka umeeT ¢Gopmy
3ursara, mo3ToMy MeXaHMyecKas e-
CTKOCTh 3aTBOpa YBEJIUYUBAECTCI. DTO
JIOCTUTAETCs 3a CYET yBeJMYEHUs 2¢-
(eKTUBHON TIIOIIANM, TTOIICPKIBAIO-

Puc. 11. Tononorus (a) u mukpogororpadus (b) pa3padoTaHHOrO W M3rOTOBJIEHHOTO 3UT-
3aroo0dpa3Horo 3aTpopa

Fig. 11. Topology (a) and micrograph (b) of fabricated zigzag gate

Puc. 12. I'puboo6pa3subie 3aTBOPSLI ¢ AauHO# 75 HM (a) u 37 uMm (b), MOJIyd4eHHbIE C IOMOIbIO
3JIeKTPOHHO-J1yYeBoro Jutorpaga Raith 150TWO 8 UCBUYIID PAH

Fig. 12. T-gates with Lg = 75nm (a) and Lg = 37 nm (b) made utilizing Electron Beam Li-

thographer Raith 150TWO in IUHFSE RAS

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Ne 2, 2015 27




Tabauia 3
Table 3

OCHOBHBIE MAPAMETPBI YCTAHOBOK 3JIEKTPOHHO-JIy4eBOi
sutorpadun, nmetomuxca 8 UCBUIID PAH

Main parameters of installations of electron-beam lithography,
available in IMSE RAS

OcHOBHBbIE TAPAMETPbI RAITH150-

Main parameters TWO VOYAGER
Yckopsitolee HanpspKeHUe 30 kV 50 kV
Accelerating voltage
MuyHUMalbHas IMPUHA JTUHUU Menee (fess Menee
Minimum line width than) 20 nm | (less than)

10 nm
Yucsio 3KCIMOHUPOBaHUM (ITPOXOA0B 2 1
Jry4a 1o (OoTOpe3ncTy), HeoOX0oaM-
MBIX I (hopMupoBaHusi T-o6pa3-
HOTro 3aTBopa
The number of exposures (passes of the
beam over photoresist) needed to form
the T-gate
Hpeiid nyya Bo BpeMeHHU 3 nm/min, 50 nm/
Beam drift over time 200 nm/h for 8§ h
He 6 He 6onee
TouHOCTh COBMelLIEHUST TIOJIEN ¢ boiee (not more
. (not more
Alignment accuracy of the fields than) 40 nm 2tglan)
nm
YacTtoTa reHepaTopa pa3BepTKH, yac- 20 MHz 50 MHz
TOTa Mepexoja K HOBOMY JIHUCKDPETY
9JIEKTPOHHBIM JIYYOM (OTpesessieT
OOLIYIO JUTUTEJIbHOCTh 9KCIIOHUPO-
BaHUSI MOHOJIUTHOW MHTETPAJIbHOM
CXEMBI)
The frequency of the sweeper generator
and the frequency of the transition to a
new discrete by electron beam (deter-
mines the overall duration of exposure
of a monolithic integrated circuit)
JmHa nsatku T-o6pasHoro 3ateopa | 130, 90...80, | 22...25 nm
The length of the heel of T-shaped gate| 37...45 nm

JanpHeliyre padOThHI IO CO3JaHMI0 HAHOTPAH3U-
CTOPOB C JIJMHON 3aTBopa 22...25 HM Ha IJIaCTMHAX
nuameTpoM 50 MM IJIaHUPYETCSl MTPOBOAMThL Ha 2JIeK-
TpoHHO-J1y4YeBoM Jutorpade VOYAGER (ta6a. 3).

3akimouyeHue

PesynbTaThl McceqOBaHUI IO CO3IAHUIO TEXHOJIO-

MU MPOEKTUPOBaHUS U u3rorosieHuss MUC mumnu-
METPOBOTO AMAaIla30Ha IJIMH BOJH Ha HUTPUIHBIX Te-
TepocTtpykTypax B MCBUYIID PAH mnoka3sbiBaloT BO3-
MOXHOCTB co3nanus B Poccuu komruiekroB MUC mna
MMpUeMornepefalolnX MOIYJIEH, MPEeBOCXOASIINX IO
CBOMM TapaMeTpaM COOTBETCTBYIOLIME MPUOOPHI Ha
apCEeHUIHBIX TeTEPOCTPYKTYpaX, YTO HAXOAUTCS B XO-
pOIIIEM COOTBETCTBMU C MUPOBBIM YPOBHEM DPa3BUTHUS
JTAaHHOTO HAaIlpaBJICHUS.

JJis1 yCcTHelHoro MpPOMBILLIEHHOTO OCBOEHUS U
MaccoBoro IpousBoactBa MUC s mpuemoriepe-
JAIOIIMX MOJIYJEH pa3JIMYHBIX AMAMa30HOB 4YacTOT
HEeoOXONMMO COBEpIICHCTBOBAHME KaXXIOro sTana
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TEXHOJIOTUIECKOM 1EeTTOYKHA: MOHOKPHUCTAJIBI — TIOJI-
JIOXKKH — TeTepOCTPYKTYpbl — u3rotrorieHue MUC —
coopka CBY monyneit — uamepeHue mapameTpos.

TonbKo Mpu TakOM IMOAXOIE MOXKHO OXMIATh Obl-
CTPOro HaJlaXXMBaHUSI MaCCOBOT'O MTPOM3BOJICTBA AcIIe-
BBIX paIMallMOHHO-CTOMKUX MIPpUEMOIIepeaaloIuX MO-
JyJiell pa3IMyHOro HaszHAuYeHMsI, TaK HEOOXOIUMBIX
Poccuiickoii denepanumn.

OcHOBHOI TIpo0JeMoii co3maHus MouHeix MUC
MWUIAMETPOBOTO JUAIIa30HA SBJISICTCS UMITOPTO3aMe-
1LIEHUe MOJJIOKEK KapOuaa KpeMHUSI U UX CEpUiHOE
ocBoeHrne B Poccum (mampumep, 3A0 "CetTiaHa-
DIEKTPOHNPUOOP") U HA UX OCHOBE CEPUMHBINA BbI-
MyCK HUTPUAHBIX HAHOTETEPOCTPYKTYP KakK IO TeX-
HOJIOTUM MOJIEKYJISIPHO-JIYYeBO, TaK U Trazoda3Hoit
BOUTAKCUU TSI PA3IMUYHBIX IMAMa30HOB IJIUH BOJH B
Benywuux opranmzauusx Cankrt-IlerepOypra, Hoso-
cubupcka, Tomcka, MOCKBBI.

ITpu a3TOM HEoOXOAMMO OOECIeUuTh MMITIOPTO3a-
MEIIeHME HAYYHOTO M TEXHOJOIMYECKOro o0opyao-
BaHWS IJIT HUTPUIHOM TEXHOJIOTHH, a TAaKXKe U3MEPH-
TEJbHBIX KOMITJIEKCOB /I MUJUIMMETPOBOTO A1arna3o-
Ha IJIMH BOJIH.

Paboma ewvinoanena 6 pamxax Ilocyoapcmeennoeo
xonmpaxma Ne 14.427.12.0001 om 30.09.2013 no 3aka-
3y Munucmepcmea o6pazoeanus u Hayku Poccuiickoii
Dedepayuu.
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GaN Technology for Millimeter wawe Application

The work presents a review of the modern state and evolution of the technology for the millimeter wave devices utilizing
(Al, Ga, In)N/GaN wide-gap heterostructures in Russia and abroad in the past 8 years. This paper demonstrates that the actual
technological level in the development of the millimeter wave MMICs using the nitride heterostructures in IUHFSE RAS corresponds
to the world technological level, which proves feasibility of a mass production of GaN MMIC devices for Ka-, V-, W-band trans-

ceivers, surpassing the GaAs devices.

Keywords: AlGaN/GaN HEMT, wide-gap heterostuctures, nitride heterostructures, cut-off frequency, Monolithic Microwave

Integrated Circuit (MMIC), millimeter wave, RF module.

Introduction

Wide-gap AlGaN/GaN HEMTs are very attractive
for utilizing in high-power microwave transceivers in
radar and telecommunication systems, since their ap-
parent advantages over transistors on narrow-bandgap
semiconductors based on (In, Al, Ga)As. In recent
years importance of application of higher frequencies,
such as K-, W- and Q-bands, has arisen due to devel-
opment of new generation of ultra-wideband telecom-
munication systems, high-accuracy weapons, systems
of inter-satellite communication, radar speed guns,
counterterrorist systems, etc.

Improvement of heterostructures

Institute of Ultra High Frequency Semiconductor
Electronics of RAS (IUHFSE RAS) has studied a
large number of nitride AlGaN/GaN heterostructures
with AlGaN barrier thicknesses 75 from 28 to 33 nm

(1% type), as well as AlIGaN/AIN/GaN heterostruc-
tures specially grown for analysis of the barrier layer
with a thickness 7 of the barrier layer from 28 to 7 nm
(2nd type) on sapphire and silicon carbide (SiC) sub-
strates (tables 1 and 2). The result is the definition of
criteria for selection of the optimal parameters of het-
erostructures for different frequency ranges.

It was found that the heterostructure of the 2™ type
with 75 = 15 nm are optimal for Ka-band frequencies.
The heterostructure V-1400 (CJSC "Elma-Mala-
chite") of such type on the SiC substrate has the best
parameters, which provides creation of transistors with
an initial current of 1,1 A/mm at the maximum grid-
anode transconductance of up to 380 mA/mm and
the cut-off voltage of 4 V. At this, the field transistors
with a gate length L; = 180 nm (L;/fp = 12) have
J1/fmax = 62/130 without the short-channel effect
that is optimal for the power amplifier of Ka-band.
At the same time, the transistors with L; = 100 nm
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(Lg/tg = 8) on the same heterostructure have higher
frequency f7/fiax = 77/161, i.e. can be used in the
high frequency E- and V- bands, but due to the short-
channel effects they are not optimal for those frequen-
cies [1, 2].

Potentially high-frequency heterostructure with
the less thickness 7 of 13 nm and 11 nm by CJSC
"Svetlana-Rost" while have much lower initial cur-
rents of transistors (500 and 300 mA/mm, respective-
ly). The works are more successful on creation of the
thin AIGaN/AIN/GaN heterostructures (11 nm) and
AIN/GaN (3,5 nm) heterostructure on sapphire sub-
strates, which are being performed jointly SIC "Kur-
chatov Institute". The transistors with initial currents
greater than 1 A/mm on heterostructures AIN/GaN/sap-
phire were produced for the first time in Russia, which
opens up prospects for development of the W-band fre-
quencies.

The creation of microwave devices based on nitride
heterostructures on silicon substrates (JSC "Elma-Mal-
achite") were initiated, which opens the way to their
cheapening and mass production.

The ideology of abroad development of the nitride
devices for millimeter-wave band is shown in fig. 1.

Improvement of nitride heterostructures for in-
creasing of the operating frequencies of devices gen-
erally consisted in reduction of the thickness of the
upper barrier layer 7 for preserving of the aspect ratio
Ls/tg > 15 [15] to prevent the development of short-
channel effects with decreasing gate length L. It is
necessary to increase the operating frequencies of
transistors. Maintaining of the aspect ratio at a higher
level is also extremely important for maintaining of the
high breakdown voltages, which, as it turned out [3],
determined by the aspect ratio L/ but not by heter-
ostructure thickness. Awareness of this fact, which was
empirically established on the base of processing of the
experimental results of numerous works, led to devel-
opment of new, more thin and efficient wide-band het-
erostructures: from AlGaN/AIN/GaN (75 up to 7 nm)
to AIN/GaN (75 up to 3,5 nm) [4] and InAIN/(AIN)/
GaN (7z up to 4,7 nm). These heterostructures poten-
tially have the highest parameters of two-dimensional
electron gas [5, 6]. The problems of their creation and
the received results are reflected in the publications,
partially referred in [7, 8]. It is important to note that
it had to increase the contents of Al to maintain a high
concentration of electrons of two-dimensional gas n,
at reduction of the thickness of the barrier layer 75 of
the heterostructures: up to 60 % in the heterostructure
AlGaN/AIN/GaN, up to 100 % in the heterostructure
AIN/GaN and up to 83 % in the heterostructure
InGaN/(AIN)/GaN.

The high Al content in the barrier layer caused se-
rious problems in manufacture of ohmic contacts to
such heterostructures [9], for which faced "N-face" het-
erostructures [10] were proposed. These heterostruc-
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tures are actively developed in the University of Cal-
ifornia, where the resistance of the burning ohmic
contacts were received up to 0,1 Q+mm [11]. How-
ever, the solution was found for the ordinary "Ga-face"
heterostructures AlGaN/GaN [12], which consists in
partial etching of the AIN barrier layer in BCl; plasma
to improve the ohmic resistance of the burning con-
tacts to 0,59 Q- mm, typical for "thick" HEMT het-
erostructures with Al content in the barrier layer of
about 27—31 %. The development of this idea led to
creation of the technology of non-burning ohmic con-
tacts for all heterostructures. The technology consists in
complete etching of Al-containing barrier layer until
the GaN channel for the "Ga-face" heterostructures or
top undoped GaN until the AlGaN barrier for the
"N-face" heterostructures, followed by growing of a
heavily doped contact layer of n+GaN with the silicon
concentration of (6—S8) - 1020 ¢cm™3 thought the SiO,
mask, the "explosive” removing of the SiO, in the HF
solution in an ultrasonic bath and deposition of a met-
al composition of Cr/Pt/Au [13] or Ti/Pt/Au [14] of
the ohmic contacts, which became the most thermally
stable for all heterostructures up to 400—450 °C. The
results for different heterostructures are summarized
in the presentation of the University of Notre Dame.
The obtained resistances of non-burning ohmic con-
tacts are 0,27 Q - mm for "Ga-face” HEMT [15] and up
to 0,09 Q- mm for the "N-face” HEMT [16]. It should
be emphasized that creation of the technology of non-
burning ohmic contacts created conditions for manu-
facturing of HEMT according to the self-aligned tech-
nology that minimizes the channel resistance of the
transistor. Thus, in [17], which is the quintessence of all
these achievements, the following characteristics were
obtained: a record low resistance of the transistor in the
open position — 0,29 Q - mm, resistance of ohmic con-
tacts — 0,025 Q - mm, slope of G,, = 1105 mCm/mm,
the initial current 7, = 2,77 A/mm, the current cut-
off frequency fr= 155 GHz.

In recent years, the issues of perfection of the ni-
tride devices passivation to eliminate traps at hetero-
junctions, in particular, passivation "in-situ" in a growth
chamber has already become the industrial technology
in production of the heterostructures.

As a result of a breakthrough, the foreign researchers
achieved a frequency parameters of the nitride HEMT,
approaching to the record parameters of arsenide
mNEMT and tNEMT on GaAs and InP substrates. So
in 2008, the value f= 190 GHz [18] was obtained,
then in 2010 /7= 220 GHz and 400 GHz f,,, = [19]
were obtained with a gate length of L, = 40 nm, which
were overrided by f7= 343 GHz [20] in early 2011.

Nitride heterostructure are the basis for develop-
ment of the highly-efficient radiation resistant power
MIC amplifiers of Ka-band, which in 10—15 times
greater than the MIC circuits based on GaAs INEMT
by mass and size characteristics (UMS, 2012). The ac-




tive phased array antenna transceiver modules for ra-
dars of the range of 94 GHz (QuinStar Technology and
HRL) with output power of up to 5 W (specific output
power >2 W/mm) are being developed.

Leading foreign manufacturers (Northrop Grum-
man, Cree, TriQuint, Fujitsu) rapidly master produc-
tion of a wide range of MIC on nitride heterostructures
with operating frequencies up to 100 GHz and above,
and not only of power amplifiers. For example, the de-
veloped MIC LNA has the range of 75—82 GHz with
K, = 3,8 dB at 80 GHz with K, > 20 dB [21], which
surpasses the best MIC on GaAs and InP.

Mastering of production of the nitride heterostruc-
tures on silicon substrates with a diameter of up to 8"
[22] created the conditions for the mass production of
cheap MIC that can completely replace the RF and mi-
crowave devices on the traditional arsenide heterostruc-
tures and silicon.

The main directions of improvement of the techno-
logy:

— the use of a thin heterostructures to improve re-
lations Lg/tA1Gan > 105

— optimization of electronic resists system and elec-
tron-beam lithography to reduce the L < 90 nm and
reduce the parasitic capacitance Cg ;

— creation of technology of non-burning ohmic
contacts with R, up to 0,11 Q- mm;

— improving of technology of heterostructures pas-
sivation, in particular application of the SizN, in a
growth chamber of MBE installation "in-situ".

The thinner barrier of AlIGaN/AIN heterostructure,
the following is higher (Fig. 2, 3): — the slope of the
transistor G,,;

— operating frequency, frand f,,..;

— gain Kp;

— specific output power P,

The conclusion about the need to shift the emphasis
of the research on the development on creation of tech-
nology of designing and manufacturing of a wide range
of radiation-resistant MIC for transceiver modules of
mm-range on the base of wide-band HEMT heter-
ostructures of domestic manufacturers (CJSC "Elma-
Malachite", CJSC "Svetlana-Rost" and SIC "Kurchatov
Institute") was made on the base of the analysis of the
works in the field of wide-band nanoheterostructures
AlGaN/AIN/GaN in the SHF and EHF bands abroad
and experience of [UHFSE RAS in work with heter-
ostructures AIGaN/GaN obtained in the course of a
number of R & D [1, 2].

Development of MMIC sets

The created technology became the basis for devel-
opment of a set of MIC on nitride heterostructures for
receiving and transmitting microwave devices instead of
traditionally used MIC on arsenide heterostructures.
State of the works in IUHFSE RAS in this area is il-
lustrated in fig. 4, which shows the already finished

(solid lines) or under development (dotted lines) mon-
olithic integrated circuits on nitride heterostructures.
MIC on nitride heterostructures in the frequency range
of 30—40 GHz are shown in fig. 5. Output parameters
and S-parameters of the samples are shown in fig. 6, 7.

The microwave parameters of MIC power amplifiers
with the frequency range of 85—95 GHz (fig. 8) for the
first time developed in Russia can be shown as an il-
lustration of the level of achievement of IUHFSE RAS
in the development of millimeter-wave range in nitride
heterostructures. The measurements were made on the
equipment of FSUE "SPE "Istok" (fig. 9). It should be
noted, that the characteristics have a good "hit" in a giv-
en frequency range, indicating the high design level of
MIC. Work continues in this direction on a thinner
heterostructures of production of SIC "Kurchatov In-
stitute”.

The most important task for creating of MIC of mil-
limeter range is formation of the nanoscale HEMT
transistors.

The gates with small length are mechanically unsta-
ble and prone to "heaping". The existing approaches to
this problem as the following: in particular, creation of
the sub-legs, basing on the dielectric underlayer; form-
ing of an array of micropillars supporting the "hat" of
mushroom type gate. It is possible to achieve Ly~ 50 nm
during its formation with a three-layer resist system
PMMA950K/PMGI/PMMA950K through profiling of
central dose (exposure of leg edges with a smaller dose
than the center). Such system of electronic resists is
sensitive to the external factors: surface topography of
nanoheterostructures, size and geometry of the periph-
eral pads, development conditions, the thickness of the
metal. Due to inability to sustainable reproduce the de-
sired L,, these factors limit the use of a three-layer resist
system. In this case, more-complicated resists system
with elaborated form of "legs" of the shutter are needed
to create a gate length of less than 50 nm.

A five-layer system of electronic resists PMMA950K/
PMGI/PMMA950K/PMGI/PMMA950K for high
mechanical stability of the shutter was developed. The
gates were formed by electron-beam lithography on na-
nolithography installation Raith 150 TWO (fig. 10). To
control the size and shape of the "legs" of the gate its
formation area is divided into a number of sub-layers of
the resists system PMMA950K/PMGI/PMMA950K
that independently were appeared in MIBK:IRS (1:1).
This made it possible to increase the height of the "leg"
that should lead to a reduction in parasitic capacitanc-
es. This leg has a zigzag shape, so the mechanical ri-
gidity of the gate increases. This is achieved by increas-
ing of the effective area, which supporting a wide "hat"
and reduces the noise factor. The zigzag had a swing of
200 nm with a period of 4000 nm. The thickness of the
"hat" was 800 nm (fig. 11).

Further work on creation the nanotransistors with a
gate length of 22—25 nm on the plates with the diameter
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of 50 mm is scheduled to make on electron beam lithog-
raphy installation VOYAGER (fig. 10, tab. 3). T-gates
with Lg = 75 nm and Lg = 37 are shown in fig. 12.

Conclusion

The studies on development of technology of the de-
signing and manufacturing of MIC of millimeter-wave
range on nitride heterostructures show the possibility of
creation of the MIC sets in Russia, superior the corre-
sponding devices on arsenide heterostructures in its pa-
rameters, which is in good agreement with the global
level of direction development.

For successful development and mass production
of MIC for the transceiver modules of different fre-
quency bands is necessary to solve the problem in a
single complex:

— Single crystals;

— Substrates;

— Heterostructures;

— Production of MIC;

— Building of microwave modules;
— Measurement of parameters.

Only in this case we can expect a rapid establish-
ment of mass production of cheap radiation-resistant
transceiver modules needed in the Russian Federation.

The main issue of creating of powerful MIC of mil-
limeter range is import substitution of silicon carbide
substrates and their serial production in Russia (for ex-
ample, "Svetlana-Electronpribor") and, serial production
on them of nitride nanoheterostructures by molecular-
beam and gas phase epitaxy for different wavelength
ranges in leading organizations St. Petersburg, No-
vosibirsk, Tomsk, Moscow based. It is necessary to
provide import substitution of scientific and technolog-
ical equipment, as well as measuring systems for the
millimeter-wave band.

The work was performed in the framework of the State
Contract Ne 14.427.12.0001 from 30.09.2013 by the order
of the Ministry of Education and Science of the RF.
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IIpusedenvl pezysvbmamul uccae008aHULl MHOSOCAOUHO20 Nbe303aeKmpuyecko2o eenepamopa (I191) ocesoeo muna 6 pecumax
€20 UMNYAbCHOR0, K8A3UCMAMU1ECcK020 U 2apMoHu4ecko2o Haepyicenus. [lokazano, ymo mowrocms 191 cywecmeento 3asucum
OM CONPOMUBAEHUS INEKMPUHECKOU HASPY3KU U eMKOCIU e20 YY8CMBUMeNbH020 NeMeHma. YcmanoeaeHsl 0UuanasoHsl 3HA4eHUl,
6 npedenax Komopuix 8vixo0Hasa moujrocms AT npu eapmonuueckom pedjcume HaepyliceHUs NPeabluiaen Uil pagHa e20 MOUWHOCMU
npu umnyascHom pexcume. Paspabomannwiii 191 npumenum 0aa 31eKkmponumanus A8MOHOMHBIX CUCEM CUSHAAU3AUUU U KOH-

MpoAs PA3AUHHBIX IHEP20COEPeLalowUX YCMPOLICME.

Karoueesnie caosa: nveszosnekmpuyeckuil eeHepamop, UMNYAbCHbIU, KGA3UCMAMUYECKUU, eAPMOHUMECKUL PelcCUMbl Hagpyice-
HUsl, conpomueienue d1eKmputeckoll Haepy3Ku, dHepeo3IhpheKxmuerHocms

BBenenue

IIpobGiema mOBBIIEHUST 3HEPTO3(HEKTUBHOCTH
MMbe303JIeKTpuueckux reHepatopoB (I1BI) kak aBTO-
HOMHBIX UICTOYHUKOB 3JIEKTPUUYECKON SHEPTUN CBSI3a-
Ha HampsMylo, C OOTHOW CTOPOHBI, C BHIOOPOM ONTH-
MaJibHOM KoHpuryparmu [1D1 1 mbe3oKepaMUKH BEI-
COKOM NbE30YYBCTBUTEIILHOCTH, a C IPYTOM CTOPOHHI,
C JEHCTBYIOIMM Ha HEro BUIAOM BHEUIHEW MexaHuYe-
cKoif Harpy3ku. Hambosee M3BECTHBI MbE303JIEKTPH-
yeckue mpeodpasoBaresn (Mbe3oreHepaTopbl, [131)
SHEPIruu IByX KOH(puUrypaiuii: oceBoro (stack configu-
ration PEG) 1 KaHTUJIEBEpPHOTO TUIIA, KOTOPhIE UMe-
FOT HEOTPAaHWMUYEHHBIN CPOK SKCIUTyaTaIlui, €CIIM BHEIII-
HUE MEXaHWMYEeCKHe W TeMIIepaTypHbIe BO3IEHCTBUS
HEe MPUBOASAT K HEOOPATUMOMY YMEHBIICHUIO OCTa-
TOYHON TTOJSIPU3ALIAM M/VUTN JeTpagalliil TPOYHOCTH
HUX YYBCTBUTEJIbHBIX 37eMeHTOB (UD). Kak Obu10 yc-
TAHOBJICHO pPaHee, BBIXOJHASl MOLIHOCTb MbE303JIEK-
TPUYECKUX T'€HEPATOPOB OCEBOIrO TUMA (MPU MPOUMX
PaBHBIX YCIIOBHSIX) OoJiee YeM Ha MOPSIIOK TTPEBHIIAcT
MolHocTh [1BT KaHTHIeBepHOro TUIa. BT0 00YCI0B-
JIeHO TeM, 4To B YD mbe3oreHepaTopoB MEepBOTO THIIA
MOXHO CO31aTh 00Jiee BHICOKME YPOBHU CKMMAIOIIIX
HaNpsDKEHUN W, CleAoBaTeNbHO, MOJYYUTh OOJIbLINE

3HAYECHUST TEHEPUPYEMOTO 3JICKTPUUYECKOTO 3apsiia 1
MOIIIHOCTH, a TaKXe W TMOBBIIIEHHYIO0 3Heproaddex-
tuBHOCTB 10T [1].

CreneHb HeproapOeKTUBHOCTHU MbE303IEKTpUYE-
ckux Hakonureneil sHeprun (IIDH) pasnuyHbIX TU-
TIOB 3aBMCUT HE TOJBKO OT yKa3aHHBIX BHIIIE (DaKTo-
pOB, HO M OT CXe€M HAaKOIUIECHUS W 0OpabOTKM 3JIeK-
TPUUECKUX CUTHAJIOB, reHepupyeMbIXx YD reHeparopa.
Kpurepuu ouieHku sHeproappexruBHocTy 19T kaH-
TUJIEBEPHOTO THIA ObUIM MOAPOOHO OMKCAHBI B TPYAAX
E. Lefeuvre, A. Badel, C. Richard et al., kpaTkuii aHa-
JIn3 KOTOPBIX IIpuBeAeH B padbotax [1, 2].

AHaIN3y Mbe30YyBCTBUTEILHOCTU Pa3IUYHBIX CO-
CTaBOB TbE30KEPaMHUK TOCBSIIEHBI HCCIEIOBAaHUSI,
pe3yJbTaThl KOTOPBIX M3J0XEHbI B pabdotax [3, 4].
B yactHOCTH, OBLIO YCTAHOBJIEHO, YTO U3 CTAHIAPT-
HBIX COCTABOB Ib€30KEPAMUK HAUOOJbIIYIO MbE30-
YYBCTBUTEJIBHOCTh UMEIOT Ibe3okepaMuku PZT-5H
(dy3 = 593+ 1012 Ki/H (www.noliac.com)) u LITC-19
(dy3 = 360 - 10712 Ki1/H) [4]. TTousTHo, uto y T13T, B
KOTOPBIX MCIOJb30BaHa Mbe30KepaMmuKa ¢ 0ojiee BbI-
COKMM YPOBHEM IThe309yBCTBUTEIHLHOCTH, TIPU TIPO-
YUX PaBHBIX YCIOBUSX, MOXET OBITh ITOJIydeHa OOJIb-
111asi BBIXOJHAsI MOIIIHOCTb.
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HeobOxonuMo 106aBUTh, YTO B M3BECTHHIX paboTax,
MOCBSILLIEHHBIX MCCIEIOBAaHUIO XapakTepucTuk [19T
OCEBOTO TUIIA, OMUCAHbI TOJBKO YCTPOUCTBA IS UX
HarpyXkeHus B pexkuMax rapMOHUYECKUX, KBa3UCTATU -
YeCKUX U OAMHOYHBIX yIapHBIX Harpys3ok [5, 7, 11].
YerpoiictBa njisg HarpyxeHust [191 B uMmybcHOM pe-
>KMME B 3THX, B TOM YHCJIe 0030pHBIX, paboTax He yIo-
MSIHYTHL. B CBSI3U € 9TUM, yYUTHIBasI MEPCIEKTUBHOCTD
[I9I" oceBoro TUMa ¢ TOYKU 3PEHUST UX BLICOKOI DHEP-
roa¢pGeKTUBHOCTH, HAMU paHee ObLI pa3paboTaH ucC-
MbITATENbHBIA CTEH, C TOMOILIBIO KOTOPOTO OCYIIECT-
BJISIJIOCHh UMITYJIbCHOE HU3KOUYACTOTHOE HArpyXXeHUe C
OOJIBLLIMM YPOBHEM MEXaHUYECKUX HaNPSIKeHUIA.

Pexxum oceBoro MexaHM4YeCcKOro BO3ACHCTBUS XO-
POILLIO U3BECTEH U TEOPETUYECKU PACCMOTPEH IS TPO-
1ecca Harpy>keHusl Ha HU3KHX YaCTOTaX MPU OOJIbIINX
YPOBHSIX MeXaHWUYeCcKoro HampsikeHus [8]. Beibop Ta-
KOTO peXXuMa JUIsl UCCIIeIOBAaHUST XapaKTEPUCTUK TThe-
30reHepaToOpoB OOYCJIOBIEH 00JIACTbIO MPUMEHEHUS
IIBI oceBoro Tuma B Ka4eCTBE NEPCIEKTUBHBIX aBTO-
HOMHBIX UCTOYHMKOB 3HEPIruu, Mpeodpas3yrolux mMe-
XaHUYECKYI0 SHEPIUIO KOJeOaHUii U3 BHEILIHEN Cpebl
B 2JieKTpuyecKyto. I[Ipu 2ToOM HM B OJHOM U3 U3BECT-
HbIX padoT [2, 3, 5, 7], NOCBSILLIEHHBIX UCCJIEI0BAHUIO
xapakTepuctuk 19T oceBoro tuia He OblIa B LIEJIOM
paccMoOTpeHa 3ajaya BIWSIHUS BUJA U CKOPOCTU Ha-
Irpyk€HMSI Ha BBIXOAHYIO0 MoOIIHOCTH IIDI. Pelienue
3aJa4u ObLIO 3aTPOHYTO B HEKOTOPOW CTEMEeHU IIpU
WUCCJIEJOBAHUM CTEIEHU BJIUSHUSI CKOPOCTHM Harpy-
>K€HUSI Ha HEJMHEWHOCTh BBIXOIHBIX XapaKTepUCTUK
MmHorocoiHoro 191 [4].

AKTYyaJIbHOCTb PEeLLIeHNS 3a1aul YBEJIUUEHUS SHEP-
roapdexktuBHocTn [13T° oceBoro Tumna ciieayeT TakxKe
U3 TOTO, YTO OHU MOTYT OBITh UCMOJIL30BAHbBI B YCJIO-
BMSIX BHEITHUX MEXaHWYECKUX HArpy30K pasinyHOTo
BUA, BO3JACHCTBUSI KOTOPBIX MPUBOIST K TMOJYYEHUIO
BbIXOAHOH MolunHocTu II9I, cylecTBeHHO OTaIM4Yaio-
LLIECA MO CBOEMY YPOBHIO.

B HacTosiel crathe MPUBEICHBI Pe3yJbTaThl MC-
clenmoBaHuil xapakrepuctuk I13T oceBoro tuma B pe-
KMMax ero HU3KOYacCTOTHOI'O MMITYJIbCHOTO, KBa3u-
CTaTMYECKOTO U TapMOHUUYECKOTO Harpy>XeHUsl, U3Jio-
JKeHa KpaTkasi METOAMKAa M Pe3yJbTaTbl MCIbITAHUI
IIBI" paznuuHoli KOH(MUIypaUUU TP 3TUX peKUMax
HarpyxeHus. [TokazaHo, yto npu HarpyxeHuu I[19OI B
UMITYJIbCHOM PEXUMeE €ro BhIXOJHAasi MOIIHOCTb Cyle-
CTBEHHO OOJIbIIIE, YeM MPU KBAa3UCTATUIECKOM PEXU-
Me. MccnenoBaHo BIUSHUE CKOPOCTH MEXaHUYECKOTO
HarpyXeHWsI Ha BBIXOIHBIE XapaKTEPUCTUKM Pas3Idd-
Hbix Mmoaenei [1OI. Pesynbrathl n3MepeHuUit 1 pacue-
TOB BbIXOAHOU MoutHocTy 13T mpyu uMITyIbCHOM BO3-
OyXKIeHMU KoJiebaHUl COMoCTaBiIEHbI C MOIIHOCTBIO
13T oceBoro Tuma mpM rapMOHMYECKOM BO30YKIE-
HUU. YCTaHOBJIEHO, YTO 3HAYeHHWE MOIIHOCTU CYIIe-
CTBEHHO 3aBUCUT OT COIPOTUBJICHUST BJIEKTPUUECKOM
Harpy3ku M 3jekTpuyeckoir eMkoctu YD IIBI. Boi-
SIBJIEH MaIa3oH 3HaYE€HUI COMPOTUBIICHUS HArpys3-
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KM, B TIpefiesiax KOTOPOTo Py TapMOHUYECKOM BO30Y-
KIEHUU MOXHO ITOJIYYUTH CYIIECTBEHHO OOJIBIIYIO,
yeM IIPU UMITYJIbCHOM BO30YXKIECHNH, BHIXOIHYIO MOIIL-
Hocthb I1DOT.

DuznyecKoe MoJeTHPOBAHNE
Nbe303JIEKTPHYECKHX reHepaTopoB

Ob6sexmot uccaedosanuii. buiny vccieg0BaHbBl MHO-
TOCJIOHBIE TThE303JIEKTPUYECKUE TeHEPATOPhl OCEBO-
ro TAMNa IBYX KOH(UTypaluii: Mpu3MaTUUYeCKOl reo-
METPUHU C pPa3MepaMH IIONEPEUHOro ceueHust 26 X 16 Mmm
1 BBICOTOI 36 MM (Mogesib 1) 1 KOJIbLEBOI reOMeTpUr
C HApY>XHBIM U BHYTPEHHUM AuaMeTpamMu J18 u 8§ MM
¢ BbIcoTO# 26 1 38 MM (Mogenb 2). MHOrocC/iIoiHbIe
I1OI nepBoit MOAENIM BHITIOJHEHBI U3 The303JIEMEHTOB
(IT9) Ha ocHoBe nbe3okepamuku LITC-19M Ttonm-
Hoii 0,5 mM. DnekTpoasl [1D BeIBeneHBI Ha BHEIIHUE
nosepxHocTtu [13I" 1 coeaquHeHsl napamienbHo. Cre-
YeHHBIe B TAKeTe IO TPATUIIMOHHON KepaMUYeCKOU
TexHosoruu I1D ObUIM TMOJSIPU30BaHBI MO BBICOTE
(d33 = 360 nKin/H). O611Mit BUA UCTIBITAHHBIX 00pas3-
noB I1BI' npuBeneH Ha puc. 1.

[Ibe3oreneparop (Momeib 2) cocTtout u3 16 auc-
KOBBIX MbE303JIEMEHTOB TOJIIMHONA 2 MM, ¢ OOuIeH
BbIcoTO MHorocioiHoro 13T 38 MM 1 oO1ieit aaex-
Tpuueckoit emkocThio 21 300 nd. Kaxablii U3 Mbe30-
3JIEMEHTOB TTOJISIPU30BaH 10 TOJIINHE (IThe30MOIYJIb
d33 = 360 nKi/H).

HccnemoBaHus BBEIXOOHBIX XapaKTePUCTHK OOEHUX
mogenei [19T OblIM MPOBeAEHBI B ABYX pexKUMaXx: MpU
KBa3WCTaTUYECKOM MeXaHM4eCKOM HarpyxkeHuu [19T
¥ TIPY HU3KOYACTOTHOM MMITYJTbCHOM MEXaHUIeCKOM
Harpy>keHuwu.

Memoouka sxcnepumenma 1. Ha tiepBoM starie ¢
TIOMOIIBIO MPUOOPOB, He BXOAWBIINX B COCTaB MCITHI-
TaTeJIbHOTO CTEHa, OMpeaesisiu napameTpol Y9: u-
HeilHble pa3Mepsl (C MOMOUIBIO CTAHAAPTHBIX U3MEPH-
TeJlel JIMHEHMHBIX BEIMUMH); 3JCKTPUUIECKYI0 €MKOCTh
C, (uamepurenem nmmuranca MHHUIIN E7-20); 3na-
YeHUE Mbe30MOAYIIA d33, UBMEPSIEMOE B KBa3UCTaTHYeE-

Puc. 1. Okcnepumentaibubie 00pasubl [I1DT aByx Konpurypammii:
a — TpU3MaTUYeCKOil — Mojenb 1; b — KOoJbLIeBOII — MOIEIb 2
Fig. 1. The samples of PEG of two configurations: a — prismatic —

model 1; b — ring — model 2
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Puc. 2. CrpyKTypHas u3mMepuTe/ibHas cxema:

1 — nuHaMoMmeTp; 2 — MeTaJuIMueckasl Hakjaaka; 3 — Ibe303Jie-
MeHT; 4 — monynb ALII; 5 — xoMmbioTep; R, — CONpOTHBIECHNE

HarpysKu; h; — BBICOTA MbE303JIEMEHTA; /1, — BBICOTA MAKETA Tbe-
303JIEMEHTOB I'eHepaTopa

Fig. 2. Structure of measuring circuit: 1 — dynamometer; 2 — metal pad;
3 — piezoelectric element; 4 — ADC module; 5 — computer; R; — load

resistance; h; — height of the piezoelectric element; h,, — height of the
packet of generator’s piezoelectric elements

ckoM pexume Ha yactore 110 'l (¢ moMolibio u3Me-
putens nbesoMmonyiss YE 2730A).

Hanee namepenus xapakrepuctuk [13I B kBasu-
CTaTUUYECKOM pEeXUMe MPOBOAMIM Ha CTaHAAPTHOM
ucneiTaTeapbHor MairHe MU-40KY npu paznumyHbIX
ckopoctsix HarpyxeHust ot 0,9 no 4,3 kH/c. Perucr-
pairio U oOpabOTKy 3KCIEPUMEHTAJIbHBIX JaHHBIX
npoBoauau ¢ romoiisio ALIT E-14-140M. 3HaueHue
HarpyKarolero ycuiaus, aerctBylomero Ha YD I190T7,
PErUCTPUPOBAIM C TIOMOIIBIO IMHAMOMETPA, BCTPOCH-
HOTO B MCHBITATEJIbHYIO MAlllMHY, a 3HauYe€HUS dJIeK-
TPUYECKOTO HANPSIKEHUST U3MEPSIM Ha COMPOTHUBIIEC-
HUM HAarpy3ku, MOJKJIIOYEHHOM MapajieibHO MCIIbI-
ThIBAEMOMY TeHepaTopy (puc. 2).

B cooTBeTCcTBMU C MPOrpaMMOil SKCIIEpUMEHTa MPU
PA3IMYHBIX 3HAYEHMSIX COMTPOTHUBIIE-

HUS Harpy3ku R, U CKOPOCTSIX Me- r
XaHUYECKOTO HarpyxkeHusl, paBHbBIX
0,9; 1,9, 3,47, 4,3 xH/c 6111 3ape-
TUCTPUPOBAHbl 3HAUEHUS BBIXOJ-
Horo HampsikeHus: IIOI. s pe-
TUCTpallMM 3HAYEHMST BBIXOJHOTO
HanpsikeHuss ITIOIT u obpaboTku
nHGopMalU ObLIO HMCIOJIb30BAHO
I1IO PowerGraph. Ilo 3HaueHuMSIM

Chatput vollage,
Aarndvnr sanpasrwur, B

o

¥ Conp. soepyn B 18

il sl ke

IToBeneHue nbe3onpeodpa3oBaTesieil IIpU OAHOOC-
HOM CXaTuM, NapayieJIbHOM BEKTOpPY MOJsIpU3aluu,
MPH Pa3IMIHBIX CKOPOCTSIX HArpyKeHMST KBa3UCTaTH-
YECKOT0 MEXaHMYECKOT0o Harpy>KeHMHU TMoKa ellie Majo
n3ydeHo. M3BectHa Tompko ccbutka B TOCT 12370—66,
Ie yKa3aH BEpXHUI Tpefesl CKOPOCTU HarpyKeHUsI
MpU UCTIbITAHUSIX Ha U3rub, paBHbil 4 H/c. B 10 Xe
BpeMsl M3BECTHA 3aBHMCHMOCTh BBIXOJHOTO HaIlpsDKe-
Hus 19T ot renepupyemoro 3apsina Q B Bune [4, 5]:
do.

Uy = SR, m
rae R, — 2/IEeKTPUYECKOE COMPOTUBIIEHNE HArPY3KHU.

M3 BbipaxkeHus (1) cienyeT, YTO BBIXOAHOE HAIPSI-
JKEHHUE 3aBUCUT OT CKOPOCTM pPOCTa T€HEPUPYEeMOTO
BIIEKTPUYECKOTO 3apsiia U B KOHEYHOM CYeTe OT CKO-
POCTU MEXaHMYECKOTO HarpyxXeHusi. DToT ¢akTop pa-
Hee ObUT omrcaH B padorax [9, 10] misg 3aBucUMoOCTe
MJIOTHOCTEM 3apsiaa U Mbe30MOAyIs ds3 (B oOpasue u3
nbe3oKkepaMuku PZT-5) oT MeIIeHHO HapacTalollero
cxumaroiiero ycuus 1o 350 MIla. K coxanenuio, B
3TUX paboTax CKOPOCTh YBEIMYCHUST MEXaHUIECKOMN Ha-
rpy3ku He ObUla yKazaHa. TeM He MeHee, B pabote [9]
OBLJIO OKAa3aHO, YTO TUIOTHOCTD 3apsiaa MOYTH JTUHE-
HO pacTeT C YBEJTMUECHUEM CKMMATOIIETO HAIPSIKEHUST
po 100 MIla. [lanee, nipu yBeJIUUEHUM HAMPSKEHUS
rpaduK 3TOM 3aBUCUMOCTH CTAHOBHUTCS HETMHEHHBIM.
N3BecTHa Takxe Apyrasi 3aBUCUMOCTb CKOPOCTH Ha-
pacTaHus 3apsiia OT CKOPOCTM HarpykeHust Buaa [9]

)

roe S — TJomaab IOMEPEYHOro CEYEHUs] YyBCTBU-
TenbHOro aneMenTa [10T.
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BBIXOJHOTO HAIpsIKeHUs MPU CKO-
poctu HarpyxeHust 1,9 xkH/c 6b1
MMOCTPOeH TIpaduK 3aBUCHUMOCTU
Upx(R,y) (puc. 3, cM. B JIEBOM BEPX-
HEeM yIiy). 3aBUCUMOCTU IJISI APY-
IMX CKOpOCTEil HMEIOT aHaJoruy-
HBIU BUJ.

Kaxk cnemyer u3 rpaguka sroii
3aBUCUMOCTH, BBIXOJHOE HAIPSIKe-
Hue I3 MOHOTOHHO pacTeT mpu
YBEJIMYEHUU COMTPOTUBIICHUST HArpy3-
xku ot 0,8 1o 2,5 MOM n gocTuraer
CBOETro MakcMMyMa, paBHoro 95 B.
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Puc. 3. 3aBUCHMOCTD BBIXOJJHOT0 HANPSKEHUS (CIUTONIHAS JIMHUSA) W MOIIHOCTH (IITPHXOBAS
JIMHHS) reHepaTopos 26 X 16 X 36 mm emkocTbio 1328 HdD, 24 X 16 X 21 MM emkocTbI0 502 HD
u 24%x16%10 MM emkocTbio 183 H® 0T CKOPOCTH MEXaHHYECKOT0 HATPYKEHHs NpH pa3-
JmaHoit emkoctu [1DT. (B 1eBOM BepxHeM YIiTy mpeICTABJIeHA 3aBUCHMOCTh MAKCHMAJILHOTO
3HAYEHUs] BBIXOJAHOTO HANPSIKEHHS OT JJEKTPHYECKOro COMPOTHBJEHUS HATPY3KM MHOIO-
caoiiHoro IIDTI 26 x 16 x 36 MM, MakcHMaJIbHOE 3HAYEHHE MeXaHHYECKOi Harpy3ku 15,5 kH,
ckopocTh Harpyxenus 1,9 kH/c)

Fig. 3. The dependence of the output voltage (solid line) and power (dashed line) of the generators
with the overall sizes of 26X 16X 36 mm with the capacity of 1328 nF, the overall sizes of
24% 16X 21 mm and the capacity of 502 nF and the overall sizes of 24% 16X 10 mm and the
capacity of 183 nF on the speed of mechanical loading at different capacity of PEG. (Upper left
corner — the dependence of the maximum output voltage on the electrical load resistance of the
multilayer PEG with the overall sizes of 26X 16 % 36 mm; the maximum value of the mechanical
load is 15,5 kN, the rate of loading is 1,9 kN/s)
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Puc. 4. CTpykTypHasi cxeMa HCHbITATEILHOTO CTEHAA:

[ — B70K ycTpoiicTBa, 3aJaOLIET0 YacTOTy LIMKIMYECKON Harpys-
KU; 2 — Harpyxaroumi Moay/ib;, 3 — UCHBITYeMblii 0Opasell mbe-
3oreHeparopa; 4 — TEH30METPUYECKUII TMHAMOMETpP; 5 — TEH30-
yeunurenb;, 6 — AUTT/LAIL; 7 — TIK; & — nenurtenb HanpsKeHUs

Fig. 4. Block diagram of the test bench: 1 — module specifying the fre-
quency of cyclic oading; 2 — loading unit; 3 — test sample of piezoelectric
generator; 4 — strain gauge dynamometer; 5 — strain amplifier; 6 —
ADC/DAC; 7 — PC; 8 — voltage divider

OueBUIHO, YTO NIPU MTOCTOSHHBIX 3HAYEHUAX d33 U
S 3aBUCUMOCTb 3apsiia U BIXOAHOTO HamnpspkeHus: [191
OT CKOPOCTM HarpyXkeHusl JOJKHAa MUMETh IMOYTU JIU-
HEUHBIA XapaKTep B YCJHOBUSAX KBAa3UCTAaTUYECKOTO
Harpyxenus. Ha rpaduke Uy, (v) (puc. 3), momy-
yeHHOM st [1OTI ¢ UD us nbe3okepamuku LITC-19M
(d33 = 360 nKin/H), 3aBucumocts Uy, (v) UMeeT nou-
TU JTUHEUHBIN XapakTep. HeOosbllas cTeneHs ee He-
JIMHEWHOCTU Habmonaetcs 1ist MHorocaoiHoro 19T
¢ eMkocThio C = 1328 H®.

Kpome napamerpos 13T, BXoas11Mx B COOTHOLIE-
Hus (1), (2), BaxXHbIM (paKTOPOM, BIUSIOLIUM Ha ypo-
BEHb BBIXOJIHOTO HAIPSIXKEHMSI, SIBJISETCS TaKXKe dJIeK-
Tpuueckast eMkocTh [131. D10 cieayer U3 U3BECTHOTO
COOTHOIIIEHUSI, TIOJYYEHHOIO M3 ypaBHEHHUS OaiaHca
9HEPruy MEXaHO3JIEKTpUIeCKuX npeodpazopaTeseil [3]:

w, =Lc. 2 3)
S5M 2 s
rne W,,, — oSJeKTpuyecKas SHeprus, npeodpa3oBaH-
Has U3 MEeXaHWYEeCKOM, Mocje BO3AECHCTBUSI MeXaHU-
YECKOTO YCHMIIMA CXKATUA G33 U 3allaceHHas Mbe30Ipe-
obpazoBateneM; C — anekTpuyeckasg eMKocTh 1907
U — pa3HocTh NoTeHLMaI0B Ha oOkiankax [19T.

B cBs131 ¢ 9TM omMCaHHBIE BHIIIIE NU3MEPEHUS BbI-
XOJHOTO HampsDKeHUsT ObLIM MPOBEACHBI TaKXkKe s
nByx mogaeneit I19I ¢ pa3nuuHbBIMUA 3HAYEHUSIMU €M -
KOCTHU UX YYBCTBUTEJIbHBIX 3JIEMEHTOB.

Ha ocHoBe 06paboTKH pe3yabTaTOB 3TUX U3MEpe-
HUi, TPOBEAEHHBIX MPU PA3IUUYHBIX 3HAYEHUSIX CKO-
pOCTHY HarpyxeHwusl, ObUIM ITOCTPOEHbI I'padrKu 3aBU-
cumocteit Uy, (v), TIe v — CKOPOCTh MEXaHUYECKOTO
HarpyxXeHus IJis BceX Tpex momeneit 191 paznuuHoit
eMKOCTH (puc. 3, KpUBblEe B HUXKHEH 4acTH PUCYHKA).
Kak cnenyer u3 puc. 3, MakcuMaabHOE 3HAYCHUE BbI-
XOIHOro HampspkeHus, paBHoe 220 B, mocruraercs
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pU CKOPOCTU HarpyxkeHus v = 4,4 kH/c nias monenn
I19TI ¢ emxocTrio UD, paBHoii 428 HD. Kpome Toro,
13 TpaUKOB 3TUX 3aBUCUMOCTEN OMHO3HAYHO MOXXHO
cAeyiaTh BBIBOI, YTO MPU KBa3WCTaTUYECKOM pEKMMeE
HarpyXeHMSI, 9eM OOJIbIle 3JIEKTpUYeCKasT €MKOCTh
I1BI', TeM Gonbllle ero BHIXOAHOE HANPSKEHHE. DTOT
BBIBOJI COTJIACYETCSI ¢ MU3BECTHBIM COOTHOIIIEHUEM (2).

Hanee o pe3yabTaTaM U3MEPEHHbBIX MMKOBBIX 3HA-
yeHMid BeIxogHOTo HampspkeHus: 1D m coorBercT-
BYIOILIMX 3HAYEHWUI CONPOTUBIEHUS HArpysku R, IO
dopmyne [1, 13]

2
( UHI/IK)
WBBIX = ];;IX “4)

H

ObUIM paccUMTaHbl 3HAYEHUS WBTff U MOCTPOEH Ipa-
(UK 3aBUCUMOCTH BBIXOAHON MOIIHOCTU OT CKOPOCTHU
HarpyxeHusi (puc. 3, B HUXKHel yacTu rpacduka 1mTpu-
XOBBIMM JIUHUSIMU).

Ha BTOpoM 3Tame OBIIM MpOBEOEHBI W3MEPEHUS
BbIxogHOrO HanpspkeHus 191 konblieBoro Tuna (Mo-
JieJib 2) Ipy IpyroM BUJe MEXaHUUECKOU Harpy3ku —
HU3KOYaCTOTHOM MMITYJIbCHOM Harpy:kKeHWu. DKCIe-
PUMEHT MPOBOAWIM Ha pa3pabOTaHHOM paHee Jiabo-
patopHoM ucnbiTaTeabHOM cteHae [10]. CtpykTypHas
cxema JUIsi HU3KOYaCTOTHOTO MMITYJIbCHOTO Harpyxke-
Hus 191 npuBeneHa Ha puc. 4.

JlabopaTopHbIii MCHbITATEIBHBIA CTEH 00eCIIeun-
BaeT MEXaHWYECKOEe HU3KOYAaCTOTHOE UMITYJIbCHOE Ha-
rpyxeHue [19T B pexxrmax mporpaMMHOIO U py4YHOro
VIIPaBJICHUS aMIUIMTYIHOM 1 YaCTOTHOM COCTaBJISIO-
IUMU yCUIus, AercTByouero mo ocu 3T, ¢ peru-
cTpamyeil BXOOHBIX W BBIXOOHBIX ITapaMeTPOB BO3-
NeicTBUs U OTKiIMKaA. B coctaB creHaa BXOAMT: Ha-
rpyXamlliuii MoayJb 2 ¢ peIyKTOPHBIM JBUTaTeJIeM;
TEH30METPUUYECKUIT TUHAMOMETP 4 U TEH30YCHJIM-
Tenb 5; mpeoOpa3oBarelib HAIPSKEHUST U3MEPUTEIThb-
bt ALLTT/LAIT E14-440; conpoTuBieHNE 3JEKTPU-
YeCKOI Harpy3ku R,; JeauTeb BBIXOAHOTO HArmps-
KeHus1 §; 010K [ ycTpoicTBa, 3aalollero 4acToTy
UMIYJIbCHOM MexaHndyeckou Harpy3ku; I1K 7 c ycra-
HoBileHHBIM [10 Power Graph. McrnipITaTebHBIN CTEH]T
CO3J1aeT MEeXaHUUYeCKOe MMITYJIbCHOEe BO3IEHCTBME Ha
uccaeayeMblii 1O ¢ moMollblo 3KCLIEHTPUKOBOTO
Bo30ynuTesa. OHO OCYIIECTBISIETCS JEKTPOIBUTATe-
JIEM C peAyKTOPOM U KPHUBOIIMITHO-IIATYHHBIM MeXa-
HU3MOoM. KpMBOIIMIIHO-IIATYHHBIM MeXaHU3M IIpe00-
pasyeT BpallleHHe OCHU PeAyKTopa B MOCTymaTesbHOe
nepemenieHue matyHa. CoOOCHO ¢ MCCIeAyeMbIM ITbe-
30reHepaTOPOM pa3MellleH TEH30METPUUYECKMI T1MHA-
mMoMeTp 4. JInsl peryJuMpoBKM YacTOThl BpalleHUs
JIBUTaTesisd MCIOJb3YyeTCsl YacTOTHBIA mNpeobpa3oBa-
tesib ZVF11-H0004S2. AMIuMTyna MUMITyJIbCHOTO BO3-
neiictBust Ha 19T orpaHnyeHa MOIIHOCTBIO JBUTa-
TeJIsl, XKECTKOCThIO JUHAMOMETPAa U OMIOPHOTO KPOH-
IITeHA ero KpeIjIeHUs, PacIlOJIOXEHHOTO Ha OCHO-
BaHUM HarpyxKalolero Momayisl.




Memooduka 3xcnepumenma 2.
Bhnavane wusMepsiii reomMeTrpuue-
ckue pasMmepbl I1BI, anekTpuue-
CKYI0 €MKOCTb U TbE30MOAYIb ds3.
Hanee mpu omnpeneseHHOM 3Haye-
HUM HATPy30YHOTO 3JEKTPUYECKO-
ro COINPOTUBJIEHUA R, OCYyLIECTB-
JIIJI0Ch TOCIIeIOBATE]IbHOE MeXa-
Hudeckoe Harpyxenume IIDT mna
CO3IaHMSI B HEM 3aJaHHBIX 3HAYEHUIA
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Inpunt voliage, V
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CXXUMaroUIMxX HampspkeHuid. JIns ka-
KIOTO M3 3TUX 3HAUYCHUI, OImpene-
JISIBILIMXCS C TIOMOIIIbIO TEH30METPH -
yecKoro guHamoMetpa 4 (cMm. puc. 4), -
Ha nucruiee 1K 7 ¢ moMompio 1O
Power Graph perucTpupoBaju Bbl-
XOJIHOE€ HampspKeHue (pa3zmMax Upa3M)
Mbe30reHeparopa, 3HaueHue u Qop-
My MEXaHMYEeCKOTO HarpyXeHus u
CKOPOCTb HArpykKeHHUsl. YIIpaBJeHue
paboTtoit mpeoOpa3oBaTesisi Hamps-
xeHusi E14-440 ocymectpisuiocs ¢ noMolubio TTK.

B cooTBeTCTBUU ¢ METOAUKON U3MEPEHUsI BBIXO -
HBIX XapaKTEePUCTUK MOMAEIN 2 Mbe3oreHepaTopa oce-
BOro Tuma (CM. puc. 1) Mo Mojay4eHHbIM 3HAYEHMSIM
BBIXOOHOTO HampspkeHUs (Tabiuiia) IIpu OCEBOM MM-
NYJIbCHOM HArpyXeHuy ¢ aMIuIMTynoii F, = 17,2 MIla
W pa3IMYHBIX 3HAYCHUSAX SJIEKTPUIECKOTO COTPOTHUB-
JIEHUA HarpyXeHusa R, ObUIA IIOCTPOEHBI 3aBUCUMO-
CTU BBIXOAHOTO HAmpsikeHHsl Upys, OT YACTOTHI Ha-
rpyxxenust [19I. Belllle nmpuBeaeHbl TpaduUKU 3TOM
3aBUCHUMOCTU JJII MOJEJIU 2 MPSIMOYTOJIbHOTO ceye-
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Puc. 5. 3aBHCHMOCTb BBIXOJHOTO JJIEKTPHYECKOr0 HANPSIKEHHUs (CIUIONIHAS JIMHUSI) M BbI-
XOHOM 3JIEKTPHYECKOH MOUMIHOCTH (IITPUXOBAS JIMHUSA) NPA PA3THYHBIX 3HAYEHHAX IJIEK-
TPUYECKOrO CONMPOTHBJIEHUA HATPY3KH OT YACTOTHI HATPYKEHHS Ui Kosibuesoro Tuna 11D
BbICOTO# 38 MM NpH HMIYJIbCHOI MexaHWuecKoii Harpy3ke 17,2 MIla

Fig. 5. The dependence of the output electric voltage (solid line) and the output electric power
(dashed line) at the various electrical loading resistance on the loading frequency for the ring
type PEG with the height of 38 mm at a puls mechanical loading of 17,2 MPa

HUS (pUC. 5, CIUIOLIHBIC TUHUHK). I'pacduku 3aBUCUMO-
CTeil MOMIEJIM KOJIbLIEBOTO CEYEHUSI UMEIOT aHAJIOTHUY-
HBII XapaxkTep.

Kak cneayer u3 rpa@ukoB 3TMX 3aBUCUMOCTEH, BbI-
XOIHOE 3yeKTpudeckoe Hamnpspkenue 11910 pu yBenm-
YEHMU YaCTOThI €r0 HAarpy>KeHUs1 MOHOTOHHO PacTeT U
JIEMOHCTPUPYET TTOUTH JIMHEWHBIN XapakTep MpH 3Ha-
YEHUAX CONPOTHUBIIEHUS HArpy3ku R, B IuamnasoHe
68...500 kOM. MakcumanbHO€e MMKOBOE 3HAYEHUE BhI-
XOJHOTO HATPSKEHMST 0Ka3ajloch paBHBIM 327 B mipu
anekTpruueckoi Harpyske 500 kOwm. lamee Ha ocHOBe

Cpasl{m‘e,ﬂbnue BbIXOJHbIC XAPAKTCPUCTHKH MHOrocJioiiHbix [IDI" oceBoro TMna HeCKOJbKHX Konqmrypalmﬁ
AJIA PA3JIHYHBIX BUAOB MEXAHMYECKOIr0 HarpyXxXeHus

io- | Maxcu- Yacro- Boixon- | Ymemrb- | Ormocu- | Hopmupo-
Bri- wagp | MalbHOE CKOpoCTh T3 Ha- Boixon- | Has Mo~ | Hasl Bbl- | TegpHast | BAHHOE 3Ha-
Bun pe- COTa | coye_ | HAMps- | HATpYXe- | ° ' | HOC Ha- HOCTh XO[HAas | BpixomHas | CHHC BBIX.
Knma | o1 0or, | s KEHHE HUS, ];Iﬁl; npsxe- | (nmMkosoe | MO~ MO~ MOLIHOCTH,
Harpy- coMeTpHst cM ) | cxarus, kH/c r > Hue, B 3Haue- HOCTb, HOCTb, MBT - (CM3 X
KEeHUS o™ MIIa o Hue), MBT MBT/CM3 MBt/MTIla XMHaz)_l
h Scel{ Ocx Uy fH UBle WBle WBHX WBle/GC)K WBbIX /GC)K
Ksasu- |II9T, (Momens 1) | 1,00 | 3,84 40,3 4,4 40 0,15 0,039 0,0037 2,4-1073
CTaTh- | IPSIMOYTOJIbHOE ——
qeckoe | couerme 2,03 | 3,84 40,3 4,4 130 0,75 0,096 0,0186 5,910
26 X 16 MM [*] 3,60 | 3,84 40,3 4,4 220 3,0 0,217 0,074 13-107
TI9T, xBagpar- 0,5 | 23,04 10 Bpemst Ha- 10 7,5 0,65 0,75 65-107%
HOE ceueHue IPYKEHMSI
48 X 48 mm [12] 0,1c
Husko- |TI9T (momens 2), | 2,6 | 2,538 19,9 1,8 106 54,6 10,284 2,74 4-1072
YacToT- | KOJIBLIEBOE ceve- (IMKoBOE
HOE MM- | H€, BHELIHUIT 3HAYEHNE)
vl ;‘H‘;%TTI;TI‘H”“ 3,8 [ 2,538 195 1,8 327 2139 | 27,565 10,96 12-1072
(MMKoBOE
218 u 8 MmM* 3HAuEHUE)
Tapmo- | I1OT kBampatHo- | 1,8 0,25 0,168 10 0,27
HHUYE- |TO CEYEHUS 102
cKoe 5 X 5 MM u3BecT- 20 0,017 60-10
HoW Mozenn [5] 30 0,007
* — NaHHbIC aBTOPOB.
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M3MEpPEeHHBIX 3HAYEHWII BBHIXOMHOTO HAIpPSLKEHUS U
Harpysku R, 1o ¢opmyiie (4) OblIM pacCUUTaHbl MH-
KOBBIE 3HAYeHUSI BEIXOMHOM MOIITHOCTU 1 Ha MX OCHO-
B€ MOCTPOEHBI rpaddMKU 3aBUCUMOCTH BBIXOJHOM IMH-
KOBOI MOIIHOCTM OT YaCTOTBhI HArpyKeHWs (pHC. 5,
LITPUXOBBIE JTUHUU).

Pe3ynbTaTel pacyeToB IIOKAa3ajM, 4YTO TIPU WM-
MMyJIbCHOU MexaHu4yecKoil Harpy3ke 17,2 MIla MoxHo
MOJIYYUTh BBIXOAHYIO MOIIHOCTb 213,9 MBT npu anek-
Tpuyeckoi Harpyske R, = 500 xOwm. ITpu sToM Mo~
HOCTb, OTHecCeHHas K 00bemy UD manHoit monemu 19T,
paBHsu1ach 27,565 MBT/CM3 , YTO Ha JIBA MOPSIIKA TIpe-
BBILLIAJIO 3HAUYEHUsI OTHOCUTENbHON MourHoctu [19T
MHOTOCJIOIHOTO THIIA MOAEIN 1 TIpM KBa3mcTaTHIe-
CKOM HarpyxeHuu. IIpy 3TOM He YyYMTHIBAJIOCH, YTO
MIpY KBa3WCTATUYECKOM HArpy>XKeHUW MoJeNb 1 Obla
MMOJABEPTHYTA OOBIIEMY CXKUMAIOIIEMY YCUIUIO, YeM
MPU UMIYJILCHOM Harpy>KeHuu Mojaeau 2 (COOTBETCT-
BeHHO, 40,3 u 17,2 MIla). BausHue cxXMMarOIIEro ycu-
Jiisg Ha MoIIHOCTh [IBI° MOXHO OLIEHUTH C MOMOIIBIO
MU3BeCTHOTO [5] mapameTrpa ero 3Heproa3heKTUBHO-
CTU — OTHOIIEHUS 3HAYEHUN BBIXOIHOW MOIIHOCTHU
13T Kk MakcUMaIbLHOMY YPOBHIO MPUJIOXEHHBIX Me-
XaHWYECKUX HaNpsKeHuil Wy, /6., DTOT mapameTp
XapakTepusyeT Ko3Gh@UIMEHT IOJe3HOTO NeHCTBUS
II3I'. C yueroM (2), pu pa3nMIHbBIX YPOBHSIX MEXaHU-
YeCKMX YCUIMIA 3HaUeHWe JaHHOIO mapaMeTpa sl ABYX
mozenei TTOTI npu pa3HbIX BUuIax Harpy>KeHusl oTjinya-
ercst OoJjiee, YeM Ha ABa mopsaka (CM. TabaulLy).

HM3MmepeHHBIe W pacCUMTaHHBIC XapaKTEePUCTUKU
IBYX TiepBbIX Moneneit [1OI npencraBieHsl B Tabnuie
BMECTe C M3BECTHBIMU pe3yIbTaTaMU M3MEpEeHUN Xa-
PaKTepUCTUK  MHOTOCJIONWHOTO  Ihe30TeHepaTopa,
OJIM3KOTO IO TeOMETPUUYECKUM TapamMeTpaM K Moje-
v 1 [12]. 3HaueHus BeixogHou MolHocTu 19T, mpu-
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Puc. 6. 3aBucumocts Bbixoanoii Momuoctd IIDI" oceBoro TMma ot COnpoTHBIEHHS 3JiEK-
TPUYECKOH HATPY3KH NMPH Pa3JMYHBIX YACTOTAX TAPMOHHYECKOTO M HMITYJLCHOTO PEKMMOB

HarpyxeHus

Fig. 6. The dependence of the output power of PEG of axial type on resistance of the electrical
load at different frequencies of the modes of harmonic and pulse loading
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BeleHHbIe B paboTe [12], mpeBbIlIaloT MOIIHOCTh MC-
cJiemoBaHHO Hamu Mozenu 1 B 2,5 pa3a. IlpuynHsl,
CBSI3aHHBIE C 3TUM (PaKTOM, IPOAHATU3UPOBATH HE
yaajioCh BBUAY HEMOCTAaTOYHOCTU JAHHBIX, MPEACTaB-
JIeHHBIX B pabote [12]. BMecTe ¢ TeM BbIXOaHast MOLII-
HOCTb ucclegoBaHHO HaMu monenu 2 13T npu um-
MyJIbCHOM HarpyxeHuu coctaBwia 213,9 mMBT, a us-
BecTHas MojJesb [12] mpu KBa3uUCTaTUYECKOM Harpy-
KeHuM obecrieumsa Bcero 7,5 MBT. Takum obGpasowm,
MOJIy9eHHAs MOIITHOCTb IMPEBbICKJIA MOIIHOCTh W3-
BecTHOI Mozaenu [12] mouru B 30 pa3, uTo cBUIETEIb-
CTBYET O BO3MOXHOCTU ITOJIy4EHUS OOJIbLIEN BHIXOAHOMN
MolrHocty 131, uccnemyeMbiX B Tbe302JIEKTPUIECKUX
Hakonutensix (ITOH), paboraroinx B yCI0BUSIX 00b-
XX aMIUIATYI MeXaHWYecKoro HarpyxeHus. Ilpu
COIOCTaBJIEHUU 3HAUEHUI BHIXOAHOW MOIIHOCTH pa3-
JMUYHBIX Moaeseil [1DI° B ycnoBuUsX pa3anyarolierocs
BUJA MEXaHUYECKOTI0 HAarpy>keHust HEOOXOAMMO YUU -
ThIBaTh, UYTO YPOBEHb UX BBIXOJIHOU MOILIHOCTH 3aBU-
CUT OT COIPOTUBJICHMS BJIEKTPUUECKON HArpy3Ku.
Brlliie mprBeieHbl CpaBHUTEIbHBIE BHIXOAHbBIE Xa-
pakTepucTUKM MHoOrocnoiHbix [19I" oceBoro Thna npu
KBa3MCTaTUYECKOM U HU3KOYACTOTHOM HMITYJILCHOM
HarpykeHusx. KpoMe 3THUX BUIOB HarpyKeHHS W3-
BECTHbI MPUMEHEHMSI MEXaHODJEKTPUUYECKUX MPeod-
pasoBaTenei ISl HAKOIUIEHMS SJIEKTPUYECKOM 3Hep-
TMU, KOTOpble TEHEPUPYIOT 3JIEKTPUUYECKUI 3apsia
npu BozaericTBuu Ha [1DT MexaHMUYeCKUX Harpy3oK B
pexXuMe TapMOHMYECKOTO BO3OYXKACHMST KOJaeOaHUM
B IIMPOKOM CHeKTpe 4yacTtoT. PaboT, mOCBsILeHHBIX
HccienoBaHuio xapakrepucTuk I1OI0 oceBoro Tuma B
3TOM pexXuMe, SBHO HegocTtaTouHo. Cpeayd HUX Hau-
0oJ1ee OJIM3KU K paccMaTpUBaeMoi IpodJieMe HeTaBHO
OIy0JIMKOBaHHbBIE PAOOTHI, MOCBSIIEHHbIE UCCIEN0-
BaHWIO BBIXOAHBIX XapaKTePUCTUK MHoOrocaoiHoro [19T
OCEBOTro THUIIA, OJU3KOTO IO I'eOMeT-
pUM K MCCIIeIOBAaHHBIM HAaMU MoJe-
M [5, 13]. ABtopsl [5] ucciaeno-
Baiu Xxapaktepuctuku II19T B pe-
KM€ TapMOHWYECKMX KoJieOaHMi
Ha vacrotax 10, 20 n 30 I'u. Pe3ynb-
TaTrhl U3MepeHui [5] u paccumTaH-
Hbl€ 3HAYEHUST BBIXOTHON MOILIHOCTH
(C y4eToM CyllIeCTBEHHOTO BJIMSIHUS
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-y i COMpPOTUBJIeHUs Harpy3ku (cMm. (9)
- ety ) (M) n3 pabotsl [1])) mpuBeneHBI B Ta0-
- —fesry el [HE) quue. s aHanu3a BIUSIHUST DJIeK-

TPUUYECKOTO COMPOTUBJIEHUSI HArpy3-
KM Ha BBIXOAHYIO MoIIHOCTH I[IOI
MpU rapMOHUYECKOM M UMITYJIbCHOM
Harpy>XeHuu ObLIU MOCTPOEHBI Ipa-
(buKuU 3aBUCMMOCTU BBIXOJHOM MOIII-
HOCTU [JIs1 WCCIEIOBAHHOW HamMu
MOJENHN C pa3MepaMu 26 X 16 X 36 MMm.
Ha rpadukax 3Tux 3aBUCHMOCTEM
(puc. 6) HaHECEHBI HOPMUPOBAHHbBIE
3HAUEHUSI BBIXOJHOW MOIIHOCTH,




KOTOpBIe OBUIH TIOMyYeHBI U3 pacyeTa BBIXOTHON MOIII-
HOCTH, OTHeceHHoli K oobemy I1DI' u kBagpaty am-
IUIMTYAB MEXaHWYECKOTO HAMPSKEHMWS OT BHEITHEH
Harpy3ku, neictBytoiieit Ha TIBI. BroT mapametp
MO3BOJISIET MPU pacyeTe OTHOCUTEJIbLHON BBIXOAHOM
MOIIIHOCTHU YYMTHIBaTh BIUSIHME Ha Hee YPOBHS Me-
XaHWYEeCKUX HaIPSLKEHUI.

CorocTraBjieHe 3aBUCUMOCTEN HOPMUPOBAHHBIX
3HAYCHUU BBIXOMHOW MOIIHOCTU OT CONPOTUBIICHUS
Harpy3kM II0Ka3aJlo CYIIECTBEHHOE IpeBbILIEHUE
(MpuMepHO B 2 pa3a) MOILIHOCTU TIPU rapMOHUYE-
CKOM BO30YXIE€HUU Hal 3HAYCHUSIMU TIPU UMITYJIbC-
HOM BO30YXIE€HWM B Auarna3oHe COMPOTUBIECHUIA
5...150 xOm. B npyrom nuamna3oHe 3Hauy€HUI COMpo-
tuBneHust 150...820 kOM COOTHOILLIEHNWE MOIIHOCTEM
MIpU ABYX peXUMax HArpykeHUsI YMEHbBIIIAeTCs U TIpU
R,, = 820 kOM cTaHOBUTCA NPAKTUYECKU OJMHAKOBLIM.
B cootBeTcTBUM € 3TUM U 3HEProaPEeKTUBHOCTD
[I9I" uccnenoBaHHOrO TUIA B MEPBOM AMAIla3oHe CO-
MIPOTUBJICHWIT CYIIECTBEHHO BHIIIIE TIPM TapMOHMWYE-
CKOM peXMME Harpy:KeHHs B CPaBHEHUM C MMITYJIbC-
HBIM PEXMMOM HarpyxxeHusi. IcnoJib3ysl 3Tu pe3ysibTa-
TbI, MOXHO KOMOMHHPOBATb H3MEPUTEIbHBIC CXEMBI
[1DH B 3aBUCUMOCTH OT MpeodIIafalolero BUuaa BHell-
HUX MeXaHn4yecKux BosaerictBuii Ha [1DI koHKpeTHOrO
YCTPOWCTBA — HAKOMUTENST JIEKTPUIECKON HEPIUH.

3akimouyeHue

YcTaHOBJIEHO, UTO BBIXOAHOE HANPSXKEHUE MHO-
rocjoriHoro I3 MOHOTOHHO pacTeT ¢ yBeJIMYeHUEM
YaCTOTHI UMITYJILCHOTO HarpyxxeHus. B mpenemnax smek-
TPUUECKOTO COMNpOTUBIeHU Harpy3ku ao 500 kOwm
5Ta 3aBUCUMOCTh UMEET TOYTH JIMHEWHBIN XapakTep.

IMpy UMITyTBCHOM peXXrMe HaTrpysKeHMST pa3pado-
ta”HHasg Mozaenb I1DI oceBoro Tuma KojbleBOil KOH-
durypamm obecrieynBaeT ero BEIXOTHOE HATIPSIKEHHE
330 B u MoiHocTh okoso 214 MBT mpu cornpoTtusie-
Huu Harpy3ku 500 kOm. M3BecTHa aHajIOrM4Hasi MO-
genb IO npssMoyrojibHOM KOHMUTYypalluu, KOTopast
MO3BOJISIET MOJTYYUTh BBIXOIHbIE HAMPSKEHWE U MO -
HOCTb, paBHbie 32 B u 26 MBT cooTBeTCTBEHHO TpH
conpotuBieHnn Harpy3ku 10 kOwm [13]. 3HaueHue n3-
BECTHOro mapameTpa 3Heproa(@ eKTUMBHOCTU — (DYHK-
LM YaCTOTHOT'O OTKJIMKA [5] JUIsl CpaBHUBAEMbIX MOJIE-
Jielt okazajoch paBHbiM 32 B/MIla y Moaenu, onvcaH-
Hoii B pabote [13], u 19,2 B/MIla (y omnucaHHOli B
JJaHHO cTaThe MOJAENH 2), T. €. Y IEPBOIi MOJAEJIU Bbl-
XOIHBIE XapaKTePUCTUKH OKA3aJIUCh BBIIIE, YEM Y BTO-
PO, YTO MPOTUBOPEYMT MPUBEACHHBIM BbIllIE X a0-
COJIIOTHBIM 3HaueHUsM. M3 3TOTO ciiemyeT BBIBOMI, UTO
COIOCTaBIeHUE BbIXOAHBIX XxapakTepuctuk 19T ¢ mo-
MOILIbIO (PYHKIMU YaCTOTHOIO OTKJIMKA [5] HE TO3BO-
JISIET TOJYYUTh OMHO3HAYHBINA OTBET O CTEIEeHU SHEep-
roaddexkTuBHocT [IBI oceBoro tuma pa3IM4YHBIX
KOH(UTypaLUA.

OueHka 3Hepro3¢pHEeKTUBHOCTU MCCIeJOBAHHOIO
[IBI" oceBoro Thma Oblja BBIMOJHEHA C MOMOIIbIO

IPYTOTO IMapaMeTpa: Ha 6a3e pacueTa HOPMUPOBAHHBIX
3HAYEHUI BBIXOTHOU MOIIHOCTU (OTHOIICHMS 3HAYe-
HUM BbIXOogHOU MolHocTU TIOIN K MakcuMaibHOMY
YPOBHIO MIPUJIOKEHHOTO K HEMY KBaIpaTa aMILIATYIbI
MeXaHWYECKUX HampskeHWit). BoisiBieH Auara3oH 3Ha-
YEHUI 2JIEKTPUUYECKOTO COMPOTUBIEHMS] HArpy3Ku, B
npeaeaax KOTOpOro HOPMUPOBAaHHOE 3HAUE€HUE BbI-
xogHO#1 MomHocTU 1D nmpu rapMOHUYECKOM PeXu-
M€ HarpyxeHusl peBajrMpyeT Haj ee ypOBHEM, JOCTU-
raeMbIM TIpH UMITYJIbCHOM Harpy:keHuu. DTO MO3BO-
JIIeT onpeaeauTh Koo OULIHUEHT MOJIe3HOro AeHCTBUS
MEXaHO3JIEKTPUYECKOTO Mpeodpa3oBaresis.

Pe3ynbTaThl U3MEPEeHUN U pacuyeThl BHIXOJHBIX Xa-
pPaKTEpUCTUK MCCIEAOBAHHOTO TUIIA MHOTOCJIONWHBIX
[19T" oceBoro Tuna Mpu pazIMuHbIX BUAAX UX MEXaHU-
YECKOro HarpyKeHMsi MO3BOJISIIOT pa3padoTaTb KOMOU-
HUPOBaHHbIE U3MEPUTEJIbHBIE CXEMbI MbE303JIEKTPH-
YeCKMX HaKOIUTeIei S3HepPruu, B KOTOPhIX yUUThIBa-
eTcs Ipeodamaolnii BUa 00JbIINX BHEIITHUX MeXa-
Huuyeckux BozaelicTBuil Ha [1BI HakomwuTens s
obecrieyeHrs1 MaKCUMaJIbHOI 3Heproad@eKTUuBHOCTHU
KOHKPETHOI'0 YCTPOKCTBA.

Asmoput npunocam b6aazodaprocms compyonuxy HKTH
"IMTvezonpubop” FODY Cokanno A. M. — useomosumento
maxemog IIDI npamoyeonrvHol KoHueypauuu, ¢ mom
yucae UCNONb30BAHHBIX 8 HACMOAUWEM UCCAe008aAHUU.
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Influence of the Type of Mechanical Loading on the Energy Efficiency

of the Piezoelectric Generators

The paper presents the results of the studies of a multilayer piezoelectric generator (PEG) of stack configuration in the pulse,
quasi-static and harmonic modes of loading. It was demonstrated that their output power depends substantially on the resistance
of the electrical load and capacitance of the sensing element of PEG. The ranges of the values, within which the power output of
the PEG in the harmonic mode of loading is greater than or equal to its power in the pulse mode, were ascertained. The designed
PEG is suitable for the autonomous power supply systems, signaling and control of various energy saving devices.

Keywords: piezoelectric generator, pulse, quasi-static, harmonic modes of loading, resistance of the electrical load, energy ef-

ficiency

Introduction

Improvement of the energy efficiency of piezoelec-
tric generators (PEG) as independent sources of elec-
trical energy directly related to the choice of the opti-
mal configuration of PEG and piezoceramic of high pi-
ezosensitivity, and a type of the external mechanical
load acting on it. The piezoelectric transducers of en-
ergy (piezoelectric generators, PEG) of two configura-
tions are the best known: PEG of axial type (stack con-
figuration PEG) and PEG of cantilever type, which
have an unlimited period of operation, if the external
mechanical and thermal influence do not lead to an ir-
reversible reduction in the residual polarization and/or
degradation of the strength of their sensitive elements
(SE). As stated, the output power of piezoelectric gen-
erators of axial type (if all other conditions being equal)
is by an order more higher than the power of PEG of
cantilever type. This is caused by the fact, that the sens-
ing element of PEG of the first type can create higher
levels of compression stress and to obtain the larger val-
ue of the generated electric charge and power, and,
therefore, increased energy efficiency of PEG [1].

The effectiveness of various piezoelectric energy
storages (PES) depends not only on the factors men-
tioned above, but also on the circuits of accumulation
and processing of electrical signals, generated by SE of
the generator. The evaluation criteria of energy effec-
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tiveness of PEG of cantilever type were in depth de-
scribed in [1, 2].

The studies [3, 4] were devoted to the analysis of
piezosensitivity of various compositions of piezo-
ceramics. In particular, it was found that PZT-5H
(dy3 = 593x 10”2 C/N, www.noliac.com) and PZT-19
(d33 = 360 % 10712 C/N) [4] have the maximum sensi-
tivity from the standard compositions of the piezoceram-
ics. It is clear that the PEGs, which composition use a pi-
ezoceramic with higher level of piezosensitivity, if other
things being equal, may obtain the higher output power.

It should be noted that in the papers devoted to the
study of the characteristics of PEG of axial type, the de-
vices for loading them into the harmonic, quasi-static
and single shock modes [5, 7, 11] are only described.
PEG loading devices in pulsed mode are not described.
In connection with this, taking into account the pro-
spectivity of PEG of axial type in terms of energy effi-
ciency, the test bench was designed, through which the
low frequency pulse loading with a large level of me-
chanical stresses.

The mode of axial mechanical influence is well
known and theoretically considered for loading at low
frequencies at high levels of mechanical stress [8]. The
selection of mode for the study of characteristics of the
piezogenerators is caused by the application area of
PEG of axial type as promising independent energy
sources that convert mechanical energy of vibrations




from the environment into the electrical energy. Thus,
no one of the studies [2, 3, 5, 7] of the characteristics
of PEG of axial type did not overall considered the
problem of the influence of the type and rate of loading
on the output power. The solution of the problem is af-
fected in some degree in the study of the degree of in-
fluence of loading rate on the non-linearity of the out-
put characteristics of multilayer PEG [4].

The actuality of solution of issue of increasing of the
energy efficiency of the axial type PEG also follows
from the fact that they can be used under various external
mechanical loads, which impact causes the output power
of PEG, which differs considerably in its level.

The article presents the results of studies of the char-
acteristics of axial type PEG in the modes of its low-fre-
quency pulsed, quasi-static and harmonic loading, its
brief methodology and the results of tests of piezo-
electric generators of different configurations in these
modes. It was shown that at loading of PEG in a pulsed
mode, the output power is significantly greater than un-
der quasi-static mode. The influence of the rate of me-
chanical loading on the output characteristics of different
models of PEG was studied. In addition, the results of
measurements and calculations of output power of PEG
under pulsed excitation of vibrations are compared with
the data on the power for PEG of axial type at harmonic
excitation. It was found that the value of power substan-
tially depends on the resistance of electrical load and
electric capacitance of PEG sensitive element. A range
of load resistance was identified, within which the out-
put power of PEG at harmonic excitation significantly
higher compared with the pulsed can be obtained.

The objects of rgseareh. Multi-layered piezoelectric
generators of axial type of two configurations were stud-
ied: (a) PEG of prismatic geometry with cross-section
of 26 X 16 mm, height 36 mm (model 1) and (b) PEG
of annular geometry with the outer and inner diameters
of &18 and 8 and the height of 26 and 38 mm (model 2).
The multilayer PEG of the first model were made of pi-
ezoelectric elements (PE) of PZT-19M with the thick-
ness of 0,5 mm, which electrodes are gated out on the
outer surface of PEG and connected in parallel. The SE
sintered in a package by the traditional ceramic tech-
nology polarized by height (dz3 = 360 pC/H). The view
of the samples of PEGs are shown in fig. 1.

The piezoelectric generator (model 2) consists of
16 disc piezoelectric elements with the thickness of
2 mm, with the height of multilayer PEG of 38 mm and
electrical capacitance of 21 300 pF. Each of the piezo-
electric elements is polarized by the thickness (piezoe-
lectric modulus d33 = 360 pC/N).

The research of output characteristics of both mod-
els of PEG were conducted in two modes: (1) under
quasi-static mechanical loading of PEG and (2) at the
low-frequency pulse loading.

The experimental procedure 1. In the first stage, the
parameters of SE were determined with the instruments

that were not part of the test bench: linear dimensions
(using standard linear values meters), electric capaci-
tance C, — by the immittance meters MNIPI E7-20 and
the piezoelectric modulus d33, measured in quasi-static
mode at the frequency of 110 Hz with a meter YE 2730A.

Measurement of PEG’s characteristics in quasi-
static mode were made on a standard testing machine
MI-40KU at loading rates of 0,9 kN/s up to 4,3 kN/s.
Processing of the data was performed by ADC E-14-
140M. The loading force on SE of PEG was recorded
by a dynamometer, built in the testing machine and
voltage check was carried on the load resistance con-
nected in parallel with the tested generator (fig. 2).

In accordance with the experimental procedure, the
output voltage of PEG was recorded at different load
resistances RL and mechanical loading speeds equal to
0,9, 1,9, 3,47, 4,3 kN/s. The software PowerGraph was
used for registration of the output voltage of PEG and
data processing. The graph of the rate U,,, (RL) was
plotted from the values of the output voltage at 1,9 kN/s
(fig. 3, upper left corner). The dependences for other
rates have the similar form.

As can be seen from the graph, the output voltage of
PEG monotonically increases with increasing of the
load resistance from 0,8...2,5 mQ and reaches a maxi-
mum of 95 V.

The behavior of piezoelectric transducers under
uniaxial compression parallel to the polarization vector
at different speeds of quasi-static mechanical loading
there is poorly known. Only a link in GOST 12370—66
is known, where the upper limit of the loading rate in
bend tests equal to 4 N/s is given. At the same time, the
dependence of the output voltage of PEG on the gen-
erated charge Q is known [4, 3]:

_ 49

Upr = —* R, (1

where R; — the electrical resistance of the load.

From (1) it follows that the output voltage depends
on the growth rate of the generated electric charge, and,
ultimately, on the speed of the mechanical load. This
factor was previously described [9, 10] for the depend-
ence of the charge densities and the value of the pie-
zoelectric modulus d55 (in a sample of piezoelectric ce-
ramics PZT-5) on the slowly increasing compressive
force up to 350 MPa. Unfortunately, the increase rate
of the mechanical load was not specified. However, in
[9] is shown that the charge density increases almost
linearly with increasing of compressive stress up to
100 MPa. Further, with increasing of voltage, the plot of
this dependence becomes nonlinear. The other depend-
ence of the rate of charge increase on loading rate is also
known [9]:

(2)
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where § — the cross sectional area of the sensing ele-
ment of PEG.

Obviously, that at constant ds5 and S, the depend-
ence of the charge and the output voltage of PEG on
the loading rate must be almost linear in the conditions
of quasi-static load. On the chart of U, (v) (fig. 3) for
SE of PEG of PZT-19M (d;3 = 360 pC/N), the de-
pendence U, (v) has an almost linear character. A small
degree of non-linearity was observed for the multilayer
PEG with the capacity C = 1328 nF.

In addition to the PEG parameters contained in (1),
(2), the electrical capacitance of PEG is also a factor af-
fecting the level of the output voltage. This follows from
the relation derived from the equation of energy bal-
ance of mechanical-electrical converters [3]:

1 ~. 2

3 C-U-, 3)
where W,,, — the electrical energy converted from the
mechanical energy after influence of the mechanical
compression force o33 and stored by the piezoelectric
transducer; C — the electric capacity of PEG; U — the
potential difference across the plates of PEG.

In this regard, the described measurements of the
output voltage were held also for three models of PEG
with different values of SE capacitance.

The graphs of dependencies U, (v) were plotted on
the base of processing results of these measurements at
different loading rates, where v — speed of mechanical
loading for all three models of PEG with different ca-
pacity (fig. 3, lower part of the figure). As it shown, the
maximum output voltage of 220 V is reached at a load-
ing rate of v = 4,4 kN/s for PEG model with SE’s ca-
pacity equal to 428 nF. Moreover, it can be concluded
from the graphs of these curves that under quasi-static
loading condition, the greater the electrical capacity of
PEG, the greater the output voltage. This conclusion is
consistent with the relation (2).

Next, on the results of the measured peak values of
the output voltage of PEG and the corresponding quan-
tities of load resistance R; by the formula [1, 13]

Wem =

k. 2
(Ut )
W = out (4)
out RL

was calculated and the dependence chart of output
power from the loading rate was plotted (fig. 3, the dot-
ted lines on the bottom of the chart).

In the second stage, the output voltage of PEG of
ring type were measured (model 2) in the low-fre-
quency pulse loading. The experiment was conducted
on the developed laboratory test bench [10]. The struc-
tural scheme for low-frequency pulse loading of PEG is
shown in fig. 4.

The laboratory test bench provides a mechanical
low-frequency impulse loading of PEG in the program
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and manual control of the amplitude and the frequency
component of the force, acting along the axis of PEG
with registration of the input and output parameters
of influence and response. The test bench includes:
loading unit with gear motor, strain gauge dynamom-
eter and strain amplifier, measuring voltage converter
ADC/DAC E14-440, resistance of the load R;, output
voltage divider, block of device module specifying the
frequency of pulse mechanical loading, PC with Power
Graph software. The test bench creates a mechanical
impulse influence on PEG using the eccentric excitant.
It is carried out by an electric motor with gear and
crank-and-rod mechanism. This mechanism converts
the rotation of axis of the gear into the forward move-
ment of the connecting rod. The strain gauge dynamom-
eter is placed coaxially with the piezoelectric generator 4.
A frequency converter ZVF11-H0004S2 was used to
adjust the engine speed. The amplitude of the pulse im-
pact on PEG was limited by engine power, rigidity of
the dynamometer and support bracket of its mounting,
located on the basement of the loading unit.

The experimental procedure 2. Firstly, the size of
PEG, electric capacity and the piezoelectric modulus
ds3 were measured. Further, at a certain electrical load
resistance R; the sequential mechanical loading of
PEG was performed to create in it the specified com-
pressive stresses. For each of them, the output voltage
(range of Urange) of piezoelectric generator, the size and
the shape of the mechanical loading and loading rate
were determined by a strain gauge dynamometer (item 4,
fig. 4) and registered on the PC display (item 7, fig. 4)
via "Power Graph" software. Control of the voltage
converter E14-440 was carried out by PC.

The dependencies of the output voltage Up,p,. ON
the frequency of loading of PEG were built in accord-
ance with the methodology of measuring of the output
characteristics of the model 2 of piezoelectric gener-
ator of axial type (see fig. 1) by the obtained values of
the output voltage (see table) under axial impulse load-
ing with the amplitude F,,, = 17,2 MPa and various
electrical loading resistance R;. The graphs of this re-
lationship for the ond geometry of model 2 (fig. 5, solid
lines) are given below. The dependency graphs for the

other geometry of model 2 have a similar character.

As can be seen, the output voltage of PEG at in-
crease of the loading frequency increases monotonical-
ly and shows almost linear character at the load resist-
ance R; from 68 to 500 kQ2. The maximum peak output
voltage is 327 V at the electrical load of 500 kQ. Fur-
ther, the peak values of output power were calculated
on the base of measured values of output voltage and
load R; by the formula (4). The dependency graphs of
peak output power from the frequency on the loading
were plotted on their base (fig. 5, dotted line).

The results showed that at pulsed mechanical load of
17,2 MPa the output power of 213,9 mW can be ob-




tained with electrical load R; = 500 kQ. At this, the ca-
pacity referred to the SE volume of PEG of the given
model was equal to 27,565 mW/cm3 , which by two or-
ders was greater than the relative power of PEG of mul-
tilayer type of model 1 under quasi-static loading. It
was not taken into account that model 1 was subjected
to higher compressive stress under quasi-static loading
than model 2 under impulse loading (respectively,
40,3 MPa and 17,2 MPa). The influence of compres-
sive force on the power of PEG can be estimated using
its energy efficiency [5] — the ratio of output power of
PEG to the maximum level of applied mechanical
stress W,,/og, This parameter characterizes the effi-
ciency of the PEG. With regard to (2), at different lev-
els of mechanical force this option for two models of
PEG with different types of loading differs by more
than two orders (see table).

The measured and calculated characteristics of the
first two models of PEG are presented in the table along
with the results of measurements of the characteristics
of multilayer PEG, which is close by the geometric pa-
rameters to the model 1 [12]. The values of output pow-
er of PEG in [12] exceed the power of the studied mod-
el 1 in 2,5 times. The reasons for this fact could not be
analyzed due to lack of data [12].

However, the output power of the studied PEG of
model 2 under pulse loading was 213,9 mW and the
known model [12] at quasi-static loading provided only
7,5 mW. Thus, the received power exceeded the power
of the known [12] model almost in 30 times, which in-
dicates the possibility of obtaining of a greater output
power of PEG studied in PEN, working in conditions
of high amplitudes of mechanical loading. At compar-

ison of the output power of various models of PEG in
a differing type of mechanical loading, it must be con-
sidered that the level of power output depends on the
resistance of the electrical load.

The output characteristics of multilayer PEG of ax-
ial type under quasi-static and low-frequency pulse
loading are given before. In addition to these loadings,
the use of the mechanical-electrical converters for elec-
tric energy accumulation is known, which generate an
electric charge when PEG is subjected to mechanical
loads in the mode of harmonic oscillation excitation in
a wide range of frequencies. The studies of the char-
acteristics of PEG of axial type in this mode is not
enough. Among them, the research of output charac-
teristics of multilayer PEG of axial type, similar in ge-
ometry to the investigated models are the closest to the
problem [5, 13]. In [5], the characteristics of PEG in
the mode of harmonic oscillation on frequencies of 10,
20 and 30 Hz are studied. The results [5] and the cal-
culated output powers (taking into the account the ef-
fect of the load resistance (see. (9) from [1])) are shown
in the table. The dependency graphs of output power for
studied model with the dimensions of 26X 16x36 mm
were plotted to analyze the effect of the electrical re-
sistance of the load on the output power of PEG under
harmonic and impulse loading. The normalized values
of output power are shown in the graphs (fig. 6), which
are derived from the calculation of the output power re-
ferred to the volume of PEG and the square of the am-
plitude of the stress from the external load. This pa-
rameter allows to consider the impact on it of the level
of mechanical stress at calculation of the relative out-
put power.

Comparative output characteristics of multilayer PEGs of axial type of several configurations for different types of mechanical loading

Maximal . ifi . Normalized
PEG | Cros |compres-| Loading | -03ding Output | Specific | Relative output
: : : fre- Output | power | output output ower
Loa- height, | sectional sion rate, p >
) 2 . quency, | voltage, V| (peak), | power, power, . 3
ding PEG geometry cm | area, cm~| strain, kN/s Hz W W/cm®| mW/MPa mW- (cm” ¥
mode MPa mw/cm xMPa2)~!
h Ssec Zcomp Un Jn Usut Wout Wom I/Vout/c’comp Woul /Gcomp
Quasi- | PEG, (model 1) 1,00 3,84 40,3 4,4 40 0,15 0,039 0,0037 2,4-107°
static | rectangular 2,03 | 3,84 40,3 4.4 130 0,75 | 0,096 0,0186 59-107°
Cross section _
26 x 16 mm? [*] 3,60 3,84 40,3 4,4 220 3,0 0,217 0,074 13-107°
PEG, square 0,5 23,04 10 Loading 10 7,5 0,65 0,75 65-107%
cross-section rate
48 x 48 mm? [12] of 0,1 s
Low- PEG, (model 2), 2,6 2,538 19,9 1,8 106 (peak | 54,6 10,284 2,74 4-1072
frequ- | annular cross-sec- value)
ency |tion, outer and 3.8 | 2,538 19,5 1,8 | 327 (peak | 213,9 | 27,565 10,96 12-102
pulsed |inner diameters value)
@18 u 8§ mm)[*]
Har- PEG, square 1,8 0,25 0,168 10 0,27
monic | cross-section 20 0.017 601072
5 x 5 mm [5] ’
30 0,007
* — Data of the authors
HAHO- I MUKPOCUCTEMHAS TEXHHKA, Ne 2, 2015 43



A comparison of the dependence of the normalized
output power from the load resistance showed a signif-
icant excess (about twice) of the power at harmonic ex-
citation on the values under pulsed excitation in the
range of resistances from 5 to 150 kQ. In another re-
sistances range from 150 to 820 kQ, the power ratio at
two loading conditions decreases, and at R; = 820 kQ
it virtually becomes the same. Accordingly, the energy
efficiency of the investigated PEG in the first range of
resistances is considerably higher in the harmonic load-
ing mode in comparison with the pulsed mode. Using
these measurement results you can combine PEN
measurement circuits depending on the predominant
type of the external mechanical influences on PEG of
a specific device — the storage of electrical energy.

Conclusion

It was found that the output voltage of multilayer
PEG monotonically increases with increase of the fre-
quency of pulsed loading. It has almost a linear nature
within the electric load resistance of 500 kQ.

At the pulsed loading mode, the developed model of
PEG of axial type of ring configuration provides an out-
put voltage of 330 V and power of about 214 mW at a
load resistance of 500 kQ. The similar model of PEG of
rectangular configuration is known, which allows to re-
ceive the output voltage and power equal to 32 V and
26 mW, respectively, with a load resistance of 10 kQ
[13]. The value of the energy efficiency parameter —
the frequency response function [5] for the compared
models is equal to 32 V/MPa for the model [13], and
19,2 V/MPa (for the model 2), i.e. the output charac-
teristics of the first model are higher than of the output
characteristics of the second model, which contradicts
with their absolute values. From this it follows that the
comparison of the output characteristics of PEG via the
frequency response function [5] does not allow to re-
ceive the unambiguous results about the energy effi-
ciency degree of PEGs of axial type of different con-
figurations.

The assessment of the effectiveness of the investi-
gated PEG of axial type was performed using other pa-
rameter: on the basis of calculation of the normalized
values of the output power (ratio of output power of
PEG to the maximum level of the applied thereto of
squared amplitude of mechanical stresses). The range of
values of the electrical resistance of the load was iden-
tified, within which the normalized output power of
PEG under harmonic loading conditions prevails above
its level, which can be archived under pulsed loading.
It allows to determine the efficiency of the mechanical-
electrical converter.

The results of measurements and calculations of the
output characteristics of the investigated multilayer
PEG of axial type with different types of mechanical
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loading allow to develop combined measurement
schemes of piezoelectric energy storages that take into
account the prevailing large external mechanical im-
pacts on PEG of storage for maximum energy efficien-
cy of the specified device.
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KBASUTNMEPUMOAUNYECKUE TNMOAYTIPOBOAHUKOBbBIE KOPOTKHME
CBEPXPELLETKM AAl HEMPOMNOAOBHbIX CETEM

Ilocmynuna ¢ pedaxuuro 06.10.2014

IIpedaoxcero u meopemuuecku uccaedogaro npumenenue AlGaAs keazunepuoduueckux KOpOMKUX ceepxpeulemox 6 Kavecmee
HeauHelinoeo dnemernma cemu Hetiponogd PumyXeto — Haeymo. Ha npumepax ceepxpewemox Pubonauuu u gueypHuix ceepxpe-
Wemox NOKa3aHo, 4mo Heupocems HA UX OCHOge obecneuugaem 0onee KavecmeeHHy0 Napaiieavhylo QuAbmpayuro noAymoH08020
U300padicenus, yem cems Ha 0CHO8e MPAOUUUOHHBIX OU0008 C KYOu4ecKol 8oabm-amnepHol xapakmepucmukol. OOHapyscero,
umo pueypnas ceéepxpewemra Fy (1) e aueiike cemu obecneuusaem cpeonexeadpamu4noe oOmKAOHeHUe nPeodpa306anHo20 U30-
OpasiceHuss om 3ManoHa noymu 6060e MeHbvlue, Yem mpaouyuoHHble OUodbl ¢ KyOUUecKol 60Abm-AMNEPHOU XaAPAKMePUCMUKOl.
Imo npeumyuwecmeo 00sCHEHO G0AHO00PA3HOU GOPMOU nAOAOWee0 Y4acmKa G0AbM-AMNEPHOU XAPAKMEPUCMUKYU @uUeypHOU
ceepxpeuiemku, npueoodsawell K MyabmucmaobuissHocmu syetiku cemu. Pasnoobpasue gopm smoeo nadaroujeeo y4acmka omgpoi-
6aem wupoKue nepcneKmuesl 043 K8asunepuoouHeckux U, 6 4acmHocmu, QueypHvix ceepxpeuemox 6 o0aacmu HaHOCUCMEMHOU
MeXHUKU Ha OCHOBE HeAUHEUHbIX cemel.

Karoueenie croea: keasunepuoouueckasn ceepxpeuiemka, ceepxpeuremka Puobonayuu, ueypnas ceepxpeuwemxa, Heuponodoo-
Has cemo, Hetipon PumyXvro — Haeymo, KaemouHas HeAUHeUHAs cemb, NPeodpas’o8anue U300pax3ceHus, 604bM-aMHePHAs Xa-

pakmepucmuka

Beenenue

KBazunepuonuueckue KopoTkue (IJIMHON MeHee
100 um) cBepxpeluerku (CP) B mociaenHue roabl npu-
BJIEKAIOT pacTylllee BHUMaHWe B CBSA3M C UX MHTEpeC-
HBIMU U HEOXXMAAHHBIMU (PU3NUYECKMMU CBOMCTBAMU,
a Takxke MPWIOXKEeHUsIMU B HaHo31ekTpoHuKe [1]. Ha-
MIpUMep, TUJIEKTpUIecKre KBasurepuoandeckue CP
MEePCHEKTUBHEIL IJi1 HAHO(GOTOHUKHU (CM., HamIpuMmep,
0030p [2]). IIbe3osnekTpryeckue KBa3UIIEpUOIUYE-
ckue CP nepcnekTuBHBI 111 mpeobdpa3oBareiieit BY u
CBY paguocurHaiosB [3], a MAarHUTHBIE KBa3UIIEpUO-
auueckue CP — ns 3armoMuHalommx ycTpoicTs [4].
[MonynpoBoaHuKOBbIe KBazunepuomuueckue CP ma-
JIOM IJIMHBI TAKXKe UMEIOT MHTEepeCHbIe cBolicTBa. Ha-
npumep, AlGaAs kBaszunepuoauueckue CP nepcrnek-
TUBHBI B KayecTBe aKTMBHOM Cpebl MHOTOLIBETHOTO
TeparepueBoro jazepa [5]. Ceituac moyynpoBOAHU-
KoBble KBasurepuogudeckne CP Ha ocHoBe AlGaAs
HauOosiee yOOOHBI IS IIPUOOPOB MUKPO- M HAHO-
9JIEKTPOHUKM OJlarofgapsi XOopollo pa3padboTaHHOM ap-
CEHUI-TAIMEBOM TEXHOJIOTMU HU3TOTOBJICHUS CIOU-
CTBIX TE€TePOCTPYKTYD.

XapakTepHbIMU OCOOEHHOCTSIMU MOJYPOBOAHU-
KOBBIX KBasunepuoandeckux CP SBISIIOTCSI CUIBHO
MU3PE3aHHBIM BUJ CIIEKTpa 2JIEKTPOHHBIX COCTOSTHUI
u ero camoriogooue [1]. B ornmume ot cieKTpoB Ie-
puoandyeckux CP u TpaguimoHHOTO ABYXOaphepHOTO
pe3oHaHCHO-TyHHeapHOTo auona (PTI) criekTp KBa-
sunepuoandeckux CP HEMOHOTOHHO 3aBUCUT OT BHEL -
HeTo 3yeKTpuyeckoro moss. [Ipu rmaBHOM pocTe Tpu-
JIOXKEHHOTO HaIpPsDKEHUST MOTYT BHE3AITHO TTOSIBUTHCS
HOBbBIE PE30HAHCHBIE COCTOSIHUSI DJIEKTPOHOB IPOBO-
JuMocTh. UMEHHO Takue COCTOSIHMSI, JIOKaJIU30BaH-

Hble B 2—3 COCEIHUX MOTEHUMATBHbBIX SIMaxX MPOpuIs
JIHA 30HBbI MPOBOJAMMOCTHM IOMEPEK CJIOEB KBa3uIle-
puoandeckoit CP, obecrieunBaOT HECKOIBKO OJTU3KUX
M0 YacToTe NepexoaoB ¢ 3Heprueit nopsaka 10 maB
B MHOTOLIBETHOM TepareplieBoM yasepe [5]. DTu xe
c/1ab0 JTOKaJIM30BaHHbBIE COCTOSIHUSI MOTYT 0Ka3aThCs
MOJIE3HBIMU U JJIs1 APYTUX NPUMEHEHU I, TPEOYIOLINX
HaJIM4usl OTAEJbHBIX OJIM3KOPACMOJOXKEHHBIX Pe30-
HAHCHBIX TTMKOB C HIMpUHON mopsaka 1...10 M3B, a
HE CIUIOLIHBIX PHEPTETUYECKUX MUHU30H, UMEIOIINAX
wpuny nopsiaka 100 maB. Eciu nmpuHuMaroTcst Mepbl
NpPOTUB 0Opa3oBaHUs TOMEHOB CUJIBHOTO 3JIEKTpUYE-
CKOTO MoJisl B ToiyrpoBogHukoBoii CP, To KaxXnblit
TaKOU PE30HAHCHBIN MUK IUVIOTHOCTU COCTOSIHUM MO-
>KeT TMPUBECTU K BOJHUCTOCTU BOJIBT-aMIIEPHOI Xa-
paktepuctuku (BAX) kBaszunepuonuueckoir CP. ITo-
9TOMY KBazuMepuonuyeckue NoaynpoBoaHuKoBbie CP
MOTYT OKa3aTbCsl MOJIE3HBIMU BO BCEX 2JIEKTPOHHBIX
YCTPOICTBAX, YyBCTBUTENbHBIX K (popme BAX Hemu-
HEWHOrO 3JIEMEHTA.

K TakuMm ycTpoiicTBaM OTHOCSTCSI HEHpOmomao0-
HbIE CETHU, HEMPOHBI KOTOPBIX B MUKPOIJEKTPOHHOM
WCIIOJJHEHUU COMepXaT HeJIMHEMHbIC 2JIEMEHTHI B BU-
ne nuoaoB, uMmewlux BAX ¢ magaloliuM y4acTKOM.
IloBeneHre TakuMx HEWPOHOB YAaCTO OMNHUCHIBAETCS
monenbio PurinXeo — Harymo (FitzHugh—Nagumo)
(cM., Hampumep, [6, p. 171]). DTa Momenb Tocie YII-
POLUECHUNA CBOAUTCH K MOJIEJU KJIIETOYHOUN HEJUHEN-
Hoit cetn (KHC), kaxnas siueiika KOTOpOU COAEPXKUT
TOJIbKO IMOJ, KOHIEHCATOP U HECKOJIBKO PE3UCTOPOB —
10 OTHOMY Ha KaX/Iylo CBSI3b C COCEIHUMU STUEUKaMU
[7]. B xauectBe nepcriekruBHoro nuoxaa mist KHC pac-
cmarpuBaetrcs PT/I. MeHsis TOMILIMHY U COCTaB CI0EB
JNByX0apbepHOW TeTEPOCTPYKTYPbl, MOXHO MEHSTb
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¢opmy HavaiabHoro ydyactka BAX PT/. [Hins paGoThl
TaKOro HeilpoHa OCOOEHHO BaXKeH HE HayasbHbINA, a
nagatomuii yuactok BAX. Ilepexon or PT]I x xkBa3u-
nepuoanyeckoit CP MoxeT ciesaTh 3TOT y4acTOK BOJI-
HUCTBIM, a 3TO UBMEHUT MoBeAeHUe HelipoHa. B yact-
HOCTH, BOJTHUCTOCTb BAX MOXET YCUIUTHLCSI HACTOJIb-
KO, YTO TOSIBSITCSI HOBbIE HEOOJIbIIIME MaAaloIIMe YyIacT-
KU. DTO TIpUBEIeT K 00pa30BaHMIO HOBBIX COCTOSTHUIM
paBHOBecHUs B (ha30BOM MPOCTPAHCTBE CETH.
[MoaTomy npuMeHeHue KBazunepuoandyeckux CP B
KayecTBe HEJIMHEWHBIX 3JEMEHTOB HeWpOMOpP@HBIX
ceTeil MOXKET 0Ka3aThCsl MePCIEKTUBHBIM IS CYILECT-
BEHHOTO ITpeoOpa3oBaHUsI X (Pa30BOro MOPTpeTa. ITO
MMO3BOJIUT MPOABUHYTHCSI BO MHOTMX OOJACTSX — OT
MOJEIMPOBAHUS AESITEILHOCTU HEPBHOM CHUCTEMBI 10
WHAOPMAITMOHHO-U3MEPUTENIBHBIX M YIIPABJISIOIINX
cucreM. HeiipoMopdHbIe ceTr XOpol1io MposiBUIN cebst
B TapajijieIbHOM Tpeodpa3oBaHK M3o0paxeHuit. Io-
9TOMY IT0JIE3HO ObUIO ObI BBISICHUTH BO3MOXHbBIE Mpe-
uMmyiliecTBa kBasurnepuonuuyeckux CP B kauecTBe He-
JIMHEMHBIX 3JIeMeHTOB HelipoceTy PutiuXbio — Harymo
JIJIs1 TIapajuieJIbHOTO MpeoOpa3oBaHUsT U300paXkeHUsI.

IlocTpoenne KBa3unepuoaMYECKHX CBEpPXpelieToK
JIJIA KJIETOYHOM HEeJMHEHHOM ceTH

OCHOBHBIE TTPUHITUITBI TTOCTPOEHUS TTOTYIIPOBOI-
HUKOBBIX KBazunepuoanueckux CP omnucaHbl B pa-
oote [1, p. 154]. B kauecTBe TMIMYHBIX MpPeACTaBU-
TeJieil KBa3UIePUOANYECKMX CBEPXPEIIeTOK Opaiuch
CP ®ubonauun (Fibonacci). Kpome HuUX B KauecTBe
MepCcreKTUBHbIX KBasunepuoanueckux CP uccieno-
Basiuch purypHeie CP, monyyaembie ¢ TOMOLIBIO pa3-
noxeHus ances @uOoOHAYIN B CYMMY (PUTYPHBIX YH-
cex [8]. Yucno dubonauym Sy panra N obpasyercs
IyTeM CIOXeHUsA Sy = Sy_ + Sy—, uncen Sy_; u
Sny—, ABYX NpPedblAyIIUX PAHTOB, HAYMHAd ¢ S| = 1
1 Sy = 1. AHaJIOTMYHO CUMBOJIbHAs T1OC/IEN0BATE b=
HocTb 111 CP ®ubonauuu Sy panra N (o6o3Hayaemast
TaK Xe, KaK U COOTBETCTBYIOIIIEE YMCIIO) 00pa3yeTcs
MyTeM TOCJIeI0BATeIbHOTO COeAMHEHUS (KOHKATeHA -
unn) Sy = Sy—; + Sy—,, CUMBOJIBHBIX TOCJIE10BA-
tenpHOCTel CP IBYX Npeaplayliux paHros Sy_; u
Sy—», HaunHag ¢ S| = A u S, = B. Hanpumep, CP
S5 = 84 + 83 = BABBA, 3zarem CP S§¢ = BABBA +
+ BAB = BABBABAB u 7. 1.

[Mono6Ho yncnam PuboHayuu Sy, GurypHele unc-

M
Ja F; (N) MOXHO paccyuTarh 10 PEKYPPEHTHBIM
¢dopMysiaM HauuHasl ¢ 3aJaHHbIX TPAaHWYHBIX 3Haye-

Huii. PurypHoe 4yuciao M-ro nopsiaka F£/I(N ) BbIpa-
xactes o opumyne Fy! (N) = Fy(N)+ MFy (N— 1)
yepe3 (purypHbele 4ucia HYJEBOIO IOpsaKa Fg (N)n
F(L) (N — 1). B cBomw ouepeab, YUCIO FE (N) BbIpaxa-
€TCsl peKYyppPEeHTHO FLO (N) = Fgfl(N) + Fg (N—1)
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(TpeyroabHuK Ilackans), 4To B KOHIIE KOHLIOB IIPUBO-

IUT K YUCiaMm Fg 0®=1mu Fg(N) = 1 Ha rpaHMLax
TpeyrojibHuka [lackansa. ITosTtomy mIsi TOCTpOCHUS

¢urypuaeix CP M-ro nopsiaka F£/I(N ) IOCTaTOYHO TO-
crpouth CP HyneBoro mnopsiaka Fg (N), a 3aTeM Boc-
MOJIb30BaThCsl PEKYPPEHTHOI (opmyioit Fg/[(N ) =
= Fg (N)+ MFE (N—1). 3nech nog ymHoxeHuem CP

Fg (N — 1) Ha yucno M nompa3dymeBaeM IMOBTOPEHUE
M xonuii 310t CP. Yto6n1 noctpouts CP HyneBoro

rnopsiaka Fg (N), cBomuM MX K yxe mnojydyeHHbiM CP

®ubdoHayuu. 7151 3TOr0 NMpUMEHsIeM (OPMYITy pasJio-
keHud yuciaa OuboHayun Sy Mo GUrypHLIM 4KUCIaM

F](j (n) (cM., HammpuMep, [9]):

[N/2]1 o
Sy+1= X Fy_p,(n). (1
n=0

3nechk [N/2] obo3HAvaeT Lienyo JyacTh ynucia N/2.
3anuchiBacM CUMBOJIbHYIO ITOCIEA0BATENLHOCTE CP )y

0
3aTeM CTaBUM B COOTBETCTBUE Kaxaomy yucny F; (n)
B cymMMme (1) OTpe30K 3TOM CHMBOJMYECKOM IOCIIENO-

BaTeJILHOCTU TAaKOM, YTO €T0 JIJIMHA paBHA yncity F 2 (n).
Hampumep, cornacHo dopmyne (1), S = Fg 0) u
S, = F?(O). Ho CP §; = A un CP S, = B, nostomy
nonydyaem CP Fg(O) =AuCP F?(O) = B. AHayornyu-
HO JEHCTBYEM U M5 TToydeHus1 ocTaibHbix CP F 2 (N).
Tak, u3 pasnoxenusa Sz = Fg 0) + Fg (1) (B uucnax
OHO BBIIJIAOUT Kak 2 = 1 + 1) monyyaem BA = B + A.
Otciona CP Fy (0) =B u CP Fy (1) = A. llanee, Harpu-
Mep, U3 pasIoKeHUs Sg = F;)(O) + Fg(l) + FQ(Z) +

+ Fl0 (3) (B uKcIax OHO BHILJISLOUT Kak 21 =1 + 6 +

+ 10 + 4) nonysaem BABBABABBABBABABBABAB =
= B + ABBABA + BBABBABABB + ABAB, otkyna

CP FY(0) = B, CP FJ(1) = ABBABA, CP F}(2) =

= BBABBABABB, CP F{) (3) = ABAB. Ilpeumyie-
CTBO Takoro criocoba mocrpoenuss CP HyneBoro mo-

psiaka Fg (N) cocTouT B TOM, YTO OHM HACJEAYIOT OT
¢udoHayuneBbix CP Mx cToxacTUyecKue CBOICTBA.
Hnst 6mokoB A u B Opanuchk pa3Hbie CIIOMCTHIE
AlGaAs reTepoCTpyKTypbl C TOJILIMHAMU B HECKOJIbKO
GaAs monHocsoeB (MC) kaxnaebiii mo 0,565 HM (citon-
CTBhIE CTPYKTYPHI ClieBa Ha puc. 1) Tak, 4TOOBI TTOTHAS
mmmHa CP He TpeBbIlIajia XapaKTepHOW JJTMHBI CBO-
6omHoTO TIpodera 31eKTPOoHOB 0Koj10 100 HM.




Puc. 1. Tpu coceqnux HeiPOHOMOAOOHBIX SYEHKH KJIETOYHOI HEJH-
HeifHol ceTn Ha ocHoBe cBepxpemeTkn Pudonayyn Sy

Fig. 1. Three neighboring neuron-like cells of cellular nonlinear network
based on the Fibonacci superlattices S,

[Ipu Takoii TOIIIMHE MOXHO IIpeHeOpeYh BEPOSIT-
HOCTBIO 00pa30BaHUS TOMEHOB CWJIBHOTO 3JIEKTpHUYE-
CKOro IIOJIsI, KOTOpbIE HApyLIAlOT KOIE€PEeHTHOCTh
3JICKTPOHOB ITPOBOAMMOCTH Ha BceM npoTstkeHur CP.

TonmuHbI ¥ COCTaB CI0EB FEeTEPOCTPYKTYP B OJ0Kax A
u B mogbupanuck Tak, ytoobl BAX mmena mports-
KEHHBIN IMafalInil y9acToK (KejlaTeJIbHO B (popme
BOJIHBI) B YMEPEHHBIX 3JECKTPUUECKUX TOJSIX OKOJIO
10 kB/cMm (puc. 2).

BoJibT-amMniepHble XapakTepUCTHKH
KBa3uNepPHOIHIECKHX CBepXpeleToK
IS KJIETOYHO# HEeJIMHEHHOH ceTH

Hnsa pacueta BAX mpumensiiack ¢opmyna Ly —
Ecaku B coyeTaHUM ¢ TPaAULIMOHHBIM METOAOM MaT-
pulibl nepeHoca (cM., HanpumMep, [10, p. 58], a Takxke
[11]). ITpaBuIBHOCTH PaOOTHI BHIYMCIUTEIBHBIX TPO-
1eayp nposepsiach BocrpousBeaeHueM rpaguka BAX
TpaauLIMOHHOM AByx0apbepHOii AIGaAs reTepocTpyk-
Typbl [12] (31ech He MoKa3aH).

Kaxnpiit 610k B (A) kBazunepuoauueckoit CP
cocCTosU1 U3 bapbepa, umeroliero ToaiuHy 2 MC, 3a
KOTOPBHIM clIemoBaia TTOTeHIMATbHAA STMa C TOJIIIM -
Hoit 16 (32) MC (cM. 30HHYIO IUarpaMMy B CepeanHe
puc. 2). BoicoTsl V noteHUuaabHbBIX 6apbhepoB (B 9B)
U 3HaueHUs1 3¢p¢heKTUBHONM Macchl M (B eaMHULIAX
Macchl CBOOOJHOTO 3JIEKTPOHA) BbIUMCIISUIMCh U3 Tpa-
JULIMOHHBIX BeIpaxeHuii V' = 1,11x — 0,93x2 + 0,85)(73
u M= 0,067 + 0,083x, roe x — 10 AIIOMUHUS B
Al,Ga;_ As-cioe. Orta nona cocrasisia x = 0,15, yro
JaBaJio BBICOTY IOTeHLMaabHOro 6apsepa 0,15 3B mis
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Puc. 2. XapakTepuCTHKH HeIMHEHHOr0 3/1eMEHTa sSTYeiKH Ha ocHoBe cBepxpemerkn Pudonayun S;. Cnesa Bausy — BAX J(F) anemenra. Bep-
THKAJIbHAS MPAMAs YKa3pIBaeT HAYAJIO0 NMajawiero yyactka. Cinesa BBEpXy — 3aBHCMMOCTb Pe30HAHCHBIX SHepruii £ OT HanpsuKeHHOCTH dJIeK-
Tpudeckoro nous F, nocepennne — 30HHASA IMAarpaMMa W KBAJIpPaThl MOZIYJiell BOJHOBBIX (DYHKIMii B 3aBHCHMOCTH OT KOODIMHATBHI X MOMEPEK
cjoes CP, cnpaBa — 3aBUCHMMOCTb TyHHeIbHOI# npo3pauyHocTH 7(F) ot sHeprun E 3/1eKTPOHA B 3JIEKTPHYECKOM I0JIe, COOTBETCTBYIOHIEM HAYATY
nazawpmero yyacrka BAX

Fig. 2. The characteristics of the nonlinear element of the cell based on the Fibonacci superlattice S;. Bottom left — the CVC J(F) of an element.
The vertical line indicates the start of the falling section. Top left — the dependence of the resonance energies E from intensity of the electric field
F. In the middle — the band diagram and the squares of modules of the wave functions depending on the coordinate x across the layers of a superlattice.

From the right — the dependence of the tunneling transparency T(E) on the electron energy E in the electric field corresponding to the starting point
of the CVC'’s falling section
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Puc. 3. BAX neimueiinbix 31emenToB KHC:

1 — sTamoHHOTO nUoxaa ¢ Kyoudyeckoir BAX; 2 — durypHoil cBepXxpeleTku F{) 1 (1); 3 —

durypHoit cBepxperueTku F 18 1 (1)

Fig. 3. CVCs of the nonlinear elements of the cellular nonlinear network: 1 — reference diode
with a cubic CVC; 2 — curly superlattice Fl0 1 (1), 3 — curly superlattice Fl8 (D)

9JIEKTPOHOB MPOBOAMMOCTHU. B KpaiitHux n+GaAs-ciosix
sHeprusi Mepmu npuHuManachk pasHoit 0,069 3B, a
a¢pdexktuBHast Macca M = 0,067. K moreHIMaIbHOMY
npoduio 0apbepoB U SIM Obla JoOaBIeHA KOHTAKT-
Has pa3HocTh noteHuuanoB 0,1 3B mexay KpailHU-
M n+GaAs-CIOSIMU M CPETHUMH HeJIeTUPOBAHHBI-
mu i-AlGaAs-cinosmu. Temmneparypa IpuHMMAaJach
pasnoii 300 K.

Ha puc. 3 nokazansl BAX HeJIMHEWHBIX 3JIEMEHTOB

KHC Ha ocHoBe purypHbix CP F 10 1 (1) = ABBABABB X

xABBA u CP Flgl (1) = ABBABABBABBABBBBBBBB

B CpPaBHEHUHU C 3TAJIOHHOM Kyoumueckoii BAX Hemu-
HeliHoro anemeHTa KHC.

OranonHasga BAX uMmeeT CUMMETPUYHBINA Iamalo-
LU y4aCTOK C OIMHAKOBBIMY MOJOXUTEJIbHON 1 OT-
pUIIATeIPHOM BETBSIMHM M CIYXWUT IUISI CPaBHEHMS
Bcex ocTaibHbiXx BAX. BAX HopMMpYIOTCS Tak, 4YTO
MMEIOT OMMHAKOBBI MaKCUMaIbHBIN TOK I = 10 MA,
a JieBasl M NpaBasi pacTyllluMe BETBU IEPECEKAIOTCS C
HyJieM npu HanpskeHusx V,, =0 u 1 B coorserct-
BeHHO. IIpy MUKPO3IEKTPOHHON pealu3aly CeTH Ta-
Kol caur Hyast BAX pocturaercst 1o0aBieHUEM CO-
OTBETCTBYIOIIMNX TTOCTOSTHHBIX UCTOYHUKOB TOKA U Ha-
MPSKEHUST KO BCEM sTUeiiKaM.

ITapannenbHoe npeoOpa3oBaHne M300paKeHNs
C NOMOIIbIO HEeJIMHEHHOM CeTH

PaccmarpuBanachk HelWHeHasl ceTh B BUAE IUIO-
ckoit pewretkn HelipoHoB PuirXeo — Harymo [6]. DTa
peleTka MOIEIUPYET IBYMEPHYIO BO3OYAUMYIO Cpeay.
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PacnipoctpaHeHue Bo30yXaeHUs B
Takoi cpele OINMUCHIBAETCS CUCTE-
MOW KUHETUYECKUX YPABHEHUN, KO-
Topasi CBOAUTCS K ogHOMY Iuddy-
3MOHHO-PEaKIIMOHHOMY YPaBHEHUIO
rocje MPeanojoXeHus: 00 OTCYTCT-
BUM MeJJICHHOro mHruouropa [13]

f%?t) = DAV + Fe(V). (2

3necy V — nepeMeHHas1, ONUCHI-
Balolass BO30YKIEHHOE COCTOSIHUE
Cpenbl B TOUKE /B MOMEHT BpEMEHU f;
Dy — xosdpduument nuddysuu ans
pacTuTBIBAaHUS BO3OYXKACHUS;, A —
narutacuaH; Fp(V) — ckopocTth aB-
TOKATAIUTUYECKOTO PocTa BO30OYXK-
TECHMST.

———————— 4 YToOBI OCYIIECTBUTH NapalIe/ib-

HOe TIpeoOpa3oBaHUe CUTHAJA C MO-
MOILIbIO TaKOM Cpeabl, CUTHAJI 3a1a-
10T B BUJIE MPOCTPAHCTBEHHOIO pac-
npezeneHus Bo3oyxuenus W(r, 1)) B
HEKOTOPbI HAYaJIbHbIIA MOMEHT Bpe-
MEHM f. 3aTeM Cpea 3BOJIOLMOHM -
pYyeT B COOTBETCTBUM C YpaBHEHUEM
(2), ¥ CIIyCTsI HEKOTOPOE BpeMsl Mbl TTOJIy4aeM Mpeoo-
pa3oBaHHBIN CUTHAT B BUJE HOBOTO MPOCTPAHCTBEH-
Horo pacnpeneneHust V(r, t). Ecnu nckomoe 1mpeo6-
pa3oBaHME 3aKJI0YAeTCSd B OYMCTKE paclpeacieHUs
W(r, f)) OT BBICOKOYACTOTHOIO IPOCTPAHCTBEHHOIO
1IymMa, To ¢ 3TuUM B (2) xopollo crapasisieTcs nudaoy-
3MOHHOE cnaraeMoe Fpy = DyAV. OnHako OHO yMEHb-
11aeT aMILTATYLY He TOJIBKO BPEIHOTO IIIyMa, HO 1 TI0-
JIE3HBIX HU3KOYACTOTHBIX COCTABJISIOIIMX CHUTHaja.
s MpoTUBOAEHCTBUSI BTOMY CIYXKUT peaKlIMOHHOe
cnaraemoe Fp (puc. 4).
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Puc. 4. Ilpornsononoxusie aeiictena aaddysnonnoro Fj, u peak-
HoHHOro Fp cnaraemeix npu o0padoTke curnana M(x) anddysnon-
HO-PEaKIMOHHOM cpenoii. 31ech X — KOOPIMHATA B Cpele

Fig. 4. Opposing actions of the diffusion Fj and reaction Fp members

of sum in V(x) signal processing by the diffusion-reaction environment.
Here x — the coordinate in the environment




HuddysnoHHOE ciaraeMoe Fj yMEHbBILIAET BBICOTY
XOJIMOB U IJTYOMHY SIM B peibede MoJe3HOM Hu3Kovac-
TOTHOI KOMITOHEHTHI CUTHaJA. IS TIpeIsSITCTBOBAHUS
3TOMY PEaKLMOHHOE caraeMoe Fp NOKHO cMellaTh
sIMbl BHU3, & XOJIMBI BBEpX. DTO OOBSCHSET, MOYEMY
3aBUCUMOCTb Fp(V) nomxHa UMeTh S-00pasHblii BUL.

B MMKpO2JEKTPOHHOM MCIOJHEHUHU TaKylo IBY-
MepHyI0 TrhGY3NOHHO-PEAKIIMOHHYIO CPEay MOXKXHO
NPpUOIMKEHHO peaqn30BaTh C MTOMOIIBIO TUIOCKON He-
JIMHEHOU ceTu. B y31ax 3Toi ceTu HaxomsITCs sueii-
KU, comepKallue pe3ucTopbl, KOHACHCATOPHI U HEJIU-
HeliHble conpoTuBaeHus [14] (cM. puc. 1). Ilpu atoit
peanu3anuu ypaBHeHue (2) MpUHUMAET BUI
an,k — Vn—l,k_an,k+ Vn

dt T
Vn,k—l_ZVn,k+ Vn,k+l _ [(Vn,k) (3)
T c

3nech V, ; — HampspkeHue B (n, k)-M y37e CeTH;
1 = RC — mocTosiHHasI BpeMeHM OAMHAKOBBIX RC-11e-
MoYeK, COeAMHSIOIINX coceaHue y3ibl. Llernmouku co-
crosii u3 comnpotuBiaeHuss R =10 OM U eMKocCTH
C = 10 n®, yTo maBajo XapaKTepHOEe BpeMs Ipeodpa-
3oBaHus m3ob0paxenus 1T = 100 nc. Ilpu pemeHumn
cucTeMbl (3) Ha KaXJ0M 11are BpeMEHHOW 3BOJIIOLIMA
3HayeHue Toka I(V) yepe3 HeTMHEHHbIN 2JIEMEHT BbI-
YUCJISITIOCH C TIOMOIIBIO KyOUUeCKON anmpoKcuMaiuu
pacuetHoit BAX, comepxaieit 1000 Touek. Ponb gud-
(dysuonHoro cinaraemoro Fp ypaBHeHus (2) B ypaB-
HeHuH (3) UrparoT IepBhIC IBaA cJIaraeMBbIX, a POJb pe-
aKLMOHHOro Fp — mocnenaHee ciaraemoe, T. €. BAX
HEJIMHEHHOTO 3JeMeHTa CO 3HAaKOM MMHYC. TakuM
00pa3oM, YTOOBI MPEMSITCTBOBATh CIVIAXKWBAHUIO TTO-
JIe3HOTO curHana, BAX HelmHEIHOTO 3JIeMEeHTa CEeTH
JIOJDKHA UMETh N-00pa3HBIil BUI.

I1pm nipakTryeckoi peanusaumu [15] Takoil ceTu B
MaTpuyHoM ¢oTorpeodpazoBaresie n300paxKeHue pas3-
6uBaercs Ha N, TOYEK 10 TOPU3OHTAIU U Ny TOYEK 10
BepTuKanu. 1o Kaxmoi TOYKOI pacmoiaraeTcs y3em
cern. CunraeM, 4TO HayaJlbHOe HampspkeHue V, ; B
BOJIbTaxX Ha y3Jie siueiiku (1, k) paBHO UHTEHCUBHOCTU
CBeTa, MOMAaBIIEro B 3Ty TOYKY, U TIPUHUMAET 3HaYe-
Hus ot 0 (uepHbIit UBeT) 10 1 (Oenslit). [Tocne Havasb-
HOTO 3aCBEYMBAHUS CETh OTCOSAMHSIETCS OT (hOTOIIPU-
€MHMKA, U HanpspkeHue V), , Ha KaxIoM y3jie Hayu-
HaeT MEHSITBLCS BO BpCMeHI/I’t W3-3a HAJTUIUS €eMKOCTH
1 HEJIMHEHHOTO 3JIeMEHTa BHYTPU slYe€eK CETH, a TaKXKe
M3-32 PE3UCTUBHOUN CBSI3U KaXIOW sSUeiiku ¢ ee Ou-
xKamumMu cocensgMu. CITycTsI HEKOTOPOE XapaKTep-
HOe BpeMsl, ompeaeisieMoe MapamMeTpaMu CeTH, Kax-
IBIA y3€1 CEeTM MOXHO COEAMHMUTH C COOTBETCTBYIO-
LM Y3JIOM CBETOM3JIyYalollleil MaTpULbl IJIs1 MOJyYe-
HUS IIpeodpazoBaHHOrO n3o0paxeHus. IlonpodHocTn
Npeodpa3zoBaHus N300pakeHUH C MOMOILbIO TAKUX CE-
Teil onucaHbl B padote [14].

B nanHoii pabote npuHuManocs N, = 64 TOUKH 1O
ropusoHTanu u N, = 64 TOYKM IO BepTUKAIU. MeTo-

+1,k +

+

VKA WCCIIeOBAaHMS CETU TIPUMEHSIIach Takas XKe, Kak
B pabore [14]. [lnst HaxoxaeHust 3aBucumMoctu V,, (1)
pewranace cucrema N = N,N,, = 4056 0ObIKHOBCH-
HBIX nuddepeHIraIbHbIX YpaBHeHUH (3) ¢ IOMOIIbIO
cneuMaJu3rupoBaHHoro aiaroputMma "odelS5s" makera
MATLAB. [Ins rpaHuYHBIX SYeeK IIpeAliojarajach
JIAIKOCTh U300paxkeHus, T. €. HEIIPEPbIBHOCTD IPO-
CTPAHCTBEHHOHN MPOU3BOAHON HAMpPSIKEHUSI B Kax-
IO siueiike Ha TrpaHule uzobpaxeHus. Hanpumep,
IJIsT sT4eeK IepBOil CTpokKU B (3) IIpearionarajoch
Vok = 2Vik — Voi AHAJIOTUYHO BEIYUCIIAIACEH 3HAYe-
HUS HaIpsoKeHUs1 ¢ uHaekcamu 0 u Ny (N + 1B
siUeiiKax MepBoi U MOCJIeAHEN CTPOK (IIepBOTO U I10-
clieAHero cToJo1a).

K mncxomnoMy 3TaIoHHOMY M300paKeHMIO J00aB-
JISIJICSI TAYCCOB IIIYM B BUJIE CIIy4aliHOU BEIOOPKU N 4M-
ceJl, UMEIOIIMX HOPMAaJIbHOE pacrpenesieHue ¢ HyJse-
BBIM CPEIHUM M CPEeIHEKBAIPAaTUIHBIM OTKIIOHEHM-
eM 0,1. Lleansio mpeoOpazoBaHUs SIBJISLIIOCH MTOJyUYeHE
M300pakeHMsI, Kak MOXKHO 06oJiee OJIM3KOTrOo K 3TaJIOHY.
B kagecTBe MepHl OTIMYMS TIPeoOPA30BAHHOTO M30-
OpakeHUs OT 3TaJlOHa TIPUHMUMAJIOCh OTHOCHUTEJIbHOE
CpeIHEKBaAPAaTUUYHOE OTKJIOHEHME D, BBIYMCIISIEMOE
Kak otHoweHue |V — W|/|W| momyneit BEKTOpOB. 31eCh
V' — BekTop mpeoOpa3oBaHHOTO M300paxkeHus, W —
BEKTOpP 3TAJTOHHOTO M300paxeHwus, | — 3HaK MOMmyJis
BekTOopa. KomrmoHeHTaMM BekTopa V u3o0paxeHus
ABJIAIOTCA 3HAYEHUs HANpsKeHus V,, B y3jlax CeTH.
HN3o0paxenus cpaBHuBanuch B 10 mociiemoBaTelb-
HBIX MOMEHTOB BpeMeHU B uHTepBaje (...2 B eqTuHU-
naxt = RC. OGBIYHO B 3TOM MHTEpBaJjie BpeMEHHU MO-
psaka 100 mc nmorpeirHocTh nmpeodpazoBaHusl D cHa-
yaja yMEHbBIIIAETCsI, a TIOTOM PacTeT IJIsT MCCIeIOBaH-
HbeiX BAX.

JleiicTBUe HeJIMHEHHO# CeTH HA OCHOBE
KBa3uNepuoanIecKuX CBepXpeneToK

CyliecTBOBaHME MHOTMX MaKCMMyMoB Ha BAX
kBaszunepuonnyeckux CP MoxeT nmpuBecTH K Halu-
YMIO HECKOJIBKMX YCTOMYMBBIX COCTOSSHUI PaBHOBECUS
SYeHKU ceTUu. DTa MyJbTUCTAaOMIBLHOCTb BaxKHa ISt
BCeX IPOLIECCOB, MTPOTEKAIOIIMX B HEIMHEMHBIX CETSIX.
B yactHoctu, npeumyiiectBa BAX co MHOrMMU Mak-
CUMyMaMHU i1 00pabOTKU U300pakeHUii C TOMOIIbIO
KHC onucansl B padote [15]. Tam BAX co MHOrumu
MaKCUMYMaMHU TIOJIyYaJIM C TOMOIIbI0 HECKOJbKHUX
OIEpPaLlMOHHBIX YCWIUTENEeH U aHAJTOTOBbIX YMHOXM-
Tenei. 3nech ke Mbl BUAUM, 4To BAX ¢ HeCKOJbKUMU
XOPOIIIO Pa3IMIMMbIMU MaKCUMyMaMHM MOXHO ITOJIy-
YUTh C MOMOIIbBIO BCErO JIMIIb OJHON KBAa3UMNEPUOAU-
yeckoil CP. DTo oTKpbIBaeT BO3BMOXHOCTD Mapalie/b-
HBIX MPpeoOpa3oBaHUi MHOTOYPOBHEBBIX CUTHAJIOB TH -
Ma MoJIyTOHOBBIX M300pakeHMi 3a XxapaKTepHbIe Bpe-
MeHa nopsiaka 10 rc.

Ha puc. 5 nmokasaH xon IpeoOpa3oBaHUSI UCXOJ-
HOTO 3alllyMJIEHHOTO u3o0paxeHust (puc. 5, b) ¢ no-
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Puc. 5. IIpeodpazosanue uzoopaxenns KHC na ocnose quona ¢ kyouueckoii BAX:

a — 3TaJIOHHOE M300paxkeHue; b — 3allyMJeHHOE M300paxeHue rnepes npeodpa3oBaHu-
eM; c...] — npeobpa3oBaHHOE U300pakeHHe B MOMEHTHI BpeMeHu ¢/t = 0,1 (¢), 0,2 (d),

0,3 (e), 0,4 (f), 0,5 (), 0,6 (h), 0,8 (i), 1.1 (), 1.5 (k), 2.0 (/)

Fig. 5. Transformation of the image in the cellular nonlinear networks based on the diode with
a cubic CVC: a — reference image; b — noisy image before transformation; c...| — transformed
image at timepoints t/t = 0,1 (c¢), 0,2 (d), 0,3 (e), 0,4 (), 0,5 (g), 0,6 (h), 0,8 (i), 1.1 (j),

1,5 (k), 2,0 (1)

MOIUBIO TUITUYHOM HEJIMHEWHOM CETU HA OCHOBE 3Ta-
JIOHHOTO nuoja ¢ Kyomuyeckoil BAX, mpuBeaeHHO
Ha puc. 3.

OTKJIOHEHNE OT ATATOHHOTO M300pakeHUs (puC. 5, @)
CHayvaJja yMmMeHbluaeTcs (puc. 5, b—d) 3a cueT criaxu-
BaHMS lllyMa, JOCTUTaeT MMHUMYyMa (puc. 5, e) B Mo-
MeHT BpemeHu ¢/t = 0,3, a 3areM pacrteT (puc. 5, b—d)
3a CUeT yBEJIMYEHUs] KOHTPACTHOCTH.
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Puc. 6. BpemMennble 3aBHCHMOCTH OTKJIOHEHHS H300pa-
JKeHHsl OT ITAJIOHA B X0/ie NPeodpPa30BaHMs CEThIO HA OC-

1 — nuopga ¢ Kybuueckoit BAX; 2 — ¢urypHoii cBepx-
peIIeTKHA F?l (1); 3 — durypHoit cBepXpeleTKI Fl8 (1)

Fig. 6. Dependences of the image deviation from the refer-
ence during transformation by the network based on: 1 —
the diode with the cubic CVC; 2 — curly superlattice

Fl0 1 (1), 3 — curly superlattice Fl8 (D)
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Ha puc. 6 cpaBHMBaIOTCSI BpEMEH-
Hbl€ 3aBUCUMOCTM CpeIHEKBaapa-
THUYHBIX OTKJIOHeHMI D m3o0paxke-
HUI1, moaydyaeMbix ¢ tomolisio KHC
Ha OCHOBE IHMOIA C KyOWdYecKoit
BAX, ¢)HrypH80171 CP F?l(l) u pu-
rypHoit CP F(1).

HaumeHbliie OTKJIOHEHUS I
BCEX CTPYKTYp NOCTUIAIOTCS 3a Bpe-
MsI, CPaBHIMOE C XapaKTEePHBIM Bpe-
meneM t. [lnsg CP Fyy (1) HauMeHb-
11ee OTKJIOHEHUE TTPe0Opa30BaHHO-
ro M300paxkeHUs1 OT dTajJioHA ITOYTH
BIBOE MEHBIIIE, YeM IS OCTaTbHBIX
CTPYKTYD.

Ha puc. 7 mpeoOpa3zoBaHHBIC N30-
OpakeHUsI, UMEIOIIEe HaMMEHBIIINE
OTKJIOHEHUSI OT 3TaJIOHA, CPAaBHUBA-
I0TCSI MEXIy COOOM.

BupaHo, 4ro yiydiiieHue mmpeoodpa-
30BaHUS U300paKeHUI B 3TOM psiiy
(puc. 7, b—d) cBs13aHO C yay4llIeHU-
eM TipeoOpaszoBaHusi poHa M300pa-
xeHusa. CeTb Ha OCHOBE 3TAJIOHHOTO
avofa ocTaBisieT (OH 3epPHUCTHIM
(puc. 7, b). CeTb Ha ocHOBe (UTyp-
Hoit CP F||(1) 3aMeTHO yMeHbLIa-
eT 3epHUcCTOCTh (hoHa (puc. 7, c).
Cetb Ha ocHoBe ¢urypHoii CP
F {) 1 (1) TTOYTH MMOJTHOCTBIO YOUPAET 3€PHUCTOCTH (OHA
(puc. 7, d).

3a mpeodpa3oBaHne (oHa M300pakeHMUsST OTBEUAET
nagaroiuii yuactok BAX HenuHeilHOro sjaeMeHTa B
sayeiike cetu. Kyouueckas BAX TpaguliMoHHOro He-
JIMTHEIHOTO 2JIeMEHTa UMEeT OIHY TTOJIOKUTEIbHYIO 1
OfHY OTpULATEeIbHYIO BeTBU (cM. puc. 3). I[Tomoxu-
TeJbHAasl BETBb CMEIIAeT TEMHO-CEPBIl IIBET TOYKH

Puc. 7. IIpeodpa3oBannbie H300paxkeHus, MMEWIHEe HAUMEHbIINE OTKJIOHEHHS OT
3TAJIOHA:

HoBE: a — 3TaJIOHHOE U300paxeHue, b...d — HauIydlIre U300paXkeH!sI, MOJyIeHHbIE

¢ nomoipio KHC Ha ocHoBe nuoaa ¢ kyounueckoit BAX (b), durypHoii cBepx-
peleTKn Ff 1 (1) (¢), durypHoii cBepxpelIeTKH F{) 1 (D) (d)

Fig. 7. The transformed images with the minimal deviations from the reference image:
a — the reference image; b...d — the best images obtained by the cellular nonlinear

network based on: the diode with the cubic CVC (b); curly superlattice Flgl (1) (c),
curly superlattice F{) 1 (D (@)




M300pakeHUsT B CTOPOHY YEPHOTO IIBETa, a OTpUIla-
TeJIbHasl BETBb CMEILIAeT CBETIO-CEPhIi 1LIBET B CTOPOHY
oenoro nBera. Ilpu TakomM npeoOpa3oBaHUU TOYKU
(hoHa MPOMEKYTOUHOrO Ceporo 1BeTa Ha U300paxe-
HUM OKa3bIBAIOTCSI B HEYCTOMYMBOM COCTOSTHUU. 11
VITYYIIIEeHHST TIpeoOpa3oBaHusl KeJlaTeJIbHO, YTOOBI TOU-
KU ceporo ¢oHa cMelladuch MeJeHHee B KpaliHue
COCTOSIHMS YEPHOT'O U OEJIOrO LIBETOB, JIMOO CMELAIMCH
B HEKOTOPbIE YCTOMYMBBIE COCTOSIHUS MOIXOISIIIETO
Cceporo LiBeTa. DTU TpeOOBaHMUSIM KaK pa3 YIOBIETBO-
psitoT cpenHue yyactku BAX HelMHENHBIX 3JeMeH-
ToB Ha ocHoBe urypHbix CP (cm. puc. 3). Y ¢puryp-
Hoit CP F (1) orpuuarenbHas BeTBb BAX B0IHO00-
pa3Ha, a TOJIOXUTeNbHAs BETBb HEMOHOTOHHA. Ilo-
3TOMY TpeoOpa3oBaHue ceporo (poHa U300paxkeHus C
nomoiupio CP £ (1) okasplBaeTcs Jiyyllle, YeM € I0-
MOIIIbIO 3TaJlIoHHOro auoja. HemoHoToHHOCTH BAX
¢urypHoit CP F ? 1 (1) TaK BeJIMKa, YTO MOSABJISETCS He-
CKOJIBKO TTOJIOKUTEIbHBIX W OTPHUIIATEIBHBIX BETBE.
[TepecedyeHue ¢ HyJeM pacTylIUX YYaCTKOB 3TUX BeTBel
JlaeT YCTOMUMBBIE COCTOSIHUSI CEPOro 1BeTa Ha M300pa-
xkeHuu. IToaTromy npeodpa3zoBaHue ceporo poHa M30-
Opaxenus ¢ nomoubio CP F|| (1) okasbiBaeTcs jyyiie,
dem ¢ nomouibio CP F| (1), 1 HAMHOTO JIy4lIe, YeM C
MIOMOIIIBIO 3TAJJOHHOTO "KyOumdeckoro" auona.
OcranbHble KBasunepuoaunueckue CP B cocraBe
HEJIMHEHHOTO 3JIeMeHTa CeTU NMpY (PUIbTpaluyd U30-
OpaxeHus1 BelyT cebsl aHaJOTUUYHO PacCMOTPEHHBIM
¢urypaeim CP. Bce 3aBUCUT OT BOJTHUCTOCTH Iajato-

mero ygactka BAX u oT pa3maxa 3Toil BOJIJHUCTOCTH.
BAX ¢ubonayuunesoit CP §; = BABBABABBABBA

(cM. puc. 2) u BAX ¢urypuoit CP F11(6) =
= ABBABABBBABAB (He moka3zaHa) MUMEIOT cla-
Oy10 BOJHUCTOCTh B OOJIACTM TAamaloIero y4JacTka,
MO3TOMY BeAyT cebsi aHajoruyHo ¢urypHoir CP

Fl8 1 (1). Bonnucrocts BAX dubonayuunesoir CP Sg =
= BABBABABBABBABABBABAB (He mokazaHa) yBe-

0
JIMYMBAETCA, HO He nocturaet Bojanucroctu CP Fiy(1).
ITostomy CP Sg o xauecTBy pribTpaLiny n3odpaxe-

HUs okasbiBaeTcs mexay CP Flgl(l) u CP F?l(l).

CrnenyeT OTMETUTb, YTO MPEUMYILECTBA KBa3uIle-
puoanueckux CP, cBsizaHHbIE C MYJIbTUCTAOUIBHO-
CTbIO, C OOJIBILION BEPOSITHOCTBIO TIPOSIBITCS HE TOJb-
KO B HEUPOIOAOOHBIX CETSIX, HO 1 BO BCEX APYIUX He-
JIMHEUHBIX TUHAMUYECKUX CUCTEMaX. DTO CAeaAyeT U3
5KBUBAJEHTHOCTA SYEWKW PACCMOTPEHHOM BBHIIIIE
HEJMHENHOW ceTu mnepeaeMII(PUpPOBAaHHOMY OCIIMJI-
JISITOPY B moTeHlualle, (hpopMa KOTOPOTO 3aBUCUT OT
dopmbl BAX HenuHeliHoro siaemeHTta [15]. Ilepexon
OT OOBIYHBIX TeTepocTpykTyp Tuma PTJI, umerommux
N-o6pasHbie BAX, Kk kBasunepuognyeckum CP sk-
BUBAJIEHTEH TEePeXoly OT NMHAMUYECKON CUCTEMBI C
JBYXBSIMHBIM TIOTEHLMAJIOM K CHCTEME C MHOIOSIM-
HbIM noTeHanoM. [ToaToMy B 06;1aCTH HEJTMHEHHBIX

cucTeM IpuMeHeHue KBasunepuoandeckux CP Mmoxet
MPUBECTU K OOHApYy>XKEHUIO HOBBIX siBIeHUI. Hampu-
MEp, MHTEPECHO MCCJIeA0BaTh pacIpOCTPaHEHUE CO-
JIUTOHOB U CIUPAJIbHBIX BOJH B AU(PDY3MOHHO-peaK-
LIMOHHBIX cpeJax Ha ocHoBe kBasurepuoanueckux CP,
a TakXke SIBJIeHUs] CaMOOPTaHU3allMK, B TOM YMCIIE ca-
MOOPTaHU30BAHHYID KPUTUUYHOCTh M XaOTUUYECKUE
KoJieOaHuUs.

3akmoueHue

Ha npumepe puboHauuneBbix U purypHbix AlGaAs
CBEPXPELIETOK ITOKa3aHO, YTO KBAa3UIEPUOANYECKIE
TOJTYTIPOBOTHUKOBBIE CBEPXPEIIETKH IEPCIIEKTUBHEI B
KauyecTBe HEJMHEMHBIX 3JIEMEHTOB HEMPOMOmOOHBIX
cereit @utiXpto — Harymo. BoiaHooOpa3HoCTh ma-
Jalollleil BETBU MX BOJIbT-aMIIEPHOM XapaKTepUCTUKU
MOXET MPUBOIUTL K MOSIBJEHUIO HOBBIX COCTOSIHUIA
paBHOBecHsI B (a30BOM IPOCTpaHCTBE ceTu. Bo3Hu-
Karlas TakuM o0pa3omM MyJIbTUCTAOUJIbHOCTD I0JI0-
JKUTEJIbHO BJIMSIET Ha TIPOLECCHl MapajlieJIbHOTO Tpe-
00pa3oBaHUsI CUTHAJIOB C TTOMOIIBIO HEHPOMOAOOHBIX
cereit. B yactHocTH, durypHas ceepxpeuierka F(1)
B COCTaBe HEJIMHEWHOIo 3JIeMeHTa CeTU o0ecreyrBaeT
cpeaHeKBaApaTUYHOE OTKJIOHEHWE TPe0OPa30BaHHOTO
U300paxkeHus OT 3TajOHAa MOYTHU BIBOE MEHbIIIE, YEM
TPaJIULIMOHHBIE AMOJBI C KyOMYECKOU BOJIbT-aMMep-
HOIl xapakTepucTukoi. IloaToMy KBasurepuoauye-
CKMe CBepXpelleTKH MePCHEKTUBHBI 11 HETMHEMHbBIX
WH(MOPMAITMOHHO-U3MEPUTEIIBHBIX W YIIPABJISIOLINX
CHUCTEM, a TakKXe IJII MOJASIMPOBAHUS ACSTEIbHOCTU
HEPBHOI cUCTEMbl. MyJIbTUCTAOUIIBHOCTD SU€EeK CETU
Ha ocHoBe KBaszunepuonndeckux AlGaAs cBepxpelire-
TOK 00elaeT oOHapykeHue HOBbIX MHTEPECHBIX sIBJIe-
HMIA B HAHOCUCTEMHOM TEXHUKE HAa OCHOBE HEJIMHEH-
HBIX TMHAMUYECKUX CHUCTEM.

Hccnedosanue vinoaneno npu (uHancosoil nodoepicke
PODU 6 pamrax nayunoeo npoexkma N 15-08-00005-a.
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Quasiperiodic Semiconductor Short Superlattices for Neuromorphic Networks

Application of AlGaAs quasiperiodic short superlattices as a nonlinear element, which is a part of the FitzHugh— Nagumo’s neu-
romorphic network, was offered and theoretically investigated. On the examples of Fibonacci superlattices and of figurate super-
lattices it was demonstrated that the neural network based on them ensures a better parallel filtration of a half-tone picture, compared
with a nonlinear network based on the traditional diodes, which have cubic current voltage characteristic. It was discovered that
the figurate superlattice F| (1) as a nonlinear element within the network cell ensures a standard deviation of the transformed image
equal to almost a half of that of the conventional diodes which have a cubic voltage-current characteristic. This advantage is ex-
plained by the wavelike shape of the decreasing part of the current voltage characteristic of the quasiperiodic superlattice, which
leads to a multistability of the network cell. A variety of forms of this decreasing part opens wide prospects for the quasi-periodic
and in particular figurate superlattices in the nanosystem technologies based on nonlinear networks.

Keywords: quasiperiodic superlattice, Fibonacci superlattice, figurate superlattice, neuromorphic network, FitzHugh— Nagumo
neuron, cellular nonlinear network, image processing, current voltage characteristic

Introduction

Quasi-periodic short (shorter than 100 nm) super-
lattices (SL) attract attention due to their challenging
fundamental physical properties, as well as its applica-
tions in the nanoelectronics [1]. For example, the die-
lectric quasi superlattices are promising for the nano-
photonics [2]. Such piezoelectric superlattices are promi-
sing for transducers of high-frequency and microwave
radio signals [3], and the magnetic superlattices are
promising for memory devices [4]. Semiconductor
quasiperiodic short length superlattices also have interes-
ting properties. For example, AlGaAs superlattices are
promising for use as the active medium of multi-color
terahertz laser [5]. Today, such devices based on AlGaAs
are most convenient for devices of micro- and nano-
electronics due to the developed arsenide-gallium tech-
nology of layered heterostructures manufacture.

The features of such SLs are highly rugged form of
spectrum of the electronic states with its self-similarity
[1]. In contrast to the spectrum of the periodic super-
lattices and the traditional double-barrier resonant tun-
neling diode (RTD), the spectrum of quasiperiodic su-
perlattices non-monotonically depends on the external
electric field. At smooth growth of the applied voltage,
new resonant states of the conduction electrons may
occur. These states, localized in 2—3 neighboring po-
tential wells of the profile of the bottom of the conduc-
tion zone across the layers of the quasiperiodic super-
lattice, provide some close by the frequency transitions
with the energies of about 10 meV in the multi-color
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terahertz laser [5]. These weakly localized states can
be useful for other applications, which need separate
closely spaced resonant peaks with the width of about
1...10 meV, but not continuous energical minibands
having a width of about 100 meV. If the actions against
formation of the domains of strong electric field in the
semiconductor superlattice are being implemented,
each resonance peak of the density of states can lead to
waviness of the current-voltage characteristics (CVC)
of the quasiperiodic superlattice. Therefore, they may
have useful in electronic devices that are sensitive to the
shape of the CVC of the nonlinear element.

These devices include neural-like networks, which
neurons in the microelectronic implementation contain
nonlinear elements in the form of diodes having CVCs
with the falling site. The behavior of such neurons is of-
ten described by FitzHugh-Nagumo model [6, p. 171].
After simplification, it reduces to the model of cell-like
nonlinear network (CNLN), which each cell contains
only a diode, a capacitor and a few resistors — by one
for each connection to the adjacent cells [7]. The RTD
diode is considered as promising diode for CNLN. Var-
ying the thickness and composition of the layers of the
double-barrier heterostructure, you can change the
shape of the initial area of the RTD’s CVC. The falling
part of CVC is particularly important for operation of
such neuron. Transition from the RTD to the quasipe-
riodic superlattice can make this area wavy, and it will
change the behavior of the neuron. In particular, the
waviness of the current-voltage characteristic may in-




crease so much that the new small falling sections will
occur. This will lead to formation of new equilibrium
states in the phase space of a network.

Therefore, the use of quasiperiodic superlattices as a
nonlinear elements of neuromorphic networks could be
promising for a significant transformation of their phase
portrait. This will allow to progress in many areas —
from modeling of the nervous system to information-
measuring and controlling systems. Neuromorphic net-
work put up a good performance in a parallel transfor-
mation of images. Therefore, it would be useful to find
out the possible advantages of quasiperiodic superlat-
tices as nonlinear elements of FitzHugh-Nagumo neu-
ral networks for parallel transformation of images.

Construction of quasiperiodic superlattices
for cellular nonlinear network

The basic principles of creation of the semiconduc-
tor quasiperiodic superlattices are describe in [1]. Fi-
bonacci superlattices were taken as their typical repre-
sentatives. In addition to them, the curly superlattices
obtained using decomposition of Fibonacci numbers
into the sum of curly numbers were investigated as also
promising [8]. Fibonacci number S of rank N forms by
addition Sy = Sy_; + Sy—, of numbers of the two pre-
vious ranks Sy_; and Sy_,, starting from §; = 1 and
S, = 1. Similarly, the character sequence for Fibonacci
superlattices Sy of rank N (denoted same with the cor-
responding number) is formed by the consecutive con-
nection (concatenation) Sy = Sy_; + Sy—_, of the
symbol sequences of superlattices of the two previous
ranks Sy_; and Sy_,, starting from §; = Aand $, = B.
For example, the superlattice S5 = S; + S5 = BABBA,
then the superlattice S = BABBA + BAB =
= BABBABAB, etc.

Like the Fibonacci numbers Sn, the curly numbers

Féw(N ) can be calculated by recurrent formulas, star-
ting with the given boundary values. The curly number

FZW(N ) of M-th order is expressed by the formula
Féw(N) = Fg (N) + MFE (N — 1) through the curly
numbers of zero order Fg (N) and Fg (N —1). In turn,
the number Fg (N) is recursively expressed as Fg (N) =
= F}_|(N)+ Fy (N— 1) (the Pascal’s triangle), which

leads to the numbers FB O=1mn Fg (N)=1 on its
borders. Therefore, to construct curly superlattices

F£4(N ) of M-th order it is sufficient to construct the

superlattices Fg (N) of zero order, and then to use the

recurrent formula Féu(N) = Fg (N) + MFE (N-—1).
The repetition of M-copies of this superlattice is meant

under the multiplying of the superlattice FE (N—1)on
the number M. To build the superlattice of zero order

Fg (N), reducing them to already received Fibonacci

superlattices. To do this, use the formula (1) of decom-
position of Fibonacci number Sy on the curly numbers

F} (n) [9].

[N/2]1 o
Sy+1= Y Fy_p,(n). (1)
n=0

Here, the expression [ N/2] denotes the integer part
of number N/2. Let us write the character sequence of

the superlattice Sy. Then, to each number Fg (n) in the
sum (1) we assign such segment of the symbolic sequence

that its length is equal to the number Fg (n). For exam-

ple, according to (1), S, = Fy(0) and S, = F, (0). But
the superlattice S} = A and the superlattice S, = B, so

we get the superlattice F(()) (0) = A and the superlattice
F{) (0) = B. Similarly act and for the remaining super-
lattices Fg (N). Thus, from the decomposition of

S3 = Fg(O) + Foo(l) (in the numbers it looks like a
2 =1+ 1), we obtain BA = B + A. From there the su-

perlattice Fy (0) = B u the superlattice Fy (1) = A. Fur-
ther, for example, from the decomposition Sg = F70 0) +

+ Fg(l) + Fg(Z) + F{)(3) (in the figures it appears as
21 =1+10+6+4), BABBABABBABBABABBABAB =
= B + ABBABA + BBABBABABB + ABAB, from

where the superlattice F70 (0) = B, the superlattice
Fg (I) = ABBABA, the superlattice Fg 2 =

= BBABBABABB, the superlattice F? (3) = ABAB.
The advantage of the such method of for creation of the

superlattices of the zero-order FE (N) is that they in-

herit the stochastic properties from the Fibonacci su-
perlattices.

Different layered AlGaAs heterostructures with a
thickness of a few GaAs monolayers (ML) every of
0,565 nm (the layered structure on the left (fig. 1)) were
taken for blocks A and B, so the total length of super-
lattices did not exceed the typical length of the free path
of the electrons of about 100 nm.

At such a thickness, the probability of formation of
domains of a strong electric field that violate the co-
herence of the conductivity electrons throughout the
whole superlattice can be neglected. The thicknesses
and composition of the heterostructures’ layers of
blocks A and B were chosen so that the CVC had ex-
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tended falling section (preferably in the form of a wave)
in the moderate electric fields of about 10 kV/cm (fig. 2).

CVC of the quasiperiodic superlattices
for cellular nonlinear network

Tsu-Esaki formula was applied to calculate CVC in
combination with the traditional method of transition
matrix [10, 11]. The correctness of operation of the
computational procedures was checked by reproducing
of the CVC diagram of the traditional double-barrier
AlGaAs heterostructure [12] (not shown).

In each block B(A) of a quasiperiodic superlattice
consisted of a barrier with the thickness of 2 monolay-
ers, followed by the potential well with the thickness of
16 (32) monolayers (the band diagram is shown in the
middle of fig. 2). The heights V of the potential barriers
(in eV) and the effective mass M (in units of mass of
the free electron) were calculated from the expressions
V=1,11x— 0,93x + 0,85x° and M = 0,067 + 0,083x,
where x — the proportion of aluminum in the
Al Ga,;_,As-layer. This proportion was x = 0,15,
which gave the height of the potential barrier of 0,15 eV
for the conduction electrons. In the outer n+GaAs-lay-
ers, the Fermi energy was assumed equal to 0,069 eV,
and the effective mass M = 0,067. The contact poten-
tial difference of 0,1 eV between the outer n+GaAs-lay-
ers and middle undoped i-AlGaAs-layers was added to
the potential profile of the barriers and the wells. The
temperature was taken as 300 K.

Fig. 3 shows the current-voltage characteristics of
the nonlinear elements of the cellular nonlinear net-

work based on the curly superlattices Flol(l) =

= ABBABABBABBA and F 18 (D) =
= ABBABABBABBABBBBBBBB in comparison to
the reference cubic current-voltage characteristic of the
nonlinear element of the cellular nonlinear network.

Reference CVC has a symmetric falling section with
the same positive and negative branches and serves to
compare the rest of the CVCs. The CVCs are norming so
that they have the same maximum current /= 10 mA,
and the left and right growing branches cross with the
zero at the voltages V,;, = 0 and 1 V, respectively. In
the microelectronic implementation of a network, such
zero shift on CVC is achieved by addition of an appro-
priate permanent sources of current and voltage to the
all cells.

Parallel transformation of images
using non-linear network

A nonlinear network in the form of a flat lattice of
FitzHugh-Nagumo neurons was observed [6]. This lat-
tice models the two-dimensional excitable environ-
ment. The spread of excitation in such environment is
described by a system of kinetic equations, which is re-
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duced to one diffusion-reaction equation after the as-
sumption of the absence of slow inhibitor [13]

Q%Q=D¢V+&W) )

Here V — the variable, describing the excited state
of the environment at the point r at time #, D), — dif-
fusion coefficient for the spreading of excitation; A —
laplacian, Fg(V') — the rate of the autocatalytic growth
of excitation.

To parallely convert a signal using such an environ-
ment, it is set as the spatial distribution of excitation
Wr, ;) at some initial moment of time #y. Next, the en-
vironment evolves according to the equation (2), and
after some time we obtain converted signal as the new
spatial distribution W(r, #;). If the desired transforma-
tion consists in the cleaning of the distribution W(r, #,)
from the high-frequency spatial noise, then this in (2)
can be done by the diffusion member of sum Fp,= D AV.
However, it reduces not only the amplitude of the
harmful noise, but also reduces the amplitude of the
useful low-frequency components of the signal. The
reaction member of sum Fp serves to counteract this
(fig. 4).

Diffusion term of sum F, reduces the height of the
hills and the depth of the wells in the relief of the useful
low-frequency component of the signal. In order to
prevent this, the reaction term of sum Fp should shift
down the wells, and shift up the hills. This explains why
the relationship Fg(V) should be S-shaped.

In the microelectronic implementation such two-di-
mensional diffusion-reaction environment can be ap-
proximately realized by means of a flat nonlinear net-
work. The nodes of this network contain the cells con-
taining resistors, capacitors and nonlinear resistances
[14] (fig. 1). In this implementation, the equation (2)
becomes as

an,k — Vn—l,k_ZVn,k+ Vn
dt T

+ V1 =2Vt Vi ke

+1,k+

)
. c €)

Here, V,, ;, — the voltage in (n, k)-node of the net-
work, © = RC — time constant of the identical RC-
chains connecting the neighboring nodes. The chains
consisted of resistance R = 10 ohms and capacitance
C = 10 pF, which gave the characteristic time of image
transformation of 7= 100 ps. In solving of the system
(3), the value of current I( V) through a non-linear ele-
ment at each step of the temporal evolution was cal-
culated using the cubic approximation of the theoreti-
cally-derived CVC consisted of 1000 points. The first
two terms of sun act in (3) the role of diffusion term of
sum F, of equation (2), and the role of reactive term
of sum Fp acts the last term, i.e. CVC of the nonlinear
element with the negative sign. Thus, to prevent the
smoothing of the useful signal, the current-voltage




characteristic of the nonlinear element of the network
must be N-shaped.

At implementation [15] of such a network in the
matrix photoconverter, the image is shared on N, pixels
horizontally and N, pixels vertically. The network node
is located under each point. Take over, that the initial
voltage V), ; in volts per unit cell (n, k) is equal to the
intensity of the light, got to this point, and can range
from 0 (black) to 1 (white). After the initial light-stri-
king, the network disconnects from the photodetector
and the voltage V), , at each node varies with the time
t due to presence of the capacitance and the nonlinear
element within cells of the network, and also de to the
resistive connection of each cell with its nearest neigh-
bors. After the characteristic time, determined by the
parameters of the network, each node in the network
can be connected to the appropriate node of the light-
emitting matrix for acquisition of the transformed image.
The details of image transformation using such net-
works are described in [14].

In the paper, N, = 64 points horizontally and
Ny = 64 points vertically were accepted. The used
technique was the same as in [14]. The system
N=N,-N,= 4056 of the ordinary differential equa-
tions (3) with the use of algorithm "odel5s" of the
MATLAB package was solved to find the dependence
V, (D). The smoothness of the image was assumed for
the boundary cells, i.e. continuity of the spatial deriva-
tive of the voltage in each cell of the image border. For
example, in (3), Vy, = 2Vy; — V5, was supposed for
the cells of the first row. The voltage with indices 0 and
N,(N,) + 1 in the cells of the first and the last row was
calculated similarly (the first and the last column).

The Gaussian noise in the form of a random sample
of N-numbers with a normal distribution with zero
middle and mean-root-square deviation of 0,1 was
added to the reference image. The purpose of image
transformation is getting the image close to the refe-
rence. The relative standard deviation D was taken as the
measure of the difference of the transformed image to
the reference image, calculated as the ratio |V — W|/|W]|
of modules of the vectors. Here V' — the vector of the
transformed image, W — the vector of the reference
image, | — the sign of its module. The components of
the vector Vof the image are the voltage V), in the nodes
of the network. The images were compared in 10 con-
secutive timepoints in the range of 0—2 in the units of
t = RC. Normally, the accuracy of transformation D
for the investigated CVC firstly decreases and then in-
creases in the time interval of about of 100 ps.

Action of nonlinear network based
on quasiperiodic superlattices

The existence of a lot of peaks on the CVC of
quasiperiodic superlattices can lead to the presence of
several stable equilibrium states of the network’s cell.

This multistability is important for all of the processes
occurring in the nonlinear networks. In particular, the
advantages of the multi-peak CVCs for image proces-
sing via cellular nonlinear networks is described in [15].
In that work, the multi-peak CVC were obtained by
several operational amplifiers and analog multipliers. In
our case, CVC with several good observable peaks can
be obtained using only one quasiperiodic superlattice.
This opens the possibility of using of the parallel trans-
formation of the multi-level signals such as gray-scale
images by the characteristic times of the order of 10 ps.

Fig. 5 shows the course of the transformation of the
original noisy image (fig. 5, b) using a typical nonlinear
network based on the reference diode with a cubic CVC
(fig. 3).

Deviation from the reference image (fig. 5, a) firstly
decreases (figs. 5, b—d) due to smoothing of the noise,
reaches a minimum (fig. 5, e) at the timepoint #/zx = 0,3,
and then increases (figs. 5, b—d) due to increase in the
contrast.

Fig. 6 compares the time dependences of the mean-
square deviation D of images obtained via cellular non-
linear networks based on the diode with the cubic CVC,
the curly superlattices F?l(l) and Ffl(l).

The smallest deviations for all the structures are
achieved in a time comparable with the characteristic
time 1. For superlattice F;;(1), the smallest deviation
of the transformed image from the reference image is
almost half smaller, as for the other structures.

Fig. 7 compares the transformed images having the
smallest deviation from the reference image.

It can be seen that the improvement in the trans-
formation of image (figs. 7, b—d) is associated with
improvement of transformation of the image back-
ground. The network based on the reference diode makes
the background grainy (fig. 7, b). The network based
on the curly superlattice Fj;(1) significantly reduces
the graininess of the background (fig. 7, ¢). The net-
work based on the curly superlattice Fj;(1) almost
completely eliminates the graininess of the background
(fig. 7, d).

The falling section of CVC of the nonlinear element
in the network’s cell corresponds for transformation of
the background image. Cubic CVC of conventional
nonlinear element has the positive and the negative
branches (fig. 3). The positive branch shifts the dark
gray color of the image point to the black, and the nega-
tive branch shifts the light gray color of the image point
to the white. At this transformation, the background
points of the intermediate gray color turn into an un-
stable state. To improve the transformation, it is desir-
able to inhibit the shifting of the background’s gray
point into the extreme black and white states, or to shift
them to some stable state of suitable gray color. The
middle sections of CVC of the nonlinear elements on
the base of curly superlattices meet these requirements
(fig. 3). The negative CVC branch of the curly super-
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lattice F’ 18 1 (1) has the wave-like character, and the pos-
itive branch has the monotonic character. Therefore,
the transformation of a gray background of the image
with the use of the superlattice F|;(1) is better than
with the use of the reference diode. The nonmonoto-
nicity of CVC of the curly superlattice F ? 1 (1) is large —
the several positive and negative branches occur here.
Crossing of their growing areas with the zero gives sta-
ble states of gray color. Therefore, the transforma(‘gion of
image’s gray background using the %uperlattice Fi()is
better than with the superlattices (1), and much bet-
ter than with the reference "cubic" diode.

The rest of the quasiperiodic superlattices in the com-
position of the nonlinear network’s element behave simi-
larly to the curly superlattices at image filtering. It all de-
pends on the waviness of the falling section of CVC and
on the scope of waviness. CVC of the Fibonacci super-
lattice S = BABBABABBABBA (fig. 2) and CVC of

the curly superlattice F 11 (6) = ABBABABBBABAB
(not shown) have low waviness in the falling section, so

behave similarly to the curly superlattice Fl8 1(1). The
waviness of CVC of the Fibonacci superlattice Sg =

= BABBABABBABBABABBABAB (not shown) in-
creases, but does not reach the waviness of the superlat-

tice F ?l (1). Therefore, the superlattices Sg by an image
filtering quality is between the superlattice F f (1) and

the superlattices F{) 1 (D).

The advantages of the quasiperiodic superlattices as-
sociated with the multistability, will appear with high
probability in neural networks and in all of nonlinear
dynamic systems. This follows from the equivalence of
the cell of the nonlinear network discussed above to the
overdamped oscillator in potential, which shape depends
on the CVC shape of the nonlinear element [15]. Tran-
sition from the conventional heterostructures of RTD
type, having an N-shaped CVC, to the quasiperiodic
superlattices is equivalent to the transition from a dy-
namical system with double-well potential to the sys-
tem with a multi-well potential. Therefore, the use of
the quasiperiodic superlattices lead to the discovery of
new phenomena in the field of non-linear systems. For
example, it is interesting to investigate the propagation
of solitons and spiral waves in diffusion-reaction envi-
ronments based on the quasiperiodic superlattices, as
well as the self-organization, including self-organized
criticality and chaotic oscillations.

Conclusion

On the example of the Fibonacci and the curly
AlGaAs superlattices it was shown, that the quasiperi-
odic semiconductor superlattices are promising as non-
linear elements of FitzHugh-Nagumo neural-like net-
works. The waviness of the falling branch of CVC can
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lead to formation of the new equilibrium states in the
phase space of the network. The resulting multistability
positively affects on parallel transformation of the sig-
nals using the neural networks. In particular, the curly
superlattice F ?l( 1) within the non-linear element of
network provides the mean-root-square deviation of
the transformed image from the reference image almost
twice less than traditional diodes with the cubic cur-
rent-voltage characteristic. Therefore, the quasiperiod-
ic superlattices are promising for use in nonlinear data-
measuring and control systems, as well as for the simu-
lation of the nervous system. The multistability of the
network’s cells based on quasiperiodic AlIGaAs super-
lattices promises the discovery of new interesting phe-
nomena in the nanosystems technique based on non-
linear dynamical systems.

The study was made with financial support from the
Russian Foundation for Basic Research within the scien-
tific project number 15-08-00005-a.
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PABPABOTKU HAHOCTPYKTYPUPOBAHHbIX MPEOBPA3OBATEAEN DHEPTUU
BTOPUYHDLIX SAEKTPOHOB AAl CO3AAHUA MUHUATIOPHbIX
MCTOYHMUKOB TOKA MOCTOAHHOM TOTOBHOCTH

Ilocmynuna é pedaxyuro 05.11.2014

Paccmampusaemcsa paspabomka HaHOCMpYKmMYypupo8anHvix npeobpazoeameneli SHepeUu MOPUUHbIX INEKMPOHO8 045 c030a-
HUS MUHUAMIOPHBIX UCMOYHUKO8 MOKA NOCMOSHHOU 20mosHocmu. B Kauecmee npeo6pazosamens IHepeuu NPeosoNceHbl HaHo-
cmpykmypbl memani—ousnekmpuk—memann (MIAM-cmpykmypsl) ¢ xapakmepuou moauwuroi cioeé 10 um, npeobpasyiouue
SHepeuro paduoaKmuHbIX U30MON08 8 INeKMPUYECKYIO IHEPUD NOCPeOCBOM 8MOPUHHBIX INeKMPOHOB.

Karoueenie croea: munuamropHsie UCMOYHUKY MOKA, NPAMOE NPeodpa308aHue IHepeul, CmpyKmypol Memaii—oudNeKmpuk—
Memani, HaHOCMPYKMYpUpo8aHHvle nPeodpazneament dSHepeuu, 6MopuHbie 31eKmpoHbl

Beenenune

B nepeuHe KpUTHUYECKUX TEXHOJIOIMM beaepaabHO-
IO YPOBHSI MUKPO3JIEKTPOHHAsI TEXHOJIOTUSI KaK OCHO-
Ba pPa3BUTUSI MUKPOCUCTEMHOWM TEXHUKU BKJIIOUEHA B
CMMCOK MPUOPUTETHBIX HAMpPaBJIECHWI Pa3BUTUS Hay-
K1 1 TexHuku Ha 2005—2015 roaw! [1]. OO11ast MUK-
pPOMMHMATIOPU3alMsl B CBA3U C Pa3BUTHMEM HAHOTEX-
HOJIOTMU TIPUBEAET K PE3KOMY CHUXKEHUIO MOoTpebJie-
HUS 9HEPTUM (OT BATTHBIX MOTPEOISIEMbIX MOILIIHOCTEN
BSHEPruyu K MUIJIUBATTHBIM).

MHTeHCUBHOE pa3BUTUE MUKPOCUCTEMHOMN TEXHU-
KU U TIOCJeAHUE JOCTUXKEHUSI B 00JIaCTU HAHOTEXHO-
JIOTUI MO3BOJISAT B OJIMKaiilliee BpeMsl CO30aTh LIEbIN
psii MUMHMATIOPHBIX YCTPOMCTB Pa3jIMYHOIO 1IEJIEBOTO
HazHauyeHusi C OOJbIIMM CIEKTPOM HPaKTUYECKOIo
MPUMEHEHUS (CEHCOPHbIE MUKPOCUCTEMBI, MUKPOME-
XaHUYECKHEe CHUCTeMbl pa3jIMyHOTO poaa, MUHUATIOP-
Hble UMIUIAHTUPYEMBIE OMOCTUMYJISITOPBI U AP.).

BaxxHoli cocrapisiolieil TakKux MMHUATIOPHBIX YCT-
POMCTB SBJISIETCS UICTOYHHMK TOKA, OTBEYAIOILLUIA MTPEIb-
sIBJsIeMbIM TpedoBaHusIM B yactu KIIJI, maccorabapur-
HBIX pa3MepOB, MOLLIHOCTH, SHEPTETUUECKON EMKOCTU U
T. . OTUM TpeOOBaHUSIM, Ha Halll B3rJsia, Haubosee
MOJIHO OTBEYAET UCTOYHMK, OCHOBAaHHBIN Ha MPSIMOM
MpeoOpa3oBaHUM SIICPHON SHEPTUU B 3JEKTPUYECKYIO.

B ocHoBe neiicTBUSI TAKMX MCTOUYHUKOB TOKa MO-
CTOSIHHOW TOTOBHOCTHM Ha TOHKOTUIEHOYHBIX CBEpPX-
MHOTOCJIOMHBIX HAHOCTPYKTYPUPOBAHHBIX Ipeodpaso-
BaTeJIsIX DHEPTUY Ha BTOPUYHBIX 3JIEKTPOHAX (anee —
WCTOYHUK TOKA Ha BTOPUYHBIX DJEKTPOHAX) JIEKUT

MPUHLMUI TPSIMOTO TpeoOpa3oBaHus SIAEPHOU BHEP-
MU B aJieKTpuueckyto [2]. [TpuHUMIT npsiMoro mnpeoo-
pa30BaHUS COCTOUT B TOM, YTO KMHETUYECKAs] SHEPTUs
TMEePBUYHBIX 3aPSKEHHbBIX YacTHUll (OCKOJIKOB JI€JIEHUS,
anbda- M OeTa-yacTull), BO3HUKIIMX B pe3yjbTaTe
SIIEPHBIX peakluil, MOCPEACTBOM MOHM3ALUM MaTe-
puasioB mpeodpa3oBaTeisl SHEPTUM NEPEXOIUT B KUHE-
TUYECKYIO SHEPIUI0 BTOPUYHBIX 3apsKEHHbBIX YaCTHI]
(371eKTPOHOB, MOHOB), KOTOPbIE CO3MAIOT DJEKTPUYE-
ckuii ToK. B KauecTBe mnpeoOpa3oBaTesisi 3HEPruu
MPpeaIoXeHbl HAHOCTPYKTYPbI META/LTI—AU3JIeKTPUK—
meTat (MIM-CTpyKTyphl) ¢ XapaKTepHOM TOJILIMHOMN
cioes 10 aM (100 A) [2]. IlpuHLKN IpeoOpa3oBaHus
sHepruu B MIM-cTpyKTypax OCHOBaH Ha pa3HOM
BbIXOJI€ BTOPUUHBIX 3JIEKTPOHOB U3 TSIXKEJIBIX U JIeT-
KMX METAJLJIOB MPU OOJIyUeHUU WX TIEPBUYHBIMMU TSIKE-
JIBIMU 3apsKEHHBIMU YacTulaMU (ayibda-yacTuliamu,
OeTa-yacTullaMM, OCKOJIKAMU JEeJIEHUsI), BbIXOASIIU-
MU M3 TOHKOTO CJIOSl IeJisuierocsl Bellectsa. Meran-
JIMYECKUI CJION C OOJBIIMM BBIXOJOM BTOPUYHBIX 2JI€K-
TPOHOB SIBJIIETCSI BMUTTEPOM, METALTUUECKUI CIION C
MEHBIIMM BBIXOJIOM BTOPUYHBIX 3JIEKTPOHOB — KOJI-
JIEKTOPOM. MexXy SMUTTEPOM U KOJIJIEKTOPOM pacIio-
JlaraeTcsi TBEPIAbIU AUAJIEKTPUK. DMUTTEP U KOJIEKTOP
MOAKJIIOYAIOT K COIMPOTUBICHUIO HArpy3ku, obpasys
3aMKHYTYIO 3JIEKTPUYECKYIO LIeMb [2].

B Marepuasie sMuTTEpa MPOU3BEAEHUE MOTEPD IHEP-
run yactull dE/dx Ha JJIMHY HEyIpyroro paccesHus
BTOPUUYHBIX 3JIEKTPOHOB B 3MUTTEPE AOJKHO 3HAUM-
TEJIbHO MPEBBILIATH 3TY BEJIMUYMHY B KoJiiekTope. ToJr-
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IIMHY 3MUTTEpA CJeAYyeT BHIOMPATh PaBHOM IOPSIAKY
[JIyOMHBI BBIXOJa BTOPUUHBIX 3JIEKTPOHOB (IUIs1 METaJI-
0B ~100 A), uyto obecreunBaeT MAaKCUMAIbHBINA BbI-
XOJ 3JEKTPOHOB. JIJIs1 KO/JIEKTOpa TOJILIMHA AOJKHA
OBITh MOpsAKa 3...5 IJIUH HEYyIpPyroro B3anMMOIEICT-
BUS 3JIEKTPOHOB B MaTepuajie KOJIEKTOpa, Py 3TOM
nJocturaercs 63k K 100 % c60p BTOPUIHBIX 3JIEK-
TPOHOB, MPUXOASIINX Ha KOJUIEKTOP.

PaHee aBTOpaMu ObLJIM M3TOTOBJIEHBI HAHOCTPYK-
TYpbl IJi MPSIMOTro MpeoOpa3oBaHUs SIACPHOI 3HEp-
TMU B 3JIEKTPUYECKYIO, UCCEI0BaHbl UX CBOMCTBA U
ONTUMU3UPOBAH COCTAB U pa3MepPhbl HCTOUHUKOB TOKA,
OCHOBaHHbLIX Ha TPSMOM IpeoOpa3soBaHUM SIAEPHOM
SHEPrUU B JIEKTPUYECKYIO C UCIIOJIb30BAHUEM SMMUC-
CUU BTOPUYHBIX 3JIEKTPOHOB [2, 3].

B nanHo#t paGoTe paccMOTpeHBbl 3JeKTpUYECKUE
XapaKTepPUCTUKU YEThIPEX pa3InyHbIX MAKETOB MUCTOY -
HUKOB TOKa Ha BTOPUYHBIX 3JICKTPOHAX C MCIMOJIb30-
BaHMEM B KauecTBE MEPBUYHBIX 3apSIKEHHBIX YAaCTHULL
OCKOJIKOB JieJieHUsI, ajibda- U OGeTa-yacTUll, MOHOB
rejvst U aproHa, OBICTPBIX 3JIEKTPOHOB M MOHOB KakK
MMPOJAYKTOB B3aNMOAEHCTBUS PeaKTOPHOIO U3ITYYeHMUS
¢ BellecTBOM. M3roToBleHHbIE MaKeThbl IO3BOJUINU
TaKXXe MCCJIEN0BaTh BAUSHUE T€OMETPUIECKMX XapaK-
TepuctTuk MJIM-cTpykTyp Ha X 3(PPEeKTUBHOCTL B
KayecTBe UCTOYHMKOB TOKA.

Ilnanapuas MIAM-cTpykTypa ¢ ypaHom-235

Maket 3TOTO THIIA TIpeAHA3HAYEH TSI CCIemoBa-
HUI xapakTepucTuK MIM-CTpyKTyp IIpu OOJIy4YeHUU
OCKOJIKaMM AeJIeHUS ypaHa-235 B KauecTBe IEpBUY-
HBIX 3apSIKEHHBIX YaCTHII.

Makert BKJIIOYaeT B ce0s1: ABa cJiosl ypaHa-235, Ha-
HECEHHbIE 110 00€ CTOPOHbI ATIOMUHUEBOM MOIOXKKH,
ase MIIM-crpykrypsl W—Al,O3;—Al ¢ TommHoii ciio-
eB 10, 100, 10 HM, M30ASTOPHI U3 CIIOABLI TOJIIMHOMN
50 MKM U 3JIeKTpruueckue KOHTakThl. [Tpu o6nyyeHuun
MakeTa MOTOKOM HEMTPOHOB B KaHasle (DM3UYECKOTO
CTeHJa B cjioe ypaHa-235 o0pa3yloTcsl OCKOJIKHU Jeiie-
Hus. TonmmHa Kaxmoro ciost ypaHa-235 cocTaBisieT
0KO0JIO 1 MKM, 4TO 3HAYMUTEJIbHO MEHbIIEe ITpodera oc-
KOJIKOB JieJIeHUs B ypaHe. B KauecTBe yCTpOMCTBA BbI-
BOJla TOKa Mcroyb3yeTcs MeaHas doibra. Cxema ma-
KeTa ImpuBeaeHa Ha puc. 1.

PesysbTaThl MI3MepeHU 31eKTPUUYECKUX XapaKTepy-
CTMK MakeTa MepBOro TUIA MOAPOOHO U3IOXKEHBI B pa-
0ortax [2—4]. DKcreprMMeHThI TT0Ka3aJIv, YTO TOK 3JIeK-
TpoHOB B MJIM-cTpyKType HampasieH oT ciaosi W K
cioto Al, T. €. OT TSLKEJIOro MeTajlia K JISTKOMY, COMpO-
TuBJIeHne MJIM-CTpyKTyphl COCTaBJsIET ~2 * 108 Owm,
a IIOTOKY OCKOJKOB aelieHus1 Ha MIM-CTpyKTypy
6,5+ 10° OCK/C COOTBETCTBYeT TOK B MJIM-CcTpyKType
0,15 HA.

B kauecTBe aMMTTEpa MPEANOYTUTEIHLHO MCIOJb-
30BaTh TSKENbIM MeTasul, Hampumep Boabdpam. Ha-
MbUIEHUE CJIOEB BoJibpaMa TpeOyeT BHICOKUX TeMIIe-
partyp, 4 1npu 3ToM B crnosix Al,O3 Moryr o6pa3oBbl-
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Puc. 1. Cxema MakeTa nepBoro Tuma
Fig. 1. Circuit of the model of the first type

BaThCSI MPOBOSIIIME HECTEXMOMETPUYHBIE MO0 KUCJIOPO-
1y asbl, CHIDKAIOLLIME 3JIeKTpoconpoTuBiaeHue. Kpome
3TOro, BoJb(paM MOABEPKEH UHTEHCUBHOMY OKUCIE-
Huto. [1o3TOMY ero UCcToIb30BaHUE IUTSI U3TOTOBJICHUS
MJIM-CTpYKTYp C OKCUIHBIM IUBJICKTPUKOM Hellee-
coobpa3Ho. Kak nokaszany npoBeJeHHbIE UCITbITAHUS,
0oJiee MOIXOASAIIMM BapUAHTOM SIBJISIETCS] MCIOJIB30-
BaHUE B KaU€CTBE IMUTTEPA MHEPTHBIX WJIM O6J1aropo/i-
HBIX METaJUIOB (30JI0TO, IUIaTHHA), KOTOPhIE HE IO~
BEPXKEHBI KOPPO3UM.

IInanapuas MJM-cTpyKTypa ¢ amepunmem-241

Makert Broporo Tura BkitoudaeT B cedst MJIM-cTpyk-
TYPY, MEIHbIE KOHTAKThI, TU3JIEKTPUK U3 CIIIOIbI, UC-
TOYHUK aNb(ha-dacTUIl B KaUyeCTBe MEPBUYHBIX 3apsi-
XKeHHBIX yacTull (puc. 2). MJIM-cTpyKTypa IpencTaB-
aset coboit cion Al—Al,O;—NiCr tomuumnoii 30, 100,
20 am u 30, 20, 10 am. Wcrnonp3oBanu ClaeaymolIne
CIOCOOBI HaNbUIEHWS OTAEJbHBIX CJIOCB:

e Al — pe3ucTuBHOE McHapeHue (MaTepuag B BHUIE

TIPYTKOB);

e Al,O3; — 5JIEKTPOHHO-JIy4e€BOE UCIIAPEHMUE;
e NiCr — pe3ucTUBHOE MCIIapeHHe U3 BOJb(hpamo-

BOM JIOIOYKHU.

Hcrounmk anbda-vactuiy ¢ sHeprueii 5,49 MsB
MpeacTaBisieT coboii clloi u3oTomna amMepuumii-241
BBICOKOH CTEMEeHU PaIMOHYKIMIHONK YMCTOTHI HA TOH-
KOM MOmJIOXKe M3 cTaiu auameTpoM 32 mm. Kopiyc
BBIMOJIHEH M3 TeKCToiauTa ToaiuHoi 1 M. Crou




Puc. 2. Cxema MaKeTa BTOpPOro THIA
Fig. 2. Circuit of the model of the second type

241 Am HaHOCHIIM B BHZE a30THOKHCIIBIX pacTBOPOB Ha
MOIJIOXKHY (MUILIEHU) U3 KOPPO3ZUOHHO-CTONKOI cTa-
mm mapku 12X18HI10T (amamerp 32 MM, TOJIIMHA
0,2 MM, BbicoTa OOpTHKA ~ 1,5 MM) 1 BBICYLLIMBAIU IO/,
TEPMOJIAMITION, HEe MOIycKas KureHus. s moBbliie-
HUS OAHOPOJHOCTHU TOJLIMHBI HAHOCUMOTO CJIOSI B CO-
CTaB pPacTBOpa BBOAWICS MCIIApsSeMbIil KOMIIOHEHT,
o0samarolInil OOJBIION BSI3KOCTHIO (MIULIEPUH). AK-
TMBHOCTH ci10eB 2*'Am n SHEPTeTUUYECKUI CIIEKTP
anbda-yacTull U3MEPSUIM C MCIIOJb30BaHMEM ajib(da-
cnekTpoMmeTpa. B xome paboT ObUIM M3TOTOBJIEHBI HE-
CKOJIbKO CJIOEB aKTUBHOCTBIO oT 10° 10 108 Bk.

YcTaHOBJIEHO, UTO MaTepHra TOMIOXKHN HE BIUSIET
Ha ¢opMy crieKTpa anbha-4yacTull, a cJIeA0BaTeIbHO, U
Ha KadecTBo cjos1. Ciiom HUTpaTa aMepHULIMS, TIPUTO-
TOBJIEHHBbIE HA OCHOBE a30THOKMCJIOTO pacTBOpa, 00-
JIagaIoT CYIIECTBEHHO OOJBIINEe HEOMHOPOTHOCTBIO IO
CPaBHEHHIO CO CJIOEM, MPUTOTOBJICHHBIM Ha OCHOBE
TOTO Xe pacTBopa, HO C HoOaBJIcHWEM TJIHMIIepHHA.
IIpeneapHast MOBEPXHOCTHASI AKTUBHOCTD CJIOST OLIEHE-
Ha B 7 MBK/MM2.

Jns usmepeHuii nHAyLMpoBaHHOro B M/IM-cTpyk-
Type Toka ucnoyib3oBaiu nmpuodop LSR Tester u nmuko-
amnepMmeTp A2-4 ¢ HaMMEHBIIUM MpPEaeIOM U3Mepe-
Hust 10712 A. Tok B MAM-cTpyKTypax MeXy CJIOSIMU
Al u NiCr npu UCIOJIb30BaHUM TOHKOCJIOMHOIO HUC-
Tounnka Am-241 aktusHocTsio 5+ 10% 1 7+ 107 Bk co-
craBwi 0,10 1 0,15 MA cOOTBETCTBEHHO.

Ilnanapuas MJM-cTpyKTypa
JUISl BHEIIHETO 00JIyYeHHust

MakeT TpeThero TUMNa npeaHazHavyeH A1 00 TydeHu st
WOHAMM TeJIvsl, aproHa U Ap. B Ka4eCTBE MEPBUYHBIX
3apsKEHHBIX YacTUI[ Ha yCKOpUTEJIe MOHOB. Maker,
BHEIIHUI B KOTOPOTO MOKAa3aH Ha PHUC. 3, BKIIIOYAET
B cebsl ocCHOBaHME U3 TeKcTtoiaura, MJIM-cTpyKTypy,
TOKOBBIBOABI ¥ OXPAHHBIN SJIEKTPOM JJIST KOMITEHCAILIH
TMOBEPXHOCTHBIX TOKOB YTEUKM MEXAY SMMUTTEPOM M
KOJUTEKTOpOM. B KadecTBe MaTepmana SMUTTepa BbI-
OpaH cruiaB HUXpoM (puc. 4), KOTOPHIi ¢1abo moaBsep-
KeH Koppo3uu. bt uzrorosneH psig MJIM-cTpykTyp
¢ pazHoii TommHON amutTepa (NiCr 10...200 HM),
avanektpuka (Al,O; 10...100 HM) u  KoJuleKTOpa

(Al 10...30 am). ITommoxXKoi mjis HaIBLICHHUS CIIOEB
CJIY>KWJIO CTEKJIO.

Hns1 obnydyeHUs] UCMOJb30BAIMCH I'a30Bble HMOHBI
Art, He™ ¢ sneprueit 1o 40 k3B (yckopurens "Buta”,
HATD HUAY MUDU). Cxema obayueHus MJIIM-
CTPYKTYp Y U3MEPUTEIBHOIO KOHTYpa Ha 0a3e BOJIbT-
metpa III-300 npencrasieHa Ha puc. 5. JIjisi KOHTpO-
JIUPOBaHUS M U3MEPEHUsI TOKA Ha 00paslie UCIOIb30-
BaJIach CETKA U3 KOPPO3UMOHHO-CTOWKOU CTanu, pac-
MOJIOXKEeHHAas Ha IyTU MOHOB. IS MpemoTBpalleHUsI
TOKOB YT€UKHU MCITOJB30BAIM OXPAaHHOE KOJBIIO.

brito obHapyXeHO, 4TO B IIpolecce OOJydeHUs
3HAYCHUSI WHAYLIMPOBAHHOTO TOKA MEHSIOTCS B Te-
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Puc. 3. Cxema MakeTa TpeThero Tuma
Fig. 3. Circuit of the model of the third type

b

Puc. 4. Cxema MIIM-ctpykTypni Al—Al,O3;—NiCr
Fig. 4. Circuit of MDM-structure of AI—Al,03—NiCr

Puc. 5. Cxema o0yuennst uonamu u uamepenust Toka MJ/IM-cTpyKrypbl

Fig. 5. Circuit of irradiation by ions and measurement of current of the
MDM-structure
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Tabauua 1

Table 1
Pesyabrater ucenenosanuii MJIM-ctpykryp Al-Al,O3-NiCr B yc0BusAX HOHHOrO 00J1yYeHHs
Research of the MDM-structures of Al-Al,03-NiCr during an ion irradiation
[TapameTpbl 06yYeHMST Tok B MIIM-cTpyK- | BIeKTpOCONpPOTUBIIE-
Obpasell Irradiation parameters Type (Hauayso/KOHeLl) Hus (10/mocIe
Samples Current in MDM- o0IydeHus1)
P Honsl, sHEprUst Tox Hosa structure (begin- Flectric resistance
lons, energy Current, ion/cmzs Dose, ion/cmz ning/end) (before/after irradiation)
NiCr (20 nm)—Al,O; He™, 30 keV 8-10'2 1,4-10'° 7 nA/80 nA 315 Q/460 O
(100 nm)—Al (30 nm)
NiCr (20 nm)—Al,0, Ar', 30 keV 3,0-10"3 9,0-10'6 40...60 nA/1300 nA 2,4 kQ/200 ©
(100 nm)—Al (30 nm)
NiCr (10 nm)—Al,0; He*, 30 keV 4,2-10? 7,5-101 10 nA/< 20 nA, 2,4,,,2,7 kQ/
(20 nm)—Al (30 nm) HECTaOMIBbHOCTD 600...800 Q
(instability)

yeHue 15...20 MuH, 3aTeM BBIXOAIT Ha ITOCTOSSHHOE
3HaueHue. B Tabs. 1 cBeaeHbI pe3yabTaThl UCIIBITAHUI
MAM-crpyktyp Al—Al,O;—NiCr npu ob6ayyeHun
MOHaMU rejvs u aproHa. OTMeuyeHa cepbe3Has aerpa-
Janust 00pas3LoB IMpU U3BJICYSHUM 00pa3loB U3 KaMe-
PBl YCKOpUTEJISI HAa BO3AYX.

Koakcuaabnas MJIM-cTpyKTypa
IJI BHEIIHETO O00JIyYeHHs

MakeT 4eTBepTOro TUIla MpeacTaBiseT codoil mpo-
TSKEHHYIO 10 3 M M/M-CTpyKTypy B BUIE KOAKCHU-
aJlbHOTO Kabesst ¢ MuHepaibHoOi uzosuueit (MU) u
TOKOBBIBOmaMu (puc. 6). B KauyecTBe MeTalsIOB MC-
MOJIB3YIOTCSI HUKEJb U KOPPO3MOHHO-CTOMKASI CTalb.
Hunametp nipotszkeHHOI MJIM-CTpYKTYphl COCTaBIISIET
1,5...3,0 Mm.

HMcnbiTanusa KoakcualibHot ~ MJIM-cTpyKTypbl
MPOBOAWIN B YCJIOBUSIX UMITYJIbCHOTO PEAKTOPHOIO
00JTydyeHUsI ¢ MOLIHOCTSIMU J03bl B MAKCUMYM€ HM-
nyjabca 10 10° I'p/c Ha peaktope BAPC-6 (I'HLI PD
®BU). Inst n3ydeHUs OGBICTPOITPOTEKAIONINX pagra-
LIMOHHO-WHAYLIMPOBAHHBIX JEKTPODUINIECKUX SIB-
snenuit B MU -kabensix B Iipoliecce o0JIydeHHsT Ha pe-
aktope BAPC-6 paspaboraHa cucremMa perMcTpanun
1 cOopa JaHHBIX, BKIIIOYAIOLIAST YCUIUTEIb-aHATM3aTOP
NL2206, muorokananbHbiit ALITT L1211 ¢pupmer L-card
[5]. Cucrema obGecrieunBaja perucTpaluio ¢ BpeMeH-
HbIM paspelieHueM 1o 150 He. Jlnana3oH aaekTpuye-
CKOro HampsikeHus1, peructpupyemoro ALIIL, cocras-
s £2,5 B ¢ marom 1 MB.

Puc. 6. Koakcnansnas MJM-cTpykTypa
Fig. 6. Coaxial MDM-structure
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B mponiecce o0ydyeHMsT MOIIHOCTD ITOTJIOLLIEHHOM
J03bl (32 CYET YNPYIMX CTOJKHOBEHMI HEHTPOHOB
(62 %), nornoileHHbIX HEUTPOHOB (7 %) u ramma-do-
TOHOB (MEPBUYHBIX U BTOpUYHBIX) — (31 %)) B Mak-
CUMyMeE UMITyJibca IJIUTEIbHOCTbIO ~80 MKC COCTaB-
nsia 9 - 107 I'p/c O Ip, 4- 1012 H/CM2 3a UMINYJIbC) U
2,2-10* I'p/c (2,2 Tp, 1-10'2 1/cm? 3a umnysisc) co-
oTBeTcTBeHHO. I1o pe3ynbTaTaM u3amMepeHuin ObLI IIPo-
BelleH pacyeT BPEeMEHHBIX 3aBUCUMOCTEN TTepeTeKaro-
1IETO MEXIY XXWI0H 1 000JI0UKON 3apsiaa 1o ¢hopMmyie

t
o = |4l dr. M
0

Ha puc. 7 npeacrapieHbl pe3yabTaTbl U3MEPEHUI
Pa3HOCTH TTOTEHIIMAJIOB HA COMPOTUBICHUM HATpy3-
KU R ¥ MOIIHOCTU MOIJIOLIEHHOM A03bl / B YCIOBUSIX
IITAaTHOTO UMITYJIbCa PeaKkTopa.

MexaH13M MOJOXUTEILHOTO 3apsSIKEHUS XKUIIbI OT-
HOCHUTETLHO 000JIOUKHU CBS3aH C YBEJTMICHUEM KOHIICH-
Tpaluy MOABMIKHBIX HOCUTEIEH TOKa B TURJIEKTPUKE U
YMEHBIIIEHNEM M30BITOYHOTO OTPULIATEIEHOTO 3apsiaa B
MPUMOBEPXHOCTHBIX CJIOSAX KepaMUKHU [S]. OTpuniatesib-
HOE 3apsLKEeHKE CBS3aHO C ObICTPBIM MpoLeccoM. Takum
TIPOIIECCOM SIBJISICTCS] M3OBITOUYHASI SMMCCHS 3JIEKTPO-
HOB M3 MeTajUla MoJ IEWCTBUEM PEaKTOPHOro odJTyye-
HUS. B pesynbrare pasmmuus IDIOIIATA KOHTAKTa Me-
TAUI—AURJIEKTPUK IS KWAJIbI U OOOJIOUKM Kabessi Ha
SKMJIe BO3HUKAET M30BITOYHBIN 1O OTHOIIEHHIO K 000-
JIOUKE OTpULATENbHBIN 3apsn. Ecim p g — moBepxHOCT-
Hasl TUIOTHOCTb 2JIEKTPUYECKOIO 3apsiia Ha KOHTAKTe
CTaJlb—KepaMrKa, TO BEJIMIYMHA M30BITOYHOTO 3apsima
Ha eIVHMILY JJIMHBI XUJIbl ONPENEsieTCsl BhIpaKeHUEM

% = ﬂ(dzps - d1ps),
rae dy u dy — IMaMETPhbl XKUJIbl U OOOIIOYKH.

Oka3zajioch, YTO 3HAYE€HUSI TUIOTHOCTU pa3aeeHHO-
ro sJieKTpuueckoro 3apsina B MUM-kabensix merani—
uzojisitop (MU-Kkabensix) B YCIOBUSIX MMITYJbCHOTO
pPEaKTOPHOTO OOJIYUeHUSI ¢ MOIIHOCTHIO TOTJIOIIEH-
HOM HO3bI 2,2 * 104 I'p/c HaxomaTcs B MHTepBajax
0,5...1,5) - 10710 Kn/m. CpaBHeHHEe MOJIydeHHBIX pe-




TUBHOCTb — YMCJIO HOCUTEJIEH TOKA HA

OJIHY TIOIJIOIICHHYIO CUCTEMOI YacTu-
1y paaMallMOHHOIo MOTOoKa. DTa Be-
JIM4MHa, 1o cytu, saeisgercsa KIIJ cuc-
TeMbl U MO3BOJISIET OMpeAeasiTb adco-
JIIOTHBIE BEJIMYMHBI TOKA M MOIIHOCTH
M/IM-CTpyKTYyp B 3aBUCMUMOCTH OT Ieo-
METPUU UCIIOJTHEHUS 1 MCITOIb3yeMBIX
MarepuanoB. Pe3yiabTaThl mNpoBeAcH-
HBIX UI3MEPEHUI U pacCYNTaHHBIC KOH-
BepcUOHHbIe 3ddekTuBHOCTH MJIM-
CTPYKTYp CBelleHbl B Ta0JI. 2.

OCHOBHBIMU BbIBOJAMU ITPOBEIEH-
HbIX HWCCJEIOBaHUM SIBISIOTCS Clie-
IyIolIre.

Puc. 7. MomuocTb NOrJIOMEHHOi 103kl 1, nanenue Hanpszkennss U Ha conpoTHBIeHHH
Harpy3ku (40 KOM) 1 M30BITOYHBIN IJIEKTPUYECKHii 3apsaa ( XKIWIbl OTHOCHTEJILHO 000-

Jnouku MU-kabens (1) B yCJI0OBHAX IITATHOrO MMIYJIbCA PEAKTOPA

Fig. 7. Power of the adsorbed dose I, voltage drop U on the load resistance (40 k<€) and
the surplus electric charge Q of the thread in relation to Mi-cable cover (1) in the conditions

of a regular reactor pulse

3yJIbTaTOB ISl Kabeseit nuametpoM 1,5 u 2 MM ¢ OTHOM
CTOPOHBI U TUAMETPOM 3 MM — C IPYTOM CTOPOHBI, TTO-
Ka3bIBaeT, YTO 3HAYEHMS PA3AeIEHHOIO 2JIeKTPUUECKO-
TO 3apsizia v 3JIeKTPUUYECKOTO IMTOTeHITMAIA MEXITY KO
U obonoukoir B MM-kabensix OoiblIero guaMmeTpa B
2...3 pasza 6osbliie. B kabensix ¢ XWjIoi U3 KOppo3u-
OHHO-CTOMKON cTaju pa3aejeHHbIN 3apsia U pa3HOCTb
MOTEeHIIMAJIOB MEXY XUJI0i U 000J0YKON B CpaBHeE-
HUU C KaOeJIsIMU C XXWJIOM 13 HUKes 0oJbliie B ~2 pasa.

O1ieHKa ISl TIOBEPXHOCTHOM TJIOTHOCTHU 3JIEKTPU-
YEeCKOTo 3apsiga Ha KOHTaKTe HMKeJb—KepaMuKa |
CTaJlb—KepaMuKa COCTaBIsIeT py;; = (6...8) * 1078 K.T[/Mz,
pg=(1..3)" 1078 KII/Mz. bonblas B cpaBHEHUU CO
CTaJIbIO TIJIOTHOCTh 3apsifia Ha HUKeEJe CBsI3aHa C MEHb-
el paboToil BbIxoAa 3JEKTPOHOB U3 HUKENISI B KOH-
TakTe ¢ MgO-KepaMUKOIA.

3akmoueHne

BaxHoit xapaktepuctukoir MIM-CTpyKTypbl Kak
HWCTOYHMKA TOKa SIBJISIETCSI KOHBEPCUOHHas1 3(dek-

) 1. PazpaboraHa KOHCTPYKLIMS 1 CXE-
MOTEXHMYECKHE peIIeHUs I10 COo3Ma-
HUI0O MUHUATIOPHBIX MCTOYHMKOB TOKa
Ha OCHOBe IIpeoOpasoBaTesieil dHeprum
Ha BTOPMYHBIX 3JeKTpoHax. M3roronie-
Hbl MAaKETHbIE 00pa3LIbl IUIOCKUX U KOAK-
cuanbHbIiXx MIM-crpykryp (W—AlL,O3—
Al, Al—Al,O;—NiCr, Fe(Ni, Cr)—Mg0), nospousio-
1IMe HcclieqoBaTh Mpeodpa3oBaTeid SHEPTrud U UC-
TOYHMKU TOKA Ha BTOPUYHBIX DJEKTPOHAX C MCIOJb-
30BaHMEM TIEPBUYHBIX 3apsDKEHHBIX YaCTUL] PA3IMYHBIX
TUIIOB (MOHBI TeJIUSI U aproHa, ajibda-4acTUlbl, OCKOJI-
KU JeJIeHUs, 3JIEKTPOHBI M MOHBI KaK ITPOIYKTHI B3au-
MOJAEHCTBUS PEaKTOPHOIO U3JIyYEHUS C BELIECTBOM).
2. DKCnepuMEHTAIbHO T0Ka3aHO, YTO KOHBEPCU-
oHHas1 3(POEKTUBHOCTh B IUIAHAPHBIX M KOAKCHUAIb-
HBIX CTPYKTypax JOCTUTaeT 3 * 1072, BaxXHBIM sIBJISICT-
Csl TeOMETPUYECKHUI (haKTOp — COOTHOIIEHUE TOJNILUH
B MJIM-cTpyKType U MPOEKTUBHOTO MpoOera MUOHOB.
3. DKcHepuMEeHTAJIbHO MTOKAa3aHO, YTO pagualiiOH-
Hasg aerpamauus miaaHapHbIx MIIM-cTpyKTyp HacTy-
MaeT yxe Mpu J103ax ~10 HMOH/CM*, UTO UCKJIO0YaeT
nnauTtenbHoe (bosee 107...108 C) UX MCIOJIb30BAHUE.
4. 1151 co3naHvsi MUHUATIOPHBIX UCTOYHHUKOB TOKa
Ha OCHOBE NpeobpaszoBaTesieil IHEPrMU Ha BTOPUYHBIX
BJIEKTPOHAX aKTyaJIbHBIMU OCTAlOTCS 3aAa4yu MO Jdajb-
HelIe oTpaboTKe TEXHOJIOIMU W3TOTOBJIECHUS MHO-

Tab6numa 2
Table 2
Pe3ynbTaTsl u3Mepennii 1 Kousepcuonnas 3¢dexkrusaocrs M/IM-cTpykTyp
Results of measurements and conversion efficiency of the MDM-structures
Obayuenue KoHBepcHoHHast
MJM-cTpykTypa Irradiation Tox a(hbeKTUBHOCTD
MDM-structures YacTuib!, JHeprus Motox JTlo3a Current Convgrszon
Particles, energy Flow Dose efficiency
Crou (layers of) NiCr(20 nm)— Wonst (ions of) Het(a), | 8-102cm 27! | 1,4-10%cm ™2| 7..80nA | 5-107%.7-1073
Al,03(100 nm)—Al (30 nm) x 3 cm? 30 keV
Cron (layers of) NiCr(20 nm)— Uows! (ions of) Art, 3-108 em™ 27! | 9,0-10% cm™2 | 0,04..1,3 pA| 1073..3-1072
Al,05(100 nm)—Al (30 nm) x 3 cm? 30 keV
Cinou (layers of) NiCr(20 nm)— Woust (ions of) He™ (a), 3100 cm %! — 0,02 pA 1,5-1072
Al,O5(100 nm)—AI(30 nm) x 10 cm? 5,6 MeV
KoakcuanbHbiit Kabenb (coaxial cable) n, vy, ~1 MeV 2,2-10% Gy/s 2 Gy 20 A 1072
(Fe,Ni)—MgO d = 1,5..3 MM X 2 M (1-1016 cm=2s~1) | (1-10'2 cm™?)
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TOCJIOMHBIX HAaHOCTPYKTYp, OOJIafalolinux I10CTaTOY-
HOM BPEMEHHOW U pagvallMOHHOM CTOMKOCTBIO.

IIposedennvie uccredosanus noddepiicanvt Ilpoepam-
Mol ghynoamenmanvHvix uccaedosanuii Ilpesuoenma PAH.
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Nano-structured Converters of Energy Based on the Secondary Electrons
for Diminutive Sources of Current with Constant Readiness

The work is dedicated to development of the nano-structured converters of energy based on secondary electrons for creation of
diminutive sources of current with constant readiness. As a converter of energy it was offered to use the metal—dielectric—metal nano-
structures (M DM-structures) with characteristic layers of 10 nm thickness transforming the energy of the radioactive isotopes into

the electric energy by means of the secondary electrons.

Keywords: diminutive sources of current, direct transformation of energy, metal—dielectric—metal structure, nano-structured

energy converters, secondary electrons

Introduction

Micro-electronic technology, the basis of microsystems,
among other critical federal technologies was included in the
priority directions of the development of science and tech-
nologies for the period of 2005—2015 [1]. Miniaturization
caused by the development of nanotechnologies will lead to
a sharp decrease in consumption of energy (from the watt
power consumption levels up to the milliwatt ones).

An intensive development of the microsystem technolo-
gies and achievements in nanotechnologies will allow us to
develop a number of tiny special-purpose devices with a wide
range of applications (sensor microsystems, various microme-
chanical systems, tiny implanted biostimulators, etc.).

An important component of such devices is a source of
current, meeting the requirements of the coefficient of effi-
ciency, weight and dimensions, power, energy capacity, etc.
These requirements, in our opinion, are most fully satisfied by
a source based on a direct transformation of the nuclear ener-
gy into the electric energy.

At the heart of operation of such current sources of con-
stant readiness on thin-film supermultilayered nanostructured
energy converters on secondary electrons (the current source
is the secondary electrons) lays a direct transformation of the
nuclear energy into the electric energy [2], which works as
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follows: the kinetic energy of the primary charged particles
(fission fragments, alpha- and beta particles) appearing from
nuclear reactions by means of ionization of the materials of
an energy converter is transformed into the kinetic energy of
the secondary charged particles (electrons, ions), generating
an electric current. Metal—dielectric—metal nanostructures
(MDM-structures) with 10 nm (100 A) thick layers were of-
fered as the energy converter [2]. Energy transformation in
MDM -structures is based on a different output of the secondary
electrons from heavy and light metals during their irradiation by
the primary heavy charged particles — alpha- or beta particles,
the fission fragments coming from a thin layer of the fissile ma-
terial. The metal layer with a big output of the secondary elec-
trons is an emitter, and the metal layer with a smaller output of
the secondary electrons is a collector. Between them there is a
solid dielectric. The emitter and the collector are connected
to a load resistance, forming a closed electric circuit [2].

In the emitter the product of the energy losses of particles
dE/dx by the length of nonelastic scattering of the secondary
electrons should exceed considerably this value in the collector.
The emitter’s thickness should be selected as equal to the depth
of the output of the secondary electrons (for metals ~100 A),
which would ensure a maximal output of the electrons. The
collector’s thickness should be roughly of 3...5 lengths of a
nonelastic interaction of electrons in its material. As a result,




a level of collection of the secondary electrons coming to the
collector close to 100 % is achieved.

Earlier the authors manufactured and investigated the
properties of the nanostructures for a direct transformation of
a nuclear energy into the electric energy, and the structure
and the sizes of the current sources based on a direct trans-
formation of a nuclear energy into electric one with the use
of emission of the secondary electrons were optimized [2, 3].

In their work the authors analyzed the electric character-
istics of four various models of the current sources on the sec-
ondary electrons with the use (as the primary charged parti-
cles) of the fission fragments, alpha- and beta particles, ions
of helium and argon, fast electrons and ions, as the products
interaction of a reactor radiation with a substance. The mo-
dels also allowed them to investigate the influence of the geo-
metrical characteristics of the MDM-structures on their effi-
ciency as the current sources.

Planar MDM -structure with uranium-235

A model of this type is intended for research of the MDM -
structures during irradiation by the fission fragments of ura-
nium-235 as the primary charged particles (fig. 1). The model
includes: two layers of uranium-235 deposited on both sides of
an aluminum substrate, two MDM-structures of W—Al,0;—Al
with thickness of layers of 10, 100, 10 nm, insulators with
thickness of 50 um and electric contacts. During its irradia-
tion by a flow of neutrons fission fragments are formed in the
stand channel of the uranium-235 layer. Thickness of each
layer of uranium-235 is about 1 micron, which is considerably
less than the run of the fission fragments in uranium. As a de-
vice for current output a copper foil is used.

The results of measurements of the electric characteristics
of a model of the first type are presented in detail in [2—4].
Experiments showed, that the flow of electrons in the MDM-
structure was directed from layer W to layer Al, i.e. from a
heavy metal to a light one, resistance of the MDM-structure
was equal to ~2 + 108 Q, and the current in the MDM-struc-
ture of 0,15 nA corresponded to the flow of fission fragments
into the MDM-structure of 6,5 - 10° fr/s.

As an emitter a heavy metal is preferable, for example,
tungsten. Deposition of its layers demands high temperatures,
at that, in Al,O5 layers nonstoichiometric by oxygen and re-
ducing the electric resistance phases can be formed. Besides,
tungsten is subjected to an intensive oxidation. Therefore its
use for the MDM-structures with an oxide dielectric is inex-
pedient. As the tests demonstrated, it is more suitable to use
as an emitter the inert or precious metals (gold, platinum),
which are not subjected to corrosion.

Planar MDM -structure with americium-241

The model of the second type includes an MDM-struc-
ture, copper contacts, a mica dielectric, a source of alpha par-
ticles as the primary charged particles (fig. 2). The MDM-
structure is comprised of the layers of Al—Al,O;—NiCr with
thickness of 30, 100, 20 nm and 30, 20, 10 nm.

The following methods of deposition of the layers were
used:

e Al — Resistive evaporation (a material in the form of rods).
e Al,O3 — Electron-beam evaporation.
e NiCr — Resistive evaporation from a tungsten boat.

The source of alpha particles with energy of 5,49 MeV was

a layer of an isotope of americium-241 of a high degree of ra-

dio radionuclidic purity on a thin steel substrate with diameter
of 32 mm. The case was made from a textolite with thickness
of I mm. Layers of 2 Am were deposited in the form of nitrate
solutions on the substrates from stainless steel 12X18H10T
(diameter — 32 mm, thickness — 0,2 mm, height of a ledge —
1,5 mm) and it was dried up under a lamp without boiling. In
order to improve the homogeneity of the deposited layer, a
vaporable component of great viscosity (glycerine) was intro-
duced into the solution. Activity of layers of 2*!Am and the
energy spectrum of the alpha particles were measured by an
alpha-spectrometer. Several layers were made with activity
from 10° up to 108 Bq.

It was established, that the substrate material did not in-
fluence the form of the spectrum of the alpha-particles and the
layer quality. The layers of nitrate of americium on the basis of
a nitrate solution, were characterized by a higher heterogeneity
in comparison with a layer prepared on the basis of the same
solution, but with addition of glycerine. The limiting surface
activity of the layer was estimated as equal to 7 MBq/mmz.

For measurements of the current induced in the MDM-
structure the authors used LSR Tester and A2-4 picoampere-
meter with the lowest limit of measurement of 10~ A. If a thin-
film source of 2!Am with activity of 5+ 10° Bq and 7 - 107 Bq
was used, the current in the MDM-structures between the lay-
ers of Al and NiCr equaled accordingly to 0,10 and 0,15 pA.

Planar MDM -structure for an external irradiation

The model of the third type was intended for an irradiation
by ions of helium, argon, etc. as the primary charged particles
on the accelerator of ions. The model presented in fig. 4 in-
cludes the base from textolite, MDM-structure, output elec-
trodes and a safety electrode for compensation of the surface
leak currents between the emitter and the collector. As an emit-
ter material the nichrome alloy was selected, which was only
slightly rust-prone. A number of MDM-structures were made
with different thickness of the emitter (NiCr 10...200 nm), di-
electric (Al,05 10...100 nm) and collector (Al 10...30 nm). As
a substrate for deposition of the layers a glass was used. Ap-
pearance of the MDM-structure is shown in fig. 3.

For irradiation ions of Ar*, He™ were used with energy up
to 40 keV (Vita accelerator, MEPhI). The circuit of irradia-
tion of the MDM-structures and measuring contour on the
basis of SHCH-300 voltmeter is presented in fig. 5. For con-
trol and measurement of the current on the sample a grid from
stainless steel was used, placed on the way of the ions. For
prevention of current leaks a safety electrode was used.

It was discovered that under an irradiation the induced
current varied during 15...20 min, then it acquired a constant
value. Table 1 presents the results of the tests of the MDM-
structures of Al—Al,0O;—NiCr irradiated by ions of helium
and argon. A serious degradation of the samples was observed,
when they were taken out of the accelerator chamber in the air.

Coaxial MDM -structure for an external irradiation

The model of the fourth type is an extended up to 3 m
MDM -structure in the form of a coaxial cable with a mineral
insulation and current outputs (fig. 6). The metals used were
nickel and stainless steel. The diameter of the extended
MDM -structure was 1,5...3,0 mm.

Tests of this structure were done during a pulsed reactor
irradiation with the dose power in the pulse maximum of up
to 10° Gr/s on BARS-6 reactor (GNTs RF FEI). For stu-
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dying of the fast radiation-induced phenomena in Mi-cables
under an irradiation the following devices were developed for
data recording and collection, including amplifier-analyzer
NL2206, multichannel ATsP L1211 from L-card Co. [5]. The
system ensured recording with a resolution up to 150 ns. The
range of the electric voltage recorded by ATsP was £2,5 V
with a step of 1 mV.

During the irradiation the power of the absorbed dose
(due to the elastic collisions of the neutrons (62 %), the ab-
sorbed neutrons (7 %) and gamma-photons (primary and se-
condary) — (31 %)) in the maximum pulse with duration of
~80 ps was accordingly 9 - 10* Gy/s 9 Gy, 4- 1012 n/cm2 per
pulse) and 2,2 - 104 Gy/s 2,2 Gy, 1+ 1012 n/cm2 per pulse),
Calculation of the time dependences of a charge flowing be-
tween the thread and the cover was done under the following
formula:

t
o = (M a ()
0

Fig. 7 presents measurements of the potential U difference
on the load resistance R and the power of the absorbed dose /
in the conditions of a regular pulse of the reactor.

The mechanism of a positive charge of the thread in re-
lation to the cover is connected with an increase in concen-
tration of the mobile current carriers in the dielectric and re-
duction of the surplus negative charge in the surface layers of
ceramics [5]. Negative charging is due to a fast process. It is
a surplus emission of electrons from metal under the influence
of irradiation. As a result of the difference between the area
of the metal-dielectric contact for the thread and the cover of
the cable, a negative charge arises in the thread, surplus to the
cover. If pg is a surface density of the electric charge on the
steel-ceramic contact, then the surplus charge per unit of the
thread length is defined in the following way

% = n(dyps — dipg),

where d; and d, are the diameters of the thread and the cover.

The density of the divided electric charge in MI-cables
under pulse reactor irradiation with the power of the ab-
sorbed dose of 2,2 - 104 Gy/s was within the intervals of
0,5...1,5- 10710 Kl/m. Comparison of the results for cables
with diameter of 1,5 and 2 mm and diameter of 3 mm de-
monstrated, that the values of the divided electric charge and
the electric potential between the thread and the cover in MI-
cables of bigger diameter was 2...3 times more. In the cables
with a thread from a stainless steel the divided charge and
the difference of potentials between the thread and the cover
in comparison with the cables with a thread from nickel was
~2 times more.

Estimation for the surface density of an electric charge
on the nickel-ceramic and steel-ceramic contacts is py; =
= (6...8) - 1078 KI/m?, pg = (1...3) - 108 KI/m?. The bigger
density of the charge on nickel is due to a smaller work of
the output of electrons from nickel in a contact with MgO-
ceramics.

Conclusion

An important characteristic of an MDM-structure as a
current source is the conversion efficiency — the number of
current carriers per one absorbed particle of the radiating
flow. This value is a coefficient of efficiency of the system and
it allows us to define the absolute values of a current and power
of the MDM -structures depending on the geometry of the de-
sign and materials. The results of measurements and the cal-
culated conversion efficiency of the MDM-structures are pre-
sented in table 2.

The main conclusions from the research work are the fol-
lowing:

1. The design and circuit solutions were developed for cre-
ation of tiny current sources on the basis of the energy con-
verters on secondary electrons. The model samples of flat and
coaxial MDM-structures (W—AIl,0;—Al, Al—Al,0;—NiCer,
Fe(Ni, Cr)—MgO) allow us to investigate the converters of the
energy and current sources on secondary electrons with the use
of the primary charged various particles (ions of helium and ar-
gon, alpha particles, fission fragments, electrons and ions as in-
teraction products of a reactor radiation with substance).

2. It was experimentally shown, that the conversion effi-
ciency in the planar and coaxial structures reaches 3 * 1072 of
great importance is the geometrical factor — a correlation of the
thicknesses in the MDM -structure and a projective run of ions.

3. It was experimentally demonstrated, that a radiation
degradation of the planar MDM -structures appears already at
doses of ~10'4 ion/cmz, which excludes their use for more
than 107...10% s.

4. For development of tiny current sources on the basis of
the energy converters on secondary electrons the work should
be continued for the further improvement of the manufactu-
ring techniques of the multilayered nanostructures, possessing
a sufficient time and radiation resistance.
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