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ABSTRACT

Germanium telluride (GeTe), a phase-change material, is known to exhibit four different structural states: three at room-temperature
(one amorphous and two crystalline, α and γ) and one at high temperature (crystalline, β). Because transitions between the amorphous and
crystalline states lead to significant changes in material properties (e.g., refractive index and resistivity), GeTe has been investigated as a
phase-change material for photonics, thermoelectrics, ferroelectrics, and spintronics. Consequently, the temperature-dependent phase transi-
tions in GeTe have been studied for bulk and thin-film GeTe, both fabricated by sputtering. Colloidal synthesis of nanoparticles offers a
more flexible fabrication approach for amorphous and crystalline GeTe. These nanoparticles are known to exhibit size-dependent properties,
such as an increased crystallization temperature for the amorphous-to-α transition in sub-10 nm GeTe particles. The α-to-β phase transition
is also expected to vary with size, but this effect has not yet been investigated for GeTe. Here, we report time-resolved x-ray diffraction of
GeTe nanoparticles with different diameters and from different synthetic protocols. We observe a non-volatile amorphous-to-α transition
between 210 �C and 240 �C and a volatile α-to-β transition between 370 �C and 420 �C. The latter transition was reversible and repeatable.
While the transition temperatures are shifted relative to the values known for bulk GeTe, the nanoparticle-based samples still exhibit the
same structural phases reported for sputtered GeTe. Thus, colloidal GeTe maintains the same general phase behavior as bulk GeTe while
allowing for more flexible and accessible fabrication. Therefore, nanoparticle-based GeTe films show great potential for applications such as
in active photonics.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0032624

I. INTRODUCTION

Germanium telluride (GeTe) is a metal chalcogenide that
exhibits three structural states at room temperature and one state at
high temperature.1,2 The room-temperature states are amorphous
GeTe and crystalline rhombohedrally distorted α- as well as ortho-
rhombic γ-GeTe. The high-temperature crystalline cubic phase is
known as β-GeTe. While the atoms of such a phase-change mate-
rial are covalently bonded in its amorphous (A) state, metavalent

bonding can be found in the crystalline (C) states.3 These two types
of bonds lead to very different properties. The amorphous state has
a relatively low optical reflectivity RA and high electrical resistivity
ρA. Upon crystallization, the resistivity decreases by five
orders of magnitude with ρA � 102 Ω cm and ρC � 10�3 Ω cm.4

Simultaneously, the reflectance contrast ΔR defined by
[(RC � RA)=RC]� 100 is about 43% in the near-infrared spectral
range (wavelengths near 1 μm).5
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The room-temperature amorphous state of GeTe crystallizes at
TC,1 ¼ 185 �C.4 Thermal annealing, optical pulses, or electrical
pulses can be used to induce crystallization. However, only laser or
electrical pulses allow for the high cooling rates necessary for
quenching of the GeTe melt and, thus, re-amorphization. The
melting temperature of GeTe is TM ¼ 723 �C.6

The strong property contrast between the non-volatile phases
can be exploited for optical data storage and memristive memo-
ries.7,8 The latter are one of the most promising candidates for neu-
romorphic computing.9 While ternary and quaternary
phase-change materials, such as germanium antimony telluride or
silver indium antimony telluride, have been applied in phase-
change memories, germanium telluride has gained interest for
active photonics.10–13 Furthermore, GeTe exhibits a ferroelectric
transition at about 430 �C (depending on the exact stoichiome-
try),14 while doping GeTe with Mn leads to a decrease of this tran-
sition temperature by more than a factor of two.15 Additionally,
alloying GeTe with Mn, Pb, or Sn can result in a (ferroelectric)
Curie temperature down to 30 �C.16 Moreover, GeTe has recently
been identified as a Rashba ferroelectric.17

All of the aforementioned applications and effects have been
investigated for either epitaxially grown or sputtered GeTe films
ranging from several tens of nanometers to several micrometers in
thickness. Recently, spatially confined phase-change materials have
been studied mainly due to two opportunities. First, nanowires and
nanoparticles offer an alternative approach to fabricate films of
phase-change material or patterned arrays,18–21 thereby the pur-
chase of a dedicated expensive equipment (e.g., magnetron sputter-
ing tool) can be avoided. In addition, preformed, high-aspect-ratio
voids or patterns can be filled. Second, nanoscale phase-change
materials allow for studying size-dependent properties of these
compounds. For example, localized surface plasmon resonances
have been reported for crystalline GeTe nanoparticles,22 and a
bandgap increase has been observed.23,24 Furthermore, several
studies on the size-dependent shift of the crystallization tempera-
ture TC,1 have been published, as shown for GeTe in Table I. The
listed values for TC,1 refer to the transition from the amorphous
state to the rhombohedrally distorted α-GeTe and reveal that TC,1

increases with decreasing particle diameter d. We also note that the
observed crystallization temperature depends not only on the mate-
rial dimensions but also on the characterization technique. For
example, the drop in resistivity associated with crystallization does
not require a phase change of the entire GeTe volume; a conductive
crystalline channel in the film is sufficient. Another important
factor is the applied heating rate ϑ throughout the measurement. A
well-known example is the shifted peak temperature to higher T
upon increase of ϑ in differential scanning calorimetry (DSC). All
of the aforementioned effects have to be taken into account when
comparing the values for TC,1 and making conclusions about size-
dependent effects.

While TC,1 has been reported for spatially confined GeTe, the
high-temperature crystalline β phase has not been observed for
either ultra-small or initially amorphous nanoparticles so far (cf.
Table I). Here, we study the reversible crystalline-to-crystalline
phase transition from α- to β-GeTe at TC,2 and back to the α-phase
for sub-10 nm GeTe nanoparticles, which were initially amorphous
after synthesis. This is realized by collecting x-ray diffraction

(XRD) patterns for repeated heating and cooling cycles of drop-
casted particles, which are synthesized in their amorphous state.

II. EXPERIMENTAL METHODS

We prepared colloidal dispersions of amorphous monodis-
perse GeTe nanoparticles following two different protocols. All
studied spherical nanoparticles had a diameter d , 10 nm since
size-dependent crystallization had previously been identified for
this size regime (Table I).

A. Nanoparticle synthesis

The syntheses of the amorphous (A-)GeTe nanoparticles fol-
lowed protocols adapted from Caldwell et al.20 and reported by
Yarema et al.21

The first batch was synthesized through a hot-injection route
as schematically shown in Fig. 1(a). Anhydrous germanium(II)
iodide (GeI2, 163 mg) was dissolved in 2 ml trioctylphosphine
(TOP) in a glovebox and stirred overnight. The following day, 2 g
of trioctylphosphine oxide (TOPO) was added, and the yellow solu-
tion was transferred to a reaction flask that was purged with nitro-
gen beforehand. After heating the solution to 235 �C, 240 μl

TABLE I. Comparison of crystallization temperatures TC,1 and TC,2 for different
GeTe samples, determined by different characterization methods (XRD—x-ray dif-
fraction, at a synchrotron (s) if applicable, ρ(T)—resistivity measurement during
heating and cooling, and DSC—differential scanning calorimetry) with varied heating
rates given in °C/min. The samples have either been synthesized (approx. spherical
particle diameter d) or sputtered (approx. film thickness t). Initially, GeTe has been
either in its amorphous (A) or crystalline (C) state. The sputtered thin films are given
for reference and separated by a horizontal line.

Size (nm) TC,1 (°C) TC,2 (°C) Method ϑ (°C/min) Ref.

dA = 1.8 400 In situ XRDs 60 20
dA = 2.6 350 In situ XRDs 60 20
dA = 3.4 320 In situ XRDs 60 20
dA = 3.5 340 ρ(T) 300–1.800 20
dA = 6.0 227 In situ XRD 7 21

170 ρ(T) 21
223–240 DSC 2.5–30 21

dA = 8.7 237 DSC 5 25
dA = 10.6 224 DSC 5 25
dA = 18.5 209 DSC 5 25
dC = 17.0 355 In situ XRDs 60 26
dC = 100 360 In situ XRDs 60 26
dC = 500 370 In situ XRDs 60 26

tA = 50 170 350 In situ XRDs 180 27
175 ρ(T) 60 27

tA = 80 185 ρ(T) 5 4
tA ¼ 100a 180 ρ(T) 10 28
tA ¼ 100b 230 ρ(T) 10 28
tA = 150 180 ρ(T) 10 29

aSurface-oxidized film.
bTaN-capped GeTe film.
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dodecanethiol and 30 s later 667 μl 0.75M Te-TOP solution (previ-
ously prepared) were injected. About 40 s later, the color of the sol-
ution in the flask changed from yellow to dark brown, indicating
nucleation of nanoparticles. After 4 min, the reaction was termi-
nated and the flask was cooled rapidly by acetone mist and later,
with pressurized air. The crude solution of GeTe nanoparticles was
transferred air-free to the glovebox where anhydrous ethanol was
added (3:1). The black precipitate was separated by centrifugation
(4000 rpm, 10 min) and dispersed in 1 ml anhydrous chloroform.
After centrifuging (4000 rpm, 10 min), ethanol was added to the
dark brown solution (2:1). Another centrifugation step resulted in a
clear liquid and a black precipitate. The latter was dispersed in 1 ml
toluene, forming a colloid that remained stable for multiple weeks.
We refer to this synthetic protocol below as synthesis 1.

The alternative synthetic approach, synthesis 2, led to several
batches with different GeTe particle sizes. This amide-promoted

synthesis is schematically shown in Fig. 1(b) and described in detail
in Ref. 21. While the A-GeTe nanoparticles obtained from synthesis
1 were covered by TOP ligands [cf. Fig. 1(c)], the particles from
synthesis 2 were covered with an oleate shell.

From transmission electron microscopy (TEM) observations,
the average size of each particle synthesis was estimated. The
A-GeTe particle size available from synthesis 1 was 5:5+ 1:6 nm;
synthesis 2 provided A-GeTe particles with diameters
4:8+ 0:6 nm, Fig. 1(d), and 6:9+ 0:9 nm, Fig. 1(e). It has to be
noted that synthesis 2 led to particles with a much narrower size
distribution, as visible in Fig. 1(f): the green size distribution refers
to the particles from synthesis 1 and the blue and red size distribu-
tions refer to the particles from synthesis 2.

Upon annealing, the A-GeTe particles will relax into the
crystalline phase if ΔT . TC,1. However, due to the large
surface-to-volume ratio of small nanoparticles, coalescence is ener-
getically favorable. Thus, coalescence of sub-10 nm particles has
been reported either at temperatures above TC,1

21 or at lower
temperatures. Thus, it occurs prior or throughout crystallization
[cf. Fig. 1(g)].30

B. Temperature-dependent x-ray diffraction

Samples were prepared for each particle size by repeated drop
casting onto a circular quartz substrate (diameter 1.3 cm). The
sample thickness and weight, including the nanoparticles, ligands,
and residual solvent, were not determined. However, the sample
deposition was conducted with a particle concentration of about
5 mg/ml and an estimated deposited amount of 5 mg. Due to the
repeated drop casting of the colloidal dispersions, we expect a
densely packed assembly of nanoparticles on the quartz substrate.
To avoid oxidation, the colloid was deposited air-free in a nitrogen
glovebox. The samples were mounted in an Anton Paar XRK 900
reactor chamber that was purged with nitrogen (flow rate: 200 ml/
min, measured at ambient temperature and pressure) throughout
the entire measurement. The samples were characterized with a
PANalytical Empyrean diffractometer equipped with a X’Celerator
Scientific ultrafast line detector and Bragg-Brentano HD incident
beam optics. The instrument was operated at 45 kV and 40mA
using Cu Kα radiation (1.540 60 Å). The temperature was measured
and controlled in the vicinity of the sample using a type K thermo-
couple; separate control measurements with a second thermocouple
placed at the exact position of the sample indicated that the tem-
perature difference between the two thermocouples was , 5 �C for
temperatures T , 800 �C.

Figure 2(a) shows the applied temperature curve. The XRD
chamber temperature T is plotted as a function of the time t
during two heating and cooling cycles. The samples were heated
and cooled at a rate of ϑ ¼ 10 �C/min. At each T , the chamber was
held for 6 min total, which includes 1 min for equilibration and
5 min for the actual XRD scan.

In the case of bulk stoichiometric compounds, we expect the
crystallization of the initial A-GeTe to the α phase. α-GeTe will
then remain stable to TC,2 ¼ 357 �C.2 Above this temperature, the β
phase becomes stable. If GeTe is rich in tellurium (. 50:9%),
A-GeTe crystallizes to the γ phase. At elevated temperatures, a
γ-to-β transition can be observed.2 An overview of the crystalline

FIG. 1. Sketch of the hot-injection methods 1 (a) and 2 (b) used for the synthe-
sis of amorphous (A) sub-10 nm GeTe nanoparticles, covered by organic
ligands, such as trioctylphosphine (TOP), shown in (c). TEM images of the parti-
cles with an average diameter of 4.8 nm (d) and 6.9 nm (e) allow for the deter-
mination of the particle size distributions shown in (f ). The top (blue) and
bottom (red) distribution relate to particles from synthesis 2, (b); the middle
(green) distribution is for synthesis 1 (a). (g) Heating of the A-GeTe particles
with ΔT � TC,1 results in crystalline (C) GeTe particles, which are likely to coa-
lesce prior or throughout the crystallization process (dashed and solid arrow,
respectively).
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structures and the corresponding reference patterns of GeTe are
given in Table II and Fig. 2(b), respectively. Additionally, the refer-
ence patterns of crystalline Te and Ge, which are known impurities
observed in GeTe,4,20,21 are shown.

During the first heating, we collected an XRD pattern
every 25 �C for T � 200 �C and every 10 �C for

200 �C , T � 450 �C. This was based on prior knowledge of the
crystallization with TC,1 . 200 �C observed for small nanoparticles
(cf. Table I) and the α-to-β transition TC,2 , 400 �C as reported
for bulk GeTe.2 Since we focused on monitoring the reversible
crystalline-to-crystalline transition and no further events were
expected for GeTe at lower temperatures during repeated cooling
and heating, we adapted our temperature intervals accordingly.
Thus, we chose ΔT ¼ 10 �C for 450 �C � T � 350 �C and
ΔT ¼ 25 �C for T , 350 �C.

For a reference value regarding the α-to-β transition tempera-
ture of bulk GeTe, we characterized flakes of a crystalline GeTe
sputter target with in situ XRD as described above. The
temperature-dependent diffractograms are shown in Fig. 2(c).
The transitions from a peak doublet to a single peak for both
2θ ¼ 24� 27� and 2θ ¼ 41� 44� allow for the confirmation of
the β phase of GeTe. Based on the XRD scans taken every 10 �C,
TC,2 is extracted as 380 �C [Fig. 2(d)]. This matches the transition
temperature of GeTe with a Te content between 50.2 and 50.5%
given by the phase diagram in Ref. 2. Hence, we can conclude that
the reference sample is stoichiometric.

III. RESULTS AND DISCUSSION

In the following, we will discuss the temperature-dependent
XRD patterns for three nanoparticle-based samples. First, we will
focus on the structural evolution of the GeTe particles from synthe-
sis 1, which showed a broad size distribution. Second, we will
analyze the diffractograms obtained for the particles from synthesis
2, which had a narrower size distribution. Also, it provided two
samples with sizes smaller and larger than the average size of the
particles from synthesis 1.

All diffractograms were normalized by dividing the intensity
values by the maximum intensity for each particular diffractogram,
meaning I/Imax, which allows for a better graphical representation.
Additionally, the patterns are displayed with a constant offset
[(I/Imax)+ 0.25 between each diffractogram] to show the structural
evolution of the sample over time. Such waterfall plots facilitate the
interpretation of temperature-dependent XRD data since interpola-
tion as used in 2D contour plots [cf. Fig. 2(c)] is avoided.
Nevertheless, it has to be noted that the time axis has been adapted
to follow the XRD patterns. Thus, the spacing is not necessarily
equal. This is due to the fact that we chose ΔT ¼ 25 �C for
T � 200 �C between each measurement in heating 1 as well as for
T � 350 �C in cooling 1, heating 2, and cooling 2. For higher tem-
peratures in each cycle, we chose ΔT ¼ 10 �C for a better

TABLE II. Overview of the crystalline phases observed for bulk GeTe. As mentioned
in Sec. I, α- and γ-GeTe are stable at room-temperature, while β-GeTe is the high-
temperature phase.

Phase Crystal system
Space

group no.
Space
group Reference

α Trigonal 160 R3m 31
β Cubic 225 Fm�3m 32
γ Orthorhombic 62 Pnma 33

FIG. 2. (a) XRD chamber temperature T as a function of the time t during two
heating and cooling cycles with ϑ ¼ 10 �C/min for heating and cooling. (b)
Reference XRD patterns for all crystalline GeTe phases, tellurium, and
germanium.31–35 The insets show the angular ranges and Miller indices that
allow for a distinction between α- and β-GeTe. Note that the Miller indices of
the R3m space group are reported using a hexagonal coordinate system. (c)
The in situ XRD pattern of flakes from a crystalline GeTe sputter target shows
the transition from α- to β-GeTe during the first heating cycle and back to
α-GeTe during the following cooling (the relevant temperature ranges are
marked by white dashed rectangles). (d) The individual XRD patterns corre-
sponding to the 2θ- and T -range of the α-to-β transition show the peak dou-
blets and singlets with the reflexes marked in green and red, respectively.
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resolution. These temperature choices were defined by the expected
structural transitions (cf. Table I).

In the discussion of all temperature-dependent XRD diffracto-
grams, we focus on three angular ranges of 2θ to investigate TC,1

and TC,2,

• 24� 27�: transition from (003)/(021)-doublet to (111)-singlet
marks α-to-β transition (and vice versa),

• 29� 30�: appearance of (202)-peak marks crystallization, and
• 41� 44�: transition from (024)/(220)-doublet to (220)-singlet
marks α-to-β transition (and vice versa).

Since the doublet-to-singlet transition is more pronounced
between 41� and 44� [cf. reference in Fig. 2(b)], we use this angular
range to identify TC,2. The transition temperatures are marked by
dashed rectangles in Figs. 3–5, and the values for TC,1, TC,2, and
TC,20 are noted next to the pattern. TC,2 refers to the α-to-β transi-
tion during heating, and TC,20 refers to the reverse transition, β to
α, during cooling.

For orientation, all diffractograms we will discuss below are
color-coded with respect to the heating curve and the temperature
scaling. In addition to the transition temperatures TC,1, TC,2, and
TC,20 , we mark the transition points between each cycle, i.e.,
Tmin ¼ 75 �C and Tmax ¼ 450 �C on the right of the XRD patterns.

A. In situ XRD on polydisperse GeTe nanoparticles

The diffractograms of the GeTe nanoparticles from synthesis
1, which led to a broad size distribution [cf. Fig. 1(f )], are shown
in Fig. 3. The XRD patterns start at T ¼ 100�C in the first heating
cycle. During heating 1, a narrowing of the intensity peak close to
2θ ¼ 30� as well as a convergence of the (024)/(220)-doublet can
be seen. First, we focus on the interpretation of the width of the
(202) and (200)-peak of the α and β phase, respectively. In a
general and simplified consideration, the full width at half
maximum (FWHM or w) of an XRD peak can be related to the
lattice strain and the crystallite size D. It has to be noted that D is
not necessarily identical with the particle size d. In the case of coa-
lescence, for example, D can be larger than the initial d. Hence,
without a high-resolution TEM investigation, it is difficult to judge
whether the particle or domain sizes are determined via XRD. This
ambiguity has to be kept in mind when the term crystallite is used
for D.36 Nevertheless, its size can theoretically be estimated from
the well-known Scherrer equation,

D ¼ [K � λ]=[w � cos(θ)], (1)

with K being the shape factor or Scherrer constant (often approxi-
mated by 0.9), λ being the x-ray wavelength in nm, and θ being the
angle of diffraction in rad.36 The observed peak width wobs in rad
has to be corrected by subtracting the instrumental broadening
winstr in rad,

wn ¼ wn
obs � wn

instr, (2)

with n being dependent on the peak shape. In our case, winstr �
0:1� (determined with a crystal silicon standard) and thus, up to
72% of wobs. Therefore, it would be necessary to collect the

FIG. 3. Structural evolution of GeTe nanoparticles from synthesis 1 with a diam-
eter of 5:5+ 1:6 nm [green histogram in Fig. 1(f )]. Each XRD pattern is nor-
malized to the maximum peak intensity (I/Imax). The colors represent the scan
temperature T , as shown on the left side. Upon heating, amorphous GeTe
(A-GeTe) crystallizes into α-GeTe, TC,1 ¼ 240 �C and relaxes into the β-phase.
The transition between α- and β-GeTe continues during further heating and
cooling with TC,2 ¼ 420 �C and TC,20 ¼ 400 �C. The small peak at 2θ � 27�
(black asterisk) could indicate a small amount of crystalline Te or Ge impurity,
cf. Fig. 2(b).
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diffractograms with a much higher resolution (e.g., at a synchro-
tron) to obtain a better estimate of D. Nevertheless, a qualitative
approximation of D based on the XRD patterns is possible. In a
simplified picture, the initial particle diameter d � 5:5 nm deter-
mined by TEM would imply wobs � 1:6� (assuming D ¼ d,
K ¼ 0:9, winstr ¼ 0:1�, and λ ¼ 0:154 06 nm). In contrast, Fig. 3
shows 0:14� � wobs � 0:2�. For a conservatively chosen n ¼ 2, we
can estimate, e.g., d � 49 nm (Fig. 3, TC,1 ¼ 240 �C: 2θ ¼ 29:6�,
wobs � 0:19�, cf. Table III). Thus, it seems very likely that the GeTe
nanoparticles coalesced during the initial crystallization. Thereby, it
has to be emphasized that XRD patterns represent only an averaged
signal, and no conclusion on the individual particles can be drawn.

Between T ¼ 240 and 300 �C, the peak width decreases
further, indicating continued growth of D. This could relate to
further coalescence or growth of larger grains at the expense of
smaller ones.21,26 Further thermal treatment showed no influence
on the width of the (202)- or (200)-peak of α- or β-GeTe, respec-
tively. Thus, it can be assumed that the grain growth stopped.
Apart from the narrowing of the (202)-peaks, a slight shift to
smaller angles upon heating can be seen. During cooling, the peak
position shifts back to its initial value. A similar behavior can be
seen for the second heating and cooling. This can be rationalized
by the relaxation of the distorted α-phase to the cubic β-phase.26,37

For T ¼ 260 �C, the (024)/(220)-doublet becomes clearly
visible and converges smoothly toward the (220)-singlet for
increasing T � 360�C. This indicates a slow transition from the
rhombohedrally distorted α-phase to the relaxed cubic β-phase.
Something similar has been observed for larger GeTe nanoparticles,
which were crystalline after synthesis.26 During the first cooling
cycle, the gradual splitting of the (220)-peak toward the (024)/
(220)-doublet can be seen. The related β-to-α-transition tempera-
ture was TC,20 ¼ 400 �C according to the diffractogram. A similar
behavior can be found for heating and cooling 2, where the (024)/
(220)-doublet transitions into the (220)-singlet at TC,1 ¼ 420 �C
and the high-temperature phase transitions back into the room-
temperature phase at TC,20 ¼ 400 �C. Thus, the transition between
the two C-GeTe phases is reversible for the sample based on nano-
particles from synthesis 1.

The aforementioned reversible change is less evident for the
(003)/(021)-doublet to (111)-singlet transition at 2θ ¼ 24�27�.
This was expected due to the low intensity of these peaks in the
reference [cf. Fig. 2(b)]. Nevertheless, the transition is visible but
does not allow for a determination of the transition temperatures
TC,2 and TC,20 .

B. In situ XRD on nanoparticles with narrower size
distribution

In Figs. 4 and 5, the diffractograms of the nanoparticles from
synthesis 2 are shown. These two samples had a smaller and larger
average size and a narrower size distribution than the GeTe nano-
particles discussed in Sec. III A.

While the XRD patterns were collected, normalized, and
plotted similarly to Fig. 3, it is obvious that the diffractograms in
Figs. 4 and 5 for the amorphous samples with
100 �C � T � 250 �C are noisier. One possible reason could be
that the total amount of sample from synthesis 2 was lower

FIG. 4. Structural evolution of A-GeTe nanoparticles prepared by synthesis 2
and with a diameter of 4:8+ 0:6 nm [blue histogram in Fig. 1(f )].
Normalization, temperature profile, and color code are similar to Fig. 3. Upon
heating the A-GeTe nanoparticles, they crystallize into α-GeTe at TC,1 ¼ 240 �C
and relax into the β-phase at TC,2 ¼ 400 �C. The transition between α- and
β-GeTe continues during further heating and cooling with
TC,2 ¼ TC,20 ¼ 390 �C. We ascribe the small peak at 2θ � 27:2� (black aster-
isk) to a small amount of crystalline Te or Ge impurity, cf. Fig. 2(b). The small
peak at 2θ � 25:7� (black rhombus) could not be matched with any reference
diffractograms given (cf. Appendix B). However, graphitic carbon shows a strong
peak at this angle and could have contaminated the sample.
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compared to samples from synthesis 1 due to different sample con-
tributions from the TOP and oleic acid ligands (cf. Sec. II A).
Another reason could be the normalization I/Imax. This leads to a
pronounced increase of the signal-to-noise ratio (SNR) for XRD
patterns above TC,1, where Imax 	 I, but does not affect the SNR of
amorphous diffractograms (cf. Appendix A).

In Fig. 4, the first sign of crystallization into α-GeTe can be
observed for T ¼ 240 �C, which matches what we already observed
in Fig. 3. Again, the peak width indicates a coalescence of particles
prior to or during crystallization. Already the XRD pattern for the
next temperature step shows a clear (024)/(220)-doublet. Further
heating leads to a quick divergence of the two peaks, while the
high-angle peak seems to overlap with another small peak. At the
same time, the (202) peak shifts quite strongly to lower angles and
a weak (003)/(021)-doublet becomes visible. The latter shows a
prompt divergence and an overlapping additional peak (for
T ¼ 370� 390 �C) as well. The described trends remain for all
three diffractive signatures of the α-phase until T ¼ 400 �C. For
this temperature, a prompt shift of the central peak occurs and
both doublet-to-singlet transitions are observed. Thus, we define
the onset of the α-to-β-transition at TC,2 ¼ 400�C. Further heating
leads to a relaxation of the peaks and the subsequent cooling shows
the smooth and reversible transition between β- and α-GeTe.
This behavior is similar to what was seen in Fig. 3. Only the
transition temperatures are slightly lower with TC,20 ¼ 390 �C and
TC,2 ¼ TC,20 from there on.

It has to be noted that the (024)/(220)-doublet shows very
small split peaks. This could be related to the fact that we used
CuKα,1 and CuKα,2. Since the peaks are sharper compared to
what we found for the diffractograms in Fig. 3, this effect might
appear more strongly for the sample investigated here.
Furthermore, the narrower peaks shown in Fig. 4 indicate a
larger crystallite size D and thus, more pronounced coalescence
than observed for the GeTe particles from synthesis 1 can be
assumed. This is surprising since oleic acid ligands are used for
the particles from synthesis 2. These molecules are much longer
than the TOP ligands, which are shown in Fig. 1(c), and thus, a
more pronounced nanoparticle separation and potentially less
coalescence could be expected.21

Similar to the diffractograms in Fig. 3, a small additional peak
not matching the α- or β-lattice was found. It appears at
2θ � 27:2� for T � 310 �C, but it disappears for T � 380 �C and
does not reoccur throughout the following temperature treatment.
Due to the angular position of this peak, it could indicate traces of
crystalline Te or Ge in the sample. Since the most pronounced
peaks for both crystalline patterns are almost overlapping
[cf. Fig. 2(b)], an unambiguous identification is not possible.
Nevertheless, Te impurities have been reported for annealed ini-
tially amorphous GeTe nanoparticles.20 Additionally, segregated
Te has been observed as a result of surface oxidation of GeTe
(cf. Appendix B).28

In Fig. 5, a very weak crystalline signal can already be identi-
fied for T ¼ 100 �C. The (202)-peak is very broad and flat, thus
indicating a much smaller D than what we found for the smaller
GeTe nanoparticles (cf. Figs. 3 and 4). Due to this initial (partial)
crystallization of the particles, the determination of TC,1 is difficult.
Therefore, we use the enhancement of this hump at 2θ � 29:6�,

FIG. 5. Structural evolution of A-GeTe nanoparticles from synthesis 2 with a
diameter of 6:9 + 0:9 nm [red histogram in Fig. 1(f )]. Normalization, tempera-
ture profile, and color code are similar to Figs. 3 and 4. Upon heating, A-GeTe
crystallizes at TC ¼ 210 �C. Presumably, α-GeTe relaxes into β-GeTe since the
transition back to the α phase can be found at TC,20 ¼ 350 �C. During further
heating and cooling the crystalline-to-crystalline transitions can be found at
TC,2 ¼ TC,20 ¼ 370 �C.
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and the simultaneous onset of a crystalline signal in the high-angle
range, which we define for TC,1 ¼ 210 �C. However, this is less reli-
able than TC,1 defined for the samples based on the smaller GeTe
nanoparticles discussed above.

Further heating leads to more pronounced peaks for the
three considered angular ranges. Thereby, the (202)-peaks
narrow, while the peak width wobs remains relatively broad com-
pared to what is shown in Figs. 3 and 4. This would imply that
coalescence did not progress as far as for these samples. If we
could apply the simplified logic of longer ligands resulting in a
lower degree of particle sintering, we would expect D5:5 . D6:9

(particles with an average diameter d � 5:5 nm and TOP ligands
vs particles with d � 6:9 nm and oleate ligands).

Similar to what we observed before, the (202)- and
(200)-peak, respectively, shift smoothly. However, during the first
heating, we cannot determine TC,2. Instead, during cooling a broad-
ening and subsequent peak splitting from the (220)-singlet to the
(024)/(220)-doublet can be observed, starting at TC,20 ¼ 350 �C. The
following α-to-β-transition sets in at TC,20 ¼ 370 �C with the transi-
tion back to α at the same temperature during the second heating
cycle. The (003)/(021)-doublet cannot be observed before the end of
the last cooling, i.e., T ¼ 75 �C.

IV. CONCLUSION

We synthesized ultrasmall nanoparticles of the phase-
change material GeTe with diameters below 10 nm. In the litera-
ture, these sizes have been identified to show size-dependent
material properties. We studied the crystallization behavior of
drop-casted nanoparticle films using in situ XRD while heating
the films under a nitrogen atmosphere. All nanoparticle-based
samples showed crystallization to α-GeTe followed by a
crystalline-to-crystalline transition to the high-temperature
β-phase of GeTe. During cooling, this transition was reversible
and could be repeated for a second heating and cooling cycle.
All samples showed increased crystallization temperatures TC,1

and TC,2 compared to bulk GeTe.
Figure 6 compares our results to the values obtained by previ-

ous studies (cf. Table I). While we observed coalescence, similar to
the literature, we list the transition temperatures as a function of
the initial particle size d. Figure 6 reveals that the literature
values follow a general trend of an increasing TC,1 and TC,2 for
decreasing d below 10 nm. However, quantification of the size-
dependent TC,1 and TC,2 is complicated by coalescence. Thus, we
propose to perform a similar study with separated nanoparti-
cles, e.g., by using atomic layer deposition. Additionally, the
investigation of the temperature-dependent structural transi-
tions with nanoparticles of similar size but passivated with dif-
ferent ligands could allow for a more in-depth coalescence
study. Furthermore, in situ TEM, in situ Raman spectroscopy, and
ultrafast DSC could give further insights into the crystallization of
individual nanoparticles.26,38,39 This would be especially interesting
for GeTe, since a decrease of TC,1 has been found for decreasing par-
ticle size d for Ge2Sb2Te5, which is one of the most prominent
phase-change materials.10,40 In contrast, Ref. 41 reported an
increased TC,1 for sputter-deposited doped GeSb, Sb2Te, and
Ge2Sb2Te5 films with thicknesses t , 10 nm. Nevertheless, Ref. 42

showed for Ge2Sb2Te5 that this behavior could be ascribed to
(capping-dependent) strain in the thin films. The crystallization of
nanoparticles will likely be influenced by the large surface-to-volume
ratio and presumably, significant strain. Moreover, Kolb et al.
reported on the nucleation of non-oxidized bulk GeTe at 230 �C. In
this context, the crystallization at 180 �C was found to be induced by
surface oxidation and related elemental segregation, which led to Te
serving as nucleation sites.28

Apart from the initial crystallization, our study focused on
the reversible α-to-β-transition, which we observed for the three
nanoparticle-based samples. These particles were initially amor-
phous, synthesized following two different protocols, and had
different diameters. The α-to-β-transition temperatures were
higher compared to the thin films and larger crystalline nano-
particles discussed in the literature (cf. Table I). It is promising
that samples based on very small solution-deposited amorphous
nanoparticles still show reversible phase-change behavior along
with an increased bandgap and tunable refractive index.23

Although more studies are necessary regarding reproducibility
and upscaling, our results show that such nanoscale phase-
change materials could be potentially useful for the scalability of
active photonics, phase-change random access memory, and
optical data storage.

FIG. 6. (a) Comparison of the GeTe transition temperatures TC,1 (disk) and TC,2
(diamonds) determined for different particle sizes d and film thicknesses t. The
colors represent the different characterization techniques and samples. The
larger the symbol area, the higher was the applied heating rate ϑ. Exemplary
values of ϑ are noted in the plot. (b) A magnified plot for the section in (a)
where most TC,1 were determined for small d.
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APPENDIX A: FULL-RANGE XRD DIFFRACTOGRAMS

For comparison, the full XRD patterns are shown for exam-
plary temperatures in Fig. 7 with Fig. 7(a) related to Fig. 3,
Fig. 7(b) related to Fig. 4, and Fig. 7(c) related to Fig. 5. The XRD
diffractograms are shown for

• 50 �C, which is the lowest T for which XRD was conducted,
• the respective TC,1,
• 320 �C for α-GeTe related to heating 1,
• the respective TC,2, if applicable,
• 450 �C, which is the highest T for which XRD was conducted, and
• 75 �C for α-GeTe after cooling 1.

In Figs. 3–5 and 7, the diffractograms collected at T ¼ 50 �C
show an amorphous halo at about 22� and 27� for synthesis 1 and
2, respectively. The halo at 2θ ¼ 22� can be related to the quartz
substrate as shown in Fig. 8. We ascribe the halo at 27� to the
nanoparticles from synthesis 2, for which a similar halo has been
observed.21

As discussed earlier, we ascribe the initial appearance of a
small peak at about 29.6� to the onset of the nanoparticle film crys-
tallization. For clarity, the appearance of this (202)-peak is marked
by a dashed rectangle in each diffractogram.

APPENDIX B: IDENTIFICATION OF XRD PEAK AT
2θ � 25:7�

Considering the particles right after synthesis, the XRD pat-
terns in Fig. 4 show a small peak at 2θ � 25:7�. According to the
potential reference patterns, this would only match β-GeTe which
can be excluded as this phase is expected only at higher tempera-
tures. Furthermore, it has been reported that oxidation and segrega-
tion can be expected for annealed GeTe.28 To prevent this,
synthesis and XRD measurements were performed oxygen-free.
Nevertheless, if oxygen had been present (at elevated temperatures),
only amorphous GeOx and crystalline Te would be expected.28 The
small initial XRD peak at about 25.7� cannot be explained by this.
Another possibility could be residual germanium diiodide, which is
used as precursor in the synthesis. However, the strongest XRD peaks
would be expected at 2θ � 30:4� and 26.2� according to Ref. 43.

APPENDIX C: ESTIMATION OF CRYSTALLITE SIZE D

By evaluating Eq. (1) under a few assumptions, the crystallite
size D can be approximated, as listed in Table III. There, the first
heating cycle has been considered. The increase of the crystallite
size upon crystallization is expected due to the grain growth. While
the Scherrer evaluation has its inherit limitations,36 further charac-
terization of reproduced nanoparticle syntheses would be necessary
for drawing systematic conclusions.

FIG. 7. Diffractograms of A-GeTe nanoparticles shown in (a) Fig. 3, (b) Fig. 4,
and (c) Fig. 5 for the full angular range of detection. The normalization and
color code are similar to Figs. 3–5. The Miller indices are noted next to the
peaks. The reference patterns for α- and β-GeTe are marked in black and gray,
respectively, at the bottom of each subfigure. Additional features are marked
similarly to Figs. 3 and 4: (a) and (b) black asterisk for Te or Ge impurities, and
(b) black rhombus for an unidentified small peak, potentially associated with gra-
phitic carbon. The feature ascribed to the onset of crystallization is marked by a
dashed rectangle.
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