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Abstract: A new method (FTIR continuous dn / dT method, 7 is refractive index and T
temperature) for measuring the continuous thermo-optic coefficients of thin transparent films
in the mid-infrared (MIR) spectral region is introduced. The technique is based on Fourier
transform infrared (FTIR) transmission spectra measured at different temperatures. It is shown
that this method can successfully determine the thermo-optic coefficient of chalcogenide glass
thin films (of batch compositions GeygSbigSeyp at. % (atomic %) and GejgAsyaSessTeaq s
at. %) over the wavelength range from 2 to 25 um. The measurement precision error is less
than + 11.5 ppm / °C over the wavelength range from 6 to 20 um. The precision is much better
than that provided by the prism minimum deviation method or an improved Swanepoel method.
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1. Introduction

Chalcogenide glasses, based on one or more Group 16 elements of the Periodic Table, sulfur (S),
selenium (Se), or tellurium (Te), are promising materials for mid-infrared (MIR) applications
[1-4]. With additions of germanium (Ge), arsenic (As) or antimony (Sb), the stability and the
robustness of chalcogenide glasses can be increased [5,6]. The properties of a wide range of
stable glass compositions, MIR transparency, high refractive index, low phonon energy, and high
optical non-linearity, make chalcogenide glasses attractive for use in planar photonic integrated
circuits [7,8], fiber-based components for supercontinuum generation [9], optical amplification
[10-12], and infrared (IR) thermal lenses [13,14] operating in the MIR region. Although many
studies have focused on the physical and optical characterization of chalcogenide glasses, the
thermo-optic coeflicient (variation in the refractive index n of a chalcogenide glass with a change
in the temperature T, i.e. dn/dT) is an important parameter in, for example, the design of thermal
lenses and high-quality photonic devices that is reported infrequently [15-19].

The refractive index change of a chalcogenide glass with temperature is attributed to the
thermal excitation of phonons (and electrons in some cases), and can be either positive or negative
in sign depending on the composition of the glass. In [15], the thermo-optic coefficients of
seventeen glasses in the Ge-As-Se glass system were measured at a wavelength of 4.515 uym
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
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and the thermal expansion coefficient. Wang et al. continued the dn / dT study of Ge-As-Se
glass system later [16]. The thermo-optic coefficients of Gej4AsxSegs—x at. % (atomic %) and
GexAsjpSess—x at. % at a wavelength of 10 um were presented using spectroscopic ellipsometry
with an error of + 6 ppm / °C. However, the accuracy in measuring the refractive index by means
of spectroscopic ellipsometry is inherently limited by surface effects [20] as a thin contamination
layer, oxide layer, or small defects on the surface, can all potentially yield different optical
constants for the glass. Apart from spectroscopic ellipsometry, the continuous refractive index
over the whole MIR region can also be determined by an improved Swanepoel method [21].
This method can determine the refractive index with a standard deviation of precision less than
0.002, which will lead to a maximum error of 75.5 ppm / °C in determining the dn/dT" when
the measurement temperature range is 53 °C. Therefore, a more accurate method to obtain the
continuous dn / dT data of a thin film is highly desired.

In this paper, we propose such a method based on the FTIR transmission spectra at different
temperatures to obtain the continuous thermo-optic coefficient of a MIR transparent thin film
over the wavelength range from 2 to 25 um, which is christened as the FTIR continuous dn / dT
method. In order to investigate the errors of this method, two hot-pressed chalcogenide glass thin
films, one (nominally batched composition GegAsy4Se55Tess.5 at. %) with a high thermo-optic
coefficient, dn / dT, and the other (nominally batched composition GeyoSbipSeyq at. %) with a
low dn / dT, that were annealed prior to measurement, were used. Results show that the proposed
method can successfully determine the thermo-optic coefficients of the chalcogenide glass thin
films over the wavelength range from 6 to 20 um with a measurement precision error of less
than + 11.5 ppm / °C. Compared to the minimum deviation method and the improved Swanepoel
method, the FTIR continuous dn / dT method is shown to provide an improved measurement
precision.

2. Basic theory of the FTIR continuous dn/dT method

For normal incidence on an optical thin film with thickness of d, the wavelengths of the
transmission extrema can be expressed by [22]:

2nd = mA (1)

where A is the wavelength at the maxima or minima of the normal incidence transmission
spectrum, 7 is the refractive index at a wavelength of A and m is the order number of the extrema,
which has integer values for the maxima and half-integer values for the minima. When the thin
film is cooled down to a lower temperature 77, Eq. (1) becomes:

m/ll
=5 (2)
where 4; is the wavelength at the maxima or minima of the same order m in the normal incidence
transmission spectrum at a temperature 77, d; is the thickness of the thin film at a temperature of
T; and ny is the refractive index of the thin film at a wavelength of A;. As discussed in our previous
work [21], the values of d; can be determined to a standard deviation of precision of < 0.02 um
by changing the dispersive model of refractive index from a Cauchy model [22] to a two-term
Sellmeier model.
When the thin film is heated up to a higher temperature 73, the thickness dj, of the thin film at
a temperature 7, will be calculated by:

d, = dl(l + TEC X (Th - Tl)) (3)

where TEC is defined as the thermal expansion coefficient, which can be determined by means
of thermal mechanical analysis (TMA) [23]). With d;, known and the normal incidence of
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transmission spectrum for the thin film at a temperature of 7}, obtained, the refractive index for
the thin film at 7}, is given as:

mAy,
_ 4
= 4)

where Ay, is the wavelength at the maxima or minima of the same order m in the normal incidence
transmission spectrum at a temperature of 7, and ny, is the refractive index at a wavelength of Ay,
The wavelengths A; and A, which appear in Egs. (2) and (4), are not the same, so a dispersive
model is introduced.

According to [24], a two-dispersive-term Sellmeier model was effective to describe the
refractive index dispersion of a chalcogenide glass in the MIR region; this was later confirmed by
us in [21]. The two-term Sellmeier mode is given as:

B A2 By A2

2
n-=A+ +
2-C? 2-¢7

3)

where A, By and B; are dimensionless coefficients. Cy and C; indicate the two resonant absorption
wavelengths assumed in the model. Two-term Sellmeier fits are then applied to the refractive
index data obtained from Eqs. (2) and (4). The thermo-optic coefficient (dn / dT) of the thin film
over the temperature range 7; to Tj, can now be determined as:

dn(d) _ Sellmeierfit(ny(A) — Sellmeierfit(ni(1)
ar Th-T

(6)

A linear variation of dn / dT has been assumed, as used by [15,16] in the temperature range from
20 °C to 100 °C and in the transparent region away from absorption edges.

3. Sample preparation and experimental
3.1.  Chalcogenide glass thin film preparation

For preparing the GeyoSbipSeso at. % and GejgAsraSessTesss at. %o glass compositions
reported in this paper, the Sb (6N purity, Cerac), As (7N purity, Furakawa Denshi) and Se (SN
purity, Materion) elemental precursors were purified via a vacuum bake-out procedure in order
to drive off the more volatile oxides. Ge (5N purity, Materion) and Te (5N purity, Materion)
were added to the glass batch untreated. The elements were batched under a nitrogen atmosphere
in an MBraun glove-box (< 0.1 ppm H,O and < 0.1 ppm O,) into a prepared silica glass ampoule
(Multi-Lab Ltd, UK, 6 h air-bake followed by 6 h vacuum-bake at ~10~3 Pa). After batching, the
silica glass ampoule was sealed (under ~10~3 Pa vacuum) and placed in a rocking resistance
furnace to melt and homogenize the batch, at ~ 850 °C / 12 h for the Ge sAsy4SeissTess s at. %
composition and at ~ 900 °C / 24 h for the Ge,(Sbi9Se7g at. % composition. The melts were
quenched and annealed for 1h at their on-set T, (glass transition temperature) before slowly
cooling them down to room temperature. This produced glass rods which were ~ 10 mm in
diameter and ~ 70 mm in length and which were suitable as fiber-optic preforms.

A hot-pressing technique was developed to prepare thin films of chalcogenide glass; this
involved the hot-pressing under vacuum of circa 20 mm lengths of fiber, with a nominal diameter
of 250 pm, using the home-built hot-press previously described in [21]. The as-annealed preforms
(~10mm diameter and ~ 70 mm length) of Ge,SbigSe7g at. % and GejgAsy4Se;ssTesq s at.
% were drawn into unstructured optical fibers using a customized Heathway draw-tower in
a 10,000- Class clean-room. The fibers were drawn under a N, flow (BOC white-spot) at
a glass melt viscosity of around 10*3 Pa.s. The final fiber diameter was 250 + 10 um. The
outer surface of the fibers was shiny and no defects could be seen by naked eye. The actual
compositions of the pressed fibers, measured using SEM-EDX, were found to be close to, but
slightly different from, the nominal batched compositions (Ge;s.1 Asy72Se152Tesn s at. % and
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Gey1.1Sbyp6Sees.3 + 0.5 at. %.); nominal compositions are used in the subsequent descriptions.
Five GegAsy4Se1ssTesq s at. % fibers, each of about 20 mm length and 250 um diameter, were
cleaved from the GeigAsysSeis55Tesss at. % fiber. The five 20 mm lengths of chalcogenide
glass fiber were each immersed in propylamine (Sigma-Aldrich 99 mol.%) for 30 min at room
temperature under atmospheric pressure. A silica glass ampoule (Multi-Lab Ltd, UK) was
used as the container for the propylamine-etching; this was rinsed with distilled water and dried
under vacuum (~1073 Pa) prior to use. Subsequently the etched fibers were taken out of the
propylamine and were immersed in acetone (99.8%, Sigma Aldrich) for 10 minutes and then each
fiber was individually cleaned carefully using isopropanol (IPA, HPLC grade, Fisher Chemical)
with optical lens tissue and dried under vacuum (~ 107 Pa). The five propylamine-etched, rinsed
and dried 20 mm long fibers were then placed on a tungsten carbide (WC) flat plate (800 mm
diameter, of flatness 0.08 um and of surface finish 0.009 um) and were surrounded by a 25 um
thick stainless-steel shim (Supplier: Hollinbrow Ltd, UK) and then covered by a second WC plate.
The fiber samples were hot-pressed under vacuum (10~* Pa) at Tg+ 40 °C (viscosity ~108 Pas),
with a maximum pressure of 700 N between the two WC plates, applied through the top plate.
After pressing, the chalcogenide glass samples were cooled to, and annealed at, the onset-T, (175
°C, according to differential thermal calorimetry, first heating the sample to just above T at 10
°C / min, then cooling at 10 °C / min to ambient and then reheating at 10 °C / min to perform
the T, measurement) and then allowed to cool with the WC discs. In order not to damage the
samples while opening the press, solvents (acetone and, if necessary, IPA) were squirted into the
gap between the two WC carbide plates. GeypSbjgSesg at. % thin films, this time with a 30 um
target (shim) thickness, were also prepared following the same method. We believe that the
hot press step does not introduce elemental loss. No visible loss of material and no volatilized
deposits were observed after the pressing process. SEM-EDX analysis of the GeSbSe sample
confirmed that the composition of the resulting thin film was unchanged from that of the fiber
from which it was pressed to within experimental measurement error.

3.2.  Experimental

A Globar™ source, KBr beam splitter and DLaTGSD301 detector were set up in a Fourier
transform infrared (FTIR) spectrometer (Bruker IFS 66v/s) to measure the transmission spectra
of the hot-pressed thin films (Sect. 3.1) in the wavelength range from 1 to 25 um; 25 um was the
maximum wavelength possible with this set-up in the Bruker FTIR spectrometer. Due to the
low efficiency of the KBr beam splitter and the DLaTGSD301 detector at wavelengths < 2 um,
clear extrema in the transmission spectra were only obtained over the wavelength range from 2
to 25 um. The chalcogenide glass thin film sample was mounted on a temperature-controlled
holder, constructed in-house. The holder with the thin film sample was connected to a rotation
stage, constructed in-house, which was accurate up to 0.1 °, installed in the sample compartment
of the Bruker 66v/s FTIR spectrometer. In the FTIR spectrometer a He-Ne beam, which was
used for FTIR internal-alignment, indicated the position of the Globar™. Careful alignment was
undertaken to ensure that the axis of rotation went through the surface of the thin chalcogenide
glass film at the focal point of the He-Ne beam and that no lateral displacement of the light
took place during rotation. When measuring the transmission spectra of the thin film at a lower
temperature, the temperature of the holder was set to be 20 °C. After the holder reached the set
temperature, the thin-film sample was left for 20 minutes to obtain a stable temperature. The
actual temperature of the sample was measured to be 21.6 + 0.1 °C using a K-type adhesive
thermocouple. Before recording the transmission spectrum of the thin film, a 15-min dry-air and
CO,-removal purging was allowed to minimize the effect of air absorptions. After obtaining
the transmission spectrum at normal incidence, the rotation stage was rotated by an angle of 30
° to obtain the transmission spectrum with an incident angle of 30 °. Then the rotation stage
was rotated back to the normal incident position, and was rotated by an angle of 30 ° in the
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other direction. The transmission spectrum with an incident angle of -30 ° was obtained using
FTIR spectroscopy. The temperature-controlled holder was later heated up to a set temperature
of 80 °C and the temperature of the sample was measured to be 74.6 £ 0.2 °C. The modified
transmission spectra were obtained as described above.

For comparison purposes, the (dn / dT)s of the GejgAsz4Ses5.5Teas s at. % and GeygSbioSerg
at. % prisms are presented in this paper. The manufacturing procedure of the chalcogenide
glass prisms is described in [25]. The temperature of a prism was controlled using the same
temperature-controlled holder as used for the thin-film measurements. The temperature of the
holder was set to be 15, 40, 60 and 80 °C, respectively. Every time the holder reached the
set temperature, a 20-minute dwell was allowed to obtain a stable prism temperature. The
actual temperature of the GejgAsy4Se|s sTess s at. % prism was 15.7 +0.1, 36.9 0.1, 53.9+0.2
and 71.1 £ 0.2 °C, respectively. The actual temperature of the Ge,oSbigSe7g at. % prism was
15.7+0.1,37.1£0.1, 543+ 0.2 and 71.4 £ 0.2 °C, respectively. Refractive index measurements
at different sample temperatures were carried out using the minimum deviation method [25]. The
source used for the prism deviation method was a 3.1 um interband cascade laser (ICL) fabricated
at the Naval Research Laboratory (NRL), USA, (which emitted > 200 mW at 25 °C) [26]. A
linear fit was applied to the refractive index data points at different temperatures and the dn / dT
was obtained from the slope of the fit.

The thermal expansion coefficients (TECs) of the Ge1sAs4S€e15.5Teas s at. % and GepoSbioSero
at. % glass compositions were measured using Thermal Mechanical Analysis (TMA) [23].
Figures 1(a) and 1(b) show the TEC versus temperature curves over the temperature range from
40 to 100 °C for GejsAspaSerssTeaa s at. % and GeygSbpSerq at. % glass samples, respectively.
A linear fit was applied to both curves in Figs. 1(a) and 1(b), yielding a R*> (coefficient of
determination) of 1; this means the TEC curves were considered to be linear over the temperature
range from 40 to 100 °C. The TEC was calculated from the gradient of the curve between 40 and
100 °C, yielding 16.6 + 0.5 ppm / °C for GegAsz4SeissTess s at. % and 19.5 + 0.5 ppm/ °C for
GeyoSbipSeqq at. %.
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Fig. 1. The thermal expansion coefficient (TEC) curves over the temperature range from 40
to 100 °C for (a) GegAsyqSe5.5Teqq 5 at. % (Ge-As-Se-Te) and (b) GeypSbigSerg at. %o
(Ge-Sb-Se). Linear fits (R2 =1) were performed to obtain the values of the TEC for both
glasses.
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4. Results and discussion

4.1. Determining the thermo-optic coefficient of the Ge,ySbioSeqy at. % and Ge sAS4
SessTesws at. % thin films

The transmission spectra of the GeypSbigSerg at. % (i.e. Ge-Sb-Se) and GegAsraSerssTess s
at. % (i.e. Ge-As-Se-Te) thin films at normal incidence at measured temperatures of 21.6 °C
and 74.6 °C are shown in Figs. 2(a) and 2(b). The absolute transmittance values shown for
Ge-Sb-Se and Ge-As-Se-Te in Figs. 2(a) and 2(b) are not directly comparable as different FTIR
beam apertures were used to ensure the beam traveled entirely through each sample.

065 1 (a)
06 -
0.55
05 -
045
04 -
035
03 : . ; : ;

Ge-Sb-Se at 21.6 °C
Ge-Sb-Se at 74.6 °C

Transmittance

0 5 10 15 20 25
Wavelength /um

Ge-As-Se-Te at 21.6 °C

Ge-As-Se-Te at 74.6 °C

Transmittance
© © o ©o o o o
N w H w [e)} ~N o]
)

0 5 10 15 20 25
Wavelength /um

Fig. 2. The transmission spectra were obtained by means of FTIR spectroscopy at normal
incidence of: (a) the GeygSbipSeyq at. % (Ge-Sb-Se) and (b) GegAs24Se5.5Teqq 5 at. %o
(Ge-As-Se-Te) chalcogenide glass thin films, each measured at both temperatures of 21.6 °C
and 74.6 °C.

In order to obtain thin film thickness at the lower temperature, the improved Swanepoel method
[21] was applied to determine the thickness of the Ge-Sb-Se thin film and of the Ge-As-Se-Te
thin film at the lower temperature yielding d; = 33.41 um and d; = 27.40 um, respectively. The
thickness can be determined to a standard deviation of precision of better than 0.02 um according
to [21]. To obtain the thickness at the higher temperature, the FTIR continuous dn / dT method
and the improved Swanepoel method can be applied. For FTIR continuous dn / dT method, the
TECs of Ge-Sb-Se and Ge-As-Se-Te were determined by TMA to be 22.4 ppm / °C and 16.6 ppm
/ °C within the temperature range from 40 to 100 °C, respectively, with an error of + 0.5 ppm
/ °C. In the temperature range from 21.6 to 74.6 °C, the TECs of Ge-Sb-Se and Ge-As-Se-Te
were assumed to be the same as those obtained within the temperature range from 40 to 100
°C. The thickness of the Ge-Sb-Se and Ge-As-Se-Te thin films at the temperature of 74.6 °C
can be determined using Eq. (3), yielding dj, = 33.445 um and dj, = 27.426 um, respectively. For
comparison, the improved Swanepoel method was applied to obtain the thickness of the Ge-Sb-Se
and Ge-As-Se-Te thin films at the temperature of 74.6 °C directly, yielding d; = 33.45 um and
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d;=27.43 um, respectively. The calculated TECs from the improved Swanepoel method were
22.6 ppm / °C for Ge-Sb-Se and 20.7 ppm / °C for Ge-As-Se-Te. The errors in comparison to
the results obtained from TMA are 15.9% and 24.7%. Since the improved Swanepoel can only
determine the thickness with a standard deviation of precision of < 0.02 um, it is not possible to
determine the TEC to a high accuracy using this approach.

The order numbers of each extremum in Figs. 2(a) and 2(b) were determined as described
in [21]. With m, d; and dj, of the Ge-Sb-Se and Ge-As-Se-Te thin films obtained, the refractive
index data points of Ge-Sb-Se and Ge-As-Se-Te at temperatures of 21.6 °C and 74.6 °C could
be determined according to Eq. (1), as shown in Figs. 3(a) and 3(b). The respective two-term
Sellmeier fits applied to the data points are shown in Fig. 3, and the Sellmeier coefficients for
the best fits are shown in Table 1. The R? coefficient of determination in Table 1 is a statistical
measure of how well the refractive index model fits the data points. An R? of 1 indicates that the
refractive index model perfectly fit the data, and here ranges from 0.9996 to 0.9999.

2.6 3.26 -
X Ge-Sb-Seat21.6 °C X Ge-As-Se-Te at 21.6 °C
258 4 |
Ge-Sb-Se at 74.6 °C 3.24 Ge-As-Se-Te at 74.6 °C
x 2.56 1 Sellmeier fits 3.22 Sellmeier fits
xX

9 254 (X
2 T 37

2.52 S
o o
3 2 3.18
0 25 =]
2 E 3.16
‘© 248 - %
[ 4

2.46 - 3.14 A

244 3.12 4

2.42 : : r r , 3.1 . : . . \

0 5 10 15 20 25 0 5 10 15 20 25
Wavelength /um Wavelength /um

Fig. 3. The refractive indices at different temperatures obtained using the method proposed
in this paper for: (a) GeygSbigSe7g at. % (Ge-Sb-Se) and (b) GegAs24Ses5.5Teqq 5 at. Jo
(Ge-As-Se-Te), together with the best Sellmeier fits whose coefficients are shown in Table 1.

Table 1. Sellmeier coefficients for GeyoSb1oSe7o at. % (Ge-Sb-Se) and Ge1gAsasSei55Teqs s at. %
(Ge-As-Se-Te) thin films from the FTIR continuous dn/ dT method described in this paper, and
directly using the improved Swanepoel method [21].

Sellmeier coefficients A By By Cy (&) R?

Ge-Sb-Se @ 21.6 °C (the FTIR continuous dn / dT method) 3774 2.655 0.9775 04213 3845 0.9996
Ge-Sb-Se @ 74.6 °C (the FTIR continuous dn / dT method) 3781 2.658 0.9933 0.4252 38.71 0.9996
Ge-Sb-Se @ 74.6 °C (Improved Swanepoel) 5.034 1405 1.071 0.5653 39.67 0.9996
Ge-As-Se-Te @ 21.6 °C (the FTIR continuous dn / dT method) 6.603 3.468 1.830 0.6684 57.89 0.9999
Ge-As-Se-Te @ 74.6 °C (the FTIR continuous dn / dT method) 7.159 2979 2.174 0.7299 62.20 0.9999
Ge-As-Se-Te @ 74.6 °C (Improved Swanepoel) 6.959 3.169 1964 0.7106 59.59 0.9999

The refractive index dispersion of the Ge-Sb-Se and Ge-As-Se-Te thin films at the temperature
of 74.6 °C was also obtained directly from the improved Swanepoel method. For comparison
purposes, the Sellmeier coefficients so obtained are shown in Table 1. However, these results
are not presented in Fig. 3 as they are indistinguishable from the results of the FTIR continuous
dn / dT method with differences in refractive index of only 0.0007 for Ge-Sb-Se and 0.0015 for
Ge-As-Se-Te over the wavelength range from 2 to 25 pm.

According to Eq. (6), the thermo-optic coefficients of the Ge-Sb-Se and Ge-As-Se-Te thin
films at any wavelength over the wavelength range from 2 to 25 um can be obtained using the
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Sellmeier coeflicients in Table 1. The results obtained from the FTIR continuous dn / dT method
are shown as the solid curves in Fig. 4(a) and 4(b), respectively, and the results obtained directly
from the improved Swanepoel method are displayed as dash lines.
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Q'\E Ge-Sb-Se (present work) l, % 260 Ge-As-Se-Te (present work)
\& AT aeee Ge-Sb-Se (Swanepoel) ¢ \% o . To==c Ge-As-Se-Te (Swanepoel)
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Fig. 4. The thermo-optic coefficient of: (a) GeogSbjgSerq at. % (Ge-Sb-Se), compared with
the results from prism minimum deviation measurements, and (b) Ge|gAsy4Se5.5Teqq 5 at.
% (Ge-As-Se-Te) compared with the results from prism measurement. The thermo-optic
coeflicients of Ge-Sb-Se and Ge-As-Se-Te obtained directly from the improved Swanepoel
method [21] are also displayed as the dashed curves. The measurement precision error of
the results obtained from the improved Swanepoel method is + 75.5 ppm/ °C and is too large
to present on the Figures.

4.2.  Error analysis of dn/dT measurements

The possible sources of errors on the dn / dT measurements using the FTIR continuous dn / dT
method are from Ad (error in determining the average thickness at lower temperature d;), AT
(thermal stability), ATEC (error of the measured thermal expansion coefficient measured using
TMA), the error in the Sellmeier fit to refractive index dispersion and the error caused from
determining the wavelength of the maxima and minima of the fringes.

According to [21], the improved Swanepoel method can determine the average thickness with
a standard deviation of precision of less than 0.02 um. For the Ge-Sb-Se and Ge-As-Se-Te thin
films used in the previous section, this standard deviation error will lead to a low error of less
than +0.02 ppm / °C in calculating the dn / d7, which implies that the FTIR continuous dn / dT
method is not sensitive to the average thickness d.

In the experiment, the error in measuring the temperature range (d7 =T}, - T;) was < 0.5 °C.
A 0.5 °C error in dT will lead to an error of = 1.5 ppm / °C in determining the dn / dT for the
Ge-Sb-Se glass and an error of + 2.6 ppm / °C in determining the dn / dT for the Ge-As-Se-Te glass.
The thermal expansion coefficients were measured by means of TMA to an error of + 0.5 ppm /
°C. This ATEC error will result in an error of + 2.0 ppm / °C in determining dn/dT for Ge-Sb-Se
and an error of + 1.4 ppm / °C in determining dn /dT for Ge-As-Se-Te.

For the two-term Sellmeier fitting, depending on the choice of the resonant wavelengths C,,,
several different sets of Sellmeier coefficients can be obtained [22]. Different fits to the same
refractive index data points may yield different sets of Sellmeier coefficients with the same R.
To investigate the error on the dn / dT caused by the different Sellmeier fits, the refractive index
at the lower temperature, n;, and the refractive index at the higher temperature, nj, of Ge-Sb-Se
and Ge-As-Se-Te were each fitted in five different ways to the two-term Sellmeier model. The
thermo-optic coefficients of As-Se and Ge-As-Se-Te obtained using these five different sets
of Sellmeier coeflicients (see Table 2) are shown in Fig. 5. From Fig. 5, it is found that the
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maximum variation in thermo-optic coefficient when using the five different Sellmeier fits is less
than + 3.5 ppm / °C for both Ge-Sb-Se and Ge-As-Se-Te over the wavelength range from 2 to
20 um. Since few data points are located in the wavelength range from 20 to 25 um (3 data points
for Ge-Sb-Se and Ge-As-Se-Te), and they were affected by strong multi-phonon absorptions, as
shown in Fig. 2, the error from the fit to the data points was increased in this longer wavelength
range. This leads to a significant error (up to+ 12.5ppm / °C at a wavelength of 25 pm for
Ge-As-Se-Te) in determining the dn / dT within this wavelength region, as shown in Fig. 5.
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Fig. 5. The thermo-optic coefficients of (a) GeyySbigSe7p at. % and (b)
GegAso4Se s sTeqq s at. % obtained using five sets of different Sellmeier fits (shown in
Table 2) to the refractive index data points. The envelope of the dotted line shows the
maximum variation over the wavelength range from 2 um to 20 um.

In the FTIR thin film measurement, the resolution used was 4 cm™!, and the step size of the
FTIR spectrum data points was less than 0.4 nm. For Ge-As-Se-Te, this step size will introduce
an error of < +0.00032 in refractive index at a wavelength of 2 um, and the error will decrease to
< £+ 0.00002 in refractive index at wavelengths above 20 pm. Therefore, this will caused an error
of 12.0ppm / °C in dn / dT at a wavelength of 2 um, and the error will decrease to < + 1.2 ppm
/ °C in dn / dT at wavelengths above 20 um. For Ge-Sb-Se, this step size will introduce an
error of < +0.00026 in refractive index at a wavelength of 2 um, and the error will decrease to
< +0.00002 in refractive index at wavelengths above 20 um. Therefore, this will caused an error
of 9.4 ppm/°C in dn / dT at a wavelength of 2 um, and the error will decrease to <+ 1 ppm/ °C
in dn / dT at wavelengths above 20 pm.

To sum up, the error in the dn / dT measurements using the FTIR continuous dn / dT method
is mainly attributed to AT (thermal stability), ATEC (error of the measured thermal expansion
coefficient by TMA), the error of the Sellmeier fit and the error caused from determining the
wavelengths of the maxima and minima of the fringes. The total error of this technique at the
selected wavelengths of 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 um is shown in Table 3. When
determining the thermo-optic coefficient of low- dn / dT chalcogenide glasses at a wavelength
of 2 um, the error of this technique is less than + 16.4 ppm / °C, and the error will decrease
to+7.9ppm / °C in determining dn / dT at a wavelength of 20 um, as shown in Table 3. Table 3
also shows that when determining the thermo-optic coefficient of a high- dn / dT chalcogenide
glass, the error of this technique is less than+ 19.5 ppm / °C at a wavelength of 2 um, and
decrease to + 8.7 ppm / °C at a wavelength of 20 um. At wavelengths below 6 um, the error will
be dominated by the error in determining the absolute wavelengths of maxima and minima of the
fringes. At wavelengths above 20 pm, the error will be dominated by the error of the Sellmeier
fits. In contrast, the standard deviation of precision in determining the refractive index from the
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Table 2. The different sets of Sellmeier coefficients to the refractive index data points of
GegoSb1oSe7g at. % (Ge-Sb-Se) and GeigAsasSe 55Tess 5 at. % (Ge-As-Se-Te).

Sellmeier coefficients A By By Cy Cy R?
Ge-Sb-Se
Sellmeier 1 @ 21.6 °C 3.774 2.655 0.9775 0.4213 38.45 0.9996
Sellmeier 1 @ 74.6 °C 3.781 2.658 0.9933 0.4252 38.71 0.9996
Sellmeier 2 @ 21.6 °C 3.644 2.784 0.9775 0.4121 38.46 0.9996
Sellmeier 2 @ 74.6 °C 4.440 2.000 1.019 0.4838 39.03 0.9996
Sellmeier 3 @ 21.6 °C 3.848 2.580 0.9920 0.4267 38.65 0.9996
Sellmeier 3 @ 74.6 °C 4.162 2.277 1.006 0.4564 38.87 0.9996
Sellmeier 4 @ 21.6 °C 3.885 2.544 0.9803 0.4297 38.49 0.9996
Sellmeier 4 @ 74.6 °C 3.858 2.581 0.9952 0.4309 38.74 0.9996
Sellmeier 5 @ 21.6 °C 3.740 2.688 0.9766 0.4189 38.44 0.9996
Sellmeier 5 @ 74.6 °C 3.749 2.689 0.9924 0.4229 38.70 0.9996
Ge-As-Se-Te

Sellmeier 1 @ 21.6 °C 6.603 3.468 1.830 0.6684 57.89 0.9999
Sellmeier 1 @ 74.6 °C 7.159 2.979 2.174 0.7299 62.20 0.9999
Sellmeier 2 @ 21.6 °C 6.974 3.099 2.041 0.5514 51.53 0.9999
Sellmeier 2 @ 74.6 °C 5.221 4912 1.448 0.5845 52.72 0.9999
Sellmeier 3 @ 21.6 °C 4.755 5.313 1.372 0.5514 51.53 0.9999
Sellmeier 3 @ 74.6 °C 6.703 3.434 1.865 0.6859 58.35 0.9999
Sellmeier 4 @ 21.6 °C 6.202 3.869 1.737 0.6368 56.73 0.9999
Sellmeier 4 @ 74.6 °C 6.457 3.679 1.762 0.6657 57.0 0.9999
Sellmeier 5 @ 21.6 °C 5.867 4.203 1.644 0.6143 55.56 0.9999
Sellmeier 5 @ 74.6 °C 7.054 3.084 2.138 0.7189 61.79 0.9999

improved Swanepoel method is less than 0.002, which will lead to a +75.5 ppm / °C error in the
thermo-optic coefficient in the worst case. Therefore, adopting the improved Swanepoel method
directly cannot accurately determine the thermo-optic coefficient of chalcogenide glasses. Unlike
the improved Swanepoel method, the FTIR continuous dn / d7T° method is not so sensitive to
average thickness and TEC. This is discussed further in the following section.

Table 3. Different sources of errors and the total errors in determining the dn/dT of GeyoSb1oSe7g
at. % (Ge-Sb-Se) and GegAsasSeq55Teqs 5 at. % (Ge-As-Se-Te) over the wavelength range from 2 to
20 pm.

Wavelength / um 2 4 6 8 10 12 14 16 18 20
Error (Ge-Sb-Se) / ppm / °C +164 +11.7 =+10.1 94 89 86 83 81 8.0 <79
Error (Ge-As-Se-Te) /ppm /°C ~ +19.5 =x13.5 +11.5 105 9.8 94 92 9.0 8.8 8.7

4.3. Discussion

Figures 2(a) and 2(b) both show that the extrema of the fringes shift to longer wavelengths
with increasing temperature. This is consistent with both thermal expansion and a positive
thermo-optic coefficient. The shift in wavelength of each extremum observed for Ge-As-Se-Te in
Fig. 2(b) is larger than that for Ge-Sb-Se shown in Fig. 2(a). The TEC of Ge-Sb-Se measured
using the TMA is larger than that of Ge-As-Se-Te, so this observation is consistent with the larger
positive thermo-optic coefficient for Ge-As-Se-Te presented in Fig. 4.
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According to [24], the resonant wavelength C in the two-term Sellmeier model is that
wavelength which corresponds to the position of optical band gap of a material and the
other resonant wavelength C, in the MIR region corresponds to the location of the fundamental
vibrational absorption band. The results presented in Table 1 suggest that the resonant wavelengths
in the optical band-gap short wavelength region, C, and the MIR fundamental vibrational
resonant absorption wavelengths, C», of Ge-Sb-Se and Ge-As-Se-Te were shifted towards longer
wavelengths as the temperature was increased from 21.6 °C to 74.6 °C. This may be summarized
as a red shift of the optical bandgap and the fundamental vibrational absorption band with
increasing temperature for both the Ge-Sb-Se and Ge-As-Se-Te chalcogenide glasses. In order
to confirm red shift of the optical bandgap and the fundamental vibrational absorption band
of Ge-Sb-Se and Ge-As-Se-Te, the FTIR absorption spectra for Ge-Sb-Se and Ge-As-Se-Te at
temperatures of 21.8 £0.2 °C, 37.8 £ 0.2 °C, 55.9 £ 0.3 °C and 74.0 + 0.3 °C over the wavelength
range from 1 to 25 um were obtained, as shown in Fig. 6(a) and 6(b), respectively. For Ge-Sb-Se,
the electronic absorption edge locates at a wavelength < 1 um (see Fig. 6(a)), but no detailed
bandgap information is available. From the inset to Fig. 6(a), the multiphonon absorption band
at 17.7 um was observed to red shift as temperature was increased. For Ge-As-Se-Te, inset (i) to
Fig. 6(b) appears to show that the optical band gap shifts to longer wavelengths when increasing
the temperature. From inset (ii) to Fig. 6(b), the shoulder at 18.9 um caused by the multiphonon
absorption was observed to shift towards longer wavelengths when increasing the temperature.
These observations are in good agreement with the shifts suggested by the resonant wavelengths
in the two-term Sellmeier model.

Figure 4 shows that the dn / dT over the temperature range from 21.6 to 74.6 °C of Ge-Sb-Se
and Ge-As-Se-Te decreases with increasing wavelength in the shorter wavelength region, which
is due to the red shift of the optical band gap with temperature. The dn / dT behavior from 2
to 12 um is in good agreement with the published dn / dT behavior of Ge-As-Se glasses [16].
At wavelengths > 20 um, the dn / dT over the temperature range from 21.6 to 74.6 °C starts to
increase with wavelength as shown in Fig. 4 This is attributed to the red shift of the fundamental
multi-phonon absorption band with temperature as discussed above. For comparison purposes,
the thermo-optic coefficients of a GeypSbigSe7g at. % prism and a GejgAsyaSerssTesqs at.
% prism measured by us at a wavelength of 3.1 um are given in Figs. 4(a) and 4(b), with a
measurement precision error of < £21.5 ppm / °C for GeyoSbpSeyp at. % and < £25.6 ppm / °C
for GejgAsysSessTess s at. %o.

From Fig. 4(a), the difference between the dn / dT of Ge-Sb-Se obtained from the FTIR
continuous dn / dT method and that obtained from the prism minimum deviation measurement at
a wavelength of 3.1 um is less than < 9.0 ppm / °C, which is within the error in determining the
dn / dT using the minimum deviation method (+21.5 ppm / °C). The thermo-optic coefficient
obtained directly from the improved Swanepoel method is also shown as a function of wavelength
in Fig. 4(a). The difference between these results and those obtained from the FTIR continuous
dn / dT method is less than 13.7 ppm / °C from 2 to 25 um, which is caused by an extremely small
refractive index difference at the temperature of 74.6 °C (0.0007) between the FTIR continuous
dn / dT method and the improved Swanepoel method.

From Fig. 4(b), the difference between the dn / dT of Ge-As-Se-Te obtained from the FTIR
continuous dn / dT method and that obtained from the prism minimum deviation measurement at
a wavelength of 3.1 pm is < 0.7 ppm / °C. The thermo-optic coefficient for Ge-As-Se-Te obtained
from the improved Swanepoel method is 25.8 ppm / °C lower than the prism result as shown in
Fig. 4(b). In this case, the refractive index difference at the temperature of 74.6 °C between the
improved Swanepoel method and the FTIR continuous dn / dT method is less than 0.0015 at the
wavelength of 3.1 um, which leads to a ~28.3 ppm / °C difference in value of the dn / dT.

The error analysis showed that the FTIR continuous dn / dT" method could determine the dn
/ dT of Ge-Sb-Se and Ge-As-Se-Te chalcogenide glasses over the wavelength range from 6 to
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Fig. 6. The FTIR absorbance spectra of (a) a bulk ~ 3 mm optical path-length Ge,oSboSe7q
at. % (Ge-Sb-Se) and (b) a bulk ~ 1.5 mm optical path-length Ge|gAs24Se5.5Teqq 5 at. %o
(Ge-As-Se-Te) at temperatures of 21.8 £0.2 °C (blue), 37.8 £ 0.2 °C (red), 55.9+£0.3 °C
(green) and 74.0 £ 0.3 °C (purple) over the wavelength from 1 to 25 um. Inset to Fig. 6(a)
shows the red-shift of the multiphonon absorption at ~ 17.7 um for Ge-Sb-Se as temperature
increased. Inset (i) to Fig. 6(b) shows the red-shift of the optical bandgap for Ge-As-Se-Te
as temperature increased and inset (ii) to Fig. 6(b) shows the red-shift of the multiphonon
absorption shoulder as temperature increased.
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20 um and over the temperature range of 21.6 to 74.6 °C with a measurement precision error of
less than + 11.5 ppm/°C. This error is lower than that provided by the prism minimum deviation
measurement (+25.6 ppm / °C), the improved Swanepoel method (+75.5 ppm / °C).

5. Conclusions

The continuous thermo-optic coefficients (dn / dT) of the GeoSbigSe7g at. % and GejgAsy4Seis.s
Teys 5 glass thin films were successfully determined over the wavelength range from 2 to 20 um
and temperature range of 21.6 to 74.6 °C using a new method presented here, named for
convenience the FTIR continuous dn / dT method. The error analysis showed that the error of
this technique is less than + 11.5 ppm / °C over the wavelength range from 6 to 20 um. This
technique requires knowledge of the thickness of the thin film, its thermal expansion coefficient,
and interference transmission spectra at normal incidence at both a lower temperature and upper
temperature; here the temperature difference of these was 53 °C. A two-term Sellmeier model,
with one resonant electronic absorption near the optical bandgap and one resonant fundamental
vibrational absorption in the mid-infrared, was applied to describe the refractive index dispersion
at temperatures of 21.6 and 74.6 °C of the Ge(SbpSe7g at. % and GegAsysSessTess s at. %o
glass thin films over the wavelength range from 2 um to 25 pm. The red shifts of the optical
bandgap and the fundamental vibrational absorption band with increasing temperature from
21.6 to 74.6 °C were indicated by the values of the resonant wavelengths C; and C, in the
best Sellmeier fit. Compared to the improved Swanepoel method [21], the FTIR continuous
dn / dT method was not sensitive to the average thickness of the thin film and thus the error in
determining the thermo-optic coefficient is much smaller. Compared to the prism minimum
deviation method, the FTIR continuous dn / dT method provides a much lower error and the dn /
dT can be easily interpolated at arbitrary wavelengths over the wavelength range from 2 um to
20 um. To our best knowledge, it is the first time that the continuous thermo-optic coefficient
over this broad MIR region is reported.
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