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AHHOmMauusi — WccnepgoBaH MexaHUM3M reHepaumum MoLl-
Hbix CBY kone6aHuii HanpspkeHnst B Anddy3MoHHOM KpeMHue-
BOM Auoge. Yepes amoa € TONWMHOW CTPYKTYpbl 320 MKM, riy-
OuHOI 3aneraHus p—n-nepexona 220 Mkm 1 nnowaabto 0.5 cm?
nporyckancsa obpaTHbIi ToK amnnuTtygon 2 kA. lMNpu cpegHem
HanpshkeHnn Ha gmnoge okono 300 B u gnutensHoctn CBY nm-
nynbca ~ 200 HC MakcMManbHbIN pa3max HabnogaemMblx Kone-
6aHun pgocturaet 480 B. Yactota konebaHuii Haxooutcsi B
aovanasoHe ot 5 go 7 I'Tu, mowHoctb CBY KOMMNOHEHTHI UM-
nynsca coctaensiet = 300 kBT npu KNO ~ 50%. MexaHusm
reHepaumun konebaHuii paccmoTpeH TeopeTudecku. lNMokasaHo,
YTO 3anyck npouecca KonebaHwuii HamnpspkeHus, Ux pasmax u

4YacToTa onpeaenarTcd NNOTHOCTbIO 06paTHOFO TOKa.

|. BBepgeHue

[nsa reHepauun konebanun HanpshkeHnss CBY gwna-
nasoHa [aBHO WCMOMb3YKTCA MNONYyNpPOBOOHUKOBLIE
npubopsbl ¢ AnoaHoW CTpykTypon. Hanbonblwee pacnpo-
CTpaHeHMe MOoMyyYunu naBUHHO-NPONETHbIE  AWNOAbI
(JINA) n nasuHHo-kNoyeBble anoabl (JIKA). NKA npea-
cTaBnsieT cobovi naBWHHO-MPONETHbIN Anoa, paboTato-
WM B Tak HasbiBaeMom TRAPATT-pexume. MexaHnam
paboTbl o6omMx TUMNOB AMOO4OB OCHOBAH Ha SBMEHUU
MOHM3auUMoHHOro npobosi nonynpoBoAHWKa noa Aew-
CTBMEM CWUMbHOrO anekTpudeckoro nons. [ns pabotbl
OnoaoB HeoOXOAMM BHELUHWUI UMMYNbC NepeHanpsike-
Hus. B NIMNO gns 370ro ncnonb3yeTcst HarnoXeHne BbICO-
KOYACTOTHOTO 3MIEKTPUYECKOrO Mofs, KOTOpoe, CyMMU-
pysiCb C MOrieM NOCTOSIHHOrO CMeLleHusi, obecneynBaeT
npobon auogda B Kaxablil nepuog kornebaHuii BHELLHEro
nonsi. B TRAPATT-pexvume guog paboTaeT kak BbICOKO-
YaCTOTHbIA KOMMYTaTOp, YacToTa cpabaTbiBaHWUsl KOTO-
poro 3agaeTcsl 4acTOTOW MOCTYMSIEHWS Ha AMO4 WUM-
NnynbCOB  MEpeHanpshkeHMs OT  BHELUHEA  CXeMbl-
pe3oHaTtopa. Ha oamH amon xapakTepHble 3HavYeHus
CBY mowHocTh 1 vyactoTsl konebanun ansa JINL goctu-
ratoT 50 BT 1 10+100 Tu, B8 TRAPAT T-pexxume o 400
BT npn yactote ot 0.6 o 10 My [1]. B pabote [2] Gbinun
obHapyxeHbl HesaTyxawwme CBY konebaHus Hanps-
)XEHWA TVrarepLioBOil YacToThl B KPEMHUEBOM p'—p—n" -
avoae, BO3HMKaloLWMe Mpu MPOXOXOEHUN 4epes3 Hero
obpaTHoro Toka AnutenbHocTbio ~ 300 HC M MMOTHO-
CTbI0 HECKOMBKO KA/CMZ. MouwHocTb konebaHun oueHu-
Banacb BenuuuHon ~ 10 kBT Ha oamH p—n-nepexoa.
[aHHasa paboTa npogosmkaeT uccnegoBanus [2].

Il. PeaynbTaTbl 3KCNepuMeHTa

Mcecnepnyembint kpeMHueBbin aunoa D nmen cTpykTypy
pJ'-p-n+ TMnNa TtonwwmHow 320 MKM, rmybuHoW 3aneraHus
p—n-nepexona 220 mkm n nnowaaesto 0.5 cm?. [Ons BO3-
O6yxgeHna CBY konebaHuii HanpsbkeHus B Ouofe wc-
nonb3oBanack cxema (puc. 1). KovgeHcatop C1 (20 HO)
3apsbkaeTcs OT UCTOYHMKA NUTaHMs 3a 1 MKC 4O Hanps-
XeHns ~14 kB. MarHuTtHbIn knmtod MS7 3akpbiT. B Mo-
MEHT MaKkCMManbHOro HanpsbkeHust Ha C171 knio4y MST
HacblwaeTtcs, n aHeprua u3 C1 nepepaetca B C2 (20
H®). Tok amnnutygon 1.2 kKA n gnutenbHocTbio 320 HC
npotekaeT Yepe3 avoa D B npssmom Hanpasnexun. Mpu

poctuwkeHun Ha C2 HanpsbkeHus ~ 12 kB HacbiwaeTtcs
kntoy MS2. KonpeHcatop C2 nepesapsbkaetcs 4vepes
kN4 MS2, a Tok aToro npouecca amnauTygon 2 kA u
anutenbHocTblo 350 HC npoTekaeT yepes D B o6paTHOM
HanpasneHun. MNpu npoTekaHun obpaTHOro Toka u3 au-
ofa npoucxoauT BbIHOC M3ObITOYHLIX HOCUTENEW, WH-
)KEKTUPOBAHHbIX 3a BPEMSsI MPOXOXAEHUS MOMNOXUTEMb-
HOI MOMyBOSMHbI TOKa. B MOMeEHT BpemeHu, G6nmsknii K
MakcMmymy o6paTHOro Toka, AuMOA HayMHaeT BOCCTa-
HaBnuMBaTb cBou Grokupytowme ceorictBa. ObpaTHoe
HanpspkeHWe Ha HeEM pesko BO3pacTaeT, YTO UHULUKPY-
€T BOJSIHOBOW yAapHO-NOHU3ALMOHHbIV NPOGOWA.
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Puc. 1. Cxema akcriepumeHmarnbHOU yCcmaHO8KU.
Fig. 1. The experimental setup block diagram

Puc. 2. Ocyunnozpammbi HanpsipkeHuss Ha Ouode (80
B/den.): a — ozubaroujass 0OUHOYHO20 UMITYrIbCa (YEPHBIU)
u npu HanoxeHuu 2500 umnyrnbcoe (cepbit) — 40 He/dern.;

b —oduHoyHbIt CBY umnynsc, macwmab — 500 nic/dern.

Fig. 2. Voltage oscillograms on the diode (80 V/div.):

a — bending around an individual impulse (black) and

when imposing 2500 impulses (gray)— 40 ns/div; b —
individual impulse, scale - 500 ps/div
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Mocnepytowee npoTekaHne obpaTHOrO Toka 4yepes
avop npoucxoauT B pexume reHepaummn CBY koneba-
HUA HanpsbkeHusl. OnuTtenbHocTb konebaHun ~200 Hc
(puc. 2.). B MOMEHT MakcumarnbHOro Toka pasmax Korne-
6anun pocturaet 480 B, yactota 6.25 MU, MOWHOCTb
CBY komnoHeHTbl =300 kBT npu cpegHen BxogHOM
mMoLHocTn 600 kBT. MeHepauus konebaHu HanpsbkeHus
Ha avofe npekpalwiaeTtcs 4O OKOHYaHWs umnynbca ob-
paTHOro Toka. MNOTHOCTL TOKa OTCeuKM ~ 900 A/cm?.

Cuctema peructpaumm Bknoyana B cebsa kabenb ¢
yacTtoTon oTceukn 6onee 20 My, aTTeHaTopbl «Barth
Electronics» ¢ nonocon nponyckaHus 30 My 1 umdpo-
Bon ocuunnorpad Tektronix TDS-6154C (nonoca npo-
nyckanus 15 Mu, anckpeTtnsaums 25 nc).

lll. AHanu3 pe3ynbTaToOB 3KCNEPUMEHTa

[na aHanu3a 3KCMepuMeHTanbHbIX AaHHbIX Oblnn
npoBefeHbl YNCTIEHHbIE pacyeTbl C MOMOLLBI0 Mogenu [3],
3aKMN0YaKoLWENCA B COBMECTHOM PELLUEHUN YypaBHEHWUN
Kupxroda, onuceiBaowmx paboTy 3anekTpnyeckon cxembl
¢ avopom D, n ypaBHEHWUI OMHAMUKN 9NEKTPOHOB W Abl-
POK B CTPyKType Amoga. bbino nokasaHo, 4Tto mpouecc
reHepauun konebaHui HanpskeHuss B AMpdy3MOHHOM
avoae pas3BuBaeTCs B OKPECTHOCTUM p—n—-nepexoda, u
CBSi3aH C MEPUOANYECKNM 3arofiHEHMEM €€ HEOCHOBHbI-
MW HOCMTENAMM, BO3HMKAKOLLMMK BCEACTBNE NPOoLEeccoB
NaBWHHOIO Pa3MHOXEHUs!, U NOocneayloWmnM KX yaaneHu-
€M 3eKTPUYECKMM Monem.

YCTaHOBMNEHO, YTO OCHOBHbIE XapaKTePWUCTUKM Mpo-
Lecca konebaHuWn HampsPKeHus, Takume Kak 4actoTa u
pa3max konebaHui, onpeaensioTca NNOTHOCTLIO NPOXO-
Jsilero Yepes auop Toka. PacyeTbl nogTBepAannu akcne-
pUMEHTanbHbIN  akT, 4YTO CyleCcTBYeT KpuTuyeckas
MMAOTHOCTb TOKA, HUXE KOTOPOW KornebaHnss OTCyTCTBYIOT.
B aTOM cry4ae B OKpecTHOCTU p—n—nepexofa peanuay-
€TCs pexum cTauMoHapHoro npobosi, Korga ycTaHaenu-
BaeTCs pacrnpegeneHne 3MneKTPOHOB, AbIPOK U ANeKTpu-
YeCKOro MOoSsi He MEHSIIOLLEECs CO BPEMEHEM.

IV. 3aknoyeHue

B paboTe akcnepuMMeHTanbHO U TEOPETUYECKU WUC-
crnefoBaH MexaHM3M reHepauum MOLWHbIX KonebaHun
HanpshKeHNs B KDEMHWUeBOM anoae p'—p—n' -Tuna, Bo3-
HUKAKOLWMX MPU NpOoTeKaHMn OOpaTHOro ToKa MITOTHO-
CTbto Ao 4 kA/cM2. YacToTa koneGaHuin NexuT B avana-
30He 5+7 Ty, mowHocTb ~300 kBT npu KMA ~50%.

B oTnuume oT cyllecTBylOLWMX METOAOB reHepauuu
konebaHuii B MONynpoBOOHWKOBLIX AMoOAax, rae Heob-
XOAMM BHELUHWA UMMYNbC HaMpsiKeHWsl, B AaHHOM Me-
Toge (hakToOpoM, 3anycKawLliMM W NoAAEpPKMBAOLLIMM
npouecc reHepaumn konebaHun, SBMSIeTCA MNNOTHOCTb
obpaTHOro Toka. YCTaHOBMNEHO, YTO BbICOKasi MOLLHOCTb
konebaHun ceAzaHa ¢ GonblWwKM 00BLEMOM obnacTu,
3aHUMAEMOW 3NEKTPUYECKUM MOMeM, U ManbiM Nepuo-
[OM U3MEHEHUS1 €ero aMmnnuTyabl.

Pa6oTta BbinonHeHa npu nopaepxke PPOU, rpaHT
Ne 10-08-00313 n Ne 12-08-01152.
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Abstract — Generation of powerful microwave voltage os-
cillations in a diffused silicon diode has been studied. The
reverse current of 2 kA in amplitude passed through 320-pm
diode with p—n junction depth of 220 ym, and surface area of
0.5 cm®. At the average voltage about 300 V and microwave
voltage pulse duration of ~200 ns the voltage swing of the
oscillations reaches 480 V. The frequency of the oscillations
is 5 to 7 GHz, and power is about 300 kW. In the theoretical
analysis it is shown that start of process of oscillations, their
swing and frequency are determined by density of a reverse
current.

I. Introduction

For generation of microwave voltage oscillations the semi-
conductor avalanche transit time diodes operating in IMPATT
and TRAPATT-modes are used for a long time. The mechanism
of operation of diodes is based on the phenomenon of ioniza-
tion breakdown. The external impulse of overvoltage is neces-
sary for operation of diodes. The characteristic values of micro-
wave power and oscillation frequency for IMPATT is 50 W and
10-100 GHz, in TRAPATT-mode is up to 400 W at frequency of
1+10 GHz. Recently microwave voltage oscillations were found
in silicon p*- p-n" -diode, arising when passing reversed current
through it in density in some kA/cm?®. Power of oscillations is
about 10 kW, frequency is 1 GHz. In this article we continue
these researches.

I, lll. Main Part

The studied silicon diode has p*- p-n" type structure in thick-
ness of 320 ym, p—n- junction depth 220 ym and the area of 0.5
cm’. At the close to reverse current maximum (~4 kA/cm2), the
diode starts to recover the blocking properties. Reverse voltage
on it sharply increases. Impact ionization starts and process of
voltage oscillations begins. Oscillations have frequency of 6.25
GHz, power of =300 kW, duration ~ 200 ns. Voltage oscillation
stops in case of current density lesser ~900 kA/cm?.

Model calculations showed that process of voltage oscillation
develops in vicinities of the p—n-junction, and it is bound to peri-
odic filling with its minority carriers arising owing to processes of
avalanche multiplication, and then owing to their removal by an
electric field. It is established that the main characteristics of
process of voltage oscillation, such as swing and oscillation
frequency, are defined by density of the current passing
through the diode. Calculations confirmed the experimental fact
that there is critical current density below which voltage oscilla-
tions are absent. In this case in neighborhood of p—n-junction
the mode of stationary breakdown, when distribution of elec-
trons, holes and the electric field does not change over time, is
established.

IV. Conclusion

Process of generation of powerful voltage oscillations in the
silicon p*- p-n" diode, arising in case of course of reverse cur-
rent by density to ~4 kA/cm?, is probed. Oscillation frequency is
in the range 5+7 GHz, power of 300 kW, efficiency ~50 %. Un-
like the existing methods of generation of oscillations in semi-
conductor diodes, where an external pulse of voltage is neces-
sary, in this method a factor starting and supporting the process
of generation of oscillations, is reverse current density.
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