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° Annual Report
for the pcriod 1 July 1969 to 30 June 1970
Susmary: ﬁ

This report describes sume recent efforts to study and under-
mmmmmmuaumu.oemmm
-.1_, T¢" infrared detectors under low background conditions. Par-
ticular esphasis has been placed on the study of the low freguency
noise properties of these detectors.

In the main body of the report, Dr. W. J. Moore descrides the
present approach to noise measurements and detector evaluation
along with the first results of his experiments. This part gives
a description of experiments in which the probability distributions
of noise amplitudes from several Bg, _’OA‘u elements cbtained from
Texas Instruments, Inc. have been msasured. In all cases the dis-
tzibutions are gaussian. When maasurements of the distribution
are repeated the variance. of the distribution is fqund to change.
Such a situation has been termed “noisy-noise® by Brophy [1).
Additional data is required before the statistice of the distri-
'httnofmuuuomhmmml.“&'nm.

Appendix A consists of a theoretical paper entitled "Phencme-
. Bological Approach to Low Preguency Blectrical Noise®" by 8. Teitler
and N. P. N. Osborne vhich is in press in the Journal of Applied

Physics. The development invdves two basic physical ideas. Pirstly,

the excess noise is ascribed to the fluctuation of the local (in

time) reference level to which equilibrium and other white (in the

lowv fregquency limit) fluctuations are compared. Secondly, it is
) §
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sssumsd that excess low fregquency noise involves a nomlinesar process.
This isplies the noise power in different freguency regions are
ooupled. A”mr sinmple assumption requires the integral of the
power spectral demsity over specially chosen intervals to be a
constant. This leads to a 1/f spectrum for the power spectral
density. Possidble generalisations that provide for other cpectral
laws are aleo mentioned.
She calendar of events associated with the agquisition of

state-of-the-art Ng, _,c‘,ro detectors ;- as follows:
Contract in the amount of $39,994 for three state-

of-the-art arrays of Ng,_.C4 Te detectors

swvarded to Texas Instrumeats, Inc. (Coantract J

Susber ¥00173-70-C-0444) 9 Jan 1970
Delivery of fisst arrwy Ped 1970
Delivery of sescond array March 1970
Delivery of third® array - March 1970
Delivery of fourth arrey ‘may 197

Dus to the slightly substandard performance of the first array,
& second array of the same nominal element sisze was provided by
Texas Instruments, Inc. at no cost. '

During fiscal 1970 there have been monthly reports on this
task beginning with 1 Oct 1969. With this annual report, it is
proposed to return to the quarterly reporting procedure prescrided
by ARPA guidelines.

During fiscal 1970, the mnaa;l concerred with this task
have been Dr. 8. Teitler (principal investigator) and Dr. W. J.
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Noore (project sciemtist). During fiscal 1971, Dr. MNoore will
assume responsibilities as principal investigator and Dr. P. T.
Radoff will participate in the project.

Twenty copies of this report are being seat to the Defense
Documentation Center, Cameron Station, Alexandria, Va. 22314.



LOW FREQUENCY NOISE PROPERTIES OF STATE-OP-THE-ART
-1-3%“ INFRARED DETECTORS

- W. J. Noore
I. Preliminary Considerations.

.ulnnd detectors hmnn long suffered from electrical noise
in excess of that produced by the fundamental Johnson-NyJuist and
generation recombination mechanisms. This excess noise has a
power spectrum wvhich roughly follows a 1/f dependence and i’. is
referred to as "1/f°" noise. It reduces the detectivity of the
detector, particularly in systems which must operate with slowly
varying signals. In addition, excess noise increases the statis-
tical spread in detectivity of elements in arrays with resultant
degradation of the overall array performance.

The objectives of this stuly are to procure evaluatéd state-
of-the-art B9, _’Ol‘!'o detector arrays vith peak sensitivity near
10 microns, to perform additional mesasurements of responsivity
and noise under a variety of background conditions, and tc compare
the statietice of the "1/f" noise in these detectors with theoreti-
oal modals for “1/f" noise mechanisms.

Recent studies of smplitude probability distributions of
*1/2" moise in carbom resistoss by Brophy (1] indicate that this
noise differs statistically from Johnson-Nyquist noise. Such
statistical studies offer the poessibility of testing models of
*1/f° noise generation mechanisms more precisely than is possidle
uaing the traditional power spectrusl measuremsnts alome. |

Traditional experimental studies of noise in semiconductors

have deen limited to msaruremsnts of power spectra. The usual
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systea for power spectra measurcments consist of a tunable narrow
band qnf}cr followed by an rms reading voltmster. The voltmeter
reading is proportional to the rms amplitude of the Pourier components
near the selected frequency. Pilters have beea used in this way to
make measurements at frequencies down to about 10”3 derts (2).
Similar measurements have been made down to S x 10~ herts using
frequency multiplication methods with analog magnetic tape (3] and
photographic film [4). Recently, Mansour, Rawkins and Bloodworth (S5)
descride a technique of making power spectra by Pourier analysing
digital tapes made using a system wvhich periodically sampled and
digitizsed the wvaveform of interest. Their concern wvas in the
spectral region below 1 herts but their work represents the first
use Of digital computers in the analysis of electrical noise.

Another advance in the analysis of the nature of “1/€" noise
is the work of Brophy [1] and Nooge and Noppenbrouwers (6] who
determine the dunctou!ucl of the amplitude probability die-
tribution of "1/f° noise from carbon resistors and CdSe filme
respectively. Brophy finds that the variance of the probability
distridution is itself a variadble and changes vhen the experiment
is repeated. Nooge and Noppenbrouwers find that the variance of
the distribution of noise from CdSe layers is constant. Ia both
na0es the noise power varies approximately as 1/f and the prodb-
ability distridbutions are gaussian.

In addition to the above studies of asplitude probability
density of "1/f° noise, Brophy (7], has determined the probability
distridution for the intervals between sero crossings for both

Johnson-llyquist and "1/£" noise.
2




All of the adbove studies with the exception of those of
Mansour, Hawvkins and Bloodworth require that the experiment. be
zepeated for sach type of analysis. It is not convenient to
;o:!ou more than one analysis on one samgh Of noise.
A much more general and useful system for noise analysis has
been designed in the present work. This system allows all of the
measurements described above and in addition allows one to make
more complex fests of noise theories than those discussed above.
The system consists of an analog taps recorder, facilities for
sampling and digitizing data recorded on the analog tape and
placing the digitized samples on digital magnetic tape, and a
gensral purpose computer. This system will be described in detail
later.
IX. Properties of the Purchasdl llgl_xddxh Arrays.
"l-xe‘x" arrays have been purchased under Contract Nusber
§00173-70-C-0444 vwith Texas Instruments Inc. This contract called
for delivery of three arrays of at least five elements each. Arrays
were to be provided with elements having the nominal sises: 3 x 3 mils,
6 x 6 mils, and 20 x 20 mils. Pive eclements from each array were to
be evaluated at 28°K and 4.2°K with restricted background illuminationm.
Due to slightly substandard performance of the first array delivered
(azzay no. 256 - 17C) a second array of the same nominal element
sise was provided. The arrays delivered are summarised in Table 1
wvith comments on their performance.
I1X. BExperimental Details. . )
Block diagrame of the two systems used in this study are showm

in Piy. 1. The system shown in Pig. la is essentially the same as
3
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that used previously by Brophy (1] except for the analog tape
gecorder. FPigure 1b shows the more general setup including noise
analysis dik-octly utilizing a computer. -

In the experimental configuration shown in Pig. la, the
"1-:“:" detector array is mounted onto a copper block which
is attached to a liquid coolant reservoir and is held at a temper-
ature near 78°K or 4.2°K. A cooled opague cap covers the detector
in order to maintain a low level of optical background and
a low level of optically produced generation-recombination noise.
The detector is biased using a filtered battery supply as showmn
in Pig. lc. The resulting current flowing through the sample
passes through the primary of a PAR Model Am-1 input transformer
(Triad G-4 Geoformer) and produces an amplified fluctuating output
in the transformer secondary. This output is further amplified
Dy a PAR Model 113 preamplifier. The transformer is comnected for
a voltage gain of Sl:1. With this system the sample appears to
the transformer to be a 120 ) noise voltage source for noise fre-
Quencies greater than about 20 herts. No distortion due to curreat
in the primary has been cbeserved.

‘Signals from the amplifier are recorded on analoy magnetic
tape vhich is capable of recording frequencies as high as 20 s
with a signal to noise ratio of 46 &b. |

The recorded signals are played back at a later date either
at the record sgeed oOr at a slower speed (in order to get a
division of all frequencies pnme)\ into an NP 54013 multichannel
analyser used in the sampled voltage analysis mode. When the

4
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wvavefora has been sampl( 4 for a ;fncunt time !~ 1-2 rinutes)

the contents of the memory is punched onto papnr tape which can

be analyszed by computer. When frequency multiplication or division
‘are Ianeuu.ry the analog tape recorder is omitted.

When using the generalized system shown in Pig. 1b, the dewar,
preamp, and analog recorder are as described above. Sigials re-
corded on the analog tape are played back into a digitizer which
can digitize and record more than 10

wvaveforan. Prequency division or multiplication can be uned for

samples per second from the

special applications. The unigque feature of this system is that
the chronological order of samples from the random waveform is
preserved.

IV. BResults.

Noise from the preamplifier and from bhpod lql_‘cdzh detectors
held at liquid nitrogen and liquid helium temperatures has been
analyrad using the two systems descride above.

Amplitude probability distributions made using the pulse
.hmt analyser confirm the expectation that the noise is normally
distriduted. An amplitude probability distridbution for element B
of array (-351-11C held at about 4.2°K with a bias cu.rent of 1.5 ma
(slightly above optimum current) is reproduced in ug.. 2.

Showness and kurtosis are two statistical parameters of a
distridbution vhich are independent of gain and s0 are characteristic
of the type of distribution. Por a mormal distribution they have
the values 0 and 3.0 respectively. The skewness and kurtosis giveh
on the graph for the distribution of Pig. 2 were determined using

3




moments calculated from all 512 experimental points of the dis-

> tridution and so include data from the vings vhich would strongly
affect the result if the vings deviated from a normsl distribution.
As indicated on the figure, the resulting values are very cloee to
the theoretical values which suggests that the distridutio is
gaur. .an even well out into the wings. We 40 not yet have suffi-
m;auwmmmmtmmummm-. Bowever,
thnrimnumd‘ovuy meu.mum:-nm
vhen the experiment is repeated. i

Several noise samples have been digitised using an NRL

digitising facility. Soms problem has arieen in avcempting to
get good resolution from this system due to the lack of a sample
and hold circuit ahead of the successive approximation digitiser.
Commercial digitisiag facilities are available at reasonable rates
and will be tested in the near future. Ounly when it ie possible
to get digitisation with good amplitude resolution will the full
.capability of the ganeralised system be realised.

R - . » L.
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APPEOIX A

-

Phenemenslogical Approsch to Lov Proquency Bloctrical Noisest
S. Teitler and M. 7. N. Ocdorns

Abetrect: A phescmemolegical description of excess wolse in & womequilideiwe
oysten s presented. The development iwvelves two besic physicel ideas.
Pivetly, the encese nelse is ascridbed to the fluctustion of the local (im time)
referense level to vhich oquilidriwe ené other white (in the low frequescy
1iait) flestusticns are cempered. Secondly, it is ssowmed thet excese low
froquency neise iavelves & nonlisesr precese. This implies ths mofse power
ia different frequency Tegions asre cowpled. A further simple seowmption
soquires the iastegral of the power spectral density ever specially chosen
wuu.w. This lesds to & 1/2 spestrum for the pewer spectral
Gemsity. Pessidle gemeralisstisns thet previde for ether spestral lews are slse
ssatiened. :



I. intrecection

Low fecquend, olectricsl nofse ususlly has a ewnponent vhich: {s propartiensl
o tha eguird of the driving current and vhich hize a spectral donsity varying
apprexiseately as tho {nverss of the frequeney. This go-called excece nofre
fo nal cealily deoeeribed withinu the uvsual mathematics] fresevork employed in
the dezeription of fluctuastfon phemaona, Nowwver somd epecific ssodeo) have
baoa used fi s duseription of thc low {requancy sprctrum In soma epecific

' [ A
102,3,4,5,6 1.0 ast loag &30, Raacelbrot! provided ¢ gensralizatien

{nslances.

of the nathiiuiieal {ramovork for deseridbing fluctussfon phencsena whfeh ko

. Nore receatly, Nandzlhrot and

10

applicd to the low frequency nnice prodlea.
Ven xanz’ have {rtroduced tha cencept of fractionsl Rrovatan motion” and
related ft to lov frequency noise.

I the preseat pepar we stiempt to Coscribe low frequeancy clectrical nofee
uwithin a genival frenswork of fluctustion phonomena In nonrauiltheiy eveteny,
Ouv approach s deductive in nature and our aim is to dreally labal the
esseiiial yhysfical processas that may lcad to excess low frequeacy nofrce,

A noncquilibrive systenw {s sudjected to external driving forces., We ere
fnterestcd In the racsponse of tha systen to the externsl forces as reveeled
fn varfebles of flouw; e.g5. a charpge current, & masc curreat, ete. It fs

vsual to doeline e flustuation for such variables at a given tiue as tle

Eiffovauice of the value et that time and fte waan value., Tafs uetavalua,




in practice, s define as the tine evorsge ef the verfalle over the eopiriceal
record, Now equllibriwa sal othe~ viite (In the Jow frecuoacy i) nofscs
are all charccterited Ly 2 gorrclatien time., Therefeve any tise interval loang
comparceé to these correlation tizce foruss 2a epprepriate sveraging fnterval,
It &s phycically fensilio ticn to cencidertvo dlutinet aepvcin of th
fluctustions, nesaly, (1) {luctusticns arcuad e relarencs levid local in til-2)
gcd (2), Llvctu:tions of the Jacel rofireacs level. 70 fleetvriions slwat
the lecel raference lavel ere jurt thase thet glve rise to tle wilie (In tis
low frequancy 1i:it) nclse, MNewwver, tho fluectustions ef ths lreil rifercuce
leval {teelf rgyra:an:z, from our vicvpolint, one of the eazontially nov
tngrediente Jerding Lo excenn nrofee (n nomequililelva gyriea. We refer to
this {lucturtion of tlo lﬁcs; raferinee laval e Che aversse eurrent Cavisl e,
In cédizien, as will dovelep In tha eonrtrection of cur phens-insiellcs]

»

nocel, wa favelia an uuspectficd monlficar woclionion fa orlor o pravidc

coupling g=ong tha gpactral cempencnts of tha aversie eurrent fovicties



I, Sua Mveraga Cecvent Diviatien
Our goul fn thia cectfoa fo te analyze the {luctustions ia the locul
reforence level whilel we doseriba gad denote as the average current deviattoa,
oo end rocell Lo the pousy sprctral doneily fer tha sverage curreat deviatien,
Wa provecd fu the tiue Joseln in a vaaner sfuflar te that wscd by von

Velssl .t.r"

in the epzce dounln to deseride Wizh Reyaeld's mesber turluleace
puenccenn,  Hovaver {0 ghould be erplianized that S prosent discvseion Ir not
Cirvelly a turbulonee Lleary, We do not Coal vidh the epatinl desain at &ll,
Neverihaless our phonczesnalesfeal results are ccasirreat with 2 turbulence
pechaalan for low froquency rofsac n :e{:tcenductcms" In thal sush & mechention
provides a noalluecr coupling among the frequancy cosperonts of the nmafra,

Conslder a very loag tine record e¢f length 7. The aversge of the varfahle

£ inlerest, ¢.g. tha ecurrent, over this record fs 1

- 17, Y
T3 "{/4 1 (c) ¢t (2.1)

4T any pofat o tue record, tiw fluctualfon =2y La repreasnted s» the Efffev-

enee batucen the valus of the current at thetpoint, and-the aversge valuc.
Coastlder nov an {nterval To centered on the point of interest € This

frtervel {8 chosen to %o wuch smzller thiu the total record b § but muceh larger

than the coveelntion tlnes of witte (In the lev frequency limic) nolses. This

1

woci- that gpectral propesties for frequencies £ > ‘1‘; =4y ba Investigatel {n

this futavval end alav thet the interval ?. is cufffciently largs co eftier
{t o0 o wuill frectfon of (&, Loth provide & satisfsclory averagiang interval

for t,;pleal proccsedoa chevacterfzad by a ecorrelation time,

Ghe aviraze of the currant over the Interval ’n‘o centored en t i is

ti "U‘ o

PR , .
1V ) -8 HO RS (2.2)

e/
A=3




In genriel tie averasge over Lle foterval T will rot colncids with the rviveg

over the entire empirfcsl interval :T:

1 ¢r) -1/40 (2.3)
We 1ay exrroes tho fluctuntion a2 t, in tha fellew!: . form

T a oAl &
() =T2X(e) =17 (r)+1 (7) & (2.43

tiow 76 wes chozen puch larger than the correlation tives of the viiite {in the

e froeueney 1i2{2) r-'see. Consider the sziller tine fnterval T‘ - rﬁlx Er To

12
viiere R s a gmall integer. Toea we c¢2n form the avaersge of Li:a current over

b
the {nterval T, eceatered on t.," nesely 1° (T‘). The fluctustien a2 £ pay

i
then be wirftteu

x(c)-xsx(c)-x “'1’*1‘71) “'r)-n-x(;)-'i
&_‘A\‘/ \'N»-.-.J

& & ¢

ll Ie ‘2.))

Simtlarly wo cen continue to gubdivida tho orglanl fnicrval T to fore

2 " rz To, ‘r3 - r3 T., coe 7. -t Te. The suehidiviczfoa 1o stoppad at T

wihileh repracentathe cacllass fatervel vilch cea serva 8¢ en avaraging intervsl

5 s

for vhice (In the lew frequancy liwit) nofses. The fluetuatioa at t‘ sy then

ba vrtt&nn genaralizing Eg. (2.5)

T(e) -TF4(e) =1 (i) +20 01 (2.6)
vhere

et @) -1

I e a)-x(—l),n a>e (2.7)

Wo fdensify I (c ) -1t (“ ) as tha weual flucteation at t ot oV with respdet
=]
to a lecal reference level., Thea 59 a : In ie the fluecustion ac ¢t dntrinsic
0
to the noreqt!flhriim altvarfen o= v Seslsaste 1L the avemen? eorrent

deviatiaa,



-— e e— e ————— A

1L I wev lepovical o wdlave.snd the maalng of the Jercpalng

of the avesage euorval davietlion in teres conteont,

{ the cursoie over a prrifeuler &t wTvazes out eont

...l

averson cervent, vl balers o frocernc? realer than C e ant contalnn the
)
effacts of centr’ icas viih frequencles 3¢ 3 t%an ?"‘. The v. Welnallter
sublescslon poos ‘e usew {n dulining the ia Bqe (2.7) provicdea that e alven
A @
I“ ealy hies slgifficeat coutriluzlens In tie fraguency renge {"_, " Tnf, to
* 114 & .
fr &Y, e Tue lrequenzy éiflerense le
SNETE S Y S Al O
& n-l n °
“ £ (R-1)/R (2.8)
Oaa ecos thinm thal She elre of the fregquency Intevval o an Inerecclng funetion

vibuslons to

analysls
loo: !".t aras

the

ol n.

it follove thae

tha

If one deflucs tie {recurney resolutieon ac ta/arn,
frequoniey recoiutlon {s a conslant Inlapeadont of n, rltait rot very larss.
 R/(%-1) . (2.9)

slgut seon desfra ea enalysic with &

fn/éfn

sierantively | vwie o coazfler

fixed Irequoncy frtevvel, This can ba aclifeved by consfdoring averages over

acrcasiug fntavvals of slre 70/3, (}»1, 2,3, ==<). Thn the {nterval size

. !

{e congiant fadapendent ol 1 and equal to ?° o Lonaver tha fiequerey recolution

{ Iﬂf‘ 4o equal to ! aad thorsfove fnecszees wich Intrcasing froquaney. 1he

14
L4
vaxliois {requency rescivefen fa thoe v, Volzsiter drscpocition occurs vhen Rk

fo clorin to ba 2. Taua the decenposition vith fi+ad Intovvel size aizost

&ivays Nine a freoqesacy resolution greatar than thel of the v, Weinglher leccs-

ponition, loeuver #f ene §s {rlevastad {a the ecupliag of fraquircy wedes,

fo coio s valuibla to eceaslier Cilloreng frequesey vangea with the same re-
rolutios, Trdiald in the pent emation v £0°1] see the apsefal relo playe? Wy
Lt ¢ v f i Yot g orval IR oot Prsecnnalegiedl maded af

1/ !




Before thet, we flnich our analycis of thy spociral conteat of the svars e

cuvcont deviation by fIndfng thc sszoefzted poweer gprei~al domally. As we leove
dizcuzsed the indivicdusl contrilutlions So tha evorers cevront duviatiovu ai Lo
namely the I:, kave 2 specirsl natura fn thed ool sepresents & coulvilbulion
fn a respective epsctval {nterv ..t‘ . ""s s o2 a centlmvaras frecucacy re;lo W
uay doflue & gi3gics) avor rrent dovintion e2 ¢t as follon:,

Yo/be - 1 (D) Wi ., st (D (2.19)
Neve the arcer édomotes il psceaga frows 8 diserote duseriplion () 1o &
continuovs varichle {.

3 2 e
The espirfeal emacsble everaze of ot (0] 2e dzetacs by aversging

a 2 . N . .
(34 (f)l ovar &1l poscible velues e¢f ¢ vilch ave, by ¢.fin'flon, conlliied
a ¥ £ F ]

to the interval [ - (< - ‘2‘0}.12, (¥ - ‘a‘o)l.‘.‘:. ¥2 Cronts thiz averane by
In(f)lz. Then the powar spectrzl denzity 2oy b2 wrlltan in the forn
20 =2 (T- 1) [oieni? |
o2 T unl? , 150 (2.1%)

Hoce Lia factor 2 arises sinca v 1i=i: £ to posistve velier aud the lazs
approxiaate equazfon follovs sfnee T, «< T, -

Finally wva rote thet consisteacy witl. tia erperiiantal faets about 1/f
rofse {s obtained Lif we acsimas thet tha nofse pover spactrun {s preperticnal
to the powar ia the drivin; curreat. For theas, th- [ouver a;n:c'.:ral densily (s

propevtionz]l to tha square of ilie driving eurreat,

»

Q= 6

e




- » - - 5 it ? .
HW S @ o eisen we ez pordulaled & peseibile sowree A melsr i s
0T Pl lee elacivicsd rysbom o# ohe avaveme cvrrant dpviatler.. We haw

sheun Nt & poaur spioliv] danally sar b obixlmed from gled A méchiraise. In

this deedlod wo ghod!l ven a3 o stariing pulid enly (V) (n damesed sxistence
ad a power spooived & r fov lew Croqmency nolee wui'lawt apagifying Los
poerca, o uwrlaalpnst Lo Ther ingvudlonte of he discuesion are (2) e sosy e
tien of i vidy of i seneelilurive grescss aml concuvront tesel gpaeny

balanve; (1) a3 aeas pilunt of moallnearicty se Shat the tolal power bulenee ean

Yo soparaleld fnto o pomer bulases . w@ad {nlervals In the frequency spertoye
’1 & ta.at;:‘ "-—')'o
e Seral powar In the nofse In poo- 22l o the intepretlon &f the

poaner gpeciral Ceoaslly sver Mt tolal spaelttim. Comtldar fia fntegral of )2
oueT apectral dancity over ealy pevt of che #lvvu.v®@, Thic vesrisents the
ecapencas of e nolso porcar la & partloular spaetral Trnga. The crsweption
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