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Refractive Index of ZnS, ZnSe, and ZnTe and Its Wavelength and Temperature 
Derivatives 

H. H. Li 

Center for Information and Numerical Data Analysis and Synthesis, Purdue University, West Lafayette, Indiana 47906 

Refractive index data of ZnS, ZnSe, and ZnTe were searched, compiled, and analyzed. 
Recommended values of refractive index for the transparent spectral region were generat­
ed in the ranges 0.5-14,um and 93-1000 K for ZnS, 0.55-18,um and 93-618 K for ZnSe, 
and 0.55-30,um at room temperature for ZnTe. Generation of these values was based on a 
dj~~(~iQll~uation that best fitsse_kc:t~~set~_coyering-.Wide_temp-erature.and.wave~ 
length ranges where the available experimental data permit. Temperature and wavelength 
derivatives of refractive index were calculated from the first derivatives of the equation 
with respect to temperature and wavelength, respectively. The results are in concordance 
with the existing data. 

Key words: optical constants; refractive index; temperature coefficient of refractive index; zinc 
selenide; zinc sulfide; zinc telluride. 
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1. Introduction 
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refractive index over a wide range of wavelength and tem­
perature is indispensable for many applications. Although 
this property continues to receive attention for its industrial 
as well as scientific applications, the current state of the 
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available data for many widely used materials is less than 
adequate. While experimental results for the refractive index 
of these materials are reported by many investigators claim-:­
ing high internal accuracy and agreement, the data as a 
whole in many cases are in disagreement. 

In this study, ail attempt is made to consolidate all of 
the published refractive index data for zinc chalcogenides 
and to evaluate the raw experimental data and techniques of 
measurements. A modified Sellmeier-type dispersion rela­
tion is utilized to describe the available body of data. The 
resultant equations are used to generate the most probable 
values, which agree with the selected experimental data to 
within estimated uncertamtle8 basooon reported experim.eri-:" 
tal errors. 

2. Theoretical Background on Refractive 
Dispersion in Solids 

2.1. Refractive Index 

For pure substances, the wavelength or frequency de­
pendence of the optical constants may be described by the 
classical treatment of Lorentz. The theory assumes the solid 
to be composed of a series of independent oscillators, which 
are set into forced vibrations by the incident radiation. The 
Lorentz theory of absorption and dispersion for both insulat­
ing and semiconducting materials is expressed by two famil­
iar1elations=-__ 

2 ,(2-1 " N;A j
2
(1-!J2) 

n - - + ~ (1_!J 2)2+0j2{12 (1) 

(2) 

where n is the refractive index, K is the absorption index, N j is 
the parameter associated with the strength of the ith oscilla­
tor, Ai is the resonant wavelength of the ith oscillator, 0; is 
the damping factor of the ith oscillator, f), = A;I A, and A is 
the wavelength of incident radiation. In the transparent 
wavelength region, Eq. (1) can be reduced to the well-known 
Sellmeier-type equation by neglecting the absorption and the 
linewidth of the oscillators, thus leading to 

2 aiA Z hjA 2 

n = 1 + ~ A 2 l 2 + ~ l2 A 2 • (3) 
, - i 1 'j 

Terms in the first summation are contributions from the ul­
traviolet absorption bands and those in the second are from 
the infrared absorption bands. From Eq. (3), the optical and 
static dielectric constants, E 00 and Eo, of the material under 
consideration are defined as 

and (4) 

EO= 1 + Laj + 2:bj. 
i j 

In an ideal application of Eq. (3), one would need to 
know the wavelengths of all of the absorption bands in the 
absorption regions. This is very difficult in practice because 

out of the large number of absorption bands, only a few of 
them are accessible for experimental observation. It is also 
observed that among the absorption bands, only those locat­
ed closest to the transparent region have noticeable effect on 
the dispersion of the refractive index in the transparent re­
gion. In order to simplify the calculations of the effect due to 
unobserved absorption bands and those bands that have only 
a minor influence, the following approach is taken. Each 
term in the first summation from Eq. (3) is rewritten a" 

ajA 2 ajAj2 
l2_A.2 =a;+ A2_A.2 (5) 

, I 

Smce Ai 's are usually-considerab1y smaller tlianA..~siDlh(. 
transparent region, a good approximation of the first sum­
mation is 

ajAi 2 auAu 2 . 

~ai + ~ A2_ Ai Z = ~aj + A2_ Au 2' 

(6) 

where au and;tu are the eftective quantities equivalent to the 
total contribution from all ultraviolet bands. 

The terms in the second summation from Eq. (3) ac­
count for the effects of the absorption bands beyond the long 
wavelength limit of the transparent region. It is generally 
observed that only a single term due to the transverse optical 
mode (TO mode) offundamental phonon at wavelengthl l is 
sufficient to account for the effects. Therefore, the contribu­
tion from the second summation is simplified to -

h hl AI2 
I + A 2 _ A/ ' (7) 

with hI and AI associated with the TO mode phonon. Since 
refractive index data for zinc chalcogenides are also avail­
able in the· region beyond the reststrahlen region between 
100 and 600 pm, this TO mode phonon should serve as the 
absorption band on the short wavelength side of this wave­
length region. It is, therefore, conceivable that the refractive 
index data both above and below the reststrahlen band can 
be described by a single dispersion equation with some modi­
fication. In order to achieve such a result, the first considera­
tion was to include a damping factor that would eliminate 
the singularity in Eq. (7). Equation (7) would then be re­
placed by the oorresponding term in Eq. (1): 

hI(1-!J 2
) 

(8) 

where!J = AI/A. However, the real data fitting calculations 
for zinc chalcogenides indicated negligibly small values for 
O. 

Substituting Eqs. (6) and (7) into Eq. (3), we have the 
simplified dispersion equation at room temperature: 

2 A B (9) n -€ + +----
- 0 A 2 _ Au 2 A 2/ A/ - 1 ' 

where A and B are treated as adjustable constants and B is 
related to the dielectric constants by the condition: 

Eoo =Eo-B. (10) 

The parameters Eo, A, B, Au, and AI in Eq. (9) can be 
expressed as functions of temperature based on the consider-

J. Phys. Chern. Ref. Data, Vol. 13, No.1, 1984 
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ations· given below. There are four types of physical effects 
which influence the parameters in Eq. (9). First is the ther­
mal expansion; the material becomes less dense as tempera­
ture increases. Were this the only mechanism operative, it 
would reduce the refractive index as temperature increased. 
The fact that the refractive index of zinc chalcogenides in­
creases with temperature, implies that other mechanisms are 
predominant. Second are the thermal occupancies of the en­
ergy levels of the material as a function of temperature; the 
total number of oscillators varies with temperature. It is ap­
parent that the thermal occupancies increase with tempera­
ture as evidenced by the observed positive values of ..dnl..d T. 
Thirdistne cnangeofreftactive irutex ofaffiblent atr. Smce 
the refractive index of a material is usually measured relative 
to air, i.e., nina is measured, to determine the temperature 
variation of refractive index of the material it is necessary to 
take into account the corresponding change in the refractive 
index of the ambient air. Thus, 

~ (.!!.)~~_ n dna, (11) 
dT na dT dT 

wheredna/dT is about 0.11 X 10-5
• ThesecondterminEq. 

(11) is usually masked by the uncertainties in the data. 
Fourth are the thermal shifts· of characteristic absorption 
bands. For most materials, both Au and AI increase with 
temperature. Both of these shifts tend to increase refractive 
index in the transparent region. In the extreme limits where 
MscIose-to eifnerA~-orA:~, the refra~tive index atA increases­
rapidly with temperature. It is experimentally observed that 
Au is approximately a linear functiun of temperature 1 over a 
wide temperature region, as is AI' 6 

Since adequate expressions of thermal expansion and 
thermal occupancy of zinc chalcogenides as· a function of 
temperature do not appear to be available and the correction 
due to index change of ambient air is approximately a con­
stant, it is therefore possible to treat each of the parameters 
in Eq. (9) as a polynomial function of temperature to account 
for the first three effects combfued. Thus, the parameters in 
Eq. (9) are replaced by 

Eo(t) =E(t) =Eo +E1t+E2t 2 +E3t3 +E4t 4, 

A (t) =Ao +A1t +A2t2 +A3t3 +A4t 4
, 

B(t) =Bo +Blt +B2t2 +B3t3 +B4t 4
, (12) 

Au (t ) = Auo + flu t, 

AI(t) = AIO + PIt, 

where t = T - 293 K, and E's, A's, B's, and fl's are con­
stants withEo,Ao, Bo, Auo , andA10 determined at 293 K, i.e., 
at t = O. Only up to the fourth degree of t is retained in the 
above expressions as it was found that the inclusion of higher 
degrees or reducing to lower degrees did not yield adequate 
data fitting. With all these considerations, Eq. (9) can be ex­
pressed in a general form as 

which is reduced to Eq. (9) for T = 293 K or t = O. 
Equation (13) is a preferred empirical expression for the 

refractive indcx in terms of both temperature and wavc-
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length as it identifies the physical meaning of various con­
stants and it can be used to calculate derived quantities. 
Among other things, the dielectric constants at room tem­
perature can be obtained from the values of Eo and Bo. If a 
sufficient amount of accurate data are available, the con­
stants E 's and B '8 can be determined and subsequently can 
be used to calculate the dielectric constants at other. tem­
peratures. With the constants appropriately determined, 
dn/ dT or dnl c.U can easily be calculated by taking the first 
derivative of Eq. (13) with respect to T or A. The use of t 
rather than the absolute temperature T is based on the fact 
that data on the refractive index and other related physical 
propemes-a:re-feiidily-availa6Ie· for-room-temperature. Itis~ . 
therefore, appropriate to choose room temperature as the 
point about which temperature variation of the refractive 
index can be calculated, provided there is adequate tempera­
ture-dependent data. 

2.2. Temperature Derivative of Refractive Index 

Ramachandran2 has presented a semiempirical theory 
of thermo-optical effects in crystals, in which the dispersion 
was fitted to experimental data. His theory employed a series 
of oscillator wavelengths and oscillator strengths as adjusta­
ble parameters. A relationship was found between tempera­
ture shifts of various parameters and fundamental oscillator 
wavelengths as shown below: 

On 2 " (~ 2n dT = C - 3a(n - 1) + ~F(A.,A.i)\ l;dT" }' (14) 

where C is effectively a constant over a limited temperature 
range and 

2k.A 4 
F(A :1 .) = --'--" ... , (Ii 2 _ A/)2 

with k j a constant. :However, the parameters chosen were 
rather numerous and often not unique; no general prescrip­
tion was presented for determining their temperature varia­
tions which are necessary for the calculation of dnl dT. Har­
ris et al.3 proposed an empirical relation without theoretical 
justification for the dispersion of dn/dT. It relates the ob­
served values of dn/dT to the wavelength A and the wave­
length corresponding to energy gap Ag by the expression: 

~=aRb (15) 
dT ' 

where a and b are constants and R =.4 2/(.1. 2 -.4g 2). This 
relation was later reexamined by Johnston4 in light of some 
phenomenological calculations of Tsay et al.5 in which the 
following equation was derived 

2n~=K2(-3aR+~ c.Ug R2), 
dT Ag dT 

(16) 

by neglecting the small contribution from the lattice. For 
practical data interpolation, Eq. (16) was simplified by John­
ston to 

(17) 

In comparison, one can notice that Eqs. (14) and (17) can be 
obtaincd by differentiating the second term of Eq. (9) with 
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respect to temperature. It should be pointed out that most 
published work2-5 on semiconductors generally assumes 
that dn/ dT data are nearly independent of temperature over 
a fairly wide range of temperature and that lattice contribu­
tions to dn/dT are negligible. No consideration has been 
given to the effect of thermal occupancies. As a result, much 
of the reported dn/dT data remains nearly a constant over a 
temperature range of a few hundred degrees. In real situa­
tions, however, all these assumptions become inadequate as 
discussed in a later section dealing with the available data. 

Differentiating Eq. (13) with respect to temperature, we 
get 

dn . 
2n-=A~u +B~I +El +E7P2 
. dT 

+E3P3 +E4P4 +Al(Ru +Sut ) 
+ A2(RuP2 + Su t2) + A3(RuP3 + Su t3} 
+A4(RuP4 +Sut4) +B1{R1 +Slt) 

+ B2{R1P2 + S l t2) + B3(R1P3 + S I t3) 
+ B4(R 1P4 + Si f4)' (18) 

wherep2 = 2f,P3 3t2,P4 = 4t 3, t2 t 2
, t3 t 3

, t4 = t 4
, 

R = 1 
u A 2 -Au 2 ' 

S = dRu = u'uPu 
u dT (A 2 _ Au 2)2 ' 

R _ 1 
1 - A 2/ AI 2 - 1 ' 

S _ dRI _ U,
2PI 

I - dT - A/(A 2/..1./ _ 1)2' . 

Au =AuO +Pu t , and AI =AIO + PIt. 
Either Eq. (13) or Eq. (18) can be used forlinear regression to 
determine the constants E 's, A's, and B 's depending on the 
type and quality of available data; if reliable temperature­
dependent dn/ dT data are available, Eq. (18) should be used 
after the values of Eo, Ao, Bo, Auo ' and AIO have been deter-

. mined at room temperature. 

3. Presentation of Numerical Data 
Reference values are generated here through critical 

evaluation, analysis, and synthesis of the available experi­
mental data. The procedure involves critical evaluation of 
the validity and accuracy of the available data and informa­
tion, resolution, and reconciliation of disagreements in cases 
of conflicting data, correlation of data in terms of various 
controlling parameters, curve fitting with theoretical or em­
pirical equations, and comparisons of experimental values 
with predictions. No attempt has been made to analyze the 
data of thin films and in regions of strong absorption, be­
cause of the scantiness of reliable information. However, ex­
perimental data on thin films and in absorption regions are 
also presented, along with those of the transparent region, in 
figures for the purpose of comparison and completeness. 

A number of figures summarize the information and 
give data as a function of wavelength and temperature. The 
conventions used in this presentation, and specific com-

ments concerning the interpretation and use of the data are 
given below. The subsections for each substance contain all 
available information and data for a given material and cov­
er the following: 

(a) A text discussing the data, analysis, and recommen­
dations; 

(b) A figure of experimental n values (wavelength and 
temperature dependence); 

(c) A figure of experimental dn/dT= f(A); 
(d) A figure of experimental diz/dT = f(T); 
(e) Figures of recommended values of n, dn/dT, and 

dn/U; 
J) Tables of recommended values ofn, dn/dl~ and dn/ 

dA. 
Since a reader might be interested in a specific substance, it 
was considered desirable to include important information 
and discussion in each subsection even though some of the 
subject matter found in other subsections may be repeated. 
In figures containing experimenW data, selected data sets 
are labeled by appropriate legends. 

Dispersion equations for each of the substances have 
been proposed from time to time in earlier studies. These 
available relations are collectively presented in a table to fa­
cilitate comparison. Refractive indices for most of selected 
data sets are reported to the fourth decimal place. However, 
detailed compositions and characterizations of the speci­
Jnen~ere_usual1y--.n~learly---8iyen. Since irnlmrities in the 
sample and conditions of the surface are factors affecting the 
accuracy of the observed results, such highly precise data 
cannot be applied to a sample chosen at random. For this 
reason, no attempt is made to recommend any particular set 
of data with the reported high accuracy, but to generate the 
most probable values for the pure samples. As a result, the 
estimated uncertainties in the recommended values on the 
refractive index are higher than those reported for the data 
obtained.by high-precision measurements. 

3.1. Zinc Sulfide, ZnS 

There are 59 sets of experimental data available for the 
refractive index (wavelength dependence + temperature de­
pendence) of zinc sulfide as plotted in Figs. 1 and 2. Some of 
the data sets for thin films or multilayers are included here 
for the purpose of comparison. With the exclusion of largely 
discrepant and scattered data due to either inadequate speci­
men or unreliable method, the data sets reported by Mell,8 

DeVore,9 Czyzak et aI., 10-12 Bond,15 Manabe et al., 16Peld_ 
man et al., 17 and Wolfe and Komiski 18 are considered repre­
sentative for the available refractive index of zinc sulfide in 
the fundamental transparent region. Data sets reported by 
Hattori et al.19 are the only available material in the wave­
length range from about 100 to 650 pm. Data of hexagonal 
ZnS crystals were measured by Bieniewski and Czyzak 14 and 
by Piper et af. 13 

3.1.1. Review of Available Data 

Early measurements on the refractive index ofZnS over 
the visible spectrum covering a large temperature range were 
reported by Mells for samples of natural crystal, a sphalerite 

J. Phys. Chern. Ref. Data, Vol. 13, No.1, 1984 
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A, 11m "Ref. Symbol A, 11m Ref. 

0.436 8 * z 1.15 17 [!] 

0.546 8 * y 3.39 17 
0.578 8 * )( 10.6 17 
0.619 8 Eq. (20) A 0.436 11m 
1.0 18 
2.5 18 
7.d 18 

10.5 18 
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Temperature, K 

Figure 2. Experimental and calculated refractive index of ZnS (temperature 
dependence). Data set u*" are derived from dn/dT data. 
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Table 1. Comparison of dispersion equations· proposed for ZnS 

Source 

Mell, M., 1923; Ref. 8 

DeVore, J. R., 1951; Ref. 9 

Czyzak, S.J., Baker, W.M., Crane, R.C., 
and Howe, J.B., 1957; Ref .• 10 

Czyzak, S.J., Payne, H., Crane, R.C., 
and Baker, W.M., 1957; Ref. 11 

Manabe, A., Mitsuishi, A., Yoshinaga, 
H., 1967; Ref. 16 

Kodak publication U-72, 1971; Ref. 21 

Hattori, T., Homma, Y., Mitsuishi, A., 
and Tacke, M., 1973; Ref. 19 

Feldman, A., Horowitz, D., Waxler, 
R.M., o.ud t>odSQ. M • .J •• 1978; RQ£. 17 

Feldman, A., et a1., 1978; Ref. 17. 
cont. 

Pro" .. nt .... ork, 1992 

J. Phys. Chem. Ref. Data, Vol. 13, No.1, 1984 

Wavelength and 
temperature ranges 

0.4162-0.7320 !lm 
273 K 

0.3650-1.5296 !lm 
298 K 

0.44-1.4 !lID 
·298 K 

0.365-4.0 !lm 
300 ~ 

19-62 !lID 
300 K 

1.0-13.0 !lID 
300 K 

134-584 !lm at 
300 K 
132-578 \lID at 
80 K 
92-641 Jlm at 2 K 

0.55-10.60 !lID 
295 K 

0.5-11,.0 lJ'" 

93-618 K 

Dispersion equation 
A in !lm, Q = AlIA 

n2 = 3.0221 + 2.0998 1.
2 

1.2 - (0.2532)2 

n2 = 5.164 + 0.1208 
1.2 - (0.27055)2 

n 2 .. 5.131 + _--=0:...:.~1:::2.:...;7 5::....... __ 
1.2 - ·(0.27055)2 

n2 .. 5.0475 + 0.2645 _ 0.0947 + 0.0427 

..A~ 1" ~ 

_ 0.0079 + 0.0005 
AS 1.10 

for cubic structure: E"" = 5.7, AI = 
35.46, 0 = 0.024, and N = 3.2 

for hexagonal structure: Eoo" 5.7, AI = 
36.496, 0 = 0.017, and N .. 3.9 

n = 2.2569735 + 3.2640935 x 10-
2 

1.2 - 0.028 

+ 6.0314637 x 10-" 

(),2 _ 0.028)2 

- 5.2705532 x 10-~A" 

- 6.0428638 x 10-7 1." 

eo -
n 2 =----

1 _ Q2 

at JUU K: eo '" 8.34, t:;oo '" 4.7, and· AI "'. 
38.462 lim; 

at 80 K: Eo 8.10, 
38.168 ).l1li; 

"I'" 2 '1(, f:o .. IL04. 
38.023 Jlm. 

A.A2 

n 2 '" 1 + L _l. __ 

1=' ).2 _ ).2 
1. 

e"" = 4.8. 

E ....... 4.9. 

for one sal!lP1e at 294.6 K: 

Al = 0.33904026 
A2 3.7606868 
As '" l.7JllJ!>j 

Al .. 0.31423026 
1.2 = 0.17594174 
:\3 - 33.886560 

for second sample at 294.9 K: 

Al '" 0.24199447 
A2 '" 3.8575584 
As"" 2.5433609 
Al '" 0.33005445 
A2 0.17899635 
1.3 .. 32.849275 

and AI = 

and Al:" 

.. 20 .• t ) .. E(t) .j. ~.j. B(t) 
A2_A~ A2/A~-1 

t .. T - 293 

See Eq. (20) in text for the expres­
sions of Au' AI' E(t). A(t) and B(t). 
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with green hue. These data indicate that not only is the dis- infrared lattice reflection spectra. Both synthetic cubic and 
persion ofZnS very large, but also the refractive index varies hexagonal crystals were investigated and the spectra were 
appreciably with temperature. At room temperature, n analyzed using the Drude dispersion relation. The oscillator 
changes from 2.5240 at wavelength 0.4162 pm to 2.3263 to strengthN, optical dielectric constant E 00 ,damping factor~, 
0.732 pm; while at wavelength 0.546 {tm, n varies from and wavelength of transverse optical phonon AI' in the 
2.3867 at 273 K to 2.4452 at 977 K. Several prismatic speci- Drude equations shown in Table" 1 were determined by a 
mens were used, and the results were consistent to the third least-squares fit ofreftectivity data. In the case of hexagonal 
decimal place. Mell also showed that the data at 273 K can crystal, the wavelength of TO mode phonon is the same for 
be fitted by a Sellmeier-type formula as given in Table 1, and both polarizations. The TO mode phonon wavelength was 
the data at several selected wavelengths were found to vary also obtained directly from transmission spectrum of an eva-
ro'ladratically with temperature. porated thin film and was found to be in good agreement 

De Vore9 measured refractive indices for a clear, water- with th@..tQP41jIl~cl.frQm the reflectio11.§p~Gtra_ ~lt@-Y~~rl!.e 
willte natural sphalerite crystal at room temperature over a static dielectric constant Eo was determined by substitutin!? 
wavelength region between 0.365 and 0.578 {tm and at A= 00 in the resulting Drude equation assuming zero ab-
1.5296 pm. The data points fitted well to a dispersion equa- sorption, i.e., Eo = n2 = E 00 + NAI 2. 

tion (see Table 1) similar to that of Mell. Numerically the Refractive index of CVD ZnS was measured by reId-
data from these two sources are discrepant in the overlapped man et al. 17 as part of the effort in the characterization of 
region by several units in the third decimal place which may high-power laser window materials. Two CVD ZnS samples 
be attributed to the impurities and experimental errors. Both were measured by the high-precision minimum deviation 
dispersion equations of Melland of DeVore suggest an effec- method over a wide wavelength region (0.55-10.6 pm) of 
tive ultraviolet absorption band at about 0.27 /-lm and do not laser interest. The room-temperature d~ta were reported to 
account for the contribution from infrared absorption the fifth decimal place and were fitted to a three-term Sell-
bands. It should ~ pointed out that in spite of the fact that meier-type dispersion equation (shown in Table I). Since the 
DeVore's data are represented by a simple equation, the pre- parameters in their dispersion equation were not intended to 
dicted -refractive indices at wavelengths near 1.5296 pm are have physical significance but to be a mathematical fit to the 
not reliable. At that wavelength, the effect from infrared observed data, the parameter values determined for these 
-abso11'tion-bands-iS-Significantand-negati:v?,-a-simpledisper-----tw.g-samples-w.er.e-consid~r.ably-differ.ent-though-the-differ~ 
sion equation without taking into account the effect from enee in" refractive indices at anyone wavelength was only 
infrared will predict a higher result as can be seen by com- about one unit or less in the fourth decimal place. In view of 
parison with the data of Czyzak et al. and Feldman et al." the reported average absolute residuals of n from the beSt-fit 

Bond15 attempted precise measurements significant to equation of each data set, 5.4 X 10-5 and 4.6 X 10-5
, respec-

the fourth decimal place on the refractive index of ZnS over tively, the difference of one unit in the fourth decimal place 
the wavelength range 0.45-2.4 {tm using the minimum devi- should be regarded as experimental uncertainty and either of 
ation method. A natural specimen from San Antander, "the two data sets closely represents the refractive index of 
Spain was not transparent beyond 2.4 pm. His data were CVD ZnS at room temperature. 
quite consistent in comparison with the data reported by Wolfe and Korniski 18 reported data for a sample of Ir-
Feldman et al., and the discrepancy in the overlapped wave- tran 2, a hot-pressed microcrystalline compact ofZnS, over a 
length region was within two units in the third decimal place. spectral region between 0.6328 and 14 pm at room tempera-

Refractive index data of synthetic single cubic crystals ture and at 84.9 K. The precision of the measurement is a few 
of ZnS covering a spectral range from 0.365 to 4.0 pm at parts in the fourth decimal place, namely 2.86X 10-4 ~s 
room temperature are given in four referenees. 10-.2

•
2o These deviation. Intercomparison with the data of Irtran 2 report-

data sets were measured basically by the same group of in- ed earlier by Eastman Kodak CO.21 reveals discrepancies of 
vestigators but over a number of years. Spectroscopic analy- as much as 4.8 X 10-3 at the shorter wavelengths decreasing 
sis of the crystals showed a total analyzed impurity content to 2.8 X 10-3 at the longer wavelengths; this is an order of 
ofless than 0.0001 %, indicating that the data obtained were magnitUde larger than the experimental uncertainty. Such a 
supposedly for pure single" cubic cl-ystal but for unknown difference is attributed to the sample itself. Comparison of 
reasons the data showed large discrepancies. The data in the the data sets of Irtran 2 and CVD ZnS is shown in Fig. 3 
visible region were fitted to a Sellmeier-type dispersion equa- where the data of Irtran 2 disagree with those of CVD ZnS 
tion, and for the extended wavelength region, the data were by amounts far more than the claimed experimental uncer-
fitted to a polynomial equation of negative even powers of tainties. " 
wavelength as shown in Table 1. When compared with the Data of ZnS in the far infrared spectral range from 100 
data reported by Mell and by DeVore, the differences are in to 600 pm were measured by Hattori et al. 19 at temperatures 
the third to second decimal place and show a large scatter- 2, 80, and 300 K. The crystal used in the experiment was a 
ing. It is interesting to note that the dispersion equation for mixed cubic and hexagonal. The data were described by a 
the visible region is very similar to that found by DeVore and simple dispersion equation, shown in Table 1, for an un-
both indicate an effective ultraviolet absorption band at damped harmonic oscillator from which the" dielectric con-
0.2755 {tm. stants and wavelength of TO mode phonon were determined 

Manabe et al. 16 studied optical constants in the rest- with least-squares fit. The static dielectric constant serves as 
strahlen region, 20 {tm up to about 100 {tm, by means of a check for the values obtained from various optical meth-

J. Phys. Chem. Ref. Data, Vol. 13, No.1, 1984 
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ods. Since the data were measured by an interference meth­
od, the value of Eo obtained in the long wavelength region is 
believed to be reliable and should be adopted as a known 
parameter in the dispersion equation of ZnS. 

Data for hexagonal ZnS crystals were reported by Bien­
iewski and Czyzak14 over a wavelength range from 0.36 to 
1.4 pm and by Piper et al. 13 over a wavelength range from 
0.33 to 1.8 pm. In both investigations, the birefringence of 
hexagonal crystals was found to be small, about 0.006, and 
was fairly constant throughout the wavelength region inves­
tigated. They stated that within experimental error the dis­
persion equations proposed by De Vore9 and by Czyzak et 

Temp •• K 

300 

300 

300 

300 

300 

300 

300 

300 

300 

80 

80 

Table 2. 

£", 

5.7 

5.7 

5.13 

4.7 

4.8 

4.9 

Available data on £ .. , £0' and ),1 of ZnS 

£0 ),1' \lII1 Ref. Remarks 

8.9 35.46,"36.76 16 cubic 

9.6 36.50 16 hexagona1 

8.37 24 

25 

36.90 26 

8.34 38.46 19 

32.26 27 cubic 

33.33 27 hexagonal 

8.7 28 

8.10 38.17 ,19 

8.14 24 

8.04 38.02 19 

al.1O were valid for both cubic and hexagonal crystals. ~~===========~~-------

For ease of comparison, the deviations of the above 
mentioned data sets from the recommended values in the 
fundamental transparent region at room temperature are 
plotted in Fig. 3. It is obvious that the disagreement among 
the data sets reported by different investigators is greater 
than the accuracy claimed by each of them., Internal consis­
tency was observed in each investigation; therefore, unac­
counted sources of errors still exist that are responsible for 
these discrepancies. 

3.1.2. Room-Temperature Dispersion Equation 

In the present work, Eq. (9) is used to represent the 
room-temperature refractive index of ZnS. The appropriate 
parameters, E 00 , Eo, and AI' must be selected and tfie coeffi­
cients A, B, and the parameter Au determined. Most impor­
tant of all is the selection of reliable data sets used for input to 
fit Eq. (9). The selected data sets are limited to the works of 
Feldman et 01., 17 Mell,8 and Hattori et 01. 19 The data ofFeld­
man et 01. cover a wide spectral region and are measured 
with high accuracy. The data of Mell cover extended short 
wavelengths and a wide temperature region. Although the 
former measured CVD samples and the latter measured nat­
ural crystals, the two can be spliced together based on the 
following two facts. First,because the birefringence of CdS is 
small as discussed earlier, the refractive index data of single 
crystal and polycryst.alline samples should agree closely. 
Second, the room-temperature data from these two sources 
in the overlapped region are consistent to the third decimal 
place which is within the experimental error of Mell's data. 
The data set reported by Hattori 19 is used to substantiate the 
correctness of the static dielectric constant for the infrared 
term. 

The literature values of E 00 , Eo, and AI are very discre­
pant as shown in Table 2 where room-temperature E 00 values 
vary from 4.7 to 5.7. For refractive index calculations accu­
rate to the third or fourth decimal place, this variation is far 
too great. However, better values of E can be obtained from 
dispersion equations covering the visible region as prQposed 
by various investigators. From Table 1, these E values are 
5.1219 by Mell, 5.164 by DeVore, 5.131 and 5.0475 by Czy­
zak et 01., and 5.0096 by Feldman et 01. A value close to 5.1 
appears to be consistent. 

The values of Eo vary from 8.34 to 8.9 for cubic ZnS 
(Table 2) which is too wide a range for refractive index calcu­
lations. The two available dispersion equations fail for Eo due 
to the lack of data beyond 10.6 pm needed to provide ade-

quate dispersion in the infrared term. However, the refrac­
tive index data in the 100 to 600 pm region as reported by 
Hattori et 01.19 can be used to determine Eo. Although the 
dispersion equation obtained from this data set predicts a 
low value of E"" due to the lack of dispersion, the Eo calculat-
_ ed from the square of refractive index at the long wavelength 
end should be close to the static dielectric constant. Since the 
refractive index values in this data set vary from 2.95 at 100 
pm to 2.89 in the wavelength range from 300 to 600 pm, it is 
reasonable to assume a value of Eo of about 2~892 or 8.35. 

Among the values of AI in Table 2, the values reported 
by Manabe et al. are chosen. One of these values was ob­
tained-fr-Om-tr-ansmission-measur-ements-On...ev.apor.atedihin... 
films, a type of measurement that provides direct means for 
determining AI' Additional supporting evidence for this val­
ue was obtained by Mathieu and Mathieu22 from Raman 
measurements. The correct value of AI is most likely within 
the range 35.46--36.76 pm. 
, Cardona and Harbeke23 investigated band structure of 
cubic and hexagonal ZnS crystals in the spectral region be­
low 0.41 pm. It was observed that there was a striking simi­
larity in the spectra of the optical constants, indicating a 
small difference in the arrangement of the atoms in the two 
crystals. Although only small differences are observed in op­
tical constants, there are some fine structure differences in 
the absorption spectra. In all cases, a weak absorption peak is 
located at'about 0.33 pm and a strong absorption peak at 
about 0.23 p,m with a number of strong peaks at shorter 
wavelengths. This finding is consistent with the dispersion 
equations found earlier by others based on an effective ab­
sorption band at about 0.27 11m. The values of Au in Eq. (9) 
should be approximately in the range from 0.23 to 0.27 pm 
but closer to 0.23 pm to account for the effect of the infrared 
term. This is supported by the findings of Hall34 and Cox et 
al. 36 who, in investigations on vacuum deposited films, 
found the refractive index curve has a maximum at about 
0.23 pm. 

With all the essential parameters discussed above at 
hand, the selected data are fitted to Eq. (9) for the determina­
tion of the constants A and B by letting the parameters vary 
within their corresponding estimated limits. The dispersion 
equation for ZnS at room temperature thus obtained is 

n2 = 8.34096 + 0.14540 3.23924 
A 2 _ (0.23979)2 + A 2/36.5252 -·1 ' 

(19) 
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where A is in units of pm. This equation also serves as a 
starting point to formulate a generalized dispersion equation 
for temperature-dependent data as Eq. (13). 

Equation (19) is valid in the wavelength range 0.5-14 
/-lm for CVD ZnS and in the wavelength range 0.5-2.4 pm 
for natural ZnS. In Fig. 3, deviations of available room-tem­
perature data from those calculated with Eq. (l~) are plotted 
for visual comparison. It. is clearly shown that data of syn­
thetic crystals in the short wavelength region are largely 
scattered as expected while the data of Mells and of ~ond 15 

show consistent deviation of less than 0.0016 and have the 
same dispersion as that of Eq. (19). In the long wavelength 
region,--thedata-Of Irtnm2Jnlm-Kodak publication u= 7~ 
indicate a constant deviation of about - 0.00 15 throughout 
the wavelength range 1-13 pm but the data for the same 
material reported later by Wolfe and Korniski 18 show a con­
stant deviation of about + 0.0025 in the region below 10 pm 
and a high dispersion in the region between 10 and 14 pm. 
While the deviation of data ofMell and of Bond can be attri-

calculated from Eq. (19). Although there is a disagreement in 
the refractive index values, most of the available film data 
generally follow a normal dispersion curve. It can be safely 
said that a properly prepared film sample should have the 
same dispersion characteristics as that of a bulk sample 
though having different refractive index values. In other 
words, the deviation should be nearly a constant as indicated 
in Fig. 4. 

Equation (19) is also valid in the wavelength region 133-
585 pm. The averaged differences between the experimental 
data and the calculated values are of the order of ± 0.006. 
The dispersion in this region is rather small as the difference 
-of -two-extremtH'efractiveindicesisonly-O.055 butthe-uncer­
tainty in the data is rather large (of the order ± 0.005) as the 
data were digitized from a graph of low resolution. Under 
such condition, the reliability of the digitized values is com­
patible with the calculated ones. 

buted to the experimental enor and to the impurity content 3.1.3. Temperatur~.Dependent Dispersion EquatiDn 

of the samples, the deviations of data for Irtran 2 samples is Data on the temperature-dependent refractive index is 
not due to experiment alone. As Wolfe and Korniski point very scanty. Data plotted in Fig. 2 are those of Mell8 and 
out, it is probable that these deviations are caused by the Wolfe and Komiski. 1

& Additional data sets plotted in Fig. 2 
differences in material from different batches. The constant were derived from the dnl dT data reported by Feldman et 
deviation of the data sets mentioned above renders support al. 17 (see Figs. 5 and 6). Although the data sets by Mell cover 
to the validity of Eq. (19) as far as the dispersion of ZnS is a wide temperature range from 135 up to 979 K, they cover 
concerned. only the visible wavelengths. Metl's data in the short wave-

-T-he-causes-oflargnieviations ofsynthetic-crystal-danr-- . ·-Ierrgth-region:-below-05jLIlraren-otrellablebecIDISetlRnn-ate-;;-
and Irtran 2 data deserve further discussion. It is believed rial contains impurities evidenced by the greenish color of 
that these synthetic crystals investigated two decades ago the sample. At high tempel"atw-es, the wlcertaillties are ex-
contained considerable amount of impurities and defects un- pected to be larger because the effects of impurities are ex-
known then. Although the techniques of crystal growth has pected to increase with temperature. 
since been improved, there are no new direct measurements Refractive index data reported by Wolfe and Korniski 
reported. At present, there is no reliable data of crystalline cover a temperature range from 84.9 to 295.9 K and a wave-
ZnS to substantiate the validity ofEq. (19). Irtran 2 is a hot- length range from 1 to 14·pm from which they calculated 
forged substance; it is inevitable that impurities and voids dnl dT values. Since the claimed precision of their refractive 
are introduced during the forging processes. The result is the index measurement is about ± 3 X 10-4 and the dnl dT val- . 
discrepant data from different batches. ue is in the order of ± 5 X 1 0-5K -1, each dnl dTvalue thus 

No attempt was made to analyze the available data for determined at temperature intervals of 10° has an error of 
thin:O.lms2

9-40 since their refractivepropenies are a1fectedby about ± 6X lO-5K- 1 associated with it. This large error 
many factors that do not easily permit adequate characteri- masked the detail variation of dnl dT with temperature and 
zation. Consequently, results of different investigators are wavelength; only average values could be obtained. For the 
often conflicting and inconsistent. The pressure and type of wavelengths 1.0, 2.5, 7.0, and 10.5 pm, the average dnldT 
residue gas during deposition, the temperature of the sub- values vary linearly with temperature from 3.5X 10-sK- 1 

strate during deposition, the rate of deposition, the thickness at 100 K to 7.6X 10-sK- 1 at 280 K. Lacking, then, in de-
of the film, the heat treatment after deposition, and aging are tailed wavelength variation, these data are not used for data 
all important factors. In general, the refractive index data of analysis but a rough comparison. 
a film deposition in high vacuum tend to be lower than that Although Feldman et al. reported only room-tempera-
of the bulk because the observations are actually made on a ture refractive index, their dnl dT data are reliable to catcu-
combination ofZnS plus voids easily observed under an elec- late the refractive index values at other temperatures from 93 
tron microscope. On the other hand, high refractive indices to 473 K. The dnldT· data were measured by an interfero-
are obtained for thin films that are oxidized during deposi- metric technique at three discrete laser wavelengths: 1.15, 
tion or are aged in the presence of undesirable residual gases 3.39, and lO.6/-lm. The shift of Fizeau interference fringes as 
or physical environments. However, it has been observed a function of temperature, starting from room temperature, 
that the refractive index of a thin film tends to agree with the was observed and the corresponding dnldTvalue was deter-
bulk index if the films are deposited under high vacuum on mined with appropriate corrections for thermal expansion of 
substrates maintained at elevated temperatures during depo- the sample and for the temperature variation of refractive 
sition, followed by appropriate annealing. Figure 4 shows index of the ambient air. This method is one of the most 
the deviations of experimental film data from the bulk data accurate means in the determination of dn/dT, and hence 
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the data are used as the basis of data analysis. Equation (18) 
should be used in the determination of the constants. How­
ever, there are problems which have to be clarified and 
solved b~fore the calculation can be performed. 

sponding value of 131' i.e., dAI/dT, of ZnS is 0.00475 
,urn K- 1 using AIO = 36.525 determined at room tempera­
ture. The parameter AI is, therefore, expressible as AI 
= 36.525 + 0.00475 t. 

. The first problem is the temperature variation of the 
parameters Au and Ax in Eqs. (13) or (18). In the study of the 
fundamental optical absorption edge of a synthetic crystal of 
hexagonal zinc sulfide, Piper l found that the decreasing shift 
of band gap is approximately linearly proportional to tem­
perature over a wide temperature range. In terms of wave­
length shift, the corresponding proportionality constant is 
0.4841 X 10-4,um K -1. This value is adopted for the param­
eterp~ because-Au, though-noi-exactly corresponding to the 
band gap, is the effective a.bsorption band. The quoted shift is 
small and does not have much effect on the refractive index 
as a whole. We have1 therefore, 

The second problem is that the data of Feldman et al. is 
available only np to 473 K and only at three discrete wave­
lengths in the infrared. The constants based on these data 
may not be valid in the visible region and at higher tempera­
tures. To check the validity of the results, data reported by 
Mell must agree with the predicted ones. . 

The third problem is the variation of dnl dT data with 
the temperature. In Fig. 6, one notices that in all three data 
sets, dn/dTkcreases· monotonically with temperature from 
93-300 K and remains essentially constant thereafter up to 
400 K. After that the dnldT appears to increase with tem­
perature but there is no direct experimental data to support 
such behavior at higher temperatures. The same was also 
observed for ZnSe and it is reasonable to expect that both 
ZnS and ZnSe behave similarly. Evidence supporting the 
continuous incr~se of dnldTversus temperature for ZnS at 
high temperatures is given for ZnSe by Mangir and Hell­
warth.64 They observed that within the experimental uncer­
tainty, ± O.2X lO-5K-I, there is no variation of ~nl..dT· 
values in the temperature range from 293 to 473 K but at 
higher temperatures up to 600 K there is a small constant 

Au = Auo + 13u t = 0.23979 + 0.484 X 10-4t, 

whereAuo is determined at rOOrn temperature as indicated in 
Eq. (19). Experimental values on the temperature depen­
dence of AI are not available for ZnS but are available for 
ZnSe and ZnTe as measured by LaCombe and Irwin.6 Since 
such shifts for compounds of the same family do not vary 
appreciably/ the experimental value ofZnSe, llA I dA I /dT 
= 1.3 X 10-4K -1, is adopted for ZnS. From that, the corre-

Table 3. Recommended values on the refractive index of CVD ZnSa 

Temperature t K 
A. \1m 

93 143 193 243 293 343 393 443 .4.93 543 

0.50 2.4061 2.4096 2.4131 2.4165 2.4200 2.4236 2.4275 2.4315 2.4357 2.4402 
0.55 2.3742 2.3773 2.3802 2.3832 2.3863 2.3895 2.3928 2.3963 2.3999 2.4038 
0.60 2.3516 2.3543 2.3570 2.3597 2.3625 2.3654 2.3684 2.3716 2.3749 2.3784 
0.65 2.3348 2.3373 2.3398 2.3424 2.3450 2.3477 2.3506 2.3535 2.3566 2.3598 
0.70 2.3220 2.3243 2.3267 2.3292 2.3317 2.3343 2.3370 2.3398 2.3427 2.3457 
0.75 2.:3120 2.3~42 Z.n65 2.3~88 2.3U3 2.3l38 2.3264 Z.3zn 2.3319 2.3348 
0.80 2.3040 2.3061 2.3083 2.3106 2.3130 2.3154 2.3180 2.3206 2.3233 2.3261 
0.85 2.2974 2.2994 2.3016 2.3039 2.3062 2.3086 2.3111 2.3137 2.3163 2.3191 
0.90 2.2920 2.2940 2.2961 2.2983 2.3006 2.3030 2.3055 2.3080 2.3106 2.3133 
0.95 2.2875 2.2894 2.2915 2.2937 2.2960 2.2983 2.3008 2.3032 2.3058 2.3085 
1.0 2.2537 2.2.8'0 2..2876 2.2.898 2..2921 2.2944 2.2908 2..2992 2.3015 2.3044 
1.5 2.2642 2.2659 2.2679 2.2700 2.2721 2.2744 2.2766 2.2789 2.2813 2.2838 
2.0 2.2569 2.2586 2.2605 2.2626 2.2647 2.2669 2.2691 2.2714 2.2738 2.2762 
2.5 2.2528 2.2545 2.2563 2.2584 2.2605 2.2627 2.2649 2.2672 2'.2695 2.2719 
3.0 2.2498 2.2514 2.2533 2.2553 2.2574 2.2596 2.2618 2.2641 2.2664 2.2688 
3.5 2.2471 2.2487 2.2505 2.2526 2.2547 2.2569 2.2591 2.2613 2.2636 2.2660 
4.0 2.2444 2.2460 2.2479 2.2499 2.2520 2.2542 2.2564 2.2586 2.2609 2.2633 
4.5 2.2417 2.2433 2.2451 2.2471 2.2492 2.2514 2.2536 2.2558 2.2581 2.2605 
5.0 2.2387 2.2403 2.2422 2.2442 2.2463 2.2484 2.2506 2.2528 2.2551 2.2575 
5.5 2.2356 2.2371 2.2390 2.2410 2.2431 2.2452 2.2474 2.2496 2.2519 2.2543 
6.0 2.2321 2.2337 2.2355 2.2375 2.2396 2.2418 2.2439 2.2461 2.2484 2.2508 
6.5 2.2284 2.2300 2.2318 2.2338 2.2359 2.2380 2.2402 2.2424 2.2446 2.2471 
7.0 2.2244 2.2260 2.2278 2.2298 2.2319 2.2340 2.2361 2.2383 2.2406 2.2431 
7.5 2.2201 2.2216 2.2235 2.2254 2.2275 2.2296 2.2317 2.2339 2.2362 2.2387 
8.0 2.2154 2.2169 2.2188 2.2207 2.2228 2.2249 2.2270 2.2292 2.2315 2.2340 
8.5 2.2103 2.2119 2.2137 2.2157 2.2177 2.2198 2.2219 2.2241 2.2264 2.2209 
9.0 2.2049 2.2064 2.2083 2.2102 2.2123 2.2143 2.2164 2.2186 2~2209 2.2235 
9.5 2.1991 2.2006 2.2024 2.2044 2.2064 2.2085 2.2106 2.2127 2.2151 2.2176 

10.0 2.1928 2.1944 2.1962 2.1981 2.2002 2.2022 2.2043 2.2065 2.2088 2.2114 
10.5 2.1861 2.1876 2.1895 2.1914 2.1935 2.1955 2.1976 2.1997 2.2021 2.2047 
11.0 2.1789 2.1805 2.1823 2.1843 2.1863 2.1883 2.1904 2.1926 2.1949 2.1976 
11.5 2.1713 2.1728 2.1746 2.1766 2.1786 2.1807 2.1827 2.1849 2.1872 2.1899 
12.0 2.1630 2.1646 2.1664 2.1684 2.1704 2.1725 2.1745 2.1767 2.1791 2.1818 
12.5 2.1543 2.1558 2.1577 2.1597 2.1617 2.1637 2.1658 2.1680 2.1704 2.1732 
13.0 2.1449 2.1465 2.1483 2.1503 2.1524 2.1544 2.1565 2.1587 2.1611 2.1639 
13.5 2.1349 2.1365 2.1383 2.1404 2.1424 2.1445 2.1466 2.1488 2.1512 2.1541 
14.0 2.1242 2.1258 2.1277 2.1297 2.l318 2.1339 2.1360 2.1382 2.1407 2.1436 

593 618 

2.4449 2.4473 
2.4078 2.4099 
2.3820 2.3839 
2.3632 2.3650 
2.3490 2.3507 
2.3379 2.3395 
2.3291 2.3307 
2.3220 2.3236 
2.3162 2.3177 
2.:1113 2.3128 
2.3072 2.3087 
2.2865 2.2879 
2.2788 2.2802 
2.2745 2.2759 
2.2714 2.2728 
2.2686 2.2700 
2.2659 2.2673 
2.2631 2.2645 
2.2602 2.2616 
2.2570 2.2584 
2.25::15 2.2550 
2.2498 2.2513 
2.2458 2.2473 
2.2415 2.2430 
2.2368 2.2384 
2.2::110 2.2::134 
2.2264 2.2280 
2.2206 2.2223 
2.2144 2.2161 
2.2078 2.2095 
2.2007 2.2025 
2.1932 2.1950 
2.1851 2.1871 
2.1766 2.1786 
2.1674 2.1695 
2.1577 2.1599 
2.1474 2.1496 

a1n the wavelength region between 0.50 and 1.0 llm, the values are also for natural ZnS but with higher 
uncertainties as discuss~d in t-he text. At rllom t:emppr~t-lIrj:!. th" v~Hd tJA.velengt-h r::lnge for natural 
ZnS is from 0.50 to 2.4 .llm. 
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increase at a rate of 0.5 X 10-5 per 100 K at all wavelengths. 
Additional evidence was found by Mell; at wavelengths 
0.578 and 0.619 pm the .In/.JTvalues are found to be in­
creasing with temperature at a rate of about 0.4-0.6 X 10-5 

per 100 K in the temperature range from 477 to 979 K. All of 
the evidence suggests that the dn/dTofZnS is continuously 
increasing with temperature in the temperature range above 
475K. 

With all these considerations, a least-squares fit of dn/ 
dT data to Eq. (18) gives the following expression for the 
refractive index ofZnS as a function of both wavelength and 
temperature: 

n~(A.t)=E(t)+ A~~tlu2 + A2~;~)-1 • (20) 

where.A. is in units of pm, 

t = T - 293 in units ofK, 

Au = 0.23979 + 4.841 X 10-5t in units of pm, 

AI = 36.525 + 4.75 X 10-3t in units of pm, 

E(t) = 8.34096 + 1.29107 X 10-3t + 4.68388X 10-7t 2 

- 1.31683 X 10-9t 3 6.64356 X 10- 12t 4
• 

A (t) = 0.14540 + 1.13319X 10-5t + 1.05932 X 10-8t 2 

+ 1.06004 X 10- lOt 3 
- 2.27671 X 10- 13t 4

, 

and 

B (t) = 3.23924 + 1.09600 X 10-3t + 4.20092 X 10-7t 2 

- 1. 11350X 10-9t 3 -7.2992X 10- 12t 4• 

It should be pointed out that this equation is based on essen­
tially the data of Mell and Feldman et al. and is, therefore, 
valid for both CVD ZnS and natural ZnS. Since the param­
eters AIO , Pu' PI' E 00 , and Eo, are those of pure crystal sam­
ples, it is expected that this equation is also valid for the pure 
crystal. At present, however, not enough data for crystals 
are available to substantiate this. 

Equation (20) is used to generate the recommended val­
ues of the refractive index of CVD ZnS-ancCiiiturafZnS -
given in Table 3 and plotted in Figs. 7 and 8. A comparison of 
calculated values with the experimental data for a few speci- -
fled temperatures and wavelengths are plotted in Figs. 2 and 
7 where excellent agreement is observed. Table 4 gives the 
calculated dn/dT values for CVD ZnS based on the first 
derivative ofEq. (20) with respect to Twith the correspond­
ing curves shown in Fig. 9. Calculated room temperature 
dn/dA values for CVD ZnS based on the first derivative of 
Eq. (20) with respect to A at 293 K are given in Table 5 and 
shown in Fig. 10. 

For CVD ZnS, Eq. (20) is valid over a wavelength range 
from 0.5 to 14 pm and a temperature range from 93 up to 618 

Table 4. Recommended values (in units of lO-sK- 1) on the temperature derivative of 
refractive index of CVD ZnS a 

A, ].lD1 

Temperature, K i 

93 143 193 243 293 343 393 443 493 543 593 618 

0.50 7.3 7.0 6.9 6.9 7.1 7.4 7.8 8.3 8.7 9.1 9.5 9.7 
0.55 6.1 6.0 6.0 6.1 6.2 6.5 6.8 7.1 7.5 7.9 8.2 8.4 
0.60 5.4 5.4 5.4 5.5 5.7 5.9 6.2 6.5 6.8 7.1 7.5 7.6 
0.65 4.9 5.0 5.1 5.2 5.4 5.5 5.8 6.0 6.3 6.6 7.0 7.2 
0.70 4.5 4.7 4.8 5.0 5.1 5.3 5.5 5.7 6.0 6.3 6.6 6.8 
0.75 4.2 4.5 4.7 4.8 5.0 5.1 5.3 5.5 5.7 6.0 6.4 6.6 
0.80 4.0 4.3 4.5 4.7 4.8 5.0 5.1 5.3 5.6 5.8 6.2 6.4 
0.85 3.9 4.2 4.4 4.6 4.8 4.9 5.0 5.2 5.4 5.7 6.1 6.3 
0.90 3.7 4.1 4.4 4.5 4.7 4.8 4.9 5.1 5.3 5.6 6.0 6.2 
0.95 3.6 4.0 4.3 4.5 4.6 4.8 4.9 5.0 5.2 5.5 5.9 6.1 
1.0 3.6 4.0 4.2 4.5 4.6 4.7 4.8 5.0 5.2 5.4 5.8 6.0 
1.5 3.2 3.7 4.0 4.3 4.4 4.5 4.6 4.7 4.8 5.1 5.5 5.8 
2.0 3.0 3.6 4.0 4.2 4.4 4.4 4.5 4.6 4.8 5.0 5.4 5.7 
2.5 3.0 3.6 3.9 4.2 4.3 4.4 4.5 4.6 4.7 5.0 5.4 5.7 
3.0 2.!J :.1.!> :.1.!J 4.2 4.3 4.4 4.5 4.5 4.7 5.0 5.4 5.7 
3.5 2.9 3.5 3.9 4.2 4.3 4.4 4.4 4.5 4.7 5.0 5.4 5.7 
4.0 2.9 3.5 3.9 4.1 4.3 4.4 4.4 4.5 4.7 5.0 5.5 5.8 
4.5 2.9 3.5 3.9 4.1 4.3 4.3 4.4 4.5 4.7 5.0 5.5 5.9 
5.0 2.8 3.5 3.9 4.1 4.3 4.3 4.4 4.5 4.7 5.0 5.6 5.9 
5.5 2.8 3.5 3.9 4.1 4.2 4.3 4.4 4.5 4.7 5.1 .5.6 6.0 
6.0 2.8 3.5 3.9 4.1 4.2 4.3 4.4 4.5 4.7 5.1 5.7 6.1 
6.5 2.8 3.4 3.8 4.1 4.2 4.3 4.3 4.5 4.7 5.1 5.8 6.2 
7.0 2.8 3.4 3.8 4.1 4.2 4.2 4.3 4.5 4.7 5.2 5.9 6.3 
7.5 2.8 3.4 3.8 4.1 4.2 4.2 4.3 4.5 4.7 5.2 5.9 6.4 
8.0 2.7 3.4 3.8 4.0 4.2 4.2 4.3 4.4 4.8 5.3 6.1 6.6 
8.5 - 2.7 3.4 3.8 4.0 4.1 4.2 4.3 4.4 4.8 5.3 6.2 6.7 
9.0 2.7 3.4 3.8 4.0 4.1 4.2 4.3 4.4 4.8 5.4 6.3 6.9 
9.5 2.7 3.4 3.8 4.0 4.1 4.2 4.2 4.4 4.8 5.5 6.4 7.0 

10.0 2.7 3.4 3.8 4.0 4.1 4.1 4.2 4.4 4.9 5.5 6.6 7.2 
10.5 2.7 3.4 3.8 4.0 4.1 4.1 4.2 4.5 4.9 5.6 6.7 7.4 
11.0 2.7 3.4 3.8 4.0 4.1 4.1 4.2 4.5 4.9 5.7 6.9 7.7 
11.5 2.7- 3.4 3.8 4.0 4.1 4.1 4.2 4.5 5.0 5.8 7.1 7.9 
12.0 2.7 3.4 3.9 4.0 4.1 4.1 4.2 4.5 5.0 6.0 7.3 8.2 
12.5 2.7 3.5 3.9 4.0 4.1 4.1 4.2 4.5 5.1 6.1 7.5 8.5 
13.0 2.7 3.5 3.9 4.1 4.i 4.1 4.2 4.6 5.2 6.2 7.8 8.8 
13.5 2.7 3.5 4.0 4.1 4.1 4.1 4.2 4.6 5.3 6.4 8.1 9.1 
14.0 2.8 3.6 4.0 4.1 4.1 4.1 4.3 4.6 5.4 6.6 8.4 9.5 

a In the wavelength region between 0.50 and 1.0 urn. the values are also for natural ZnS. 
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Table 5. Recommended values on the wavelength derivative of 
refractive index of CVD ZnS 

0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 

. 0.85 
0.90 
0.95 
1.0 
1.5 
2~ 

2.5 
3.0 
3.5 
3.6 b 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 
8.5 
9.0 
9.5 

10.0 
10.5 
11.0 
11.5 
12.0 
~-
13.0 
13.5 
14.0 

811.2 a 

558.9 
404.2 
303.2 
234.1 
185.0 
149.1 
122.1 
101.4 

85.3 
72.5 
21.6 
10~4-

6.9 
5.7 
5.4 
5.35 b 

5.4 
5.7 
6.1 
6.6 
7.2 
7.8 
8.4 
9.1 
9.8 

10.5 
11.3 
12.1 
13.0 
13.9 
14.8 
15.8 
16.9 
~ 
19.3 
20.6 
21.9 

a The uncertainties of dn/dA (in units of 10-3 lJm-i) are: ±5 
at 0.5 lJUl, ±4 at 0.6 lJUl, ±2 at 1 lJm, ±0.4 at 5 lJm, ±0.2 at 
10 J.IIIl, and ±O.2 at 14 J.IIIl. 

bMinimum point on the curve. 

K based entirely on the available data and supporting evi~ 
dence as discussed earlier and appropriate extrapolation 
from 600 to 618 K. Extrapolation beyond 618 K is not rec­
ommended as the temperature-dependent terms are deter­
mined by empirical fit of limited available data without real 
physical meaning. Although outstanding agreement 
between Mell'~ dat.a and the pred1cteil va lues. at high tem­
peratures (Figs. 2 and 7) encourages extrapolation, the pre­
dicted rate of increase for dn/ dT at high temperatures for 
infrared wavelengths (see Fig. 6) precludes accurate extrapo­
lation. For natural crystal ZnS, Eq. (20) is valid over the 
narrow wavelength region between 0.5 to 1 pm and over a 
wider temperature range from 93 to 1000 K. The valid wave­
lengths are limited to that narrow region because refractive 
index data of natural ZnS are available only in the visible 
region and there is no reliable data beyond 1 pm. 

Uncertainties of the recommended refractive index are 
estimated based on the standard deviations of data fit calcu­
lations and/or by comparison to the available data. For 
eVD ZnS in the recommended temperature region, the esti­
mated uncertainties are ± 0.0003 in wavelength region 
between 0.6 and 11 pm, ± 0.0005 between 0.5 to 0.6 pm, 
and ± 0.001 between 11 and 14 pm. For natural ZnS in the 
wavelength region between 0.5 and 1.0 pm, the uncertainty 

of ± 0.002 is applied in the temperature region ,.;;;618 K, 
beyond which large uncertainties are expected. 

Estimation of uncertainties in the recommended dn/ dT 
values are based on the results of Feldman et ala which are 
used to determine the constants of Eq. (20). Their reported 
experimental uncertainties are ± 0.2X 10-5K-1 for all the 
three wavelengths investigated. Our least-squares calcula­
tions yielded basically the same uncertainties. Error bars 
corresponding to this value are indicated in Figs. 5 and 6 
where calculations are compared with the experimental 
data. 

TJncertainties of the recommended dn/eM values can be 
a;um~ted in the follo~~g m~ner. Taking the-fustderlva­
tive ofEq. (19) with respect tOA, we have 

- (n/...t )(dn/eM) =AoRu 2 + BoR//...t/ 
which leads to 

~(~) = ...t~n (A p 2 + BoRI2 + 4n2R + 4n
2
1RI I ). 

drt n2 (}L~u AI2 u AI2 

(21) 

Based on the quoted uncertainties for refractive index of 
CVD ZnS, it is appropriate to adopted 6n = ± 0.0005 for 
the evaluation of 8 (dn/eM) for the entire wavelength range 
from 0.5 to 141lm. 

_3_.2. Zinc Selenid~,ZnSe 

There are 36 sets of experimental data available for the 
refractive index (wavelength dependence and temperature 
dependence) of zinc selenide as plotted in Figs. 11 and 12. 
Some of the data sets are for thin films or multiple layers, 
included here for the purpose of comparison and complete­
ness. Several of the data sets were eliminated from further 
consideration because of inadequate specimen characteriza­
tion or unreliable techniques. The data sets reported by Mar­
ple,48,49 Rambauske,5o,51 Hilton and Jones,52 Wunderlich 
and DeShazer,53 Feldmanet al., 17 and Thompson et al. 54 are 
considered most representative of the available refractive in­
dex for zinc selenide in the fundamental transparent region 
between 0.4 and 18.2 pm; while data sets reported by Hattori 
et al. 19 are- the only available data in the wavelength range 
from 83 to 1163 /-Lm. The data reported by Manabe et al. 16 

and Hadni et al.55
,56 concern the characteristics of the rest­

strahlen region; and the data of Aven et al. 57 are for both the 
reststrahlen and electronic absorption regions. 

3.2.1. Review of Available Data 

For the purpose of obtaining a consistent refractive in­
dex of ZnSe over a wavelength range from the short-wave 
transmission limit set by the band gap to 2.5 pm, Marple48,49 
carefully measured the refractive index of ZnSe prisms with 
impurities less than 10-20 ppm. Experimental error of the 
data is reported as ± 0.002 or less; however, the results for 
two ZnSe prisms differ by up to 0.005 in the wavelength 
region between 0.496 and 0.83Ilm. The cause of this differ­
ence is unknown and cannot be accounted for by the error in 
the prism angle measurements alone. One possible cause is 
the impurity content or stoichiometric balance between the 
prisms. One showed a slightly brownish tint compared with 
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Figure 10. Recommended dn/dA curve of ZnS at 293 K. 
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REFRACTive INDEX OF ZINC CHALCOGENIDES 

Table 6. Comparison of dispersion equations proposed for ZnSe 

Soul"ce 

Marple. D.t.F., 1964; Ref. 48 

Manabe. A •• Mitsuishl, A •• and 
Yoshinaga, H., 1967; Ref. 16 

Handi, A., Henry, P., Lambert, J.P., 
Marlot, G., Strimer, p." and 
Chanal, D., 1967; Ref. 55 

Handi, A., et a!., 1967; Ref. 55, 
C<lt'lt. 

Kodal!;. publication U-72. 1971; Ref. 2.1 

Hattori, T., Honma, Y., Mitsuishi, A., 
and Tacke, M., 1973; Ref. 19 

Wunderlich, J.A. and DeShazer, L.G., 
1977; Ref. 53 

Feldman, A., Horowitz, D., Waxler, 
R.M •• and Dodge, M.J., 1978; Ref. 17 

Present work, 1982 

Wavelength and 
temperature ranges 

0.48-2.50 ]Jm 
298 K 

20-85 )JIll 

300 K 
100 K 

15-125 ]J1ll 
290 I< 
90 K 

1.0-20 '\l1ll 
~OO-X-

156-541 J.IIll at 
300 K 
166-422 J.IIll at 
80 K 
83-1163 ]J1ll at 
2 K 

0.5017-0.6328 J..lIII 
300 K 

0.54-18.2 ]Jm 

293 K 

0.55-18 \lDl 
93-618 K 

Dispersion equation 
A in ]Jm, n = ArIA 

for one sample: 

n2"'4.00+~ 
A2 - 0.113 

for second sample: 

n2 .. 3.71+~ 
).2 _ 0.i05 

at 300 K: €<" = 5.4, AI ... 48.11, 0 '" 
0.018, and N .. 2.2. 

at 100 K: £.., = 5.4. Ar" 47.39.0-
0.010, and N '" 2.2. 

(EO-e..) (1_02) 
n2 _k2 = Eo> + ----­

(1_n2) 2 + o2f.!2 

(Eo-e..) of.! 
2nk"'----­

(l-si) 2 + o2f.!2 

at 290 K: e:.., '" 6.3. EO .. 9.6, AI '" 
49.0. and 0 .. 0.022; 

at 90 K: e:.., = 6.3. Eo .. 9.53. AI -
47.44, and 0 '"' 0.010. 

2.4350823 + 5.1567472 x lO-~ 
,l.!""- --0..028---

E - E: n-~ 

+ 2.4901923 x 10- 3 

(A2 _ 0.028)2 

- 2.7245212 X 10-8 )..2 

- 9.8541275 Jt 10-8)..~ 

:/ ~ 00 

n-~ 

at" 300 K: £0 '" 8.99, E:." '" 5.3. and 
AI '" 49.261 )lm; 

at 80 K: Eo" 8.76, E:o; '" 5.}, and 
AI. '" 48.309 ]Jill; 

at 2 K: EQ = 8.68. E:"" '" 5.6. and 
AI = 47.619 jJ.m. 

1 + 4.7032 1. 2 

)..2 _ (0.26522)2. 

A ;..2 
n2 '" 1 + 1: _i __ 

i4 A2 - 1..1 

for one sample at 293.3 K: 

Al = 4.2980149 
Az '" 0.62776557 
As '" 2.8955(>33 
Al '" 0.19206300 
A2 '" 0.37878260 
A3 .. 46.994595 

for second sample at 293.8 K: 

Al ., 4.4639521 
A2 .. 0.46132463 
As .. 2.8828867 
1.1 '" 0.20107634 
A2 .. 0.39210520 
>' ... "7.0t,'590 

t .. T - 293 

See Eq. (23) in text fOl" the expres­
sions of Au' AI' E(t). A(t), and lI(t). 
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Table 7. Available data on £00' £0' and AI of ZnSe 

Temp., K 

300 

300 

300 

300 

300 

300 

300 

300 

300 

300 

300 

300 

300 

80 

80 

80 

80 

2 

£ 
00 

5.4 

5.90 

5.3 

5.75 ± 0.1 

6.3 

5.4 

6.10 

5.86 

6.3 

5.5 

6.3 

5.4 
5.4 

5.6 

£0 

7.6 

9.12 

8.99 

8.1 ± 0.3 

9.6 

7.6 

9.2 

8.76 

9.53 

7.6 

7..6 
8.68 

AI' ].lm 

48.31,49.02 

49.26 

49.26 

47.69 

49.02,48.97 

48.31 

47.85 

46.51 

49.02 

48.31 

47.44 

47.39 

47.39 

47.62 

H.H. LI 

Ref. 

16 

24 

48 

58 

19 

57 

56 

59 

60 

27 

61 

21 

50 

19 

56 

59 

16 

19 

Feldman et al. 17 as part of the effort in the characterization 
of high-power laser window materials. Two CVD ZnSe sam­
ples were measured with high-precision minimum deviation 
method over a wide wavelength range of laser interest from 
0.54 to 18.2/-tm. The reported room-temperature data were 
given to the fifth decimal place and were fitted to a three­
term Sellmeier-type dispersion equation (Table 6). Since the 
parameters in their dispersion equation were not intended to 
have physical significance but are a mathematical fit the val­
ues' for these. two samples are considerably different even 
though the difference in refractive indices at any wavelength 
is less than four units in the fourth decimal place. In view of 
thereported-avera-ge-absoiuteresiduals-of n fromthe-besr-1it 
equation of each data set, 6.2 X 10-5 and 4.1 X 10-5

, respec­
tively, the difference of four units in the fourth decimal place 
cannot be accounted for by experimental errors. The discre­
panCies in these two data sets might be due to impurities or 
crystal defects. An uncertainty of magnitude ± 0.0004 will 
be a reasonable estimate for reference data values. 

The indices of refraction· of ZnSe in the far infrared 
spectral range from 83 to 1163 /-tm were measured by Hattori 
et al. 19 at temperatures of 2, 80, and 300 K. The results are 
described by a simple dispersion equation (Table 6) for an 
undamped harmonic oscillator from which the static dielec-

the lemon-yellow color of the purer ZnSe sample. As shown tric constant, optical dielectric constant, and wavelength of 
inTable7,theequationn2 =A +BIL 2/(A 2 - C 2)wasusedto TO mode phonon were determined with least-squares fit. 
fit experimental data for each prism with A, B, and C being The static dielectric constant serves as a check for the values 
-adjustable:-:Becauseofthe1imited spectral range, 7f;B, and C---obtainedTrom vanous optIcal methOdS. Smce [lie-aita were-
were not determined with a more realistic theory of the di- measured by an interference method, the value of Eo, ob-
electric constants. However, the best-fit values of A , B, and C taincd in the long wavelength region, is believed to be reli-
for each of the two prisms indicate a value of 5.90 for the able and should be adopted as a known parameter in the 
optical dielectric constant of ZnSe. dispersion equation of ZnSe. 

Rambauske50
•
51 reported refractive index data over a Manabe et al.16 studied optical constants in the rest-

spectral range from 0.400 to 0.644 pm for two ZnSe speci- strahlenregion by means of infrared lattice refiection spectra 
mens obtained from different suppliers. The orange-yellow in the spectral region between 20 and 85 J.lm using the Drude 
specimen from Aerospace Research Laboratory was of high dispersion relation. The oscillator strengthN, optical dielec-
purity and the results for which are more representative of tric constant E 00 , damping factor 0, and wavelength of trans-
pure ZnSe; the yellow specimen from Harshaw Chemical verse optical phonon AI' in the Drude equations (Table 6) 
Co. contained considerable impurities and the results for were determined by fit of reflectivity data. The wavelength 
which are quite discrepant fro111 the::: fOHue:::r. Allhuugh th~ uf lnlIl~V~rlS~ up tical phunon was alsu detennined directly 
size of discrepancy in the transparent region is less than one from transmission measurements on an evaporated thin film 
unit in the second decimal place, it is significantly larger in and was found to agree with that obtained from the refiec-
the absorption region. For example, the refractive index of tion spectra analysis. The static dielectric constant Eo was 
Harshaw specimen is 2.25 at 0.4044 /-tm and 2.65 for other determined by letting A. 00 in the resulting Drude equa-
specimens. Additional data in the visible region between tion assuming zero absorption, i.e., Eo = n~ = EOf) = NILI2. 
0.50 and 0.633 /-tm were reported by Wunderlich and De- Optical constants in the reststrahlen region were also studied 
Shazer.53 The minimum deviation method was used and ex- by Hadni et al.55

,56 for an Irtran 4 sample at temperatures 80 
perimental error in n was reported to be ± 0.002. The data and 290 K. The various parameters, Eo, E 00 , and A.I' were 
were fitted to a single term Sellmeier formula as given in determined from analyzing the reflection and transmission 
Table 6. spectra with the Kramers-Kronig relations and with the 

In an effort to measure the refractive index of polycrys- Lorentz one-oscillator model. Aven et al. 57 performed a siro-
talline ZnSe with high precision, Hilton and Jones52 report- ilar study on a single crystal of ZnSe to determine the wave-
ed data for an Irtran 4 specimen over a wavelength range length of an optical phonon and optical dielectric constants. 
from 2.5 to 14/-tmat two temperatures, 295 and 198 K, using The static dielectric constant was determined from capaci-
minimum deviation method. Based on the data obtained at tance measurements on a single-crystal wafer. In addition, 
these temperatures. the average temperature coefficient of the absorption bands in the ultraviolet region were also ob-
refractive index at 5 J.lm was evaluated to be 4.8 X 10-5K -1, served. The wavelengths of the absorption bands were deter-
comparable with those reported in other studies. mined at 0.459,0.394,0.261, and 0.243 /-tm with the first one 

The refractive index of CVD ZnSe were measured by corresponding to the energy gap. 
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For ease of comparison, the above mentioned data sets 
for the fundamental transparent region are plotted in Fig. 
13. It is obvious that the disagreement among the data sets 
reported by different investigators is greater than the accura­
cy claimed by each of them. Although internal consistency 
was observed in each investigation, unaccounted sources of 
errors are responsible for these discrepancies. 

3.2.2. Room-Temperature Dispersion Equation 

In the present work, Eq. (9) is used to -represent the 
room-temperature refractive index of ZnSe. The main prob­
lems are to select the appropriate parameters, E 00 , Eo, andAI, 
-and -to-determine-the-coefficientS7.f;-B;-an1ithe parameters 
Au' Literature values of € 00 , Eo, and AI are very discrepant as 
shown in Table 7. The available room-temperature E 00 val­
ues vary from 5.3 to 6.3. This variation is far too great for 
refractive index calculations; one has to resort to available 
dispersion equations proposed for visible region by various 
investigators. From Table 6, the E 00 values are 5.90 by Mar­
ple, S. 7032 by Wunderlich and DeShazer, and S.92S-by Feld­
man et al. It appears that the second value given above is 
somewhat too low in comparison with the others. However, 
recalling the narrow wavelength region coverage in the work 
of Wunderlich and DeShazer, the data over that wavelength 
region do not have enough dispersion to define the coeffi­
cients of a dispersion equation with certainty. Based on this 
consideration, a value approximately 5.91 has been taken as 
correct for E 00 ~ 

The values of Eo from Table 7 vary from 7.6 to 9.6. This 
variation also is far too large for refractive index calcula­
tions. None of the available dispersion equations indicates a 
more acceptable value except that reported by Hattori et 
aZ. 19 whose room-temperature measurements covered the 
spectral region between 165 to 540 pm. By definition, the 
value of Eo equals the square of the refractive index measured 
at long wavelengths. The values from Hattori's work are 
3.063 at 156 pm and 2.999 at 540 pm. An appropriate value 
of Eo is,therefore, approximately 9.0. -

Among the values of AI from Table 7, those reported by 
Manabe et al. 16 are chosen. The value was determined by a 
transmission measurement on an evaporated thin film, a di­
rect means for determining this property. The range of this 
value of AI is from 48.31 to 49.02 pm. 

The value of Au is very uncertain based on available 
dispersion equations: 0.325 and 0.336 pm by Marple,48 
0.26522 pm by Wunderlich and DeShazer,s3 and 0.192 and 
0.379 pm or 0.201 and 0.392 pm by Feldman et al. 17 Absorp­
tion peaks based on a reflectivity observations7 are at 0.243, 
0.261, 0.394, and 0.459 pm. It appears, however, that the 
best value of Au should be around 0.3 pm. 

With all the essential parameters as discussed above at 
hand, the data of Feldman et al. are fitted to Eq. (9) for the 
determination of the constants A and B by allowing the pa­
rameters varying within their corresponding estimated lim­
its. The dispersion equation of eVD ZnSe at room tempera­
ture thus obtained is 

n2 = 9.01536 + 0.24482 3.08889 
A 2 - (0.29934}2 + A 2/48.382 - 1 ' 

(22) 

J. Phys. Chem. Ref. Data, Vol. 13, No.1, 1984 

where A is in units of pm. This equation serves as a starting 
point to incorporate with the temperature-dependent data. 

Equation (22) is valid in the wavelength range 0.55-18 
pm. In Fig. 13, deviations of the available room-temperature 
data from those calculated from Eq. (22) are plotted for visu­
al comparison. It is clear that the data from various measure"­
mentsare quite different from the values calculated from Eq. 
(22). While most of the data of Rambauskeso are consider~ 
ably lower than calculated values, those of Wunderlich and 
DeShazer3 are higher in the corresponding spectral region. 
Such wide discrepancies arise from different material ori­
gins, and the data are very sensitive to impurity content of 
the-smnpie;-particularlyintne-shurt-wavelengthL'egi<YJL'To 
show such sensitivity, a figure reported by Rambauske is 
reproduced in Fig. 14 where the two curves for two samples 
with different impurities disagree not only in absolute values 
but also in the shapes. This is particularly true in the wave­
length region below 0.55 pm where the impurity effects pre­
vail and noting the energy gap of pure ZnSe is about 0.48 pm. 
From Fig. 14, it appears that a purer sample shoUld have a 
sharper dispersion curve. Based on this consideration, the 
sample used by Wunderlich and DeShazer contains less im­
purity than those used by Rambauske. In fact. the data of the 
former are in agreement with the values calculated from Eq. 
(22) in the region greater than 0.55 pm, below which absorp­
tion becomes significant as it approaches the absorption edge 
and Eq. (22) becomes invalid. 

Large discrepanCIes are also observOOlletween the val­
ues from Eq. (22) and data of Marple.48 As discussed earlier, 
these samples had a variety of impurities and the results from 
them differ by 0.005 in most of the wavelength region cov­
ered. This is not surprising because in comparison with other 
measurements, the samples appear similar to those of Ram­
bauske as the data are similar in the region where measure­
ments overlap. 

Although Irtran 4 is considered a polycrystalline form 
of ZnSe, its refractive index is different from that of eVD 
ZnSe which is also polycrystalline in nature. As shown in 
Fig. 13, data from Eastman Kodak Publication U-72 (Ref. 
21) are discrepant from Eq. (22) by an amount up to 0.0025 
over the spectral r~ge from 1 to 16 pm, beyond which high-
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er discrepancies are observed. Irtran 4 data reported by Hil­
ton and Jones52 seem to be scattered evenly around the cal­
culated curve but these data may not be accurate as this data 
set was digitized from a graph. As discussed earlier in Sec. 
3.1 for the case of ZnS, the refractive index of Irtran 2 is 
sample dependent and the same behavior is expected for Ir­
tran4. 

Based on the considerations discussed above, it is con­
cluded that Eq. (22) is valid for CVD ZnSe with uncertainty 
± 0.0004 estimaied from the average residual of least­

squares data fitting and the highest disagreement between 
the two data sets of Feldman et al. Its validity for crystal 
-ZnSeTequires-new-data-onhiglfpuritycfystals~- ------ -- ----

In Fig. 15 are plotted the deviations of film ZnSe data 
from the calculated bulk data based on Eq. (22). Unlike ZnS 
where a definite trend of the deviation clearly exists, such 
behavior does not appear in Fig. 15. A possible reason is that 
we have only limited data sets66-68.70,71 for statistical com­
parisons. 

Equation (22) is also valid in the wavelength region 155-
540 /-lm. The averaged differences between the experimental 
data and the calculated values are in the order of ± 0.003. 
The dispersion in this region is rather small as the difference 
of two extreme refractive indices is only 0.064 but the uncer­
tainty in the data is rather large (of the order ± 0.005) as the 
data were digitized from a graph of low resolution. Under 
such condition, the reliability of the digitized values is com­
patible with the calculated ones. 

3.2.3. Temperature-Dependent Dispersion Equation 

Literature data on the temperature-dependent refrac­
tive index of ZnSe is extremely limited. Data plotted in Fig. 
12 are measured by Thompson et a1.54 Additional data sets 
plotted in the same figure were derived from the dnl dT data 
reported by Feldman et a1. (see Figs. 16 and 17). 

Thompson et al.54 reported refractive indices of two 
CVD ZnSe specimens at 3.S and 10.6/-lm over the tempera­
ture range S{}-300 K. Values for the two specimens, from 
different batches supplied by RCA Inc., were found to differ 
by a constant value of about 0.00 lover the entire tempera­
ture range. _ This difference cannot be accounted for by the 
experimental error of ± 0.0002. The possible cause might be 
attributed to differences in impurity content and crystal de­
fects. Although the specimen data differ by an amount more 
than the experimental error, the temperature coefficients of 
refractive index in both cases are cqual within the experi­
mental error. Furthermore, the dn/d T values, 7X 10-5K- 1 

at 3.8jLm and 6 X 10-5K -1 at 10.6jLm, show no evidence of 
temperature dependence in that temperature region. From 
Fig. 12, it is noticed that the data of Thompson et a1. from SO 
to 300 K differ uniformly from those of Feldman et al. by 
about 0.005 at 10.6/-lm and by about 0.002 at 3.8jLm. These 
discrepancies are partly due to difference in materials and 
partly due to errors in digitizing from the graph given by 
Thompson et 01. As a result, the Thompson data are not 
chosen in data analysis for large uncertainti~s in refractive 
index and for lack of dispersion in dnl dT. 

Although Feldman et a1. reported only room-tempera­
turerefractiveinrlex, their dnld T data arereHahleenoueh to 
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calculate the refractive index values at other- temperatures 
from 93 to 473 K. The dnldT data were measured by an 
interferometric technique at four discrete laser wavelengths: 
0.632S, 1.15, 3.39, and 10.6/-lm. Equation (IS) can be used 
for the determination of the constants E's, A's, and B 'so 
However, before a least-squares fit of data can be carried out, 
the following points have to be considered. 

The temperature variation of Au andA I in Eqs. (13) and 
(IS) can be defined using available literature data on the tem­
perature shift of the energy gap and TO mode optical 
phonon. In a theoretical study of temperature derivative of 
refractive index in transparent crystals. Tsay et al.5 calculat-

. -ed<Jajg7dToased on a pseudopotentlalmeth6o.Iri terriisor 
wavelength s~t, their result for ZnSe is dAg/dT 
= 1.004 X 10-4 pmK- I

• Based on the fact that the 
dA~/dT ofZnS remains a constant over a wide temperature 
range, 1 the same is assumed to be true for ZnSe. This value is 
adopted for the parameter Au in Eq. (13) in view of that AU) 
although not exactly corresponding to energy gap, is the ef­
fective absorption band and that the quoted shift is small 
enough not to introduce much effect on the refractive index 
as a whole. We have, therefore, 

whereAuo is determined at room temperature as indicated in 
-fut.-f2-2}.Th6--e-xpe-riment-al-value for-the-t-empeFatureshiftof 
AI ofZnSe was found to be l/AI cUI /dT = 1.3X lO-4K- 1 

by.LaCombe and Irwing.6 Using Am = 48.38, the corre­
sponding -value of PI is 0.00629 pm K- 1 and AI 
= 48.38 + O.OO629t. 

A careful study of Fig. 16 shows large discrepancies 
occurring at the wavelength 10.6 pm where a number of 
measurements using the CO2 laser are available. The large 
disagreement is best shown by the work of Skolnik and 
Clark63 who measured <in/ dT for two types of samples, the 
Irtran 4 and Raytheon CVD ZnSe. They found that the dnl 
dT value of the latter sample is twice that of the former 
though both samples have essentially the same density. Since 
the dnl dT of Irtran 4 is in agreement with that of other 
investigators who 'reported data for CVD ZnSe, the Rayth­
eon sample must be very different from the other CVD ZnSe 
samples. Unfortunately, the origin of such a large discrepan­
cy is not understood at present. 

A careful examination of Fig. 17 clearly shows that for 
all four data scts, dnldT increases with T in the region 
between 93 K and room temperature and remains practical­
ly constant thereafter up to 400 K. Above 400 K, dn/dT 
appears to increase with increasing temperature, an observa­
tion supported by the work ofMangir and Hellwart.64 They 
observed that within the experimental uncertainty, 
0.2X 10-5K-I, there is no variation of ..::1nl..::1Tvalues over 
the temperature range from 293 to 473 K, but at higher tem­
peratures up to 600 K, a small constant increase at a rate of 
0.5 X 10-5 per 100 K was observed at all wavelengths. Their 
measurements stopped at 600 K. 

With all these considerations, a least-squares fit of dnl 
dT data to Eq. (18) yielded the following expression for the 
refractive index of ZnSe a~ a function of both wavelength 
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where A is in units of pm, 

t = T - 293 in units ofK, 

Au = 0.29934 + 1.004 X 10-4t in units of pm, 

AI = 48.38 + 6.29X 10-3t in units ofpm, 

E(t) = 9.01536 + 1.44190><: 10-3t + 3.32973 X 10-7t 2 

- 1.08159X 10-9t 3 
- 3.88394X 10- 12t 4

, 

l41t1==O:24482~-'l:77806-X1-o~-:01103~)\10-8r2-

- 4.5 r746 X 10-11t 3 + 4.18509X 10- 13t 4
, 

B(t) = 3.08889 + 1.13495 X 10-3t+ 2.89063 X 10-7t 2 

- 9.55657X 10-10t 3 
- 4.76123 X 10- 12t 4

• 

ever, the available data for crystals are less than adequate to 
substantiate this. 

Equation (23) is used to calculate the recommended val­
ues of the refractive index of CVD ZnSe with the results 
given in Table 8 and plotted in Fig. 18. To provide visual 
comparison with the experimental data, calculated values of 
a few specified wavelengths are plotted in Fig. 12 where ex­
cellent 'agreement is observed. Tables 9 and 10, respectively; 
give the calculated dn/dT and dn/dA values based on the 
first derivatives of Eq. (23) with respect to T and A. The 
corresponding plots are s~o\VIl in Figs. 19 and 20. 

It should be pointed out that Eq. (23) is based on essentially 
the data of Feldman et al.; it is therefore valid for CVD ZnSe. 
Since theparaqleters, AIO , Pu ' PI' E 00' and Eo, are those of 
pure crystal samples, it is reasonable to expect that this equa­
tion is also valid for crystalline samples. At present, how-

Equ~tion (23) is yali~ over the wavelength range from 
0.55 to 18pm and the temperature range from 93 to 618 K 
based on the available data and earlier discussion. Extrapo­
lation beyond 618 K is not recommended as the tempera­
ture-dependent terms are determined merely from data fit­
ting calculations without. any theoretical justification. The 
uncertainties of recommended values are estimated to be . ' 

'±O.OOO4 over the entire wavelength and temperature 
ranges lJased on the &tandard deviation of data fitting and the 
possible discrepancieS due to sample preparation under simi­
lar controlled conditions. 

Table 8. Recommended values on the refractive index of CVD ZnSe 

Temperature, K 
A, }llIl 

93 143 193 243 293 343 393 443 493 543 593 618 

0.55 2.6346 2.&401 2.6463 2.6530 2.6601 2.6674 2.6749 2.6828 2.6911 2.7003 2.7105 2.7162 
0.60 2.5927 2.5973 2.6024 2.6079 2.6137 2.6196 2.6257 2.6320 2.6387 2.6460 2.6542 2.6587 
0.65 2.5627 2.5667 2.5712 2.5760 2.5810 2.5861 2.5913 2.5968 2.6025 2.6087 2.6157 2.6196 
0.70 2.5402 2.5439 2.5479 2.5523 2.5568 2.5614 2.5662 2.5710 2.5762 2.5817 2.':;879 2.5914 
0.75. 2.5230 2.5263 2.5301 2.5342 2.5384 2.5427 2.5470 2.5515 2.5563 2.5614 2.5671 2.5702 
0.80 2.5093 2.5125 2.5162 2.5200 2.5240 2.5280 2.5322 2.5364 2.5408 2.5456 2.5510 2.5539 
0.85 2.4984 2.5015 2.5049 2.5086 2.5124 2.5163 2.5203 2.5243 2.5286 2.5332 4. 5382 2.5410 
0.90 2.4894 2.4924 2.4958 2.4994 2.5030 2.5068 2.5106 2.5145 2.5186 2.5231 2.5279 2.5306 
0.95 2.4819 2.4849 2.4882 2.4?l7 2.4953 2.49!>0 2.5027 2.$065 2.5105 2.5147 2.5i95 2.5221 
1.0 2.4757 2.4786 2.4&18 2.4853 2.4888 2.4924 2.4960 2.49,98 2.5037 2.5078 2·.5124 2.5150 
1.5 2.4448 2.4476 2.4506 2.4537 2.4570 2.4603 2.4636 2.4671 2.4706 2.4744 2.4785 2.4807 
2.0 2.4342 2.4369 2.4399 2.4430 2.4462 2.4494 2.4527 2.4560 2.4595 2.4631 2.4671 2.4693 
2.5 2.4290 2.4317 2.4347 2.4377 2.4409 2.4441 2.4473 2.4506 2.4541 2.4577 2.4616 2.4637 
3.0 2.4258 2.4285 2.4314 2.4345 2.4376- 2.4408 2.4440 2.4473 2.4507 2.4543 2.4582 2..',603-
3.5 2.4234 2.4261 2.4290 2.4321 2.4352 2.4384 2.4416 2.4449 2.4483 2.4519 2.4558 2.4579 
4.0 2.4215 2.4241 2.4271 2.4301 2.4332 2.4364 2.4396 2.4429 2.4463 2.4498 2.,4537 2.4558 
4.5 2.4197 2.4223 2.4252 2.4283 2.4314 2.4346 2.4377 2.4410 2.4444 2.4480 2.4518 2.4539 
5.Q 2.4179 2.4206 2.4235 2.4265 2.4296 2.4328 2.4359 2.4392 2.4426 2.4461 2.4500 2.4521 
5.5 1.1,161 :1. /.1SS 2.'.217 2.1,2'., 2.l,27S 2.l,30$) 2./,3/.1 .2.4374 .2.4407 2.4443 2.4482 2.4503 
6.0 2.4142 2.4169 2.4198 , 2.4228 2.4259 2.4290 2.4322 2.4355 2.4388 2.4424 2.4463 2.4484 
6.5 2.4123 2.4150 2.4178 2.4209 2.4239 2.4271 2.4302 2.4335 2.4368 2.4404 2.4443 2.4464 
7.0 2.4103 2.4129 2.4158 2.4188 2.4219 2.4250 2.4282 2.4314 2.4347 2.4383 2.4422 2.4443 
7.5 2.4081 2.4107 2.4136 2.4166 2.4197 2.4228 2.4259 2.4292 2.4325 2.4361 2.4400 2.4421 
8.0 2.4058 2.4084 2.4113 2.4143 2.4173 'l.4204 'l.4?36 , .LL?68 ?t.'-lO? ? .LL,-\'-l7 2.LL'-l76 2.439B 
8.5 2.4033 2.4059 2.4088 2.4118 2.4148 2.4179 2.4211 2.4243 2.4276 2.4312 2.4352 2.4373 
9.p 2.4007 2.4033 2.4062 2.4092 2~4122 2.4153 2.4184 2.4216 2.4250 2.4286 2.4325 2.4347 
9.5 2.3980 2.4006 2.4034 2.4064 2.4094 2.4125 2.4156 2.4188 2.4222 2.4257 2.4297 2.4319 

10.0 2.3950 2.3976 2.4005 2.4034 2.4065 2.4095 2.4127 2.4158 2.4192 2.4228 2.4267 2.4289 
10.'1 2.3919 2.3945 2.3Q7LL 2.4003 2.4033 2.4064 2.4095 2.4127 2.4160 2.4196 2.4236 2.4258 
11.0 2.3887 2.3912 2.3941 2.3970 2.4000 2.4031 2.4062 2.4094 2.4127 2.4163 2.4203 2.4225 
11.5 2.3852 2.3878 2.3906 2.3935 2.3965 2.3996 2.4027 2.4058 2.4092 2.4128 2.4168 2.4190 
12.0 2.3815 2.3841 2.3869 2.3898 2.3928 2.3959 2.3990 2.4021 2.4055 2.4091 2.4131 2.4153 
12.5 2.3777 2.3802 2.3830 2.:3860 2.3890 2.3920 2.3951 2.3982 2.4015 ?4052 2.4092 2.4115 
13.0 2.3736 2.3762 2.~790 2.3B19 2.3849 2.~879 2.3909 2.3941 2.3974 2.4011 2.4051 2.4074 
13.5 2.3693 2.3719 2.3747 2.3776 2~3806 2.3836 2.3866 2.3898 2.3931 2.3967 2.4008 2.4031 
14.0 2.3648 2.3674 2.3701 2.3731 2.3760 2.3790 2.3821 2.3852 2.3885 2.3922 2.3963 2.3986 
14.5 2.3601 2.3626 2.3654 2.3683 2.3713 2.3742 2.3773 2.3804 2.3837 2.3874 2.3916 2.3939 
15.0 2.3551 2.3576 2.3604 2.3633 2.3662 2.3692 2.3723 2.3754 2.3787 2.3824 2.3866 2.3890 
15.5 2.3498 2.3524 2.3551 2.3580 2.36io 2.3640 2.3670 2.3701 2.3735 2.3772 2.3814 2.383B 
16.0 2.3443 2.3468 2.3496 2.3525 2.3555' 2.3584 2.3614 2.3646 2.3679 2.3716 2.3759 2.3783 
16.5 2.3385 2.3411 2.3438 2.3467 2.3497 2.3526 2.3556 2.3588 2.3621 2.3659 2.3702 2.3726 
17.0 2.3324 2.3350 2.~377 2.3406 2.3436 2.3465 2.3495 2.3527 2.35~O 2.3598 2.3642 2.3666 
11.5 2.3260 2.3286 2.3313 2.3342 2.3372 2.3401 2.3431 2.3463 2.3496 2.3534 2.3578 2.3604 
18.0 2.3193 2.3218 2.3246 2.3275 2.3305 2.3334 2.3364 2.3396 2.3429 2.3468 2.3512 2.3538 
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Table 9. Recommended values (in units of 10- sK- 1 ) on the temperature derivative of 
refractive index of CVD ZnSe 

Temperature, K 
A, lJ1ll 

93 143 193 243 293 343 393 443 493 543 593 618 

0.55 10.2. 11.9 13.0 12.8 14.3 14.8 1<;.1 16.2 17.4 19.3 21.9 23.6 
0.60 8.4 9.8 10.7 11.3 11. 7 12.0 12.4 13.0 13.9 15.4 17.5 18.8 
0.65 7.3 8.5 9.3 9.8 10.1 10.4 10.6 11.1 11.9 13.1 14.9 16.0 
0.70 6.6 7.8 8.5 8.9 9.2 9.3 9.6 10.0 10.6 11. 7 13.3 14.3 
0.75 6.2 7.2 7.9 8.3 8.5 8.7 8.8 9.2 9.8 10.7 12.1 13.1 
0.80 5.9 6.9 7.<; 7.S 8.0 8.2 8.3 8.7 9.2 10.1 11.4 12.2 
0.85 5.7 6.6 7.2 7.5 7.7 7.8 8.0 8.3 8.8 9.6 10.8 11.6 
0.90 5.6 6.4 7.0 7.3 7.5 7.6 7.7 8.0 8.5 9.2 10.4 11.1 
0.95 5.5 6.3 6.8 7.1 7.3 7.4 7.5 7.8 8.2 8.9 10.0 10.7 
1.0 5.4 6.2 6.7 7.0 7.1 7.2 7.4 7.6 8.0 8.7 9.8 10.4 
1.5 :?_1_ ~ 2....Z 6 .• A. ~ 6 •. 6 _6 .. _2 6.9 .2..3_ 7_ • .8- 1..7- 9 •. 2-
2.0 5.1 5.7 6.1 6.3 6.4 6.5 6.6 6.8 7.1 7.6 tl.4 8.9 
2.5 5.1 5.7 6.0 6.3 6.4 6.4 6.5 6.7 7.0 7.5 8.2 8.7 
3.0 5.1 5.6 6.0 6.2 6.3 6.4 6.5 6.7 7.0 7.5 8.2 8.7 
3.5 5.1 5.6 6.0 6.2 6.3 6.4 6.5 6.6 6.9 7.4 8.2 8.6 
4.0 5.0 5.6 6.0 6.2 6.3 6.4 6.5 6.6 6.9 7.4 8.2 8.6 
4.5 5.0 5.6 6.0 6.2 6.3 6.4 6.4 6.6 6.9 7.4 8.2 8.6 
5.0 5.0 5.6 6.0 . 6.2 6.3 6.3 6.4 6.6 6.9 7.4 8.2 8.6 
5.5 5.0 5.6 5.9 6.1 6.3 6.3 6.4 6.6 6.9 7.4 8.2 8.7 
6.0 5.0 5.6 5.9 6.1 6.2 6.3 6.4 6.6 6.9 7.4 8.2 8.7 
6.5 5.0 5.6 5.9 6.1 6.2 6.3 6.4 6.6 6.9 7.4 8.2 8.7 
7.0 5.0 5.6 5.9 6.1 6.2 0.3 0.4 6.6 6.9 7.4 6.2. 8.7 
7.5 5.0 5.5 5.9 6.1 6.2 6.3 6.4 6.6 6.9 7.4 8.3 8.8 
8.0 5.0 5.5 5.9 6.1 6.2 6.2 6.3 6.5 6.9 7.5 8.3 8.8 
8.5 4.9 5.5 5.9 6.1 6.2 6.2 6.3 6.5 6.9 7.5 8.3 8.9 
9.0 4.9 5.5 5.9 6.0 6.1 6.2 6.3 6.5 6.9 7.5 8.3 8.9 
9.5 4.~ .':> • .5 5.6 0.0 6.1 6.2 6.::1 6.5 6.? 7.5 S.4 9.0 

10.0 4.9 5.5 5.8 6.0 6.1 6.2 6.3 6.5 6.9 7.5 8.4 9.0 
10.5 4.9 5.5 5.8 6.0 6.1 6.2 6.3 6.5 6.9 7.5 8.5 9.1 
11.0 4.9 5.4 5.8 6.0 6.1 6.1 6.3 6.5 6.9 7.6 8.5 9~1 

11.5 4.8 5.4 5.8 6.0 6.1 6.1 6.2 6.5 6.9 7.6 8.6 9.2 
12.0 4.8 5.4 5.8 6.0 6.0 6.1 6.2 6.5 6.9 7.6 8.6 9.3 
12.5 4.8 5.4 5.8 5.9 6.Co 6.1 6.2 6.5 6.9 7.6 8.7 9.4 

-iJ-.-O -t.-;-a- 5-;;4- 5-.-''t -S-;9 -0-;( 5~- 0.-2. l).1J -6-:-g- J;J E-:1f -9~ 

13.5 4.8 5.4 5.7 5.9 6.0 6.0 6.2 6.4 6.9 7.7 B.8 9.5 
14.0 4.8 5.4 5.7 5.9 6.0 6.0 6.2 6·.4 6.9 7.7 8.9 9.6 
14.5 4.8 5.4 5.7 5.9 5.9 6.0 6.1 6.4 7.0 7.8 9.0 9.7 
15.0. 4.7 5.4 5.7 5.9 5.9 6.0 6.1 6.4 7.0 7.8 9.1 9.9 
15.5 4.7 5.4 5.7 5.9 5.9 6.0 6.1 6.4 7~0 7.9 9.2 10.0 
16.0 4.7 5.4 5.7 5.9 5.9 6.0 6.1 6.4 7.0 7.9 9.3 10;1 
16.5 4.7 5.4 5.7 5.8 5.9 6.0 6.1 6.4 7.0 8.0 9.4 10.3 
1.7.0 4.7 5.4 5.7 5.S 5.9 5.9 6.1 6." 7.1 8.1 9.5 10.4 
17.5 4.7 5.4 5.7 5.8 5.9 5.9 6.1 6.5 7.1 8.1 9.6 10.6 
18.0 4.7 5.4 5.7 5.8 5.9 5.9 6.1 6.5 7.1 8.2 9.8 10.7 

Uncertainties in the recommended dn/dT values are ± 0.1 X 10-5K- 1 at all the four·wavelengths investigated. 
estimated based on the results of data fitting calculation and Our calculations, however, indicated a higher value of 
those reported by Feldman et al. which are the primary data ± 0.2X 10-5K- 1

• Error bars corresponding to the latter 
source for Eq. (23). Their reported uncertainties are are indicated in Figs. 16 and 17 where calculations are com-

pared with, experimental data. Uncertainties of the recom-

Table 10. Recommended values on the wavelength derivative of 
mended dn/dA values can be estimated based on Eq. (21) 

refractive index of CVD ZnSe using 8n = ± 0.0004. 

A, ll!lI _~, 1O-~j.IJl1-1 A. \1m _~. lO-3ll!l1- 1 

0.55 1117.1a 7.5 4.5 3.3. Zinc Telluride, ZnTe 0.60 769.0 8.0 4.8 
0.65 556.7 8.5 5.1 
0.70 418.5 9.0 5.4 There are 22 sets of experimental data available for the 0.75 323.9 9.5 5.7 
0.80 256.6 10.0 6.1 refractive index of zinc telluride as plotted in Fig. 21 where 
0.85 207.2 10.5 6.4 
0.90 170.1 11.0 6.6 some of the data sets for thin films are included. It should be 
O.!I:! 141.6 11.S 7.2 

1.0 119.2 12.0 7.6 noted that all ofthese available data are at room temperature 
1.5 32.8 12.5 8.0 
Z.O 14.2 13.0 8.4 except those of Hattori et a1.19 Presently, refractive index 
2.5 8.0 13.5 8.8 
3.0 5.4 14.0 9.3 data in the fundamental transparent region at other tem-
3.5 4.3 14.5 9.8 
4.0 3.8 15.0 10.3 peratures are not yet available and as a result, our data analy-
4.5 ~:~8b 15.5 10.8 
4.8b 16.0 11.3 sis is limited to room temperature. The refractive index of 
5.0 3.6 16.5 11.9 
5.5 3.7 17.0 12.5 bulk ZnTe in the transparent region is reported by Aten et 
6.0 3.8 17.5 13.1 
6.5 4.0 18.0 13.7 al.,72 Shiozawa et al.,73-75,78,79 Marple,48 and Horikoshi. 8O 
7.0 4.3 

Data sets reported by Hattori et al. are the only available 
aThe uncertainties of dn/dA (in units of 10- 3 \IIU-l) are: ±4 at 0.6 \1m, ±2 at data in the far infrared wavelength range, from about 102 to 1 }BD. to.3 at 5 j.IJl1. ±0.2 at 10 j.IJl1. ±0.1 at 15 lim, and to.1 at 18 j.IJl1. 

bMfnimum 'point on the curve. 583 }lm. Data reported by Manabe et al. 16 and by Hadni et 
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al.55
,56 cover characteristics of the reststrahlen region. The 

data of Cardona?? are in the electronic absorption region. 
spectral range from 102 to 584/-lm were measured by Hattori 
et al.19 at temperatures 2, 80, and 300 K. The results were 
described by a simple dispersion equation from which the 

3.3.1. Review of Available Data static. dielectric constant, optical dielectric constant, and 
In an effort to study the direct an~ phonon-assisted op~ wavelength of TO mode phonon were determined. The static 

tical transitions in zinc telluride, Aten et al. measured the dielectric constant serves as a check for the Eo values report-
refractive index over a wavelength range from 0.56 to 2.34 ed by the other investigators. Since the data were measured 
/-lm to determine the parameters correlating the energies of by an interference method over long wavelength region, the 
longitudinal and transverse phonons. Although the refrac- value of Eo is believed to be reliable and should be adopted as 
tive index data were obtained with the minimum deviation a known parameter in the dispersion equation of ZnTe. 
method for a sample of very low impurity concentration, the Manabe et al.

16 
studied optical constants in the rest-

-data are e~pected-te-have-uncertainties-in-the-second decimal- strahlen region by means of the infrared_lattice rellectiuu_ 
place for they were digitized from a graph oflow resolution. spectra in the spectral region between 20 and 85-/-lm using 

Shiozawa et al. reported two sets of data for synthetic the Drude dispersion relation. The oscillator strength N, op-
crystals of ZnTe measured with the minimum deviation tical dielectric constant E"", damping factor 0, and wave-
method. The first data set was observed over the visible re- length of transverse optical phonon AI' in the Drude equa-
gion for a small sample with apparent impurities. The results tions (shown in Tables 11 and 12) were determined by 
were considered as preliminary and were plotted in the form least-squares fit of reflectivity data. The wavelength of trans-
of 1/(,,2 1) versus 1/ A 2 in order to test the form of the verse optical phonon was also determined directly from a 
dispersion. The measured values were linear, but the predict- transmission spectrum of an evaporated thin film and was 
ed value for optical dielectric constant of 8.24 is much higher found to agree with that obtained from the reflection spectra 
than that of purer samples. The second set was obtained over analysis. The static dielectric constant Eo was determined by 
an extended wavelength range from 0.569 to 1.515 /-lm for a letting A = 00 in the resulting Drude equation assuming zero 
purer crystal containing some twinning and cut from a boule absorption. Optical constants in the reststrahlen region were 
grown by sublimation method. The reported uncertainty of also studied by Hadni et al.

55
•
56 

for a ZnTe pellet sample at 
the refractive index measurements is ± 0.002. The optical temperatures 80 and 290 K. The various parameters Eo, E"" , 

aielectric-constanCpraltcfed by flUs data set IS 7:26-:crror,----a~n-W-er-e-d:termined--f-r-em-the-r-eflec-tien-and -tr-ansmis--
in agreement with the accepted values. Slon spectra usmg the Kramers-Kronig relations and the 

For the purpose of obtaining consistent refractive in- Lorentz one-oscillator model as shown in Table 11. Car-
dices ofZnTe over a wavelength range from the short-wave dona?? investigated the optical properties in the ultraviolet 
transmission limit' to 2.06 /-lm, Marple48,49 measured the re- region determining the optical dielectric constant using 
fractive index of two samples grown by sublimation in an Penn's model based on the peak positions in the ultraviolet 
argon atmosphere. The amount of impurity was 10-20 ppm. spectra. The value of E"" (7.2) determined from reflectivity 
The reported experimental error is ± 0.003 or less; the re- peaks. agree. well with those from dispersion equations of 
sults for two prisms differ by up to 0.003 in the entire wave- other mvestlgators. 
length region consistently, which is within the possible com­
bined experimental error of the two sets of data. As shown in 
Table 11, the equation n2 = A + BA 2/(A 2 - C 2) was used to 
fit experimental data for each prism with A, B, and Cbeing 
adjustable parameters. The best-fit values of A, B, and C for _ 
each of the two prisms indicate an average value of7.28 for 
the optical dielectric com:tant of ZnTe. 

Similar to Marple's work, Horikoshi et al. 80 measured 
the refractive index of ZnTe samples containing detectable 
impurities of the order of 100 ppm. The crystals were grown 
by a vapor phase technique in a vacuum, in an argon atmo­
sphere, or from a melt. The average refractive indices from 
this method were again fitted to an equation of the form of 
n2 = A + B.1 2/(.1 2 - C 2) as given in Table 11. Although the 
experimental error was not reported with the data, it is likely 
to be of the order ± 0.01, as estimated from their graphical 
presentation. As compared with the data of other investiga­
tors, their samples yield results (see Table 11) closely agree­
ing to those measured by Marple for the constants A, B, and 
C in the dispersion equations. For ease of comparison, the 
differences between the above mentioned data sets and the 
recommended values for the transparent region are plotted 
in Fig. 22. 

The indices of refraction of ZnTe in the far infrared 

3.3.2. Room-Temperature Dispersion Equation 

From the brief review of the available data given above, 
it is clear that the correct values of the parameters Eo, E"" , 

andAI for Eq. (9) are about 9.92, 7.26, and 56.5 /-lm, respec­
tively. The choice of reliable data for the determination of 
the constants A, B, and Au is discussed below. It was noted in 
the case of ZnSe that the data sets reported by Marple differ 
significantly from the other measurements and lack internal 
consistency between different samples because of impurity 
contents. Although the ZnTe samples measured by him have 
impurity levels as high as in his ZnSe samples, it is found that 
the refractive index ofZnTe is not so sensitive to the impuri­
ty contents as in the case ofZnSe samples. First, the two data 
sets reported by Marple for different samples agree within 
the experimental error. Second, the data by Shiozawa et al., 
though for samples having crystal defects of different nature, 
agree with the data by Marple within the errors combined, 
i.e., ± 0.005. Additional evidence is that the sample used by 
Horikoshi et al.80 has impurities five times higher than that 
used by Marple, yet their data agree within the experimental 
uncertainties. Based on these considerations and the wide 
spectral coverage, the data set by Marple was taken as the 
basis for the data fitting calculation. 

J. Phys. Chern. Ref. Data, Vol. 13, No.1, 1984 
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Table 11. Comparison of dispersion equations proposed forZnTe 

Source 

Marple, D.T.F., 1964; Ref. 48 

Manabe, A., Mitsuishi, A., 
Yoshinaga, H., 1967; Ref. 16 

Handi, A., Henry, P., Lambert, J.P., 
Mor1ot, G., Strimer, P., and 
Chana1, D., 1967; Ref. 55 

Handi, A., et a1., 1967; Ref. 55 
cont. 

Hattori, T., Homma, Y., Mitsuishi, A., 
and Tacke, M., 1973; Ref. 19. . 

Hor1kosh1, Y., ~b1na, A., and 
Takahashi, T., 1972; Ref. 80 

Present work, 1982 

J. Phys. Chem. Ref. Data, Vol. 13, No.1, 1984 

Wavelength and 
temperature ranges 

0.57-2.6 llm 
29B K 

24-85 ~m at 
300 K 
42-67 ~ at 
100 K 

36-136 l1m at 
290 K 
34-144 l1m at 
80 K 

184-542 l1m at 
300 K 
161-452 ~ at 
80 K 
102-584 ~ at 
2 K 

0 • .55-0.76 l1m at 
300 K 
97 K 

0.55-30 l1JIl at 
293 K 

Dispersion equation 
A in ~m, 0 = AI/A 

for one sample: 

~2 = 3.96 + 3.29 A2 
A2 - (0.366)2 

for 1e~s pure sample: 

n2 = 4.58 + 2.72 A2 
A2 - (0.3875)2 

at 300 K: E~ = 6.7, AI = 56.50 l1m, 0 = 
0.017, auu N 2.4, 

at 100 K: E~ = 6.7, AI = 55.56 ~, 0 = 
0.013, and N = 2.4. 

(EO-E~) (1_02) 
n 2_k2 = E + -----­

~ (1_n2)2 + 0202 

~o.=e:oo~ 
2nk=-----­

(1_02)2 + 02 02 

at 290 K: E = 6.2, Eo = 8.3, AI = 
56.5 l1m, :ud 0 = 0.075; 

at 90 K: ~ = 6.1, EO = 8.3, AI = 
55.34 l1m, and 0 = 0.063. 

EO - Ec"p,2 
n 2 =----

at 300 K: Eo = 9.92, ~ = 6.0, and 
AI.= 55.56 l1m; 

at 80 K: Eo = 9.65, Eoo = 6.2, and 
AI = 52.63 J.lm; 

at 2 K: Eo = 9.63, ~ = 6.3, and 
AI = 52.08 ~. 

at 300 K: 

n2 = 4.56 + 2.7090 A2 
A2 - (0.38637)2 

at 97 K: 

n2 = 4.36 + 2.4615 )..2 

A2 - (0.38451)2 

n2 9.92 + 0.42530 
)..2 _ (0.37766)2 

+ _2_. __ 6_3S_~_()_ 

A2 /56.52 
- 1 
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Table 12. Available data on £00' £0' and AI of ZnTe 2.8 r--r-"'-.,.--r---r--r-..,.-..,.--r-~"""-....,.--r---r--'--'---r---. 

Temp., K Eoo £0 AI' llm Ref. 

300 6.7 9.1 56.50,55.87 ~6 

300 10.10 24 

300 7.28 48 

300 56.34 82 

300 6.0 9.92 55.56 19 
300 6.2 8.3 56.50 56 

300 6.7 9.1 56.50 59 
_3D_Q -52-.63- -2~--

300 56.50 61 

300 7.26 79 
300 18.6 83 

300 10.1 7 

80 6.2 9.65 52.63 19 

80 6.1 8.3 55.34 56 

80 6.7 9.1 55.56 59 

80 6.7 9.1 55.56 16 

2 6.3 9.63 52.08 19 

The selected data set is numerically fitted to Eq. (9). 
Smce the available dita IS liiDited lathe region between O.st 
and 2.6 pm while the transparent region ofZnTe extends up 
to 30ftDl, it is Ilecessary to hold the parameters eo and AI at 
fixed values, 9.92 and 56.5 f.lm~ This was done with some 
confidence because in the cases of ZnS and ZnSe, the best-fit 
values of Eo and Al was found to agree closely with the select­
ed values. It is reasonable to assume that uncertirinties ui 
refractive index ofZnTe can be held at minimum as long as 
the parameter values come from the same sources. The dis­
persion equation for ZnTe at room temperature thus ob­
tained is 

n2 = 9.92 0.42530 2.63580 ) 
+. A 2 _ (0.37766f + A 2/56.52 _ l' (24 

where A is in units of pm. Equation (24) is valid in the wave­
length range from 0.57 to 30 pm. In Fig. 22, deviations of 
available data in the fundamental transparent region from 
those calculated from Eq. (24) are plotted for comparison; a 
data set for film from Bausch and Lomb Inc.76 is also includ­
ed. It is interesting to note that the dispersion data from . 
Bausch and Lomb is consistent with Eq. (24) in the spectral 
range from 2 to 20}lm.; however, a large difiereilce is ob.­
served at 1 pm and beyond 20 pm. A careful examination of 
the data from Ref. 76 shows the reported data at wave­
lengths greater than 20 pm are questionable; To make the 
pOint more clearly, the data from Ref. 76 is reproduced in 
Fig. 23. If the deviant data point at the upper right of the 
figure was not included, tlte curve in the wavelength region 
greater than 20 pm would be considerably lowered and dis­
persion in that region would likely be consistent with that of 
Eq. (24). This data point was either measured with very large 
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Figure 23. Measured dispersion of a .ZnTe filrn reported in Ref. 76. 

uncertainty or was affected by an unknown mechanism. At 
any rate, the departure from consistent dispersion behavior 
shown in Fig. 23 is simply attributed to the decision made by 
the investigators on the shape of the curve. Other data sets 
for films ~hown in Fig .. 24 seem to support the idea that film 
has normal dispersion as its conesponding bulk material. 

Equation (24) has been used to calculate the recom­
mended values of the refractive index and dn/dA. ofZnTe at 
room temperature. The recommended values are given in 
Table 13 and plotted in Figs. 25 and 26 together with the 
expenmenfiiraaTIisels-aiScussOO15efore. Uncertambes Inffie 
calculated values are estimated as follows. In the wavelength 
region between 0.57 to 2.6 p.m, the estimated uncertainties 
are ± 0.003 based on the uncertainties reported by Marple. 
In the region between 2.6 and 15 pm, larger uncertainties of 
the order ± 0.005 are estimated because there is no experi­
mental data available at wavelengths greater than 2.6 pm. 
Since the dispersion in this region is low, uncertainties 
should not be very much different from Marple's data. In the 
region between 15 and 30 pm, larger uncertainties are ex­
pected as the dispersion increases with wavelength ap­
proaching the reststrahlen region. The estimated upper limit 
of uncertainties in this region can be calculated from the 
expression 

BA 2~AI 
± ~n = 0.005 + ------

2nA/(A 2/AI2 - 1)2 ' 
(25) 

where ~AI = 0.63 corresponds to the difference of the two 
possible AI values reported by Manabe16 (see Table 12). 

Equation (24) is also valid in the wavelength region 184-
541 pm. The averaged differences between the experimental 
data and the calculated values are of the order of ± 0.009. 
The dispersion in this region is rather small as the difference 
of two extreme refractive indices is only 0.059 but the uncer-

. tainty in the data is rather large (of the order ± 0.005) as the 
data were digitized from a graph of low resolution. Under 
such condition, the reliability of the digitized values is com­
patible with the calculated ones. Therefore, no recommend­
ed values in this region are given. 

Uncertainties of the recommended dn/ cIA. values are 
estimated based on Eq. (21) usingbn = ± 0.005. 
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Table 13. Recommended values on the refractive index and its wavelength 
derivative of ZnTe at 293 K 

A, )Jm -~, 1O-311m-1 A, \1m -*' lO-3)Jm-
1 

0.55 3.153 2902.4 a 13.5 2.670 4.8 
0.60 3.040 1776.8 14.0 2.667 5.0 
0.65 2.967 1189.7 14.5 2.665 5.2 
0.70 2.917 846.0 15.0 2.662 5.4 
0.75 2.880 628.4 15.5 2.659 5.7 
o.ao a.ss:! 1,82.3 l.<i.O Z.O':;O :I.' 
0.85 2.831 380.0 16.5 2.653 6.2 
0.90 2.814 305.6 17.0 2.650 6.4 
0.95 2.801 250.1 17.5 2.647 6.7 
1.0 2.789 207.7 18.0 2.643 7.0 
1.5 2.736 53.0 18.5 2.640 7.3 
2.0 2.719 21.6 ~9.0 2.636 7.6 
2.5 2.711 11.3 19.5 2.632 7.9 
3.0 2.706 6.9 20.0 2.628 8.2 
3.5 2.704 4.8 20.5 2.624 8.6 
4.0 2.701 3.7 21.0 2.620 8.9 
4.5 2.700 3.1 21.5 2.615 9.3 
,5.&. 2 •. 698. 2~8. -22..0- -2~6lO- -9r'l---
5.5 2.697 2.7 22.5 2.605 10.1 
6.0 2.696 2.6 23.0 2.600 10.5 
6.1.b 2.6 b 23.5 2.595 10.9 
6.5 2.694 2.6 24.0 2.589 11.4 
7.0 2.693 2.7 24.5 2.584 11.9 
7.5 2.692 2.8 25.0 2.577 12.4 
8.0 2.690 2.9 25.5 2.571 12.9 
II.':; 2.069 ".0 ~b.O 2.565 13.5 
9.0 2.687 '3.1 26.5 2.558 14.1 
9.5 2.686 3.3 27.0 2.550 14.7 

10.0 2.684 3.4 27.5 2.543 15.3 
10.5 2.682 3.6 28.0 2.535 16.0 
11.0 2.680 3.8 28.5 2.527 16.8 
11.5 2.678 4.0 ·2Q.O , .SlS 17 . .5 
12.0 2.676 4.2 29.5 2.509 18.4 
12.5 2.674 4.3 30.0 2.500 19.2 
13.0 .2.672 4.6 

aThe uncertainties of dn/dA (in units of 10-3 \.l1li-1) are: ±42 at 0.7 \lin, ±24 
at 1 \1m, ±4 at 5 )Jm, ±2 at 10 )./IrI, and ±l in the range 15 to 30 )./IrI. 

bMinimum point on the dn/dh curve. 

4. DiSCussion and Conclusions 
. -_.--_ ... ,._------------

Expenmental data on the refractive index of zinc chal­
cogenides and its temperature derivative have been reviewed 
and recommended values of these materials were generated. 
The state of art of the refractive index of each of these materi­
als is not well defined and our recommendations should be 
considered at best the average values of selected data sets. 
Many factors are known to influence the accuracy of refrac­
tive index determinations. The two most important are the 
measurement technique and the specimen characteristics. 
Although the minimum deviation method is known to be the 
most accurate way of determining the refractive index and in 
many cases these are reported to the fourth or fifth decimal 
place, its reproducibility is applicable only for a given speci­
men on a given setup of apparatus. For different specimens, 
even from the same batch, the reproducibility of this method 
is significantly reduced as the properties of the materials are 
influenced by many factors which are especially important 
in the semiconductors. Among other things, the single most 
importo.nt factor is the impurity content of the specimen. 
Although this is a well-known source of error, unfortunate­
ly, this very piece of information is usually not reported. As a 
consequence. discrepancies amone; the available data cannot 
be reasonably resolved. 

The empirical dispersion equations, Eqs. (21) and (23), 
used to generate recommended values of ZnS and ZnSe are 
both wavelength and temperature dependent. At a given 
temperature, the wavelength-dependent equation is reduced 
to a Sellmeier-type formula widely used to represent refrac­
tive index in the fundamental tCallSpaJ:ent l·egioll. At a given 
wavelength, however, the temperature dependence is simply 
a fourth degree polynomial function of temperature. This is 
done heca1l..~e of a lack of reliable dat.a over a wide wave-
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length and temperature range and the lack of an Ullderstand­
ing of the real physical processes affecting the optical proper­
ties of these materials. The majority of reported dn/dT 
measurements have centered on a temperature region 
around the room temperature which is, coincidentally, a 
temperature range over which the dn/ dT is least dispersive. 
As a result, all reports commonly assume that, within the 
experimental error, dn/ dT does not vary with temperature. 
Such observations are misleading and the consequence is 
that most theoretical studies interpretaiing dn/ dT data un­
derestimate the contributions from lattice mechanisms. 
Contributions to dn/dT (in the transparent r~on) from lat-: 

_ .. tice'-a:re not negligiwe-aruf"a:tia.tion of phonon occupation 
number is not properly accounted for. In reality, however, 
dIt/ dT does vary appreciably with temperature and the lat­
tice term does have significant contribution particularly at 
long wavelengths, 10.6 pm, for example, as discussed in the 
cases of ZnS and ZnSe. Referring to Figs. 6 and 16, the 
monotonic increase of dn/ dTwith increasing temperature in 
the region > 400 K is real as supported by the available data. 
The physical mechanism of such behavior is not known; per­
haps the theory of multiphonon process may shed light to 
what really happens. Presently, such theoretical treatments 
do not exist and the n and dn/ dT . data can only be best pre­
sented by the polynomial functions proposed in this work. 

It should be pointed out that the dispersion equation 
~hi& work reflects..hothihe.r.efractille.index..and­
'the dn/dT data; in other words, n and dn/dT maintain a 
relationship in integration and differentiation. Depending 
on the quality and type of available data, the constants in the 
dispersion equation can be determined through either 
expression. As a contrast, other investigators have treated n . 
and dnl dT data separately, describing each by an equation 
with a different starting point. As a result, there is no bridge 
between nand dn/ dT expressions. 

It should be noted that the present work relies heavily 
on the highly accurate data of Feldman et al. The present 
situation is unsatisfactory and not enough data exist cover­
ing a sufficient range of temperature for all applications and 
theoretical studies. A serious attempt should be made to car­
ry out a systematic measurement program with the follow­
ing considerations: 

(1) Experimental method. The minimum deviation 
method is not suitable for the determination of a highly accu­
rate refractive index at either high or low temperatures and it 
is strongly felt that the counting of interference fringe shift as 
a function of temperature should yield much better results. 
In this method, the sensitivity depends on the order of inter­
ference. In order to obtain high accuracy. thick plate speci­
mens should be used. 

(2) Sample characterization. The impurity content of 
the sample strongly affects the refractive index. Consequent~ 
ly, the impurity level in the sample must be ascertained and 
reported. Merely reporting the electrical resistivity or car­
rier concentration of the sample is not adequate. The nature 
and amouilt of impw"itie:s :should specifically be ceported. 
Measurements should be carried out for a group of speci­
mens with systematically controlled impurities. 

(3) Environmental control. Since the temperature eoef-
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ficient of refractive index of zinc chalcogenides are rather 
high, in the order of 5 X 10-5 to 10-4 K - 1, the temperature 
of the sample must be carefully controlled to achieve the 
required accuracy. 

In conclusion, it should be emphasized that the present 
work does not resolve the discrepancies among the available 
data sets, it simply recommends the most .probable values of 
the refractive index for pure ZnS, ZnSe, and ZnTe with the 
quoted uncertainties. Also, it should be noted that, as in any 
statistical study of this type, the dispersion equations, Eqs. 
(21), (23), and (24), are valid to the reported accuracy only 
within the region of experimental data. In general, extrapo­
lation of these equations for use outside of this region is inva­
lid for quantitative results. Finally, the type of analysis pre:­
sented here assumes the model is a correct representation of 
the data. This is not generally true sinee the model is an 
oversimplification of the true dispersion relation. However, 
for predictive purposes, based upon the experimental data 
from several authors~ and within the usable region of the 
data, we believe that these equations are valid for calculation 
of the refractive index in the given wavelength and tempera­
ture regions. 
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