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AHHOMayusi — YucneHHblMM MeTodamMu uccrnegoBaHa pa-
6oTa AndY3MOHHOrO KPEMHMEBOTO anoaa p'-p-n” Tuna. Yepes
avog ¢ TonwmHou cTpykTypbl 320 MkM, rmybuHon 3aneraHunst p—
n-nepexoga 220 mkm u nnowaaso 0.5 cm? nponyckancs 06-
paTHbIA TOK MMOTHOCTb A0 50 KA/cMm?. MokasaHo, 4TOo Npun
NMAOTHOCTW TOKa, nexallen B ananasoHe ot 3 go 20 KA/cM?, B
CTPYKTYpe Auofa peanusyeTcs pexvM HesaTyxawlmx koneba-
HUIA HanpsbkeHusi. 3a npegenamu guanasoHa B CTPYKType
yCTaHaBNMBAETCA PEeXuUM CTaumoHapHoro npobos. Haubonee
MOLLHble konebaHns BO3HMKAKT NpW MpPOTEKaHUU Yepe3 Auoa
TOKa MIOTHOCTbLIO ~ 15 KA/cM. B pacyeTe Ha OAVH AWNOA, MOLL-
HOCTb konebanun pocturaet ~1 MBT npu yactote ~ 10 Ty n
KA ~30%.MNpoBeaeHo cpaBHEHME C 3KCMEPUMEHTOM.

|. BBepgeHue

[Onsa reHepaumn konebaHun HanpshkeHuss CBY gua-
nasoHa [aBHO WCMONb3YOTCS MNOMYNPOBOAHUKOBLIE
npubopsbl ¢ AnogHon CTpykTypon. Hanbonblwee pacnpo-
CTpaHeHVe MOMyyYunun faBUHHO-MPONEeTHbIE  ANOAbI
(NMNA-IMPATT) w naBuHHO-KNtoYeBble aAvoabl  (JIKO-
TRAPATT). MexaHusam paboTbl ob6oux TMNOB AMOAOB
OCHOBaH Ha siBNeHMM npobos MonynpoBOAHUKA MNog
OencTBMeM anekTpuyeckoro nons. Ans pabotel gMonos
HeoOXoOMM BHELUHWA UMMYNbC nepeHanpsbkeHus. B
JINO gna atoro Mcnomnb3yeTcs HanoXeHWe BbICOKOYa-
CTOTHOrO 3MNEKTPUYECKOro nons, KOTopoe, CyMMUPYSACh C
noriem MOCTOSIHHOrO cMeLlleHus, obecnevmBaeT npobon
avoga B kaxabl nepuod konebaHun BHelwHero nons. B
TRAPATT-pexume auop paboTaeT Kak BblCOKOYACTOT-
HbI KOMMYTaTOp, YacTtoTa cpabaTbiBaHUSA KOTOPOro 3a-
[aeTcst 4YacTOTOM NOCTYNSIEHMA Ha AMoA4 UMMYSbCOB Mne-
peHanpshkeHUst OT BHELLHEN CXeMbl-pe3oHaTopa. Xapak-
TEepHble 3HAYEHNs] MOLLHOCTU 1 YacToThbl konebaHuin gns
N4 pocturatot 50 BT 1 10+100 M, ana JIKAO — oo 400
BT n 0.6-10 My [1].

B pabote [2] Gbinn obHapyxeHbl konebaHusa Hanps-
XEHUS TUrarepLoBoii YacToThl B KPEMHUEBOM p'—p—n" -
avoge, BO3HMKAKOLWME NPU NPOXOXOEHWM Yepe3 Hero
obpaTHOro Toka MMOTHOCTBH HECKOSbKO kA/cm?. Mouww-
HocTb konebaHunm coctasuna ~ 10 kBT. Cnegyrowmm
aTanom crtana pabora [3], rae npy NnNoTHOCTM Toka J ~ 4
KA/CMZ, yacTtoTa konebaHun gocturna 5+7 My, a moul-
HocTb = 300 kBT. Huwxe pesynbTaTthl [3] MogensHO npo-
[orkarTca B 06nacTb 6omnee NnoTHbIX TOKOB.

Il. Pe3ynbTaTbl MOAenupoBaHusa

[ns yncneHHoro mogenvpoBaHus Gbina Mcnonb3oBsa-
Ha mopgenb [4], 3aknoyaroLascs B COBMECTHOM PeLLEHNM
ypaBHeHunn Kupxroda, onucbiBatowmx paboTty anekTpu-
YeCKOW CXeMbl C AMOAOM, W YPaBHEHWUN OAMHAMMWKN Snek-
TPOHOB M AbIPOK B CTPYKTYpe AuoAa. YunTbiBanucb npo-
Leccbl reHepauuu-pekoMbuHauMKn, 3aBUCUMOCTM MO-
OBWXHOCTWN HOCUTENeEN OT 3M1eKTPUYECKOro Mons, anek-
TPOHHO-ABIPOYHOrO paccesHUs U pacCcesHNa Ha npuve-
cax. Miccnegyembli KpeMHMEBBIN AnoA, Kak n B paboTe
[3], umen cTpykTypy p'-p-n" Tvna TonwmHoi 320 MKM,
rnybvHow 3aneraHusa p—n-nepexoga 220 MKM M nnoLia-
oblo S ~ 0.5 cm?. Yepes anog B pexume reHepartopa
TOKa nponyckancs Tok, HapacTalwmi co ckopocTbto 30
A/(CM2 Hc). PesynbTaTthl pacyeTa nokasaHsl Ha puc. 1-2.
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Puc. 1. PacuemHbie 3agucumocmu rnaomHOCMuU moka
yepe3 0uo0 (Wmpuxoeast IUHUST) U HarpspKeHUs1 Ha Hem
(cnnowHas nuUHUsI) 0m 8peMeHU.

Fig. 1. Calculated time dependences of the diode current
density (dashed curve) and diode voltage (solid curve)
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Puc. 2. 3agucumocmu Yyacmomal (CrinowHas AuUHUS) U
MowHoCcMu (Wmpuxoeasi NIUHUSI) KorebaHuli HarnpsKeHust
Ha 0uode om MIOMHOCMU MokKa. JKcrepuMeHmarbsHble
OaHHble [3]: A— MOWHOCMb, ®— yacmoma.

Fig. 2. Dependences of frequency and oscillation power

(solid curve) and oscillations power on the diode current

density (dashed curve). The experimental data [3]: A —
power; ® — frequency.

BuagHo, 4To B AmanasoHe J oT 3 go 20 kA/cm® B
CTPYKTYpe AMofa CyLLeCTBYIOT konebaHuns HanpsikeHus,
pasMax KOTOpbIX MakcumarneH B Hadyane u gocturaeT
320 B, panee cHmxaeTcs C pOCTOM MMOTHOCTW Toka. 3a
npegenaMy avanasoHa peanusyeTcsl pexmnm cTaumo-
HapHoro npobos, koraa B CTPYKType ycTaHaBnuBaeTcs
XapakTepHOe pacnpefeneHne  3reKTpoHOB, AbIPOK U
3NEKTPUYECKOro Noss He MEHSIHOLLEECS CO BPEMEHEM.
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lll. AHanu3 pe3ynbLTaTOB MOAENUPOBaHUA

PacyeTbl nokasanu, 4To npouecc reHepaummn koneba-
HUN HanpskeHUs B OMOAE Pa3BMBAETCH B OKPECTHOCTU
p—n—nepexoda, U CBsi3aH C NepuoaNYeCcKMM 3anorHEeHU-
€M ee HEOCHOBHbIMW HOCWUTENSMW, BO3HMKaIOLLMMU
BCIeACTBME MPOLIECCOB MAaBMHHOMO Pa3MHOXEHMWS, U Mo-
CriefylolWwmM  UX yaaneHweM anekTpuyeckum nonem. lMe-
prog konebaHun MOXHO OLEHWUTb Kak CyMMYy BpeMeHM
HapacTaHus 3NeKTpU4ecKoro nonsa Ao Makcumyma (En, ~
400 kB/cm) n yoaneHust Hocutenen ns obnactun npobos:
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(1)

roe [ 5 107" d/em — ONaneKkTpuyeckas NPoOHULLAEMOCTb
kpemuus, W ~ 15 Mkm — wipuHa obnactv cunbHoro no-
J'Iﬂ ¢ ~ 0.7 — pons obnactn W 3ansTasa npoboem, Vs ~

10" cm/c — HacbILEeHHasi CKOPOCTb HOCUTENEN B KpeM-
Hun. OueHka (1) n pacyeT (puc. 2.) NokasbiBalT pocT
YacToTbl MpPU YBEMUYEHWM MNIOTHOCTM Toka. PacTeT u
MOLLHOCTb KorebaHui, gocturas MaKcmmyma ~ 1 MBT
npu NNOTHOCTM Toka ~ 15 kA/cM? 1 yacToTe ~ 10 ITw.
MoLLHOCTb, CBSI3aHHYI0 C MynbCcauMsiMy 3HEpPrun arek-
TPOMarHWTHOrO MO B CTPYKTYpPE MOXHO 3anucaTb Kak:
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OueHka (2) aaet ~ 1 MBT. Hanbonee MoLLHblE KpeM-
HueBble JIKO-TRAPATT auvoAdbl M3ny4yalT MOLL-
HocTb ~ 0.4 kBT npu yactote ~ 1 [Ty [1]. Otnnumne
CBSi3aHO C (hakTopamu, YYTeHHbIMU B (2) — GonbluUM
00BbEMOM 06J'IaCTI/I, 3aHMMaeMon ANeKTpnu4yecknm no-
neM, n manbiM nepnoaom N3aMeHeHusa ero amnnnuTyabl.

IV. 3aknoyeHune

YncneHHbIMM  MeTogamMu  uccredoBaHa  paboTta
InbdY3NOHHOrO  KPpeMHUEBOTO Auoda  p -p-n’-Tuna.
MokasaHo, chakTopoMm, 3anyckallyM U aanee noanep-
KMBaOLMM NPOLECC reHepaumm konebaHnin HanpspkeHust
B CTPYKTYpe Anoaa sBMNsieTcs NAOTHOCTb 06paTHOro Toka.
YcTaHOBMEHO, 4YTO Mpwu nnomocm TOKa, nexallen B
AvanasoHe ot 3 1o 20 KA/cM?, B CTPYKTYype avoga pea-
NN3YETCA PEeXuM HesaTyxawwmx KornebdaHuin Hanpshke-
Husa. OBHapyxeHo, 4To Hambonee MoLHble konebaHus
BO3HUKAOT MNpu I'IpOTeKaHVIVI yepes gmon Toka MIOTHO-
cTbio ~ 15 KA/cM2. B pacyeTe Ha OAWH OMOA, MOLLHOCTb
kone6aHwu gocturaet ~ 1 MBT npu yactote ~ 10 .
Pa6oTa BbinonHeHa npu nogaepxke POOU,
rpaHT Ne 10-08-00313 n Ne 12-08-01152.
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Abstract — Numerical methods were used to investigate the
operation of the diffusive S|I|con p'-p-n*diode. The reversed cur-
rent density of 50 kA/cm? passed through the diode having the
width of 320 ym, p—n junction depth of 220 um, and surface area of
0.5 cm?. Itis shown that at a current density of 3+20 kA/cm?, in the
structure of the diode there is a mode of undamped voltage oscilla-
tions. Outside of this range in the structure the mode of stationary
breakdown is established. The most powerful oscillations existata
current density ~15 kA/cm?, with power of oscillations in the diode
of ~1 MW, frequency ~10 GHz and efficiency ~30 %.

I. Introduction

For generation of microwave voltage oscillations, the semi-
conductor diodes operating in IMPATT and a TRAPATT-mode
long ago are used. The mechanism of diode operation is based
on the phenomenon of ionization breakdown. The external im-
pulse of an overvoltage is necessary for diode operation. The
characteristic values of microwave power and oscillation fre-
quency for IMPATT is 50 W and 10+100 GHz, in a TRAPATT-
mode to 400 W at a frequency 1+ 10 GHz. The microwave volt-
age oscillations in silicon p*- p-n* diode, arising when passing
the reversed current through is for density on ~4 kA/cm? .The the
oscillation power of ~300 kW, the frequency of 5+7 GHz. In this
paper we continue these researches.

I, lll. Main Part

The calculation was performed using a model consisting of
a simultaneous solution to the Kirchhoff equations that describe
the operation of an electric circuit with the diode and equations
of electron and hole dynamics in the diode structure. The stud-
ied silicon diode had a width of 320 um, p-n junction depth of
220 pm, and surface area of 0.5 cm?. The current build up with
a speed 15 A/ns was passed via the diode in a current genera-
tor mode. In the range of a current density of 3+20 kA/cm? in
the structure of the diode there are voltage oscillations. The
swing of the oscillations is maximum at the beginning (~ 320 V),
and then further falls with an increase in a current density. Out-
side of this range the mode of stationary breakdown is carried
out. In this case in structure the characteristic distribution of
electrons, holes and an electric field not changing over time is
established. It was shown that the process of voltage oscillations
develops in vicinity of the p—n-junction, and is bound to periodic
filling with its minority carriers arising owing to processes of ava-
lanche multiplication, and the subsequent their removal by an
electric field. The power of oscillations reaches a maximum ~ 1
MW in case of current density ~ 15 kA/cm? and frequency ~ 10
GHz. The power can be written as:

2 2
P:VE'Q(SIZE ]:(S.W)?'Em 1)

ot T

where £ = 107 F/cm is the permittivity of Si, W~ 15 um is the
width of area of the strong field, E, ~ 400 kV/cm is the maxi-
mum of an electric field, 1 ~100 ps is the period of oscillations.
A high value of power (~1MW) is defined by the factors consid-
ered in (1), i.e. a large volume of the area occupied by the elec-
tric field, and the small period of change of its amplitude.

IV. Conclusion

The numerical methods were used to investigate the opera-
tion of the silicon p’- p-n* diode with a width of 320 um, p—n
junction depth of 220 ym, and surface area of 0.5 cm?.In forms
of a single diode at a current density of 3+20 kA/cm? the oscilla-
tion power reaches 1 MW at a frequency of 10 GHz.
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