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LIST OF PRINCIPAL SYMBOLS

an interval of frequancy,

base of Naperian logarithms,

mean square noise voltage,

fraquency,

resonant Ireguency,

voltage galn,

transconductance of a vacuum tube,

diode current, positive from p to n,.

reverse saturation current of a pen jurnction, ‘
mean squars noise current,

[-1,

Boltzmann constant, 1,38 x 10'23 Joules per Kelvin degres,
nolise factor,

output thermel noise power due to resistance Ra'

electron charge, 1,602 x 10719 coulombs,

plate resistance of a vacuum tube,

tomporature in dogrees Kelvin,

=2 £ mresonant ansular frequercy.

W 227 feangular fr.quency.

= amplification factor of & vacuum tubc,



CBAPTER 13 INTRODUCTION

The study of the temperature dependence of
noise in pen junotions had its origin in 0O, 3011nak1'01 vork
on & noise thermometer, One of the objectives of that work
was to find out if transistors could be used at liquid helium
temporatures for amplifying thermal noise generated in a
resistor, This question still remains unanswered, one of
the resasons being the lack of adequate knowledge of the beshaviour
of pen junctions at low temperaturcs both in its dec and seo
aspects, The investigation of the behaviour of the temperature
dependence of pen junctions was arbitrarily divided into two
questions 1) the temperature depsndernce of currentsvoltage “i.
characteristics of pen Jurictions and 1i) the temperature
dependence of noise (charge fluctuations) generated within
the Jjunction,

These two problenms are very closely releted and
should have been investigated simultenscusly, however, due
to practical limitations aend greator apreal of the latter,
the investigation of noice was glven temporary preflerance,

It 18 expected that the investigations of pen
junction noise temperaturs dependence will prove to be of
wider interest and significance than only the apnlication in
noise thermometry, P« junctiocns are mieroscorlcally compiex
s0lid state dovices and a knowledge of their noise properties

micht become one more tool for probing into the unknown or

an



for confirming uncertain theorles,

A possible engineering aspect of this investie
gation might be a method for testing the quality of pen
junetions in dliodes and transistors, since the noise
behaviour of pe=n junctions is related to their performance
and reltabilitya.

This thesis describes the construstion and
sssembly of noise~measuring equipment, treats special problems
during the asaembly and presents the results obteined for the
noise of a germanium junction measured as a function eof
forward® b%as current at the temperaturses of Le2°K (bolling
point of helium), 80% (boiling point of nitrogen) and 300°K
{room temperature),

Part I, consisting of chapters 2 to L, is devoted ,'!‘
to a desoription of the experimental apparatus. The bulkier
parts of the eguipment, the prcamplifier, amplifier and
power supplies are described in chapter 23 chapter 3 deals
with the circult for measuring the output voltage from the
noise-amplifier, while chapter l; treats the important detalls
concerning the circultry at the input to the preamplifier,
These circults were used to connect the pen jJunction to the
preamplifier, to bias the pen junction, to measure the small
gignal a-c impedance (hereafter celled incremontal resistance,
‘ﬁ--a) v"rorwvard” implies & flow of conventional current

frem peregion to nerogion through the junctlion.
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gee section 5,1) of the junction and to ealibrate the
voltage gain of the nolse-measuring equirment,

Part I, chapters S and 6, presents experimental
results and their significance,

The samples used wers the collectorebase Junctions
of Philco 2N393 pen-p micro-slloy germanium transistors; and
the charactsriztics of these junctions are dezeribed in
section S,1. The rest of chapter S presents the results
of noise measurements made sbout a centre frequency of 1 mo

at whisch fregquency I assumed that flickarb

noise was neglie
gibls, In chapter 6, the experimental results are compared
with exieting theory.

The specifications of the nolseemeasuring equipment
and its bloek diagram (figure 1l.1) are given in the following

two peges,

b) Flicker noise 18 a convenient term deseribing any
nolse having a spectral density proportional to =8,

where "f" 1s the fregquency, and "a" is close to
3e4

unity,. The effect of flicker noise becomes trile

vial above a few kiloeycles for relatively pure
semiconductor materisls, but an apprecieble effect

11s5s6

may exist up to 1 mc for impure naterials,.
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SPECIFICATIONS OF THE RQUIPMENT
Overall voltage gain 122 db # Q.5 db
Fraquency of operation 1,150 mo 4 1.5 ko
Equivalent bandwidth® 4.5 ko 2 0,2 ke
Stedbility over s 2 hour pepliod Oe75%
Imput nolsa~voltage range 10 mpvy « 0,5 RV

Ascursey at maximum sensitivity L3

L L 1 2

c) Equivalent bandwidth is defined as
[- o]

foé(f) ar
A fa B wvase v 0o W v 05 W0 0

Gy

where G(f) is the power gain of the amplifier and

¢, 18 the maximum geln, l.e. zare 18 the width of

e rectangle whose area la the arca under the frsquency
reasponge curve of tho amplifier,; the helght of the
ractangle being equal tot he maximum gain. ZIn the
case of a superhetercdyne receiver, this includes
image frequency and spurious respcnses, Hereafver

a fe will be simply written df,
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CHAPTER 23 NOISE AMYLIFIER

Sel Cascode Preamglifier

The noise voltage expocted from a penn Junetion
operating under normal forward blas conditions ranges fron
sbout 10”7 te 106 volts as caloulated from van der Zie1tsht
model of & psn Junction (figure 6,1). Since the gain of the
main empliffier (80 db) was not sufficlent to raise the noise
signal to a suitable level for measurement, a cascode pre-
amplifier was bullt to provide additionsl g2in and at the
same time reduce the cvsrall nolse factor of the nolse-
anplifier,

The noise factor of a chain of amplification stages
ef avallable gains Gl, Gos 63. wews and corresponding nolse
foactors Nl’ Ko, Ng, weew 18 givsn7by

Howl Rqel
R’o = ﬁl + q-g:w & o%w b woow (2.13

If, therefore, the first sitege of the chain has = high gein,
the second and subsaquent terms of (2.1) are neglisibie and

iy becomos eprroximateoly squel to H3e This first stvage may

be designed to have a low noise factor, The cascodo amplifier
deviged by H. YWallman, 4, P, Macnee and C, P, Gadsens in 1okl
satlsfies both the above reguirements and thorofore is sultable

for use as the first stage of a chain of amplification stages.

o 7 o
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A pentode smplifier has a high gatn but slso a
high noise factor due to partition noise®, 4 triode
amplifier hae a low noise factor but a low gain, The
cascode amplifiler, howaver, consisting of & grounded cathode
triode followed by a grounded grid tricde hes the high gain
and stability of & pentode and the low nolse factor of a
triode,

TFigure 2,2a shows the a-o eircult of a cascode
amplifier and flgure 2,2b shows its plecewlise linear equive
alence, From (2,2b) it may be shown that the voltage galn of
the cascode amplifier is given by

Ryi{n.+1) R :
‘LEE#.‘*QE&O“ (2,3)

(as+d )y, p1*Rrp2
where n's are amplification factora, rp'a are plate resistances
and Ry 18 the load resistance of ths sscond tube,
If py = ny, ”pl = Poos {both tubes are operated under the same
conditions) and (”+2)”p§§RL then {2.3) reduces to

G = gmlar. (2.!})

whore &, i8 the transconductance of the tubes, Eauation 2.1,

howovor, gives the pgain of @ ventede amplifior,

L2 11

a) Partition noise is ceused by the random division of

eathode ocurront beotween plate and serson zrid of e tube,
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The gain (Gy) of the first tube of the cascode
emplifier fs sbout unity (for the above asssuuption, My = P

R e

r p2* and (p+2)r .§>R£, Gy = -55-2 )y therefore this

3
pzrtion of the amplifier %1a steble, Since the grid of the
second tube 1s grounded, 1t ascte R8s a soreen for the plate
to eathode feedback path and thorefors a large gain may be
achieved 1n this tube with good stebility, In this respect
the second tube ressmbles a pentode, These twe factors
account for the stabllity of the cascode amplifier, .
Using the approximation that the squivalent nolse

resiatanes® of a triode is given by

245

B B mee (205)
8vq %

It can be shown (cf, W, Fe Bannettg) that the noisc factor of
a triode 1s given by

245 '

» Y
Em's

arnd that of a cascode amplifier by
2-5 2e5 1

,”q = ] 4+ owaea * cnnq...omum—m L T ..._‘..2..,.,.,.,..,. (2’?)

Bnafs  Bal Em2 Fpi Fe  £u3 Frfs

whore Ha iz the soursce reslsbanco,
b) The oquivalent noise resistance is that resiatqnceg which
whon placed in the grid circuls of a ”neislasa tube”, i

produces the same mean square noisc curreont in the plate

cirveult op the tuboe
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Since the last two terma tn (2,7) ave smell, tho noise factor |
cf the cascode amplifier 1s only 811zhtly groater than that of
& triode, given by (2,6) (this will be shown to be the ease
for the sxperimental preampliifior),

The cascode preamplifier (figure 2,8) was built
ueing two Philips 66488 tubes, chosen because of their high
gm'a and therefore low equivalent noise reslatance, The tubes
were operated so that By = 71 Tp1 = 5000, , &)1 ® 14,000uec-,
By = 37, T2 © 10K and Emp = 3,700uzr , Thas gave an oxper-
imontal gain.of 42 ab and a calculated gein of 37 éb (using
equation 2,3), the diserepaney occuring because the tube
constants were estimated graphically from the Ep vs I
characteristica,

¥hen the tube constants and an averace value of the

p

Source resistance (500N ) are substituted in (2,7) the result
is

R, =1 ¢ 0,35 + Q3L + 0,001

showing that the last two terms in (2.7} are smell and that
the neise faotor is aprroximatoly l.h. PFigure 2.8 also shows
the eathode follouer used to provide & low output impedance teo

foed the main amplifier,

2.2 HMain Amplifior

The bulk of the amplification was provided by a

Racal communiestion roecoiver (RA«17)s which was operated with
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the controls met at "wide~band" entenna tuning, "miniemm®

antenna attenuation, AVC "off"™ and the IF gain control
adjusted to give the largest output without a noticeable
distortion, A center frequency &bout 1 me was chosen whieh
was high enough to consider flzckzr noise neglipgible and et
the same time low encugh to enable %the use of lumped cirauit"
consideraticn, The exact figurse wes 1,15 me¢ beosuse at thisz
frequency there wee not much disturbance from RHF tranamltturni

The variable bandewidth control of the reneiver‘waﬂ 
set at 8 ke, at which setting the gquivaleant bandwidth was
measured o be 4.5 ke, The sguivalent bandwidt) was deters
mined by plotting the frequency rosponse surve (power galn
versus frequency) and construsting a ractanzle equal in arsa
to the area under the curve with the height of the rectangle -
equal ¢to the maximum gain, The width of the rectangle was
the equivalent bandwldth (figure 2,9). The imsage response
in the rocelver &s rated to be suppressed 60 b,

The output from the receiver was taken {rem the
available "RF level" connections to the "s" meter in the "
recelver, Flgure 2.10 shows the detector dlodes the KFP filtes
and the "RP level” loads which are eonnected across a portion
of tho load registor of tho dlode detector, Up to this point

the measured gain of thoe receiver was 80 db,
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243 [Powsr Suppliss and stebility

Power to thu entirs equipment was anppnaﬁ by an
S nauhtad power auyply {Sorsnsen 1001} u!th & rated -
uguzmon ucm'uy of o;om and a remnu time of 0.1

”“5( m vlstﬂatlou ucwy was checked by mct:m:zg

the eutput from two niuu-v Sorensen reguletors and mwd!.ng L
the differencs in sutput voxtago on & Poll ama resorder,
One of the ngu!atm was left mmswm white @ho other
was subjeoted to changes from mo-losd to fulleload and
* 30X obanges in line voltage, The responss was mema the
ntod nguhﬁim agccuracy, Since the Yoad on the m supply :
was sonzitant, the power supply was used pmm@%pm:r to make
the squipment tudopondont of line flustuaki Onhle B.om. the
oquipment nesded three hours to achiwve therasi equilibrium,
.l time switoh was used with the a-c regulator anmrs.ng &
24 hour "ON.OPF" pwng:‘mins..

The unregulated power supply of the Racal receiver -
vas replassd ’by & vegulated deo Mupply. The dec supply was
fed from the sec regulstor and gave s stability of ©.025%,
which was cheeked Gver s period of 21 hours, o B

The stabllity of the entire nolssemeasuring equiprment
vas 0.75%, This wes measured by feeding imto the prosmplifior
& constant noise voltage (thermal noise from & resistor) end
resording the output from the mp;uncr over a periocd of 24 h




3.1 JYoltage Compenseting ireuts

The output voltage from the recetver due So the
background noise of the smplifier (shorttd mput terminals)
was 0,5v, while the output voltage du. to the lomo rangsd
from Save t0 1v, In order to measure ths small inoremental
de0 voltage (the differsnce batwsen mMmuitga Lnput
terminals and the noise sowrce connected to the input Sere
minals) a voltage lsvel compensating oireuit was used o
keep the -pointer of the output meter ”mwa&c' on sensitive “
ranges, ' '

As shown in figurs 3,1, & variable voltage of
cprosite polarity and approximatsly equal to the reseiver
output voltags at shorted input terminals, was added to the .
receiver output voltages; The voltage recorded on the ‘output
meter was therefore the difference betwsen the receiver
output%@nn_d“ th§ voltage from the conpuaut!ns siriudt allwing
small incremental voltage to be uuurod. The wpodmeo of
the compensating aircuit was duisn-d llull GW% a ) in
comparison to the input impedance of the output nwar (9040 )
and therefors introdused less than 0,01% error tn any
moasurement, The purpose of the slifing contsot "o" shown in
figure 3,1, 1s best axplained in conjm%on with the recorder
(sec, 3.2)

“ 17 «
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& response time or ono uaond. %he output from the Esithley

The output meter was & micro Voltn_métcr {Eetithloy
1504) with 13 overlapping ranges in 1x and 3x steps from one
microvolt to one volt on & sercecentre scale, m meter hod a
rated sescuracy or twe por cont of full scale on all} ungu and |

‘meter was Ted o . Lesds ard Nn-thru roll echert moa-dw

. {(model G) for k“ygne a permanent record of ﬁhﬂ bt volt B

At ths input to the preamplifier a reiay was provided
for alternately shorting the input torminala and oonhdeting
the nolse sourece ti; ths preamplifier gf" ‘w-” gave & mard of
any changes in the background noise of the smplifier, which
were corrested for by this switohing uthod. sntch&na was Q
 dene automatically svery three minutes by means of a rotating
osm operating & micreswitch which supplied fonagd to thq
" relay. Ths cam was mounted on the ohaft of an eec motor which
vas tsolated from the input oivoultry to eliminate effects from
the rotating fields of the motor, Since three or foux eyeles
of switohing were allowed for ssch oondition of the Junction,
the manual adjustment of paramcters (diode current, "métex-

scale, oto) was only necessary every 18«25 minutos,

Flgure 3,2 1llustrstes the results obtained on the
réoordor by tho use of the above technique. These results
were obtained for the noise of & sample junction at 4.2
through which different currents were flowing. The ordinate
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reprevonts tho time seals of four inches per howr and is of |
no further interest in this discuasion, The -baciuh répx-n'onu-;
witug.o and on figure 3,2, has & full seale value of one volt,
The step "asb" 1a the incremental voltage Bue o ths noise
from m oouno. while "a" {2 an arditrary serc; eh- putt!an |
ot the polntes when the npus terminals to the urmapunu |
ars mmumu:m, l'ho polittuu "a® mnay be placed at any
aomnlmt pary of tho assals by adjusting tb ludtns contnt :
“c" shown on ﬁgm 3,‘.\. '




‘being inusttgmea. Was mounted at the end of n thru-root
}mmam“ tube, = This permitted the mmmm of the
“sample inSo & 1tquid mzwu vransport vessel { ﬂsfﬁm Le1)
for low tomumc wurmntl.
Pigure li,2 shows thres a1rferent uya in whioh
tho Pen junstion may be connected teo the manpuunr. of
thau eoms\u-tzlm. the 'Dtrut Conneation” (le 4,2e) o
. was £inally used beoause of lu simplicity, To ovnunto thia i
oholoe, expressions for the voltage tranafer ratioc and the
nolss fastor are derived and numerical vnuu of t,hou
properties are presented in graphical t'oru in uppu!idtx 1.
ma) An alloy mo.m ooppers 20+30% sins and 1030% nickel)
moun for its éorrosion resistance and low thermal
condustivity of 0,07 cal. ses,*} om,"} degres centte
Erede®l, This oondustivity is lower than that of sny
of the constituents of the alley (soppersl,0, ﬁnc-o.zég
uiekeloo..ll;.), German silver 28 used extonsively in
low temperaturs work, but &a being roplaced tc some
extent by statnless steel, whers rigldaity is iapoﬂant
(thermal conductivity of stainless stecle0,12)

* 22 »
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FIGURE 4.1

LIOUID HELIUM TRANSPORT VESSEL

SPECTFICATIONS: CAPACITY - 25 LITRES,

S OUTHR DIAMETHR - 20,25", OVERALL HEIGHT 41",




 THRER WAYS OF CONNECTING THE P-¥ JUNCTION TO THE PREAMPLIFIER

-2y -

(b) —
PARALLEL TUNED INPUT .

\
—

Q

o)

(c) :
SERIES TUNED INPUT —

FIGURE 4.2

‘Bg = voltage source, R_ - source rosiatmco, C - stray capo.c f
tance at input to preamplifier, R grid leakage resistance:
of first tube, E, - voltage to grid of first tube, L tuning

inductance, RL -“resistance of L, AT



o pmnpnﬂ.u* {figure &.aa) ornstitutod a low ma ReC rn.ter

e 28w

The results of sppendix 1 will now be 'bm.otl.y
dumnd with the atd of simpliried axpruuim for m
volta.g' transfer ratios and rolse factors of tha d!.rtomt
oonnsstions (tbn mna-d expressions are valid an).; for
the values of the mmmn 1gsted in mppendix 1)..

1) Direect cmcuan of the pen Jmuan to the

in which n was the turmm mzatm of the jmnon
dtods, O the strey sapasitance at the Lmput to the pumliriar &
end R the grid leskage resistanse of the first tube of the
mnplifior.. This fm of eomotion was vm»tutea to
relatively low fraqmatn, besause at htghcr mcmiau
the oiroutt -emm the noise signal mn the mgnllmac
of B, becans mmm- to the parailel Impedence of R and [

' ’rbo voltage transfor ratio is gtun by (au sppenam n

t&az‘i »

_M¢o is the frequency ef 'mrqtion._ -

Stnce in thie sage
ewtaszid <
Rgde w377 33

D) A1l data and squations appearing in the rest of

this ssction are tvaken from appendix 1.
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. Fo:- n ranging from 10..1000:1, Cys a8 caleuxutaa fv«n tho

axaot czpuu!on. varies from 1,0 to 0..625. (Hoersafter the

mgo of valuss glven for G's and Nts ware obtalmd n'm the

exact expression for valuss of R, ranging from 29@19699- }o
The noise factor is given by

Ky = 1 Ry
S
since 8‘>> Ry and WCR, 18 of the order of unity, (4,5) reduces

to | = s | ¥
Hy = 1 ok gﬁoe . (4e6)

¢ W 1 & , W e . :

1 52;; [ncmacfim | ‘

¥, varies from 2,0s2,3 for the above mnunnéd‘.ﬂﬁgd of R_q

(heS)

11) The use of the parallel tunsd imput 1s the
most elegant form of conneoting the pen junstion o a .gaod
noise .upliﬁor' (suffiotent gain and low noise figurs),
This eonfiguration uilm messursments to be mads at any
;iruticni frequency by ‘sultably h\iﬁing out the stray capae

oftance,
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The voltage transfer funetion

IR
Gz - Mooo” v “b?’
.( MRLR 2% 4 ] 8 | )
WVhers L was the uduo'tm'o used for tuning out the sapasitive

reactanse and Ry the resistance of the induetor,
Since Ry (LeCR(R.) < IR -

GE reducss to unity
The nolse fastor

2
Rg{I+CR /R )+R
’2 -1 e .. o:mns'.-o“!. I
Ra(I4CR R, )R, .y

....t':ffx'.s.’:.!...:I L i S ’Rs"i: .:a?.. (he8)

The sesond term on the right hend stde vanishes ltm Rs>>ﬁ.-
L<R » the sesond faotor in the third term is wqual o

@ =1, and W r..u.) 2::33&1)> Rg»JRE 303 therefore, the
third term also vanishes and (4,8) reduces to mwy.

o 1314) The series tuned input gives & voltage transfer
funetion greater than unity for low values of R and is
therafore useful where the noise amplifier éon not bnvo
sufficient gain, Pwthomro 1f the amplifier hes a high
ncise fadtor, the use of this eircuilt improves that figure,
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O"‘G '
3" o mL) (ozcﬁizonm' ; | (tie9)

Since u-u _>n and («) 033) >1. (4s9) simpiifies to

ag.,;,o . . '
W o o th410)
G3 ranges from I3 to 0.3
The noise faotor
| z 2
R L™ (Rye#R
33 =) e oi' * mo.«u(wi':.’lqm-c“z
Ry R aua’ E&aﬂ!x;’ﬁ hﬂ
the third term on ths right hand side is negligible thqrofom .
(4+11) reduces to o | ‘

(4+12)

R ' : .
Nym1e - (hed2)
R s ‘

and ranges from 1,68 %o 1,0}

In using sny formm of tuned input the bandwidth of
the imput eircuit must bk large in comparison with the
bandwidth of any tuned stages which follow, ® This 1s for the
convenrnience of having the ovarsll bandwidth independent of
variables at the input to the premmpliffer (the bandwidth
of the input circuit is a function of insremental resistance
which 1s depemdstsit on bias current and tempsrature)s In the
case of the series tunad input, this involves a compromise
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betusen a high voltage ampliffeation and a bresd bandwidsh,

Summarising, the direct sonneation was used bessuse
the voltage tranafer ratic was conatant over s wider rangs
of inocremental resistancs changes than the saries tuned :
{aput and introduced less oslibraticn dtfficulties, nmm
the parallel tuned oirsuit would have performad um. ﬁn
direct commection was chosen in preferenss to the pwdhl e
tuned input besause of -hpucuy of operation,

81n0s the direst gonneotion was chosen, a surve
was prepared to currset for the uttomtion of noub signal
at higher values of inoremental unutmas, The Mm-uttau
curve is ths resiproocal of the voltm trmtw ratio |
constructed as a funotion of mcrmnm vesistance, The | ﬁ
correction curve is shown on figure h.13, with an {nperted
diagram cf tha otw»sult used in obtatning the ctu-u.'

~he2 Current Blas cirouss

This oiremtt (f1gure bol}) was designed to deliver
dec currents in the ringe of 10pA to 20mA te the junetion,
The internal impedance of the cirouit was dwm more than PR
500 times the impedanse of the jJunotion and therefore mtm
duced 1ess than 0,2% error in any measurement, .
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Le3 Resistanse Msasuring Cireuit

Since the inoremental reaistengs of & pen
junetion 1s & funotion of blas cwrrent, additfonsl oiroultry
(figure 4415) was provided at the input of ths prosmplifier
for determining this resistance at any bias current (of,
section S.3)e The resistanse was messured by passing a
known aws ourrent threugh the Junction and messuring thse
resulting volt,aa'o.

The circuit was calibrated by substituting resistors
of 4ifferent values, renging frem 10-1000 2 in the plase of
the junotion dfode D (figure Le1S) and mowing the valuss of
the signal gensrator woltage necessary to keep the cutpud
from the preamplifter at an arbitrarily chosen sonstant .
valus (0sSvs)e The calibration curve (figure l16) was made
by plotting resistanse versus the gensrator voltage,

‘Lo gain Calibretion

The gain of ths noisceamplifier was moasured hy
. applying a Xnown noise signsl at the inpus of the ampliffer
and measuring the qutput, As a noiss-gensrator, & saturated”

ki .
e) The ocondition of a dlode under whiech the plate ourrentg
is a funetion only of oathods temperature, 1.0, indee

pendent of plate voltage (neglecting Schottky's sffecst),
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vasuum tube diode was used (figure Bel7)s A& satureted vaouum
Subé dlode may be reprasentedl® by a notse fres diode tn
paralilel wzth . noin omm generator of nnn tqum value,

" ;': = 2qrar | o o as

iimqsstho slestronie clmrgo. I the deo plato ourrent of the
410de and Af the Bandwidth of :uteunt. "

Mmmmomiuvoiugoatmm“m
preamplifier iz that aeross tho loed rasstister R fﬂzm bel7)
and is given by

Kelvin, mn second Sorm on the right hand udo of (4,19) 1a
the eontribution aua to thcmu nolse of ths hnd mittom
The pxato surrent I was varied by ohlnstna th-
filament temperature of the noise &t odes in this way, t!u input
nolseevoltage to the pnupuﬂor (05,,) vas vapled and &
oxlibration curve (figure 4,20) was prapared by pmm o1,
versus the output from the noiae munu; The owrve was
propared for valuse of in;mt ranging from 10mpv to Os9pnv, the
range of nouo voltsges through whtch messurements were to be
made (of, ses, 2,1), R
- The calibration curve was chacked using two difcerent
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INPUT TO PREANPLIFIER IN MILLIMICRO VOLTS
FIGURE 4.20
GAIN CALIBRATION CURVE OF NOYSE-AMPLIFIER
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dlodes of the smms typee: FPwi00Y, The resuits from these
two tubes were indistingufshable, It was eatimatad that
nsasurements based on this oallibration surve ware of better
than 5% mwm. |

md) The FRe00 manufastured by Gensral nmmis.o, ‘eo,‘, 18
spesially conatructed for the stuly of elsetifoal
dimlurgn in high vacuum; in pmmular. the rslation )
betveen emmt\u-o and olontx-m enisstion, This tubse N
has good uﬁumeion properties bitug bullt with a pure ‘

~ tungsten filament which is elsctrically end chemically
‘Mo robust than other commonly used t&lmnt mm:-zm.
Pures tungsten withltmdn pesitive !.cn beahamnt better
than other filement um-zm, and spproaches saturatgon
more closely than other oathodes (the work funstion
remains relatively oconstant with im_nmdg ohMo
£fleld 1,0, ‘Schetﬂq‘lcﬂ‘ut is mnn), In sddition,
whareas most diocdes are doa&gn-ﬂ to spoerate in the
spase charge reglon, the yraaoo 1s constructed for
the large powor dissipation required in the saturated
region, Bepause of these resscns, the rr-uoo 48
suitable for use as a noa.ai d20de,




PART XX

BXPERIMENTAL, RRESUISS ARD COMCLUSIONS




| The samples used in this experiment were Philen
2393 gormanivm mmw (pennp, ntmahr)g m:u vere
chosen bdesause : | :

1) mam provided two Mm for apwmmlr
the Seme oost a8 one dtu&i. .

2) For these m@zm,- the compleox portion of the
susll signal see impedance was negligtble® a Whieh Mtr
shpurud the uumm ar the Junation !upoama.

a) This is a result of the prosess of u“mlney:m

used in the fabrisation of the 28193 Mutmt .
The buo-ug:on is prepared by dmcang a nm
‘of a01d stoh to each sids of an a.tm ng
waler, atohlng m wafer down to sise, MQ pmmu
gtuo ueunnur controlled nearrow hau Mou,
the thiokness Mng mmod lw tntusm PR aLBOYDe
tion,. Ineluded in the Jot stresn in hmmn in
uxution. m by pm!.m an oleotric aurﬂnt tlu-pugh
the stream, very musll sadmfium dntc m cluﬁophtad
to the wafer, The emitter dot is later ﬂ.lom

The nsrrow base :»glom and ammzx am:-uuad
small jnncnm; areas ( junction capacitance ‘i proportional

« 30 »
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3) 4 large junotion area s lisble to rcuuu in an
undulating® junotion with the nolse properties varying from
Jwtinn to Jjunstion, m uom«uloy Junetion had & sma))

area {diameter 0,0075 inshes) and was em.:om mors llikely
tohnuaplmjmﬁm', :

L) The amnx size of tho BN393 was auttab:lo for mm:oa
into tbo nmw neeck nr tho uquu ha:.l.m unelu (see ﬂ.gnn
h.‘l). thonby 0untmt1ng tha use ot - muatnt.

As & considereble amount of work had bess done on
noise in psn Junetions at low ewrrent &cmlﬁias,s #5012,13 and

- 4 w
_ 3T on arsa) result in good h!.sh tnqmex .
performance of the 2H393 transistor, The 2N393 1s sn
all purpose high Mquam trm!stor with pmzuu-v
appiisation o Mteh:ng sircuits up to 50 me,

The Junstion capscitance was manmd to bo less
than J.Omxr. whieh may be neglected whm jnnotzon ruu-
tances ranging tm 001000.0 are oonatdom. 1% s
therefore 5ust1t1abh to refer to the u.n slgnn
as¢ impedance at tho ,1unouou as the immnm resistance,

») Undulating 1:: - cms»mou'on taken n‘bout any. ds.uetar.
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vary 11t¢1e (as far as I know one published paper on
experimental worlj at high eurrint densities (sse sbe. 5e5}»
emphasis was plased on noise measurements n high current
densities, Ourrents from 10mA to 10mA wers used with a |
junotion ares of b2 x 10™°sq, inohes, 7hts save ourrent
densities ranging from 0,226 « 226 smps per sq, ineh, |

Fisu:c 5s1 shows a typleal set of ourves for the
total nolse measured across the terminals of iht collectore
bage junotion of the 2N393 transistor as & funstion ‘of bias
current at the temperstmes of 4,2°%, 80°k and 300%%,

The incremental resistance of the Junstion was
moasured under the sams conditions as thoss of the Mn
measurements, and the valuu of inorsmental vu!stmeo corress ‘
ponding to the nolse measurements of figure 5,1 are shown in
figure 5.2, Prom these curves of incrementsl rasistanie versus
blas ecurrent the Wimu base resistance’ of the ssaple was
deduced, Shockhy'n oqution‘ deseribing the flw of ourrent

Soow

©) The extrinsic base éuhtm_. is the resistance of thn
bulk material outside of the junatfon, |
d) This equation was derived for s simplified one dimens |
' tibnul model of & pen Junetion, See W, Shockley "“Theory
of pen Junctions", Bell Syst., Tech, J. 28, 4,35+489 (1949).
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in a pen Muon is
v S
Isx (e 1) | (5+3)

Where I 1s the reverse saturation current and v is the
voltage applied to the juncticn, Differsntisting with respect
to v gives }

' I, ©

% - ﬁ o - ﬁ (I+I4)

- ﬁl’ I for I I,

dvy :

s B =Y . 'kz : : : ' (Sels)

ql

Whers R 1{s the incremental resistance of the Sunction,

4t low eurrents, therefore, the measured incremental
resiatance 1s mainly dus to the potential barrier existing at
the Jjunetion, while at high currents; the measured resistence
tends to-the valus of the extrinsic base resiatance, For the
Junetion, whose noise properties are shown in figure 5,1, the
extrinsic base resistance was 23, 35 and UL o at 4,29, 80°K
and 300°E respectively,

S.4 Holss of the Junction

Full Nyquist nolse wes assumed® for the extrinsie

L2 2 ]

e) This assumption is based on a statement of Bs Schnelder
and M, J. O, Scruttm. who were using the conclusion



bass resistance and this noise was subtrasted from the botal
noise (LkTAf at 300°K = 74 x 1018 watts, therefore th: mean
. sguare value of thoud noise at 300°K 18 33 x 10”26 yo1ts
squared)s The remaining motes, shown in figure 5.5, was
assuned to D gensrated at the junction and its magni tude
will de compsred with that predicted by sxisting theory,

} 3 o) ta
of W, Guggenbuehlis M, S, mun. Swiss Federal
Inuttuto of Teshnology, Zurich, Mtnﬂm.
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At lov ourrent densities, good coineidenns has
besn cbtained betwssn experimentel and ealeulated rosults by
other workers’> tn this f1e1d, In those experiments,
van der zxo:!& noise equivalent eirouid (rigure 6.1') for a
Pen junetion wes used to obtain the ealeulated results, As
shown in figurs 6,1, this equivalent eireuit is a noisesfree
Junetion of ldnlttunu-? in parallel with a noise eurrent -
generator of mean squsre value W

re i E;miao(r) - 21:] ar - (b.2)
¥hers Re(Y) is the real part of the junotion admittance, =
The above squation was dertved on the assumptions xl‘
1) that the notse is attributed to a series of random and
independant oroadings of the funetion by eurrent sarsisrs and
14) that traps present &utho Space charge region have no
offest ou dfffuston, Thermal noise dus to the contast
Tosistance and the extrinsie mq,f,noutm; 18 excluded
from (6,2) but 1s represented in figure 6,1 by a resister r,
squal to the contact wresistance Plus the extrinsie base
resistance showing full Nyquist nolss,

- Uf -



- U7 -
, ar | | .
Ty N T2 =[uwtRe(¥v)-2q7] ar
v 1 ; N . :';:-A"':.,jj”
yer (van{der Ziel)ﬁiﬁ;
- 2 = [hkTRo(Y)-o-ZqI]; |
— . '(Matéré)
FIGURE 6.1

van der Ziel's low frequency model for the noise of
& p-n junction. Mataré's expression for the current
source is also indicated, . '

G % = ZJ-*_____*% = 2 ——
12 =[bxTRe (¥ )-291] ar

_ » R o
‘%—3:’* o Ry V2 = lkTRe(z,) ar
[, Sa— m“ i; i

c
3

FIGURE 6.3

Noise equivalent circuit of Schneider and Strutt .;é;~f;
for a p-n junction at high current densities, BRI
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At high current densities®, both the minority and
majority carrier densities increace by several orders of
magnitude above their equilibrium values 1,e, above the
concentration of carrders found in the semicondustor matontal
in the absence of an external fieid. Under these conditions,
1t was toundﬁ that equation 6.2 no longer predicts the noiss
properties of a pen Junetiqn.

Two postulates were put forward to explain the
deviation from (6.2) at high current densities, A, van der 210
oxpecte a sconsideradle spase charge ocutside the Junetion cauntng;
a comelsastion between carriers thus violating one of the
essumptions on which (6,2) 15 based {independent crossings of
the Junetion by carriera), W, Guggenbuehl and ¥, J., O, Struttg
on the other hand, expect that the number of carriers drewn |
into the Junction might be influencead by voltage variations,
which were caused by verietions of the ecarrier concantrapian
outside the junction, Nelthor of these postulates has been
verified experimentallynor proven theorsticelly,
~-°“a) When a 1arpe fleld 1s epplied to a pen juncbion, minority

carriers are injectoed into the base region from tha
omittors Theze injeected carriers tond to oreate a space
charge; thereofore, majoriity carricrs onter from the base |
load to neubrelise the chorge, causing an overall increase

n earrler coneentration, "High Curront densliles® or

pia

"high lovel current injeetion" impliles the sondition when
vhe econcentration of injzoted carrlers becomes comparable

2o or greafer then the inpurisy eoncentrabion,



B. Schneider and He Je O .‘31:z'u.z,!:t;.""‘4 performed
experiments on the noise in pen junctions at high current
densities and assumed both the mbove affects to be trivisl,
They caleulated the expectcd noiss fronm the junstion by
aprlying equetion 6,2 to a new equivaienh circuit (figure 6.3)
whieh 1nolﬁdod an inductor as well as resistors and a capacitor,
?B in figure 6,3 represents the impedance of the semiconductor
naterial outside the space charge resgion with its nolse given

by Hyquistts relation,

ve = LukTRe(zy) ar

H, I, Matarélé has suggosted a different oxpression
for the nolse current senerator of {igure 6,1 under conditions

of high current densities, Ry considering an equivalent «q'..'

network for the barrier with an IV relationahip of the form

n
=
I klb +k2V
where kis are gonstants, the mesan squere nelae curront of

{6s1) becomes
T2 = [humely)e2qi] ef (6els)
- L

Since, as wos shown in section S.1, the impedance
of the Junction was malnly resistivoy the model &f figuro Gel |
was uscd bo caiculsie Stho oxpuested nsise from the junetion, '
Tsing the omperimentoily found valuves for iefV}, tho second
torn in {6,2) was greater than the Tirst for conditilions ab

3,297 and Jﬁolg which: lcd Lo meanincleos rosulbs. 4% these



oSOq-

temperatures, thersfore, squation 6., was used to calculate
the nolse of the junetion, Flpgure 6,5 shows experimental
results together with results caleulsated both by {64,2) and
(6.14) at 300%k, Figures 6.6 and 6,7 show experimentel and
calculated results at 4,2% ena 80%x respectively, the
calculeted results being obtalned from equation 6,},

6.2 Comparison of Experimental and Calculeted Results

As shown in figurc 6,5, van dor 7ielts theecry
(equation 6.2) gave rosults which werse in better agreement with
experimental results at 300°K than results calculated by
Hataréts theory (equation 6.4). &t 4.,29% and 809K, however, i‘ll.‘

results esalculated from van der Ziells theory were meaningless, I

while results calculeted from Matarsdts thoory showed good
agrecment (: [0%) with experimental results st L.2%K (filgure 6,6)
end poorer agreement at 80°K (figure 6.7)

It seems thorsfore that Matardis theory approximates

more eclosely the nolse »roperties of Pt Junctions abt low

senperatures and hipgh current donslties, This was te be ;
cipocted since van dep Zielts theory wes based on the none ?
intercction of current cerricrs: and tho abundance of carriers é
at hich current donsitles removes thip condision,

toth thoorles moentioned above neglees (=0 nolse, the

i

Es)

1wiso coused by tho flustuation of genoeration and »rocombination

]

&

rates in $he bullk mabtorial, It is poasible thet Pluctuctions



*SETYOAHL S+THIZ ¥AQ NVA
ANV S:dJYVIVK HIIM QIHYIWOD ¥o00€ LV ISION HOILONAL

yout sJgenbe aad m%moﬁm%ww%mwm JusaIny

2 - 00t L g £ 2 oT L § € 2 0°T L § £ 2 ﬁ..om
L
/ i) ¢
If/ N "
[~
N e
N Laﬁzmm Y 5
N N
~ T~ !
/IL7 < J/Ul..rﬁ..’l@.. 00T
- TIIZ Wlq NVA -
S - N V/ . 2
~ ~

SITOACHDTTITIIN HI H5I0H &Z5Szsino



y

XHOTHL $TUVIVH HIIR QAUVAROD X 2°W &4V FSION NOILONAL

9°9 XUNOId
Youy eJgenbe Jod edue uy £918u8q queaany

0t

er bw.w g € 2

N

R p—— |

TUVIVH

/

001

000T

HI #ESI0H HOIXIIDHAL

Ir

11

EH

SEIOAQLIIE




x5omns $1XEVIVH HIIN QHUVINOD M 08 IV FSION NOIZOMOS
L°9 Twmo1y
EORT TUVODS ¥Ad SIRV NI XIISHSA IHFWND
LS € 2. o1 L § ¢ 2 0t

L 1 ’

»? o

e e e

0 e s o e w10

37 e v

{430

%)

L

AR
$

k¢

3

2

e

¥

-

N en s s

e wwes ey

e e Sy




- 5 o

in the GCeR noise level might have caused the deviation
botween experiment and theory, This suggestion is in some
way related to the postulate of Gugrenbuerl and Strutt

mentioned in section 6,1,




CONCIUSION

Experimental spparatus was dbuilt to measure the
noise voltage developed across the terminals of a pen junstion
biased in the forward dirootion, and messurements of this
nolse were made as a function of dlode surrent at the tezpere
atures u.a°x. 80°r end 300%., as the oporating frequency
(1.15 me) flicker nolse was sssumed negligible and thermal
nolse due to the extrinsis base resistance was subtracted from
the total noise leaving the noise of the Junetion, Ql!
The resulting junction noise showed rough agreement |
with van der Ziel's theory at BOOOK and falrly good agreement
with Mataréts theory at L,2°R, = suspect that the disagreement
between theory and experiment at 80°K, and aven that at
1.,2°K and 3009, wac duo to varlations in C-R noise level,
the pen junetlion is a microscopically complex deviee and befors
its noine properties are thornoughly understood, more reseerch
@ill be necessary on bulk somiconductors, in particular the
veriations of GeR noise with current and tomporature, It 1o
expoctcd thet rese .reh will bo conductod in £hic diveciion

in the neny futuro,
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APPENDIX )

Three ways of counecting the samples pen junction
to the preamplifier are discussed, the voltage transfer
ratios and the noise factors of the connecting circuits are
derived and numerieal values sre substituted into the
expressions for comparison of the differsnt connections,

The comparison 1s 1llustrated in graphical ferm in figure
fe2, Flgure he2, showing the different forms of comection,

is redrawn in figure A.1l; & form more sultable for oircuit

analysis, ‘

1) Direct Connecticn

Direct connection of the pen junction to the
auplifier constitutes a low pass £ilser {figure Aola), and
ig therofore limited to relatively low frequencies,

The voltage transfor rabtieo of %he elrcuit

e
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(c) .
SERIES TUNED INP

FIGURE A.1

THREE WAYS OF CONNECTING THE P-N JUNCTION

TO THE PREAMPLIFIER
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2) Parallel Tunsd Conncctiqg

The parailel tuned input {figure 2,1b) is the most
practical form of connection as 1¢ allows meoasuvenents to be
mede at any froquency with bodh tho voltate transfer vntio

and the neise faetor elose to unitye
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The noise fastor
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3) The series tuned conneetion
M—m

The serivs tuned input (figure A,Xc) give a volt.g=
transfer ratio groater than unity and 1s therefore useful
where the smplifier does not have sufficient gain, at Lirut
sight this may seem to be very attractive but if the bande
width mast be wide (in order that the overall bandwidth of
the equipment be constant with reapoct to changes in the
Scurce inpedance, the input bandwidtih must be ssveral times
larger than any of the tuned stages whisch follow) the gain
must be much samller than the maximum gein,

Since the series tuned connection has =z low noise

factor, it may also reducs the nolse factor of s noisy

amplifier, ) :
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For & scmparison of the different {orme of connection,

the following values were substituted into equatione (1) to {6)

and the resulta shown in prapifeal form {fipuve A,2)

g = ) mc . = 0,125 mh

o]
n = 200pnf Hp, = 6.3 <2
R = 300 Kz
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