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Tema pucepramii oOyMOBJI€Ha PO3BUTKOM TEXHOJOTIH TOB’SI3aHUX 3
BUKOPUCTAHHSAM BHCOKOYACTOTHOTO BUIIPOMIHIOBaHHS B 00J1aCTi CyOMITIMETPOBUX
Ta TEPareploBUX XBWIb Ta PO3POOKOIO TepareploBUX cHCcTeM. [HTepec 10 Takux
CUCTEM TIOCTIMHO 3pocTae, 1m0 OOYMOBJICHO YHIKAIBHUMHU XapaKTepUCTUKAMHU
TeparepuoBOro BuNpoMiHIOBaHHA. Cepeln HaWOUIbII IIHHUX (QYHKLIH, SKI
e(peKTUBHO MOXYTh OyTH pealli3oBaHi B TeparepiuoBOMy Jiana3oHi, MOXHa
BIJI3HAYUTU HEIHBA31MHUI 1 Oe3pyiHIBHUN KOHTPOJIb, BINCHKOBI CUCTEMH, 3aCO0U
Oe3MeKkr, MeIUIMHA Ta 30€peKEeHHs 3J0pOB’sl, MATEplajJO3HABCTBO Ta OOpPOOHY
poOMUCITIOBICTh. HailOinpmuii mporpec y BUKOPHCTaHHI TepareplioBUX XBHIIb
nepeadavyaeTbCs B cucteMax (opMyBaHHS 300paXK€HHs Ta OE3MpOBIAHOT Mepenayi
JAHUX, 30Kpema OJMKHBOIO padlycy /ii, B SKUX 3aBISKHM BUKOPHCTAHHIO
TeparepIioBOro BUIIPOMIHIOBAHHSI 3pOocTae 00’ eM iH(dOpMaIlii, 10 MmepesacThes, Ta
MIBUJKICTh mepenadi nanux. [IpakTudHe MMpOKe 3aCTOCYBaHHS TaKMX CHCTEM B
3HAuHIA Mipl TIOB’si3aHE 3 TMOTPeOOI0 B MIHIATIOPHUX (II0 MOXYTh CTaTH,
HaAIMPUKJIAJ, €JIEMEHTOM MOOUIBPHOTO Tene(oHy) JDKepel, BUIPOMIHIOBAYIB Ta
NpUiiMaviB TEPareprioBOroO IianazoHy.

[IpoGnemoro CTBOpEHHSI MajorabapuTHUX TBEPIOTUIMX aKTUBHUX €JIEMEHTIB
TeparepiioBoro Jiana3oHHy cTaid (PyHIaMeHTadbHI OOMEXEHHs, 00yMOBJICHHI
IPUPOJIOIO0 TIEPEHOCY 3apsay B HUX, CYKYIHICTh SKHX OTPUMAJIO Ha3BY ‘‘Teparerone
npoBayIs” yepe3 Hee(eKTUBHICTh POOOTH MPMIIAJIIB B IbOMY JianazoHi. OqHuMm 3
MOKJIMBHX HAIPsIMKIB TIPOCYBaHHS B TepareploBUU Jiana3oH € BUKOPUCTAHHS

TPaJAMIIIMHUX TBEPAOTUIMX WPWIAAIB HAa 3pa3oK aiomiB ['aHHa abo JiaBUHO-



MPOJIITHUX JIOA1B IIUIIXOM PO3POOKH HOBHUX ITIJIXO/1B 10 KOHCTPYIOBaHHS MIPUIa/IiB
Ta HOBUX KOHIIEMIIH, 1110 TPU3BOAATH A0 MOKPAIICHHS X YACTOTHUX BJIACTUBOCTEN
1 CTBOPEHHS Ha iX OCHOB1 HOBHX aKTHMBHHUX €JIEMEHTIB TEParepioBOro JianazoHy.

Metoro TmpoBeeHHS POOOTH CTalo MOCHIIKEHHS (I3UYHUX TMPOIECIB B
TBEPAOTUIBHUX HAJBUCOKOYACTOTHUX TMPUIAAaxX, SKi peasi3oBaHi y BHIJISII
TUTAHAPHUX HAIMIBIPOBIIHUKOBUX M10AHUX CTPYKTYpP 3 aKTUBHUMH €JIEMEHTAMHU Ha
Ol4HIN TrpaHUWIll, BU3HAYEHHS iX XapaKTEPHUCTUK Ta MOIIYK MOXJIMBUX IILIAXIB
MiABUIIEHHS ¢()EKTUBHOCTI Ta MOKPAIEHHS YaCTOTHUX BIACTUBOCTEH 71T poOOTH
Ha 4acTOTax TeparepiioBoro Ta cyoTeparepiioBoro Aiana3oHiB.

OCHOBHMMH 3aBJaHHIMH AMCEPTAIlil €: po3poOKa MaTEMaTUUHUX MOJENEN Ta
METO/IIB YUCJIOBOTO MOJICJIIOBAHHS (PI3MYHMX MPOIIECIB MOB’A3aHUX 3 MEPEHOCOM
CJIEKTPUYHOTO 3apsiAy B HAMIBIPOBIIHUKOBUX JIIOAHUX IJIAHAPHUX CTPYKTYPAX, 110
MaloTh CKJIAJHYy TE€OMETpII0 Ta MICTATh PI3HOPIIHI 32 EIEeKTPUYHUMU
BJACTUBOCTSIMU  00JIACTI, 3 BHUKOPHCTAHHSIM 0araroCiTKOBHX aJTrOpPUTMIB
po3B’si3aHHs piBHsAHHA IlyaccoHa ayii BHM3HAU€HHs pPO3MOAULY MNOTEHLIANy 1
CJIEKTPUYHOIO TMOJs Ta OaraToyacTUHKOBOro wmetony Monte-Kapno s
BpaxyBaHHSI BUCOKOYACTOTHUX IMPOLECIB €JIEKTPOHHOI'O TPAHCIIOPTY Ta PO3CISHHSA
HOCIB 3apsily; po3poOKa MPOrpaMHOro KOMIUIEKCY st 2D-MojentoBaHHS
HAJBUCOKOYACTOTHUX HAIMMBIPOBITHUKOBUX MPUJIAIIB, IO BPAXOBYE iX CTPYKTYpPY
Ta 0COOJINBOCTI IEPEHECEHHS 3apsiAy; MPOBEIECHHS MOJIECIIOBAHHS HECTAI[IOHAPHUX
IPOIECiB B TUIAHAPHUX TOMOTEHHUX Ta T€TEPOTeHHHX CTPYKTypax, IO MiCTATh
O14HI aKTUBHI €JIEMEHTH PI3HOTO THITY, 30KpeMa 13 CYTTEBUMHU BIIAMIHHOCTSIMH iX
BJIACTUBOCTEH BiJl BIACTUBOCTEH KaHay, Ha 3pa30K MO€THAHHS KBA31KJIACUYHUX Ta
KBaHTOBUX OOJacTel; OTpUMaHHSA MPOCTOPOBUX PO3MOJAUIIB HAIMPYKEHOCTI
CJIEKTPUYHUX 1 KBa31€JIEKTPUUHUX TMOJIB, Aper(oBOi MIBUIKOCTI Ta €HEPrii HOCIIB
3apsAy 3 ypaxyBaHHSM CKJIQJHOI CTPYKTYpH 30HHM TMPOBITHOCTI; OTPUMaHHS
3aJIEKHOCTI CTPyMy, IO TMPOTIKAE 4Yepe3 BKa3aHi CTPYKTYpH, ISl BUIAIKY
NOCTIMHUX Ta 3MIHHUX Y 4Yacl Hampyr; BCTAHOBJIEHHSA 0COOJMBOCTEN (popmyBaHHS
HECTIMKOCTEN CTPYMY, SIKI BUHUKAIOTh B IOJHUX CTPYKTYpax, 10 AOCTIIKYIOThCS;

OTPUMAaHHS €HEPTETUYHNX XapaKTEPUCTHK J110/(1B HA 3MIHHOMY CTPYMi; BU3HAUYCHHSI



YaCTOTHUX BJIACTUBOCTEH NIOAHUX CTPYKTYp 3 aKTUBHUMHU OIYHUMU TPAHULSIMHU 3
TOYKH 30py OTpPUMaHHS TeHepalli HUMHU €JEKTPOMAarHiTHUX KOJIMBaHb Ta
MOKJIMBOCTEH 11X BHUKOPUCTAaHHS Ha 4YacTOTax TepareplioBOro Jiarma3oHy;
BU3HAYCHHS ONTUMAJIbHUX MapaMeTpiB MPUIIAJIIB Ta BIAMOBIIHUX KOHCTPYKTUBHUX
€JIEMEHTIB 3 TOUKH 30py OTPUMaHHSI MaKCUMaIbHHUX 4acTOT.

OCHOBHHMM METOJOM JIOCII/PKEHb € YHCIOBE MOJIEIIOBAHHS, 1110 0a3yeThcs Ha
BUKOpUCTaHHA OaraTodyacTUHKOBOro wmetony Monte-Kapno, mo mo3Boiisie
BpaxyBaTH BHUCOKOYACTOTHI BJIACTHBOCTI MaTepially Ta MPOAaHATI3yBaTH MPOIECH
MEePEeHOCY 3apsiiiB 'y PO3MIIIHYTUX CTPYKTypax Ha dYacToTaX TeparepiioBOro
Jlara3ony.

VY nepiioMy po3aui AUcepTarlii poOuThCS aHaji3 CTaHy PO3POOKU TBEPAOTUINX
BHCOKOYACTOTHUX NPUJIAAIB, MOXJIMBI HUIAXM Ta HANOPSIMKU IMOKpAllEHHS iX |,
G13M4YHI SBUIIA, IO MOXYTh OyTh BUKOPHCTAHHI JI MOKPAIIEHHS YaCTOTHUX
BJIACTUBOCTEHN MIPUIIA[IIB.

VY npyromy po3aily HaBeAEHO JETalbHMIM OMMC MaTEMaTHYHOI MOJEINl Ta
ocobnuBocTi peanizauii Merogy Monte-Kapno mist aHamizy BHCOKOYACTOTHHX
IPOLECIB NEPEHECEHHS 3apsily B IUIAHAPHUX CTPYKTypax 3 aKTUBHOIO OIYHOIO
I'PaHHULICIO, SIKa BPAXOBY€ HASIBHICTh HOCIIB 3apsily 000X THUIIB (€JIEKTPOHIB 1 AIPOK),
MpoIeCiB  yAapHOi  10HI3alli Ta  HEOAHOPIJHOTO  PO3MOALTY  CKJIaay
HaITIBITPOBITHUKOBOTO MaTtepiany. Takok HaBOJSATHCS OCHOBHI CITIBBIIHOIIICHHS,
110 OMHUCYIOTh MPOLECH PO3CISIHHS HOCIIB 3apsiiy, Ta MpoLeaypy BUOOPY KIHIIEBUX
CTaHiB.

Onucano 0coOIUBOCTI OTPUMAHHS PO3MOUTY €IEKTPUUHOTO TOJIs B 101 Ta
ITOPUTMH YUCIIOBOI peati3alii MOBHOTO 0araroCciTKOBOIO Fr€OMETPUYHOTO METOLY
po3B’sizaHHsl piBHsAHHA [lyaccoHa 3 BpaxyBaHHSIM OCOOJMBOCTEH (opMyBaHHS
O014HO1 akTUBHOI rpaHuill B Aioai. OnucaHo ocoOJMBOCTI peanizailii Bapi30HHOI
KOHLIETIT Ta 1i YUCJIOBOI peanizallii Ipy MOJEIIOBaHH] €JIEKTPOHHOIO TPAHCIIOPTY
y Bapi30HHHUX CTpPyKTypax. [[ns 6a30Bux MarepiaiiB, 0 BUKOPUCTOBYIOTHCS B

HaIlIBOPOBIJHUKOBUX MpUafax, MNPUBOJATHCS pe3yJbTaTh pO3paxyHKy ix



OCHOBHMX KIHETHMYHUX XapakTEPUCTHUK Ta TMPOBOAMUTHCS TMOPIBHAHHS iX 13
po3paxyHKamH, OTPUMAHUMHU 1HIIIKUMH aBTOPaMH, Ta pe3yJibTaTaMU €KCIIEPUMEHTIB.

Y TpeTbOMy pO3ALIi POTISIHYTO KOHIEMIII0 CTBOPEHHS MJIaHAPHUX JTI0THUX
CTPYKTYD, III0 MICTSITh aKTHBHI HAIIBIIPOBITHUKOB1 €JIEMEHTH, PO3MIIIICH] Ha O14H1N
MOBEPXHI [lofa Ta EJIEKTPUYHO 3’€aHaHi 3 aHogoMm. Ili akTHUBHI eJIeMeHTH
GbOpMyIOTh aKTHBHY OiYHY TpPaHMITIO Ji0/a, SKa BIIMBA€ Ha TMPOIECH TeHEeparlii
CJIEKTPOMArHITHUX KOJIMBaHb, 10 TOB’si3aHI 3 €(PEKTOM MDKIOJMHHOTO
MEPEHECEHHSI €JIEKTPOHIB Ta TMPONITHAMH SBUIIAMU  XapaKTEPHUMHU IS
CyOMIKpOHHUX HAaIIBOPOBIAHUKOBUX CTPYKTYp. JlOCHIKYy€eThbCS OCOOIMBOCTI
MPOILIECIB TIEPEHOCY 3apsiy B 3alPOMOHOBAHUX J10/IaX Ta 3aJekKHICTh TeHepalii 1
YaCTOTHUX BJIACTHUBOCTEH MIOMIB BiJ €JIEKTPO(PI3MUHUX IMApaMETPiB AKTUBHOI
IpaHUIll Ta CTPYKTYpPH OIYHOTO aKTUBHOTO €JIEMEHTa.

[IpoBouThCA MOUIYK KOH(Irypamii OpuiaaiB 3 TOYKMA 30pY MIJBUIIEHHS
TPAaHUYHUX YacTOT reHepauii. JlocaimkeHo gopMyBaHHA HECTIMKOCTEH CTpyMy B
IJIaHApHUX, TOMOTEHHUX 32 CKJIAJIOM Jlio/1ax Ha ocHOB1 GaAs Ta InP 3 BinnoBigHuMu
AKTUBHUMH TPAHMISIMU Ha OCHOBI HamiBIpoBigHUKIB GaAs, InP Ta B miomax 3
akTuBHUMH TeTtepocTpykrypamu GaAs/InGaAs ta InP/InGaAs. AHanizyroThbcs
BHCOKOYACTOTHI XapaKTEPUCTUKU, TPOBOJUTHCSA ONTUMI3ALIS iX 32 €EeKTUBHICTIO
Ta BU3HAYAIOTHCSI TPAHWYHI YAaCTOTHI MeXI1 iX poOoTH. Bel n10au po3risgatoTbes B
KOHTEKCTI MOJIMBOCTI BUHHKHEHHS yJapHOI 10HI3allli B HUX Ta 3 ypaxyBaHHSIM
MOXJIMBUX OOMEXEHB iX POOOUYMX MapaMeTpiB.

Y dyeTBepTOMYy pO3MITI PO3TIASHYTO MOXKIMBICTH BUKOPUCTaHHS B SIKOCTI
OIYHOrO  aKTHMBHOTO  €JIEMEHTY Bapi30OHHOI CTPYKTypH, IO yTBOpEHa
HaIIBIIPOBITHUKOBUM MaTepiajioM, sIKMM Ma€ 3aJIeKHUM Bl KOOpAUWHATH cKial. B
AKOCT1 00’ €KTa JOCHIKEHHS PO3MIISIHYTO IJIAaHAPHY JI0JIHY CTPYKTYPY 3 KaHAJIOM
Ha ocHOBI GaAs Ta OIYHMM aKTUBHUM €JIEMEHTOM Ha OCHOB1 Bapi30HHOTO IIapy
InGaAs cknang sikoro 3miHO€EThCs Big GaAs B 00yiacTi KaTody, IO TPAaHUYUTH 3
kaHaiaoM, 10 InGaAs 3 MajauMM BMICTOM Tajll0 Ha aHoml. AHami3 J10aiB
MPOBOJUTHCA 3 BpaXyBaHHSM IPOLIECIB yAapHOi 10HI3alli B HUX Ta €JIEKTPOHHO-

JIpKOBOTO TpaHcropTy. OTpUMaHO CTaTHYHI Ta TMHAMIYHI XapaKTEPUCTUKH T10/IB,



a TaKOX €HEPreTUYH1 Ta YaCTOTHI XapaKTepUCTUKH. Jl0CTIIKY€eThCs BILUTUB yAapHOT
10H13aI1li Ha BAHUKHEHHS HECTIMKOCTEH CTpyMy Ta YaCTOTHY MEXY POOOTH J10I1B.

Y m’aroMy po3aial KOHUENIsS MIaHAPHUX MIOJAHUX CTPYKTYP 3 aKTUBHHUMH
HaIIBIPOBITHUKOBUMH €JIEMEHTAMHU TMOIIUPIOETHCS HA CTPYKTYPH, B AKUX O14HUI
eJIEMEHT sIBJIsie c00010 pe3oHaHCHO-TyHeNnbHY cTpYKTYpY (PTC). PosrnsnyTo gioau
3 KaHaJIoM Ha ocHOB1 GaAs Ta 61uHUM akTUBHUM eneMeHToM 3 PTC 31 cTpykTyporo
GaAs/AlGaAs/GaAs. Bu3naueHo cTaTu4HI Ta TMHAMIYHI XapaKTEPUCTHUKH JT10THUX
CTPYKTYp Ta iX 3aJIeXKHICTh BiJl €NeKTpO(I3UYHUX MapaMmeTpiB Ta MapaMmeTpiB
ctpykrypu PTC. 30kpema, gocnipkeHO BIUIMB KOHIIEHTpallii, nojgoxkends PTC Tta
napameTpiB 0ap’epiB Ta kBaHTOBOI siMu B PTC. OTprMaHo eHepreTH4HI Ta 4aCTOTHI
XapaKTEPUCTUKU  JIOAIB  SIK TE€HEpaTopiB  E€JIEKTPOMATHITHUX  KOJMBaHb
TeparepIioBoro jaiana3zoHy. BcraHoBieHo 4acTOTHI Mexi iX poOoTu Ta hakTopH, K1
Ha HUX BIUTMBAIOTh.

Ha pe3ynbrat poOOTH OTpUMaHO 2 CB1IOUTBA Ha BUHAXO/H.

HayxoBa HOBU3HA pe3yJIbTaTiB pOOOTH MOJISATa€ B HACTYITHOMY:

Brnepme mnoka3aHo, M0 BBEACHHS JOJATKOBHX €JIEMEHTIB, E€IEKTPUYHO
3’€IHAHUX 3 QHOJHUM KOHTAKTOM, IPU3BOJUTH /10 PO3ILIMPEHHS Alana3oHy 4acTOT
niona B OIK BUCOKHMX YacTOT HaBiTh 3a YMOBHM CITIBIA/1HHS MapaMeTpiB MaTepiajiB
B OCHOBHIM YaCTHHI 10HOI CTPYKTYpH 1 O1YHOMY aKTUBHOMY €JIEMEHTI.

Brnepiie mnokaszaHa MOMJIMBICTH OTPHUMaHHS ILIMPOKOIOJOCHOI TIeHepaii
CTPYKTYpaMH 3 aKTUBHUMU O1yHMMHM rpaHulst Ha ocHOB1 GaAs Bix 100 mo 300 [T
3 BUKOPHUCTAHHS TPAIULIMHUX MaTepiaiiB 3 MAaKCUMaIbHOIO e(heKTuBHICTIO 10 3%,
32 YMOBH OOMEKEHHS HapyTy *KUBJICHHS BETMYMHAMU MeHIIMMH 2,5 B.

Brepiie mokazaHo, 110 BUKOpHUCTaHHS reTepocTpykTtypu GaAs - In,Gai.,As B
nioni 3 GaAs KaHaJIOM JI03BOJISIE MIABUIIUTH €(hEKTUBHICTh TeHepallii O1IbII HIXK B
4 pa3u 3 BHKOPHCTaHHSIM TOMOTEHHOTO Martepiany. Brepiie mpoaeMoHCTpOBaHO
MOJKJIMBICTh OTPUMAHHS IIMPOKOTMOJIOCHOI TeHepallli CTpyKTypaMu 3 aKTUBHUMHU
O1uHrMY rpaHuUIll Ha ocHOBI InP Ha wactoTax mo 350 I'T'1y mpu po6OTI Ha OCHOBHIM

4acTOTI 3 MAKCUMaJIbHOIO €(DEKTUBHICTIO TeHeparlii 10 2,5%.



JlocnimpKkeHo TeHepalliio eJIeKTPOMArHiTHUX KOJIMBaHb J10/JaMU, 110 MICTATH
Bapi3zoHH1 mapu In,Ga;;AS, B SKUX MOXJIMBE BUHUKHEHHS YJIapHOi 10HI3aIlli Ta
BCTAHOBJICHI YaCTOTHI MeX1 iX poboTu. [lokazano, 1o y BkazaHuX J10/1aX MOXKITUBA
re’epaiiisi KoiauBaHb Ha yactoTax 10 400 I'Tu. Brepie 3anponoHoBaHo MIaHapHY
KOHCTPYKITiIO /1102, IO MICTUTh PO3MIIICHUH Ha O14HIN TOBEPXHI 11012 aKTUBHUN
€JIEeMEHT Ha OCHOBI Bapi30HHOTO HamiBmpoBigHuka IN,Gai.;AS, B sKOMy CTBOpEHI1
YMOBHU 1715l BAHUKHEHHS YJapHOi 10H13al11i, Ta MOKa3aHO BIUIUB TAKOT'O €JIEMEHTY Ha
3MiHY 9YaCTOTHOTO Jiama3oHy poOoTH aioay. BctanoBieHo, 1110 4acToTa, BiAMOBI1a€
MaKCHUMaJIbHIN €(EKTUBHOCTI, B TaKOMY €JIEMEHTI MaJi0 3aJIeKUTh BIJ BIUIUBY
yAapHOI1 10HI13al1ii, TPOTe MaKCUMaJIbH1 YaCTOTH reHepallii OUIbI HIXK B 3BUMAMHUX
IUTaHapHUX Aiogax Ha ocHOBI GaAsS. UacToTHa Mexa oro poOOTH ToCsTae 4acTOTH
outbmoi 300 I'Tn, a yacToTHUM Alama3oH Mae 3HAYHY MIMPUHY (BIJ JCCATKIB
rirarepir 10 300 ['T) y 6e3nepepBHOMY peXUMI FeHepailii.

Brnepme moka3aHO MOKJIMBICTb OTPUMaHHS TIeHeparii eJeKTPOMAarHiTHUX
KOJIMBaHb TEparepioBOro jaiana3zoHy JiogamMu Ha ocHOBI (GaAs 3 aKTUBHUMHU
OIYHMMH TPAHUIISIMU Y BUIJISAI PE30HAHCHO-TYHEIIBHOI CTPYKTYpHU. BcTaHOBIEHO,
0 BEpXHSA YacTOTHA MeXa Takux [1oAiB Moxe mnepesunryBatu 500 [T
MakcumanbHa €(GeKTUBHICTh KoJiuBaHb jocsirania 10% 1 BiamoBijajia 4acToTi
omu3pko 110 I'Tu, mo 3HaAXOOUTBCA Y BIJAMOBIIHOCTI A0 Yacy MEPEHECEHHs
CJICKTPOHIB 4epe3 kKaHai giona. YacToTHuii Aianma3oH poOOTH M10IB Ma€ 3HAYHY
mpuny (Big aecsatkis rirarepu Ao 300 I'T) y 6e3nepepBHOMY pexXuMi TreHepartii

KirouoBi cjioBa: maHapHa AioJlHa CTPYKTypa, O1YHHI aKTUBHUN €JIEMEHT,
HECTIMKOCTI CTPyMY, HaPy>KEHICTh €JIEKTPUYHOTO OIS, ePEKTUBHICTh TeHEpaIlii,
PE30HAHCHO-TYHEJIbHA CTPYKTYpa, Bapi30HHUH I1ap, yAapHAa 10Hi3allisl, pO3CIsSHHSI,
MIKPOXBHWJIl, HAaHOCTPYKTYpH, TEpareploBuil Jiama3oH, MOJEIIOBaHHS, €(eKT

MDKIIOJTMHHOTO TIEPEHOCY EJIEKTPOHIB, Pe30HATOP.



ABSTRACT

Zozulia V. O. Active semiconductor planar elements of submillimeter and
terahertz ranges. Qualification scholarly paper: a manuscript.

Thesis submitted for obtaining the Doctor of Philosophy degree in Natural
Sciences, Speciality 105 — Applied Physics and Nanomaterials. — V. N. Karazin
Kharkiv National University, Ministry of Education and Science of Ukraine,
Kharkiv, 2023.

The aim of the dissertation is due to the development of technologies related
to the use of high-frequency radiation in the field of submillimeter and terahertz
waves and the development of terahertz systems. Interest in such systems is
constantly growing due to the unique properties of terahertz radiation. Among the
most valuable functions that can be effectively implemented in the terahertz range
are non-invasive and non-destructive control, military and security systems,
medicine and healthcare, materials science, and defense systems. The greatest
progress in the use of terahertz waves is expected in imaging and wireless data
transmission systems, in particular, short-range systems, where the use of terahertz
radiation increases the amount of transmitted information and data transmission rate.
The practical widespread use of such systems is largely due to the need for miniature
transmitters (for example, a cell phone element) and receivers that can operate in the
terahertz range.

The problem of fabrication of small-sized solid-state active elements in the
terahertz range is the fundamental limitations due to the processes of charge transfer
in such devices, the totality of which is called the "terahertz gap", due to the
inefficiency of conventional devices for generation waves in this range. One of the
possible ways advancement into the terahertz range is to use traditional solid-state
devices such as Gunn diodes or IMPATT diodes by developing new approaches to
device design and new concepts that lead to the improvement of their frequency
properties and the development of new active elements based on them that can
operate in the terahertz range.



The work aimed to investigate physical processes in solid-state ultra-high-
frequency devices, which are implemented in the form of planar semiconductor
diode structures with active side boundary elements, to determine their
characteristics and to search possible opportunities to increase efficiency and
improve frequency properties for operation at terahertz and sub-terahertz
frequencies.

The main tasks of the thesis are: development of mathematical models and
methods of numerical simulation of physical processes of the transport of charge
carriers in semiconductor planar diode structures with complex geometry and
containing regions with heterogeneous electrical properties, using multigrid
algorithms for solving the Poisson equation to determine the distribution of potential
and electric field and the multiparticle Monte-Carlo method to take into account for
high-frequency processes of transport and scattering for charge carriers;
development of a software package for 2D modeling of ultra-high-frequency
semiconductor devices, taking into account their structure and charge transport
features; to model non-stationary processes in planar homogeneous and
heterogeneous structures containing active side elements of different types, in
particular with significant differences in their characteristics from those of the
channel, such as a combination of quasi-classical and quantum regions; to obtain
spatial distributions of electric and quasi-electric field intensity, drift velocity and
energy of charge carriers, taking into account, the complex structure of the
conduction band; to obtain the dependences of the current flowing through these
structures for the case of constant and time-varying voltages; to establish the
peculiarities of the formation of current instabilities arising in the diode structures
under study; to obtain the energy characteristics of diodes on alternating current; to
determine the frequency characteristics of diode structures with active side
boundaries in terms of obtaining the generation of electromagnetic oscillations and
the possibility of their use at terahertz frequencies; determine the optimal parameters
of the devices and the corresponding structural elements in terms of obtaining

maximum frequencies.



The main research method is numerical modeling based on the multiparticle
Monte Carlo method, which takes into account the high-frequency properties of the
material and analyzes the processes of charge transfer in the structures under
consideration at terahertz frequencies.

The first chapter of the thesis analyzes the state of development of solid-state
high-frequency devices, possible ways and opportunities for improving their
characteristics, and physical phenomena that can be used to improve the frequency
properties of devices.

The second chapter provides a detailed description of the mathematical model
and features of the Monte Carlo method for analyzing high-frequency charge
transfer processes in planar structures with an active side boundary, which takes into
account the presence of both types of charge carriers (electrons and holes), impact
ionization processes, and the inhomogeneous distribution of the semiconductor
material composition. The basic relations describing the processes of charge carrier
scattering and the procedures for selecting final states are also presented.

The peculiarities of obtaining the electric field distribution in a diode and
algorithms for numerical implementation of the full multigrid geometric method for
solving the Poisson equation with consideration of the peculiarities of forming the
active side boundary in a diode are described. The peculiarities of the
implementation of the graded band gap concept and its numerical realization in
modeling the transport of charge carriers in graded band gap structures are described.

The results of calculating the main Kkinetic characteristics of the basic
materials used in semiconductor devices are presented and compared with the
calculations obtained by other authors and experimental results.

The third chapter discusses the concept of creating planar diode structures
containing active semiconductor elements placed on the active region of the diode
and electrically connected to the anode. These active elements form the active side
boundary of the diode, which affects the processes of generating electromagnetic
oscillations associated with the effect of intervalley electron transfer and span

phenomena characteristic of submicron semiconductor structures. The peculiarities



of charge transfer processes in the proposed diodes and the dependence of diodes'
generation and frequency properties by the electrophysical parameters and the
structure of the active side element are investigated.

The optimal device configurations are searched for to increase the cut
frequency operating. The formation of current instabilities in planar homogeneous
diodes based on GaAs and InP with corresponding active boundaries based on GaAs
and InP semiconductors and in diodes with active heterostructures of GaAs/InGaAs
and InP/InGaAs is investigated. The high-frequency characteristics are analyzed,
and optimized for efficiency, and the cut frequencies of their operation are
determined. All diodes are considered in the context of the possibility of impact
ionization in them and taking into account possible limitations of their operating
parameters.

In the fourth chapter, the possibility of using a graded band gap structure
formed by a semiconductor material with a coordinate-dependent composition as an
active side element. A planar diode structure with a GaAs-based channel and an
active side element based on an InGaAs graded layer, the composition of which
varies from GaAs in the cathode region bordering the channel to InGaAs with a
small gallium mole fraction on the anode, is considered as the object of investigation.
The diodes are analyzed taking into account the processes of impact ionization in
them and the transport features of charge carriers. The static and dynamic
characteristics of the diodes, as well as the energy and frequency characteristics, are
obtained. The influence of impact ionization on the occurrence of current
instabilities and the cut frequency of diodes is investigated.

In the fifth chapter, the concept of planar diode structures with active
semiconductor elements is extended to structures in which the active side element is
a resonant tunnel structure (RTS). Diodes with a GaAs-based channel and an active
side element with the RTS structure based on GaAs/AlGaAs/GaAs are considered.
The static and dynamic characteristics of the diode structures and their dependence
on the electrophysical parameters and the RTS structure are determined. In

particular, the effect of the concentration, the dependence of generation efficiency



on the position of the RTS, and the dependence of static characteristics on the
parameters of the barriers and quantum well in the RTS are investigated. The energy
and frequency characteristics of diodes as generators of electromagnetic oscillations
in the terahertz range are obtained. The cut frequencies of their operation and the
factors that influence on it are determined.

Two certificates of invention were obtained for the results of the work.

In particular, the following scientific results are obtained in this thesis:

For the first time, it is shown that the addition of elements electrically
connected to the anode contact leads to an expansion of the diode frequency range
towards high frequencies, even under the condition the material parameters in the
main part of the diode structure and the active side border.

The possibility of broadband generation by structures with active side borders
based on GaAs from 100 to 300 GHz using traditional materials with a maximum
efficiency of up to 3%, provided that the supply voltage is limited to values less than
2,5V demonstrated.

For the first time, the use of GaAs-In,Ga;.,As heterostructure in a diode with
a GaAs channel allows to increase the generation efficiency by more than 4 times
compared to the use of a homogeneous material. For the first time, the possibility of
broadband generation by structures with active side borders based on InP at
frequencies up to 350 GHz when operating at the fundamental frequency with a
maximum generation efficiency of up to 2,5% is demonstrated.

The generation of electromagnetic diodes containing graded band gap In,Ga;.-
ZAs, in which impact ionization is possible, is investigated and the cut frequencies
of their operation are established. It is shown that these diodes can generate
oscillations at frequencies up to 400 GHz. For the first time, a planar diode design
containing an active element based on the graded band gap In,Ga; As
semiconductor formed on the active region of the diode, in which conditions for the
occurrence of impact ionization are formed, is proposed, and the effect of such an
element on changing the frequency range of the diode is shown. It is found that the

frequency corresponding to the maximum efficiency in such an element is not much



affected by the influence of impact ionization, but the maximum generation
frequencies are higher than in conventional planar diodes based on GaAs. The cut
frequency of its operation reaches a frequency of more than 300 GHz, and the
frequency range has a significant bandwidth (from 50 to 300 GHz) in the continuous
generation mode.

For the first time, the possibility of generating electromagnetic oscillations in
the terahertz range by GaAs-based diodes with active side boundaries based on
resonant tunnel structure at frequencies above 500 GHz was shown. The maximum
efficiency of oscillations was up to 10% and was obtained at a frequency of about
110 GHz, which corresponds to the time of electron transfer through the diode
channel with a length of approximately 1 micron. The frequency range of the diodes
has a considerable bandwidth (from 50 to 500 GHz) in the continuous generation
mode.

Keywords: planar diode structure, lateral active element, current instabilities,
electric field strength, generation efficiency, resonant tunnel structure, graded layer,
impact ionization, scattering, microwave, nanostructures, terahertz range,

simulation, transfer electron effect, resonator.



