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Supporting Information

0.1 Additional XANES Information

XANES waterfall plots for GST-2% and GST-4% (Fig. S1) indicate crystallization between
140°C and 150°C. Unlike GST and GST-6%, this is structure change occurs entirely be-
tween 140 °C and 150 °C; thus, the spectrum at 140 °C is fully amorphous and the spectrum
at 150 °C is fully crystalline. Data collection for GST-2% is truncated at 220 °C because the
thin film sample fell from the sample holder during in situ analysis.

In addition to the change in XANES spectra associated with crystallization, a decrease
in the weighting of the crystalline phase above 200 °C is evident in GST, GST-4%, and GST-
6%. This is may be due to the emergence of a third phase, the trigonal phase, at elevated
temperatures.! This phase features a similar local Ge environment to that of the rocksalt
phase, which would cause slight differences in XANES spectra. While minor changes in
XANES spectra, such as a decrease in white line intensity, are certainly reflected in the
linear combination fitting results, we note that the trigonal phase is only reported to form
between 200 °C and 300 °C at lower C concentrations.! However, we see here the onset of
this phase in all compositions (except GST-2%, for which the data is truncated at 220 °C,
and GST-12%, which never crystallized) irrespective of C-content. As a result, without
accompanying diffraction or EXAFS structural fits, we cannot conclude with certainty that
this behavior can be attributed to the formation of the trigonal phase.

The first derivative j—fbi of the normalized XANES for the lowest appropriate temperature
of each composition are shown in Fig. S3. Edge energies were chosen by selecting the first
inflection point of x(F), i.e., the first maximum of j—g. The edge energies of GST, GST-
2%, GST-4%, and GST-6% were nearly identical, although a slight shift to lower energy
with carbon content is observed. GST-12% underwent a more significant energy shift, an

increase of ~1.5¢V. It must be noted that since all XAS data were taken in fluorescence

mode as a result of their thick substrates, edge energies were not calibrated to a reference
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Figure S1: In situ XANES spectra for (a) GST-2% and (b) GST-4% show changes in the
white line intensity and post-edge features during heating. Representative ‘amorphous’
and ‘crystalline’ spectra for each composition were used as models for linear combination
fitting of (¢) GST-2% and (d) GST-4% spectra, demonstrating the abrupt crystallization
behavior. The reduced chi-square is below 5 x 1073 for both shown fits.
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Figure S2: In situ XANES spectra for GST-12%.



Ge foil. However, only a change as high as +0.5€V can realistically be attributed to an
instrument energy drift, so we maintain that the increase in edge energy in GST-12% is

physical.
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Figure S3: j—g for the lowest temperature (30 °C for GST, GST-4%, and GST-6%, 40 °C for
GST-2%, and 110 °C for GST-12%) normalized XAFS spectrum of each composition.

0.2 Additional EXAFS Information

Comparing Fourier transformed EXAFS spectra of each composition (at the lowest mea-
sured temperature: 30°C for GST, GST-4%, and GST-6%, 40 °C for GST-2%, and 110°C
for GST-12%) reveals the structural effect of carbon content. Note the feature centered
at 1.4 A that emerges in the doped samples and is the most intense in GST-12%. This is
associated with a Ge—C path corresponding to a Ge—C bond ~1.85 A long. While this path
is qualitatively visible in |x(R)|, the combination of the short path length, low scattering
factor of C, and low concentration of C makes it prone to distortion during data reduction,
particularly during background removal.? As a result, this path was not included in the
reported structural models.

The Fourier transformed EXAFS spectrum of amorphous GST is consistent with an

amorphous material. It contains a single strong feature which is modeled well using a
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Figure S4: EXAFS spectra in |x(R)| for the lowest temperature (30°C for GST, GST-4%,
and GST-6%, 40 °C for GST-2%, and 110 °C for GST-12%) of all compositions.

single coordination shell. In comparison, the spectrum at 150 °C changes drastically. The
first feature is pushed to higher R and broadens, likely as a result of an increase in Ge co-
ordination from ~ 4 to 6. Additionally, several features arise past this first feature, such as
at 3.5A and 4.25 A (Fig. S5). This is consistent with a more crystalline solid which displays
additional coordination shells past the first.

Crystalline spectra were not fit due to poor data quality and the elevated temperatures,
in which the length-dependency of ¢2,%* severely dampens the intensity of longer paths.
Cubic rocksalt and trigonal atomic models were fit to crystalline EXAFS spectra, however,
these fits were not presentable or physically meaningful enough to draw any conclusions

appropriate for publication.

0.3 Additional EXAFS Fitting Information

The following spectra were omitted from analysis: GST-2% at 120°C, GST-4% at 30 °C,
and GST-4% at 80°C. For the omitted GST-2% spectrum, unusually high levels of noise
and significant artifacts created nonphysical features in |y(R)| that disrupted trends in
R-factor and model fitting. For the omitted GST-4% XAFS spectra, XAS data were un-
expectedly truncated at high E, decreasing the k-range, and thus the resolution of the

Fourier-transformed spectra. Likewise, this incongruity in data quality made visualizing
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Figure S5: EXAFS spectra of GST at 140 °C (mostly amorphous) and 150 °C (crystalline).

data trends more difficult and thus, the data were omitted from figures.

EXAFS fitting series in which Ng._7. and Ng._g. were the constrained variables (in-
stead of 02, ;. and o%_ ) were attempted. A roughly linear increase in 02, ;. and
02, . with temperature was observed. However, the values of o did not increase steadily
and linearly, and the values retained a high level of uncertainty. We attribute this to a high
correlation between ¢, ;. and 02, .. In contrast, constraining ¢2, ;. and o2, .., as
reported in the main section, led to a weaker correlation between Ng._7. and Ng._g., and
thus to the steadier temperature-dependent behavior of the parameters.

Uncertainties in EXAFS fitting parameters (error bars in figures and + values in tables)
are automatically calculated in LARCH, which utilizes the UNCERTAINTIES python package

to generate standard error values.®> The error bars denoted in N - 02 versus temperature

Standard Errory |

plots are normalized to the value of o2 as follows: Standard Errory.,2 = =

(N -0?). Note that since o is held constant, only N has an associated standard error value.
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Figure S6: An example of an EXAFS fit of GST at 30°C using a free model. The signal
contributions in |x(R)| and Re[x(R)] of the Ge—Te and Ge—Ge paths are shown in red and
yellow, respectively.
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Figure S7: Additional EXAFS fits. Room temperature fits to room temperature spectra
for (a) GST-4% and (d) GST-6%, room temperature models placed over high temperature
amorphous spectra for (b) GST-4% and (e) GST-6%, and resulting fits of high temperature
spectra following the constrained fitting method for (¢) GST-4% and (f) GST-6%.
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Figure S8: Results of the constrained fitting method, showing N¢. ¢. - 02, . versus tem-
perature for each composition. The large error bars demonstrate the uncertainty regarding
the Ge—Ge path in this study.



Table S1: EXAFS fitting results for lowest temperature spectrum of each composition. Un-
certainties of fitting parameters are automatically calculated using LARCH, which employs
the UNCERTAINTIES package to determine standard error.”

GST

Temperature = 30°C

R-factor = 0.0081

S =0.75

Bond N &+ rd) +@& o2 (A + (AY)
Ge—Ge 0.48 0.64 2.464 0.0339 0.0023 0.6249
Ge—Te 3.09 0.25 2.6227 0.0129 0.0050 0.0015

GST-2%

Temperature = 30°C

R-factor = 0.0047

S =0.75

Bond N  + rd  +A) o2 (R2) + (&Y
Ge—Ge 0.16 0.59 2.4874 0.1055 0.0028 0.0337
Ge—Te 2.87 0.20 2.6185 0.0086 0.0046 0.0014

GST-4%

Temperature = 40°C

R-factor = 0.0183

S =0.75

Bond N &+ rd) +@ o2 (A + (A?)
Ge—Ge 0.43 0.86 2.4750 0.0528 0.0021 0.2139
Ge—Te 3.19 0.40 2.6292 0.0195 0.0057 0.0021

GST-6%

Temperature = 30°C

R-factor = 0.0079

S =0.75

Bond N &+ rd) @ o2 (A + (A?)
Ge—Ge 0.26 1.05 2.4820 0.1128 0.0020 0.0055
Ge—Te 2.90 0.26 2.6182 0.0115 0.0039 0.0028

GST-12%
Temperature = 110°C

R-factor = 0.0243

S =0.75

Bond N &+ rd) @ o2 (A + (A?)
Ge—Ge 0.93 5.48 2.4885 0.0806 0.0100 0.0300
Ge—Te 3.10 0.48 2.6175 0.0101 0.0062 0.0018




Table S2: Linear regressions of Ng._1. - 0. 7. and Nge_ge - 04._ . VEIsus temperature.

Ge—Te Ge—Ge
Composition Slope (x107°) R? Slope (x107%) R?
GST -1.39 0.54 —-3.4 0.41
GST-2% —1.12 0.79 —-0.9 0.15
GST-4% —-1.13 0.51 —-1.2 0.55
GST-6% —-1.64 0.85 —4.25 0.16
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