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Abstract: Phase-change materials, such as the well-known ternary alloy Ge;Sb,Tes, are
essential to many types of photonic devices, from re-writeable optical disk memories to more
recent developments such as phase-change displays, reconfigurable optical metasurfaces, and
integrated phase-change photonic devices and systems. The successful design and development
of such applications and devices requires accurate knowledge of the complex refractive index of
the phase-change material being used. To this end, it is common practice to rely on published
experimental refractive index data. However, published values can vary quite significantly for
notionally the same composition, no doubt due to variations in fabrication/deposition processes.
Rather than rely on published data, a more reliable approach to index determination is to
measure the properties of as-fabricated films, and this is usually carried out using specialized and
dedicated ellipsometric equipment. In this paper, we propose a simple and effective alternative to
ellipsometry, based on spectroscopic reflectance measurements of Fabry—Perot phase-change
nanocavities. We describe this alternative approach in detail, apply it to measurement of the
complex index of the archetypal phase-change materials Ge,Sb, Tes and GeTe, and compare the
results to those obtained using conventional ellipsometry, where we find good agreement.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

Novel device technologies based on the use of chalcogenide phase-change materials (PCMs),
whose refractive index can be controlled on-demand, are currently the subject of many fascinating
research trends [1-4]. These include PCM-based reconfigurable reflective displays [1,3], tuneable
filters [2], perfect absorbers/modulators [4], devices for active wavefront shaping [5], and
integrated phase-change photonic memories and processors [6—8]. This is of course in addition
to the use of PCMs in more conventional non-volatile optical (and electrical) memories (see
e.g., [9,10]). A particularly well known and well explored PCM composition is the ternary alloy
Ge,Sb,yTes (or GST for short), which exhibits a high electro-optical contrast between amorphous
and crystalline states (i.e., contrast in its complex refractive index and electrical resistivity),
has fast switching times between states, can be switched between states hundreds of billions of
times, and has excellent long-term stability [11-13]. However, in spite of GST’s long history and
ubiquity, its basic optical properties, i.e. its complex refractive index (index, n, and extinction
coefficient, k), as reported in the literature, suffer from a considerable degree of variability. For
example, shown in Fig. 1 are two greatly differing data sets for the complex refractive index
of GST in the near infrared (NIR), corresponding to the lower and higher bounds found in the
literature [14,15]. Differences (between the two bounds) in the index n and extinction coefficient
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k of up to Ang, = 1.2 and Ak, =0.9 can be seen for the amorphous phase of GST [Fig. 1(a)],
and An., =2.7 and Ak, =2.8 for the crystalline phase [Fig. 1(b)].
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Fig. 1. Optical properties (complex refractive index) for (a) amorphous and (b) crystalline
(fcc) GeySbyTes, as reported in literature [14, 15]. Left axis (and blue lines) refers to the
refractive index, whereas the right axis (and red lines) report the extinction coefficient. As
visible, for the same material, the optical properties found in published data vary widely
from reference to reference.

The origin of such a substantial difference in the reported »n and k values, for notionally the
same material, can no doubt be attributed to variations in fabrication/deposition conditions, which
can have a significant effect on as-fabricated physical properties [16]. Such variations include
differences in deposition rates, temperatures and pressures, aging of the target material, substrate
material, layer thicknesses, surface properties, etc. [16—20]. Nevertheless, obtaining reliable
data on the optical properties of as-fabricated PCM thin films is essential for the successful
design, fabrication and characterization of photonic devices involving their use. Relying on
published literature values, however, might not be the most accurate approach, as evidenced by
the example of the variations in published data shown in Fig. 1 for GST. Ideally, the n and k
values of PCM films should be evaluated for each new set of deposition conditions and for each
deposition machine. Such an evaluation is traditionally carried out using ellipsometry, but such a
methodology might not always be available. Alternative techniques do of course exist and, as in
ellipsometry, most of them are based on retrieval of the optical amplitude and phase information
from the sample under test, which are then used to obtain indirect n and k measurements via
post-processing algorithms. For example, the combination of frequency-spectroscopy (which
provides amplitude quantification) with interferometry (which allows measurement of optical
phase) has been proposed as an accurate way to measure the refractive indices of thin films or
liquids [21-24]. Other methods where the phase retrieval is accessible (such as time-domain
spectroscopy) have also been employed successfully for the same purpose [25]. These techniques
have shown good effectiveness, but in general require complex experimental setups and processing
algorithms. On the other hand, frequency-domain spectroscopy by itself gives quantitative
information about the amplitude of light absorbed, transmitted and reflected after interaction
with a specimen, which directly depends on the n and k values of the sample under test. However,
this technique provides amplitude quantification only, since the optical phase information is lost
[22]. Such a lack of phase information makes the extraction of accurate complex refractive index
data difficult, since multiple n and k solutions can reproduce the same reflectance/transmittance
spectra. In this paper, therefore, we propose a simple but effective method to extract accurately the
n and k values of thin PCM films, based on spectroscopic reflectance measurements. Restriction
of multiple (n and k) solutions is achieved by performing the measurements on structures forming
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absorbing Fabry-Perot cavities, which possess unique key mapping features, i.e. reflectance at
resonance, resonant wavelength A,.; and Q factor. Our analyses have been performed over thin
films made of two different and very widely employed PCM compositions, namely Ge,Sb,Tes
(GST) and GeTe, working in the near infrared region of the spectrum (which is important for
many emerging nanophotonic applications of PCMs (see e.g., [2-8]).

2. Background

Figure 2(a) displays the schematics of a simple Fabry-Perot (FP) cavity, here consisting of a
tri-layer stack formed by a bottom metal plane, and a dielectric layer surrounded by air. The total
reflected electric field, E,,, for an input electric field, Eo,, , can be solved by superposing a series
of secondary beams arising from internal reflections inside the cavity [22,26]:

Eour =7+ E()in (1a)

where Ej is the constant amplitude vector, and 7 is the (complex) reflection coefficient of the
layer stack, whose value can be calculated employing the Fresnel-Airy formula (available in
classic optics textbooks [26]), which for isotropic, non-magnetic materials and under normal
incidence becomes, for both s- and p- polarizations,

IO rp
L T tipea™
f= ——mm—— (1b)
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where 7; are the complex-valued Fresnel reflection coefficients under normal incidence (i.e.,
7y = (n; — 7i;) [ (fi; + 7)), A is the wavelength, # is the thickness of the dielectric layer and 7; its
complex refractive index. As summarized in Fig. 2(b), the reflectance spectrum, R(1) = |#(1)|?,
of such a configuration is characterized by three key features: the Q factor, the resonant
wavelength, 4,.;, and the reflectance value at resonance, R(4,.;). In the case where 7i,(1) has
moderate optical losses, the wavelength at which FP resonances occur can be approximated by
the quarter-wave condition, due to reflection suppression arising from destructive interference
originated by propagative phase accumulation inside the cavity [26—28]. This leads to the
following relationship between the thickness ¢ of the layer, the resonant wavelength and the

refractive index: A
res
t ~

4n2

with m being an odd integer defining the FP resonance order.

In spite of the fact that information about the optical phase is lost when performing spectroscopy
measurements, such FP key features (d,e5, R(Ares) and Q = Ay5/AQ) are still mapped in the
reflectance spectra, and depend exclusively on a unique value of the cavity complex refractive
index, 715(1) = ny(A) + iky (1), assuming that the thickness of the layer ¢ and the refractive indices
of the surrounding materials (7i; (1), i13(1)) are known a priori [26]. Our proposed method to
obtain the n and k values of PCM thin films is thus based around the uniqueness of the FP key
features in the reflectance spectrum, which restricts the possible acquisition of multiple fitting
solutions due to the lack of phase information. We obtain reflectance spectra for FP cavities
containing thin films of the target (for n and k determination) phase-change material, and then
fit to said reflectance spectrum using an algorithm that minimizes the fitting error. To restrict
the search space, where published values of the refractive index are available for a particular
PCM of interest, we use the maximum and minimum reported values of n and k to provide a
truncated parametric search space (where such values are not available, reasonable estimates of
maximum/minimum values can be used).

m @)
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Fig. 2. (a) Diagram and interference working principle of a simple tri-layer Fabry-Perot
cavity. (b) Characteristic features of a Fabry-Perot resonance which can be obtained via
reflectance measurements, i.e. spectral position of resonance (A.;), reflectance at resonance
(R(Ares)), and Q factor.

3. Methods

Fabry-Perot tri-layer cavities, where here the three layers comprise an aluminium bottom layer, a
GST or GeTe PCM layer, and a SiO, capping layer (which also protects the PCM layers from
oxidation) were fabricated on Si substrates using magnetron sputtering (in an Ar atmosphere at
a base pressure of 1077 mbar). Figures 3(a) and 3(b) show a schematic of the resulting layer
stacks, consisting of thin films of the investigated materials lying on top of an optically thick
(100 nm) reflective aluminium layer, and with a 10 nm SiO; top layer. We used aluminium for
the bottom layer since it is often used for phase-change based optical metasurfaces (see e.g.,
Refs. [3,4,5]), and does not diffuse into, and alloy with, chalcogenides on heating (unlike Au for
example). Any non-diffusive reflective metal would be suitable for this method however. Note
that published data on the refractive index of GST and GeTe (specifically from [14]) was used to
guide the choice of thickness of the PCM layers, using Eq. (2), to ensure that the FP resonance
occurred in the spectral region of interest (here 800 to 1600 nm). In cases where such data is
not available, samples with a range of PCM thicknesses might have to be fabricated, in order to
ensure a resonance in the required wavelength range.
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Fig. 3. Dimensions and materials of the fabricated cavities for (a) amorphous and crystalline
GST and (b) amorphous and crystalline GeTe, all fabricated using magnetron sputtering on
Si/SiO; substrates and capped by 10 nm SiO, layer.

Energy dispersive X-ray spectroscopy (EDS) measurements were performed on the as-sputtered
films to confirm their correct composition after deposition. X-ray diffraction measurements
(XRD) were made after fabrication (to corroborate that the as-sputtered films were in the
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amorphous phase) and contact atomic force microscopy (AFM) scans were carried out to
obtain the cavity thicknesses. Crystallization of the films was thermally induced via hot plate
annealing at 200 °C for 10 minutes, and the phase transition (crystallinity of the layers) was
confirmed afterward via further XRD measurements. Film thicknesses were re-measured after
crystallization to account for any volume reduction [29] on switching from the amorphous to
crystalline phase. The reflectance spectra of the GST and GeTe FP cavities were then measured
over a wavelength range from 800 nm to 1600 nm using a JASCO 5300 micro-spectrophotometer.
These measurements were normalized against a calibrated aluminium mirror of known reflectance,
with the detector noise subtracted. The n and k values of the investigated PCM cavities (shown
in Fig. 3) were then obtained by an iterative fitting approach, as described in detail below.
Finally, the reliability/accuracy of our proposed Fabry-Perot reflectance spectroscopy method was
assessed by comparison of the obtained refractive indices with those obtained from ellipsometry
measurements over the same samples. Ellipsometry data was gathered using a J.A. Woollam
M2000 ellipsometer at three different angles, 55°, 65° and 75°.

4. Results
4.1. Determination of n and k for Ge, Sb, Tes

The measured reflectance spectra of the GST Fabry-Perot cavities for amorphous and crystalline
phases are shown in Figs. 4(a) and 4(b). A FP absorbing resonance can be identified from the
experimental results at 4,,; ~1100 nm for the amorphous phase [Fig. 4(a)] and A,,; ~1420nm
[Fig. 4(b)] after crystallization, with the resonance of the crystalline phase being broadened
(damped). The origin of such a spectral red-shift and damping is due to the characteristic increase
of both the refractive index and the extinction coefficient of GST following crystallization. Also
shown in the figures are simulated (using the transfer matrix method (TMM) [30]) reflectance
spectra using published n and k data sets (taken here from Refs. [14] and [15], but other published
data is also available, see e.g., [31,32]). Since reported n and k values for GST vary quite
significantly, as already pointed out above, there is also a significant variation in the simulated
reflectance spectra shown in Fig. 4, reinforcing the point that relying on published » and k data
can be misleading and inappropriate.
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Fig. 4. Experimental reflectance spectra of GST Fabry-Perot cavities, compared to
simulations using n and k values reported in references [14] and [15], with (a) the GST layer
in the amorphous phase, and (b) in crystalline phase.

Also evident from Fig. 4 is the fact that the measured reflectance spectra lie completely within
the reflectance range arising from simulated spectra, suggesting that the n and k values of the
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GST films used to fabricate the FP cavities lie within the range of the values used to calculate
the simulated spectra (i.e., within the range of values reported in Refs. [14] and [15] in this
case). This allows us to use a truncated parametric search space for our k and n extraction
algorithm. More specifically, we calculate the complex index 7i(2) of the PCM films in this case
via a weighted average of published values, using the equation

) = ) wiiti) (3)

where w; is the i reference weight (lying between 0 and 1) and 2. wi = 1 (we highlight that each
w; is applied to the whole 7i(2) dispersion, i.e. the weights here are not dependent on 1). The
weights w; are found by minimization of the mean-square error (MSE) between the measured and
calculated reflectance spectra for the FP cavities. To minimize the MSE we used a pattern-search
algorithm, due to its flexibility to span over multi-dimensional search spaces, its capability to
avoid shallow local w; solution minima (a merit of the convex objective function), and a relatively
fast convergence time. In a little more detail, to find the 7i(1) solution, we first generate a random
weight set w;, which yields a trial solution 7i(1) from Eq. (3). The trial solution is used by the
TMM solver, which outputs the related reflectance spectrum, R 4(1). We then find the MSE
according to:

1 m
MSE = E Z (Rcalc(/lj) - Rexp(/lf))z @
J

where R,y is the experimentally obtained reflectance spectrum. Equation (4) is then fed to the
pattern-search algorithm as its objective function, to generate a new weight set in w; Eq. (3),
with the scope of minimizing the objective function output in an iterative process until a desired
minimum MSE is reached. The complex refractive indices of the other materials in the cavities,
i.e. and SiO; and Al, were taken from Refs. [33] and [34], and we note that only marginal
differences in reported n and k values for these materials (of An=1.5% and Ak =0.6% within
the spectral range of our analysis) are reported in the literature [33—38]. All calculations were
performed using a regularly spaced selection of wavelengths, with a 5 nm step, as a finer stepping
did not improve the fit quality. Note that a step-by-step guide and flowchart for the fitting
algorithm is given in the appendix, and the code is available to download from [39].

We now present the results for GST for both amorphous and crystalline states. To obtain
a suitable n(1) and k(1) solution, we here restricted the search space to the maximum and
minimum values in n and k reported in Refs. [14] and [15] (but note that instead of literature
values reasonable estimates can be made of the likely maximum/minimum range in which n
and k will be found). Figures 5(a) and 5(b) show the resulting extracted values of n and k for
the amorphous phase. Also shown in the figures are the n and k values determined by our own
direct ellipsometric measurements of our samples, revealing excellent agreement between values
extracted by fitting to the reflectance spectra and those from ellipsometry (note that the MSE in
¥ and 4 for our ellipsometric measurements was small, always less than 5). Indeed to quantify
the level of agreement between these two cases we find the average error for n (E) and k (E)
and the relative error, £, which we define as:

_ ‘(QV(/D = qei(A))
Qel(/l)

with g, = (n,,k,) being the estimation and g.; = (n, k.;) referring to the ellipsometrically
measured parameters. Thus, for the cases of Figs. 5(a) and 5(b) the average and relative errors
are respectively An=0.021, Z(n) =0.55% and Ak =0.017, £(k) = 6.85%, over the wavelength
range shown. Finally, in Fig. 5(c) we plot the measured amorphous reflectance spectrum and

(g, ) ®
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compare it to simulations using n and k values obtained numerically, and those obtained by our
own ellipsometric measurements. In both cases we obtain a much better fit than that obtained
using literature values [14,15] for n and k (MSE of 0.0018 cf. of 0.095 and 0.0281 for reflectance
calculated using reference datasets).
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Fig. 5. (a-b) Refractive index (a) and extinction coefficient (b) for our amorphous GST,
obtained with our simple method (blue solid lines) and compared to our ellipsometry
measurements (blue dashed lines) and literature values from Refs. [14, 15] (grey lines). (c)
Measured reflectance spectrum for amorphous GST (black line) against simulated spectra
employing n and k values obtained from our simple method (blue solid line), from our
ellipsometry measurements (blue dashed line) and from literature (grey lines) [14, 15].

The equivalent results to those of Fig. 5 but for the crystalline phase of GST are shown in
Fig. 6. In line with the previous fitting for amorphous GST, a good agreement is apparent between
the values for n [Fig. 6(a)] and k [Fig. 6(b)] obtained via fitting to reflectance spectra and those
from our own ellipsometric measurements (in this case An=0.18, £(n) =4.54% and Ak =0.19,
Z(k) =25.1%). The corresponding reflectance spectra are shown in Fig. 6(c), where again the
agreement is good between the measured spectrum and that simulated using » and k values
obtained numerically and from our own ellipsometric measurements (MSE of 0.0059), but rather
poor in the case of literature values [14,15] (MSE of 0.12 and 0.056 respectively).
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Fig. 6. (a-b) Refractive index (a) and extinction coefficient (b) for our crystalline GST,
obtained with our simple method (red solid lines) and compared to our ellipsometry
measurements (pink dashed lines) and literature values from Refs. [14, 15] (grey lines). (c)
Measured reflectance spectrum for crystalline GST (black line) against spectra simulated
using n and k values obtained from our simple method (red solid line), from our ellipsometry
measurements (pink dashed lines) and from literature (grey lines) [14, 15].
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4.2. Determination of n and k for GeTe

Having demonstrated above the efficacy of our proposed method for the determination of the n
and k values for Ge,Sb,Tes from the reflectance spectra of Fabry-Perot nanocavities, we now
apply the same approach for probably what is the next most common/well-known phase-change
chalcogenide, namely GeTe. The FP cavity structure in this case was shown previously in
Fig. 3(b), and the solution space for n and k was this time truncated by employing maximum and
minimum values of n and k from Refs. [14] and [40] respectively.

Results in this case are shown in Fig. 7 and Fig. 8. Figures 7(a) and 7(b) show n and k for
amorphous GeTe, as determined using fitting to the FP reflectance spectrum, from our own
ellipsometry measurements and from Refs. [14] and [40]. Again, the values extracted from the
FP spectrum agree well with those obtained by our own ellipsometric measurements (the average
error in this case being An = 0.14 (Z(n) = 3.57%) and Ak = 0.043 (£(k) = 13.7%)), but differ from
the literature values. As would be expected, the FP reflectance spectrum simulated using the n
and k values obtained by fitting, see Fig. 7(c), matches well with the experimentally obtained
spectrum (with a MSE value of 0.0003), unlike the spectra simulated using literature values
(which indeed have MSE values of 0.055 and 0.062).
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Fig. 7. (a-b) Refractive index (a) and extinction coefficient (b), for our amorphous GeTe
obtained with our simple method (blue solid lines) and compared to our ellipsometry
measurements (blue dashed lines) and literature values from Refs. [14, 40] (grey lines).
(c) Measured reflectance spectrum for amorphous GeTe (black solid line) against spectra
simulated using n and & values obtained from our method (blue solid line), from our
ellipsometry measurements (blue dashed line) and from literature (grey lines) [14, 40].

Finally, results obtained from crystalline GeTe films are displayed in Fig. 8, with Figs. 8(a)
and 8(b) showing n and k extracted from FP spectra, from our own ellipsometric measurements
and from Refs. [14] and [40]. The agreement between FP-extracted values and our ellipsometry
values is not quite so good in this case [calculated average errors are An = 0.20 (£(n) = 3.21%)
and Ak=0.18 (£ (k) = 41.3%)], but again is much better than that with GeTe literature values. The
slightly less good fitting in this case of n and k values also leads, as would be expected, to a less
good fit between simulated and experimental FP reflectance spectra, as shown in Fig. 8(c), which
has an MSE of 0.0057. A closer agreement can be obtained by use of a wavelength-dependent
weight w(2) fitting (interpolated by use of a 3" order polynomial function) in combination with
the prioritising of fitting of weights around the resonant FP wavelength (the latter being done by
relaxing the constraints imposed by the literature values of 7 and k). Such an alternative fitting
is also shown in Fig. 8 (green lines), where the agreement with our own ellipsometric data is
significantly improved around the resonance wavelength (though deviates away from resonance).
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Fig. 8. (a-b) Refractive index (a) and extinction coefficient (b), for our crystalline GeTe,
obtained with our simple method (red and green solid lines) and compared to our ellipsometry
measurements (pink dashed lines) and literature values from Refs. [14, 40] (grey lines).
(c) Measured reflectance spectrum (black solid line) against spectra simulated using n
and k values obtained from our method (red and green solid lines), from our ellipsometry
measurements (pink dashed lines) and from literature (grey lines) [14, 40]. (Note that
the green lines shows results from the wavelength-dependent weight fitting approach, that
prioritises fitting at resonance).

5. Discussion and conclusions

We have demonstrated a way of determining, with a good degree of accuracy, the complex
refractive index of phase-change materials without the need for ellipsometry equipment and/or
complicated post-processing algorithms. The proposed methodology is based on simple
reflectance measurements of thin films forming Fabry—Perot absorbing nanocavities; this restricts
multiple (n and k) solutions, since the FP cavities possess unique mapping features (reflectance
at resonance, resonant wavelength A4,.; and Q factor). Although here we have concentrated on the
determination of n and k values over the near infrared spectral region, the method is extendable
to the visible, mid- and long-wave infrared red regions (where phase-change materials have many
interesting applications, see e.g., [1-3,9,15,41]), the only proviso being that the nanocavities
used (designed) should have a resonance in the relevant wavelength range.

Our proposed approach has been validated against ellipsometry measurements, and replicated
using two of the most common, well-known and technologically important chalcogenide phase-
change materials, namely Ge,Sb,Tes and GeTe. The foundation of our method lays in the
calculation of the refractive index through a purposely built optimization routine, which finds
the closest solution based on a linear combination of maximum and minimum literature data to
provide a truncated parametric search space (in cases where such data does not exist, reasonable
assumptions of the likely maximum/minimum ranges of n and k can be used instead). In
addition, the proposed algorithm provides a self-validation routine, as it is based on matching the
experimentally obtained FP reflectance spectra to theoretical spectra calculated via iteratively
obtained 7 and k values. Refractive index data obtained using our approach was found to be in
good agreement (low mean-square-error) with those obtained from ellipsometry measurements
of the same samples. Further improvement of the proposed methodology could be made via
performing wavelength-by-wavelength fittings within the solution space.

In conclusion, we believe that the herein proposed work can be used to obtain, and/or increase
the accuracy of, the n and k values of as-fabricated PCM thin films, without the need of
expensive ellipsometry equipment. Our method could be also used for characterization of other
(non-phase-change) materials, provided that literature values are available to create a solution
space, or that reasonable estimates can be made of the likely maximum/minimum range in which
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n and k will be found. This could be therefore a useful tool for researchers working in the general
field of nanophotonics and optical thin films.

Appendix

We here summarize each step of algorithm for determination of n and k using the approach
described in Sec. 4.1 of the main text.
Step 1: Generate a random weight set w;, with ), w; = 1 (as many weights as references)

Step 2: Construct a test index 7i(1), as 7i(1) = Y, w;ii; (1)

1

Step 3: Calculate the cavity reflectance R, via TMM, including the test index 7i(1)

Step 4: Compare the calculated and experimental reflectance spectra by building the mean
square error: MSE = L 27 (Reate(4)) = Rep(4)))?

Step 5: If the MSE is arbitrarily small (i.e. lower than a value set by the user), the solution
is found; otherwise, the algorithm returns to Step 1 and generates an improved w; set via
pattern-search method.

A flowchart for the above algorithm is also provided in Fig. 9.

Random
Number

MSE

MSE =
threshold

Pattern-Search
Optimization

— — threshold
W, fl test set

1 " *I_?ga]c
2 w4k \k‘ MM ’\/ o
i
! . m

— (Rcalc' Rexp) ¢

MSE <

threshold
resho fd)\

exp

Fig. 9. Flowchart describing the method for determination of » and k.
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