* Notes Set 12: Physics and Noise of
Resonant tunnel diodes

this is a very long and very detailed treatement of a very specialized device
mostly hobby horse interest.




774* bcced Lo @4/ =4 < fé gy /6/7"

Lo . alel

Gﬂé‘c‘c/ é‘é‘t/(&d_ Lesgrs . ﬂérﬁﬁﬁm@‘r ﬁwﬁ/ﬂac‘é

/ﬁi.@ i d:ﬁ & C:';rﬁ‘-‘a'/,ﬂ;?%q/

_z:_/anwf-a/ pege e - res. ghanle aé/-cf_a =
Zwpeks, Geans, RTPsS .

we .0 ;@é z&/ Qaﬂ/zc/ e, ay #*f‘.’?x/ cae

Cons.cly opbicl commomictan | 4 AL Mppn enf]
e m&;é- Sresors ot s 1= >, 2y wriecl
./7«.-’4&-4'1:;.0[#& otecOld Mjwj/’ Voot  Ho

ﬁw % ;lfﬁ..'_..sﬁ‘_,



&

N e praped olin ekl auclhincke mtiphects
s _,mfe-w% .s’a'«::zféw/ﬁ« gk yr‘/ﬂ a//'mré/
/-%////V #e ffxzf éﬂc?e.. /‘e ﬁﬂjc .f‘?_ﬁ-:rt _ ,-z.._

S guclasche ohitodiool— Lo Ler ..

w .  spees ﬁﬂ;‘?}i‘-’ " S Crescocele Fehme [« ol k)

frc-a.f; 74 76 TELScs d'/é-- ;4{14 ,-/_ A"";f

il ﬁ/j ottt . M Lo ,E_Jg e géu¢/§¢'7
Vé’7 ;Z-{/ < /9(/ /héo/ﬂﬁ /4:« Ae’-’d’ Hose .




—rch —~reuk
__._,__’ —_—
(—
ﬁ” relype . guestons

7wk ate coll
e » LT,

croreef Eélﬁjt ch  emll




LR e TeE S W T
fy .ﬁ:a/c_-y _q:é./ Hose /Z’/;u Ao e o /‘(g
7‘::-#-:://:‘_7 correnf ,w/a 6‘: d.n-/f

Y 77{-: S g il ﬁnﬂe/f;y Bewnls o ho
the well sre _4'74/ sn/f}//é xiﬁz/eﬂm/gﬁ/ 2

77é,—¢ w// éf & =/c ELetiAe %‘4 Cﬁfﬂt/
'7%1{( ’h 7o )‘4 M//_: it /4{-:»;/ Aé- placr: 2,
e d -’-:75/: : frem  fhus, Fhe  ac  sweed :7«/

Femme //7 ddrrﬁ;/ A /r- ’4{ M/ é/// ‘ée H

I ~ AN T A SR -

B o5 o -zp 7.

S

mie sall  ael ,4.4 il e Ador



Wobe olso
o
£ et * 4O &+ BT
& &

= 6— e (bjc;/é/ E'-;
7+ '?}

e e g e s T3 G.lE)E

7 5 #/‘wf‘-?%

£ =& 1+ G /) /0 B+ T Gi/e)
L& Hes i 75

777/.«.!-' P+ _J"'ti:‘/ - d E«jﬁ [‘Cast’f o {7{*%@_;4#&4&.

{. = e P / = _fﬂ)j
/?"?295 6; 97—/&:' = = 4&'#‘? é_ C:r & 5}:

ﬁf}u
/s ok to ga R Frwn Corntond of A ;-:-:ué# cell,
whik TG s K g sfrcye fome.  zi eroi o
Lo olarriess, ‘{26}/& ) e e

((+ 4}54/6_) ﬂlﬂ'ﬂ.ﬁn/{f Scrm:‘i./ a/ ﬁm/: AC 7/1'4/ ,é7
Tz ﬁ'/nrfz sS4 764 il



=W/ =
i 5';9::& Cé‘ /

F

T = electrea ?‘04 o Carvent

Jwe & = Aspleemant corress
‘ Tr T Tt €T = Akl Grref

=g . At gl S
t+ B & (1 + TG le) (1 + juTp Kiv Bse)

- :/G" _). Ex
e e Gil€ /+ew0 B SC14 7% /<)

e =  Gex - €z

La«én e s e OB



Tote! Carret

ey W e CRE RS SR o iin
§ {.‘.;;,'4 N,Zn_“’
—--7;(;;) = G'g’,; / Z _JANE g lo)
/e e

=&

A< siﬂc/ 5‘;7#4'./ f{& Ar{ﬂ A(l":_fy[ﬁq 1(-. :

c’.{iyc. Mm:ﬁ/fyf M'é;t_fm e ﬂréj 25,

_ — S K
= S () e Jeta) &

,_%;At e  olry?  Geross 74.4-!&
w

Vc’w)=[£'/¥} Jz

EHY L lapr

é&:‘ t?_i- =
7 E =

sl



T} = ECo) + /,__, BlE) e
€ U
- gvel) . A o B i e
€Lt 4

& ViS

o A
ety L /.;7;@_} /; - e rlixd] JSx
o

- Z) * eleryl f 7 i | z‘/zzrg/
EV5AL.

—

LS
Agzzs, Fabel Eopr Y(w) < /’z'(;u) Lx
W) = €, - + Te (o) _[w"' . 4'@“’3/
€ Ui/ 2 c Veed

= f:ﬂv’ +....,'7c('u) J'/I./L 3 s ,JC-(,)M/
. = ——
£ Z UZck 5 Ul




S:-&é Ja/e. i

bt olbeitred £¢t) éy ,-Ar%mﬁ-dh- K5 cos
aﬁﬁemﬂy. e :az.é/ a/lic /f/.c‘::‘.!z S et c:.a«é-ac,:fv

a/ f‘é ,-4»4/ /Jﬁd’acf{ﬁ = a(s/f/écew,f/ carre’.

P

TT = T lv) + jwe&lvy),;  Jicw)s T:¢:)

Ar o/ %
Sor Jclo) +  wedlo) -~ _Tcr) = _Jtoe ECx)
¥/
o lCw) Conde - * _Je€ E70) = e Elyy
| - IR e -
f./-(d:} = ~c o) [1’-—@ £ W)
= =

JCw €

.—-—'-'_'_'_- e ———
U.' L

=l ) S ® - "-—«""”zz:jﬂu £5)
-Z/-"

_J:.{,...?E £

= i Z — ey F°C
——— s

c ¥ 2

L EC9)

a_,-(;r:/,-_s 794; LE=M7g SAaTLEAT | ||



r(et) = & - W + _Jcl0) T e —_Jjo W
& R < Lo

VCads Fote 2 Fita). (mm /} e 7*/

/Ma,e 7%= W/Z?Z’E‘-—(,/

B e e g B B R _)

Ww) = fw + Gew £ g ﬁ_w/i'_;may
M 5 &

Vv = W[fﬂf-g(éu/e')'}‘; /- 4T /
- = /+ e Te



 Tde qv aclo Famee 5.

y:—_—-?-;" :. E,:E, -7 -

e —

v v £
= G@x///-:‘-.}cd'?é/ - G E
Wi rh Gee M ® o Lo
;—. < T v« '?:5

= (Gu/w)/(f +.}U’7;.:') - et EJw

/] - Jw 7

[+ Gex A =
€ I+ o 7>

N



@

¥ alpl) % gl I+ jali]

I % sk e Bl el (= %]

s .
Courld) + AEL 1+ jev Te)

/5 (3G il2a) + e[ Ta = 7i(2Gayliteel]

. G e e (12 d )

Ly

[“‘ 34?4;.%75./26_7[’ L 4 .@.ﬁ.ﬁ (?Gu %/E)f]

|+ & Cee Tel2€



~ -
A £ Ié/:f.f_/ﬁﬁ-;#f e 14 4;..—; #o E';@/K*i

—

ase Cridwo)Clte jertz) = 1+ yw C5+%)
(14 jufl) =~ s+ JwCTH-NR) L 2Ffc.
/o Jr.-.f /2

b T 4 &

w It TG Bl 1 el T —._’f..af’muzxec?
/4 3 Caure /2€ e

bk (. p
|+ 2 CGepTe 26 [ + - 3Gex Te/2€ (- Te+Ty)
[+ 2 Geu e /7€




¥’ /

R s G‘ﬁx?-;'-/é / +J.a/’73 -_t’z/s}”'?_;f"?c&/‘ej

ot i Y é:) 4 /
E i R N I S e N (wy
(Gqf’}c/é}

/+ G '?'Z/é N ?G}/{

TAs alows e /A _—a ,gﬁ.w/._,/

coreelt mtvele! i Ale .tfﬁ...

nite  thet Crex K G, v sagebie o #4
fjrf-:/«'ﬂer a/f'n//@-ué.:/ resistonce 7@



(3%

ar”, aE - (nm ::Vérg = &F)
G‘Eﬁ -
= — - f. |
| / - 3 4« e 15 L ; ‘?? F

é al'

/ ; o Hﬂg ('?;'ﬁ"'
ﬁ?r:. T Lk
: 'A‘Ag
Cepec
(- l
S ﬁ-’éﬂf /:/7

2ol
K o /ﬁ’ﬁ‘{:{f 4"7/



Mo se

sfﬁ_{ oS

e o= s e

G s Es o i
£ o = o« Uhde) Tiud
""" e aai




| T e Si<. regian:

- Jw Rl
JE = ':E E E

8 4 € vicA

Gk of ; =

Vo 7w Tetor . T /r— .fc-ufzéi‘ﬁ-t—]

[

£o f;:-m,lr.?{' %z 5‘{@*/—_ Ca?‘“c:f-f-'ff e, 52 carren e sef vz

— —

lele) = =t <& :
Toe ¢ (= G« (243) G )

r.,{é _'?__r = P T B --:"*"Eg:.?_



=

— -ﬂt"g)__ﬁ;ﬁ_/[:_' Jew ._.'t’_-ZJJ_'Egy?. E s 8 o)
é Bz .

S BeRraa
— € = Titol frecmywttie ) u ]
€ 3 €

Lk _M ol Lew.

B e s T e T
"""_.,H--".?_'gl___._. """Ju?




Tca) ((+jwp) = G + ST

GE = Tl liajwi) . Fy

 Combne Lo f'_-é'f!" ___ _j
ST+ ~ efZ;_r.’a}_____(H':.f_'“f"?Z = & .. 0c0)
i 2 Ty i (1 2
=




Smwll. g e o+ Gty o« G

\ $-7r et i & &

= [+ /G,/_é)_/7' +% /]

IR

‘F-JC«I'T?*'J“/%:—E) Gf‘?}i._d_
o o g *é

—

= [7 G re)( 5 %] ]

|

N e l ! + (G, /€] (Oj*rﬁljl:




TR S | S
- e B

- SR z5 2o = =
et ._Q:_ll - / ___ff il LF ("zq;,(;:) Gl

(1o ge)) (AR

e ﬁg,{; % /,E // - G
 recaterce .c; oo, /ax—«: e

_ Pre e a:e:c{@_/_____.::-_s_ /::75,- %A s“é_{ . 4""*' e

——

L Senle g/ 5@? ro j h(-?%:/j)__m_




i

o i—_évﬂ Hrads s;e—a./ 'ﬁa:_“_/ g«r— E_A""L

poise | dmet- 5o el J%M Sk orech =

Lomre ftél{ ﬂ.f[#f_..t Cw ¢ "',4"( C.'.’ﬁﬂ?l{ 7 ’4;%/ I‘é

sk Seec. /?/; Sl e st sechh.

_zﬁ.abz.f_a/ ff A( %‘ . Zi__ )‘A Yf‘:’_} f(ﬂ-"c*é"#’/‘d‘

.Qf“é/_é 4 s‘carf—as _r_é_ ziﬂfc_gms_véé{_

———

P R T

PEETaE RS e e




e Conectuca

e - wf o s
The o P10 s ol lan 3

f‘-é z...u// &a/ﬁc-ﬂﬂna 4’-’, / z‘:é s;ﬁfce g/ﬂ:yg resy ;;éqq

el 4 Wbl

A/t’b-ac{ uﬁ _@a-/c:.-e ;‘4 sull fma/a:;fcagg forte

-/ B
I B s e T N
Cons /Mr‘_‘.' ﬁl@i{] € o M fesgt frwey. .




O = i
Ly
- Ol =
o Ll Srgc R e

Lo %€ = ] B Gl m /s / =
_G S e ol (GJ/E)(’Z&‘I" ‘72) / sy

_____M(_"_ﬁ Gu b 2 ore apake oo e b0 R ripim




i e ;




A > = T/, e peemetes o eccler.

Wk w72E e _.____.._:;_____..-_34-;;/)?-@ cesirlra wbH fopuns




&)

rz:_ - o ik

_ Prose aﬂ;ﬁ&;{_._{m_t._ B | ff.Sl[':eC/ Cola s f-/ e 7o

_; << ;M% Gl e Ve % o

!"'T‘\IJ __— = —
\1) e _

[_ﬁ) = ﬁ o 3—/ - k ai = G
W ey L+ LI +/75)




,Qtf = 29 ~dc oW B ;
PR R B o MR 8 e - _f' E— ra..‘ #_ == pj‘/
___[_ 'FTE 3_’5} Sl

{-ﬁ/er fév/%/"&“ ""’ 54"-/4@ e :ﬂqf és_ Méé

T

;aai fi/mf scce - Céfﬁt. /}m Hex oo 7/"‘:‘/

_._ﬂﬂ.{'- m-‘ &g /’l'f-f-»é Ao 5o, /”‘a/ééu #M




..... —: = Y\_/ -r______y S
i R .Mﬁ?‘ /b G e ol
par&a;m_l_/ei' : =
YT S R G\" (W =
[ -+ _4;_ e




é:u ; 9_2__3_ : J‘ GJ‘ ..'.-_‘-‘ 9_’3_:-.7-/
PV Iopy.a FE ‘wes
4’/ T w- Gw
L= _GIE"_"' (Ec'ﬁ?)

Aerz GH /s /‘/@ M/m,/%
c?g.f'g,—yﬁéé /il?/c./ﬂ &Mc/gﬁce P4

C pA Cap cc;fesce.,



Lrbing . o = B fw c,
z

_z?__ay_crfw 4 7’4 N2 R (EPoow,

2 . v

L= (ﬁ-u‘?}) / e

/5,',/ ] >/ G:u/ ,os?'t(’u- resistan e = =

\ < /Gﬂ'/ i ,"?f?ﬁr‘f‘te fe:;:/ﬁﬁtl_/y-‘.ﬂ*-

Ve
& / AT
L+ G (e +T)
& =f—(7;c"’f'})/?;?¢




Resonant Tunneling Diodes

(Sollner, MIT Lincoln Labs)
(Esaki)

Strong current flow when electron reservoir
' and confined state are aligned in energy.

Narrower AlAs barriers decrease the electron
trapping time, increasing AE, and increasing
the peak current density. Increasing the
emitter doping increases the electron supply
and therefore also increases the current

— - density.
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Parameters Determining RTD Fmax

Mmm

e ?"1 P S

\ g 2nN.C R,
. & — R,

i

layer

1 _1dJ -Maximized by

R,C ¢dE designing for high
current density
(reliability limits)

-Rg then limits fq5:
INAs/AISb RTD's have very low

(1 0/ Q-cmg) contact resistance,
& have attained f,54=1.3 THz.
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RTDs as negative-resistance oscillators

erittagleyer e Coupled to the conjugate
2 p: impedance -jX(w), the RTD will
m v . .
L oscillate if R(w) <0
e Z(W)= R +
M+ buried Ia-_.,.-e:{ bottemn ohmic contact ( ) 5 1 ki ] mR C
Schntllq-' and interconnect metal [Jsemi-insulating GaAs 1
o TR e = R(®) + jX(®)
-uhmir:. metal et
R
ALy 11
R R (Ct)) " Rﬁ 5 2 2 2
s L+ €
iy -H n R(C{)IHHK) o ()
C e
| 1 P B
a)max ;
el &

RTD oscillators have been demonstrated to 712 GHz
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Quantum Well Inductance
Transit time through well:
AE

AE is the F.W.H.M. of the
transmission probability

Equivalent inductance: C —

Ly = Z |
W=~
GN W

In the negative resistance region G and Ly are negative.
*fmax is decreased

*Space charge transit time 7, = dspm__c,mgc / P
with d = 5004, v

space ~charge

/1

also effects f_ , but

>>10"cm/sec and T, = 100fs

electron
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Bandwidth of Submicron Schottky-Collector RTDs
RTDs vs. SRTDs in AlAs/GaAs and lnu‘saG aQ.”As!AIAs

|

i i i e

O ]

e | ——nGaAssAmD

ke |

©

Tg s, oA InGaAs RTD

© 1000 e T s i
5 .

g ; AlGaAs SRTD

3 s AT

£ 1 AlGaAs RTD

& i |
-

;E 2 b

x well lifetime and transit time neglected

€ 100 N e

0.1 1.0 10.0

Schottky contact width, um
e Scaling to submicron dimensions increases RTD periphery/area ratio
 Periphery-dependent parasitic resistance terms driven towards zero
(bottom ohmic contact resistance, buried N+ layer)
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Schottky-CoIIector RTDs for 0.3-3 THz Oscillators

0.12-um
AlAs/InGaAs/InP
device

*Schottky (metal)
electron collector,
0.1 -um geometry.

*Greatly reduced
series resistance,
large increase in

fmax

AlAs/GaAs SRTDs: 900 GHz fmax estimated
InGaAs/AlAs SRTDs: 2.2 THz fmax estimated
Application: 0.3-1.5 THz quasi-optical power oscillator arrays
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