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30 noisy. Generated noise can be reduced by increasing the Q of the microwave resonator, 30

but this in turn undesirably. reduces efficiency. Despite this inherent compromise, the

Impatt diode is presently considered to have overall superiority over compeutwe dewces

such as the tunnel diode, Gunn-effect diode, and the microwave transistor.

According to the present .invention an electric circuit comprises a semiconductor

35 diode device having a body of semiconductor material with two contacts thereto and two 35

rectifying junctions one of which is.a Schottky barrier junction formed between one of

the contacts and the body, the body being such that the flat-band voltage and the

reach-through voltage are smaller than the avalanche breakdown voltage, means to

apply a voltage across the body which is below the avalanche breakdown volmge and : .
40 at least intermittently _beyond the reach-through voltage and which forward biases the 40

Schottky barrier junction, the minority carrier bearer of the Schottky barriers junction

under this condition being sufficiently less than one-half of the band-gap energy of the
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35 di ode devi ce having a body of sem conductor material with two
contacts thereto and two 35 rectifying junctions one of which is a
Schottky barri-er junctionformed between one of the contacts and the body,
t he body being such that the flat-band voltage and—the—+e
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equal to approximately three-fourths of one period of oscillation at the
resonant 40 frequency. Since current results from forward-bi ased
mnority carrier injection rather than aval anche multiplication, the noise
figure achreved 1s much lower than that of com parable |Inpatt diode
circuits. Wen used as a voltage limter, the device offers advantages of

| oner voltage limtation and easier design of the voltage limter device.
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illustrated graphi cal Fig. 3|an ZAlsahedloﬂ@bmm nhhe @udugtdondand; 30
appl i ed vol t age“acr os¥reite aemq‘e‘h 'g %gﬁ%%ﬂlﬁkﬁﬂf?%nt
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such that duri ng}SOScmatrats; erhotehes sho‘&nobf @w\ard svm ng of the voltage reaches 35

the value [err]“and a %2: gjvelyr
length of the diode |§§Ve Y ,jmss‘% %me’;e’tg“i); edtv‘ﬁkae o b@éi EE s{g&%}ﬁ B hat

the transit angle is tmppfgtaxlwmnselsymcreisem ta “reach-lﬂ&bugh’SvoltighWnLIﬂﬁE&wd aken

for the curernt 4ul sedePlethrfm? touchtehch atfien el tei@l 40
equal to three-fourt r&n‘ g).n ﬁg e@fm gel ofs&heﬁfg @% 1es 4§S of
current flows throughnd hpisd Yofiabe Lof the neg Ive por on o
vol tage cycle in opposi tAscie vbh:agé hereamlfﬁrﬂge;hetehefeeﬁt aeﬂistaﬂzcét.sxhl,aq mﬂ;at ive
resi stance. Thud the z;r@nfg jsesown in Fig. 5A. At this critical voltage, 45
the ries 27 and 2 exten honzonmlly from junction 26 as shown in Fig.
5B, or in othet words are.“flat”. This defines the “flat-band” voltage Vyn shown in
s Fig. 5B. A further voltage increase results in the electric field distribution shown in
Fig. 6A and further emergy band bending as illustrated in- Fig. 6B. The maximum
50 voltage that can be apphed is, of course, lumted by the avalanche breakdown condition 50
: - at the reverse-biased junction’ 25. . :
¥ - -With the foregoing in mind, the pnset of current at a voltage approaching Vs,
-dep;cted in Fig. 2,-can be _appreciated from the following considerations. Referring to
Fig. 4B, when voltage Vgr is reached, an electric field extends the entire distance across
55 the wafer and it is possible for a minority carrier 30 to be injected across junction 26 55
: and to be conducted across the wafer. Ordinarily, minority carrier flow in a Schottky
barrier diode can be disregarded as bemg small in comparison to majonty carrier

current. In Fig. 4A, however, the majority carrier Schottky barrier junction 25 having
the energy level @nl prevents majority carrier injection and, since the wafer is fully

60 depleted, minority carrier current flow may be relatively slgmﬁcant As the voltage 60
increases further, the barrier to minority carrier injection is effectively reduced until,



22 and 23 indicate negative resistance, while the remaining portion of the
curves, in 20 whi ch currents and voltages are in phase, represents
positive resistance, it can be seen 20 that with an appropriate transit
~angle, a substantial net negative resistance is attal nabl e. Vereas the

| npatt di ode depends on aval anche nultiplication for formng the required
transit-time current pul ses, the present invention makes use of a newy
di s- covered mnority carrier injection phenonenon’ In explaining this
meghani sm reference 25 W dsooke made to Figs. 3 t0+6. Figrz3As a
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in 40 Fig, 4A which shows el ectr field E.as a function of distance x.
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boundaries 27 and 28 as a result & the applied voltage of Fig. 4A. As the
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aval ancit¥ %&Réqt@b 5§ fﬁhewafe B o e S AR R O ot hg [er
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ext ends 'fi\lj?;'éﬁ f;eee_ os a;inﬂ‘:t gﬁ?; is possible for

a mnority Neddelth®it n&qle aissrea)ssmﬁ wﬁ ttky55 and to be
conduct égkrigCiumsion. ﬂhmum/a)éermcuwnmaﬁo rwmhratgmﬁbderlranter tf | ow in a Schottky
baf?i er PERVSE| dn helln ‘he(iggaﬂeson"?o maj ority
carrier i W&?ﬁ%ﬁﬁ%ﬁm [ﬁcﬁﬁ FEEPR Per Schottky
barrier 'j Uil @8 fotdgo ecmtgyp peRaRY @il Mj ority carrier

i nj ecti @ﬁuamlrnasbmmeestsédebwmhea npxsmifqml lﬁ@as lllustratcﬂe tbt m&em nority carrier
e

cuf? ent °f F’(SV\? @Vsr”éﬂl i gty C"§? ey a'shie]ﬁ:f%l i 64%i ncr eases
furt her rE rd {ﬁh@ﬁﬁéf&kg bfelaibn dfthedebi 15 p ctively reduced
unt i | Wlth umform doping; the electric field is:desigried to approch zero ‘at the:form 920 at the;

flat- barb@sedon@tlm @nexshlem qxe . me&ps that eebeér pATTgES Wﬂ tmvcloirr ty carrier
i nPRct | dﬂl&%‘:w ‘2§d"w - iy carier,

i nj ecti Qfdweiar,! @m in F1g -8, 'most of the volmge
change occurs across the h:ghly doped reglon nnmcd:ately ad;acent the forward-biased
junction 26. Since there will be little fluctuation inthe remaining portion of the wafer, .
55 the current pulse expenences a hlgh ﬁeld dunng nearly its enure uans1t, thus mcreasmg 55 -
efficien '
' W(zh an n—type silicon wafer 10 microns. long, itis feas:ble that L, be nine microns
and L, be one¢ micron, The lower carrier concentration N; may be 10 cm-®, while
: the higher miajority carrier concentration N, in region L, may be 10" cm*, Whatever c
60 doping levels are uséd, the wafer must meet the five réquirements listed above, and so 60
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The resulting current increase is depicted in Fig. 7 in which curve 31
shows that 5 the current increases only slowwy wth voltage until the
reach-through voltage [err] js 5 reached, at which tine the current

density increases suddenly to a maxinumat the flat- band voltage [errJ.
Thereafter, the current again increases only nodestly until it reaches the
aval anche breakdown vol tage [err]. At aval anche preakdown, of course, the
high curgent density results frommjority carrier generation through

aval anche ﬁuufpl ica- 10 tion. 1,380,920 5

10 It is clear tiat—the present—mechant-smregures—that—the

voltage [err] and f braimizingrrhe vf@dmargwn{nen daegmprldﬂemmﬂrddphﬂmnimgelaﬁ&akdovm
vol t age {err] It c¥ht @shws;iﬁ‘ﬁt 3 at ed that the current at
the flat-band vol tagg i,%s & dupkd ;r"ﬁg" g ngfé'? %g‘ Qiag‘}j’ gﬂt err]
shown in Fig. 8B thlatSlghﬂ enddgy drigRathg Iagbki arfdénnd 3531 ﬁﬁdiﬂlt%ﬂ gh the di

decr eases, the cur rlest 36atASt1mélefﬂlgat1-eb'amtnenoltheaghagc singepredsed Whhsahagnatbeen
shown 15 experi rrenmgh eﬂg“f‘%"qltl"geﬁ’ﬂaﬁ?q lff-és E!‘FdF‘FegeﬁeqUVdY n

whi ch curve 32 shom&g&i pr%gq,p,n,; %f Eﬁg‘lﬁﬁﬁf"’e Y80 t hat
of curve 31, tivere i s Fig 1obm\ﬂ&b£seoﬂd aadetlan, gM@ iﬁg@yp@- whéh Big N, bi £ant 10
current increase un‘ﬁfmtertméafBWeﬁk%wthq/@b B f ervpllagé whirteinddse than Vk,]legmu

consi derations | ea ﬂ“é‘s ﬂﬁ°ﬁ‘é9 i2t fpriazd poltage baging
barrier nmust be s&%@&%ﬁeﬁﬁ% ﬁ%ﬁg tze A ls,frl: {l %m@é the

conducti on andi5 ﬁdhsmiaédeﬂnmeadmnd:a 3906 a |l oedl 1. 1{ 11 s d dited t?a(lﬂﬁﬁtﬁd-lﬁlﬁg@&aﬂf 15

k
)
b
-
L
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Schot t ky, barri er c Wh 3’;&!@@ the diodeak1Bi iebiasehatal dfesoltagmwlnch is
siderations wel |l kn' t I mS|I|C|de
contacts can 25 ° com a s d:‘g":%"[{a ai stﬁY\ugxcefgh o&&

barrier. CaesiZtm orvolgg iscsifician menyi semsdme lﬁasrtd ﬂlblﬂﬁ-bﬁlm’voﬂagéwp@tlﬁl ddG 20

pl ati numis recomﬁ@%{ﬁf‘ﬁb’ qﬁnéuytpe 26| donstires ras bR medamdpagnltq:lavmpalwappear
to be suitable for Ti# |odeo nmust
meet the follow ng th@qmtr(gm%t%% \L'Eiﬁe hﬁeﬁa& ﬂﬁtv?éﬁ;ﬁ %Igaﬁ;ﬁm Pﬁﬂ?ﬁf&%f an%i must

form a Schot t R§ bardowerAx}omncatdvmge B(hat the flat-ba ﬂbltath&naﬁtetsﬂﬁadrﬁgdﬂdﬂgx@é t hes
waf er nmust be thin ‘f} E)a'gﬁnvéf levels, BERY be@f@retl gmﬁ pfi aogirceity

aval anche breakdovvrr,(,lSI ,@é‘@dftj E%&?HE ss% i © B hot t ky
barrier forward-Dbi ase jUI’IC- tro must han Ih reakdown vol t age;
(4) the mnority carrier barrier nmust be srraller than hal f the band-gap
energy; 35 (5) for optinmum effrg}éenﬂ;‘/SIJD tf the device is to be used
as a transit time negative 35 resista deyjCce, the transit time of

current across the wafer should be equal to approxr mately three-fegyrths of
one period oflsgscr |l ation at the resonant frequenc Notice that it is not

necessary tha rev%ﬁ%‘gﬂb@ ‘g‘éﬁﬂ“’ R CETFiSS fonseptrpfion el S afst thicknetseand podf the wefeR i on 30
It nust be a rectifyl Wm&mﬁci %aer, f}ﬁﬂﬁﬁﬂﬁ&hmd\é"'sfcﬁhtﬁy %&QEH&ts,bﬁwefﬁu&O 40

prevent majority caesiof? mldﬂqnemhdmnbwhg £ 10M0dud tietingivslQgeOly o wlsf he
mnority 40 garri éhickdn ltl¢ €rom j oghey) fimiters. tHoe emmpley e
region 1's onl 1 hattipy % lzﬂﬂvhsrﬂ E%.E@, A Al
f orwar d- bi ased Schat;i @,.rvmhegthe

&ied2! lﬂﬂte < st ant
dopi ng | evel of theectminepeoldnberhe d@lpmgihveefvfhﬂcmm pheagnt ence,lﬂi&: aemds b

using a nonuni,form caaéxvre foreedomeflﬂﬁft 8
whi ch shows maj ori {3, ez% "éﬁtﬁs %ﬁt ‘é}é{i‘j iy :{rﬁj )stan@é
The 45 purpose of sﬂ‘a d Sbofks) [Phal) Ehe Rfa Srelit&i to&&woﬁnﬁfr h€e o i

t hrough a ngj or porretqrnmmemi gtrhellst mm surcegfubnnmbmyr cagxet Iitﬂ!:cﬁdntlwhehﬁsyﬂioe of
oper ation of e dé&d the el ectr field is

desi gned to a roc Ig,lt;'gf mgﬂghém& m I%P lg]%ﬁm]“ﬁr’fﬁ%ﬁ @%‘“&?B?%Tl?%d s
before. This neans t at I nj ected car ri ers twW I+ travel a 50 si gni fi cant
di stance in a | ow i dlogntiablistridbhtive pad/Elecgon Gwrenmhé/keel-SMwndm@f-MenaI@rdsw a

function 50 of the: o%};‘ch‘;"iﬁt L ng vota‘éégs atpTlE? o Gsul b semmnr?(ngCI t:é ;{I ati ons
gi ve a_ har nf ukg di S pggcar 19 RontcO 18 Wsthowrtint Blg, Il he IVAIEILE 1 febr
shown in Fig. 8, D®%tfopdrdtisedy Tht €eon current is due to the thermmmc emission of elec-
: trons from contact-17. The current continuity reqmrement d1ctates that the electron
currents across both barriers must be equal.

1. Small Voltage Range

55 " For biases sufficiently low that the ‘sum of the depleuon widths W, and W, is 55
smaller than the thickness L, the charge distribution of an MSM structure is shown in
Fig. 11A for an n-type semiconductor with fonized impurity concentration Np. The



change occurs across the highly doped region i medi ately adj acent the
forward-bi ased junction 26. Since there will be little fluctuation in the
remai ni ng portion of the wafer, 55 the current pul se experiences a high

freld during nearly its entire transit, thus increasing 55 efficiency.
Wth an n-type silicon wafer 10 mcrons long, it is feasible that [err] be
"nine microns and [err] be one micron. The lower carrier concentration [err]
may be [err], while the higher majority carrier concenfration [err] in
regign [err] may be [err]. \Wat ¢¥gs:60 doping level s arfe us%g{j?che

waf .' t-efehtS—-sted—above—and-s56—66—-5 5

1, 380, 920 copespbritlingi elRetrit Hebd SidftheCpobiitidl div@iBdioh bdidbRained frold FeGitegid-0bl em whi ch
depends i tionk gf the Peissore equatign atershowncimiFigs.odidBgad HIC, mepectivilsd used. Fig. 9 sHows
the use of tHeE @PisgaleenY Gsherd bprasnsthess, Brocopipety soytak  di ode 11 of Fig. 1,
as an anplifier. The diode is b{ygﬂapvznear its reach-through voltage by a-
battery 5 34. Signal energy originating at an anten@x 35 is
trangmtted through the diode to,a 5 Joad 36.  As in the Fig.

enbodi nenfr‘b‘;‘:tfﬁ’éﬁ&o‘l[:";‘gg? SRt S Bty (h e ey Guigipg RMeaachds t he
flat-band vol ?rage err]’, and a current pulse'is induced in the diode,
effectively anplifying the applikg)urrent. Thus, the anplifying circuit
may be used as a pul se regenerator, or as an anplifier off)frequency

nodul at ed S l.at £d. way I Fig. 10 shows the use of a
di ode 118:-1‘9{3152%}% cﬁ?@ﬁ%&t@tﬁbm\gﬁoﬁmgkgﬁ am??/& as a 10 limter. A battery
38 biases the diode 11B at -a voltage which is l'ess than [err]. The circuit
paraneters are such E,Dak:t@mhi Wb stgpal-o pr odu(c)e a forward vol t age having
beyond the flat-band voltage and the bias is al’so arranged so that it is

| ovetd t haghdih&, ¥ i Qlie- dfediide RidhakRGEcobtifant for lettdng TUiBE tenPerditi@, g=i t eld vol t age
val ue. A g/ighEL: i Gelyemxinium geulicifield {8 x=0), 4 isairsipirintickhnier dwedng ant enna 39 to a
| oad 40. foeilifientjand @4@q; is dbe $hottky bpspier; peripy BFR®RY trans- 15 nmitted to, for
exanpl e, three volts, the diode 11B is biased at a d-c voltage which is
three.volts below the fl at-bapd-voltage. As long as the transmtted signal
vol t age does not exceed PeagF ,%he di ode i s non- conducting, and the signal
is transmtted uninpeded to the | oad 40. However, the signal 20

voltage is sufficient to raise the diode bias to the flat-band voltage
[err], the diode t h&fi~ 20 becomes ful | y conducting and constitutes a | ow

i npedance path to a dissipative inpedance 41. One advantage of this limter

is tigat the limting volta - made smaller than that of agal.ogous
voltage limters that bpar!at;”e ®&mf he basi s of fhval anche break- 25
down. Anot her advantage iS that the flat-band voltage can be easily '
adj ust ed LR ﬂ,iv?d cu2,;r5emv Igiaqe ilsirp'eti"ng at any of nunerous |evels as may be
desired int éwacourse o e & F &It Ydesi gn. It can be shown, that, for a:
uni formy doped sem conductor the flat-band voltage is.related to dopi ng
and wafer thickness hy, <dne, E5qrrBhetda fagr] (2)30 where ND is the -
maj ority carrier concentration, L is wafer thickness, ‘and [err] is the

vaf er  30whireh®G kdni 1 dBRME intelpphiibry(6) With Vo)) dphiaig yafiar,,). pl ati num silicide
Schot t ky bar Subgitution of equirdops &) walf §) intoh{4r fieldntbe selavibnship ibeteeear’s, and [err]

bei n® 5 Xx®de¥x] [err], the liniting voltage is about two volts,®which is
substantially smaller than that available fromother limters. For exanple,
35 _silicon. limtersapshlfs Gh akdown, may not be used for
voltage limts bel ow - 35ngb%ut Qe/?lg vg'fﬂ’[b‘gs"a,9 whil e silicon tunnel diode
limters are limted to about . i_\ﬁeewjts -

i*h.: o 1’

For a symmetrical nietal-senﬁconductor—metal (MSM) structure with <I>-..'t'-—'-<I>,.,,I
Vp1=Vp=Vp, and: assuming o;=a,=0, equation (9) reduces to

I LR O N R

Equations (3).and (9) can be solved numerically or graphically to give the electron
current as a function of voltage. Since J., is a slowly varying function of V,, while J,,
varies rapidly with V,, most of the applied voltage will be across the contact 17.

<A

m. . ] a



Furthernore, wth either aval anche or tunnel diode limters, the limting
voltage is determ ned solely by the doping level, while with the present
device, the parameters ND and L can be varied jindependently to give a

| ar ger” degree of freedomas is often 40 required in integrated circuit
design. It should be understood that the limter is not a 40 transit tine
negative resi stance device, and thus, it need not neet requirenent (5),
stated above, that the it'ransit time be related ito a resonant frequency. The

ot her fdur_k%qw rerments generally relate #88 uccessful mnority carrier 2
|n]ect|on ich is_also u:murprl in fhp er diode. 45 A —

detai | ed expl anat 'anQIagéshﬁrgaJm&@kea@iﬁ? hSfSRagdRAer | yi ng the invention,
along 45 w th exper iTie Besh-titagiyoltigel Wy O3 agthvediltagelatwﬁieﬁenekunabf the

Di stribution and Elepletionp widti@iis exaqtly efual Wt Gée-Bp A $indeict or - Met al  ( MBM)
Structures Wien a negative voltage is applied to the netal -sem conduct or
contact 17 with 50 respect to c 18, as shown in Fig. 1, the
barrier 25 is reverse-biased andl-b#giﬂ 8#vy;)50 26 is formard-biased. The
electron current is due to the thefmonic em ssion of elec- trons from
contact -17. The current continuity requi rerrent dictates that the electron
currents across both barriers mist be equal ‘1. Smali- Voltage Range 55

For biases sufficiently low that the sum of the depletion widths [err] and
[err] is ?smaller t han the thi Lt he charge distribution of an
MBM structure’is shown in Fig. !z‘ﬁ\/ﬁ:l:]r('ﬂﬂz’n type sem c#hductor with i oni%ed
inpurity concentration [err]. The correspondi ng eI ectric field and the
potenti al distribukd RichaBrowph {vokage canl BeOdRatnd® fof {tRDfoBowide! @pessiof t he Poi sson
equation are shown in Figs. 11B and 11C, respectlvely T e applied vol tage
V is shared between these two conta#ts%=%o that [err] (3?5 From
current®continuity requirenents (refer to Fig. 11C) we have (assuming sane
5 areas for both contacts) (04 The reverse: current densjty [err] in the
contact 17 is given by 10 where Alerr] is the effective Richardson
constant for electrons, T the terrperature -~ 10 [err]is the maxi num
electric field (at x=0),[err] ig the intrinsifex arrier Iog\erln
coefficient, and [err] is th’eﬂ%o’tﬂ&‘lbért‘l T-'Ig\?@e?lng gi'ven by [err] (6)
[err] 15 The forward current
density [err]iis given by [err] V\/nﬂr-e—kg-gﬁ]—-can be obtal(q,gd in equation §6
with [err] replacing [err] substrt o gquations (5) and (8) into ()i
yields the relationship between [err] 20 and [err] [err] For a
symetrical netal *SERIESHIER Glastn¥emms 8RN structure with [err] [err] and
assumng [err], equation (9) reducgs to 25 [err]
Equati ons (3) and (9) can be soTweﬂ—nl}FreK’mc"ad)l y or gr a@ﬁl cally to give the
el ectron current as a function of voltage Since [err] is a slowy varying
function of [err] whlle[err] o '

v T

Yz m - e an

The meaning of Vg will be clarified in the next section. '
15 After reach-through, the electric field will be continuous and will vary linearly 15
from x=0 to x=L. The magmtudes of the fields at x=0 and x=L are

Epy=(V+ Van+2AV,)/L

; - (18)
Ene= (V:'"Vrn)/ L
K 19
e The field will pass through zero at a position
20 Xo=esEm1/qNp . o |
20) 20

The voltages are given by

: Vs Yy + 2702 g
"1+'m-m--1%1';i- . (21)



varies rapidly with V2, nost of the applied voltage will be across the
contact 17. 2. Voltages Larger than the Reach-Through Voltage [err] The
Reach-t hrough voltage VRT,is defined as the voltage at which the sum of the

depletion widths is exactly equal to L (see Fig. 4A). SIince [err] [err]

(12) 5 the reach-through vol tage can be obt ai ned
fromthe foll ow ng expression [err] . (15) or-[err] (14)
where the flat band voltage, [érr],’is given by [err] ~ (16) [err]

17) JThe meaning of [err] wll rified in the next® section. g
,(Aft?nrsru:arh rhr?)uah [the]electu 35&%(’(1 will he continuous and wMary
linearly 15 fromx=0 to x=L. The magnltudes of the fields at x=0 and x=L
are [err] (18) [err]..(19) Th eld&m 132 pass. t hrough zero at a positien 20

[err] Voo = V2* Vg atP The vol®hges are given by [err]
1, 380,920 [err] (22) SI nce the depl etlon edge of the

rever se- bi aseg, LRl AleridpSedBt S rcb e Biabdd Abneif ist eéﬂr\rertd&fareased one, the
forwar d bafdrkd-biasd bﬁptl'g]ﬁ)fw{rﬁ Gariedis Wpidly felieE m&esdiei bag@, el t 5

fol | ofis t héilowshibatethe eédram cgrent ig mow iligiteyoby the mévererebidsed ¢ohectraed &r se- I5i ased -
cont act an@virsby eguagips, & whrye the date; fomEx: 5 siveR &Y eavetips (8% ue for [err] is gi ven
by equati 08 (Vhfiges Bargef HrdnBBE Frab-Bdnd VoldgddR), t he Fl at-Band Vol tage [err] As
t he vol t age mcrheaaege thddabeb B therpiveriallBink ViedrRehieRll s @4Li locofubsided at X=L becomes
zero and t el ey bmmﬂatcorttabrel%mﬂatme BiscircEhefapplied ¢olegs Fi g. Sb). The

appl i 8 vof ‘t"ﬁ%’é“ to the ap "‘6;{ the, figtsband oltage L5 magairideeni s ol | ed the
flat-band VofTag agdggf esquan%ﬁsn Eﬁ s%{lngoe" it ai ned from equations (18)
and (20) by setting [err] v[erqi,] ) (23) Thi s quantlty has al ready*been
used in equations (15) to FFoi” ma %S/m*retrl cal®3tructure, i.e.-, [err]

igu%eogniéﬁ)s ?}{JC%§ }%eiguéejg% ‘},qu’““s gaate@m #2 Bred ea[?él’mvm vol t age. For

applied vol tages I arger than [err], we have effectively only one barrier

contact. The maximumelectrigfiel dis still gi ven by equation (18). The
el ectron current density /s=%Li¥| given by eque®#ion (5), but in evaluating
[err]isand [err], equat ion (18) should 15

The maximum Vgg is limited by the avalanche breakdown voltage
For applied voltages larger than Vg, we have effectively only one barrier contact.
The maximum electric field is still given by equation (18). The electron current density
- is still given by equation (5), but in evaluating A®,; and @:Em, equation (18) should
20 be used. 20
The maximum voltage that can be applied to an MSM structure is determined
by the breakdown voltage. Because of the strong, dependence of ionization rates on
field, the maximum field Ep at breakdown (for an abrupt junction with a given doping)
is essenually a constant independent of the width of the depletion layer. From equation
(18) we obtain for the breakdown voltage Vy (with E,,;=Eg):

VEVB=EBL_VFB—'2AVD .
' : 25)
‘And for symmetrical structures

VB = EBL—VFB .
. (26)

II. Hole Current Transport ' :
... The hole current comes about, because of the therxmomc enitission. of holes from
30 the contact 18. As shown in Fig. 11C, for small bias, the effective barrier for holes at 30
contact 18 is given by (®, 2+Vm—V2) ‘Those emitted holes which diffuse from x, to X
constitute the hole current. :
In the neutral region (x1>x>xg) the steady—state continuity equation for holes is

given by .
35 ')"3 TxfpE ¢ (1) 35

where P,, is the equilibrium hole density, D, is the diffusion coefficient, afi i
7, the lifetime.
The solution of equation (27) is snnply

e~ Pno =.A§-x/1'p + BQ‘x/:b (28)

40 where L, is the diffusion constdnt: (= Dy, Dyryp). The ‘boundary . conditions are (1) at 40
X=X, p=pu, €Xp (—q V/kT), and (2) at’' x=x; :



20 be used.

20 The maxi num vol tage that can be applied to an MSM structure is

determ ned by the break

ionization rates on field, the maximumfield [err] at breakdown (for an
abrupt junction with a given doping) is essentially a constant independent
of the width of the depl.etion |ayer. From equatjon (18) we obtain for the
breakdown voltage VB (with [err]): 25

25 [err] (25)%And for symmetrical structuasgsperr] (26) 11. Hole Current9
Transport The hol'e current cones about because ol the therm oni ¢ em Ssion
of holes from 30 t he cont act 18.'2,6@@%09»\4\43 v’,‘j,n Fig. 11C, for small bias,

the efféective barrier for holes &=%30 contact 18 is gi ¥®n by [err]. Those

emitted hol es whi Clahedd Af*iSe éffe@Re RRhdrdsord @ndit fo} halddTEHe latbittay doki@nti Q) @ cur r ent
I n the neutral regBdmequetion](28) lgm tetdewiyined famahcvmtdary ppiditions he hotercufrent hol es
is given by 3 § density J,,, is then given by the gradient at x, and'[ngrcprjdmon that J,;=0 at thermal  3g

where [err] 18§ t he® “‘&‘B‘i“i“f 6°rnfuﬁi°ng (iﬁ'blve=0()j:ensi ty, [err] is the diffusion

coefficient, and [err] the lifetinge. The saol t.j,‘l'n'.of-equ.at_ion (27) is
sinply [err] 40 wher e [eer].ﬁ"%itbmgﬂ%ﬁrhwpstant_ [err]. The
boundary conditions are (1) at 2 ferr]]and (2) at )[err] 1, 380, 920

9 [err] - (29) where [err12i§(°t he gffective Richardson constant
for holes. The arbitrary constants- B i gMug} i on-'(%g.). can be g
determ ned fromthe boundary conditi omn.( hol e current 'density [err] is
then giyen by the gradient at [err] and'the condition that [err] at thernal
S equilibri _lmF&Q_zBelea Wéifagek iin &cess o V&), the neutral region, (x,—%,), becomes zero; and .

5 [err] For appli ete hak tcagpas rediwescsocess of [err], the neutral region, [err]
, becones zero; and the hole current reduces to 10 . o
[err] ° 10 4,0~ Beottt'ecniad i fas, (22) gpd (31) we obtaild
for V> Jerr] [err] (32) At [err?, the second term
can be negl ect ed aPcimtdy@tibe|(22) and BHnte dbedasiot Y>Ver gi ven by [err] 15 For
vol tages in excess of [err] we have consi der t he_Schottky i nmage-force
|l owering 15 effect at contact 18, -spd|t “: ,Cukr.ent is now expressed as
(34) [err] 20 I11.. CurréR{-%3! t age® Chafact®ert st1-¢s 2 Lo

20 W& can now add up.:the contributions of electron current and hol e
currents to give _tﬁ‘gvf:(YmI‘h?‘c‘Eﬁ"?deﬁ‘tm. cag e peglerted gnd;the folecument denpig s glEn Shal |
define sone inportant quantities: .- ' - o ' S

pm e T e
15 For voltages ini excess of Vs, we have to consider the Schottky image-force lowering 15
effect at coritact 18, and the hole current is now expressed as S .
. ‘ 'Tpl - g!?e -M’onﬁﬂﬂi’z ' . (34)
, ’ (V-Ygp)
Asz = %ﬁ = %m’x— (35)
20 III. Current-Voltage Characteristics - 20

We can now add up the contributions of electron current and 'ho'le;t':ur:en_ts to give
the total current, To facilitate presentation we shall define some important quantities:

o . - - -0 /K2
Ty = electron saturation current demsity g L;!.ze "1__

f T = hole saturation current densily 3 gmzo 2
| 3 . 1% -EL-“ v (v, ) o
¥R band (] - - . E
% e %

| Vpg = Teach-through voltags ¥ Vyp = /.“rs'nz. _ . " s,
: Tt Too¥



[err] [err] 10 1, 380, 920
10 1. Smal | Vbltage Range V<VRT Frontequatlons (5) and (30) we have [err]
!’{ﬁ\ rprrl d 2)

[err] “The first case i mplies that the el ectron barrrer hei ght [err] IS nmuch
| arger than the 10 hole barrier height [err]. For V<VRT the hole current
is about one order of magnitude snaller than the €l ectyon current However,
for voltages larger than [err], the hole current increases rap| dly .
accorg ng to equation (37), and ngesdes [err] (=2 X 10[err]” [err]o)v:LO
at [erTi—For v>ferri, the current increases Srowy Th-accordance w
equat i on ( 38)Small\pltige RepgeyV¥aches t he breakdown condition given by
equation (25)F1’°m equations (5) and (30) Weha¥e, . { he second case, the hole current
will be always smaller: than the electron current; and the total current is
essentially given by the, fi tecml_fevlequatron (36) ‘As-the vol t age
I ncreases, we eventuat | y"’oht"’a  the sane” br eakdoyp condition given by 15
equati on (25) at which the ent starts to increase rapidly. A typical
exanple, wth identi q,] rs gs | N e fg,r} case except that [err]
)

V, is also shown ir ; G-e | s’*r'f‘fp'a;'i;a‘nt “¥¢ notice that the rapid

I ncrease of current ' err] (for th&"F st ca Is not due to aval anche
br eakdown but rat her due t9 t he hol e mSSI fromthe contact 18. By
propes sel ections of. ot ands (Eﬂ\ret'e'arﬁs I at - band vol t ages fsrom 20

a few volts to thousands of volts. By varyr the relative barrier heights
[err] and [err] we can a],so ob aLw 3Y characters which fall between
that of the. above t o 25 c¢dpes® p'e'rl nt aPP”St udy 25 1. Device
Fabrication The senpi conductor material used for experinental structures
was single-crystal siybegn fers w rrlj-cmresistivity, (4X10[err}
cm[err] doping) <1131'>~'—§T|g?fr“ o rqsh %gpéﬁth a dislocation density |éss °
than [err]. The wafers were pollshed on both sides 30 to a final

t hi ckness of 12+ [err] The thi Mﬁ:d vn{,,‘ers wer.e. gi yen: a degreasi ng cl eani ng
cycl e before being placed % vadadm system Pl %% num of 500A t hi ckness
was sputtered onto both sides of the wafer and was sintered to form

appr oxi mat et hallGfd@Acofide tvaaindportdat easdeS)L.Gh:kgmaudr(zmﬂn.}mmk- 35 ness 300A.

was deposi ted'I'laﬁnﬁJféIrPese plis ﬂwrhfcﬁe amrhestre r ofid Au 35
evapor at i o q%gg rﬁvbgg‘ kiy? gﬂf‘t, 8’*‘ side. The
~wafer was 8 rapidhPdcaitg @ﬁn&s(gjj,ghn («A@)klén y@=3[err]ml ayer
- of Auionas pd uﬁ;ed'o:oﬁwmt,hhe tsncdases beandiaaador]ﬁmos ne(m),l c nmet hods were

used to deﬁllldn &Y Fee‘tbF ﬂétﬁ@ g bmg %33 ect ed top gol # | ayer was
removed by jfd%]fg @ dots on the
silicon watg rvomgt caeae@swe v heXeadh Y\ é Q;O[err] The

devi cts weegatha(2N)odt edhich yh eemrd:m . tAfmesase mgp e:;ampb,rvathm)unt ed in
"\V'-type pm§ ghgrameters as in the first case except that <I’,,g—l v, so shown in Fig. 7.
s important to notice that the rapid increase of current near Vyp (for the first
case) is not due to avalanche breakdown but rather due to the hole emission from the
contact 18. By proper selections of Np and L, we can obtain. flat-band voltages from
20 a few volts to thousands of volts. By varying the relative barrier heights @®,, and 3,
we can also obtain other I—V characters which fall between that of the above two 25
cases. .

25 1v. Experimental Study
1. Device Fabrication :
The semoiconductor matenal used for expernnental structures was smgle-crysml
silicon wafers with 11 Q-cm resistivity, (4% 10 cor® doping) <111>> oriented, and 30
with a dislocation dessity less than 100/cm®. The wafers were polished on both “sides *
- 30 to a final thickness of 12+ 1pym.
The thinned wafers were given a degreasing cleaning cycle before being placed in
a vacuum system. Platinum of 500A thickness was sputtered onto both sides of the wafer
and was sintered to form approximately 1000A PtSi.on both sides. Chromium of thick- 35 :
ness 300A was deposited on one side, which was followed by a 3000A layer of Au
35 evaporation. The same depositions were then made on the other side. The wafer was
Eounted on a ceramic disc usmg Apxezon wax and a 3pm layer of Au was placed onto
e top side.
Standard photolithographic methods were used to define circular patterns and the -~ 40
unprotected top gold layer was removed by iodide etch yielding circular arrays of gold
40 dots on the silicon wafer with areas of 2X 10~%, §X10-* and 1.25X10-* cm? The
de::nkces were separated by etching. After cleamng they were mounted in “V>-type
packages. .



11 1, 380, 920
11 The barrier heights, as determ ned fromcontrol sanples wth PtSi on one
side and ohmic contact on_the other, were 0.85.0 05 V for [err] [err] and

0.20[err]0.05 V for [err]. These results are in good agreenent with

previ ous neasurenents. 2. GV Measurenent 5 The variation of the
differential capacitance,of an MSM structure can be con- 5 sidered in
ternms of two voltage rapges; viz. vol tages snaller or greater than the
reach- thrordgn vol tage [err] For [err] tll,es(rgaeultant capacrtance per unif
area is due'to [WCaanl tances T Series. ]_E‘ff

10 (39) where [err] W)bﬁﬂmh@mﬁﬂmaﬁd rsgmpl

[err], the resul taff ?‘Pf;ﬁheig’eos”ldﬂfﬁ fv%us%020+00 Wr

15 [err] _ ol gp mcreases nost.- of it wll
be across the cont a.ctc-éVMmhretﬂaﬁ capacitance is then 20 - g
[err] The variation of tig tia)xppagitaice OEHeNéSMrtsfe @Pcbﬁ cps 5
conpl etely depl ete Eﬂ *e°fé‘ét?) FATREE b‘é’r g smaflex or greatey phan thy peachs o ¢ gt
for a parallel plate aeﬁte résaraﬁdmpacﬁﬂaepéumtakéat&aﬁ%waba&m

Gener al current-vold #da: behavi our was 1 n agr eenment wi th predictions
considered 25 in Sec. IIl for the case [err]=0.85 V and [err]=0.2 V. It
is found that;around V=30 V the current cLncriedses rapidly. Also it is foynd
that in the high current region there |s acqugatrve tenperature

coefficient; i.e., as the tenperature increases the voltage at W@gh the
current starts to | crease rapidly, actually decreases. This is in contrast
to aval anche 30 e“breakdovvn Whl ch has a positive tenperature

coefficient. _ é; D/m?@ The high-current region will now
be studied in nore det ail. From equ tion (1'37) t he dogg,nant ‘current

conponefit for [err] is t he hol e &yr n by (for [err]=0: [err](44)
[err] <35 A plot of |.nJ.vesis \J érqr_jgs‘houl d yield a straight line with
slope [err], and 35 the intercept at [err] should give the-hol-e saturation

current density [ eFer|sym@stget structums bml for ¥siVis(7éne Vil thamsulting ceprgwhdent 5
agreenment wrt. equﬁt“i"&“nm(44)' The fl at-band vol tage for 193[err] and ;.1,

300[err] is determnedfromequatl H 24) tp be 46 V (i 12
1,380,920 [err]. The actual val Ué erW1 v,,??vﬂl V at \%r ch val ue the

current started to increase |ess rapidfy. Yhe difference of 41V and 46
volts indicates approxi nately a',_g,ooﬁz,ldei qry% ion of inpurities at 77[err]
" e VA P

As the voltagé increases, most of it will be across the contact 17 and the capacitance
is then

20 : /;'E’ (,/F"T‘*f-) @2 | 20

For V>Vgr, the semiconductor is completely depleted, and the capacitance per unit
area is the same as that for a parallel plate condenser: _

- C=3-5/L .

43)
3. I—V Measurement ¢
25 General curreni-voltage behaviour was in agreement with predictions considered 25
: in Sec. III for the case ®,,=0.85 V and &,,=0.2 V., It is found that around V=30 V
the current increases rapidly. Also it is found that in the high current region there is a
negative temperature coefficient; i.e., as the temperature increases the voltage at which
. the current starts to increase rapldly, actually decreases. This is in contrast to avalanche
30 - breakdown which has a positive temperature coefficient. 30
The high-current region will now be studied in more detail. From equation (37),
the dominant . current component for Vegr<<V<Vgp, is the hole current given by

. (for AVD-—O) _ . _
v -V)? | o
.T f J, 2 exp -1-—— (44)

35 A plot of I nJ vesus (V —-Vm,)2 should yield a straight line with slope q/4 VKT, and 35
the intercept at V=V should give the hole saturation current density J,.. Experi-
mental -results were in fact in excellent agreement with equation (44). The flat-band
voltage for 193°K and 300°K is determined from equation (24) to be 46 V (ie,



For voltages larger than [err] the current should vary in accordance with
equation 5 (38) due to the Schottky lowering effect of [err] and
experinment showed this to,be true. wer currents

were mainly due to surface | eakage currents. V. Discussion The

current-vol tage characteristics of MSM structures have been consi dered. The
measured results of a symetrical Si MSM structure are in good agreenent
with 10 t heoretical predictions.

10 Thg nost inportant design parapedgns are the hole saturdtion %Len’t
denstty ferri—anmdtthe ftat=band—vortage grvemr by -Werri=giNerri—For

osci |l | at orVamNnba‘Bﬁbﬂ"sl;e aml‘fatubbbwnnr%s 4lr\eatothish egiue thelqurrent statege hol e barri er
at the conﬁgfmmfalego iy pmdgf AR STa 4P aplts dndiearesAPPogpElY dbl e to [err]
and (2) a [€fgd:y rger than Vi) &e%@én{Q:Bulébﬁﬁmu&%nﬁ?{é'vﬁﬂ‘é&lﬁn&reakdom

vol tage. | (Bapadcathe Seriksl Ibweriag cffatt ob/BY and expedihent Showidl this & baamel as &n

osci |l T at orCPrn!m dedutures at Rgerepirentsiyead myplp desto: sw@cmb@ws:amtsm nce a: uniformy
doped bul k conductor - may be “used. Thi's™i-§"of'ten advant ageous because

hi gh- qual i ¥y jﬁn&ﬂk@&k@éhaﬂa&mﬁéé%ﬁM@ﬁﬁdﬁ%ém&@hM&m&ﬂd gdi tional Iy, any
Seri es resmsis@ed ces@ls 0P Ql Sinericdl tSh MSHe stHikcture are in good agre@medtasithal substrate is
el i mi Hat edthetzeuCWmﬁmm el] m nat | on of t he epitaxial process, th#® MSM

!
structures é”%ﬁg’ﬁm )gwee?@%?ﬁmﬁaﬂ% biound
al a

seni - conduct o Tdrns Jnd"*a,&eirs FBSPROLd Yfe ik arriBBieer i @l's. 3.
Ther e_i s nehebotldet SeduttedatJo St SialleraRanSor d@wpaiable ts), 4, aid @) £ Visswhidhnpl et el y

depl eled 215 smaller than the avglanchetjseakdoss Heoltdg. olmphraps |feaure .of W tMSMr ope} devi ce
desi gn, it "EGHCHESHARCHIYT nBEeone of the barriers can be elimnated’

before the ofhrge ﬁﬁﬁl';ﬁ&esﬁ%Qﬁ&%ﬁy%&ﬁkﬂmﬂﬁ%éopédhﬂih@mMMé}trUCture can be
made with semc sechightuglity buls meedah 3t be easily

formeg, and wit hOfth h@wﬁﬂ%gm mély,(aswnesasslse@:e associated with the d| appnd) where
a .CO.“VG“F I Ong# tof sg tﬁeoMgﬁlrsmlctures can also b The *

18

el i m nation GRHEP Rlet &idodamﬁéoﬁc[h‘&mrsa:? diﬁ&é fOf pn
junction structuﬂneshe@rampmb ma@um ar - the hr quai ity of the materials.
VIHAT 34E CLAI M| Thae & o ffsfsig;"g jsfneq the etely Seiiedondugyg or di ode

at, the vo tage rQ ewce 1t e sho
devi ce having a Q) - gf (f% t}{eeot ‘ﬁhwlfm contacts
thereto and tvvoddwactl yi ng Junctlons ‘one of - |ch I's a Schottky barrier
junction for rrdehﬁeIMMﬂrum carf be hedeouﬂltmicgldm tﬂl@b ab§ wllme body bei ng

s W

such fghat the tHEctpnefangy/ mﬁn %ﬂuﬁcﬁlcd ‘Fc’rg%s freNre }01f by taggt1 are
smal I'er than § ARt AthnE D haR ueéé’fﬁmteﬁmf Jeky a Vol tage
across the bodystm&mehcahslslbw mﬁm@eaﬂgﬁlcpﬂm&tga'nﬁa&dmm vol tage and at | east

intermttently- beyond 40 - ‘t he reach:through vel t age’ and whi ch forward
bi ases the S ﬁ'Ebéf,AfN?rSJ unction, 40 the mnority carrier barrier
of the Schot TebrBlit colbhMis 1:0BmicHBERYE dlold SevicO Bfing s WBeyPG NG

suf fi'#8d ent l;e)tudoﬁﬁ&wé I tarid) Wich [r@d Eonfa&s ﬂiaetobamdw fﬂﬁgelll@%ns fond fe bo®y to

permit subybleth |aaﬂ°h°@tk blaenee b t:e’rl bpdecti on so that a
negative r b % t‘ Qﬁtﬂi‘g r&‘:f "°%i‘;§§2 A circuit
fly

ho
accordi ng b&y Qvlhfaambel thes W E'Breﬁ:dé nagaandcat being 45
propo#d i ones zsa@h—tﬂma:gh tvblmgd axalnw]uth forwaed biades rthenm@ttky bame:r juaetdn.bet wéken t he

rectifyi ngthpyminority spmicy sba tW’at YhP‘EEQf ‘&’F‘%@r §n‘19f lsper| od of
osci | | ati o] g’f’ %ﬁg@%ﬁge&ﬁ fmnjto st and wherein

t he ci I‘CUIjneghtﬁre ds@hte medyo t'age across t e bo y never exceeds
t he atfal anchez. b’seakxdmrdmzl toadlpn 1sioctidingta tebnpang icirauti thetbediabeiig 50 45 as an
osciltlati Oﬁ;ggvﬁg ohat the transxt tithe of minority carriers between the rectifying’ junc-

s, ap

£ s

50 3. A ci ?;93‘:‘33 s s ARToha %‘é‘i‘;ﬁd‘tﬁﬁ i e 0] ying a -

vol t age acmeIsdyt hadyds Qmmﬁlhrﬁ:ﬁeﬁbreakﬂbwﬁ voltdgé So SIAL EE iréuitCheResa. .~ Si gnal
sour c¥®. 4. asercesriiation g@emwr-di ng to clai b 3 wherein the diode is cé‘hnect ed to
shunt the i fﬂ circuit ‘according to claim 1 wherein the means for applying a voltage across
Ee% comprises a d.c. bias source and an a.c. signal source.
4. A circuit according to claim. 3 wherein the diode is connected to shunt the signal
path to a dissipative impedance, so that the. diode forms a signal limiter.
55 5. A circuit according to any preceding claim wherein the voltage applied across 55
the body is at least equal to the flat-band voltage.
6. A circuit according to any preceding claims wherein the body is doped so as to
have a subsbmtxally ‘highér majonty camer concmtratlon adjacent the Schottky barner
juncnon than elsewhere.
60 7. A circuit accordmg to-any preceding claim wherem ‘the other ;unctmn 1s ‘also a 60
Schottky barrier junction formed by the other contact to the body.” -

A



pat h to a di ssipative inpedance, so that the diode fornms a signal limter.
557 5. Acircuit according to any preceding claimwherein the - "1
vol tage applied across 55 the body is at |east equal to the flat-band i
voltage. 6. Acircuit according to any preceding clainms wherein the. body

i s doped so as to have a substantially higher nmajority carrier
concentratpon adj acent the Schottky b%édﬁﬁ Junctlon than eI sevxhere >
7. A Circurt—acecortt y R
also a 60 Sc hdlﬁ,k:y{\lmykl,)e’l‘hq mﬂtvmaoffm mm;/att%e;henﬁbehe @ﬁaitaﬁﬁed to the

body. 12 to increase less rapldly The dlﬁerence of 41V and 46 volts indicigrpp@@imately 2 .
12 [or1). The SR alRRIOPen 1A 40,0 0o KA R B T o
Started § o i nores s Taaesany, 9as, e it s gl ol oy lts s

I ndi cat es appr dertintdepaytuds 4 eﬂemf):lﬂtsmfelxﬁﬁnly)fiud tb’pttfalcéle&‘a‘geailrr&l?s[ err]. For
vol t ages Iarger than- [err], the current should vary in accordance with

AT ON S o L 1 L B TERIE S S L T

wer e mai N1y duehdosrielipfedicirnd. eakage currents. V. Di scu33| on The 10
current-vol tage }' g@qﬂs‘}:l%ﬁ%t’af SHp @ké&mﬁa%cuﬁeférﬁ%hénsdered The
measur ed resul t%8 t e d%'fmg nggetnur(g) Plafe 131 9908: 207 eerent

with 10 t hapy @hia&él]s shuh@Rbr §1, liOdfiler than or comparable to Jyus, and (2) a Vep which
10 The nod? i nposheliet tide shqavajpache rhedakiogn akagt. isphiwdne featesrofitan ISMUr r et

density [err] d&HeEvreased|ag oo 9acilgroy dickiddje gi ven by [err] For oscillator "k
applications the fjold oM, s 13 PudtBn @ ddpe. gt the F
contact 18 such tha@&ﬁ%ﬁé?ﬁh%%&fﬁﬁi%&é)ﬁum@wm&@f{hﬁﬁﬁy 'gé‘iﬁs and (2) a ﬁf '
[err] whi %] iofterseagiér| te pbtaitn and 1ddigionallnlsaneties rb:seadcdemtedmxmalg:e : <
| npor t ant “T eat ur eg @““é emgg;jgfmﬂ;: S structure u glmt on_osci| | at of Y
ol ude: 1. No ep’t augal grapdenof e el ee" A it O Gtedjoped bul k1
sem conductor nay beusing adir raEEecﬁwmo mbegmlsadvant ageous because hi gh-quality

bulk matepial is &f t’léwtqreeasw dulk tsmesl)msa%mﬁe sacﬁdthgdmmmnabmslﬂelndypl@@rl es
Ie¢a tage 1 TOpEr

;F?ImS;Ztngg associ at éﬂ lv‘f cﬁh banffggl.%g begelumnatgd gefore € otg §|caxé ac%%vbﬁ% t he

elimnation of tha. e!piemmatruqm&eeasse midaewdlﬁhﬂnsdnﬂtmdm(rs&a ac @asykieer be nade

on many ogher el emerinations sepnetobr easiti) fosuad ar@owdue btgﬂdmt%éﬁlﬂyasu& n

their respective lgulfﬁmﬁﬁ e}, e 1 n“_“_ e ﬁf "gﬁﬁ‘ﬁ’t ance

since the structure grink@ ahty of the matenals

reach-through voltage. Wth proper deV| ce de5| gn, it can be shown that 25

one of the barri e%{l&%&f‘g%%k?§at ed before the other barries reaches
break- down. 4. T .}“‘ REL PR a:sog ﬁﬁﬁgl‘i% & (such as
CdS) Wher 85 ] UNGhhiRiatucia itbriab @ick &8 ngflgt:étpfh@ie 20 SroNeds Ao sondues or s
(such as 30 Whlch isa Schotﬂdnmmaﬂ Ct emeecabee@ewentof 'dmadntwhambthclmv,act S

difficult to fdhqpody being such tha E@:ﬂﬂgﬁaﬁ Lk hYoitee @fnper at ur e

di ffusi on st epgog c&gb&fﬁﬁ“ fﬁmﬁ ﬁ%&%@g&j@glamég%w: (r:It i(l, n

the high qoal ity RughBbobhideddnd . w

25
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ci;rcuit conpri shgmaorgpnratmdbetier di dge S!thq:&zebham mgm@nboldgerothESS

séni conduct i ve ﬁﬁggml Bingypaficns "gbrﬂ? ccg e‘?feE*? C%ﬁe . @c?jnﬂfl ng
junctions one gPeY au%m&mﬁéﬂaia Bt FEHY) GHEE MO For n8d “vet ween
one of thascont actzs Aadlftuit B&ordiag \to crame 1bﬁmhduiga1 fb@nﬁtﬂ(thcﬁth&fe Holiye bdidze 45
flat-band vol t ggwonioesdtsp ehat éacmnsst gupiersohetweethe IWGFWB\MH he

aval anche. br ea gy eRRE ST AHECT f SETEEY L e e e

the body never exceeds tbe ava'anche breaxdown voltage, so that the circuit behaves
50 as an oscillation generator. 50
3. A circuit according to claim 1 wherein the means for applying a voltage across
the body compnses a d.c. bias source and an a.c. s:gnal source.
4. A circuit according to claim 3 wherein the diode is connected to shunt the signal
path to a dissipative impedance, so that the diode forms a signal limiter. {
55 5. A circuit according to any preceding claim wherein the voltage applied across 5 !
the body is at least equal to the flat-band voltage.
6. A circuit according to any preceding claims wherein the body is doped so as to
have a substantially hlgl‘er majority carrier concenttatlon adjacent the Schottky barrier
junction than elsewhere.
60 7. A circuit according to any preceding claim wherem the other junction is'also a 60
Schottky barrier junction formed by the other contact to the body.
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body which is bel ow t he aval anche breakdown vol tage and at | east
intermttently beyond 40 the reach-through vol tage and which forward

bi ases the Schottky barrier junction, 40 the minority carrier barrier
of the Schottky barrier junction wunder this condition being
sufficiently less than one-half of the band-gap energy of the body to
pernmit substantial diode.conduction by minority carrier injection so that a -
negative, resistance characteristic is obtajned, 45 2. Acircuit
according ta_cBaimi including a resonant 1889920t , the body being 45

proportioned so-that hgnte{eggsii time of mnori t&(mcar.r&ee e§icebgrg_a\ge n the

. . . ) . C circult cOMprising 2 SeMicOmn r_dio and
rectifying junc- tiQRSed s ool Qishitlaty Yo bl GeGIbe Wil rofdincerol il aOthod .
oscillation at the indd®naeatFigl 9 £/ BigNI0yof @fe drdwingt.eSONant circuit and wherein
the circuit is arranged so that the voltage across the body never exceeds
the aval anche breakdown vol tage, so thal: ¥BRWAeyit behaves 50 as an
oscillation generator. 5, Mornington Roﬁd” :

50 3. Acircuit according to claim 1 Wroafmi Greénh Esseeans f or applying a

vol tage across the body conprises a dgut fopithesApplispee and an a.c. signal
source. 4. A circui PriggCol k- Majed:Os Bitihdty Ghicaf1s ti@iCourtelPro@) Ioghgndts: Spgnerect ed t o
shunt the signal patq?blts'ﬂfdélyHiggéﬁeﬁé{ﬂimﬁiﬁm%ﬁ&%ﬁ;&% Teriat, WHe 14698 forns a
signal limter. 55 5. Acircuit according to any preceding claim
wherein the voltage applied across 55 the body is at |east equal to the

flat-band voltage. 6. A circuit ace Lhg to any preceding clains wherein
t he body, is doped so as to have a ;SM majority carrier
concentration adjacent the Schottk‘y(lm" tunction than el sewhere. 60
7. Acircuit according to any prece ’mg’mwtﬂm the other junction is
h
s *

also a 60 Schottky barrier junction®*fofne er contact to the
body. ‘13 1,380, 920 13 8. An electric
circuit conprising a sem conductor di ode device arranged and adapted to
operate substantially as herein described with reference to and as shown in
Fig. 1 or Fig. 9 or Fig. 10 of the drawings. P. S. BROMW, Chartered Patent
Agent, 5, Mornington Road, Wodford G een, Essex. Agent for the Applicants.
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