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- ABSTRACT

Refractive index data and some extinction coefficients are provided

2 for the infrared region for the following materials: silicon, germanium,
' zinc sulfide, cadmium telluride, zinc selenide, silica, calcium fluoride,
L h magnesium fluoride, aluminum oxide, magnesium oxide, aluminum,
i : . gold and silver. The dependence of these optical constants on wave-

length, temperature, crystal form, film preparation ‘echnique, radia-
tion and other factors is included.
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FOREWORD

This report was prepared by Hughes Aircraft Company, Culver
City, California, under Contract Number ¥F33615-68-C-1225. The work
was administered under the direction of the Air Force Materials Labora-
tory, Air Force Systems Command, Wright-Patterson Air Force Base,
Ohio, with Mr, B, Emrich, Project Engineer.

The Electronic Propertics Information Center (EPIC) is a desig-
nated Information Analysis Center of the Department of Defense autho-
rized to provide information to the entire DOD community., The purpose
of the Center is to provide a highly competent source of information and
data on the electronic, optical and magnetic properties of materials of
value to the Department of Defense., Its major function is to evaluate,
compile and publish the experimental data from the world's unclassified
literature concerned with the properties of materials, All materials
relevant to the field of electronics are within the scope of EPIC: insu-
lators, semiconductors, metals, super-conductors, ferrites, ferroelec-
trics, ferromagnetics, electroluminescents, thermionic emitters and
optical materials. The Center's scope includes information on over 100
basic properties of materials; information generally regarded as being
in the area of devices and/or circuitry is excluded.

The Center provides a technical answering service in which the
technical staff responds to inquiries ranging in complexity from simple
requests for data point values to requests for comprehensive reviews
of the literature., This service is available to U.S, Government agencies,
their contractors, subcontractors, suppliers, and those in a position to
support the defense effort. Inquiries may be directed to:

Electronic Properties Information Center
Hughes Aircraft Company

Bldg. 6: E-175

Centinela and Tezle Streets

Culver City, California 91239

Telephone: (213) 391-0711 Ext. 6596

The EPIC Bulletin, published quarterly, announces new publica-
tions and current activitics o the Center. Users may request receipt
of the Bulletin on a regular basis,
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INTRODUCTION

These data sheets have been prepared to meet a need for infrared
refractive index information on optizal materials with emphasis on high
temperature utilization. Sources of information for these data sheets
include periodicals, reports, proceedings of meetings and vendor
literature. In addition to the 40, 000 entries in the EPIC files, non-
indexed material was also drawn upon to provide the desired degree of
comoleteness. Inadequate materials characterization and differences
in experimental techniques have made it unwise to judge the quality of
the data and have resulted in a presentation of most of the data from
the literature. In addition to the dependence of the refractive index
and extinction coefficient on wavelength, the dependence on crystal form,
film preparation techniques, temperature and radiation are considered.
The designer will also find optical transmission plots and physical
property information to be helpful,

The data sheets are organized in eight chapters comprising a
technical introduction, definitions, experimental measurement tech-
niques, problems associated with films, refractive index data for semi-
conductors, fluorides and ceramics, and metals. For convenience, a
conversion table from wave number to wavelength s provided in the
Appendix. The bibliography is divided into two parts where the first
part lists references in the EPIC system, e.g., McCarthy (26010),
and the second part lists non-EPIC references, e.g., Kodak[1967].

Users of the data sheets are encouraged to bring to the author's
attention omissions of appropriate data so that supplements will be

rzasonably complete.
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CHAPTER 1
TECHNICAL INTRODUCTION

GENERAL INFORMATION

This report provides a concentration of data for optical constants
of thirteen materials with emphasis on the refractive index in the
infrared region of the optical spectrum. Considerable extinction coef-
ficient data are also included as an aide to the design engineer. The
refractive indices and extinction coefficients are presented as a function
of (1) wavelength, (2) temperature, (3) pressure, (4) materials prepara-

tion technique and (5) radiation environment,

OPTICAL SPECTRUM

The optical spectrum is illustrated in Figure 1-1. This report
emphasizes the infrared region between 0.8 and 1000 microns, though

some data for the ultraviolet and visible regions are included.

MATERIALS PROPERTIES

Properties of optical materials are summarized in Table 1-1,
This table includes some physical and mechanical properties in addition
to optical data and crystal structures because it is realized that the
selection of an optical material cannot he based on optical data alone.
Transmittance data for the infrared region are included as additional
reference material {Figures 1-2 to 1-10), By their nature, cubic crys-~
tals have isotropic properties and are therefore preferred for many
optical applications. Non-cubic crystals divide incident light into two
separate components which travel at different velocities and are con-
sequently refracted to different degrees. This phenomenon is called
"double refraction, ' or, 'birefringence.' However, crystals that are
tetragonal, hexagonal and rhombohedral have one axis along which
there is only single refraction. These systems have one optic axis and
are called '"uniaxial, ' whereas rhombic, monoclinic and triclinic crys-
tals are biaxial. Crystal classes for optical materials are included in

Table 1-1 and are illustrated in Figure 1-11,
1-1
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CHAPTER 2
' DEFINITIONS OF REFRACTIVE INDEX AND FACTORS
.. AFFECTING THE REFRACTIVE INDEX
DEFINITIONS
- The refractive index (n) of a material is defined as the ratio of
. the phase velocity (c) of electromagnetic radiation in vacuum to the
. phase velocity (v) of the same radiation in the material, or:
n = c/v

However, since the index of reiraction of air is only about 1. 0003, itis

frequently measured with respect to air "nstead of vacuum and ne cor-

rection made for air,

.. In non-absorbing media, the refractive in.2x is real, while in

.. absorbing media a complex index of rafraction (N) . ' sometimes used.
The complex index of refraction is frequeatly defined a. *

- N = n+ik

-

where k = extinction coefficient or absorption index and i = 4y-~1. Both

- n and k are frequency-dependent,
- The real and imaginary parts of the square of the complex refrac-
- tive index satisfy the Kramers-Kronig relations, as follows:

N2 = m+ik)? = m%-%k%) +2nki

[+ ¢}
3 »r {} t 1 T
! i nz(w) - kz(w) = -2,; f = Zn(wz)k(wzjdw + constant
- W ew
[ - (o]
1
¥ ©
-2w nz(w') - lrz(w') dw'

e 2n(w)k(w) = - ~

é 6 W' - W

-y

;

" - 2-1
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This is, if the absorption index as a function of frequency is known,
both n(w) and k(w) can be evaluated separately,

Optically anisotropic materials divide incident light into two com-
ponents (double refraction) whicli are refracted along two mutually per-
pendicular planes. The ordinary wave travels at a velocity that is
independent of the direction of propagation. The extraordinary wave
travels at a velocity that is dependent on the relation between its direc-
tion and-the optic axis, Single refraction occurs for light that travels
parallel to the optic axis, The refractive index for the ordinary wave
bears the symbol n_, while n, denotes the extraordinary wave. Bath
n, and n e 2T€ dependent on frequency. Most types of crystals are
anisotropic, giving rise to both n o and n . Cubic crystals have refrac-
tive indices that are identical in all directions (isotropic) for which
reason they are often used in optical instruments.

In this compilation, emphasis is placed on the refractive index
for-the ordinary wave and for simplicity the corres~onding refractive
index iz denoted by the symbol 'n',

DEPENDENCE ON WAVELENGTH

The refractive index of optical materials is dependeni on the wave-
léngth of the incident light, as shown for the ordinary refractive index
of such materials in Figure 2-1., The refractive indices in Figure 2-1
range from about 1.3 to greater than 33, with glasses in the region
between 1.3 and 2.0, semiconductors between 3.4 and 4. 1, and metals
as high as 33,

The slope of curves from Figure 2-2, dn/d\, represents the
dispersion and the wavelength-dependence of dispersion is evident from
Figuzre 2-2,

DEPENDENCE ON TEMPERATURE

@
S

The temperature coefficient of the refractive index is at least in
part affected by the thermal expansion of the optical material, as shown
by an approximate 10 percent contribution to the temperature coefficient

of the refractive index for germanium [Ref. Cardona (2569). ]
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Figure 2-2., Dispersion for
selected materials.

Ref. Wolfe [1965]
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Heating a material causes a change in its dimensions. This
change in dimensions is expressed by the linear coefficient of thermal .-
expansion, In most cases, this coeff :ient is positive, increasing with -
rising temperature, The coefficient is usually small for optical
materials, as may be seen from Table 1-1 and is wavelength-dependent
(Figure 2-3), The occurrence of phase changes in the material can cause
a major change in the coefficient of thermal expansion. For aniso-
tropic crystals, the thermal expansion is also influenced by the direc-
tion of the heat flow. The correlation betw en refractive index, thermal
change in refractive index, and linear thermal coefficient of thermal

expansion for selected optical materials is demonstrated in Figure 2-4.

DEPENDENCE ON PRESSURE

Application of external pressure on a material affects the
material's refractive index in excess of changes attributable to com-
pressibility ars i explained by the existence of two effects due to
pressure; (1) change in electron density and (2) change in electronic
polarizability; the first effect produces an increase in refractive index

with pressure, while the second effect reduces it, No wavelength-

-5

4x 10
s 21~ rSioz (AMORPHOUS)
X .
8§ CaCO,
8; Obcof ° NoCl
gt 2 $iO, (CRYSTALLINE} -
gg KCI
Eg 2
S8
£
= -
- [ ] | !
0.t 0.2 0.4 0.60.81 2 4 6810 20

WAVELENG TH, MICRONS

Figure 2-3., Temperature Coefficient of
Refracrive Index for Some
Optical Materials

Ref. Smakula[1952]
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Ref, Hilton Jcnes [1967]

dependence of the pressure coefficient of the refractive index

is expected, at least in the near infrared region [(Ref. Cardona
(2569)] .

DEPENDENCE ON NUCLEAR RADIATION

Nuclear radiation of space and laboratory origin can affect the
refractive index of an optical material. Most of the studies involving
radiation effects on the refractive index have been made on glassas,
In this report, emphasis is placed on radiation zffects to fused quartz

since this material finds wide use on spacecraft as a window material.
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DEPENDENCE ON MATERIALS PREPARATION TECHNIQUE N
The refractive index of a material is a function of the surface .
condition and chemical composition, In the case of evaporated films, .
- the refractive index is also influenced by: evaporation atmosphere,
5 substrate temperature, substrate material and orientation, condensa-
: L tion rate, film thickness and source temperature. )
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CHAPTER 3
METHODS FOR DETERMINING THE REFRACTIVE INDEX

Widely used methods for determining the refractive index of a
material are based on the following principles:

1. Deviation

2. Reflection

3. Interference

4, Transmission
Fundamentals of these methods will be discussed in this chapter, Data
tables in this report indicate which method was used tc determine

refractive indices,

DEVIATION

Deviation methods, measuring the deviation of a beam of ligh.
from a known path, can be considered to be the classical approach,

Deviation methods use a prism and therefore cannot be used for
films. A typical deviation method is the prism deviation method, where
the light is refracied through the prism at a given deviation which need
not be the minimum deviation. Figure 3-1 illustrates the geometry of
the prism, which permits calcuation of the refractive index as’ shown
below. | Ref, Wolfe, et al (26316)],

H t -
6 1 + 0 2 T«
Snell's law pnrovides the next pair of equations:
. - . ]
n, sin 01 = n, sin @ 1

. _ . '
n1 sin 62 = nz sin 9 >

3-1
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Figure 3-1. Prism Geometry
for Minimum and Normal
Deviation

Now a series of substitutions puts these equations in a furm that

simplifies solution of n, /ny:

ny sin 6, = n, sin(a-e'z)
= n, {sin a cos O'Z-cosasin 6'2)
r 2 gy} .
_ . = . _ .
= n, Lsm a{l -sin” @ 2) cos o sin 0 2
n
NPT T
sin 8 2 = n, sin 62

2 P
sin 91 = sinaea (nZ/nl) - sin” 0, - cos a sin 6,

sin2 6. + 2 sin 91 cos a sin O + cosza sin 62

2 .2 2
(nZ/nl) = sin 62+ —
sin” @
. 2 . 2
2 sin 92 + sin 61 + sin 81 cos o sin 62
(nzlnl) = 2
sin“a
i S 2 . . 1/2
n, = s (sin 0, + sin 92 + 2 sin 61 sin 6, cos a) .-
3-2 im
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REFLECTION

Reflection methods for determining optical constants are based
on measurement of the reflection coefficient and the phase relationship
between the two components of the reflected radiation, where one com-
ponent is perpendicular to and the other component is parallel to the
plane of incidence, as shown in Figure 3-2. In some reflection methods,
both reflectivity and transmission must be measured but the data then
permit the calculation of refractive index and extinction coefficient
[Ref. Spitzer and Fan (791)].

A detailed description of a reflection methad has been provided by
Avery [Ref. Avery [1952]]. Avery's method briefly entails:

1. Determination of the ratio of the reflection coefficients (PZ)
for incident light polarized in and perpendicular to the plane
of incidence,

2. Let the complex refractiveindexbe N =n(l - ik), then at the

angle of incidence :

pZ - aZ + bZ - 2a s8in 6 tan 6 + sinzetanze
az + b2 + 2a sin 6 tan 6 + sinzetanzﬁ

where
NZ - sinze = (a - ib)Z

3. ¥From curves relating pZ to n and k for a number of angles of
incidence, and measurements at two or more angles of

incidence, n and k can be determined.

INTERFERENCE

In principle, interferometric methods arc based on dividing the
light output of a source irto two or more beams which are then super-
imposed., By illumination of parallel plates of a transparent material

with these superimposed becams, reflection from the upper and lower

3-3
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Figure 3-2, Geometry for the
Reflection Method

Ref., Wolfe, et al, (26316)

surfaces will cccur and an interference pattern will be created.
[Ref. Wolfe, at al (26316)].

The Variable Angle Monochromatic Fringe observation (VAMFO)
method represents an interferometric method for determining the thick-
ness and refractive index of transparent films on refiective substrates
using the apparatus depicted in Figure 3-3 [Ref. Pliskin & Fan (36787)].
The technique employs a rotating stage which is attached to an xy stage.
Maxima and minima (fringes) are observed as the stage and samples
are rotated, providinz the number of fringes between angular limits.

A microscope provides magnification. The refractive index is given by

the equation,

AamM
2t (cos ez - cose!)

n =

3-4
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Apparatus

Ref. Pilskin and Fan (36787)
where

Am = number of fringes observed between refraction angles
9, and
Jl 02’

t = film thickness

A = wavelength of filtered light

TRANSMISSION

The transmission method for determining the refractive index of

films is based on the following equations:
2nt = mAfor maximum transmission
and

2nt = (m + %_-)k for minimum transmission,

3-5
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where
t = filin thickness
. = wavelength of incident light
m = the order number

The order number can be determined by using the first equation in the

region of minimum dispersion, where the order number is low and the

product 2nt is essentially constant., The film thickness is measured by
other tests. [Ref. Wales, et al., (31497)].
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CHAPTER 4
PROBLEMS ASSOCIATED WITH FILMS

The optical characteristics of films are sensitive to the film
microstructure, which in turn is affected by various deposition param-
eters, The formed film is subject to aging effects including oxidation,
recrystallization, hydrolysis, thermal decomposition, chemical reac-
tions with the environment, and other causes. As a result of these
factors, optical data for films often show a wide spread in values between
observers.

Optical films are most commonly deposited by thermal evaporation
in a vacuum onto a substrate that m;y be heated. Factors influencing
the optical characteristics of evaporated films include the following:

1. Condensation rate

2. Source temperature
. Substrate material
. Substrate temperature
. Ambient pressure

. Nature of ambient environment

~N O W

. Film thickness, )
Specific results showing the effects of these factors on the refrac-
tive index are presented on appropriate materials ¢ata sheets in this
report, Some additional remarks relating to these faciors ser—e to
demonstrate the strong influence of some of the factors.
The presence of nydroxyl groups, usiuaily formed by the reaction
of water vapor with the material, causes an absorption band near £, 7
micruns and a low refractive index at that wavelength, Thias phenomenon
. is most marked in sputtered, anodized, and electrodeposited films,
-- An example of aging is the growth of natural oxide on alumirum,
which has been reportedto reach a maxiiaum thickaes:s of 45 Angstroms
in one month, Oxides usually have a different refractive index from
that of the matrix, as is illustrated in Table 4-1, where germanium,

silicon, aluminum and their oxides are compared.

N A N}




Table 4-1, Comparison of Refractive Indices
of Elements and Oxides

Wavelength, Refractive Index
Material (microns) {n)
P = — e

Germanium not stated 4.0
Germanium Oxide (GeOZ)

(hexagonal) not stated 1. 735

(tetragonal) not stated 2,05 - 2,10
Silicon 0, 55 0. 055
Silicon monoxide (SiO) ) 0. 55 1.9 - 2.0
Silicon sesquioxide (Si‘,_o}) 0. 55 1.52 - 1.55
Silicon dioxide 0. 55 1.46 - 1.47
Aluminum 2.0 2.3
Aluminum oxide (Algo_;) 2.0 1. 74

The effect of surface oxide in metal deposition is particularly
apparent where extremely thin films are laid down., Such ultra-thin
films may act as getters {or oxygen and other gases. On the other
hand, the reducing property of a hydrogen atmosphere during cvapora-
tion can lead to a refractive index, representative of the pure element
(c.g., germanium) because the hydrogen ties down the oxygen chem-
ically., High substrate temperatures can cause a large reduction in
refractive index by formation of a relatively thick oxide layer, as was
demonstrated for germium by Davey, et al. |Ref. Davey at al., (13363)].
Even this short discussion of problems associated with films should
convince the reader that published optical data for fiims should be used

- - m
with caution,
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CHAPTER 5
REFRACTIVE INDEX DATA FOR SEMICONDUCTORS

Electrons in crystals are located within energy bands, shown in
Figure 5-1, and the bands are separated by regions for which no elec-
tron energy states are permitted; these regions are called 'band gaps"
or "energy gaps.' In conductors, one or more of the bands are par-
tially filled. In semiconductors, all bands are completely filled, except
for one or two partially filled bands. Insulators possess allowed energy
bands that are either empty or filled with no electrons available for
movement in an electric field.

The distinction among conductors, semiconductors and insulators
is of course not as sharply drawn as the preceding discussion might
imply. Electrical resistivity measurements, summarized in Figure 5-2,
show the wide range in resistivity between good cenductors and good
insulators. Figure 5-2 also shows the wide range within a class
{e. g., insulators) and the effect of impurities on the electrical resis-

tivity of semiconductors (germanium).

ENERGY i

METAL INSULATOR SEMICONDUCTOR

Figure 5-1. Schematic Electron Occupancy of Allowed Energy Bands
for an Insulator, Metal, and Two Semiconductors. The Vertical
Extent of the Boxes Indicates the Allowed Energy Regions;

The Shaded Areas Indicate the Region Filled With
Electrons

5-1
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INTRODUCTION

Silicon is a semiconductor that has found application in infrared
optics, transistors, diodes, rectifiers, solar cells, alloys and as
deoxidizer in steels, Silicon is the second most abundant element,
usually occurring as oxide or silicate. Recovery from the oxide is
accomplished by reduction with carbon, Purification is accomplished
by distillation of silicon tetrachloride with subsequent reduction of the
tetrachloride with zinc. Zone melting with solidification and growth
of single crystals from the molten state provide further purification,
Highly purified silicon has a resistivity of approximately 2.5 x 10° ohm-cm.

The physical properties of intrinsic silicon were summarized in
Table 1-1, Impuraities in silicon have an effect on a number of proper-
ties including electrical resistivity and optical transmission. It is
therefore important to realize that differences in optical data of several
authors may arise from different doping level; frequently, doping levels
are not stated in publications. Doping levels arc often expressed in
terms of room temperature resistivity and Figure 5-3 provides the cor=-
relation between electrical resistivity and impurity concentration at

300°K, The optical transmission of silicon is summarized in Figure 1-2,

DATA

All data presentations for silicon are listed in Takle 5-1 and a sum-
mary of wavelength and temperature coverage is plotted in Figure 5-4.
Most data for bulk silicon are believed to have been obtained from single
crystal n.aterial, but experimenters have frequently failed to state the
crystalline status of their specimens. Figures 5-5 to 5-14 and Tables
5-2 to 5-4 present refractive index data for bulk silicon for wavelengths
from the visible region to 200 microns; Figure 5-15 shows the extinction
coefficient for bulk silicon from 1,0 to 15 microns. The effect of the
type of detector on the measured refractive index is evident from Fig-~
ure 5-9. Figures 5-10 to 5-15 show data for doped specimens. Fig-

ures 5-14 and 5~15 present the optical properties of a highly doped

5-3
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p-type surface on an n-type sukstrate, wher~ the doped layer is
considered to be semi~infinite; the effect of surface condition on the
refractive index is also apparent from these Figures (see also Figures
5-23 and 5-29), Finally, Figure 5-16 shows the influence of wavelength
on the refractive index of a silicon film. The effect of ter perature on
the refractive index is the subject of Figures 5-17 to 5-26 for temper-
atures between 77 and 960°K,

Intrinsic silicon shows good agreement in refractive ir.dex data
and no large difference in refractive index is observable between bulk
and films, No significant difference is detected between intrinsic bulk,
single crystal and polycrystalline refractive indices. Doped materials do
not exhibit a significant correlation between type and degree of doping,

and refractive index,

5-4
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Figure 5-4.
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Resistivity at 300°K versus Impurity Concentration
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| Table 5-1, List of Silicon Data
i i
Wavelength
Range .
3 {microns) :
L; Figure | Table nork Form Crystal From To Remarks Parimeter
b - 55 5.2 n Bulk ° 1.4 1l Wavelength
- 5.6 n Bulk Single 0.1 5 Wavelength
3 5.3 n Bulk Singlc 26 200 Wavelength
3 5-7 n Bulk Single 1.1 4.4 Wavelength
5-8 n Bulk & 0.1 5 100, 297°K Wavelength
5-9 n Bulk 2 0,03 12 Wavelength
5-4 n Bulk - 1.0 2.6 | 85, 300°K Wavelength
4 5-10 n Bulk & 25 186 n-type Wavelength
5-11 n Bulk % 25 180 p-type Wavelength
] 5-12 n Bulk Poly 3 12 Wavelength
5-13 n Bulk i 3.5 8.5 | vac. trcated Wavelength
5-14 n Bulk 4 1 15 p-type Wavelength
5-15 k Bulk = 1 15 petype Wavelength
3 5-16 n Film Poly 0.55 2.2 Wavelength
3 5-17 dn/dT Bulk Single 1.3 1.6 | p-type, Termperature
109-750°K
5-1s an Bulk o 1.0 1.5 Fernperature
5-19 an/n Bulk, Single, 3.0 3.0 | 77-200°K Temperature
4 Film ©
[ - 5-20 n Bulk s 1.1 4.8 | 100.297 Temperature
3 . 5-21 n Bulk i 1.3 5.2 | p-type, Temperature
109-750°K
. 5-22 n Bulk s 0.9 2.0 | p-type, Temperature
280-860°K
- 5-23 n Bulk < 25 180 n-type, Temperature
85-300°K
. 5-24 n Bulk i 0.1 5.0 | 100 - 297°K Temperature
i 5-25 n Bulk < 0.9 2.0 | n-type, Temperature
- 280-960°K
3 5-26 dn/dT Butk = 0.45 2.0 | n~type, Temperature
¢ -t 280-960°K
- 5.-27 n Bulk = 0.1 5.0 Pressure
5-28 n Bulk & 1 15 p-type Surface
5-29 IS Bulk ¢ i 15 p-type Surface
2 Mot stated.
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PARAMETER:

REFRACTIVE INDEX, n

3.510

3.49%

3.470

3.450

3.0

3.410

Wavelength

-

WAVEIENGTH, MICRONS

Refractive !

W avelength, Irdex,
(\Microns) n

1.3570 3. 4975
1.3673 3. 4962
1. 3951 3.4929
1. 5295 34795
1. 6606 3. 3098
1, 7092 3, 4603
el 34608
1.9701 3.4537
2.1526 3.3476
2.3254 3, 3420
2,4373 3. 4400
2. 7143 3.4358
3,00 3,420
3.3033 3 4297
3. 4188 3. 4286
3,50 3, 4283
$.00 3,.4255
4.258 34242
4.50 3.4236
5.00 3.4223
5. 50 3,4213
6,00 3.4202
6.50 3.4195
7.00 3,489
7.5 3. 4186
8,00 3. 4184
8.50 3. 4182
10,60 3,4179
10, 50 3. 4178
11,04 3. 4176

10

5-8

mATERIAL; Silicon

FORM  Bulk

mm

THICKNESS NA (Prism)

RAY ORDINARY B ,

EXTRAORDINARY [

WAVELENGTH  1,4-11 M
TEMPERATURE 299 °Kk
METHOD Deviation

REFERENCE Salzberg & Villa (3900)
REMARKS

Figure 5-5

Table 5-2
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PARAMETER: Wavelength

REFRACTIVE INDEX, n

IS SN SUNN NN SN N S SN N S

2 4 6 ] 10
PHOTON ENERGY, oV

t i H 1 I 1 J

1. 0.41 0.25 0.18 0.14

WAVELENGTH, MICRONS

Wavelength | Refractive Index,
(Microns) n
26 - 29 3.41 %+ 0,03
111-200 3.41 £ 0,03

e TR TR TR
a— R [

P I

MATERIAL: Silicon

FORM Bulk, Single Crystal

THICKNESS not stated mm

RAY ORDINARY B , EXTRAORDINARY [}

WAVELENGTH 0.1 - 5 u

TEMPERATURE 300 °x

METHOD Reflection

REFERENCE Philipp & Taft (5951)

REMARKS Values above 1.0 micron were

taken from Salzberg & Villa (3900).

Figure 5-6

THICKNESS 0.5-2.0 mm

RAY ORDINARY B , EXTRAORDINARY [

WAVELENGTH 26-200 M

TEMPERATURE 297 K

METHOD Interference

REFERENCE Aronson, et al, (156091)

REMARKS Crystal cut perpendicuiar

to the [111] axis,

Table 5-3
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PARAMETER: _Wavelength

REFRACTIVE INDEX, n

1.0 2.0 3.0 4.0 5.0
WAVELENGTH, MICRONS

mm“gs! ::.u Press

5-10

MATERIAL: Silicon

FORM_ Single Crystal Prism

THICKNESS __ NA mm_
RAY ORDINARY B , EXTRAORDINARY (] ‘
WAVELENGTH 1.1-4.8 M
TEMPERATURE 100-297 ox
METHOD Deviation
REFERENCE Cardona, et al, (620)
REMARKS

Figure 5-7




HATm o0 - T AT EEREET T
B R - _

- A e e e C e — i T EED.

PARAMETER: Wavelength MATERIAL: Silicon

s FORM Builk . mm

1 82 - -0nx107 koremy™!

\

THICKNESS not stated

o RAY ORDINARY B , EXTRAORDINARY 0O
i [ WAVELENGTH __ 0.1-5 M
% il TEMPERATURE 100, 297 *«
3 % i METHOD not stated

ROOM TEMPERATURE

REFERENCE Evans (26567)

REMARKS
0 1 L 11 f1! I 1 11131
0.1 ] 10
WAVELENGTH, MICRONS
PR I N O S N | j R BYS|
0.1 ! o Figure 5-8
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PARAMETER: _Wavelength MATERIAL: __Silicon )
FORM Bulk
3.40 o
THICKNESS NA (Prism) mm
0 STANDARD T
& TERMOCOUPIE DeTCTOR RAY ORDINARY [ ., EXTRAORDINARY [J
'3.85
WAVELENGTH 0.03-12 m
. TEMPERATURE ~298 °x
§ o METHOD Deviation
]
§ REFERENCE  Hilton, ot al,, (25628)
2 50 REMARKS
3.4
Figure 5-9
3.4'8
WAVELENGTH, MICRONS
THICKNESS  NA (Prism) mm
Wavelength, Refractive Index,
(Microns) n RAY ORDINARY [3 , EXTRAORDINARY O
T WAVELENGTH 1.0-2,6
1.05 3,565 i
1.10 3,553 TEMPERATURE  ~298 ok
1.20 3.531 n” THOD Deviation
1. 40 3,499 )
REFERENCE Briggs (13314)
1.60 3.480
1.80 3. 466 RFMARKS
2.00 3,458
2.20 3, 451
2. 40 3,447
-4 '
2.9 3. 443 Table 5-4
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MATERIAL:

FORM Bulk

THICKNESS ¢.010 mm

RAY OCRDINARY K , EXTRAORDINARY [}

WAVELENGTH  25-180 "
TEMPERATURE 85, 300 g
METHOD Reflection

REFERENCE Balkanski & Besson (22653)

REMARKS

Phosphorus -doved n-type

200 100 50 3 23 17

silicon at concentration of 2,9 x 10

WAVELENGTH, MICRONS

cm-3 at 300°K,
Figure 5-10
THICKNESS 0.010 mm

RAY ORDINARY Bl , EXTRACRDINARY OJ

WAVELENGTH 25-180

K

TEMPERATURE 300 °x

WMETHCD Refiecrtion

REFERENCE Balkanski & Besson (22653)

REMARKS Arsenic-doped p-type silicon

with concentrationof 1,7 x 1018 cm-3

at 300°K.

1 1 1 11

Fi‘gure 5-11

WAVE NUMSER, Cm!
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REFRACTIVE INDEX, n

REFRACYIVE INDEX, n

PARAMETER: _Wavelength

J pore
0
: =
LN o
1 1 1 1 1 i L i 1
600 1000 1400 1800 2200
WAVE NUNSER, CM™!
el | I L I 1 J
14 10 8 é
WAVELENGTH, MICRONS
0.2
3o &
*
0.8}~
x
0.61- 3
0.4
x
1
0.2
x
8
2.0t~ x
]
1.8} ”
1.6 x
°
8
x
1.4 8
8
o
S x
1.2 l x
8
I L 8
1.0 1 1 H
3 s 7
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5-14

MATERIAL: Silicon

FORM Bulk, polycrystalline

THICKNESS ___not stated mm

RAY ORDINARY & , EXTRAORDINARY O

WAVELENGTH 4-12 M
TEMPERATURE ~298 ox
METHOD Reflection

REFERENCE  Simon (4799)

REMARKS Resistivity = 0, 7 ohm-cm

Figure 5-12

THICKNESS not stated mm

RAY OFIDINARY B , EXTRAORDINARY 0

WAVELENGTH 3.5-8.5 m
TEMPERATURE ~298 °K
METHOD Reflection

REFERENCE Spitzer, et al,, (13860)

REMARKS Phosphorus-doped n-type

silicon with concentration at 298°K

of 7.5 x 1019 cm'3. Material vacuum-

heat treated at 1310°K,
Figure 5-13




i PARAMETER: __Wavelength MATERIAL: _ Silicon
% ] 3.0 FORM p-type suriace onn-type substrate
o g :; THICKNESS 1 x 10”2 (p-type) mm
e s RAY ORDINARY I EXTRAORDINARY
% :: rwﬁm% WAVELENGTH _1-15 »
S T T T R a S S T TEMPERATURE ~298 °x
.. ' 3 5 7 ? N 13 15 i
| WAVELENGTH, MICRONS METHOD Reflection
REFERENCE  Hall (13466)
REMARKS p-type surface produced by
doping with boron.
.- Figure 5-14
ST
- Figure 5-15
- 3.0

EXTINCTION COEFFICIENT, k
-
T

- 1.0f
E -~ 0.5}
0 i 1 1 1 1 L1 1 1 |
o ' 3 s 7 9 n 13 15

WAVELENG TH, MICRONS
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PARAMETER: _ Wavelength

CRYSTAL®

4.4
4.2

4.0

REFRACTIVE INDEX, n

3.

3.6

| L L L L LR

3.4

WS VA WU VAOO% U VR T G N S T N VS N0 O |
0.6 08 1.0 1.2 t4 16 18 20 22 24

PHOTON ENERGY, oV
L1 I i I | | 1 1 | U

2,07 1.2¢ 0.8 0.49 0.5
WAVELENGTK, MICRONS
® CRYSTAL DATA CALCULATED FROM REF (194)

Publighed_with permissisn
Cleevier
Pudliohing Compony

5-16

MATERIAL;  Silicon
FORM Film, amorphous
THICKNESS (0.41-3.225)x10'4 mm

RAY ORDINARY @ , EXTRAORDINARY 0O

WAVELENGTH 0.55-2,2 e
TEMPERATURE 298 °x
METHOD

REFERENCE Grigorovici & Vancu (35455)

REMARKS  Film produced by

evaporation of pure silicon single

crystal (resistivity = 10 ohm-cm) at

<1x107° torr using electron
bombardment and lower end of silicon
as crucible,

Note: crystal data refer to single
crystals,

Figure 5-16
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PARAMETER: _Temperature MATERIAL:  Silicon
3 3 FORM _ Single Crystal
3 Ao 1259 )
: A 1. S6ky THICKNESS  NA (Prism) mm_
5 o 2 RAY ORDINARY B , EXTRAORDINARY [
74 g - -
: § 53 WAVELENGTH  1.26-1.36 P
3 o &
'- 2 : TEMPERATURE  109-750 oK
E 2 g METHOD Deviation
s REFERENCE  Lukes (3382)

0 0 40 a0 %00 REMARKS p-type silicon,

TEMPERATURE, *°K

resistivity = 380 ohm-cm.

Pudiished ‘m persission

A Ceopyright @ 1959 Porgam.on Prasse
_ Figure 5-17
-, . THICKNESS NA (Prism) mm
g 0.10
o . RAY ORDINARY & , EXTRACRDINARY {J
- G & )
g € 0.0s}- WAVELENGTH 1,0-4, 8 M
b4
§§ i o S ST TEMPERATURE 87, 297 oK
g o : : y . METHOD Deviation
~ WAVELENGTH, MICRONS
i REFERENCE  Cardona (2569)
. REMARKS

Figure 5-18
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PARAMETER: _Temperature MATERIAL: _ Silicon

FORM Single Crysta. Filin & Prism
g o Fims THICKMESS Film 0,003-01010 mm
; 2 o MRisMS
§§ RAY ORDINARY B3 , EXTRAORDINARY [J
: % . WAVELENGTH 3.0 M
Za |
i § M TEMPERATURE 77~ 4C0 oy
3 U -
J”(‘:,»/ \ , METHOD Interference for films,
- ° 10 20 o o deviation for prism.
3 TEMPERATURE, °K REFERENCE Cardona, et al. {620)
REMARKS
3 Equation:
3 {(1/n}{dn/dT) = (3.9 0.4) x 1005 ("K)'1 Figure 5-19
]
:
THICKNESS NA (Prism) mm

RAY ORDINARY 3 , EXTRAORDINARY [

TT Y

" WAVELENGTH  1.1-4.8 P

[}
; s TEMPERATURE  100-297 o
i § 77K METHOD Deviation
3 & 194K

\vy\ RZFERENCE Cardona, et al. (620)
3.465 - ‘WN\
1 [EE 1 ! L REMARKS
1.0 2.0 3.0 40 5.0 tT

WAVELENGTH, MICRONS

Figure 5-20

! woliohsd with permissien
opyright @1959 Pergamen *ress
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TEMPERATURE, °K

maTeaiar;  Silicon
FORM  Bulk
THICKNESS NA (Prism) mm

RAY ORDINARY [ , EXTRAORDINARY (O

WAVELENGTH 1.3-5.2 M
TEMPERATURE  109-750 o
METHOD Deviation

REFERENCE ILukes (4541)

REMARKS  p-type silicon,

Resistivity = 380 ohm-cm.

s

Figure 5-21

THICKNESS 1. 77 (Bulk) mm

RAY ORDINARY 3 , EXTRAORDINARY [J

WAVELENGTH  0.9-2,0 M
TEMPERATURE  280-960 o
METHOD Emissivity

REFERENCE Sato (29333)

REMARKS n-type silicon, p-doped,

resistivity = 15 ohm-cm,

Figure 5-22
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PARAMETER: L emperature

REFRACTIVE INDEX, n

RZFRACTIVE INDEX, n

WAVELENGTH, MICRONS

i 1 g"; . -3 x107 koM "!
6 \
3.5
M,K
—
. 100°%
4
|
e ————
|
2
o | I N I | 1 (RS
0.1 1 10

WAVELENGTY MICRONS

! SR B S W N 1 e
0.t i 10

PHOTON ENRGY, oV

5-20

MATERIAL: Silicon

FORM Bulk

THICKNESS 0.010

mm

RAY _ ORDINARY , EXTRAQOKDINARY

WAVELENGTH 25-180 m
TEMPERATURE 35, 300 ok
METNOD Reflection
REFERENCS Balkanski and Besson (22653)
REMARKS Phosphorus-doped n-type sili-
von at concentration of 2,9 x IO1 7
cm-3 at 300° K,

Figure 5-13
THICKNESS  not stated mm

RAY ORDINARY B3 , EXTRAORDINARY O

WAVELENGTH 0.1-5 “
TEMPERATURE 100, 297 ok
METHOD not stated

REFE"ENCE Evans (26567)

REMARKS

Figure 5-24
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PARAMETER: Temperature

6 00
5.9}
5.00}
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¢ 4.50F
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g \20 %0u

& 4.00 - /

[E RN
ol e
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200 400 &0 80 1000

TEMPERATURE COEHFICIENT
OF REFRACTIVE INDEX, ¢ o4 "

TEMPERATURE, °X

REFRACTIVE INDEX, n
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MATERIAL:  Silicon

FORM  Bulk

THICKNESS 1,77 mm

cadud -

AAY ORDINARY B8 , EXTRAORDINARY o

WAVELENGTH 0.9-2.0 m

TEMPERATURE 280 - 960 L

METHOD Emissivitys

REFERENCE Sato (29333)

REMARKS n-type silicon, phosphorus-

doped, resistivity = 15 Q -cm,

Figure 5-25

=Calculated from:
4n

Emissivity = — 3
(n + 1)

Figure 5-26




L

it

Tl

e vt L

PARAMETER: Pressure

REFRACTIVE INOEX, n

1 £- -0 ke/eMh™!

ROOM TEMPERATURE

L 11 11 i 112111

0.1 1 10
WAVELENGTH, MICRORS

[ 1 14t 1 1.1 1 j 11111y

0.1 1 10

PHOTON ENERGY, oV
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MATERIAL: Silicon

FORM  Bulk

THICKNESS  not stated mm

RAY ORDINARY 3, EXTRAORDINARY [

WAVELENGTH 0,1-5,0 m
TEMPERATURE 297 oy
METHOD not stated

REFERENCE Evans (26567)

REMARKS

Figure 5-27
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F - PARAMETER: Surface Condition MATERIAL: Silicon 3
. FORM p-type surface onn-type substrate
3.0
. et THICKNESS 1 x 102 (p-type)film: mm
g 2.0[- RAY ORDINARY B3  EXTRACRDINARY O :
= 1.5
- Y
i § 1o oui WAVELENGTH __ 1-15 m
3 - SHINY n
¥ os| TEMPERATURE  ~298 °k
) ° TR VY A G S TN N WO NN SN NN B |
! 3 5 7 ’ noBn» METHOD Reflection

WAVELENGTH, MICRONS

- REFERENCE Hall

REMARKS p-type surface produced by

doping with boron, }

Figure 5-28

Lak

(i ahaaard

Figure 5-29

EXTINCTION COEFFICIENT, k
w
T

| S
1 3 s 7 9 T I

WAVELENG TH, MICRONS
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GERMANITM

INTRODUCTION

Germanium is a seniiconductor that has found ag .l:scation in
infrared optics, transistors, diodes, rectifiers, thermoelectric
devices and in brazing alloys. Recovery of germanium from ores
involves a series of steps including pyrc and hydrometalluargy to pro-
duce a germanium concentrate, chlorination to obtain a purer german-
ium tetrachloride, hydrolysis to produce still purer germanium dioxide
and reduction of the oxide to the m...al with zinc. This "first reduction
metal' is zone refined to produce semiconductor grade germanium,
and an increase in resistivity is accomplished from a minimum of
5 ohm-cm. for first reduction metal to a minimum of 40 ohm-cm. for
the zone-refined metal. The resistivity of intrinsic germaniumis 47 ohm-cm.

The phyrical properties of intrisic germanium are summarized
in Table 1-1, and its optical transmission spectrum is plotted in
Figure 1-3. Impurities in germanium have an effect on several pro-
perties including electrical resistivity and optical transmission.
Indeed, even films prepared by evaporation of highly purified intrinsic
germanium have shown to be p-type germanium with a resistivity of
3 to 10 ohm-cm, [Ref: Courvoisier, [1963]]. It is therefore apparent
that a comparison of optical properties of evaporated films, measured
by various workers, may be unrealistic because of diiferent doping
levels.

Doping levels are orten expressed in terms of room temperature
resistivity and Figure 5-30 permits the conversion between electrical

resistivity and impurity concentration, at 300°K.

DATA

All data presentations for germanium are listed in Table 5-5 and
a summary of wavelength and temperature coverage is plotied in
Figure 5-31.

Figure 5-32 presents a comparison in refractive indices of bulk
and film germanium and also provides an introductory presentation of

PRECEDINS PAGE BLANK
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1072

RESISTIVITY, OHM-CM

5 10" 1077 10’8 10'? 20 21

IMPURIYY CONCENTRATION, CM™3

Figure 5-30. Resistivity versus Impurity
Concentration for Ge, 300°K

Ref: Sze and Irvin (34530)

the effect of the nature of the evaporation atmosphere during fiim
deposition. Data in Figure 5-32 as well as subsequent Figures show

a consistently higher refractive index for films as compared to bulk
germanium. Some observers [Ref: Wales, et al. (31497)] believe that
this difference is caused by the presence of at least one additional loosely
bonded el‘ectron thannormal at the surface of the crystallites, German-
ium films, deposited onto substrates that are below 673°K, are amor-
phous and will assume the refractive index of bulk material aiter
annealing; annealing of such films caused crystallite formation.
Similarly, deposition onto heated substrates (>673°K) resulted in the
formation of films having bulk refracfive index. Figures 5-33 to 5-48
and Tables 5-6 to 5-10 present additional spectral data for the refrac-
tive index of bulk and film germanium. As was the case with silicon,

no generalization is possible for the effect of doping on the refractive

5-26
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] Table 5-5, List of Germanium Data

Vavelength
d Range
E {microns)
1 Figure| Table nork Form Crystal From To Remarks Parameter
;.5 5-32 n Bulk, * t.0 6.0 | Data comparison | Wavelength
3 Film
X 5-33 n Bulk | Singie 0.6 1.7 | 300°K Wavelength
f 5-34 n Bulk | Single 0.6 1.7} 1207k Wavelength
5-35 n Bulk | Single 2 16 Wavelength
5-36 n Bulk » 1.5 i3 Wavelength
5-37 n Bulk Single 0.6 5.5 | 87-297°K Wavelength
5.38 n Bulk » 0.8 5.5 | Several doping Wavelength
levels
5-39 n Bulk Single 0.1 1.8 Wavelength
5-6 n Balk Single 25 143 7.5, 297°K Wavelength
5-40 n Bulk Single 0.8 15 Wavelength
A 5-7 n Bulk Single 2.0 2.4 Wavelength
5-41 n Bulk 70 500 Wavelength
5-8 n Bulk Single, polycryst] 2 16 Wavelength
5-9 n Bulk 1.~ 2.0 Wavelength
5-42 n Bulk ~ 4 14, * Wavelength
5-43 n Buik * 5 35 n-doped, p-deped | Wavelength
S-44 k Bulk = 12 35 rn-aoped Wavelenzth
5-10 n Film = 8.7 iz, 4 77, 3C0°K Wavelength
-4 n Film 1.6 5.0 Wavelength
5-46 n Film s 0.6 10 Wavelength
5-47 n Film Polycryst 0.7 3.1 | p-doped Wavelength
5-48 n Film - 0,835 2.5 Wavelength
5-49 n Bulk Single 1.8 5.5 | n-doped Temperature
5-50 n Bulk = 2.6 2.5 | n-doped Temperature
5-51 dn/dT Bulk 2.0 2.5 | n dopea Temperature
5-52 nt Bulk Single 1.5 2.2 | 80-400°K Temperature
5-11 n Bulk * 23 143 7.3, 297°K Temperature
ax\'ot stated,

5-27
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Table 5-5 {continued)

Wavelength
Range
{microns)
Figure | Table nork Form Crystal From To Remarks Par»meter
553 n Bulk Single 0.6 1.7 ] 300°K Temperatuse
5-54 n Bulk Single 0.6 1.7 | 120°K Temperature
5-55 n Bulk 3 1.8 5,3 | 87-297°K Temperature
5-56 Aaln Bulk, = 3,0 3.0 | 90-400°K Ten.verature
Film
5-12 dn/dT 4 o 2.25 2.25 Temperature
5-13 n Bulk Single 2,0 2.4 Temperature
5-14 n Film k4 8.7 12,4 | 77-300°K Temperature
557 an/n Film “ 2.0 4,0 | 77-395°K Temperature
5-15 | (1/n)dn/dp | Film ° 3.0 3.0 Pressure
5-16 (1/n)dn/dp : Film « 3 3 From R} dielec-| Pressure
tric data
5-17 (1/n)én/dp | Film b 2.0 4.0 Pressure
5-18 n Film 4 2,64 2,641 0,07-6,5u Film Thickness
Thickness
5-58 n Film > 2.2 2.2 [ Ge/Zas Film Film Composition
5-59 n Film 4 1.0 5.0 Film Deposition
Rate
5-60 n Film 2 1.0 5.0 | Air atmosphere Atmosphere Film
Deposition
5-61 n Film N 0,5 5,0 | Vacuum Atmosphere Film
atmosphere Deposition
£-62 n Fim ® 1,0 5.0 | Oxygen Atmosphere Film
atmosphere Deposition
5-63 n Film L4 1.0 5.0 | Nitrogen Atmosphere Film
atinosphere Depostion
5-64 n Film o 1.0 5.0 | Nitrogen Atmosphere Fiim
atmosphere Depcsition
5-65 n Film “ 1.0 5.0 | Hydrogen Atmosphere Film
atmosphere Deposition
5-66 a Film ® 1.0 5,0 | 273°K Deposition Sub-
strate Temperature
| 5-67 n Film s 1.0 5.0 |373-473°% Deposition Sub-
strate Tempe:ature
5-68 n Film » 1.0 5.0 | 673°K Deposition Sub-
strate Temperature
5-69 n Film 1.0 5.0 [ 773-873°K Deposition Sub-
strate Temperature
5-70 n Film | Amorphous and 1.25 6.5 | 293.573°K Deposition Sub-
polycryst. strate Temperwture
5.7] an Bulk . 1.6 22 i Electric Field
eNot stated.
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Figure 5-31. Wavelength and Temperature Range
of Gerimanium Data

index. The effect of temperature on the refractive index is covered

in Figures 5-49 to 5-57 and Tables 5-11 to 5-14, Tables 5-15 to 5-17
provide information on the effect of pressure on the refractive index.
The effect of film thickness on the refractive index at 2. 64 microns is
indicated in Table 5-18 and a decreasing refractive index with increa-
sing film thickness is observed. It is possible tc make films with a
continuously variable refractive index, as shown in Figure 5-58,

These films are made by the simultaneous evaporation of germanium
and zinc sulfide from two sources and may find application as absorption
cut-off filters with variable cut-o‘f frequency.

The refractive index of germanium is not greatly affected by the
deposition rate, as shown in Figure 5-59. The eftect of the nature of
the deposition atmosphere is the subject of Figures 5-60 to 5-65 where
the atmosphere consisted of air, vacuum, oxygen, nitrogea and hydro-
gen, respectively, with the gases at a pressure of approximataly 1 x

10-4 Torr. Except for a slight lowering in refractive index after

5-29




deposition in oxygen, no significant effect was observed. The low
index from deposition in an oxygen environment mayv be caused by the
formation of germanium dioxide, having a refractive index of approxi-
mately two in the near-infrared.

The substrate temperature during deposition has an effect on the
crystallinity of the {ilm, According to Davey [1961], germaniurn films
which are deposited at a substrate temperature below 448°K, are
amorphous, Data by Wales, et al. (31497) indicate a lower refractive
index for films, deposited on hot substrates, (Figure 5-66 to 5-69).
This is in contrast to the results of Gisin and Ivanov (41222), Fig-
ure 5-70, who obtained a higher refractive index for substrates at
523 - 573°K than at 403 - 423° K, their refractive indices for 403-423°K
and 293 - 303°K were nearly identical, indicative of an axiorphous state
at both lower temperature ranges.

The dependence of the refractive index on the electric field is

illustrated in Figure 5-71 in a study of the Franz-Keldysh Effect.
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Chazo S

PARAMETER: Wavelength

REFRACTIVE INDEX, n

4.9

4,71

4.5+

43

41}

_~ REF (22818): Fitm

REF (3725): FILM

REF (7113), BULK

] I

N,

Da, .
Lk‘\-—&-‘a-__——
REF (39254), BULK
A —

14

| 2 3 4
WAVELENGTH, MICRONS

H

5.31

FORM

MATERIAL. Germanium

Bulk and Film

THICKNESS Various, not stated mm

RAY ORDINARY B ,

EXTRAORDINARY [

WAVELENGTH 1 - 6

B

TEMPERATURE ~298

METHOD

°x

Various

REFERENCE Wales, et al. (31497)

REMARKS

Figure 5-32

e TR e ST S
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PARAMETER: Wavelength

MATERIAL: Germanium

8.0

3.5

REFRACTIVE INDEX, n
>
b

ol

FORM  Bulk, Single Crystal

THICKNESS Not stated

mm

RAY ORDINARY %,

EXTRAORDINARY [J:

WAVELENGTH 0.6 - 1,7

"

TEMPERATURE 120, 300

°x

METHOD Reflection

REFERENCE Potter (27255)

REMARKS

| L

w0 Figure 5-33
0.5 1.0 .5 2.0 1(%0031() }
PHOTON ENERGY, oV
t 1 1 J
2.4 L 0.8 0.62
WAVELENGTH, MICRONS
6.0
5.5 Figure 5-34

REFRACTIVE INDEX, n

(120°K)

45
1 5
"oo.s 1.0 1.8 2.0
PHOTON ENERGY, oV
L 1 1 - |
2.4 1.24 .8 0.42

Sy

WAVELENGTH, Mk 1ONS
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PARAMETER: Wavelength

4.100

onf

<
»
-§ 490 |-
s |
8 400 F
4.020 |-
4.000 1 1 1 i 1
0 4  § 12 16
WAVELENGTH, MICRONS
13
CIRCLES FROM
e O agF 39254
% o REF 14254
g
2
s
[ o
3
4
16

0 0.2 0.4 2.4
PHOTORN ENERGY, oV

L 1 1

0.8

12.4 3.
WAVELENGTH, MICRONS
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FORM Bulk, Single Crystal

THICKNESS _NA (Prism) nm

RAY ORDINARY [ , EXTRAGRDINARY O

WAVELENGTH 2 - 16 ;M

TEMPERATURE 300 °x

METHOD Deviation

REFERENCE Salzberg and Yilla (3900)

REMARKS

Figure 3-35

THICKNESS NA {Prism) mm

RAY ORDINARY [ , EXTRAORGIMARY [J

WAVELENGTH 1.5 - 13 .

TEMPERATURE 29] °k

METHOD Deviation

REFERENCE Kornfeid (14254)

REMARKS Resistivity = 50 ohm-cm

Figure 5-36
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PARAMETER: _Wavelength MATERIAL: Germanium

4.4

FORM Bulk. Single Crysta;

THICKNESS NA. (Prism) mm

RAY ORDINARY [ , EXTRAORDINARY D

WAVELENGTH 0.6 - 5.5 w

TEMPERATURE 87 - 297 ok

REFRACTIVE INDEX, n

METHND Deviation

REFERENCE Cardona, et al. (620)

REMARKS
2.0 3.0 40 .9
WAVELENGTH, MICRONS
L1 T | 1 ] 1
0.62 0.4 0.3 .25 Figure 5-37
PHOTON ENERGY, oV
THICKNESS NA (Prism) mra
415 RAY ORDINARY B) , EXTRAORDINARY [
S 9w 40 OHM-CM FOR VERY FU8% SAMPLE
& P = 1,2 OH-CM FOR DOPED SAMLE
® P = 0,016 ONM-CM FOR DOED SAMPLE WAVELENGTH 0.8 - 5.5 M
3‘ 40 TEMPERATURE 300 oK
¢ xef P113) METHOD Deviation
3 408 |
] REFERENCE Lukes {3915)
2,00 l—1. 1 1 , X . REMARKS _Pure and n-type germanium,
. " .
WAVELENGTH, MICRONS resistivity shown on graph.

Figure 5-38 .
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PARAMETER: Wavelength

{

REFRACTIVE INDEX, n
«
[]

1 ! 1

) I SR N |

1 2 3 5 [ 7 8 10
PHOTON ENERGY, eV
[ GUSUPISPI JUSEU P — 1
1,22 0 62 0.4
WAVELENGTH, MICRONS
!
Wavelength, | Temperature ! Refractive
(Microns) OK Index, n
23-40 7.5 3.98 £0.02
45-67 7.5 3.90 0,02
83-143 297 3.98 £0.02
5-35

R e P

MATERIAL: Germanuiii

FORM Bulk, Single Crvstal

THICKNESS Not stated mm

RAY ORDINARY [@ , EXTPAORDINARY 0O

WAVELENGTH 0.1 - 1.8 3

TEMPERATURE 300 °x

METHOD Reiflection

REFERENCE Philipp and Taft (7113)

ASMARKS Duta above 1.77 Microns

taken from Salzberg and Villa (3900).

Figurec 5-39

THICKNESS 0.5 -~ 2.0 mm

RAY ORDINARY &) , EXTRACRDINARY O

WAVELENGTH 23 - 143 y_

TEMPERATURE 7.5, 297 °K

METHOD Interference

REFERENCE Aronson, et al., (16091)

REMARKS Crystal cut perpendicular

to the (111} axis.

Table 5-6

SRS de

e A ko < BN SRAL,
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PARAMETE?: Wavelength

8
¢ sol
g o
ot
@ 20t
tof i { 1
0 ! s 2 16
WAVELENGTH, MICRONS
Wavelength, Refractive
(Microns) Index, n
2.0 4,1254
2 10 4,1145
2.30 4,0980
2. 40 4.0918

5-36

MATERIAL: Germanium

FORM_Bulk, Single Crystal

THICKNESS ~7 mm

RAY ORDINARY [8 , EXTRAORDINARY 0

WAVELENGTH 0.8 - 15.2 o

TEMPERATURE ~297 °x

METHOD Transmission, Reflection

REFERENCE Oswald and Schade (2139)

REMARKS Resistivity = 56 ohm-cm.

Figure 5-40C

THICKNESS 3.0C6 mm

RAY_ORDINARY & , EXTRAORDINARY 0

WAVELENGTH 2.0 - 2.4 m
TEMPERATURE  297.5 ox
METHOD Interference

REFERENCE Rank, et al. (39713)

REMARKS _Measurements in vacuo.

Table 5-7




PR amT Ay

R PARAMETER: _Wavelength MATERIAL: Gerimnanium
FORM Dulk
THICKNESS 1,89, 6.23 mm
" € 4008
] ] % 88“”90382323233033«:“9 RAY _ORDINARY Bl . EXTRAORDINARY O
f, tooa-§% °7 %
X 2 i 6 1.94 /AM THICK ,>206-CN) VAVELENGTH 70 - 500 m
Y 0 6 23 MM THICK (>100-CM)
R & 4 o000}-
* o (NS T o | [ | 1 1 1 - °
- 1 - po - ” TEMPERATURE 300 K
’ WAVE NUMBER, CM™! METHOD Interfercnce
L i 1 - 1 1)
0 0 100 4 REFERENCE Randall and Rawcliffe (33251)

WAVEIENGTH, MICRONS

REMARKS Resiativity:

1.94 mn. sample, 20 ohm-cm.

6.23 mm. sample, 10 ohm-cm,

Figure 5-41

5-37
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PARAMETER: W avelength

‘ndex
Single-crystal
Wavelength ho Polycrystal

{Microns) 1 a n
z.0%8] 4.1016 4.1016 4.1018
2.1%26 4.0917 | 4.0919 4.0919
2.3126 4,078 | 4.0786 4.078%
2.4374 4.0706 4.0¢708 4.0709
2.517 4.0610 | 4.0609 4.0608
2.7144 4.05%4 4.05%2 4.053%¢
2.998 4.0453 | 4.0452 4.0452
3.3033 4.0370 | 4.0369 4.0372
3.4188 4.0336 | 4.0334 4.0339
4.258 4.0217 4.0216 4.0217
4.866 4.0170 4.0170 4.0167
6.e.6 4.0092 4.0094 4.009%
8.66 4.0036 | ..%043 4.0043
9.2 4,0026 4.0034 4.0033

§1.94 4.0020 ! 4.c0026 4.0028

12.20 4.0018 | 4.0023 4.0020

13.02 4.0016 | 4.0021 4.0018

14,2 4.0015

15.08 4.0014

16.00 4.0012

*a, previously published data from Salzberg and Villa (3900)

Wavelength Refractive
(Microns) Index, n
p———cer
1.80 4,143
1.85 4.135
1.90 4.129
2.00 4,116
2.10 4.104
2,20 4,092
2.30 4.085
2.40 4,078
2.50 4,072
2,60 " 4,068
5-38

MATERIAL: Germanium

FORM Bulk

THICKNESS NA (Prism) inra

RAY ORDINARY [ , EXTRAORDIMARY 13 -

WAVELENGTH 2 - 16 s

TEMPERATURE 300 K

METHOD Deviation

REFERENCE Salzberg and Villa (39254)

REMARKS Single and polycrystalline

material

Table 5-8

THICKNESS NA (Prism) mm

RAY ORDINARY B , EXTRAORDINARY O

WAVELENGTH 1.8 - 2.6 y

TEMPERATURE ~298 °K

METHOD _Deviation

REFERENCE Briggs (13314)

REMARKS

Table 5-9
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PARAMETER: Wavelength

REFRACTIVE INDEX, n

2600

'3 A .
4~ .
[
3 o=
[ ]
r .
2 b
‘_
0 RS SN WA N SR | [
00 1000 1400 1800 2200
WAVE NUMBER, M}
| O T S U 1 1 1]
1412 10 8 6 5 4

WAVELENGTH, MICRONS

5-39

MATERIAL: Germanium

FORM Bulk

THICKNESS ~0.8 mm

RAY ORDIMARY & ,- EXTRAORDINARY 0O

WAVELENGTH 4 - 14 M

TEMPERATURE Not stated o

METHOD Reflection

REFERENCE Simon (4799)

REMARKS n-type material with

resistivity 1 chm-cm at 297°K

Figure 5-42
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PARAMETER: Wavelength

4.0 -——«.\
-TYPE
b')‘.\‘? )
o“t‘
3 bt t\
x -
3 -1V LY
2 o
b3 -
2z 3.0 \\
3 \
[
g AN
\
GERMANIUM v
sok NTYRENe39xi0! o \
: PTveE: M= 11k 107 o3
1 ! 1 | 1
5 10 15 s 25
VAVELENGTH, MICRONS
1.0
0.5}
0.2 |
-
[y
3
k]
v
[
]
S o
z
o
-
b3
-
0.05 L
0.02 i~
0.01 | I | 1 1
10 20 50

WAVELENGTH, MICRONS
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MATERIAL: Germanium

FORM Bulk

THICKNESS ~10'2 mm

RAY ORDINARY 8 , EXTRAORDINARY [

WAVELENGTH 5~ 35 M

TEMPERATURE 297 ok

METHOD Transmission, Reflection

REFERENCE Spitzer and Fan (791)

REMARKS n-type, arsenic-doped mate-

rial, concentration = 3.9x1018 cm3.

p-type, gallium-doped, concentration =

1.1 x 1019 cm'3.

Figure 5-43

THICKNESS ~10"2 mm

RAY ORDINARY B , EXTRAORDINARY O

WAVELENGTH 12 - 35 M

TEMPERATURE 297 oK

METHOD Transmission, Reflection

REFERCENCE Spitzer and Fan (791}

REMARKS n-type, arsenic doped mate-

rial, concentration = 3.9x1018 cm'3

Figure 5-44
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PARAMETER: Wavelength

Refractive Index,

%

Wavelength, n
(Microns)
77°K 300°K
8.66 3.77 3.92
9.4 3.81 3.90
1G,2 3.81 3.93
11,22 3.81 3.92
12,35 3.82 3.93

5-41

MATERIAL: Germanium

FORM  Film

THICKNESS 0,227 mm

RAY ORDINARY [X , EXTRAORDINARY 0

WAVELENGTH 8,66 - 12.35 m

TEMPERATURE 77, 300 o

METHOD Interference

REFERENCE Collins (40273)

REMARKS

Table 5-10

R L 0 L L I
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PARAMETER: _Wavelength

[ 4
§
s
¥
WAVE NuMBER 10° cm™!
L 1 i i 1 i J
5.0 3.3 2.8 2.0 W7 1.4
WAVELENGTH, MICREONS
Air plots: O, layer withd = 1.092 p; A, d = 1:010 p,

Nitrogen plots:

O, layer withd = 1.340 p;
A, d=1:364 1 0d=1449 p. x determined
from Brewster angle; remaining plots from

geometric thickness of film.

REFRACTIVE INDEX, n
LR

F/\‘_«_‘ﬁ_“

1 1 1{ L
77

B A )

4 10

WAVELENGTH, MICRONS

5-42
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TERIAL:

—— e

FORM Film

THICKNESS (see remarks), ~1073 mm

RAY ORDINARY & , EXTRAORDINARY O

WAVELENGTH 1 - 5 u

TEMPERATURE  ~297 o

METHOD Interference, Reflection

REFERENCE Huldt and Staflin (3735)

REMARKS GClass substrate;

Figure 5-45

THICKNESS 4 x 10”7 . 1 x 1073 mm

RAY _ORDINARY ] , EXTRAORDINARY 0O

WAVELENGTH 0.6 - 10 m

TEMPERATURE 2917 °K

METHOD Interference

REFERENCE Brattain and Briggs (18391)

REMARKS

Figure 5-46
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PARAMETER: Wavelength

RECRACTIVE INDEX, n

REFRACTIVE INDEX, o

5.

)

SINGLE CRYSTAL
3.2
4.8}
AMORPHOUS LAYEKR
4 A
4.0%
1 1 | 1 1 L1
0.4 0.6 1.0 12 14 16 18 20 22
PHOTON ENERGY, oV
L 1 I 1 ] 1 1 i |
3.10 1.24 .78 0.62
WAVELENGTH, MICRONS
5.2
4“8
.,
a a
4.0 |- mm‘)
el il b1ttt
o 2 4 6 s 15

WAVELENGTH, MICRONS
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MATERIAL:

e s —— i, AT

Germanium

FORM Film

THICKNESS Not stated

mm

RAY ORDINARY O ,

EXTRAORDINARY 0O

WAVELENGTH 0.7 - 3.1

1 3

TEMPERATURE 297

°x

METHOD Transmission, Reflection

REFERENCE

Tauc, et al. (22818)

REMARKS Amorphous polycrystalline

layer is highly doped (10'8

2108 % cm™H,

and was prepared by eveporation onto

a cool (300°K) quartz substrate.

Crystallites are ~103 A in size.

Figure 5-47

THICKNESS ] x 1072

am

RAY ORDINARY X,

EXTRAORDINARY O

WAVELENGTH 0.85 -2.5

y 3

TEMPERATURE _ ~297

oK

METHOD Transmission, Reflection

REFERENCE Lukes (3924)

REMARKS Film evaporated vnto glass

substrate.

Figure 5-48
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: PARAMETER: T emperature MATERIAL: Gertaanium

FORM Bulk, Single Crystal

"

THICKNESS _NA (Prism) mn
RAY ORDINARY [ , EXTRAORDINARY [J; -

WAVELENGTH 1.8 . 5.5 m
TEMPERATURE 100 - 530 °K;
METHOD Deviation
O M x e REFERENCE L uies (3915)
TEMPERATURE, °K

REMARKS n.tvpe material with
resistivity = 1.2 ohm-cm. at 300°K

4.2

2,000 Figure 5-49

Figure 5-50

REFRACTIVE INDEX, n
>
T
N »
»
b of

.0 L 4 4 '

; 100 200 200 00 THICKNESS NA (Prism) mm

: TEMPERATUNE, °F,

i RAY ORDINARY B , EXTRAORD!NARY [3

i

‘ WAVELENGTH 2.0 . 2.5 i
TEMPERATURE 116 - 440 °K

. &

t § METHOD _ Deviation

: ; REE (35713)

; § REFERENCE T.ukes (3914)

: '§—¥ REMARKS n-type germanium

| 22T

{ ¥i|% R (3914)

o

‘ > Figure 5-51

i K]

-
Lo

2.0 2.5

WAVELENGTH, MICROCNS

S sny

5-44
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PHOTON ENERGY, oV

T i
’ -s PARAMETER: Temperature MATERIAL: Germanium §
1
ft . o preem - FORM Bulk, Single Crystal
3 .i ~ " / > 3“;:‘.“ THICKNESS NA (Prism) mm ]
”g “§ /}//////m« oo RAY ORDINARY @& , EXTRAORGINARY 0O §
S g 7f WAVELENGTH 1.5 - 2.2 w
i; g . / TEMPERATURE 80 - 460 ox §
e Yy ' > METHOD Deviation i

REFERENCE Kornfeld (14254)

v ! 1 1 ]

i o L7 L0 REMARKS Resistivity = 50 ohm.cm.
. WAVELENGTH, MICRONS

Figure 5-52

-
K |
¥ 1 Wavelength, Tempoerature Refractive THICKNESS_ 0.5 - 2.0 o
§ ‘ (Microns) K Index, n RAY ORDINARY Bf . EXTRAORDINARY O
S
| 23-40 7.5 3.98 0,02 WAVELENGTH 23 - 143 u
2R
1 45-67 7.5 3,90 +0.02 TEMPERATURE 7.5, 297 oK
E
P o.l 83-143 297 3.98 0,02 METHOD  Interference
REFERENCE Aronson, et al. (16091)
REMARKS Crystal cut perpendicular to
the [111] axis.
Table 5-11
5-45
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:
PARAMETER: Temperature HNATRRIAL: Germanium
L
FORM _Bulk, Sirgle Crystal
THICKNESS Not stated mm |
55 b RAY ORDINARY . ___EXTRAORDINARY [ -
. WAVELENGTH _ 0.6 - 1.7 P
g TEMPERATURE 120, 300 °«
£50 |
% ’ METHOD Reflection
REFERENCE Potte» (27255)
REMARKS
4.5
.o A 1 Fignre 5-53
0.5 1.0 1.3 2.0
PHOTON ENERQY, oV
{ - i 1 3
2.8 1.24 0.0 0.0
WAVELENGTH, MICRONS
&0
5.8 r"
g Figure 5-54
s
g 50|
¥
. as b
i 4.0 1 .
0.5 1.0 1.5 2.0
PHOTON ENERGY, oV i
[ 1 1 . J )
! 2.8 1.24 0.8 0.62
; WAVELENGTH, MICAONS 1_

5-46
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zﬁ.{
PARAMETER: Temperature MATERIAL: Cermanium
3
- o FORM  Buik
3 THICKNESS NA (Prism) mm

s

RAY ORDINARY Xl , EXTRAORDINARY O

WAVELENGTH 1.8 - 5.3 "

TEMPERATURE 87 - 297 2%

METHOD Deviation

o et o DR 980 e S L

s
L
REFRACTIVE INDEX, n

? REFERENCE Cardona (2569)
REMARKS
- 1 L1 L 1 i 1 1 ¥
2.0 3.0 4.0 5.0
WAVELENGTH, MICRONS
Lo 1 I % 1 1 1 !
0.62 0.41 6.31 0.25 Figure 5-55
PHOTCN ENERGY, oV
THICKNESS NA (Prism); Film mm
: 3
> . orm RAY ORDINARY B , EXTRAORDINARY O
o p
g 2 , WAVELENGTH 3.0 oy
.e 8
gz 9000 105 TEMPERATURE __ 90 - 400 °K
. 3 220,
22 L METHOD Deviation, Interference
B % REFERENCE Cardona, et al. (620)
.. o € po o % REMARKS
. TERRERATURE, *K
; Figure 5-56
‘g :‘.‘:,."?:2. “1‘9’59’“&»0 Pross
e ]
2
3 5-47
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PARAMETER: _Temperature

dn/dT = 5.25x 10

'4 (Ko )"1

Wavelength,
(Microns)

e

1.234
2,174
2,246

2,401

Thermal Coefficient
dn/dT, (°K)-!

B e e e e

5.919 x 10-4
5.285
5.251
5.037

5-48

MATERIAL: Germanium

FORM  Not stated

THICKNESS Not stated mmn

RAY ORDINARY [ , EXTRAORDINARY [

WAVELENGTH  2.25 w
TEMPLRATURE Not stated %
METHOD Not stated

REFERENCE  Rochow (8766)

REMARKS

Table 5-12

THICKNESS 3.0574 (single crystal) mm

RAY ORDINARY . EXTRAORDINARY [

WAVELENGTH 2.0 - 2.4 y_

TEMPERATURE 297. 5 °x

METHOD Interference

REFERENCE Rank, et al. (39713)

REMARKS Measurements in vacuo.

Thermal expansion contributed only

4% to dn/dT.
Table 5-13
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PARAMETER: Temperature MATERIAL: Cermanium
FOR i
i Refractive M——Fl*lm
Wav.elength, Index, n THICKNESS 0. 227 mm
{Microns) o o
177K 300°K FAY ORDINARY { . EXTRAORDINARY [J
8.66 ¢ 3,77 3.92 WAVELENGTH 8,66 - 12.35 ;m
9,4 3,814 3.90 TEMPERATURE 77, 300 °K
10,2 3.81 3.93 METHOD Interference
11,22 3.81 3.92 REFERENCE Collins (40273)
12,35 3.82 3.93 REMARKS
Table 5-14
THICKNESS 1.2 x 10”2 mm
RAY ORDINARY & , EXTRAORDINARY O
20 WAVELENGTH 2.0 - 4.0 M
'
8 [Lawsx Ll TEMPERATURE 77 - 395 °k
g 20 -.W‘%L_._l._—m
’g: e oo o METHOD Interference
;g 294°K ©° iR
z3 o} REFERENCE _Cardona (2569)
$ [ 187k °° o -
2 o REMARKS
(6] 0 I§ 11 i 1 1 1 1 1 1
2.0 2.4 2.8 3.2 3.6 4.0

WAVELENGTH, MICRONS

Figure 5-57

5-49
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PARAMETER: Pressure

6 cmzkg' 1

(X/n){dn/dP)T = (-0.7%£0.2)x 10"

(1/n)dn/dP), = (-0.6 % 0.15) x 10™° cmPig™!

5-50

MATERIAL: Germanium

FORM  Film mm
-3

THICKNESS  (3-10) x 10

RAY ORDINARY [¥ , EXTRAORDINARY O

WAVELENGTH _ 3.0 “

TEMPERATURE 297 %k

METHOD Interference

REFERENCE Cardona, et al. (620)

REMARKS Pressure range

0 - 1.42 x 10° psi

Table 5-15

THICKNESS Not stated mm

RAY OTDINARY 1 , EXTRAORDINARY 0O

WAVELENGTH  ~ 3 L

TEMPERATURE 297 oK

METHOD RF dielectric

REFERENCE Cardona, ot 21. (620)
REMARKS Pressure range

0-1.42x 105 psi

Table 5-16




PARAMETER: Pressure

(1/n)dn/dP);, = (-0.6 % 0.3) x 10°% ¢m

2

kg~

1

MATERIAL: Germaniurma

Sk MOARA RSN

FORM Film mm

THICKNESS 3.8 &10“3

RAY ORDINARY B, EXTRAORDINARY O

WAVELENGTH 2.0 - 4.0 A

TEMPERATURE 297 °x

METHOD Interference

REFERENCE Cardona (2569)

REMARKS pPressure range
0-1x 105 psi

Table 5-17

5-51
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PARAMETER: Fillm Thickness

Film Thickness,

Refractive

rr

(Microns) Index, n
0,07 3.43 ﬁ
0.09 4,12
0.1 4,07
0.18 4,24
0. 26 4,23
0.375 3.75
1.52 4,0
2,57 3.98
6.5 3.62

5-52

MATERIAL: Germanium

FORM  F'ilm

THICKNESS A3 shown mm

.o

RAY ORDINARY ¥, EXTRAORDINARY 8 ..

WAVELENGTH 2. 64 -

TEMPERATURE 300 °

METHOD Interference

REFERENCE Wales, et al. (31497)

REMARKS Unheated substrate with

eleciron beam heating.

Table 5-18
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PARAMETER: Film Composition

45
o DEPOSITION PRESSURE<10"3 TORR
o DEPOSITION PRESSURE (2-4) x 1075 TORR
o FILMS IN HYDROGEN
ok &
€
> (>
% st
s
-
g 3.0 f
&
2.5 -/
2.0 ! I | 1
1] 0.2 0.4 0.6 0.8

PARTS BY WEIGHT OF GERMANIUM

1.0

5-53

-

E
Germanium/ |
MATERIAL: Zinc Suifide
FORM _Film, mixed (Ge +.ZnS) .
THICKNESS (1.9 - 7.3) x 1074 mm
RAY ORDINARY [X , EXTRAORDINARY 0}
WAVELENGTH 2.2 -° u
TEMPERATURE ~298 o

e aom

METHOD Reflection

REFERENCE Jacobsson (40180)

REMARKS Film produced by simul-

taneous evaporation from two sources.

NOTE: The absorption edge is dis-
placed with a change in con-
centration, facilitating use of
the rilm as variable cut-off

filters.
Figure 5-58
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PARAMETER: F'ilm Deposition Raie

5.0

48

s O

4.6

4.4

REFRACTIVE |

4.2

4.0

T AT < e

WAVELENGTH, MICRONS

- wa, R
n 199, 158
1594
N 190A
194, 100
r'-
1 i J | i
0 2 4 ¢

5-54

FORM Film

x 10"3
THICKNESS (0.5 - 5) mm

RAY ORDINARY [ , EXTRAOCRDINARY O

WAVELENGTH 1.0 - 5.0 )

TEMPERATURE ~300 °x

METE_-IOD Transmission

REFERENCE Wales, et al. (31497)

REMARKS Preparation on unheated
substrate. Samples labelled "A" are
at a higher deposition rate than ""B''.
Source temperature is a function of
number shown. "A' samples are at
a higher deposition rate than "B"
samples.

Fignure 5-59




PARAMETER: Eilm Deposition Atmospheré

NEFRACTIVE INDEX, n

REFRACTIVE INDEX, n

420
—1 1 1 1
2 4 ] é
P eu!
WAVE NUMBER, 107 CM
L i 1 1 1
5.0 3.3 2.5 2.0 17 1.4
WAVELENGTH, MICKONS
4.9
47+
i
4.5
4.3

4.1

2 3 4 L}
WAVELENGTH, MICRONS

-

o A VT A i s ctgns s ae mae

MATERIAL: Germanium

FORM  Film

THICKNESS 10~ 3 mm

RAY _ORDINARY [ , EXTRAORDINARY O

WAVELENGTH 1.0 - 5.0 Ny

TEMPERATURE  ~ 297 °

METHOD Interference, Reflection

REFERENCE Huldt and Staflin {3735)

REMARKS Glass substrate.

Laver thickness: O1.092 i, A 1.0l0 p.

Figure 5-60

THICKNESS (0.5 - S)x 1073 mm

RAY ORDINARY Bl , EXTRACRDINARY (0

WAVELENGTH 1-5,0 M

TEMPERATURE ~300 K

METHOD Transmission

REFERENCE Wales, et al. (31497)

REMARKS Unheated substrate, electron

beam heating, pressure = 1x10°° Torr.

Figure 5-61
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PARAMETER: Fiim Depcsiiion Atiniosphners marentar . Germanium

FORM Film
8 .3 i
! THICKNESS (0.5 - 5) x 10 mm . ;
sl RAY ORDINARY & , EXTRAORDINARY O
§ b WAVELENGTH 1.0 - 5.0 m
§ " TEMPERATURE ~ 300 K
n 4.2
i METHOD Transmission
4or REFERENCE wales, et al. (31497)
1 1 {1 1
[} ] 2 3 4 s é

REMARKS Unheated substrate, electron
WAVELENGTH, MICAONS

beam heating, 1 x 10"? Torr oxygen

pressure

Figure 5-62
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PARAMETER: Film Denosition Atmosphere MATERIAL: _Germanium ____ ‘
. f
FORM  Fiim
- N !
' THICKNESS (0.5 - 5) 51072 mm
° B
. c 4ol RAY ORDINARY 81, EXTRAORDINARY _g 3
3 | A
. E L WAVELENGTH 1.0 - 5.0 M
- § TEMPERATURE  ~ 300 °K
. 8 42
B . METHOD Transmission
4o . } 1 ) REFERENCE Wales, et al. (31497)
- |
0 1 2 3 4 5 é 2
- AVELENGTH, MICRONS REMARKS Unheated substrate, electron
.: beam heating, 1 x 10'4 Torr nitrogen
- pressure.
. Figure 5-63 :
- THICKNESS 103 mm
bl RAY ORDINARY £ , EXTRAORDINARY O
- o WAVELENGTH 1.0 . 5.0 M
- %
2 TEMPERATURE 297 °K
el s
L § METHOD Interference, Reflection
- e REFERENCE Huldt and Staflin (3735)
i~ REMARKS (Glass substrate. Laver
) 03 !
I . . WTNUM: rem , L thickness: O 1.340 1;
5.0 3.3 2.5 2.0 1.7 1.4
WAVELENGTH, MICRONS £1.364 p:01.449 .,
I Figure 5-64
-»
-
"
]
wift
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PARAMETER: Film Deposition Atmosphere

4.9

4.7+

4.5

43

41

MEFRACTIVE INDEX,
I

WAVELENGTH, MICRONS

5-58

L)

MATERIAL: Germaniuin

€ sommensand
. o

FORM Filrn

.
THICKNESS (0.5 - 5) x 10™> —

RAY ORDINARY B , EXTRAORDINARY O

WAVELENGTH 1.0 - 5.0 3

TEMPERATURE  ~ 300 °k

METHOD Transmission

REFERENCE Wales, et al. (31497)

REMARKS Unheated substrate, electron

beam heating, 1 x 10"4 Torr hydrogen

_pressure.

Figure 5-65
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Film Deposition

FEALRL . i
HRRRE.
'

1 PARAMETER: Substrate Termperature . .umatesiaL:  Germeanium
i 48

ER 4

-t - SUASTRATE COOLED 10 273°K

- FORM _Film

3

THICKNESS (0.5 - 5) x 10° mm

[ R Y g

RAY ORDINARY B , EXTRAORDINARY £}

REFRACTIVE INDEX, n
T

a2 WAVELENGTH 1 - 5 g
ol TEMPERATURE 300 ok
i 1 1
0 1 ; JJ ‘ s o METHOD Transmission
WAVELENGTH, MICRONS ‘
Figure 5-66 REFERENCE Wales, et al. (31497) ;
(273°K) REMARKS Substrate heated from carbon
s boat. Pressure =1 x 10'6 Torr. ;
SUBSTRATE TEMPLRATURE 373-473°K i
L X3 of i
g :
g I Figures 5-66 to 5-69 .
4.4 5
s
3.l . :
= 148 :
a0t ;
3 1 1 1 i 1 i
0 2 4 é
WAVELENGTH, MICRONS
47
Figure 5-67 - SUBSTRATE TEMPERATURE 773-873°K
{373 - 473°K) 45
¥ : o
= SUNSTRATE TEMPERATURE 672°K 5 4t
b
4.5 -~ = L.
x
E 43 -~
4 - RS
i
g 1 ) Jt ; Ja : 5 s
. WAVELENGTH, MICRONS
39
v i
1] 1 [
WAVELENGTH, MICRONS
Figure 5-68 Figure 5-69
1673°K) (7/3 - 873°K)
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Film Deposition

PARAMETER: Substrate Temperature

4.8

4.0'-\

42

4.0 -

REFRACYIVE INDEX, n

e

sty

3.8
1

Y P e

L8 20 25 3.0 35 40 50 60 7.0

WAVELENGTH, MICRONS
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MATERIAL: Germanium

Film, amorphous and
FORM _polvcrystaliine

THICKNESS ~1 x 10°°

mm

RAY ORDINARY B . EXTRAORDINARY (]

WAVELENGTH _1.25 . 6.5 L

TEMPERATURE  ~ 298 K

METHOD Interference

REFERENCE Gisin and Ivanov {41222 )

REMARKS Evaporation of single crystal

germanpium of resistivity = 40 ohm-cm

from graphite boat onto barium fluoride
5

substrate at (2-5)x 10"~ Torr pressure.

Figure 5-70
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PARAMETER: Electric Field

0.02
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b3 \
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3
¥
Z 0.0
w
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Vo602 —-—204 123 V/em
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0.5 X 10° V/em
_o.m L 1 1 L ol 1 1 L 1 I -

012  -0.08  -0.04 0 _ 004 008 012
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WAVELENGTH, MICRONS AT 300°K ONLY

\
ey 4 )

e e -t e ki boe ]
sas

MATERIAL: SGsrmaniu

FORM _Single Crystal pn Junction

THICKNESS Not stated mm

RAY _ORDINARY (3 , EXTRAORDINARY O

WAVELENGTH 1.6 - 2.2 m
TEMPERATURE 300 g
METHOD Reflection

REFERENCE Seraphin and Bottka (38093)

REMARKS Wavelength is based on

energy gap data from McFarlane,

et al. (184).

Figure 5-71
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ZINC SULFIDE

INYRODUCTION

Zinc sulfide occurs in two crystal forms: cubic (zincblende or
sphalerite) and hexagonal (wurtzite). This semiconducting material
is used in infrared optics and in luminescent devices. Single crystals
for optical applications have been grown by the static vapor growth
method in which powdered zinc sulfide is kept in the high temperature
region, The powdered zinc sulfide is usually prepared by precipitation
from aqueous solution, Highly purified zinc sulfide has a resistivity of
approximately 5 x 107 chm-cm for the hexagonal form, measured in
darkness.

The physical properties of intrinsic zinc sulfide were summarizea

in Table 1-1. A more complete compilation of properties is offered in
Report No. S-11. Figure 1-9 shows the infrared transmission by

zinc sulfide.

DATA

The data for zinc sulfide are listed in Table 5-19 and the wave-~
length coverage in Table 5-20. The data cover hexagonal, cubic, amor-
phous, and a mixture of cubic and hexagonal zinc sulfide. No data at
temperatures other than room temperature were located.

Refractive index data for hexagonal zinc sulfide, single crystal
material, are presented in Figures 5-72 to 5-73 and Tables 5-21 to 5-22;
sinc hexagonal zinc sulfide is birefringent, plots for ordinary and
extraordinary rays are included, Cubic crystal data are shown in
Figures 5-74 to 5-77 and Tatles 5-23 to 5-25, Figure 5-78 and
Table 5-26 present data for Irtran-2, a polycrystalline material com-
posed of 95 percent cubic and 5 percent hexagonal material Film data
are provided in Figures'5-79 to 5-02 and in Table 5-27., The dependence

PRECEDING PAGE BLAN
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of the refractive index on zinc sulfide content has been demecnstraied
for a germanium/zinc sulfide film in Figure 5-58,
No significant difference is observed between the bulk data for the

ordinary ray on hexagonal zinc sulfide and for cubic zinc sulfide. Films

tend to have a lower refractive index than bulk material.

Table 5-19, List of Zinc Sulfide Data

Wavelength
(Microns)

Figure Table | nor k | Form Crystal From | To Remarks Parameter
§=72 n Bulk Single 06 L4 | Hexagonal | Wavelength
5-21 n Butk Single 0.6 1.4 | Hexagonal | Wavelength

5-73 n Bulk Single 0.3 1.6 | Hexagonal | Wavelength
§-22 n £ulk Single 4.0 15,0 | Hexagonal | Wavelength

5-74 n Bulk Single 0.x 1.4 | Cubic Wavelength
5.23 n Bulk Single 0.7 1.4 | Cubic Wavelength

5-75 n , | Bulk Single 03 4.0 | Cubic Wavelength
§-24 n Bulk Single 0.7 4.0 } Cubic Wavelength

§-25 n Bulk A4 0.8 2,4 } Cubic Wavelength

5.76 n k Bulk b 20 0 Cubic Wavelength
5-77 n Bulk k4 0,7 1.5 { Cuble Wavelength
5.8 n Bulk Polycryst?» 1.0 14.0 Wavelength
5-26 n Bulk Polycryste* 1.0 13,0 Wavelength

5-719 n Film Amorphous 0.75 2,0 Wavelength
5-80 n Film | Amorphous 2.0 | 4.0 Wavelength
&8} n Fitm @ 0.4 1.2 Wavulength
i 5.82 n Film | » 0.8 3.2 Wavelength
i 5.27 n Fitm * 0.74 1.0 Wavelength

>
Not stated

”
95 percant cubic, 5 percent hexagonal {IRTRAN-2, product of Esstman-Kodak Co. )

Table 5-20. Range of Refractive Index Data for Zinc
Sulfide (300°K)

Range i Wavelength,

Microns
Materia From To From §{ To
Bulk, cubid 0.3 4,0 20 70

Bulk, hexagonal 0.3 1.6 4 15
Bulk, poly«ryst. 1.0 13

Fim, amorphous} 0.8 it
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PARAMETER: _Wavelength

o " it 1
SR
o v e by et

REFRACTIVE INDEX, n
~
o
w

2.25 i !

EXTRAORDINARY RAY

ORDINARY RAY

1 1 i i |

0 &0 0.85

1.10 1.3%

WAVE LENGTH, MICRONS

1.60

Refractive Index, n
Wavelength, | Extraordinary Ordinary
(Microns) Ray Ray
0. 600 2.368 2.363
6. 625 2.358 2.354
0. 6500 2.350 2,346
) 0. 6750 2.343 2.339
0.7000 2,337 2,332
0. 8000 2,328 2,324
0. 9000 2.315 2,310
' 1.0000 2,303 2,301
1.2000 2,294 2,290
' 1. 4000 2,288 2,285

g e e . . P o e e A e T

MATERIAL: Zinc Sulfide

FORM Bulk, Single Crystal, Hexagonal

THICKNESS NA (prism) mm

RAY ORDIMARY &l , EXTRAORDINARY

WAVELENGTH 0.6 - 1.4 b
TEMPERATURE ~298 °x
METHOD Deviation

REFERENCE Bieniewsky & Czyzak(8761)

REMARKS

Figure 5-72

Table 5-21
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PARAMETER: _Wavelength

2.9 5
[-]
2.8 [ ®
)
e 2.7 %
§ ) #
2 2 .%‘
¢ ry
£ ast S
24} o ©a8
. 00 & o C-AXIS
00 2‘;, ® 8 O-AXIS
Iy o CUBKC
230,008 23 8
2.2 1 1 ] ] 1 i
0.5 1.0 1.5 2.0 2.5 1.0 3.5 40
PHOTON EreAGY, oV
L1 1 | 1 L | |
1.5 .0 08 06 0.5 0.4 0.3%
WAVELENGTH, MICRONS
Wavelength, Refractive Index,
{Microns) n
F= —r
4 - 15 2.26+ 0,06

5-66

MATERIAL: Zinc Sulfide

Bulk, Single Crystal,
FORM Hexagonal

-2
THICKNESS 5 x 10 ~ min

RAY ORDINARY 3 ,

EXTRAORDINARY @& -

WAVELENGTH 0,3 - 1,6; 4 - 15 B
TEMPERATURE 293 °k
METHOD Interference
REFERENCE Piper, et al, (735)
REMARKS
Figure 5-73
Table 5-.22
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PARAMETER: aveiengin
2,40
€ -
X
o
Z \\\
‘:>_‘ 2,9
("]
=
y L
-
2.20 L | 1 ] ]
0.8 1.0 1.2 1.4

WAVE LENGTH, MICRONS

Refractive Index, n
Wavelength,
(Microns) Calculated { Observed
ey

0. 700 2,332 2,334
0. 900 2,303 2.306
1. 050 2.293 2.293
1,200 2,285 2,282
1,400 2,280 2,284

5-67
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MATERIAL: Zinc Sulfide

L.
-,

Bulk, Single Crystal,
FORM Cubic mm

THICKNESS NA (prism)

RAY ORDINARY B , EXTRAORDINARY O

WAVELENGTH 0.7 - 1.4 m
TEMPERATURE ~298 o
METHOD Deviation

REFERENCE Czyzak, et al, (6331)

REMARKS

Figure 5-74

Table 5-23
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PARAMETER: Wavelength

2.7

2.4

2.5

2.4}

REFRACTIVE INDEX, n

23

2.2 1 1 | { A 1 1

0.3 0.3 13 1.8 23 2.¢ 33 s
WAVELENGTH, MICRONS

Refractive Index, n
Wavelength,
{Microns) Calculated | Measured
=
0.700 2.329 2,332
1.000 2,292 2,293
1.500 2,270 2.275
2,000 2,260 2,263
2.500 2,256 2,256
3.000 2,253 2,253
3.500 2,251 2,251
4,000 2,250 2,251

5-68

MATERIAL: Zinc Sulfide

Bulk, Single Crystal,
FORM Cubic mm

THICKNESS NA (Prism)

RAY ORDINARY & , EXTRAORDINARY [j

WAVELENGTH 0.3 - 4.0 M
TEMPERATURE ~298 °k
METHOD Deviation
REFERENCE Czyzak, et al, (14914)
REMARKS

Figure 5-75
THICKNESS NA (Prism) mm

RAY ORDINARY Bl , EXTRAORDINARY [

WAVELENGTH 0.7 - 4.0 M
TEMPERATURE ~298 °K
METHOD Deviation

REFEHENCE Czyzak, et al, (14914)
REMARKS

Table 5-24
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PARAMETER: _Wavelength

Wavelength, Refractive Index,
(Microns) n
0.8 2.3146
0.9 2,3026
1.0 2,2932
1.2 2.2822
1.4 2,2762
1.6 2,2716
1.8 2,.2680
2.0 2,2653
2,2 2.2637
2.4 2,2604

5-69

MATERIAL: Zinc Sulfide

THICKNESS NA (Prism)

RAY ORDINARY G , EXTRAORDINARY [

WAVELENGTH 0.8 -2.4 .
TEMPERATURE  ~298 °K
METHOD Deviation

REFERENCE Bond (19989)

REMARKS  Natural crystal from Spain

Table 5-25
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PARAMETER: _Wavelength
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WAVELENGTH, MICRONS

FORM Bulk,

ey

MATERIAL: Zinc Sulfide

Cubic

THICKNESS Not Stated

mm

RAY ORDINARY & ,

EXTRAORDINARY []

WAVELENGTH 20 - 70 B
TEMPERATURE 300 °x
METHOD Reflection
REMARKS Natural crystal

Figure 5-76
THICkNESS __ NA (Prism) mm

RAY ORDINARY B .

EXTRAORDINARY [

WAVELENGTH 0.7 - 1.5 “
TEMPERATURE ~298 LT%
METHOD Deviation

REFERENCE DeVore (40276)

REMARKS Sphalerite, natural crystal

Figure 5-77
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- PARAMETER: Wavelength MATERIAL: Zinc Sulfide

C FORM Bulk, Polycrystalline

. THICKNESS Not Stated mm
3 X 2.4
1 i F mwcz RAY _ORDINARY [ , EXTRAORDINARY 1
$ 20}
2 g
e WAVELENGTH 1.0 - 14.0 PR
L & 2 4 6 s o2 o TEMPER o ;
* WAVELENGTH, MICRONS ATURE ~298 K ’
4 ; ot METHOD Not Stated
% REFERENCE Kodak [1967]
% -
: ) REMARKS IRTRAN-Z material
- i b
G
: Figure 5-78

‘ Vavelength, | Refractive Index | Wavelength, | Refractive Index,
3 A (Microns) n {Microns) n
]
E 1. 0000 2.2907 6.0000 2.2381
i r 1.2500 2.2117 6.2500 2.2363
4t 1. 5000 2.2706 6.5000 2.2344
. 1. 7500 2,266z 6.7500 2.2324
[ 2.0000 2.2631 7.0000 2.2304
- 2.2500 2.2608 7.2500 2.2282
r 2.5000 2.2589 7.5000 2.2260
[ 2.7500 2.2573 7.7500 2.2237
i 3.0000 2.2558 8.0000 2.2213
Table 5-26
L 3,2500 2.2544 8,2500 2.2188
[ 3. 5000 2.2531 8.5000 2.2162
- 3.7500 2.2518 8, 7500 2.2135
4.0000 2.2504 9.0000 2.2107
. I 4.2500 2.2491 9,2500 2.2078
g : 4, 5000 2.2477 9. 5000 2.2048
: 4, 7500 2,2462 9,7500 2.2018
I 5,0000 2. 2447 10. 0000 2.1986
3 5,2500 2.2432 11,0000 2.1846
£ 5, 5000 2.2416 12,0000 2.1688
I 5, 7500 2.2399 13, 0000 2,1508
4
i
¥
3
E -p
H
-
5-71
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PARAMETER: _Wavelength

REFRACTIVE INDEX, n

REFRACTIVE INDEX, n

2.4
235
S WK
2.2 '\\M-____.
2.5
2.20 1 1 1 1 1 | V1 |
6.7¢% 1.00 1.25 1.5 175 2.
WAVELENG 745, MICRONS
2.3
2.2}
2.1
2.0 IS Y NS (N WU S S S N

2 3 4 5 6 7 & % 10 N 12 1B W

WAVELENG TH, MICRONS

5-72

MATERIAL: Zinc Sulfide

FORM Film, Amorphous

3

THICKNESS (1-4) x 10 mm

RAY ORDINARY . EXTRAORDINARY 0

WAVELENGTH 0.75 - 14 M

TEMPERATURE ~298 °x

METHOD Transmission, Reflection

REFERENCE Hall & Ferguson (2609)

REMARKS Vapor-deposited film-

0.75 - 2 micron data on glass sub-

strate, 2 - 14 microns on rock
salt substrate

Figure 5-79

Figure 5-80
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PARAMETER: _Wavelength

REFRACTIVE INDEX, n
~N
3
V

235 b
230 b
225 |
2.20 L — 1
1o 1.5 20 2.5 3.0
PHOTON ENERGY., oV
[ J
1.24 0.62 0.1
WAVELENG TH, MICRONS
[4
> (<]
4 SR (%4 x 107 1080)
s
9 23}
g WJ
H
n -1
10°cm”
VIAVE NUMBER
Lt 1 11 i S| i J Y 1 L] ]
3.3 20 14 i o9l

VIAVELENG TH, MICRONS

Air plots: O, layer with d = 2,500y, A,
d=2,221p; O, d =2,258u. Nitrogen

plots: O, lay:r withd = 2,.501lu, A,

d = 2.233u. + determined by calculation,

x determined from Brewster angle; remaining
plots from geometrical thickness of film,

5-73
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MATERIAL: Zinc Sulfide

FORM  Film

THICKNESS Not stated mm

RAY ORDINARY B , EXTRAORDINARY 0O

WAVELENGTH 0.4 -1.2 N
TEMPERATURE ~298 ok
METHOD Interference

REFERENCE Burgiel, et al. (34617)

REMARKS Sputtered and evaporated

films used with identical results,

Sputtered film wis predominantly

cubic,

Figure 5-81

-3

THICKNESS 2.5x 10 mm

RAY ORDINARY f&l , EXTRAORDINARY 0O

WAVELENGTH 0.8 - 3.2 m
TEMPERATURE ~298 o
METHQD Interference

REFERENCE Huldt & Staflin (3735)

REMARKS Evaporation onto glass

substrate in atmosphere of air or

nitrogen,

Figure 5-82
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PARAMETER: Wavelength

Refractive Extinction
Wavelength, Index, Coefficient,
(Microns) n k
0. 740 2.30 0.000
0.900 2.23 0.000
0.980 2,27 0.000

L AL S

5-74

MATERIAL: Zinc Sulfide

FORM Film

4

THICKNESS 3x10 mm

RAY ORDINARY [ . EXTRAORDINARY [

WAVELENGTH 0.74 - 1.0 B

TEMPERATURE ~298 °k

METHOD Trarsmission, Reflection

REFERENCE Kuwabara & Isiguro {40442)

REMARKS Film evaporated onto glass

substrate a.t~10"4 Torr,

Table 5-27
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CADMIUM TELLURIDE

INTKODUCTION

Cadmium telluride is a semiconductor that has found application
in infrared optics and semiconductor devices including sclar cells.
This material may show both n~ and p type conduction; addition of
excess cadmium gives n-type conduction and conversely, addition of
excess tellurium gives p-type conduction.

Cadmium telluride is usually preparcd from electroiytic cad-
mium and vacuum-distilled tellurium by direct combination at an
elevated temperature under a nitrogen atmosphere. Zoae refining is
used for further purification. The electrical and optical properties
are strongly affected by deviation from the stochiometric ratio of the
components (cadmium and tellurium). Details concerning the equilib-
rium phase diagram for cadmium telluride may be located in EPIC
Data Sheet DS-157. The electrical resistivity of highly pure single
crystal cadmium telluride at room temperature is approximately
107 ohm-cm. The optical traiismission by cadmium telluride is
shown in Figures 1-9 and 1-10.

The physical properties of cadmium telluride were summarized
in Table 1-1,

EPIC Report S-11 provides additional property data on cadmium
telluride. As with other semiconductors, different doping levels in

authors' reports make it often difficult to compare their results.

DATA

All data presentations for cadmium telluride are listed in
Tabkie 5-28 and a summary of wavelength and temperature coverage is
plotted in Figure 5-83. Figures 5-84 to Figure 5-88 and Tables 5-29
to 5-31 represent refractive index spectra for bulk single crystal
material. Below five microns, the pure or lightly n-doped materials
show no wide differences in refractive index. At longer wavelengths

the data exhibit a far wider spread between the author's data and it

5-75
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would he difficult to recommend a ''best'' set of values, Heavily
n-doped materials are represented by datain Figures 5-89, 5-90
and 5-91. 'The data in Tables 5-32 to 5-34 and Figure 5-90 and 5-9.,
could not be identified regarding their crystalline status (e.g., single
crystal) but, except for heavily doped materials, they show no marked
departure from the spread for single crystals,

Figures 5-92 to 5-95 and Tables 5-35 to 5-37 cover polycrystal-
line materials and the data are similar to those obtained from single
crystal material of a similar doping level.

The temperature dependence of the refractive index is the sub-
ject of Tables 5-38 to 5-39 and Figures 5-96 to 5-101, The relative

sparsity of such data does not permit any generalization.

1000

8

TIT

WAVELENGTH, MICRONS

-
(=]

1 1 Il 1 1 L 1 1 [l i i 1
0 100 200 300 400 500

TEMPERATURE, *K

Figure 5-83, Wavelength and Temperature Range
for Cadmium Telluride Data
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Table 5-28,

List of Cadmium

Telluride Data

Wavelength,
{Microns)
Figure | Table nork { Form Crystal from To Romarks Paramater
===b=:ﬂ
S-84 n Bulk Single 0,085 2.6 Wavelength
5429 n Bulk Single 2.0 10,0 Wavelength
5-85 n Bulk Single 12,5 300 8, 300°K Wavelength
586 n Dulk Single 133 1000 4,2°K Wavelength
5-87 n k Bulk Single 37 85 100, 300°K Wavelength
5-84 n Bulk Single 5.0 10,0 Wavelength
5-30 n Nulk Singie 0,87 1.00 | n-type 293°, 373°K Wavelength
5-89 n Bulk Single 6.5 14,5 n=type, heavily doped Wavelength
5-31 n Bulk Single 0.90 1.1 n-type Wavelength
5«32 n Bulk * 2,5 2,5 n-type Wavelength
5-33 n Bulk * 8.0 14,0 netype Wavelength
5-34 n Bulk * 10,0 10,0 n=type Wavelength
5-90 n, k Dutk ® 20 200 n-type, heavily doped 100°K Wavelength
§-91 n, k Bulk * 20 200 netype, heavily doped 300°K Wavelength
592 n Bulk Polycryst, 1,0 16,0 Wavelength
5-3%8 n Bulk Polycryst. 1.0 16,0 Wavelength
5«93 n, k Dalk Polycryst, 50 5 90°K Wavelength
5-94 n, k Bulk Polycryat 55 8 300°K Wavelength
5-95 n Rulk Polycryst, | 220 1000 W.velength
536 n Bulk Polycryst. 1.0 10,0 Wavelength
5-37 n Bulk Polycryst, 23 28 n-type Wavelongth
5-38 n Dulk Single 0.87 1.00 | n-type, 293, 373°K Temperature
5-96 n Bulk Single 37 85 100, 300°*°K Temperature
597 n Bulk " 20 200 n~type, 100°K Temperature
5-98 n Bulk " 20 200 n~type, 300°K Temperature
5-99 n Bulk “ 12.5 300 8°, 300°K Temperi .ure
5-100 n Bulk Polycryst. 50 75 90°K Temperature
5-101 n Bulk Polycryst. 55 78 300°K Temperzture
5439 l/n(g.—';.) Bulk Single 10,6 10. 6 293 - 318°K Temperature
*Not Stated
5-77
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PARAMETER: Wavelength

2.95 |~
. 29
-
Z
2 im0}
J
-
g 27251~
27 :1 ] | 1 1 1 1 1 i 1 ]
0405 06 0.7 08 09 10 1.} 1,2 1.3 1.4 1.5
PHOTON ENERGY, eV
[T RO I TS B | ) I T T | 1 1)
2622 1816 1A 1.2010.10 1.0 0.9 0.85
WAVELENG TH, MICRONS
Wavelength, Refractive
{Microns) Index, n
2.0 2,710
3.0 2. 694
4,0 2.687
5.0 2. 680
6. o 2. 675
8.0 2,669
10.0 2,658
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Cadmium
MATERIAL: Telluride

FORM _Bulk, Single Crystal

THICKNESS NA (Prism) mm

RAY ORDINARY B , EXTRACRDINARY 0O

WAVELENGTH 0,085 - 2,6 5
TEMPERATURE ~298 °x
METHOD Deviation

REFERENCE Marple (15085)

REMARKS Material grown from

melt containing < 10 ppm total

impurities.

Figure 5-84

THICKNESS NA (Prism) mm

RAY ORDINARY , EXTRAORCINARY 0O

WAVELENGTH 2 -10 yn
TEMPERATURE ~298 oK
METHOD Deviation

REFERENCE Vitrikhovskiy (31017)

REMARKS

Table 5-29
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E . Cadmium
PARAMETER: Wavelength sATEMIAL: Tolluride
) .3 FORM  Bulk
THICKNESS  0.172 mm
- - 40 |-
2 3 DUE 10 DEWAR. RAY ORDINARY B , EXTRAORDINARY 0
& wlNDOWCUTO.FF, . ——
Z NEARLY COINCIDENT :
- =4 35 V/ITH 300° K CURVE WAVELENGTH 12. 5 -~ 300 Fn
5 e AT 200% K (CALCULATED)
g == AT 8" K ICALCULATED) TEMPERATURE 8, 300 °k
¥ 4, ® AT 300° K IMEASURED)
. I o ATB8® K IMEASURED) METHOD Interference
25} REFERENCE Johnson, et al. (40781)
J— i i T UGS W W | i 1
o 2« P o 2w &0 REMARKS Resistivity = 8, 5x10° ohm-cm.
WAVELENGTH, MICRONS
Figurc 5-85
THICKNESS 1,22 mm
s s RAY ORDINARY & , EXTRAORDINARY O
[ ]
I WAVELENGTH 133 - 100 “
: - R
g 3.2 ...,.eo TEMPERATURE 4.2 og
’ % o° °:.°.o .o‘."'“ METHOD Interference
< . °
I REFERENCE Halsted, et al. (26678)
REMARKS
3,0 i ! 1 1 1 1
[ 10 20 30 4 50 &0 70 50
WAVE NUMBER, CM™
L i { Ia 1 P |
1000 333 200 143

Figure 5-86.

WAVELENGTH, MICRONS
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Cadmium

PARAMETER: _ Wavelength MATERIAL: Telluride
> i FORM _Bulk, Single Crysial
& v Feae
t ¥, —— : THICKNESS ___ Not stated mm
8 --=- /'
g . RAY _ORDINARY & , EXTRAORDINARY O
g : TR WAVELENGTH 37 - 85 m
“ 1
< TEMPERATURE 100, 300 oK
[
g . METHOD Reflection
5 2
) o1 REFERENCE Manabe, ct al. (28526)
¢ 30 40
) REMARKS
WAVELENG TH, MICRONS
Figurc 5-87
THICKNESS  Not stated mm
RAY ORDINARY & , EXTRAORDINARY 0O
g WAVELENGTH 5 - 10 )
= 2.9
g 2_75\ TEMPERATURE 300 ok
3
] N - 1 L 1 METHOD Reflection
H 6 7 8 9 10
WAVELENGTH, MICRONS REFERENCE De Nobel (306)
REMARKS

Figure 5-88
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PARAMETER: Wavelength
Temperature, | Wavelength, | Refractive
°K (Microns) Index, n
293 0.865 3. 50 max.
293 0. 900 3.20
293 1. 000 2. 80
373 0. 872 3.40 max.
373 0.9C0 3.15
3173 1,000 3.20
§ 29
£ 28
g7 f
U sl 1 1 1 | 1 1
3 7 8 9 1 0 12 13 14 15

WAVELENGTH, MICRONS
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Cadmium

MATERIAL: _Telluride

FORM _Bulk, Single Crystal
THICKNESS 0,1 mm

Rk o SO vt Bt o SR SD

RAY O#%DINARY 8 , EXTRAORDINARY O

WAVELENGTH 0.87 - 1.00 b

TEMPERATURE ~298 °K

METHOD Reflection, Transmission

REFERENCE Konak (11590)

REMARKS n-type material, resistivity

2105 ohm-cm

Table 5-30

THICKNESS 0, 63, 1.10 mm

RAY ORDINARY £ , EXTRAORDINARY O

TEMPERATURE ~298 oK
METHOD Reflection

REFERENCE Planker & Kauer (40526)

REMARKS _n-type material, Gallium

concentration ~5x1017 cm'3

Figure 5-89




PARAMETER: __Wavelength

REFRACTIVE INDEX,
EXTINCTION COEFICIENT, k

REFRACTIVE INDEX, n
EXTINCTION COEFFICIENT, k

—- 1 W R W T W L
£ 0 ®0 % 100 15 20

WAVELENGTH, MICRONS

-~
=1 l S WO T B} |
20 30 40 50 & 70 9090100 150 200

WAVELENG TH, MICRONS
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Cadmium
MATERIAL: Telluride

FORM Bulk

THICKNESS Not stated mm

RAY ORDINARY & , EXTRAORDINARY O

WAVELENGTH 20 - 200 m
TEMPERATURE 100, 300 °k
METHOD Reflection

REFERENCE Manabe, et al, (36435)

REMARKS\ n-type material, indium-
doved. carrier concentration =

2551017 cm ™3 2t 300K, resistivit
= 1.92x10"% ohme-cm at 300°K.

Figure 5-90

Figure 5-91




PARAMETER:M MATERIAL. glliamsda
Wavelength, Refractive Index, FORM Bulk, sinnge crystal
(Microns) n THICKNESS __ 1.0 min :
i
0.903 3,47 %+ 0,05 RAY ORDINARY 3 . EXTRAORDINARY [ :
1,100 3,13 £0.04 WAVELENGTH 0,90, 1.10 ¥y
TEMPERATURE -~298 °x
METHOD Not stated
REFERENCE  Garlick, et al. (7771)
REMARKS n-type, indium-doped,
concentration not stated.
Table 5-31
Wavelength, Refractive Index, THICKNESS 4.0 mm
Microns n
RAY ORDINARY & , EXTRAORDINARY 0O
2.5 2.70
WAVELENGTH 2,5 i
TEMPERATURE ~298 °x
METHOD Reflectance
REFERENCE  Marple (10559)

REMARKS Pure n-type material

with carrier concentration
-3

= 6x1014 cm

Table 5-32
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PARAMETER: _Wavelength

Wavelength, Refractive
(Microns) Index, n
=
8 - 14 2. 67
Wavelength, Refractive
(Microns) Index, n
|— tj
10 2,61

5-84

Cadmium
MATERIAL: Telluride

FORM Bulk

THICKNESS Not stated mm

RAY ORDINARY B , EXTRAORDINARY 0O

WAVELENGTH 8 - 14 B
TEMPERATURE 298 °K
METHOD Interference

REFERENCE Fisher & Fan (5400)

REMARKS n-type material with elec-

11032 em 3

tron concentration ~

Table 5-33

THICKNESS Not stated mm

RAY ORDINARY K , EXTRAORDINARY O

WAVELENGTH 10 B
TEMPERATURE  ~298 °K
METHOD Interference

REFERENCE _ Davis & Shilliday (3648)

REMARKS Pure n-type material

with carrier concentration
-3

~1x1015 cm
Table 5-34
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PARAMETER: . Wavelength

Cagi_migm

MATERIAL: _ Telluride

FORM Bulk, polycrystalline

THICXNESS Not stated mm

£ sop RAY ORDINARY [¥  EXTRAORDINARY [
zZ 28 MTRAN®S
g 2 WAVELENGTH 3.0 - 16 Y3
g 2.4t 1 s 1 ] 1 1]
£ v o2 4 s g o 12 “ ot TEMPERATURE 298 °K
WAVELENG TH, MICRONS

METHOD Not stated

REFERENCE Kodak {1967)

REMARKS

Figure 5-92

V{aveleagtb.g Refractive Wa\{elength,‘, Refractive
{Microns) ' index, n ! (Micrors) Index, n
1.0000 2.838 6. 2500 2.681
1.2590 2.773 6. 5000 2.680
1.5000 2,742 6, 7500 2,680
1, 7500 2.725 7. 0000 2.679
2. 0000 2,714 7.2500 2.6718
2.2500 2,707 7. 5000 2. 678
2.5000 2.702 7.7500 | 2.677 Table 5-35
2. 7500 2. 698 8, 0000 2.677
3.0009 2.695 8. 2500 2.676
3.250C 2.693 8, 5000 2.675
3.56590 2.691 8. 7500 2.675
2. 7530 2. 689 9, 0000 2.674
4,0000 2.688 9. 2500 2.674
4. 25920 2,687 9. 5000 2.673
4, 5000 2. 68¢ 9, 7500 2.672
4, 7500 2,685 10.0000 ' 2.672
£.0000 2. 684 11, 0000 2,669
5. 2500 2,683 12,0000 2. 666
5. 5C00 2.683 13,0000 2.663 :
5. 7560 2.682 14,0000 | 2.660 |
6. 0000 2. 681 15,6000 2. 657
16,0000 2. 655

5-85
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PARAMETER: _Wavelength MATERIAL: Telluride

3 FORM _Bulk, Polycrystalline mm
2 ¢

THICKNESS Not stated

RAY ORDINARY K , EXTRACRDINARY [}

WAVELENGTH 50 - 78 m
TEMPERATURE 90, 300 °k
- METHOD Reflection
€2
§ % REFERENCE Mitsuishi (481)
- U
§ z REMARKS
B2
X
Figure 5-93

L
WAVELENGTH, MICRONS
L . -1 1 1 | ]
0.0 0.021 0.018 0,016

PHOTON ENERGY, oV
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| - b

PARAMETER: Wavelength (Cont’d from preceding page)

REFRACTIVE INDEX, o
EXTINCHION COEFFICIENT, &

I3|‘
300°K
12 i
i
1"
10
9.
+
3l
H
{
24
&
5
§
1
H
Py
3
t
2t
]
%
)
[}
S0 [} r0 80
HZAVELENG TH, MICRONS
[— . S —d
0 625 0 021 0 018 9.01¢
PHOTON ENERG Y, eV
5-87

Cadmium
WMATERIAL: Telluride

Figure 5-94
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Cadmium
?ARAMETER: _Wavelength MATERIAL: Telluride
FORM Bull, polycrystalline
THICKNESS 1 -3 mm
Wavelength, Refractive RAY ORDINARY & , EXTRAORDINARY O
(Microns) Index, n
WAVELENGTH 23.3 - 28 L
23,35 2.58
TEMPERATURE  ~292 °K
27.95 2.53 ‘
METHOD Interference

REFERENCE I.orimor & Spitzer (20784)

REMARKS _ Pure, n-type with carrier

concentration = 1x10%5 ™3

at 298°K

Table 5-37

5.88




PARAMETER: Wavelength

REFRACTIVE INDEX, n

3.4

3.20 bl

i I

200 400

600

1
$00

WAVELENG TH, MICRONS

l

Wavelength, Refractive index,
{Microns) | n
1.0 2,839
1.5 2,742
2,0 2,713
2.5 2,702
3.0 2.695
3.5 2, 691
4.0 2,688
5.0 2,684
6.0 2,681
7.0 2,679
8.0 2,677
9.0 2,674
16.0 2,672

%
i

Cadmium

MATERIAL: Telluride

FORM __Bulk, Polycrystalline

THICKNESS

Not stated mm

RAY ORDINARY

& ., EXTRAORDINARY [}

WAVELENGTH 220 -~ 1000 )
TEMPERATURE 208 °K
METHOD Interference

REFERENCE R andall & Rawcliffe(33290)

REMARKS IRTRAN-6 material

Figure 5-95

THICKNESS

NA (Prism) mm

RAY ORDINARY

T, EXTRAORDINARY [0

WAVELENGTH 1.0 - 10 M
TEMPERATURE 298 %K
METHOD Deviation

REFERENCE _Ladd (27053)

REMARKS ITRAN-6 material

Table 5~36




PARAMETER: Temperature

w
o

Temperature, | Wavelength, | Refractive
°K (Microns) Index, n
F =
293 0.865 3. 50 max.
293 0.900 3.20
293 1,000 2,80
373 0.872 3.40 mav,
373 0.900 3.15
373 1,000 3.20
Z wf T
Q WE e 300°K ﬂw
E 3 : - - 00K I”‘
9 sl ]
& «f
n
I
10+
s °F
£ 4r
i
& 0

WAVELENG TH, MiICRONS
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Cadmium

MATERIAL: Telluride
FORM  Bulk, Single Crystal
THICKNESS 0.1 mm

RAY ORDINARY 8l , EXTRAORDINARY ([

WAVELENGTH 0.87 - 1.00 b

TEMPERATURE ~298 °K

METHOD Reflection, Transmission

REFERENCE

Konak (11590)

REMARKS .1-type material,

resistivity 105 ohm-cm

Table 5~38

THICKNESS ___ Not stated mm

RAY ORDINARY 8 , EXTRAORDINARY [

WAVELENGTH 37 - 85 M
TEMPERATURE 100, 300 °K
METHOD Reflection

REFERENCE _fanabe, et al (28526)

REMARKS

Figure 5-96
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PARAMETER: Temperature

REFRACTIVE INDEX, n

REFRACTIVE INDEX, n
EXTIMNCTION COEFICIENT, k

1
tg—”’n oottt !

2 k 40 & 80 100 150 200
WAVELENGTH, MICRONS

-
g7
W
1%
N
gs
(%)
4
§’
=
x
-l

1

7
[ o WS SN N S I O 1
2 30 40 S0 &0 70 8¢ 90100 150 200

WAVELENGTH, MICRCNS
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Cadmuim
MATERIAL: Telluride

e B R e A e PRI e A S ST - TS

FORM Bulk

THICKNESS Not stated mm

RAY ORDINARY £ , EXTRAORDINARY [

WAVELENGTH 20 - 200 L

TEMPERATURE 100, 300 °x

METHOD Reflection

REFERENCE Manabe, et al. (36435)

REMARKS n-type material, indium.
doped, carrier concentration =

5. 25x1017 cm™> at 300°K, resistivity

= 1.92x10'2 ohm-cm at 300°K,

Figure 5-97

Figure 5-98
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PARAMETER: Temperature

REFRACTIVE INDEX, n

.5
4.0
NO 8% K DATA
DUE TO DEWAR
WINDOW CUTOFF,
CALCURATED 8° K CURVe -
3 8 }-. NEARLY COINCIDENT ===t
WITH 300° K CURVE
/ —— AT 300° K ‘CALCULATED®
/ = AT 8%k (CALCULATED)
2.0 - ® AT 300° K (MEASURED)
© AT B* K (MEASURED)
25 -
T -
o 10 20 © 70 100 200 400

WAVILENGTH, MICRONS
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Cadmium
MATERIAL: Telluride
FORM Bulk
THICKNESS 0.172 mm

RAY ORDINARY B , EXTRAORDINARY 0O

WAVELENGTH  12_5 - 300 m
TEMPERATURE g 300 °K
METHOD Interference

REFERENCE  Johnson, et al. (40781)

REMARKS Resistivity = 8, 5x10° ohm-cm

Figure 5-99




Cadmium

e e L A

PARAMETER: Temperature MATERIAL: _Telluride
3 FORM Bulk, Polycrystalline ;
90°K i
2t THICKNESS Not stated mm
RAY ORDINARY & , EXTRAORDINARY g_
WAVELENGTH 50 - 78 M
TEMPERATURE 90, 300 K
. ; METHOD Reflection
X3
g REFERENCE Mitsuishi (481)
w U
E, g REMARKS
& 2
Tk
Figure 5-100

WAVELENGTH, MICRONS

t | 1 1 ! 1 J
0.025 0.021 0.018 0.016

PHO"ON ENERGY, oV
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Cadmium
: PARAMETER: Temperature (Cont'd from preceding page) MATERIAL: Telluride
13
L 200
172
e
}
k-

Figure 5-101

REFXACTIVE INDEY, n
FUONCTION COIFFKC e NT, &
o
7

& 1)

40

3

riad

[

'/\_
0 i i i i
50 &0 70 80
WAVELENG TH, MICRONS

L 1 ! 1 1 i i

0 025 0.02 0018 0 016

PHOTON ENERG Y, eV
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Jamrcere |

PARAMETER: Temgerature

Y

(1/n){dn/dT) = (4. 02 % 0.05)x107° (°K)~!

5-95

Cadmium

MATERIAL: _Telluride

FORM Bulk, Single Crystal

THICKNESS Not stated mm

RAY ORDINARY [ , EXTRAORDINARY [

WAVELENGTH 10.6 L
TEMPERATURE 293 . 318 °x
METHOD Interference

REFERENCE Weil & Johnson (31152)
REMARKS

Table 5-39
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ZINC SELENIDE

INTRODUCTION

Zinc selenide is a semiconductor that has found application in
infrared optics and in cathodoluminescence. Zinc selenide is a rela-
tively new material and no generally recommended preparation method
appears to have evolved thus far, Preparation methods include the
direct preparation from the elements (Zn + Se) under argon and the
reduction of a solution of zinc selenite hydrazine with subsequent
decomposition of the precipitated hydrazine complex by addition of
acetic acid., Typical crystal growth methods use zinc selenide powder
as starting material for the growth of single crystals,

Zinc selenide transmits infrared light to a wavelength of eighteen
microns as shown in Figure 1-9, Evaporated films of zinc selenide

8 to 109 ohm-cm at 300°K. Tne physical prop-

have a resistivity of 10
erties of zinc selenide were summarized in Table 1-1 and are given in

greater detail in EPIC Report S-11,

DATA

All data presentations for zinc selenide are listed in Table 5-40
and a summary of wavelength and ternperature coverage is plotted in
Figure 5-102. Refractive index data as a function of wavelength are
shown in Figures 5-103 to 5-111 and Tables 5~41 to 5-42. The data
agree qQuite well with one another from one to twenty microns, but at
lcager wavelengths the data are rather scattered. The only single
crystal result agrees fairly weil with pelycrystalline data over the
range from 1.0 to i. 8 microns. The zinc selenide compilations also
include a number of plots of exiiunction coefficient measurements, The
temperature dependence of the refractive index and the exiinction

coefficient is the gubject o1 Figures 5-112 to 5-118,

PRECEDING PAGE BLANK
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Table 5-40,

List of Zinc Selenide Data

T S e

1]
Wavelength, | I
{Micron) i i
¥
Figure | Zable | nork | Form Crystal From To Remarks | Parameter g
|
5-103 n k Bulk Single 20 85 I Wavelength
5-104 Bulk Polycryst 0.8 2.5 ! Wavelength |
5-106 Bulk Polycryst 2.0 13 198°K | Wavelengtn
i 3
5-106 Bull. Polvcryst 2.0 14 295°K i Wavelengtr
5-107 | 5-41 Bulk | Polycryst 1.0 29 | Waveienetr |
5-108 n, k Bulk Polycryst 10 120 90°K Wavelength E
5-109 n, k | Bulk | Polycryst | 10 125 300°K { Wavelength §
5-110 n, k Bulk Polycryst 28 67 T7,290°K | Wavelength |
5.111 { nok | Bulk | Polycryst | 28 6 77,290°K | Wavelength
5.42 n Film | » 0.8 1.9 ! Wavalength, |
5-112 n, k Bulk Single 20 85 { Temperatere .,
5-113 Bulk | Polycryst 2,0 13 198'K ; Temperature |
5-114 Bulk | Polycryst 2.0 1 1% 295'K ’ [femperature z
5-115 n, k Bulk Polycryst 10 124 30°'K ; Temperature %
5-116 n, k Bulk Polycryst 10 12% 300" K i Temperature
5117 n, k Bulk Polycryst 28 67 7%, 290°K | Temperature l
5-118 n, l;l Bulk Folycryst 28 67 77.290°K | Temperature i
sNot stated
1000 E
2 o b
/‘) -
l" -
i -
= L
L g =
Q
rd
§ -
S
<
z 10
-
; ;
¢ 100 200 300 400 500

Figure 5-102,
Range for Zinc Selenide Data

TEMPERATLRE, *K

5-98

Wavelength and Temperature




PARAMETER: Wavelength

EXTINCTION
COEFFICIENT, &

REFRACTIVE INOER,

[N -

> &> o O
TV T T I Ty Yy Ty vy T T ]

8

30 L] 50 & 70 80

HAVELENGTH, MICRONS

5-99

MATERIAL: Zinc Selenide

FORM bBulk, Single Crystal

THICKNESS Not stated mm

RAY ORDINARY Bl , EXTRAORDINARY [

WAVELENGTH 20 - 85 M
TEMPERATURE 100, 300 oy
METHGD Reflection

REFERENCE Manabe, et al. (28526)
REMARKS

Figure 5-103

bk N Sihorbiie
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PARAMETER: Wavelength MATER!AL: Zinc Selenide

fORM Bulk, Polycrystalline

‘ THICKNESS NA (Prism) mm
] 2.5 RAY ORDINARY (8 , EXTRAORDINARY O
A
5 e WAVELENGTH __ 0.8 - 2.5 ™
§ 2.4 TEMPERATURE  ~298 °K
'2-. .46
g \ MEYHOD Deviation
o 2.M4p
a2 Coy 4 L 4 a1 REFERENCE Marpile (15085)
0.8 1.0 1.2 1.4 4 18 2.0 22 2.4 2.6
REMARKS Crystal was prepared

WAVELENG TH, MICRONS

by bonding two to four single

crystals together.

Figure 5-104

5-100




PARAMETER

o

2.4300
c

% 50
8

z 00

¥ 50

g 00

- £
o

2 4000

0|

0

50

o0

50

on

00

5¢

00

50

00

50

2.4300
€

. 50
o]

2 00

g 50
s

"<’ 00
a

] 0r

-

2,4000

50

00

50

00

50

00

8 8 8 8B ¥
I

. Wavelength
198°K
;-

SN VA SN DN SN0 S NUUUN SRS SN N T S
0 2 4 [ 8 0 12 4
WAVELENG TH, MICRONS

295°K
{ I S WA SN NS VN NN SN NN N NS A S |
0 2 4 [ ] 10 n 1]

WAVELENGTH, MICRONS

5-101

MATERIAL: 2Zinc Selenide

FORM Bulk, Polycrystalline

THICKNESS NA (Wedge) mm

RAY ORDINARY B§ , EXTRAORDINARY 0

WAVELENGTH __ 2 - 14 u
TEMPERATURE 198, 295 L%
METHOD Deviation

REFERENCE Hilton and Jones [1967]
REMARKS

Figure 5-105

Figure 5-106
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A

PARAMETER: Wavelength MATERIAL: Zinc Selenide

i n K rcnatf 0 £ Lutil] A

FORM Bulk, Polycrystalline

THICKNESS Not stated mm

it

RAY ORDINARY [3 , EXTRAORDINARY 0J

"

- ®
». 3 24 WAVELENGTH 1.0 - 20 M
g 2.4 KTRAN®4
PP [T S T S M S VAR W TEMPERATURE 298 °K
§ 2 4 6 [ 10 12 14 16 ! 20
WAVELENGTH, MICRONS METHOD Not stated
REFERENCE Kodak [1967]
REMARKS IRTRAN-4 material

Figure 5-107

Wavelength, | Refractive | Waveleagth, | Refractive
{Microns) Index, n {Microns) Index, n
1, 0000 2,485 7. 0000 2.423
1. 2500 2, 466 7. 2500 2.422
1. 5000 2,456 7.5000 2. 421
1.7500 2, 450 7.7500 2.419
2, 0000 2. 447 8. 0000 2.418
. . 2, 2500 2, 444 8. 2500 2. 417
2, 5000 2. 442 8. 5000 2.416
2, 7500 2,441 8, 7500 2.415
3, 0000 2, 440 9. 0000 2,413
3, 2500 2,438 9, 2500 2.411 Table 5-41

3. 5000 <. 437 9. 5009 2.410
3, 7500 2. 436 9. 7500 2,409
4, 0000 2. 435 10, 0009 2,407
4, 2500 2,434 11,0000 2,40}
4, 5000 2,433 12,0000 2.3%4
4, 7500 2,433 13,0000 2.386
5.0009 2,432 14, 0000 2.378

5. 2506 2,431 15,0000 2.370 .
3, 5000 2.430 16,0000 2 361
. 7590 2 429 17. 0000 2,352
6, 0000 2.128 18. 2000 2. 343
6, 25C0 2,426 19, 000C 2,333
' 6, 5000 2,425 20, 0000 2,323

) 6, 7500 2,424

5-102
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PARAMETER: Wavelength

REFRACTIVE INDEX, n
EXTINCTION COEfTICIENT, k

KEFRACTIVE INDEX, n
EXTINCTION COEFFICIENT,

[}

WAVELENGTH, MICRONS

25
300°K

WAVELENG TH, MICRONS

5-103

FORM Bulk, Polycrystalline

MATERIAL: zZinc Selenide

THICKNESS

Not stated

mm

RAY ORDINARY 8 ,

EXTRAORDINARY [}

10 - 125

WAVELENGTH M
TEMPERATURE  ©0» 307 o
METHOD Reflection

REFERENCE Hadni, et al. {29510)
REMARKS

Figure 5-108

Figure 5-109
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PARA?ETER: Wavelength

REFRACTIVE INDEX, n

REFRACTIVE INDEX, n

o
3

3
T

EXTINCTION COEFFICIENT, k

T

ERTINCTION COEFFICIENT, k

WAVELENG TH, MICRONS

_k, T°K

1

VAVE NUMBER, CM™!

) 1 1

30 L

WAVELENG TR, MICRONS

MATERIAL: Zinc Selenide

FORM  Bulk, Pelycrystalline

THICKNESS ____ Not stated mm

RAY ORDINARY (X , EXTRAORDINARY O

WAVELENGTH 28 - 67 m
TEMPERATURE 77, 290 o
METHOD Reflection

REFERENCE Hadni, et al. (34136)
REMARKS

Calculated by Kramers-Kronig Method
Figure 5-110

Published with permissisa
Copyright © 1068 Akedamis Verlog

Calculated by Lorentz Oscillator Theory
Figure 5-111
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PARAMETER: _Wavelength

Wavelength,

(Microns) Refractive Index, n
0.8 2. 50
0.9 2,47
1.0 2, 46
1.1 2,45
1.2 2. 44
1.3 2.43
1.5 2.42
1.7 . 41

>1.9 2,40

et e e s o - .

5-105

MATER!AL: Zinc Selenide

FORM Filin

-3
THICKNESS  ~0.8 x 10 mm

RAY ORDINARY (@ , EXTRAORDINARY s}

WAL TLENGTH 0.8 - 1.9 M
TEMPERATURE  ~ 98 g
METHOD“ Interference

REFERENCE Fischer, et al, (15559,
REMARKS Evapcrated film on

borosilicate glass substrate.

Table 5-42




PARAMETER: Temperature

z. 9f Znse
2% sk e 300°K
=3 L. ! .
LZJY P ) -—ow 100°%K
= . /
"3 sl K/
v i+ / \
o \,
Sk
g s | Znse
4 C !
¢ F i
]
“.'.N. !
& AR ENEL YL N 1
20 30 40 30 8 0

WAVELENG TH, MICRONS

- ey ———————— e

5-106

MATERIAL: Zinc Selenide

FORM Bulk, Single Crystal

THICKNESS Not stated mm

RAY ORDINARY B , EXTRAORDINARY DO

WAVELENGTH 20 - 85 m
TEMPERATURE 100, 300 °x
METHCD Reflection

REFERENCE Manabe, et al. (28526)
RéMARKS

Figure 5-112




H 4 ) 8 10 7 4

3
i PARAMETER: Temperature MATERIAL: Zinc Selenide
E
% FORM Bulk, Polycrystalline
50
oo} THICKNESS NA {Wedge) mm
w»—
198°K
ot RAY ORDINARY (§ , EXTRAORDINARY 0O
50
e T WAVELENGTH 2 - 14 "
X o
8w TEMPERATURE 198, 295 °k
g or
! g o METHOD Deviation
3 & 0}
F " 200 REFERENCE Hilton and Jones [1967]
50 +
" REMARKS
50
i ol
50
; o0 N VU N N N WU S SOV VNS NI S N S |
] 2 4 [ & 10 12 14
WAVELENG TH, MICRONS Figure 5-113
Z
00
3 50 |~
2 00 }.
3 295°K
5
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) 0}
.. . 2,4300 -
X N
- 8 wl
~e l;‘ s 3
: ol Figure 5-114
- £ o
24000 |-
> ” L
. o[-
— % -
A ok
b 0 |-
% B3 TN U VAU T S W T VOO S OO T B W O

- v
e
o

WAVELENGTH, MICRONS

i

SR gk

5-107

L, -

&




PARAMCTER: Tempearature MATERIAL: Zinc Selenide

FORM Bulk, Polycrystalline

: B - THICKNESS Not stated mm
K
c z Ly RAY ORDINARY & ., EXTRAORDINARY [J
XY
58 or WAVELENGTH 10 - 125 “
£ '
g § or TEMPERATURE 90, 300 ok
g%
g ST N o METHOD Reflection
----_:\ jl Lk .
] ” . - —~ R REFERENCE Hadni, et al, {29510)
WAVELENGTH, MICRONS REMARKS
Figure 5-115
25
300°K
X ol
[ § 2
x
- ;, 5|
¢S Figure 5-116
g g wf
g9 k
8 Sr | temeccrmccnmm——an
‘._N {} k ) ! ]
; [ 25 50 7 100 125 15

WAVELENG TH, MICROMS

gy
. f
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PARAMETER: Temperature MATERIAL: Zinc Selenide
E o} b TR FORM Bulk, Polycrystalline
= THICKNESS Not stated mm
s} A RAY ORDINARY (¥, EXTRAORDINARY [J
1
& = | WAVELENGTH 28 - 67 m
; g i - k, 290°K
3 s 2 sk | TEMPERATURE 77, 290 ox
E 8 .
g g B \\ METHOD Reflection
= t
: w0h: \ REFERENCE Hadni, et al. (34136)
8 o
3 § - REMARKS ITRAN-4 material
§ 5 Calculated by Krarers-Kronig
g
] - method,
E‘ ol Figure £-117
! . WAVELENG TH, MICRONS 3":;?%63&?&"5?&“\;..“,
- Lk T
10
= L/ k, 290°K
% Calculated by Lorentz Oscillator Method
15 w
§ Figure 5-118
L. Z
Q
: z
5“ [ %
a -y
z
¢
v}
g
g °r
. oL
1 WAVE NUMBER, CM”!
! L ! ) 1 ! 1 1 |
.3 67 0 4 33
- WAVELENGTH, MICRONS 5_ 109
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GENERAL

CHAPTER 6

REFRACTIVE INDEX DATA FOR SILICA-GUARTZ-
SILICON DIOXIDE

This Chapter describes a class of materials called ''quartz",

"silica', or ''silicon dioxide''.

There exists in quartz and silica a great deal of confusion in

nomenclature. Laufer [1965| distinguishes five materials which in

turn are described by many terms. Table 6-1 presents Laufer's terms

for the five materials.

Modern optical glasses are made under adequate quality control

and many recent publications do not distinguish materials in the manner

shown in Table 6-1,

types of quartz or silica:

1.

2.

Crystalline Silica

Fused Silica

Table 6-1i.

Therefore this Report distinguishes only two

Terms Used for Five Silica Materials

High Silica Glass

Natural Quartz

Cultured Quartez

Transparent Vitreous Silica

Translucent Fused Silica

Silica Glass
Vitreous Silica

High Silica Glass

Quartz

Crystalline Quartz
Quartz Crystal
Natural Quartz

Reck Crystal

Cultured Quartz

Synthetic Quartz

Synthetic Quartz Crystal

Quartz

Quartz Giass

{Quarzglas, in German)
Fused Quartz

Vitreous Quartz

Fused Quartz Glass
Optical Quartz Glass
Optical Fused Quartz
Clear Fused Quartz
Tranaparent Fused Quartz
Fused Silica

Jyathetic Fused Sitice
Traasparent Fused Silica
Clezr Fused Silica

Silica Glass

Transparent Vitreous Silica
Clear Vitreous Silica

Vitreous Silica

Translucent Fused Quartz
{Quarzgut, in German)
Translucent Fused Silhica
Fused Sihica

Translucent Vitreous Silica

Vitreous Silica

6-1
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SILICA, CRYSTALLINE

INTRODUCTION

Crystalline silica, also called a-quartz, is the only crystalline
form of silica that is stable below 846°K at atmospheric pressure. It
is a uniaxial birefringent crystal (hexagonal) that has a resistivity of
approximately 101 ohm-cm at 300°K. Crystalline silica exhibits
strong optical absorption due to lattice absorption bands between 5 and
37 microns in wavelength, becoming transparent again from 50 to
1000 microns, as shown in Figure 1-4. The transmittance in the far
infrared has led to the use of this material as window material in this
region and for eliminating high-order radiation in far infrared grating
spectrometers. Other applications of crystalline silica include
piezoelectric crystals and electromechanical transducers.

Most high grade natural crystalline silica is obtained from Brasil.
Material of similar quality has been synthesized by hydrothermal
growing. The physical properties of crystalline silica are summarized
in Table 1-1.

DATA

The data for crysta'line silica are listed in Table 6-2 and
datailed in Figures 6-1 to 6-15 and Tables 6-3 to 6-6. Table 6-3
represents a composite of early data for the near infrared region.
The wavelengths covered in the data are from 1 to 600 microns and
all data were gathered at room temperature. In additional to the
refractive index for the ordinary ray, a great deal of refractive index
data for the extraordinary ray is included. In general, the data show

good agreement in refractive indices.

PRECEDING PAGE BLANK
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Table 6-2.

List of Crystalline Silica Data

6-6
6-7
6-8
6-9
6-10
6-11

6-12

6-13
6-14

6-15

Table

6-3

6-4
6-5

6-6

nO ne
X
X
X
X
X
X

X
X

X
X

.X
X
X
X X
X

X
X
X

Form

Bulk
Bulk
Bulk
Bulk
Bulk
Bulk
Bulk
Bulk
Bulk
~ Bulk
Bulk
Bulk
Bulk
Bullk
Bulk
Bulk
Bulk
Bulk
Bulk

Crystal

Wavelength
(Microns)
From Teo

7 14

5 14

6 33

6 33

6 35

1 4
80 200
80 300
27 63
27 63
50 500
50 500
40 500
70 300
100 300
130 600
180 600
180 500
337 337

Parameter

Wavelength
Wavelength
Wavelength
Wavelength
Wavelength
Wavelength
Wavelength
Wavelength
Wavelength
Wavelength
Wavelength
Wavelength
Wavelength
Wavelength
Wavelength
Wavelength
Wavelength
Wavelength

Wavelength
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PARAMETER: Wavelength MATERIAL: Crystalline
FORM  Builk
THICKNESS not stated mm
o RAY ORDINARY (@ , EXTRA?RDIMARY 0
g Nl WAVELENGTH  7-14 N
§ . TEMPERATURE  ~298 oK
g . -n/\/_/\A/— METHOD Reflection
e T T e e e e REFERENCE Simon (39827)

-1
WAVE NUMBER, CM REMARKS Crystal cut perpendicular

i i ! | i { 1 |
43R5 M l00 90 83 76 to the optical axis
WAVELENGTH, MICPONS
Figure 6-1

THICKNESS 0,025 - 0.05 mm
3 RAY ORDINARY E . EXTRAORDINARY [
\ WAVELENGTH 5-14 m

2 -

TEMPERATURE ~298 °k

. \ METHOD Interference

REFERENCE Ramadier-Delbes (39712)

REFRACTIVE INDEX, -

1
4 5 6 7 é ? w0 1 o1 3 1 REMARKS

WAVELENGTH, MICRONS

Publishad wif: permiseion
Copyrigh@®15Ct Commission dos
Pubiicetiora fraxcoisss do Plysigue

Figure 6-2
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. Silica,
v PARAMETER: Wavelength MATERIAL: Crystalline

FORM Buylk

t THICKNESS 0,030 mm ..

RAY ORDINARY B , EXTRAORDINARY O --

< : £1c .
3 . WAVELENGTH 6-33 M
- s r o=
g4 TEMPERATURE 298 ok
g 2
§ ; 1 h 4\ AL/ \ ] METHOD Reflection

00 400 4 %0 1000 1200 1400 1600

WAVE NUMBER, CM”! : REFERENCE Haefele (40240)
{ 1 i 1 L 1 | J
33250 17 125 10 83 21 6.2 REMARKS
WAVELENG TH, MICRONS
Figure 6-3
Published_ with pormission
Copyright@ ne2  Springer-verieg

)
¢ 1 ENC
§

4
£,
g 2
§ (; 1 | 1 i 1 |

00400 &0 800 1000 -‘mo 1400 1600 Figure 6-4

WAVE NUMBER, CM
i 1 A [] L ] 1 J
0.3256 167 125 100 83 75 8.2

WAVELENG TH, MICRONS
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PARAMETER: Wavelength

HEFRACTIVE INDEX, n

THE EXTRAORDINARY RAY )} AS ORTAINED €2024
ANALYSIS OF THE REFLECI VITY.

(o)
ELC

6 8 10 1214 16 18 20 22

S U B T

T

24 26 28 30 32 34

WAVELESNG TH, MICRONS
THE REFRACTIVE INDEX OF QUARTZ FOR THE ORDINARY RAY PLAND

THE DISTERIION

Refractive Index

Wavelength,

{Microns) n, n, Ref
1.0417 1.53442 1.54317 a
1.0973 1,53366 1.54238 a.
1.1592 1.53283 1. 54152 a
1.2288 1.53192 1. 54057 a
1. 3070 1.53090 1.53951 a
1. 3685 1.53011 1.53860 a
1. 3958 1. 52977 1.53632 a
1.4792 1.52865 1, 53716 a
1.5414 1.52781 1.53630 a
1.6146 1.52679 1.53¢24 a
1. 6815 1.52583 1. 53422 a
1.7437 1.5248 1.53319 a
1.9457 1. 52184 1.53004 a
2.0531 £. 52005 1.52823 a
2,60 1.50966 - b
3.00 1.49953 - b
3. 50 1.48451 - b
4.00 1.46617 - b
4.20 1.4569 - c

6-7

Silica,
MATERIAL: Crystalline

FORM Bulk

THICKNESS 0. 0202

mm

RAY ORDINARY B , EXTRAORDINARY 3

WAVELENGTH 6-35 u
TEMPERATURE 297 %
METHOD Reflectivity

REFERENCE Spitzer & Kleinman (186Y0)

REMARKS «a-quartz
Figure 6-5
THICKNESS  Not stated mm

RAY _ORDINARY £J , EXTRAORDINARY

WAVELENGTH 1.0 — 4.2 M
TEMPERATURE 291 °K
METHOD Not stated

REFERENCE Smakula {1952]

REMARKS References for this Table:

(a) Carvallo, A., Compt. rend.
Vol, 126, (1898), p. 728.

(b) Kohlrausch, F., '"Praktische
Physik, " Vol. II, 18th Ed.,
B.G. Teubner, Leipzig, (1943),
p. 528,

(c) Rubens, H,, Wied. Ann., Vol. 54,
(1895), p. 488.

Table 6-3
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PARAMETER: Wavelength

ELOPMTIC AXIS

1 T
g FRTES I 1
g il
g 210
2,08 1 ] 1
140 100 2

WAVELENGTH, MICRONS

L 1 1 1 }
500G 10,000 15,000

WAVE NuMBER)?, cm 2

E 1) OPTIC AXIS
2.20 +

i

REFRACTIVE INDEX, n
(C]
)
T

2.6 | 11 I l

2,4 A ‘ 1
0 5000 10,000 15,000

WAVE NUMBER), cM~2
L 1 1 1 ]
140 100 )

WAVELENGTH, MICRONS
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Silica,
MATLvRHAL: Crystalline

FORM Bulk

v

THICKNESS ~1 i

Ao

RAY ORDINARY Kl , EXTRAORDINARY @&

WAVELENGTH 80 — 300 “
TEMPERATURE 298 K
METHOD Transmission

REFERENCE Roberts & Coon (18253)

REMARKS Brazilian Quartz

Figure 6-6

Figure 6-7




E N G eptEEER T RN
rg - Silica.
:i . PARAMETER: Wavelength MATERIAL: Crystalline
' FORM  Bulk
3.0 - THICKNESS __ 0. 0766 om
3 /
RAY ORDINARY {3 , EXTRAORDINARY g
] 2.60 - ORDINARY RAY WAVELENGTH 27 —63 M
! TEMPERATURE 301 og
g reor METHOD Interference
E £ REFERENCE Russell & Bell (28888)
1
; ] REMARKS
: 2.20 I-
a reo b Figure 6-8
: L_ ! 1 1 !
;- 150 o 2% 300 150 400
WAVE NUMBER, CMm™!
[ { 1 }
.. 62.5 8. 3.3 25
WAVLLENG TH, MICROMS
3.00 -
. 2.80 -
' EXTRACRDINARY RAY ...
1 ¢ Figure 6-9
- 5 2.60 I
z
- E
19
- g 2.0 | /
. nl /
u? 2.00
= 1 1 1 i
150 200 2% 300 3% 400
I WAVE NUMSER. M~
) LL — i 1 }
{19 62.5 a7 8.3 25 6-9
s I WAVELENGTH, MICRONS
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PARAMETER: Wavelength

—
i Refractive Index,
Wavelength, | Ordinary Ray 'Extraordinary Ray
Microns (no) {(n_ )
. e
100-300 2.10 0, 03(3) -
165-240 211 20,03 | 2,16 £ 0,02(?)

6-10

Silica,
MATERIAL: Crystalline

FORM Bulk

THICKNESS 0. 255 nm

RAY ORDINARY B8 EXTRAORDINARY &

WAVELENGTH 100 — 300 B
TEMPERATURE 300 °K
METHOD Interference

REFERENCE Berman & Zhukov (36032)

REMARKS

(a) crystal cut Ll to optical axis

(b) crystal cut " to optical axis,
(X cut)

Table 6-5
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Silica,

PARAMETER: Wavelength . MATERIAL: Crystalline
2.125 FORM Bulk
i THICKNESS 1. 0497, 4.7873 mm
2,120
: F RAY ORDINARY & , EXTRAORDINARY B
3 "
§ 2.nsF WAVELENGTH 180 ~ 600 u
i F TEMPERATURE 301 ok
E 2.110} ORDINARY RAY
- 0s. METHOD Interference
-—-/é‘no?m - 2.106,
2.105 L L REFERENCE Russell & Bell (28888)
20 30 4 50
WAVE NUMBER, CM”! REMAKKS
I T O D ! 1 ] Ll
1000 500 333 250 200 182

WAVELENG TH, MICRONS

Determination of the extrapolated, zero-frequency ordinary- and
extraordinary-ray refrac've nd.css of quartz. The extrapolated
values, ns{0) = 2,1062 and ne(0) = 2, 1538, have an experimentul uncer-
tainty of #0.001, which 1s much larger than 1s annarent from the con-
sistency of the data

2.165
L
‘. 2160 /
< [ EXTRAORDINARY RAY
X -
Z B
¢ 2058
5 Pa— 1,(0)=2.153,
4 N
™
ﬁ —
2,150
2.148 :LI_J_L__J A | I 1 i
o 20 30 40 50
WAVE NUNBER, CM™!
[ T O N W | | { 1 [}
1000 500 333 250 200 182

WAVELENG TH, MICRONS
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Figure 6-13

Figure 6-14
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PARAMETER: Wavelength

2,30
[
g 200
- Q,
£ | e eI,
3 20 o
&
1 1 L i
2% 0 » © 50 @
WAVE NUMBER, CM™!
[ 1 | l |
500 2% 187
WAVELENG TH, MICRONS
Publiohed with pormission
Coppighi @968 Mot Milion Clournais) Lid.
Wavelength,
Microns Refractive Index, n
337 2.132 £ 0,026

e e et e e

6-12

Silica
MATER!AL:_C vystalline

FORM  Bulk

THICKNESS 0.48 mu

RAY _ORDINARY B , EXTRAORDINARY g -

WAVELENGTH 186C — 500 M
TEMPERATURE ~298 ok
METHOD Interference

REFERENCE Chamberlain (40179)

REMARKSE Orunl; Orun 2; ¢ run 3

» Figure 6-15

THICKNESS 3-7 mm

RAY_OSDINARY (1 , EXTRAORDINARY 0O

WAVELENGTH 337 m
TEMPERATURE ~298 og
METHOD Interference

REFERENCE Chamberlain & Gebbie(40177)

REMARKS Use of CN maser a°

radiation source.

Table 6-6




13-
s Silica,
PARAMETEFR: Wavelength MATERIAL: Crystalline
[f ==
E 3 .
1 2.20 FORM  Bulk
T " THICKNESS 1. 0497, 4.7873 o
2207 £1C RAY ORDINARY & , EXTRAORDINARY 8
i WAVELENGTH 50 — 500 M
- | TEMPERATURE 301 oy
4 I § METHOD Interference
11 £ wp
c 2 REFERENCE Russell & Bell (28888)
-t g
2 \ REMARKS
—-a 2,140
- 2120 J—
- / Figure 6-10
2 --/
©oe 2.100 ! L 1 !
L 0 0 100 150 20 250
& WAVE NUMBER, CM™
¢ . | I i 1 4 1 J
182 100 62.5 30
T WAVELENG TH, MICRONS
]
2.270
Eng '
2.25 |
{; - 2,230 |-
f . 7
S
] Figure 6-11
- 2 220}
i s
.8
]
oo 2.9
&
{
' , i 2.m |
o
% S
i
A . .
] E 2.150 1 1 1 ]
i g - 0 50 100 150 200 250
& : WAVE NUMSER, CAC!
& B L ] : 1 i 1
'k - 182 100 2.5 ) 6-13
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Silica

PARAMETER: Wavelength MATERiAL: Crystalline
FORM Bulk
i
2.30 THICKNESS ~0.6 mm
[3 %?“
§ T o RAY _ORDINARY B , EXTRAORDINARY O
z g g BTt g
2.0 " 40 -~ 500
g . %R;(‘S;ALLIM QUARTZ, WAVELENGTH "'&
g 2.00 |- c%uvsuumswmz, TEMPERATURE ~298 %%
SN Y N N TN T U S S 2N U TR T T N T 1
1% o - ~ po METHOD Interference
WAVE NUMBER, CM! REFERENCE Ceick (39706)
L 1 1 1 1 ]
200 100 62.5 %0 REMARKS

WAVELENG TH, MICRONS

Published _ with permission
Copyeight@ NG Springer- Verleg

Figure 6-12

THICKNESS 1,2 mm
Wavelength,
(Microns) Refractive Index, n RAY ORDINARY B , EXTRAORDINARY [
m ,
WAVELENGTH 70 — 300 "
70-300 2.2+ 0,02
TEMPERATURE __ 298 ey
METHOD Interference

REFERENCE Poiusot, et al., (40710)

REMARKS

Table 6-4
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SILICA, FUSED

INTRODUCTION

Fused silica is considered to be a glass and in common with other
glasses, its transmission spectrum shows a deep absorption near
2.8 microns and poor transmission at longer wavelengths (Figure 1-5),
The absorption in this region is caused by O-H stretching bands,

Fused silica is used in innumerable technical applications because of
its optical, thermal, mechanical and electrical properties,

Classically, fused silica is prepared by fusion of crystalline silica.
Material of very high pruity can be made by hydrolysis of silico.
tetrachloride at high temperature where the product, (fused silica) is
deposited on a2 substrate,

The physical properties of fused silica are summarized in

Table 1-1 and its transmission in the far infrared is plotted in Figure 1-6,

i DATA

The data for fused silica are listed in Table 6-7 and their temper-
ature range is plotted in Figure 6-16. Refractive index spectra for
bulk fused silica are offered in Figures 6-17 to 6-235 and Tables 6.8 to
6-15; similar data for film fused silica are prcvided in Figures 6-24
and 6-25, Comparison of the data shows good agreement to approxi-
mately eight microns with a wider spread in data at longer wavelengths,
The meager film data show good agreement with bulk data. Tha tem-
perature dependence of the refractive index of bulk fus=2d silica is the
subject of Table 6-16 and Figure 6-26, while film data are showr in
L Figure 6-27, Figure 6-27 indicates an increase in refractive index with
. temperature at wavelengths below nine microns, and the opposite effect
at longer wavelengths, The effects of ultraviolet radiation or simulated
Apollo mission space environment are ‘he subjects of Figure 6-28 and

Table 6-17, respectively,




Table 6-7. List of Fused Silica Data
| Wavelength (microns)

Figure | Table n, k Form Crystal rom To Remarks Parameter
6-17 n Bulk 0,4 3,5 Wavelength
6-18 n Bulk 0,2 2,5 Wavelength

6-8 n Bulk .7 3.7 Wavelength
6.9 n Bulk 0.4 1.08 Wavelength
6-10 n Bulk 0,7 3.1 Wavelength
6.11 n Buik 1.0 1.5 Wavelength
612 % Bulk 1,0 3.4 Wavelength
£.13 n Bulk 1,0 2.6 Wavelength
£-19 n Bulk 7.7 12 Wavelength
6-20 n Not Stated 6 100 Wavelength
6-21 n Not Stated 30 2000 Wavelength
6.14 n Bulk 50 400 Wavelength
6-22 n Bulk 85 200 Wavelength
6-23 n Bulk 111 600 Wavelength
6-15 n, k Bulk 2000 2000 Wavelength
-24 n Film 0,2 1.6 Wavalength
23 n Film 7 1 291.1543°K | Wavelength
6-16 n Bulk 1.0 3.4 1255-1101°K | Temperature
6-26 dn/dT | Bulk N 0,2 4.0 293.303 Tempor-eture
6-27 n Film 7 H 291-1543 Temperature
6-28 n Film 0,2 1.5 UV Light Dadiation
6-17 n Bulk 0,23 3.4 |Space Radiation
Radiation
1000 -
Z wop
§ -
2 "
: |
H
2 ol
1 4 . 4 4 1 1 4 1 L 1
0 200 400 600 800 1000 1200
TEMPERATURE, *K

Range of Fused Silica Data

6-16

Figure 6-16, Wavelength and Temperature
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RCFRACTIVE INDEX, n

PARAMETER: " avelengin

1.4800
1.4650
1.4500 -
1 4350 -
\
A\
\
E‘.')!IMATED \
14200 - VALUES \
1.4050 _ 1 1 t
0.3 0.5 1.0 2.0 5.0
WAVELENG TH, MICRONS
. 2
Equation (1) n = 2,979864 +

g T SRR, L S35y e s s — o gt AR

FORM Bulk

THICKNESS NA (Pirism) mm
RAY ORDINARY B , EXTRAORDINARY [0
WAVELENGTH 0.,4-3.5 m
TEMPERATURE 297 °k
METHOD Deviation

REFERENCE Rodney and Spindler (39714)

REMARKS

Heraeus B quartz

Most probable values of refractive

indices of pure fused-quartz at 297°K

for various wavelengths, computed
from equation (1)

0,008777808

Figure 6-17

84. 06224

2

A —0,010609

96, 00000 — A%

where N = wavelength in microns,

6-17




TR YT T
y

¥
E: PARAMETER: Wavelength MATERIAL: Silica, Fused
FORM Bulk
i
1,540 THICKNESS NA (Prism) mm
RAY ORDINARY Kl , EXTRAORDINARY 0O
Lsp ) WAVELENGTH 0,2 - 3,5 u
: TEMPERATURE _ 293 °K
1.500 |- METHOD Deviation
E
- c REFERENCE Malitson (21758)
8
g 140 REMARKS The dispersion equation (2)
§ is valid for interpolation to five
- Lo |- decimal places over the measured
' wavelength range.
Figure 6-18
1.4 |-
Law |-
1.400 | 1 1 H i
0 0.2 04 0.8 1.0 2.0 4.0
WAVELENGTH, MICRONS
2 0. 69616631 0. 4079426)° 0. 8974794\
Equation (2) n-1-= * + * + *

X — (0.0684043)% N2 — (0.1162414)% 3% —(9.896161)°

where A = wavelength in microns,

6-18
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PARAMETER: Wavelength MATERIAL: Silica, Fused

FORM Bulk

THICKNESS NA (Prism) mm

RAY ORDINARY [ EXTRAORDINARY [

WAVELENGTH 0.7 -3.7 B
TEMPERATURE 293 o
METHOD Deviation

REFERENCE Malitson (21758)

REMARKS Computed refractive index

for three products

Table 6-8. Computed Refractive Index and Residuals

Wavetength | Spectral ! Computed c-p-G-g* Corning No, 7940 Dvnasil General Electric No, 151
microns source index residual X 10 residual X 10 residual X 10 residual X 12
0. 706519 He 1. 455145 ¢+ 5 + 10 + 12 + 1
0, 852111 Cs 1, 452465 + 5 + 8 + 3 + 5
0, 394350 Cs 1.451835 + 5 + 11 + 5 + 10
1,01398 Hg 1. 450242 + 8 + 6 + 3 + 6
1. 08297 He 1. 449405 - 5 + 8 + 1 + 9
1.12866 Hg 1, 448869 + 1 + 7 + 8 + 9
1. 3622 Hg 1, 446212 - 12 - 6 - 14 - 12
1, 39506 Hg 1, 445836 + 4 - 1 + 4 - 3
1, 4695 Cs 1. 444975 - 5 + 3 + 9 + 10
1, 52952 Hg 1,444268 + 2 + 8 + 6 0
1. 6606 TcB® | 1442670 .20 214 <19 -n
1, 681 Poly® 1, 442414 + 06 -2 - 10 + 8
1, 6932 Hg 1.442260 0 + 7 - b + 1
1. 70915 Hg 1. 442057 + 3 0 + 3 -1
1, 81307 Hg 1. 440699 t 21 - 7 - 7 + 6
1.97009 Hg 1. 4385:2 + 1 + 6 + 12 + 12
2.0581 He 1,437224 4 - 3 - 9 - 11
2,1526 TCB 1, 435769 - 29 -~ 22 - 25 - 24
2, 32542 Hg 1, 432928 - 18 - a3 - 3 - 6
2,4374 TCB 1. 430954 - 24 - 23 - 21 - 14
3, 2439 Poly t.413118 + 32 + 21 + 29 + 25
3, 2668 Poly 1. 412565 + 25 + 20 + 30 + 25
3, 3026 Poly 1.411535 + 25 4+ 32 + 30 + 28
3. 422 Poly 1, 408180 + 20 + 40 + 42 + 37
3, 5070 Poly 1. 405676 - 16 - 26 - 20 - 10
3,5564 TCB 1.404174 - 24 - 27 - 29 - 18
3. 7067 TCB 1. 399389 - 19 - 22 - 14 -9
Average oilablolute v?l\m of relldlulln 10.5 11,9 12,2 11.7

a Retiduala for arithmetical-rean table of values compiled from experimental data of Corning (C),
Dyuaasil (D), and General Electric (G, F, ).

b TCB = 1, 2, 4 - Trichlorodenzene, 3

¢ Poly = Polystyrene, 6- 19

- o




PARAMETER:. Wavelength (Cont'd from preceding page) MATERIAL: Silica, Fused

Table 6-9
; Intracompany Comparison of Refractive Index Variation
Product
Corning No, 7940 Dynasil General Slectric No. 151
Wavelength, : residual X 106 residual X 106 residual X 106
¥
' (Microns) 1 2 3 4 1 2 3 4 1 2 3 2
0. 4047 1n 26 |24 |20 4 |27 | 21 21 1 12 -12 14
0. 4861 16 27 16 |21 s | 29 19 21 7 15 -7 12
0, 5461 14 24 22 17 5 | 35 25 16 1 12 -13 12
0, 5893 12 27 |23 27 o | 18 20 22 12 13 -8 12
0. 6563 12 23 19 19 1 |27 | 22 23 13 10 -7 14
0. 7065 17 28 | 20 18 2 { = 23 23 13 15 -n 17
0. 8944 1t 26 | 22 19 3 131 19 25 1 12 -8 13
1,014 16 21 20 20 6 | 30 [ 26 22 14 13 -1 14
i.083 15 24 25 25 1 35 25 25 13 16 -9 12
Av, an 13,5 | 24.9] 20.0{ 21.6 | 3,5| 27.4| 20.4| 20.5] 11,3 12,9 ] - 9.6] 13.2

NOTE: Numbered columns under each brand indicate individual specimens, The residuals are differ-
ences in the sixth decimal place of index between measured values and those computed by dispersion
Equation (2). Each n is an average for the 18 wavelengths which were used, (See Figure 6-18 for
Equation (2).
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% PARAMETER: _Wavelength MATERIAL; Silica, Fused
- 4 -w
. FORM Bulk
3 . Refractive Index -
:'i “(I;iv‘:lr:v:‘g.l:i. Ssp:::::l :;;:‘:-:erm l‘;i:nton‘\ﬂo Da;:‘Po n".. . TH'CKNESS NA (Prism) mm
0, 706519 He 1,455154 | + 1 + 03 .2
o 852111 iy Vasaars | . 2 - - RAY ORDINARY [ ., EXTRAORGINARY [
0.804350 cs 1451845 | + 2 - 4 v
1.01398 Hg 1, 450250 2 .5 -2 WAVELENGTH 0.7 -3,7 yn
1.08297 He L4441z | + 1 -6 +
1, 12866 H 1. 448875 1 v 2 3
1, 3622 H: 1, 446213 . ? T ‘ 13 TEMPERATURE 293 °K
1. 39506 Hg 1,445837 | - 2 403 4
1, 4695 Cs 1,444974 | + 4 + 10 + 11 METHOD Deviation
1. 529852 Hg 1444266 | + 10 + 8 ‘2
1. 6606 Tcp* 1,442666 | - 10 METS -7
" 1,681 Poty® | 1asze09 | + 3 1 .5 | 4 REFERENCE Brixner (29206)
; 1,6932 Hg 1442285 | + 12 - + 6
- . . 2 + 8 +
4 o7 e pviosidl DD IR DN REMARKS  Computations based on
1.97909 g 143512 | + 14 120 +20
2. 0581 He Laam2ie | e 5 ) - ) ) - 3 data from Malitson (21758), giving
2.1526 fcB 1,435762 | .+ 15 .18 .17
2.32542 Hg 1432922 | - 4 40 Y Lo -6
2, 4374 TCB 1. 430951 - 20 - 18 -1 average deviation of 4. 3x10 .
3. 2439 Poly 1413138 | + 1 + 9 + s
3,2668 Poly 1.41252 | - o + 10 + 5 Table 6-10
3. 3026 Poly 1411564 | 413 'Y + 9
3,422 Poly 1,408194 | + 26 + 28 + 23
3,5070 Poly 1.405683 | - 13 .27 .17
3, 5564 TCB 1.404175 28 .30 -
[ 37067 TCB 1.299%60 | + 7 + 15 + 20
a TCB = 1, 2, 4 - Trichlorobenzene,
b Poly = Polystyrene,
3 THICKNESS“ NA (Prism) mm
RAY ORDINARY EJ , EXTRAORDINARY [
Wavelength,
(Microns) Refractive Index, n WAVELENGTH 1,0-1.5 M
1.12866 1. 44906 METHOD Deviation
‘ i.36728 1, 44650
‘- ! REFERENCE __ Zernike (39697)
4 _ ’ 1. 39506 1. 44607
T 1. 52952 1. 44450 REMARKS Measurement on GE-101
- silica, performed in air,
E P Table 6-11
B
i
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PARAMETER: Wavelengih

Refractive Index

LWavelength Refractive Index, n j
(Microns) 299°K 744°K 1101°K
—
1,01398 1. 45039 1,45562 1. 45960
1.12866 1. 44903 1. 45426 1, 45820
1.254x% 1, 44772 1.45283 1. 45700
1. 36728 1, 44635 1.45140 1, 45549
1,470% 1. 44524 1, 45131 1. 45440
1.52452 1, 44444 1, 44961 1.45352
1, 660% 1. 44307 1. 44799 1,45174
1,701 1, 44230 1.44733 1,45140
1.081% 1, 43863 1. 44361 1. 44734
2,262% 1, 43430 1.43933 1. 44306
2,553x% 1. 42949 1. 43450 1. 43854
3, 00% 1. 41998 1.42495 1,42877
3, 245% 1.41353 1,.41893 1, 42243
3,37» 1. 40990 1.41501 1. 41915
én = 23 x 107° (experimental erzor)
*Wa'velength determination by narrow band inter-
ference filter,

Wavelength, | Refractive | Reference
(Microns) Index, n
F::————::-—— —
1,028 1. 450 a
1.196 1,448 b
1.370 1, 446 b
1. 560 1. 444 b
1. 722 1, 442 c
1.870 1. 440 b
2,010 1,438 b
2,145 1. 436 b
2.270 1,434 b
2,390 1,432 b
2,50 1,430 b
2,595 1,428 b

6-22

MATERIAL: Silica, Fused

FORM Bulk

THICKNESS NA (Prism) mm

RAY ORDINARY & , EXTRAORDINARY 0

WAVELENGTH 1.0 - 3,4 u
TEMPERATURE 299 - 1101 %
METHOD Deviation

RLFERENCE Neu, et al, (40260)
REMARKS

Corning Code 7940 silica

Table 6-12

THICKNESS not stated mm

RAY ORDINARY Bf , EXTRAORDINARY 0O

WAVELENGTH 1.0 - 2.6 u
TEMPERATURE 291 °K
METHOD not stated

REFERENCE Smakula [1952]

REMARKS References for this Table:

(a) Carvallo, A,, Compt. rend.,

Vol. 126, (1898), p. 728,

(b) Muller, C. and Wetthauer, A,,
Z. Phys., Vol, 35, {1933), n, 559,
(c) Sifford, J, W., Proc. Roy. Soc,,
Vol, 70, (1902), p. 329,

Table 6-13
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PARAMETER: __Wavelength

3.6
3.4 -

3.2
2.0 -
2.8
2,6 -
2.4 -
2.2 \

2.0 N

REFRACTIVE INDEX, n
P
L]
/
/

ol \f\f

0.2 -

0 i ! 1 L 1
7 8 9 10 n 12
WAVELENG TH, MICRONS

[ ! Il ! i ] J

1300 1100 900 800

WAVENUMBER, CM

REFRACTIVE INDEX, n

WAVE NUMBER, CM™!

L L i I S |
6.7 10 20

WAVELENG TH, MICRONS

Published with permission
Copyright @ 1965 Akademie Verleg
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MATERIAL: Jilica, Fused

FORM Bulk

THICKNESS 6.0 mm

RAY ORDINARY G , EXTRAORDINARY [)

WAVELENGTH 7.7 - 12 2]
TEMPERATURE  ~298 °k
METHOD Reflectance

REFERENCE Cleck (27331)

REMARKS Corning Code 7940 silica

Figure 6-19

THICKNESS Not stated mm

RAY ORDINARY B , EXTRAORDINARY ([

WAVELENGTH 6 - 100 M
TEMPERATURE 298 ok
METHCD Reflectance

REFERENCE Miler (21593, 34239)

REMARKS

Figure 6-20
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PARAMEYER: __Wavelength MATERIAL: Silica, T'used --

ok

FORM Not stated

e THICKNESS Mot stated mm -
RAY ORDINARY & , EXTRAORDINARY O
3 2,0
5 WAVELENGTH 30 - 2000 M
g b ‘Q\Lﬂ__/H TEMPERATURE ~298 °K
g METHOD Reflection
ML REFERENCE Block, et al. (36747)
1 1 Liiii 1t 1 ilii 1 1
4000 1000 100 10 REMARKS
WAVELENGTH, MICRONS
Figure 6-21
THICKNESS 50-90p 25 mm (Bulk) mm
420-400p 0, 458 mm
Wavelength, | Refractive Index, RAY ORDINARY [ , EXTRAORDINARY O
(Microns) i WAVELENGTH 50 - 400 u
50 2,07 TEMPERATURE ~298 °K
90 1. 94 METHOD Reflection, Interference
220 1. 89
250 1. 92 REFERENCE Bogens and Zhukov (35268)
270 ‘ 1. 89 REMARKS
330 1.92
400 1.92

Table 6-14

6-24
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. Silica, Fused
PARAMETER: Wavelength MATERIAL:

ey
S

L FORM _ Bulk

THICKNESS 0.5 mm
— RAY ORDINARY CXTRAORDINARY [
f : P WAVELENGTH __ 85 - 200 I
¢ — "
] ; TEMPERATURE ~298 °K
1 § 1% i i ) ! | ! 1 1
o 60 80 100 ™ METHOD Interference
_ WAVE NUMBER, Cm"!
L} L 1 J REFERENCE Geick (39706)
; E . 200 100 <}
‘ WAVELENG TH, MICRONS REMARKS

Published with psrmissien

e b g > o

Copyright® 1981 "Springer-verics
Figure 6-22
THICKNESS _ 2.1409 mm
1 S voes | { RAY ORDINARY & , EXTRAORDINARY 0O
< )
. -]
5 1962 |- { ; WAVELENGTH 111 - 600 n
- g I,
3 é Rl % t {§ te }{ TEMPERATURE ~ ~298 °K
E B T T T e R METHOD Interference
- m 43 167 200 250 333 500 1000
. WAVELENGTH, MICRONS REFERENCE Randall and Rawcliffe (3325))
L 1 i J i 1 i i 1 1 J
we 100 80 I o 20 ] REMARKS Infrasil low H20 quartz

WAVE NUMBER, CM™!

Figure 6-23
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PARAMETER: Wavelength

Wavelength, Refractive Extinction
Microns Index, n Coefficient, k x 103
fn —— - = —
2000 l 1,95 £ 0, 508 0.56 £ 0,06

6-26

MATERIAL: Silica, Fused

FORM Bulk

THICKNESS 18-, 40 mm

RAY GRDINARY 81 EXTRAORDINARY O

WAVELENGTH 2, 000 K
TEMPERATURE ~298 °K
METHOD Transmission

REFERENCE Dianov and Irisova (41423)

REMARKS Sample consisied of two

wedges.

Table 6=15




E Do PARAMETER: _Wavelength

REFRACTIVE INDEX, n
o
]

| i 1 \ 1

0.2 0.6 1.0
WAVELENGTH, MICRONS

REFRACTIVE INDEX, n

WAVELENG TH, MICRONS

Published_ with permission
Copyright@® 1956  Springer-Verise
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MATERIAL: Silica, Fused

FORM  Film

THICKNESS not stated mm

RAY ORDINARY £J , EXTRAORDINARY O

WAVELENGTH 0.2 -1,5 4
TEMPERATURE ~298 °k
METHOD Reflection

REFERENCE Cox, et al, (17066)

REMARKS Film produced by electron

bombardment of fused silica,

evaporated on fused silica substrate,

Figure 6-24

THICKNESS 5% 10 -4 mm

RAY ORDINARY [ , EXTRAORDINARY 0O

WAVELENGTH 7-~11 m
TEMPERATURE 291 - 1543 oK
METHOD Reflection

REFERENCE Neuroth (40354)

REMARKS

Figure 6-25




3
: PARAMETER: __Temperature
= :
3
’;‘ ' Yavelength, Relractive Index Refractive Index,
. . @ ) (] {dn/aT)/ n {dn/dT)
) H (Microns) 299°K T44°K *K x 106 1ot*x *K x 10
;; 0.23021 1.52034 1. 52908 *19.6 1, 53524 +19,3
5 0.23783 1,51496 1,523%2 L2T. ] 1, 52988 +15.6
% 0, 2407 1. 58361 1, 82201 U} 1, 52832 +18.3
3 0, 2465 1. 50970 131774 4181 1.52391 “n1?
. 0.24827 1. 50865 1.5166% +18.0 1.82289 +17.8
- 0, 26520 1.50023 L 50763 +16.6 1.51351 16,8
(- 0.27528 1,49615 1.50327 +16.0 1. 50899 +16,0
A 0,28035 1.49428 1.50143F  +16.2 1.50691 +15.8
- 0.28936 1, 49121 1.49818 +15.7 1.50358 +15 4
H 0,29673 1. 48892 1.49584 +15.6 1.50882 +15.2
o, 0218 1,48738 1,49407| +15.1 1, 49942 +15.0
0, 3130 1, 48462 1, 49126 +14,9 1. 49641 4.7
3 0. 333415 1. 48000 1,48633 14,2 1. 49135 LI A
. 0, 36802 1. 47469 1.48089 +14,0 1, 48563 3.6
e 0, 40466 1. 46978 1.4787% +13.4 1. 48033 13,2
- 043584 1.46685 | 1.47248| +12,7 1, 47716 2,9
g - 0, 54607 1,46028 1, 46578 +12.3 1, 47004 12,2
3 0, 5780 1. 45899 1, 46429 +13,9 1. 46870 +12,1
1 1.01398 1.45039 1, 48562 +11.8 1.45960 +11.5
E 1.12866 1.44903 1. 45426 +11.8 1, 45820 41,4
- 1.254 1.44772 1, 45283 +11.8 1, 45700 +11,6
136728 1. 44635 1. 45140 1.4 1, 45549 11,4
L4 1, 44524 L4 +1t 4 1, 45440 +11,4
1, 52932 1, 44444 1, 446} +11.6 1, 45352 4113
1,660 1. 44307 144799 | +201.1 1,45174 +10,8
1,701 1. 44230 1,44733| 4113 1, 45140 +11.3
1,981 1,43863 1. 44360 +11.2 1, 44734 +10.9
2,262 1, 43430 1.43933 +11,3 1, 44306 +10.9
2,583 1, 42949 1.43450] +11.3 143854 11,2
s 3,00 1,41995 1.42495| 11,2 1, 42877 +11,0
- 3,245 1,41353 1.41893 +12,2 1. 42243 1.t
3" 1. 40990 1. 41501 +11.5 1.41918 41,5

*Wav, length determination by narrow-bandwidth interferenze filters.

WAVELENGTH, MICRONS

. 2.0
w0
¥ 160~
o
S
e uo b
3
$
3 o
10.0 -
8.0 | 1 i ! 1 i
0 0.2 0.4 06 10 2,0 40 6.0

6-28

MATERIAL: Silica, Fused

FORM Bulk

THICKNESS

NA (Prism)

mm

RAY ORDINARY K , EXTRAORDINARY (]

WAVELENGTH 1,0- 3,4 m
TEMPERATURE 299 - 1101 °x
METHOD Devia.tion

REFERENCE Neu, et al, (40360)

REMARKS Corning Code 7940 silica

Table 6-16

THICKNESS NA (Prism)

mm

RAY ORDINARY B,

EXTRAORDINARY O

WAVELENGTH 0.2 -4.0 M
TEMPERATURE 293 - 303 oK
METHOD Deviation

REFERENCE Malitson (21758)

REMARKS

Figure 6-26
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PARAMETER: _Temperature

REFRACTIVE INDEX, n

WAVELENG TH, MICRONS

Pyblished _ with permission
Copyright @ 1936 Springer-varieg

6-29

T PETEETR ol CoEEE T

MATERIAL: Silica, Fused

FORM  Film

THICKNESS 5x 104 mm

RAY ORDINARY & , EXTRAORDINARY 0O

WAVELENGTH 7 - 11 m
TEMPERATURE 291 - 1543 %
METHOD Reflection

REFERENCE Neuroth (40354)

REMARKS

Figure 6-27




PARAMETER: _Radiation (UV) MATERIAL: Silica, Fused -

FORM Film, Amorphous

‘ THICKNESS  (1-5) x 10™° mm

RAY _ORDINARY &l , EXTRAORDINARY 0O

WAVELENGTH 0.2 - 1.5 u
el ok oo -
g‘ ’ TEMPERATURE ~298 oy
g —— METHOD Refleation
§ s b . REFERENCE Cox, et al. (17066)

REMARKS Film produced by evaporation

I

NULK FUSED
SILICA . .
14 1 ] ! : A 1 of SiO in the presence of oxygen,

0.2 0.6 1.0 1.4

WAVELENG TH, MICRONS Data include refractive index before

and after ultraviolet irradiation,
Figurc 6-28
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PARAMETER: Radiation (Space)

Refractive Index, n

filters,

Wavelength, an
* Irradiated
(Microns) Non-irradiated | 30 day dose | x 10°
0.2302! 1. 52034 1, 52037 +3
0,23783 1.51496 1.51502 + 6
0, 2407 1.51361 1,51363 + 2
0. 2447 1,51081 1,51075 -6
v, 2465 1.50970 1, 50974 + 4
0, 24827 1, 50865 1, 50869 + 4
0, 26520 1.50023 1, 50028 +5
0.2700 1.49839 1,49831 -8
¢, 27528 1. 49615 1,49616 + 1
0, 28035 1. 49425 1. 49429 + 4
0, 28936 1.49121 1.43123 + 2
6. 2930 1. 49021 1.49023 + 2
0.29673 1. 48892 1,48895 +3
0, 30215 1,48738 1,48741 +3
0.3130 1.48462 1, 48460 -2
0. 33415 1.48000 1. 47997 -3
0. 36502 1.47469 1.47473 + 4
0. 40466 1,46978 1. 46981 + 3
0, 43584 1, 46685 1. 46689 + 4
0, 54607 1,.46028 1, 46025 -3
0.578¢ 1. 45899 1. 45900 1
1,01398 1.45039 1. 45040 1
1.12866 1. 44903 1. 44901 -2
1, 254 1.44772 1,44760 - jex
1, 36720 1, 44635 1, 44633 -2
1, 470% 1, 44524 1, 44513 - 11x%
t, 52452 1, 44444 1, 44445 + 1
1, 560% 1. 44307 1, 44236 - 11x%
1, 701 1.44230 1, 44228 -2
1.981%* 1.43863 1, 43859 - 4%
2,262% 1,43430 1, 43426 - 4%
2. 553% 1. 42949 1, 42929 - 10%
3, 00% 1.41995 1,41962 - 33x%
3,245% 1. 41353 1.41351 - 2%
3,37* 1. 40990 1. 40997 + 1%
= 23x10°° (experimental error)

*Wavelength determination by narrow band interference

6-31

MATERIAL: Silica, Fused

FORM  Bulk

THICKNESS NA (Prism) mm

RAY _ORDINARY , __EXTRAORDINARY

WAVELENGTH 0.2 - 3.4 m
TEMPERATURE 299 o«
METHOD Deviation

REFERENCE Neu, et al, (40360)

REMARKS Cornins Code 7040 silica.

Radiation simulating 30 day exposure

for Apollo mission,

Proton flux: 3 x 1010 -2 sec -1

(2 MeV), Electron flux 2.5 x 1012
cm-2 sec-! (1 MeV). Ultraviolet:

0. 5461 watt-cm-Z (0.22 - 0. 4P-)

Atmospheric pressure: P_ .

10-10 Torr) min
Table 6.17
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1 .! [~ CHAPTER 7

: ’ REFRACTIVE INDEX DATA FOR FLUORIDES

- AND SELECTED CERAMICS

a - This Chapter provides refractive indices and extinction coefficients
. for the following fluorides and ceramics which are grouped together on

, - the basis of their high temperature capabilities: flalcium fluoride,

i% magnesium fluoride, aluminum oxide including ruby and sapphire, and

: - magnesium oxide,

7-1
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CALCIUM FLUORIDE

INTRODUCTION

Calcium fluoride offers high and uniform transmission over the

range from the ultraviolet region to approximately ten microns (Fig-
ures 1-7 and 1-9) and this constant transmission makes this material
very desirable for wide spectrum optical applications. Rather pure
single crystal calcium fluoride is found in nature and is called i
"Fluorite' or "Fluorspar.' Calcium fluoride of similar purity, but of :
larger dimensions, has been produced by controlled freezing of purified
molten calcium fluoride after an initial scavenging with lead fluoride.
Fluorspar is widely used in iron foundry operations, the manufacture
of primary aluminum and magnesium, as source of fluorine chemi-
cals, for the production of glass and enamels, and innumerable other
uses,

The physical properties of calcium fluoride are summarized in

Table 1-1,

DATA

A list of refractive index data for calcium fluoride is provided in
Table 7-1 and the temperature range of the data is plotted in Figure
7-1., The wavelength dependence of the rce{ractive index and some
extinction coefficients for bulk single crystal material are presented
in Figures 7-2 to 7-9 and Tables 7-2 to 7-6 and for polycrystalline
material in Figure 7-10 and Tables 7-7 and 7-8, The data reveal good
agreement in refractive index is discernible between single and poly-
crystalline material., Only in the ""Reststrahlen' region of the spec-
trum (near 38 microns) is there a major disagreement in refractive
index between authors, The temperature dependence of the refractive

index is covered by Figures 2-3 and 7-11 as well as Tables 7-9 and 7-10,

PREREDII_!IB 3PAEE BLANK
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Table 7-1. List of Calcium Fluoride Data

* l Wavelength
. {Microns)
% Figure Table nk Form Crystal From To Remarks Parameter
7-2 n Bulk Single 0,75 1.1 Wavelerngth
7-3 n Bul: Single c.8 9,0 Wavelength
7-4 n Bulk Single 0.9 9.4 Wavelength
7-5 n Bulk Single 0.8 9.8 Wavelength
7-2 n Bulk Single Y 10 Wavelength
7-6 n Bulk { Single 0.85 9.7 Wavelength
7-3 k Bulk Single 6 9 Wavelength
7-4 n, k Bulk Single 15 48 Wavelength
7-5 n, k Bulk Single 34 43 Wavelength
7-6 n Bulk | Single 10 80 Wavelength
T-7 k Bulk Single 10 80 Wavelength
7-8 n Bulk Single 8 15 Wavelength
7-9 n Bulk Single 55 400 80, 300°K | Wavelength
7-7 n Bulk Polycryst. 0,59 5.3 Wavelength
7-8 n Bulk Polycryst. 1 11 Wavelength
7-10 n Bulk Polycryst. 1 11 Wavelength
7-9 dn/dT | Bulk Single 0.9 6,5 | 330-354°K | Temperature
7-10 dn/dT | Bulk Single 0,85 9.7 | 292°K Temperature
7-11 n Bulk Sing’e 55 400 80, 300°K | Temperature
1000 &
% 100 1
. g 0
' 1 * i B | 1 1 1 1 1 | -1 1 L
0 200 400 60 %00 1000 1200
TEMFERATURE, °K

Figure 7-1, Wavelength and Temperature Range
of Calcium Fluoride Data

7-4
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PARAMETER: _Wavelengta

Refractive Refractive
Wavelength, Index, Wavelength, Index,
{(Microns) n {Microns) n
0,750 1.43114 0,940 1.42935
0,760 1,43102 0,950 1.42927
0.770 1.43090 0,960 1.42920
0,780 1.43079 0,970 1.42913
0,790 1,43068 0,930 1.42906
0,800 1.43057 0.990 1,42899
0.810 1,43047 1. 000 1,42892
0,820 1.43037 1.010 1,42885
0.830 1.43027 1,020 1.42879
0,840 1,43018 1,030 1.42872
0,850 1.43008 1.040 1.42866
0,860 1.42999 1,050 1.42859
0.870 1.42990 1.060 1,42853
0,880 1,42982 1.070 1.42847
0.890 1,42974 1,080 1,42841
0,900 1.42966 1,090 1, 42835
0,910 1.42958 1.100 1, 42829
0.920 1,42950 1,110 1,42823
0.930 1,42942 1,120 1.42817
Refractive Refractive
Vavelength, Index, Wavelength, Index,
(Microns) n (Microns) n
0, 80 1,430563 3.0 1,41793
0,90 1,429651 3.5 1.41412
1,00 1,428923 4.0 1.40971
1.2 1,427760 4,5 1,40469
1.4 1.426772 5,0 1.39901
1.6 1,425833 6.0 1,38562
1.8 1,424885 7.0 1,36932
2,0 1.423895 8.0 1.34988
2.3 1.422294 92,0 1, 32685
2.6 1,420525

MATERIAL: Calcium Fluoride

Bulk (probably single

FORM crystal)

THICKNESS Not stated mm

RAY ORDINARY B , EXTRAORDINARY O

WAVELENGTH 0.75 - 1,1

y’3
TEMPERATURE 293 %
METHOD Not stated
REFERENCE  Harting [1948 ]
REMARKS
Table 7-2
THICKNESS Not stated mm

RAY ORDINARY Bl , EXTRAORDINARY [J

WAVELENGTH 0.8-9.0 k%
TEMPERATURE 293 °K
METHOD Not stated

REFERENCE Smakula [1952]
REMARKS Data taken from

Kohlrausch [1943]

-3
]
w\

Table 7-3
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PARAMETER:

<
Wavelength
———cr———r
Refractive Refeactive
Warelrrgth tndex, Wavelength tndiev,
(Ml ronin} [} ¢ (Mic rons) n
0, 48400 i 42980 2, WD 1, 41128
1.M40 (I PLLL] FALLL) 1. 41890
UL R 1.4824) L. Mb6 1.41n2}%
1. 1non 1. 42854 1, 80 LoAIT%0
LIS 1,424 . uinn h4IT14
1. 250 1,4275%¢2 ). 241% t 4100
[P YAT] 1, 42089 3. 4000 1, 41457
1,479% 1.42042 3. 535 1.41374
1.8718 1. 42590 3. K300 LA
1,680 1. 42560 4,900 1, 4090%
I, T I, 42502 4,125 1, 40H47
1. 8400 1. 42408 A, 2500 1.4012%2
1. HENN 1. 42454 4, 4000 1,408%04
1,000 1.4243% 4, 6000 1. 40487
[ AR 1.42441 4, 7144 1.4023%
1,44 F. 4240/ 4, A00HO 1.40140
2, %K2 1. 423400 &, 000 L. ¥90M
2,006 I, 429587 5, 034 1, 1822
2, I b 42400 L% 1Y) t.3uT12
2,250 I, 425K 6, 4%28 1, 37K%24
&, 10T b4 7.071M 1, $hKns
2,450 1.4214% 10032 [PELIAL)
/.8%37 §. 42080 K, 2808 L, §4440
2,081 1. 42018 LAV 1, 83078
2,10 1, 410us 04204 1, 3140%
2,750 1.419%4
1
Hefractive Refeactive
Wavrlength, tndex Wavelrnglh, fnilen
{Mis rons) " {Mit suna) n
n, 1, 44082 LN [ UILYY
n, e 144032 A, Rh 1,401 40
N ne LAt 8,00 1. ¥m48
0, Al b A28 &, 20 [ VIAT
LR V.42t L, 40 1, 37494
0,90 1.4294 & 10 1, 3Mme?
e 1. 4294% &, 80 1, Yunq'y
"M 1.42940 4,00 1, §n889
(111 1, 42% h 20 1. IK2%H
o, n 1, 42901 6, 40 1, 379458
1.00 1. 42000 h, 00 1. 37020
.20 LY h, WO 1, 37282
l.40 1. 4267 7,00 13632
[ 1.4287) .20 [ IATY]
1,0 1.424%4 T.40 1.3
2,20 1, 42388 1. 60 I, 35404
2.¢0 1.422%5 1,40 t. 15401
2,40 1,4200% »,00 1, 14943
2.0 1. 42049 4,20 1. 34882
2,480 1,41921 X, 40 1. 34206
3. 0C 1,4174% u, 60 1,3364%
320 1.41639 X, 80 1. 33149
3. 40 1.4148¢ 9,00 1,32677
3,60 1,41020 9.20 1.32168
3. 40 1.41147 9,40 1.3164)
4,00 1.4096) 9. 60 1,301
4,20 1.40770 9,40 1,30%42
4.40 1.40567

7-6

FORM

MATERIAL: Calcium Fluoride

Bulk

THICKNESS

Not stated

mm

RAY ORDINARY (3 ,

EXTRAORDIMARY ([0

WAVELENGTH 0.9-9.4 M
TEMPERATURE 293 ok
METHOD Not stated
REFERENGE Ballard (12539)
REMARKS

Table 7-4
THICKNESS NA (Prism) mm

RAY ORDINARY & ,

%

EXTRAORDINARY [

WAVELENGTH  0.& - 9.8 “
TEMPERATURE 297 °K
METHOD Deviation

REFERENCE Malitson (39194)
REMARKS Computed refractive

index, based on observed date,

Table 7-5
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3 PARAMETER: __Wavelength MATERIAL: Calcium Fl\ioride
F | FORM __ Bulk, Single Crystal

THICKNESS NA (Prism) mm

RAY ORDINARY B , EXTRAORDINARY O

< WAVELENGTH 1 - 10 M
F g TEMPERATURE 297 °K
‘ % METHOD Deviation
REFERENCE Malitson (391"4)

REMARKS Synthetic crystal

WAVELENGTH, MICRCNS

y Figure 7-2
Residual
[(Cbserved-Computra) x 10’]
Materisl
Computed
Wavelength, Index, Synthetic Natural
{Microns) n 0-c o=c
0.85212 1.43002 -1 +4
0.8944 1.42566 [ +
1.01398 1.42879 -2 0 THICKNESS NA (Prism) mm
1.3622 1.42691 + +
1.39506 1.4267% " 6 -
veress | 1ezeas " " RAY ORDINARY , EXTRAORDINARY [
1.7012 1.42831 ° 4
181307 1.42478 [ *9 WAVELENGTH 1-10 4
1.97009 1.42401 " 3 -
2.1526 1.42306 -1 " °
2 32542 142212 + " TEMPERATURE 2917 K
2.4374 1.42147 [} 2
3.3026 1. 41561 0 3 METHOD Deviation
3.422 1.41467 2 "2
3.5070 1.41398 -1 ° REFERENCE Malitson (39194)
3,7067 1.41229 "2 2
4.258 1.40713 " " R
5.01882 1.39873 " . REMARKS Comparison of nartural and °
5.3034 1.39520 | 3 +3
0140 110536 " * synthetic single crystals
6.218 1. 38200 -6 0 S
6. 63306 1.37565 0 “
6. 8559 1.37186 -8 2
7.268 1.36443 [ "
7.4644 1.36070 .8 % Table 7-6
8.662 1.33500 -4 +
9,724 1.30756 O "

7-7

P m e -




PARAMETER:, W avelength MATERIAL: Calcium Fluoride
FORM Bulk, Single Crystal
k- THICKNESS 111.7(6-9u), 8 (15--18K) @™
1 - RAY ORDINARY R , EXTRAORDINARY O
‘ « b ‘ WAVELENGTH 6 - 48 m
z ye ' -
- g / TEMPERATURE  ~298 °K
3 s L METHOD 6-9k-Transmission;
. 2 __l - 15-481 Retlection.
I § . REFERENCE Heilmann (40178)
g 0~
1 REMARKS Improved results over
3 8 /
i earlier work, reported by Heilmann
', [1961]
, L 1 .
s ¢ ? ' ! Figure 7-3
WAVELENG TH, MICRONS

Published _with pormission
Copyright D 1963 Syringer-verieg

Figure 7-4

EXVINCTION COEFFICIEENT, k
REFRACTIVE INDEX, n
©w

15 20 3 30 as L 45
WAVELENGTH, MICRONS

7-8
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PARAMETER; Wavelength (Cont'd from preceding page)

EXTINCTION COE.: (CIENT, k

REFRACTIVE INDEX, n

[T}

WAVELENG TH, MICRONS

Figure 7-5

Nete: ----- Results of Kaiser,
et al (40176).

7-9

MATERIAL: Galcium Flouride




PARAMETER: Wavelength MATERIAL: Calcium Fluoride

1 N FORM__Bulk, Single Crystal
r ul THICKNESS 0.1-5 mm
RAY ORDINARY [ , EXTRAORDINARY [}
A < ’ WAVELENGTH 10 - 80 w
é T TEMPERATURE  ~298 o
‘ g ‘T \ METHOD Reflection
T \\\. REFERENCE Kaiser, et al, (40176)

2 '\\,J REMARKS
] 1 1 A Il

WAVELENG TH, MICRONS

Figure 7-6

s} Figure 7-7

EXTHNCTION COEFFICIENT, k

0 L 1L A 1

10 20 3 20 50 © 70 ©

WAVELENGTH, MICRCNS

7-10




PARAMETER: Wavelength

REFRACTIVE INDEX, n
S
t

WAVELENGTH, MICRONS

3.2¢

3.1 000 300°K /
eo0 0°K

REFRACTIVE INDEX, n

(] 0 100 150 200

WAVE NUMBER, CM™!

[T RN SUUNN NANUN SRR ISR R S
400 20 133 100 80 50

WAVELENG .1, MICRONS

7-11
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MATERIAL: Calcium Fluoride

FOAM _ Bulk, Single Crystal

THICKNESS

0,025 - 0.050 mm

RAY ORDINARY B , EXTRAORDINARY [)

WAVELENGTH 8 -15 m
TEMPERATHRE ~298 °g
METHOD Interference

REFEREMCE Ramadier - Delbes (39712)

REMARKS

THICKNESS

Figure 7-8

0,3 -10 mm

RAY ORDINARY & , EXTRAORDINARY 0O

WAVELENGTH 55 - 400 m
TEMPERATURE 80, 300 o
METHOD Interference

REFERENCE Bosomworth (029681)

REMARKS Principal impurity

10-100 ppm of iron, Lines are based
on dielectric constant of an infinite
harmonic fluorite lattice.

Figure 7-9




PARAMETER: Wavelength

Wavelength, Refractive
(Microns) Index, n

0. 588 1.4339

1.014 1.4289

1. 529 1.4262

1.970 1. 4241

2.325 1.4222

2,674 1. 4200

3,303 1. 4157

4, 258 1,4072

4,59 1. 4034

5,303 1.3952

Refractive Refractive
Wavelength, Index, Wavelength, Index,
{Microns) n (Microns) n
=
1.000 1.4289 5.7500 1.3892
1.2500 1.4275 6, 0000 1, 3856
1, 5000 1.4263 6,2500 1.3818
1.7500 1.4251 6, 5000 1.3778
2,0000 1. 4239 6, 7500 1.3737
2.2500 1.4226 7.0000 1.3693
2,5000 1.4211 7.2500 1.3648
2.7500 1.4196 7.5000 1. 3600
3.0000 1.4179 7. 7500 1.3550
3,2500 1.4161 8, 0000 1.3498
3.5000 1.4141 8,2500 1.3445
3,7500 1.4120 8, 5000 1,3388
4,0000 1.4097 8, 7500 1.3330
4,2500 1.4072 9.0000 1.3269
4, 50000 1.4047 9.2500 1.3206
4,700 1.4019 9, 5000 1.3141
5,0000 1. 3990 9, 7500 1.3073
5.2500 1.3959 10,0000 1.3002
5,5000 1.3926 11,0000 1.2694
~ 1.6

1.2 1 L

WAVELENG TH, MICRONS

REFRACTIVE INDEX
.
T

7-12

MATERIAL: Calcium Fluoride

FORM

Bulk, Polycrystalline

THICKNESS

RAY ORDINARY & .

Not stated mm

EXTRAORDINARY O

WAVELENGTH 0.59 - 5,3 m
TEMPERATURE ~298 o
METHOD Not stated
REFEF&ENCE_~ Type IRG 12 material
REMARKS

Table 7-7
THICKNESS Not stated mm
RAY ORDINARY . EXTRAORDINARY D
WAVELENGTH 1-11 “
TEMPERATURE 298 ox
METHOD Not stated
REFERENCE Kodak [1967]
'REMARKS ITRAN-3 material

Table 7-8

Figure 7-10




PARAMETER: _Temperature

Temperature
: Mean
Coefficient,
Wavelength 6 Temperature,
(Microns) | -(d4n/dT) x 10 'K
=
0,900 10, 31 333.1
1.200 :0.40 333.1
1.25 10,29 333,2
1.30 10,18 333.5
2,0 9.32 333.5
3.16 8.81 332.6
4,2 8. 31 332.8
5.3 8. 21 332,2
6.5 7.87 330.0
Computed I Temperature
Wavelength, Index, Coefficient,
{Microns) n -(dn/dT) x 106

0.85212 1.43002 10. 6

0.8944 1.42966 10,6

1.01398 1. 42879 105

1. 39506 1.42675 9.9

1.52952 1.42612 9. €

1.7012 1.42531 9.4

1.81307 1.42478 9.1

1.97009 1.42401 8.9

2.1526 1. 42306 8.7

2.32542 1.42212 8.5

2.4374 1.42147 8.5

3.3026 1.41561 8.2

3.422 1. 41467 8.1

3.5070 1.41398 3.0

3.7067 1.41229 7.8

4.258 1.40713 7.5

5.01882 1.39873 7.3

5.3034 1.39520 7.2

6.0140 1.38539 7.0

6,238 1.38200 7.0

6, 63306 1.37565 6.9

6.8559 1.37186 6.7

7.268 * 36443 6.5

7. 4644 1. 36070 6.4

8,662 1.33500 6.0

9,724 1.30756 5.6

7-13

MATERIAL: Calcium Fluoride

FORM Bulk, Single Crystal

THICKNESS Not stated mm

RAY ORDINARY Bl , EXTRAORDINARY O

WAVELENGTH 0.9 - 6.5 m
TEMPERATURE 330 - 335 °x
METHOD Not stated

REFERENCE  Smakula [1952]

REMARKS Data taken from

Liebreich [1911]

Table 7-9

THICKNESS NA (Prism) mm

RAY ORDINARY K] , EXTRAORDINARY 0O

WAVELENGTH 0,85 -9,7 )3
TEMPERATURE 292 °K
mMETHOD Deviation

REFERENCE Malitson (39194)

REMARKS Synthetic single crystal.

Table 7-10




PARAMETER: Tempeature MATERIAL: Calcium Fluoz.’ =

FORM Bulk, Single C cystal

3.2
' ) R / THICKNESS 0.3-10 mm
" o0 §0°K /
g. RAY ORDINARY 8 , EXTRAORDINARY 0
¢ WAVELENGTH 55 - 400 M
g TEMPERATURE 80, 300 ok
METHOD Interference
‘ |
) % 100 1% 200 REFERENCE Bosomworth {29681)
-1
Ly m\r lelﬂ, CMI o REMARKS Principal impurity
©0 200 133 100 ] 5

10-100 ppm of ircn, Lines are

WAVELENG TH, MICRONS
based on dielectric constant of an

infinite harmonic fluorite lattice.

Figure 7-11
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MAGNESIUM FLUGRIDE

INTRODUCTION

Magnesium fluoride is prepared by the reaction of magnesium
oxide with hydrofluoric acid and as a byproduct from the reduction of
metal fluorides with magnesium in the manufacture of some metals,
Magnesium fluoride is used as flux in the metallurgy of magnesium
metal, as flux for porcelain and pottery, as phosphor in cathode ray
screens, as coating agent for titanium pigments, and in optics as
window material and antireflection coating on lenses.

The optical transmission of polycrystalline magnesium fluoride is

shown in Figure 1-9, and its physical properties are listed in Table 1-1,

DATA

Refractive index data for magnesium fluoride are listed in
Table 7-11 and consist only of one set of data for polycrystalline
material (Figure 7-12 and Table 7-12) and one data point for magnesium
fluoride film (Table 7-13). This apparent lack of data in the literature

does not permit a comparison of results.

Table 7-11, List of Magnesium Fluoride Data

Wavelength
(Microns)
Figure | Table | n, k | Form Crystal From To Parameter
— = =t = _.———.__.J
7-12 n Bulk | Polycryst 1.0 6.75 { Wavelength
7-12 n Bulk | Polycryst i 9 Wavelength
7-13 n Film £ 2.0 2,0 Wavelength

%*Not Stated

7-15




.
Magnesium
: PARAMETER: _Wavelength MATERIAL: Fluoride
{ FORM Buik, Polycrystalline
Wavelength, | Refractive | Wavelength, | Refractive
E (Microns) Index, n (Microns) Index. n mm
3 1. 0000 1, 3778 4, 0000 1. 3526 THICKNESS Not stated
]
3 1. 2500 L. 3763 4. 2500 . 3492 RAY ORDINARY B , EXTRAORDINARY 0
4 1. 5000 1. 3749 4, 5000 1, 3455
1 1. 7500 1. 3735 4, 7500 1. 3416 WAVELENGTH 1-9 m
- 2. 0000 1. 3720 5, 0000 1.3374
t 2. 2500 1, 3702 5, 2500 1.3329 TEMPERATURE 298 °k
» 2. 5000 1.3.83 5, 5000 1.3282
3 2.7500 1,363 5, 7500 1.3232 METHOD Not stated
3, 0000 1. 3640 6, 0000 1,3179
1 3, 2500 1. 3614 6. 2500 13122 REFERENCE Kodak [1967]
3. 5000 1, 3587 6. 5000 1. 3063 .
Fi 3, 7500 1, 3558 6. 7500 1. 3000 REMARKS IRTRAN-1 material
1 Table 7-12
X
€ 1.6
5
F W) IRTRAN | Figure 7-12
g “\
E 2 1 L L L
g 2 4 [ 8 10
)

WAVELENG TH, MICRONS
Al
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Magnesium

PARAMETER: _Wavelength MATERIAL: Fluoride
FORM Film
Wavelength, THICKNESS ~5x 107% mm
Microns Refractive Index, ng -
RAY ORDINARY ,  EXTRAORDINARY 0O
2 1' 36
E WAVELENGTH ~2 m
TEMPERATURE  ~298 °K
METHOD Transmission
3 REFERENCE Jenness (40476)
REMARKS Evaporated coating

on fused silica substrate,

Extraordinary ray neglected,

Table 7-13

-
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) ALUMINUM OXIDE — CORUNDUM ~ SAPPHIRE —~ RUBY

- INTRODUCTION

Corundum is a naturally-occurring a-alumina, (A1203), which
" crystallizes in the hexagonal form. Pure curundum is fully trans-

parent and water-white, and is called ""white sapphire.' Corundum

for optical applications is generally synthesized and called ''sapphire. '
Corundum crystals containing from approximately 0.04 to 5 percent

chromic oxide in their lattices are called "'ruby."

The ruby's applica-
tions in optics are mostly in la ser technology. The synthesis of
sapphire is commonly performed by means of the Verneuil or flame
fusion process which is based on the fusion of the aluminum oxide
with heat from a hydrogen-oxygen source and growth at a controlled

temperature of approximately 2300°K. The light transmission

through sapphire is shown in Figure 1-8 and shows a useful region
between 0.2 and 5 microns. The infrared optical properties of
j. corundum, sapphire and ruby are essentially identical, [Ref. Haefele

(9762)].

| Physical properties of sapphire are summarized in Table 1-1,
Uses for aluminum oxide include gems, jewel bearings, luminescent

i materials, abrasives and optics.

1 DATA
A list of data presentations for aluminum oxide is offered in

! Table 7-14 and the wavelength- and temperature coverage is plotted

' in Figure 7-13. The spectral dependence of the refractive index of
bulk corundum, sapphire and ruby is shown in Figures 7-14 to 7-22
and Tables 7-15to 7-17 for ordinary and extraordinary rays with
inclusion of some extinction coefficients. The data show good
agreement among authors and materials. Data for amorphous films
are presented in Figures 7-23 and 7-24 with fair agreement of the
sparse data with bulk data, Table /-18 gives refractive index data as
a function of wavelength and anodizing potential, and it is apparent

PRECEDING PAGE B:.‘NK.
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that low anodizing potentials give high readings — more nearly
resembling the metal than the oxide, The temperature dependance
of the refractive index is covered by Figures 7-25 and 7-26 as well
as Tables 7-19 and 7-20C.

Table 7-14., List of Aluminum Oxide Data

Wavelength
{Microns)
Figure | Table| n,k | Form Crystal |From To Remarks Parameter
—
7-14 n,k | Bulk | Corundum 9 33| 293°K Wavelength
7-15 n, k Bulk | Corundum 9 33 1773°K Wavelength
7-16 n Buik | Sapphire 0.3 | 5.6 Wavelength
7-15 n Bulk | Sapphire 2.0 3.6 Wavelength
7-17 n Bulk | Sapphire 58 500 O-ray Wavelength
7-18 n Bulk | Sapphire 58 500 E-ray Wavelength
7-19 n Bulk | Sapphire 180 500 O & E-rays Wavelength
7-16 n Bulk | Sapphire 58 500 O & E-rays Wavelength
7-20 n Bulk { Sapphire 112 300 Wavelength

7-17 n Bulk | Sapphire 167 500 O & E-rays Wavelength

7-21 n, k Bulk | Ruby ¢ 33 Q-ray Wavelength
7-22 n k Bulk | Ruby 6 33 E-ray Wavelength
7-1. n Film | amorphous| 1.5 15 Wavelength
7-23 n Film | Amorphous| 0,2 i.6 318°K, 573*K | Wavelength
7-24 n Film | Amorphous| 15 57 Wavelength
7-25 n, k Bulk | Corundvm 9 33 293°K Temperature
7-26 n, k Bulk | Corundum 9 33 1773°K Temperature

7-19 n | Bulk | Sapphire 0.56 | 4.6 296 — 1973°K Temperature

7-20 }dn/dT| Bulk | Sapphire 4 4 292 —297°K Temperature

7-20
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PARAMETER: Wavelength

x 0
&: a=ALC
=~H )
54 B
0 &
2% T=293°K —_—
€O 1 h ———n
=Z H [}
9c i
g , /
sY gRavd /s N
«x £ - 1
= /
4 1 LA
0 A MoV ==
300 500 700 900 1100
WAVE NUMBER, C™!
L ] 1 1 1 1 ! ] ]
3 20 1" 1 9.1
WAVELENGTH, MICRONS
Peblished  with permission
Copyrig t@ 1968  Messen &t Cle
10
K ELC
> 1 a-AL,O
<% gh 293
g
udl = ok T 1773%° a— &
£ &) - -
o + L./ "
€ o
Sz 4
Q
22 r
TS -
5% 2
£ F S e
w 9 | ] re_——t- 1

200 00 700 9% 1100

WAVE NUMBER, CM”!
L : ] A ! ) ]
n 20 1 n 9.1

WAVELENG TH, MICRONS

Aluminum
MATERIAL: Oxide-Corundum

FORM Bulk, Single Crystal

THICKNESS Not stated mm

RAY ORDINARY & , EXTRAORDINARY 0O

WAVELENGTH 9 — 33 m
TEMPERATURE 293, 1773 o
METHOD Reflection

REFERENCE piriou (29797)
REMARKS

Figure 7-14

Figure 7-15

PRECEDING PAGE BLANK
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Aluminum

PARAMETER: Wavelength MATERIAL: Oxide-Sapphire
FORM _ Bulk, Single Crystal
o THICKNESS NA (Prism) mm
. RAY ORDINARY & , EXTRAORDINARY O
e Mor TEMPERATURE 297 K
x
g L
g b METHOD Deviation
é REFERENCE 1Malitson (17008)
el REMARKS
t.ozor—
1.500 ] | 1 Ll
0.2 04 06 1.0 2.0 408 69 Figure 7-16
WAVELENG TH, MICPONS
THICKNESS 1.6, 3.2 mm
Wavelength, RAY ORDINARY Bl , EXTRAORDINARY O3
{Microns) Refractive Index, n
WAVELENGTH 2.0, 3.6 m
. .65
2.0 ! TEMPERATURE ~298 oK
3.5 1,60 METHOD Transmission

REFERENCE  Jenness (40476)

REMARKS Values estima:i.d from LiF

coating data

Table 7-15

7-24
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Aluminum
PARAMETER: Wavelength MATERIAL: Oxide-Sapphire
3.300
FORM Bulk, Single Crystal
ORDINARY RAY
eLc THICKNESS 1.0 mm
3.260
"o RAY ORDINARY B , EXTRAORDINARY O
WAVELENGTH 58 - 500 ¥
& 0 TEMPERATURE 303 °K
%
g METHOD Interference
g REFERENCE Russell & Bell (28755)
= REMARKS
Figure 7-17
3.060 1 1 i 1
0 50 100 150 200 250
WAVE NUMBER, CM!
L 1 ] ] | _J
20 200 100 67 50
WAVELENGTH, MICRONS
3.640
EXTRAORDINARY
[ 3]
3.600 |-
E
;; Figure 7-18
2
s
]
>
3
g
g
3
3.4 i 1 i i

) 0 100 1% 200 250
WAVE NUMSER, ™!

Lt 1 1 ! 1 J
50 200 100 67 50

WAVELENG TH, MICRONS 7-25
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PARAMETER: Wavelength (Cont'd from preceding page) MATERIAL: gi‘iﬁfsugphire
3.065 31.435
G.
& %3
1 X 30f 8 s
| ) y
3 ¢ g
3 g 3.008 | g 3415
] z
> 3
é 3.09 % 3.405
& g Figure 7-19
3.108 L 3.995 L1 1 i 1 "‘,l(o)'3:-°67 iy
% &« 30 2 ]
WAVE MUMBER, CM™!
L 1 1 1 { 1 L1 1 }
182 200 50 333 500
WAVELENG TH, MICRONS
Wave Ntimber Wavelength, Refractve Indices?®
cm (Microns) ng ne ne=ng
20,2 3,0688 3,4111 0, 3423
25,2 3,0698 3.4129 0. 3436
30,2 330 3.0704 3.4134 0, 3430
35,3 3.0720 3,4163 0. 3443
40.3 3.0740 3,4187 0, 3447
45.4 3,0752 3,4232 0, 3480
50.4 200 3.0770 3, 4260 0. 3490
55,4 3.0795 3.4294 0, 3499
60,5 3.0822 3.4334 0, 3512
65,5 3.0843 3.4391 | 0,3548
70. 6 142 3 0870 3, 4444 0. 3574
75.5 3.0906 3,4510 0. 3604
80,6 3. 0941 3, 4569 0,3628 !
85.7 3.0932 3, 4625 0.3643 I
90,7 3. 1019 3, 4689 0.3670
95.8 3.1060 | 3.4766 | 0.3706 Table 7-16
100.8 100 3.1103 3,4836 0.3733
105.8 21147 3, 4908 0. 3761
110,9 3.1178 3,4993 00,3795
115.9 3, 1249 3.5081 0.3832
120.9 83 3.1304 3.5185 0, 3881
126.0 3,1357 3,5279 0. 3922
131,90 3, 1422 3,5375 0. 3953
136.1 3. 1485 3.5508 0.4023
141.1 71 3.1549 3,5612 0.4063
146, 1 3. 1623 3.5746 0.4123
151.¢2 3. 1696 3, 5856 0.4160
156.2 64 3.1765 3, 6042 0,4277
161.3 3.1854
166, 3 3. 1921
171.3 3, 2018
176, 4 57 1A3.2113
#The total satimated probabie error of the measured
values of the refractive indices is 20, 002 except at trequen-
cies less than 25 cinl and greater than 150 cm=1 where the
: error may be somewhat greater.
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PARAMETER: Wavelength

WAVELENGTH, MICRONS

n2 129 155 220
3.1 T =7 T
310
S sw
&
r4
; 308
5
£ 30|
b
3.06
3.05
8000
WAVE NUMBER, CM™2
Wavelength, Refractive Index, ,
{(Microns) ng n, %
167-5C0 3,14 £ 4% | 3.61 £ 4% l
7-27

Alurmninum

MATERIAL: _Oxide-~Sapphire

FORM Bulk, Singis Crystal
THICKNESS 1,0 mm

RAY ORDINARY Gl , EXTRAORDINARY 0O

WAVELENGTH 112 - 300 .
TEMPERATURE ~298 °K
METHOD Transmission

REFERENCE  Roberts & Coon (18253)

REMARKS

Figure 7-20

THICKNESS 1.0 mm

RAY ORDINARY & , EXTRAORDINARY 0O

WAVELENGTH 167 - 500 B

TEMPERATURE 300 °K

METHOD Interference

REFERENCE Loewenstein {17012)

REMARKS B
Table 7~17

A Yttt



ARG et

L Tooas

1 i Aluminum
PARAMETER: Wavelength MATERIAL: Oxide~Ruby

FORM Bulk, Single Crystal
: 0.036 -6 (absorption, )

: THICKNESS _5 (reflection). mm
:. $r o W " RAY ORDINARY B , EXTRAORDINARY (O
¢ 7 k Z oo ORDINARY RAY

: g :wtz o . WAVELENGTH 6 - 33 i
Z ; 4L § 07!
i N o TEMPERATURE  ~298 °K
e é 2 = 10
& ¢ 1 é w3 METHODM Reflection

ol W ot

300 400 500 600 700 200 900 1000 1200 1400 1600 REFERENCE 1{jefele (9762)
: WAVE NUMBER, M~
: | | . | , i REMARKS Svnthetic material: contain-
, 32 20 14 n 8.3 6.2
WAVELENGTH, MICRONS i 04% Cr; data held valid from

0 to 0. 5% Cr.

Figure 7-21

8 |07
- £1C
c7t% ok ! EXTRAOADINARY RAY
X 8 o
$ ol /
§ 5 [& 10 b/ -
¢ o+
[ 4 z s
§ 3L 3§ 2k i Figure 7-22
24 il ]
g 1 _z 03 " 1 P
ol X o R AR VA S N o R R TR O I
300 500 &0 700 800 S0 1000 1200 1400 1400
WAVE NUMBER, CM!
L ' ] 1 ! )
2 20 " " 8.3 6.2

WAVELENG TH, MICRONY

Pudiished  with permission

Copyright@ 1963  Verleg dor
Zoltsadeift Cur Neturfersslung
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PARAMETER: Wavelength

Anouizing Potential, Volts
Wavelength 50 volts 100 volts 200 voits
(microns) Refractive Index, n n n
1.5 1,63 1.65 1. 60
2 1. 6820, 05 1.64£0,02 | 1.57£0,02
3 1. 64 1. 62 1.52
4 1,67 1.5%
5 1. 63 1.51 1.49
6 1. 66 1.45 1.43
7 1. 67 1. 43201 1.3720.03
8 1. 63 1.42 1,29
3 1. 70 1.40 1. 26
10 1. 7540, 28 1.51 1.31
11 1. 77 1.55 1,48
12 1.89 1.73 1.65
13 2,040, 6 1,860, 4 1. 7610, 12
14 2.19 1. 94 1.81
15 2.55%0,3 2.04%0, 3 1.9120. 2
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Pubkshed with permssion
Copy ight®) 1964 Comminsion das
Pubhcatee francoises de PlysQue
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Aluminum Oxide,
MATERIAL: Amorphous

4

THICKNESS (0-7 - 2.8)x10" mm

RAY ORDINARY Bl , EXTRAORDINARY D

WAVELENGTH 1 5 _ 15 L
TEMPERATURE ~298 °k
METHOD Reflection

REFERENCE Harris (17011)

REMARKS Thin anodized film,

removed from aluminum substrate

and mounted on glass.

Table 7-18,

THICKNESS 3 mm

(2-5)%10"

RAY ORDINARY Kl , EXTRAORDINARY [J

WAVELENGTH 0.2 . 1.6 m
TEMPERATURE 298 °K
METHOD Reflecticen

REFERENCF Cox, et al. (17066)

REMARKS _Aluminum oxide produced by

electron bombardment; substrate tem-

perature as indicated,

Figure 7-23

Pt b itfidy S




FARAMETER: Wavelength
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7-30

Aluminum Oxide
MATERIAL: Amorphous

FORM Film

(0.7 -2.8)x20"%  mm

THICKNESS

RAY ORDINARY & , EXTRAORDINARY 0

WAVELENGTH 15 . 67 ;M
TEMPERATURE ~298 ok

METHOD Reflection, Transmission
REFERENCE r (5212)

Sputtered f{ilm

arris

REMARKS

Figure 7-24
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PARAMETER: _Temperature

Aluminum Oxide

MATERIAL: Corundum

FORM  Bulk, Single Crystal

THICKNESS Not stated mm
. RAY ORDINARY B , EXTRAORDINARY [J
N
§§ WAVELENGTH 9 _ 33 m
Zg
g9 TEMPERATURE 293, 1773 oK
gQ
§§ METHOD Reflection
REFERENCE Piriou (29797
REMARKS
[ | 1 | | | | | J
3 20 14 1" 9.1
WAVELENG TH, MICRONS
Figure 7-25
Published with parmission
Copyright@® 1966  Messen ot Cie
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PARAMETER: Temperature

"n" increases 0,05 (+0,01, -0, 03)
between 296 and 1973°K in the region
from 0,56 to 4. 0 microns.

dn/dT = 1.0x1072 °k"~3

7-32

Aluminum

MATERIAL: _Oxide-Sapphire

FORM _ Bulk, Single Crystal

THICKNESS 1 mm

RAY ORDINARY Kl , EXTRAORDINARY [

WAVELENGTH (.56 - 4,0 B
TEMPERATURE 504 _ 1973 °K
METHOD Reflection

REFERENCE Gryvnak & Burch (21068)

REMARKS  Similar results were

gobtained for polycrystalline material,

Table 7-19

THICKNESS _NA (Prism) mm

RAY ORDINARY B , EXTRAORDINARY 0O

WAVELENGTH ~4 m
TEMPERATURE 292. 297 °K
METHOD Deviation

REFERENCE \Malitson (17G08)
REMARKS

Table 7-20
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MAGNESIUM OXIDE

INTRODUCTION

Magnesium oxide has a relatively uniform optical transmission
over the range ‘rom one to six microns (Figure 1-9) and excellent
high temperature characteristics, Some significant physical pcoperties
of magnesium oxide are listed in Table 1-1, Magnesium oxide is found
in rature as Periclase., Magnesium oxide (magnesia) for industrial
applications is often produced by precipitation of magnesium hydroxide
from sea water with subsequent thermal decomposition to the oxide,
Single crystals for optical use may be prepared by the submerged arc-
melting process in which the unmelted material serves as its own
crucible, In addition to uses of magnesium oxide in optics, the material
is widely used in the manufacture of refractories, fertilizers, in the

rubber industry and innumerable other applications,

DATA

A list of data presentations on magnesium oxide is provided in
Table 7-21 2nd temperature ranges are plotted in Figure 7-27. The
wide range ol temperatures from 8 to 2225°X is indicative of the
environment that this material may have to endure, Refractive index
and extinction coefficient data for single crystal magnesitm oxide are
presented as a function of wavelength in Figures 7-28 to 7-38 and
Tables 7-22 and 7-23, while polycrystalline magnesium oxide is
covered in Figure 7-39 and Table 7-24, The data show good agreement
among various authors as well as between single and poly-crystalline
mat:rial, The temperature dependence of the refractive index and

extinction coefficient is the topic of Figures 7-40 to 7-46,
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REFRACTIVE INDEX, n

LN

1.04

L&
1.82

114 1 4 ! :
0.4 ] 2 3 4 S
0.78
WAVELENGTH, MICRONS
Wavelength, Index oi Refraction,
(Microns) n
1.01398 1, 72259
1. 12866 1. 72059
1,36728 1,71715
1, 52952 1. 71496
1,6932 1. 71281
1, 7092 1. 71258
1, 81307 1, 71108
1.97009 1. 70885
2.24929 1. 70470
2, 35542 1. 70350
3, 3033 1. 68526
3,5078 1. 68C55
4,258 1.66C39
5. 138 1.63138
5, 35 1. 62404
L

7-36

MATERIAL: Magnesium Oxide

FORM Bulk, Single Crystal

THICKNESS _ NA (Prism) mm

RAY ORDINARY & , EXTRAORDINARY 0O

WAVELENGTH 0.36 - 5,35 u
TEMPERATURE 296.5 ok
METHOD Deviation

«

>

REFERENCE Stephens and Malitson (34823)

REMARKS

Figure 7-28

Table 7-22

o s

Py
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PARAMETER: _Wavelength

Wavelength,

(Microns) Refractive Index, n
0. 6907 1. 73191
1.0140 1.7226
1.9701 1, 70885
3. 3033 1, 68526
4. 2580 1.66039
5. 3500 1, 62404
12
10

X 8
Q

Z

E ]
g1

0 lk 1 'fl | L} i 1
00 %0 70 %0 100 1300 1500

WAVE NUMBER, CM™!

1 i 1 ! 1 1 1
3 20 " n 9.1 7.6 6.0
WAVELENG TH, MICRONS
Publitind with permission
Copyright®) 19 43 Johann Ambossium Barth
7-37

MATERIAL: Mapgnesium Oxide

FORM Bulk, Single Crystal

THICKNESS notl stated mm

RAY ORDINARY [ , EXTRACRUINARY 3

WAVELENGTH 0.7 -5, 4 m
TEMPERATURE ~298 og
METHOD not stated

REFERENCE Norton (16227)

REMARKS Magnorite(,R)Norton Co,

Typical analysis: 99, 7 percent MgO,

0. 03 percent SiQ2, 0, 04 percent Cal,
0. 05 percent FeZO3, 0,10 percent

R203 (other than FcZO3),
Table 7-23
THICKNESS 0.06. - 10 mm

RAY ORDINARY B , EXTRAQRDINARY O

WAVELENGTH 7 - 33 M
TEMPERATURE 298 °K
METHOD Reflection

REFERENCE Haefele (34826)

REMARKS

Figure 7-29
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PARAMETER: _Wavelength

WAVELENGTH, MICRONS
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7-38

MATERIAL: Magnesium Oxide

FORM Bulk, Single Crystal

THICKNESS 0, 07¢ - C, 468 mm

RAY ORDINARY , _EXTPACPODINARY O

WAVELENGTH 7 -25 M
TEMPERATURE ~298 %4
METHOD Reflection

REFERENCE Willmott (34804)

REMARKS Samples cleavoed from

massive crystal,

Figure 7-3C

Figure 7-31
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PARAMETER: Waveleagth

MATERIAL: Magnesium Oxide

FORM_ Bulk, Single Crystal

THICKNESS not stated nm
i ve 0K RAY ORDINARY R , EXTRAORGINARY [
x
28 — WAVELENGTH _ 3 - 33 M
S\Z) s = onen 250
§§ TEMPERATURE 293 . 2225 o
=§, e onbande M R METHOD Reflection

900 1o
WAVE NUMBER, CM™! REFERENCE Piriou (29797)
;3_— . 2‘0 l 14 l |’| I 9‘_ [} REMAHKS

WAVELENG TH, MICRONS

Figure 7-%4

- « 10
.3 5 1- 225K ']
X5 o o8k
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Figure 7-33 Figure 7-34
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PARAMETER: _Wavelength . MATERIAL: Magnesium Oxide
1]
#ORM  Bulk, Single Crystal
B ..5'K\
nl- THICKNESS not stated mm
zr RAY CRDINARY B , EXTRAORDINARY O
20
" WAVELENGTH 12 - 100 u
g 18} h TEMPERATURE 8 - 1950 o
§ g ur METHOD  Reflection
§ é 4 REFERENCE Jasperse, et al, (34832)

REMARKS

73
i 1.2 CHANGE IN SCALE
£
E
: 0.0
&
¢ 0.4
¥ Figure 7-35
%
2
WAVENUMIER, CM™!
{ ! Lo ! ] ] ] ]
100 3 20 14

WAVELENGTH, MICRONS

30
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Figure 7-36
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PARAMETER: Wavelength

3.25
3.0}
c /
E 315~ -—_——’y
r4
e 3.0 .o —3.11 VON HIPPEL 90°K
- 3.08
FEEX ] o
o
]
“ 3000
2.95 i | 1 1 1 it 1 | S |
10 15 20 25 30 40 50 60 70809 110
WAVE NUMBER, Cm™!
L 1 1 1 1 l 1 1. 1119
1000 667 500 400 333 250 200 167143125 100
WAVELENG TH, MICRONS
3. 1072
10'2[:
6x|0-3"
o -
< |
s
g 3.0
"
=
% "
(v}
Z
o
5 =1
g w0 -
= -
“ 6110.‘_
-
1x 1074
4l ] 1e%®1 1 L1t

10 1
4 50 & 7

[H] 20 25 30

WAVE MUMBER, CM™
1 [T I T N SR U SO B |

L
667 500 400 333

WAVELENGTH, MICRONS

7-41

|
%0 I

250 200 167 143125111 92

MATERIAL: Magnesium QOxide

FORM  Bulk, Single Crystal

THICKNESS 0.436, 0,693 mm

RAY ORDINARY . EXTRAORDINARY 0O

WAVELENGTH 90 - 800 m
TEMPERATURE 90, 300 ok
METHOD Transmission

REFERENCE Rowntree (34819)

REMARKS

Figure 7-37

Figure 7-38
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PARAMETER: Wavelength

1.2 L ! s S
2 4 [} 8 1
WAVELENGTH, MICRONS
Wavelength, | Refractive | Wavelength, | Refractiv.

(Microns) Index, (Microns) Index, n
1. 0000 i.7227 4.2500 1.6612
1.2800 1.7188 4.5000 1, 6536
1. ,000 1.7156 4.7500 1.6455
1.7500 1.7123 5. 00C0 1.6368
z. 0000 1. 7089 5.2500 1.6275
2,2500 1.7052 5.5000 1.6177
2.5000 1.7012 5.7500 1.6072
2, 7500 1.6968 6. 0000 1.5962
3. 0000 1. 6920 6. 2500 1.5845
3.2500 1.6868 6. 5000 1.5721
3.5000 1.6811 6.7500 1. 6590
3.7500 1.6750 7.0000 1. 5452
4. 0000 1.6684 7.2500 1.5307
7.1500 1,5154

7.7500 1.4993

8. 00¢C0 1.4824

7-42

MATERIAL: Magne siurn Oxide

FORM __ Bulk, Polycrystalline

THICKNESS Not Stated

mm

RAY ORDINARY B , EXTRACRDINARY 0O

WAVELENGTH 1 . 20 m
TEMPERATURE 298 °K
METHOD Not Stated

REFERENCE Kodak [1967]

REMARKS  IRTRAN-5 material

Figure 7-39

Table 7-24

.-
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PARAMETER: Temperature

T 293K
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REFRACTIVE INDEX, n
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Figure 7-41

MATERIAL: Magnesium Oxide

FORM Bulk, Single Crystal

THICKNESS Not Stated mm

RAY ORDINARY & , EXTRAORDINARY 0

WAVELENGTH 9 - 33 N
TEMPERATURE 293 - 2225 ok
METHOD Reflection

REFFRENCE Piriou (29797)

REMARKS

Figure 7-40
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Figure 7-42
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PARAMETER: __Temperature MATERIAL: Magnesium Oxide

FAREE A Nts e & ik bl 1 H

28

FORM Bulk, Single Crystal

ko 20t
Z: 3.5’K\
3 2 b THICKNESS Not Stated mm
3 z |- RAY ORDINARY & , EXTRAORDINARY ([l
s
4 0 k-
’ WAVELENGTH 12 - 100 “
. sl
B TEMPERATURE 8 - 1950 og
pa —~—
£ u METHOD Reflect.on
(v
g nf-
5 REFERENCE Jasperse, et al (34832)
REMARKS
1.2 CHANGE IN SCALE
1950°K
~e
o Figure 7-43
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FORM

MATERIAL: Maﬁyesium Oxide

Bulk, Single Crystal

THICKNESS

RAY ORDINARY @& ,

00 436. 0. 693 mm

EXTRAORDINARY 0O

WAVELENGTH 90 - 800 M
TEMPERATURE 90, 300 ok
METHOD Transmission
REFERENCE Rowntree (34819)
REMARKS

Figure 7-45

Figure 7-46
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CHAPTER 8
REFRACTIVE INDEX DATA FOR METALS

INTRODUCTION

This Chapter treats the optical properties of metal films
comprising the metals aluminum, gold and silver. The optical behav-
ior of metal films is dependent on film structure, and the latter is
influenced by the conditions under which the film was formed., Most of
the optical metal films were formed by evaporation in a vacuum of the
order of 1072 torr and, at this pressure, the residual gas atoms are
sufficiently abundant to affect the film properties. Owing to the chem-
ical inertness of gold, films of this metal should not be influenced by
the presence of gases during evaporation to the same extent as alumi-
num and silver. In some cases a more volatile eutectic alloy may be
formed between the crucible (or boat) and the metal to be evaporated,
resulting in the deposition of an alloy rather than the pure metal. The
crystallinity of the film is dependent on the deposition rate and substrate
conditions, including type of material, orientation and temperature.
Annealing conditions frequently are not detailed sufficiently to ascer-
tain whether the {ilm is amorphous cor crystaliine. The optical constants
of metal films show a dependence on film thickness and often the latter
either is not reported or not uniform. :{ shouid be apparent from the
foregoing discussion that agreement on optical constants of metal films
among various observers may be too much to hope for and, indeed, such
is the case.

The data permit some generalizations which apply to all three
metals. Extinction coefficients tend to show less spread among
observers; this is attributed by Schulz & Tangherlini (27635) to the
condition that k is dependent on the density of free electrons in the
metal, and this density is probably independent of structure defects,

The same authors explain the greater variation in the refractive index
(n) on its dependence on the conductivity of the metal, which is highly

sensit.ve to the presence of defects and strains,
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DATA SUMMARY

Table 8-1 lists all data presentations for aluminum, gold and

silver, Figures 8-1 and Tables 8-2 to 8-8 provide aluminum data and

the lowering in refractive index by an amorphous-crystalline transforma-

tion is cbserved (Tables 8-2 versus 8-7); data {or the polycrystalline

ilm resemble bulk data and this is not unexpected as the density of poly-

crystalline film approaches that of bulk material, while amorphous alum-

inum has a much lower density [Motulevich, et al. (25734)].

Gold data are covered in Figures 8-2 to 8-6 and Tables 8 -9 to
8-20. Particularly interesting is Figure 8-3 which shows a reduction
in refractive index as a result of annealing. Table 8-11 shows the
great reduction which may occur in refractive index as the film thick-
ness approaches bulk levels. Similarly, an increase in extinction
coefficient is noted as the film thickness is increased {Taktle 8-12).
Data for silver are presented in Figures 8-7 to 8-14 and Tables 8-21
to 8-31, Refractive index and extinction coefficient values have been
calculated for a wide temperature range and are included as
Figures 8-12 and 8-14,

8-2
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Table 8-1. List of Metal Data
Wavelength,
(Microns)

Metal Figure | Table | n,k | Form Crystal From To Remarks Parameter
Aluminum 8-2 n,k | Film | Amorphous 0.96 1,82 Wavelength
Aluminum 8.3 n k Amorphous 2 12 Wavelength
Aluminum 8-1 n @ 0.4 0,95 | Annealed film | Wavelength
Aluminum 8-4 ny k * 0.4 0,95 ?r;nealed film | Wavelangth

n

Aluminum 8-5 n, k * 0,8 9,0 Wavelength
Aluminum 8-6 n % 0.4 2.0 Wavelength
Aluminum 8-7 n, k Polycryst 1.0 1.0 Wavelength
Aluminum 8-8 ok ® 0.8 9.0 Temperature
Gold 8-9 n Polycryst 1 12 Annealed film | Wavelength
Gold 8-10 | n,k ® 0.4 0.95 (Ar)mealed film | Wavelength

n
Gold §-2 n = 0,4 0.95 | Annealed film | Wavelength
Gold 8-11 n % 0.8 1.1 Wavelength
Gold 8-12 k % 0.8 2.0 Wavelength
GCold 8-3 n o 0.4 2.5 Annealed and | Wavelength

unannealed

film
Gold 8-13 | n,k & 0.8 1.0 ‘Wavelength
Gold 8-14 | n,k % 0.8 1.0 Wavelength
Gold 8-15 n k * 1.25 1.0 Wavelength
Gold 8-4 n ® 1.3 12,1 Wavelength
Gold 8-16 n % 1.3 12,1 Wavelength
Gold 8-5 n, * 1 12 82°K, 295°K Wavelength
Gold ' 8-17 | = s 1 11 82°K, 295°K | Wavelength
Gold 8-18 n * 0.8 1.1 Film Thickness
Gold 8419 k ® 0,3 2.0 Film Thickness
Gold 8-6 n ® 1 12 82°K, 295°K | Temperature
Gold 8-20 n ® 1 1 82°K, 295°K | Temperature
Silver 8-7 n * 0.5 1.5 Wavelength
Silver 8.21 n, k ® 0.8 1.0 Wavelength
Silver 8-8 n % 0.4 1.0 Wavelength
Silver 8-9 k " 0.4 1,0 Wavelength
Silver 8-10 n = 0.4 0.35 | Annealad film | Wavelength
Silver 8-22 | n,k ® 0.4 0.95 t\r;nealed film | Wavelength

n
Stlver 8-23 n,k *x 0.8 1,0 Wavelength
Silver 8.24 nk & 1.25 |10 Wavelength
Silver 825 n & 0,8 1.0 Wavelength
Silver 8-26 k ® c.8 1.5 Wavelength
Sitver 8-11 n * 1 i2 82°K, 295°K | wavelength
Silver 8-27 n ® 1 12 82°K, 295°K | Wavelength
Silver 8-12 nk n b Cc.3 .00 300-1200°K Wavelength
Stlver 8-28 | n,k * 1.C 6.0 n-type Wavelength
Silver 8-29 n # 0.8 1.0 Film Thickness
Silver 8-30 k ¢ 0.8 1.5 Film Thickness
Silver 8-13 n * 1 12 82°K, 295°K | Temperature
Silver 8-31 n’ & 1 12 82°K, 295°K | Temperature
Silver 8-14 n k ® 0.3 100 300-1200°K Temperature
#Not stated.
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PARAMETER: Wavelength MATERIAL: Aluminum
. e gs FORM Film-Amorphous

Wavelength, | Refractive Extxlnctzon

(Microns) Index; n Coefficient, k THICKNESS Not stated mm
0. 96 2.0 10. 2 RAY ORDINARY & , EXTRAORDINARY [J
1. 15 1.8 12,0 WAVELENGTH _ 0. 96-1. 82 P
.46 31 te.4 TEMPERATURE  ~298 °
1.82 4,9 19.9 K

METHOD Reflection

REFERENCE Motnlevich, et al. (25734)

REMARKS _ Film deposited on glass,

resulting in sample of mean density

of 2.2 g cem™3

Table 8-2
Wavelength, | Refractive Extinction THICKNESS 1. 5x10”4 mm
(Microns) Index, n Coefficient, k ’
RAY ORDINARY . EXTRAORDINARY O
2.0 2. 30 16,5 WAVELENGTH 2 - 12 u
2.5 3. 22 20,3
3.0 4,41 24, 2 TEMPERATURE 298 ok
4.0 5. 97 30.3 METHOD Reflection
5.0 8,19 36.8 REFERENCE  Beattie [1955}
6.0 11,00 42. 4
7.0 14. 63 49. 0 REMARKS Specimens evaporated
8.0 17,00 55,0 onto glass substrate at ~ 10”5 torr
9.0 21.1 61.3 pressure.
10.0 25, 4 67.3
11.0 28.3 71.1 Table 8-3
12,0 33.6 76,42 .

8-5
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PARAMETER: Wavelength

L e WA SRR TR

MATER!AL: Aluminum

FORM Film

THICKNESS 1.5%10-4 (n); 5x1G (k) __mm

RAY ORDINARY B EXTRAORDINARY O

. 20
3. WAVELENGTH 0,4 - 0.95 3
¢ 10 TEMPERATURE  ~298 °k
5 0.8
s 0.6 METHOD Reflection {n); Interference (k).
0.4 Schulz Tangherlin (27635)
0s REFERENCE for n; Schulz (27634) for k,
04 05 0.4 07 08 0% 1.0
WAVELENGTH, MICRONS REMARKS Evaporation from tungsten
wireat 10°9 Torr ontoglass substrate
for n and mica substrate {or k.,
Figure 8-1
Wavelength, | Refractive Extinction
(Microns) Index, n Coefficient, k
0,40 0.40 3,92
0. 45 0. 49 4,32
0. 50' 0. 62 40 80
0. 55 0,76 5.32
0, 60 0. 97 6,00
0.65 - 1. 24 6. 60 Table 8-4
0.70 1.55 7.00
0.75 1.80 7.12
0. 80 1.99 7.05
0. 85 2.08 7.15
0. 90 1, 96 7.70
0. 95 1.75 8. 50

e 2 7 ot N A A < = W I AN S ¢
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pARAMETER:__Wavelength

[

Refractive Extinction
Index, n Coefficient, k
“iiéi‘fé‘f:f | 78% [ 295°%k | 78%K | 295%K
0.8 0.83 1,12 6.0 6.0
0,9 0.75 1.05 7.0 7.0
1.2 0.63 0.95 9.6 9.6
1.5 0.78 1,14 12,1 | 12,1
2.0 1,30 1,75 16.1 | 16,1
2. 5 1.7 2.4 19.8 | 19.8
3.0 2,2 3.2 23.5 | 23.5
4,0 3,2 4.8 30.1 | 30,0
5.0 4,4 6.7 37.8 | 37.6
&, G 6.5 9.5 44,9 | 44.4
L0 12.6 52,0 | 49.0
8.0 15,6 55.0
9.0 21.1 61.3 J
Waveleagth, * Refractive
(Microus! Index, n
L . —
0, 4% 0.32
0.70 1. 26
0.75 1. 50
0.80 1.78
0.85 1.94
0.875 1. 82
0.90 1.70
0.95 1,40
1. 00 1. 17
1. 10 0. 85
1. 20 C.78
1. 50 1. 00
1,70 1,31
2,00 1.74

8-7
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MATERIAL; Aluminum
FGRM Film
THICKNESS __ 1,5 x 107> -

RAY ORDINARY B, EXTRAORDINARY O

WAVELENGTH 0.8 -9,0 m
TEMPERATURE 78, 295 ok
METHOD Reflection

REFERENCE Golovashkin, et al, (14298)

REMARKS Film formed by vacuum

evaporation from tungsten helix onto

glass.

Table 8-5

THICKNESS. Not Stated mm

RAY ORDINARY B , EXTRAORDINARY 0O

WAVELENGTH 0.40 - 2,00 m
TEMPERATURE 298 o
METHOD Reflection
Shlkyarevskii and
REFERENCE Yarovaya {(19998)
REMARKS  Evaporation at 2x10”° torr

onto glass substrate

Table 86
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PARAMETER: Wavelength

Wavelength, Refractive Extinction
(Microns) Index, 1. Coefficient, k

1. 00 0.98 7.65
1,50 1.14 11, 6
2. 00 1. 67 15,2
2. 50 2. 50 18. 8
3.00 3.48 22,6
4. 00 5, 58 29. 4
5. 00 7.84 35,7
6,00 1C.4 41,3
8. 00 16, 2 52,2

10,0 25,5 60. 9

ot e e ATy 5 E—

8-8

MATERIAL: Aluminum -

FORM Film - Polycrystalline

THICKNESS Not Stated mm ¢

RAY _ORDINARY B , EXTRAORDINARY O

WAVELENGTH 1-10 m
TEMPERATURE  ~298 o
METHGD Reflection

REFERENCE Motulevich, et al. (25734)

REMARKS Film deposited on glass,

resulting in sample density of
3

2.7 gcm”

Table 8~7
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PARAMETER: Temperature

Wavelength,
Microns

a—

0.8
0.9
1.2
1.5
2.0
2.5
3.0
4.0
5.0
6.0
7.0
8.0
9.0

Refractive Extinction
Index, n Coefficient, k
78°K | 295°k | 78°K |[295°K
0. 85 1.12 6.0 6.0
0.75 i.05 7.0 7.0
0.63 0.95 9.6 9.6
0.78 0. 14 12,1 12,1
1. 30 1.75 16,1 16.1
1.7 2.4 19.8 | 19.8
2.2 3.2 25,5 | 23.5
3.2 4,8 30.1 | 30,0
4,4 6.7 37.8 | 37.6
6.5 9.5 44.9 | 44.4
12.6 52,0 | 49.0
15,6 55.0
21,1 61.3

8-9

MATERIAL: Aluminum

FORM Film

THICKNESS 1.5 x 107> mm

RAY ORDINARY . EXTRAORDINARY [

WAVELENGTH 0.8 -9,0 u
TEMPERATURE 78, 295 K
METHOD Reflection

REFERENCE Golovashkin, et al. {14298)

REMARKS Film formed by vacuum

evaporation from tungsten helix onto

glass.

Table 8-8




PARAMETER: Wavclongth MATERIAL: __ Goid
FORM Film - Polycrystalline
Wavelength, Refractive Extinction - -3
Microns Index, n Coefficient, k THICKNESS (0.5 - 1) x 10 mm
y — ——
Lo 0. 224 6. 71 RAY _ORDINARY € , EGXTRAORDINARY 0O
1.5 0.357 10. 4 WAVELENGTH 1 - 12 u
h‘ 2.0 0. 546 13.9 TEMPERATURE ~298 o
2.3 0.82 17.3 METHOD Reflection
3.0 1.17 21.0
REFERENCE Motulevich & Shubin (19922)
4.9 2.04 27.9 6
5.0 3,27 25.2 REMARKS Evaporation at 3 x 107" torr
6.0 4.70 41,7 pressure from tungsten onto glass
8.0 7.82 54.6 substrate, followed by anneal of at
10.0 11.5 67.5 least three hours at 10~ torr and
12.0 15.4 80.5 673°K.

Table 8-9
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= PARAMETER: Wavelength MATER:AL:___ Gold .
FORM Film
Wavelength,] Refractive Extiaction -4
(Microns) Index, n Coeflicient, k THICKNESS (1.5-2) % 10 mn:
0.40 1.43 RAY ORDINARY Bl , EXTRAGRDINARY O
0.45 1.40 1.88
WAVELENGTH 0.4 - 0.95 m
0.50 0.84 1.84
0.55 0. 34 3. 37 TEMPERATURE  ~298 °K
0.60 0.23 2.97 METHOD Reflection(n); Interierence (k}.
0.65 0.19 3. 50 Schulz & Tangherline (27635)
REFERENCE for n, Schulz (27634) for k.
0.70 0.17 3.97
0.75 0.16 4 42 REMARKS Evaporation from tungsten
0.80 0.16 4.84 wire at 10'5torr onto glass substrate
0.85 °.17 5.30 for n and mica substrate for k. Glass
090 0.18 5.72 substrate sample annealed at <403°K
0.95 0.19 6.10 Table 8-10
2.0
Lo}
:. o8
g 0.6}
g 0.4 - Figure 8-2
G n
g 0.3
# o'z pon
s
[N ul | § 1 1

0.4 0.5 6.6 0.7 0.8 c.9 1.0
WAVELENGTH, MICRONS

8-12
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PARAMETER: Waveie, gth

[

3 Refractive Index, n
. Film Thickness, @ Wavelength Microns

" A 0.8 | 0.9 |1.0 1.1 Observer
2 ‘ 10 4.35| 4.5 | 4.85 | 5.05 | Goos[1937)
f : 20 5.25( 5.1 | 5.0 5.0 Goos [1937)
! 30 5.05| 5.15 S.0 5.0 Goos {1937)
i: ! 40 4.15] 4.7 | 4.9 5.15 | Goos (1937}
} : 50 4.3 | 4.551 4.9 515 | Goos[1937]
:*; 73 43 | 4.6 | 475 | 5.15 | Goos [1937)
' 100 3.5 | 3.95} 4.35 | 4.85 | Goos {1937]
*{ 150 1.4 | 1.8 [2.15 | 2.55¢« | Goos [1937)

; 200 0.45] 0.5 | 0.55 | 0.6 | Goos[1937)

* 400 0.18] 0.19] 0.195 Kretzmann (4035%)
® 0.2 0.25 | 0.25 0.3 Pogany [1916]

*Thickness range 100-400 A

IS CPEY . F Lo U -

as s emanmms a8 ™A1
MAITERIALS Attt

FORM Film

THICKNESS 1 x 10~ ¢o bulk mm

RAY ORDINARY B , EXTRAORDINARY [

WAVELENGTH __ 0.8 - 1.1 u
TEMPERATURE ~298 °k
METHOD Miscellaneous
REFERENCE Mayer [1950]

REMARKS Compilation of older
data

: Table 8-11
Extinction Coefficient, k J
Film Thickness, @ Wavelength Microns
A 0.8 0.9 [ 1.0 1.1] .5 ] 2.0 Observer
' 10 0.7 {05 | 025 0.05 Geos [1937)
20 65| 11 | 0.7 0.35 Goos [1937)
30 2,75 | 1.15] 1.25 | 0.8 Goous {1937)
o 40 29 |23 | nes] 13 Goos [1937)
. 50 3.3 | 2.8 | 2.6 2.0 Goos {1937)
7 4.1 |315] 3.6 5.3 Goos [1937) Table 8§~12
! 100 4.55| 4.5 | 4.4 44 Gooe {1937)
.. 5. 564 Haringhuizen, et 2l. [1937)
150 5.0 5.45] 5.8 64 Goos [1937)
e 200 5.2 |59 |67 7.5 Goos [1937)
. 500-1000 5.19 6.9 11.3 | 15.4 | Hagen & Rubens [1902)
® 2 | 6.0 [ 6.95 7.6% Goos [1937]
4.2 | 4.93] 5.57 Statescu [1910)

*Thickness range 100-400 &

8-13
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PARAMETER: Wavelength

REFRACTIVE
INDEX, n
¥

0.8 1.0 1.5 7.0 2.5
WAVELENGTH, MICRONS
6 | SAMPLE NO. ! BEFORE ANNEALING
08 2 SAMPLE NO.1 AFTER ANNEALING
® 3 SAMPLE NO.2 MEFORE ANNEALING
o 4 SAMPLE NO.2 AFTER ANNEALING
8 5 MOTULEVICH AND SHUSIN, REF 19922
+ 6 PADALKA AND SHKLYAREVSKII, REF 9953
© 7 OTTER, (1961)
Wavelength, | Refractive Extinction
(Microns) Index, n Coefficient, k
0. 800 0.178 4,20
0.850 0.182 4,53
0. 900 0,190 4,93
0. 950 0.199 5,27
1.000 0.194 5,57

8-14

MATERIAL:  Gold

FORM Film

THICKNESS Not stated mm i

RAY ORDINARY ¥, EXTRAORDINARY O -

WAVELENGTH 0.4 - 2.5 m ;
TEMPERATURE  ~298 ok .
METHOD Reflection

Shklyarevskii & Yarovaya
REFERENCE (27261)

REMARKS Deposition rates: Sample

No. 1- one A sec'l, sample No. 2-

100 A sec™!. Samples annealed at

393°Kin vacuo after deposition, where
stated.
Figure 8-3

THICKNESS 0.33 mm

RAY ORDINARY Bl , EXTRAORDINARY [

WAVELENGTH 0.80 - 1.0 M
TEMPERATURE ~298 °K
METHOD Reflection

REFERENCE Kretzmann (40353)

REMARKS Evaporation from tungstzn

or molybdenum crucibles at

<l x 10"4 torr.

Table 8-13
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PARAMETER: Wavelength

Wavelength, | Refractive Extinction
(Micrens) Index, n "Coefficient, k
|
0. 860 0.149 4. 654
0. 850 0.157 4. 993
0. 900 0.166 5.335
0.950 0.174 5.691
i. 000 0.179 6. 044
- Wavelength, | Refractive Extinction
(Microns) Index, n Coefficient, k
. 1.25 0,38 8.0
i 1.5 0.53 9.5
- 2 0.85 12,6
3 1,64 18,6
- 4 2,0 24,6
- 5 3.8 30.7
- 6 5.1 36,4
- 7 6.8 41,6
: 8 8.5 46,4
- 9 10,5 50, 8
.g 10 12,4 55,0
I
8-15
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FORM Film

THICKNESS 0.3 -0.4 mm

RAY ORDINARY 6 . EXTRAORDINARY [J

WAVELENGTH 0.8-1.0 y
TEMPERATURE  ~298 : o
METHOD Reflection

REFERENCE Weiss (6107)

REMARKS Evaporation onto silica

substrate at. 2 x 10"5 torr pressure

Table 8-14

THICKNESS Not stated mm

RAY ORDIMARY (¥ , EXTRAORDINARY [

WAVELENGTH  1.25 - 10 “
TEMPERATURE 293 %k
METHOD Reflection

REFERENCE Dold & Mecke (27079)

REMARKS Eva.pora"cion from

tantalum crucible.

Table 8-15




YR ERAN i A L T T AT ST

o r e e s

-~

-
s

REFRACTIVE INDEX, »
3 8

e
lh

10

. 6 10 2
WAVELENGTH, MICRONS
Wavelength Refractive
{(Microns) Index, n
— e ———

1.3 0.69
1.75 1.1
1.95 1.3
2.26 1.62
2.8 2.2
3.43 3.49
3.95 4.71
4.55 5.95
5.5 9.05
6.65 12.9
7.9 17.6
8.65 20.2
9.9 25.2

11.1 29.0

12.1 32.4

8-16
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MATERIAL: Gold
FORM Film
THICKNESS (1.5 - 2) x 10'3 mm

RAY ORDINARY B EXTRAORDINARY []

WAVELENGTH 1-12 M
TEMPERATURE ~298 o
METHOD Reflection

Shkliarevskii &
REFERENCE Eadal]sa (36056)

REMARKS Vacuum evaporation from

molybdenum crucible onto glass sub-

strate, According to the authors,

samples may have been insufficiently
clean, resulting in high refractive

indices,

Figure 8.4

Table 8-16
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2 PARAMETER: Wavelength MATERIAL:  Gold

:

’ FORM Film

' THICKNESS Not stated mm

§ -

! RAY ORDINARY , EXTRAORDINARY O
- o} WAVELENGTH 1 - 12 4
5 TEMPERATURE 82, 295 o

§ ' METHOD Reflection

e Padalka &
£ REFERENCE Shklyarevskii (9953)
3
¥’ M, REMARKS Evaporation from tantalum
crucible onto glass substrate at
4

: 1072 torr pressure.

, 02°K

) . Figure 8-5

¥ S . 1 1

0 2 4 & [ ] 10
s WAVELENG TH, MICRONS
|
[ )
Wavelength. RefraCtlve Index, n
(Microns) | T = 295°K T = 82°K
A (1) n n
e e |

: Table 8-17

, 1 0.31 c. 28

Lo 2 0.54 0.45

. 3 0.93 0. 74

4 1. 49 1. 15

; 5 2,19 1.67
! 6 3.01 2.29
) 7 3,97 2.99

) 8 5,05 3.84

) 9 6.21 4, 714

- 10 7. 41 5.70

- 11 8,71 6. 76

8-17
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PARAMETER: Temperature MATERIAL:  Gold

"t

Bltans

~

FORM Film

1]

THICKNESS Not stated mm

Bention,. §

»

RAY ORDINARY XJ , EXTRAORDINARY [J -

10} WAVELENGTH 1-12 m .

TEMPERATURE 82, 295 °g F

8 METHOD Reflection

Padalka & o
REFERENCE Shklyarevskii (9953)

REFRACTIVE INDEX, n
’

T W REMARKS Evaporation from tantalum

crucible onto g}ass substrate at

10°2 torr pressure.

2K
Figure 8-6

| | 1 1 Il
0 2 4 6 L 10

WAVELENGTH, MICRONS
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PARAMETER: F i

im Thickness
L DLICKI

Refractive Index, a
Film Thickness Wavelength, Microns
A 0. 0.9 1.0 1.1 Observer
10 4.35; 4.5 4.95{ 5.05 Goos [1937)
20 5.25{ 5.1 5.0 | 5.0 Goos [1937)]
30 5.05| 5.15) 5.0 5.0 Goos [1937]
40 4.15] 4.7 4.9 5.15 Gzos {1937)
50 4.3 4.55] 4.9 5.15 Goos [1937)
75 4.3 4.6 4.75( 5.15 Goon [1937)
100 3.5 3.95] 4.35] 4.85 Goon {1937)
1£0 1.4 | 1.8 | 2.15] 2.55¢ | Goos [1937]
200 0.451) 0.5 0.55] 0.6 Goos [1937]
400 0.18 1 0.19| 0,195 Kretzmann (40353)
w 0.2 0.25] 0.25] 0.3 Pogany [1916]
=Thickness range 100-400 A
i Fatinction Coetficaent,
STURI enn (54 veletpth, A enaps
u "'"k” : [} » "A Iﬂhlur‘xj [ 200 Observer
1 57 B 025 | s Goefpartd
20 1es |y 0 1 Gons 1047
2 2B s nirastlan Goos 1 37}
4u 29 2.1 195711 3 Goon {1937)
&0 33 2R 26 f2n0 Gonos 11437}
' 4.1 (R 38 I) L3N Gous 11 637]
10 55 |45 |44 |44 € aos {1437)
CITRS B Haringhuizen, et al. [1%37]
i (X0 .45 § 5.8 | .4 Goos [1437)
pOY 52 sa9 le? |25 | CGous {1137}
W, Ry 5 1% [ 113 1 15,4 | Hagen & Rubens [1962)
- 52 40 6w | T s Gous {31017)
4.2 400 ) 857 Stotescu {1410]

-

*Thickness rarye 160,400 A

§-19

MATERIAL: Gold
FORM Film o
THICKNESS 1% 10"%tobulk o

RAY ORDINARY [f

EXTRSCHDINARY [

WAVELENGTH 0.8 - 1.1 m
TEMPERATURE ~298 o«
METHOD Miscellaneocus
REFERENCE  Mayer [1950]

REMARKS Compilation of older data

Table 8-18

Table 8-19
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PARAMETER: Wavelength

:
2
g '
G
S __//
g 0 I -y | 1
0.5 0.6 0.8 1.0 .5
WAVELENGTH, MICRONS
Wavelength, | Refractive Extinction
(Microns) Index, n Coefficient, k
0.800 0.196 5.54
0.350 0.200 5.87
0.9¢0 0.227 6.26
0.950 0.245 6.61
1.000 0.263 6.93
8-21

Y-S Qileraw
MAITENIAL aAT e
FORM Film
THICKNESS Not stated mm

RAY ORDINARY B EXTRAORDINARY O

WAVELENGTH 0.5 - 1.5 M
TEMPERATURE  ~298 oK
METHOD Reflection

Yarovaya &
REFERENCE Shklyarevskii (36165)

REMARKS Samples identical toRef, 9953.

Figure 8-7

THICKNESS 0.17 mm

RAY ORDINARY (8 , EXTRAORDINARY [

WAVELENGTH 0.8-1.0 M
TEMPERATURE ~ ~298 oK
METHOD Reflection

REFERENCE Kreatzmann (40353)
REMARKS Evaporation from

tungsten or molybdenum crucible at

<lx 10'4 torr pressure.

Table 8-21




PARAMETER: Wavelength

c 0.3}
; 0.2
& B
S
§ 0.1
0.05}
1 i I 1 1 1 1 i 1 ] 1 1
0.4000 0.3000 0.6000 0.7000 0.8000 0.9000 1.000
WAVELENGTH, MICRONS
-
e o
‘z‘ s //‘
- .
é .
9 2k /
£ L
£
[ISRSES WY (U SN NN R OO SN SN SO NONON |

0.4000 0.5000 0.6000 ©.7000 0.8000 0.9000 1.000
WAVELENGTH, MICRONS

8-22

MATERIAL: Silver

FORM Film

THICKNESS 0.7 x 107* mm
RAY ORDINARY [ , EXTRAORDINARY [
WAVELENGTH 0.4 - 1.0 M
TEMPERATURE ~29§ °K

METHOD Reflection, Transn.ission

REFERENCE Idczak (1967

REMARKS Film prepared by

evaporation onto glass substrate

at —-10"4 torr.

Figure 8-8

Figure 8-9
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PARAMETER: Wavelength

. 0.20

3

; gg: /

PN

B 0.04 1 | 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9 1.0

WAVELENGTH, MICRONS
Wavelength, | Refractive Extinction
{Microns) Index, n Coefficient, k
0.40 0.075 1.93
0.45 0.055 2.42
0. 50 0.050 2. 87
0. 55 0.055 3.32
0. 60 0. 060 3.75
0. 65 0.070 4, 20
0.70 0.075 4,62
0.75 0. 080 5.05
0.80 0.090 5. 45
0. 85 0.100 5.85
0.90 0.105 6. 22
0.95 0.110 6. 56
8-23

MATERIAL: Silver

FORM Film

THICKNESS 1. 5x10°% for n,5x10™ for k mm

RAY ORDINARY , EXTRAORDINARY 0O

WAVELENGTH 0.4 - 0. 95 M

TEMPERATURE ~298 °x

METHOD Reflection (n); Interference (k)
Schulz & Tangherlini (47635)
REFERENCE for n, Schulz (27634) for k.

REMARKS Evaporation from molybde-

num crucible at ~10"5 torr onto gkla.ss

substrate for n, mica substrate for k.

Figure 8-10

Table 8-22




PARAMETER: Wavelength

Wavelength, Refractive Extinction
(Microns) Index, n Coefficient, k
0.800 0.110 5.409
0.850 0.121 5,757
0.900 0.128 6.089
0.950 0.130 6.476
1.000 0.129 €.829
Wavelength, Refractive Extinction
(Microns) Index, n Coefficient, k

1.25 0.37 7.1 |

1.5 0.45 9.0

A 0.65 12.2

3 1.30 18.2

4 2.3 24.3

5 3.5 30.4

6 5.0 36.0

1 6.9 41.0

8 8.9 46.0

9 11,0 50.0
10 13.3 54.0

8-24

FORM

MATERIAL: Silver

Film

THICKNESS

0.12 - 0.20

mn

RAY ORDINARY 03 ,

EXTRAORDINARY 0O

WAVELENGTH 0.8 -1.00 M
TEMPERATURE  ~298 o
METHOD Reflection

REFERENCE Weiss (6107)

REMARKS Evaporation from tungsten

or molybdenum crucible onto silica

substrate at 2 x 10'5

torr.

THICKNESS

Table 8-23

Not stated

mm

RAY ORDINARY O ,

EXTRAORDINARY 0O

WAVELENGTH 1.25 - 10 “
TEMPERATURE 293 ok
METHOD Reflection

REFERENCE Dold & Mecke (27079)

REMARKS

Evaporation from

molybdenum crucible.

Table 8-24
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PARAMETER: Wavelength

RefractivelIndex,

@ Microns
Wavelength
Film Tguckness.
A 0.8 0.9 1.0 Observer
7.5 2.5 | 2.2 Murmanr. [193¢]
10 .95 | 3.05 Krautkraemer |l938|
15 2.3 | 2.6 Murmann [1936]
20 0. 1.0 Murmann |1936I
® 0.20 | 0.23 [ 0.26 | Kretzmann |1940|

Al -ank i Aadhd ~ T ~ foliO
MATERIAL: Silver

FORM Film

THICKNESS 0.75 x 10‘6 to bulk mm

RAY ORDINARY N ,

EXTRAORDINARY (]

WAVELENGTH 0.8-1.0
TEMPERATURE  ~298 o
METHOD Misc.

REFERENCE Mayer (1950]

REMARKS

Compilation of older data

Extinction Coefficient, k
@ Microns Wavelength

Film Thickness,
A 0.8 | 0.9 I 1.0 1.5 Observer
7.5 5.15 | 5.2 Murmann 1936
10 4.9 | s.0 Murmann |1936|
15 5.1 | 5.35 Murmann |1936|
20 5.5 5.8 Murmann [1936
500 6.21 5.00 | 12.4 | Hagenk Rubens l1902|
© 5.54 | 6.25 | 6.95 Kretamann [1940}

8-25

Table 8-25

Table 8-26




PARAMETER: Wavelength MATERIAL: Silver

14

9 FORM Film

THICKNESS Not stated mm

RAY ORDINARY & , EXTRAORDINARY [

10} WAVELENGTH l - 12 m

TEMPERATURE 82, 295 °k

8- METHOD Reflection

Padalka &
REFERENCE _ Shklyarevskii (9953)

5K 82K
REMARKS Evaporation from

REFRACTIVE INDEX, n

tantaium crucible onto glass

substrate at 10'5 torr

2L Figure 8-11

° 1 1 1 ! :
0 2 4 [ 8 10 12

WAVELENG TH, MICRONS

Refractive Index, n

Wavelength,
(Microns) T = 295°K T = 82°K%

1 0.25 0.22

2 0.68 0.57 Table 8-27

3 1.38 1.14

4 2.34 1.92

5 3.52 2.88

6 4,87 4,02

7 6.31 5.31

8 7.86 6.70

9 9.36 8.10

10 10.8 9.60

11 12.0 i0.9

12 12.8 --

’; 8-26
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PARAMETER: Waveiength MATERIAL: Silver

1000 FORM Not stated
[=DATA FROM

CGREEN, E L, OPTICAL PROPERTIES OF THE .~
= ALPHA PHASE ALLOYS, AgZn

AND AgCd.
= REPORT NUABER AD 619381 (1949), ,’

THICKNESS Not stated mm

k (OERIVED FROM EXPERIMENTAL REMARKS Calculated results, based

n DATA, TEMPERATURE 295 K)

VT VTN

g

w - 7/

£ ol ‘ RAY ORDINARY (@ , EXTRAORDINARY O
[o] -

U = LS

§ WAVELENGTH 0.3 - 100 M
% 0f TEMPERATURE 300 - 1200 o
:F METHOD NA

5 ipe REFERENCE Grenis (30490)

¥

g

§

on optical, conductivity and

3 — =~ = CALCULATED
= CALCULATED ) .
Y /A, ESTIMATED dielectric measurements.
Y R L1 R R AR R (T (R IR I Figure 8-12
- 0.1 1 10 100

WAVELENG TH, MAICRONS

" Wavelength, | Refractive Extinction THICKNESS Not stated-Mirror mm
. (Microns) Index, n Coefficient, k
———] RAY ORDINARY & , EXTRAORDINARY [J
"' .03 0.2 .00
! ! ! WAVELENGTH 1 - 6 ™
- 1.28 0.36 8.58
- 1.71 0.53 11.7 TEMPERATURE  ~298 ok
[ 2.50 0.91 17.2 METHOD Reflection
) 3.48 1.65 23.75 REFERENCE Motulevich (40051)
. 4.38 2.0 29.65 -
.i. 5.38 2.9 36.9 REMARKS n-t ‘e, carrier concentration
6. 00 4.3 40, 65 =5.2x10% cm-3
T
-p Table 8-28
i
-p
{
-
.é. 8-27

—
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Refractivelndex, n
@ Microns
Wavelength
Film Ti\ickneu,
A 0.8 0.9 1.0 Observer
7.5 2.5 | 2.2 Murmann [1936]
10 2.95 | 3.05 Krautkraemer ll938!
15 2.3 | 2.6 Murmann 1936
20 0.6 | 1.0 Murmann [1936]
© 0.20 | 0.23 | 0.26 | Kretzmann |1940|

Extinction Coefficient, k
@ Microns Wavelength
Film Thickness,
A 0.8 | 0.9 1.0 1.5 Observer
7.5 5.15 | 5.2 Murmann 1936
10 4.9 | 5.0 Murmann [193|
15 5.1 5.3% Murmann |l936|
z0 5.5 5.8 Murmann ’1936
500 6.21 8.00 | 12.4 [ Hagen& Rubens [1902]
© 5.54 | 6.25 ] 6.93 Kretzmann [1940]

8-28

MATERIAL: Silver
FORM Film
THICKNESS _ 0.75 x 1070 to bulk _ mm
RAY ORDINARY B , EXTRAORDINARY [
WAVELENGTH 0.8 -1.6 M
TEMPERATURE  ~298 o
METHOD Misc.
REFERENCE Mayer [1950]
REMARKS Conipilation of older
data

Table 8-29

Table 8-30

i
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PARAMETER: Temperature

4

3 —— BRSO e

MATERIAL: _Silver

{ FORM Film
L THICKNESS __Not stated mm
RAY ORDINARY &I , EXTRAORDINARY O
10} WAVELENGTH 1 - 12 Jg
TEMPERATURE 82, 295 ok
S ek
s METHOD Reflection
¢ REFERENCE p (9923)
1Y) 6
: REMARKS _Evaporatiop from tantalura
. crucible onto glass substrate at
1075 torr
2k Figure 8-13
0
0
‘WAVELENGTH, MICRONS
Refractive Index, n
Wavelength,
Micron T = 295°K | T = 82°K
1 0.25 0.22
2 0. 68 0.57
3 1.38 1. 14
4 2,34 1.92
5 3,52 2,88 Table 8-31
6 4,87 4,02
7 6. 31 5,31
8 7.86 6. 70
9 9.36 8,10
10 10.8 9. 60
11 12,0 10.0
12 12,8 -

8-29
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PARAMETER: Temperature

REFRACTIVE INDEX, n AND EXTINCTION COEFFICIENT, k

1000 [=DATA FROM :
[CGREEN, E L, OPTICAL PROIERTIES OF THE ~
[~ ALPHA PHASE ALLOYS, Agiln AND AgCd. ", 300 K
- REPORT NUMBER AD 619381 (1945). // 600 K
100 k=
10&
1 e
T ~k (DGRIVED FROM EXPERIMENTAL
- DATA, TEMPERATURE 295 K)
n
0.1 =
= — == CALCULATED
- CALCULATED
~ g memee ESTIMATED
oonl—t i ibiim v orttoe 1o ieme 1y
0.1 1 10 100

WAVELENGTH, MICRONS

8-30

MATERIAL: Silver
FORM Not Stated mm
THICKNESS Not Stated mm

RAY ORDINAKY B , EXTRAORDINARY O

WAVELENGTH 0.3 - 100 M
TEMPERATURE 300 - 1200 °g
METHOD NA

REFERENCE Grenis (30490)
REMARKS  Calculated results, based

on optical, conductivity and dielectric

measuremenitts,

Figure 8-14
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