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Refractive index data for silicon and germanium were searched, compiled,
and analyzed. Recommended values of refractive index for the transparent
spectral region were generated in the ranges 1.2 to 14 pm and 100-750 K for
silicon, and 1.9 to 16 pm and 100-550 K for germanium. Generation of these
values was based on a dispersion equation which best fits selected data sets
covering wide temperature and wavelength ranges. Temperature derivative of
refractive index was simply calculated from the first derivative of the equation
with respect to temperature. The results are in concordance with the existing

dn/dT data.
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1. Introduction

The refractive index of a material is one of its
fundamental and useful optical properties. Accurate
knowledge of the refractive index over a wide range of
wavelength is indispensable for many applications.
Although this property continues to receive attention
for both industrial as well as purely scientific applica-
tions, the current state of the available data for certain
widely used materials is less than adequate. While
experimental results for the refractive index of pure
silicon and germsnium are reported by several groups
of investigators claiming high internal accuracy and
agreement, the data as a whole are in disagreement.

Ip this study, an attempt is made to consolidate
all of the published refractive index data on silicon
and germanium and to critically evaluate the raw
experimental data and techniques of observation. A
modified Sellmeler type dispersion relation is utilized
to describe the available body of data. The resultant
equations were used to generate the most probable
values which agree with the selected experimental
data to within +2.07<107® over the wavelength range
1.2 to 14.0 um {for silicon and 1.9 to 18.0 um for
germanium.

2. Theoretical Background on Refractive
Dispersion in Crystals

Dispersion relations are of fundamental importance
to the description of the optical properties of materials.
They relate both the absorptive and dispersive prop-
erties into one relatively concise statement describing
a general linear relationship between fundamental
amplitudes. The only two major restrictions are
boundedness and causality, thus these relations are
useful in many fields and applications in both physics
and engineering.

The dispersion of radiation in an optical material
is intimately related to the microscopic structure of
the material itself. In the most genera! terms, long
wavelength transmission of a pure crystal is limited by
molecular vibrations, rotations while short wavelength
transmission is limited by the electronic excitations of
individual atoms. Practically, this implies that the
fundamental transparent spectral range may be deter-
mined by knowledge of the absorption spectra of a
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REFRACTIVE INDEX OF Si[ICON"ANb-'GERMANIUM 563

‘ ma;f-éﬁal The:energy necessary for electronic excita-
- tions'is generelly noted by the location of the energy
gaps whicle the molecular excitation is represented by
the fundamental phonon frequency. Expemmen‘oa.llv,
both of these parameters may be altered by various
techniques including doping, stress, strain, and tem-
‘perature variations. One other area of primary im-
‘portance is that of point defects. The varied effects of
‘point defects in semicondueting materials plays an
‘important role in both the electrical and optical prop-
_erties, however & detailed analysis:of these effects is
beyond the scope of this work. A more complete
: analysis of those offeets is given by Crawford end
- Slifkin [1].
~'In general, the absorption end transmission of a
'material is not well known except for a small wave-
ileng*hh range. Thus, on . theoretical grou;uds, it is
convenient to consider dispersion as arising from two
major sources separately; namely, the bound and free
" elecirous. In non-conducting dielectric materials, the
bound electron, or molecular, interactions tend to
predominate, while free electron interactions are most
common in metals. In semiconducting materials, both
of these contributions may be important. In fact, most
" semiconductors show an optical absorption and an
" anomalous dispersion in the far-infrared region. This
effect is ruther smudl in covalent semiconductors like
Si-and Ge, it increases, however, with increasing polar-
ity. Both the radio-frequency measurement and infra-
. red observation indicate that the effect of free carriers
on Si and Ge are negligibly small. Furthermore, in the
elemental Si and Ge, the lattice has no permanent
' dlpole moment and consequently the lattice absorption
- is small.

~For pure dielectrics, the w&velength or frequency

-dependence of the optical constants may be described
by the classical treatment of Lorentz. The theory
assumes the solid to be composed of a series of inde-
pendent oscillators, which are set into forced vibrations
by the incident radiation. The Lorentz theory of
-absorption and dispersion for both .insulating and
semi-conducting materials leads to the two familiar
“relations, :

Nri—)
22 A AT
» Ko == 1+Z (7 —v2\2+'y ¥} (1)
~and - Nt
1 v
ZnK—m—; Z (V12"“V2)2+')’12"2y <2)

where n is the refractive index, « the absorption index,

‘N, the parameter associated with the oscillator
. strength of the 4-th oscillator, », the resonant frequency
.of the 4-th oscillator and v, the damping constant of the
- ‘4-th oscillator. In the transparent wavelength region,
eq (1) can be reduced to a Sellmeier type equation by
-neglecting the line width of the oscillators, thus
. reducing to:

7%2_‘1-}-2 a/t)\ +Z?\2 (3)

Terms an: the first summation are contnbutmns from
the ultraviolet absorption bands and those in' the
second from the infrared absorption bands. From eq.
(8), the dielectric constants, ¢, and ¢, of the material
under consideration are deﬁned as: :

X 6“,."-_“-1 +Z Qy,
and 4)

fo—l'f'E arrz b,.

_ As noted before, the effects of free can‘ies and ldttice'
absorption are found to be negligibly small in elemental’
Si and Ge, thus the contributions from infrared absorp-.
tion bands cin be dropped and eqs (3) and (4) are
simplified to: '

Nl +Z . (5)
and '

t=eo=eu=1+zau : (6)

In an ideal application of eq (5), one Would need to- .
know the wavelengihs of all of the absorptlon peaks in
the short wavelength region. This is very difficultin ~
practice because of the large number of absorptlon
peaks. In fanct, only o few absorptlon peaks sre ac-
cessible for experimental observation. It is “also
observed that among the sbsorption peaks, only the
one that is Jocated closest to the transparent region has
noticeable efloct on the refractive index in the trans-
parent region. In order to simplify the calculations -
of the effect due to unobserved absorption bands and
those other than the one affecting most the refractive
index in the trunsparent region, the following con-
sideratjons were taken. Each term, except the pre-
dominating one, in the summation of eq (5) is*
expanded as:

a,

'xr a.,(]—l-

Me ) o

Since /s are usually considerably smaller than X's in ]
the transparent region, a good approximation of eq
(5) is g

' al)\*

wi=143 a, (1+ 8
=2 ‘
or -
P aq)\]
=1 +L_, a4+ E IRV + (9
with a, and A, associated with. the term“th_at ‘has-the -
greatest effect on the refractive index in the trans-
parent region. Therefore, we have the su:nphﬁed dls—':
persion equation as:

n2"e+ A Evanw B’“ ¥ (10}

J. Phys. Chem. Ref. Data; Vol. 9, Ne. 3, .1980.
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where 4 and B are adjustable parameters, A=1.1071
pm Tor Si and A\,=1.8703 pm for Ge [2]. Equation (10)

can be generalized to include temperature as an in-.

pendent, variable. In this case, the parameters ¢, A, B,
and \, are functions of temperature.

At long wavelengths, the dielectric constant, e is

equal to the square of refractlve index, i.e., e( T)=a¥T)
at long wavelength. Therefore,

1 de(T) _, 1 dn(T) an

(M) dT “n(T) dT B

Cardona, Paul, and DBrooks [3] found the long-
wavelength (1/2)(dn/dT) to be (3.9:£0.4)X107°K?
for Si and (6.9--0.4) X 105K~ for Ge, between 77 and
400 K. Higher values of (1/n)(dn/T) were observed
by other workers: (4.8:40.2) X1075K~! for silicon [4]
and 9.7X107°K"! for germanium [5]. However, these
constant values of (1/n)(dn/dT) only hold at high
temperstures. Devistion [rum linearity at low temper-
atures requires that a non-linear relation between
¢ and T be established. The values of the dielectric
constant which appear in the literature are inaccurate.
In the survey work of Young and Frederikse [6], the
value for Si varies from 11.7 to 12.1 and that of Ge
from 13.6 to 16.6. As a consequence, the reported
values of ¢ are not suitable for eq (10) and (7)) can
only be obtained by fitting selected room-temperature
refractive index data to eq (10). The temperature de-
pendence of N, was investigated by Macfarlane et al.
[7, 8], their results are dn/d7T=0.000267 ym K- for
Si and 0.001016 pm K- for Ge at temperatures higher
than 200 K. Non-linearity predominates at low
temperatures.

The parameters, A and B, in eq (10) ean be ex-
pressed in terms of temperature based on the con-
siderations given below. Since

N
Azﬁ% a:\¢ and B=a, (12)
=
and the @’s are respectively proportional to the density
of the corresponding oscillator, the temperature de-
pendence of a; is given by the relation

1dV

lda,_  1dV_
Vdr

wdl — —3a, (13)
where V and « are respectively the volume and the
thermal expansion coefficient of the material. Hence

T
-af «dT ~
203 - (14)
a=aq0€ =g e 0D,

with @y, being the value of a, at 2903 K. Furthermore,
each of the /s in the summation can be considered
as a quadratic function of temperature beeause it is an
experimentally observed fact that X\, is approximately
a linear function of T [9] in the temperature region of
interest. Therefore

J. Phys. Chem. Ref. Duilu, Vel. 9, Nu. 3, 19200

. Lt

A (T)==g~3L ) Lsm (A0+A,T+A27\'2) (15)
and
B=B,e~ 3L /Lass (16)
where A, A,, A;, and B, are adjustable {jefficients.
Incorporating these considerations into eq| (10), the
latter can be written in the general form as!

=f(n 1), 1

In the actual cases, however, one finds |egligibly
small values for By’s through data fitting pjocedures.
As aTesult, the following dispersion equation i: adopted
to calculate the refractive index of 8i and G B

A(T)

2\, Ty=e(T)4-—=5+ (18)

‘With ¢ and the parameters Ao, 4,, and 4, appropriately
determined, dn/dT and dn/dX can be easily cgleulated
taking the first derivatives of eq (18) with| respect
to T and A.

3. Presentation of Numerical DQHX

Reference data are generated here through |aritical
evaluation, analysis, and synthesis of the avsilable
experimental data. The procedure invelves ‘\zritical
evaluation of the validity and accuracy of the available
data and information, resolution, and reconciiation
of disagreements in cases of conflicting data,]corre-
lation of data in terms of various controlling pdrame-
ters, curve fitting with theoretical or empirical |equa-
tions, and comparisons of experimental value% with

predictions. No attempt was made to analyze thq thin-
film data and the regions of strong absorption, because
of the scantiness of reliable information. Ho ever,
experimental data of thin films and absorption rejzions
are also presented along with those of the transphrent
region in the tables reporting experlmenna] data.

A number of figures and tables summarize the i 1for-

mation and give data as a function of wavelength and
temperature. The conventions used in this presinta—

tion, and specific comments concernmg the intenpre-
tation and use of the data are given below. The sub-
sections for Si and Ge give all the information and E\a,ta‘
for a given material and cover the following: |
a. A text discussing the data, analysis, and rec%m
mpnfahnnc
b. A ﬁgure of experimental n values (for wave]ené th
and temperature, respectively),
c. A figure of experimental dn/d T=f(}\),
d. A figure of experimental dn/@dT=1(T), ,
e. A table of experimentsl data on n=7()), given\in
Appendix, \
{. A table of experimental data on a=f(T), gwcn
in Appendix,
g. A table of experimental data on dn/dT—j()\)
given in Appendix,
h. A table of experimental data on dn/dT-*f(Ti
given in Appendix,

Samsung Exhibit 1061, Page 4 of 98



REFRACTIVE INDEX OF SILICON AND GERMANIUM 565

i. Figures of recommended or provisional values of
n, dn/dT, and dnfd),

j. Tables of recommended or provisional values of
n, dn/dT, and dnfd\. .

In figures containing experimental data, selected
data sets are labeled by appropriate legends corre-
sponding to those in the corresponding tables of experi-
mental data given in Appendix, where specifications
for individual data sets are also included.

There are a number of experimental methods used
for the determination of refractive index, among which
the following are those commonly used:

Deviation method (prism method)

Interference method

Transmission method

Reflection method

High frequency modulation method

Brewster angle method

Polarization method

Thickness determination method

Multilayer method

The methods listed above are arranged in the order of
their inherent accuracy or popularity. The deviation
method is the most popular means of determining the
refractive indices, but the accuracy of the results
depends on the conditions of the prism specimen.
The highest accuracy that can be attained is in the
fifth decimal place. The interference technique can be
used to obtain data up to the fourth decimal place.
Transmission and reflection methods yield results
good to the second place, while the multilayer results
are no better than two places. For & comprehensive,
yet concise, review of all these methods, the reader is
referred to references [10] and [11].

Dispersion equations for Si and Ge have been
proposed in earlier works. Available relations are dis-
cussed in the text so as to facilitate comparison.
Refractive indices for most of selected date sets are
reported to the fourth decimal place. However, de-
tailed compositions and characterizations of the
specimens were usually not clearly given. Since im-
purities .in the sample and conditions of the surface
are decisive factors affecting the accuracy of the
observed results, such highly precise data cannot be
applied to a sample chosen at random. For this reason
no attempt is made to recommend any particular set
of data with the reported high accuiacy, but to gener-
ate the most probable values for the pure crystals.
As a result, the estimated uncertainties for the recom-

mended values on the refractive index are higher than .

those for the reported data obtained even by high-
precision measurements. The sccuracy of the recom-
mended refractive index values in this work is
estimated to be 1 to 2XX107%.

3.1. Silicon, Si

There are 55 sets of experimental data available for
the refractive index (wavelength dependence and tem-

perature dependence) of silicon as tabulated in tables
A-1 and A-2 and plotted in figures 1 and 2. It should
be pointed out that a few of the data sets are from
observations for thin films and are reported here for
purposes of comparison. After careful review and eval-
uation of the available information, it was found that
data sets reported by Briggs [12], Salzberg and Villa
{13}, Cardona et al. [3], Lukes [4, 14], Primak {15], and
Ieenogle et al. [5] are representative for the refractive
index of silicon in the transparent region between 1.3
and 12 pm. ’

Briggs [12] probably was the first one who reported
the measured refractive index of silicon. A Y4.8% pure
silicon wedge specimen of about 11.5° apex angle was
investigated using minimum deviation method over a
spectral range from 1.05 to 2.60 um. He stated that
the accuracy of his measurements was good to the
second decimal place.

Since this first measurement, & number of other
investigations have been made. Refractive index deter-
mination from 1.35 to 11.04 ym was made by Salzberg
and Villa [13] for a wedge specimen of about 16° apex
angle. The sample, of inknown purity, was obtained
from the Texas Instrument Company. The autocolli-
mation minimum deviation method was used to deter-
mine the refractive index. Their results were lower
than those of Briggs by about 5 parts in the third
decimal place. They claimed an accuracy of +2 parts
in the fourth decimal place.

Cardona et al. [14] measured the refractive index of
a thin silicon wedge of 5° in the wavelength range
from 1 to & um and at temperatures 100, 194, and
297 K. Their results were about 4 parts in the third
decimal place lower than the corresponding ones of
Briggs.

Lukes {4, 14] measured the refractive index at five
wavelengths, 1.250, 1.407, 1.564, 2.409, and 5.156 wum,
over a wide temperature region between 109 and 750 K
by the conventional method of minimum deviation.
The silicon wedge of ~18° angle was prepared from
a p-type single crystal with a resistivity of ~380
ohm-cm. The reported error was 4+ ~0.0004, but his
values of refractive index were systematically lower
than those of Salzberg and Villa by 0.0015.

Primak [15] went to great lengths in the determina-
tion of the refractive index of silicon from 1.12 to 2.16
pm. His results corresponded closely to those reported
by Lukes. As he took into account all of the influencing
factors in arriving at the final values, he believed that
his values were reliable within an uncertainty of 1 or
2 parts in the third decimal place.

Icenogle et al. [15) made a thorough investigation on
the refractive index for silicon over the temperature
and wavelength ranges of 99-296 K and 2.554-10.27
pm, respectively. The samples were obtained from the
Exotic Materials, Inc. and were characterized as
“good optical grade’ without further details of purity
of the material. The results are in fair agreement with
other data sets. The claimed errors were #3X107%

J. Phys. Chom. Ref. Data, Vel. 9, No. 3, 1980
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For the purpose of ease of comparison, the above
mentioned data sets are replotted in figure 3. It is
obvious that the disagreement among the values
reported by different researchers is greater than the
accuracy claimed by them. Although internal consist-
ency was observed in each investigation, unaccounted
sources of errors are responsible for these discrepancies.

Primak [15] devoted considerable space to the dis-
cussion of both systemsatic and random errors with the
conclusion that the systematic errors played the key
role in data discord. The possible sources of error were
attributed to:

i. Inadequate care in checking the pyramidal error.
I the wedge angle was not perpendicular to the circle
and parallel to the telescope, the effective angle would
be greater than the true wedge angle with the conse-
quence of g larger deviation angle which would ‘lead
to a larger value of refractive index.

ii. Small wedge angle of the samples. For a highly
refracting material such as silicon, a small wedge
angle is required to measure the refractive index. As
a result, large errors ip angle mesasurement can be
introduced and hence in the observed refractive index.

iii. Broad detector used. Observation in the infrared
requires a detector in the determination of deviation
angle. The detectors that have been used are in general
many times broader than the width of the spectral
lipe, thus decreasing the accuracy in reading the
angles. Significant errors are, therefore, inevitably
introduced.

iv. Optical inhomogeneity of the sample. Optical
inhomogeneity of the material causes image distortion
and thus the error in the sngle sebting.

Among the above sources, the smallness of the wedge
angle is the major factor that contributes to the error.
A combination of these contributions limits the ac-
curscy of the measurement of the refractive index by
the minimum deviation method to 1 or 2 units in the
third decimal place, a few times higher than that
claimed by most investigators.

The effect of impurities on the refractive index is
considerable. In some cases, observations made on
samples of guestionable origin and undefined purity
may yield radically different results. Villa [16] re-
ported his grossly divergent values (shown in figure 3)
to show that sample differences can be very significant.
In figure 1 one can see Simon’s [17] radically different
results obtained for a silicon sample of high impurity
content. The data of Spitzer et al. [18], obtained on
heavily doped silicon, are significantly divergent from
thuse of pure suwples. Thus, when the effects of im-
purities are teken into consideration, discrepancies
from pure samples may be much larger than 2 parts
in the third decimsl place.

Although the factors discussed above are well
known, unfortunately they are generally not cited
in literature, but must be deduced from the assigned
accuracies. In the present work it is assumed that
data sets that are discordant only in the third decimal

J. Phys. Chem. Ref, Data, Vol. 9, No. 3, 1980

LU

" place are in reasonable agreement. This assumption

can be supported by a careful comparison of the ob-

_servations by Icenogle et al. (5] in which the values of

the refractive index at a given wavelength and tem-
perature, obtained from wavelength-dependence ob-
servation and from temperature-dependence observa-
ion, can be different in many cases by meore than
| part in the third decimal, few times higher than the
vlaimed precision of £3X107%.

More data can be found in references [18-30] and
ere given in tables A-1 and A~2, in which one can find
also data sets obtained on thin films. No attempt was
nmade to analyze the thin film data. However, it has
bzen observed that the refractive indices of pure silicon
tlin films tend to agree with those of bulk crystal if
tte films are deposited on substrates meaintained st
elovated temperatures during deposition or appro-
priately annealed after deposition. Surface contamina-
ticn appears to be the most serious problem. However,
dasa for thin films reported by those who exercise ap-
propriate precautions in the sample prepsration are
ustally in agreement with those of bulk material.

literature data on the temperature coefficient of the
refiactive index is rather scarce. Date reported in
tab es A—3 and A—4 and plotted in figures 4 and 5 are
those of Lukes [4, 14). His values were evaluated from
his ‘neasurements given in table A-2 and in figure 2.

A though a significant body of data on the refractive
index of silicon is available, an attempt to analyze
data has been rare. In the literature, only one quantita-
tive study has been proposed. Hertzberger and Salz-
berg [31] proposed a dispersion equation for silicon
which was derived in conjunction with 13 other
mateials, They noted that a comparison of the data
from 14 materials indicated that all had refractive
index values varving asymptotically with »*. Further-
more, the mean asymaptote was found to be at A=
0.168 um. The dispersion relation was based upon a
Taylo: expansion in A? which retains only the linear
terius. The equation 1s

n=A-+ BLACLE+ DN EN, (19)

where % 18 W unite of wm, L=1[(—X13), and the
coefficicats for silicon in the region 1.3 to 11.0 pym are

A=3.41096, D= 00000209,
- B=0.138497., E=0.000000148.
C=10.013924,

The detsrmination of the coefficients in this equation
was based on a single data set by Salzberg and Villa
[18] and the fit 1o cxcellent.

In the present work, eq (10) is used to represent the
refractive: index for silicon. The main task was the
selection of the appropriate parameters ¢ and A, and
the deter.nination of the coefficients 4 and B. But the
most imp irtant of all was the selection of reliable data
sets used 3s input information to eq (10). The selected
data were limited to the worke of Salzberg and Villa,
Primak, aad Icenogle et al. Data from Cardona et al.
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and Lukes were not used on the basis that their
values hud to be read off from the graphs in their
reports. Deviations between the graph readings and
the tTue values can occur in the second decimal place of
the data. The data of Briggs were not chosen as his
values disagree in the second decimal place with the cor-
responding values of Primak who exercised great care
in the experiment for high purity silicon specimens.
" The remaining data sels {rom Primak, Salzberg and
Villa, and Icenogle et al. constitute the basis of our
recommendations. Their results are in agreement in
the third decimal as expected. Fortunately, Icenogle’s
work covered a sizable temperature range, thus per-
mitting the prediction of the refraction index at
temperatures other than room temperature.

Selection of ¢ and A, in eq (10) was rather difficult.
Figure 6 shows the results of Cardona et al. [3] who
observed the relative changes of refractive index,
Anfn, at & wavelength of 3 um as temperature varied
between 77 to 400 K. The average slope, (1/2)(dn/dT),
of this curve is (3.9+0.4) X 10K~ Lukes [4, 14} ob-
tained 2 higher value of 4.8:£02X107°K™" for
(1/n)(dn/dT) by extrapolating his results to longer
wavelengths. It appeared that at long wavelengths,
¢ in eq (10) could be determined from the relation
(1/€) (de/dT)=(2[n)(dn/dT) using one of the above
mentioned (1/n)(dn/dT) values. The result should be
an exponential relation of the form e==¢e’”. However,
¢s the constancy of (1/n)(dn/dT) does not hold for the
wride termperature range of our interest, an empirical
relation between ¢ and 7 had to be found based on the
experimental data on 7.

It is shown in figure 2 that curves of temperature
dependence of refractive index at various wavelengths
are essentially parallel to each other and that each of
them smoothly and monotonically increases with
temperature. This provides the possibility to find
relations between e and T. Since ¢ is nearly equal to »’
at long wavelengths, the best choice in the present case
seemed to be the refractive indices at 10.27 um by
Icenogle et al. [5]. As the available data of n(T’) at 10.27
pm cover only the limited temperature range from
100 to 298 K, a wider temperature range coverage Is
needed to establish the relation between ¢ and 77 thut
is valid over the temperature range 100-750 K. As
shown in figure 2, the 5.156 ym curve by Lukes {14] is
slightly above, but paraliel to, the extension made
from the 10.17 ym curve. The required 10.27 ym data
in the high temperature region can be estimated by an
appropriate extrapolation of Icenogle’s data within
that region. In this way, the following polynomial
expression is found to be valid at 10.27 um ond aver
100-750 K temperature range,

n3(10.27 ym, T)=11.45562-+2.7765X 10~*T+1.7066

X107 —8.1423 X 10~1°T%.  (20)

Since at long wavelengths the dielectric constant
closely approaches 7?, it is acceptable to consider the

567

above quantity as a proportional factor and thus
express the dielectric constant by the relation

(T)=En*(10.27um, T), (21)

where £ is the proportional constant.

The spectral positions of resonant absorption peaks
have been observed by a number of investigators. Moss
[32] made an attempt to calculate the refractive indices
in the transparent region from the absorption date
based on the general principle of oscillatory system.
The spectral position of the patural frequency in his
single oscillator model was determined at 34 eV or
A=0.365 pm. McLean [2] investigated the absorption
edge spectrum of silicon and found the optical energy
gap at 300 K to be E,=1.12 eV or A=1.1071 um.
Macfarlane et al. [7] further studied the absorption
edge spectrum and found that the temperature varia-
tion of the optical energy gap is essentially linear in
the temperature region 250-480 K, but nonlinearity
progressively predominates at lower temperatures, as
seen from figure 7. Lukes and Sehmidt (8] studied the
reflectivity spectrum of silicon and found two addi-
tional absorption peaks at about 0.36 and 0.27 um.
The first one is in line with the Moss’ {32] result, while
the second corresponds to the prediction of Yu and
Cardona [33]. A summary of these findings results in
three absorption peaks; namely: \=1.1071 um,
2==0.365 um, and MN=0.27 pm, that supposedly
have significant, effects on the refractive index in the
transparent region from 1.2 to 14 um.

Ap attempt was made to fit the selected data to an
equation similar to eq (10) by including extra terms
due 10 X, and A It was found, however, that the in-
troduction of the X; aand X, terms did not improve the
apreement obtained when only the A, term was in-
chided. Furthermore, the coefficients of the ) and ),
terms could not be uniquely defined because there
were no reliable data in the regions bounded by and
near the three peak wavelengths. Aleo, the value of B
was found to be negligibly small, thus making the
contribution of the last term in eq (10) insignificant.
As a consequence, eq (18) was adopted and the least
squares fitting of selected data to this equation yielded
the following expression for the refractive index of
silicon in the ranges 1.2 to 14 um and 100~750 K-

w0, D=eMAED (4, 74,77, @)

where

(1)=11.44454-2.7738 > 1074 T4-1.7050
. X100~ 8,1347 X 10107,
L{(T)=g=36L(T)  Lasa,
A=wavelength in units ol pm,
T=temperature in units of K,
Ae=0.8948,
Ay=4.3977 X107,
A;=7.3835X1078,

J. Phys. Chem. Ref. Data, Vol. 9, No. 3, 1980
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and from reference [34]

AL(T) (091 —4.149X 10~ T—4.620
295
KAOTOTE41.482X10 * T2 (20-293 K),
é%(_T_L—o.on +1.887X10-5T+1.934
203

K1079T2—4.544 108 T% (2031600 K).
It should be pointed out that the room-temperature
dielectric constant for silicon can be calculated from
the expression for ¢ in eq (22). The result is 11.66
which agrees well with the commonly accepted value
of 11.7.

Equation (22) was used to calculate the recom-
mended values of the refractive index of silicon with
uncertainties of £2X107% The recommended values
are given in table 1 and plotted in figure 8. To provide
visual comparison of calculated values with the experi-
mental data, calculated values at a few specified tem-
peratures and wavelengths are plotted in figures 2 and
3 where excellent agreement is revealed. Tables 2 and
3, respectively, give the calculated dn/dT and dnfd
values based on the first derivatives of eq (22) with
respect to T and i. The corresponding plots are shown
in figures 9-and 10.

Uncertainties in the calculated dn/dT are estimated
based on Icenogle’s [5] results which were the essential
data on which eq (22) is based. lcenogle et al. eval-
uated An/AT values using their own measurements of
n and found the average accuracy in An/AT to be
about +£0.15%X107* K-, Error bars corresponding tn
this amount &re drawn on the calculated curves in
figures 4 and 5 where calculations are compared with
the experimental data. Although accuracies of experi-

J. Phy:. Chem. Ref. Date, Vol. 9, MNo. 3, 1080

is reasonable to adopt the {ame experimental error bar
since the » versus T cur|res in figure 2 are closely
parallel.

Uncertainties of the calr%ﬂ&ted dnfdX are estimated

mental dn/dT are not giv\n in Lukes’ work [4, 14], it

in the following manner. Teking the first derivative of
eq (22) with respect to A, wi: have

—dn/d =(1/n)A(DT)IN=(1/nr) (nP—¢), (23)

which Jeads to
§(dnjdn)~ %; 26m/\. (24)

Based on the fact that the sﬁactral dependence of the
refractive index from va-rious\ investigators are essen-
tially parallel, it should be phrmissible to apply the
uncertainties, én=£3X107% quoted in Icenogle’s
work to evaluate 6(dn/d\) usinjr the above relation for
the wavelength region between 2.55 and 14 pm. For
wavelengths <(2.55 um, the unertainty on= +2X1073
of eq (22) should be used. Undér these conditions, un-
certainties of dn/dx are about £10X10™* ym~?! a1 2 pm,
=24X107* pm™ av 2.556 wm,| £0.6X10™* pm™ at
10um, and +0.44 X107 ym™ at| 14 um.

1t should be noted that caleulaed values in tables 1,
2, and 3 are given with more digits than warranted
merely for the purpose of tabular|smoothness. As these
values are caleulated from an eljuation, it is highly
desirable to give enough digits t¢ show the variation
of the variables in the equation {nd to provide com-
parison among neighboring entried. These extra digits
which are insignificant and not i} dicative of the ac-
enracy of the values are indicatediwith an overstrike.
Appropriate uncertainties in the r%commended values
discussed in the text are quoted 11 the footnotes of
the tables.
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FIGURE 3. SELECTED EXPERIMENTAL REFRACTIVE INDEX OF SILICON (Wavelegugth Dependence)
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TABLE 1.

RECOMMENDED UALUES OM THE REFRACTIUE INDEX OF SILICON™

>
b=
3

TEMPERATURE,

K

250

350

400

450

500

550

500

650 700 750

M R

s s e s

RN N
QOOOOQANUINOUWINGDNU S SRWWOWLIND
[=R=R=-P=R=)

00N O3 UT R L0 70 TU T TU ot o0 ek b5 om k. ow pom Fon o i B e B o o ot

3.00
10.00
11.00
12.00
13.00
14.00

CUHUOUICOCOLICNOHICNAINNOSTAHND

3.3303
3.3902

3.4531
3.4501
3. 4447
3,4408
3.4353
3.4288
3.4234
3.4194
3.4163
3.4093
3.4060
3.4043
3.4032
3.4025
3.4020
3.4017
3.4015
3.4013
3.4011
3.4010

3.4078

3.4142

3.SEB§
3.5250
3.5218

3.5187

3.515§
3.5130

3.5103

3.5077

3.5053

3.5029
2.5007
3.4355

[

—SrE5ug
3. 4RAE
3.4826
3.4791
3.4758
3.470%
3.4653
3.4812

3.4533

3.4474
3.4432
3.4393
3.4325
3.4230
3.4271
3.4260
3.4252
3.4247
3.4244
3.4241
3.4239
3.4237
3.4236

3.5134
3.511T

3.4325

*THE ESTIHQTED UHCERTQINTY IN THE RECOMMENDED URLUES 1S5 +@Xios,
MERELY FOR THE PURPOSE OF TABULAR SMOOTHNESS.

3.5508
3.5473
3.5433
3.5407

3.5377

3.5348
3.5989
3.5293
3,568
3.5243
3.5220

gJﬁ.ulnb

3. 4420
3.4418

3.5827
3.5591
3,5557

3.5524

3.5493
3.5463
9.5437
3.5408
3.5382
3.5357
3L53_

3.4518
3.4516

3.5748

3.5712

3.5678

3.5844
3.5613

3.5582

.550%

3.55285

3.5500

3.5255
3.5215
3.5181
3.5120
3.5068
3.5023
3,4937

3.4875

3.4829
3.4793
3.4713
3.4675
3.4655
3.4643
3.4635
3.4623
3.4685
3.4623
3.4620
3.46139
3.4817

RECOMMENDBED UﬂLUES HFE
THE INSIGNIFICANT DIGITS (F THE UALUES ARE INDICATED BY QUERSTRIKES.
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3.5873
3.5836
3.5801

3.5767

3.5735

3.5704

3.5674

3.5645

3.5619

3.5393 3.6126 3.86253
3.5361 3.6087 3.8213
3.5325 3.6051 3.6178
3,5831 3.8016 3.6140
3.5858 3.5982 3.61085
3.5827 3.5950 3.6074
3.57 3( :]--JOEO 3. 5043
3,5768 3.5891 3. 5013
3.5741

3.5m04--275775  3.5835 3. 5957

Yy 3.5563

3.5511

3.5460

2.5413
3.5370
3.533L
3.5295
3.5233
3.5180
3.5135
3.5045
3.4983
3.4938
3.4900
3.4818
3.4760
3.4753
3.4747
3.4733
3.4733
3.4729
3.4725
3.4724
3.4722
3.4721

GIVEN TO HDRE BIGITS THHN HARRANTED

3.5683 3.5810 3.593T
3.5631 3.5751 3.5871
3.5578 3.5697 3.a81§
2.5530 R.5648 R.5766
2.5487 3.5604 3.5721
3.5447 3.5564 3.5680
3.5411 3.5527 3.5643
3.5347 3.5468  3.5570
3,593 3.5407 3.5521
3.5247 3.5360 3.5473
3.5157 3.5269 3. 5380
3.5093 3.5203 3.5313
3.5045 3.5154 3.5264
3.5003 3.5117 3.5226
3.4925 3.5032 3.513§
3.4886 3.4992 3.5093
3.4865 3.497L 3.5077
3.4852 3.4958 3.5063
3.4844 3.4950 3.5055
3.4838 3.4944 3.5043
3.4834 3.4940 3.5043
3.483] 3.4937 3.5042
3.4823 3.4934 3.5033
3.4827 3.4932 3.5037
3. 4825 3. 4531 3.5036

oS
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TABLE 2. RECDOMMENDED UALUES ON THE TEMPERATURE DERTUATIVE OF REFRACTIVE INDEX OF SILICON*

TEMPERATLRE. K

A, Um
100 150 200 250 293 350 400 450 500 550 500 650 700 750

1.20  1.305 1.509 1.583 1.857 1.983 2.138 2.244 2.335 2.411 =2.488 2.508 =2.530 2.535 2.523
1.22 l.292 1.485 1.673 1.844 1.970 2.1189 2.230 2.323 2.338 £R.455 2,494 2.5i6 2.521 2.509
1.24 1.279 1.482 1.666 1.831 1.95¢ 2.107 2.218 2.310 2.385 2.442 2.48] 2.503 2.508 2.496
1.26  1.266 1.470 1.854 1.8i3 1,945 2,084 =2.805 2.P98 2.373 2.430 2.468 2.431 2.456 2.484
1.28  1.254 1.458 1.542 1.807 1.334 2,083 2.189 2.287 2.361 2.418 2.457 2.479 2.484 2.472
1,30 1,243 l.447 1.631 1.796 1.923 =2.072 2.183 2.276 2.350 2,407 2.446 2.468  P2.473 453
1.32 1,232 1.435 1.620 1.785 1.912 2.081 2.172 @2.265 2.340 2,398 ...2.4%%--Cn 2,462 2.443
1.34 1.822 1.485  1.610 1.7F3  1.902 2.031 2.182  2-PFE— 0 050 Te.388 2.483 R.44C  R2.45] 2,439
1.36  1.212  1.416 1.800 1.765 . .1.B82- - CiGqe 24153 2.245 24320 2.377. 2.416  2.437 2.442  2.423
1.38 1,203 . 1.40Z-—130350 7,756 1.883 2,032 2.143 2.23% 2.311 2.387 =2.406 2.428 2.432 2.413
$40 TUl.gq 1,388 1.582  1.747 1.874 2.023 2.134 e.eg7  2.302 2.358 2.387 2.419 2.423 2.410
1.45 1,173 1.376 1.56} 1.786 1.854 =2.003 @2.114 =2.206 =2.281 =2.337 2.376 2.398 2.402 2.383
1,50 1.153 1.357 i1.542 1.708 1.8B35 1.984 2.035 2.188 2.262 2.3[§ 2.357 2.379 2.383 2.370
1.55  1.136 1.340 1.585 1.891 1.818 1.987 2.078 2.171 2.245 2.302 2.340 2.361 2.365 2.352
1.60  L.120 1.385 1.508 1.675  1.803 1.852 e.063 e.155 2.e30 eg.egb e.385 2.396  2.350 0 2.336
1.65 1.106 1,310 1.495 1,861 1.789 1.938 2.043 2.141 2.215 2.272 2.310 2.331 2.335 2.322
1.70 1,033 1.297 1.482 1.648 1.776 1.525 2.036 2.128 2,203 =2.259 2,297 2.318 2.322 2.308
1.80  1.070 1.274 1.458 1.835 1.783 1.908 2.0I3 2.106 2.180 2.238 2.274 2.295 2.288 2.26%
1,90  1.050 1.253 1.440 1,606 1.734 1,883 1.994 2.085 @2.161 =2.27 2.255 2.2¢6 2.279 2.265
2,00 1,033 1.238 1.423 1,588 1.717 1.866 1.977 2.070 2.144 2.200 2.238 2.258 2.262 2.248
2.25 1.000 i.205 1.38] 1.557 1.685 1.83¢ 1.945 2.038 2.113 ©2.168 2.206 =2.296 2.289 2.215
2.50 \977  1.182 1.36B  1.534 1.662 1.811 1.822 2.015 2.088 @2.145 2.183 2.203 =2.2068 =2.181
2.75 .960 1.185 1.350 1.517 1.645 1.784 1.905 1.888 @2.072 2.187 @2.165 2.185 2.188 2.173
3,00 .847  1.151 1.337 1.504 1.632 1.781 1.892 1.985 2.058 2.114 2.152 2.172 2.175 2.180
1.00 .91{€  1.121 1.307 1.174 1.802 1.751 1.B62 1.954 2.028 2.084 2.122 2.142 2.144 2.1238
5.00 .90 1.197 1.293 1.480 1.588 1.737 1.848 1.940 2.014 2.070 @2.108 2.187 2.130 =2.114
8,00 .894 1,089 1.285 1.452 1.581 1.730 1.841 1.933 2.007 =2.0B2 =2.100 @2.120 2.188 2.107
7.00 .889 1,094 1.280 1.448 1,576 1.723 1.836 1.928 2.008 2.058 2.095 2.115 2.117 2.102
8.00 .886 1,081 1.277 1.445 1,573 1.782 1.833 1.925 1.888 2,055 @.082 =@2.1{2 =R2.114 2.093
9.60 .884 1,083 1.875 1.442 1.571 1.720 1.831 1.923 1.997 2.053 2.080 =2.110 2.1182 2.097
10.00 .883 1,088 1.274 1.441 1.570 1.7{3 1.830 1.822 1.998 =2.051 2.088 =2.108 =2.110 2.035
11.00 .88  1.087 1.273 1.440 1.568 (.78 1.828 1.921 1.894 2.050 2.088 =2.107 2,102 2.034
12.00 .88f 1.088 1.272 1.438 1.568 1.7iz 1.888 1,920 1.8 2.043 @2.087 2.108 2.108 2.033
13.00 .880 1.085 1.271 1.438 1.567 1.7i6 1.887 1.819 1.393 =2.043 2.086 =2.108 =2.108 2.033
14.00 .880 1.085 1.271 1.438 1.567 .76 1.827 1.919 1.892 2.048 2.086 =2.105 2.107 2.092

*THE ESTIMATED UNCERTAINTY IN THE RECOMMENDED UALUES IS #0,15X10° K+, RECOMMENDED UALUES ARE GIVEN TO MORE DIGITS THAN

WARRANTED MERELY FOR THE PURPOSE OF TARBULAR SMOOTHNESS.

THE INSIGNIFICANT DIGITS OF THE UALUES ARE INDICATED BY QUERSTRIKES.
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ABLE 3. CALCULATED VALUES ON THE WAUVELENGTH DERIUﬁTIUE
OF REFRACTIVE INDEX OF SILICON AT 293K*

A, um -dn/dA, 10 * um *
1.20 1894.5 s
1.28 1514,0
1.24 1S35.E
1.28 1467,7
1.28 14011
1.30 1338.5
1.32 1276,
1.34 1224.0
1.38 1171.6
1,38 1122,1
1.40 1075.4
1.45 968, 3
1.50 B7E.B
1.55 795.E
1.60 7ed.1
1.65 660.95
1.70 604.5
1.80 510.3
1.80 434.5
2.00 373,.0
2.25 262.5
2.50 191.7
2.75 144,32
3.00 111.2
4.00 47.0
5.00 24.1
6.00 13.5
7.00 8.8
8.00 5.8
9.00 4.1

10.00 3.0

11.00 2.3

12.00 1.7

13.00 1.4

14.00 1.1

i

*RECOMMENDED UALUES ARE GIVEN TG MORE DIGITS THAN
WARRANTED MERELY FOR THE PURPOSE OF TABULAR SMOOTH-
NESS. THE INSIGNIFICANT DIGITS OF THE URALUES ARE
INDI\'ATED BY OVERSTRIKES. THE ESTIMATED UNCERTAINTIES
IN T{E RECOMMENDED UALUES ARE ABOUT 220X10% WMY AT
2 MM} *2.4X10% UMY AT 2.55 UMy *0.EX10% UM~ AT 10 M.
AND 10.44X10% MM AT 14 UM.

J. Phys. Chem. Ref. Data, Vol. 9, Ne. 3, 1980
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3.2.". Germanium, Ge

There are 88 sets ¢f experimental data available for
the refractive index (wavelength and temperature
dependences) of gertoanium as given in tables A-5
and A—6 and plotted,in figures 11 and 12. A few sets
of measurements on!thin films are included for the
purpose of completiness and comparision. After
careful review and eviluation of the available informa-
tion, it was found thivt the data reported by Brigee
{12], Salzberg and Vilﬁlm [18], Cardona et al. [3], Rank
et al. [35], Lukes [36, 37], Icenogle et al. {5], and
Edwin et al. [38] are r{ presentatives for the refractive
index of germanium inithe transparent region between
1.8 and 16 gm. \

Briggs [12] measur%d the refractive index of a
germanium specimen of 99.929, purity over the
spectral region between 1.8 and 2.6 um. He used the
minimum deviation mathod on a wedge of about
17° apex angle. The 1‘nl1ge of his measurements was
limited on the short wivelength side by absorption
in the prism, and on the long wavelength side by
absorption in the glass components of the optical
system used. The claime{l error was a few parts in the
third decimal place. He| also observed a definite in-
crease in refractive index wvalue with increasing
temperature. In other \Evords, the temperature co-
efficient. of refractive indix of germanium is positive.

Since Briggs’ observaticn, several other independent
measurements were carrizd out. Salzbere and Villa
{13} used the autocolli\ation minimum deviation
method in the determinat'on of # over n wide wave-
length range from 2.0 tol16 wm for a single crystal
germanium prism of ll,Skl' apex angle with unknown
purity. The reported accyracy was estimated to be
+2 parts in the fourth dicimai. Compared with the
results of Briggs, their n values are systematically
about 0.005 lower in the corresponding spectral
region. No source was ascriped for zuch discrepancies.
In a later work [39], a polycrystalline sample was
messured and they found that there were no signif-
icant differences between “‘he results obtained for
different crystals.

Cardona et al. [3] measured the refractive index
for a thin germanium wedge of 5° in the wavelength
range from 1.7 to 5.6 um ¢nd at temperatures 87,
190, and 297 K. Their n valdes were also about 0.005
lower than those of Brigg: in the corresponding
wavelength region. Their rest lts clemly indicate that
dn/dt of germanium is positive over the transparent
wavelength region. At » fivid long wavelength, 3
pmn, they measured the relative changes of n, Anjn,
as a function of temperature. A linear relation between
Anjn and T was observed over the temperature
range between 77 and 400 K. T he result, (1/2)(dn/dT)
=(6.9+0.4) X 107K, agrees well with those for the
dieleciric constant measurement at 10 me/s {40] at
low temperatures, but discripancies occurred at
high temperatures where values obtained in reference

J. Phys. Chem. Ref, Date, Vol. 9, Ne. 3 1980

[40] are higher. Such discrepancies were attributed
to the inhomogeneities and-impurities in the samples
which effectively reduced the thickness of the ca-
pacitors and thus resulted in an apparent increase in
the dielectric constant.

Rank et al, [35] measured the refractive index over
& wavelength region between 2.0 and 2.4 um by an
interferometric method. A single erystal germanium of
unspecified purity was used and the resulting »n’s were
about 0.01 higher than the corresponding values of
Briggs. The temperature variation of the refractive
index was observed to have a positive coefficient and
the absorption edge moved to longer wavelengths as
temperature increased.

Lukes 136, 37] measured the refractive index for
several germanium prism samples cut from single
crystals of varying impurity. His measurements were
carried out over a wavelength range of 1.8-5.5 um
and the temperature range 100-530 K. The results
obtained for the purest sample were in sgreement with
those of Salzberg and Villa, while the results for the
impure samples showed discrepancies at the long
wavelengthe, the higher the impurity, the lower the
n. In the shorter wavelength region, <4 um, the
refractive index appeared practically independent on
the impurity content.

Icenogle et al. [5] made a thorough investigation
on the refractive index for germanium over the 95-297
K and 2.554-12.360 um regions. The samples were
obtained from the Exotic Material, Inc. and were
characterized as “good optical grade’” without further
details of purity of the material. The claimed error
in the measurement of n was +6>107% The results
disagree with those of other workers by several parts
in the third decimal. At room temperature and in the
wavelength region where A\>>3 um, Icenogle’s values are
higher than the earlier works. The sources for such
discrepancies can possibly be ascribed to differences in
the impurity content of the samples.

Edwin et al. [38] made careful measurements of »
for well characterized germanium specimens in the
spectral region 8-14 pm. Their results are in agreement
with Icenogle’s values when account is taken of both
of their claimed uncertainties. Edwin et al. took into
account the main sources of uncertainty in arriving
at. their reported values, including probable errors from
temperature readings, angle determinations, wave-
length identification, curvature of slit lmage, and
random errors. The claimed uncertainty of their re-
sults is +0.0003. According te their sample descrip-
tion, the specimens had a resistivity about 45 to 53
ohm-em which indicated that they used purer samples
than others.

For ease of comparison, the above mentioned data
sets are replotted on an enlarged scale in figure 13.
It is obvious that the disagreement among the data
sets is greater than the individually claimed accuracies.
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True internal consisiency was observed in each
measurement, unaccounted sources or eITors were Te-
sponsible for the discrepancies.

Primak [15] devoted considerable space to dls—
cussions of both systematic and random errors for
tho case of silicon (see subsection 3.1). The conclusions
are generally valid for other materials. Among the
possible sources, the smallness of the prism angle is
the major factor that contributes to the error.
Combined with the errors fr om other sources, the
limit of accuracy in the measurement of n by the
minimum deviation method is 1 to 2 parts in the
third decimal place, a fow times higher than that
claimed by many workers.

The effect of impurities on the refractive index is
considerable. In some cases, observations made on
samples of questionable origin and undefined purity
may yield radically different results: Simon [17] re-
ported his radically different results (shown in figure
11) obtained for & germanium sample of high impurity
content. Spitzer et al. [44] investigated the opticai
constants of heavily doped germanium with results
greatly different from those of pure samples shown in
figure 11. Thus, when the effects of impurities are
taken into consideration, diserepancies from pure
samples may be much higher than 2 parts in the third
decimal place.

Although the error causing factors given above are
well known, unfortunately they are not generally
given in the literature and authors advance independ-
ent claims of their own precisions. In the present work
it is assumed that data sets are concordant if they are
not identical in the third decimal place.

More data can be found in references [41-58] and
are given in tables A-5 and A-6, in which one can also
find data sets obtained for thin films. No attempt was
made to analyze the thin film data. However, it has
been observed that the refractive indices of pure
germanium thin films tend to agree with those of bulk
crystal if the films are deposited on substrates main-
tained at elevated temperatures during the course of
deposition or appropriately annealed after deposition.
Surface contamination appears to be the most serous
problem. However, data for thin films reported by
those who exercised precaution in sample preparation
are usually in agreement with those for bulk maferial.

Literature dats on the temperature derivative of
the refractive index of germanium is rather scarce.
The data tabulated in tables A-7 and A-8 and plotted
in figures 14 and 15 are mainly those of Iukes |36,
58, 59]. His dn/dT values were evaluated from his
measurements of n given in table A-6 and figure 12,

Although considerable amounts of experimental
data on the refractive index of germanium are avail-
able, they have received little analysis. The earliest
quantitative results for germanium are generally at-
tributed to Brattain and Briggs [41]. While they
presented no dispersion relations in their work, they

noted that their results were extremely sensitive to
specimen preparation and that large discrepancies
arose between samples.

The first qualitative attempt was made by Rank

et al. |35), who fitted a Cauoby type dispersion relation
of the form.

ne=net 4L (25)

where X is in units of um. They presented results for
fits on both their own data and for the Brattain and
Briggs data with the following constents:

Data n, e, um® b, pm?
RBC [43] 4. 0385 0.21345 0.5363
BB [49] 3. 9992 0.44647 0. 6882

While this relation represented well each of the data
sets, the authors found discrepancy between the two
dain sets as indicated by the coefficients.

The next dispersion relation was advanced by Hertz-
berger and Salzberg [31] which they developed using
data for 13 materials in addition to germanium. They
noted that comparisons of the data for 14 different
materials indicated that all had refractive indices
varying asymptotically with A% They found the mean
asymptote of all the materials in the TV vegion to he
at \=0.168 pm. Their dispersion relation is based
upon a Taylor expansion in M which retains only the
linear terms. The form is

n=A-+ BL+CL*+ D+ EX, (26)

where A is in units of pm, L=1/(A*—\¢), and the
coefficients for the region 2.0 to 13.5 um are:

A=3.99931, D= —0.0000060,
B=10.391707, E=0.000000053
('=0.163492,

These results agree very well with the data from which
they are derived.

In the present work, eq (I0) was used to represent
the refractive index of germanium. The main task was
the selection of the reliable data sets, the appropriate
parameters ¢ and A, and the determination of the
coefficients 4 and B. The data reported by Cardona et
al. and Lukes were not used on the grounds that. their
values in our collection were read from the graphs in
their papers. We have found that deviations between
the graph readings and the true values were quite
Inrge; estimated at 1 to 2 percent. Values reported by
Rank et al. (after correcting from vacuum values to
air values) appear to be relatively too-high compared
with those of Briggs and Salzperg and Villa in the
corresponding wavelength region, 2.0-2.4 pm.

Although germanium has long been an important
infrared material, its refractive index in the long
wavelength region has not been well defined. Results
from different workers often differ by as much as 0.003.

4. Phys. Chem. Ref. Data, Vol. 9, Ne. 3, 1980
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Such a Ia-ll\'\;e discrepancy cannot be accounted for by
merely exj‘-erimentval errors. Unknown impurities in
some of thi> samples are probably responsible for the
differences. However, this very important information
is generally| missing from the papers. As a result, the
current knojvledge of the refractive index of germanium
still remaing uncertain. Results of Edwin et al. [38] and
Icenogle et il. [5] are uniformly higher than those of
Salzberg an%. Villa [18] in the long wavelength region.
Spitzer and 1"an |44] observed that the refractive index
of an impur sample in the long wavelength region
is lower thaﬂ that of a purer specimen. According to
this, it would seem that Salzberg and Villa had more
impurities ini their specimen than did Edwin and
Icenogle. Thil is not the case, however, as the above
mentioned daia sets are essentially parallel in the long
wavelength r‘(-gion while Spitzer and Fan’s results
indicate a pro‘.gressively decreasing n with inereasing
wavelength (s¢e figures 1 and 11). Based on this con-
sideration, the selected data scts were given equal
weight. Fortunately, data by Icenogle et al. cover a
sizable temper‘ ture range, permitting the prediction
of n at temperdtures other than room temperature.

Selection of |: and A, presented some difficulties.
Cardona et al.}[3] observed the relative changes of
refractive index Anfn, at a wavelength of 3 pm as
temperabure valied from 77 to 400 K with results
plotted in ﬁgure 16. The average slope, (1/n)(dn/dT)
of this plot is 16.9+0. 4)X10‘5K‘ Icenogle et al.
obtained a highlr value- of 9.9X10~*K~' for (1/n)
(dn/dT) in the Wavelength range 2.554 to 12.1 um.
It appeared thai € in eq (10) could be determined from
the relation (1/¢)( ci 'e/dT) = (2/n) (dn/dT) using the value
of (1/n)(dnfdT) at long wavelengths. The result would
be an exponentialirelation of the form e=ee?. How-
ever, the constanc s of (1/n)(dn/dT) does not hold for
a wide temperature range. Hence, an empirieal rela-
tion between ¢ and 7 should be found based on avail-
able data of n. ,

It is shown in figure 12 that curves of temperature
dependence of refractive index at various wavelengths
are essentially parallel to each other and that each of
them smoothly anl monotonically increases with
temperature. This provides a possibility to find 4
relation between e and 7. As e closely equals n* at long
wavelengths, the best: choice in the present case is the
refractive indices at 10.27 um by Icenogle et al. [5].
However, their resulti: cover only a temperature range
from 100 to 298 K. A wider temperature coverage is
required to establish i relation between ¢ and 7" that
is reliable over the teinperature region 100-550 K of
general interest. As shown in figure 12, the 5.156 um
curve of Lukes [36] is. slightly above and parallel to
the extension made from the 10.27 um curve. The
needed refractive indices at 10.27 um in the higher
temperature region was therefore obtained by appro-
priate extrapolation of cenogle’s data in that region.

J. Phys. Chem. Ref. Data, Vol. 9, No. 3, 1980
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In this way, the following polynomial equation is
found to be valid-at 10.27 ym and over 100-550 K :

72(10.27 ym, T)=15.31221.4571X10~%T

+3.5131 X107%7%—1.2089 X 10~°T3. (27)
Since at long wavelengths the dielectric constant
closely approaches but does not exactly equal n? it
is therefore appropriate to consider the above quan-
tity as a proportional factor and the dielectric constautl.
is expressed as:

(T)=En?(10.27 um, T),

where E is the proportional constant.

Speetral positions of natural absorption peaks in
germanium have been studied by a number of inves-
tigators. McLean [2] investigated the absorption edge
spectrum of germanium and found the optical energy
gap at 300 K to be E,=0.663 eV or A,,=1.8703 um.
Macfarlane ot al. [8] further studied the absorption
edge spectrum and found the temperature variation
of the optical energy gap is essentially linear in the

. temperature range 200-300 K, but nonlinearity pro-
gressively predominates at lower temperatures as
shown in figure 17. Lukes and Schmidt [9] studied the
reflectivity spectrum of germanium and found two
additiona] absorption peaks at A~ 0.589 um and

#~0.282 pym. The latter corresponds to that predicted
by Yu and Cardona [33]. As a summary of these
findings, one now has three absorption peaks; namely:
M=1.8703 um, A~ 0.589 wm, and Ay~ 0.282 ym that
are supposed to have significant effects on the refrac-
tive index in the transparent region, 1.9-16 um.

In this work, the selected data were fitted to an
equation similar to eq (10) by including extra terms
due to Ap and A It was found, however, that intro-
duction of the A\ and X\:; terms did not imprave the
agreement obtained when only the )\ term was in-
cluded. Furthermore, the coefficients of the A, and A,
terms could not be uniquely defined because there
were no reliable data in the regions bounded by and
near the three peak wavelengths. Also, the value of B
was found to be negligibly low and hence the contri-
bution of the last term in eq (10} was insignificant. As
a consequence, eq (18) was adopted and the least
squares fitting of selected data to this equation yielded
the following expression for the refractive index of ger-
manium in the ranges of 1.9 to 18 ym and 100-550 K:

L(T)

(NI =e(T)+—5% (Ae+-AT+AT,  (28)

where

e(7)=15.2892+1.4549 X 1073 T+3.5078 X107 °1*
—1.2071X 10973,
L(T)_e-‘SAL(T)/ngs

)\—wa,ve]ength in units of um,
T=temperature in units of K,

Ay=2.5381,

A,=1.8260% 10",

A;=2.8888X107¢,
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and from reference [60]

ALU)_ _ 0.0804-2.62610~6 (T—100)+1.463
310-5(T—100)2—2.221 X 10~ (T—100)*

(100<. T<2293),
é—%@ms.mox10-°(T-293)+1.768
293
X109 T—293)2—4. 562X 10~ 18(7—293)3

(293 < T'<(1200).

It is interesting to point out that the room tempera-
ture dielectric constant for germanium can now be
calculated from the expression of ¢ in eq (28). The
result is 16.009 which is in good agreement with the
commonly accepted value of 16.0.

Equation (28) was used to calculate the recom-
mended values of the refractive index of germanium
with uncertainties of £2X1073. The recommended
values are given in table 4 and plotted in figure 18.
To provide a visual comparision of the calculated
values with experimental data, calculated values at
a few specified teoperatures and wavelengths are
plotted in figures 12 and 13 where close agreement
is revealed. Tables 5 and 6, respectively, give the
calculated dn/dT and dn/d\ values based on the first
derivatives of eq (28) with respect to 7 and A\. The
corresponding plots are shown in figures 19 and 20.

Uncertainties in the calculated dn/d7T values are
estimated Dbased ou Ivenogle’s datu [5] which are

585

essentially the basis for eq (28). Icenogle et al. eval-
uated An/AT values using their own measurements
of n and found the average uncertainty in An/AT
to be about 4 0.5 107*K~ Error bars corresponding
to this amount are drawn on the calculated curves
in figures 14 and 15 where calculated recults are
compared with experimental data. Although ac-
curacies of experimental dn/dT are not available in
Lukes’ work [36, 38, 59], it is reasonable to use the
same error bar as the experimental errors because
the n versus T curves in figure 12 are closely parallel.

Uncertainties in the calculated dn/d\ are estimated
from the expression:

d(duw/dN)~428n/\, ~

as discussed in subsection 3.1. Similar to the case of
silicon, the uncertainties in dn/d\ of germanium are
about +£5X107%m~! at 2.55 pm, 1.2X107%um™ at
10 pm, and 0.7 X107*um™ at 18 um.

It should be noted that calculated values in tables
4, 5, and 6 are given with more digits than warranted
for the purpose of tabular smoothness.

As these values are calculated from an equation, it
is desirable to give enough digits to show the variation
of the variables in the equation and to provide com-
parasion among neighboring entries. To identify the
unwarranted insignificant digits in the values, an
overstrike is used. Appropriate uncertainties in the
recommended values are discussed in the text and
quuted in thie footuotes of the tables.

J. Phys. Chem. Ref. Data, Vol. 9, No. 3, 1980
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FIGURE 11. AVAILABLE EXPERIMENTAl. REFRACTIVE INDEX OF GERMANIUM (Wavelength Dependence)
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REFRACTIVE INDEX,

4.25

4.20
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4.00

T ]
= 2.5 um
Data Set Symbol A(um) Ref.
1 ] 2.00 [58]
2 © 2,00  [58] |
3 A 2.26 [58]
4 + 2.36 158]
5 X 2.51 [58]
6 & 2.52 [58]
7 %+ 1.97 [36] |
8 X 2.19 [36]
9 zZ 2.409 [36]
10.2 um 10 Y 3.826 [36]
11 pd 5.156 {36]
12 ¥ 2.554 [5]
13 h:4 2,732 [5]
14 | 4.414 [5]
15 3 10.27 [5]
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FIGURE 12. AVAILABLE EXPERTMENTAL REFRACTIVE INDEX OF GERMANIUM (Temperature Dependence)

700

Samsung Exhibit 1061, Page 27 of 98

WNINYWAIS OGNV NODJITIS 40 XIONI JALLDVE4IY

489



086L 'S "ON ‘6 'IPA ‘miog "9y wey) ‘shiye °f
n

REFRACTIVE INDEX,
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Data Set Symbol T(K) Ref.
2 M 298 [12]) n
6 o 297.3 [35]
10 A 300 [13]
14 + 87 [3] -
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16 [ 297 [3]
43 +* 94 [5] ]
44 X 204 [5]
45 z 275 [5])
46 Y 297 [5]
71 ® 293 [38] -
72 b3 293 [38]
73 X 298 [38]
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FIGURE 13. SELECTED FXPERIMENTAL REFRACTIVE INDEX OF GERMANIUM (Wavelength Dependence)
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FIGURE 17. TEMPERATURE DEPENDENGE OF THE OPTICAL ENFRGY GAP OF GERMANIUM [8]
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FIGURE 17. TEMPERATURE DEPENDENCE OF THE OPTICAL ENERGY GAP OF GERMANIUM [8]

TABLE 4, RECOMMENDED UALUES ON THE REFRACTIUE INDEX OF GERMANIUM*

TEMPERATURE, K

A, um
’ 100 150 200 250 293 350 400 450 500 550
1.90 4.0290 4.0474 4,0680 4.0907 4,1117 4.1417 4,1697 4,1933 4,2302 4.2623
1.82 4.0270 4,0453 4,06853 4,0885 4.1084 4.1393 4,1672 4,1966 4.2274 4,2593
1.94 4.02851 4.0433 4.0638 4.0863 4.1072 4.1368 4,1647 4,1940 4.2246 4,.2565
1.86 4,0232 4.,0414 4,0618 4.0842 4.1050 4.1346 4.1623 4.1915 4.2220 4.2537
1.88 4,0214 4,0395 4,0598 4,0822 4.1028 4.1324 4.1598 4.1830 4,2194 4,2510
2.00 4.0187 4,0377 4.0573 4.0802 4.1008 4,1302 4.1577 4,1866 4.2163 4.2484
2.05 4.0156 4,0334 4.0534 4,0755 4.0853 4.1250 4.1523 4.1810 4.2110 4.2421
2.10 4.0117 4,0294 4.0493 4.0711 4.0914 4.1202 4.1472 4.1757 4.2054 4.2363
2.15 4.0081 4,0257 4.0454 4.0670 4.0872 4.1158 4,1426 4.1708 4,2003 4,2309
2.20 4,0048 4.0222 4,0417 4,0632 4.0838 4.1116 4,1388 4.1662 4,1954 4,2253
2.25 4.,0017 4.0130 4.0383 4.0597 4.0785 4.1077 4.1341 4,16139 4.18039 4.2211
2.30 3.9987 4.0153 4.0352 4.0564 4.0761 4.1041 4.1303 4,1573 4.1867 4.2187
2.40 3.9934 4.0104 4,0294 4.0503 4,0698 4.0974 4.1233 4.1508 4.1781 4,2087
2.50 3.0007 440053 4,083 4, 0450 4, 0898 4.,0918 40 IITE 441447 4, 1723 4.2015
2.60 3.9845 4,0011 4,0197 4.0402 4,0593 4.,0864 4.1417 4,1384 4.1663 4,1952
2.70 3.9808 3.9972 4.0157 4.0360 4.0543 4.0817 4,1068 4.1333 4,1803 4.1838
2.80 3.977 3.893; 4.0121 4.032 4.050 4,077 4.102'& 4.128 4.1561 4,1843
2.9 3.8745 3.,9807 4.0088 4.,0288 4.04 4.073 4.098 4.1245 4,1518 4, 0
3.00 3.9718 3.9878 4,0053 4,057 4.0442 4,0704 4,0350 4,1209 4,1478 4,1753
3.20 3.9671 3.9830 4,0008 4.0204 4.0387 4.0646 4.,0883 4,1144 4,1411 4,1688
3.40 3.9638 3.9788 3.9366 4,0160 4,0341 4,0500 4,0030 4,100% 4,1355 4,1009
3.60 3.9800 3.9755 3.9330 4,0123 4,0302 4,055¢7 4.0785 4,1045 4,1308 4,1580
3.80 3.8572 3.972¢7 3.8300 4,0092 4,0270 4,0583 4,0753 4,1008 4,1268 4,1538
4.00 = 3.9543 3.9702 3.9875 4,0085 4,0242 4,0493 4,0728 4.0876 4.1234 4.1502
4.25 3.8524 3.9676 3.9848 4,0037 4.0212 4,0462 4.0636 4.0342 4.1138 4.1464
4,50 3.9503 3.9655 3.9825 4.0013 4.0188 4,043 4.0668 4,0913 4.1168 4.1433
4.75 3.9485 3.9636 3.9808 3.9993 4,0167 4.0414 4,0845 4.0888 4,1142 4.1406
5.00 3.8470 3.9620 3.9783 3.9976 4,0143 4,0395 4.0825 4,0868 4,1121 4.1383
5.50 3.9446 3.9595 3.9763 3.9848 4,0120 4,0365 4.0594 4,0834 4,1086 4,134p
6.00 3.8428 3.9576 3.9743 3.9927 4,0088 4.0342 4,056 4,0803 4,1053 4,1318
6.50 3.9413 3.38561 3.9727 3.991T 4.008T 4.0329 4,0550 4,0783 4.1038 4.1298
7.00 3.9402 3.9543 3.9715 3.9898 4.0068 4.0303 4,0536 4.0773 4.1021 4.1273
8.00 3.9385 3.9532 3.9697. 3.9878 4.0048 4.0283 4,0514 4.0750 4.0937 4.1253
9.00 3.9374 3.9520 3.9684 3.9866 4,0034 4.0274 4,0498 4,0734 4,098 4.1236
10.00 3.8365 3.9511 3.9675 3.9856 4.0025 4.0264 4.0488 4,0723 4.0963 4.1223
11.00 3.9353 3.9505 3.9663 3.9848 4.0017 4.0256 4,0480 4.0715 4.0860 4.1214
12.00 3.8355 3.8500 3.9664 3.8844 4.0012 4.0250 4.0474 4,0708 4,0853 4,1207
13.00 3.8351 3.9495 3.9660 3.9840 4,0008 4,0248 4,0463 4,0703 4,0948 4,1202
14,00 3.9348 3.9493 3.9657. 3.9837 4.0004 4.0242 4.0465 4,0693 4.0944 4,1197
15.00 3.9346, 3.9481 3.9654 3.9834 4.0001 4.0240 4.0462 4.0686 4.0941 4.1194
16.00 3.9344 3.9483 3.9652 3.9832 3.8933 4,0237 4,0460 4.0694 4,0838 4,111
17.00 2.8347 3.9487 3.9850 3.9830 3.9997 4.0235 4.0458 4.0891 4.0935 4.1188
18.00 3.9341 3.9486 3.9649 3.9829 3.9996 4.0234 4.0456 4.0690 4,0934 4,1186

* THE ESTIMATED UNCERTAINTY IN THE RECOMMENDED UALUES IS #2X10%. RECOMMENDED UALUES ARE GIVEN TO MORE DIGITS THAN WARRANTED
MERELY FUR THE PURPOSE UF TRBULAR SMUDTHNESS. THE INSIGNIFICANT DIGEITS OF THE URALUES ARE INDICATED BY OVERSTRIKES.
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TORLE 6. RECOMMENDED UALUES ON THE TEMPERATURE DERIUATIVE OF REFRACTIUE INDEX OF GERMANIUM*

TEMPERATUREs K

A, um
100 150 200 250 233 350 400 450 500 550

1.90 3.452 3.908 4,337 4,736 5.057 5.450 5.764 6.050 6.307 6.538
1.92 3.437 3.832 4,318 4,716 5.036 5,427 5.738 6.024 6.280 £.510
1.94 3.422 3.875 4,300 4,696 5.015 5.404 5.716 5,998 6.254 8.482
1,98 3.408 3.858 4.283 4,678 4,935 5,383 5.653 5,974 6.228 5.4953
1.98 3.334 3.844 4,266 4,633 4,975 5,362 5.670 5.951 5.204 6.423
2.00 3.380 3.829 4,249 4,642 4,958 5.341 5.649 5.928 6.179 5.404
2.05 3.348 3.733 4,210 4,583 4.911 5,293 5,537 5.873 6.122 6.344
2.10 3.318 3.760 4,174 4,580 4,883 5.248 5.543 5.823 6.0B3 5.288
2.15 3.230 3.729 4,140 4,523 . 4.830 5.208 5.504 5.775 6.0139 B.235
2,20 3.863 3.700 4,108 4,488 4,734 5,186 5,462 5.731 5.972 B.187
2.25 3.239 3.673 4,078 4,457 4,760 5,129 5,423 5.689 5.928 B.141
2.30 3.218 3.847 4,051 4,427 4,728 5.094 5.386 5.651 5.888 8.038
2.40 3.174 3.601 4,001 4,378 4,869 5.032 5,318 5.580 5.813 6.020
2.50 3.137 3.560 3.856 4.374 4.R18 4.978 5.280 S.517 5.748 5.987
2.60 3.104 3.524 3.8916 4,281 4,572 4,326 5,208 5,462 5.683 5,830
2.70 3.075 3.432 3.881 4,242 4,531 4,882 5,161 5.412 5.637 5.835
2.80 3.048 3.462 3.843 4,208 4,499 4,842 5.113 5,367 5.580 5.786
2.90 3.025 3.436 3.820 4.177 4,461 4,807 5,081 5.327 5.547 5,741
3.00 3.003 3.413 3.795 4.143 4,431 4,775 5.045 5.291 5.508 5.701
3.20 2.986 3.372 3.750 4,100 4,380 4,719 4,987 5.228 5,443 5.632
3.40 2.336 3.338 3.713 4.050 4.337 4.6 4.938 5.176 5.388 5.575
3,60 2.810 3,309 3.682 4,026 4,301 4,634 4,836 5.133 5.342 5,526
3.80 2.888 3.285 3.655 3.938 4,270 4,601 4,861 5.085 5.303 5.485
4,00 2.869 3.265 3.633 3.973 4,244 4,572 4,831 5.064 5.270 5.450
4,E5 2,850 3.243 3,603 3.997 4,217 4,593 4,800 5,030 5.234 5.413
4,50 2.833 3.225 3.588 3.926 4,193 4,518 4,773 5,002 5.205 5.382
4,75 2,819 3.208 3.572 3.907 4,174 4,458 4,750 4,978 5,179 5.355
5.00 2.807 3,196 3,557 3.8891 4,157 4,478 4,731 4,958 5.158 5.333
5,50 2.788 3.174 3.534 3.866 4,130 4,443 4,700 4.325 5,123 5.29%
5.00 2,773 3.158 3.518 3.847 4,110 4,427 4.677 4,980 5.087 5,268
5.50 2.762 3,146 3.502 3.832 4,094 4,410 4,638 4,880 5,076 5.247
7.00 2,758 3.136 3.40L 3,580 4,081 4.358 4,649 4,880 5. 060 5.230
8.00 2.738 3,121 3.475 3.803 4,062 4,376 4,622 4,842 5,036 5,205
9,00 2.730 3.111 3.464 3.781 4,043 4,382 4,607 4,827 5,020 5.188
10.00 2.723 3,103 3.456 3.782 4,040 4,359 4,537 4.815 5.008 5.175
11.00 2.713 3.088 3,450 3,776 4.033 4,345 4,589 4,807 4,983 5.1E6
12,00 2.715 3,094 3.445 3.771 4,028 4,338 4,583 4.801 4,933 5.153
13.00 2.712 3,091 3.443 3.767 4,024 4,335 4.578 4,738 4,988 5.154
14,00 2.710 3.088 3,449 - 3.764 4.021 4,331 4,575 4,782 4,983 5.150
15.00 2.708 3,086 3.438 3.762 4.019 4,328 4,572 4,783 4,980 5.146
16.00 2.706 3.085 3.436 3,780 4,016 4,326 4,569 4,756 4,977 5.143
17.00 2.705 3.083 3.434 3.758 4,015 4.324 4,567 4,784 4.975 5.141

. 2.704 3.082 3.433 3.75¢7 4,013 4,323 4,566 4,782 4.973 5.133

*THE ESTIMATED UNCERTAINTY IN THE RECOMMENDED UALUES IS *0.5X10% K-,  RECOMMENDED UALUES ARE GIUEN TD MORE DIGITS THAN

WARRANTED MERELY FOR THE PURPOSE OF TARBULAR SMOOTHNESS.

THE INSIGNIFICANT DIGITS OF THE UALUES ARE INDICATED BY QUERSTRIKES.
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TABLE 6. CALCULATED URLUES ON THE HAUVELENGTH DERIUATIVE
OF REFRACTIVE INDEX OF GERMANIUM AT 293K *

A, Hm -dn/dx, 10™* ym !
1.0 117728
1.92 114L.8
1,94 1107:5
1.96 1074.5
1.88 1042,8
2.00 1812,
£2.05 941:3
2.10 876.5
2.15 81
2.20 763.9
2.25 714.7
2.30 sc8.7
2.40 5903
2.50 523.0
2.60 465.5
2.70 416.1
2.80 373.8
2.90 336.5
3.00 304.2
3.20 251,90
3.40 209.5
3.60 176.5
3.80 150.3
4.00 128.0
4.25 107.E
4.50 80.7
4.75 7.2
5.00 €6.2
5.80 48.8B
5.00 38.3
6.50 30.2
7.00 e4.2
§.00 16.2
S.00 11.4
10,00 B.3
11.00 B.2
12.00 4.8
13.00 3.8
14.00 3.0
15.00 2.5
168.00 2.0
17.00 1.7
18.00 1.4

*RECOMMENDED UALUES ARE GIVEN TO MORE_DIGITS THAN
WARRANTED MERELY FOR THE PURPDSE. OF TABULAR SMOOTH-
NESS, THE INSIGNIFICANT DIGITS OF THE UALUES ARE
INDICATED BY QUERSTRIKES. THE ESTIMATED UNCERTAINTIES
IN THE RECOMMENDED UALUES ARE ABOUT 25X109:§M- AT
EéSiMMH- 1.2X10% #M- AT 10 MMy AND 0.7X10% HM- AT

J. Phys. Chem. Ref. Data, Vol. 9, No. 3, 1980
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4. Conclusions and Recommendations

Experimental data on the refractive index of crystal-
line silicon and germanium and its temperature deriva-
tive were exhaustively surveyed and reviewed. Values
of physical properties which use related to the disper
sion equation were selected from the open literature.
In addition, & number of thin film data sets were also
compiled.

The purpose of the present work was to survey and

compile the available data and to generate recom-

mended values of the refractive index and its tem-
perature derivative for crystalline silicon ‘and ger-
manium. Recommended values for these materials
were generated based on currently available data.
Since the state of the refractive index of either of the
crystals have not been well defined, our recommenda-
tions should be considered at best representing average
values of the selected data sets. Many factors are
known to influence the accuracy of the refractive index
of a crystal. Although the minimum deviation method
is known to be the most accurate way to determine the
refractive index, this is not true in the case of silicon
and germanium. Being highly refractive, the prism
specimens used must be thin, usually about 15° apex
angle or sometimes lower, thus giving rise to relatively
higher uncertainties. Other possible sources of experi-
mental errors were discussed by Primak (15]. However,
the most important factor which contributes to the
total error is the impurity content of the specimen.
Although this is & well known source of error, unfor-
tunately, this very important piece of information is
usually not reported. As a consequence, discrepancies
among the currently available data cannot be reason-
ably resolved.

Unless one is satisfied with the existing data having
uncertainties of a few parts in the third decimal place,
serious considerations should be given to obtaining
data reliable in the fourth or fifth decimal place. A
systematic measurement program on the refractive
index should be carried out with the following con-
siderations:

1. Experimental method. Because the mimimum
deviution method does not yield high accuracy in the
case of Si and Ge, it is strongly felt that the inter-
ference method should be used. In this method, the
determination of interference order plays the decisive
role in the accuracy of the results. In order to obtain
high accuracy, thick plate specimens should be used.

2. Sample characterization. As the impurity content,
of the sample strongly affect the refractive index, the
impurities in the sample should be ascertained and
reported. Merely reporting the electrical resistivity of
the sample is not adequate. The nature and amount of
impurities should specifically be reported. In order to
see the effects of impurities on the refractive index,
measurement should be carried out for a group of
specimens with systematically controlled impurities.

3. Environmental control. Since both silicon and

599

germanium have high temperature coefficients of
refractive index (in the order of 10™*K™!), the tem-
perature of the sample has to be carefully controlled
in order to achieve the required accuracy. Pressure has
little effect on the refractive index under ordinary
conditions. The pressure coefficient of the refractive
index of Ge at 297 K is (1/n)(dn/dP
=—74£2%X10"kg 'ern? [3]. That of Si is —3+£2
X 10~"kg " tem? {3].

In conclusion, it should be emphasized that the
present work does not resolve the discrepancies
between the available data sets, it simply recommends
the most probale values of the refractive index that &
pure crystal of Si and Ge may have with the quoted
uncertainties. Also, it should be noted that, as in any
statistical study of this type, the dispersion equations,
egs (22) and (28), are valid to the reported accuracy
only within the region of experimental data. In general,
extrapolation of these equations for use outside of this
region is invalid for quantitative results. Finally, the
type of analysis presented here assumes the data to be
an absolutely correct representation of the model at
hand, which is not generally true since the model is an
oversimplification of the true dispersion relation.
However, for predictive purposes, bascd upon the
experimental data from several authors,.and within
the usable region of the data, we believe that these
equations are valid for calculation of the refractive
index in the given wavelength and temperature
reglons.
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Appendix

The tables included in the Appendix are available
experimental data compiled during the course of
present. work. The collected information covers the
reported works n the last three decades from 1049
to 1978.

The tables give for each set of data the following
information: the reference number, author’s name
(or names), year of publication, wavelength range,
temperature range, the description and characteriza-
tion of the specimen, and information on measurement
conditions contained in the original paper.

J. Phys. Chem. Ref. Data, Vol. 9, Ne. 3, 1980
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TABLE A-1. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON (Wavelength Dependence)

[ Temperature, T, K; Wavelength, A, um; Refractive Index, n]

Data Set

[Ref.] A n Specifications and Remarks Author(s), Year
1 (T=298 K) Sample from a commercial Electromet Briggs, H.B., 1949
[121 1.05 3.565 melt with a purity of 99.8%; prismatic
1.10 3.553 specimen of 11°24'11" angle; index of
1.920 3.533 refraction measured hy metrhad of
1.40 3.499 minimum deviation; data extracted
1.60 3.480 from a table.
1.80 3.466
2.00 3.458
2.20 3.451
2.40 3.447
2.60 3.443
2 (T=298 K) Polycyrstalline; pv0.7 Q~cm; im~ Simon, I., 1951
{17] 4,145 1.416 purities: 0.70% Fe, 0.55% Al, 0.32%
4,952 1.467 Ca, 0.06% Ti, 0.05% Mn, 0.04% C,
6.203 1.700 0.04% Cr, 0.01%Z P, and traces of
7.193 2.007 Cu, Ni and S; reflectances at 20
8.305 2.260 and 70 degree incidence angles ob=-
9.967 2.840 tained; refractive indices obtained
12.565 3.056 by a graphical analysis; data taken
trom a tigure.
3 (T=299 X) Single crystal; purity unknown; Salzberg, C.D. and
[13} 1.3570 3.4975 supplied by Texas Instruments, Inc., villa, J.J., 1957
1.3673 3.4962 Dallas, TH; prism cut with faces
1.3951 3.4929 30 % 30 em and refracting angle of
1.5295 3.4795 15.8°; index of refraction measured
1.6606 3.4696 by autocollimation method; data
1.7092 3.4664 with uncertainty #2 in fourth
1.8131 3.4608 decimal place taken from a table.
1.9701 3.4537
2.1526 3.4476
2.3254 3.4430
2.4373 3.4408
2.7144 3.4358
3.00 3.4320
3.3033 3.4297
3.4188 3.4286
3.50 3.4284
4.0C 3.4255
4,258 3.4242
4,50 3.4236
5.00 3.4223
5.50 3.4213
6.00 3.4202
6.50 3.4195
7.00 3.4189
7.50 3.4186
8.00 3.4184
8.5C 3.4182
10.00 3.4179
10,50 3.4178
11.04 3.4176
4 (T=100 X) 5% silicon prism mounted against Cardona, M., Paul, W.,
(3] 1.007 3.526 a plane mirror; Abbe autocollima- and Brooks, H., 1959
1.055 3.520 tion method applied to measure the

J. Phys. Chem. Ref. Date, Vol. 9, No. 3, 1980
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TABLE A-1, EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON
(Wavelength Dependence) (continued)
Data Set ) pe s o
[Ref. ] n Specifications and Remarks Author(s), Yeaﬁ
|
4(cont.) 1.134 3.504 deviation angle to within #1'; data Cardona, M., Paul, W.,
(3] 1.244 3.488 extracted from a figure. and Brooks, H., 1939
1.387 3.463
1.545 3.440
1.736 3.428
1.879 3.420
2.086 3.412
2.245 3.406
2.643 3.399
3.025 3.393
3.599 3.388
3.902 3.388
4,145 3.38>
4.475 3.379
4.905 3.375
5 {T=194 K) 5° silicou prisw mounted against a Cardona, M., ct al.
{33 1.166 3.516 plane mirror; Abbe autocollimation 1959
1.229 3.506 method applied to measure the
1,372 3.477 deviation angle to within #1'; data
1.530 3.460 extracted from a figure.
1.752 3.439
1.896 3.433
2,086 3.425
2.2h6 3.419
2.596 3.411
3.026 3.408
3.329 3,404
3.567 3.401
3.902 3.400
4,093 3.397
4.460 3.3%4
4,890 3.391
6 (T=298 K) 5° silicon prism mounted against a Cardona, M., et al.
[3] 1.230 3.519 plane mirror; Abbe autocollimation 1959.
1.340 3.497 method applied to measure the
1.547 3.474 deviation angle to within *1'; data
1.737 3.458 extracted from a figure.
1.896 3.449
2,055 3,440
2,246 3.434
2.405 3.429
2.596 3.426
3.026 3.420
3.568 3.415
3.871 3.414
4.094 3.414
4,460 3,411
4,891 3.412
7 (T=298 X) Crystal specimens; no details of Runyan, W.R., 1960
[19] 1.375 3.497 source, sample preparation and mea-
1.437 3.492 surement given; data read from a
1.449 3,487 figure; temperature not given,
1.487 3.483 298 K assumed.
1.512 3.479

J. Phys. Chem. Ref. Data, Vol. 9, Neo. 3, 1980
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TABLE A-1. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON
(Wavelengtl Dependence) (continued)

D?ﬁszﬁt A n Specifications and Remarks Author (s), Year
7(cont.) 1.562 3.475 Runyan, W.R., 1960
[19] 1.612 3.471 '
1.687 3.467
1.737 3.464
1.787 3.461
1.850 3.458
1.912 3.455
2.000 3,451
2.088 3.448
2.214 3,445
2.352 3.441
2.477 3.439
2.628 3.437
2.792 3.435
2.943 3.433
3.081 3.432
3.257 3.430
3.408 3.429
3.622 3.427
3.811 3.426
4.088 3.425
4,340 3.424
4,617 3.423
4,957 3.422
5.309 3.421
5.624 3.421
5.977 3.420
6.342 3.420
6.795 3.419
7.186 3.419
7.715 3.418
8.143 3.418
8.508 3.418
8.848 3.418
9.113 3.418
9.33¢9 3.418
9.679 3.418
10.032 3.418
10.347 3.418
10.574 3.418
10.989 3.418
11.040 3.418
8 (T=300 K) Single crystal; etched surfaces; near Philipp, H.R. and
[20] 0.124 0.332 normal reflectance spectrum between Taft, E.A., 1960
0.128 0.414 0.11 and 1.24 ym observed; phase angle
0.138 0.409 computed using the Kramers-Kronig
0.150 0.488 relation; optical constants deter-
0.165 0.524 mined from the Fresnel formulae; data
0.174 0.564 taken from a figure.
0.187 0.687
0.207 0.978
0.217 1.187
0.227 1.397
0.229 1.524
0.237 1.607
0.240 1.606
0.247 1.521

). Phys. Chem. Ref. Data, Veol. 9, No. 3, 1980

Samsung Exhibit 1061, Page 44 of 98



REFRACTIVE INDEX OF SILICON AND GERMANIUM

605

TABLE A-1. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON
(Wavelength Dependence) (continued)
D?;zfs?t A n Specifications and Remarks Author%é), Year
8(cont.)  0.257 1.646 Philipp, H.R. and
[20] 0.267 1.941 Taft, E.A., 1960
0.269 2.322
0.277 2.913
0.283 3.421
0.283 4.182
0.295 4.731
0.301 4,815
0.307 4,857
0.314 4.941
0.328 4,982
0.335 5.108
0.335 5.235
0.343 5.573
0.343 5.954
0.344 6.420
0.352 6.800
0.357 6.884
0.370 6.291
0.388 5.443
0.398 5.019
0.409 4,765
0.427 4.594
0.439 4.424
0.460 4.254
0.474 4.169
0.498 4,041
0.544 3.912
0.587 3.784
0.666 3.697
0.750 3.611
0.859 3.567
9 (1=298 K) single crystal; ellipsometry method Archer, R.A.i 1962
[21] 0.5461 4.050 used to determine refractive index; ‘
: the effect of oxidized film on
silicon corrected; error in refrac-
tive index about %0.007.
10 (T=298 K) n-type, phosphorus doped silicon Spitzer, W.G.,
[18] 3.456 3.007 samples; carrier concentration N = Gobeli, G.W., and
4.458 2.654 7.5 x 10"° cm *; polished; refractive Trumbore, F.A , 1964
5.210 2.345 index derived from reflectivity mea-
5.555 2.155 surements; data taken from a figure.
5.963 1.973
6.370 1.764
6.715 1.588
7.153 1.443
7.748 1.266
8.436 1.172
11 (T=298 X) n-type, phosphorus doped silicon Spitzer, W.G., et al.,
[18] 3.456 2.943 silicon samples; carrier concentra- 1964
4,459 2.584 tion N = 7.5 x 10 cm °; polished;
5.179 2,288 specimen heated at 1310 K for 30 sec
5.618 2.111 in a vacuum of <1 x 10 ’ torr; refrac-
5.963 1.922 tive index derived from reflectivity

J. Phys. Chem. Ref. Daila, Vol. 9, N(". 3, 1980
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TABLE A-1. EXPERIMENTAL DATA OM THE REFRACTIVE INDEX OF SILICON
(Wavelength Dependence) (continued)
D?;i£?§t A n Specifications and Remarks Author(s), Year
1i(cont.) 6.371 1.701 measurements; data taken from a Spitzer, W.G.,
{18] 6.778 1.550 figure. Gobeli, G.W., and
7.154 1.361 Trumbore, F.A., 1964
7,436 1,266
7.749 1.191
8.468 1.084
12 (T=298 K) n~iype, phosphorus doped silicon Spitzer, W.G., et al.,
[18] 3.425 2.937 samples; carrier concentration N = 1964
4,459 2.590 7.5 x 10 cem ¥; polished; specimen
5.179 2.288 heated at 1310 X for 60 sec in &
5.587 2,111 vacuum of =1 = 10 Torr; rcfractive
5.963 1.909 index derived from reflectivity mea-
6.370 1.714 surements; data taken from a figure.
7.123 1.380
7.436 1.291
7.749 1.216
8.499 1.109
13 (T=298 K) n-type. phosphorus doped silicon Spitzer, W.G., et al.,
[18] 3.456 . 3.000 samples; carrier concentration N = 1964
4.459 2.559 7.5 % 10 cm °; polished; specimen
5.179 2.269 heated at 1310 K for 90 sec in a
5.587 2.080 vacuum of <1 x 1077 Torr; refractive
5.963 1.878 index derived from reflectivity mea-
6.371 1.676 surements; data taken from a figure.
6.716 1.481
7.154 1.323
7.436 1.222
7.718 1.146
8.46% 1.033
14 (T=298 K) n-type, phosphorus doped silicon Spitzer, W.G., et al.,
118] 3.487 2.981 samples; carrier concentration N = 1964
4,521 2.572 7.5 x 10 cm_g; polished; specimen
5.180 2.250 heated at 1310 K for 120-210 sec in
5.587 2.092 2 vacuum of <1 x 10 ' Torr; refrac-
6.339 1.695 tive index derived from reflectivity
6.778 1.500 measurements; data taken from a
7.185 1.336 figure.
7.436 1.247
7.749 1.172
8.437 1.058
15 (T=298 K) Thin film specimen of 0.0346 um thick; Bennett, J.M. and
[22] 0.400 3.191 no details of sample preparation Booty, M.J., 1966
0.420 3.162 given; reflectance and transmittance
0.441 3.128 measured and reduced to refractive
0.462 3.077 indices using iterative curve fitting
0.481 3.030 technique; data taken from a figure.
0.502 2.979
0.522 2.923
0.541 2,885
0.560 2.843
0.582 2.804
0.600 2.775
0.621 2.749
0.643 2.724

J. Phys. Chem. Ref. Data, Vol. 2, No. 3, 1980
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TABLE A-1. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILIC&N
(Wavelength Dependence) (continued) '

i
1

D?ﬁzfsit A n Specifications .and Remarks . Author(s), Year

16 (T=300 K) Single crystal; specimens with Véiam, K.,

[23] 0.5461 4,140 surface either chemically etched or Kniiwusenberger, W., and
cleaved; refractive index determined Luites, F., 1969
using ellipsometric method; effects
of the Si0, thin film on the surface
due to aging, annealing, chemical
treatment, etc. were corrected
and the true value of refractive
index obtained; data taken from

~a table.
17 (T=300 K) Single crystal; obtained from Exotic Randall, C.M. and
[24] 70.392 3.4191 Materials, Costa Mesa, CA; p > 10 O-cm; Rawcliffe, R.D., 1967
72.951 3.4186 plate specimen of 1.94067 * 2.3 x 10 4
75.697 3.4193 mm thick; refractive indices measured
78.662 3.4193 using interference method; data taken
81.872 3.4188 from a figure.
84.992 3.4186
89.138 3.4190
93.279 3.4189
97.822 3.4189
102.83 3.4187
108.97 3.4184
113.92 3.4184%
120.77 3.4184
128.49 3.4184
138.22 3.4184
148.44 3.4183
160.29 3.4183
177.27 3.4181
192.57 3.4181
210.76 3.4182
238.27 3.4180
270.35 3.4180
312.38 3.4182
370.01 3.4175
453.08 3.4200
604.44 3.4150
18 (T=300 K) Single crystal; obtained from Exotic Randall, C.M. and
[24] 68.242 3.4186 Materials, Costa Mesa, CA; p » 10 §fi—cm; Rawcliffe, R.D., 1967
70.395 3.4185  plate specimen of 6.41495 = 5 x 10 *
72.689 3.4183 mm thick; refractive indices measured
75.704 3.4182 using interference method; data taken
78.669 3.4182 from a figure.
81.875 3.4184
85.354 3.4184
88.749 3.4184
93.282 3.4182
97.354 3.4183
102.83 3.4181
107.80 3.4181
113.92 "3.4181
120.77 3.4180
128.50 3.4180
138.23 3.4178

J. Phys. Chem. Ref. Data, Vol. 9, No. 3, 1980
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TABLE A-1. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON
(Wavelength Dependence) (continued)

D?ng?it A n Specifications and Remarks Author(s), Year
18(cont.) 148.45 3.4179 Randall, C.M. and
[24] 160.30 3.4178 Rawcliffe, R.D., 1967
175.73 3.4177
190.76 3.4175
213.02 3.4175
235.51 3.4174
270.42 3.4170
312.53 3.416€
370.27 3.4156
19 (T=298 K) Bulk silicon; no details of sample Verleur, H.W., 1968
[25] 0.124 0.35 preparation and experiment given;
0.133 0.39 refractive indices deduced from
0.151 0.43 normal reflectance measurement
0.176 0.47 using classical oscillator fitting
0.196 0.54 technique; data taken from a
0.216 0.70 figure.
0.225 0.74
0.230 0.94
0.233 1.02
0,239 0.60
0.242 0.74
0.264 0.78
0.274 1.09
0.286 1.76
G.290 2.51
C.300 3.33
0.311 3.92
0.316 4,15
0.322 4.15
0.331 4.11
0.341 4.39
0.341 4.54

0.348 4,62
0.366 5.45

0.374 6.07
0.378 6.47
0.382 6.54
0.390 6.39
0.399 5,84
0.418 5.37
0.445 4,90
0.488 4.54
0.576 4,03
0.717 3.72
1.033 3.52
1.033 3.52

1.598 3.45
3.196 3.41
§.794 3.37
11.698 3.37

20 (T=298 K) Amorphous silicon film; deposited Grigorovici, K. and
[26] 0.565 4,165 on polished silice glass slides by Vancu, A., 1968
0.591 4,157 vacuum (<1 x 10 ° mm Hg) evaporation
0.622 4.119 of pure silicon crystals (p = 10
0.654 4,059 Q-cm) heated by electron bombardment;

J. Phys. Chem, Ref. Data, Vol. 9, No. 3, 1980
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TABLE A~1l. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON
) (Wavelength Dependence) (continued)

DT;zfsTt A n Specifications and Remarks Author(s), Year
20(cont.) 0.692 3.968 refractive indices determined based Grigorovici, R. and
[26] 0.732 3.938 on transmissivity, reflectivity and Vancu, A., 1968
0.780 3.877 thickness measurements; data read
0.836 3.817 from a figure.
U.890 3.756
0.963 3.711
1.041 3.650
1.143 3.620
1.2406 3.597
1.381 3.589
1.550 3.559
1.784 3.529
2.050 3.513
21 (T=298 K) Thin films on substrates of single Brodsky, M.H.,
[271] 0.95 3.97 crystal sapphire disk; deposited by Title, R.S.,
1.02 3.90 rf sputtering of a 6 inch diameter Weiser, K., and
1.14 3.84 intrinsic silicon cathode; substrates Pettit, G.D., 1870
1.29 3.80 held at or below room temperature and
1.52 3.75 in an argon atmosphere of 0.01 Torr
1.74 3.72 during deposition: specimen thickness
1.94 3.70 0.3 to 10 um determined to within *10%;
2,07 3.69 refractive indices determined from the
2,25 3.68 transmission interference fringes and
thickness of the specimen; data taken
from a figure.
22 (T=298 K) Thin films on substrates of single Brodsky, M.H., et al.,
[27} 0.93 3.95 crystal sapphire disk; deposited by 1970
0.98 3.91 rf sputtering of a 6 inch diameter in-
1.05 3.86 trinsic silicon cathode; substrates
1.16 3.82 held at or below room temperature and
1.36 3.76 in an argon atmosphere of 0.01 Torr
1.50 3.73 during deposition; specimén thickness
1.70 3.71 0.3 to 10 um determined to within *10%;
1.96 3.68 specimens annealed at 365 K for 2 hours;
2.25 3.66 refractive indices determined from the
transmission interference [ringes and
thickness of the specimen; data taken
from a figure.
23 (T=298 K) Thin films on substrates of single Brodsky, M.H., et al.,
{271 0.91 3.93 crystal sapphire disk; deposited by 1970
0.93 3.89 rf sputtering of a 6 inch diameter in-
0.99 3.84 trinsic silicon cathode; substrates held
1.08 3.80 at or below room temperature and in an
1.15 3.76 argon atmosphere of 0,01 Torr during
1.30 3.72 deposition; specimen thickness 0.3 to
1.44 3.69 10 ym determined to within #10%; speci~
1.66 3.66 mens annealed at 496 X for 2 hours;
1.82 3.64 refractive indices determined from the
2,18 3.61 transmission interference fringes and
thickness of the specimens; data taken
from a figure.
24 (T=298 K) Thin films on substrates of single Brodsky, M.H., et al.,
[27] 0.82 3.97 crystal sapphire disk; deposited by 1970

J. Phys. Chem. Ref. Data, Vel 9, No. 3, 1980
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TABLE A-1., EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON
(Wavelength Dependence) <{continued)

Data Set A

[Ref. ] n Specifications and Remarks Author(s), Year
24(cont.) 0.86 3.92 rf sputtering of a 6 inch diameter Brodsky, M.H.,
[27] 0.92 3.85 intrinsic silicon cathode; substrates Title, R.S.,
0.98 3.80 held at or below room temperature and Weiser, K., and
1.03 3.76 in an argon atmosphere of 0.0l Torr Pettit, G.D., 1970
1.13 3.72 during deposition; specimen thickness
1.26 3.67 0.3 to 10 um determined to within 10%;
1.40 3.64 specimens annealed at 669 K for 2 hours;
1.58 3.61 refractive indices determined from the
1.76 3.60 transmission interference fringes and
1.96 3.58 thickness of the specimen; data taken
2,21 3.57 from a figure.
25 (T=298 K) Thin filme on cubstrates of single Brodeky, M.H., et al.,
[27] 0.81 3.83 crystal sapphire disk; deposited by 1970
0.86 3.78 rf sputtering of a 6 inch diameter in-
0.92 3.73 trinsic silicon cathode; substrates
1.07% 3.67 held st or below room temperature and
1,12 3.63 in an argon atmosphere of 0.01 Torr
1.30 3.59 during deposition; specimen thickness
1.48 3.55 0.3 to 10 um determined to within *10%;
1,68 3.52 specimens annealed at 773 K for 2 hours:
1.95 3.50 refractive indices determined from the
2,14 3.49 transmission interference fringes and
thickness of the specimen; data taken
from a2 figure.
26 (T=298 K) Thin films on substrates of single Brodsky, M.H., et al.,
{27} 0.71 3.56 crystal sapphire disk; deposited by rf 1970
0.746 3.51 sputtering of a 6 inch diameter intrimsic
0.808 3.46 silicon cathode; substrates held at or
0.873 3.41 below room temperature and in an argon
0.947 3.38 atmosphere of 0.01 Torr during deposi-
1.016 3.35 tion; specimen thickness 0.3 to 10 um
1.161 3.31 determined to within #10%; specimen
1.330 3.28 annealed at 1222 X for 2 hours; refrac-
1.558 3.25 tive indices determined from the trans-
1.816 3.24 mission interference fringes and
2.112 3.22 thickness of the specimen; data taken
2.451 3.21 - from a figure.
27 (T=297 K) Silicon wedge specimen; cut from 2 Primak, W., 1971
[15 1.2 3.5196 single crystal rod obtained from Merck
1.4 3.4900 and Co.; ultra-~high purity p-type; p =
1.6 3.4713 1200 Q-cm; orientation <111> along the
1.8 3.4583 rod axis and perpendicular to one face
2.0 3.4402 of the wedge; wedge angle 11°407'35";
wedge faces 22 mm long by 12.7 mm high;
refractive indices determined by auto-
collimation method; data taken from
a tabhle.
28 (T=297 K) Silicon wedge specimen; cut from a Primak, W., 1971
[15] 1.144 3.5295 single crystal rod obtained from Merck
1.2 3.5189 and Co.: ultra~high purity p-type; p =
1.372 3.5007 1200 Q-cm: orientation <111> alomg the
1.4 3.4841 rod axis and perpendicular to one face
1.532 3.4784 of the wedge; wedge angle 11°40'35";

J, Phys. Chem. Ref. Deta, Vol. 9, No. 2, 198C
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REFRACTIVE INDEX OF SILICON AND GERMANIUM PAER

TABLE ‘A-1. EXPERIMENTAL DATA'ON’THE REFRACTIVE INDEX OF SILICON
(Wavelength‘Dependence) {continued)

A n - Specifications and Remarks Author(s), Year

28(cont.) - 1.696 3.4644 - wedge faces 22 mm long by 12.7 mm high; Primak, W.. 1971
- w15] i refractive indices determined by auto-
o collimation method; data taken from a
table. -
29 (T=297 K) Silicon wedge specimen; cut from a Primak, W., 1971
[15] - 1.12 3.5361 single crystal rod obtained from Merck
. 1.2 3.5193 and Co.; ultra-high purity p-type; p =
1.4 3.4886 1200 Q-cmy orientation <111> along the
1.6 3.4706 rod axis and perpendicular to one face
1.8 3.4573 of the wedge; wedge angle 11°40"35";
2.0 3.4487 wedge faces 22 mm long by 12.7 mm high;
2,16 13,4427 refractive indices determined by auto-
: collimation method; data taken from a
table. :
30 (T=298 X) Single crystal: surface polished with Shevchenko, G.X.,
[28] 0.5461 4.08 diamond dust; refractive index deter~ Rachkovskii, R.R.,
mined by the method of ellipsometry. Kol'tsov, $.1., and
' Aleskovskii, V.B.,
1972.
31 (T=104 K) Good optical grade silicon samples; Icenogle, H.W.,
[51 2.554 3.41172 supplied by Exotic Materials, Inc.; - Platt, B.C., and
2.652 3.40896 prism specimen measured with a modified . Wolfe, W.C., 1976
2.732 3.40754 minimum deviation method; data taken
2.856 3.40611 from a table.
2.958 3.40475
3.090 3.40365
4,120 3.39695
5.190 3.39388
8.230 3.39064
10.270 3.38989
32 (T=202 K) Good optical grade silicon samples; Icenogle, H.W., et al.,
[5] 2.554 3.42184 supplied by Exotic Materials, Inc.; 1976
2.652 3.42006 = prism specimén measured with a modified .
2.732 3.41843 minimum deviation method; data taken
2.856 3.41776 from a figure.
2.958 . 3.41587
3.090 3.41483
4.120 3.40800
5.190 °  '3.40496
8.230 3.40169
10.270 3.40084
33 (T=275 K) Good optical grade silicon samples; Icenogle, H.W., et al.,
[5] 2,554 3.43472 supplied by Exotic Materials, Inc.; 1976
2,652 3.43264 prism specimen measured with a modified
2.732 3.43097 minimum deviation method; data taken

2.856 3.42971 from a table. |
2.958 3.42836 ’
3.090 3.42723
4,120 3.42642
5.190 3.41649
8.230 3.41314
10.270 3.41226

L. ‘Phys. Chem. Ref. Data, Vol.. 9, No. 3, 1980
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612 H. H. L
TABLE A-1. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON
(Wavelength Dependence) (continued)

D?EZfSTt A n Specifications and Remarks Author(s), Year
34 (T=296 K) Good optical grade silicon samples; Icenogle, H.W.,
[51] 2.554 3.43681 supplied by Exotic Materials, Inc.; Platt, B.C., and

2.652 3.43529 prism specimen measured with a modified Wolfe, W.C., 1976

2.732 3.43367 minimum deviation method; data taken

2.856 3.43224 from a table.

2.958 3.43102

3.090 3.42987

4,120 3.42304

5.190 3.41974

8.230 3.41629

10.270 3.41551
35 (T=298 K) Thin films of thicknesses 0.06-0.350 Thutupalli, G.K.M. and
[29] 0.30 2.92 um; deposited on quartz substrate in Tomlin, S.G., 1977

0.32 3.18 a vacuum of 10 ° Torr; evaporation

0.35 3.54 produced by electron beam bombardment;

0.39 3.90 rate of deposition 0.0002-0.001 um per

0.45 4.26 second; substrate kept at 548 K during

0.51 4.51 deposition; refractive index determined

0.58 4.60 from normal incident reflectance and

0.61 4,50 transmittance mecasurcmente; data taken

0.66 4,34 from a figure.

0.74 4.20

0.82 4.04

0.93 3.91

1.12 3.80

1.40 3.71

1.61 3.68

1.98 3.67
36 (T=298 K) Thin films of thicknesses 0.06-0.350 Thutupalli, G.K.M. and
[29] 0.52 4,57 um; deposited on quartz substrate in Tomlin, $.G., 1977

0.55 4,44 a vacuum of 10 ° Torr; evaporation

0.60 4.27 produced by electron beam bombardment;

0.65 4.13 rate of deposition 0.0002-0.001 um per

0.75 3.97 second; substrate kept at 873 K during

0.86 3.84 deposition; refractive index determined

1.04 3.74 from normal incident reflectance and

1.32 3.65 transmittance measurements; data taken

1.56 3.62 from a figure.

1.89 3.58
37 (T=298 K) Thin films of thicknesses 0.06-0.350 Thutupalli, G.K.M. and
[29] 0.43 4.86 um; deposited on quartz substrate in Tomlin, S.G., 1977

0.46 4,67 a vacuum of 10 Torr; evaporation

0.52 4.31 produced by electron beam bombardment;

0.58 4.07 rate of deposition 0.0002-0.001 um per

0,66 3.87 second; substrate kept at 1048 K during

0.76 3.71 deposition; refractive index determined

0.88 3.61 from normal incldent reflectance and

1.10 3.54 transmittance measurements; data taken

1.36 3.50 from a figure.

1.67 3.48

1.89 3.47
38 (T=298 K) Thin films of thicknesses 0.06-0.350 Thutupalli, G.K.M. and
{29} 0.53 4,60 um; deposited on quartz substrate in

4. Phys. Chem. Ref. Data, Vel. @, No. 3, 1080

Tomlin., u.G., 1977
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REFRACTIVE INDEX OF SILICON AND GERMANIUM 613

TABLE A-1, EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON
(Wavelength Dependence) (continued)

D?észTt A n Specifications and Remarks Author(s), Year
38(cont.) 0.56 4. 44 a vacuum of 10 ° Torr; evaporation Thutupalli, G.K.M. and
[29] ~ 0.64 4,23 produced by electron beam bombardment; Tomlin, S.G., 1977

0.74 4.00 rate of deposition 0.0002-0.001 um per
0.90 3.84 second; substrate kept at 548 K during

1.04 3.77 deposition and then ammealed at 873 K
1.24 3.68 for 3 hours; refractive index deter-
1.50 3.65 mined from normal incident reflectance
1.85 3.61 and transmittance measurements; data
taken from a figure.
39 (T=298 K) Single crystal; cut at <111> face and Thutupalli, G.K.M. and
[29] 0.30 4,16 polished with successively finer grades Tomlin, §.G., 1977
0.30 4.52 of diamond abrasives and finally with
0.30 4.85 an Al,0; polishing powder on a beeswax
0.31 5.21 lap; refractive index determined from
0.32 5.43 normal incident reflectance and trans-
0.33 5.65 mittance measurements; data taken from
V.34 5.94 a figure.
0.35 6.30
0.36 6.55
0.37 6.70
0.38 G.02
0.39 6.08
0.40 5.68
0.41 5.32
0.44 4,91
0.48 4.59
0.52 4.29
0.58 4.04
0.72 3.82
0.91 3.64
i.10 3.53
1.453 3.45
2.06 3.38
3.10 3.38
6.96 3.34
40 (T=299 K) Single crystal; obtained from the Villa, J.L., 1972
[16] 1.3570 3.5151 Raytheon Co.; prism specimen of 15°38'
1.3673 3.5139 29" apex anglej refractive index deter—
1.3951 3.5107 mined by minimum deviation method;
1.5295  3.4976 reported uncertainty 2 x 10 *; the
1.6606 3.4879 values in this set ‘are much higher than
1.7092 3.4849 the author's previous measure (data
1.8131 3.4792 set 3) for a sample obtained from
1.9701 3.4724 Texas Instrument Co.; impurities in
2.1526 3.4664 Raytheon sample may be responsible to
2.3254 3.4618 such discrepancies; data extracted
2.4374 3.4596 from a table.
2.7144 3.4545
3.00 3.4509

3.3033 3.4488
3.4188 3.4478

3.50 3.4475
4.00 3.4448
4,258 3.4436
4.50 3.4428

J. Phys. Chem. Ref. Data, Vol. 9, No. 3, 1980
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TABLE A-1. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON

(Wavelength Dependence) (continued)

D?Ezfsit A n Specifications and Remarks Author(s), Year
40(cont.) 5.00 3.4415 villa, J.L., 1972
{16} 5.50 3.4405
6.00 3.4397
6.50 3.4391
7.00 3.4387
7.50 3.4383
8.00 3.4380
8.50 3.4377
10.00 3.4375
10.50 3.4373
11.04 3.4371

J. Phys. Chem. Ref. Data, Vol. 9, No. 3, 1980
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REFRACTIVE INDEX OF SILICON AND GERMANIUM 615

TABLE A-2. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON (Temperature Dependence)
{Temperature, T, K; Wavelength, A, um; Refractive Index, n]
u?;:fsit T n Specifications and Remarks Author(s), Year

1 (A=2.554 um) Good optical grade silicon samples; Icenogle, H.W.,
[5] 103 3.41279 supplied by Exotic Materials, Inc.; Platt, B.C., and

110 3.41302 prism specimen measured with a modified Wolfe, W.L., 1976

120 3.41374 minimum deviation method; data taken

131 3.41471 from a table.

137 3.41534

144 3.41616

152 3.41695

160 3.41789

167 3.41868

175 3.41967

182 3.42074

189 3.42158

193 3.42216

200 3.42303

205 3.42375

210 3.42448

220 3.42603

224 3.42668

228 3.42730

235 3.42836

244 3.42961

251 3.43081

255 3.43181

261 3.41889

267 3.43331

274 3.43430

277 3.43492

282 3.43576

286 3.43633
2 (A=2.732 um) Good optical grade silicon samples; Icenogle, H.W., et al.,
[51 97 3.40857 supplied by Exotic Materials, Inc.; 1976

106 3.40923 prism specimen measured with a modified

116 3.40999 minimum deviation method; data taken

126 3.41084 from a table.

133 3.41234

143 3.41256

150 3.41317

159 3.41429

165 3.41502

169 3.41551

177 3.41656

182 3.41723

190 3.41833

197 3.41825%

203 3.42006

211 3.42118

217 3.42197

222 3.42265

234 3.42422

241 3.42523

245 3.42600

251 3.42682

255 3.42762

262 3.42863

267 3.42949

J. Phys. Chem. Ref. Dats, Vol. 9, No. 3, 1980
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616 H. H. LI
TABLE A-2. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON
(Temperature Dependence) (continued)
D?;Zfsit T n Specifications and Remarks Author(s), Year
2(cont.) 272 3.43037 Icenogle, H.W.,
[5] 277 3.43112 Platt, B.C., and
282 3.43182 Wolfe, W.L., 1976
286 3.43251
3 (A=5.190 um) Good optical grade silicon samples; Icenogle, H.W., et al.,
[5] 99 3.39330 supplied by Exotic Materials, Inc.; ' 1976
106 3.39388 prism specimen measured with a modified
114 3.39441 minimum deviation method; data taken
120 3.39497 from a table.
127 3.39554
133 3.39608
140 3.39679
147 3.39757
155 3.39838
160 3.39898
167 3.39981
171 3.40037
180 3.40144
186 3.40213
192 3.40288
199 3.40382
205 3.40455
213 3.40574
219 3.40657
227 3.40760
233 3.40843
239 3.40931
243 3.41013
250 3.41104
262 3.41280
268 3.41380
273 3.41449
279 3.41529
285 3.41621
4 (A=10.27 um) Good optical grade silicon samples; Icenogle, H.W., et al.,
[5] 99 3.39109 supplied by Exotic Materials, Inc.; 1976
108 3.39185 prism specimen measured with a modified
114 3.39273 minimum deviation method; data taken
124 3.39313 from a table.
131 3.39374
142 3.39484
148 3.39555
155 3.39629
161 3.39693
170 3.39796
177 3.39884
185 3.39973
194 3.40099
204 3.40229
210 3.40307
216 3.40389
223 3.40516
230 3.40572
236 3.40667
242 3.40752
J. Phys .« Ref. Data, Vol. 9, No. 3, 1980
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REFRACTIVE iINDEX OF SILICON AND GERMANIUM 617

TABLE A-2. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON
(Temperature Dependence) (continued)

Data Set

(Ref. ] T n Specifications and Remarks Author(s), Year
4(cont.) 248 3.40838 Icenogle, H.W.,
[5] 253 3.40905 Platt, B.C., and
260 3.41021 Wolfe, W.L., 1976
281 3.41088
271 3411864
276 3.41270
280 3.41337
283 3.41380
287 3.41427
5 (A=1.259 um) Single crystal; p-type; p = 380 ohm-cm; Lukes, F., 1959
[4] 109.6  3.478 prism specimen of 17°51.4' apex angle;
133.1  3.481 rvefractive indices for the spectral line
150.8  3.484 A = 1.259% um at various temperatures
166.4 3.485 determined by the minimum deviation
186.0  3.488 method; reported error in n & 0.0004;
201.7 3.491 data read from a figure.
213.5  3.493
227.2  3.495
235.0  3.497
250.7  3.499
272.2 3.504
295.7  3.510
327.1  3.517
356.5  3.523
368.2 3.526
387.8  3.529
413.3  3.533
440.7  3.539
452.4  3.542
466.1  3.546
493.6  3.551
505.3  3.553
534.7 3.5A1
554,3  3.565
573.9  3.570
613.0  3.580
628.7 3.582
646.3  3.587
6 (A=1.407 um) Single crystal; p-~type; p = 380 ohm-cm; Lukes, F., 1959
[4] 109.7  3.460 prism specimen of 17°51.4" apex angle;
143.0 3.465 refractive indices for the wavelength
160.6 3.467 A = 1.407 um at various temperatures
172.4 3.468 determined by the minimum deviation
188.1 3.470 method; reported error in n Vv 0.0004;
207.7  3.473 data read from a figure.
221.4 3,476
235.1  3.478
246.9  3.481
258.6  3.483
268.4  3.485
278.2  3.486

286.0  3.488
288.0  3.489
299.8  3.490
331.1  3.496

J. Phys. Chem. Ref. Dates, Vol. 9, No. 3, 1980
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618 H. H. LI
TABLE A~2. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON
(Temperature Dependence) (continued)
D?;ifs?t T n Specifications and Remarks Author (s), Year
6(cont.) 356.6 3.501 Lukes, F., 1959
[4] 360.5 3.502

372.2 3.505
397.7 3.509
407.5 3.512
421.2 3.514
434.9 3.517
458.4 3.523
478.0 3.529
489.7 3.531
497.6 3.532
505.4 3.532
517.2 3,535
532.8 3.539
S544.6 3.542
554.4 3.545
566.1 3.547
568.1 3.549
577.9 3.550
581.8 3.551
583.6 3.554
603.4 3.556
609.2 3.558
624.9 3.562
636.6 3.564
636.6 3.565
648.4 3.567
658.2 3.570
681.7 3.575
691.5 3.577
695.4 3.579
709.1 3.582
713.0 3.583
722.8 3.588
728.7 3,589
742.4 3.591
744.3 3.593

(A=1.564 um) Single crystal; p-type; p = 380 ohm-cm; Lukes, F., 1959

[4] 107.8 3.446 prism specimen of 17°51.4' apex angle;

113.7 3.447 refractive indices for the wavelength

129.4 3.448 A 1.564 ym at various temperatures

141.1 3.450 determined by the minimum deviation

152.¢ 3.451 method; reported error in n v 0.0004;

160.7 3.453 data read from a figure.

178.4 3.455

192.1 3.457

207.7 3.459

219.5 3.461

229.3 3.462

241.1 3.464

252.8 3.467

272.4 3.470

280.2 3.471

299.8 3.475

311.0 3.477

327.3 3.480

J. Phvs. Chem. Ref. Dota. Vol. 9, No. 3. 1980
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TABLE A-2. EXPERIMENTAL DATA ON TEE REFRACTIVE INDEX OF SILICON

(Temperature Dependence) (continued)

J?;zfsit T n Specifications and Remarks Author{s}, Year
7(cont.) 344.9 3.483 Lukes, F., 1959

[4] 352.7 3.485
368.4 3.488
374.3 3.490
388.0 3.492
399.7 3.495
4317 .4 3.498
423,2 3.500
431.1 3.502
438.9 3.503
446.7 3.504
458.5 3.507
468.3 3.509
476.1 3.511
491.8 3.514
501.6 3.516
51i.4 3.519
529.0 3.522
536.8 3.525
546.6 3.526
554.5 3.530
564.3 3.532
574.0 3.534
583.8 3.537
607.3 3.542
621.0 3.545
632.8 3.547
644.6 3.549
658.3 3.554
670.0 3.555
683.7 3.559
695.5 3.561
709.2 3.566
724.9 3.570
736.6 3.573
750.3 3.576

8 (A=2.,409 um) S8ingle crystal; p-type; p = 380 ohm-cm; Lukes, T., 1260

114] 111.6 3,412 prism specimen of 17°51.4' apex angle;
120.7 3.415 refractive indices for the spectral line
144.8 3.417 A = 2,409 um at various temperatures
156.9 3.418 determined by the minimum deviation
187.1 3.421 method; reported error in n Vv 0.0004;
199.2 3.424 data read from a figure.
211.3 3.426
229.4 3.428
238.4 3.430
247.5 3.431
262.6 3.433
265.6 3,435
274.7 3.436
280.7 3.437
286.8 3.438
289.8 3.440
295.,8 3.440
307.9 3.443
323.0 3.445

J. Phys. Chem. Ref. Duta, Vol. 9, No. 3, 1980
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TABLE A-2. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON
(Temperature Dependence) (continued)

Data Set

[Ref. ] T n Specifications and Remarks Author(s), Year
8(cont.) 335.1 3,446 Lukes, F., 1960
[14] 341.1 3.449
353.2 3.452
371.3 3.453
380.4 .3.455
395.5 3.458
407.6 3.460
419.7 3.464
431.8 3.465
446.9 3.468
456.0 3.470
462.0 3.472
477.1 3.475
480,2 3.478
501.3 3.480
516.4 3.483
528.5 3.485
540.6 3.488
546.6 3.489
561.7 3.492
567.8 3.495
585.9 3.498
598.0 3.500
610.1 3,502
622.2 3.506
628.2 3.507
S (A=5.156 um) Single crystal; p-type; 0 = 380 ohm—cm; Lukes, F., 1960
[14] 298.6 3.420 prism specimen of 17°51.4' apex angle;
310.7 3.423 refractive indices for the spectral line
316.7 3.423 A = 5.156 um at various temperatures
334.9 3.426 determined by the minimum deviation
337.9 3.427 method; reported error in-n v 0.0004;
347.0 3.429 data read from a figure.
359.0 3.430
377.2 3.433
401.3 3.436
425.5 3. 444
440.6 3.445
446.7 3.448
455.7 3.450
479.9 3.453
495.0 3.455
510.1 3.458
516.2 3.461
528,2 3.462
543.4 3.467
564,5 3.472
573.6 3.473
585.7 3.475
594.7 3.476
621.9 3.481
10 (A=0.45 um) Single crystal; o = 15 Q-cm; plane- Sato, T., 1967
[30] 266 4,74 parallel disk specimens of 23 mm in
373 4,81 diameter; optical polished; emissivities
466 4,91 directly measured by comparison of thc

J. Phys. Chem. Ref. Dato, Vol. 9, No. 3, 1980
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REFRACTIVE INDEX OF SILICON AND GERMANIUM

621

TABLE A-2. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON

(Temperature Dependence)

(continued)

D?Eifsit T n Specifications and Remarks Author(s), Year
10(cont.) 568 4.9¢ emission of the specimen and that of Sato, T., 1967
[30] 675  5.02 a V-shape cavity of graphite with the
760 5.14 emissivity of about 0.97; refractive
875 5.18 index determined using the cxpression:
968 5.32 emissivity = 4n/(n+l)7: data taken
from a figure.
11 (A=0.55 um) Single crystal; p = 15 Q-cm; plane- Sato, T., 1967
[30] 275 4,14 parallel disk specimens of 23 mm in
368 4,22 diameter; optical polished; emissivities
466 4.23 directly measured by comparison of the
564 4.34 emission of the specimen and that of
675 4,40 a V-shape cavity of graphite with the
773 4,42 emissivity of about 0.97; refractive
866 4,51 index determined using the expression:
977 4,55 emissivity = 4n/(n+l1)“; data taken
from a figure.
12 (A=0.65 um) Single crystal; p = 15 Q-cm; plane- Sato, T., 1967
{30} 275 4.03 paraliel disk specimens of 23 mm in
386 4,07 diameter; optical policshed; emissivities
475 4.12 directly measured by comparison of the
577 4,23 emission of the specimen and that of
693 4,24 a V-shape cavity of graphite with the
791 430 emissivity of about (0.97; refractive
880 4,40 index determined using the expression:
935 4,42 emissivity = 4n/(n+1)?; data taken
from a figure.
13 (A=0.90 um) Single crystal; p = 15 Q-cm; plane-~ Sato, T., 1967
{301 271 3.75 parallel disk specimens of 23 mm in
368 3.83 diameter; optical polished; emissivities
475 3.83 directly measured by comparison of the
568 3.92 emission of the specimen and that of
675 3.91 a V-shape cavity of graphite with the
768 4.00 emissivity of about 0.97; refractive
871 4,00 index determined using the expression:
973 4.10 emissivity = 4n/(n+l)"; data taken
from a figure.
14 (A=1.56 um) Single crystal; p = 15 (-cm; plane- Sato, T., 1967
[30] 280 3.55 parallel disk specimens of 23 mm in
377 3.61 diameter; optical polished; emissivities
484 3.60 directly measured by comparison of the
573 3.68 emission of the specimen and that of
671 3.72 a V-shape cavity of graphite with the
782 3.69 emissivity of about 0.97; refractive
871 3.79 index determined using the expression:
977 3.77 emissivity = 4n/(n+1)"; data taken
from a figure.
15 (A=2.00 um) S8ingle crystal; p = 15 L—cm: planc- sato, T., 1967
{301 284 3.47 parallel disk specimens of 23 mm in
382 3.48 diameter; optical pelishoed; emicaivitics
. 488 3.52 directly measured by comparison of the
573 3.59 emigsion of the specimen and that of
675 3.56 a V-shape cavity of graphitce with the

.-« Chem. Ref. Data, Vol. ¢, No. 3, 1980
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TABLE A-2. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON
(Temperature Dependence) (continued)

D?;ifSTt T n Specifications and Remarks Author(s), Year
15(cont.) 782 3.59 emissivity of about 0,97; refractive Sato, T., 1967
[30] 871 3.65 index determined usin% the expression:
977 3.64 emissivity = 4n/(n+l1)°; data taken

from a figure,

J. Phys. Chem. Ref. Pata, Vol. 2, No, 3, 17
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REFRACTIVE INDEX OF SILICON AND GERMANIUM 623

TABLE A-3. EXPERIMENTAL DATA ON THE TEMPERATURE DERIVATIVE OF REFRACTIVE INDEX OF SILICON
(Wavelength Dependence)

| Temperature, T, K; Wavelength, X, pym; Temperature Derivative of Refractive Index, dn/&T, 107K ]

Data Set N

[Ref. ] A dn/dT Specifications and Remarks Author (s), Year
1 (T=300 K) Single crystal; p-type; p = 380 Q-cm; Lukes, F., 1959
[4] 1.130 2.17 prism specimen of 17°51.4" apex angle;

1.158 2.12 refractive indices at various tempera-
1.192 2.09 tures determined using the minimum
1.260 2.06 deviation method and dn/dT at 300 K
1.327 2.04 obtained; data read from a figure.
1.457 1.97
1.589 1.95
1.734 1.91
1.781 1.88
2 (T=300 K) Single crystal; p-type; o = 380 {i-cm; Lukes, F., 1960

{14] 1.146 2.18 prism specimen of 17°51.4' apex angle;
1.162 2.13 refractive indices at various tempera-
1.207 2.10 tures determined using the minimum
1.238 2.07 deviation metnod and dn/dl at 300 K
1.328 2.04 obtained; data read from a figure.
1.389 1.98
1.554 1.96
1.72¢C 1.88
1.766 1.84
2.080 1.8C
2.393 1.80
3.410 1.74
3.829 1.68
5.144 1.60

J. Phys. Chem. Ref, Dato, Vel ¥, N&x. 2, 1980
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TABLE A~4. EXPERIMENTAL DATA ON THE TEMPERATURE DERIVATIVE OF REFRACTIVE INDEX OF SILICON
(Temperature Dependence)

[Temperature, T, K; Wavelength, A, WUm; Temperature Derivative of Refractive Index, dn/dT, 10 *K ']

Data Set

[Ref. ] T dn/dT Specifications and Remarks Author (s), Year
1 (A=1.259 um) Single crystal; p~type; p = 380 Q-cm; Lukes, F., 1959
[4] 117.8 1.01 prism specimen of 17°51.4' apex angles

170.9 1.60 refractive indices for the line 1.259 um
216.6 1.84 at various temperatures determined using
266.3 1,98 the minimum deviation method and dn/dT
315.9 2.09 obtained; data read from a figure.
415.4 2.22
522.4 2.37
2 (A=1.564 um) Single crystal; p-type; p = 380 Q~cm; Lukes, F., 1959
{4] 117.7 1.07 prism specimen of 17°51.4' apex angle;
167.2 1.46 refractive indices for the line A =
216.8 1.63 1.564 pm at various temperatures deter-
266.4 1.83 mined using the minimum deviation method
319.9 1.95 and dn/dT obtained; data read from a
419.2 2.14 figure.
522.5 2.29
621.9 2.39
721.4 2.44
3 (A=1.407 um) Single crystal; p-type; p = 380 Q-cmj Lukes, F., 1960
[14] 115.7 0.95 prism specimen of 17°51.4' apex angle;
127.6 1.09 refractive indices for wavelength A =
154.2 1,41 1.407 um at various temperatures deter-
184.0 1.54 mined using the minimum deviation method
210.7 1.77 and dn/dT obtained; data read from a
252.3 1.92 figure.
290.9 2.06
371.2 2.06
421.7 2.15
466.3 2.20
516.9 2.29
567.4 2.32
609.0 2.33
0629.9 2.32
665.5 2.30
719.1 2.30
736.9 2.30
4 (A=2.409 um) Single crystal; p-type; p = 380 §i-cm; Lukes, F., 1960
[14] 115.7 0.78 prism specimen of 17°51.4" apex angle;
127.6 0.97 refractive indices for the line A =
157.3 1.22 2.409 um at various temperatures deter-
184.0 1.42 mined using the minimum deviation method
207.7 1.57 and dn/dT obtained; data read from a
249.3 1.78 figure.
200.9 1.86
308.8 1.88
368.2 1.94
415.8 1.98
466.4 2.04
516.9 2.06
567.4 2.14
606.1 2.17

J. Phys. Chem. Ref. Data, Vol. 9, Neo. 3, 1980
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REFRACTIVE INDEX OF SILICON AND GERMANIUM 625

TABLE A~4, EXPERIMENTAL DATA ON THE TEMPERATURE DERIVATIVE OF REFRACTIVE INDEX OF SILICON
(Temperature Dependence) (continued)

Data Set

[Ref.] T dn/dT Specifications and Remarks Author (s), Year
5 (A=3.826 um) Single crystal; p-type; p = 380 Q-cm; Lukes, F., 1960
[14] 311.8 1.74 prism specimen of 17°51.4' apex angle;
371.2 1.83 refractive indices at various tempera-
418.8 1.95 tures determined using the minimum
466, 4 2,00 deviation method and dn/dT obtained;
519.9 2.03 data read from a figure.
567.5 2.06
609.1 2.09
6 (A=5.156 um) Single crystal; p-type; p = 380 {-cm; Lukes, F., 1960
[14] 308.8 1.62 prism specimen of 17°51.4' apex angle;
368.3 1.74 refractive indices at various tempera-
418.8 1.86 tures determined using the minimum
469.4 1.94 deviation method and dn/dT obtained;
516.9 1.98 data read from a figure.
567.5 1.95
606.2 1.85

J. Phys. Chem. Ref. Date, Vol. 9, No. 3, 1980
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TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM (Wavelength Dependence)

[ Temperature, T, K; Wavelength, A, pm; Refractive Index, n]

Data Set

[Ref.] A n Specifications and Remarks . Author(s), Year
1 (T=298 K) Thin film specimens of thickness Brattain, W.H., and
[41] 0.3¢ 2,03 ranged from 0.04 to 1.0 um; refrac- Briggs, H.B., 1949
0.43 2.43 tive index determined from the in~
0.50 3.40 terference fringe order of the trans-
0.68& 5.15 mitted radiation and the thickness
0.78 5.22 of the specimen; data extracted from
0.88 5.17 a figure.
0.98 5.20
1.0 4,92
1.2 4,84
i.b 4.79
1.5 4,61
1.5 4.74
1.6 4.61
1.6 4.74
1.8 4.66
1.8 4.56
2.0 4.64
2.2 4.46
2.6 4.406
3.1 4.43
3.9 4,38
5.2 4,33
7.6 4,30
2 (T=298 K} Sample from a standard high back- Briggs, H.B., 1940
{12] 1.80 4.143 voltage melt with Impurity content
1.85 4.13% actimated at less than 0.01%;: prie-
1.90 4.129 matic specimen of 17°6'30" angle;
2.00 4.116 index of refrection measured by
2.10 4.104 method of minimum deviation; data
2.20 4.092 extracted from a table.
2.30 4.085
2.40 4,078
2.50 4,072
2.60 4.068
3 (T=300 K) Crystal; obtained from RCA Labora- Simon, I., 1951.
[17] 3.842 2,669 tories; pVl §i-cm; polished specimen
4,147 2.648 of 0.89 mm thick; reflectances at
4.518 2,698 20 and 70 degree incidence angles
4,715 2.750 obtained; refractive indices obtained
6.209 2,993 by & graphical analysis; data taken
7.158 3.403 from a figure.
8.202 3.652
9.735 3.954
12.168 3.968
13.983 4,128
4 (T=77 K) Pure crystal; thin plate specimen of Collins, R.J., 1953
[42] 8.66 3.77 227 uym thick; interference fringe of
.4 3.81 transmitted radiation observed and
10.2 3.81 refractive index determined; data
11.22 3.81 extracted from a table.
12.35 3.82

J. Phys. Chem, Ref. Data, Vol. ¢, No. 3, 1980
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REFRACTIVE INDEX OF SILICON AND GERMANIUM 627 .

TABLE A-5. EXPERIMENTAL1DATA»ON THE REFRACTIVE INDEX OF GERMANIUM
(Wavelength Dependence) . (continued)

A . n Specifications- and Remarks Author{(s), Year
- (T=300 K) Pure crystal; thin plate specimen of Collins, R.J., 1953
[423 8.66 3.92 227 um thick; interference fringe of ) i
9.4 3.90 transmitted radiation observed and
10.2 3.93 refractive index determined; data
11.22 3.92 . extracted from a table.
12.35 3.93
6 (1=297.3 X) Germanium crystal; grown at the Rank, D.H.,
135] 2.00 4.1254 General Electric Co., Electronic Bennett, H.E., and
2.10 4,1145 Lab., Electronic Park, Syracuse, NY; Cronemeyer, D.C., 1954
2.30 4,0980 plane parallel plate specimen of
2.40 4,0918 3.0575 mm thick and 28 mm clear

aperature; interference fringe order
observed and vacuum refractive in~
dex of the plate determined; data
taken from a table.

! (I=297 K) single crystal; p=56 §{i-cmj; plate oswaid, F. and
[43] 1.8 3.95 specimen of about 7 mm thick; refrac~ Schade, R., 1954
to tive index deduced from reflectance '
. 15.2 and transmittance measurements; re-

fractive fndex io the waveleagth
region between 1.8 and 15.2 um being
a constant -3.95. :

(T=297 1) Singlc crystalo, n-typc with majority Spitzer, W.C. and

8
[44] 2,811 4.027 carrier concentration N = 3.9 x 10 Fan, H.Y., 1957
3.217 4,027 em 3 refractive index derived from :
3.623 4,027 reflectivity and transmission mea~
4.029 4,014 surements; data taken from a figure.

7.139 3.959
10.926 3.662
12.008 3.595
12.820 3.514
13.361 3.500
13.902 3.432
14,172 3.392
15.254 3.297
16.066 3.230
17.012 3.095

17.959 2.946

18.906 2.811

19,988 - 2.649

21.070 2.473

22,152 2.270

22,963 2.054

9 (T=297 X) Single crystals, p~type with majority Spitzer, W.G. and
[44] 7.816 3.824 carrier concentration N = 1.1 x 10%° Fan, H.Y., 1957

8.762 3.824 cm T3 refractive index derived from

9.480 3.797 reflectivity and transmission mea-

10.926 3.770 surements; data taken from a figure.

12.008 3.730
12.955 3.703
14,037 3.622
14.984 3.514
16.066 3.432
17.148 3.324
17.959 3.230
18.906 3.162

J. Phys. Chem. Ref. Data, Vol. 9, No. 3, 1980 .
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TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM
(Wavelength Dependence) (continued)

Specifications and Remarks

Author(s), Ye:r

628
Data Set 4
[Ref.] 4 0
10 (T=300 X)
[13] 2.0581 4.1016
2.1526 4.0917
2.3126 4.0788
2.4374 4.0706
2.577 4.0610
2.7144 4.0554
2.998 4,0453
3.3033 4.0370
3.4188 4.0336
4.258 4.0217
4.866 4,0170
6.238 4.0092
8.66 4.0036
9.72 4,0026
11.04 4.0020
12.20 4.0018
13.02 4.0016
14.21 4,0015
15.08 4,0014
16.00 4.0012
11 (T=300 K)
[39] 2.0581 4.,1016
2,1526 4,0919
2.3126  4.0786
2.4374 4,0708
2.577 4,0609
2.7144 4,0552
2.998 4.0452
3.3033 4.0369
3.4188 4.0334
4,258 4.0216
4,866 4,0170
6.238 4.0094
8.66 4,0043
9.72 4.0034
11.04 4.0020
12.20 4,0023
13.02 4.0021
12 (T=300 K)
[39] 2.0581 4.1018
2.1526 4.0919
2.3126 4.0785
2.4374 4.0709
2,577 4,0608
2.7144 4.0554
2.998 4.0452
3.3033 4.0372
3.4188 4,0339
4.258 4.0217
4.866 4,0167
6.238 4.0095
8.66 4,0043
9.72 4,0033
11.04 4,0025
12.20 4,0020
13.02 4.0018
J. Phys. Chem. Ref. Data, Vol. 9, Ne. 3, 1980

Single crystal of germanium from
Sylvania Electronic Products Co.,
Woburn, MA; test prism cut with faces
4.5 x 4.0 cm and refracting angle of
11.8°%; dindex of rcfraction mcasured
by autocollimation method at 300 K;
deta with uncertainty %2 in fourth
decimal place taken from a table.

Remeasurement of above single crystal
prism; minimum deviation method used;
comparison of the single and poly~
crystalline results indicated no sig-
nificant differences; data from &
table.

Polycrystalline; supplied by Sylvania
Electronic Products Co., Towonda, PA;
refractive index measured by minimum
deviation method; data taken from a
table.

Salzberg, C.D. ard
villa, J.J., 1957

Salzberg, C.D. and
Villa, J.J., 1958

Salzberg, C.D. and
villa, J.J., 1958
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REFRACTIVE INDEX OF SILICON AND CERMANIUM
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TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANiUM

(Wavelength Dependence)

(continued)

Data Set

: X n Specifications and Remarks Author(s), Year
LRef.]
13 (T=298 K) Specimens of both mechanically pol- Archer, R.J., 1958
[45] 0.36 4.13 ighed and etched 6 Q-cm germanium;
0.40 4.14 optical constants obtained from
0.43 4.03 ellipticity of reflected polarized
0.46 4.07 light; the polished mirrors were
0.49 4.37 boiled in benzene and refluxed over
C.52 4.74 acetone for several hours before
0.54 5.07 use; the effect of surface films were
(.58 5.37 taken into account: data extracted
0.60 5.56 from a figure.
0.63 5.31
0.66 5.17
0.69 4,84
14 (T=87 X) 5° germanium prism mounted against Cardona, M.,
{31] 1.743 4.064 a plane mirror; Abbe autocollimation Paul, W., and
1.902 4,041 method applied to measure the devia- Brooks, H., 1959
2.08% 4,027 tion angle tc within %#1'; data ex~
2.263 4.014 tracted from & figure.
2.422 4,003
2.552 3.996
2.711 3.990
2.856 3.986
3.059 3.978
3.348 3.969
3.623 3.9066
4,116 3.955
4,463 3.952
4,855 3.952
5.318 3.949
5.608 3.947
15 (T=190 X) 5¢ germanium prism mounted against Cardona, M., et al.,
[2] 1.831 4.093 z plane mirror; Abbe 2utocollimation 1959
1.888 4.077 method applied to measure the devia-
2.091 4,061 tion angle to within 21'; data ex-
2.409 4.040 - tracted from a figure.
2.553 4.034
2.713 4£.025
2.828 4.021
3.378 4,003
3.654 3.998
3.914 2,994
4,117 3.989
4.465 3.986
4,900 3.986
5.320 3.985
16 {T=297 K} 5° germanium prism mounted against Cardona, M., et al.,
[3] 1.769 4.138 a plane mirror; Abbe autccollimation HERE
1.854 4,127 method applied tc measure the devia-
1.940 4,118 tion angle tc within #1%; data ex-
2.111 4,099 tracted from a figure.
2.281 4,080
2.43Y 4,069
2.581 4,061
2,739 4,056
2.882 4,048

J. Phys.

Chem. Ref. Daia, Vol. 9, No. 3, 1980
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TABLE A-5. FEXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM
(Wavelength Dependence) (continued)

D?;Zfsit A n Specifications and Remarks Author(s), Year
16(cont.) 3.083 4.046 Cardona, M.,
[31 3.383 4,035 Paul, W., and
3.656 4.030 Brooks, H., 1959
3.885 4.024 '
4,129 4,024
4,445 4,020
4.861 4,018
5.320 4,015
5.578 4.012
17 (T=300 K) Single crystal; etched surfaces; Philipp, H.R. and
[46] 0.124 0.821 near normal reflectance spectrum Taft, E.A., 1959
0.132 0.779 between 0.1 and 1.8 um observed,
0.138 0.815 above 1.77 um reflectance calculated
0.148 0.812 from available refractive indices;
0.156 0.848 phase angle computed from reflectance
0.167 0.846 spectrum using the Krommere-—Kronig
0.178 0.920. relation; optical constants deter~
0.190 0,957 mined from the Fresnel formulae;
0.204 1.108 data taken from a figure.
0.211 1.299
0.218 '1.452
0.221 1.490
0.227 1.451
0,240 1.488
0.253 1.602
0.263 1.832
0.275 2.254
0.277 2.600
0.285 3.099
0.287 3.522
0.295 3.868
0.309 3.828

0.325 3.827
0.349 3.980
0.369 4.133
0.382 4.132

0.410 4.054
0.450 4.014
0.498 4.359
0.531 4,666
0.549 4.935
0.569 5.280
0.590 5.434
0.612 5.318
0.675 5.009
0.735 4,816

0.807 4.623
0.921 4,430
1.108 4.313
1.234 4,236
1.452 4,158

1.981 4,080
2,844 4,041
5.041 4.010
9.394 4.001

J. Phys. Chem. Ref. Data, Yeol. ¢, No. 3, 1980
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TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM
(Wavelength Dependence) (continued)
D?;ifSTt A n Specifications and Remarks Author(s), Year
18 (T=297 K) Thin film of 1.092 um thick; deposited Huldt, L. and
[47] 1.513 4.815 on rotating glass substrate at air Staflin, T., 1959
1. 607 4.752 pressure of less than 4 x 10 5 mmHg
1.725 4.723 and rate of deposition of 30-60 &/sec;
1.853 4.651 refractive indices determined from
2,031 4.622 reflection and interference observa-
2.228 4.540 tion; data taken from a figure.
2.803 4,497
2.861 4.539
3.334 4.548
3.978 4,527
4,900 4.450
19 (T=297 K) Thin film of 1.010 um thick; deposited Huldt, L. and
[47] 1.409 4,853 on rotating glass substrate at air Staflin, T., 1959
1.502 4.812 pressure of less than 4 x 10 s mmHg
1.601 4,740 and rate of deposition of 30-40 X/sec;
1.743 4.721 refractive indices determined from
1.887 4.651 reflection and interference observa-
2.087 4,620 tion; data taken from a figure.
2.309 4.538
2.617 4,497
2.803 4,548
3.029 4,498
3.676 4,515
4,525 4. 43R
4.625 4.457
20 (T=297 K) Thin film on rotating glass substrate Huldt, L. and
[47] 2.803 4,497 deposited at air pressure of less Staflin, T., 1959
2.813 4.546 than 4 x 107 ° mmHg and at rate of
3.041 4,498 30-60 B/sec; refractive indices
4.677 4.457 determined from Brewster angle mea-
surement; data taken from a figure.
23 (T=297 K) Thin film of 1.340 um thick on rotating  Huldt, L. and
[47] 1.514 4,498 glass substrate deposited at nitrogen Staflin, T., 1959
1.602 4.460 pressure of less than 4 x 10 ° mmHg
1.698 4,421 and at rate of 30-60 A/sec; retractive
1.809 4,381 indices determined from reflection
1.941 4,342 and interference measurements; data
2.105 4.299 taken from a figure.
2.292 4,261
2.523 4.239
2.855 4.232
3.022 4.239
3.248 4,227
3.766 4,211
4.507 4,209
4.583 4.148
22 (T=297 X) Thin film of 1.364 um thick on rotating  Huldt, L. and
[47] 1.542 4,513 glass substrate deposited at nitrogen Staflin, T., 1959
1.640 4.479 pressure of less than 4 x 10 ° mmHg
1.737 4,438 and at rate of 30-60 K/sec; refractive
1.858 4,422 indices determined from reflection
1.998 4,366 and interference measurements; data
2.171 4.350 taken from a figure.

J. Phys. Chem. Ref. Data, Vol. 9, No. 3, 1980
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TABLE A~5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM
(Wavelength Dependence) (continued)
DT;Zf?Tt A n Specifications and Remarks Author(s), Year
22(cont.) 2.344 4,280 Huldt, L. and
(473 2.611 4,278 Staflin, T., ..959
2,935 4.268
3.3239 4,256
3.570 4.254
3.890 4.257
4,581 4,187
4,634 4,168
23 (T=297 K) Thin film of 1.449 um thick on rotating Huldt, L. and
[47] 1.539 4.513 glass substrate deposited at_nitrogen Staflin, T., 159
1.615 4,441 pressure of less than 4 x 10 ® mmHg
1.719 4,438 and at rate of 30-60 &/sec; refractive
1.950 4,371 indices determined from reflection and
2.094 4.309 interference measurements; data taken
2.267 4,289 from a figure.
2.456 4.222
2.73Z 4,232
3.078 4,237
3.555 4,266
4,507 4.167
24 (T~297 K) Thin film on rotating glass substrate FEuldt, L. and
[47] 3.033 4,242 deposited at nitrogen pressure of less Steflin, T., 1953
3.525 4,259 than 4 x 10 ° mmHg and at rate of 30-
44583 4,167 60 K/sec; refractive indicee determined
from Brewster angle measurements; data
taken from z figure.
25 (T=293 K) Pure germanium crystal; prism angle = Lukes, F., 1960
[36] 1.84 4.133 19°55.8'; p = 40 G-cm; measurements
1.88 4,126 made by deviation method; data taken
1.97 4,115 from a figure.
2.08 4.104
2.15 4.09¢4
2.18 4.090
2.30 4,081
2.36 4,077
2.41 4,073
2.47 4.068
3.42 4,034
3.82 4,027
4,15 4.022
4,54 4,020
5.43 4.013
26 (T=293 R) Pure germanium crvstal; prism angle = Lukes, F., 1960
[36] 1.75 4.150 14°53.0"; p = 1.2 Q~cm; measurements
5.15 4,013 made by deviaticn method; dats taken
5,44 4.010 from a figure.
5.61 4,007
27 (T=298 K) Pure germanium crystal; prism angle = Lukes. ., 1960
{36] 1.7¢ 4,142 14°59.5%; p = 0.016 Q-cm; measurements
1.8¢8 4.128 made by deviation method; data Lakeu
2.0€ 4,102 from a figure.
2.15 4,092
2,18 4,089

J. Phys. Chem. Ref. Data, Vel. . No. 3, 1980
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TABLE A-5.

REFRACTIVE INDEX OF SILICON AND GERMANIUM 633

EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM

(Wavelength Dependence) (continued)

Data Set

[Ref.1 A n Specifications and Remarks Author(s), Year
27(cont.) 2.24 4,085 Lukes, F., 1960
[36] 2.30 4.080
2.36 4.076
2,41 4.071
2,97 4,047
3.43 4.034
3,82 4.027
4.16 4,021
4,52 4.018
4,85 4.016
5.43 4.007
5.61 . 4.005
28 (T=80 KX) High purity germanium; prism cut from Kornfeld, M.1., 1960
{481 1.494 4,133 a single crystal; prism angle: 4°21'30";
1.550 4,117 p = 50 §Q~cm; index of refraction mea-
1.602 4,105 sured by deviation method; data taken
1.653 4.086 from a figure.
1.698 4.079
1.748 4,068
1.804 4.060
1.907 4.042
2.000 4.031
2,105 4.023
2.210 4,013
29 (T=222 X) High purity germanium; prism cut from Kornfeld, M.1., 1960
[48] 1.602 4.159 & single crystal; prism angle: 4°21'30";
1.653 4,143 p = 50 Q-cm; index of refraction mea-
1.703 4,130 sured by deviation method; data taken
1.748 4,123 from a figure.
1.794 4,110
1.907 4.097
1.993 4.081
2.105 4.071
2.194 4.058
30 (T=291 K) High purity germanium; prism cut from Kornfeld, M.I., 1960
[48] 1.648 4,171 a single crystal; prism angle: 4°21'30";
1.698 4,161 p = 50 Q-cm; index of refraction mea-
1.744 4,148 sured by deviation method; data taken
1.799 4,138 from-a figure.
1.907 4,120
2,000 4,107
2,098 4.094
2,202 4,084
31 (T=343 X) High purity germanium; prism cut from Kornfeld, M.1., 1960
[48] 1.698 4,199 a2 single crystal; prism angle: 4°21'30";
1.744 4.192 p = 50 Q-cm; index of refraction mea-
1.784 4,174 sured¢ by deviation method; data taken
1.907 4.156 from a figure.
2.000 4.138
2.105 4.123
2.218 4.112
32 (T=401 X) High purity germanium; prism cut from Kornfeld, M.I., 1960
1481 1.794 4.215 a single crystal; prism angle: 4°21'30";

J. Phys. Chem. Ref. Data, Vol. 9, No. 3, 1980
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TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM
(Wavelength Dependence) (continued)
—_—
D?;Zf??t A n Specifications and Remarks Autho%(s), Year
32(cont.} 1.901 4,192 o = 50 Q-cm; index of refraction Kornfeld,\M.I., 1960
[48) 2.000 4,174 measured by deviation method; data
2.098 4.159 taken from a figure.
2.210 4,148
33 (T=460 K) High purity germanium; prism cut from Kornfeld,\&.l., 1960
[48] 1.901 4,230 a single crystal; prism angle: 4°21'30";
1.993 4,212 p = 50 {~cm; index of refraction mea-
2.098 4,197 sured by deviation method; data taken
2.218 4,184 from a figure.
34 (T=298 K) Thin films of germanium obtained by Lukes, F., 1960
137] 0.358 4.001 evaporating very pure germanium in a ‘
0.377 4,022 vacuum from molybdenum or tungsten boats
0.402 3.880 on to glass_glates at a pressure on the
0.431 3.717 order of 10 ° mmHg; refractive indices
0.471 3.616 determined from the measured values of
0.522 4,148 the transmisgsivity and reflectivity;
0.604 4.905 data taken from a figure.
0.648 4,987
0.656 5.008
0.677 4,927
0.802 4.787
35 (T=298 X) Thin films of germanium obtained by Lukes, F., 1930
[37] 0.827 4.95 evaporating very pure germanium in a
0.836 5.01 vacuum from a molybdenum or tungsten
0.875 4,45 boats on to glass plates at a pressure
0.904 4,50 on the order of 10 ° mmlg; refractive
0.970 4.88 indices determined from the measured
0.973 4,85 values of the transmissivity and re-
0.983 4.82 flectivity; data taken from a figure.
1.00 4,55
1.04 4.69
1.20 4.23
1.44 4.15
1.50 4.00
2.21 3.96
36 (T=298 K) Single crystal; polished specimens of Kiseleva, N.K. ind
[49] G.43 4.22 7 x 7 mm“ surface; refractive index Pribytkova, N.N.,
0.46 4,14 determined from the reflectance data 1961
0.49 4.10 from the specimen measured in air and
0.52 4.06 in an immersing liquid of known refrac-
0.54 4.18 tive index; data taken from a figure.
0.58 Ny b2
0.60 4.70
0.62 4.74
0.64 4.74
0,66 4.54
0.68 4,26
0.70 4,15
0.73 4,07
0.76 3.99
37 (T=298 K) Calculated data based upon similarities Hertzberper, M. and
[31] 2.0 4.1083 in several materials; data taken from Salzberp, C.D., 1902
2.5 4,0664 a given table.

J. Phys. Chom, Ref. Data, Vei. 9, Ne. 3,

1980
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TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM
(Wavelength Dependence) (continued)

D?;Zfsit A n Specifications and Remarks Author(s), Year
37(cont.) 3.0 4.0449 Hertzberger, M. and
[31]} 3.5 4.0324 Salzberg, C.D., 1962
4.0 4.,0244
4,5 4,0190
5.0 4,0151
5.5 4.01273
6.0 4.0102
6.5 4,0085
7.0 4.0072
7.5 4.0062
8.0 4.0053
8.5 4,0046
9.0 4, 0040
9.5 4.0036
10.0 4.0032
10.5 4.0029
11.0 4,0026
11.5 4.0024
12.0 4.0023
12.5 4.,0022
13.0 4.0021
13.5 4.0021
38 (T=7.5 K) Single crystal; thin plate specimens Aronson, J.R.,
{50} 23-40 3.98£0.02  of 0.5 to 2.0 mm thick cut perpendicular Mclinden, H.G., and
45-67 3.9020.02 to the <111> axis; refractive index mea-  Gielisse, P.J., 1964
sured using Interference method; refrac-
tive indices found to te constant in the
region between 23 and 67 um.
3¢ (T=297 K) Single crystal; thin plate specimens Aronson, J.R., et al.,
{501 83-143 3.98%0.02 of 0.5 to 2.0 mm thick cut perpendicular 1964
to the <111> axis; refractive index
measured using interference method.
40 (T=29& K) Amorphous germanium thin film prepared Tauc, J., Abraham, A.,
[51] 0.695 4.742 by evaporation of very pure germanium Pajasova, L.,
0.743 4,792 in a vacuum better than 10 ° mmHg on Grigorovici, R., and
0.797 4.735% a fused quartz substrate at room tem— Vancu, A., 1965
0.865 4.736 perature; refractive index determined
0.952 4,637 from reflection and transmission mea-
1.147 4,597 surements; data read from a figure.

1.156 4.564
1.202 4,506
1.263 4.457
1.305 4,515
1.352 4.424
1.403 4,392
1.514 4.326
1.647 4,260
1.742 4. 24¢4
1.742 4,211
1.920 4,162
2,105 4,146
2.150 4.096
2.193 4,096
2.331 4.014
2.573 3.998

J. Phys. Chem. Ref. Data, Vol. 9, No. 3, 1960C
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TABLE A~5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM
(Wavelength Dependence) (continued)

Data Set

[Ref.] A n Specifications and Remarks Author(s), Year
41 (1=120 K) Intrinsic germanium; electropolished; Potter, R.7., 1966
[52] 0.443 4,246 the ratio of the reflectances of the
0.463 4.305 parallel and perpendicular components
0.480 4.410 of radiation, and the pseudo-Brewster
0.496 4,504 anglc mcacured; the effects of the
0.501 4,551 presence of the oxide layer were cor-
0.508 4,797 rected; optical constants were reduced
0.513 4.984 based on the Fresnel relationships;
0.523 5.172 data taken from a figure.
0.537 5.324
0.548 5.441
0.551 5.523
0.557 5.664
0.563 5.723
0.566 5.770
0.566 5.781
0.578 5.793
0.585 5.723
0.591 5.594
0.594 5.500
0.608 5.453
0.619 5.324
0.638 5.195
0.662 5.066
0.679 4.996
0.697 4.914
0.707 4.820
0.726 4.727
0.775 4.586
0.817 4,516
0.886 4.387
0.925 4.328
0.977 4,281
1.015 4,270
1.055 4,234
1.136 4.188
1.244 4,164
1.357 4,176
1.450 4,152
1.512 4.117
42 (T=300 K) Intrinsic germanium; electropolished; Potter, R.F., 1¢66
[52] 0.41€ 4,248 the ratio of the reflectances of the
Q0.446 4.259 parallel and perpendicular components
0.461 4.328 of radiation and the pseudo-Brewster
0.480 4.478 angle measured; the effects of the
0.499 4.663 presence of the oxide layer were cor-
0.51¢ 4.835 rected; optical constants were reduced
(.532 5.078 based on the Fresnel relations; data
0.534 5.239 taken from a figure.

0.546 5.389
0.548 5.504
0.566 5.573
0.57¢ 5.700
0.589 5.816
0.598 5.885
0.612 5.850
0.616 5.746

J, Phys. Chem. Rel. Dutu, Vel. 9, No. 3, 1980
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TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM
(Wavelength Dependence) (continued)

D?Ezfs?t X n Specifications and Remarks Author(s), Year
42(cont.) 0.627 5.573 Potter, R.F., 1966
[52] 0.638 5.469
0.662 5,296
0.679 5.157
0.692 5.053
0.701 5.007
0.721 4,961
0.746 4.891
0.773 4.764
0.841 4,614
0.930 4,510
1.019 4,417
1.082 4,394
1.153 4,382
1,234 4,313
1.361 4,289
1.476 4,278
1.540 4,266
1.586 4.231
1.687 4,197
2.010 4,139
43 (T=94 K) Good optical grade germanium samples; Icenogle, H.W.,
[5] 2,554 3.98859 supplied by Exotic Materials, Inc.; Platt, B.C., and
2.652 3.98462 prism specimen measured with a modified Wolfe, W.L., 1967
2.732 3.98052 minimum deviation method; data taken
2.856 3.97720 from a table.
2.958 3.97390
3.090 3.97100
4,120 3.95334
5.190 3.94536
8.230 3.93720
10.270 3.93597
12.360 3.9402¢6
&4 (T=204 K) Good optical grade germanium samples; Icenogle, H.W.,
[5] T 2.554 4.02528 supplied by Exotic Materials, Inc.; et al., 1967
2.652 4.01955 prism specimen measured with z modified
2.739 4.01511 minimum deviation method; data taken
2.856 4.01139 from a table.
2.958 4.00796
3.090 4,00485
4,12C 3.98662
5.190 3.97820
8.230 3.96934
10.270 3.96745
12.360 3.96625
45 (T=275 K) Good optical grade germanium samples; Teenopde, W.W.,
[51 2.554 4.05659 supplied by Exotic Materials, Inc.; ot al., 1967
2.652 4.05201 prism specimen measured with a modified
2.73z 4,04725 minimum deviation method; data taken
2.856 4.,04338 from & table.
2.958 4.03957
3.090 4.03649
4,120 4,01732
5.190 4.00853
8.230 3.99933
10.270 3.9972¢
12.360 3.99607

J. Phys. Chem. Ref. Data, Vol. 9, No. 3, 198¢
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TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM
(Wavelength Dependence) (continued)

D?;2£S§t A n Specifications and Remarks Authcr(s), Year
46 (T=297 K) Good optical grade germanium samples; Icenogle, H.W.,
5] 2.554 4.06230 supplied by Exotic Materials, Imc.; Platt, E.C., and

2.652 4.05754 prism specimen measured with a modi- Wolfe, W.L., 1967
2.732 4,05310 fied minimum deviation method; data
2.856 4.04947 taken from a table.
2.958 4.04595
3.090 4.04292
4.120  4.02457
5.190 4,01617
8.230 4.00743
10.270 4,00571
12.360 4,00627
47 (T=300 K) Single crystal; obtained from Exotic Randall, .M. and
[24] 69.793 4.,0065 Materials, Costa Mesa, CA; p>20 Si-cmg Rawcliffe R.D., 1967
72.491 4.0058 plate specimen of 1.93837 = 1.3 x 10 *
75.686 4.0055 wm thick; refractive ipdlices medsured
77.691 4,0060 using interference method; data taken
81.374 4,0057 from a figure.
85.075 4,0058
88.748 4,0062
92.747 4.0062
97.584 4,0062
101.94 4.0066
108.38 4.0065
113.77 4.0066
121.13 4.0064
128.71 4.0066
137.30 4.0066
148.17 4,0066
159.65 4.00€3
173.06 4,0061
199.68 4,0059
210.15 4.0058
236.70 4.0054
267.42 4,0051
311.98 4.0049
367.59 4,0045
447.46 4.0043
48 (T=300 K) Single crystal; obtained from Exotic Randall, C.M. and
124) 79.470 4.0042 Materials, Costa Mesa, CA; p>10 fi-cmj Rawcliffe, R.D., 1967
81.682 4,0045 plate specimen of 6.22931 * 1.3 x 10 #
85.062 4,0049 mm thick; refractive indices measured
88.726 4.0047 using interference method; data taken
92.729 4.0051 from a figure.
97.106 4.0052
102.42 4.0055
107.79 4.0055
113.75 4.0058
121.11 4.0059
128.68 4.0059
137.28 4.0059
148.14 4.0059
159.63 4.0059
173.04 4.005¢
188.92 4,0057
212.29 4.0055

J. Phys. Chem, Ref. Data, Vol. ¥, No. 3, 1980

Samsung Exhibit 1061, Page 78 of 98



REFRACTIVE INDEX OF SILICON AND GERMANIUM

639

TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANTUM
(Wavelength Dependence) (contlnued)
D?;szTt A n ‘Specifications and Remarks Author (s)., Year
48 (cont.) 233.98 4,0052 Randall, C.M. and
[24] 264.01 4.0053 Rawcliffe, R.D., 1967
307.37 4.,0052 ‘ '
361.28 4,0050
447.64 4.0048
587.95 4,0041
49 (T=298 K) Thin film of 1 x 10°° mm thick obtained  Gisin, M.A. and
{531 1.485 4,685 from evaporation of crystal germanium, Ivanov, V.A., 1967
1.487 4,572 with p=40 Q-cm, from graph:.tc boate in
1.536 4.410 a vacuum of 2-5 x 10°° Torr; polished
1.633 4,249 plates of barium fluoride served as
1.777 4,108 the substrates at temperature of 293~
1.873 4,023 303 K during ‘evaporation; optical con~
2,039 .3.953 stants determined from the transmission
2.230 3.897 of the films and the order of inter-
2,420 3.855 ference; data taken from a figure.
2.6% 3.R13
2.895 3.778
3.132 3.764
3.441 3.757
3.702 3.751
3.963 3.744
4,224 3.737
4,485 3.730
4.769 3.717
5.007 3.717
5.291 3.710
5.552 3.703
5.837 3.697
6.098 3.683
6.335 3.683
6.454 3.683
50 (T=298 K) Thin £1iims of 1x 10 ° mm thick obtained Gisin, M.A. and
[53] 1.367 4,692 from evaporation of crystal germanium, Ivanov, V.A., 1967
: 1.416 4.565 with p=40 Q-cm, from graphlte boats in
1.464 4,453 a vacuum of 2.5 x 10 ° Torr; polished
1.561 4.340 plates of barium fluoride served as
1.681 4,213 the substrates at temperature of 403-
1.895 4,101 423 K during evaporation; optical
2.158 3.989 constants determined from the trans-
2,467 3.904 .mission of .the films and the order of
2.847 3.841 interference; data taken from a figure.
3.274 3.807
3.725 3.786
4,128 3.779
4,579 3.773
5.053 3.773
5.457 3.774
5.883 3.767
6.334 3.767
6,429 3.760
51 (T=298 X) Thin films of 1x10 ° mm thick obtained Gisin, M.A. and
[53] 1.272 4,678 from evaporation of crystal germanium, Ivanov, V.A., 1967
1.273 4.593 with p=40 Q-cm, from_graphite boats in
1.298 4,467 a vacueum of 2.5 x 10 ° Torr; polished

3. Phys. Chem. Ref. Data, Voi. 9, no. 3: 1980°
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TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUI!
(Wavelength Dependence) (continued)

D?;Zf?Tt A n Specifications and Remarks Author(s), Year
51(cont.) 1.371 4,368 plates of barium fluoride served as Gisii, M.A. and
53] 1.442 4.305 the substrates at temperatures of 523- Ivanw, V.A,, 1967
1.538 4,234 573 K during evaporation; optical con- '
1,681 4.171 stants determined from the transmission
1.848 4,115 of the films and the order of inter-
2.109 4,073 ference; data taken from a figure.
2,371 4,024
2.703 3.989
3.130 3.961
3.581 3.948
4.032 . 3.934
4,482 3.935
4.909 3.928
5.407 3.9231
5.977 3.915
6.309 3.915
6.498 3.915
52 (T=298 K) Thin film samples of 0.5-5 um thick Wales, J.,
[54] 1.464 4.576 prepared by thermal evaporation from Lovitt. G.J., and
1.640 4,527 an electron beam heated source on to Hill, 1..A., 1967
1.916 4.468 unheated substrates in a vacuum of
2.167 4.428 1x107°¢ Torr; refractive indices
2.493 4.384 determined from the sample thickness
2,843 4.344 and interference fringe order obser-
3.369 4,310 vatione; averaged valuee read from s
3.919 4.296 best fit curve.
4,445 4,281
4,870 4,276
5.220 4.972
5.445 4,267
53 (T=298 K) Thin film samples of 0.5-5 um thick Wales, J., et al.y
[54] 1.359 4.788 deposited on unheated substrates from 1967 k
1.406 4,724 an electron beam heated source in a
1.477 4.651 vacuum of 1 x 10°° Torr; refractive
1.547 4.592 indices determined from the sample
1.68¢ 4.533 thickness and interference fringe order
1.847 4,483 observations; averaged values read
2,009 4,438 from a best fit curve.
2.216 4.406
2.400 4,379
2.653 4,361
2,951 4.339
3.319 4.317
3.755 4.303
4,053 4,294
4.283 4.290
4,512 4,286
4.719 4,286
54 (T=298 K) Thin film samples of 0.5-5 um thick Wales, J., et al.,
[54] 1.316 4.543 deposited on unheated substrates from 1967
, 1.410 4.493 an electron beam heated source_in an
1.503 4.439 atmosphere of oxygen at 1 x 10 ¥ Torr;
1.644 4.383 refractive indices determined from the
1.806 4.340 sample thickness and interference order

J. Phvs, Chem. Ref. Dota, Vol. 9, Na. 3, 1980
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TABLE ‘A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM .

(Wavelength Dependence) (continued)

D?E:fsTt A n Specifications-and Remarks Author(s), Year
54(cont.) 1.992 4.304 observations; averaged values read Wales, J.,
[54] 2.269 4,264 from a best fit curve. Lovitt, G.J., and
2.478 4,242 Hill, R.A., 1967
2.709 4,224
2,962 4,211
3.285 4.202
3.562 4,193
3.908 4,185
4,277 4,176
4 .500 4.177
5.015 4,168
5.314 4.173
5.567 4,173
55 (T=298 K) Thin film samples of 0.5-5 um thick Wales, J., et al.,
[54] 1.463 4,679 deposited on unheated substrates from 1967 '
1.551° 4,606 . an electron beam heated source in an
1.641 4,560 atmoephere of nitrogen at 1l = 107% Torr:
1.776 4,519 refractive indices determined from
1.935 4,487 sample thickness and interference
2.094 4.455 fringe order observation; averaged
2.276 4. 432 valnes read from a best fit curve.
2,618 4,390
3.006 4.367
3.395 4,348
3.716 4,333
4,082 4,328
4,610 4.322
5.023 4,321
5.436 4,325
5.734 4,324
6,009 4,328
56 (T=298 X) Thin film samples of 0.5-5 um thick Wales, J., et al.,
[54] 1.560 4.681 deposited on unheated substrates from 1967
1.608 4,640 an electron beamheated source in an
1.679 4,595 atmosphere of hydrogen at 1 x 10 ¥ Torr;
1.773 4.546 refractive indices determined from the
1.912 4,501 sample thickness and Interfereuce
2.006 4.452 fringe order observations; averaged
2.191 4,416 values read from a best fit curve.
2.445 4,371
2.698 4.345
2,973 4,323
3.293 4.305
3.637 4,288
4,003 4,280
4,391 4,276
4.779 4,273
5.099 4,278
5.418 4,278
5.624 4,283
57 (7=298 X) Thin film samples of 0.5-5 um thick Wales, J., et al.,
[54] 1.265 °  4.605 deposited on cooled substrates at 273 K 1967
1.266 4.556 from a carbon boat in a vacuum of 1 x
1.336 4,493 107 Torr; refractive indices determined
1.405 4.435 from the sample thickness and interference

J. Phys. Chem. Ref. Data, Vol. 9, No. 3, 1980
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TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM
(Wavelength Dependence) (continued)

Data Set

[Ref.] A n Specifications and Remarks vAuthor(s), Year
57(cont.) 1.498 4.386 fringe order observation; averaged Wa.es, J.,
[54] 1.636 4,318 values read from a best fit curve. Lovitt, G.J., and
1.728 4,292 Hill, R.A., 1967
1.911 4.256
2.140 4.216
2.392 4,193
2.643 4.176
3.100 4,158
3.420 4.149
3.808 4,141
4,219 4.141
4,562 4,141
4.859 4.141
5.132 4.146
58 (T=298 K) Thin film samples of 0.5-5 pm thick Walee, J., et al.,
[54] 1.300 4.570 deposited on substrates at 373-473 K 1967
1.425 4,492 from a carbon boat in a vacuum of
1.525 4,427 1x 10°° Torr; refractive indices
1.675 4,373 determined from the sample thickness
1.825 4,319 and interference fringe order observa-
1.973 4,280 tions; averaged values read from a
2,150 4,250 best fit curve.
2.325 4,220
2,600 4.156
2,925 4,186
3.300 4.181
3.825 4,171
4,250 4,166
4.650 4,156
5.025 4,156
5.325 . 4,146
5.575 4,142
£.700 4,142
59 (T=298 K) Thin film samples of 0.5-5 um thick Wales, .., et al.,
[54] 1.256 4.386 deposited on substrates at 673 K from 1967
1.370 4,314 a carbon boat in a vacuum of 1 x 10 °
1.507 4,250 Torr; refractive indices determined
1.644 4,205 from the sample thickness and inter-
1.804 4,145 ference fringe observations; averaged
1.963 4.100 values read from a best fit curve.
2,192 4.059
2.420 4.027
2.808 4.000
3.174 3.995
3.539 3.991
3.950 3.986
4.498 3.982
4,840 3.986
5.114 3.995
60 (T=298 X) Thin film samples of 0.5-5 pm thick Wales, J., et al.,
[54] 1.593 4,381 deposited on substrate at 773-873 K_from 1967
1.662 4,286 a carbon boat in a vacuum of 1 x 10°°
1.845 4,204 Torr; refractive indices. determined
1.983 4,150 from the sample thickness and inter-
2.191 4,104 ference fringe order observations;

4. Phys: Lhem, Ref. Daju, Vel. ?, Nu. 3, 1980
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TABLE<A—5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX 'OF "“GERMANIUM
(Wavelength Dependence) (continued)

D?Ezfsit X n Specifications and Remarks Author(s), Year.
60 (cont.) 2.605 4.063 averaged values read from a best fit Wales,. J.,
1541 2,974 - 4,045 curve. Lovitt, G.J., and
3.388 4,031 Hill, R.A., 1967
©3.849  4.026
4,264 4,022
4,702 4.026
5.001 4.026
61 {T=298 X) Film samples deposited from carbon Wales, J., et al,,
[54] 1.420 4,530 boat svurce; refractive indiccs deter- 1967
1.512 . 4.482 mined from the sample thickness and
1.667 4,422 interference fringe order observation;
1.821 4.385 averaged values read from a best fit
2.068 4.336 curve.
2.377 4,298 :
2.778 4,277
3.148 4,266
3.488 4,250
3.858 4,239
4.259 4.239
4,691 4.234 -
5.062 4.234
5.278 4,223
5.617 4,223
5.988  4.234
- 62 (T=298 K) Single crystal; p=40 f-cm; n-type; - Knausenberger, W.H.
551 0.5461  5.46 specimens with <111> surfaces cleaved and Vedam, K., 1969
by the Gobeli*Allen technique; refrac- )
tive Index determined by ellipsometry
method; the average value reported
with error #0.10.
63 (T=298 K) Amorphous Ge films; vacuum deposited onto Donovan, T.M.,
[56] 1.0 4,67 rotating substrartes of fused quariz, Spicer, W.E.,
1.1 4,59 fused silica and KCl; evaporation sources Bennett, J.M., and
1.2 4,55 of tungsten boat, Al,03-coated boat and Ashley, E.J., 1970
1.3 4,31 electron beam gun; deposition rate 10-
1.4 4,34 50 ﬁ/&ec; refractive indices determined
1.5 4,30 from the reflectance and transmittance
1.6 4.24 measurements made in a dry nitrogen
1.7 4,22 atmosphere; average values of refractive
1.8 4.24 indices of films of thicknesses 0.0816
1.9 4,11 ym, 0.2138 um, 0.3576 um and 0.5371 pm .
2.0 4.09 taken from a table,
S 2.1 4,07
2.2 4,06
2.3 4,06
2.4 4.06
2.5 4,07
2.6 4,05
2.7 4.04
2.8 3.97
2.9 4,01
3.0 4700
3.1 3.99
3.2 4,00
3.3 3.99

J.-Phys. Chem. Ref. Dota, Vol. 9, No. 3, 1980
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TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERNANIUM
(Wavelength Dependence) (continued)

Data Set
[Ref.]

63 (cont.)
[56]

>
o]

Specifications and Remarks Author(s), Year

4.00 Donovan, T.M.,
3.99 ! Spicer, W.E.,

4,00 Bennett, J.M., and
3.99 Ashley, E.J., 1970
4.00

3.995

4,00

O W0~

.

PLWLLWLWWW

64
(561

T=298 K) Amorphous Ge f1lm of 0.5371 pm; vacuum Jonovan, 1.M., et al.,
4.02 deposited onto rotating substrate of 970
4,06 KCl; evaporation sources of tungsten :
4,01 boat, Al,03~-coated boat and electron
4.01 beam gun; deposition rate 10-50 k/sec;

4.01 refractive indices determined from the
4.01 reflectance and transmittance measure-
3.98 ments made in a dry nitrogen atmosphere;
4.11 data taken from a table.

3.99

4,04

3.98

3.98

3.99

3.97

3.98

3.95

3.98

3.98

3.99

4,01

P
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65 (T=300 K) Single crystal polished and etched; Juégk, G., 1971
{571 0.294 3.397 optical constants determined by the

0.298 3.437 ellipsometric method; data extracted
0.303 3.463 from a figure.

0.307 3.437

0.309 3.437

0.313 3.437

0.316 3.424

0.321 3.424

0.325 3.489

0.330 3.489

0.335% 3.528

0.339 3.580

0.344 3.632

0.349 3.659

0.353 3.659

0.360 3.685

0.368 3.698

0.374 3.737

0.380 3.763

0.385 3.789

0.392 3.776

0.397 3.737

0.404 3.724

0.413 3.698

0.426 3.672

0.442 3.672

0.454 3.711
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REFRACTIVE INDEX :OF SILICON AND GERMANIUM 645.

TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE -INDEX OF GERMANIUM
(Wavelength Dependence) (continued
D?;sz?t CA 3 Specifications and Remarks Author (s), Year
65(cont.) 0.472 3.802 Jungk, G., 1971
[57] 0.484 3.907
0.489 3.972
0.494 3.969
0.506 4,088
0.514 4.230
0.519 4,341
0.524 4,445
0.530 4.608
0. 533 4.668
0.540 4,757
0.547 4.817
0.555 4,861
0.562 4,980
0.566 5.055
0.571 5.144
0.573 5.233
0.579" 5.337
0.583 5.397
0.587 5.456
0.589 5.486
0.595 5.471
0. 600 5,426
0.605 5.382
0.609 5.337
0.614 ©5.292
0.621 = 5,247
0.625 5.188
0.638 5.083
66 (=300 K) Amorphous germanium; thin film specimen Jungk, G., 1971
1571 0.672 2.911 of about 1 ym thick prepared by thermal
0.691. 3.024 evaporation of germanium from a tungsten
0.712 3.137 boat on glass substrate in a vacuum of
0.738 3.242 10 ° Torr; substrate held at 293 K during
0.765 3.347 evaporation; refractive indices deter-
0.794 3.500 mined by ellipsometric method; data
0.809 3.557 taken from a figure.
0.824 3.605
0.839 3.686
0.860 3.750
0.877 3.807
0.895 3.871
0.913 3.920
0.932 3.984
0.952 4,049
0.972 4,089
0.994 4,154
1.021 4,202
1.044 4,243
1.073 4,299
67 {T=300 K) Amorphous germanium; thin film specimen Jungk, G., 1971
[57] 0.533 2.033 of about 1 Um thick prepared by thermal
0.547 2.098 evaporation of germanium from a tungsten
0.562 2.177 boat on glass substrate in a vacuum of
0.578 2.308 1078 Torr; substrate held at 373 X
0.597 2.439 during evaporation; refractive indices

3. Phys. Chem. Ref. Data, Vol.. 9, No.' 3,.1980
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646 H. H. L
TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM
(Wavelength Dependence) (continued) &
D?Ezfs?t A n Specifications and Remarks Author(s), Year
67 (cont.) 0.615 2.583 dctermined by cllipeometric methods Jungk, €., 1971

[57] 0.631 2.635 data taken from a table.

0.651 2.740

0.669 2.923

0.692 3.041

0.715 3.146

0.738 3.238

0.765 3.356

0.810 3.526

0.822 3.591

0.843 3.670

0.856 3.722

0.884 3.775

0.898 3.853

0.913 3.906

0.934 3.971

0.955 4,023

0.978 4,076

0.995 4,154

1.020 4,181

1.046 4.233

1.073 4.272

1.132 4,351

1.198 4.430
68 (T=300 K) Amorpnous germanium; thin tilm specimen Jungk, G., 1971
[57] 0.670 2.791 of about 1 um thick prepared by thermal

0.691 2.895 evaperation of germanium from a tungsten

0.713 2,968 boat on glass substrate in a vacuum of

V.736  3.057 107° torr; substrate held at 473 K

0.763 3.154 during evaporation; refractive indices

0.795 3.267 determined by ellipsometric method;

0.824 3.364 data taken from a figure,

0.858 3.477

0.895 3.574

0.933 3.647

0.973 3.736

1.018 3.809

1.066 3.882
69 (T=300 K) Microcrystalline germanium; thin film Jungk, G., 1971
[57] 0.535 2,647 epecimen of about 1 im thick prepared

0.549 2.699
0.564 2.817
0.580 2.948
0.594 3.053
0.614 3.040
0.633 3.145
0.650 3.223
0.672 3.302
0.691 3.329
0.715 3.368
0.741 3.395
0.765 3.447
0.799 3.565
0.806 3.617
0.826 3.670
0.843 3.774

by thermal evaporation of germanium from
a tungsten boat on glass substrate in a
vacuum of 10 ° Torr; substrate held at
573 K during evaporation; refractive
indices determined by ellipsometric
method; data taken from a figure.

J. Phys. Chem. Ref. Dats, Vol. 9, No. 3, 1980
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REFRACTIVE INDEX OF SILICON AND GERMANIUM 647

TABLE A~5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM
(Wavelength Dependence) (continued)

D?ﬁszTt A n Specifications and Remarks Author(s), Year
69(cont.) 0.861 3.866 Jungk, G., 1971
[57] 0.879 3.971

0.898 4.114
0.913 4.193
0.939 4,298
0.961 4.389
0.977 4,468
1.007 4.546
1.026 4.599
1.052 4.651
1.087 4.573
1.125 4,129

70 (T=300 K) Amorphous germanium; thin film specimen Jungk, G., 1971
[57} 0.497 2.942 of about 1 um thick prepared by thermal

0.501 2.972 evaporation of germanium from a tungsten

0.504 3.002 ‘boat on glass substrate in a vacuum of

0.508 3.063 10°° Torr; substrate held at 673 K

0.510 3.093 during evaporation; refractive indices

0.515 3.138 determined by ellipsometric method;

0.517 3.168 data taken from a figure.

0.522 3.244
0.524 3.274
0.528 3.334
0.533 3.394
0.537 3.440
0.541 3.470
0.546 3.530
0.550 3.561
0.556 3.636
0.559 3.666
0.563 3.712
0.567 3.787
0.572 3.832
0.578 3.923
0.581 3.968
0.585 4.013
0.592 4.058
0.596 4.074
0.600 4.089
0.605 4,089
0.610 4.074
0.616 4.045
0.621 3.985
0.628 3.910
0.638 3.806

71 (T=293 X) Single crystal; grown at the Royal Edwin, R.P.,
[38] 8.00 4.0058 Signals and Radar Establishment, Malvern, Dudermel, M.T., and
9.00 4,0043 U.K. using the Czochraski pulling tech- Lamare, M., 1978
10.00 4.0032 nique; p = 45-53 {l-cm; prismatic
11.25 4.0022 specimen of 10.5 degree apex angle and
12.00 54,0017 30 mm x 15 mm faces; refractive index
13.00 4.0013 measurements made at the Institut
14.00 4.0011 d'Optique, Orsay, France; data taken

from a table.

J. Phys. Chem. Ref. Data, Vol. 9, No. 3, 1980
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648 H. H. LI

TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX QF GERMANIUM
(Wavelength Dependence)- (continued)

D?£2f5§t A tn Specifications and Remarks Author(s), Year
72 (T=293 X) Single crystal; grown at the Royal Edwin, R.P.,
[38] 8.00 4,00551  Signals and Radar Establishment, Malv:arn, Dudermel, M.T., and
9.00 4.00423  U.K. using the Czochraski pulling teci~ Lamare, M., 1978
10.00 4,00329 nique; p = 45-533 Q-cm;  prismatic
11.25 4.00242  specimen of 10.5 degree apex angle anc
12.00 4.00204 30 mm x 50 mm faces; refractive index
13,00 4,00157 measurements made at the National
14.00 4.00123 Physical Laboratory, U.K.; data taken
from a table.
73 (T=298 X) Single crystal; grown at the Royal Edwin, R.P., et al.,
[{38] 8.00 4.00748  Signals and Radar Establishment, Malvein, 1978
9.00 4.00620 U.K. using the Czochraski pulling tech-
10.00 4.00525 nique; p = 45-53 fi-cm; prismatic
11.25 4.00436 specimen of 10.5 degree apex angle and
12.00 4.00398 30 me x 15 mm faces; refractive index
13.00 4.00352 measurements made at the National
14,00 4.00215 Physical Laboratory, U.K.; data taken

from a table.

J. Phys. Cham, Ref. Dato, Vol. 9, No. 3, 1980
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REFRACTIVE INDEX OF SILICON AND- GERMANIUM.

649

TABLE A-6. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANTUM (Temperature Dependence)

[Temperature, T, K; Wavelength, A, um; Refractive Index, n]

D?ngs?t_ T n Specifications and Remarks Author(s), Year
1 (3=2.00 um) High purity single crystal; prism Lukes, F., 1958
[58] 113,593 4.025 specimen of about 20 degree apex angle;
116.291 4.023 accuracy of deviation angle measure-
202,919 4,067 ment about 1' corrresponding to an
208.329 4.068 error of 0.001 in refractive indcxj
208,338 4.071 average accuracy of temperature mea-
211.027 4.067 .surement about 0.3 K; data read from
228.630 4,078 a figure.
258.408 4.093
261.111 4,093
273.295 4.099
292.254 4,112
309.848 - 4.120
323,383 4,127
342.337 4,138
354,522 4,144
370.764 4,153
391.061 4,161
392.421 4,163
407.312 4,172
2 (A=2.00 pm) High purity single crystal; prism Lukes, F., 1958 .
[58] 114.759 4,024 specimen of about 20 degree apex angle;
117,425 4.024 accuracy of deviation angle measure-
205.588 4.067 ment about 1' corresponding to an
208.260 4,068 - error of 0.001 in refractive index;
210,937 4.071 average accuracy of temperature mea-
213,593 4,068 surement about 0.5 X; data -taken
229,634 4.079 from a figure.
263,018 4.093
263,029 4,095
- 275,044 4,099
292,423 4,111
309.782 4,118
320.479 4,126
353.87¢ 4,144
369.909 4,152
389,940 4,160
391.283 4.162
408.652 4,172
436,693 4,182
3 (A=2.26 um) High purity single crystal; prism Lukes, F., 1958
[58] 113.540 4.008 specimen of about 20 degree apex angle;
116.229 4,004 accuracy of deviation angle measure-
117,590 4,007 ment about 1' corresponding to an.
205.555 4.046 error of 0.001 in refractive index;
208,262 4.048 average accuracy of temperature mea-
232,617 4,057 surement about 0.5 K; data read from
250.216 4.067 a figure.
275.927 4,077
293,521 4.086
308,408 4,092
323,290 4,098
344,947 4.109
354,429 4,116
370.667 4,122

1. Phys. Chem. Ref. Data, Vol: 9, No. 3,31980:
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650 H. H. LI
TABLE A-6. EXPERIMENTAL DATA ON THE REFRACTIVE INDEI OF GERMANIUM
(Temperature Dependence) {continued)
D?;zfs?t T n Specifications and Remarks Author(s), Year
3(cont.) 390.964 4,131 Lukes, F., 1958
[58] 411.269 4,141
438.336 4.154
4 (A=2.36 ym) High purity single crystal; prism Lukes, F., 1958
[58] 113.349 4,004 specimen of about 20 degree apex :ngle;
117.338 4.001 accuracy of deviation angle measure~
117.349 4.004 ment about 1' corresponding to an
208.168 4.044 error of 0.001 in refractive index;
210.835 4.044 average accuracy of temperature mei-
212,178 4,047 surement about 0.5 K; data taken
234,881 4,056 from a figure.
252.250 4.066
274,957 4,076
290,988 4,084
309.680 4.091
321,705 4,098
343.084 4,110
356.428 4,113
369.797 4,122
391.156 4,129
411,196 4.139
437.909 4,151
5 (A=2.51 pm) High purity single crystal; prism Lukes, F., 1958
[58] 205.502 4,030 specimen of about 20 degree apex angle;
213.619 4,032 accuracy of deviation angle measure~
216.326 4,034 ment about 1' corresponding to an
256.933 4.054 error of 0.001 in refractive index;
275.869 4.060 average accuracy of Temperature mea-
293.463 4,068 surement about 0.5 K; data read from:
309.706 4.076 a figure.
321.886 4,081
346.245 4.092
357.074 4.098
370.605 4.103
393.609 4,113
409.856 4,122
438.261 4,130
6 (A=2.52 um) High purity single crystal; prism Lukes, F., 1958
[58] 208.1132 4,029 speciman of about 20 degree apex angle;
216.122 4,032 accuracy of deviation angle measure-
260.209 4,055 ment about 1' corresponding to an
276.234 4,061 error of 0.001 in refractive index;
204 .931 4.070 average accuracy of temperature mea-
309.623 4,076 surement about 0.5 K; data taken from
322.977 4,082 a figure.
345,685 4.092
356.372 4.098
368.397 4.104
392.438 4.115
409.797 4,122
437.837 4.132
7 (A=1.970 um) Pure germanium crystal; prism angle: Lukes, F., 1960
[36] 104.591 4,028 14°537; p=1.2 Q~cm; minimum deviation
108.842 4.029 method used; data read from a figure.

J. Phys. Chem. Ref. Data, Vol. 9, No. 3, 1980
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REFRACTIVE INDEX OF SILICON AND GERMANIUM 651

TABLE A~6. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM
(Temperature Dependerice)  -(continued)

Data Set

IRef. ] T n . Specifications and Remarks Author(s), Ygari
7 (cont.) 115,943 4.032 Lukes, F., 1960
[36] 134.396 4,038 -
158.571 4.049
'168.487  4.051
179.873 4,058
188,399 4.061
198.326 4,064
208.276 4,068
216.791 4.071
229.602 4.078
236.714 4,082
243,826 4.085
249,525 4.089
252.374 4,091
259.486 4.094
273.699 4,100
282,236 4.105
289,348 4,109
296.449 4,111
302.136 4,114
312.109  4.120
323.507 4,127
332,032 4.131
336.284 4,132
339.144 - 4.135
344,832 4,137
349.117 4,141
353,391 4,144
366.191 4.150
374,716 - 4,153
380.415 . 4.157
386.125 4.161
393.249 4,166
398.947 4.170
408,898 4174
414,630 4,180
8 (A=2.190 pm) Pure germanium crystal; prism angle: Lukes, F., 1960
[36] 109.878 4,005 14°53%; p=1.2 f-em; minimum deviation

115.501  4.006 . method used; data read from a figure.
142,275 4,017
156.364 4,022
167.637 4,027
180.304 4,030
188.770 4.035
201.455 4,040
208.526 4.046
221,193 4,049
222.624 4.052
233.879 4.055
242,335 4.058
250.801 4,063
255.030 4.065
263.486 4.068
277.593 4,075
284.646  4.079
297.323 4.083
304.385 4,088

J. Phys. Chem.. Ref. Data, Vol. 9, Noa,llno
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TABLE A-~6. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM
(Temperature Dependence) (continued)
D?;:fs?t T n Specificatiors and Remarks Author(g), Year
8(cont.) 312.860 4,093 Lukes, F., 1960
[36] 321.334 4.099
332.598 4,102
342.485 4,109
352,346 4,112
360.829 4,118
376.331 4.125
379.165 4,127
390. 446 4.133
398,921 4,138
407.378 4,142
421,511 4,152
435,609 4,158
439.838 4,160
445,487 4,163
459,603 4,171
468.096 4.179
479,378 4,184
487.852 4,189
499.161 4,197
506,205 4,200
517.514 4,208
525.971 4,212
534. 464 4.219
9 (A=2.409 Um) Pure germanium crystal; prism angle:; Lukes, F., 1960
{36] 147.914 4,003 14°53'; p=1.2 Q-cm; minimum deviation
159,202 4,006 method used; data real from a figure.
176.157 4,013
198.746 4,021
205.815 4.024
215.721 4.030
224,192 4.033
234,078 4.037
236.916 4,039
246.808 4,044
253.884 4,048
263.771 4,052
268.009 4,054
273.670 4,057
282.148 4,061
287 .802 4. 064
293. 449 4.065
301.927 4,069
330.210 4.084
357.065 4,097
376.858 4,107
389.581 4.113
405,128 4,120
416.449 4,128
429,179 4,135
441.909 4,142
448,992 4.147
467.356 4.155
482,909 4.163
495.639 4,170

J. Phys. Chem. Ref. Data, Vel. 9, No. 3, 1980_
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REFRACTIVE INDEX OF SILICON AND GERMANIUM 653

TABLE “A~6. EXPERIMENTAL DATA: ON THE REFRACTIVE INDEX OF GERMANIUM
: (Temperature Dependence) - (continued)

’D?;:fsit T n Specifications and ‘Remarks Author (s)., ‘Year’
10 (A=3.826 um) Pure germanium crystal; prism angle: Lukes, F., 1960 .
[36] '306.022: ° 4.030 14°537; p=1,2 Q-cm; minimum deviation o

320.151 4,034 method used; data read from a figure.

332,917 4.041

342.821 4.045

358.393 4,051

369.728 4,056

379.654 4,062

383.879  4.062

383.902 4,063

388.150 4,065

398.076 4,071

403,721 4,071

419,315 4.079

434,898 ... 4.087

439.180 4.091

456.160 4.097

474593 4,107

485,917 4,112

497.263 4,118

505.758 4,121

522.761 4.129

535.516 4,136
11 (A=5.156 um) Pure germanium crystal; prism angle: Lukes, F., 1960
[36] '301.528 4,016 14°53";: p=1.2 Q-cm; minimum deviation

321.286 4,021 method used; data read from a figure.

335.432 4.029

346.740 4,035

363.688 4,041

386.311 4,053

408.920 4,063

424,467 4,070

437,184 4.075

461. 208 4,086

472.516 4,092
12 (A=2.554 um) Good optical grade germanium samples; Icenogle, H.W.,
[5] 150 4,00541 supplied by Exotic Materials, Inc.; Platt, B.C., and

158 4,00775 prism specimen; measured with a modi~ Wolfe, W.L., 1976

165 4.00997 fied minimum deviation method; data

172 4,01248 taken from a table.

177 4,01479

186 4.01753

192 4.02031

199 4.02305

203 4.02492

208 4.02712

212 4,02900

216 4.03039

221 4.03287

227 4.03601

231 4,03721

236 4,03893

240 404096

243 4.04209

247 4.04407

254 4,04641

J. Phys. Chem..Ref. Data, Vol 9, No. 3,:198¢
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TABLE A~6. EXPERIMENTAL DATA ON THE REFRACTIVE IVDEX OF GERMANIUM
(Temperature Dependence) (continued)

D?;:fsit T n Specifications and Remarl:s Author(s), Year
12(cont.) 257 4.04832 Icenogle, H.W.,
{51 261 4.04994 Platt, B.C., and
266 4.05181 Wolfe, W.L., 1976
269 4.05284
272 4.05429
277 4.05655
281 4.05836
13 (A=2.732 uym) Good optical grade germanium s:mples; icenogle, H.W., et
[51 101 _ 3.98111 supplied by Exotic Materials Irc.; al.; 1976
110 3.98237 prism specimen; measured with a modi-
117 3.98419 fied minimum deviation method; data
120 3.98508 taken from a table.
127 3.98728
133 3.98888
140 3.99107
146 3.99331
152 3.99534
158 3.99774
165 4.00026
171 4.00277
178 4.00565
186 4.00938
196 4.01293
203 4.01582
212 4.01918
221 4.02229
229 4.02516
236 4.02893
244 4.03202
252 4.03554
257 4,03767
262 4,03937
270 4.04257
276 4,04562
283 4.04833
14 (A=4.414 um) Good optical grade germanium samples; Icenogle, H.W., et
[5] 101 3.95198 supplied by Exotic Materials Inc.; al., 1976
107 3.95220 prism specimen; measured with a moii-
114 3.95407 fied minimum deviation method; dat:
121 3.95579 taken from a table.
129 3.95798
137 3.96026
145 3.96295
150 3.90403
156 3.96678
165 3.96806
169 3.97126
177 3.97422
185 3.97922
195 3.98276
202 3.98493
211 1.08600
218 3.98967
224 3.99240
232 3.99591
240 3.99920
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TABLE A-6. EXPERIMENTAL DATA'ON THE REFRACTIVE INDEX OF GERMANIUM
(Temperature Dependence) (continued)-

D?Ezfs?t T n Specifications and Remarks Author(s), Year
14(cont.) 249 4.00305 Icenogle, H.W.,
[57 . 259 4.00655 " Platt, B.C., and
263 4.00848 Wolfe, W.L., 1976
269 4.01095
274 4.01236
278 4,01435
283 4,01635
15 (A=10.27 um) . Good optical grade germanium samples; Icenogle, H.W., et
[5] Y5 3.93562 supplied by Exotic Materials, lnc.; al., 1976
104 3.93692 prism specimen; measured with a modi-
112 3.93909 fied minimum deviation method; data
120 3.94088 taken from a table.
124 3.94335
134 3.94501
140 3.94639
147 3.94898
153 3.95075
160 3.95295
166 3.95497
173 3.95754
183 3.96090
192 - 3.96390
204 3.96808
210 3.97028
217 3.97296
226 3.97587
234 3.86896
239 3.98113
246 3.98387
253 3.98633
260 3.98923
268 3.99203
274 3.99458
278 3.99634
284 . 3.9985

J. Phys. Chem. Ref. Data, Vol.-9, No..3,.198C
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TABLE A-7.

H. H. L

EXPERIMENTAL DATA ON THE TEMPERATURE DERIVATIVE OF REFRACTIVE INDEX OF GERMANIUM
(Wavelength Dependence)

[Temperature, T, K; Wavelength, A, Um; Temperature Deriva:ive of Refractive Index, dn/dT, 10_”K-]]

Data Set

[Ref.] A dn/dT Specifications and Remarks Author(s), Year
1 (T=297.5 K) Germanium crystal; grown ¢t the General Rank, 0.H.,
{35] 1.934 5.919 Electric Co., Electronics Laboratory, Bennett, H.E., and
2.174 5.285 Electronic Park, Syracuse, NY; plane Cronemeyer, D.C.,
2.246 5.251 parallel plate specimen of 3.0575 mm 1954
2.401 5.037 thick and 28 mm clear aper:ure; refrac-
tive indices measured by interference
method; dn/dT determined; (ata taken
from a table.
2 (T=116-440 K) Single crystal; high purity; prism Lukes, F., 1957
[58}1 1.82 5.36 specimen of about 20 degree apex angle;
1.90 5.10 refractive index for several wavelengths
1.98 5.00 measured in the temperature range be-
2.07 4.84 tween 116 and 440 K; it was found that
2,25 4.60 the refractive index of gernanium in-
2.34 4.55 creases linearly with the temperature
2.51 4.39 in the wavelength region between 1.8
and 2.5 um; dn/dT determinec; data
taken from a figure.
3 (T=116~440 K) High purity single crystal; »srism Lukes, F., 1958
[59] 0.961 9.352 specimen of 20 degree apex aigle;
0.961 8.929 refractive indices determined in the
1.349 6.890 temperature range from 116 to 440 K;
1.349 6.819 dn/dT determined; data taken from a
1.349 6. 608 figure.
1.918 5.097
2.000 4.992
2.075 4,852
2.260 4,607
2.349 4,537
2.514 4,432
4 (T=116-440 K) High purity single crystal; piism Lukes, F., 1958
[591 0.667 ~13.038 specimen of 20 degree apex angle;
0.957 10.688 refractive indices determined in the
temperature range from 116 to %40 X;
dn/dT determined; data taken f:om a
figure.
5 (T=100-540 K) Pure germanium crystal; prism :ngle Lukes; F., 1960
[36] 1.96 5.20 about 20 degrees: p=40 {-cm; minimum
2.17 4.79 deviation method used for refrzctive
3.81 4,09 indices determined; dn/dT deternined;
5.07 3.99 data taken from a figure.
6 (T=100-540 K) Pure germanium crystal; prism angle Lukes, F., 1960
[36] 1.96 5.29 about 15 degrees: p=1.2 fl-cm; minimum
2.17 4,81 deviation method used for refractive
2.39 4,59 indices determination; dn/dT determined
3.81 4.24 data taken from a figure.
5.06 4,14
7 (T=100-540 K) Pure germanium crystal; prism anzle Lukes, F., 1960
[36] 2.19 4,887 about 15 degree; p=0.016 $-cm; minimum
2.40 4,685 deviation method used to determine the

1. Phys. Cham Ref Date, Vel 9, No. 3, 1080
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TABLE A-7. EXPERIMENIAL DATA ON THE TEMPERATURE DERIVATIVE OF REFRACTIVE INDEX OF GERMANIOM ~
) "(Wavelength Dependence) (continued)

Specificatidns: and Remarks:

‘Author(s), Year

Data Set - :
[Ref.] A dn/dT .
7 (cont.) 3.82 3.989
[36] 5.05" 3.952
8 (T=173-298 K) =
[5] 2.554 3.96
to
12,1

refractive index; dn/dT determined;

data taken from.a figure.

Good optical grade germanium samples;
supplied by Exotic Materials, Inc.;
prism specimen: meacured with a modi-
" fied minimum deviation method; data

taken from a table.

Lukes, F., 1960

Icenogle, H.W., ;
Platt, B.C., and
Wolfae, W.L., 1967

J. Phys. Chem.: Ref. Data, Vol. 9, No.: 3, 19807

Samsung Exhibit 1061, Page 97 of 98



- 658"

TABLEE@% * EXPERIMENTAL DATA .ON: THE TEMPERATURE DERIV!TIVE OF REFRACTIVE INDEX OF. GERMANIUM
’ (Temperature Dependence)

[Temperature, T, K Wavelength A, uw, Temperature Derivative of Refractive Index, dn/dT 10 B

Diisz§t . T - dn/dT B ‘Specifications and :lemarks : Author(s),‘Yegt
1 (A=1.970 ym) . Pure- germanium crystal; jrism angle of Lukes, F., 1960
1361 140.663 3.902 14°53.0% p=l.2. Q-cm: ‘mez surements made
170.323 - 3.982 by minimum deviation method; data taken
210,824 4,523 from a figure.
251.266  4.602 '
297.157 5.143
©330.895 5.494
370.035 5.926
2 (A=2.190 um) Pure germanium crystal; prism angle of Lukes, F., 1960
[36] 109.596 3.361 14°53.0"; p=1.2 Q-cm; measurements made
139.302 3.794 by minimum deviation methoi; data taken
170.313 3.901 from a figure.
210.775 4,343
251.255 4,521
295.771 4,844
332.180 5.005
371.292 5.220
410,410 5.490
434,676 5.543
471,088 5.731
520.970  5.864
3 (A=2.409 um) Pure germanium crystal; pritm angle of Lukes, F., 1960
[36] 140,622 3.57¢6 14°53.0'; p=1.2 N~cm; measulements made
170.299 3.792 by minimum deviation method;: data takan
212,141 4,279 from a figure.
251.241 4.412
295.740 4,600
© 332,163 4:870
371.246 - 4.868
410.382 5.273
435,971 5.136
520.890 5.240
4 - (A=3.826 um) Pure germanium crystal; prism angle of Lukes, F., 1960
[36] 326.709 4,381 14°53.0"; p=1.2 Q-cm; measurenents made
371.201  4.515 by minimum deviation method; data taken
421.083 4.648 from a figure.
469.611 4.727 )
520.821 4,697
5 (A=5.156 um) Pure germanium crystal; prism angle of ‘Lukes, F., 1960
r36] 302.419. 4,138 14°53.0%; p=1.2 Q-cm; measurem:nts made

326.692 4,245 by minimum deviation method; dlta taken
371.187 4,406 from a figure.

421.073 4.566

472,279 4,509

1; Phys. Chem. Ref. Dale, Vel. 9, No. 3, 1980
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