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ABSTRACE

The basic mechenism producing the well-known shot noise
in a tunnel diode is outlinsd. Fivetuation noise, such sz
thermal noise, shot noige, fllcker noise, excess noise, ang
sontact noise as asscciated with resistors, diodes, and
semiconductors, is briefly described. A review of the
equivalent cirvoult and stability oriterion of the +tunnel
dicde ig slso incliuded. Holse measurements of a germaniunm
tunnel dicde are performed at frequsnsics of 30 and 60
megacycles per second for the complede range of the Porward

biag region,



PREFACE

In October 1957 Leo Feakl, a Japanese physicist,
announced the discovery of a narrow p-n junction character-
ized by a negative conductance region%% He noted that the

anomalous negative conductance was due to a tunneling current
now called the Esaki current, Theoretical work dating back
to 1929 has indicated the possibility of a phenomenon called
the "tunneling effect”, As early as 1954, P, Aigrain had
indicated the possibility of tunneling occurring in high
impurity p=n junctions?

The generation of shot noise in tumnel diocdes was first
suggested by Chahg and was further investigated by Tiemann§”4

In the first chapter a brief introduction is gliven of
the junction currents present in the tunnel diode and how
they contribute to the generation of shot noisa. The second
gualitative manner and the third chapiter describes the mage-
nitude of the shot noise contrivuted by each of the junction
currents,

Since a reference noige isg required to facilitate the
noise measurements of the tunnel diode, all of the fourth
chapter is devoted to a nolse study in components such as
vacuum diodes and resistors, The fifth chapter outlines
briefly the effect of the parasitic resistance on the shot

noise measurement of the tunnel dicde, Due to the diffi-

culty in stabilizing the tunnel dicde in the negative con-

% The numberal denotes the reference number as liste
in the bibliographyo
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THTRODUCTION

The tunnel diode, 2 single p-n Junction, is charas-

terized by a2 negative conductance region over 2 gsechtion of

its forward charsoteristia. Plgure 1.1 iilustrstes the

negative conductance region lyving between two vositive

conduciance regions,

!

V. « peak velitage
low bias ; P <
region ] v, = valley voliage

N {
P Ip - peak current
%} :
[ ! Wenegative EV = valley ourrentd
i conductancs
% | .\ region j
o
)
B |
it Y -hich bize region
£ i AY
S “a /
Jo.... :
v? T
; forward voltage

Mgure 1.1 Typicel tunnel dicde charascteristie CUTTE,

Tha parameters V@ and, V& are dependent on the iype of
gemicondusctor used (germaniun, gllicon, or gallium arsenide).
However, the peak current Ep.is deterrined by the crosge
secvional area of the junction snd the ameount of impurity

present in the junciion.
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glon 3.6, the current is then

ey " Twve
é}‘ézmb. \{z BELHLGR WL LG R LD E GBSO S 39?

&

Thig expression ig identically equal to coustion 3.5

Prom equation 3.% it can be seen that {Iav*zv

0

}
directly proporitionsl to the sbmolute temperature. It sh
be noted that at an shsoluts temperature of =moro degreacs,

! P 3o -
‘Eev”*v&f will be egqual %o zero,

II. SHOT NOISE DUE TC THE EXCESS CURRENT

The excess curvent is considered o exhibit Pull shob
noise, There now apnears to be exverimenial evidence %haﬁ
noise greater than shot noise exists in the valley region.
This additional ncise may be %heayeﬁiéaily dustified for the
following two reasons.

1. e nolee may exceed the shot noise walue by a
measurable amount if the bound states have g lifeiime less
than about 2 x 10~7 secondst

2. A possible opposite current which is uncorrelsied
with I_ may exist due to the tunneling of eleotrons from the

-
o

o=-$ype o the n-~type semiconductor for o voltage bhias in

the valley reglon. Although the exlistence of a2 reverse



cuyrant ig i%
mﬁli&@i§%3

sreess neise existing in seniconductors ot low Frow
guencies will be brisfly described in +the fourth chupher,

IIZ. SHOT NOISE IU® T0 THE CURRENT I Lo

L

5

The noiss ezigiing in

,

be tumnel diode at o large

o

LTorward bhins can ba congidered the same gy the shot noige

agzociated with the Torward and reverss curront of “he eovie

0y

gl

ventionasl diode. From expression 2,11 the forward current

. . v s
is squal o ﬁ&«%§ and the FEverse current s equsl da ¥

Por the conventional Gicds. Both the fovward snd reverse
i §
, 218,
curvents are assumed ko be sompletely mﬁceerLaxe&ﬁ’“ Th

i

)

fore {the equivalent mhot neige euvrent I. of a conventional

dicde ig
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Shot noise is considered Yo exist in 2 resistor only
e 11‘ -,
58 a second order effent™ %  ghe argunent presented by 4.

van der Ziel is ae follows.
The number of free elecirons in the conduction band

is fixed. This then prevents any shot noise from being
generated according %o the shot noise argunent For sewmi-
conductors. However, ths conitribul 1@& of en eleciron to
the :esisﬁance Gepends on itg cnergy . Singce the slechrong
are moving et rendom. the nmumber of zlectrons having an
energy bebtween ¥ end B + E doss not remain fixed. It is
therefore expected that g emall flustuation in resisitance

does exist as 2 gseond order effectk,

TI. HOIEE ASSOCTATRED WITH VACUUM DICDRG

Shot Neliae

The gensration of shot nolas in a diode will be con-
gidered for the temperalure limited case only. The cur-
rent ivn & diode is due to an electron Llow from the cathede
to the plate. Electrons arriving at the pla%e %ili Ting-
tuate arcund an average value with raespect o time. n o
tempevatures limited diocde izn which all the emitied clectrons
grrive at the pja%eh the mean sguave noise current due to

the fluctuations is glven as

J
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. {4W} is the dypamic inpedance of the tumnel diode. Tha
R
o & e . 3 .
shant mean sguare current ioge CGUE to the shot and thermsl

noise, may be expressed as

291 EEE

| IRIRB "‘“‘73*%?“’“2‘
, 2 T4WRTG

g™ 3
; /% o % {WZ E LY

gﬁg G i»@% : R-G §

2 GOes&uD € 591

2@_}: TP AL VBRI ER OO GG T O EBSLEOEY RO PO SIOIBTS §&2

@%

14’; g G‘a ' sson0 Do
Z

Iti. THE EFFECT OF R AT 4

9,

The caleulated shot noise of the tunnel diode neglects

3

the series inductence snd reziatance, Iin this seetion %nm
gffect of R and Es o the tuwmmel diode noime generetion will
be oublined.

N ig R@ and ﬂﬁ are meglea%e& in the cirecuit in figure
3.2 ‘then the fotal equivalent noise curvent generated by the
tunnel diode is L.  However, if R, sud L, ave teken inbe
account ey in the cirecult im figave 5.4 then the caloulated

!
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equivalent noige curreat is I_.. Por frequencies of

50 megacycles per secomd the grestest difference betwsen I,

%

snatlls The two vegions in
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39
per second and therefore the shot noise generated in vacuunm
diodes and the thermal noise gene?ated in carbon resistors
can be used as noise standards. A low-noise 30 megacycles
per second receiving system was available, facilitating
the noise measurements at this frequency. Also, the test
frequency at 30 megacycles per second is low enough so that
the tunnel diode noise measurement error due to its own
capacitance is negligible,

The block and schemstic dlagrams for noise measure-
ment at %0 megacycles per gsecond are glven in figures Tol
and 7.2 respectively. The noise signal is provided by the
noise generator, the schematic of which is shown in filgure
To30 The noige generator was connected to the preamplifier
with the shortest possible leads, thereby minimizing the
lead indueﬁance and stray pickup effect. Precautiong were
taken to prevent any external 30 megacycles per second
signal from entering into the receiving system at the inyput.
The noise generator includes a low-pass filter isclating the
diode 5722 from the power supply. A low~pass filter con-
gisting of elements 329 03 and Lg in figure 7.2 prevents
any stray 30 megacycle per second signal from entering into
the input from the tunnel diode bias supply.

In order to maintain an equal loazding of the input
impedance during a set of noise measurements, it is necessary
that the impedance of the eomponents‘placed across berminalsy

X - X' be equal. This is achieved by the use of the 30 mega-
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sunnel diocde
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calibration
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Marconi Instruments Ltd.
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Figure 7.1

Block diagram of noise measurement circuilt

at 30 megacycles per seconds

type 132

HIR




; 7

~ |

v 3

i
, i -
! { ]
! £
: { o =y ; o
i ' BB tenendi S 2 4 : ol
W i P AASSTY LAAASTTY i (8

i i :

4 ¥ dowa B.xrrm&: m

Stu, ] “
: P 3
i o
H Tad
4 3

L T e e S emse  moaes wwres evpng

_ 7]
4 . “

o
LS

K
¥ \

\
H
o/ B

Ly

<zt
e

e

gond [ IOV
¥

e P R R TS B )

5

TP

" by

w\ "o,

Y N

: i e 3 By

; iy g % | SR | i ”

! v RN R
e &k




l i € o
5722 P §Rl
Co o
- 2] N j
4 ¢) .
¢ 3 L -
I & £,
< . e, ¢
5 ‘6
B 3|
S -
» Pt
il %ﬁi / T )
il L g
,fg ) ' \\_w/ ;
B 150 volts deco
S B
GIQGZSCBG"&gcsgcé = 1,000 pf.
R, - 1,000 ohas
Ly,Ly . = 10 turns 3/16 inch diameter
L,,L, ~ L5 turns 3/8 inch diameter
B. - (=6 volts, 2 amps.
I - milliamméter
5722 = 3ylvania noise diode

Figure 7.3

Circult diagram of noise generator.




30 me/s preamplifier

&

noise generator

tunnel diode

Figure 7.4

Input system of the 30 megacycles per second receiving system.




cycles per second calibrating sigual. L resistor of suife
ahle 3sedance ig ingevted inbo the cirecuit across the tere
minals X -~ X; With the Tilament of the noise generstor

switched gffgv%he calibrating signel is applied to the

Pue
E‘E

pat circuit. The value of the signal is of sufficient

azgnitude to swamp ouwt any inherent noise of the input syse

Fi

Lo, At the same btime it must bhe remembered uot to excesd
a gignal level which would cause serious nonlinear effects
when the’dynamia impedance of the btunnel diode is being
aGjusted. The receiver ouwitvut meber defleciion E ig noted,
The registor scross X = Xi iz now replaced by the tunnel
diode. Maintaining the same calibreting signal level, the
biag of the tnunel dicde is varied until the same deflection
Mg is again read on the ocubynt metewr, The dynamic imped-
ance ¢f the tumnel dicde is then equal %o the impedance of
the registor. The reverse pyrocedurs was not useé'sin@e &
varizhle high frequency rasistor was nod availablgq ¥or
the negative conductance region the procedure is slightly
meéified because of the stabllizing vesistor used in parallel
with the tumnel diode.

The noise generated by Tthe turmel dicds and the resia-
tors varies with teuperaituve; consegquently en accurate Len-
@eratare‘measu?@memt gt the ionput of the preamplifier is
reguired, Tue to the proximity of the components to the
preamplifier, their temperature wes shove room temperature.
e following procedure was used to éetefmine the tempevaiturs

of the components commected across X - X;a A tunmnel diode

#The “yye of wesistors used throughout were 0.25 watt
- carbon composition.
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-

give a resultant mean squsryre noise current of i% and 2 resulie

Nolige measurement in the pogitive conductance region

With the calibrating signal switched off and with the
Sunnel dlode at a set bhias in the positive condance region
connected acrogss X ~ X1¢ a deflection Ma ig obtained on

the output meter. The tunnel diode is then replaced by the

dynamic impedamce to the tunnel diode at the sets bias value.
The filament supply of the noise diode is then varied uwatil

a deflsction m@ ig agalin obtained. The plate current I@ of

the noisse diode is accurately nobed.

Tigures 7.6 and T.7 show the schematic diagrams of the

total nolse generated atl the input circeidt of the amplifier,

with the components ceovnecied acrogas the terminalsg T o« Xio

o

o e
a6

o v

. RE

AV
&?
7
N
& o
(/“‘\.
\_/

= 8

el W
st

_..._J‘\/\/\

N g ; N — > v d
Iunmped neise resigtor
iaput diode
cireuid

Figure 7.6 VNoise schemstic diagram ef the 1ngu%
ciroult conbaining %bc registor and
the noise diode,
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By substituting equaticnsg 7.3, 7.4y 7.5 and 7.& into

e Lo #y v
2 Ly ol wemmemess B LT SEDEEF PO EERBFOLELRLSEH RO DG j-é?

The varisbles on the right hand side of the equal sign are

gll known and hence I@ way ve deternmined. The values for

[l

I_ . are shown plotbted in figure 7.8

Foizse measurenents at the peak and valley voliages

The noize weasurements at the peak and valley voltages
ave verformed iz rather a unigue mennay since the impedance of
the tunnel dlode at these bias voliages is essentially infine
ites Tha test procedure, being similar in nature to the
‘pfece&are uged for the Qd“ilvﬁ conductance region, ig as

ollows.,

With the calibrating signal switched on and with a
regsistor B. comnected across the terminals of X - Xls 8
vecelved oubput meter deflection M$ ig chitained. The
tunmel diode is now placed acrosg the terminalg T - Xl in

g
[4

ol
g

wrallel with resishor Rl and the tunvnel diode biasg is wvaried

<

mntil the game deflection M, im again obtained. Por thilg

x

tunnel dlode bias the impedance across the resistor R is
the game ag the impedance across the parallel arrangement of
the tunnel diode and regigtor R@a

b

”he calibrating signal ig" then gwitched off znd with



Comparison of ths theorstical and experimental noise

present in the tunnel diode 1HZ2939.

300/"""““ ¥ 'v
Temperature = L0°C
2.8 Frequency ~ 30 me/s
G’%
206 %) - ' ?a
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Figure 7.12

Comparison of the theoretical and experimental noise
present in the tunnel diode 1NZ2939.
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CHAPTER VITII
DISCUSSIONS AND CONCLUSIONS

I. DISCUSSIONS

Figure 7.8 shows the comparison of the theoretical and
experimental equivalent noise current present in the tunnel
diode 1N2939 at a frequency of 30 megacycles per second. In
the low bias region the curves for the experimental and theow
retical nolse almost coincide but in the valley region the
experimental noise is substantially greater than the theo-
retical noise, This implies that either the excess current
Ix produces mcre noise than shot noise or that a reverse
tunneling current I; is present in this region, The calcu-
lated 1;9 which is based on the noise current in figure 7.8,
is shown in figure 2.8, it is assuned thab I; ig unecorre-
lated with the curfent Ixo Agouridis and ven Viiet con-

13

) v » -
gidered that a reverse current IX igs wnlikelys However,

it is possible that the current Ix exhibits more than shot
noise as mentioned by Tiemaﬁnf The additional noige in the
valley region is not congidered to be frequency dependent
since there is no indication that the noise decreases with
frequency when comparing figures 7.8 and 7,12, At a large
forward bizs the theoretical and exﬁerimenﬁal noize currents

appear to converge which indicates that the current If PTO=

duces full shot noise only,



Figure 7@12 shows the theoretical and experimental
noise curves at a frequency of 60 megacycles per second. The
experimental noise current is greater +han the theoretical for
the complete forward bias range. Sihee the temperature at
which the noise was measured is qubstantially greater than
room temperature, & temperabure error could be present due to
the handling of the components. The general shape of the
experimental noise curve ig congistent with the exverimental
noise curve in figure 7.8.

The values of the parasitic registance Rs and the
capacitance C of %the tunnel dlode were not determined. The
measurenent of Ra involves the negative blasing of the tunnel
diode to currents far exceeding the maximum current rating
of the diode. An ample supply of diodes was not available
and therefors 1o measurements were attempted. The capacie-
tance ¢ could not be measured since a low gignal level bridge
instrument was not available for the frequencies eonsidered,

The bandwidth error is almost nanexisﬁent except for 8
small effect due %o the diocde capacitance Co ¥o error can
ve attributed to the nonlinear amplification of +the system.
The error due Lo the parasitic regisbance is relatively large
for zero bias. However no correction was made because of
the difficulty in performing the caleulations. 1f the cal-
culations had bheen performe& o number of apvroximations
would have been nscessaryo The error due to the parasi tic

registance is congidered negligible in all regicns except



regions
The pesk current variations Pfor varyiung temperaturss

]
@
0]
=
=
B

in figure A.2 correspond very closely to the peak
current variation shown on page 13, reference 22,
I, YFURTHER APPLICATIONS

This thesis provides the gromndwork for fuburs com~

ponent noise measurenentg. The noise mezsurement of a con-

e

ventional dicde wounld involve 2 direct appliesbion of the

tegte outlined in this thesis. To avold temperaiture erroy

due to the deviation of the itemperature ot the input of the

aniplifier from room temperature, 2 hall wavelength trange

migeion line could possibly be uvsed at the dunpud,

TIT. COBCLUSIONS

-

Wo decrease in the nolse readings were noted at 66
mggaeyélms per second. It can therefore be concluded that
the frequency dependent noise or excess noise of the twmﬂe7
diode was sbsgent at 30 mege cycies per second

e geen that the

iy

Fron the graph in figure 7.8 it caz
measured e@uvvalent nolge current in the low bias reglon is
ery nearly equal ko the ealeala%ed4 zvaienﬁ neoigs current.

On the basis of the previously men Fioned the 0s3.tha% only
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APPENDIX &
THE CURRENI-VOLTAGE VEASUREVENT

One of the important factors for performing noise
caloealations is that an accurate emr?entmvolﬁage charae%g@«
istic of the tumel diode may be established. PFigure A.l
ghows the clirceuit which is used for the meassurement of the_
current-voltage characterist ﬂao Méasuremeﬂ%s_were nade for
tem peratures varying up to 100° c@ntigrade ag shown in figar .
ha2s %he‘%@mpexatarewaanﬁxolled oven is shown in figure A.5.

The value of iie resistor ﬂg is Inown o four place
acturasy at each teumpers xare fow whi@h.%he curvent-voltags

“gharacteristic is nessured, The pro

(]
03
2
i
o'
H
4]
4
4
4
et
fd
(4]
-
ot
(o]
o)
¥
ot
©
i
&3

o equal Rgg where K iz some
suitable deflection on the microzmmebsie

The velue of 1 q is caleculeted am

E}? = K::}- S@xi-@@‘é‘-h‘é'ﬂ’éB@‘A?-xn'@.n&ﬁ@-ﬂﬁ'-ﬁ«ﬁv‘@a»’iﬁ'*ﬂ'ﬁ@d@b@v&% }&ﬁj»

The tunnel diode current is csleuliated sceording to
the expression

1}-) = IR B I»E- < 3;1‘? 4 ECVDOEDRAEPBARVER 0L B ECD R BERRSS r’log

e » T GO E RSO T PO H O FEL L BEEHBOBLLES GG ﬁe)
I, end Ty arve the mester resdings on the microammeters.

The tunnel dicde wveltage ?@ is cobhigined from the
gxpression

o . fo g
w\(}} o R-%:{?- HEEREE DS LD R AERE AR EED BT IR RE LS TS ET DB LRSS -*f‘&,s:";'
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 Figure A.2

Variation of the tunnel dicde characteristic with temperature.
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whare R§ is adjusted to obiain a sultable deflectlion on the

neter Ve

Plgure A.3 Tenperature-gonirolled oven




RECEIVER NOISE PIGURE

L. DEFINITICON OF NOISE PIGURE

®
o
&g
Q.
o

vel used for electrical neasurew

x

simgvely Limited by the noilse xl@ iuaalaag Lnﬁor ok

-

i"";

in the components of %heigyﬁtemg n the case of a receiver,
whe inherent nolse of the gystem is asnelly ﬁ@nendcn% upon
the input sﬁage@ because noeise entering at %heg@ siages recelves
the greatest amplifles ation, Hoise in receivers includes flucw
Suation ngige? Wi eraprm &ebg and stray pac&smn in L@a@ﬁm

Y

?i@@li&&A n nolse, examples of which have been menitloned paps

a

lier, sppears inevitable iv all elestroniec circuits.
The mesasure of noise generated within the regeiver ¢ipw

guits is kunown as the noisze figure. it ig defined sz the

available signal to noise power ratio at the input divided by
the signal to nolse power raitic at the outyput, the noige

Tigure is expressed as

3. /zif%

Mwmr g

aex. Y
:’%’ﬂ AR S BEEIR DI BEEIT QAR TGS T LEESITNERE DI eOR Bdl

\.ro 13
gnere 34 is the input signal powsr; N, is the input noiss
power; S ig the ouitput signal power: ﬁ ig the cutput nolss

POWEs



The procedure usmed Ffor determining the neigs figurs la

identical for the 30 end 60 megacycles per second recelving

Wor the noise figure ﬂ@aguremeq%s the resistor Rl of

b

the nolse generabtor f igure 7.% and the resiclors ﬁg and
R, s shown in fig&ra T2 will be considersd as parts of e
regelving systen, Any noige ggn&raﬁe@ by them will thersfore
e included in the ﬁﬁl%c figunre.

Comnsider the block diagram of figure V.1l.  The noise
generator snd calibration signal are switched off. A resis-
sor Rl is plae@&'acrsgg the texminals X - Xla @iﬁn‘%he highe

2,

gain vreamplifier set om alwost mazimam gein an osulbpu® meter

defleotion Ei ig obtained, The prsclsion recelver consigts
of & preclsion sttenuator followed by & post asmplifiew, G

I
is t&n@”é@f@é that the post asplifisy conitributes very 1itile
noige, if any, to the nolse of the complete receiver systen

since the signal lewvel ot the input of the post amplifier is

large. M atbenmation of 3 decibels is added by the prscision
atbenuator. The Tilsment voltage oFf the nolise generater ig

def eab'cu of W . The average diode current I@ iz then

3

The ratic of the mean squere currvents is slsc the ratio
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Frow equations 7.4 and 7.5
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e
P i

i 1
The output noime was doubled and thevefore

B IR ELRIBYITRIVHE PO ED A COT S EEYINVDECDIDS DY GHE RS Bvﬁé‘

g i then

The nolse Tigure
~ ¥ ’
] I‘M%
wpm= G L BB
ﬁ ] 1&'4..’:&‘}-“; B ER L L EERL PSRN LERRE OV E RIS R ST BB EES e
% the egqual

A3L She velues on the right hand side of
the nolee Piougress B 4 o
he nolse gure F is shown ¥

£ R in figure B.l.
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Noise filgure measurements.
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APTENDIE ©

SPRCIPICATIONS OF THE TUVNEL DIODE 1WZ939

Weny of the electrical characteristics were not obtained

by experiment and therefore 2 ligt of the

- &

necifications for

a typical tunnel diode 1H293¢ la justified,

ABSOLOTE MAXTUOM RATINGS

Porward Current (=55 %o +LGQ Sy 5 ma
Reverse Current {~=85 %o +100%) 10 ma )
Storage Temperature - 55 %o 36006
Operebing Junetion Tempervature - 55 o +1@0gﬁ

. o
Lead Temperature, 1/16" = 1/320

From case for 10 mseccnds 260°%¢

EIRCTRICAT CHARACTHRISTICS €2 590Y (178" Teads)

Typical Valus

Paak Point Currvent 1.0 pitS
Yalley Point Current 010 ma
Pealk Point Vollage 0 ifa
Vallay Point V@ltage 350 Wy
Wegetive Conductancs ﬁ¢6ﬁiﬂma ko
Potal Capasity 5.0 pf
%afi@; Induetance | 6@1@“% henry
Series Registance 15 ohn
L@sig?iwe cubolf Frequency 2.2 Zae/s

Selif-regonant Frequency » 950 Fme /s
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