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A B S T R A C T

Chalcogenide glasses have attracted much attention for the realization of photonic components owing to their
outstanding optical properties in the mid-infrared (MIR) region. However, relatively few refractive index dis-
persion data are presently available for these glasses at MIR wavelengths. This paper presents a mini review of
methods we have both used and developed to determine the refractive indices and thermo-optic coefficients of
chalcogenide glasses at MIR wavelengths, and is supported by new results. The mini review should be useful to
both new and established researchers in the chalcogenide glass field and fields of MIR optics, fiber-optics and
waveguides. Three groups of methods are distinguished: (1) spectroscopic ellipsometry, (2) prism-based
methods, and (3) methods using Fourier transform infrared (FTIR) transmission data. The mini review is sup-
ported by a brief discussion of refractive index models.

1. Introduction

A chalcogenide glass is a glass based on one or more Group 16
elements of the Periodic Table, sulfur (S), selenium (Se), or tellurium
(Te), usually formulated with additions of germanium, arsenic or an-
timony to improve glass stability and robustness [1]. Since chalco-
genide glasses provide a wide range of glass compositions, different
physical properties can be achieved, including refractive index. The
properties of mid-infrared (MIR) transparency, high refractive index,
low phonon energy, high optical non-linearity [2], and an ability to
dope them with rare-earth element ions [3–7], make chalcogenide
glasses attractive candidates for use in planar photonic integrated cir-
cuits [8,9], narrow- and broad-band fiber-based luminescence [10–12]
and laser sources [13,14] and amplifiers [15–17] operating at MIR
wavelengths (3–50 μm). Although much research effort has been paid to
the development and characterization of chalcogenide glasses for
photonics, relatively few refractive index dispersion and thermo-optic
coefficient data are presently available at MIR wavelengths, see for
example [18–24] with the notable exception of the few chalcogenide

glasses used commercially in optics [25–39].
Refractive index, and frequently its wavelength dispersion, is a key

parameter that influences the design of optical components. Techniques
and insight into obtaining these data can be found, along with the data
for many materials in Ref. [40]. However, many different compositions
of chalcogenide glasses have been developed depending on the in-
tended application; the refractive index dispersion behavior of these
must be routinely assessed. Recent work includes the development of
compositions that include Ga or In solubilizers for rare-earth dopant
ions [41,42], compositions in which Sb has replaced As for fiber-based
MIR medical sensing applications [43,44], selenide-telluride glasses for
longer wavelength operation [45], and glass compositions for both high
[14,20] and low numerical aperture step-index fibers yet whose glass
transition and viscosity-temperature behavior remain sufficiently mat-
ched to allow successful fiber-drawing. In this mini review, we shall
present illustrative refractive index dispersion results for some
Ge20Sb10Se70 atomic % (at. %), Ge20Sb10Se67S3 at. %, As40Se60 at. %,
rare earth ion doped and un-doped GeAsGaSe (Pr3+ doped
Ge16As21Ga1Se62 and Ge16.5As16Ga3Se64.5 at. %), Ge16As24Se15·5Te44.5
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at. % and As39S61 at. % compositions. The glass compositions quoted
throughout are the nominal batch compositions; SEM-EDX analysis
shows that the final glass composition is within a few at. % of the
nominally batched compositions for these glasses [43,45]. Techniques
commonly used for the refractive index measurement include the
modeling of transmission or reflection spectroscopic data [46–49],
spectroscopic ellipsometry [18,20,22], prism coupling [19,50], grating
coupling [51], and the measurement of the minimum deviation angle of
light passing through a prism [24,52]. Several of these techniques re-
quire intensive sample preparation, are time consuming, and are costly
to conduct. More importantly, it has, until recently, been difficult to
apply some of these techniques to the MIR spectral region because of
the scarcity of suitable beam sources [49]. However, as shall be shown
in Section 4 of this mini review paper, the development of quantum
cascade and interband cascade lasers [53,54] provide access to new
discrete MIR wavelengths, whilst mid-infrared supercontinuum sources
[14] can offer broad bandwidth with sufficient average power over a
small (filtered) spectral band for refractive index measurements.
The Swanepoel method [46] for determining the refractive indices

and thickness of thin films from wavelength measurements on their
transmission spectra was recently modified by us for changing the
dispersive model from a Cauchy equation to a two-term Sellmeier
equation [23]. This modified method successfully determined the re-
fractive indices of chalcogenide glass thin films over the wavelength
range from 2 to 25 μm, with an error of less than 0.4%. This technique,
and some subsequent developments of it, are reviewed in Section 4 of
this paper. Despite being an important parameter for the design thermal
lenses, fiber laser sources and other high-quality photonic devices, the
thermo-optic coefficients (change of the real part of refractive index n
with temperature T, i.e. dn/dT) of chalcogenide glasses is only occa-
sionally reported [21,22]. In this paper, we review the measurements of
thermo-optic coefficients of chalcogenide glasses using both prism
minimum deviation angle measurements in Section 4.4 and the trans-
mission spectra of thin films in Section 5.3.
The rest of the paper is organized as follows. Section 2 briefly

overviews some common models and data fitting equations used to
describe refractive index dispersion, to aid the further discussions.
Methods for determining the refractive indices and thermo-optic coef-
ficients of chalcogenide glasses are reviewed in Sections 3-5. Section 3
covers spectroscopic ellipsometry, Section 4 reviews prism-based
methods and Section 5 introduces techniques based on the transmission
of light through thin films. Finally, some conclusions are drawn in
Section 6.

2. Refractive index models and data fitting equations

Many descriptions of material refractive index dispersion exist.
Some of these, such as the Cauchy and Sellmeier equations describe
only the real part of the refractive index [55] whereas others, such as
the Drude [55] and the Tauc-Lorentz models [56,57], consider both the
real and imaginary parts of the refractive index. This section provides a
brief summary of some widely used dispersive models and fitting
equations used for describing and interpolating refractive index dis-
persion data.

2.1. Cauchy equation

The Cauchy dispersion equation is only valid away from band gaps,
where the imaginary part of refractive index is very small and there is
normal, not anomalous, dispersion. In other words, the equation is valid
in the optically transparent regions [58,59]. The Cauchy equation is:

= + +n A A A( )2
1

2
2

3
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where n is the real part of refractive index and A1, A2 and A3 are fitting
parameters.

The description, according to Eq. (1), assumes that the band gap,
where a resonance in refractive index occurs, is at zero frequency.
Hence, the Cauchy equation cannot be used if the band gap or other
electronic or vibrational photon absorption of the material falls within
the wavelength range of interest [59].

2.2. Sellmeier equation

The Sellmeier equation, first derived in 1871 [60], is one of the most
widely used representations of refractive index dispersion. Like the
Cauchy equation, the Sellmeier model is valid away from optical band
gaps and other absorption bands, i.e. in the normal dispersion region.
However, unlike the Cauchy equation, the Sellmeier equation can be
applied to materials with multiple band gaps and other material ab-
sorption bands in the frequency range of interest [58]. The Sellmeier
equation describes the real part of refractive index n as:
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where A, Bi and Ci are experimentally determined Sellmeier coeffi-
cients, and Ns is the number of non-constant Sellmeier coefficients used.
In this paper, when Ns=1, the equation in Eq. (2) is referred to as a
one-term Sellmeier equation. Similarly, a two-term Sellmeier equation
is defined when Ns=2.
Eq. (2) describes multiple material resonances at Ns wavelengths;

the relevant term in Eq. (2) then becomes singular when λ= Ci. A two-
term Sellmeier equation, with one resonance located in the ultraviolet
(UV) region and the other in the infrared (IR) region, is deemed suffi-
cient for most solid materials, in describing their transmissive window
across a wide frequency range away from absorption bands [58]. In
agreement with this, a two-term Sellmeier equation, with one resonant
visible-region absorption and one resonant mid-infrared absorption,
was determined as sufficient and appropriate for fitting the continuous
linear refractive index dispersion of two bulk chalcogenide glass com-
positions over the whole wavelength range for which their respective
extinction coefficients were less than 0.0005 in Ref. [59]. This will be
explored further in Section 3.2.3 of this paper.
For many optical dielectrics, especially those operating in the in-

frared where the transparency region can be close to the absorption
edge, a Herzberger [61] fit may be more appropriate to describe the
refractive index as a function of wavelength. The Herzberger formula is
a mixed power series,

= + + + + +n A B C D E F( )
0.028 ( 0.028)2 2 2

2 4 6
(3)

where A, B, C, D, E, and F are experimentally determined coefficients
and is functionally similar to the Sellmeier formula [62]. The term
0.028 in the denominator corresponds to a high frequency, short wa-
velength, absorption edge that is suitable for materials operating in the
infrared but can further be parametrized if appropriate. Other func-
tionally similar formulae including Conrady, Schott, and variants are
sometimes used and are available in commercial optical design software
such as Zemax OpticStudio and Synopsis CodeV.
Compared to a two-term Sellmeier fit, the Herzberger fit provided a

better fitting performance for some chalcogenide glasses over the wa-
velength range from 0.7 to 14 μm, despite them being amorphous
semiconductors. When the fitting range is close to the infrared funda-
mental absorption band (above 25 μm), the Herzberger fit performs
worse than the two-term Sellmeier fit due to the lack of a resonance in
the fit, which is there in reality, located in the infrared region.

2.3. Lorentz models

The Lorentz model is a prototype to model many materials [63].
Once material absorption becomes important the Cauchy and Sellmeier
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equations are not accurate. Refinements developed by Jellison and
Modine in Refs. [56,57] provide a parameterized model of the dielectric
constant (and hence complex refractive index) which is consistent with
the Kramers–Kronig (K–K) relationship. This is achieved by combining a
Tauc absorption edge [64] with classical oscillator broadening [65].
The resulting Tauc-Lorentz (TL) dispersion formula is typically used for
amorphous materials and is reported to be very accurate compared to
other refractive index descriptions [56,57]. Another refinement is the
Cody-Lorentz (CL) oscillator model [66,67] which uses a Cody ab-
sorption edge profile instead of a Tauc one.

3. Spectroscopic ellipsometry (SE)

3.1. Introduction

The continuous linear refractive index dispersion of chalcogenide
glasses can be obtained using spectroscopic ellipsometry (SE). SE
measures the amplitude and relative phase changes of s- and p-polar-
ized light upon reflection over a range of angles and fits them to a
refractive index model. The models considered in the present paper
were briefly reviewed in Section 2. SE provides measurement of optical
constants of the materials over a wide wavelength range and so has an
advantage over the traditional prism measurement and prism coupling
techniques discussed in the next section which are limited by the fact
that coherent light sources of all wavelengths are not available. The
accuracy in measuring the refractive index by means of SE is inherently
limited by surface effects [49] as a thin contamination layer, e.g. oxide
layer in the case of chalcogenides, or small defects on the surface can all
potentially yield different optical constants of the glass. Nevertheless,
the spectroscopic ellipsometer is considered by many researchers as an
effective tool with which to obtain the refractive index data of a chal-
cogenide bulk glass [18,20,22,68–70] or thin films [71–76] in the MIR
region. Table 1 summarizes some of the recent applications of SE in
determining the refractive indices of chalcogenide glasses.

3.2. Chalcogenide glass characterization

3.2.1. Bulk glass characterization
Němec et al. [68] measured the linear refractive index of chalco-

genide glasses (As40Se60 at. % and Ge28Sb12Se60 at. %) using spectro-
scopic ellipsometry (J A Woollam Co., Inc.). A Cauchy-like dispersion
equation was adopted to derive refractive indices in the NIR (near-

infrared)-MIR spectral range. The refractive index dispersion data ob-
tained were compared to those obtained from a prism coupling method;
the comparison confirmed the reliability of infrared spectroscopic el-
lipsometry.
In Ref. [20], spectroscopic ellipsometry was used to determine the

refractive index dispersion of As40Se60 at. % and Ge10As23·4Se66.6 at. %
glasses in the MIR region using a Sellmeier equation as the refractive
index description; this provided a good fit to the refractive index dis-
persion accurate up to 99.9% with respect to prism minimum deviation
measurements taken as the benchmark. Dantanarayana et al. claimed in
Ref. [20] that unlike the Cauchy model, which does not encompass the
entire transparent window of a chalcogenide glass, a two-term Sell-
meier equation, with one resonant VIS (visible) absorption and one
resonant IR (infrared) absorption, could effectively describe the re-
fractive index dispersion of a chalcogenide glass across the whole MIR
region. Recently, Wang et al. [22] measured the refractive indices and
thermo-optic coefficients of Ge14AsxSe86−x (x= 4, 8, 12, 16, 20, 23.2,
28, 32) at. % and GexAs12Se88−x (x= 17, 21, 23.3, 25, 27.5, 29, 33) at.
% glasses in the 2 μm–12 μm mid-infrared range, but detailed in-
formation regarding the fitting model was not mentioned in the paper.
In this study of Wang et al., spectroscopic ellipsometry was reported to
yield the refractive index accurate to the 4th decimal place.

3.2.2. Thin film characterization
In 2008, the reversible photo-structural effects and metastable

photo-refraction in As4Se3 at. Ratio films, deposited by Pulsed Laser
Deposition, were investigated using spectroscopic ellipsometry [71]. It
was found that an as-deposited film had a maximum refractive index
compared with the annealed and photo-irradiated films, and that sig-
nificant metastable reversible photo-refraction was accompanied by
photo-darkening. Later, Todorov et al. [72] investigated the optical
properties of thin As–S–Se films deposited by physical vapor deposition.
In Ref. [72], AsxS(Se)100−x at. % systems exhibited a maximum re-
fractive index, at = 632.8 nm, of 3.155 after irradiation and
minimum refractive index of 3.031 before photo-irradiation when the
composition was As40Se60 at. %. Moreover, a photo-darkening effect
was observed when the films were exposed to light irradiation (halogen
lamp, Ar lasers (λ=481 and 514 nm) and He–Ne laser (632.8 nm)) In
the past few years, spectroscopic ellipsometry has also been applied to
characterize the refractive index [71–77], optical band gap [74] and
annealing effect [77] of chalcogenide glass thin films. Table 1 also
summarizes the recent application of spectroscopic ellipsometry in the

Table 1
Recent application of spectroscopic ellipsometry (SE) to chalcogenide bulk glasses and chalcogenide glass thin films. Adapted from Ref. [78].

1. Glass composition/at. % (exceptions highlighted) 2. Model 3. Wavelength range 4. Refractive index
description

5. Ref.

6. Bulk glass characterization
7. Ge14AsxSe86−x (x= 4, 8, 12, 16, 20, 23.2, 28, 32) and

GexAs12Se88−x (x= 17, 21, 23.3, 25, 27.5, 29, 33)
8. IR-VASE, J A Woollam,
Lincoln, NE

9.1 μm–13 μm 11 [22].

12. Ge10AsxTe90-x (x= 20, 30, 40, 50, 60) and Ge20As20Te60 13. VASE, J A Woollam, Co.,
Inc., Lincoln, NE

14.0.3 μm–20 μm 15. Cody-Lorentz, Sellmeier 16 [69].

17. As40Se60/Ge10As23·4Se66.6 18. VASE, J. A. Woollam,
Lincoln, NE

19.0.4 μm–33 μm 20. Sellmeier 21 [20].

22. As2Se3/Ge28Sb12Se60 23. VASE/IR-VASE 24.0.3 μm–2.3 μm/1.7 μm–20
μm

25. Cody-Lorentz 26 [51].

27. As33 S67−xSex
28. (x= 0, 17, 33.5, 50 and 67)

29. VASE J A Woollam Co., Inc 30.0.3 μm–2.3 μm 31. Tauc-Lorentz 32 [70].

33. Thin film characterization
34. As4Se3 at. Ratio 35. VASE, J A Woollam Co., Inc. 36.0.5 μm–2.3 μm 37. - 38 [71].
39. AsxS(Se)100-x at. % 40. LEM-3 M1 SE and Rudolph

Research SE type 436
41.481 nm–780 nm 42. - 43 [72].

44. Ge90Te10 at. % 45. VASE, J A Woollam Co., Inc. 46.3 μm–12 μm 47. Gaussian 48 [73].
49. Inx (As2Se3)1−x

50. (x= 0, 0.01, 0.05)
51. VASE, J A Woollam Co., Inc. 52.1.9 eV–4.5 eV 53. - 54 [74].

55. W doped Ge2Sb2Te5 at ratio 56. VASE, J A Woollam Co., Inc. 57.0.3 μm–6.2 μm 58. Tauc-Lorentz and Drude 59 [75].
60. Ge5Te20Se75 61. J A Woollam, M-2000 62.0.245 μm–1.7 μm 63. Cody-Lorentz, Gaussian

and Tauc-Lorentz
64 [76].
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study of chalcogenide bulk glasses and chalcogenide glass thin films.
The refractive indices and extinction coefficients of our bulk

Ge16As24Se15·5Te44.5, As40Se60, Ge10As23·4Se66.6, Ge16.5As16Ga3Se64.5
and Pr3+ doped Ge16As21Ga1Se62 at. % obtained from the Woollam
VUV VASE (measurement range: 140 nm–1700 nm) and IR-VASE
(measurement range: 1.7 μm–33 μm) rotating analyzer ellipsometers
are shown in Fig. 1 as solid and dashed lines respectively.
Dantanarayana et al. defined the transparent window of a chalco-

genide glass to be the range of wavelengths over which the extinction
coefficient was smaller than 0.0005 [20]. Therefore, the transparent
windows of Ge16As24Se15·5Te44.5, As40Se60, Ge10As23·4Se66.6,
Ge16.5As16Ga3Se64.5 and Pr3+ doped Ge16As21Ga1Se62 at. % can be
determined according to the extinction coefficient plots in Fig. 1. For
the Ge16As24Se15·5Te44.5 at. % the transparent window is from
~1.44 μm to ~29.46 μm. For the As40Se60 and Ge10As23·4Se66.6 at. %,
the transparent windows are from ~0.7 μm to ~30 μm. The transparent
window for Ge16.5As16Ga3Se64.5 at. % is from ~0.65 μm to ~23.5 μm
and for Pr3+ doped Ge16As21Ga1Se62 at. %, it is from ~0.65 μm to
~26 μm.

3.2.3. Using spectroscopic ellipsometry data to determine appropriate
equations for the MIR refractive index dispersion of chalcogenide glasses
In order to find a proper equation to describe the refractive index

dispersion of chalcogenide glasses in the MIR region, the two-term
Cauchy, three-term Cauchy, one-term Sellmeier, two-term Sellmeier
and three-term Sellmeier equations were applied to fit the refractive
index data of the chalcogenide glasses (for example:
Ge16As24Se15·5Te44.5 at. % and As40Se60 at. %) in their transparent
windows, as shown in Fig. 2. Details of the fitting can be found in Refs.
[20,23,24]. The three term Sellmeier equation is referred to as ‘three-
term Sellmeier (2,1)’ when the third term fitted near the optical
bandgap electronic absorption and as ‘three-term Sellmeier (1,2)’ when
the third term is allowed in the MIR fundamental vibrational absorption
region. The percentage errors in fitting the refractive indices of the
Ge16As24Se15·5Te44.5 at. % and As40Se60 at. % glasses in the MIR region
with these equations are shown in Fig. 3(a) and (b). Figs. 2 and 3 reveal

that the two-term Cauchy, three-term Cauchy and one-term Sellmeier
equations cannot closely describe the refractive index dispersion of
Ge16As24Se15·5Te44.5 at. % and As40Se60 at. % in the MIR regions, with
the error larger than 1% for Ge16As24Se15·5Te44.5 at. % and larger than
2% for As40Se60 at. %. These results confirm that the Cauchy equation
should not be used if the band gap falls within the range of interest.
Similarly, the one-term Sellmeier equation has only a single resonant
Sellmeier term in the NIR region and should not be applied to model
materials with multiple band gaps in the frequency range of interest.
Unlike the two-term Cauchy, three-term Cauchy and one-term

Sellmeier equations, the two-term Sellmeier equation has one Sellmeier
term in the region near the optical bandgap and one in the longer MIR
wavelength vibrational overtone and combination region. Therefore, it
is suitable to describe the refractive index dispersion of chalcogenide
glasses in the MIR regions as shown in Fig. 2(a) and (b). Fig. 3(a) and
(b) shows that for both Ge16As24Se15·5Te44.5 at. % and As40Se60 at. %,
the two-term Sellmeier equation can fit the refractive index data well,
with an error of less than 0.1%. From Fig. 3, it is also found that the
fitting errors are not significantly improved by using the three-term
Sellmeier (2,1) equation. Moreover, the fitting error of the three-term
Sellmeier (1,2) equation increased from less than 0.1% to less than
0.2% over the wavelength range from 1.5 μm to 30 μm for
Ge16As24Se15·5Te44.5 at. % and As40Se60 at. % compared to the two-term
Sellmeier equation. Therefore, the lowest modeling errors were pro-
duced by the two-term Sellmeier and three-term Sellmeier (2,1) equa-
tions with the error less than 0.1% over the wavelength range from
1.5 μm to 30 μm. Introducing a third Sellmeier term to the two-term
Sellmeier equation is shown not to significantly improve the fitting
performance, which is in good agreement with the findings of [20].

4. Prism methods

4.1. Basic theory

According to Snell's law, as a beam enters a transparent material
from air with an incident angle (less than the critical angle) [66], the

Fig. 1. The refractive indices (solid lines) and extinction coefficients (dashed lines) of Ge16As24Se15·5Te44.5, As40Se60, Ge10As23·4Se66.6, Ge16.5As16Ga3Se64.5 and Pr3+

doped Ge16As21Ga1Se62 at. % calculated from ellipsometry measurements. Inset: The refractive indices and extinction coefficients of Ge16As24Se15·5Te44.5, As40Se60,
Ge10As23·4Se66.6, Ge16.5As16Ga3Se64.5 and Pr3+ doped Ge16As21Ga1Se62 at. % in the 0.2–1.7 μm wavelength range obtained from a Woollam VUV VASE rotating
analyzer ellipsometer.
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beam is deflected, based on the incident angle and the material's re-
fractive index. A beam traveling through a prism is arranged to be
deflected twice: once entering, and again when exiting (See Fig. 4(a)).
The deviation angle is defined as the sum of these two deflections as
shown in Fig. 4(a).
When a laser beam travels through a prism with a certain incident

angle, the minimum deviation position will be achieved as shown in
Fig. 4(b), which makes the sum of the two deflections a minimum.
Applying Snell's law, and using geometric optics, an expression for the
real refractive index n can be obtained as [66]:

= +n sin[( )/2]
sin( /2) (4)

where α is the apex angle of prism, and θ is the minimum deviation
angle (see Fig. 4).
Another technique for refractive index characterization is prism

coupling. The prism coupling technique has been utilized to measure
the refractive index in the NIR and MIR spectral regions of chalcogenide
glasses in bulk and thin film form. The prism coupling technique es-
sentially measures a laser beam reflected off a prism base which is in as
close contact as possible (clamped) with the sample to be measured.
The refractive index of the prism material is chosen to be higher than
that of the analyte glass. For the bulk material characterization, the
refractive index is determined by measuring the critical angle at which
total internal reflection occurs at the interface between the prism and
sample. For the thin film characterization, the laser beam tunnels across

Fig. 2. The fits of the two-term Cauchy, three-term Cauchy, one-term Sellmeier, two-term Sellmeier, three-term Sellmeier (2,1) and three-term Sellmeier (1,2)
equations to the refractive index data of the (a) Ge16As24Se15·5Te44.5 at. % and (b) As40Se60 at. % glasses in the MIR region.

Fig. 3. The percentage errors in fitting the refractive index of the (a) Ge16As24Se15·5Te44.5 at. % and (b) As40Se60 at. % glasses in the MIR region with the two-term
Cauchy, three-term Cauchy, one-term Sellmeier, two-term Sellmeier, three-term Sellmeier (2,1) and three-term Sellmeier (1,2) equations.
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any residual air gap between the prism and the film at certain discrete
values of the incident angles to become a guided optical propagation
mode within the thin film; this is accompanied by a drop in the in-
tensity of light at each coupling angle. The refractive index of a thin
film can be obtained by analyzing the locations of the intensity dips and
the width between the dips.

4.2. Experimental setup for the minimum deviation measurement at the
University of Nottingham, UK

The experimental setup used in the University of Nottingham, UK, is
illustrated in Fig. 5. The major components of the apparatus used for
the minimum deviation measurement incorporated a laser source (a
651 nm He–Ne class I laser, < 400 μW) coupled with the Agilent fiber
coupled diode (1465–1575 nm 40mW), other MIR beam sources
(3.1 μm interband-cascade laser (ICL) from NRL [53,54], SuperK mid-
infrared supercontinuum source (1.1–4.2 μm, 450mW) from NKT
Photonics, used in conjunction with a band pass filter (center wave-
length: 3.8 μm; FWHM (full width half maximum): 180 nm), or 6.45 μm
optical parametric oscillator (OPO) (Chromacity Spark FIR, Chromacity
Ltd)), a 1550 nm fiber collimator (model: F230FC-1550, Thorlabs) used
for collimating the 651 nm laser source and the 1465–1575 nm tunable
laser (see Fig. 5), a prism table with a prism holder on it (E. R. Watts &
Son. Ltd. No. 50336), and a plane mirror (Diameter: 48mm) mounted
on the rotation Table 2 as shown in Fig. 5. A screen with an aperture
(diameter: ~3 mm) was placed in front of the beam source. When using

the visible beam source, a white paper with an aperture (diameter:
~3 mm) in its center was used as the screen. The optical components
were mounted on an optical bench (Supplier: Ealing, Size: 178 cm L*
90 cm W*10 cm H) by screws (size: M6). The plane mirror was con-
nected to the rotation Table 2 and the chalcogenide glass prism was
mounted on the rotation Table 1, as shown in Fig. 5. The surface of the
prism, which was at the rotation center of the rotation table, is defined
as surface 1. The other surface of the prism is called surface 2.
Before the minimum deviation measurements, all lasers used in the

measurements were aligned to be parallel to the optical bench. Then the
plane mirror was adjusted to let the required beam reflect along its own
optical path and the position of the plane mirror could be read out from
the scope (see Fig. 5) to an accuracy of 5 s. This reading was recorded as
zero position reading 2 , which was used later for calculating the
minimum deviation angle.
The prism was placed on the holder and secured using Plasticine©.

Then the rotation Table 1 was rotated to find the angles at which each
of surface 1 and surface 2, of the chalcogenide glass prism, reflected the
beam back along its optical own path. These two readings were re-
corded as 1 and ,2 respectively and were used to obtain the apex angle
of the measured prism.
After that, the rotation Table 1 was rotated continuously in the same

clockwise direction. The light ray was observed to rotate in the same
direction as the prism up to a certain point, at which the light beam
would change its direction of travel. This position was the minimum
deviation position. The plane mirror was adjusted to reflect the beam

Fig. 4. Schematic diagram showing: (a) the deflections of a beam entering and leaving a prism with an apex angle of α; (b) the minimum deviation position for a
beam incident with a certain angle; the sum of the two deflections is a minimum.

Fig. 5. Schematic diagram of experimental setup for measuring refractive index using minimum deviation method. The chalcogenide glass prism was mounted on the
rotation Table 1 and the mirror was connected to the rotation Table 2.
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along its own optical path and the reading of the rotation Table 2 was
written down as 2 .
The minimum deviation angle was then: = 2 2 . The re-

fractive index was calculated using Eq. (4). The results of the mea-
surements will be presented and discussed in the following sub-sections.

4.3. Refractive index determination

The minimum deviation method has been proven to be able to de-
termine the refractive index of materials in the range from 1.3 to 2.0
with an accuracy of 1× 10−6 [79–81], and with the accuracy of
measurement of both and < 1”. This technique has proved to be
suitable for measuring the refractive index of PbTe [82], PbSe [82],
GeAsSe [83,84], GeAsS [85], GaGeSbSe [86], As40Se60 at. % [23,24],
and Ge16As24Se15·5Te44.5 at. % [23,24] compositions at certain wave-
lengths. For example, Zhang et al. used the minimum deviation method
to determine the refractive indices of Ge22As20Se58 and Ge20Sb15Se65 at.
%, which were measured at ambient temperature to be 2.4944 and
2.5842 at a wavelength of 10.0 μm, respectively, with an error of ±
0.00015 [83].
Based on the minimum deviation method, a commercial M3

minimum deviation refractometer (M3 Measurement System, Inc.) was
developed to measure the refractive index of a chalcogenide glass at
MIR wavelengths [87–89]. For instance, Novak et al. utilized the M3

minimum deviation refractometer to obtain the refractive index of
As40Se60 at. % at wavelengths of 2, 4, 6, 8, 10 and 12 μm before, and
after, a thermal molding [89]. This technique is claimed to yield re-
fractive index results accurate to the fourth decimal place at room
temperature, if the prism has a sufficiently flat surface.
Carlie et al. modified a commercial system prism coupling system

(Metricon model 2010) using additional laser sources, detectors, and a
GaP prism in order to enable the measurement of refractive index dis-
persion at spot wavelengths over the 1.5–10.6 μm range and used it to
determine the refractive index of As40Se60 at. % bulk glass and thin
films across this wavelength region to an accuracy of± 0.001 [50]. The
Authors compared the refractive indices of as deposited and annealed
As40Se60 at. % films with those of the parent bulk glasses. This work
reinforced a theme suggested from the earliest prism-based

measurements of the refractive index of arsenic trisulfide (As40S60 at.
%), for selected wavelengths in the range 0.57–11.8 μm and at three
temperatures different samples, which showed that different samples of
nominally the same glass composition can have different refractive
indices [90]. In bulk samples these differences might arise from a dif-
ferent thermal history (e.g. different quenching or annealing proce-
dures) and unintended compositional differences (e.g. reproducibility
of the melt). Subsequent work by Gleason et al. used the modified
Metricon prism coupler to investigate the impact of glass composition,
and in particular molecular structure, on refractive index and thermo-
optic coefficient at a single wavelength of 4.515 μm; they used an op-
tical parametric amplifier (OPA) source and an undoped single crystal
germanium prism [21].
In our work, chalcogenide glass prisms (As40Se60 at. % and

Ge16As24Se15·5Te44.5 at. %) were fabricated with a nominal apex angle
of 10° using a traditional grinding and polishing technique; the details
of the sample preparation are described in Refs. [24,52]. Using the
setup with different beam sources, as schematically shown in Fig. 5, the
refractive indices of the Ge16As24Se15·5Te44.5 at. % and As40Se60 at. %
glass prisms at a range of NIR and MIR wavelengths are shown in
Fig. 6(a) and (b), respectively. The measured apex angles, and the va-
lues of the refractive indices of Ge16As24Se15·5Te44.5 at. % and As40Se60
at. % at certain wavelengths, together with their standard deviations (s.
d.), are listed in Table 2.
When measuring the refractive indices of the Ge16As24Se15·5Te44.5

at. % and As40Se60 at. % prisms using the tunable laser diode, the re-
fractive indices at a wavelength of 1504 nm can be determined with a
standard deviation of< 0.0013 as shown in Table 2. When using the
ICL (at a wavelength of 3100 nm) for the minimum deviation mea-
surement, the standard deviation of the results for both prisms are<
0.0023, as shown in Table 2. The larger standard deviation is attributed
to the poorer beam quality of the ICL compared to that of the well-
collimated fiber-coupled tunable laser. Since the beams were well col-
limated for the SuperK continuum source, used in conjunction with a
3.8 μm band pass filter, and OPO (at a wavelength of 6450 nm), the
standard deviations of precision (less than 0.0010) are less than those
obtained using the ICL (at a wavelength of 3100 nm). The successful
prism measurements using the SuperK continuum source, used in

Table 2
The measured apex angle and the values of the refractive indices of the Ge16As24Se15·5Te44.5 at. % and As40Se60 at. % prisms, together with the standard deviations (s.
d.).

65. Wavelength/nm 66. Apex angle (GeAsSeTe) 67. RI (GeAsSeTe) 68. s.d. 69. Apex angle (AsSe) 70. RI (AsSe) 71. s.d.

72.1504 73.10° 16 ′ 74.3.2933 75.0.0012 76.10° 15′ 77.2.8404 78.0.0013
79.3100 80.10° 16 ′ 81.3.1920 82.0.0023 83.10° 13′ 84.2.8006 85.0.0020
86.3800 87.10° 16 ′ 88.3.1820 89.0.0010 90.10° 14′ 91.2.7952 92.0.0010
93.6450 94.10° 16 ′ 95.3.1682 96.0.0010 97.10° 14′ 98.2.7863 99.0.0010

Fig. 6. The refractive indices at wavelengths of 1500 nm, 3100 nm, 3800 nm and 6450 nm with the best two-term Sellmeier fits for the: (a) Ge16As24Se15·5Te44.5 at. %
and (b) As40Se60 at. % prisms.
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conjunction with a 3.8 μm band pass filter, demonstrate the principle
that the refractive index at multiple wavelengths in the MIR region can
be obtained using the broad band supercontinuum source with band
pass filters at different wavelengths.
In order to predict the refractive index at arbitrary wavelengths

within the wavelength range over 1500 nm–6450 nm, the data points
shown in Fig. 6 were fitted to a two-term Sellmeier equation, yielding
the Sellmeier coefficients presented in Table 3. The coefficients of de-
termination, R2, are over 0.9998 for Ge16As24Se15·5Te44.5 at. % and
As40Se60 at. %; this further confirms that the two-term Sellmeier
equation is an effective refractive index description for fitting the re-
fractive index of chalcogenide glasses in the MIR region.

4.4. Thermo-optic coefficient determination

The variation in the index of refraction of a chalcogenide glass with
a change in temperature is described as thermo-optic behavior. The
refractive index change with temperature in the MIR region is attrib-
uted to the thermal excitation of phonons (and electrons in some cases)
and can be either positive or negative in sign depending on the com-
position of the glass. A positive refractive index change in response to
an applied thermal load is responsible for phenomena such as thermal
lensing, self-focusing and laser damage (at high intensities), and spec-
tral instabilities in laser resonators [91]. Furthermore, in super-
continuum generation (SCG) chalcogenide glass fibers, this refractive
index change with temperature is likely to change the confinement of a
step-index fiber (SIF) and material dispersion. Despite its importance,
few dn/dT data are available for chalcogenide glasses in the MIR region
[21,22,24], and it is an often overlooked aspect of optical design [92] In
Ref. [21], the thermo-optic coefficients of seventeen glasses in the Ge-
As-Se glass system were measured at a wavelength of 4.515 μm by
means of a prism coupler with an error of± 11.2 ppm/°C. A simplified
thermal version of the Lorentz-Lorenz formula was used to describe the
thermo-optic coefficients of the glasses, indicating that the thermo-
optic coefficient was related to the thermal polarizability coefficient
and the thermal expansion coefficient, following earlier work of
Prod'homme [93] and Hilton and Jones [94]. Wang et al. continued the
dn/dT study of the Ge-As-Se glass system [22]. Thermo-optic coeffi-
cients of Ge14AsxSe86-x and GexAs12Se88-x at. % at the wavelength of
10 μm were presented using spectroscopic ellipsometry with an error
of± 6 ppm/°C.
The thermo-optic coefficient (dn/dT) can be measured with the

minimum deviation setup (described in section 4.2) used in conjunction
with an in-house built thermally controlled prism holder, the details of
which can be found in Ref. [24]. A simple linearized expression of dn/
dT follows:

=dn
dT

n n
T T

h l

h l (5)

where nh is the refractive index at a higher temperature Th and nl is the
refractive index at a lower temperature Tl.
The refractive index of an As40Se60 at. % prism measured at wa-

velengths of 1494, 1524 and 1554 nm at different temperatures is pre-
sented in Fig. 7(a). It is found that the refractive index decreases with
increasing wavelength at each temperature, which agrees with the be-
havior of the refractive index dispersion of the chalcogenide glass over
the temperature range from 20 to 100 °C [22]. The error bar shown for
each data point indicates the standard deviation error. Due to the small

Δn over the temperature of 16–70.4 °C, a linear fit applied to the data
provides a coefficient of determination R2 of better than 0.9770. The
thermo-optic coefficient (dn/dT) can be directly obtained as the slope of
the linear fits, which are shown in Fig. 7(a) and (b). The measured
thermo-optic coefficient of As40Se60 at. % is in a good agreement with
literature [26] and exhibited a measurement precision error of± 15.6
ppm/°C. The refractive index of the As40Se60 at. % prism measured at a
wavelength of 3100 nm at different temperatures is shown in Fig. 7(b).
The error bar shown for each data point indicates the standard devia-
tion error, which is 0.001. A linear fit to the data points in Fig. 7(b)
yields the value of dn/dT as 20.2 ppm/°C with a R2 of 0.9969. The error
of the measured dn/dT at this wavelength is within± 26.0 ppm/°C. As
discussed in section 4.3, the error in determining the refractive index of
the chalcogenide glasses is larger at this wavelength that that at wa-
velengths around 1500 nm due to the poorer beam quality of the ICL
source used. Fig. 7(a) and (b) show that As40Se60 at. % effectively ex-
hibits a linear change in refractive index with temperature over the
measurement range at the wavelengths of 1494, 1524, 1554 nm and
3100 nm.
The refractive index of the Ge16As24Se15·5Te44.5 at. % prism mea-

sured at 1494, 1524 and 1554 nm at different temperatures is presented
in Fig. 8(a). The error bar shown for each data point indicates the
standard deviation error, which is 0.001. Linear fits were used to fit the
data points with an R2 of better than 0.9905. However, when a quad-
ratic fit was applied to fit the data points, the refractive index variation
with temperature was suggested to be nonlinear with the R2 improved
from 0.9905 to 0.9979 as shown in Fig. 8(a). For Ge16As24Se15·5Te44.5
at. %, the optical bandgap occurs at longer wavelengths compared to
that of As40Se60 at. %. It can be seen from the absorbance versus wa-
velength plot of Fig. 9 that the measurement region here
(1494 nm–1554 nm) locates at the standard Urbach edge in the short
wavelength cutoff region [24]. From Fig. 9, the optical bandgap of
Ge16As24Se15·5Te44.5 at. % will shift to longer wavelengths with in-
creasing temperature. Therefore, the suggested nonlinear behavior of
dn/dT of Ge16As24Se15·5Te44.5 at. % in this temperature measurement
range is not only attributed to the thermal excitation of phonons, but
also to the red shift of optical bandgap with temperature. To fit the
increase of the refractive index of Ge16As24Se15·5Te44.5 at. % with
temperature in this region, a quadratic fit is confirmed to be effective as
shown in Fig. 8(a). The dn/dT of Ge16As24Se15·5Te44.5 at. % at each
temperature could be determined with a measurement precision error
of± 15.4 ppm/°C. The refractive index of the Ge16As24Se15·5Te44.5 at.
% prism measured at a wavelength of 3100 nm at different tempera-
tures is shown in Fig. 8(b) with a standard deviation error of 0.001.
Since this measurement wavelength locates beyond the standard Ur-
bach edge, a linear fit proved sufficient to fit the data points with a R2 of
0.9976 yielding the dn/dT at this wavelength to be 213.0 ppm/°C with a
measurement precision error of± 25.6 ppm/°C, as shown in Fig. 8(b).

5. Determining the refractive index and thermo-optic coefficients
of chalcogenide glasses using FTIR (Fourier transform infrared)
transmission data

5.1. Refractive index determination using FTIR transmission data
(improved Swanepoel method)

A method provided by Swanepoel in 1985 [46] allowed the dis-
persive refractive index and thickness of an amorphous Si:H thin film in

Table 3
The Sellmeier coefficients (see eqn. (2)) for the refractive indices of the Ge16As24Se15·5Te44.5 at. % and As40Se60 at. % prisms. R2 is the coefficient of determination.

100. Sellmeier coefficients 101. a 102. b 103. c 104. a1 105. a2 106. R2

107. As–Se 108.4.062 109.3.726 110.3.244 111.0.3979 112.58.92 113.0.9999
114. Ge-As-Se-Te 115.3.332 116.6.676 117.0.9153 118.0.5022 119.64.37 120.0.9998
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the transparent region to be determined using only wavelength mea-
surements. The method required measurement at the wavelengths at
which maxima and minima occur in two transmission spectra, one

taken at normal incidence and another at oblique incidence. This well-
known method was later successfully applied by Corrales et al. [95] to
determine the refractive index and thickness of the thermally

Fig. 7. The refractive index of As40Se60 at. % prism varies with temperature at the wavelength of: (a) 1494 nm, 1524 nm, 1554 nm and (b) 3100 nm. Linear fits were
applied to the data points.

Fig. 8. The refractive index of Ge16As24Se15·5Te44.5 at. % prism with temperature at the wavelengths of: (a) 1494, 1524, 1554 nm with linear and quadratic fits
applied to the data points, and (b) 3100 nm with a linear fit applied to the data points.
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evaporated As2Se3 at. Ratio thin film to a stated ‘accuracy’ (precision)
of better than 3%. However, since the original dispersive model in this
method (a Cauchy equation) cannot encompass the entire chalco-
genide-glass transparent window (0.4–33 μm) [17], this method be-
comes invalid when applied to determine the refractive index of chal-
cogenide glasses in the MIR region.
In order to extend this method into the MIR spectral region (our

measurements are over the wavelength range from 2 to 25 μm), the
method was modified by us by using a two-term Sellmeier equation
instead of the Cauchy equation as the dispersive equation [23,24]. A
vacuum hot-pressing technique was used to fabricate chalcogenide
glass thin films of 20 μm or 25 μm target thickness from fibers [23,24].
The characteristic interference fringes in the spectral transmission of
these thin films, one at normal incidence and another at oblique in-
cidence, were obtained over the wavelength range from 2 to 25 μm by
FTIR (Fourier transform infrared) spectroscopy. This improved method
was successfully applied to determine the refractive index of As40Se60
at. % and Ge16As24Se15·5Te44.5 at. % thin films over the wavelength
range from 2 μm to 25 μm to an accuracy of better than 99.6% [23,24].
The average thicknesses of the non-uniform thin films were also de-
termined by the improved Swanepoel method presented. Repeated
measurements showed that the refractive index dispersion is de-
termined by the improved method with a standard deviation of preci-
sion less than 0.002 for the As40Se60 at. % thin films and
Ge16As24Se15·5Te44.5 at. % thin films over the wavelength range from 3
to 23 μm.
Several applications, such as biomedical sensing [43], call for the

use of glasses with small compositional (and hence refractive index)
difference to form chalcogenide glass optical fibers having a low NA
(numerical aperture). In a recent extension to the work of [23], an
unstructured fiber of the core composition (Ge20Sb10Se70 at. %) was
hot-pressed together with an unstructured fiber of the cladding com-
position (Ge20Sb10Se67S3 at. %) to form a two-composition thin film,
with the advantages of the two glasses having the same thermal history
and post-fiber processing [96]. The normal-incidence transmission
spectra, spanning the wavelength region 15–27 μm and obtained at
different spatial regions of the Ge20Sb10Se70 at. %/Ge20Sb10Se67S3 at. %
two-composition thin film are shown in Fig. 10. As the incoming beam
shifted from the Ge20Sb10Se70 at. % part to the Ge20Sb10Se67S3 at. %
part of the thin film, which is from points 1 to 6 in Fig. 10, the extrema
of each transmission spectrum shifted gradually to shorter wavelength.
Since the thickness variation across the thin film was typically less than
0.05 μm, the shift of the extrema indicated that the Ge20Sb10Se70 at. %
thin film had a higher refractive index than the Ge20Sb10Se67S3 at. %
thin film. The refractive indices and thicknesses of Ge20Sb10Se70 at. %
and Ge20Sb10Se67S3 at. % of the two-composition thin film were ob-
tained using the improved Swanepoel method. Over the wavelength

range 3–25 μm, the refractive index could be determined with a stan-
dard deviation of precision<0.002 and the refractive index contrast
could be determined with an measurement precision error of± 0.0005.
The NA of a SIF (step index fiber) comprising of a Ge20Sb10Se70 at. %
core and Ge20Sb10Se67S3 at. % cladding was determined from this
technique with an error of± 0.011, compared to the value of SIF NA
from the prism minimum deviation method, on samples made from
exactly the same two glass melts. In Ref. [96], it was reported that 3 at.
% S replacing Se pro rata in the Ge20Sb10Se70 at. % glass system (to
formulate the cladding glass composition relative to the core glass
composition) blue-shifted the NIR optical bandgap and MIR funda-
mental vibrational absorption bands, lowered the refractive index by
0.013 at a wavelength of 3.1 μm and by 0.012 at a wavelength of
6.45 μm, and moved the zero dispersion wavelength to a shorter wa-
velength: 6.3 to 6.1 μm.

5.2. A simple method to determine the small refractive index contrast

A fast and simple method was developed to compare the refractive
index contrast of the two chalcogenide glass compositions
(Ge20Sb10Se70 at. %/Ge20Sb10Se67S3 at. %) (core/cladding glasses)
comprising the thin film (illustrated in Fig. 10(a)) by using the normal-
incidence transmission spectra only. The basic theory of this method is
described in detail in Refs. [24,96]. When using the spectra at point 2
and point 5 in Fig. 10(a), the refractive contrast could be determined
over the wavelength range from 2 to 25 μm with a measurement pre-
cision error of less than 0.0020 due to a typical thickness variation
of< 0.05 μm in the two-composition thin film. It is expected that the
thickness variation across a two-composition thin film can be further
reduced by increasing the hot-pressing duration, by increasing the
maximum pressing pressure applied and hot-pressing at a lower visc-
osity (higher temperature). An error of less than 0.0005 in determining
the refractive index contrast can be obtained when the thickness var-
iation across the thin film is controlled to be less than 0.01 μm.

5.3. A novel method to determine the continuous thermo-optic coefficient

In section 4.4, the thermo-optic coefficients of the chalcogenide
glasses (As40Se60 at. % and Ge16As24Se15·5Te44.5 at. %) were determined
using the prism minimum deviation method with a measurement pre-
cision error of less than± 15.6 ppm/°C when using the tunable laser
diode and with a measurement precision error of less than±25.6 ppm/
°C when using the ICL. Due to the current limitation of available MIR
beam sources, the dn/dT data at many interesting wavelengths in the
MIR region are difficult to obtain using a prism-based approach [94].
An improved Swanepoel was successfully developed, which can

determine the refractive index of chalcogenide glasses across the MIR
region, using a FTIR spectrometer, to within 0.4% of the benchmark
value obtained using the minimum deviation method [23]. Unlike the
minimum deviation method, this technique produces a continuous re-
fractive index curve over the wavelength range from 2 to 25 μm. The
refractive indices of chalcogenide glasses in the MIR region can be
determined using the improved Swanepoel method described in Section
5.1 of this mini review. However, since the measurement range of
temperature was from 20 °C to 80 °C, a± 0.002 difference in refractive
index can lead to an estimate of the difference between the calculated
and true values of dn/dT of± 67 ppm/°C in the worst case. Therefore, a
more accurate method is required to determine the thermo-optic coef-
ficient of chalcogenide glasses.
To address this need, a novel method was successfully developed to

determine the continuous thermo-optic coefficient of chalcogenide
glasses over the wavelength range from 2 to 20 μm based on FTIR
transmission spectra measured at different temperatures and the mea-
sured thermal expansion coefficient [24,97]. It was shown that this
method can successfully determine the thermo-optic coefficient of the
chalcogenide glass thin films (Ge16As24Se15·5Te44.5 at. % and As40Se60

Fig. 9. The FTIR absorption spectra of bulk Ge16As24Se15·5Te44.5 at. % glass
sample at sample temperatures of 21.8 °C, 37.8 °C, 55.9 °C and 74.0 °C showing
the redshift of the optical bandgap.
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at. %) over the wavelength range from 2 to 20 μm with a measurement
precision error of less than±7.5 ppm/°C. Compared to both the
minimum deviation method and the improved Swanepoel method, the
proposed method was shown to provide a much lower error.
In this mini review, this novel method was used to determine the

thermo-optic coefficient of a hot-pressed chalcogenide glass thin film
with negative dn/dT (As39S61 at. %). The As39S61 at. % glass was syn-
thesized at the Naval Research Laboratory, USA, and then subsequently
drawn into fiber from which thin film samples were pressed at The
University of Nottingham, UK. The thermo-optic coefficient was suc-
cessfully determined using the novel method, as shown in Fig. 11, with
a measurement precision error of less than± 7.0 ppm/°C. The error
analysis of this technique is described in Refs. [24,97]. The thermo-
optic coefficients obtained using the prism minimum deviation re-
fractometry were within the error of the results got using the present
method. Any difference in dn/dT between these two techniques might
also be attributed to the difference thermal history between a hot-
pressed thin film and a chalcogenide glass prism.
Fig. 11 also shows that the dn/dT of As39S61 at. % decreases with

increasing wavelength in the shorter wavelength region, which is due to
the red shift of the optical band gap with temperature. At wavelengths
above 10 μm, the dn/dT starts to increase with wavelength as shown in
Fig. 11. This is attributed to the red shift of the fundamental multi-
phonon absorption band with temperature.

6. Conclusions

In this paper, we have provided a mini review of three groups of
methods: a prism minimum deviation method, spectroscopic ellipso-
metry and thin film FTIR (Fourier transform infrared) spectrometric
methods, used by us to determine the refractive indices and thermo-
optic coefficients of chalcogenide glasses at mid-infrared wavelengths;
we hope these will be of use to the community. Although spectroscopic
ellipsometry is probably the most popular technique for measuring

refractive index dispersion in the mid-infrared region, it has dis-
advantages of high cost, requiring correct mathematical parameter
fitting and being sensitive to surface effects. In contrast, the lower cost
techniques employed here have been proved to yield sufficiently precise
refractive index dispersions and thermo-optic coefficients of chalco-
genide glasses.
With the advantages of high accuracy and insensitivity to any oxide

surface layer, prism methods, including the traditional minimum de-
viation method, minimum deviation refractometry (and prism coupling
– not presented here) have been widely used to determine the refractive
indices and thermo-optic coefficients of chalcogenide glasses. The
current limitation of coherent beam sources means that it is not at
present possible to make continuous refractive index dispersion mea-
surements using this technique; the use of supercontinuum sources may
in the future overcome this limitation. The refractive indices and
thermo-optic coefficients of chalcogenide glasses obtained using our
experimental prism minimum deviation set-up were presented here; the
method requires production of prims with flat adjacent surfaces and
controlled apex angle. It was shown that, with good beam sources, the
refractive index can be determined with a standard deviation of pre-
cision<0.001 and the thermo-optic coefficient can be obtained with a
measurement precision error of< ±15.6 ppm/°C.
In detail, the refractive indices and extinction coefficients of bulk

prisms of Ge16As24Se15·5Te44.5, As40Se60, Ge10As23·4Se66.6,
Ge16.5As16Ga3Se64.5 and Pr3+ doped Ge16As21Ga1Se62 at. % glasses
using the minimum deviation method have been presented. By fitting
the data points to different refractive index models, a two-term
Sellmeier equation was demonstrated to be the most suitable for de-
scribing the refractive index dispersion of chalcogenide glasses in the
MIR region.
A Swanepoel method, improved for measurements on chalcogenide

glass samples at mid-infrared wavelengths by using a two-term
Sellmeier equation of refractive index dispersion to replace the Cauchy
equation of Swanepoel's original paper, was developed to determine the
refractive index of the chalcogenide thin films (again, in detail of:
Ge16As24Se15·5Te44.5, As40Se60, Ge10As23·4Se66.6, Ge16.5As16Ga3Se64.5
and Pr3+ doped Ge16As21Ga1Se62 at. % glasses) at mid-infrared wave-
lengths using FTIR transmission spectra. This technique has the ad-
vantages of wide-wavelength-range characterization, insensitivity to
surface defects and speed of measurement once thin-film samples have
been prepared. However, currently, this technique can only determine
the refractive index with a standard deviation of precision of less than
0.002, which led to a large error in determining the thermo-optic
coefficient. Therefore a novel method was successfully developed here
to determine the continuous thermo-optic coefficient of chalcogenide
glasses over the wavelength range from 2 to 20 μm with a measurement
precision error of less than 7.5 ppm/°C; this was based on FTIR trans-
mission spectra measured at different temperatures and the measured
thermal expansion coefficient, and which also allowed calculation of
the thermal polarizability coefficient.

Fig. 10. (a) The transmission spectra at different locations (shown schematically in (b)) of a two-composition (Ge20Sb10Se70 at. %/Ge20Sb10Se67S3 at. %) (core/
cladding glasses) thin film. Points 2 and 5 were most representative of the core glass and cladding glass, respectively, without edge or interfacial effects.

Fig. 11. The thermo-optic coefficients of the hot-pressed As39S61 at. % thin
films obtained using the method presented here (solid line) compared to those
obtained using the minimum deviation refractometry (triangles).
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