THESIS

ROBERT COLLEGE GRADUATE SCHO®im- —
' BEBEK, ISTANBUL = { f’{}‘ i@ oo o, PAGE
o o MEFEReNeE

JOT i1 0F ¢AKEN FROM THIS ROOM
AR RN TS I T L T TR T G AT e T ey ! ITRET 2

A STUDY. OF.INFR;ARED R
" PRINCIPLES WITH EMPHASIS

. ON THERMAL DETECTION

by

Atanur Demirelli

‘Thesis Supervisor:

Prof. Dr. Necmi Tanyolag

I |\||Ill|I A=

Bog azici UnlverS|ty Library )

Robert College
School of Engineering'~

1969



THESIS

ROBERT COLLEGE GRADUATE ‘SCHOOL

BEBEK, ISTANBUL PAGE 1

ACKNOWLEDGMENTS B

. I would like to express my deep gratitudé to Prof. Dr.
N. Tanyolag for his guidance and encouragement in the preparation

of this work.

Special thanks are expressed to the Staff of Experimental -
Physics Division, Gekmece Research Center; in particular td |
Dr. A. Ferendeci for providing the necéssary facilities and
materials used in éxperimentation and to E. Yilmaz for his help

on practicle details.

Pinally, I would like to extend my thanks to "AR-GE Dairesi
Bagkanligi" for lending some of their documenfs on the subject,
and also to Messrs. C. Gul and E. Goktuna for their help and

suggestions in experiments.

December, 1969 " A. Demirelli

124137




THESIS

~ROBERT COLLEGE GRADUATE SCHOOL

BEBEK, ISTANBUL . PAGE ii

.

ABSTRACT

N

A survey of infrared principles-is.givenlin‘an attempt
to determine the factors effecting thé performance of infrared
defection_systém} Various detection phenomena are discussed
in a comparative manner. A full tfeétment of thermal détection‘;
theory is given. Possible-experimental procedures are investi-

gated for the construction of thermally. sensitive materials.

Although an effective experlmental procedure cannot be
developed with the present fa0111t1es, the use of wvacuum depo-
"sition is shown to give satisfactory results 1f certain Provi-

sions are made.
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"1. THE NATURE QF INFRARED RADIATION

All types of radiation observed in nature are included in an .
_ € ‘ |

electromagnetic spectrum which may be defined as the ordered‘arrangeé
ment of radiation according to wavelength, frequency, or'energy %
criteria. There is no single source or detection mechanism'that is |
uéeful ovef the entire range of this spectrum. Consequenfly, the

eiéctromagnetic spectrum has been separated into rather loosely de- j
fined spectral regions. The bases for these broad subdivisions.are 5
in accordénce'with the various means of:generating, isolating, and B

detecting the radiations involved.

~ The folloWing diégram shows the distribution of variousgspectrali

regions within the electromagnetic spectrum:

ELECTRON WAVE

[uurravioe| | iNFRARED - [rabio waves |
| % ravs v
S
- i

[G—AMMA & coswa E MICROWAVE

E

f T T T 14 T 14 Y T v Y ~-T T T ] - T T T T v ]

-8 —14 -2 ~10 -8 -6 ks -2 o z 4 N

Wavelength:iON meters .
(1)

- Figure 1: Electrdmagnetic spectrum
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.Infrared radiation 1ies between visible and microwave regions‘
of the eleotrOmagnetic spectrum. Its 11m1ts are usually accepted as
extending from 0. 75y- to 1000 p of- wavelength For convenience in
analysis, the infrared region is further subdlvided into the follow-

ing parts:

Near Infrared: .0.75p- 1.5p
Intermediate Infrared: " 1.5p - 6.0p
Far Infrared: 6.0p - IOOOH

It should be emphasized that these definitions are somewhat
arbitrary, since observations show various overlapinge between dif—
ferent regions. This staﬁement applies especially to ﬁhe separation
of far infrared and microwave frequencies. Measurements are now be-

ing made with microwave electronics down to.about GOOpr of wavelength.

All the radiations defined in the electromagneﬁic spectrum have
an important property in oommon: They all travel With the speed of
light in vacuﬁm,_and may be considered as treneporters of energy.
However, in their mode of excitation and in the manﬁer inﬁwhich thej
interact With‘matter, they differ widely. Energies of the order of
a billion electron-volts are associatedlwith x-rays, whereas the far
end of the microwave region transports only about a few micro- elec-
tron-volts. Another distinction related to dlfferent types of radi-
ation is the method of generation applicable. Of the two neighbors
of 1nfrared in theelectromagnetic speotrum microwaves are generated
by means of tuned electrical 01rcu1ts, whereas v181ble and ultra-
violet radiations are generated by electronlo tran31t10ns and
molecular vibrations within the atoms and molecules of the radiating
source. Sinoe the infrared lies in between_visible and microwave

H
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regions, it possesses characteristics common to both.

- In priﬁciple,'all matter above absolute zero of temperafure
(0°K or -273°C) generates infrared radiation. This is why heated’
bodies prov1de excellent sources of infrared. - Although ' .3
all electromagnetlc radlatlon produces heat when absorbed by mat-

ter, the 1nfra red (IR) region can be more readily detected by the |

heat it produces. We must be very careful however, to dietinguish f

between "heat waves" and the thermal radiation generated by an in-

frared source. "Heat waves" are transmitted by conduction and

convection through physical media. On the other hand, the

infrared radiation generated by a hot body does not require a

' physicai medium for its transmission. It can be transmitted through

vacuum as well as physical media and propagates in accordance with
the laws of electromagnetic theory, travelllng with the speed of |
light in vacuum, in common with all other forms of electromagnetic

radiation.

Hlstorloally, the identification of thermal radiation as a
form of electromagnetlc radiation became p0831b1e after a series
of scientific developments termlnatlng with the emergence of
Quantum Mechanics. We will 1ndlcate below, the basic steps of
development which IR technology has undergone during the last two
centuries. This should throw more light on the implication of the.

general phenomena of Infrared Radiation: -

- Infrared radiation was disooVered by Sir William Herschel in.

1800, durlng a series of experlments 1nvest1gatlng the heatlng

power among various colors in the solar spectrum. Herschel ob-

served that the heatlng effect increased towards@ the red end of
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the spectrum and did not reach a maximum ﬁntil the limits of
visible light were extended,' Although Herschel and his follbWers
showed that thermal radiation obeyed the laws of optics, the asso-
ciation of this radiation with light, was disputed for several
decades. The identity of infrared with light became generally ac-
cepted after the works of Forbes whé showed that heat radiation can
be polarized in the séme manner as light (1834))and after Fizean
and Foucault. who determined’the wavelength of near infrared waves

from interference fringes (1837).

In 1865 Maxwell predicted theoretically the existence of
electromagnetic waves and»proposéd the identity of these waves
with light waves. H. Hertz in 1887, produced electroﬁagnetic
waves‘in the laboratory, and confirmed that they propagate'with
the same velocity as light and have the Samé polarization proper-
ties. This chain of developmeﬁts was terminated by Nichols and
Iear in 1923, who succeeded in generatlng;ﬁxrlnfrared waves of 220}L
wavelength by means of a miniature spark osc111ator similar to that
-used by Hertz, thus establishing that infrared radiation is of an

electromagnetic nature.

Several attempts were made to determine'thé speétral distri-

bution of radiation from a heated body. W. Wien and Lord Rayleigh

attempted'to derive the radiation law according to Classical
Electromagnetic theory, but their predictions disagreed sharply

with experimental facts. The correct solution to this problem was

obtained through Planck's Hypothesis thét the proper distribution
of energy among the elementary oscillators composing the théfmally
radiating‘body can be obtained only if the cdncept of continuously

divisible energy is abondoned (1900). The concept of discrete
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energy levels, or the quantizétion of energy, was én approach which
correctly predicted the specfral distribution of éhergy contained
in black-body radiation.A‘Maxwelihstated that fhe'energy states of
elementary oscillators can vary only by integral multiples of ele-
mentary quanta(th proportional fo;freéuéncy. He also established
the correct numerical value df the proportionality constant(h}‘now

called Planck's Constant.

'A. Einstein made the first important use of the quantum con-

cept in the discovery of Phoelectric effect and established the

idea of light quanta. The assumption that light consists of a

bundle of photons defined by an énergy'proportional to frequency,
gave accurate results for the Photoelectric effect. Thg-degcrip-

tion of light»intensity by the’number of photons passing thfough

‘a given cross section, however, suggests that light pbéSesses a

Corpuscular nature. On the other hand, the corpuscular theory of

- light is inadequatehin explaining the phenomenavof interference

and diffraction and one has to resort to wave phenomena to explain

these effects.

We are thus faced with a duality; light behaves both as a

wave, and a particle depeﬁding on the set of experiments performed.

It is~presehtly accepted that the phenomena related with the pro-

pagation of light are besf described by the wave theory, while the
intraction of various forms of electromagnetic waves with matter
are best described by thé corpuscular theory. The connecting link
between the two theories lies in the fundamental postulate of
Quantum Theory as stated by,

| Eshw
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and the de Broglie hypothesis which states that a wavelength»is

associated with every particle of mass(m) according to the relation

A=

my
where (v) is the velocity of the particle and Q>=vnv) is its
momentum. ”

The "matter waves" described by this relation would have ex-
tremely shoft wavelengths, uﬁobservable for'maéroscopic objects.

However, the length of the waves are comparable to the dimensions

of the particle for bits of matter as small as an electron,'as can

be verified by éubstituting représentétive values for the momentum.
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;II. INFRARED SOURCES

A, THE PHENOMENA OF EMISSION AND ABSORBTION.

. The main sources of radiation in the visible and infrared
‘regions of the spectrum fall into one of the foIlowing three

classes:

(1) Thermally ex01ted solids giving a continuous

spectrum of radlatlon.

(2) Excited gases giving a series of emission lines. -

(3) Luminescent naterials, which are in general optically

excited solids, giving line or band spectra.

Sources of the first class are the most common, due to their
continuous radlatlon extendlng indefinitely 1nto the infrared
'reglon.(z) Most emission spectra of excited gases show weak lines

in the infrared.
In the treatment of emission.and-absbrbtion'phenomena, it is
convenient to define an ideal radiator and absorber of radiation,

‘called a black body. This is simply a body which absorbs all fhe

radiation incident on it. If such a body.were to be placed inside
a uniform temperature enclosure,'if would come to therﬁal equi- |
librium at the teméerature of the enolosure. Under -these cdnditions;:
the body will-emit just as much radiation as it absorbs for any
wavelengthﬁf It will be shown later in this sectlon that a black

body will emit a contlnuous spectrum for any temperature T. For
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black bodies, the absolute temperature of the radlatlng obgect the
wavelength of the most 1ntense radiation emltted the radlatlon
intensity as a function of wavelength, as well as the total radi-
ated energy, dre related with a fundamental radiation law called |

Planck's law. ‘Before attempting to derive this law, it is conve-

nient to define the radiation terms that will be used during the

development of the subject. These definitions are given below:

Radiant Power (P, watts): The radiant energy emitted by or in-

cident upon a surface‘per unit time. Co

Radiant Intensity (E, watts/steradian): The radiant power emitted

by a source into a unit solid angle.

Radiant Emittance (R, wAtts/m®): Radiation power emitted by unit
area of the source into an entire hemisphere.
Radiance (R, watts/m?/steradian): The radiation power emitted

by unit area of the source into a unit solid angle.

Irradiance (¥, watts/m?): The radiation power incident on unit

area of a surface.

Reflectivity (f£): Fraction of incident radiatien power which is

~ reflected by a surface.

- Absorbtivity (a):: Fraction of incident radiation power which is .

absorbed by a surface.

Transmissivity (T): Fraction of incident radiation power which is

transmitted by the medium.

Emissivitj'(é); A ratio which compares the radiating capacity of

a sufface to that of a black body. The value of € for a black

body is'unity by definition.
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If the aboVerquantities are being considered at a given wave-

length or wavelength interval, the subscript A will be added.

The three numerical constants_p,;x,‘c are'not independent .from
each.other. -The Principle of Conservatlon of energy requlres that
the sum of absorbed, reflected and transmltted powers should bhe
equal to the incident radlant power. This statement may be ex-

pressed as:

R=R+B+

gv)

Dividing both sides of this equation by P, we get

1:_}_2__‘__@__‘___‘2_
R ETR
or, 1:&+T+f S (l)

Since the black'body'is defined as a perfect absorber and
emitter, o« = € = 1 for a black body. 'In'praCtice; a body will
absorb only- a fraétionvof the radiation’falling,on it, i.e. R=aX
énd this fraction depends on waveiéngth. It shduld bé'hbted here
that color differences are based on absorbtlon characterlstlcs of
different materials. During dayllght for example, different bodles
at room temp (BOOOK) are contlnuously recelving :adlatlon from the

sun which is at an effective temperature of 6000°K.

These bodies are subject to a temperature difference and thus
cannot emit the same wavelengths as they absorb. ‘As a result,
each body is'obserVed in a'different color, depehding upon the

wavelengths it absorbs.
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The theoretical characteristics of a black body are very:

nearly approached-by a uniformly.heated cavity made from an opaque
material. If the walls of such a cavity are held at a uniform
temperature, the absorbtlon and emission rates w111 be the same |

for both the inner and outer'suffaces of the enclosure, as seen

lﬂ '- | | ?
fr_ |
/////////////

in the diagram below:

!
\I\\
T

0

{
////////////
T}ﬁ

Pigure 2: Cavity Radiation, R }C

The enérgy density of the electromagnetic fiald established
in the cavity may be determined by a-Quantum'meéhanical analysis.
BElectromagnetic radiation is confined within the walls of the
cavity so that its behavior may be described by a wave function

which should reduce Lo zero at the boundaries.

‘Since the waves{wil;‘be reflected back on themselves under
thess conditions,-we know beforehand that a standiﬁg wave pattern
will ex1st inside the cavity. The cavity should possess a large
number of modes of oscillation, the frequencies of which are .

1 defined by the dimentions of the enclosure. These modes of
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oscillation will be given by the solution of the wave eguation under
boundary - conditions mentioned above. For simplicity, we can aLssuine
a_rectangular enclosure with each ';ide equal to L. The wave equa-
tion is given vby: A

EY0)

2
— .

where v is. the ve1001ty of waves set up in the cavity. Time vari-
atlons may be taken 1nto account by defining a new functlon W such
as that

Jwt

p=Ye (3

where w is the angular frequen'.cy‘. We then get the timé-;independent

wave equation,

2 wl — o ’ l - o S
vl | (4)
Wt emf)t o 4T |
v () A*
2 ‘ . 4 ‘ ,
where L =_F —2mE ' py de Broglie relation.
» K h*
qo > 8WmE

T

By substituting this,in equation (4), we obtain the wave-

particle equbation'for the cavity, or the Sch:r‘oedirigé‘r equation:

8TmE = o
V‘f/-*- Y =0 (5a)
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This equation can be solved by éeparation of variables such
that,

Y =XY.Z2 -

YZ X o XZ XY YX P2 8TmE X Y7
FYe a3z b

2 g 2 ' 2 ‘
1 RX L LRY L2 L grtaE |
X oxt XY 2yr  Z 2z W - (5D)

Since the sum of the three differential terms on the left side
of this equation is a constant, each term should be equal to a

constant. It is convenient to define these constants as follows:

A
X
Y - -
Y 99* | ' . (5¢)

so that we have thé separate solutions as,
X = CycoskX 4 D sinkX
Y - C, cos kY -+ D, sin kY

(6)
Z;;:C;FDS}&Z‘+ Eks?tkzz

Also, from equations (5b) and (5c¢) the relation among the constants .

is given by:

4k 4k = 8T mE '
i W | | (7)
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- The components of \y should each satisfy the boundary condi-

tions separately, or,

.

D %,Y4,2 =0,

X)\(, Z =0

The boundary conditions on X require that,

O =

Cxcos(0) + D, sin(a) , or C,=0

O st'mka , or sink,X =0

Thus, ' \S( Al
' T
similarly, Xy = —”—C_——
k, = T where LNy, Ny =0,1,2,3, ...
- :

The solution of the wave equation (5) can now be expressed in

terms of thevset of integers ( ny,Myy N, ), by

in equation (6).

where |

Fach set of integers (N, ,My,n; ) yields

substituting kx,)%)kzj

(8)

an independent

solution_of the wave équation, and thus defines a unique mode of

oscillation. If we substitute the'values of kx,lky, and kz into

equation (7), we get
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2 - g 2 ‘
NS anyang = 8::} £ (9)

‘The quantity (2mZ)can be identified as the square of the mo-

mentwn(;>)of a particle. Using this fabt, and the de Broglie
relation between momentum and wavelength, equation (9) may be

written in the form

z T 2 Lz'
Nx +n3+n2 = L;\L (10)'
Equation (10) states that the locus of points n_, n,, n, is a
sphere with radius 2%;. Every single mode of oscillation is de-

fined by a point p(n,, n, , n, ) on the‘spheré, as shown below:

Figure 3: Sphere Locus

We are concerned with positive values of (ny3 n,5 n,) so that
the modes of osdillation for the system are represented by points
lying within one octant of the sphereical surface defined by Equa-

tion (10). The total number of such points depends on the radius

i
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of the sphere and therefore on the wavelength. The energy associ-
ated with a mode of 050111atlon (nx, n,, n, ) is expressed by Equa-
tion (9). For a macroscopic box with dlmensions in the centlmeter
range, the energy spacing between any two modes, is in the order of
10~42 eV(3), as can be verified from Bquation (9). We may thus
treat the discrete points in Pigure (3) as an approximate continuum,
in which case the total modes of oscillation up to a given wave-

length  would be the volume of one octant of a sphere with radiusg
2L ' -

BY

If N denotes the number of modes‘bf'OSCillation, we have:

IS YIRS I\
N = 8 3 ( )\>— 3N

The density of such modes, or N per unit volume of the box would

then be:

_ 4T : .
N". 3 | B (11)

Within a wavelength interval dX\ , the possible modes are giVen by

the derivative of the above equatibn with respect to A , or

\de\‘:f—?}"(x | L (12)

Remembering that electromagnetic waves are transverse, and

}have two possible'states of pdlarization for each mode, Equation

(12) becomes;

|dN| = BT 4x ’
A (13)
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We have determined the number of modes of oscillation withih_
- a wavelength interval dA . In order to get an expression for the
energy density in the same interval, we have to know the average

energy associated with a mode of oscillation.

To a first ordér ox épproximéfibn, the probability of existance
of an oscillation modé_with energy E, is governed by classical
- Boltzmann statistics expressed as,
5;4
fE)=AC™ (14) -
According to Planck;é‘hypothesis, each oscillation mode is
allowed to have anrenergy equal to ah integral multiple of ele~
mentary quanta hv , so that E :yﬂéu dénotes the energies available

to the system. If we let NO be the number of oscillation modes with

zero energy, then the probability of existance of modes with energy

hv is given by Noe“"”/”. Similarly, the probability of modes with
energy 2hv is expressed by Noe'uwﬁt From a statistical viewpoint,

the total oscillation modes in ﬁhe system will be:

_h/kT " _2h vk ' = bk ' -
N; =Ny + N, & +N°e“/ T+..,,.:ZN°e b kT (15)

n=0

In order to determine the average energy associated with a

single oscillation mode, we have to find the total energy contained

|
4
.

- within the electromagnetic field inside the cavity. The lowest al- f

lowable energy is hy so that the total energy mayrbe written as:

ho/kT
e 2hv/kT

E_r.:hqua a4 2hvN e 4 3huNoe:‘3hu/kT .

: AN 3 -nhw/kT
or, ET:Z;'N)’,”NO& ! : (16)
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The average energy for an oscillation mode is,
— —nhu/kT
E= h”i = o (17)

NT Z e—n)w/k'r

In the above expre851on, the denominator is seen to constltute,

of a geometric series with a common ratio € ~ho/kT 80 that
i —nhu/kT ‘ :
I
n=o i - ethu/k'f i : (18)- -

The numerator of Equation (17) is indentified as the deri-
vative expression of the denominator with respect to -hv/kT';

thus its sum is given by,

(=)

ejh\:/k'l‘ »”‘

ZE _%MKT 5 L \
T hvlkT) - (19)
| 9@%%) - 0 hymj
bsﬁbstituting the expressions (18) and (19). into Equation‘(l7),
we have: | 7
. hv/k‘r
E._hv.€
-hv/kT

.

The average energy may be expresséd in a more convenient form.

by dividing both the numerator and denominator by e KT e

then get: .
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Eo_hw - " (20)

h
e/ T_ |
We now have the average-eneréy of an oscillatign mode, and
the number of oscillation modes within a wavelength interval dAX ;

multiplying Equation (13) by Equation (20), the energy density

within the' cavity, or the spectral energy density,[)l, may be

‘written as: - ‘ ' o

U dx = 8m _ hy  a» | ,
Neo g (21)

Equation (21) is an expression of the fundamental Radiation

Law, or Planck‘s Law.

We have thus far treated the generation of black-body radlatlon

within a unlformly heated cavity. The cav1ty model will also give '
the emlttance characterlstlcs of a black bcdy if the cavity en—-
closure 1is allowed to have a small" opening through which ‘electro-

magnetic radiation can propagate outwards. It can be shown by

integrating Equation (21) that the flow of energy per unit time

through the opening, or the spectral radiant emittance of a black-

body; is related to the energy demsity by the relation (4),

. | R :‘-L:C,Ul | o ' (22)
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where(c)is the speed of light. If wé combine the above relation

with Equation (21) and express the frequencies in terms of ‘wave-

-,

length through c=vX , we get,

R h = 2R gy
)\5(eh=/m_ ‘) ~ (23)

" Equation (23) is the form of Planck's Law for blackbody ra-
diant emittance within a finite‘épeCtral;interval. A plot of this
relationship for a blackbody at a temperature of 1000°K is shown
in Pigure (4). The emission characteristics at temperaturés lower'
and higher than 1000°K are;élsq shown in this figure. The points
corresponding tb maximum radiant power, are joined together, givihg
a étraightrline fOr'wéﬁélengths below 100 p-. The locus of such
points is in fact a byperbola as defined by Wien's Law. This
behavior is more clearly illustrated if the curves are extra-

| polated for 1oﬁger wavelengths,into the far infrared. The curve

depicts experimental measurements.
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An expression for the number of photons emitted per unit time
with a spectral interval dX may be obtained by dividing Equation

(23) by the energy per photon,hy,

.hde-— 2T d{'
/\< kC/ka |) (24)

The Planck Radlatlon Law indicates (Figure 4) that the spectrum
of radiation shifts towards shorter wavelengths as the temperature
of the radiator increases. This is a common observation with prac-
tical sources. A metal,when heated,.radietes first at very long
wavelengths in the infrared. As it becoﬁes hottef,.it begins to
radiate more at ehorter wavelengths, first in the fed,end of the
visible spectrum and finally more and more towards the blue. Thus:
the metal appears successively deep red, red, orenge, yellow, and
finally white. A

The‘wevelength of maximum emission may be fouhd as a funetion
of the temperature if we take the derivative of the energy density
and set it equal te zero. -If Equation (21):is expfessed in terms

of wavelength, we have;

U,.dx = BX. he i

Af eﬁqxwﬂ_\ (25)

U, Lotch _‘_vSTTC‘f\.c\« . e‘./x"—r -0

3 >\ - >\6 (e‘hc/)‘mk’i \> >-\§M A:‘kT (eh:/knk‘i ‘>L

Then,

'™
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!

Simplification of this relation gives:
.' k Rt
‘__ he ehc/km T |
sA kT =

Replacing he /X kT by % we have:

The solutlon of the above equation may be obtained by u51ng

iterative methods to find x = 4.965, thus

__ﬁ.___ = 44,945

AL kT
or in units of and”oK,_we will have,

meA:zsvaﬁK o (26)

Equation (26) is called VWien displacement formula and relates

(6)

the wavelength of maximum emission to- temperature of a black body.

Another fundamental relation is. the tefan—Boltzmann relation
for the total radiant emittance of a black body. This is simply

the result of inﬁegrating the spectral radiant emittance (Equation

2%) over all wavelengths extending from zero %o infinity. This

(7)

integral can be shown to yield,

j R)ﬁdk :—‘_—'21‘\5-‘("- —[-Lr- - - .
o . 15_Cz'"\3 Coe ) (27)
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2kt
15c*)3

the Stefan 5oltzmann constant; so. that Equation (27) becomes:

We define

=46 = 5.67 x 1078 watts meter? (OK)“4'as

R=cT" | (28)

Equation. (28) gives the total radiation emitted over the
entire spectrum, for a black body. For real bodies, this equation'

must be modified by the factor of emissivity,

R-oeoT" : ,' o (29)

In general, the emissivity € 1is a slowly va:?ing function of
temperature, and its values have been deternined for some metals
that form important sources of infrared radiation. It should be
noted that the -€ in Bquatlon (29) denotes the total em1851v1ty

of the body, and it is therefore the 1ntegra1 of the spectral

-dependence of em1381v1ty, i.e. é::j~€1-d)- . The.dependence‘of

o ‘ , _
€ on wavelength is a unique property,of the radiating body and

may be obtained experimentally.
The laws of Planck, Wien, and Stefan-Boltzmann,developed

above (through Equations 23, 26, 29), are related to the radlatlon-

intensity at the surface of an object. However when the source

~is viewed by a detectorf some distance away from 1t, the radiant

1nten31ty received by the detector decreases with dlstance. 1t

we consider a blackbody point source S and two detectors; D, at a

distance d_from the source and D, at a distance 2d from -the source,

as in Fig. 5, we can write the following:
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<« ———2d ——

Figure 5: Inverse Square Law

The total radiant emittance from the source -as given by Stefan-

Boltzmann 1aw, is by definition the radiation power into a hemi-

sphere. The surface arealof this hemisphere is 2nd® at D, and
o1 (2d)2 = 88d% at D,. Therefore, the radiant power received by

D1 is:

. Emitted Power _ 414 | (308)
~ Receiving area  27d° - S A T

P,

Similarly, the radiant power received by D2 is:

A
. 6T P, : . ,

pr o oxt By (300
2 gna® 4 ' 4)

We see that doubling the distance of a detector from a point

source quarters the infrared power received by that'detector. This

result is an illustration.of the inverse-square law which states -

a8
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that the intensity of radiation from a point source varies as the

inverse square of the distance from that source.

When the radiating source is a plane extended body, i.e. with
finite dimensions, then the position of the line of sight should
also be considered in the inverse square law. The effect of

angular position is given by Lambert's Léw which states that for

all wavelength intervals, the radiant intensity varies as,thé
cosine of the angle between the line of sight and the normal to

the surface. This is illustrated below:

SOURCE.
oF

AREA, A

l .
Figure 6: Lambert's Law

lThe total power received’by detector D, along the normal

is given by:

A
dz,

-

P

2

(31a)

=

‘But.the total power received by_detectof D , © degrees off

the normal will be:.

BOGAZIC) ONIVERSITESI KUTUPHANES!
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Lambert's law holds for a peffectly diffuse surface, that is,

for uniform radiation from all parts of the surface.

B. SOURCES OF RADIATION IN A DETECTION MECHANISM.

In the.preceding section, infrared-sources'were classifiéd-
according to théir emission'propérties, and it was stated that
emigsion nmay consistlbf a line, band, or an entire spectrum of
frequénoies. The starting point in infrared detection:iéifo
detefmine the strength and:spectral-contént of radiation emitted
by the source. This can be done by means of a spectrometer}which‘
separates the radiation into its spectral.cqmponentsd and measures_f
the relative intensity in each. However,.the'emission band 6f ﬁhe
"~ source to be detected, will in general coincide with a 1apge num-—

ber of backgroﬁnd radiations from naturally occurring infrared-

sources. Since any object with a temperature above absolute zero -

radiates in the infrared, many other sources in addition to the

main source exist,and these sources are called natural sources.

Fortunately, filtering technigues are available to effectively
prevent unwanted radiation from falling on the detection apparatus.
In order to deviée an effective infrared fiitering, one has to
know the nature'éf the interfering soﬁrces, énd in particular the

quantitative contribution of these background radiations in the

range of wavelengths associated with source emission.
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Natural infrared sources are classified into three categories,

as terrestrial, atmospheric, and celestial sources.(s) TerrestriaI.

sources occur on the surface'of earth, and include trees, bushes,
rocks, water, sand, and so 6n‘ SpectraIICharacteristics Qf the
radiation emitted depend on;fhe soﬁrce temperature and character—‘
1st1cs of the surface such as its emissivity and reflect1v1ty»

In general, terrestrlal sources both emit and reflect infrared
energy. If suitable filtering technlques can .be found, any

terrestrialiobject at a different absolute temperature than~its'

- surroundings can bé detected through its emission properties. The

general level of background radlatlon from the terrestrlal sources
(terraln) may be obtained by assumlng 1t as a gray body with an
average emisgivity of 0.35. ' The total ‘radiant emlttance from a

square meter of terrain at 10°C would be:

- _8. 4 A
R — 0.35 x5.47x10 x(283) =125 wé—H.s/mL

ﬁAccording to Wien's Law, the corresponding wavelength of
peak radiation would be: |

A = 2893

= = lop
283

It is seen thaﬁ the infrared radiation leaving the surface

of terrain will be most intense in the far infrared. For an ac-

curate'figure on‘terrain radiation, one has to refer to experi-
mental data for the emissivity of the particular surface under

consideraﬁion. ‘Both the_emissivity and the temperature depends
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on the nature of vegetation and will be different for such surfaces
as asphalt and concrere. These warious surfaces come to different
temperatures because each has an emissivity which depends on wave-

length. Each surface therefore increases in temperature until it

is radiating as much power at long wavelengths as it is absorbinggﬁr

from the sun at relatively short wavelengths. Howevgr, in a givén’

wavelength range the rates of emission will be_differeﬁfﬁénd'ih-

frared systems may thus distingﬁish'such features as trees and

roads in mappihg.the terrain. -

Atmospheric Infrared Sources: These consist of the gas

molecules, water droplets, and dust partlcles present in the earth'

atmosphere. Such constltuents do not yleld strong ‘emission in the

infrared but they scatter, transmlt and_reflect prlmarv radiation
illuminating them from both celestial and terrestrial sources. The
most pronounced effect of atmospherlc constituents is the reflec-
t;on and scattering of sunlight by day and moonllght by night.

. Though the solar emission is moSt'inténse in the visible region,
its,effeéfé extend well into the near infrared. Clouds are res—
v*§0nslble for most of the_reflection-df radiation emanating from

the sun'and the earth. The lower éurfaée of a cloud has radiating
characteristics typical of a body at OOC, wheréas the upper surface
radiates as though it were a black body at -40°C. EBven though the
rradiance of cloudlsurfaées is low, the total power radiated may be
large due %o treir gréat sizes. For wavelengthsvabove BF,‘the |
total power from the sky background is about 0.85 mW/m ~of earth's
surface. Flgure 7 below shows the spectral dlstrlbutlon of rad1a-~

(9)

tion réflected from the ¢louds:

4
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A A
Units : R, = }-LW cm mA'f )u"

A:y/*
Figure 7: Sky Baékground

Celestial Sources: The third natural radiaﬁion source com-

prlses the celestial bodles, that .is the sun, nmoon, stars, etc.

The sun closely resembles a black body source at 6000 X, which is

approximately the average temperature of its outer surface. The

corresponding wavelength of peakvradiation would be 0.5 .

As viewed from the earth, however, the solar speetrum.will
not_follew.a black body distributioh_Einee the'atmosphere 1eads,
to considerable scattering ahd'absorbtion. The relative distribu-
tion of solar radiation is shown iﬁ'Figure 8 as viewed from above

the atmosphere and also from the earth;(lo)
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- belonging to wavelengths 10nger_than i is approximately 2 watﬁg/h?.

6000°K
B‘aCk,Bodﬁ

FPigure:8
Curve a: Solar spectrum above atmosphere (Relative Scale)

Curve b: 'Solar spectruﬁ at surface of earth (RelatiVe Scale)

The total radiant power received from the sun is about 89

watts/m? normal to earth's surface. The portion of this radiation’

In the same spectral region, theAtotal.power from the.sky back;'.
ground radiation amounts to only 0.85 milliwatts/m® of earth's
surface. We therefore see that,;eyén-though'the infrared region
claiﬁs a relatively small portion of‘the solar speetrum, the sun
is still an eitremely.intense ihfrared source‘in comparison to the

sky'background.

- The next important celestial source of infrared is the moon.
The bulk of the.énergy received from the moon is solar radiation
reflected from'the lunar surface. It is known that the lunar.

atmospheré contains very small amounts of inert gases, so that the
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absorbtion is very slight. -Apart from functioning as a reflector,
the'moon generates its own infrared radiation since lunar tempera-
tureé exceed the 1limit of absolute zero. It has been estimated
that the surface dust 1ay¢r on thé moon may reééh 3739k during the
" lunar day and falls to about 1206K'during the lunar night. The
surface temperature below the dust layer is a constant 230 K, cor-

responding to a peak radlatlon at 12.6 .

The preceding discussion indicates that the main sources of
background radiation are: l) scattered and reflected solar radié-
tion, 2) atmospheric»emissions, and  3) terrestrial emissions.
The’intensity and spectral distribution‘of this background varies

with the following factors:

1. Water vapor and carbon dioxide éoﬁtents 6ffthg atmosphere
2. Length of path travefégd through the éﬁmosphere

3. Temperature of the atmosphere |

4, Altitude of the detector above théfearth's surface

5. 'Clouds and haze. |

On a ielative scale; the spectral distribution of background

radiation from the sky is shown in Fig. 9 below: (11)
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c T :3EF i s s e nn W
Figure 9: Backgrdund Radiation
© The effect of -scattered and reflected solar radiation is pro-
nounced up to about 3p. Beyond this limit, the backgrouhd radiation
essentailly conéists of emissions from afmospheric constituents
such as water vapdr, carbon dioxide, ozone, and hydroxyl radicals.aﬁf
their ambient temperatures. At night, that is during the absence of

.sunlight, the background effect is due to b1a¢k body radiation from

the atmosphere. .The effects of daylight background may be greatly

targets to be detected radiate in a wavelength region beyond 3 P SQ

that this filtering will help to improve the response of the de-

tector. If the range of’operation of thé detection system is dis-
Aplacéd towards the middlé and far infrared wavelengths, however, the
background radiation due to the terrain will bécomegmdre‘and more
vpfonounced; asAindicated before. As a result, the use of band-pass
filters will often be necessary, in order thaf a specified wave-

length interval will be permitted to enter the detector. Pronounced
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background effects w1ll then correspond to wavelength reglons ‘below

and above thls speclfled interval.

The properties of filter materials will be -discussed later,

in connection with infrared transmission'phenomena.

Apart from the natural infrared sources discussed so far,

various laboratory sources are available for system analysis.

Black body. characteristics may be very nearly approached'by prac- .

"tical cavity radiators made in the form of hallow cyllnders or
cones. Since high emissivities are desired, the opening provided
on the cavity wall should be very small. With a smallfbpenihg;

and a perfectly opaque cavity wall, the incideﬁf radiation thfough
the openlnb has an increased probablllty of being totally absorbed
after a series of reflections from the walls. The shape and size |
of the openlng is a problem of ch0051ng ‘for optimum results, be-
cause a smell opening yields high em1581v1ty but ‘low output, where--
as a large opening,yields low emissivity but high radiant emlt— ,

' taﬁce.(12) The effective emissivity of the cavity radiator will

~ depend on the emissivity of the wall material énd the ratio of the
aperture areé to that of_the'cavity surface area. In praotice,'the
cavity‘matérial is usually a metal or ceramic (e,g., A1203)l
blackened to improve absorbtion. A practical cavity radiator used

for testing detectors is shown in Figure 10 below:(13)
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Figure |o: Blackbody Radiator

This laboratory source consists of a conical cavity of 30°
vertéx angle machined 1in a coppér cylinder. Jouleaﬁrhéating is
suppiied'to a poninductiﬁely wound nichrome element wrapped on
the outside of the cyiihder; Both heater and copper are placed
in an insulating lava tube so that the end of the cylinder con- -

taining the cavity may be Viewéd,thrdugh a small aperture.

When strictly blaCkbody’charaétérist#cs are.not néeded,othér
artificial sources may be used. In infrared spectrometers a con-
venient source of radiation is a fdd of sintered silicon-carbide
(globar) heated by an electric current through‘it. This device
has an average emissivity of 0.78 up to 15V of wévelength; a maxi-
fum emissivity of 0.85 being observed around'9p. The globar

oxidizes and disintegrates at temperatures aboveAIBOOOK.

Ancther common laboratory source is the Nernst glower made of

a mixturé of Zirconium and Yttrium oxides and heated by means of an

-
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electric current. It can operate at 1800°K in air but has a low

mechanical strength. -

During recent years, non-thermal sources of infrared radiation

have been developed. These include various types of lasers. On
the extremely far end of the infrared 600—800}» region, microwave
oscillators such as klystron and magnetron are used to generate

infrared radiation.
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1iI. PROPERTIES OF INFRARED TRANSMISSION MEDIA

The necessity of filtering arrangement against background
radlatlons was empha81zed in the precedlng discussion. In addl—
tion to fllters, infrared deteotlon systems employ other optical
means to improve detector response. Among these are infrared
windows and lenses to focue the incoming radiation of desired
wavelengths on to the sensing element. Such arréngements give
nise to an optical gain and thereby considerably improve the
sensitivity of the_detector.‘ A knowledge of the»infrared‘trans-_
mission properties of different media is fherefore'necessary for

the design of an arrangement with maximum optical gain. In this

section, we will discuss the properties‘of important infrared op- -

tical materials and indicate their applications -as filter, lens,

or window materials.

A. ATMOSPHERIC TRANSMISSION.

Transmission of infrared radiation through the earth's atmo-

sphere is dependent upon the concentration and distribution of -

gaseous and molecular partlcles composing the atmosphere. The

concentration of such particles in turn depends on meteorologlcal
conditions, particularly in the lower atmosphere where the water -

vapor, gaseous. and dust contents may vary continuously. Atmgf-

spheric transmission is therefore a function of altitude above seg

level and.the weaﬁher'oonditions.
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The earth's atmospheric gases consist of polyatomic molecules
such as methane (CH4), triatomic molecules such as water vapor
(HZO)’ nitrous oxide (NQO), carbon dioxide (002), ozone (03), and

diatomic molecules such as carbon monoxide (CO). At low altitudes

v from the earth, the tempereture is not high enough to cause the

dislocation of these molecules into their individual atoms as in

the case of solar atmosphere. As a result, the earth's atmosphere

exhibits the characteristics of band spectra rather than line spec

tra which is produced'only by monatomic gases.

Attenuation of radiation throughout the infrared region is

dominated by two processes: 1) regsonance absorbtion, 2) scatier-

) ihg. The phenomena of resonance absorbtion may be ‘explained as

follows: the periodic motions of electrons in the atoms of a source,
vibrating and rotating at certain frequencies, result in the radia-
tion of electfomagnetic waves at those frequencies. Similerly,

atmospherlc constltuents contaln bound charges or electrons w1th

characteristic frequencles dependlng on the molecular structure. -

When the electric fleld vector of an 1n01dent electromagnetic wave
varies, with a frequency which 001n01des with the natural v1bratlon
frequency of a charged partlcle in the atmosphere, a large amplltude

of vibration results. The>energy is absorbed and reradiated as

resonance radlatlon of the same frequency The resonance radiation

is unlformly dlstrlbuied in all directions, so that in a partloular
direction, the incident radiation is in effect attenuated.
The second proceSs which attenuates the incoﬁing radiation is,

scattering by dust nuclei and water droplets in the atmosphere.

The form of attenuatioh is negligible in the middle infrared,

?
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region at wavelengths longer than 4p, but ircreases rapidly for-
shorter wavelengths. Absorbtion may be much greater than scatter-
ing or vice versa, depending upon the nature of the atmosphere,
the particle size, and wavelength; but both phenomena are usually
present. For a given wavelength, it has been found that the
radiant intensity decays exponentially through a path of the atmo-

sphere, thus:

F-Ee ™™ “
(32)
where Eo = intensity of incident infrered radiation
E = intensity of emergent infrared radiation

o« = agbsorbtivity
K = scattering coeffioient

X = path length in the atmosphere.

" The sum of factors o and K is usualiy’oalled the extinction
coefficient of the medium.(14) The value of absorbtivity depends
on the wavelength under consideration. The soatterihg'coefficienﬁ
is a function of +the scattering partlcle size whlch is random _l
throughout the atmosphere. If partlcle sizes are larger than the
constituent molecules in the atmosphere, the ecatterlng coefficient

becomes independent of wavelengih.

Among atmospheric constltuents, water vapor and carbon di-

oxide are the most 1mportant absorblng molecules over a range of

~altitudes extending?rom gea level to 15000 m. The concentratlon

of H, O by volume varies between O. 00196 and 1% depending upon

2
altitude and meteorologlcal condltlons.
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teristics of ozone hecome Signifiéanﬁ only at high altitudes; the
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Carbor dioxide concentration is almost constant at 0.03% by
volume although larger concentrations are encountered in an air |

mass which has been over heavy vegetation. The absorbtion'charac-’

concentration of ozonme being 0.001% by volume at an altitude of

35000 m.

The transmission characteristics of the atmosphere as a whole

are depicted in Figure 1% for wavelengths up to 14 p.
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'B. TRANSMISSION THROUGH SOLIDS.”

Apart from the atmosphere, which is a natural medium en-
countered in detection sysfems, the transmission properties of

solid media are the most important for design considerations.

Several mechanisms account for the transmission character-
istics of solid materials. .The most important of these mechanisms

include 1) fundamental absorbtion, 2) characteristic absorbtion,.

3) free-carrier absorbilon, 4) intrinsic and extrinsic absorbtion

(for semlconductors) The mechanlsm of fundamental absorbtion

refers to the interaction of electromagnetic waves with the lattlce
of the solid, and is therefore also called.lattlce absorbtlon.
Characteristic absorbtion is due to molecular vibratiocs and
rotations in the solid, end resultsvin‘the attenuation of those
incident frequencies identical with the characteristic vibrational
frequen01es of the molecules. Free carrler absorbtlon refers to
the 1nteract10ns between free electrons in the solid and the in-
coming radiation. This mechanism is important in metals since

free electron densities4are'largest‘forlmetels; The last meoha_
nism, intrinsic and extrinsic absorbtion, is generally applicable
to semiconductors. It causes the excitation of electrons across
the forbidden energy levels (the energy gap) into the conduction
band of the semiconductor, and.also tran31tlons from’ various im-

purlty energy levels and the conductlon or valence band.

Included in the broad category of SOlld optical materials are

‘dielectrics, glasses, plastics, metals, and semlconductors.. The
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infrared transmission properties of these solids are different
for each type, and a general discussion will be given in the fol-
lowing paragraphs. Optical, mechanical, and chemical properties

of important infrared materials are given in Table I.

- 1. Dielectrics: Dielectrics typically possess good transmis- -

gion in certain infrared regions and are suitable for use as win;
'dows, filteré,-and lenses. Their reflectivity is low in compa-
rison to'other types of solidsQ Their thermal andlelectrical con-
ductivities are low,and they are frequently brittle. For singlé
crystal dielectrics, fundamental absorbtionlaccouhts for most of
the experimentally measured attenuation.y Characteristic absorb-
tion is limited to visible, ultravidlet and x-réy.regioné of the
spectrum. At room temperature,; the numbef of free electrons in a
dielectric is so small that‘free carrier absorbtion is also in-
significant. In polycrystalline dielectrlcs, écattering may cause-
attenuation of the incident radiation. This effect is due»to‘the‘
change in index of refraction at thevboundarieslbetween individual

crystals. Most dielectrics transmit in the visible but tend to.

absorb in certain infrared regions.-

2. Glassés: In general, optiCal glasses are suitable for
wavelengths shorter than abbut 2.8pu. The traﬁsmissivity of commqn
glasses ablﬁbtly drops to very small vélues after this wavelength
limit. lwo special glésses may be employed forllonger wavelengths:

A high silica glass under the trade name Vycor transmits up to

.3.3F, and fuséd silica can be used in applications requiring

responsé up to 4.5p¢. During recent years, special types of_glassés

containing germanium dioxide, lead tellurate, and various barium-
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the plastic materlal coincides with the band to be detected, the

titanium compounds in addition to common silicates, have been de-
veloped, but these samples are not stable and tend to darken and

discolor Wlth age. (16)

Glasses may be employed as window materi-
als at high temperatures since their transmission is not strongly
temperature dependent. They offer an economical choice as an

optical material for the near-infrared detecfors.

3. Plastics: Plastics are'cdmposed of chains of moleéular
grOups'which cause characteristié'absorbtion. The number of such
groups is so large that infrared transmission is limited to a1ndﬁ;

ber of narrow wavelength intervals. If the transmission band of

sample may be used as a window material or as a fllter., Only thin
samples of plastlcs exhibit good transmission in a given narrow

band of wavelengths. In practical systems, this property is un-

desirable since a thin plastic specimen is not suitable for appli--

cations requiring,ruggedness,'strength,-and resistance to tempera-
ture vafiafioﬁs. | '
A representatlve plastic materlal 1s_plex1glass which offers
almost full transmission in the visible and near—lnfrared frequen~
cles, but a strong absorbtlon band centered at about 3.3 1limits
its use in most practlcal systems. Other plastlo materials have

(17)

not found any use in infrared optics.

4. Metals: Metals are characterized by the fact that both

their absorbtivity and reflectivity are large. A large part of the

optical'absorbtion in metals is free carrier absorbtion since the

appeér»opaque in the infrared. They can be used for shielding

. concentration of free electrons is very high. As a result, metals
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various parts of the detection system against radiation. To give
an example, copper has an average reflectivity of 0.90 in the near

infrared. This value increases with wavelength and for thin films

of metals, the reflectivity is even higher.

5. Semiconductors: In contrast to dielectrics, semiconductor

materials are opaque in the visible but transparent inka large part
of thé infrared. This,behavior'may be explained in terms:of the
energy baﬁd structure of semiconductors. Since theAenergy of a
quanta is inversely proportional to wavelength, eléctromagneﬁic'-
radiation of sufficiently short wavelengths will induce transitions
across the energy gap of a semiconductof. The longest wavelength

(Aéthat can cause intrinsic absorbtion and activate eléctrons,into

the conduction band, will be:

A, = _he : Com) -

where{Eé)is the fdrbidden gap énergy. If the values of Eg,are
substituted in Equation (33), it is found ﬁhat A°fallsVnear the
visible region. Thus the semiconductor will cut off all radiation -
up to the infrared, by a mechanism,bf intrinsic absorbtion. The .

value of A, is llop for silicon and smaller for complex semicon-

ductor materials.

In addition to their filtering action in the visible_region of
the spectrum, semiconductors may be used as infrared lenses since

their indices of refractior are high.
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A consideration of the optical, thermal, and mechanical proper-
ties of various important materials, as listed in Table I, will in

general be sufficient for the choice of a material as a lens, win-

dow, or filtering element in an infrared détection system.

TABLE I :
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o,

"Iv. DETECTION METHODS

The infrared detector is a transducer where the energy of
incoming electromagnetic radiation is changed into an eleotrical
signal. Detection process is based on measuring the change in
some physical property of the sensing element as a result of inter-
action with radiation. Depending on the nature of the physical -
phenomena employed in detection, infrared detectors are broadlyp

classified into two types: thermal detectors and photon deteetors._

| Thermal detectors make use of the heating effect of radiation.
The'temperature increment indueed‘on the'sensing element is de-
tected by meesuring the changes in some.property of the element
which depends on temperature. Usually, this property is the re-

sigtance of the material.

In photon detectors, radiation is converted into an electrlcal

signal directly, rather than through some temperature dependent
process. The detection phenomena employed in photon detectors is
the release or transfer of charge carriers in the materlal, as a

result of interaction with absorbed quanta. Since large quanta o

energles correspond to short wavelengths (E = he/)\), only radiation

of sufficiently short wavelengths will be effective in creatlng the
physical phenomena utlllzed. Consequently, photon detectors will
not respond after a- well defined wavelength cutoff. Furthermore,

the response of a photon detector at a given wavelength w111 be

proportlonal to the rate at which photons of that wavelength are p
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absorbed. In practice, the output signal of a photon detector is

governed by a "quantﬁm efficiency." Since every incident rhOton‘
will not be effective in causing the release or transfer of a
charge carrier, the efficiency is not constant but depends on the
wavelength, the detector fesponseiWill no longer be linear, as'ob-

served with practical detectors.

In contrast to photon detectors, thermal devices are not

selective to wavelength and respond to radiation of all wavelengths.

This follows from the fact that thermal detectors measure the rate

at which energy is absorbed, rather than the rate at which quanté,

~aré absorbed. In practice,due to material imperfections, the ex-

posed surfacevmay have a low absorbtivity in a given spectral in-
terval, so that the energy in the corresponding ihteryalvis not
utilized effectively. TFor such cases, the response of a thermal

detector may become selective at certain wavelength bands.

A number of different physical phenomeﬁé are employed in_the_'

. design.of.deﬁectors.‘ These phenomena are termed as photon effects.

and thermal effects. In the remaining part of this section, im-
portant effects will be discussed sovthat'any limitations in a

given mode of operation become clearly established.

A 'PHOTOEMISSIVE EFFECT.

If radiation of wavelength 1ess than a crltlcal value falls

upon the surface of certain materials, it is found that electrons

are emitted from the surface. The relationshlp between the energy"

of thevemitted electron and the properties of the surface may be

expressed as:
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(54)

whereQ2¢)is the work function of the material under questidn. The

significance'of the work function\is that it represents the minimum

energy of quanta necessary to initiate photoemission. The longest

wavelength Aothat will produce photoemission is found by setting

Equation (34) equal to zero, thus,

_ he
ef = == (35)

I1f the work function is expressed in electron volts and the

wavelength in microns, the critical wavelength becdmes,

12 o
Po= —F i | (36)

Equation (36)’states that the sensitive element in a photo-
emissive détector must have a low work function in order to yielﬁ'
an output signal at 1ong‘wavelengths‘offihCident radiaticn. 'Ambﬁg
the.eléments in periodic table, oesium has the lowést work‘functiqn
of 1.9 eV, so thatézphotocathode rade of cesium would respond to

wavelengths up to O. 65F Slnce this 1imit lies in the v131ble,’

n that none of the elements could by 1tself gerve

region, it is see

as a photoemitter with an infrared response.

It has been possible to manufacture multielement photoem1381ve i
surfaces with responses in the near 1nfrared. The ‘most common one ‘

is the Sllver~0xygen—Ce51um surface with a work functlon of 0.98 eV.

-
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The corresponding wavelength limit is about 1.2

The photoemissive process is extremely fast, the time con-
stants béing in the order of 10_8 sec for common surfaces. How-
ever, due to the very limited response of photdémissive process
in the infrared, detectors builtfén this effect have not foﬁnd

much practical use.

N

B. PHOTOCONDUCTIVE EFFECT.

Photoconductivity is observed in insulators and semiconductors

exposed to radiation of sufficiently short wavelengths %o promote

ficient quantum energy is applied, the electrons in the valence

band of the insulator may be excited across the energy'gap into -

tive, and a measurement of its conductivity will indicate the

content of ihcident radiation. .

Semicbnductors,however, contain free electrons and holes at’
any temperature. As a result, their conductivity is not zero in
the absence of radiation. When radiation falls on a sample of

semiconductor, two type of excitations cause an increase of con-

ductivity. The first is infrinsic excitation in which hole-
electron.pairs are genérated by a transfer of electrons from
valence band to.the conduction band. The cqndition for this
process to occur, may be written as,

he E ‘ :
7S5 ()

carrier generation. For insulators; free carrier concentration is 8

zéro at room temperature and in the absence of radiation.4 If suf-

the conduction band. In such a case the insulator becomes condué-f,
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where Eg is the energy gap expressed in electron volts.

If the semiconductor contains donor or acceptor impurities,

a second type of action, extrinsic excitation takes place.- This

consists of a transfer of electrons from valence band into acceptor
levels or from donor levels into fhe conducfion.band. It is pos-
sible to introduce a éontrolled amount of impurity atoms into a
semiconductor and thus make use of the ektrinsic“excitation pheno-’
mena for detection. ‘Since donor and acceptor levels are located
neaxr conduétion band and valence band edges respectively, the
necessary energy to cause extrinsic excitation is less than thaﬁ
represented by Expression (37). As a reéulf, radiation of rela
tively long wavelengths may be sufficient to cause extrinsic activa—
tion. Impurity type of photoconductive detectors’fherefdre haﬁe g

response in longer infrared wavelengths.
In order to evaluate certain criteria to be used in the selec-_°
tion of photoconductive sensors, an analysis of intrinsic photo-
conductioh is given below. |
The cdnductivity (G;) of the sensor in the absence of.radiation
may be written as: |
e .’
% =47 (Repn + 2 1) (38)
In the above expression,{A!is the cross section of the sample,
(L)is its length,(no)and(gg'are the total number of electrons and

holes and(ﬁn)p?}are»the respectivé mobilities,and(e}is electronic

charge in coulombs. If(P)watts of radiant power fall on the
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sensor, the number of hole-electron pairs produced per second (Q)
is given by: | '

-

Q== o (59)

where (vl)denotes the "quantum efficiency", or the number of hole-
electron pairs generated for each incident photon. Tak.ing,ah averagev
lifetime of(T,)for additional electrons and (T,) for additional holes,
the total number of carriers are increased by:(19)‘ _ ‘ T
An = QT, f 1

| 40

The change in conductivity of the sensor may be written by

analogy to Equation (38); thus:

et (snparapp) G

1t Equations (40) are substituted above, we have,

\

AG = ‘;\% (Hh_cn +f‘P—CP> | | | (42)

The corresponding increment in the conductance of the sensor

would by definition be given as:

Ag = AO—T‘TA_\":"_E(Q—(P"T"—FPPTP) (15)
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Under an applied voltage, the current induced by the incident

radiant power becomes:

(T BV (44)

T~

AT =N.aq= &
‘ =

For a sensitive detector, the expression given by (44) should
be large."ThiS means that the detector material shoula poséess
iarge mobilities and large carrierflifetimes. Furthermore, the
length of the sensing element should be small.

In'practice, it has been found that Silicon and Germanium
samples doped by gold or mercury, possess the above requlrements.

Other compounds commonly employed are lead sulfide (PbS), lead
selenide (PbSe), lead tellurlde (PbTe), strontium sulfide (SrS),

and indium antimonide (InSb).

The change in conductivity of a photoconductive detector

exposed to radiation may be detected by means of the circuit shown

in Pigure 12 below.

L
>

AMPLIFIER

Pigure 12: Detector Circult

<

1
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- represents the bias resistor of the tube, whereas the capacitor:C

-if we let.R =vRL. Under this matching condition,~the signal outpuﬁv

|
|
The photoconductor of dark resiétance R is placed in series

with a load resistor R, and a battery of emf V. Infrared radia—
tion falling on the detector is ;oaulated or chopped go as to give
a tlme—varylng output suitable for ampllflcatlon. Absorbt;on of i
radiatidn causes a decrease in the resiétance of the sensing éle; '
ment, and as a result the circuit current increases. this current ]
increment causes a greater fraction of V¥, to appear across the
load-resisfancé, R, . The voltage across R 'is'impressed into fhe l

grid circuit of the first amﬁlifioation stage. in Fig. 12, R5

serves to prevent any d.c current from entering the grid.

In the absenée of radiation, the voltage V appearing across

the load is given by:

\/L :.\4 R'—_._R ’ ' (45)
A R+ R, - | E

The effect on V_ due fox a change in the resistance of the

sensing.eiement“may be ohtained'by,differentiating»Equatidn (45)

with respect to R. We get:

AV =y, ARR : (46)
(R+—R) v

| : 1
It is seen from BEquation (46) that the signal may be maximized}
%
from the sensor, or the amplifier input may,be_wpitten as: b |

_ NL.AR | ’ ‘
AL == —12 | )
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C. PHOTOVOLTAIC EEFECT.

o,

Electromagnetic radiation falling on a pnn_junction will induce
a voltage which may be measured directly from the ohmic contacts,
Withouf a8 need for a bias battery\or a load resistor. Thisvis
called the photovoltéic effeot, and it is illustrated in Fig. 13
‘below. In the absence of radiation falling on the junction, the .
Fermi Levels in the p and n regions are aligned. An internal eled—

.

tric field € exists at the . I

H

_.__an»

CONDUCTION
BAND i

—_— - — — —FERMI
A = T LEVEL

! VALENCE

| 7AGE 53

‘. BAND

|

Figure 13: Photovoltaic Effect

barrier. A photon of sufficiently short wavelength will produce a

free electron-hole pair when absorbed at the barrier. The action .

of the electric field at the barrier separates the pair, moving the

‘electron into the n-tjpe material and the hole into the p-type

material.

and exceés holes into.the p-type region, the n-type region is

Since excess electrons have moved into the n-type region

]
i
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charged negatively, and the.p-type region’isfchargéd positively.
As long as radiation falls on the junction, electron-hole paifs
will be formed and separated by the internal field at the junction.
If the semiconductor ends are short circuited by an external con—
ductor, a current will flow in the circuit as long as radiation
falls on the junction. If the ends are open—circuited by a high
impedance voltmeter, a voltage will exist as long as radiation

falls on ‘the sampie.

It is to be noted that radiation falling on points remote
from the junctioh will not contribute to the photovoltaic effecf.
If carriers are generated at a distance:from the jupction equél to q
thé diffusion length of electrons or holes, those carriers fhat
survive recombination, may reach the jﬁnction and'cqntribute to .w '

the effect.(20)

Although a voltage appears across the open ends of the p—n/ o

junction Without need for a bias, the junction may also be operatéd

under external reverse bias. In this case-the junction constitutes

a photodlode, and detection is based ‘on measuring the change 1n,

reverse saturation current as a result of .absorbed radiation. The

argument may be j1lustrated by considering the current-volﬁage
characteristics of a p-n junction diode:

:I(t_

_)i
e

) e

In this expression, I 1s the reverse saturation current in - i
’ T

|

|

the absénce of radiation>and V is the external bias. If radlatlon
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falls on the junction, the current will be increased ﬁjvén amount
AT so that: |
eV

T - A1.+1.(f_eﬁT) T (45)

For a large reverse bias ( \V/<o), the exponentialyterﬁ is

negligibly small so that:

I 24014 I |
: .+(50)

Thus, by connecting ends of a reverse biased p-n Junctlon to a
sensitive ammeter, it is p0331b1e to read the amount of current

generated by the incident radiation, as:

AT = I_1, o (51)

where I 1s the ammeter reading and I is the reverse saturation
-eurrent of the diode correspondlng to the applled reverse blas.

The situation is illustrated in Flg. 14, in which the current-

voltage characteristics of the diode are shown in the absence and

presence of radiation.
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Figure 1l4: p~n.junction,characteristics

As shown in Figure ll, the reverse saturation_curreht‘of the
diode is that corresponding to point a on the absence of radiation,‘
and when reverse biased at -Vo. The reverse saturation current

increases to a value correspondlng to p01nt b when radlatlon is

allowed to fall om the diode. The increment abis the net effect

of radiation in terms of diode_current. In practice it is desirable
to have a very low reverse saturation éurrent.in the‘absence of
radiation so that the current incrément is large. Photovoltéic
phenomenon is not very commonly utlllzed in infrared detectlon, but

In Sb, In As, Ga As, and Se-Se0 have been used as deteCuors in some.

near-infrared,photovoltalc devices. . | | i
. o : |

|

|

i

|

|
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D. PHOTOELECTROMAGNETIC EFFECT‘(P.E.M.).

The PEM effect is basically a diffusion effect in a magnetic
field. It is observed in semiconductors immersed in a magnetic.

field, as shown in Fig. 15:

hy

Figure 15: PEM Effect

In Fig. 15, photons of wavelength sufficiently small to liberate
hole-electron palrs, are absorbed at the exposed surface of the
semiconductor sample. The carriers generated as a result of radla-

tion will diffuse from the surface into the interior. Slnce;they

are movihg in a transVerse magnetio field, the carriers experience

a force 1n a dlrectlon normal to the plane of the magnetlc field i
“and the Poyntlng vector and are separated, the holes deflecting to-i
ward. one end of the sample and the electrons toward the other. If!

the sample ends are short circuited externally, a current will flow
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" materials possessing high mobilities and short lifetimes.

as long as radiation is absorbed at the front surface. If the
sample ends are open circuited, a voltage will appear as long as
radiation is absorbed. The photosignalfdueto the PEM effect is

given in terms of either the short circuit current or the open.

circuit voltage.

In order to obtain good response from a PEM detector, one‘
should reduoe surface recombination so that carriers generated
there,will diffuse into the bulk before recombination. The sample
thickness for optimum'response corresponds to the diffusion 1ength
for the carriers. PEM detectors have been consfructed from InSb

and InAs crystals, and in general, they show good response with

E. THERMAL EFFECIS.

The detection phehomena discussed so far have fallen into the,;
category of phofon effects in which incident’photons below a eertain
threshold wavelength are absorbed,to glve rise to excess charge
carriers. Because photon detectors respond to the rate at whlch
photons are absorbed, their spectral responses were seen to be de-

pendent upon the energy of photons; that is the Wavelength of radi-~

ation.

Another category of detectors, based on thefmal effects, will

be taken up in full detail in this work. In the following para-

- graphs, the phenonena of thermal detection w111 be’ ‘briefly desorlbed-

This background, together with the general pr1n01ples treated so far,
‘ |
will be used to-glve an account of thermal detectlon theory and its -

experimentation.




lHEeEolo
ROBERT COLLEGE GRADUATE SCHOOL

BEBEK, 1STANBUL . PAGE 59

As stated previously, thermal detectors make use of the
heating effect of radiation. Associated with all thermal detectors

o

is some form of thermal mass, the temperature of which changes when

temperature changes per unit radiant power absorbed, are associated

with small thermal masses. As a result, the sensitive elements of

most thermal detectors are small. The most well-known forms of

thermal detectors~are the bolometer and the thermocouple.

1. Bolometer: Bolometers may be of three types: metal, semi-
conductor, and superconductor. Metal and semiconductor types are

]

|
it absorbs radiation. From Q=m.c.AT it is apparent that large
operated at ambient temperatures, whereas the superconducting bolo- 1
|

| meter must be cooled to temperatures near absolute Zero.

The resistance of a metal_lncreases llnearly w1th small

changes in temperature, thus

R =R (130T R 529

where Ro is the resistance at To and R is the resistance correepondf

ing to ’ﬁ;+brr. The velue of ¥ being about 0.005 per °Cc for many
metals and it is almost independent with temperature. It is called

the temperature coefficient of resistance.

Semiconductors exhibit a much more pronounced dependence of

re51stance on temperature, than do metals Their resistance is

generally glven by an equatlon of the form,
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R=R,e™ (53)

]

where B is a constant characteristic of the semiconductor. As
seen from Equation (53),'the resistance of -a semiconductor de- :
!
creases with temperature, and due to exponential dependence, the
resistance is very sensitive to temperature variations. The tem-
perature coefficient of resistance for mosf semiconductors is be-

tween 0.03 and 0.04 per °c. This value is seen to be about ten :

should be preferred as bolometer materials.

Semiconductor bolometers are known as thermlstor bolometers,‘
thermistor denotlng thermally sens1t1ve re51stor. There are two

common thermvstor materials, developed originally by Bell Telephone

Laboratories. They consist of the oxides of nickel, cobalt, and
manganese, constructed in the form of flakes about 10 g thick.
The flakes are.mounted on heat dissipating substrates known as
thermal sinks. Radlatlon falling on a flake warms it. Ifathe
radiation is removed the flake returns to its orlglnal tempera—
ture with a decay time dependlng on the thermal conductance between]
the flake and the slnk. 'Past response is obtained by mounting the(

A . . 1
thermistor directly on a solid slnk.(2 )

In measurlng circuits, two 1dentlcal flakes are ‘mounted in the

from falllng upon 1t The shielded flake serves %0 compensate for
temperature changes in the absence of radlatlon., Flgure 16 shows
the brldge circuit arrangement employed in thermistor bolometer

deteotors;(zz):
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Figure 16: Bolometer Circuit

In the absence of an 1nput radiation, the brldge is balanced:

v

81nce the flakes are 1dentlca1 Radlatlon falling on the actlve o

flake reduces its resistance, causing the brldge to be unbalanced.‘

This yields an output signal across R., to be'fed into the first

stage of ampllflcatlon. As with other types of infrared detectors,

the input radiation is chopped (modulated) to obtaln drift-free

ampllcatlon.

Superconductingﬁbolometers utiiizé the sharp change in resis-

tance of some materials (e.g., lead, tin, tantalum, niobium nitride

near the temperatﬁre of absolute zero. As the temperature of a

superconductor is reduced from room temperature, the re51stance de-

)
?
!
|
|
i
i
]
1

creases linearly for metals. However, as the temperature{ap_

proaches a critical value Ty the resistance‘sharply drops to ze:o:

Below the critical temperature, the material is termed to be super-

conducting, its resistance being zero. The rapid change in resis-
a small

tance from normal %o suiperconducting state occurs over
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fraction of a degree. For'practical materials, the bfitical‘tem—
perature ranges from 1°K to 15°K.. If the bolometer element'can be

mainteined at its crltlcal temperature by means of a servo. systen,

radiation to fall on the superconductor. The situation is further

'con51derable resistance 1ncrease will be obtalned by allow1ng |
clarified invﬁhe resistance-temperature curve of a superconductor

as shwon in Pigure (17): : L

R.h

5°k < T.<15°K

|

1

|

|

1

I
0 ‘ L

1;,

Figure 17: Supercdnductivity

' Superconducting bolometerS'have not foﬁnd?bommercial use due :
to the difficulty of obtaining and maintaing detector temperaturé

preciéely at the critical value of temperature}

2. Thermocouple:

- earliest ihfrared detectors. It consists of a low mass junction‘

| o
The radiation thermocouple is one of the

1

en two different metals, as !

mounted on a. blackened recelver betwe

shown in Pigure (198). The metals are de81gnated ‘A and- B. When the

receiver absorbs radlatlon, its temperature 1is increased by AT.
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T+AT

W

Figure 1%: ' Phermocouple

This temperature difference AT between junctions. dJ, 'and‘J2 will
cause a thermoelectric emf V to be set up between them. The mag-

nitude and direction ova is determined by the thermoelectric

propertles of substances A and B; and for small temperature varia f

ations as encountered in infrared detectlon, it is glven by

V=p.5T ~— (54)

AB -

where P is the "thermoelectric power" between materials A and‘

Bh(23) Between Lead and Bismuth, P :;;GO/AY/ti between Lead and
| e -

Antimony, it is + 40 pv/°c.

A widely used form of the thermocouple ig the radiation thermo

ries connection of thermocouple junctions.

1

|

J

|

|

!

. - 1
pile consisting of a se g
|

Since the voltage outputs are added, the thermopile has a larger

r a given temperature interval, but the ‘response time

response_fo
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ig increased due to larger masses of active elementé. Commercial :
detectors operating’on thermal phenomena have response times near
1.5 msec for thermistor bolometers ,.and 36 msec for radiation
Athermocouples.(24) In general, there is no cleérly defined cutoff

wavelength in the spectral reSponée of thermal detectors.
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‘A. NOISE EQUIVALENT POWER (Bn). - |

VWhen measuring Pns

V. ANALYSIS OF THERMISTOR BOLOMETERS

i
|
The infrared system iS'ofﬁeﬂ designed around the characteris- ~1
tics of the infrared detector. These characteristics are defined ;
by certain_figures'of merit describing the performance of detectors !
undér specified operating conditions. TheAimportanﬁ figures of
merit universally accepted in infrared technology will be given .
below. In the subsequent analysis of thermister bolometers, these ;
|

figures of merit will be evaluated in order to obtain theoretical

performance characteristics.

defining the utility and efficiency of a detector under given con-

Pefformance Criterié may be grouped into three_oatégories ]
ditions. !

This is the minimum radiant power which would give rise to a %

signal vbltage equal to the noise voltage'from the detector. Since!

the definition implies a signal—to;noise'ratio‘of unity, this figure

is a measure of the minimum power that can be'detected. Any in-

cident power smaller than Py, will glve rise. to an output 51gnal o

that is largely dominated by the noise voltage of the detector.
the temperature of the black-body radiation

source is usually 500°K, the reference bandwidth is 1 Hz or 5 Hz

and the center modulation frequency is 90, 400 800, or 900 Hz.

The n01seAequ1va1ent power ig determined experlmentally by measurin
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the signal-to-noise ratio in a specified narrow electrical band-
width called the measurement bandwidth. The value obtained for a -
known amount df radiant power is linearly extrapolated to the powér
that would give a signal to noise ratio of unity. The definition

is given by:

REHA(VV:)__L_ - (55

where H is the irfadiance, A is the detector area and V&/\G is
the ratio of the rms noise voltage in bandwidth Af, to the rms
signal voltage. The units are Watté/(Hertz)’/z. Most detectors

exhibit a noise eQuivalent power directly proportional to the

square root of detector area. The detectivity 1is aéodrdingly de—-

fined as:

¥* A . .
D A o o (56)

Definitions of (55) and (56) are concerned with detector

résponse to blackbody radiation at a given temperature. For

selective detectors, the response to monochromatic radiation may

be-quoted.
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denoted by r. We have:

THESIS | | ]
|
|
1

B. RESPONSIVITY,.

-

This refers to the output signal per unit radiant power in-

cident on the detector. It is measured in volts/watt and will be

V. -V

—

P XA

r= (57)

It is seen from a compariscn of Equation (57) with Equations
(55) and (56) that the responsivity may be written in terms of

noise equivalent power and detectivity as: : .

Vo DV, , | v(58)
R.lag  JAAS

V=

|
4
1
|
|
One may also specify the responsivity to monochromatic radiationm, %
rather than to blackbody radiation.

¢. MODULATION FREQUENCY RESPONSE .

This factoi determincs'the changes in respoﬁsivity and detec~
$ivity of a detector as a function of the modulation (or chopping)
frequency. In mcst applications, it is desircd that the detector.
response be indépendent of modulation frequency, put this is not

‘realized with practical detectors.

Semiconductors have a characteristic carrier recombination

time.t This 1imits the rapidity with which a detector will respond




THESIS

ROBERT COLLEGE GRADUATE SCHOOL

BEBEK, 1STANBUL " PAGE 68f

to chopped radiatiqn. At low modulation frequencies, the instan-
taneous carrier density follows the rise and decay of radiation
upon the detector surface. At higher frequencies, this is no
longer true and carrier generation may lag the ;apid rise and fa11 
of incident‘radiation. As a resﬁit, the responsivity is reduced.

In general, the modulation frequency should be chosen such that:(25)

l | | |
> c A
'F - 21T , (5_9)

where T is the carrier'1ifetime.idénfical with detector respohse

time. At a modulation freguency which corresponds to the equality
in (59), the detectivity is maximum, whereas the,resﬁonsi&ity is )
about 71°%6 of its maximum valué. If this modulation frequency is

duced, so that optimum conditions are represented by the equality

(59).

|

|

1

decreased, the responsivity is improved but detectivity is re- 7 i
D. MATHEMATICAL ANALYSIS OF BOLOMETERS.
|

l

The change in electrical resistance of a material on heating

depends on the temperature coefficient of resistance defined by:

OR | C (60)

_
= R 2T

where R is the resistance at temperature T.- From Equaﬁions (52)

apd (53) where tthresistance of a metal and semiconductor are |

given as a function of temperature, we can evaluate FX as:
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|+ 3(T-T,)
for a metal; and as /
_ _ B .
x - e . (62)

for a semiconducting material.  Also, in terms of a small change

in temperature, the resistance change of either a metal or semi-

conductor is obtained from (60) as:

AR = oR.AT (63)

In this analysis, the bolometer is assumed to be connected

as in Figure 12, in series with a load resistor and a battery.

Referring to Equatioh (46), the output signal resulting from a

change in the resistance of the bolometer,element, is given by:

AV =V, 0R R (eh)
(R+ R)
where the minus sign is dlsregarded. The bolometer element is

subject to Joulean heating which results from the steady current

supplied by the battery. Part of this heat is dissipated by

conduction to.the thermal sink and by radlatlon to the surround-

ings. The remalnder serves to raise the temperature of the bolo-

meter element, so that in the absence of radiation we have

C._E4'_E('r..7;,)=1"R (65)
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where C is the heat capacity of the bolometer element and X is an
average thermal conductance which governs the conductive and radi-

ative heat flow to the surroundings at temperature T, . Thus:
— _ 3 b‘\L;. 4 .
K(T-T,) = Kea (T2T)a K (T-77) (66)

where the first term on the right hand side denotes the radiative
heat flow, and the second term denotes the conductive heat flow

(usually to the thermal sink)g26)‘ .

Wheén radiation falls on the bolometer, its temperature will
be increased by an amount AT. If the incident radiant power is

denoted by(P} we have from the heat trahsfer Equation (65) that:

C_M+ K. OT = olLOlITFO 4T P 6

where! K \is the thermal conductance when the bolometer is at fem-
perature TifAn. The first term on the right hand side of the
above equation is the incremental change in Joulean heatlng as a

result of temperature rise. From the circuit of Fig. 12, we have:

(0= (M) MG 42 (60
4T AT R+RY (RerR) AT

if we substitute the equivalent of dR/AT from BEquation (60),

into Equation (68), we get:

(3R] = e N e A | |
dT 7 (R+RY (R+R) " ~ (69%
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From Equation (65), we have for the steady-state %2 = 0, SO
that: |
— 1 - '
K(T-T) =T R . (70a)

or by writing the equivalent of I®R from Fig. 12,

K(T-T) = Rlz) | o)
+ -

Equation (70b) is now substituted into (69), giving:

A (TR = o RTT) Re=® AT 1
L (TR = K(T .,)R - | (,7‘)

| .

The heat transfer Equation (67) may now be written by sub-

stituting (71), as follows:

CJ—I)—+KA—Y__D<K(T_T>(R R)A—r-‘-P (72)
od7T R_»‘—K :

An effective thermal conductance 1s now defined from Equation

(72) aé:
- - |
K. = K—_aK(T-I)__f—R+R_ | (73)

Wlth the above deflnltlon substltuted 1n (72), the differen-

- tial equatlon»descrlblng the behavior of bolometer becomes:

| C%%ﬂ* KetT=F o om
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The solution of (74) may be obtained by assuming the input
radiant power to be a periodic function of time.(27)_ This is
valid when the radiation is modulated at a frequency (wj as in a

practical case. Then(P)may be described by

juot

P=Pe « | (75)

Undér this assumption, the solution of (74) results in the

following expression for the temperature increment: , L

' _Kg{: . JbJ:l:
AT =AT€E “ 4 Be (76)
The flrst term in (76) represents a transient whlch goes to
zero with time 1f(he )is p051t1ve,and 1ncreases w1th time ify Ke'is

negative. Thus,when Ke 1s negative, the bolometer overheats and

burns up. I1f we refer to Bquation (73), we see that overheating

will oceur when:

. R-R | |
R (T-T) 2k
K < oK (T-T) S (77)

ginee in such a case Ke would be negative. In practice, the

1oad resistance(R,)is taken much larger than the bolometer resis-

tance R, and the thermal conductance(k)may be assumed to stay

constant with temperature, i.e.,rKZE:K. BEquation (77) may be

written in an approximate way by introducing the above assump-
tions.»eWe have:

" OKR T—'To :
KR (T (78)

" PAGE 72 |
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or, the condition for unstable operation may be expressed as:

(T-T,) >V - (79)

which follows from (78). For thermister materials & is about 0.04.

If the bias current is such that the bolometer attains a temperature

of 325°K when the ambient is at 300°K, we have o(T - TO) =
0.04 (325 - 300) =1, so that the critical temperature of bolometer

operated at room temperature is about 325°K., If the temperatﬁre is

raised slighily above this by Joulean heating or heating due to the

incident radiation, burnout will occur. For a metal bolometer,

burnout will not occur even at very large temperatures. This fact
may be illustrated by substituting the value of o for a netal
(Eq. 61) into the unstability condition (79). We have:

IS ]
l+K<T—:—E> .

which'neVer holds.

Under stable conditions when the transient term in Eq. 76 goes

to zero, the absolute value of ATmay be written as:
R

K 4wt o 8ol

_Ey substituting the above,into Eq. 63%,. we éan_express the

AT =

" change in resistance of a bolometer element as:

AR:O(R._L_ . (81)
. Kz+wz.cl. | .
The change in output voltage across the load maY-be expressed’

by substituting (81) into Equation (64). We then have:

AV, = %R _«RE: - (82)

(R + R,_)L \} KS +w'C
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The responsivity of the - detector was defined as the ratio of

output signal voltage to input radiant power. Using this defini-
tion, we can evaluate the responsivity from (82) simply by dividing

both sides by the amplifude of incident radiant power B, . Thus:

LA =Y RR -
B kEeae ReRY (83)

When R_>»R as in a practical case, the responsivity becomes:

|

1

|

|

. » =
re %R - (84) | 1
1

R JKF e

with Kg = K — T(T - Ty ) for large R,, by Ba. (73). It is seen
~that the responsivity of a bolometer is prdportiohél_to fhe bias
voltage and the ohmic resistance of the.bolometer; element. Al-
though the bias volfage must be made iarge‘to get a large res-—
ponsivity as seen from (84), thié is praéti@ally not feasible
since the bias cﬁrrent'may then cause burnout, if the temperature
1imit imposed by (79) isvexceeded. It should.be indicated_that"

(84) gives the responsivity of the’bolomete: element only. For &

bridge circuit arrangement, the effective responsivity is one-

half of this value.

The detecfivi@y_of o bolometer can-be found from Eq. 58

which relates the detectivity of a detector to its rgsponsivity. o

We have:

\D-* rJA.LF | ‘ '(85‘)

Al
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where Af is the reference bandwidth, (A)is the detector area and (Vy}
is the noise voltage of the detector. The noise mechanism in

bolometers is thermal noise {or Johnson noise) due to the random

motion of electrical charges in the material. The rms value of

the noise voltage is given by:(28)

\L=(4VTREAQI o (e8)

where Ofis the measurement_bandwidth, and(k)is Boltzmann's con- .

23 joules/oK. At room temperature, the

stant equal to 1.38 x 10~
value of’@kT)is 16.7 x 107%" joules. The corresponding noise
voltage would be: |

i L
V, = 1.28x10" (R.Af)° N
- a (87)

" The noise voltagé produced by a(?rwn)thermistor detector
flake operated at room temperature and chopped at 100 Hz would be
0.6 V in a 10 Hz bandwidth.'2?) Detectivities are about 2 x 108,

e e v
2E%g%%~z;-at 10 Hz chopping frequency. Responsivities obviously

depend

wétt to’1065 volts/watt have been attained. These values are

dn the circuit connection, but values ranging from 40vvolts/

larger for thermistor bolometers equipped with a germanium lens.
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VI. EXPERIMENTAL PREPARATION OF THERMISTOR MATERIALS

active element which is known to be composéd of a mixture of

nickel, cobalt, and manganese oxides. These oxides are formed

into approximately IOFfthick layers and mounted on a dielectric

The vital part of a_thermisﬁor infrared detector is the | 1

Qgﬁggi@l;with_gqu heat conductivity. The resulting arrangement

shows the characteristics of a semiconductor with resistances in’

the megohm range and a température coefficient of,resiétance as
high as 0.04. For a(ll&@thérmistor flake, the resistance change
per degree centigrade variation may be obtained from Equation (63).

1
We have: : , - o - S
AR = (O.OL,_>(I><(0+6) _n_/°c .

“For an incident radiant power which changes the thermistor tempera-
ture by 10~4 degrees, the corresponding resistance change. would be
@nﬂ} This resistance increment is sufficient to disturb the

‘balance of a Wheatstone Bridge‘Circuit arrangément so that the re-

suiting signal may be recorded by a sensitive voltmeter.

A.‘ VACUUM TECHNIQUES.

The writer considered the possibility of using vacuum tech-

nigques in the preparation of thermistor materials which would pro-

vide the thermal éensitivity indicated above. Due to the restric-

“tions imposed.onkthe thickness of active elements, the use of

—
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chemical:or eleetre-chemical techniques was not found feasible.
Furthermore, it is not possible‘tovdeposit thin layers of ﬁher—
mistor materials on to non-metallic bases, by ueing-electrochemicai
methods. However, in‘e vacuum cQating unit, any metal or thermally
stable compound may be evaporated on to metallic or dielectric
bases with precise thickness control, With a minimum of dust con-
tamination;-and the resulting layer is sufficiently dniform‘for

most purposes.

The advantage of evaporating a material in vacuun arises from

the fact that the meanfreeepathT of vapour molecules increases.

with reduced atmospherlc pressure. .The’mean-free—path is defined

'atmosphericvpressure of.O.lﬁHg, the mean free path is about 45 cm.,

.experience collisions with residual atmospheric constituents. As

as the average distance travelled by a vapour molecule before

colliding with gas molecules present in ‘the env1ronment. At an
so that molecules of the vaporizing material are not likely to

a reeulf, vapor molecules propagate linearly‘and'condense on a |
base material placed at a certain vertical distance from‘heated_
specimen and the.collecting area is,in_the_order of a meanffree.
path length. | |

During eveporation, electrical heating ie supplied to a high
melting p01nt filament, ueually made of tungsten. It is neeeseary
that the filament be inert to chemlcal reaction or alloy formation
with the materlal to be evaporated. Furthermore, the melting p01nt
of the filament should exceed that of the evaporant. vln practice, .
the ch01ce of the type of filament to be-used, as well as its

shape depends on the nature of evaporant.‘ If the‘evaporant’ie a‘
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metal available in the .form of .a thin wire, it may be wound'around’

the fllament For non-metallie evaporants, the filament 1s re-
placed by a boat- shaped metal holder which is ‘selected so as to be
inert to chemical reaction with the evaporant. Usually,*such

holders are made from tungsten, molybdenum, or platinum. Alumina

~crucibles may also be used in certain applications.

- After the type, size, @nd shape of the filament or specimen
holder are determined, the next brdblem is the adhesioh of con-

densed vapor on to the collecting base or the subStrate. kUsually;

a strong adhesion of a metallic film on to metallic substrates is

readily aohieved. For dielectric substrates such as sapphire,

the problem of adhesion depends on the‘evaporanu used, In the

following paragraphs, the vacuum deposition properties of thermis-

tor materials w1ll be discussed in order to establlsh the ezperl-»;

based on experiments conducted at QekmecevNuclear Research Center

with the Vacuum Deposition Plant described in the Appendix.

In general, two different'methods are available for depositin

thin films of metal ox1des on to dlelectrlc substrates. The rela-

mental procedure to be followed. The d1scuss1ons are largely i

tive merits of each method will be glven with respect to the oxide

of nickel, cobalt, and manganes.

B. DIRECT EVAPORATION OF THE OXIDES.

This process is complicated by the fact that chemlcal Treac-
tions may take place at high temperatures between the metal oxlde,

the heater materlal, or the residual gases in the vacuum chamber.
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Usually, the metal oxide tends to decompose when the partial pres-

sure of oxygen in the chamber becemes lower than that required1for

the stable existance of the compound. Nickel oxide (Ni0) has.a
meltlng point of 2090 ¢ but dlSSOClates at 1596O y» at a vapor
pressure of 10 Hg. (30) Slmllarly, manganese dioxide (Mnoz) de-
composes at 535°C to form MnO and Mn304.(3l) Cobalt oxide (Co0)
has a melting point of 1800°C and also dissociates-at reduced
pressures around 10 pHg. Both NiO and CoO form the,mefai,and
-liberate oxygen; in order to prevent dissociation, it is possible
to deliberately establish a poor vacuum in the chamber, thus rais—
ing the partial_preseure of oxygen abdve the critical level which
causes dissociation. However, this will have a negativeeeffect‘on
film structure, as the resulting deposit-wiil be.eentamihated and;

less uniform.

. In a set of experiments using NiO, Co0, and MnOz, various
miitures of these oxides in powder.forﬁ, were evaporated at a
vacuum pressure of 20 pHg. The dissocietion-of Co0 and NiO to
form the metal, was observed. The heater meteriél‘was a thin
foil of molybdenum formed into'a’boat -shaped holder. It was ob-
served that the heater cracked at heating currents in excess of
200 amperes while the dissociated oxides were still in solld
phase. Although a deposit was obtained, it contalned poorly
exidized traces of manganese only, and was found to yield no
response upon exposure to thermal radlatlon. In all experiments,

it was 1mposs1b1e to evaporate the residual sollds on the heater

surface since the heater materlal invariably cracked before such
constltuents were melted. Theoretically, it is possible %o obtainf

a hlghly ox1dlzed dep051t from NiO, CoO,and MnO2 mlxtures,
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i

~the vacuum deposition of the metal, which is then heated in thé

the filament in order to prevent weight concentrations. This can

providing the dissociated oxides are baked in air at an average
temperature of 400°C. It was however not possible in our experi-
ments to verify this procedure due to heatef material failures at

temperatures necessary for the evaporation of dissociated consti-

tuents.’

C. HEAT OXIDATION OF A METAL FILM.

An alternative procedure for obtaining metal oxide films is
presence of air in order to be oxidized. At a vapor pressure of
10 Hg, the evaporation temperatures of Ni, Co, and Mn are respec-
tively 1510°%¢, 1649°¢C, and 98000. All of these metals may be eva-
porated from tungsten filaments if certain'preoautions,are taken.

Manganese does not form alloyé with tungsten and may readily be .

evaporated. Nickel alloys with tungsten and'may dissolve the filai:

ment at. temperatures below 1500°C. To preVént alloy reaction, »
niokel'should be evaporated rapidly. Thig is -possible by quiokly
adjusting the heater ourrent to high values. Cobalt‘should be

evaporated in exactly the reverse manner. At temperatures below

1650 ¢, cobalt does not appr601ab1y alloy with tungsten so that theo

‘heating current ‘should be kept 1ow when evaporatlng cobalt. It is .

further necessary that cobalt and ‘nickel specimens be spread around

be achleved by w1nd1ng the evaoorants around the fllament, but the

weight of the evaporant should not exceed 30/6 of that of the

fllament.g32)’ (33)
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D. METHODS. >

1
The following method was adopted in the preparation of samples

by the heat-oxidation technique:

1. Cleaning of the Filament: A tungsten filament was avail-

able in the form of multi—loop wire. In order to remove dust and
ox1de contamlnatlons on the fllament, it was first heated to hlgh

temperatures in vacuum untll a whlte, shiny surface was obtalned

2. Cleaning of the Substrate: Glass and quartz were used as

the substrate material. Hand touch was avoided since the film
structure is negatively effected by oily traces and dust particles

i
B
1
{
.
on substrate. The substrate was first rubbed w1th a plece of cot-
ton dipped into a solutlon of dllute HCl1. It was subsequently

rlnsed with water and drled by applylng cotton. In order to remov

residual pieces of cotton on the surface, -the substrate was then

exposed to a fan-type dryer before beingrplace in the COating unit.

3. Evaporation: The avallable constltuents, nlckel and

| cobalt, were evaporated from a- tungsten filament. Due to the

requlred small 81ze of the fllm, only a small fraction of the

necessary to carry out at least 4 evaporatlons in order to obtaln
appreciable. deposlt,bulldup.

1

|

|

:

vapor was allowed to condense on the substrate. 1t was therefore 1
i

|

' N

The coatlng unlt available was not equlpped with a mechanism

for the measurement of deposit thickness. A prellmlnary series of]
experlments were therefore conducted to determine optimum thlcknes<
values by varylng the weight of evaporant used. Very thin layers'é

of metals were found to be transparent, especially on glass -

o pu
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substrates. ‘Furthermore, the resistances measured for sueh.layers
did not reveal the properties of the bulk material used.
‘In the preparation of final samples, optimum conditions were

utilized in order to deposit a layer with high resistancerand small

ared. 1In general, heat oxidation of metal mixtures obtained by
depositing nickel and cobalt with successive evaporations, proved

~ to worsen the‘film structure and reduced the thermal response ob;

tained. Therefore, mixtures were.aVOided. A description of

finished samples will be found in the appendix.

4. Heat Oxidation: A "Muffle Furnace" available at the R.C.

Metallography Laboratory was used to oxidize metal films. The

furnace may be adjusted to any temperature up to,lOOéoc.and proVides

eleotrical heating from an arr&y of filaments facing each other.
In order to avoid dust Settiement on the film, the samples were

shielded with a heat resistant glass. In principle; oxidation -

rate decreeses-with increased film thickness. For the samples‘

prepared, a heating time of 2 hours was found'necessany,xt4002:g

5. Ohmic Contacts: Very thin sheets of copper were cut and

- glued on to the substrate With'epoxy resin. .Depending'on the

chosen area of the depos1t, a layer was deposited between these

'1eads, but not in contact with them. Electrical connectlon between

the dep051t and copper terminals was then provided by evaporating -a

layer of gold on to the terminals and also on part of the dep031t

‘edges. The use of copper terminals makes eolderlng"p0831ble for }
| use in én external circuit. Gold layer»provides a smooth transi~ 1
1

tion between the dep081t and the terminals and also prevents oxida-

tlon of copper.
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VII. CONCLUSIONS

A study of the processes by which infrared radiation is
generated and transmitted, shows that, the efficiency of an in-

frared detection system will depend on the following:

1. The radiant intensity of sburce emission and ifs dis-
tance from the detector. The intensity was seen to be determined‘
by the temperature of the source as well as the emissivity of its .
surfacé, and may be expected to decrease as the inverse square of

diétance,between the source and detector.

2. The infterferences presented by background.rédiation in

the wavelengths to be detected. Background radiation was shown

to‘belcomposed mainly of solar radiation and infrared emission
from the-terrain. These interferences'are naturally minimized~
within a wavelength band between SQOP and‘6;by. ‘Source tempera-
tures that will give rise to maximum emission within the above

limits, range from about 1000%K to about 500°K

3,. Behavior of the atmospﬂere at infrared wavelengths of
interest. It was seen that the atmoSphere pfovides a number of g
ébsorbtion regions along with a few convenient fransmission | 3
regions. Infrared radiation will in general be exﬁoneﬁtially |
attenuated through the atmosphere, the degree of attenuation be-]~§
ing a function of weather condltlons and malnly the 002 and water f

vapor constltuents present at a given altltude.
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4. A carefully desighed optical system that will serve to
filter out background effects and also enhance the amount of in-
cident radiant power by a good focusing arrangement. The choice
of lenses, filters, and-windoﬁ«materials for this purpose, will
be based upon a oomparisdﬁ of infrared trénsmission‘characterisf
tics of available materials. Other important criteria in opticél
materials are the index of reffaction and thermal and mechénical

strength.

W;th reSpect to the types of detectors, it may be concluded

that photon detectors are characterized by a wavelength-dependent

| sensitivity and a fast speed of response. In contrast, thermal

detectors are characterized by a practically .constant Seﬁsitivity
over the spectrum, and a comparatively slow speed of response.

Photon detectors should be preferred for near and intermediate

infrared regions. The minimum radiant power that may be processed”

by any detector will depend on the noise signal output from the

‘detector.

A cpmbination of precise solid-state and vacuum techniques
is necessary for the construction bf SenéitiVe eléments. 1If is
observed that the seérch for new materials suitable for thermal
detection has been rather‘slow. The use of vacuum deposition
methods for preparing bolometer flakes, was seen to present the

follow1ng dlfflcultles

1. Ordlnary Coatlng Units are de81gned for dep031tlng very,-f

thln, transparent layers with a thickness not exceeding 1.0p.

ThlS is a serious llmltatlon on the requlred thlcknesses of

therm;stor flakes (about 10p) .
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2. The vacuum-evaporation characteristics of common'ther+
mistor materials‘impose special conditions on‘the type of Coaf;
ing Unitf A "Flash Evaporation" arrangemenﬁlshould be designed
for evaporéting the oxides of nickel, cobalt, and manganese.

This arrangement provides forlé continuous flow of evapofant on
to a heated sourcé in vacuum. Bvaporation is largely assiétedv

since small particles fall on a very hot source material.

3;‘ Very thin deposits are invariably transparent, and a
certain thickness should build up in order that the deposit may
exhibit the-electricél characteristics of evaporant or bulk
matefial. A method for measuring thé deposit thickness is there—

fore essential.

Prbviding the above problems are sblved, it is ‘possible to 
ekperiment on thermistor materials by using vacuum apparatus. ‘4
Undesiréble chemical reactions may be minimized by following the
procedures outlined in the previous secfion. Unless the appa—_‘

ratus is not equipped with means to enable direct evaporation of .

oxides, the heat oxidation methpd»should,ndt be utilized. De-
posits are largely contaminated,and‘the'lajer is not uniformly
oxidized in this method. A subjedt which fequires extensive
research is fhe necessity of providing a thermally conductive j
‘layer in between the deposit and the substrate. This will |
gréatly enhance the speed of response of a thermalAdeﬁector. ’

It is hoped‘that future experimenters inAthe field of in;_‘:
frared detection will find the contents ofvthis work useful for

|

an introductory purpose.
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A. DESCRIPTION OF SAMPLES

Sample:l SR S

Substrate: Flat circular glass df 28 mm diameter and 1.5 mm

thickness. .

Active Material: Pure metallic nickel.

Active Area: 5mm x Lmm

Sag@lezz

Substrate: Flat rectangular gquartz crystal of dimensions
18mm x lhmm and thickness 1.5 mm.
Active Waterial: Pure mekallic nickel.

Active Area: 5.5mm x 3.5m

V Glass & G;H -
Layer Quariz
. Gold .
— Toyer -
¥

//// V <——Cof>\)€l‘ ——y mR— ////// ——

K Leads : : '
-Active N B Active
Element ) . ~ Element

_Sample ¢ 1 . h © Sample : 2

Gommon Experimental Conditions:

| :Tetal Weight of nickel: 10 gm.

Total Bvaporation Tima: 6 min.

Avardga Vacuum Pragsure: 30 uHg
Aveéage.ﬁaating Current: 150 Amp.

Type of Heater Material: Tungsten TFilament

Total Weight of Gold: 3 gm
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‘Remarks:
-a..-;—-————

‘contacts to the substrate,itﬁwas necessary to avoid highvtempératures

: without ohmlc contacts,the ne cessary oxidation time was Pound to be

Type of heater material for géld: ¥olybdenum Boat

T : 0
Heat Treatment: Prolonged oxidation at low temperatures, near 100 C.

In order to prevant the melting of the epoxy used in fixing the ohmié

durlng heat ox1daf10n. During prellmlnary experiments on samples
about. two hours at hOO C.With a furnace temperature of 100 Cythe
correspondﬂng oxidation- tlma vill be much longer. In our samp*es,lt

was observed that a heating time of 24 hours at 100 c 1ntroducad a

- small degree of oxidation as avident from the change.in the fesist- :

ance of the samples at room temperature. The resistance of =ach
sample was 6 ohms in metallic state and about 12 ohms after heat
treatment ,for 24 hours at 100° C. It may be noncluded that the rate .

of ox1dat10n is sharply reduced at low temperatures, and with the

" elactrode technique used in our experiments, it 'is very dlfflcult to

apply an effactive heat treatmont. As a result the samples are in

fact metal bolomaters rather than.thermlstor bolometers. The FBSISt-

ance values obtalned, agree with rommerclal nlckel strip bolometers.
but the responce times are muich longer in our samples. Reasons for‘

this bshavior .are explained in the pravious sections.

A T T T T R T T
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B. MEASUREMENTS ON SAMPLES

-

1. Resistance-Temnerature Characteristics:Since the samples

are in metallic state, their resistances

temparature. In order to determine the temparature coefficient of

will vary linearly with =

resistance ,the samples were successively heated in a furnace, with

»the ohmlc contacts connected to an lmpedance brldge, thus enabllng  W

31mu1taneous readings of temperature

and r651stance.

Values of resistance measured for a nrange of temperatures.

o : . .
up to 160 C are tabulated below, and the data is plotted on the

next page.

B

¢ (% )| 20 | 50 | 60 | 80 | 100 .| 120 | 140 | 160
Ry (obms) |10.8 |11.1]11.5|12.0} 12.4} 12.8} 13.1| 13.5
Ry (ohms) |10.3 | 10.7 | 10.9 | 11.2 | 11.6| 11.9| 12.2| 12.5

'In order to determine the slope of each R-T curve, the

: R
points A,B‘and A,B

are chosen for Samples 1 and 2 respectively. .

the coordinates of these points are: A’ { 66° C€511.65 ohms Y»

B’ ( 145°C,13.3 ohms ), & | 65°c,11 05 ohms ), B ( 150 0,12 L ohms )

Thus for sample:l, we have,

X;:;

AR

13.3-11.65_

4.
R

AT

N5

45 — 46

Similarly, for sample:2, we gobt, -

12, L|.o —1i1.05

2= I5‘a — 65

| —_:'o.Aool5/°c:
.05 c

= o.00|'8/°c |
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The accepted value of ¥ for nickel, is 0.0033. The discrepanéy iﬁ'

our result is probably due to the impurities introduced during
evaporation of he metal and thg heat treatment. Gold contacts will'j
not reduce»the value of ¥ Since'gold is khown tQ'have a higher tem-

parature coefficient of resistance thun nickel.

2. Detection range and URP : To establish an order of magnitude for

'the detection range of the samplss, the following setup was used:

-4

| A | | - | } 
, . |
T ]

VARIAC . k—"l—-—)I ‘ | ‘ll

" RECORDE

The minimum defiection in the bridge that caﬁ‘be.ﬁead by the
recorder is ZOO,AV. The infrared lamp was agjustadfto its maximumi(;?
rénge » and dissipated 880 W at a distance d from the sample. Fof~"

| values of d greater than 50 cm 5 there was no'output,from eithey»v
saﬁple) réadable on the recorder.vThe’Nep of each sample _uhder DC @
exitation would then be given b&: S o | 'j

:}CA: P"A
F:. ‘d‘?_'l\'dz 4

where~Aa is the sensitive area, P, is the power emitted by the lamp.

If we assume that the iamp emits all the power dissipated in its
’ ' ' Mk : .

filament, P_= 880 W. The detector area Ad::ZO for each sample, and
with d=50 cm,we get: A

T 2 -
. p—_880x20x10 _ jaxig*W

" g.28x(50)
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The detectivity may thus be determlned from D JT;/P as,

D = 4% lo"cm/w

The value of detectivity for sénsitive commercial bolometers

8

measured through AC exitation is aﬁout 2x10”.cm/V.

3. lleasurement of Response Tlme- The rise and decay of 51gn31

voltage from the samples 1s shown in the following graphs plotted
by the ‘recorder. In this experlment, the infrared lamp was placed 
'30%'cnm from the samples, and was switched.off suddénly, aftef éf
certain level of the éignal voltage. As seaen Trom the phs, the -

_samnle cooled of exponentlally. The 31gna1 variation after sw1tch-‘

of;, may be represented by,

VARVE S

where Vo is the value of signal voltége jusr befidre switch-dff;iﬁ
itt denotes,tlmeJand't'ls the time constant oflthl decay. The tlme :
_constant is the time required to obtain a slgnél;moltaveCﬂ' 37%
f\of he 1n1t1al value,as seen by put&nn,{ tln the. above expr6831on.

The 1n1u1a1 voltage before switch-off, is 1.43 mV Tar sample 1, o

and 1.50 nV for sample 2.‘Accordihg1yé7ﬁié definad aﬁ‘the'time

. requiraa to have a signal of 0.53 mV for sample 1 and 0,55 mv fdrﬁ,

v - . , S b ‘
sémple 2. These values of T as shown in the follawing graph,are:f
-C' -— 86 Seé

= 8'-'— Sec

The value of T for a good bolometer would be in the order of a

few milliseconds. Both D and Tmay be improved by utilizing a

mach mors effective conduction to the substrate. These PointSﬂre—*‘

quire furthisr experimentation.
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C. DESCRIPTION OW TH7T VACUUM COATING UNIT

’ The Va euum Coatlng Unit at tne Experimental Physics Division,
Cekmece Nuclear Reseavch Center, is seen below. Thi.s Unit is
designed for applications of an optical nature, m;Lnly tne dep081tlon
of aluminum films on mirrors, and various ant1r=f1ectlon coatlngs.

The speclflcatlons are as follows:

Mapnufacturer: Tdwards High Vacuum Ltd., Crawley, Sussex, England.

Operation Hode: Rotary Pump and 0il Diffusion ?ump,
Chamber Size: About 30 cm diameter. |

Ultlmate Vacuum Level Pos31ble. '1'0 miérons Hge.

| Max1mum Heatlng Current: 400 Amp.

Average tlme required to establish vacuum: nbout 0. 5hr after turn on.

[T B z =y

1
j
|
|
|
i
|
1
1
|
1
|
i
|
|
Model : Speedivac ' o , - }
|
&
5
|
3
-
<]
.
|
i
1
|
:
]
2
!
|

’ i
:
i

|

Photograph of Vacuum Unit
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De PHYSICAL CONSTANTS

Veloeity of light in free space,c 3 x 108 m/sec

Planck's constant,h 6.63 x 10-3hjoule.sec

Roltzmann constant,k . 1.38 x 10-23joule/K :

Stefan-éoltzmaﬁn constant,o 5.67 x 10~ Watts.m—z.K-h
- Charge on an electron,e ‘ 1.60 x ].O”19 coulomb

liags of an eléct:on,h ,9.11 x ].O”31 kg

Standard Atmosphere S 760 mm Hg .

Tlectron-volt unit o 1.6 x 10-31 joula

¥icron unit ' 1.0 x.IO—) m

S 10
Angstrom unit ‘ 1.0 x 10 m

Lbsclute temperature scsls, °K 273.24 0C
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B. WORK FUNCTION (¢ ) OF MATBRIALS

Unit: eV

MATERIAL ) MATERIAL | ¢ MATFRIAL )
Lithiuvm -Li} 2.39| Boron B 4.50 Arsenic As | 5.11
Sodqium  Ua | 2.27| Alumimum £1 |3.7h | Antimony Sb L.08 |
Potagsium X | 2.15 Géllium Ga {3.96 | Bismuth Bi |4.28
Rubidium b | 2.13| Titanium Ti |4.09 | chromium Cr | k.51
Casium Cs | 1.89 [Molybdenum MolL,27 zirconium Zr 3.8h
‘Coppef Cu | &4.47|Hafnium Huri3.53 Tungsten_ W 450
Silver Ag h.28. Thorium Th 3.41 |Uranium U |3.74
Gola iu | Lb.58| Carbon  C |4.39 vSelénium Se| k.72
Calecium Ca | 2,76 Silicon  S1|4.10 Hangansse in|3.95
Strontium Sr 2.35 Germenium Ge h.5§ Ifon ' TFe|L.36
Barium Ba | 2.29 | Tin 'Sﬁ‘h,lll Cobalt Co| k.18
iagnesium lig | 3046 Lead ; ?b L.02 |illickel Ui|k.84
zZine 7Zn | 3.74 | Vanadduw V |4.11 Rthium Rh|4.65
Cadmiwa cd | 3.92 | Cebium Cb {3.99 Paladi.m réiL. 82
Yereury Hg | 4. 52| Tentalum  Tel|k.12 [Irdidium ~‘Ir.h.57
Zeryllium ée 3.37| Tellerium Te |k.73 piatibum PE 5;29
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|
F. FHTECY GAP VALUES FOR SRLRCTED SEMICONDUCTORS
AT ROOW TUMPARATURR - .
UnitteV
LTTAL B, | MATRRIAL B, | MATRRIAL B |
Diamond 6.00 Si 1.10 Ge 0. 70
&n 0.08 | InSb 0.18 Inis 0.33
InP 1.25| Gaks | 1.40 A1Sb 1.65
IuSe 1.00 | cap | 2.25] gySbp | 0.82|
CazSi 0.90 | Caysn 0,90 Ca,Phb 0. 46 |
Znsh 0.56 | Gasb 0.78|  PbS 0.35|
PbSe |0.27 | PbTe 1 0.30 cds 2,42
cass 1.7h | CcdTe | 1.45 ZnSe 2.60
sgl o |2.80 ] AgoTe ,' 0.17| = Cu,0 2.10
fgaBi 0.70 IvﬁgéGe | . ‘ »O. 70 HgoSn 0430
7Zn0 3.30
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