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Abstract

Advances in low-power, energy-efficient information storage and computing require
understanding and controlling the atomic and nanoscale structures of functional ma-
terials, such as phase-change materials. Phase-change memory technology enables
nonvolatile, low-power memory in devices by storing information through reversible
changes in a phase-change material’s atomic structure (i.e., transformations between
amorphous and crystalline phases) that have corresponding changes in properties, in-

cluding electronic resistivity and optical reflectivity. Here, we apply complementary
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X-ray absorption spectroscopy and X-ray pair distribution function analyses to exper-
imentally identify the local- and medium-range atomic structure differences of GeTe
and C-doped GeTe thin films. Upon controlled heating, composition- and temperature-
dependent atomic structure evolution in GeTe and C-doped GeTe films shows differ-
ences in bonding behavior and local structure that directly influence crystallization
onset temperature. We find that the introduction of C interrupts Ge—Ge bonds in
amorphous GeTe, altering the as-deposited structure to be more similar to the dis-
torted rocksalt structure of crystalline «—GeTe. The change alters the response of the
amorphous atomic structure to heating and also lowers the crystallization onset tem-
perature, from 230 °C in GeTe to 220 °C in the C-doped film. The combined insights
from both X-ray techniques provide understanding of structural transformations that
enables the development and optimization of next-generation memory and computing

materials.

Introduction

Phase-change memory (PCM) is a novel technology that provides a more scalable and
energy-efficient alternative to existing non-volatile memory devices. > PCM relies on phase-
change materials, which undergo changes in physical properties (and thus, digital states)
upon fast and reversible phase transformations. These phase changes are controlled via
resistive heating through a volume of phase-change material, the phase-change element,
that reversibly amorphizes and crystallizes depending on the nature of the applied current
pulse. In addition to the phase-change element, another crucial element of a PCM device
is the ‘selector,” which enables the passing of high current through a single phase-change
element with precision.*°

Amorphous chalcogenides, such as GeTe, have been identified for use as a phase-change

7-16

element as well as a selector element in PCM due to their phase change and ovonic

threshold switching (OTS) behavior, respectively.!’-1* OTS involves a volatile switch be-
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tween a high and low resistivity state in response to an applied voltage.*2° This ‘switching’
occurs beyond a threshold voltage; when the applied voltage exceeds the threshold volt-
age, the selector allows current to pass through the selector and the phase-change material,
inducing resistive heating and thus, a phase transformation in that specific element. Unlike
the phase-change element, the ovonic material remains amorphous during operation.
Amorphized GeTe can recrystallize if held at a temperature below 7 for extended
time.%1* Whether GeTe is used as a phase-change element or selector, increasing the sta-
bility of the amorphous phase (i.e., raising the crystallization temperature, 7 ) is of inter-
est. 121421 Stabilizing the amorphous phase increases the reliability of the memory device
at elevated temperatures, such as during device processing or use in high-temperature and
otherwise extreme environments. Unwanted crystallization of the selector device during
processing or use in would be effectively impossible to reverse and diminish the lifetime
and reliability of a device. Efforts to increase the stability of the amorphous phase of GeTe
and similar chalcogenides typically involve doping with C and other elements. %12-14.18,21-24

Doping with C has been shown to improve the electronic properties and raise 7~ of GeTe

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

as a phase-change material > or selector.!® In any case, the manner in which C incorpo-

rates into the amorphous structure of GeTe, and its effect on crystallization, must be better

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 8:31:12 PM.

understood before it can be leveraged to design reliable and energy-efficient PCM devices.
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Previous work indicates that the structure of amorphous GeTe is a highly disordered
face-centered cubic (FCC) Te sublattice interspersed with chains of 2 or more Ge atoms
(Fig. 1a).® This structure is dynamic with respect to temperature prior to crystallization.
As the material heats, long Ge chains break and the atoms move toward their positions in
the rhombohedral structure while the FCC-like Te sublattice gradually becomes more or-
dered.® Upon crystallization, the structure has a rhombohedral space group and resembles
a distorted rocksalt structure (Fig. 1b).8132526

It is unknown how the presence of dopants, such as C, incorporate into this complex

amorphous structure, and the mechanism by which these structural or chemical differ-
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Figure 1: Schematic of proposed GeTe model in the (a) amorphous and (b) crystalline
states. Long Ge chains break apart with heating as the Te sublattice orders, finally reaching
a distorted rocksalt structure with crystallization.

ences affect macroscopic properties (e.g., crystallization temperature, resistivity). Here,
we characterize phase-change and OTS materials GeTe and (GeTe)( 95Co.04 (C-GeTe). Both
materials are deposited as amorphous thin films (300 nm) on fused silica substrates with
thin (30 nm) TiN caps to prevent oxidation. C doping is expected to increase the stability of
the amorphous phase because it raises the crystallization temperature,*?! but as we find
here, this is not necessarily the case. When the films are held at elevated temperatures for
an extended period of time, they are prone to crystallize below their 7. Through in situ X-
ray scattering and X-ray absorption spectroscopy (XAS) experiments during heating of the
amorphous films, we find that C modifies the as-deposited amorphous structure of GeTe,
which in turn modifies the response of the amorphous structure to heating, including the

crystallization onset temperature.

Results and Discussion

X-Ray Absorption Spectroscopy

XAS data were collected from TiN-capped GeTe and C-GeTe films during in situ heating in

air using a Linkam cell. The Ge K-edge spectra of amorphous films were recorded in 10 °C

4
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increments from room temperature through crystallization, with a 60 second dwell at each
temperature before data were collected. Crystallization onset was evident by significant
qualitative changes in X-ray absorption near-edge structure (XANES) spectra (Fig. 2). The
GeTe film began to crystallize at 230 °C and the C-GeTe film began to crystallize at 220 °C.
This decrease of crystallization onset temperature (the temperature at which local struc-
ture changes were first apparent) with the addition of C is in contrast to other studies on
C-doped GeTe, 2! as well as the related phase-change material, Ge,Sb,yTes, for which the
temperature at which crystallization is complete increases with C content. 222327
Crystallization of GeTe depends on both time and temperature; GeTe can crystallize
below its prescribed crystallization temperature if annealed for an extended period of
time.®1% Indeed, XAS data were collected over a period of around 30 minutes (three ten-
minute scans). Since 7 is defined as the temperature at which a film or device undergoes
a rapid decrease in resistance, we use the term ‘crystallization onset’ to describe the onset

of this observed structural change during extended heating, and note that crystallization

onset temperature may be decoupled from actual crystallization temperature.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

In a second set of in situ XAS measurements, in situ heating experiments were repeated

with longer XAS scans to higher energies past the edge, appropriate for EXAFS analysis.

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 8:31:12 PM.

These data were collected at larger temperature intervals (=~ 30 °C) at lower temperatures

(cc)

and narrow temperature intervals (10 °C) near the crystallization onset temperature iden-
tified in the first in situ XAS experiments. In addition, heating was completed in two stages
to assess the degree of reversibility of local structure changes that might occur before crys-
tallization; the first stage involved heating from room temperature to 230 °, passive cooling
to 60°, and a second heating stage through crystallization.

Crystallization is visibly incomplete at the crystallization onset temperatures, as evi-
denced by fitting a linear combination of crystalline and amorphous spectra to each XANES
spectrum (Fig. 2b,d). For both films, the ‘amorphous’ component refers to the first XANES

spectrum, collected at ambient temperature prior to heating, and the ‘crystalline’ compo-
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(a) GeTe XANES spectra (c) C-GeTe XANES spectra
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Figure 2: Temperature-dependent XANES for select temperatures in (a) GeTe and (c) C-
GeTe during two consecutive heating steps. Complete XANES datasets can be found in
Fig. S1 and Fig S2. The changes in spectra features at 230 °C for GeTe and 220 °C for C-
GeTe correspond to the onset of crystallization. Linear combinations of amorphous and
crystalline components were also fit to each XANES spectrum. Weights of each compo-
nent, including error bars denoting one standard deviation from triplicate XANES mea-
surements, are plotted for (b) GeTe and (d) C-GeTe to highlight the crystallization onset.
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nent refers to the XANES spectrum collected at 120 °C upon the second heating, well after
crystallization has occurred. Regardless, the phase changes of both GeTe and C-GeTe are
complete upon intermediate cooling to 60 °C. In its application as a phase-change mate-
rial, GeTe is brought to a temperature significantly above its crystallization temperature to
achieve a rapid phase change.!'>1%28 When held near the crystallization onset tempera-
ture, however, the crystallization process is evidently more gradual, occurring over several
minutes, which allows for a technique like XAS to capture the structure changes associated
with crystallization. %102

Fourier transformed (FT) extended X-ray absorption fine structure (FT-EXAFS) spectra
were analyzed to better understand the local coordination environment of Ge in GeTe and
C-GeTe films and their evolution in the amorphous state during heating. The FT-EXAFS
spectra of GeTe and C-GeTe are visibly distinct, indicating a significant difference of the
Ge environment in the two materials (Fig. 3).

Ge—C bonds are expected to be ~ 2.05 Ain C-GeTe, as C preferentially bonds to Ge.!2

A small feature consistent with the Ge—C—Ge scattering path is present in the FT-EXAFS

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

spectra for C-GeTe centered around 1.2 A, indicating that C is bonding to Ge (Figure S3).

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 8:31:12 PM.

Yet, this signal is too low intensity (given the low scattering factor and low concentration

of C) and too short to be quantitatively fit. Instead, the major differences in FT-EXAFS

(cc)

spectra shape are attributed to changes in the Ge—Ge and Ge—Te bonding environments
driven by the presence of C. To better understand these coordination differences, structural
models were fit to the FT-EXAFS data.

Models consisting of a first-shell single scattering Ge—Ge path and a first-shell single
scattering Ge—Te path were fit to the amorphous FT-EXAFS data. The paths were calcu-
lated using a modified rhombohedral crystalline model of GeTe (spacegroup R3m)?® in
which Ge atoms are coordinated by six Te atoms in distorted edge-sharing octahedra with
three long Ge—Te bonds and three short Ge—Te bonds. Ge—Te paths were calculated us-

ing the long Ge—Te bond. To generate Ge—Ge paths, the Te atoms comprising the shorter
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Figure 3: Fits of the amorphous GeTe model to FT-EXAFS spectra of (a) GeTe and (b) C-
GeTe at ambient temperature. Visible differences of features in |x(R)| are reflected mostly

by the relative intensities of the Ge—Te and Ge—Ge paths.
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Ge—Te bonds surrounding the central Ge absorber were replaced with Ge atoms.

Both Ge—Ge and Ge—Te scattering paths were fit with their multiplicity (N), path
length (R), and mean square relative displacement (0?) constrained to physical limits.
Since both paths are first-shell single scattering paths, their multiplicity NV is equivalent to
the number of Ge or Te coordinating Ge. Likewise, the half-path length, R, is equivalent
to the Ge—Ge or Ge—Te bond length, and the mean square relative displacement o2 is the
bond length variance. Results of model fitting to FT-EXAFS spectra for GeTe and C-GeTe

near room temperature (35 °C) are shown in Table 1 and Figure 3.

Table 1: Results of fitting amorphous structural models to ambient temperature FT-EXAFS
data for GeTe and C-GeTe. =+ values refer to standard error derived in fitting.3°

GeTe

R-factor = 0.0146

52 =0.79

AFE, = 7.38 eV

Path N + RA + @A o2 (A + (A?)
Ge—Ge 219 0.35 24772 0.0076  0.0055 0.0024
Ge—Te 1.81 0.35  2.6097 0.0141 0.0070 0.0039

C-GeTe

R-factor = 0.0026

52 =0.79

AFE, = 8.87 eV

Path N + RA + @A) o2 (A + (A?)
Ge—Ge 1.15 0.26 2.4950 0.0161 0.0091 0.0043
Ge—Te 2.85 0.26  2.6009 0.0065  0.0037 0.0012

The FT-EXAFS model fitting results highlight that C affects the Ge environment beyond
simply the addition of Ge—C bonds (Fig. 3). In GeTe, the coordination of Ge by Ge and Te
are nearly equal, both around 2. A Ge—Ge coordination of 2 is attributed to the bonding
environment of Ge atoms in Ge chains, where most Ge atoms exist within a chain rather
than isolated from other Ge atoms (Ng._q. of 0), in Ge, ‘dumbbells’ (Ng._c. of 1), or at
the termination of a chain (Ng._¢. of 1).%8 In C-GeTe, each Ge is coordinated, on average,

by 3 Te atoms and 1 Ge atom. This change can be interpreted as a shift in average Ge
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environment to more Ge, ‘dumbbell’ configurations rather than long chains of bonded Ge
atoms. This reflects how C likely incorporates into the amorphous structure: C prefers to
covalently bond to Ge, replacing Ge—Ge bonds that otherwise connect to form Ge chains
within the amorphous structure (Fig. 1a). Thus, C incorporation in amorphous C-GeTe
disrupts Ge chains, resulting in an increase in isolated Ge atoms or Ge, dumbbell motifs.

The o2 values for the Ge—Ge and Ge—Te path also differ between the fit models. In
GeTe, 02, . is lower than ¢2__ ., indicating lower bond length variance, and higher bond
rigidity. This is expected; the Ge—Ge bond is a shorter, homopolar covalent bond, and
therefore stronger than the Ge—Te bond, which is longer and has more ionic character.
Thus, the Ge—Ge bond length is less susceptible to static (e.g., structural) and dynamic
(e.g., temperature-dependent) disorder. In contrast, in the C-GeTe fit, the value of ¢2, .
is higher, indicating a increased variance in Ge—Ge bond length and thus, a less rigid
Ge—Ge connectivity.

In addition, a decrease of o7, ;. in C-GeTe indicates an increase in the rigidity of
Ge—Te interactions, possibly due to a more ordered Te sublattice. This is consistent with
the observed changes in Ge coordination: in GeTe, most Ge atoms are bonded to two other
Ge atoms within Ge chains, causing them to be more localized and with more constrained
motion. In C-GeTe, most Ge—Ge bonds are in short Ge chains or dumbbells, meaning the
constituent Ge atoms are more likely bonded only to a single other Ge atom on average.
These Ge atoms have more positional degrees of freedom, resulting in a greater variance
of Ge—Ge bond lengths.

Amorphous GeTe is hypothesized to undergo structural changes prior to crystallization,
including a breaking of Ge chains and an increase in the positional ordering of the Te
sublattice.® To study how C affects these changes, in situ FT-EXAFS spectra were analyzed.
Qualitatively, the magnitudes of the FT-EXAFS spectra of GeTe and C-GeTe dampen as tem-
perature increases (Fig. 4a,b), which is a well-understood phenomenon attributed to an

increase in o2 of the scattering paths as temperature and atomic vibrations increase.831-3

10
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As temperature increases, the dynamic disorder of atomic correlations increases. This
causes a nearly linear increase in o2, which dampens |y(R)|. Studying how o2 changes
with temperature is especially valuable since it can separate the contributions of dynamic

(temperature dependent) and static (temperature independent) disorder.23:32:33

(a) GeTe (b) C-GeTe
I Y ' 230°C 220°C
Js ad
T
=
N
/A f\\ﬂ% 35°C 35°C
1 2 3 4
R(A)
(c) GeTe
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Figure 4: FT-EXAFS spectra in |y(R)| of (a) GeTe and (b) C-GeTe demonstrating signal
dampening with increasing temperature. Results of o2 and R versus temperature from fits
to (¢) GeTe and (d) C-GeTe in situ data. o values increase linearly as indicated by dotted
lines (slopes tabulated in Table 2), but the positions of features in R do not appreciably
change.

While room temperature fits to FT-EXAFS spectra provide a good approximation of the
local Ge environment in GeTe and C-GeTe, there is uncertainty regarding the exact values
of the fitting parameters. The Ge—Ge and Ge—Te paths overlap in real space and, as a
result, the N and o2 parameters between and within the paths are correlated. This corre-

lation leads to a significant uncertainty in the fitting parameters, which is underscored by

11
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the high standard error for values of N and o2 in Table 1. To address this, additional con-
straints, such as constraining Ng._g. and Ng._7. to sum to 4, were applied when fitting.
Further, when fitting over the temperature series, Ng._g. and Ng._r. were fixed, allowing
all changes in scattering path intensities to be represented by changes in o2 values. While
previous work has indicated that during annealing, Ge—Ge coordination (N¢g._g.) steadily
decreases as long Ge chains break,® this effect on Ng._g. is too subtle to quantitatively
model in these data given the physical limitations and uncertainty.

Results of the temperature fitting series are shown in Figure 4c,d and Table 2. A full
tabulated version of the in situ EXAFS fitting parameters can be found in Tables S1 and S2.
GeTe displays expected temperature-dependent behavior, with a roughly linear increase in
0%._r. With respect to temperature, while o2, ., remains relatively constant. This is due
to the higher strength and rigidity of Ge—Ge bonds; the bond length is less susceptible
to thermal disorder.® In C-GeTe, 02, . increases linearly with increasing temperature,
however, with a less steep slope than in GeTe. ¢, also increases more dramatically with
temperature in C-GeTe, indicating a decrease in Ge—Ge bond rigidity with the addition of
C.

Table 2: Slopes and goodness-of-fit (R?) from linear regressions of o2 versus temperature
in amorphous EXAFS fits.

Slope UéefGe Slope aéefTe

o, . 2 2
composition A2°C1 . 10-9) R A2°C1 . 10-9) R

GeTe 0.9 0.08 9.2 0.80

C-GeTe 8.5 0.35 4.2 0.73

Overall, the results from N, o2, and o2 vs. temperature are aligned with the concep-
tual model of crystallization in GeTe and the role of C. The addition of C suppresses the
formation of Ge—Ge bonds (and thus, Ge chains) as Ge—C bonds form. This decreases the
average rigidity of the existing Ge—Ge bonds as Ge atoms move away from tightly bonded
covalent chains and closer to their crystalline positions (octahedrally coordinated by Te).

Since there are also fewer Ge chains distorting Te atoms from their crystalline positions,

12
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that is, an FCC-like sublattice, the Te sublattice also becomes better formed at lower tem-
peratures. In this way, adding C to GeTe causes the amorphous structure to more closely
resemble the crystalline phase, rationalizing why C-GeTe has a lower crystallization onset
temperature than undoped GeTe.

Here, the structural change observed in both XANES and EXAFS is referred to as ‘crys-
tallization onset.” Indeed, the FT-EXAFS spectra after this change show signal represen-
tative of scattering paths beyond the first coordination shell, indicating an increase in
crystallinity (Fig. S4). Further, rhombohedral GeTe models fit these spectra better than
amorphous models (Fig. S5, Table S3). Yet, these models still require the addition of short
Ge—Ge paths to achieve reasonable quality fits, indicating that some Ge, dumbbells may
persist or bridge adjacent distorted octahedra in this structure (additional information
about fitting and fit models are included in the Supplemental Information). More rigor-
ous diffraction and resistance measurements are needed to fully bridge the crystallization
onset behavior observed here with device-relevant crystallization behavior, which is char-

acterized by faster heating and a property measurement (resistance, reflectivity) rather

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

than a structural one.
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X-ray Total Scattering

(cc)

In situ X-ray total scattering experiments were conducted for TiN-capped GeTe and C-GeTe
films over similar temperature sweeps as in situ XAS data. From near room temperature
(= 30°C), samples were heated to a “mid-point” temperature, allowed to passively cool
back to room temperature, then heated from room temperature to a maximum near their
crystallization onset temperature. The midpoint temperatures were based on the crystal-
lization onset temperatures determined by the first in situ XAS experiment (Fig2). For
GeTe, the mid-point temperature was 176 °C and the maximum temperature was 220 °C,
just below its crystallization onset temperature. For C-GeTe, the mid-point temperature

was 117 °C and the final temperature was 245 °C. Temperature steps were larger at lower
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temperature ranges and smaller at higher temperature ranges. Full details of ramp rates
and data collection steps are provided in the Experimental Methods section. From the
total scattering data, pair distribution functions (PDFs) were derived, from which local-
and mid-range atomic structure features and their temperature-dependent behavior were
analyzed.

In situ PDFs for GeTe show a slight shift of atomic correlations to lower r positions with
respect to temperature, as well as an evolution in the shape of some features (Fig. 5a). To
highlight changes in the intensities and positions of features in the PDFs during heating and
cooling, ‘difference PDFs’ were calculated by subtracting the initial ambient temperature
PDF for each film from all subsequent G(r) data during the first heating and subtracting
the second ambient temperature PDF from each film from subsequent PDFs during the

second heating (Fig. 5b).

(a) GeTe in situ PDF data (b) GeTe difference-PDF
T | T T | T | T
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Figure 5: In situ temperature-dependent PDFs for the GeTe film during heating from (bot-
tom panels) 30°C (¢ = 0) to 176 °C, then passive cooling to 30 °C; (top panels) and then
a second heating to a maximum temperature of 220 °C (below the crystallization onset
temperature). (a) PDFs show local structure changes with heating and cooling. To high-
light the temperature-dependent feature changes, (b) difference-PDFs were calculated by
subtracting the first PDF of each heating stage (30°C) from subsequent PDFs. Due to a
data collection issue, the PDF data at 44 °C, directly before 30°C, is omitted during the
cooling step.

14


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tc01061j

Page 15 of 33 Journal of Materials Chemistry C

View Article Online
DOI: 10.1039/D6TC01061J

During in situ heating, the GeTe film remained amorphous (Fig. S5), but temperature-
dependent changes in the position, shape, and intensity of features in the PDFs indicate
an evolution of local structure (Fig. 5a). This evidence of local structure evolution before
crystallization is consistent with EXAFS analysis, especially regarding changes in Ge motifs
and ordering of the Te sublattice.®

The first well-defined correlation in the amorphous GeTe PDF is centered near 2.6 A. In
previously proposed models of amorphous GeTe, Ge chains sit within a disordered Te sub-
lattice (Fig. 1a).%3° In these models, as in our EXAFS analysis, Ge—Ge and Ge—Te bonds
are 2.48 A and 2.61 A long, respectively (Fig. 1). While these bonds can be distinguished
and modeled in EXAFS data, the two bonds cannot be resolved in our X-ray PDF data and
instead contribute to a single broad feature centered at 2.6 A.

In crystalline models of a—GeTe (space group R3m),?® the shortest atomic correlations
correspond to the short (2.86 A) and long (3.14 A) Ge—Te bonds in the distorted [GeTeg]
octahedra.®®%” In our PDF, the second correlation in the as-deposited amorphous GeTe is

at 3.2 A, similar to the long Ge—Te bond in crystalline GeTe (Fig. 5a). Thus, we attribute

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

the second correlation in the PDF to Ge—Te bonds. Two additional features near 3.8 A

and 4.2 A are attributed to a network of Te atoms similar to that in an FCC-like sublattice

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 8:31:12 PM.

of crystalline GeTe, in which Te atoms are 4.1 A apart. PDF of crystalline R3m GeTe is

(cc)

compared to data collected in this work in Fig. S6.

The first and second features in the GeTe PDF shift to lower » upon heating, distinct
from what would be expected from thermal expansion or thermally-driven (dynamic)
atomic vibrations. The first feature (~2.6A), attributed to a combination of Ge—Ge and
Ge—Te bonds in the amorphous structure, approaches the Ge—Ge bond length determined
from EXAFS analysis at similar temperatures (2.48 A). The second feature (~3.2A), pri-
marily associated with Ge—Te correlations, moves toward the average of the Ge—Te bond
lengths in the crystalline structure. The shift in position is continuous during early heating,

and then changes abruptly at ~103°C (Fig. 5a). This change in the feature’s position is
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highlighted by the ‘heartbeat’ motif at the corresponding r position in the difference-PDF
data (Fig. 5b). Overall, during the first heating to the midpoint temperature of 176 °C, the
first and second correlations moves from 2.6 A to 2.5A and 3.2 A to 3.0 A, respectively.

The features initially at 3.8 A and 4.2 A in GeTe data also change during the first heat-
ing, appearing to merge into one feature centered at ~4.1 A. The evolution of features in
this r range is dominated by the shift of the 4.2 A feature to lower r (Fig. 5). We interpret
the shift in position as the Te sublattice of the crystalline structure beginning to arrange
before crystallization, as has been previously reported for models of the crystallization
mechanism of GeTe.?

Higher r features in PDF have less intensity than lower r features, as expected for an
amorphous material without long-range order. During the first heating, changes in these
higher r features are subtle relative to the changes at lower r. As a result of the small
initial amplitude of these features and the persistence of long-range disorder, it is difficult
to distinguish changes of higher r correlations and likewise to attribute them to specific
structural motifs (Fig. 5).

After reaching the midpoint temperature for GeTe during the first heating (176 °C), the
film was allowed to passively cool back to ambient temperature. During cooling, the PDF
features revert towards those of the original ambient temperature PDF, but do not fully
return to the as-deposited state; some features change more reversibly than others. The
feature originally at 3.8 A, which merged with a higher r feature during the first heating,
re-emerges upon cooling from the midpoint temperature. Likewise, higher r features that
became more well-defined during the first heating lose some definition during cooling.
In contrast, the changes in position of the first two features persist upon cooling from
the midpoint temperature. The reversion is evident in the PDF data directly, and further
highlighted in the difference PDF data from the first heating and cooling step, which shows
a decrease in intensity during cooling (Fig. 5b, bottom panel).

During the second heating, the positions and intensities of PDF features in GeTe con-
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tinue to evolve (Fig. 5, top panel). The first feature, initially centered at 2.6 A, shifts to
lower r during the second heating; at the maximum temperature of 220 °C, the feature
is centered above 2.5 A. Similarly, the second feature, initially centered at 3.2 A continues
to shift to lower r during the second heating step. The broad feature centered near 4.2 A
shifts to slightly lower r, following the same trend of the first heating. The feature re-
mains just over 4.0 A during the second heating, near the Te—Te correlation distances of
crystalline a—GeTe. This feature also narrows with increasing temperature. The evolution
of a broad feature to a narrower one indicates that there is decreasing variability in the
distribution of atom-atom pair distances contributing to this feature, reflective of increased
ordering in the Te sublattice. This anion sublattice ordering is consistent with proposed
pre-crystallization structural evolution.®

Features at higher  show subtle changes on the second heating compared to the lower
r features. These high r features do not show evidence of an amorphous-to-crystalline
phase transformation, in which more well defined features at higher » would become

evident with long-range order.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

We interpret the observed changes in the context of previously proposed models of

crystallization for GeTe. In the mechanism proposed by Wintersteller et al.,® based on

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 8:31:12 PM.

molecular dynamics simulations and XAS measurements, the structure of amorphous GeTe

(cc)

evolves with Ge chains breaking into shorter chains, dumbbells, or individual atoms while
the Te sublattice orders, even before crystallization. This process continues to form the
fully crystallized atomic structure, with any remaining chains breaking and Ge atoms po-
sitionally ordering into an octahedral coordination.

Overall, there are pronounced structural shifts in low r during the first heating and
cooling and subtle, continued structural evolution during the second heating. At the end
of the second heating, though the film remains amorphous, the change in PDF features
indicates pre-crystallization evolution that is consistent with the proposed model of GeTe

crystallization.
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In situ PDFs for doped C-GeTe (Fig. 6) show a lesser degree of structural change com-
pared to GeTe across similar temperature ranges (Fig. 6). This is consistent through both
heating stages, even as the second heating extends to higher temperatures. The relative
stability of local- and mid-range atomic structure features in PDFs for C-GeTe are also con-
sistent with our in situ EXAFS data, which show less change in the Ge local environment

for C-GeTe than GeTe.

(a) C-GeTe in situ PDF dat (b) C-GeTe difference-PDF
T I T I T I T | T I T 245 OC
T NN—————

= - 30°C

= —-30°C
=117 °C

AT — 1 T T =30°C

2 4 6 8 2 4 6 8

Figure 6: In situ temperature-dependent PDFs for the C-GeTe film during heating (bottom
panels) from 30°C (¢t = 0) to 117°C, then passive cooling to 30°C; (top panels) and a
second heating to a maximum temperature of 245 °C (above the crystallization onset tem-
perature of 220°C). (a) PDFs show local structure changes with heating and cooling. To
highlight the temperature-dependent feature changes and reversibility, (b) difference-PDFs
were calculated by subtracting the first PDF of each heating stage (30 °C) from subsequent
PDFs.

During the first heating of the C-GeTe film, there are no obvious changes in the PDF
data (Fig. 6, bottom panels), even for the low r correlations that evolved appreciably in the
GeTe film at comparable temperatures. However, the difference-PDF does indicate minor,
continuous, and reversible changes during the first heating and cooling. The changes
are most pronounced at low r, especially for the feature centered near 2.6 A in the as-

deposited state. The center of the intensity of this feature moves to higher » with heating,
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but reverses upon cooling.

During the second heating, the evolution of features follows a similar path as the first,
continuing the subtle trends seen in the first heating and extending through higher tem-
peratures (Fig. 6, top panels). This includes the same shift of the first correlation (2.6 A in
the as-deposited film) to higher . The heartbeat motif in the difference-PDF, indicating
an increase in r position, is more prominent during the second heating step (Fig. 6b, top
panel). Other features in the C-GeTe PDF show small magnitudes of change as temperature
increases through the second heat.

As for GeTe, the PDFs for C-GeTe at the maximum temperature do not show evidence
of long-range order, even with data collected slightly above the crystallization onset tem-
perature identified in XANES. The total scattering data collected at this temperature show
broad, low-intensity Bragg peaks (Fig. S8), however, the bulk of the sample remains amor-

phous at the time and temperature conditions of the PDF measurement.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Further Discussion

In previous reports, the atomic structure of amorphous GeTe is described as comprising

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 8:31:12 PM.

a disordered Te sublattice infiltrated with Ge as individual atoms, dumbbell pairs, and

(cc)

polymer-like chains (Fig. 1a). During heating, the Te sublattice becomes more ordered
and long Ge chains break down into shorter Ge chains, eventually forming long-range
crystalline order (Fig. 1).

Using complementary in situ local structure characterization, we identify differences in
the as-deposited amorphous structure of GeTe and C-doped GeTe, as well as the evolution
of the atomic structures in response to temperature changes. From EXAFS analysis, we
find that incorporating C modifies the amorphous GeTe structure such that its as-deposited
state is closer to the state of the crystalline model than in undoped GeTe. The as-deposited

PDF data have less-defined features, especially at mid-range (5 A to 8 &) and higher . We
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propose a model for amorphous C-GeTe in which C disrupts Ge—Ge bonding, resulting in
Ge chains that are shorter and a Te sublattice that is closer to its FCC-like configuration
than in undoped GeTe. The proposed change in Ge bonding behavior is reflected in EXAFS
analysis by the decreased coordination of Ge by Ge and decreased rigidity of Ge—Ge bonds,
consistent with Ge in shorter chains with less constrained dynamic atomic motion. A
similar tendency for C to replace some Ge—Ge bonds in amorphous chalcogenides has
been reported for phase-change material Ge,Sb,Te; and related compounds. 1223:2427,38

With C interrupting Ge chains in the as-deposited structure, less chain scission is re-
quired for the material to crystallize, leading to a lower crystallization onset temperature
for the C-GeTe film relative to GeTe. The lower crystallization onset temperature of C-GeTe
that we identify through in situ XANES, 220 °C in C-GeTe vs. 230°C in GeTe, is supported
by local structure differences in the as-deposited C-GeTe film. Yet, the lack of diffraction
peaks in total scattering data at this temperature, and the lack of complementary resistivity
measurements, leaves this so-called ‘crystallization onset’ behavior and definitive crystal-
lization as-yet uncoupled.

In related PCMs, such as Ge,Sb,Te;, C dopants have the opposite effect on the crystal-
lization onset temperature, increasing the amorphous-to-crystalline transformation tem-
perature, as well as the cubic-to-monoclinic transition at higher temperatures.22-2427 Al-
though C-GeTe total scattering data (Fig. S8) above 220°C shows some broad, low in-
tensity peaks as evidence of a more crystalline structure, this change in ordering is not
reflected in the PDF data at corresponding temperatures. Given that GeTe follows a nu-
cleation and growth model of crystallization,3>%° crystalline regions may be nanoscale
domains and comprise a minority of the volume of the C-GeTe film with the majority of
the sample remaining amorphous, consistent with high-temperature PDF data.

Crystallization temperature in GeTe is formally defined by a sharp drop in resistivity of
a film or device as temperature is increased.”%11-2* Such resistance-temperature measure-

ments are quick, which is relevant for the fast time scales of crystallization and amorphiza-
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tion in a device. However, our XAS and PDF measurements are slower, with data collected
over 30 and 2 minutes, respectively, per temperature increment. GeTe and C-GeTe films
are known to structurally relax (i.e., crystallize) at an elevated temperature below 7 after
an extended period of time. Betti Beneventi et al. found that the addition of 4 at% C into
GeTe increased T from 180 °C to 290 °C, as measured by reflectivity and resistance mea-
surements. Yet, when both films (as devices) were annealed at 170°C, below T, GeTe
crystallized over the course of seconds, and C-GeTe crystallized over the course of min-
utes.'* In other words, the crystallization onset behavior of the two films was similar to
our own films, in which both of the films crystallized over the course of minutes at tem-
peratures near to each other (and likely below 7). Similar behavior occurred in the work
by Wintersteller et al., where GeTe annealed at a temperature below 7 crystallized after
30 minutes.®

Overall, we do not seek to refute established trends between C content and 7 in GeTe.
Instead, we characterize the short- and medium-range structure effect of C on GeTe at

low concentrations that impacts the crystallization onset mechanism during anneals at

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

elevated temperature. This is especially relevant for the processing of C-GeTe devices,

in which extended anneals may occur, or the incorporation of C-GeTe devices in high-

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 8:31:12 PM.

temperature environments. Further work including resistance- or reflectivity-temperature

(cc)

measurements, Raman spectroscopy, and supplementary computational studies would be
necessary to fully understand the relationship between this phenomenon and 7 in C-GeTe,

as well as directly characterize the role of C in the structure.

Conclusions

Complementary EXAFS and PDF analyses reveal temperature- and composition-dependent
structure-property relationships in GeTe thin films. Specifically, we find that C dopants

modify the as-deposited structure of GeTe films by changing the extent of Ge—Ge bonds
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in the amorphous state, increasing the population of lone Ge or Ge dumbbells rather than
longer Ge chains. This has an effect on crystallization onset behavior during extended
anneal times on the order of minutes.

We also further establish a promising application of a novel technique, thin-film PDF.
Zhou et al. found differences in the crystallization temperature of GeTe films based on
thickness, suggesting that the crystallization behavior is influenced by morphology.” As
PDF methods for thin films mature, studying films with a variety of thicknesses, substrates,
and capping layers may provide much-needed insights regarding the origins of structure

and function in phase-change material thin films. "~

Experimental Methods

Synthesis

GeTe and (GeTe)o.96Co.04 (C-GeTe) films were synthesized by direct current magnetron
sputter deposition using a Unifim Co. PVD-300 system using targets from Process Materi-
als, Inc. The 300 nm thick films were deposited onto 500 ym thick silica substrates with
30nm TiN capping layers. Preceding deposition, the chamber was evacuated to an initial
pressure of 5x10~" Torr. For sputtering, ultrahigh purity argon gas (99.995%) was used

as a sputtering gas, maintained at 10 mTorr while the chamber was maintained at 60 °C.

X-ray Absorption Spectroscopy

XAS measurements were collected at the Beamline for Materials Measurement (6-BM)
at the National Synchrotron Lightsource-II (NSLS-II) at Brookhaven National Laboratory.
Measurements were made from 200 eV below the Ge K-edge (11103 €V) to 650 €V past
the edge in fluorescence mode. Linkam cells were used for in situ data collection during

heating in air. Spectra were collected at varying increments from room temperature to the
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crystallization temperature, with more dense increments near the crystallization tempera-
ture. After a 1 minute dwell period at the set temperature, three consecutive scans were
taken for statistical averaging.

XAS data reduction was performed using Larix/Larch.3° Normalized spectra were weighted
using a k weighting of 2.0, background subtraction with a R, value of 1.30, and a &
window from 2.00A~" to 12.00 A-!. Resulting spectra were Fourier transformed using a
Hanning window and a k range of 2.00A~! to 11.00 AL,

EXAFS fitting was performed using Larix/Larch.3° To generate the amorphous Ge—Ge
and Ge—Te paths, the potential of a modified structure of rhombohedral (R3m) GeTe was
calculated using FEFF in Larix.?® In the nominal GeTe structure, each Ge atom is coordi-
nated by Te in 3 short (2.84 A)and 3 long (3.16 A) Ge—Te bonds. In the modified structure,
one Te atom at the shorter distance was replaced with Ge to calculate the Ge—Ge path in
the modified structure. Further, the « and ¢ lattice parameters were decreased by 10% so
that the starting Ge—Ge and Ge—Te half-path lengths were reduced to 2.55 A, closer to the
known bond distances in amorphous GeTe.

Models were fit to FT-EXAFS spectra from 1.4 A to 3 A in real space with a k weighting
of 2. N values were constrained to be positive and sum to 4. o2 values were constrained
between 0.001 A2 and 0.02 A2. R values were constrained to not exceed a 0.10 A difference
from the original starting value (2.47 A for Ge—Ge, 2.63 A for Ge—Te). An initial fit for
GeTe was made with S? unconstrained. The resulting value of S2 = 0.79 was applied for
all subsequent fits and constrained to be constant to reduce correlation effects of S? and
.46

Additional spectra, analysis, and fitting information are provided in the Supplementary

Information.
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X-ray Scattering Data Collection

X-ray scattering data were collected at the Pair Distribution Function beamline (28-ID-1)
at National Synchrotron Light Source II at Brookhaven National Laboratory. Data were
collected at a sample-to-detector distances of 21.9 cm to acquire X-ray total scattering to
high @ to access local- and mid-range atomic structure information from PDF data. X-
rays had a wavelength of 0.1665 A (74.465keV) and scattered data were collected using
a Perkin-Elmer Si detector. A modified Linkam cell was used for in situ data collection
during heating in air. To enable X-ray transmission, holes were drilled in both sides of the
Linkam cell. This resulted in a systematic discrepancy between the set and actual tempera-
ture, thus the collected temperature points for in situ X-ray scattering data are inaccurate,
but the trend of temperature between GeTe and C-GeTe films holds. Due to this, the
temperature values assigned to X-ray scattering and PDF data were based on the known
crystallization temperature for each composition obtained through XANES measurements

and scaled accordingly.

X-ray Scattering and PDF Data Processing

A custom python package, ProcessDAT (https://github.com/ButalaResearchGroup/ProcessDAT),

was used to process the raw 2D X-ray total scattering data. ProcessDAT automates some
of the processing of series of related data. ProcessDAT uses an application programming
interface (API) of PyFAI to integrate 2D scattering patterns to 1D data.*” The instrument
parameters were determined using a Ni calibrant, including separate parameters for the
two sample-to-detector distances.

ProcessDAT was also to automate the subtraction of a background; in this case, the
background was the 1D scattering data from an amorphous SiO, substrate with no film.
Conventionally, subtracting the substrate data requires manually scaling the intensity to

maximize background removal without oversubtracting and introducing artefacts. **#? With
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ProcessDAT, the scaling and subtraction steps are combined and automated to batch pro-
cess large dataset, such as time or temperature series, which can have fluctuating intensi-
ties due to beam intensity variations during data collection.

The isolated scattering data from the thin films were then processed into G(r) data
using PDFgetX3.%8 We used parameters: ¢ni, = 2.5A71, ¢mee = 14A71, and rpoly = 1.0
to process total scattering data to PDFs. PDF data were scaled and displayed in waterfall

plots with offsets to highlight relationships between features over the temperature series.
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Data Availability Statement

All X-ray absorption spectroscopy data in the form of normalized X-ray absorption near-edge
structure (XANES) spectra and Fourier-transformed extended X-ray absorption fine structure (FT-
EXAFS) spectra are included in the main manuscript and the supplemental materials.

All total scattering data (1D integrations, and Fourier-transformed pair distribution functions) are
included in the main manuscript and the supplemental materials. Additionally, 1D integrations from
total scattering data are included, as data files, in the GitHub repository below.

The code used to process total scattering data in this work (“ProcessDAT”) can be found at the
following GitHub repository:

D. Alverson, L. Barnes, M. Kelley, C. Mercier, 2026, ButalaResearchGroup/ProcessDAT,
https://github.com/ButalaResearchGroup/ProcessDAT.
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