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Refractive index data for SIb con and germamum were searched, compiled, 
and analyzed. Recommended values of refractive index for the transparent 
spectral region were generated in the ranges 1.2 to 14 }.Lm and 100-750 K for 
silicon, and 1.9 to 16 pm and 100-550 K foJ' germanium. Generation of these 
values was based on a dispersion equat.ion which best. fit.s select.ed dat.a sets 
covering wide temperature and wavelength ranges. Temperat.ure derivat.ive of 
refractive index was simply calculated from the first derivative of the equation 
with respect to temperature. The results are in concordance with t.he existing 
dn/dT dat.a. 

Key words: Germanium; optical constants: refractive index: silicon: temperature coefficient 
of refractive index. 

Contents 

Page 

List of Tables ............................ , 562 
I.Jist, of Figures. . . , . . . . , . . . . .. ............ 561 
List of Symbols ..................... , .. , . . 562 
1. Int.roduction .. , ....... , .... , .. ,.,..... 562 
2. Theoretical Background on Refractive Dis-

persion in Orystals. . . . .. .... .... ., .. , 562 
3. Presentation of Numerical Data .......... , 564 

3.1. Silicon ............ , .... , . . . . . . . . . . 565 
3.2. Germanium ............. ,.......... 582 

4. Oonclusions and Recommendations ...... , 599 
5. Acknowledgments .. , ............. , .. ,.. 599 
6. References...... 599 
Appendix ..... ~ . . . . . . . . . . . . . . . . . . . . . . . . . . 602 

Table A-I. Experimental Data on the Re­
fract.ive Index of Silicon (Wavelength 
Dependence). . . . . . . . . . . . . . . . . . . . . . . . . 602 

Table A-2. Experimental Data on the Re­
fractive Index of Silicon (Temperature 
Dependence) . . . . . . . . . . . . . . . . . . . . . . . . . 615 

Table A-S. Experimental Data on the Tem­
perature Derivative of Refract.ive Index of 
Silicon (Wavelength Dependence) . . . . . . . 623 

Table A-4. ExperImental Data on the Tem­
perature Derivative of Refractive Index of 
Silicon (Temperature Dependence) . . . . . . 624 

1'llhle A-5. Experimental Data on the Re­
i'ractiv'l Index of Germanium (Wave-
length (Dependence). . . . . . . . . . . . . . . . . . . 626 

Table A-6. Experimental Data on the Re­
fractive Index of Germanium (Tempera-
ture Dependence). . . . . . . . . . . . . . . . . . . . . 649 

© 1980 by the U.S. SecretarY of Commerce on behalf of the 
United States. This copyright is assigned to the American 
lnst.itute of PhYSics and the American Chemical Society. 

0047-2689/80/030561-98/$07.50 561 

Table A-7. Experimental Data on the Tem­
perature Derivative of .K.efractlve lndex oj 

Page 

Germanium (Wavelength Dependence) . . . 656 
Table A-8. E}':perimentaJ Data on the Tem­

perature Derivative of Refractive Index of 
Germanium (Temperature Dependence). . 658 

List of Figures 

'Page 

1. Available Experimental Refractive Index 
of Silicon (Wavelength Dependence) .. , 569 

2. Available Experimental Refractive Index 
of Silicon (Temperature Dependence).. . . . 570 

3. Selected Experiment.al Refractive lndex of 
Silicon (Wavelength Dependence). . . . . . . . 571 

4. Available Experimental dnjdT of Silicon 
(Wavelength Dependence). " .. , .... ,.. 572 

5. Available Experimemal &njdT of Silicon 
(Temperature Dependence). . . . . . . . . . . . . 573 

6. Variation of Refractive Index of Silicon 
with Temperat.ure a1 Wavelengt.h 3 ""m 
(12] ..... ,............ ........... 574 

7. Temperature Dependence of the Optical 
Energy Ga,p of Silicon [J 5J. . .. ......... 575 

8. Recommended n-'A-T Diagram of Silicon. . 577 
9. Recommended dnjdT-A-T Diagram of Sil-

icon. . . . . . . . . . . .. . ......... ,......... 579 
10. Recommended dn/dA Ourve of Silicon at 

293 K. . . . . . . . . . . . . . . . . . . . . . . . . .. . . . .. 581 
11. Available Experimen tal Refractive Index of 

Germanium (Wavelength Dependence) . . . 586 
12. Available Experimental Refractive Index of 

Germanium (Temperature Dependence) . . 587 

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

Samsung Exhibit 1061, Page 1 of 98



H. H. LI 

1 :3. Selected Experimental Refract.ive Index of 
Germanium (Wavelength Dependence) ... 

14. Available Experimental dnJdT of Germa-
nium (Wavelength Dependence) ........ . 

15. Available Experimental dn/dl' of Germa-
nium (Temperature Dependence) ....... . 

16. Variation of Refractive Index of Germa­
nium with Temperature at Wavelength 
3 ~m [12] ............................ . 

17. Temperature Dependence of the Optical 
Energy Gap of Germanium {l6} ......... . 

18. Recommended n-"A-T Diagram of Germa-
nlum ................................ . 

19. Recommended dn(dT-t..-T Diagram of Ger-
manium .............................. . 

20. Recommended dn(d"A Curve of Germanium 
at 293 K ............................. . 

1. Recommended Values on the Refractive In-
dex of Silicon .......................... . 

2. Recommended Values on the Temperature 
Derivative of Refractive Index of Silicon ... 

3. Calculated ·Values on the Wavelength De­
l·ivil.tive of Refractive Index of Silicon at 
293 K ................................ . 

4. Recommended Values on the Refractive In-
dex of Gpl>manium ................. . 

5. Recommended Values on the Temperature 
Derivative of Refractive Index of Germa.-
nium .......................... - ...... . 

6. Calculated Values on the Wavelength De­
riva.tive of Refractive Index of Germanium 
at 293 K ... _ .... _ ..................... . 

List of Symbols 

Page 

588 

589 

590 

591 

592 

594 

596 

598 

576 

578 

580 

593 

595 

597 

Adjustable constant; lattice const.ant 
Adjustable constants 

T 
17 

Greek 
Symbols 

AdjulSLaule uUlltlL/111L 

Adjustable constant. 
Adjustable constant 
Adjustable constant 
Adjustable constant 
Adjustable constant 
Energy gap 
Lel1gLh aL 293 E 
Refractive index 
Complex refractive index; density of 

harmonic oscillator 
Absolute temperature 
Volume 

Linear thermal expansion coefficient 
Damping factor 
Complex dielectric constant., value of 

dielectric constant, 

J. Phy,. Chern. Ref. Doto, Vol. 9, No.3, 1960 

K 

P, 

Real part of f 

Imaginary part of f 

Static dielectric constant 
High-frequency dielectric constant 
Extinction coefficient; oscillator 

strength 
Wavelength of ligh1, 
Wavelength of the ith absorption band 
Change in a quantity 
Wavenumber 
Resonant frequency; wavenumber of' 

the ith absorption band 

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 ('.ontinues to l'f'.f'.p.ivp. 1l.ttAnt10n 

for both industrial as well as purely scientific applica­
tions, t.he current state of the availab1e data for certain 
widely used mater-ials is less than adequate. While 
experimental results for the refractive ind.ex of pure 
silicon and germa.nium are reported by several groups 
of investigators claiming high internal accuracy and 
agreement, t.he d!tt.ll. ll.<:; n. wholp. 1l.1'p. in disagreement. 

In 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 Sel1meier type dispersion relation is utilized 
to describe the available body of data. The resultant. 
equ9.t.iom; wp.1'p. I1sed to generate the most probable 
values which agree with the selected experimental 
data to within ± 2.0 X 10-3 over the wavelength range 
1.2 to 14.0 .um for silicon and 1.9 to 18.0 !lm for 
germanium. 

2. Theoretical Background on Refractive 
Dispersion in Crystals 

Dispersion relations are of fundamental importance 
to the descript,ion of the optical propert,ies of materials. 
Thev relate both the absorptive and dispersive prop­
erti;s into one relatively concise statement describing 
a o-eneral lineal' relationship between fundament·al 

b •. . 

amplit.udes. The only two maJor restnctlOns are 
boundedness and causality, thus t·hese l'el,HiolJ" ~.re 

useful in many fields and applications in both phYSICS 
and eng-ineering-. 

The ~dispersi~n of radiat.ion in an optical material 
is' intimately reiated to the microscopic structure of 
t,he materi~l itself. In t.he 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 excit.ations of 
individual atoms. Practically, this implies that the 
fundamental transpa.rent spectral range may be deter­
mined by knowledge of the absorpt.ion spectra of a 
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material. The energy necessary for electronic excita­
tionsis generally noted by the location {)f the energy 
gaps whide the molecular excitation is represented by 
the fundamental phonon frequency. Experimentally, 
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 semiconducting materials plays an 
important role in both the eJectrical and opticaJ prop-

.erties, however a detailed analysis· of these effects is 
beyond the scope of this work. A more complete 
analysis of these effects is given by Crawford and 
Slifkin [1] . 

. In general, the absorption and transmission of a 
material is not well known except for a small wave­

·.leligth range. Thus, on .... theotetical grounds, it. is 
convenient to consider dispersion as arising from two 
mttj91'SOUrCes separately; namely, the bound and free 
electrullli. III lion-conducting dielectric n:u;tteriab,. the 
bound electron. 01' molecular, interactions tend to 
predomiIHlte, while free electron interactions are most 
common in metals. In semiconductirig 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 I"/j,thtl!" billWllin covalent semiconducton., like 
Siand Ge,.it increases, however, with increasing polar­
ity.Boththeradio-frequency measurement and infra­
red observation indicate that the effect of free carriers 
on Si and Geare negligibly small. Furthermore, in the 
elemental Siand Ge, the lattice has no permanent 
dipole moment and consequently the lattice absorption 

· issmaJl. . 
For pure dielectrics, the wavelength 01' frequency 

dependence of the optical constants may be described 
hy. t.llP. ~1R;:;Rical 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 mat.erials leads to the two familiar 

· relations, 

(1) 

and 

(2) 

where n is the refractive index, K the absorption inel ex, 
N:1 the parameter associated with the os cill a tor 
!jtrength of the ~:-th oscillator, ll~ the resonant frequency 
of the i-th oscillator mid 'Yl the damping constant of the 

,i-th oscillator. In t.he transparent wa~e]ength region, 
· eq(l) can be reduced to a Sel1m~ier type equation by 
neglecting the line width of t.he oscillators, thus 
reducing t.o: 

(3) 

Terms in the first s~ation are contributions from 
the ultraviolet absorption bands and . those· in the 
second from the infrared absorption bands. From eq 
(3), the dielectric constants, E", and E.O, of the material 
under consideration are defined as: 

and (4) 

As noted before, the effects of free carries and lattice 
absorption are found to be negligibly small in elementai 
Si and Ge, thus t,he contributions from infrared absorp..; 
tion bands cnn be dropped and eqs (3) and (4) are 
simplified t,o; 

(5) 

and 
(6) 

In an ideal applicntion of eq (5), one would need to· 
know the wa ve1engths of all of the absorption peakS in 
the short wfl'Velcll!!th rcgkln. This is very difficult in ... 
practice because of the large number of absorption 
peaks. In fllCt., only 1\ few absorption peaks are nc':' 
cessible for experimental observation.· It is also 
observed that nmong the nbsorption peakS, only the 
one that is located closest to the transparent region has 
noticeable eHecL OIl the refractive index in the trans~ 
parent region. In order to simplify t.he calculations 
of the effect due to unobserved absorption bands and 
those other thfln the one affecting most the refractive 
index ill t.lw tmrll5parent region, .the following con­
siderations were i,aken. Each term, except the pre­
dominuting one, in the summation of eq (5) is' 
expnnded Il.!:l: 

(7) 

Since A/s are usually considerably smaller than A'S in . 
the t,rllUSpal'ent region, a good approximation of eq 
(5) is 

n
2=1+ ~ a1 (1+ ~~)+/~~12 (8) 

or 

(9) 

with a, and Al associated with the term that has the 
greatest effect on the refractive index In the· trans-' 
parent region. Therefore, we have the simplified dis~ 
persion equation as: 

(l0) 
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whcrl' A and Bare n,djust.nble parameters, 1.1=1.1071 
11m for Si find A]=1.8703 11m for Ge [2]. Equation (10) 
can be generalized to inc1ude temperature as an in­
pendent variable. In this case, the parameters t, A, B, 
and Al are functions of temperature. 

At long wavelengths, the dielectric constant, E, is 
equal to the square of refractive index, i.e., E(T)=n2(T) 
at long wavelength. Therefore, 

_1_ dE(T) =2 1 
dT) dT n 

(11) 

Cardona, raul, and Brooks [3] found the long­
wavelength (l/n) (dn/dT) to be (3.9±0.4)X10-5K-I 
for Si and (6.9::::0A) X 1O-5K-I for Ge, between 77 and 
400 K. Higher values of (l/n)(dn/T) were observed 
by other workers: (4.8±0.2)X 1O-5K-I for silicon [4] 
and 9.7XlO-5K-I for germanium [5]. However, these 
constant values of (1/n) (dn/ d T) only hold at high 
temperatures. Devj!L~joB ffUilllilltl!Lri~y u,t, low temper­
atures requires that a non-linear relation between 
E and T be established. The values of the dielectric 
constant which appea,r in the literature are inaccurate. 
In the survey work of Young and Frederikse (6), the 
value for Si varies from 1].7 to ] 2.1 and that of Ge 
from 13.6 to 16.6. As a consequence, the report,ed 
values of E are not suitable for eq (10) and E(T) caB 

only be obtained by fitting selected room-temperature 
refractive index data to eq (10). The temperature de­
pendence of Al was investigated by Macfarlane et at 
(7, 8], their results are dA;/dT=O.000267 /Jm K-I for 
Si and 0.001016 11m K-I for Ge at temperatures higher 
than 200 K. Non-linearity predominates at low 
temperatures. 

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

!VI 
A= 2: a;A/ and B=aj (12) 

i=2 

and the a's are respectively proportional to the density 
of the corresponding oscillator, the temperature de­
pendence of ai is given by the relation 

(13) 

where 17 and a are respectively the volume and the 
thermal expansion coefficient of the material. Hence 

-alT 

"dT (14) 
aj=ajOe 293 =a(Oe- 36L (r)/L213, 

with aO! being the value of aj at 293 K. Furthermore, 
each of the }./,s in the summa,tion can be considered 
as a quadratic function of temperature because it is an 
experimentally observed fact that Ai is approximately 
a linear function of T (9] in the temperature region of 
interest. Therefore 

J. rhr •. Chern. R.,r. Dogh." V..,I. ~I Ny. 3, 1900 

and 
B=Boe-36L (T)/Lm, (16) 

where A o, AI, A 2, and Bo are adjustable ~)e:ffiCients. 
Incorporating these considerations into eq (10), the 
latter can be written in the general form as, 

(17) 

In the actual cases, however, one finds \J.egligiblY 
small values for Bo's through data fitting p ocedures. 
As a result, the following dispersion equation i : adopted 
to calculate the refractive index of 8i and G : 

, 

(18) 

With E and the parameters A o, A J , and A2 appr\'PriatelY 
determined, dn/dT and dn/d}. can be easily c lculated 
taking the first derivatives of eq (18) with respect 
to T and A. ' 

3. Presentation of Numerical Dat~ 

Reference data are generated here through \~ritica] 
evaluation, analysis, and synthesis of the a~ailable 
experimental data. The procedure involves \lritical 
evaluation of the validity and accuracy of the a~ilable 
data and information, resolution, and reconc'iation 
of disagreements in cases of conflicting data, corre­
lat.ion of data in terms of various controlling p rame­
ters, curve fitting with theoretical or empirical equa­
tions, and comparisons of experimental ValUej with 
predictions. No attempt was made to analyze th thin­
film data and the regions of strong absorption, bJ:lause 
of the scantiness of reliable information. Hojever, 
experimental data of thin films and absorption ret5ions 
are also presented along with (,hOlStl of (,he ('rams!-,\lXent 
region in the tables reporting e~:perimental data. 

A number of figures and tables summarize the i\lfor­
mation and give data as a function of wll,velengt~ and 
temperature. The conventions used in this pres~3.ta­
tion, and specific comments concerning the inte~?re­
tation and use of the data aTe given below. The 1 ub­
sections for Si and Ge give all the information and (1 ata 
for a given material and cover the following: 1 

a. A. text discussing the data, analysis, and rec
l 

m­
me.nt,9.tlOnl'l, 

b. A figure of experimental n values (for wavelen~'th 
and temperature, respectively), 

c. A figure of experimental dn/dT=f(}.), 
d. A figure of experimental dnjdT=j(T), , 
e. A table of experimental data on n=f(A), given I\in 

AWmfu, . 
f. A table of experiment.al data on n=f(T), givm 

'A d' \ m ppen IX, \ 

g. A table of experimental data on dn/dT=f(~) 
given in Appendix, : 

h. A table of experimental data on dn/dT=.f('J11 
given in Appendix, \ 
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i. Figures of recommended or provisional values of 
n, dn/dT, and dn/dA, 

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

In figures containing experimental data, selected 
data sets aTe labeled by appropriate legends corre­
sponding to t.hose in t.he corresponding t.ables of experi­
ment.al data given in Appendix, where specifications 
for individua.l data sets aTe also included. 

There are a number of experimental methods used 
for the determinat.ion of refractive index, among which 
the following a.re those commonly used: 

DeviatIOn method (prism method) 
Interference method 
Trll..nsmission 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 
refract.ive indices, but the accuracy of the results 
depends on t.he conditions of the prism specimen. 
The highest accuracy that can be attained is in the 
fifth decima.1 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 a comprehensive, 
yet concise, review of all these methods, thf'. TAROf'.T ;" 
referred to references [10] and [11]. 

Dispersion equations for Si and Ge have been 
proposed in earlier works. Available relations a·re dis­
cussed in the text so as to facilitate comparison. 
Refractive indices for most. of selected data sets are 
report.ed to the fourth decimal place. However, de­
ta.iled compositions and cha.racteriza.tions of the 
specimens were usually not clearly given. Since im­
purit.ies in the sample a.nd conditions of t.he surface 
are decisive fact.ors affect.ing the a.ccuracy 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 da.ta with the reported hlgh accUlacy, but to g~ll~l'­
ate t.he most probable values for the pure crystals. 
As a result, the estimat.ed uncertainties for the recom­
mended values on the refractive index are higher t.han 
those for the reported data obtained even by high­
precision measurements. The accuracy of the recom­
mended refractive index values in t.his work is 
estimated to be 1 to 2 X 10-3

• 

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-I 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], Sa.1zberg and Villa 
[13], Cardona et a1. [3], Lukes [4, 14], Primak [15], and 
Icenogle et a1. [5] are representative for the rflfrfl.l".t.ivA 
index of silicon in the transparent region between 1.3 
and 12 ILm. . 

Briggs [121 probably was the first one who reported 
the measured refractive index of silicon. A 1:I\:1.~% 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 11m. He stated that 
the accuracy of his measurements was good to the 
second decimal place. 

Since this first measurement, a number of other 
investigat,ions have been made. RefractIve index det.er­
mination from 1.35 to 11.04 11m was made by Salzberg 
and Villa [13] for a wedge specimen of about 160 apex 
ll..nglfl. ThA sflmplA, of nnknown purity, WQS obtained 
from the Texas Instrument Company. The autocol1i­
mat.ion minimum deviation method was used to deter­
mine the refractive index. Their result.s were lower 
than those of Briggs by about 5 parts in tbe third 
decimal place. They claimed an accuracy of ±2 parts 
in t.he fourt.h decimal place. 

Cardona et al. [14] measured t.he refractive index of 
II thin silicon wedge of 5° in the wavelength range 
from 1 to 5 ILm and at temperatures 100, 194, and 
297 K. Theil' results were :lbout 4 parts in the third 
decimal place lower than the corresponding ones of 
Briggs. 

Lukes i4, 14] measured the refract.ive index at five 
wavelengths, 1.259, 1.407, 1.564, 2.409, and 5.156 I'm, 
over a wide temperature region bet.ween 109 and 750 l{ 
by the convent.ional method of minimum deviat.ion. 
The silicon wedge of ,....., 18° angle was prepared from 
fl p-type single cryst.al wit.h a resist.ivity of ,....., 380 
ohm-cm. The report.ed eITor was ± "-"'0.0004, but his 
values of refract.ive index were systematically lower 
t.han t.hose of Salzberg and Villa by 0.0015. 

Primak [15] went to great lengt.hs in the det.ermina­
tion of the refractive index of silicon from 1.12 to 2.16 
)..Lm. His results corresponded closely to those report.ed 
by Lukes. As he t.ook into account. all of t.he influencing 
fact.ors in arriving at the final values, he believed that 
his va.]ues were reliable wit.hin an uncert.ainty of 1 or 
2 pa.rts in the third decimal pJa.ce. 

Icenogle et a1. [15] made a thorough investigation on 
the refract.ive index for silicon over the temperature 
and wavelength ranges of 99-296 K and 2.554-10.27 
ILm, respect.ively. The samples ,vere obtained from the 
Exotic Materials, Inc. and were charact.erized as 
"good optical grade" without further details of purity 
of the material. The results are in fair agreement with 
other dat.a sets. The claimed errors were ± 3 X 10-4

• 

J. Phy •. Chom. Rol. o .. t .. , Vel. 9. N". 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 tha.t the disagreement, nmong the values 
reported by different researchers is greater than the 
accuracy claimed by them. Although internal consist­
ency was observed in each investigtttibn, unaccounted 
sources of errors are responsible for these discrepancies. 

Primak [151 devoted considerable space to the dis­
cussion of both systematic and random ern)rs 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 checlring the pyramidal error. 
If 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 a larger deviation angle which would 'lead 
to a larger value of refractive inde);. 

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 in angle measurement 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 spect.ral 
line, thus decreasing the accuracy in reading the 
angles. Significant errors are, therefore, inevitably 
introduced. 

iv. Optical inhomogeneity of the sample. Optica.l 
inhomogeneity of the material causes image distortion 
ItllU ~Lu,,; LIJt:l tUTO]' iu ~he lhllgh: :;ettiug. 

Among the above sources, t.he smaDness of the wedge 
angle is the major factor that contributes to t.he error. 
A combination of these contributions limits the a.c­
cura.cy of the measurement of the rehactive jndex by 
the minimum deviation method to 1 or 2 units in t.he 
third decimal place, a few t,imes 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 questionable origin and undefined purity 
may yield radically different results. Villa !Hi) re­
ported his grossly divergent values (shown in figure 3) 
to show that samp)e differences can be very slgnlncant. 
In figure lone can see Simon's [1711'adically different 
results obtained for a silicon sample of high impurity 
content. The data of Spitzer et a.l. [18], obtained on 
heavily doped silicon, are significantly divergent from 
~ho::;e of jJUHj !:;/l,ll1jJl~~. Thus, when the effects (If im­
purjtjes are taken into consideration, discrepancies 
from pure samples may be much larger t.han 2 parts 
in the third decimal 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. III the pre5ent work it is a:55umed that 
data sets that are discordant only in the third decimal 

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

. place are in reasonabJe agreement. This assumption 
can be supported by a careiul comparison of the ob­
servations by Icenogle et a1. (51 in which the va1ues of 
the refractive index at a given wave]engtb and tem­
perature, obtained from wavelength-dependence ob­
,ervation and from temperature-dependence observa­
jon, can be difterent in many cases by more than 
I, part in the third decimal, few times higher than the 
11aimed precision of ±3Xlfr\ 

More data can be found in references [19-30] and 
He given in tables A-I and A-2, in which one can find 
also data sets obtalned on tbin films. No attempt was 
made t.o analyze the t.hin film data.. However, it has 
b ~en observed that the refractive indices of pure silicon 
tl.in films tend to agree ¥rith those of bulk crystal if 
tl e films are deposited on substrates maintained at 
el'lvated temperatures during deposition or appro­
priately annealed after deposition. Surface contamina­
tic n appears to be the most serious problem. However, 
da ~a for thin films reported by those who exercise ap­
pn 'priate precautions in the sample preparation are 
uSI.ally in agreement with those of bulk material. 

l,iterature data on the temperature coefficient of the 
refl active index is rather scarce. Data reported in 
tab.88 A-3 and A-4 and plotted in figures 4 and 5 are 
tho::e of Lukes [4, 14J. His values were evaluated from 
his :neasurements given in table A-2 aud in figure 2. 

A though a significant body of data on the refractive 
inde\. 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 [31J proposed a dispersion equation for silicon 
WhlCl L was derived in conjunction with 13 other 
mate·ials. They not.ed that it comparison of t.he data 
from 14 :roaterials indicated that aB had refractive 
index values varying asymptotically with ),.2. Further­
more, the mean asynrptote was found to be at 1.0= 
0.168 urn. The dispersion relation was based upon Ii 

'raylo: expansion in ,,~ which retains only the linear 
term::;. Tht! eqUtttioll is 

iY\)c:re " ie in un':.w oS ).Lm, L=11\~2-~u2), ~nd thlO 
coeffici('nts for silicon in the region 1.3 to 11.0 !lm are 

A = '0.41 u~6, D= -{HJOO()'2()~, 
. B=0.138497. E= 0.000000148. 
c= O.U1;-$~:l4: 

The det3rminution of the coefficients in this equa.tion 
was ba:s.ld on a single data set by Salzberg and Villa 
113) ~nd the fit is exoellent. 

In the present work, eq (10) is used to represent the 
refractivd index for silicon. The main task was the 
selection of the appropriate parameters E and }..i, and 
the deter.nination of the coefficients A and B. But the 
most imp )rtant of all was the selection of reliable data 
sets used tS input information to eq (10). The selected 
dntn were limited to the worke of Salzberg 9.nd VillI<, 
Primak, a ld Icenogle at a1. Data from Cardona et a1. 
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and Lukes were not used on the basis that their 
valuet; had tu be read off from the graphs in their 
reports. Deviations between the graph readings and 
the true 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 :;eLt; f!"Om Primak, SalzbeTa Ilnd 
Villa, and Icenogle et a1. constitute the bnsis ;f ou)" 
recommendations. Their results are in a,areement in 
the third decimal as expected. Fortunatel;, Icenogle's 
work covered a sizable temperature range, t.hus per­
mitting the prediction of the refraction index at 
temperatures other than room temperature. 

Selection of f and A1 in eq (10) was rather difficult. 
Figure 6 shows the results of Cardona, et a1. [3] who 
observed the relative changes of refractive index, 
Anln. at a wavelength of 3 .urn as tempp.T'll.t.nl'P. vnript\ 
between 77 to 400 K. The average slope, (lIn) (dnldT) , 
of this curve is (3;9±0.4)X 10-sK-l. Lukes [4,14] ob­
tained a higher value of 4.8±0.2XIO-5K-l for 
(lin) (dnjdT) by ex('rapulating his results to longer 
wavelengths. It appeared that at long wavelengt:hs, 
f in eq (10) could be determined from the relnt.ion 
(ljf) (dEjdT) = (2jn) (dnjdT) using one of the above 
mentioned (ljn) (dnjdT) values. The result should be 
an exponential relation of the form f=EoeCT• However, 
es the constancy of (lIn) (dn/dT) does not hold for the 
'tvide termperl1ture range of our interest, all tllllpirical 
relation between E and T had to be found based on Oil' 
experimental data on n. 

I t. is shown in figure 2 that curves of temperature 
dependence of refractive index at. various wavelengt,hs 
are essentially parallel to each other and that. eacll of 
them smoothly and monotonically increases wit.h 
temperature. This provides the possibilit.y to find 
relations between t and T. Since E is nearly equal 1,0 71.2 

at long wavelengths, the best choice in the present cnse 

seemed to be the refractive indices at 10.27 J.Lm bv 
Icenogle et al. [5]. As the available data of neT) at 10.2i 
j.Lm cover only the limited temperature ranO'e from 

. 0 

100 to 298 K, a WIder temperat.ure range coverage is 
needed to establish the relation between t and T elm!, 

is valid over the temperature range 100-750 K. As 
shown in figure 2, the 5.156 j.Lm curve by Lukes [14] is 
slightly above, but. parallel to, the extension ma(le 
from the 10.17 101m curve. The required 10.27 p'm dnj,n 
in the high temperature region can be estimated by an 
appropriate extrapolation of Icenogle'S data within 
that region. III (,hit; way, the following polynomial 
expression is found to be valid at 10.27 /.1m ond aver 
100-750 K temperature range, 

n2(10.27 p'm, T) =11.4552+2.7765 X 10-4T+ L 7066 
X 1O-6T2- 8.1423 X lO-IOT3. (20) 

Since at' long wavelengths the dielectric constant 
closely approaches 71.2, it is acceptable to consider the 

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

(21) 

where E is the proportional constant. 
The spectral positions of resonant absorption peaks 

have been observed by a number of investigators. Moss 
132) made an attempt to cakulaLe the refractive indices 
in the transparent region from the absorption data 
based on the general principle of oscillatory' syst,em. 
~he spect!al position of the natural frequency in hii'l 
i'llDgle OSCIllator model was determined at 3.4 eV or 
1-=0.365 p.m. McLean [2] investigated the absorption 
edge spectrum of silicon and found the optical energy 
gap a,t 300 K to be E g=l.12 eV or AI=1.1071 /-1m. 
Macfarlane et al. [7J further studied the absorption 
edge spectrum and found that the temperature varia­
t,ion of the optical energy gap is essentially' linear in 
the temperature region 250-480 K, but nonlinearity 
progressively predominates at lower temperat,ures, as 
seen from figure 7. Lukes and Schmidt [91 studied the 
I'I?fledivity spectrum of oi11con aDd found two adJi­
tiona! absorption peaks at about 0.36 and 0.27 /Lm. 
The first one is in line with the Moss' [32J result, while 
the second corresponds to the prediction of Y u and 
CnrdODn, [33]. A summary of these findings results in 
t.hrcc absorption peaks; namely: AI=1.1071 JLm, 
1-2=O.~65. JLm, and A8=0.27 JLm, that supposedly 
llilvc slgmficl'l.nt. ",fl'l'ets OD the refractive iDdex iD the 
tr:mspnrent region from 1.2 to ]4 /-1m. 

An attempt was made to fit the selected data to an 
eq1l:1.1,ioD similar to eq (10) by including extra t.erms 
due {,o 1-2 lInd A3' It was found, however, that the in­
t.roduct.ion of the A2 aand A3 terms did not improve the 
1ll!l'eement obtained when only the AI term was in­
clllded. Furthermore, the coefficients of the A2 and As 
terms eould not be uniquely defined because t,here 
were no reliable data in the regions bounded by Ilnd 
!lenr t.he thrflp. pp.A.k wllvelengths. Also, the valuc of B 
\Vas found to be negligibly sma!l, thus making the 
(;ontTibution of the last term in eq (10) insignificant. 
As :l consequence, eq (18) was adopted and -the len.st, 
"qua.res fitting of selected data to this equation yielded 
t.he following expression for the refractive index of 
silicon in the ranges 1.2 to]4 jJ.n1 ano 100-750 K. 

where 

f (T) J 1.4445+2.7739X J()-' T+ 1.7050 

L (1') =e-3AL (T)/Lm, 

A=wavelengt,h ill unite; or Mm, 
T= tempera(,ure in uni!'s of K, 

Ao=0.8948, 
A 1=4.3977XlO-4, 
A2= 7.3835 Xl 0-8, 

J. Phys. Chern. Ref. Data, Val. 9, No.3. 1980 
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568 H. H. LI 

and from reference [341 

I1L(1') = -0.021-4.149XlO-7 T-4.620 
L293 

XlO-1o T 2 +1.482X10 11 T" (20-293 K), 

I1L
L

(1') =-0.071 + 1.887XlO-6 T+1.934 
293 

XlO- 9 T2-4.544XlO- 13 1'3 (293-1600 K). 

It should be pointed out that the room-tempern.ture 
dielectric constant for silicon can be calculated from 
the expression for E in eq (22). The result is 11.66 
which agrees well with the commonly accepted value 
of 11.7. 

Equation (22) waB used to calculate the reeom­
mended values of the refractive index of silicon with 
uncertainties of ± 2 X 10-3• The recommended values 
are given in table 1 and plotted in figure S. To provide 
visual comparison of calculated values with the experi­
mental data, calculated values at a few specified tem­
peratures and wavelengths are plot.t.ed in figures 2 and 
3 where excelJent. agreement is revealed. Tables:::! and 
3, respectively, give the calculated dn/dT and dnjd" 
values based on the first derivatives of eq (22) with 
resp ... et. t.o T fl.n(l A. 'rh", l1orrp.s;ponding plot.s a.re shown 
in figures 9 and 10. 

Uncertainties in the calculated dnJdT are estimat.ed 
based on Icenog'le's [5J results which were the essential 
data on which eq (22) is based. Icenogle et ai. eval­
uated I1nll1T values using their own measurements of 
n and found the average accuracy in I1nl!;,J' to be 
!l.bout ±O.15XIO-4 l{-l. Error bars corre<;;pondinl! to 
this amount He drawn on the cnlcuhted curves in 
figures 4 and 5 where calculations are compared wit.h 
the experimental data. Although accuracies of experi-

J. Phy ... Chof'n. R.f. Doto, Vol. 0, NQ, 3, \080 

mental dn/dT are not giV~n in Lukes' work [4, 14], it. 
is reasonable to adopt the arne experimental eITor bar 
since the n versus T cur res in figure 2 are closely 
paranel. 

UncertaintIes of' the cal~llated dn/d"A are estimated 
in the following manner. T king the first derivative of 
eq (22) wit.h respect to iI., W l have 

- dn/dil.= (lln)A (T)\ "A3= (l/nil.) (n2- f), (23) 

which leads to 

o(dn!dA)~~:2fm/A. (24) 

Based on the fact that the sJ~ctral dependence of t.he 
refractive index from various\ investigators are essen­
tially parallel, it should be ~mnissible to apply the 
uncert.ainties, on= ±3XlO-4,~quoted in Icenogle's 
work to evaluate o(,dTl/dA) usin ~ the above relation for 
the wavelength region betwee 1 2.55 and 14 /lm. For 
wuvelengths <2.55 )lm, the un ~rtainty on= ±2X 10-3 

of eq (22) should be used. und r these conditions, un­
certainties of dnjdA are about ±\lOX 10-; !.Im-1 at 2 !.1m , 
:i: 2.4 X 10-; ,u.m- 1 at 2.55 14m, ±O.6XlO-4 Mm- J at. 
10/lm, and ±0.44Xl0-4 /lm-1 at'14 /lm. 

It should be noted thu,t calCUl~Jed values in tables 1, 
2, and 3 are given with more igits thBD WArr,mtp.c1 
merely for the purpose of tabular ;moot.hness. As these 
values are calculated from an e luation, it is highly 
desirable t.o give enough digits t~ show the variation 
01' the variables in 1,he equation ~nd to provide com­
parison among ,neighboring entrie,. These extra digits 
which are insignifican1, and not. i~.dicative of the ac­
ClJrflCY of t.hp. ~alues are indica1,ed,with an OV, erstrike. 
Appropriate uncert.aint.ies in t.he r commended values 
discussed in the t.ext are quoted ,:1 the footnot.es of 
the tables. 
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3.4658 
3.463§ 
3.4815 
3.4595 
3.4548 
3.450:6, 
1.44/=;7 
3.441;:; 
3.4400 
3.4371 
:3. 43eQ. 
3.4277 
3.4240' 
3.4188 
3.4116 
3.4078 
3.4048 
3.3981 
3.3950 
3.3933 
3.3923 
3,3916 
3.381~ 
3. 39 Oil, 
3.3906,. 
3.380~ 
3.3803 
3.3902 

TABLE 1. RECOMMENDED UALUES Ol'! THE RfFRACTIUE INDEX OF SILICON * 

150 200 

3.4915 3.499~ 
3.4884 3.4983 
3.485,1 3.493i 
3.4828 3.4904 
3.4799 3.487"5 
3.477~ 3.48S!l 
8.4<'40 ::).40E::::i 
3.4725 3.4801 
3.4702 3.4778 
3.4681 3.4758 
3.4660 3.4735 
3.4612 3.4685 
3.45G8 3.4641 
1.4t:;;>q 1._ 41=:((1 
2.-~..;:;;~-- 3.456.1 
3.4461 3.453,1 
3.4431 3.4501 
3.437'2 3.444f 
3.4334 3.4402 
3.4297 3.4363 
3.4223 3.428§. 
3.4170 3.4234 
3.4131 3.4194 
3.4101 3.4163 
3.4032 3.4093 
3.4000 3.4060 
3.3983 3.4043 
3.3g7~ 3.4032 
3.3866 3.4025 
3.3881 3.402!l 
3.39Sa 3.4011 
3.3955. 3.4015. 
3.3951 3.401~ 
3.3852 3.4011 
3.3951 3.4010 

TEMPERATURE. K 

250 293 350 400 450 500 550 600 650 700 750 

3.5084 3.5167 3.5284 3.5393 3.5508 3.582'1 3.5749 3.5873 3.5999 3.6126 3.6252 
3.5051 3.5133 3.5250 3.5358 3.5473 3.5591 3.5712 3.5836 3.5961 3.6087 3.6213 
3.502.9 3.5102 3.5218 3.5328 3.5438 3.5557 3.5678 3.5801 3.5925 3.6051 3.617§ 
3.4991 3.5072 3.5187 3.5295 3.5407 3.5524 3.5844 3.5787 3.5891 3.6016 3.6140 
3.4963 3.5043 3.5158 3.5265 3.5377 3.5493 3.5613 3.5735 3.5858 3.5982 3.6108 
3.493~ 3.501li 3.513Q 3.523~ 3.5348 3.5463 3.5582 3.570! 3.582r 3.595~ 3.6074 
::J.401Q. 8.400Q. O.::i10;;1. 3.saoo 3.:;:;3CO ::1.:;:;4::15" :).:;:;:;:;::;4' O. :::;674 3.:::;707 8.:::;oeo 3.6045' 
3.4885 3.49G~ 3.5077 3.5183 3.5293 3.5408 3.5528 3.5846 3.5768 3.5891 3.6013 
3.488~ 3.4941 3.50S~ 3.5158 3.52sg 3.538g 3.550Q 3.561~ 3.~ 

5::~r~ 5:j~~i ~:~g~~ ~:§lN ~:~~~~ t~~~ ~i:~~9-r:56§§ ~:~gf~ ~:§~~f 
3.4788 3.4845 3.4955 3....5J)5~L-e-;~~3.5278 3.5394 3.5511 3.5831 3.5751 3.5871 
3.4722 _~ .• 47.cl~-~~.501Q 3.511Z 3.522§: 3.534~ 3.546,Q. 3.55?§. 3.5691 3.58I§: 

j:~~~~ ~:~~i~ ~::~~~ j:~~~~ j:~2~i ~:~l:i ~:~~cii ~:~~~] ~:~~~r ~:~~~i ~:~~~I 
3.481Q 3.4884 3.4791 3.4890 3.4995 3.5104 3.5218 3.5331 3.5447 3.5564 3.5680 
3.4578 3.4853 3.4758 3.4857 3.4961 3.5070' 3.5181 3.5295 3.5411 3.5527 3.5843 
3.4~e4 3.450E 3.4701 3.470a 3.400g 3.501Q 3.~leQ 3.5e3~ 3.534E 3.54Sg 3.5:::;7r 
3.4478 3.4550 3.4653 3.4750 3.4852 3.4958 3.5068 3.5180 3.5293 3.5407 3.5521 
3.4438 3.4510' 3.4812 3.4708 3.4808 3.4915 3.5023 3.5135 3.524'7 3.5380' 3.5473 
3.4362 3.4431 3.4532 3.4625 3.4726 3.4830' 3.4937 3.5046 3.5157 3.5269 3.5380' 
3.4306 3.4375 3.4474 3.4568 3.4666 3.4788 3.4875 3.4983 3.5093 3.5203 3.5313 
3.4288 3.4334 3.4432 3.4524 3.4822 3.4724 3.4829 3.4938 3.5045 3.5154 3.5264 
33'.44213643= 3.430g 3.439~ 3.4491 3.458§ 3.4G8§: 3.479~ 3.490Q 3.500~ 3.5H?: 3.522§ 

3.4229 3.4325 3.4415 3.4510 3.4610 3.4713 3.4818 3.4925 3.5032 3.5139 
3.4129 3.4195 3.4290 3.4380 3.4474 3.4573 3.4675 3.4780 3.4888 3.4992 3.5099 
3.4111 3.4177 3.4271 3.4360 3.4455 3.4553 3.4655 3.4759 3.4865 3.4971 3.5077 
3.4100 3.4185 3.4260 3.4349 3.4443 3.4541 3.4643 3.4747 3.4852 3.4958 3.5063 
3.4083 3.4158 3.4252 3.4341 3.4435 3.4533 3.4635 3.4739 3.4844 3.4950 3.5055 
3.4088 3.4153 3.4247 3.4338 3.4430' 3.4528 3.4628 3.4733 3.4838 3.4944 3.5049 
3.408~ 3.41SQ: 3.4241 3.433~ 3.442§ 3.452:1' 3.462~ 3.472~ 3.483,1 3.494Q 3.504§. 
3.408~ 3.414l 3.424L 3.433n 3.4423 3.4521 3.4623 3.472a 3.483L 3.4932 3.5042 
3.4080 3.414:2 3.423;! 3.432!;l, 3.4421 3.451.§! 3.462Q 3.4721 3.482~ 3.4931 3.503,i! 
3.4079 3.4141, 3.423? 3.432g 3.442Q 3.451!;! 3.481§ 3.472g 3.482l 3.4935 3.503r 
3.4078 3.4142 3.4236 3.4325 3.4418 3.4516 3.4617 3.4721 3.4828 3.4931 3.5038 

*THE ESTIMATED UNCERTAINTV IN THE RECOMMENDED U~LUES IS ±2XIQ~. RECOMMENDED VALUES ARE GIUEN TO MORE DIGITS THAN ~ARR~NTED 
MERELY FOR THE PURPOSE OF TABULAR SMOOTHNESS. THE INSIGNIFICANT DIGITS OF THE UALUES ARE INDICATED :BY OVERSTRIKES. 
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TABLE 2. RECt;1MMENDED VALUES ON THE TEMPERATURE DERJUATIVE OF REFRACTIUE INDEX OF SILICON* 

A, urn 
100 150 200 -------

1.20 
1.22 
1.24 
1.28 
1.28 
1.30 
1.32 
1.34 
1.36 
l..38 

.1..45 
1.50 
1.55 
J .• 60 
1. 55 
1. 70 
L80 
1.80 
2.00 
2.25 
2.50 
2.75 
3.00 
"1.00 
5.00 
8.00 
7.00 
8.00 
9.00 

10.00 
11.00 
12.00 
13.00 
14.00 

1.305 1.509 1.693 
1.292 1. 485 1. 679 
1.279 1.482 l.S66 
1.266 1.470 1.654 
1. 254 1.458 1. 642 
1.243 1.447 1.631 
1.232 1.435 1.620 
1.c~ 1.'·,25 1.6!] 
1.212 1.4is 1.600 
1.203 .. LLdD7 .. -!.:;~ 
.i: li:i4 1. 398 1. 5B2 

i: i2 i:~~ i :§~ 
1.1~ 1.340 1.525 
.L .120 1.325 1. 508 
1.106 1.315 1.495 
1. 093 1. 297 1. 482 
L 070 1. 274 1. 459 
1. 050 1. 255 1. 440 
L 033 1.238 L 423 
1. 061 1. 205 1.391 

.977 l.J~ 1.388 

.960 1.165 1.350 

.947 1.151 1.337 

. giG' 1. 121 1. 30"7 

.902 1.107 1.293 
• B94 1. 089 1. 285 
.888 1. 084 1. 280 
.88G 1. oST 1. 277 
.884 1. 089 1. 275 
.S@. 1.0@ 1.274 
.ags 1.087 1.273 
.881 L o~ 1.272 
.8@. 1.0~ L2U 
.880 1.085 1.271 

250 

1.857 
1.844 
1.83i 
1.ars 
1.807 
1.798 
1.785 
1.rf5 
1. 765 . 
.L.7~ 
1. 747 
1. 72'S 
1.708 
l.sST 
.L.675 
1.661 
1.648 
1..G25 
1.6[§ 
1.589 
1.557 
1.5~ 
1.517 
1.504 
1..-1'7-1 
1.460 
1.452 
1.448 
1.445 
1.442 
1.441 
1.440 
1.439 
1.4~ 
1.438 

TEMPERATURE. K 

293 350 400 450 500 550 sao 650 700 750 

1.983 2.132 2.21.4 2.3~ 2.411 2.468 2.5Q§ 2.530 2.535 2.5~ 
1.970 a.lrs 2.230 2.323 2.388 2.455 2.494 2.5iS 2.521 2.509 
1.857 2.107 ?.2i8 2.310 2.385 2.442 2.481 2.503 2.508 2.496 
1..945 2.094 2.205 2.298 2.373 2.430 2.469 2.491 2.4.§§ 2.484 
1.834 2.0~ 2.184 2.287 2.381 a.4I§ 2.457 2.479 2.484 2.472 
1.8© 2.0r? 2.183 2.2f§ 2.350 2.407 2.446 2.468 2.,A~"~ 
1.812 2.061 2.172 2.265 2.340 2~~[fL ... .?<1?S·-· .::~'.:;:g(-.' 2.4§g 2.4§ 
1.::19] ~~.~~bl§2- .;:>·-;:>~--;:.:;3u'- -2~3§§. 2.<l@ 2.447 2.4~ c.4~ 
Lj:lt,l~-- .... v"tc:: ~.153 2.245 2.320 2.377 2.416 2.437 2.442 2.429 
1.883 2.032 2.143 2.238 2.3Ii 2.367 2.406 2.428 2.432 2.4[8 
1.874 2.023 2.134 2~227 2.302 2.358 2.397 2.419 2.423 2.4iO 
1.854 2.003 2.1i4 2.206 2.281 2.3372.378 2.398 2.402 2.389 
1.835 1.884 2.095 2.188 2.262 2.3[8 2.357 2.379 2.383 2.370 
L8i] L9§l 2.0:!] 2.171 2.245 2.302 2.340 2.361 2.365 2.352 
1.803 1.S52 2.063 2.155 2.230 2.265 2.325 2.346 2.350 2.336 
1.789 1.938 2.049 2.141 2.215 2.272 a.3iO 2.3:'31 2.335 2.322 
lo7is 1.S25 2.036 2.128 2.203 2.259 2.297 2.31B 2.322 2.308 
1.753 1.902 2.013 2.1OG 2.180 2.231,; 2.274 2.295 a.29§' 2.285 
1. 734 1.8~ 1.8~ 2. o~ 2.1~ 2.2U 2.255 2.278 2.279 2.265 
1.717 1.866 1.977 2.070 2.144 2.260 2.238 2.259 2.262 2.248 
1.6~ 1.8~ 1.9~ 2.038 2.112 2.168 2.206 2.2~ 2.229 2.215 
L8f2g 1.8)j 1.91;5 2.015 2.089 2.145 2.183 2.203 2.206 2.191 
1.61§ 1.7~ 1.9Q2 1.898 2.072 2.127 2.165 2.185 2.188 2.173 
1.632 1.781 1.882 1.985 2.058 2.114 2.152 2.172 2.1~ 2.1@. 
1.G02 1.iS! 1.8G2 1.954 2.028 2.08-1 2.1212 2.1422.1"142.129 
.1.5§§ L7:E, 1.8~ 1.940 2.014 2.070 2.108 2.127 2.130 2.114 
1.581 1.730 1.841 1..833 2.007 2.062 2.100 2.120 2.122 2.107 
1.576 1.725 1.836 1.928 2.002 2.058 2.095 2.115 2.117 2.102 
1.5-Q 1. 7~ 1.B~ 1.825 1.989 2.055 2.092 2.112 2.1!3 2.0@ 
1.5'(1 1.7aQ 1.8;ll, 1.823 1.997 2.053 2.090 2.110 2.112 2.097 
1.570 1.719 1.830 1.822 1.896 2.051 2.089 2.108 2.1j] 2.0~ 
1.569 1.7i8 1.828 1.921 1.894 2.050 2.088 2.107 2.109 2.094 
1.5!ili 1.71Z 1.8~ 1.9~ 1.9~ 2.049 2.0S? 2.106 2.168 2.0GJ 
l.SGZ, 1.712 1.8ai: 1.8~ 1.9~ 2.049 2.086 2.106 2.1g:§ 2.0~ 
1.5E7 1.716 1.827 1.918 1.882 2.048 2.086 2.105 2.107 2.082 

*THE ESTIMATED UNCERTAINTY IN THE RECOMMENDED UALUES IS :!:0.15XI0 oll K"'. RECOMMENDED VALUES ARE GIUEN TO MORE DIGITS THAN 
WARRANTED MERELY FOR THE PURPOSE OF TABULAR SMOOTHNESS. THE INSIGNIFICANT DIGITS OF THE UALUES ARE INDICATED BV OVERSTRIKES. 
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580 

ABLE 3. 

I 

H. H. LI 

CALCULATED VALUES ON THE ~VELENGTH DERIVATIVE 
OF REFRACTIVE INDEX OF SILICON AT 293K* 

A,llm 

1.20 
1.22 
1.24 
1.26 
1.28 
1.30 
1.~1' 
1.34 
1.36 
1.38 
1.40 
1.45 
1.50 
1.55 
1.60 
1.65 
1.70 
1.80 
1.90 
2.00 
2.25 
2.50 
2.75 
3.00 
4.00 
5.00 
S.OO 
7.00 
8.00 
9.00 

10.00 
11.00 
12.00 
13.00 
14.00 

1694.5 
1614.0 
153a& 
146Ll 
140.L.l 
133~ 
H17i....!! 
122i.,Q 
117l.Jii 
112~ 
107~ 
96~ 
S7Ji...!i 
79:iJ2 
72~ 
66Q.,] 
604.8 
51.Q.",,;l 

~~~:~ 
2S2:]. 
191.1. 

~ii:~ 
47 • .Q 
24.1 
13.'S 
8.8 
5.9 
"1.1 
3.0 
2.3 
1.7 
1.4 
1.1 

*RECci~MENDED VALUES ARE GIVEN TO-MORE DIGITS THAN 
~ARR1NTED MERELY FOR THE PURPOSE OF TABULAR SMOOTH­
NESS. THE INSIGNIFICANT DIGITS OF THE VALUES ARE 
INDI\.ATED BV OVERSTRIKES. THE ESTIMATED UNCERTAINTIES 
IN T IE RECOMMENDED VALUES ARE ABOUT ±20XI0~ ~M~ AT 
2 JlM ±2.4XIO" )lM~ AT- 2.55 )lM. ±O.SXIO" jlM-' AT 10 jiM. 
AND 0.44XIO" )lM~ AT 14 PN. 

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

3.2:' Germanium, Ge 

There nrc 88 sets ~f experimental data available for 
t.he refl'nctive index (wavelength and temperature 
dependences) of ge~o.anium fiS given in tables A-5 
and A-6 and plotted, in figures 11 nnd 12. A few sets 
of measurements on \ thin films are included for the 
purpose of completi,mess and compaTision. After 
carefc:ll'eview and evAluation of the available informa­
tIOn, It W9,S found tl;'\Lt the data report.ed by Briggee 
[12), Salzberg and Vil~1 [13], Cardona eto al. [3], Rank 
et, fiJ. [35], Lukes [3e, 37], Icenogle et 0,1. 15], and 
Edwin et al. [38] aTe r~ presentatives for the refractive 
index of germanium in;jthe transparent region between 
1.8 and 16 p.m. 

Briggs [12] measur~ d the refractive index of a 
germanium specimen lof 99.911% purit,y over the 
sp.e~tral region. b~tweeti 1.8 and 2.6 .um. He used the 
mmmlUm deVIatIOn nhthod on a wedo'e of about. 
]70 apex angle. The r~lge of his mensu~ments wa~ 
limited on the short w\tvelength side by absorption 
in the prism, and on jhe long wnvelength side by 
nbsorptioD in the g]o..s~ components of the opt.ical 
system used. The c1aimell error was H few pn,rts in the 
third decimal plRee. He!, also observed n definite in-. , 

crease m refractive i:O:,lex va.iue ,r}th incrensing: 
t.empe.ra.ture. In other ~lOrds, the tp.TYlpRrn,1,llre r.o­
efficient. of refraGtive ind(,x of !!ermaniurn is positive. 

SinGe Briggs' observati~n, several ot.her independent 
measurements were cn.rrbd out. Salzberg nnd Villn 
[J 3j used the autocollinl, ation minimum deviat.ion 
method in the determina~on 0:1' 'II over n wide wave­
length range from 2.0 to 1\16 .um for a singJe crystfi.l 

of 11.8' apex nnp'Jc with unknown 
purity. The report,ed acc~racy W:1::' 8::<timnted to b .. 
± 2 parts in the fourth d\,lcima1. Compnred with the 
result2 of Briggs, their n, values are syst.emnticnlly 
i1 bout 0.005 lower in t~ e corresponding l']lect.rn 1 
region. :Ko source was nscri\)ed for ~uch discrepancie:::., 
In a later work [39], a pil]ycrystalline snmple Wi,S 

mensured and t.hey found i hat there were no signiJ­
iennt differences between '~he result" obt,nined for 
dift'erent crystals. 

Cardona et al. [3] measured the refractive index 
for a thin 2:ermal1iuDl wed!!o of 5° in t.he wavelength 
range from" 1.7 to 5.6 .urn '-I.nd tit temperatures 87, 
190, and 297 K. Their n vu]u es were n150 :\ bout. 0,005 
lower t.han those of Brigg!; in t,h(' c:orresponding 
wave1ength region. Their resl1ts elearly indicate that 
dn/dt of germanium is positi"e over t,he transparent 
wavelengt.h rAgion. At. n f],;,rl lonf!' w:wAlf>.ne-th, :i 
).tm, they measured the re1at.i ve chan~es of 11., f:,:n/n, 
as a funct.ion of tempern.ture. A linenr reJn.tion between 
An/n and T was observed 'over the temperature. 
range between 77 and 400 K. 'J he result, (1 In) (dnJdT) 
= (6.9:± 0.4) X lO-bK-1, agrees .ivell wit.h those for the 
dielectric constant measuremEnt (1t. 10 mc/s {40j at 
low temperatures, but. diseri'pa,ncies occurred at 
high temperatures where values obt.ained in reference 

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

[40] are higher. Such discre:t'ancies were attributed 
to ~~e inho~ogeneitjes and- impurities in the samples 
whICh effectIvely reduced the thickness of the ca­
pacitors and t.hus resulted in an apparent increase in 
t.he dielectric constant. 

Rank et aI. [35J meo..sured the refractive index over 
it wavelength region between 2.0 and 2.4 ,!Lm by an 
interferometric method. A single crystal ge.rmrmium of 
unspecified purity wo..s used and t.he result.ing 11.'8 were 
about. 0.01 higher than the corresponding values of 
Briggs. The tempemture variation of the refractive 
index was observed to have, a positive coefficient and 
the absorption edge moved to longer wavelengths as 
t.emperature increased. 

Lukes 136, 37] meo..sured the refract.ive 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 p.ro 

and the temperature range 100-530 K. 'The results 
obtained for the purest sample were in agreement with 
those of Salzberg and Villn, while the results for the 
impure samples showed discrepancies at the long 
wflyolengthc, the higher the impurit,y, the lower the 
n. In the shorter wavelength region, <4 ).tm, the 
refmctive index appeared pract.ically independent on 
the impurity content. 

IcenogJe et a1. [5] made n t.horough investigation 
on the refractive index for germanium over the 95-297 
K and 2.554-12.360 ).tm regions. 'The samples were 
obtained from t.he Exotic Material, Inc. and were 
characterized as "good opt.ical grade" without further 
JetaHs of purity of the material. The daimed error 
in t.he meai'urement of n was + 6 X 10-4• The results 
disl1,gree with those of other workers by several part.s 
in the third decimn.1. At. room t.emperature and in the 
wavelength region where >">3 .urn, Icenogle'S values are 
l1igher t.haD the earlier works. The sources for such 
cii"c.repnnc.ies can possibly be ascribed to differences in 
the impurity content of the samples. 

Edwin et a1. [38] made careful measurements of n 
for ,yell chnracterized germanium specimens in the 
spectml region 8-14 ).tm. Their results nrc in agreement. 
with Icenogle'S values when account i" taken of both 
of t.heir claimed uncertainties. Edwin et a}. took into 
account· t,he main sources of uncertninty in ,nriving 
:It their reported vnlues, including probable errors from 
temperat.ure readings, angle determination,,;, wave­
length identification, -curvature of "lit. image, nnd 
random errors. The claimed uncertainty of t.heir re­
sults js 0.0003. According to their sample descrip­
t.ion, the specimens had n l'esi!'t.ivity about 45 t.o 53 

ohm-em which indicated that they used purer sampleR 
than others. 

For ense of compnrison, the above mentioned data 
sets are replotted on 3n enlarged scale in figure 13. 
I t. is obvious thfi.t the disagreement. amOIlf?: the data 
set:; is grenter t.han the individually claimeJ ;).ccuracie~. 
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True internal consistency was observed in each 
measurement, unaccounted sources or errors were re­
sponsible for the discrepancies. 

Primak [15] devoted considerable space to dis­
cussions of both systematic and random errors for 
the O(!'SG of silioon (see subsection 3.1). The eonc1usjon,; 
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 pI !1CC , n, few times higher than thni 

claimed by many workers. 
The effect of impurities on the refractive index j~ 

considerable. In some cases, observations made on 
samples of questionable origin and undefined purity 
may yield ra,dically different results; Simon [17] re­
ported his radically different results (shown in figure 
11) obtained for a germanium sample of high impurity 
content. Spitzer et al. [44] investigated the opt,ieni 
constants of heavily doped germanium with res1111,,",, 
greatly different from those of pure samples shown in 
figure 11. Thus, "Then the effects of impuritie~ arC' 
taken into consideration, discrepancies from pure 
samples may be much higher than 2 parts in t.he third 
decimal place. 

Although the error causing factors given abovl' n.)'(~ 
well known, unfortunately they are not genern.}]y 
given in the literat.urp. A,nit 9..ut.h01's fl.itvAnCf\ initppend­
ent claims of their own precisions. In the present, work 
it is assumed that data sets are concordant if they flrP 

not identical in the third decimal place. 
More data, can be found in references [4]-58] 11m] 

are given in tables A-5 and A-6, in which one c[m fl,lso 
find data sets obtained for thin films. No a.ttempl ,,·ns 
made to analyze the thin film data. However, it hn~ 
been observed that the refractive indices of pure 
germanium thin films tend to agree with those of blllk 
crystal if the films are deposited on substrates l11nin­
tamed at elevated temperatures during the COllr:':(l of 
deposition or appropriately annealed after deposition. 
Surface contamination appears to be the most ~eri()lI'; 
problem. However, data for thin films reporte,j hy 
those who exercised precaution in sample prepnTlll iOll 
are usually in agreement with those for bulk mn.i.erinl. 

Literature it!l.tfi on the t.emper!1.ture derivntiv(' of 
the refractive index of germanium is rather sean'e. 
The data tabulated in tables A-7 and A-8 and ploltl'd 
in figures 14 and 15 are mainly those of Ll1ke:-; 1%, 
58, 59]. His dnjdT values were evaluated from hj~ 
measurements of n given in table A-6 and fig·me ] 2. 

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]. 'VhiJe 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 8]. lab), who fitted tl Ca,ucny type dispersion reJation 
of t.he. form 

{25) 

where \ is in units of Mm. They presented results for 
fits on both their own data and for the Brattain and 
Briggs data with the following consta.nts: 

Data, 
RBC [43] 

BB [49] 

n l 

4.0385 
3.9992 

a, Mm2 
0.21345 
0.44647 

b, Mm2 
0.5363 
0.6882 

While this relation represented well each of the da,ta 
sets, the aut.hors found discrepancy between the two 
data, sets as indicated bv the coefficients. 

The next dispersion rclation was advanced by Hertz­
herger and Salzberg [31] which they developed using 
datIL for n materials in addition to germanium. They 
nol,ed U)a,t comparisons of the data for 14 different 
mat.erials indicated that all had refractive indices 
varying asymptotically with \2. They found t.he mean 
:lsymp1,o1,e of all t.he mH,terials in thp, lTV l'eeion t.o he 
:11 Ao=0.J68 Mm. Their dispersion relation is based 
Ilpon II Ta.ylor expansion in A2 which retains only the 
linen1' t.erms. The form is 

where A is in units of Mm, L=I/(\2- AQ2), and the 
eoeffleients for the region 2.0 to 13.5 Ilm are: 

.1=3.99931, 
13=0.391707, 
('=0.163492, 

D= -0.0000060, 
E~ 0.000000053. 

These results agree very wen with the data from which 
they nre derived. 

In tIle present work, eq (10) was used t.o represent 
t.he refractive index of germanium. The main tilsk was 
the ,;election of the reliable data sets, t.he npproprillte 
pnrameters ~ ilnd AJ, nnd the determination of the 
coefflcients A and B. The data reported by Cardona et 
n1. and Luke" were not used on the grounds that. their 
vnllles in our collf'ction were read from the gTaphs in 
their paper,;. 'Ye have found that deviat.ions between 
the graph readings and the true vn1ues were quite 
large, estimat,ed at 1 to 2 percent.. Values reported by 
Rank et a1. (after correcting from vacuum values to 
air values) appear to be relatively t.oo ,high compared 
with those of' Brigg,; :lIld Salzberg and Villa in tile 
corresponding wavelengt.h region, 2.0-2.4 MIn. 

Alt.hough germanium has long been an important 
infrared mat.erial, it.s refrnctive index in the long 
wavelength region has not been wen defined. Results 
from different. workers often differ by as much as 0.003. 

J. Phys. Chem. Ref. Dala, Vol. 9, No.3, 1980 
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Sueh a la~ ~e discrepancy cannot be accounted for by 
merely cx~,erimental errors. Unknown impurities in 
some of t~~ samples are probably responsible for the 
differences'l However, this very important information 
is generallYi missing from the papers. As a result, the 
current kno'l vledge of the refractive index of germanium 
still remain~ uncertain. Results of Edwin et a1. [38] a.nd 
Icenogle et \. 11. [5] are uniformly higher than those of 
Salzberg an . Vi1lH [13] in the long wavelength region. 
Spitzer and 'an [44) observed that the refractive index 
of an imPU~l sample in the long wavelength region 
is lower tharl that of a purer specimen. According to 
t,h;~, it, w0'l11J. seem t.hllt. S!llzberg and Villa, had more 
impurities iul their specimen than did Edwin and 
Icenogle. Thi! is not the case, however, as the above 
mentioned da\a sets are essentially parallel in the long 
wavelength rlgion while Spitzer and Fan's results 
indicate a pr6,~ressively decreasing n with increasing 
wavelength (s\ e figures 1 and 11). Based on t.his con­
sideration, the seleetod d (.til scts were given equal 
weight. Fort.uD,ately, data by Icenogle et al. cover a 
sizable tempert ture range, permitting the prediction 

I 
of n at temperatures other than room temperature. 

Selection of \: and A] presented some difficulties. 
Cardona et al. \ [3] observed the relative changes of 
refractive indexi: t::.n/n, at a wavelength of 3 }.1m as 
tempera, L UHl vl:Li,ied from 77 to 400 K with results 
plotted in figure; 16. The average slope, (1 In) (dn/dT) 
of this plot is :!,'6.9±OA) X 10-5K-1. Icenogle et 0.1. 
obtained a highlllr value, of 9.9Xl0-5I{-] for (ljn) 
(dn/dT) in the 'yavelength range 2.5M to ]2.] }.1m. 
It appeared thai d in eq (0) could be determined from 
the relation (lit) (~~e/dT) = (2/n) (dn/dT) using the value 
01' (lin) (dn/dT) at long wavelengths. The result would 
be an exponential';relation of the form E=Eoe

tT
• How­

ever, the constanc:r of (l/n)(dn/dT) does not hold for 
a wide temperl'l.t.m P. rll.ne'!>., B ",nee, Rn empirical reI ... -
tion between f and. T should be found based on [tvai]­
able data of n. 

It is shown in figure 12 that curves of temperature 
dependence of refra;\tive index at various wavelengths 
are essentially parallel to each other and that each of 
them smoothly nn.1 monotonically increases with 
temperature. This provides a possibility to find n 
relation between E ll.n.d T. As E closely equals n2 nt long 
wavelengths, the bes\: choice in the present case is th~ 
refractive indices at 10.27 }.1m by Icenogle et al. 15J. 
However, their result!: cover only a temperature range 
from 100 to 298 K . .A wider temperat.ure coverage is 
required to establl::;ll L !'eIa.tion between E and T that 
is reliable over the te:nperature region 100-550 K of 
genera] interest. As sh:>wn in figure 12, the 5.156 }.1m 
curve of Lukes [36) is slightly above and parallel to 
the extension made fDm the 10.27 J.Lill curve. The 
needed refractive indices at 10.27 }.1m in the higher 
temperature region w~ therefore obtained by appro­
priate extrapolation of ::cenogle's data in that' region. 

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

In this way, the following polynomial equation is 
found to be valid 'at lO.27 j.!lll and over 100-550 K: 

n2(10.27 ~m, T)=15.3122+ 1.4571 X 1O-3T 
+3.5131 X 1O-6T2-1.2089X 1O-9T3. (27) 

Since at long wavelengths the dielectric constant 
closely approaches but does not exactly equal n2, it 
is therefore appropriate to consider the above quan­
tit,y JlS fl. proportional factor o,nd the dielectric constaut, 
is expressed as: 

E(T)=En2(10.27 .um , T), 

where E is the proportional constant. 
Spectral 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 g =0.663 eV or A1=1.8703 }.1m. 
l\1n.cfnrlilne et al. [8] further ::;Luuieu the absorption 
edge spectrum and found the temperature variation 
of the optical energy gap is essentially linear in t.he 

. temperature range 200-300 K, but nonlinearit,y pro­
gressively predominates at lower temperatures as 
shown in figure 17. Lukes and Schmidt [9] studied the 
reflectivity spectrum of germanium and found two 
Il.dditiona.1 absorption pea.ks at A2~ 0.589 }.1m and 
As' .... ' 0.282 J,.!m. The latter corresponds to that predicted 
by Yu and Cardona [33]. As a summary of these 
findings, one now has three absorption peaks; namely: 
A] = 1.8703 }.1m, V'" 0.589 }.1m, and As' .... , 0.282 }.lID that 
are supposed to have significant effects on the refrac­
tive index in the transparent region, i.9-16 }.lID. 

In thi:::. wurk, Lhe selected data, were fitted to an 
equation similar to eq (10) by including extra terms 
due to A2 and A8. It was found, however, that i.ntro­
duction of the A9 and A, terms did not improve t.he 
agreement obtained when only the Al term was in­
cluded. Furthermore, the coefficients of the A2 and Aa 
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 
;l consequence, eq (18) was adopted and the least 
squa.res fitting of selected data to this equation yielded 
the following expression for the refractive index of ger­
manium in the ranges of l.~ to H\ }.1m and 100-550 K: 

where 

E(T)=15.2892+ 1.4549 X 1O-3T+3.5078 X 10-- 6.1'2 
-1.2071 X 10- 9 .7'3, 

L(T)=e-3AL (T)/Lm, 

A=wavelength in units of /lill, 

T= temperature in units of 1\., 
Ao=2.5381, 
AI = 1.8260X 10-3

, 

A3=2.8888X 10- 6
, 
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and from reference [60] 

(:;.LL(T) = -0.089+2.626XIO-6 (T-100)+ 1.463 
293 

XIO-SCT-lOO)2-2.221 XlO- lJ (T-lOOy 

(100<T<293), 

I1L
L

(T) =5.790X 1O-6(T-293)+ 1.768 
293 

X] 0-9(T-293)2-4.5fl2X ]O-13(T-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 E 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 ±2XlO-s. 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 specifieu temperatures and wavelength~ aTe 
plotted in figures 12 and 13 where close agreement 
is revealed. Tables 5 and 6, respectively, give the 
calculated dn/dT and dn/dX values based on the first 
derivatives of eq (28) with respect to T and X. The 
corresponding plots are shown in figures 19 Ilnd 20. 

Uncertainties in the calculated dn/dT values are 
estiwa,Led lmsed Uil Iceilugle't; daLa [liJ w 11ich are 

essentially the basis for eq (28). Icenogle et al. eval­
uated An/I1T values using their own measurements 
of n and found the average uncertainty in An/AT 
to be about ± 0.5 X 1O-4K-1. Error bars corresponding 
to this amount are drawn on the calculated curves 
in figures 11 (l,Dd 15 where calculated results 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. 

Uncertaint.ies in the calculated dn/dX are estimated 
from the expression: 

o(du/dX)~±2on/X, 

as discussed in subsection 3.1. Similar to the case of 
silicon, the uncertainties in dn/dX of germanium are 
about ±5XlO-4J,Lm- 1 at 2.55 J,Lm, 1.2XlO-4J,Lm-1 at 
10 .um, and 0.7X10-4.um-1 at 18 J,Lm. 

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 equa.tiQD, 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 ill tIle fuutllu(,es of Lhtl table::;. 

J. Phys. Chem. Ref. Data, Vol. 9, No.3, 1980 
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FIGURE 17. TEMPERATUR~ LJ~PI'~NUt;NCE OF THE OPTICAL ENERGY GAP OF GERHANIUM [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, ~m 

100 150 200 250 293 350 400 450 500 550 

1.90 4.029'0 4.0474 4.068] 4.0S0r 4.1117 4.1417 4.1691 4.199~ 4.2302 4.262~ 
1.92 4.0270 4.0453 4.0659 4.0885 4.1094 4.1393 4.1672 4.1968 4.2274 4.2593 
1.94 4.0251 4.0433 4.0638 4.0863 4.1072 4.1369 4.1647 4.1940 4. 224§ 4.2S6li' 
1.96 4.0232 4.0414 4.0618 4.0842 4.1050 4.1348 4.1623 4.1915 4.2220 4.2531 
1.98 4.0214 4.0395 4.0598 4.0822 4.1029 4.1324 4.1599 4.189'0 4.219~ 4.251Q. 
2.00 4.0197 4.0377 4.0579 4.0802 4.1008 4.1302 4.1577 4.1866 4.216~ 4.2481 
2.05 4.0156 4.0334 4.0534 4.0755 4.0959 4.125'0 4.1523 4.1810 4.2110 4.2421 ::III 

2.10 4.0117 4.0294 4.0493 4.0711 4.091'4" 4.1202 4.1472 4.1757 4.2054 4.2363 m 
"" 2.15 4.0081 4.0257 4.0454 4.06io 4.0872 4.1158 4.1426 4.1708 4.2003 4.2309 ::III 
:J> 2.20 4.0048 4.0222 4.0417 4.0632 4.0832 4.1116 4.1382 4.1662 4.1954 4.2259 n 

2.25 4.0017 4.019'0 4.0383 4.0597 4.0795 4.1077 4.1341 4.1619 4.1909 4.2211 ~ 

2.30 3.9987 4.0159 4.0352 4.0564 4.0761 4.1041 4.1303 4.157'9 4.1867 4.2187 <: m 
2.40 3.9934 4.0104 4.0294 4.0503 4.0698 4.0974 4.1233 4.1506 4.1791 4.2087 

% 2.50 ::l.oaa? 4.00:::;'5 4.0e43 4.04:5'0 4.064e 4.0::116 4.11,E 4.1441 4.1,e~ 4.201:J 
2.60 3.9845 4.00(1 4.0197 4.0402 4.0593 4.0864 4.11i7 4.1384 4.1683 4.1952 0 

m 
2.70 3.9808 3.9972 4.0157 4.0360 4.0548 4.08i"7' 4.1068 4.133~ 4.160~ 4.189§ >< 
2.80 3.8775 3.9936 4.0121 4.032~ 4.05~ 4.0n[ 4.102~ 4.1287 4.1561- 4.1845 0 
2.90 3.974El 3.9907 4.0088 4.028 4.04 4.073 4.098 4. 124S' 4.1518 4.1800 "" 3.00 3.9718 3.88i8 4.0059 4.0257 4.0442 4.0704 4.095'0 4.1209 4.1478 4.1759 1/1 

3.20 3.887! 3.983'0 4.0008 4.0204 4.0387 4.0646 4.0889 4.1144 4.1411 4.1688 i= 
3.40 3.0632 3.07'0'0 3.8066 4.0160 4.0341 4.0::iOD 4.003'0 4.1001 4.1355 4.1C:::!O 8 3.60 3.9600 3.8755 3.8930' 4.0123 4.0302 4.0557 4.0795 4.1046 4.1308 4.1580 z 
3.80 3.9572 3.872Z 3.980]" 4.0092 4.0270 4.0523 4.0759 4.1008 4.1268 4.1538 

:J> 4.00 3.8549 3.8702 3.9875 4.0065 4.0242 4.0483 4.0728 4.0876 4.1234 4.1502 :z 
4.25 3.9524 3.9676 3.8848 4.0037 4.0212 4.0462 4.0696 4.0942 4.1198 4.1464 0 
4.50 3.9503 3.9655 3.9825 4.0013 4.0188 4.0436 4.0668 4.0913 4.1168 4.1433 C) 
4.75 3.9485 3.9636 3.9806 3.9993 4.0167 4.0414 4.0645 4.0888 4.1142 4.1406 m 
5.00 3.9470 3.9620 3.9789 3.9976 4.0149 4.0395 4.0625 4.0868 4.1121 4.1383 ::III 

~ 5.50 3.9446 3.9595 3.9763 3.9948 4.0120 4.0365 4.0594 4.0834 4.1088 4.1346 ~ 
:J> ... 6.00 3.9428 3.9578 3.9743 3.9927 4.0098 4.0342 4.0569 4.0809 4.1059 4.1318 z 

~ 6.50 3.9413 3.9561 3.9727 3.9911 4.0081 4.0324 4.0550 4.078"9" 4.103S' 4. 129S 2: 
7.00 3.9402 3.9549 3.9715 3.9898 4.0068 4.0309 4.0536 4.0773 4.1021 4.1279 ~ 

9 8.00 3.9385 3.9532 3.9697 3.987'9 4.0048 4.0289 4.0514 4.0750' 4.0997 4.1253 
~ 9.00 3.9374 3.9520 3.9684 3.9866 4.0034 4.0274 4.0498 4.0734 4.0981 4.1238 

=' 10.00 3.9365 3.9511 3.9675 3.985S 4.0025 4.0284 4.0488 4.0723 4.0969 4.1223 
:" 11.00 3.9359 3.9505 3.9669 3.9849 4.0017 4.0256 4.0480 4.0715 4.0960 4.1214 
CI 12.00 3.935,[ 3.9500 3.9661 3.9844 4.00f2 4.0250 4.0474 4.0708 4.0953 4.1207 
~ 13.00 3.8351 3.9496 3. 966..Q.. 3.9840' 4.0008 4.0246 4.0469 4.0703 4.0948 4.120~ 

14.00 3.9348 3.9493 3.9657 3.9837 4.0004 4.0242 4.0465 4.0899 4.0944 4.1197 
~ 15.00 3.9346 3.9491 3.9654 3.9834 4.0001 4.0240' 4.0462 4.069S 4.0941 4.1194 

18.00 3.9344 3.9489 3.9652 3.9832 3.9999 4.0237 4.0460' 4.0694 4.0938 4.1191 
,00 

17.00 3.934~ 3.9497" 3.9S50 3.9930 3.9997 4.0235 4.0458 4.0S9T 4.093i; 4.l1RR 
z 18.00 3.9341 3.9488 3.9649 3.9829 3.9996 4.0234 4.0456 4.069'0 4.0934 4.118S ? 
.w * THE ESTIMATED UNCERTAINTV IN THE'RECOMMENDED VALUES IS ±2XI0·'. RECOMMENDEIT VALUES ARE GIVEN TO MORE DIGITS THAN ~ARRANTED 
~ Mt:.~ELY ~Ufo1 IHI:. I"'U~I"'OSt:. UF TAHULAR 5MUUIHNt:.5S. lHI:. INSIGNIFICANT lJIGlTS Of IHI:. UALUtS ARt: INDICATED BY OVERSTRIKES. \11 
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TABLE: 5. PECOMH!<NDED UALUE:S ON TI-IE TEMPE:RClTUPE DERIUATIUE OF R1i:J:"PACTIUE INDI::Y OF CERMANIUM* 

A, l..lm 
TEMPERATURE. K 

100 150 200 250 283 350 400 450 500 550 

1.90 3.452 3.909 4.337 4.738 5.0~ 5.450 5.764 6.050 6.307 6.538 
1.92 3.437 3.8~ 4.3W 4.7I6 5.036 5.427 5.7~ 6.024 B.2®," a.S1Q. 
1.84 3 • .422 3.875 4.300 4.8$ 5.oIS 5.404 5.716 5.9'§9 8.254 6.482 
1.!:l6 3.~06 3.65'§ 4.283 4.675 4.!j95 5.363 5.6S3 5.S74 6.228 6.455 
1.98 3.3~ 3.8~ 4.266 4.6~ 4.8W. 5.3~ 5.6lQ 5.9§} 6.204 6.4~ 
2.00 3.380 3.829 4.249 4.642 4.856 5.341 5.649 5.928 6.179 8.404 
2.05 3.348 3.793 4.210 4.599 4.SIT 5.2~ 5.5~ 5.8~ 6.1~ 6.31,g ::11:1 

2.10 3.31§ 3.760 4.174 4.560 4.889 
m 

5.248 5.549 5.823 8.069 6.288 ." 

2.15 3.2~ 3.729 4.140 4.523 4.830 5.205 5.504 5.775 6.oiS 6.236 
::11:1 » 

2.20 3.263 3.7Qg 4.108 4.488 4.784 5.166 5.462 5.73i 5.972 6.187 n 
2.25 3.239 3.673 4.079 4.457 4.760 5.129 5.423 5.689 5.929 6.141 "'" <: 
2.30 3.2,ffi 3.647 4.051 4.427 4.728 5.094 5.386 5.651 5.888 6.098 m 
2.40 3.174 3.6Q] 4.001 4.372 4.669 5.032 5.3I8 5.580 5.813 6.020 Z 2.50 3.1;3Z 3.561l 3.!=I56 4.3P4 4.~TR 4.!'ln; C;.;:l~ Cj.c;T7 "i.71F 5_1:l'IT 
2.60 3.104 3.524 3.918 4.281 4.572 4.926 5.208 5.462 5.689 5.890 

0 
m 

2.70 3.075 3.492 3.8[i 4.242 4.531 4.8~ 5.1§} 5.412 5.637 5.8~ >< 
2.80 3.048 3.482 3.849 4.2@ 4.494 4.842 5.119 5.3~ 5.590 5.786 0 
2.90 3.025 3.4~ 3.820 4.177 4.461 4.807 5.081 5.327 5.547 5.741 "n 

3.00 3.0~ 3.413 3.795 4.149 4.431 4.775 5.046 5.2§T 5.509 5.7iIT Ion 

3.20 2.966 3.372 3.750 4.150 4.380 4.7i9 4.987 5.228 5.443 5.632 ;:: 

3.40 2.93-6 3.3J8 3.713 4.06:0 4.33,Z 4.Sn 4.9~ 5.1LS 5.388 5.S~ n 
0 

3.60 2. Sl.Q 3.3M! 3.682 4.028 4.3Q! 4.634 4.898 5.133 5.342 5.SE§ z 
3.80 2.888 3.285 3.655 3.998 4.270 4.651 4.861 5.095 5.303 5.485 

l> 4. 00 2.869 3.265 3.633 3.973 4.244 4.572 4.831 5.064 5.270 5.450 z 
4.2::; 2.850 3.243 3.SOS 3.:941 4.2I'T 4.543 ~.650 5.030 5.2S4 5.413 0 

4.50 2.833 3.225 3.5M 3.926 4.U33 4.Si.8 4.773 5.002 5.205 5.382 (j) 
4.75 2.8[8 3.209 3.572 3.907 4.174 4.496 4.15'0 4.978 5.179 5.355 m 
5.00 2.807 3.19S 3.557 3.891 4.157 4.478 4.73i 4.958 5.158 5.333 ::11:1 

!- 5.50 2.788 3.174 3.534 3.868 4.130 4.448 4.700 4.925 5.123 5.295 3: » 
." S.OO 2.773 3.158 3.5[8 3.847 4.1IQ 4.427 4.6(7 4.900 5.0S( 5.269 z 
~ 6.50 2.762 3.146 3.502 3.832 4.094 4.4iO 4.658 4.880 5.0f§ 5.247 2: 
n 7.00 2,752 3.136 3.451 3.S20 4.08i 4.386 4.644 4.s65 ::;.060 ::;.230 3: 

J 8.00 2.739 3.121 3.475 3.803 4.062 4.376 4.622 4.842 5.036 5.205 
9.00 2.730 ::J.IIT 3.464 3.7~ 4.049 4.362 4.807 4.827 ~:~~ 5.188 

'" 10.00 2.723 3.103 3.458 3.782 4.040 4.352 4.597 4.8iS 5.175 
~ 11.00 2.7f§ 3.098 3.450 3.776 4.033 4.345 4.588 4.807 4.999 5.166 
c 12.00 2.7i5 3.094 3.446 3.771 4.028 4.339 4.583 4.801 4.993 5.159 
1:1 13.00 2.712 3.091 3.443 3.787 4.024 4.335 4.578 4.798 4.988 5.154 ~ 14.00 2.715 3.088 3.440 3.764 4.021 4.331 4.575 4.19'2 4.983 5.150 

~ 15.00 2.708 3.085 3.438 3.762 4.oiS 4.328 4.5~ 4.799 4.980 5.146 
16.00 2.7OG 3.085 3.436 3.760 4.0rs 4.326 4.5~ 4.7Si3 4.917 5.1~ 

,..0 17.00 2.705 3.083 3.434 3.758 4.oIS 4.324 4.567 4.784 4.97"'5 5.141 
~ 18.00 2.704 3.082 3.433 3.757 4.0TI 4.3~ 4.5bS" 4.79'2 4.973 5.13"9 

~ *THE ESTIMATED UNCERTAINTY IN THE RECOMMENDED UALUES IS ±0.5XI0~ K~. RECOMMENDED UALUES ARE GIUEN TO MORE DIGITS THAN :;; U'I 
WARRANTED MERELY FOR THE PURPOSE OF TABULAR SMOOTHNESS. THE INSIGNIFICANT DIGITS OF THE UALUES ARE INDICATED BY OVERSTRIKES. -0 

CI U'I 
0 

Samsung Exhibit 1061, Page 35 of 98



596 H. H. LI 

6.00 

5.50 

- 5.00 
~ 

.:t 4.50 -i I 
0 
,..; 

E-I 4.00 
-0 --t= 
'0 3 .. 50 

3.00 

2.50 

150 250 350 450 550 

TEMPERATURE, K 

FIGURE 19. RECOMMENDED dn/dT-A-T DIAGRAM OF GERMANIUM 

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

Samsung Exhibit 1061, Page 36 of 98



REFRACTIVE INDEX OF SILICON AND GERMANIUM 

TABLE S. CALCULATED VALUES ON THE ~AUELENGTH DERIUATIUE 
OF REFRACTIVE INDEX OF GERMANIUM AT 293K * 

A,~m -dn/dA, 10- 4 ~m-l 

1.90 1l7L& 
1.92 1l4!.:..a 
1.94 110~ 
1.96 107Y 
1.98 1045,& 
2.00 101t:i 2.05 94 
2.10 87W 
2.15 81l...§ 
2.<:'0 763.9 
2.25 714.7 
a.30 1;1;9.7 
2.40 590.~ 
2.50 523.] 
2.60 465.5 
2.70 416.} 
2.80 373.~ 
2.90 336.5 
3.00 304.2 
3.20 251.0 
3.40 209.]. 
3.60 176.6 
3.80 150.3 
4.00 12S.] 
4.25 107·S 
4.50 90.7 
4.75 77.2 
5.00 66.2 
5.50 49.8 
6.00 38.3 
6.S0 30.2 
7.00 24.2 
8.00 16.2 
9.00 11.4 

10.00 9.3 
11.00 6.2 
12.00 4.8 
13.00 3.8 
14.00 3.0 
15.00 2.5 
16.00 2.0 
17.00 1.7 
18.00 1.4 

*RECOMMENDED UALUES ARE GIUEN TO :MORE DIGITS THAN 
~ARRANTED MERELY FOR THE PURPOSE. OF TABULAR SMOOTH­
NESS. THE INSIGNIFICANT DIGITS 'OF THE UALUES ARE 
INDICATED BV OVERSTRIKES. THE ESTIMATED UNCERTAINTIES 
IN THE RECOMMENDED VALUES ARE ABOUT :!::5X10"IIM-' AT 
2.55 11M. 1.2XI0" JlM-' AT 10 JIM. AND 0.7XI0" JIM"' AT 
19 jiM. 
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4. Conclusions and Recommendations 

Experimental data on the refractive index of cry~tal­
line silicon and germanium and its temperature denva­
tive were exhaustively surveyed and reviewed. Values 
of physical properties wbich are related to the dispel" 
sion equation were selected from the open literature. 
In addition, a. number of thin film data sets were also 
(~ompilec1. 

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 siliconanu ger­
manium. Recommended values for these ma.terials 
were generated based on currently availa.ble data. 
Since the state of the refractive index of eit.her 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 
refraotive index, this is not. t.me in t.he 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 relative)?' 
higher uncertaintIes. Utherpossible sources of expen­
menta,} errors were discussed by Primak (15]. However, 
the most important factor which contributes to the 
total error is the impurit.y cont.pnt. of the specimen. 
Although tills is a 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 sa.tisfied 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 Ineasurement program on the refra.ci-ive 
index should be carried out with the folJowmg con­
siderations: 

1. Experimental method. Because the minimum 
uevittLivll method does not yield high u.ocuru.cy in th(, 
case of 8i and Ge, it is strongly felt that the int('r­
ference method should be used. In this met.hod, t.lll' 
determination of interference order plays t.he decisive 
role in the accuracy of the results. In order t.o obt,Hill 
high accuracy, thick plate specimens should be us('( I. 

2. Sample characterization. As the impurity content 
of the sample strongly affect the refractive index, t.he 
impurities in the sample should be ascertained and 
reported. Merely reporting the eJectricaJ resistivi ty 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 systematical1y controlled impuri~ies. 

3. Environm!lntal control. Since both silicon and 

germanium have high temperature coefficients of 
refractive index (in the order of 1O-4K-l), 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 (l/n)(dnjdP 
=-7±2XIO-7kg-1cm2 [3]. That of 8i is -3±2 
Xl 0-7kg-1cm2 [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 pro bale values of the refractive index that a 
pure crystal of 8i 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, 
eqs (22) and (28), are valid to the reported accuracy 
only within the region of experimental data. In general, 
ex1.mpo!n,tion of these equations for use outside of this 
region is invalid for quantitative results. Fina.lly, t.he 
type of analysis presented here assumes the data t.o be 
:111 n.bsolutely correct representation of the model at. 
hn.))d, which is not generally true since the model is un 
oversimplification of the true dispersion relation. 
However, for predictive purposes, based upon the 
experimental data from several authors, and within 
t,he lIsnble region of the data, we believe that these 
efjll:l.t.ions are valid for calculation of the refract.ive 
index in the given wavelength and tempera.ture 
regions. 
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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 
m]l{}l't,p.d works in t.h(\ In..<;t three decades from 1949 
t,o 1978. 

The tahles give for each set of data the following 
informa.tion: the reference number, author's name 
(or names), yenr of publiention, wavelength range, 
temperature mnge, the descliption ILnd characteriza­
tion of the specimen, a.nd information on measurement 
conditions contained in the original paper. 

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

[Temperature, T, K; Wavelength, A, ~m; Refractive Index, nJ 

Data Set 
[Re'£' J 

1 
IlZ} 

2 
[17] 

3 
[13} 

4 
[3j 

n 

(T=298 K) 
1.05 3.565 
1.10 3.553 
L?O 3.53J 
1.40 3.499 
1.60 3.480 
1.80 3.466 
2.00 3.458 
2.20 3.451 
2.40 3.447 
2.60 3.443 

(T=298 K) 
4.145 1.416 
4.952 1.467 
6.203 1. 700 
7.193 2.007 
8.305 2.260 
9.967 2.840 

12.565 3.056 

(T=299 K) 
1.3570 3.4975 
1.5673 
1.3951 
1. 5295 
1. 6606 
1. 7092 
1.8131 
1.9701 
2.1526 
2.3254 
2.4373 
2.7144 
3.00 
3.3033 
3.4188 
3.50 
4.00 
4.258 
4.50 
5.00 
5.50 
6.00 
6.50 
7.00 
7.50 
8.00 
8.50 

10.00 
10.50 
11.04 

3.4962 
3.4929 
3.4795 
3.4696 
3.4664 
3.4608 
3.4537 
3.4476 
3.4430 
3.4408 
3.4358 
3.4320 
3.4297 
3.4286 
3.4284 
3.4255 
3.4242 
3.4236 
3.4223 
3.4213 
3.4202 
3.4195 
3.4189 
3.4186 
3.4184 
3.4182 
3.4179 
3.4178 
3.4176 

(T=100 K) 
1.007 3.526 
1.055 3.520 

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

Specifications and Remarks 

Sample from a commercial Electromet 
melt ~ith a purity of 99.8%; prismatic 
specimen of 11°24'11" angle; index of 
TPf":1"tinT'l mp"'!Ol1TPrl hy mpt"hnd nf 
minimum deviation; data extracted 
from a table. 

Polycyrstalline; p~0.7 ~-cm; im­
purities: 0.70% Fe, 0.55% AI, 0.32% 
Ca, 0.06% Ti, 0.05% Mn, 0.04% C, 
0.04% Cr, 0.01% P, and traces of 
Cu, Ni and S; reflectances at 20 
and 70 degree incidence angles ob­
tained; refractive indices obtained 
by a graphical analysis; data taken 
trom a tigure. 

Single crystal; purity unknown; 
supplied oy Texas Instruments, Inc., 
Dallab, T::; pr.i.bm cut w.lLlI f«C\;!b 
30 x 30 cm and refracting angle of 
15.8°; index of refraction measured 
by autoco11imation method; data 
with uncertainty ±2 in fourth 
decimal place taken from a table. 

5° silicon prism mounted against 
a plane mirror; Abbe autocollima­
tion method applied to measure the 

Author(s), Year 

Briggs, H.B., 1949 

Simon, 1., 1951 

Salzberg, C.D. and 
Villa, J.J., 195i 

Cardona, M., Paul, ~., 
and Brooks, H., 1959 
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4(cont.) 
[3] 

5 
[3j 

6 
[3] 

7 
[19] 

REFRACTIVE INDEX OF SILICON AND GERMANIUM 603 

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

}. n 

1.134 3.504 
1.244 3.488 
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 
4.1:L~ 3.38.) 
4.475 3.379 
4.905 3.375 

(T=194 K) 

1.166 3.516 
1. 229 3.506 
1.372 3.477 
1.530 3.460 
1. 752 3.439 
1.896 3.433 
2.086 3.425 
2.2/,6 3. /,19 
2.596 3.411 
3.026 3.408 
3.329 3.404 
'L567 3.401 
3.902 3.400 
4.093 3.397 
4.460 3.394 
4.890 3.391 

(T=298 K) 
1.230 3.519 
1.340 3.497 
1.547 3.474 
1. 737 3.458 
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 

(T=298 K) 
1.375 3.497 
1. 437 3.492 
1.449 3.487 
1. 487 3.483 
1.512 3.479 

Specifications and Remarks 

deviation angle to within ±l'; data 
extracted from a figure. 

JO bll~L:UU pri6HJ mounted a.gainst a 

plane mirror; Abbe autoco11imation 
method applied to measure the 
deviation angle to within ±1'; data 
extracted from a figure. 

S° silicon prism mounted against a 
plane mirror; Abbe autocollimation 
method applied to measure the 
deviation angle to within ±1'; data 
extracted from a figure. 

Crystal specimens; no details of 
source, sample preparation and mea­
surement given; data read from a 
figure; temperature not given, 
298 K assumed. 

Author(s) , 

Cardona, M., Paul,: W •• 
and Brooks, H., 19

1
59 

Cardona, M., ct a1. 
1959 

Cardona, M., et al. 
1959. 

Runyan, W.H., 1960 

J. Phys. them. Ref. Data, Vol. 9, No.3, 1980 
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Data Set 
[Ref. ] 

7 (cont.) 
[19) 

8 
[20J 

TABLE A-I. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON 
(Wi:lvo:::l"UISLll Dt::IJt::mlt::m:e) (\.:vutinul::'d) 

A n Specifications and Remarks Author(s), Year 

1.562 3.475 Runyan, W.R., 1960 
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 3.43U 
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 
9.339 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 

(T=300 K) Single crystal; etched surfaces; near Philipp, H.R. and 
0.124 0.332 normal reflectance spectrum between Taft, E.A., 1960 
0.128 0.414 0.11 and 1.24 ~m 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 

J. Phys. Chern. Ref. Dala. Vol. 9, No.3, 1980 
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Data Set 
[Ref. ] 

8 (cont. ) 
[20} 

9 
[21] 

10 
[18] 

11 
[18) 

REFRACTIVE INDEX OF SILICON AND GERMANIUM 605 

TABLE A-I. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON 
(Wavelength Dependcnce) (continued) 

A n 

0.257 1.646 
0.267 1.941 
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 
u.:nj j.:I3j 
0.343 5.573 
0.343 5.954 
0.344 6.420 
0.3!i2 v.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 

(1=298 K) 
0.5461 4.050 

(T=298 K) 
3.456 3.007 
4.458 2.654 
5.210 2.345 
5.555 2.155 
5.963 1.973 
6.370 1. 764 
6.715 1. 588 
7.153 1.443 
7.748 1.266 
8.436 1.172 

(T=298 K) 
3.456 2.943 
4.459 2.584 
5.179 
5.618 
5.963 

2.288 
2.111 
1.922 

Specifications and Remarks 

single crystal; elllpsometry method 
used to determine refractive index; 
the effect of oxidized film on 
silicon corrected; error in refrac­
tive index about =0.007. 

n-type, phosphorus doped silicon 
samples; carrier concentration N = 
7.5 X 1019 cm- 3

; polished; refractive 
index derived from reflectivity mea­
surements; data taken from a figure. 

n-type, phosphorus doped silicon 
silicon samples; carrier concentra­
tion N = 7.5 X 1019 cm-S; polished; 
specimen heated at 131Q,K for 30 sec 
in a vacuum of ~1 x 10 torr: refrac­
tive index derived from reflectivity 

I 

Authods), Year 
I 

Philipp, ~.R. and 
Taft, E.A.!, 1960 

Archer, R.A. ~ 1%:1 

Spitzer, W.G •• 
Gobeli, G.W., and 
Trumbore, F.A , 1964 

Spitzer, W.G., et a1., 
1964 

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

[Ref. ) 

11 (cont. ) 
[18) 

12 
[18] 

13 
[18] 

14 
j18] 

15 
[22] 

6.371 
6.778 
7.154 
1.436 
7.749 
8.468 

(T-298 
3.425 
4.459 
5.179 
S.SB7 
5.963 
6.370 
7.123 
7" 436 
7.749 
8.499 

n 

1.701 
1.550 
1.361 
1.266 
1.191 
1.084 

K) 

2.937 
2.590 
2.288 
2.111 
1.909 
1. 714 
1.380 
] "'91 
1.216 
1.109 

(T=298 K) 

3.456 3.000 
4.459 2.559 
5.179 2.269 
5.587 2.080 
5.963 1.878 
6.371 1. 676 
6.716 1.481 
7.154 1.323 
7.436 1. 222 
7.718 1.146 
8.469 1.033 

(T=298 K) 
3.487 2.981 
4.521 2.572 
5.180 2.250 
5.587 2.092 
6.339 1.695 
6.778 1.500 
7.185 1.336 
7.436 1.247 
7.749 1.172 
8.437 1.058 

(T=298 K) 
0.400 3.191 
0.420 3.162 
0.441 3.128 
0.462 3.077 
0.481 3.030 
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 
0.1:>43 2.724 

Specifications and Remarks 

measurements; data taken from a 
figure. 

ll-1..YPI:!, pho::;pholU::; <.101''''<.1 ::;lllC:Ull 
samples; carrier concentration N 
7.5 x 10 19 cm- 3

; polished; specimen 
heated at 1310 K for 60 sec in a 
vacuum of ~l x 10-7 Torr; refractive 
index derived from reflectivity mea­
surements; data taken from a figure. 

n-type. phosphorus doped silicon 
samples; carrier concentration N 
7.5 X 1019 co- s ; polished; specimen 
heated at 1310 K for 90 sec in a 
vacuum of ~l x 10- 7 Torr; refractive 
index derived from reflectivity mea­
surements; data taken from a figure. 

n-type, phosphorus doped silicon 
samples; carrier concentration N 
7.5 x 1019 cm- 3

; polished; specimen 
heated at 1310 K for 120-210 sec in 
a vacuum of ~1 x 10- 7 Torr; refrac­
tive index derived from reflectivity 
measurements; data taken from a 
figure. 

Thin film specimen of 0.0346 ~m thick; 
no details of sample preparation 
given; reflectance and transmittance 
measured and reduced to refractive 
indices using iterative curve fitting 
technique; data taken from a figure. 

J. Phy •. Chern. Ref. Dat", Vol. 9, No.3, 19BO 

Author(s), Year 

Spitzer, W.G., 
Gobeli, G.W., and 
Trumbore, F.A., 1964 

Spit~er, w.G., et al., 
1964 

Spitzer, W.G., et a1., 
1964 

Spitzer, W.G., et al., 
1964 

Bennett, J.M. and 
Booty, K.J., 1966 
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Data Set 
[Ref. ] 

16 
[23] 

17 
[24] 

18 
[24] 

REFRACTIVE IN99{--OF SILICON AND GERMANIUM 607 

TABLE A-l. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILIC~N 
(Wavelength Dependence) (continued) 

n 

(T=300 K) 
0.5461 4.140 

(T=300 K) 
70.392 3.4191 
72.951 3.4186 
75.697 3.4193 
78.662 3.4193 
81.872 3.4188 
84.992 3.4186 
89.138 3.4190 
93.279 3.4189 
97.822 3.4189 

102.83 3.4187 
108.97 3.4184 
U3.92 3.418/, 

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 

(T=300 K) 
66.242 3.4166 
70.395 3.4185 
72.689 3.4183 
75.704 3.4182 
78.669 3.4182 
81.875 3.4184 
85.354 3.4184 
88.749 3.4184 
93.282 
97.354 

102.83 
107.80 
113.92 
120.77 
128.50 
138.23 

3.4182 
3.4183 
3.4181 
3.4181 
3.4181 
3.4180 
3.4180 
3.4178 

Specifications .and Remarks 

Single crystal; specimens with 
surface either chemically etched or 
cleaved; refractive index determined 
using e11ipsometric method; effects 
of the Si02 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. 

Single crystal; obtained from Exotic 
Materials, Costa Mesa, CA; p > 10 Q-~~; 
plate specimen of 1.94067 ± 2.3 x 10 
rom thick; refractive indices measured 
uS1ng 1nterference method; data taken 
from a figure. 

Single crystal; obtained from Exotic 
MaL~rLa1~, COBta Mesa, CA; ~ > 10 n-cm; 
plate specimen of 6.41495 ± 5 x 10-4 

rom thick; refractive indices measured 
USing interference method; data taken 
from a figure. 

Author(s), Year 
, 

V~lam, K., 
KnlilUsenberger, W., and 
Lu~:es, F., 1969 

Ran,la11, C.M. and 
Rawcliffe, R.D., 1967 

Randall, C.M. and 
Rawclj[[~, R.D., 1967 

J. Phys. Chem. Ref. Do'o,: Vol. 9, No.3, 1980 
I 
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Data Set 
[ReL] 

18 (cont. ) 
(24) 

19 
[25] 

20 
[26] 

H. H. LI 

TABLE A-I. EXPERIMENTAL DATA ON THE REFRACTIVE I~~EX OF SILICON 
(Wavelength Dependence) (continued) 

A n 

148.45 3.4179 
160.30 3.4178 
175.73 3.4177 
190.76 3.4175 
213.02 3.417'; 
235.51 3.4174 
270.42 3.4170 
312.53 3.4166 
'370.27 '3.4156 

(T=298 K) 
0.124 0.35 
0.133 0.39 
0.151 0.43 
0.176 0.47 
0.196 0.54 
0.216 0.70 
0.225 0.74 
0.230 0.94 
0.233 1.02 
0.239 0.90 
0.242 0.74 
0.264 0.78 
0.274 1.09 
0.286 1. 76 
0.290 2.51 
0.300 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 
6.794 3.37 

11.698 3.37 

(T=298 K) 
0.565 4.165 
0.591 4.157 
0.622 4.119 
0.654 4.059 

Specifications and Remarks 

Bulk silicon; no details of sample 
preparation and experiment given; 
refractive indices deduced fro~ 
normal reflectance measurement 
using classical oscillator fitting 
technique; data taken from a 
figure. 

Amorphous silicon film; deposited 
on polished silica glass slidco by 
vacuum «1 x 10- 5 nm Hg) evaporation 
of pure silicon crystals (p ~ 10 
D-cm) heated by electron bombardment; 

Author(s), Year 

Randall, C.M. and 
Rawc1iffe, R.D., 1967 

Ver1eur, H.W., 1968 

Grigorovid. 1;. and 
Voncu,A.,1!)()8 

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

Samsung Exhibit 1061, Page 48 of 98



Data Set 
[Ref.] 

20(cont. ) 
[26] 

21 
[27] 

22 
[27] 

23 
[27] 

24 
[27] 

REFRACTIVE INDEX OF SILICON AND GERMANIUM 609 

TABLE A-I. EXPERIMENTAL DATA O~ THE REFRACTIVE INDEX OF SILICON 
(Wavelength Dependence) (continued) 

A n 

0.692 3.968 
0.732 3.938 
0.780 3.877 
0.836 3.817 
U.bYU j. ,,6 
0.963 3.711 
1.041 3.650 
1.143 3.620 
1.246 3.597 
1.381 3.589 
1.550 3.559 
1. 784 3.529 
2.050 3.513 

(T=298 K) 
0.95 3.97 
1.02 3.90 
1.14 3.84 
1.29 3.80 
1.52 3.75 
1. 7L! "1.72 
1.94 3.70 
2.07 3.69 
2.25 3.68 

(T=298 K) 
0.93 3.95 
0.98 3.91 
1.05 3.86 
1.16 3.82 
1. 36 3.76 
1.50 3.7j 
1. 70 3.71 
1.96 3.68 
2.25 3.66 

(T=298 K) 
0.91 3.93 
0.93 3.89 
0.99 3.84 
1.08 3.80 
1.15 3.76 
1.30 3.72 
1.44 3.69 
1.66 3.66 
1.82 3.64 
2.18 3.61 

(T=298 K) 
0.82 3.97 

Specifications and Remarks 

refractive indices determined based 
on transmissivity, reflectivity and 
thickness measurements; data read 
from a figure. 

Thin films on substrates of single 
crystal sapphire disk; deposited by 
rf ~putterins of a 6 in~h ci~mptpr 
intrinsic silicon cathode; substrates 
held at or below room temperature and 
in an argon atmosphere of 0.01 Torr 
during deposition; specimen thickness 
0.3 to 10 urn determined to within ±10%; 
refractive indices determined from the 
transmission interference fringes and 
thickness of the specimen; data taken 
from a figure. 

Thin films on substrates of single 
crystal sapphire disk; deposited by 
rf sputtering of a 6 inch diameter in­
trinsic silicon cathode; substrates 
held at or below room temperature and 
in an argon atmosphere of 0.01 Torr 
during deposition; spec~men thickness 
0.3 to 10 urn determined to within ±10%; 
specimens annealed at 365 K for 2 hours; 
refractive indices determined from the 
transm1!;I:;1on l.nt.t!I:i"'I."'IlC'" £lil115"'::; aUll 
thickness of the specimen; data taken 
from a figure. 

Thin films on substrates of single 
crystal sapphire disk; deposited by 
rf sputtering of a 6 inch diameter in­
trinsic silicon cathode; substrates held 
at or below room temperature and in an 
argon atmosphere of 0.01 Torr during 
deposition; specimen thickness 0.3 to 
10 um determined to within ±10%; speci­
moms; annealed at 496 j{ for? hnl1T"'; 
refractive indices determined from the 
transmission interference fringes and 
thickness of the specimens; data taken 
fTom a figure. 

Thin films on substrates of single 
crystal sapphire disk; deposited by 

Author(s), Year 

Grigorovici, R. and 
Vancu, A., 1968 

Brodsky, M.H., 
1'i t 1 e, R. S • , 
Wp; ",er, K.. and 
Pettit, G.D., 1970 

Brodsky, M.H., et al., 
1970 

Brodsky, M.H., et al., 
1970 

Brodsky, M.H., et al., 
1970 

J. Phys. Chem. Ref. Doto, Vel. 9,' No.3, 1980 
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610 

Data Set 
[ReL] 

24(cont.) 
[27] 

2S 
(27] 

26 
[27) 

27 
[15] 

28 
[15] 

H. H. LI 

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

A n 

0.86 3.92 
0.92 3.85 
0.98 3.80 
1.03 3.76 
1.13 3.72 
1.26 3.67 
1.40 3.64 
1.58 3.61 
1. 76 3.60 
1.96 3.58 
2.21 3.57 

(T~298 K) 

0.81 3.83 
0.86 3.78 
0.92 3.73 
1. OJ '.n7 
1.12 3.63 
1.30 3.59 
1.48 3.55 
1. 68 3.52 
1. 95 3.50 
2.14 3.49 

(T~298 K) 
0.718 3.56 
0.746 3.51 
0.808 3.46 
0.873 3.41 
0.947 3.38 
1.016 3.35 
1.161 3.31 
1.330 3.28 
1.558 3.25 
1.816 3.24 
2.112 3.22 
2.451 3.21 

(T=297 K) 
1.2 3.5196 
1.4 3.4900 
1.6 3.4713 
1.8 3.4583 
2.0 3.4/,92 

(T=297 K) 
1.144 3.5295 
1.2 3.5189 
1.372 3.5007 
1.4 3.4841 
1. 532 3.4784 

Specifications and Remarks 

rf sputtering of a 6 inch diameter 
intrinsic silicon cathode; substrates 
held at or below room temperature and 
in an argon atmosphere of 0.01 Torr 
during depOSition; specimen thickness 
0.3 to 10 ~m determined to within ±10%; 
specimens annealed at 669 K for 2 hours; 
refractive indices determined from the 
tranfSm:i.fSfS:i.on :i.nterference fringes and 
thickness of the specimen; data taken 
from a figure. 

Thin filmc on cubctratec of cingle 
crystal sapphire disk; deposited by 
rf sputtering of a 6 inch diameter in­
trinsic silicon cathode; substrates 
hpld ",t or b",lo., room tpmpI?raturl? "nn 

in an argon atmosphere of 0.01 Torr 
during deposition; specimen thickness 
0.3 to 10 ~m determined to within ±10%; 
specimens annealed at 773 K for 2 hours; 
refractive indices determined from the 
transmission interference fringes and 
thickness of the specimen; data taken 
from a figure. 

Thin films on substrates of single 
crystal sapphire disk; deposited by rf 
sputtering of a 6 inch diameter intrinsic 
silicon cathode; substrates held at or 
below room temperature and in an argon 
atmosphere of 0.01 Torr during deposi­
tion; specimen thickness 0.3 to 10 ~m 
determined to within ±10%; specimen 
annealed at 1222 K for 2 hours; refrac­
tive indices determined h:OUl the trans.­
mission interference fringes and 
thickness of the specimen; data taken 
from a figure. 

Silicon wedge specimen; cut from a 
single crystal rod obtained from Merck 
and Co.; ultra-high purity p-type; p '" 
1200 Q-cm; orientation <111> along the 
rod axis and perpendicular to one face 
of the ",,,dS"; ...,,,dge angle 11 0 40'35"; 
wedge faces 22 mm long by 12.7 rom high; 
refractive indices determined by auto­
collimation method; data taken from 
a t"'-hle. 

Silicon wedge specimen; cut from a 
single crystal rod obtained from Merck 
and Co.: ultra-high purity p-type; p '" 
1200 n-cm; orientation <Ill> along the 
rod axis and perpendicular to one face 
of the wedge; wedge angle 11°40'35"; 

Author(s), Year 

Brodsky, M.H., 
Title, R.S., 
Weiser, K., and 
Pettit, G.D., 1970 

Brodcky, M.H., ct 0.1., 
1970 

Brodsky, M.H., et al., 
1970 

Primak, ~., 1971 

Primak, h1., 1971 

J. Phys. Chern. Ref. Dala, Vol. 9, No.3, 1980 
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.'Data Set 
::-;:[Ref. ] 

28(cont..) 
;{l5] 

29 
{I5] 

30 
[28] 

31 
[5] 

32 
[5] 

33 
[.5 ] 

REFRACTIVE INO.EX OF SILICON AND GERMANIUM 61'1 

TABLEA-l. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON 
(Wavelength Dependence) (continued) 

n 

1.696 3.4644 

(T=297 K) 
1.12 3.5361 
1.2 3.5193 
l.~ 3.~886 

1.6 3.4706 
1.8 3.4573 
2.0 3.4487 
2.16 3.4427 

(T-=298 K) 
0.5461 4.08 

(T=104 K) 
2.554 3.41172 
2.652 3.40896 
2.732 3.40754 
2.856 3.40611 
2.958 3.40475 
3.090 3.40365 
4.120 3.39695 
5.190 3.39388 
8.230 3.39064 

10.270 3.38989 

(T=202 K) 
2.554 3.42184 
2.652 3.42006 
2.732 3.41843 
2.856 3.41776 
2.958 . 3.41587 
3.090 3.41483 
4.120 3.40800 
5.190 3.40496 
8.230 3.40169 

10.270 3.40084 

(T=275 K) 
2.554 3.43472 
2.652 3.43264 
2.732 3.43097 
2.856 3.42971 
2.958 3.42836 
3.090 3.42723 
4.120 3.42642 
5.190 3.41649 
8.230 3.41314 

10.270 3.41226 

Specifications and Remarks 

wedge faces 22 mm long by 12.7 mm high; 
refractive indices determined by auto­
collimation method, data taken from a 
table~ 

Silicon wedge specimen; cut from a 
single crystal rod obtained from Merck 
and Co.; ultra-high purity p-type; p = 
1200 n-em~ orientation <111> along the 
rod axis and perpendicular to one face' 
of the wedge; wedge angle 11 0 40'35"; 
wedge faces 22 mm long by 12.7 mm high; 
refractive indices determined by auto­
collimation method; data taken from a. 
table. 

Single crystal: surface polished with 
diamond dust; refractive index deter­
mined by the method of ellipsometry. 

Good optical grade silicon samples; 
supplied by Exotic Materials. Inc.; 
prism specimen measured with a modified 
minimum deviation method; data taken 
from a table. 

Good optical grade silicon samples; 
supplied by Exotic Materials, Inc.; 
prism specimen measured with a modified 
minimum deviation method; data. talton 
from a figure. 

Good optical grade silicon samples; 
supplied by Exotic Materials. Inc.; 
prism specimen·measured with a modified 
minimum deviation method; data taken 
from a table. 

Author(s), Year 

Primak. W .• 1971 

Primak. W., 1971 

Shevchenko. G.K •• 
Rachkovskii, R.R., 
Kol'tsov. S.I.,.and 
Aleskovskii. V.B., 
1972. 

Icenogle, H.W •• 
Platt, B.C., and 
~olf~, W.C., 1976 

Icenogle, H.W., et al., 
1976 

Icenogle, H.W., etal., 
1976 

J.Phy •. Chem. Ref. Data, Vol. 9, No. 3,'1980, 
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612 H. H. LI 

'l'ABLE A-I. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICON 
(Wavelength Dependence) (continued) 

Data Set 
[Ref. ] 

34 
[5] 

35 
[29J 

36 
[29J 

37 
[29] 

38 
[29] 

n 

(T=296 K) 
2.554 3.43681 
2.652 3.43529 
2.732 3.43367 
2.856 3.43224 
2.958 3.43102 
3.090 3.42987 
4.120 3.42304 
5.190 3.41974 
8.230 3.41629 

10.270 3.41551 

(T=298 K) 
0.30 2.92 
0.32 3.18 
0.35 3.54 
0.39 3.90 
0.45 4.26 
0.51 4.51 
0.58 4.60 
0.61 
0.66 
0.74 
0.82 

4.50 
4.34 
4.20 
4.04 

0.93 3.91 
1.12 3.80 
1. 40 3.71 
1.61 3.68 
1.98 3.67 

(T=298 K) 
0.52 4.57 
0.55 4.44 
0.60 4.27 
0.65 4.13 
0.75 3.97 
0.86 3.84 
1.04 3.74 
1.32 3.65 
1. 56 3.62 
1.89 3~58 

(T=298 K) 
0.43 4.86 
0.46 4.67 
0.52 4.31 
0.58 4.07 
0.66 3.87 
0.76 3.71 
U.tH:$ 3.61 
1.10 3.54 
1. 36 3.50 
1.67 3.48 
1.89 3.47 

(T=298 K) 
0.53 4.60 

Specifications and Remarks 

Good optical grade silicon samples; 
supplied by Exotic Materials, Inc.; 
prism specimen measured with a modified 
minimum deviation method; data taken 
from a table. 

Thin films of thicknesses 0.06-0.350 
~m; deposited on quartz substrate in 
a vacuum of 10-6 Torr; evaporation 
produced by electron beam bombardment; 
HiLt::: uf <1t:::l'usLLLol1 0.0002-0.001 )Jm per 
second; substrate kept at 548 K during 
deposition; refractive index determined 
from normal incident reflectance and 
transmittance mcaourcmente; data takQn 
from a figure. 

Thin films of thicknesses 0.06-0.350 
~m; deposited ~r quartz substrate in 
a vacuum of 10 Torr; evaporation 
produced by electron beam bombardment; 
rate of deposition 0.0002-0.001 ~m per 
second; substrate kept at 873 K during 
deposition; refractive index determined 
from normal incident reflectance and 
transmittance measurements; data taken 
from a figure. 

Thin films of thicknesses 0.06-0.350 
~m; deposited ~~ quartz substrate in 
a vacuum of 10 Torr; evaporation 
produced by electron beam bombardment; 
rate of deposition 0.0002-0.001 ~m per 
second; substrate kept at 1048 K during 
deposition; refractive index determined 
from normal 1nc1dt:::nL L",flt::c:Lance and 
transmittance measurements; data taken 
from a figure. 

Thin films of thicknesses 0.06-0.350 
~m; deposited on quartz substrate in 

J. Phy •. Chem. Ref. Dat", Vol. 9, No. ~, 1980 

Author(s), Year 

Icenogle, H.W., 
Platt, B.C., and 
Wolfe, W.C., 1976 

Thutupa11i, G.K.M. and 
Tomlin, S.G., 1977 

Thutupal1i, G.K.M. and 
Tomlin, S.G., 1977 

Thutupalli, G.K.M. and 
Tomlin, S.G., 1977 

ThutllP:lllj, G.K.M. and 
TOllllill. ;; c;., 1977 
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Data Set 
[ReL] 

38(cont. ) 
[29J 

39 
[29] 

40 
[16) 

REFRACTIVE INDEX OF SILICON AND GERMANIUM 613 

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

\ n 

0.56 4.44 
0.64 4.23 
0.74 4.00 
0.90 3.84 
1.04 3.77 
1.24 3.68 
1.50 3.65 
1.85 3.61 

(T=298 K) 
0.30 4.16 
0.30 4.52 
0.30 4.85 
0.31 5.21 
0.32 5.43 
0.33 5.65 
U.::S4 .5.94 

0.35 6.30 
0.36 6.55 
0.37 6.70 
0.38 6.::'2 
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 
1.10 3.53 
1.43 3.45 
2.06 3.38 
3.10 3.38 
6.96 3.34 

(T",299 K) 
1.3570 3.5151 
1.3673 3.5139 
1.3951 3.5107 
1. 5295 3.4976 
1.6606 3.4879 
1. 7092 3.4849 
1.8131 3.4792 
1.9701 3.4724 
2.1526 3.4664 
2.3254 3.4618 
2.4374 3.4596 
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 

Specifications and Remarks 

a vacuum of 10- 6 Torr; evaporation 
produced by electron beam bombardment; 
rate of deposition 0.0002-0.001 ~m per 
secone; substrate kept at 548 K during 
deposition and then annealed at 873 K 
for 3 hours; refractive index deter­
mined from normal incident reflectance 
and transmittance measurements; data 
taken from a figure. 

Single crystal; cut at <Ill> face and 
polished with successively finer grades 
of diamond abrasives and finally with 
an A1 2 0s polishing powder on a beeswax 
lap; refractive index determined from 
normal incident reflectance and trans­
mittance measurements; data taken from 
a !lgure. 

Single crystal; obtained from the 
Raytheon Co.; prism specimen of 15°38' 
29" apex angle; refractive index deter­
mined by minimum deviation m~~hod; 
reported uncertainty 2 x 10 ; the 
values in this set are much higher than 
the author's previous measure (data 
set 3) for a sample obtained from 
Texas lnstrument Co.; impurities in 
Raytheon sample may be responsible to 
such discrepancies; data extracted 
from a table. 

Author(s), Year 

Thutupalli. G.K.M. and 
Tomlin, S.G., 1977 

Thutupalli, G.K.M. and 
Tomljn, S.G., 1977 

Villa, J.L., 1972 

J. Phys. Chem. Ref. Data, Vol. 9, No.3, 1960 
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614 

Data Set 
[ReL] 

40 (cant.) 
[16] 

5.00 
5.50 
6.00 
6.50 
7.00 
7.50 
8.00 
8.50 

10.00 
10.50 
11.04 

H. H. LI 

TABLE A-I. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICO~ 
(Wavelength Dependence) (continued) 

n Specifications and Remarks Author(s), Year 

3.4415 
3.4405 
3.4397 
3.4391 
3.4387 
3.4383 
3.4380 
3.4377 
3.4375 
3.4373 
3.4371 

Villa, J.L., 1972 

J. Phy •. Chern. Ref. Dala, 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) 

iJata Set 
I Ref.) 

1 
[5] 

2 
[5] 

[Temperature, T, K; Wavelength, A, ~m; Refractive Index, nJ 

T n 

(A=2.554 11m) 
103 3.41279 
110 3.41302 
120 3.41374 
131 3.41471 
137 3.41534 
144 3.41616 
152 3.41695 
160 3.41759 
167 3.41868 
175 3.41967 
182 3.42074 
189 3.42158 
193 3.42216 
200 3.42303 
205 3.42375 
210 3.1,2/,1,8 

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 

(A=2.732 )lm) 
97 3.40857 

106 3.40923 
116 3.40999 
126 3.41084 
133 3.41234 
143 3.41256 
150 3.41317 
159 3.41429 
165 3.41502 
169 3. /,1551 
177 3.41656 
182 3.41723 
190 3.41833 
197 3.4187'1 
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 

Specifications and Remarks 

Good optical grade silicon samples; 
supplied by Exotic Materials, Inc.; 
prism specimen measured with a.modified 
minimum deviation method; data taken 
from a table. 

Good optical grade silicon samples; 
supplied by Exotic Materials, Inc.; 
prism specimen measured With a modified 
minimum deviation method; data taken 
from a table. 

Author(s), Year 

Icenogle, H.~., 
Platt, B.C., and 
Wolfe, W.L., 1976 

Icenogle, H.W., et al., 
1976 

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

Data Set 
[Ref.] 

2(cont.) 
[5] 

3 
[5] 

4 
[Sj 

J. Phys 

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

T n Specifications and Remarks 

272 3.43037 
277 3.43112 
282 3.43182 
286 3.43251 

(,,=5.190 ]Jm) Good optical grade silicon samples; 
99 3.39330 supplied by Exotic Materials, Inc.; 

106 3.39388 prism specimen measured with a modified 
111, 3.394/,1 minimum deviation method; data taken 
120 3.39497 from a table. 
127 3.39554 
133 3.39608 
1 L.O '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 

(1.=10.27 ]Jm) Good optical grade silicon samples; 
99 3.39109 supplied by Exotic Materials, Inc.; 

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 

'" Ref. Data, Vol. 9, No.3, 1980 

Author (s), Year 

Icenogle, H.W., 
Platt, B.C., and 
"Wolfe, "W.L., 1976 

Icenogle, H.W., et a1., 
1976 

Icenogle, H.W., et al., 
1976 
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Data Set 
[Ref. ] 

4(cont.) 
[5] 

5 
[4] 

6 
[4] 

REFRACTIVE INDEX OF SILICON AND GERMANIUM 

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

T 

248 
253 
260 
281 
271 
276 
280 
283 
287 

n 

3.40838 
3.40905 
3.41021 
3.41088 
3.411 Rfi 
3.41270 
3.41337 
3.41380 
3.41427 

(A= 1. 259 llm) 
109.6 3.478 
133.1 3.481 
150.8 3.484 
166.4 3.485 
186.0 3.488 
201. 7 3.491 
213.5 3.493 
227.2 3.495 
235.0 3.497 
250.7 3.499 
272.2 3.)04 
295.7 3.510 
327.1 3.517 
356.5 3.523 
368.2 3.J26 
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 3.56J 
554.3 3.565 
573.9 3.570 
613.0 3.580 
62R.7 3.582 
646.3 3.587 

(A"'1. 407 llm) 
109.7 3.460 
143.0 3.465 
160.6 3.467 
172.L, 3.468 
188.1 3.470 
207.7 3.473 
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 
2CSCS.U 
299.8 
331.1 

3.489 
3.490 
3.496 

Specifications and Remarks 

Single crystal; p-type; p 380 ohm-em; 
prism specimen of 17°51.4' apex angle; 
refractive indices for the spectral line 
A = 1.259 llm at various temperatures 
determined by the minimum deviation 
method; reported error in n ~ 0.0004; 
data read from a figure. 

Single crystal; p-type; p = 380 ohm-em; 
prism specimen of 17°51.4" apex angle; 
refractive indices for the wavelength 
A c 1.407 llm at various temperatures 
determined by the minimum deviation 
method; reported error in n ~ 0.0004; 
data read from a figure. 

Author(s), Year 

Icenogle, H.W., 
Platt, B.C., and 
Wolfe, W.L., 1976 

Lukes, F., 1959 

Lukes, F., 1959 
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619 

Data Set 
[Ref.] 

6(cont. ) 
[4] 

7 
[4j 

H. H. LI 

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

T 

356.6 
360.5 
372.2 
397.7 
407.5 
421.2 
434.9 
458.4 
478.0 
489.7 
497.6 
505.4 
517.2 
532.8 
544.6 
554.4 
%6.1 
568.1 
577.9 
581. 8 
593.6 
603.4 
609.2 
624.9 
636.6 
636.6 
648.4 
658.2 
681. 7 
691. 5 
695.4 
709.1 
713.0 
722.'0 
728.7 
742.4 
744.3 

n 

3.501 
3.502 
3.505 
3.509 
:3.512 
3.514 
3.517 
3.523 
3.529 
3.531 
3.532 
3.532 
3.535 
3.539 
3.542 
3.545 
3.547 
3.549 
3.550 
3.551 
3.554 
3.556 
3.558 
3.562 
3.564 
3.565 
3.567 
3.570 
3.575 
3.577 
3.579 
3.582 
3.583 
:;'~'d'd 

3.589 
3.591 
3.593 

(/,=,1. 564 ]Jm) 
107.8 3.446 
113.7 3.447 
129.L, 3.448 
141.] 3.450 
152.9 3.451 
160.7 3.453 
178.4 3.455 
192.1 3.457 
207.7 3.459 
219.5 3.461 
229.3 3.L,62 
241.1 3.464 
252.8 3.467 
272.1.. 3.470 
280.2 
299.8 
311.6 
327.3 

3.;:.71 
3.475 
3.477 
3.480 

Specifications and Remarks 

Single crystal; p-type; p = 380 ohm-cm; 
prism specimen of 17°51.4' apex angle; 
refractive indices for the wavelength 
A = 1.56L, ]Jm at various temperatures 
determined by the minimum deviation 
method; reported error in n ~ 0.0004; 
data read from a figure. 

Author(s), Year 

Lukes, F., 1959 

Lukes, F •• 1959 

J. Phv5. Chem. Ref. Data. Vol. 9. No.3. 1980 
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Data Set 
[Ref. ] 

7(conto) 
[4] 

8 
[14] 

REFRACTIVE iNDEX OF SILICON AND GERMANIUM 

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

T n 

344.9 3.483 
352.7 3.485 
368.il 3.il88 
374.3 3.490 
388.0 3.492 
399.7 3.495 
417.4 3.498 
423.2 3.500 
',31.1 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 
511.4 3.519 
529.0 3.522 
536.8 3.525 
546.6 3.526 
55il.5 3.530 
564.3 3.532 
574.0 3.534 
583.8 3.537 
607.3 3.542 
621.0 :" ;'4;' 
632.8 3.547 
644.6 3.549 
658.3 3.55LJ 
670.0 3.555 
683.7 3.559 
695.5 3.561 
709.2 3.566 
724.9 3 • .J70 

736.6 3.573 
750.3 3.576 

(;'-2.409 \.1m) 
111.6 3.412 
120.7 3.415 
144.8 3.417 
156.9 3.418 
187.1 3.il2] 
199.2 3.424 
211.3 3.426 
229.4 3.il28 
238.4 3.430 
247.5 3.il3J 
262.6 3:433 
265.6 3.435 
274.7 3.il36 
280.7 3.437 
286.8 3.438 
289.8 3.440 
295.8 3.4ilO 
307.9 3.il43 
323.0 3.445 

Specifications and Remarks 

Single cryoto1; p type; p 380 ohm-em; 
prism specimen of 17°51.4' apex angle; 
refractive indices for the spectral line 
~ 2.409 ~m at various temperatures 
determined by the minimum deviation 
method; reported error in n ~ 0.0004; 
data read from a figure. 

Author(s), Year 

Lukes, F., 1959 

Lukes, r., 1960 
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Data Set 
[Ref. ] 

8 (cont. ) 
[14] 

9 
[14] 

10 
[30] 

H. H. LI 

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

T n 

335.1 3.446 
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 

(A=5.15611m) 
298.6 3.420 
310.7 3.423 
316.7 3.423 
334.q 3.426 
337.9 3.427 
347.0 3.429 
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 "3.4/"3 
585.7 3.475 
594.7 3.476 
621.9 3.481 

(A=0.45 11m) 
266 4.74 
373 4.81 
466 4.91 

Specifications and Remarks 

Single crystal; p-type; p = 380 ohm-cm; 
prism specimen of 17°51.4' apex angle; 
refractive indices for the spectral line 
A 5.156 11m at various temperatures 
determined by the minimum deviation 
method; reported error in n ~ 0.0004; 
data read from a figure. 

Single crystal; p 15 Q-cm; plane­
parallel disk specimens of 23 mm in 
diameter; optical polished; emissivj ti (,s 
directly measured by comparison of the' 

Author(s), Year 

Lukes, F., 1960 

Lukes, F., 1960 

S:lill, T., 1967 

J. PhYI. Chem. Ref. Data, Vol. 9, No.3, 1980 
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Data Set 
[Ref.] 

10(cont. ) 
[30) 

11 
l30J 

12 
(30] 

13 
[3D) 

14 
[30] 

15 
[30J 

REFRACTIVE INDEX OF SILICON AND GERMANIUM 

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

T n 

568 4.96 
675 5.02 
760 5.14 
875 5.18 
968 5.32 

(;\"'0.55 \Jm) 
275 4.14 
368 4.22 
466 4.23 
564 4.34 
675 4.40 
773 4.42 
866 4.51 
977 4.55 

(;\"'0.65 ]Jm) 
275 4.03 
386 L,.07 

475 4.12 
577 4.23 
693 4.24 
79J 4.iO 
880 4.40 
995 4.42 

(;\=0.90 ]Jm) 
271 3.75 
368 3.83 
475 3.83 
568 3.92 
675 3.91 
768 4.00 
871 4.00 
973 4.10 

(;\=1. 56 \Jm) 
280 3.55 
377 3.61 
484 3.60 
573 3.68 
671 3.72 
782 3.69 
871 3.79 
977 3.77 

(;\=2.00 ]Jm) 
284 3.47 
382 
488 
573 
675 

3. /,8 
3.52 
3.59 
3.56 

Specifications and Remarks 

emission of the specimen ;md that of 
a V-shape cavity of graphite \vitll the 
emissivity of about 0.97; refractive 
index determined the l'xpn'ssj.ll11: 
emissivity = 4n/ (n+1) ; O;lt:1 t;JiC.'11 

from a figure. 

Single crystal; p = 15 Q-cm; plane­
parallel disk specimens 01 Li mm in 
diameter; optical polished; emissivities 
directly measured by comparison of the 
emission of the specimen and that of 
a V-shape cavity of graphite with the 
emissivity of about 0.97; refractive 
index determined usin~ the expression: 
emissivity = 4n/(n+l)"; data taken 
from a figure. 

Single crystal; p = 15 ~-cm; plane­
parallel disk specimens of 23 rum in 
diamGter; optical polished; emissivities 
directly measured by comparison of the 
emission of the specimen and that of 
a V-shape cavity of graphite with the 
f"mi ,:;,:;;vi ry of "hOHt O. en; refractive 
index determined using the expression: 
emissivity 4n/(n+l)2; data taken 
from a figure. 

Single crystal; p = 15 ~-cm; plane­
parallel disk specimens of 23 mm in 
diameter; optical polished; emissivities 
directly measured by comparison of the 
emission of the specimen and that of 
a V-shape cavity of graphite with the 
emissivity of about 0.97; refractive 
index determined usin& the expression: 
emissivity 4n/(n+l)"; data taken 
from a figure. 

Single crystal; p = 15 n-cm; plane­
parallel disk specimens of 23 rum in 
diameter; optical polished; emissivities 
directly measured by comparison of the 
emission of the specimen and that of 
a V-shape cavity of graphite with the 
emissivity of about 0.97; refractive 
index determined using the expression: 
emissivity 4n/(n+1)'; data taken 
from e figure. 

Single crystal; p = 1 : ,.-CJ11; pl:Il1l'­
parallel disk specimC'lls 0 r 2'1 JJ1mi 11 

diameter; opticsl po] i$.;h(,J; (_'Ill i ~~!~ i \.1 ill j'~ 

directly measured by comp;lrj son Dr lill' 
emission of the spICei Illl'll :1Ilt! lli;, 1 "r 
a V-shape cavity of grapliite \vitil the 

Author(s), Year 

Sato, T., 1967 

S:lto, T., 1967 

Sato, T., 1967 

Sata, T., 1967 

Sato, T., 1967 

S;III), T., 1967 
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622 H. H. LI 

Data Set 
[Ref. ] T 

TABLE A-2. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF SILICO!\' 
(Temperature Dependence) (continued) 

n Specifications and Re~arks Author(s), Year 

15(cont.) 
[30] 

782 
871 
977 

3.59 
3.65 
3.64 

emissivity of about 0.97; refractive 
index determined uSin~ the expression: 
e~issivity = 4n/(n+1) ; data taken 
from a figure. 

Sato, T., 1967 

J. Phy;)_ Chem. Ref. Dota, Vol. ?, No.3, 1 r 
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REFRACTIVE INDEX OF SILICON AND GERMANIUM 

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

623 

[Temperature, T, K; Wavelength, A, ]JTI1; Temperature Derivative of Refractive Index, dn/c1T,10-4K-l] 

Data Set 

1 
[4] 

2 
[14] 

dn/dT 

(T=300 K) 
1.130 2.17 
1.158 2.12 
1.192 2.09 
1.260 2.06 
1.327 2.04 
1.457 1.97 
1.589 1.95 
1.734 1.91 
1. 781 1. 88 

(T=300 K) 
1.146 2.18 
1.162 2.13 
1.207 2.10 
1.238 2.07 
1.328 2.04 
1.389 1. 98 
1.554 1.96 
1. 72C 1.88 
1. 766 1.84 
2.080 1. 8e 
2.393 1. 80 
J.410 1. 74 
3.829 1.68 
5.144 1.60 

Specifications and Remarks 

Single crystal; p-type; p = 380 n-cm; 
prism specimen of 17°5].4' apex angle; 
refractive indices at various tempera­
tures determined using the minimum 
deviation method and dn/dT at 300 K 
obtained; data read from a figure. 

Single crystal; p-type; p = 380 n-cm; 
prism specimen of 17°51.4' apex angle; 
refractive indices at various tempera­
tures determined using the minimum 
deviation metnod and dn/dl at: 300 K 

obtained; data read from a figure. 

Author(s), Year 

Lukes, r., 1959 

Lukes, r., 1960 

J. Phys. Chem. R.f. Dolo. Vol ..... Nb. ), 11,180 
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624 H. H. LI 

TABLE A-4. EXPERIMENTAL DATA ON THE TEMPERATURE DERIVATIVE OF REFRACTIVE INDEX OF SILICON 
(Temperature Dependence) 

[Temperature, T, K; Wavelength, A, ~m; Temperature Derivative of Refractive Index, dn/dT,10- 4K- 1
] 

Data Set 

1 
[4] 

2 
[4] 

3 
[14] 

4 
[14] 

T dn/dT 

(A=1. 259 ~m) 
117.8 1.01 
170.9 1.60 
216.6 1.84 
266.3 1.98 
315.9 2.09 
415.4 2.22 
522.4 2.37 

(A=1.564 ~m) 
117.7 1.07 
167.2 1.46 
216.8 1.63 
266.4 1.83 
319.9 1.95 
419.2 2.14 
522.5 2.29 
621.9 2.39 
721.4 2.44 

(A=1.407 ~m) 
115.7 0.95 
127.6 1.09 
154.2 1.41 
184.0 1.54 
210.7 1.77 
252.3 1.92 
290.9 2.06 
371.2 2.06 
421. 7 2.15 
466.3 2..2.0 
516.9 2.29 
567.4 2.32 
609.0 2.33 
629.9 2.32 
665.5 2.30 
719.1 2.30 
736.9 2.30 

(A=2.409 ~m) 
115.7 0.78 
127.6 0.97 
157.3 1.22 
184.0 1.42 
207.7 1.57 
249.3 1.78 
290.9 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 

Specifications and Remarks 

Single crystal; p-type; p = 380 Q-cm; 
prism specimen of 17°51.4' ape;, angle; 
refractive indices for the line 1.259 ~m 
at various temperatures determined using 
the minimum deviation method and dn/dT 
obtainad; data read from a figure. 

Single crystal; p-type; p 380 n-cm; 
prism specimen of 17°51.4' apex angle; 
refractive indices for the line A = 
1.564 ~m at various temperatures deter­
mined using the minimum deviation method 
and dn/dT obtained; data read from a 
figure. 

Single crystal; p-type; p = 380 Q-cm; 
prism specimen of 17°51.4' apex angle; 
refractive indices for wavelength A = 
1.407 ~m at various temperatures deter­
mined using the minimum deviation method 
and dn/dT obtained; data read from a 
figure. 

Single crystal; p-type; p = 380 n-cm; 
prism specimen of 17°51.4' apex angle; 
refractive indices for the line A = 
2.409 ~m at various temperatures deter­
mined using the minimum deviat.ion method 
and dn/dT obtained; data read from a 
figure. 

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

Author(s), Year 

Lukes, F., 1959 

Lukes, F., 1959 

Lukes, F., 1960 

Lukes, F., 1960 
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REFRACTIVE INDEX OF SILICON AND GERMANIUM 

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

Data Set 
[Ref .J 

5 
[14] 

6 
[14] 

T dn/dT 

(1..=3.826 ].1m) 
311.8 1. 74 
371.2 1.83 
418.8 1.95 
466.4 2.00 
519.9 2.03 
567.5 2.06 
609.1 2.09 

(),=5.156 ].1m) 
308.8 1. 62 
368.3 1.74 
418.8 1.86 
469.4 1.94 
516.9 1.98 
567.5 1.95 
606.2 1.85 

Specifications and Remarks 

Single crystal; p-type; p = 380 Q-cm; 
prism specimen of 17°51.4' apex angle; 
refractive indices at various tempera­
tures determined using the minimum 
dflviation rnflthod and dn/dT obtained; 

data read from a figure. 

Single crystal; p-type; p '" 380 rl-cm; 
prism specimen of 17°51.4' apex angle; 
refractive indices at various tempera­
tures determined using the minimum 
deviation method and dn/dT obtained; 
data read from a figure. 

Author(s), Year 

Lukes, F., 1960 

Lukes, F., 1960 
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626 H. H. LI 

TABLEA-5. EXPERL~ENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM (Wavelength Dependence) 

[Temperature, T, K; T;lave1ength, A, ].m; Refractive Index, n] 

Data Set 
[Ref.] 

1 
[41] 

2 
[12J 

3 
[17] 

4 
[42J 

A n 

(T:=298 K) 
0.36 2.03 
0.43 2.43 
0.50 3.40 
0.68 5.15 
0.78 5.22 
0.88 5.17 
0.98 5.20 
1.0 4.92 
1.2 4.84 
i.4 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 4.46 
3.1 4.43 
3.9 4.38 
5.2 4.33 
7.6 4.30 

(T:=298 K) 
1.80 4.143 
1.85 4,135 
1.90 4.129 
2.00 4.116 
2.10 4.104 
2.20 4.092 
2.30 4.085 
2.40 4.078 
2.50 4.072 
2.60 4.068 

(T=300 K) 
3.842 2.669 
4.147 2.648 
4.518 2.698 
4.715 2.750 
6.209 2.993 
7.158 3.403 
8.202 3.652 
9.735 3.954 

12.168 3.968 
13.983 4.128 

(T:=77 K) 
8.66 3.77 
9.~ 3.81 

10.2 3.81 
11.22 3.81 
12.35 3.82 

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

Specifications and Remarks 

Thin film specimens of thickness 
ranged from 0.04 to 1.0 ~m; refrac­
tive index determined from the in­
terference fringe order of the trans­
mitted radiation and the thickness 
of the specimen; data extracted from 
a figure. 

Sample from a standard high back­
voltage melt with impurity content 
estimatf?d at less than 0,01'%; 1''I"1S­
matic specimen of 17°6'30" angle; 
index of refraction measured by 
method of minimum deviation; data 
extracted from a table. 

Crystal; obtained from RCA Labora­
tories; p~l ~-cm; polished specimen 
of 0.89 IT~ thick: reflectances at 
20 and 70 degree'incidence angles 
obtained; refractive ind:i.ces obtained 
by a graphical analysis; data taken 
from a figure. 

Pure crystal; thin plate specimen of 
227 pm thick; interference fringe of 
transmitted radiation observed and 
refractive index determined; dat;; 
extracted from a table. 

Author(s), Year 

Brattain, W.H., and 
Briggs, H.B., 1949 

Briggs, H.B., 1949 

Simon, 1., 1951. 

Collins, R.J., 1953 
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Data'Set 
··'{Ref •• ] 

.5 
[42] 

6 
·{35] 

[43] 

8 
[44] 

9 
[44] 

REFRACTIVE INDEX OF~ SILICON AND· GERMANIUM 627. 

TABLE. A:5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM 
(Wavelength Dependence) (con1;inued) 

n 

(T=300 K) 
8.66 3.92 
9.4 - 3.90 

10.2 3.93 
11.22 3.92 
12.35 3.93 

(T=297.3 K) 
2.00 4.1254 
2.10 4.1145 
2.30 4.0980 
2.40 4.0918 

(T=~~ / K) 

1.8 3.95 
to 

15.2 

(T-297 
2.811 
3.217 
3.623 
4.029 
7.139 

10.926 
12.008 
12.B20 
13.361 
13.902 
14.172 
15.254 
16.066 
17.012 
17 •. 959 
18.906 
19.988 
21.070 
22.152 
22.963 

K) 
4.027 
4.027 
4.027 
4.014 
3.959 
3.662 
3.595 
,'1.514 
3.500 
3.432 
3.392 
3.297 
3.230 
3.095 
2.946 
2.811 

. 2.649 
2 .. 473 
2.270 
2.054 

(T=297 K) 
7.816 3.824 
8.762 3.824 
Y.Yl)U ::l./':J/ 

10.926 3.770 
12.008 3.730 
12.955 3.703 
14.037 
14.984 
16.066 
17.148 
17.959 
18.906 

3.622 
3.514 
3.432 
3.324 
3.230 
3.162 

Specifications and Remarks 

Pure crystal; thin plate specimen of 
227 pm thick; interference fringe of 
tr,ansmitted radiation ,observed and 
refractive index determined; data 
extracted from a table. 

Germanium crystal; grown at the 
General Electric Co., Electronic 
Lab., Electronic Park, Syracuse, NY; 
plane parallel' plate specimen of 
3.0575 rom thick and 28 rom clear 
aperature; interference fringe order 
observed and vacuum refractive in­
dex of the plate determined; data 
taken from a table. 

t:i:i.ngle crystal; P=:56 n-cm; plate 
specimen of about 7 rom thick; refrac­
tive index deduced from reflectance 
and transmittance measurements; re­
rU:H.:llllt:! luul:!.>\. lu Ll!t:! w,,!IIelt:!ugLh 
region between 1.8 and 15.2 pm being 
a constant·3.95. 

Single eryotnlo, n-typc with majority 
carrier concentration N = 3.9 X 1019 

cm- 3 ; refractive index derived from 
reflectivity and transmission mea­
surements; data taken from a figure. 

Single crystals, p-type with majority 
carrier concentration N = 1.1 X 1019 

cm-o; refractive index derived from 
rerlect:i.vity and transm:i.ss~on mea­
surements; data taken from a figure. 

Author{s), Year 

Collins, R.J., 1953 

Rank, D.H., 
Bennett, R.E., and 
Cronemeyer, D.C., 1954 

OSWa1<l, 1'. and 
Scha!ie, R., 1954 

,Sp,itzcr, w.e. and 
Fan, H. Y;, 1957 

Spitzer, W.G. and 
Fan, H.Y., 1957 

J. Phys. Chem. Ref. DCllel, Vel. 9, No.3, 1980 
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028 

Data Set 
[Ref.] 

10 
[13] 

11 
[39] 

12 
[39] 

H. H. LI 

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

n 

(T=300 K) 
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 
3.4188 
4.258 
4.866 
6.238 
8.66 
9.72 

11.04 
12.20 
13.02 
14.21 
15.08 
16.00 

',.0370 
4.0336 
4.0217 
4.0170 
4.0092 
4.0036 
4.0026 
4.0020 
4.0018 
4.0016 
4.0015 
4.0014 
4.0012 

(T=300 K) 
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 
12.20 
13.02 

4.002.6 
4.0023 
4.0021 

(T=300 K) 
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 ,.,0" 
3.4188 
4.258 
4.866 
6.238 
8.66 
9.72 

11.04 
12.20 
13.02 

4.0,]7 
4.0339 
4.0217 
4.0167 
4.0095 
4.0043 
4.0033 
4.0025 
4.0020 
4.0018 

Specifications and Remarks 

Single crystal of germanium from 
Sylvania Electronic Products Co., 
Woburn, MA; test prism cut with faces 
4.5 x 4.0 em and refracting angle of 
11.8°; index of refraction measured 
by autocollimation method at 300 K; 
data with uncertainty ±2 in fourth 
decimal place taken from a table. 

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

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

Author(s), Ye<.r 

Salzberg, C.D. ar.d 
Villa, J.J., 1957 

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

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

J. Phy •. Chom. Ref. D .. , .. , Vol. 9, No.3, 1980 
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Data Set 
[Ref. ] 

13 
[45] 

14 
[3J 

15 
[3] 

16 
[ 3J 

REFRACTIVE INDEX OF SILICON AND GERMANIUM 629 

TABLE A-5. ZXPERIMENTAL DATA ON THE REFRACTIVE I}.T])EX OF GERMANIUM 
(Wavelength Dependence) (con tinued) 

n 

(T=298 K) 
0.36 4.13 
0.40 4.14 
0.43 4.03 
0.46 4.07 
0.49 4.37 
0.52 4.74 
0.54 5.07 
0 . .'i8 5.37 
0.60 5.56 
0.63 5.31 
0.66 5.17 
0.69 4.84 

(T=87 K) 
1. 743 4.064 
1.902 4.041 
2.089 4.027 
2.263 4.014 
2.422 /".003 
2.552 3.996 
L.711 ::l.SlSlU 
2.856 3.986 
3.059 3.978 
3.348 3.969 
3 .. 623 3.966 
4.116 3.955 
4.463 3.952 
4.855 3.952 
5.318 3.949 
5.608 3.947 

(1':190 !() 
1. 831 !,.093 
1.888 4.077 
2.091 4.061 
2./"09 4.040 
2. "i'i.i 4.0i4 
2.713 4.025 
2.828 4.021 
3.378 4.003 
3.654 3.998 
3.914 3.994 
4.117 3.989 
4.465 3.986 
4.900 3.986 
5.320 3.985 

(T=297 K) 
1. 769 4.138 
1. 854 4.127 
1. 940 4.119 
2.111 4.099 
2.281 4.080 
:':.43'3 4.U6!:J 
2.581 4.061 
2.739 4.056 
2.882 4.048 

Specifications and Remarks 

Specimens of both mechanically pol­
ished and etched 6 Q-cm germanium; 
optical constants obtained from 
ellipticity of reflected polarized 
1jght: thp pnl;~hpn m;~~n~~ wp~p 
boiled in benzene and refluxed over 
acetone for several hours before 
use; the effect of surface films were 
taken into account; data extracted 
from a figure. 

5" germanium prism mounted against 
a plane mirror; Abbe autocollimation 
method applied to measure the devia­
tion angle to within ±l'; data ex­
tracted from a figure. 

5° germanium ilrism mounted against 
a p1anQ mirror; AbbQ ~utocol1imation 
method applied to ~easure the devia­
tion angle to within ±1'; data ex­
tracted from a figure. 

5° germanium prism mounted against 
a plane mirror; Abbe autocollimation 
method applied to measure the dey! {I •. 
tion angle to \vithin ±1'; data e,:­
tracted from a figure. 

Author(s), Year 

Archer, R.J., 1958 

Cardona, M., 
Paul, H., and 
Brooks, H., 1959 

Cardona, M., et al., 
1959 

C:ll"tI,»)1:1, i': , ct .J1., 
i l ,I ~) l : 

J. Phys. Chem. Ref. Daia, Vol. 9, No.3, 1980 
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630 H. H. LI 

Data Set 
[Ref.] 

l6(cont.) 
[3] 

17 
[46] 

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

3.083 
3.383 
3.656 
3.885 
4.129 
4.445 
4.861 
5.320 
5.578 

n 

4.046 
4.035 
4.030 
4.024 
4.024 
4.020 
4.018 
4.015 
4.U1L 

(T=300 K) 
0.124 0.821 
0.132 0.779 
0.138 0.815 
0.148 0.812 
0.156 0.848 
0.167 0.846 
0.178 0.920 
0.190 0.957 
0.204 1.108 
0.2J.l 1.299 
0.218 1.452 
0.221 1.490 
0.227 1.451 
0.240 1. L,88 

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.l32 
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 
1.1U8 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 

Specifications and Remarks' 

Single crystal; etched surfaces; 
near normal reflectance spectrum 
between 0.1 and 1.8 vm observed, 
above 1.77 Vm reflectance calculated 
from available refractive indices; 
phase angle computed from reflectance 
~pectrum using the Krommcrc-Kronig 
relation; optical constants deter­
mined from the Fresnel formulae; 
data taken from a figure. 

Author(s), "ear 

Cardona, M., 
Paul,W.,and 
Brooks, H., 19.59 

Philipp, H.R. ar.d 
Taft, E.A., 1959 

J. Phys. t;;hem. Ret. lJala, Yol. 9, No. J, 19110 
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Data Set 
[Ref. ] 

18 
[47] 

19 
[47] 

20 
[47] 

21 
[47] 

22 
[47] 

REFRACTIVE INDEX OF SILICON AND GERMANIUM 

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

n 

(T"'297 K) 
1.513 4.815 
1.607 4.752 
1. 725 4.723 
1.853 4.651 
2.031 4.622 
2.228 4.540 
2.803 4.497 
2.861 4.539 
3.334 4.548 
3.978 4.527 
4.900 4.450 

(T=297 K) 
1.409 4.853 
1. 502 4.812 
1. 601 4.740 
1. 743 

1.887 
2.087 
2.309 
2.617 
2.803 
3.029 
3.676 
4.525 
4.625 

(T=297 
2.803 
2.813 
3.041 
4.677 

(T=297 
1. 514 
1. 602 
1.698 
1.809 
1. 941 
2.105 
2.292 
2.523 
2.855 
3.022 
3.248 
3.766 
4.507 
4.583 

4.721 
4.651 
4.620 
4.538 
4.497 
4.548 
4.498 
4.515 
4.438 
4.457 

K) 
4.497 
4.546 
4.498 
4.457 

K) 
4.498 
4.460 
4.421 
4.381 
4.342 
4.299 
4.261 
4.239 
4.232 
4.239 
4.227 
4.211 
4.209 
4.148 

(T=297 K) 
1. 542 4.513 
1. 640 4.479 
1. 737 4.438 
1.858 4.422 
1.998 4.366 
2.171 4.350 

Specifications and Remarks 

Thin film of 1.092 ~m thick; deposited 
on rotating glass substrate ~~ air 
pressure of less than 4 x 10 mmHg 
and rate of deposition of 30-60 X/sec; 
refractive indices determined from 
reflection and interference observa­
tion; data taken from a figure. 

Thin film of 1.010 ~m thick; deposited 
on rotating glass substrate at air 
pressure of less than 4 x 10-5 mmHg 
and rate of deposition of 30-40 A/sec; 
re£rdct~ve indice~ determ1ned from 
reflection and interference observa­
tion; data taken from a figure. 

Thin film on rotating glass substrate 
deposited a!sair pressure of less 
than 4 x 10 mmHg and at rate of 
30-60 X/sec; refractive indices 
determined from Brewster angle mea­
'surement; data taken from a figure. 

Thin film of 1.340 ~m thick on rotating 
glass substrate deposited at_ritrogen 
pressure of less than 4 x 10 mmHg 
and at rate of 3U-bU A/sec; refractive 
indices determined from reflection 
and interference measurements; data 
taken from a figure. 

Thin film of 1.364 ~m thick on rotating 
glass substrate deposited at nitrogen 
pressure of less than 4 x 10-t mmHg 
and at rotc of 30-60 X/sec; refractive 
indices determined from reflection 
and interference measurements; data 
taken from a figure. 

Author(s), Year 

Huldt, 1. and 
Staflin, T., 1959 

Huld t, 1. and 
Staflin, T., 1959 

Huldt, L. and 
Staflin, T., 1959 

Huldt, L. and 
Staflin, T., ]959 

Huld t, 1. and 
Staflin, T., 1959 

631 
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622 H. H. 1I 

TABLE A-5. EXPERIMENTAL DATA OK THE REFRACTIVE Il\lDEX OF GERMANIUJ>l 
(Wavelength Dependence) (continued) 

Data Set 
[J<ef .J 

22(cont.) 
[47} 

23 
[47J 

24 
[47J 

25 
[36J 

26 
[36] 

27 
[36j 

2.344 
2.611 
2.935 
3.339 
3.570 
3.890 
4.581 
4.634 

(T=297 
1.539 
1.615 
1. 719 
1. 950 
2.094 
2.267 
2.456 
2.73Z 
3.078 
3.555 
4.507 

(T-297 
3.033 
3.525 
4.503 

(T=293 
1.84 
1. 88 
1. 97 
2_05 

2.15 
2.18 
2.30 
2.36 
2.41 
2.47 
3.43 
3.82 
4.15 
4.54 
5.43 

(T=293 
1. 75 
5.15 
5.44 
5.61 

n 

4.280 
4.278 
4.268 
4.256 
4.254 
4.257 
4.187 
4.168 

K) 
4.513 
4.441 
4.438 
4.371 
4.309 
4.289 
4.222 
4.232 
4.237 
4.266 
4.167 

K) 
4.242 
4.259 
4.167 

K) 
4.133 
L •• 126 
4.115 
'".10" 
4.094 
4.090 
4.081 
4.077 
4.073 
4.068 
4.034 
4.027 
4.022 
4.020 
4.013 

K) 
4.150 
4.013 
4.010 
4.007 

(T=298 K) 
1. 79 4.142 
1.8t 4.1lb 
2.06 4.102 
2.15 4.092 
2.18 4.089 

Specifications and Remarks 

Thin film of 1. 449 'Jm thick on rotating 
glass substrate deposited at nitrogen 
pressure of less than 4 x 10-5 mmHg 
and at rate of 30-60 A/sec; refractive 
indices determined from reflection and 
interference neasurements; data taken 
from a figure. 

Thin film on rotating glass substrate 
deposited aEsnitrogen pressure of less 
than 4 x 10 mmHg and at rate of 30-
60 X/sec; rcfractive indiecc determined 
from Brewster angle measurements; data 
taken from a figure. 

Pure germanium crystal; prism angle "" 
19°55.8'; p "" 40 D-cm; measurements 
made by deviation method; data taken 
from a figure. 

Pure germanium prism angle "" 
14°53.0'; p = 1. ~-cm; measurements 
made by deviation method; data taken 
from a figure. 

Pure germanium crystal; prism angle = 
14°59.5'; p = 0.016 ~-cm; measurements 
made by deviation me1:hodj da1:<i La""''' 
from a figure. 

J. Phvs. Chern. ReI. Dala, Vol. 9. No.3, 1980 

Author(s), Year 

Huld t, L. and 
Staflin, T., .. 959 

Huldt, L. and 
Staflin, T., 1~59 

Hu1d t, 1. and 
Staflin, T., 195) 

Lukes, F., 1960 

Lukes, F., 1960 
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Data Set 
[Ref.] 

27(cont. ) 
[36] 

28 
{48] 

29 
[48] 

30 
[48J 

31 
[48] 

32 
f 48] 

REFRACTIVE INDEX OF SILICON AND GERMANIUM 633 

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

t- n 

2.24 4.085 
2.30 4.060 
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 

(T=80 K) 
1.494 4.133 
1.550 4.117 
1.602 4.105 
1.653 4.086 
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 

(T=222 K) 
1.602 4.159 
1.653 4.143 
1. 703 4.130 
1.746 
1. 794 
1.907 
1.993 
2.105 
2.194 

4.1.Z3 
4.110 
4.097 
4.081 
4.071 
4.058 

(T=291 K) 
1. 648 4.171 
1.698 4.161 
1. 744 4.148 
1.799 4.138 
:L.907 
2.000 
2.098 
2.202 

/,.120 
4.107 
4.094 
4.084 

(T=343 K) 
1.698 4.199 
1.744 4.192 
1. 794 4.174 
1.907 4.156 
2.000 4.138 
2.105 4.123 
2.218 4.112 

(T=401 K) 
1. 794 4.215 

Specifications and Remarks 

High purity germanium; prism cut from 
a single crystal; prism angle: 4"21'30"; 
p = 50 ~-cm; index of refraction mea­
sured by deviation method; data taken 
from a figure. . 

High purity germanium; prism cut from 
a single crystal; prism angle: 4°21'30"; 
p = 50 ~-crn; index of refraction mea­
sured by deviation method; data taken 
from a figure. 

High purity germanium; prism cut from 
a single crystal; prism angle: 4°21'30"; 
p = 50 n-cm; index of refraction mea­
sured by deviation method; data taken 
from'a figure. 

High purity germanium; prism cut from 
a single crystal; prism angle: 4°21'30"; 
p = 50 ~-cm; index of refraction mea­
sured by deviation method: data taken 
fror.l a figure. 

High purity germanium; prj SIT, C'J t f rOJl 
a single crystal; prism angle: 4°21 '3D"; 

Author(s), Year 

Lukes, F., 1960 

Kornfeld, M.1., 1960 

Kornfeld, M.I., 1960 

Kornfeld, M.I., 1960 

Kornfeld, M.I., 1960 

Kornfeld, M.I., 1960 

J. Phys. Chem. Ref. Dota, Vol. 9, No.3, 1980 
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Data Set 
[Ref. ] 

32(cont.) 
[48] 

33 
[48] 

34 
[37] 

35 
[37] 

36 
[49] 

37 
[3lJ 

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

), n 

1.901 4.192 
2.000 4.174 
2.098 4.159 
2.210 4.148 

(T=460 K) 
1.901 4.230 
1. 993 4.212 
.2.098 4.197 
2.218 4.184 

(T=298 K) 
0.358 4.001 
0.377 4.022 
0.402 3.880 
0.431 3.717 
0.471 
0.522 
0.604 
0.648 
0.65(', 
0.677 
0.802 

3.616 
4.148 
4.905 
4.987 
5.008 
4.927 
4.787 

(T"'298 K) 
0.827 4.95 
0.836 5.01 
0.875 4045 
0.904 4.50 
0.970 4.88 
0.973 4.85 
0.983 4.82 
1.00 4.55 
1.04 4.69 
1.20 4.23 
1.44 4.15 
1.50 4.00 
2.21 3.96 

(T=298 K) 
0.43 4.22 
0.46 4.14 
0.49 4.10 
0.52 lJ.06 
0.54 4.18 
0.58 I, .42 
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 

(T=298 K) 
2.0 4.1083 
2.5 4.0664 

Specifications and Remarks 

p = 50 n-cm; index of refraction 
measured by deviation method; data 
taken from a figure. 

High purity germanium; prism cut from 
a single crystal; prism angle: 4°21'30"; 
p = 50 n-cm; index of refraction mea­
~ured by d~v1at1on method; data taken 
from a figure. 

Thin films of germanium obtained by 
evaporating very pure germanium in a 
vacuum from molybdenum or tungsten boats 
on to glass_~lates at a pressure on the 
order of 10 mmHg; refractive indices 
determined from the measured values of 
the transmissivity and reflectivity; 
data taken from a figure. 

Thin films of germanium obtained by 
evaporating very pure germanium in a 
vacuum from a molybdenum or tungsten 
boats on to glass Etates at a pressure 
on the order of 10 mmHg; refractive 
indices determined from the measured 
values of the transmissivity and re­
flectivity; data taken from a figure. 

Single crystal; polished specimens of 
7 x 7 mmz surface; refractive index 
determined from the reflectance data 
from the specimen measured in air and 
in an immersing liquid of known refrac­
tive index; data taken from a figure. 

Calculated data based upon similarities 
in several materials; data taken from 
a given table. 

Autho (s), Year 

Kornfeld, M.I., 1960 

Kornfeld, \1.1., 1960 

Lukes, F., \.960 

Lukes. F •• 19,,0 

Kise1eva, N.K. ,no 
Pribytkova, N.N., 
1961 

Hertzbc:r;'.,'r, ~j Dn,j 

S.::JJZbL'l~)r.~ (:.1)., 19112 

J. Phy:;. Chern. R~f. Dota, Vol. Q, No.. 3, 1 QaO 
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[Ref.] 

37 (cont.) 
[31} 

38 
[50] 

39 
[50] 

40 
[51] 

REFRACTIVE INDEX OF SILICON AND GERMANIUM 635 

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

A n 

3.0 4.0449 
3.5 4.0324 
4.0 4.0244 
4.5 4.0190 
5.0 4.0151 
5.5 4.01?1 
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 

(T"'7.5 K) 
23-40 3.98±O.02 
45-67 3.90±0.O2 

(T"'297 K) 
83-143 3.98±0.O2 

(T"'298 K) 
0.695 4.742 
0.743 4.792 
0.797 4.7.1.'i 
0.865 4.736 
0.952 4.637 
1.147 4.597 
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 4.244 
1. 742 4.211 
1. 920 4.162 
2.105 4.146 
2.150 4.096 
2.195 4.096 
2.331 4.014 
2.573 3.998 

Specifications and Remarks 

Single crystal; thin plate specimens 
of 0.5 to 2.0 !lun thick cut perpendicular 
to the <111> axis; refractive index mea­
sured using interference method; refrac­
tive indices found to be constant in the 
region between 23 and 67 ~m. 

Single crystal; thin plate specimens 
of 0.5 to 2.0 rom thick cut perpendicular 
to the <111> axis; refractive index 
measured using interference method. 

Amorphous germanium thin film prepared 
by evaporation of very pure germanium 
in a vacuum better than 10- s mmHg on 
a fused quartz suhstT<'Ite <'It room tem­
perature; refractive index determined 
from reflection and transmission mea­
surements; data read from a figure. 

Author(s), Year 

Hertzberger, M. and 
SaJzberg, C.D., 1962 

Aronson, J .R. , 
McLinden, H.G., and 
Gielisse, P.J., 1964 

Aronson, J.R., et a1., 
1964 

Tauc, J., Abraham, A., 
Pajasova, L., 
Grigorovici, R., and 
V<'InC':ll, A., 196<) 

J. Phys. Chem. Ref. Data, Vol. 9, No.3, 1960 
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Data Set 
[Ref.] 

41 
[52] 

42 
[52] 

H. H. LI 

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

t.. n 

(T=120 K) 
0.443 4.246 
0.463 4.305 
0.480 4.410 
0.496 4.504 
0.501 4.551 
0.508 4.797 
0.513 4.984 
0.523 5.172 
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 
1.01.5 4.270 
l.055 4.234 
l.136 4.188 
1.244 4.164 
1.3':;7 4.170 
l.450 4.152 
1.512 4.117 

(T=300 K) 
0.416 4.248 
0.446 4.259 
0.461 4.328 
0.480 4.478 
0.499 4.663 
0.5H: 4.835 
0.532 5.078 
o. ~3" 
0.546 
0.548 
0.566 
0.579 
0.589 
0.598 
0.612 
0.616 

".239 
5.389 
5.504 
5.573 
5.700 
5.816 
5.885 
5.850 
5.746 

Specifications and Remarks 

Intrinsic germanium; e1ectropo1ished; 
the ratio of the reflectances of the 
parallel and perpendicular components 
of radiation, and the pseudo-Brewster 
angle mcaourcd; the effects of the 
presence of the oxide layer were cor­
rected; optical constants were reduce~ 
based on the Fresnel relationships; 
data taken from a fisure. 

Intrinsic germanium; e1ectropo1ishec; 
the ratio of the reflectances of the 
parallel and perpendicular components 
of radiation and the pseudo-Brewster 
angle measured; the effects of the 
presence of the oxide layer were cor­
rected; optical constants were reduced 
based on the Fresnel relations; data 
taken from a figure. 

Author (3), Year 

Potter, R."<., 1966 

Potter, R.F., 1~66 

J. Phy •. Chvm. R.r. D"I",. Vul. 9, No_ 3, 1900 
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Data Set 
[Ref. ] 

42(cont.) 
[52] 

43 
[5] 

44 
[5] 

45 
[5 ] 

REFRACTIVE INDEX OF SiliCON AND GERMANIUM 

TABLE A-5. EXPERH1ENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM 
(Have1ength Dependence) (continued) 

;, n 

0.627 5.573 
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 

(T-=94 K) 
2.554 3.98859 
2.652 3.98462 
2.732 3.98052 
2.856 3.97720 
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 3.94026 

(T",204 K) 
2.554 4.02528 
2.652 4.01955 
? 7'.'? 4.01 'ill 
2.856 4.01139 
2.958 4.00796 
3.090 4.00485 
4.120 3.98662 
5.190 3.97820 
8.230 3.96934 

10.270 3.96745 
12.360 3.96625 

(T=275 K) 
2.554 4.05659 
2.652 4.05201 
2.732 4.04725 
2.856 4.04338 
2.958 4.03957 
3.090 4.03649 
4.120 4.01732 
5.190 4.00853 
8.230 3.99933 

10.270 3.99729 
12.360 3.99607 

Specifications and Remarks 

Good optical grade german~um samples; 
supplied by Exotic Materials, Inc.; 
prism specimen measured with a modified 
minimum deviation method; data taken 
from a table. 

Good optical grade germanium samples; 
supplied by Exotic Materials, Inc.; 
prism specimen measured with a modified 
minimum oev:iatJ.on method; data taken 
from a table. 

Good optical grade germanium samples; 
supplied by Exotic Materials, Inc.; 
prism specimen measured ,."ith a modified 
minimum deviation method; data taken 
from a table. 

Author(s), Year 

Potter, R.F., 1966 

lcenogle, n.W., 
Platt, B.C., and 
Wolfe, W.L., 1967 

Icenogle, H.H., 
et a1., 1967 

It'Qno;~lc, II.W., 
pt ;i1., 1967 

637 
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638 H. H. LI 

TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE H.'DEX OF GERMANIUM 
(Wavelength Dependence) (continued) 

Data Set 
IRef.] 

46 
[5] 

47 
[24] 

48 
[24J 

n 

(T=297 K) 
2.554 4.06230 
2.652 4.05754 
2.732 4.05310 
2.856 4.04947 
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 

(T=300 K) 
69.793 4.0065 
72.491 4.0058 
7,).686 4.005.') 
77 .691 4.0060 
81.374 4.0057 
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 
B7.30 4.0066 
148.17 4.0066 
159.65 4.0063 
173.06 4.0061 
199.68 4.0059 
2~0.15 4.0058 
236.70 4.0054 
267.42 4.0051 
311.98 4.0049 
367.59 4.0045 
447.46 4.0043 

(T=300 K) 
7Y.41U 4.U042 
81.682 4.0045 
85.062 4.0049 
88.726 4.00q7 
92.729 4.0051 
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 4.0056 
188.92 4.0057 
212.29 4.0055 

J. Phys. (;hem. Kef. lIala, Vol. 'I, No. ;j, 1 '180 

Specifications and Remarks 

Good optical grade germanium samples; 
supplied by Exotic Materials, Inc.; 
prism specimen measured with a modi­
fied minimum deviation method; data 
taken from a table. 

Single crystal; obtained from Exotic 
Materials, Costa Mesa, CA; p>20 Q-cm; 
plate specimen of 1.93837 = 1.3 x 10-' 
lum lhick; r-efractlv!:! lndIc!:!!; IDt:!al:lUlt:!d 
using interference method; data taken 
from a figure. 

Single crystal; obtained from Exotic 
Materials, Costa Mesa, CA; p>lO ~-cm14 
plate specimen of 6.22931 ± 1.3 x 10 
mm thick; refractive indices measured 
using interference method; data taken 
from a figure. 

Auth(r(s), Year 

Icenogle, H.W., 
Platt, E.C., and 
Wolfe, W.L., 1967 

Randall, ';.M. and 
Rawc1iffe R.D., 1967 

Randall, C.M. and 
Rawcl1ffe, R.D., 1967 
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DataSet 
[Ref. ] 

48(cont.) 
[24] 

49 
[53] 

.so 
[53] 

51 
[53] 

REFRACTIVE tNDl:X OF SILICON' AND GERMANIUM 639 

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

233.98 
264.01 
307.37 
361. 28 
447.64 
587.95 

n 

4.0052 
4.0053 
4.0052 
4.0050 
4.0048 
4.0041 

(T=298 K) 
1.485 4.685 
1.487 4.572 
1.536 4.410 
1.633 4.249 
1. 777 4.108 
1.873 4.023 
2.0393.953 
2.230 3.897 
2.420 3.855 
2_6,4 
2.895 
3.132 
3.441 
3.702 
3.963 
4.224 
4.485 
4.769 
5.007 
5.291 
5.552 
5.837 
6.098 
6.335 
6.454 

"Rl, 
3.778 
3.764 
3.757 
3.751 
3.744 
3.737 
3.730 
3.717 
3.717 
3.710 
3.703 
3.697 
3.683 
3.683 
3.683 

(T=298 K) 
1.367 
1.416 
1.464 
1.561 
1.681 
1.895 
2.158 
2.467 
2.847 
3.274 
3.725 
4.128 
4.579 
5.053 
5.457 
5,883 
6.334 
6.429 

4.692 
4.565 
4.453 
4.:340 
4.213 
4.101 
3.989 
3.904 
3.841 
3.807 
3.786 
3.779 
3.773 
3.773 
3.774 
3.767 
3.767 
3.760 

(T=298 K) 
1.272 4.678 
1.273 4.593 
1.298 4.467 

Specifications and Remarks 

Thin film of 1 x 10-3 mm thick obtained 
from evaporation of crystal germanium, 
with p~40 ~-em. from graphite boato in 
a vacuum of 2-5 x 10-5 Torr; polished 
plates of barium fluoride served as 
the substrates at temperature of 293-
303 K during 'evaporation; optical. con­
stants determined from the transmission 
of the films and the order of .inter­
ference; data taken from a figure. 

Thin films of 1 x lO-~ mm t:h1ck obt:a1ned 
from evaporation of crystal germanium, 
with p=40 Q-cm, from graphite boats in 
a vacuum of 2.5 x 10-5 Torr; polished 
plates of barium fluoride serveu as 
the suqstrates at temperature of 403-
423 K during evaporation; optical 
constants determined from the trans-

. mission of ~he films and the order of 
interference; data taken from a f·igure. 

Thin films of 1 x 10-3 mm thick obtained 
from evaporation of crystal germanium, 
with p=40 Q-cm, from_~raphite boats in 
a vacuum of 2.5 x 10 Torr; polished 

Author{s), YeaI 

Randall, ·C.M. and 
Rawc1iffe" R.D. ,.~967 

Gisin, M.A. and 
Ivanov, V.A., 1967 

GiSin, M.A. and 
Ivanov, V.A., 1967 

Gisin. M.A. and 
Ivanov, V.A., 1967 

J. Phys. Chem. Ref. Dala, Vol. 9, NO, 3;' "1980' 
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640 H. H. II 

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

Data Set 
I Ref.] 

51 (cont.) 
[53] 

52 
[54] 

53 
[54] 

54 
[54 ] 

1.371 
1.442 
1.538 
1.681 
1.848 
2.109 
2.371 
2.703 
3.130 
3.581 
4.032 
4.482 
4.909 
5.407 
5.977 
6.309 
6.498 

n 

4.368 
4.305 
4.234 
4.171 
4.115 
4.073 
4.024 
3.989 
3.961 
3.948 
3.934 
3.935 
3.928 
3.921 
3.915 
3.915 
3.915 

(T=298 K) 
1.464 4.576 
1.640 4.527 
1.916 4.468 
2.167 4.428 
2.493 4.384 
2.843 4.344 
3.369 4.310 
3.919 4.296 
4.445 4.281 
4.870 4.276 
5.220 4.'272 
5.445 4.267 

(T=298 K) 
1.359 4.788 
1.406 4.724 
1.477 4.651 
1.547 4.592 
1. 686 4.533 
1.847 4.483 
2.009 4.438 
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. i19 4.286 

(T=298 K) 
1.316 4.543 
1.410 4.493 
1.503 4.439 
1.644 4.381 
1.806 4.340 

Specifications and Remarks 

plates of barium fluoride served as 
the substrates at temperatures of 523-
573 K during evaporation; optical con­
stants determined from the transmission 
of the films and the order of inter­
ference; data taken from a figure. 

Thin film samples of 0.5-5 Vm thick 
prepared by thermal evaporation from 
an electron beam heated source on to 
unheated substrates in a vacuum of 
1 X 10-6 Torr; refractive indices 
determined from the sample thickness 
and interference fringe order obser­
vationc; averaged valuec read from a 
best fit curve. 

Thin film samples of 0.5-5 Vm thick 
deposited on unheated substrates from 
an electron beam heated source in a 

-e vacuum of 1 x 10 Torr; refractive 
indices determined from the sample 
thickness and interference fringe order 
observations; averaged values read 
from a best fit curve. 

Thin film samples of 0.5-5 "flu< thick 
deposited on unheated substrates from 
an electron beam heated source in an 

-4 atmosphere of oxygen at 1 x 10 Torr; 
refractive indices determined from the 
sample thickness and interference order 

J. 'hn. Chem. R.f. Data, Vol. 9, No.3, 1980 

Allthor(s), Year 

Gisi 1, M.A. and 
Ivanlv, V .A., 1967 

Wales, J., 
Lovitt G.J., and 
Hill, LA., 1967 

Wales, 0., et al., 
1967 

Wales, J., et al., 
1967 

Samsung Exhibit 1061, Page 80 of 98



Data Set 
[Ref.] 

54(cont.) 
[54} 

55 
[54] 

56 
[54] 

57 
[54] 

REFRACTIVE INDEX OF SILICON AND GERMANIUM 

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

A n 

1.992 4.304 
2.269 4 •. 264 
2.478 4.242 
2.709 4.224 
2.962 4.211 
3.285 4.:'102 
3.562 4.193 
3.908 4.185 
4.277 4.176 
4.600 4.177 
5.015 4.168 
5.314 4.173 
5.567 4.173 

(T=298 K) 
1.463 4.679 
1.551" 4.606. 
1.641 4.560 
1. 776 4.519 
1. 935 4.487 
2.094 4.455 
2.276 4.43? 
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 
5.73L, 4.324 
6.009 4.328 

(T=298 K) 
1.560 4.681 
1.608 4.640 
1.679 4.595 
1. 773 4.546 
1.912 4 • .501 
2.006 4.452 
2.191 4.416 
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 

',.27S 
4.283 

(T=298 K) 
1.265 4.1'105 
1.266 4.556 
1.336 4.493 
1.405 4.435 

Specif ica tions and Remarks 

observations; averaged values read 
from a best fit curve. 

Thin film samples of 0.5-5 vm thick 
deposited on unheated substrates from 
an electron beam heated source in an 
a.tmosphGre. of n:itros .. n at·l :x 10-" Torr; 
refractive indices determined from 
sample thickness and interference 
fringe order observation; averaged 
'\T,,111~"" "read from a best fit curve. 

Thin film samples of 0.5-5 ~m thick 
deposited on unheated substrates from 
an electron beam, heated source in an 
atmosphere of hydrogen.at 1 x 10-" Torr; 
refractive indices determined from the 
sample ~h~cknes5 and ~nt~rf~r~llC~ 
fringe order obser\7ations; averaged 
values read from a best fit curve. 

Thin film samples of 0.5-5 ~m thick 
depo,::;ted on cooled substrates at 273 K 
from a carbon boat in a vacuum of 1 x 
10-0 Torr; refractive indices determined 
from the sample thickness and interference 

Author(s), Year 

Wales, J., 
LOVitt, G.J., and 
Hill, R.A., 1967 

Wales, J., et al., 
1967 

Wales, J., et al., 
1967 

Wales, J., et al., 
1967 

641 

J. Phys. (hem. Ref. Data, Vol. 9, ~o. 3, 1980 
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642 H. H. LI 

Data Set 
[Ref .J 

57(cont.) 
[54] 

58 
[54] 

59 
[54] 

60 
[54) 

TABLE A-5. EXPERIMENTAL DATA O~ THE REFRACTIVE INDEX OF GERMAN] UM 
(Wavelength Dependence) (continued) 

1.498 
1. 636 
1. 728 
1.911 
2.140 
2.392 
2.643 
3.100 
3.420 
3.808 
4.219 
4.562 
4.859 
5.132 

n 

4.386 
4.318 
4.292 
4.256 
4.216 
4.193 
4.176 
4.158 
4.149 
4.141 
4.141 
4.141 
4.141 
4.146 

(T=298 K) 
1.300 4.570 
1.425 4.492 
1.525 4.427 
1.675 4.373 
1.825 4.319 
1.973 4.280 
2.150 4.250 
2.325 4.220 
2.600 4.196 
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 
5.700 4.142 

(T=298 K) 
1.256 4.386 
1.370 1,.31/, 
1.507 4.250 
1.644 4.205 
1.804 4.145 
1.963 4.100 
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 

(T=-298 K) 
1.593 4.381 
1.662 4.286 
1.845 4.204 
1.983 4.150 
2.191 4.104 

Specifications and Remarks 

fringe order observation; averaged 
values read from a best fit curve. 

Thin film samples of 0.5-5 ~m thick 
deposited on substrates at 373-473 K 
from a carbon boat in a vacuum of 
1 x 10- 6 Torr; refractive indices 
determined from the sample thickness 
and interference fringe order observa­
tions; averaged values read from a 
best fit curve. 

Thin film samples of 0.5-5 ~m thick 
deposited on substrates at 673 K fr~~ 
a carbon boat in a vacuum of 1 x 10 
Torr; refractive indices determined 
from the sample thickness and inter­
ference fringe observations; averaged 
values read from a best fit curve. 

Thin film samples of 0.5-5 ~m thick 
deposited on substrate at 773-873 K_!rom 
a carbon boat in a vacuum of 1 x 10 
Torr; refractive indices determined 
from the sample thickness and inter­
ference fringe order observations; 

Author(s), Year 

Wa: es, J., 
LO\ itt, G.J., and 
Hill, R.A., 1967 

Wale~, J., et al., 
1967 

Wales, ,r., et al., 
1967 

Wales, J., et al., 
1967 
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Data Set 
[Ref. ] 

60(cont.) 
[541 

61 
[54] 

62 
[55 ] 

63 
[56] 

REFRACTIVE INDEX OFSI~IC::ON AND GERMANIUM 

TABLEA-5. EXPERIMENTAL ,DATA ON THE REFRACTIVE INDEX' OF GERMANIUM 
(Wavelength Dependence) (continued) 

A n 

2.605 4.063 
2.974 4.045 
3.388 4.031 
3.849 4.026 
4.264 4.022 
4.7Ul 4.026 
5;001 4.026 

(T=298 K) 
1.420 4.530 
1.512 4.482 
1.667 '4.422 
1.821 4.385 
2.068 4.336 
2.377 4.298 
2.778 4.277 
3.148 4.266 
3.488 
3.858 
4.259 
4.691 
5.062 
5.278 
5.617 
5.988 

4.250 
4.239 
4.239 
4.234 
4.2"14 
4.223 
4.223 
4.234 

(T=298 K) 
0.5461 5.46 

(T""298 K) 
1.0 4.67 
1.1 4.59 
1.2 4.55 
1.3 4.31 
1.4 4.34 
1.5 4.30 
1.6 4.24 
1.7 4.22 
1.8 4.24 
1.9 4.11 
2.0 4.09 
2.1 4.07 
2.2 4.06 
2.3 4.06 
2.4 4.06 
2.5 4.07 
2.6 1 •• 05 
2.7 4.04 
2.8 3.97 
2.9 4.01 
3.0 4-.00 
3.1 3.99 
3.2 4.00 
3.3 3.99 

Specifications and Remarks 

averaged values read from a best fit 
curve. 

Film samples deposited from carbon 
boal ~uuLce; refractive indices deter­
mined from the sample thickness and 
in'terference fringe order observation; 
averaged values read from a best fit 
curve. 

Single crystal; p=40 n-cm; n-type; 
specimens with <Ill> surfaces cleaved 
by the Gobeli~A1len technique; refrac­
tive index determined by ellipsometry 
method; the average value reported 
with error iO.lO. 

Amorphous Ge films; vacuum deposited onto 
rotat1ng substrates of fused quarlz, 
fused silica and KC1; evaporation sources 
of tungsten boat, A120g-coated boat and 
electron beam gun; deposition rate 10-
50 !/b~C; L~rLactive indicee determined 
from the reflectance and transmittance 
measurements made in a dry nitrogen 
atmosphere; average values of refractive 
indices of films of thicknesses 0.0816 
]Jm, 0.2138 11m, 0.3576 11m and 0.5371 11m, 
taken from a table. 

Author(s), Year, 

Wales, J., 
Lovitt, G.J., and 
Hill,R.A., 1967 

Wales, J., et al., 
1967 

Knausenberger, W.R. 
and Vedam, K., 1969 

Donovan, T .M., 
flpicer, W.E., 
Bennett, J.M •• and 
Ashley, E.J., 1970 

J.' Phys. Chern. Ref. Data,> Vql. 9, No. ~, 198(1 
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TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GE~~NIUM 
(Wavelength Dependence) (continued) 

Data Set 
[Ref. ] 

63 (cont.) 
[56) 

64 
[56] 

65 
[57] 

3.4 
3.5 
3.6 
3.7 
3.8 
3.9 
4.0 

(T=298 
4.0 
4.4 
4.8 
5.2 
5.6 
6.0 
6.4 
6.B 
7 .• 2 
7.6 
8.0 
8.5 
9.0 
9.5 

10.0 
11.0 
12.0 
13.0 
13.5 
13.7 

n 

4.00 
3.99 
4.00 
3.99 
4.00 
3.995 
4.00 

K) 
4.02' 
4.06 
4.01 
4.01 
4.01 
4.01 
3.98 
4.11 
3.99 
4.04 
3.98 
3.98 
3.99 
3.97 
3.98 
3.95 
3.98 
3.98 
3.99 
4.01 

(T=300 K) 
0.294 3.397 
0.298 3.437 
0.303 3.463 
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 3.52g 
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 

Specifications and Remarks 

Amorphous Ge film of 0.5371 ~m; vacuum 
deposited onto rotating substrate of 
KCl; evaporation sources of tungsten 
boat, A120s-coated boat and electron 
beam gun; deposition rate 10-50 A/sec; 
refractive indices determined from the 
reflectance and transmittance measure­
ments made in a dry nitrogen atmosphere; 
da~a ~aken from a ~able. 

Single crystal polished and etched; 
optical constants determined by the 
ellipsometric method; data extracted 
frum a figure. 

J. PhY" Ch.m. bf. OD'D, Vol. 9, No.3, 1980 

Author(s), Year 

Donovan, T .M., 
" Spicer, W .E. , 
Bennett, J.M., and 
Ashley, E.J., 1970 

)onovan, '1'.M., et a1.., 
.970 

Jut;gk, G., 1971 
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Data Set 
IRef. ] 

65(cont.) 
[57] 

66 
157] 

67 
[57] 

REFRACTIVE INDEX·· OF SIliCON AND GERMANIUM 

TABLE A ... 5. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX OF GERMANIUM 

), n 

0.472 3.802 
0.484 3.907 
0.489 3.972 
0.494 3.969 
0.506 4.088 
0.514 4.Z3U 
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 

(T=300 K) 
0.672 2.911 
0.691 3.024 
0.712 3.137 
0.738 3.242 
0.765 3.347 
0.794 3.500 
0.809 3.557 
0.824 3.60.5 
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 

(T=300 K) 
0.533 2.033 
0.547 2.0QA 
0.562 2.177 
0.578 2.308 
0.597 2.439 

(Wave1engthDependence) \ continued . 

Specifications and Remarks 

Amorphous germanium; thin film specimen 
of about 1 ~m thick prepared by thermal 
evaporation of germanium from a tungsten 
boat on glass substrate in a vacuum of 
lU- t Torr; substrate held at 293 K dur~ng 
evaporation; refractive indices deter­
mined by e11ipsometric method; data 
taken from a figure. 

Amorphous germanium; thin film specimen 
of about 1 ~m thick prepared by thermal 
evaporation of germanium from a tungsten 
bo~~ on glass substrate in a vacuum of 
10 Torr; substrate held at 373 X 
during evaporation; refractive indices 

Author(s), Year· 

Jungk,G., 1971 

Jungk, G •• 1971 

Jungk, G •• 1971 

645 
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646 

Data Set 

67(cont.) 
[57] 

68 
[57] 

69 
[57) 

H. H. LI 

TABLE A-5. EXPERIMENTAL DATA ON THE REFRACTIVE INDF:X OF GERMANIUM 
(Wavelength Dependence) (continued) 

A n 

0.615 2.583 
0.631 2.635 
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 3.576 
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 

(T=300 K) 
0.670 2.791 
0.691 2.895 
0.713 2.968 
U.736 3.0.57 
0.763 3.154 
0.795 3.267 
0.824 3.364 
0.858 3.477 
0.895 3.574 
0.933 3.647 
0.973 3.736 
1.018 3.809 
1.066 3.882 

(T"'300 K) 
0.535 2.6/,7 
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 

Specifications and Remarks 

determined by ellipoometric method; 
data taken from a table. 

Amorphous germanium; thin 1i1m specimen 
of about 1 ~m thick prepared by thermal 
evaporation of germanium from a tungsten 
boat on glass substrate in a vacuum of 
10- 0 Torr; substrate held ar 473 K 
during evaporation; refractive indices 
determined by ellipsometric method; 
data taken from a figure. 

Microcrystalline germanium; thin film 
epecim"n of .. bout 1 ].lm thick prpT",rf'rl 
by thermal evaporation of germanium from 
a tungsten boat on glass substrate in a 
vacuum of 10- 6 Torr; substrate held at 
573 1{ rlurine ,,"vaporation; refractive 
indices determined by ellipsometric 
method; data taken from a figure. 

Author(s), Year 

Junek, C., 1971 

JUngk, G., 1971 

J1. ngk, G., 1971 

J. Phy •. Chern. hI. 00'0, Vol. 9, Nco 3, 1980 
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Data Set 
[Ref.] 

69(cont.) 
[57] 

70 
[57] 

71 
[38] 

REFRACTIVE INDEX OF SILICON AND GERMANIUM 

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

0.861 
0.879 
0.898 
0.913 
0.939 
0.961 
0.977 
1.007 
1.026 
1.052 
1.087 
1.125 

n 

3.866 
3.971 
4.114 
4.193 
4.298 
4.389 
4.468 
4.546 
4.599 
4.651 
4.573 
4.129 

(T=300 K) 
0.497 2.942 
0.501 2.972 
0.504 3.002 
0 • .508 
0.510 
0.515 
0.517 
0.522 
0.524 
0.528 
0.533 
0.537 
0.541 
0.546 
0.550 
0.556 
0.559 
0.563 
0.567 
0.572 
0.578 
0.581 
0.585 
0.592 
0.596 
0.600 
0.605 
0.610 
0.616 
0.621 
0.628 
0.638 

3.063 
3.093 
3.138 
3.168 
3.244 
3.274 
3.334 
3.394 
3.440 
3.470 
3.530 
3.561 
3.636 
3.666 
3.712 
3.787 
3.832 
3.923 
3.968 
4.013 
4.058 
4.074 
4.089 
4.089 
4.074 
4.04::; 

3.985 
3.910 
3.806 

(T=293 K) 
8.00 4.0058 
9.00 4.0043 

10.00 4.0032 
11. 25 4.0022 
12.00 4.0017 
13.00 4.0013 
14.00 4.0011 

Specifications and Remarks 

Amorphous germanium; thin film specimen 
of about 1 ~m thick prepared by thermal 
evaporation of germanium from a tungsten 
bo~~ on glass substrate in a vacuum of 
10 Torr; !oiub!;t:rClI.l:! held Cll. 673 K 
during evaporation; refractive indices 
determined by ellipsometric method; 
data taken from a figure. 

Single crystal; grown at the Royal 
Signals and Radar Establishment, Malvern, 
U.K. using the Czochraski pulling tech­
nique; p = 45-53 Q-cm; prismatic 
specimen of 10.5 degree apex angle and 
30 rom x 15 rom faces; refractive index 
measurements made at the Institut 
rl'Optiql1e. Orsay. FranC'e; data taken 
from a table. 

Author(s), Year 

Jungk, G., 1971 

Jungk, G., 1971 

Edwin, R.P., 
Duderme1, M. T., and 
Lamare, M., 1978 

647 

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

72 
[38J 

73 
[38] 

TABLE A-5. EXPERIHENTAL DATA ON THE REFRACTIVE INDEX OF GERMAKIUM 
(Wavelength Dependence). (continued) 

., 
n 

(T=293 K) 
8.00 4.00551 
9.00 4.00423 

10.00 4.00329 
11.25 4.00242 
12.00 4.00204 
13.00 4.00157 
14.00 4.00123 

(T=298 K) 
8.00 4.00748 
9.00 4.00620 

10.00 4.00525 
11.25 4.00436 
12.00 4.00398 
13.00 4.00352 
14.00 4.00315 

Specifications and Remarks 

Single crystal; grown at the Royal 
Signals and Radar Establishment, Malv"rn, 
U.K. using the Czochraski pulling tecl­
nique; p = 45-53 ~-cIT.; prismatic 
specimen of 10.5 degree apex angle ant 
30 rom x 50 rom faces; refractive index 
measurements made at the National 
Physical Laboratory, U.K.; data taken 
from a table. 

Single crystal; grown at the Royal 
Signals and Radar Establishment, Malveln, 
U.K. using the Czochraski pulling tech­
nique; p = 45-53 ~-cm; prismatic 
specimen of 10.5 degree apex angle and 
30 rom x 15 rom faces; refractive index 
meaSurements made at the National 
Physical Laboratory, U. K.; data teken 
from a table. 

Author(s), Year 

Edwin, R.P., 
Dudermel, M.T., and 
Lamare, M., 1978 

Edwin, R.P., et al., 
1978 

J. PhV" Chem. R.f. Dolo, Vol. 9, No.3, 1980 
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REFRACllYE INDEX OF SILICON AND GERMANIUM 649 

TABLE A-6. EXPERIMENTAL DATA ON THE REFRACTIVE U,'DEX OF GERMANIUM (Temperature Dependence) 

Data Set 
(Ref .j 

1 
[58] 

2 
[58} 

3 
[58] 

[Temperature, T, K; Wavelength, A, ~m; Refractive Index, nl 

T n 

(><;"2.00 11m) 
113.593 4.025 
116.291 4.023 
202.919 4.067 
208.'329 4.068 
208.338 4.071 
211.027 4.067 
228.630 4.078 
Z58.400 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 4.15'3 
391.061 4.161 
392.421 4.163 
407.312 4.172 

(A=2.00 llm) 
114.759 
117.425 
205.588 
208.260 
210.937 
213.593 
229.634 
263.018 
263.029 
275.044 
292.423 
.309.782 
320.479 
353.879 
369.909 
389.940 
391. 283 
408.652 
436.693 

4.024 
4.024 
4.067 
4.068 
4.071 
4.068 
4.079 
4.093 
4.095 
4.099 
4.111 
4.U8 
4.126 
4.144 
4.152 
4.160 
4.162 
4.172 
4.182 

(),.=2;26 llm) 
113.540 4.008 
116.229 4.004 
117.590 4.007 
205.555 4.046 
208.262 4.048 
232.617 4.057 
250.216 4.067 
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 

Specifications and Remarks Author(s), Year 

High purity single crystal; prism Lukes, F., 1958 
specimen of about 20 degree apex angle; 
accuracy of deviation angle measure-
ment about l' corrresponding to an 
"""0" of 0.001 i.n. refracti.ve :index; 
average accuracy of temperature mea-
surement about 0.5 K; data read from 
a figure. 

High purity single crystal; prism, Lukes, P., 1958 
specimen of about 20 degree apex angle; 
accuracy of deviation angle measure-
ment about l' corresponding to an 
error of 0.001 in refractive index; 
average accuracy of temperature mea-
surement about 0.5 X; data taken 
from a figure. 

High purity single crystal; prism Lukes, F., 1958 
specimen of about 20 degree apex angle; 
accuracy of deviation angle measure-
ment about l' corresponding to an 
error of 0.001 in refractive index; 
average accuracy of temperature mea-
surement about 0.5 X; data read from 
a figure. 

J. Phys. Chern. Ref. Data, Vol; 9,. No. 3,', 198() 
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650 H. H. LI 

Data Set 

3(cont.) 
[58) 

4 
[58) 

5 
l58j 

6 
[58] 

7 
[361 

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

T 

390.964 
411.269 
438.336 

n 

4.131 
4.141 
4.154 

(},.=2.36 ]lm) 

113.349 4.004 
117.338 4.001 
117.349 4.004 
708.1fi8 
210.835 
212.178 
234.881 
252.250 
274.957 
290.988 
309.680 
321. 705 
343.084 
356.428 
369.797 
391.156 
411.196 
437.909 

4.044 
4.044 
4.047 
4.056 
4.066 
4.076 
4.084 
4.091 
4.098 
4.110 
4.113 
4.122 
4.129 
4.139 
4.151 

(A=2.51 ]lm) 
205.502 4.030 
213.619 4.032 
216.326 4.034 
256.933 4.054 
275.869 4.060 
293.463 4.068 
309.706 4.076 
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 

(A=2.52 11m) 
208.112 1 •• 029 
216.122 4.032 
260.209 4.055 
276.234 4.061 
294.931 
309.623 
322.977 
345.685 
356.372 
368.397 
392.438 
409.797 
437.837 

4.070 
4.076 
4.082 
4.092 
4.098 
4.104 
4.115 
4.122 
4.132 

(A=1.970 ]lm) 
104.591 4.028 
108.842 4.029 

Specifications and Remarks Author(s), Year 

Lukes:, F., 195£1. 

High purity single crystal; prism Lukes, F., 1958 
specimen of about 20 degree apex 1ng1e; 
accuracy of deviation angle meaSUle-
ment about I' corresponding to an 
error of 0.001 in refractive index; 
average accuracy of temperature me~-
surement about 0.5 K; data taken 
from a figure. 

High purity single crystal; prism Lukes, F., 1958 
specimen ot about 20 degree apex angle: 
accuracy of deviation angle measure-
ment about I' corresponding to an 
error of 0.001 in refractive index; 
average accuracy of temperature me~-
surement about 0.5 K; data read from', 
a figure. 

High purity single crystal; prism Lukes, F., 1958 
s:pecimen of about 70 degTPP ~ppx angle; 
accuracy of deviation angle measure-
ment about I' corresponding to an 
error of 0.001 in refractive index; 
:,vpTAge :.('('uracy of temperature mea-
surement about 0.5 K; data taken from 
a figure. 

Pure germanium crystal; prism angle: Lukes, F., 1960 
14°53'; p=1.2 Q-em; minimum deviation 
method used; data read from a figure. 

J. Phya. Ch.m. lI.f. Dala, Vol. 9, No.3, 1980 
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Data Set 
[Ref.] 

7(cont.) 
[36J 

8 
[36] 

REFRACTIVE INDEX OF Sill (ON AND GERMANIUM 

TABLE A-6. EXPERIMENTAL DATA ON THE REFRACTIVE INDEX-OF GERMANIUM 

T 

115.943 
134.396 
158.571 
168.487 
179.873 
188.399 
198.326 
208.276 
216.791 
229.602 
23.6.714 
243.826 
249 .• 525 
252.374 
259.486 
273.699 
282.236 
289.348 
296.449 
302.136 
312.109 
323.507 
332.032 
336.284 
339.144 
344.832 
::.I4!:1.J.l7 
353.391 
366.191 
374.716 
380.415 
386.125 
393.249 
398.947 
40B.89B 
414.630 

(Temperature Dependence) (continued) . 

n 

4.032 
4.038 
4.049 
4.051 
4.058 
4.061 
4.064 
4.068 
4.071 
4.078 
4.082 
4.085 
4.089 
4.091 
4.094 
4.100 
4~105 
4.109 
4.111 
4.114 
4.120 
4.127 
4.131 
4.132 
4.135 
4.137 
4.141 
4.144 
4~150 
4.153 
4.157 
4.161 
4.166 
4.170 
4.174 
4.180 

'Specifications and Remarks 

(1..=2.190 j.Im) Pure germanium crystal; prism angle: 
14°53'; p-l.2 £I-em; minimum deviation 
method used; data read from a figure. 

109.878 
115.501 
142.275 
156.364 
167.637 
180.304 
188.770 
201.455 
208.526 
221.193 
222.624 
233.879 
242.335 
250.801 
255.030 
263.486 
277 .593 
284.646 
297.323 
304.385 

4.005 
4.006 
4.017 
4.022 
4.027 
4.030 
4.035 
4.040 
4.046 
4.049 
4.052 
4.055 
4.058 
4.063 
4.065 
4.068 
4.075 
4.079 
4.083 
4.088 

Author(s), Year· 

Lukes, F., 1960 

Lukes, F., 1960 

651' 

,J •. PhYI. Chem •. Ref.· Data, Vol. 9,. N0'!k"_',.O: 
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Data Set 

8(cont.) 
[36] 

!:I 
[36] 

H. H. LI 

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

T n 

312.860 1 •• 093 
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 

("=Z.409 urn) 
147.914 4.003 
159.202 4.006 
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 4.0fi4 
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 

SpecificatiOl.s and Remarks 

pure german1um crys~al; prism angle; 
14°53'; p=1.2 n-cm; mlnimum deviation 
method used; data rea,l from a figure. 

Author(s), Year 

Luh;>!;, F., 1960 

Luke:>, 1'., 1900 

J. Phy •. Chem. Ref. Data, Vol. 9, No.3, 1980 
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Data Set 
[Re£.j 

10 
[36] 

11 
[36] 

12 
[5] 

REFRACTIVE IND.EX OF SILICON AND GERMANIUM 

TABLE· A,..'-6. EXPERIMENTAL :PATA ON ~ REFRACTIVEINPEX· OFC;ERMANIQM. 
(Temperature Dependence) (contillued) 

T n 

(1.=3.&26 11m) 
306.022 4.030 
320.15l 4.034 
332.917 4.041 
342.821 4.04.5 
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 
474.593 
485.917 
497.263 
505.758 
522.761 
535.516 

I, .107 
4.112 
4.118 
4.121 
4.129 
4.136 

(1.=5.156 }.lm) 
301..528 4.016 
321.286 4.021 
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.lU~ 4.0~6 

472.516 4.092 

(1.=2.554 11m) 
150 4.00541 
158 4.00775 
165 4.00997 
172 4.01248 
177 4.01479 
186 4.01753 
192 4.02031 
199 4.02305 
203 4.02492 
208 4.02712 
212 4.02900 
216 4.03039 
721 4.03287 
227 4.03601 
231 4.03721 
236 4.03893 
240 4.04096 
243 4.04209 
247 4.04407 
254 4.04641 

Specifications and Remarks 

Pure germanium crystal; prism angle: 
14°53'; p=I.2 Q-cm; minimum deviation 
method used; data read from a figure. 

Pure germanium crystal; prism angle: 
14°53'; p=1.2 Q-cm; minimum deviation 
method used; data read from a figure. 

Good optical grade germanium samples·; 
supp~ied by lixotic MaterialS, Inc.; 
pr.ism specimen; measured with a modi­
fied minimum deviation method; data 
taken from a. table. 

Author (s)..Year 

Lukes, F., 1960· 

Lukes, F., 1960 

Icenogle, H.W .• , 
Platt, B.C., and 
Wolfe, W.L., 1976 

65~', 
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654 H. H. LI 

Data Set 
[Ref. ) 

12(cont.) 
[5] 

.13 
[5] 

14 
[5] 

TABLE A-6. EXPERIMENTAL DATA ON THE REFRACTIVE I'IDEX OF GERMANIUM 
(Temperat.ure Depend.,uc.,) (cuntinued) 

T 

257 
261 
266 
269 
272 
277 
281 

n 

4.04832 
4.04994 
4.05181 
4.05284 
4.05429 
4.05655 
4.05836 

(A=2.732 llm) 
101 3.98111 
110 3.98237 
117 3.98419 
120 3.98508 
127 3.98728 
133 3.98888 
140 3.99107 
14G 3.99331 
152 3.99534 
158 3.99774 
165 4.00026 
171 ~.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 

(1-=4.414 llm) 
101 3.95198 
107 3.95220 
114 3.95407 
121 3.9:;:;79 
129 3.95798 
137 3.96026 
145 3.96295 
150 3.96463 
156 3.96678 
165 3.96806 
169 3.97126 
177 3.97422 
185 3.97922 
195 3.98276 
202 3.98493 
211 3.9S699 
218 3.98967 
224 3.99240 
232 3.99591 
240 3.99920 

Specifications and Remarl:8 

Good optical grade germanium scmples; 
supplied by Exotic Materials Ire.; 
prism specimen; measured with a modi­
fied minimum deviation method; lata 
taken from a table. 

Good optical grade germanium samples; 
supplied by Exotic Materials Inc.; 
prism specimen; measured with a moii­
fied minimum deviation method; datl 
taken from a table. 

Author(s), Year 

Icenogle, H.W., 
Platt, B.C., and 
Wolfe, W.L., 1976 

Icenogle, H.W., et 
a1.,- 1976 

Icenogle, H.W., et 
a1., 1976 

J. I'hy •. C/nom. R.f. Dolo, Vol, 9, No, a, 1 'lUll 
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Data Set 
[Ref.] 

14(cont.) 
[5] 

15 
[!l ] 

REFRACTIVE INDEX OF . SILICON AND GERMANIUM 

TAELE 11.-6. EXPERIMENTAL DATA OR .THE REFRACTIVE INDEX OF GERMANIUM· 
(Temperature Dependence) (continued) 

T 

249. 
259 
263 
269 
274 
278 
283 

n 

4.00305 
4.00655 
4.00848 
4.01095 
4.01236 
4.01435 
4.01635 

(~=10.27 lJm) 
~!l j.~j~bl 

104 3.93692 
112 3.93909 
120 3.94088 
124 3.94335 
134 3.94501 
140 3.94639 
147 3.94898 
~53 3.95075 
160 3.95295 
166 3.95497 
173 3.95754 
~B3 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 

Specifications and Remarks 

Good optical grade germanium samples; 
suppl~ed by ~xotic MaterialS, Inc.; 
prism specimen; measured with a modi­
fied minimum deviation method; data 
taken from a table. 

Author(s), Year· 

Icenogle, H.W .. , 
. Platt; B.C., and 

Wolfe, W.L., 1976 

Icenogle, H.W., et 
aL, 1976 

J. ·Phys. Chem. Ref. Data, Vol.·· 9, No;. 3, ,:1 98C 
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656 H. H. LI 

TABLE A-7. EXPERIMENTAL DATA ON THE TEMPERATURE DERIVA1.IVE OF REFRACTIVE INDEX OF GERMANIUM 
(Wavelength Dependence) 

[Temperature, T, K; Wavelength, A, pm; Temperature Deriva:ive of Refractive Index, dn/dT, 10-4K- 1 l 

Data Set 
[Ref.] 

I 
[35] 

2 
[58] 

3 
[59] 

4 
[59] 

5 
[36l 

6 
! 36] 

7 
[36] 

dn/dT 

(T=297.5 K) 
1.934 5.919 
2.174 5.285 
2.246 5.251 
2.401 5.037 

(T=116-440 K) 
1.82 5.36 
1.90 5.10 
1.98 5.00 
2.07 4.84 
2.25 4.60 
2.34 4.55 
2.51 4.39 

(T=116-440 K) 
0.961 9.352 
0.961 8.929 
1.349 6.890 
1.349 6.819 
1. 349 6.608 
1.918 5.097 
2.000 4.992 
2.075 4.852 
2.260 4.607 
2.349 4.537 
2.514 4.432 

(T=116-440 K) 
0.667 -13.038 
0.957 10.688 

(T=100-540 K) 
1.96 5.20 
2.17 4.79 
3.81 4.09 
5.07 3.99 

(T=100-540 K) 
1.96 5.29 
2.17 4.81 
2.39 4.59 
3.81 4.24 
5.06 4.14 

(T=100-540 K) 
2.19 4.887 
2.40 4.685 

Specifications and R',marks 

Germanium crystal; grown ct the General 
Electric Co., Electronics Laboratory, 
Electronic Park, Syracuse, NY; plane 
parallel plate specimen of 3.0575 mm 
thick and 28 rom clear aper:ure; refrac­
tive indices measured by iaterference 
method; dn/dT determined; .'.ata token 
from a table. 

Single crystal; high purity; prism 
specimen of about 20 degree apex angle; 
refractive index for severaL wavelengths 
measured in the temperature range be­
tween 116 and 440 K; it was found that 
the refractive index of genlanium in­
creases linearly with the t(,mperature 
in the wavelength region between 1.8 
and 2.5 pm; dn/dT determinec; data 
taken from a figure. 

High purity single crystal; )rism 
specimen of 20 degree apex a:lgle; 
refractive indices determined in the 
temperature range from 116 til 440 K; 
dn/dT determined; data taken from a 
figure. 

High purity single crystal; plism 
specimen of 20 degree apex angle; 
refractive indices determined in the 
temperature range from 116 to ~40 K; 
dn/dT determined; data taken f~om a 
figure. 

Pure germanium crystal; prism <.ngle 
about 20 degrees: 0=40 n-cm; mjnimum 
deviation method used for refrcctive 
indices determined; dn/dT deternined; 
data taken from a figure. 

Pure germanium crystal; prism a:lgle 
about 15 degrees: p=1.2 ll-cm; m:.nimum 
deviation method used for refra(.tive 
indices determination; dn/dT determined 
data taken from a figure. 

Pure germanium crystal; prism an~le 
about 15 degree; p=O.016 ll-cm; IDLnimum 
deviation method used to determine the 

Author{s), Year 

Rank, O.H., 
Bennett, H.E., and 
Cronemeyer, D.C., 
1954 

Lukes, F., 1957 

Lukes, F., 1958 

Lukes, F., 1958 

Lukes iF., 1960 

Lukes, F., 1960 

Lukes, F., 1960 
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. REFRACTIVE. INDEX OF SILICON AND.·GERMANIUM 657 

TABLE.A~ 7. EXPERIMENTAL DATA ON THE TEMPERATURE DERIVATIVE OF. REFRACTIVE INDEX OF GERMANIUM . 

Data Set 
[Ref.] 

7 (cont.) 
[36] 

8 
[5] 

(Wavelength Dependence) (continued) . 

3.82 
5.DY 

dn/dT . Specifications and Remarks' 

3.989 refractive index; dn/dT determined; 
3.952 data taken from·a figure. 

(T=173-298 K) Good optical .grade germanium samples; 
supplied by Exotic Materials, Inc.; 
prism specimen; mp~sured with a modi­
fied minimum deviation method; data 
taken from a table. 

2.554 3.96 
to 

12.1 

Author (I;» ,Year 

Lukes, F., 1960 

Icenogle, H.W. ,. 
Platt, B .• C •• and 
Wolfe, W.L., 1967 

J. Phys. Chem.· Ref. Data, Vol. 9, No.- 3. 1980' 
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TA1lLE Ao;.;8. ':,,'EXP.ERIMENTfd, ,DATK'ON ,:TH}!:'TEMP~RMiiRE .DERIVl :tIVE OF UFRACTIVE"TNDEX'OF ':CERMANIUM', 
(TEimperaturepepen~~rtce) 

tTemperattire~ 'r;,.K; Wavelength, A, JIm;" Temperatur,e ,Deriva tive of Refractive Ind~,' dIlidT.llt~iiK:::-,11 

Amta', Set 
':{Ref:]' 

1 
t36] 

2 
[36J 

3 
[36] 

4 
[36) 

5 
[36) 

T dn/dT 

(A=1. 970 11m) 
140.663 3.902 
1]0.323 3.982 
210.-824 4.523, 
251. 266 4.602 
297.157 5.143 
330~895 5.494 ' 
370.035 5.926 

().=2.19G llm) 
109.5963.361 
139.302 3.794 
170.313 3.901 
210.775 4.143 
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 

(A=2.409 llm) 
140.622 3.576 
170.299 3.792 
212.141 4.279 
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 

(A=3.826 llm) 
326.709 4.381 
371.201 4.515 
421.083 4.648 
469.611 4.727 
520.821 4. 6~17 

(1.=5.156 llm) 
302.419, 4.138 
326.692 4.245 
371.187 4.406 
421.073 4.566 
472.279 4.509 

Specif:i.cations and: temarks 

Pure' germanium crystal; lrism angle of 
l4"53 ~01·:0"L. 2,n-cm:'ine~ surements made 
by minimum deviation 1!1ett, od; -data taken 
from a figure.-

Pure germanium crystal; plism angle of 
14°53.0'; p=1.2 n-cm; mea5~ements made 
by minimum deviation methoi; data taken 
from'a figure. 

Pure germanium cprstal;· pri!'m angle of 
14°53.0'; p=1.2 n-cm; meaSUlements maqe 
by minimum deviation method; data taken 
from a f:i.gure. 

Pure germanium crystal; prism angle of 
14°53.0'; p=1.2 n-cm; measurenents made 
by minimum deviation method; ,lata taken 
from a figure. 

Pure ~ermanium crystal; prism angle of 
14°53.0'; p=L2 n-cm; measuremimts made 
by minimum deviation method; d·lta taken 
from a figure. 

1. PhY$. <:liem. Ref. DClIo, V.ol. 9, No. 3, 1980 

Author(s). Year 

Lukes, F •• 1960 

Lukes. F., 1960 

Lukes, F., 1960 

Lukes, F., 1960 

"Lukes, F., 1960 
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