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Discovery of a metastable van der Waals
semiconductor via polymorphic crystallization
of an amorphous film†

Yuta Saito, *a Shogo Hatayama, a Wen Hsin Chang, a Naoya Okada, a

Toshifumi Irisawa, a Fumihiko Uesugi, b Masaki Takeguchi, b Yuji Sutou cd

and Paul Fons ae

Here we report on the growth of thin crystalline films of the metastable

phase GeTe2. Direct observation by transmission electron microscopy

revealed a Te–Ge–Te stacking with van der Waals gaps. Moreover,

electrical and optical measurements revealed the films exhibted semi-

conducting properties commensurate with electronics applications.

Feasibility studies in which device structures were fabricated demon-

strated the potential application of GeTe2 as an electronic material.

Introduction

Layered materials are of great interest in fundamental and
applied physics, chemistry, and materials sciences. 2D or van
der Waals (vdW) materials, representing the monolayer limit of
layered materials, can be formed through exfoliation from a
bulk single crystal in which layers are bound together by weak
vdW forces. These monolayers can exhibit properties markedly
different and unusual compared to their bulk counterparts.1

Layered materials possessing a finite energy gap are critical for
a wide variety of electronic and optoelectronic applications, as
semiconducting properties are essential for realizing functional
devices. Realizing reliable large-area fabrication techniques for
layered materials has great potential to replace contemporary Si

technology, such as transistors, owing to nature-enhanced
scaling to atomic layer thickness.2

Recently, the bottom-up direct thin-film growth of layered
materials has been under intensive study. Chemical vapor deposi-
tion (CVD) is the most commonly used technique for fabricating
layered materials such as transition metal dichalcogenides (TMDs).3

Careful control of the growth conditions enables the growth of even
monolayer samples. Compared with CVD, physical vapor deposition
(PVD) methods, such as sputtering, have not been investigated to
the same extent for the growth of layered materials,4,5 although they
constitute one of the most mature techniques and are used in
semiconductor and many other industries.

Among several potential applications of typical layered materi-
als, non-volatile memory applications have recently attracted
attention.6 Zhang et al. reported a reversible resistance change in
MoTe2 driven by a structural transition induced by the application
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New concepts
In this paper, the concept of ‘‘metastable’’ layered materials has been
proposed, and the fabrication of metastable van der Waals GeTe2 was
demonstrated. The growth process proceeds via the amorphous phase,
where an initial amorphous film is sputter-deposited and then undergoes
a carefully controlled thermal annealing process resulting in the
formation of the metastable crystalline phase. The choice of the initial
composition Ge : Te = 1 : 2 enabled the formation of a Te–Ge–Te three-
layer unit. In general, studies of van der Waals materials can be
categorized into two regimes: exfoliation from a bulk single crystal, and
growth by chemical vapor deposition using gas sources. The former
method inevitably requires bulk material, which is typically the
equilibrium phase, while the latter involves direct fabrication of a
stable crystalline phase under nearly thermodynamically equilibrium
conditions. Our concept is strikingly different from the aforementioned
methods in that the fabrication of the metastable van der Waals phase is
achieved directly via solid-state crystallization. Intriguingly, the fabricated
GeTe2 film was found to exhibit semiconducting properties. This work
introduces a conceptually new fabrication method for metastable van der
Waals materials and will open the door to the exploration of novel
materials that could unlock great potential for future electronics
beyond contemporary Si technology.
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of an electric field.7 Some tellurides have been established as
phase-change materials for a couple of decades. Ge–Sb–Te (GST)
has been used as the recording layer for rewritable optical discs
and has recently been utilized for non-volatile memory applica-
tions in the form of a phase-change random access memory
(PCRAM) devices.8,9 Although conventional PCRAM relies on
reversible resistance switching between the amorphous and crys-
talline phases, a crystal–crystal transition similar to that occurring
in MoTe2 has also been reported for GeTe/Sb2Te3 superlattices,10

In2Se3,11 and MnTe.12

Herein, we have developed a novel metastable vdW semi-
conductor employing a unique synthesis method using poly-
morphic solid-state crystallization of the amorphous phase
without composition changes during the process. Hereafter,
the metastable vdW material is denoted as MVM. If a crystalline
phase is obtained from the melt during (slow) cooling, the most
stable phase is usually obtained as reflected by the phase
diagram. However, when the system originates from an amor-
phous phase, an intermediate metastable crystalline phase is
often observed during the transformation to the stable phase.
Therefore, polymorphic crystallization has great potential for
the fabrication of novel materials. Furthermore, this concept
can be extended for fabricating metastable 2D materials. Con-
sequently, we screened material databases and identified a
possible candidate. The following material-search scheme was
employed: first, for a material to have a layered crystal struc-
ture, the formation of vdW gaps is necessary. To realize this
property, we selected chalcogens (O, S, Se, and Te) as the major
compositional component because chalcogen elements often
exhibit lone-pair electrons, which are essential for the for-
mation of vdW gaps. Next, as several layered TMDs of MX2

composition have been reported (M: transition metals, X: S, Se,
and Te), a ratio of 1 : 2 between the cation and chalcogen was
chosen as the prototypical compound. The selection of a Group
14 element as the cation resulted in an intriguing trend. The
element Si forms the stable compounds SiS2, SiSe2, and SiTe2,
whereas Ge and Sn only form disulfides and diselenides, but
not ditellurides. The corresponding thermodynamic equili-
brium phase diagrams do not indicate stable compounds with

the above composition, suggesting that metastable crystalline
phases may be realized using polymorphic crystallization.
Wang et al. reported on the existance of a metastable GeTe2

monolayer in a confined 2D environment within a Te-rich GST
thin film.13 This work suggests the possibility of a layered
GeTe2 phase.

Herein, we successfully fabricated the single-phase novel
MVM, GeTe2, employing polymorphic crystallization of sputter-
grown amorphous Ge0.33Te0.67 films. This unusual phase exhib-
ited semiconducting properties based on the electrical and
optical measurements. We conducted complementary struc-
tural analyses, including X-ray diffraction (XRD) and atomic-
level resolved transmission electron microscopy (TEM) observa-
tions, and explicitly demonstrated the presence of Te–Ge–Te
layered stacking along with vdW gaps for the first time.
Furthermore, two-terminal vertical and three-terminal lateral
device measurements suggested the possibility of nonlinear
current–voltage (I–V) and transistor applications, respectively.
This polymorphic crystallization method provides a new route
for realizing novel MVMs using a simple and industry-friendly
technique.

Results and discussion
Direct observation of a layered structure

Fig. 1a shows the cross-sectional microstructure observed using
TEM of a 50 nm-thick GeTe2 film. The Si substrate with a native
SiO2 layer is shown at the bottom of the image. The film shows
clear lattice fringes parallel to the substrate surface, suggesting
a highly oriented structure. Fig. 1b and c show high-angle
annular dark-field (HAADF) images along the [210] and [110]
directions, respectively. Both figures clearly show periodic black
lines parallel to the substrate. Because this is a dark-field image,
the heavier atoms (the larger scattering factor) exhibit brighter
contrast, while the lighter elements appear darker; therefore, black
lines indicate the absence of atoms, namely, vdW gaps. Fig. 1d
shows a magnified image and demonstrates the presence of three
atomic layers close together, with the tri-layers separated by vdW

Fig. 1 (a) Cross-sectional TEM image of the GeTe2 film. (b and c) Represent zoomed-in images from the [210] and [110] directions, respectively.
(d) HAADF-STEM image and (e) the corresponding EDS mapping. (f) Crystal structures of GeTe, Te, and GeTe2.
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gaps. Energy-dispersive X-ray spectroscopy (EDS) mapping (Fig. 1e;
Te: green and Ge: red) clearly shows the Te–Ge–Te layers with Te–
Te stacking across the vdW gaps. This is direct evidence of the
layered structure of GeTe2 characterized by vdW gaps, and differs
from the previous report that assumed a b-cristobalite-type struc-
ture, which is a three-dimensionally bonded structure.14 Moreover,
the atomic alignment is very similar to that observed in a previous
paper reporting monolayer (Te–Ge–Te) stacking confined in a GST
film.13 The striking difference is that our GeTe2 film consists of
only Te–Ge–Te tri-layers, while it was accidentally found in the GST
matrix in the literature. As discussed later, the stable crystalline
phases in the Ge–Te binary system are GeTe, Ge, and Te, but not
GeTe2. The crystal structure of each phase is shown in Fig. 1c.
Before discussing the detailed crystal structure of GeTe2, the
synthesis condition dependence of GeTe2 formation is discussed.

Polymorphic crystallization of amorphous thin films

The Ge–Te binary phase diagram shows the presence of a single
intermetallic compound, GeTe, in addition to pure Ge and Te
phases that exhibit negligible mutual solubility (Fig. 2a).15

Contrastingly, because the constituent atoms are mixed in a
stochastic manner during the formation of the amorphous
phase by sputtering, in principle, this metastable phase can
assume any composition regardless of the presence or absence
of a single phase in the crystalline equilibrium counterpart for
a given composition. Therefore, to realize the metastable GeTe2

crystal phase, an amorphous film of Ge0.33Te0.67 is the starting
point. A sputter-deposited amorphous Ge0.33Te0.67 film was
heated at a constant rate of 10 1C min�1 from 25 1C to 350 1C
in an Ar atmosphere. The electrical resistance initially exceeded
100 MO at 25 1C and decreased with increasing temperature,
indicating semiconducting behavior (Fig. 2b). The resistance
showed an abrupt drop at approximately 270 1C and remained

low at B100 O after heating to 350 1C, followed by cooling to room
temperature. This is typical R–T behavior of chalcogenide-based
phase-change materials, in which an insulating (semiconducting)
amorphous-to-metallic-crystalline transition occurs upon heating.16

Notably, when the sample was heated to 230 1C and then cooled, the
resistance increased with decreasing temperature to a value even
higher than that of the as-deposited amorphous phase at room
temperature (blue points in Fig. 2b). The XRD measurements
suggest that this resistance change corresponds to the formation
of a crystalline GeTe2 phase. The detailed R–T behavior with the
corresponding XRD results is discussed in Fig. S1 (ESI†).

The above experimental results are mostly consistent with
previous reports;14,17 however, we found that the structural
analysis of the aforementioned work did not satisfactorily
explain the experimental results. The detailed crystal structure
of GeTe2 will be discussed later; however, here, we only com-
pare the experimental XRD patterns with the simulated pro-
files, assuming a layered structure for GeTe2. Fig. 2c and d show
the out-of-plane and in-plane XRD scans of the GeTe2 film,
respectively. The simulated XRD patterns of the powder sample
shown in both figures (black curve) are not consistent with the
experimental peak locations. However, when a (001) preferred
orientation was assumed (blue curve in Fig. 2c), the simulated
peak positions were in excellent agreement with the observed
out-of-plane XRD pattern. This result suggests that the film is
highly oriented; the c-axis is normal to the substrate surface,
with the vdW gaps parallel to the substrate surface. This
preferred orientation has often been observed in other layered
chalcogenides.18 Furthermore, for in-plane measurements of
(001)-oriented films, diffraction from the (010) and (110)
planes, which are perpendicular to the (001) plane, is expected
to be present. The simulation results for both (010) (green
curve) and (110) (blue curve)-oriented planes are shown in
Fig. 2d. The experimental in-plane XRD pattern showed three
peaks, which are consistent with the simulation results. These
results support the reliability of the proposed structural model.
The formation of the GeTe2 phase was found to be strongly
dependent on the experimental conditions, as discussed in the
Fig. S2 (ESI†). Furthermore, the thermal stability of the meta-
stable GeTe2 phase has been evaluated. The GeTe2 phase was
found to remain with no evidence of phase decomposition after
annealing at 200 1C for 3 hours, suggesting sufficient thermal
stability for practical applications (Fig. S3, ESI†).

Structural determination

We constructed a crystal structure model of GeTe2 based on the
aforementioned results. Because comprehensive structural
determination based on Rietveld analysis from a powder sample
was not possible owing to the metastable nature of the phase
limiting the sample to thin-film form, certain assumptions were
made in addition to the experimental observations. In the EDS
mapping shown in Fig. 1e, the atomic layer sequence of . . .Te–
Ge–Te. . . was clearly observed, where – denotes covalent bond-
ing and . . . corresponds to vdW bonding. This chalcogen–
metal–chalcogen stacking is a typical feature of TMDs. The
TMDs take a variety of layered crystal structures depending on

Fig. 2 (a) Ge–Te binary phase diagram. (b) Temperature dependence of
the electrical resistance during heating and cooling. Experimental and
simulated XRD patterns for (c) out-of-plane and (d) in-plane
measurements.
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their composition, which differ depending on the combination
of transition metal and chalcogen elements.19 At first glance, it
is surprising to see that a randomly aligned amorphous phase
can transform into a highly symmetric layered structure. How-
ever, in fact, the present authors have observed similar
amorphous-layered crystal transition in a MoTe2 thin film,
which possesses the same stoichiometric ratio as GeTe2.20 It
should be noted that in a previous work on MoTe2, the struc-
tural similarities between amorphous and crystalline MoTe2

films were invoked to partially explain the crystallization pro-
cess. Recently, the detailed structure of glassy GeTe2 bulk has
been revealed, where tetrahedral GeTe4 and trigonal GeTe3 units
as well as Te oligomers were found to coexist.21 This picture is
strikingly different from the proposed layered structure seen in
the current work. One possible reason for this difference is that
the sputter-deposited amorphous Ge33Te67 film may possess a
different local structure from the melt-quenched glass. There-
fore, in order to elucidate the crystallization mechanism of the
layered GeTe2 phase, local structure analysis for both amor-
phous and crystalline GeTe2 thin films is necessary. The most
common structures are 2H and 1T, where the chalcogen atoms
form a triangular prism and octahedral structural units, respec-
tively. Thus, . . .ABA. . .BAB. . . and . . .ABC. . .ABC. . . stacking is
realized in the 2H and 1T phases, respectively. Here, we
assumed that GeTe2 tends to form in the 1T structure for the
following two reasons. First, from the TEM observations shown
in Fig. 1b and c, atomic stacking can be observed along a
straight line parallel to the vertical axis (1b), whereas the
rotation of the sample results in ABC-type stacking (1c), a
stacking not present in the 2H structure. Another reason is
the preferred oxidation state of the cation (in this case, Ge). The
electronic configuration of Ge is [Ar](3d)10(4s)2(4p)2, and pure

Ge crystallizes into a diamond structure with four-fold coordi-
nation via four-valence s and p electrons because of sp3 hybri-
dization. Moreover, the stable form of Ge oxide is GeO2, clearly
indicating Ge4+ to be the preferred oxidation state. Among the
various TMDs, XTMTe2 compounds (XTM: Ti, Zr, and Hf (Group 4
elements)) always assume a 1T structure, in which the transition
metal elements prefer the oxidation state of 4 (TiO2, ZrO2, and
HfO2 are examples). Therefore, by analogy, the oxidation state of
analogous compounds supports the idea that GeTe2 can assume
a 1T-type local symmetry as a metastable phase. The 1T struc-
ture is described as follows: the space group is 164 (P%3m1),
satisfying the lattice constant conditions of a = b a c, a = b = 901,
and g = 1201. To determine the lattice constants a and c, we
utilized the in-plane and out-of-plane XRD results shown in
Fig. 2, respectively. The out-of-plane XRD pattern (Fig. 2c) shows
four peaks—all related to 00l reflections. Considering the best
fit of the experimental results of these peaks, the value of the c
constant was calculated to be 6.66 Å using the following
expression for the hexagonal lattice:

1

d2
¼ 4

3

h2 þ hkþ k2

a2

� �
þ l2

c2
; (1)

where d is the lattice spacing obtained from the peak position
using Bragg’s law, a and c are lattice constants, and hkl is the
Miller index. The in-plane scan (Fig. 2d) showed three peaks.
Notably, if the layered-structure film of space group 164 is
highly oriented along the c-axis, two types of lattice planes can
match the incident X-ray geometry—the (010) and (110) planes.
The lattice constant a was obtained as 4.39 Å using eqn (1). The
fractional coordinates of each atom were also determined, as
shown in Fig. S4 (ESI†). The obtained crystal structure of GeTe2

is shown in Fig. 3a and the details of the structure and the

Fig. 3 (a) Crystal structure model of GeTe2 from different angles. (b) Tauc plot of absorption spectra based on the assumption of direct transition.
(c) Calculated band structure, where the energy zero corresponds to the Fermi level (EF). (d) Total and atom-projected DOS.
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simulated XRD peak positions are summarized in the Table S1
(ESI†).

The optical bandgap was determined from absorption spec-
tra using a Tauc plot, as shown in Fig. 3b, based on the
relationship (ahn)1/r = (const.)(hn � Eg), where a is the absorp-
tion coefficient, hn is the photon energy, and Eg is the optical
bandgap.22 The raw optical data and the absorption coefficient
calculation procedure are shown in the Fig. S5 (ESI†). The value
of r differs depending on the material being an indirect (r = 2)
or a direct (r = 1/2) transition semiconductor. As discussed in
the next paragraph, the density functional theory (DFT) simula-
tion suggests a direct transition; therefore, we introduced
r = 1/2 for the Tauc plot. A value of 1.77 eV was obtained for
the optical band gap assuming a direct transition. Comparing
these values with those of other well-known semiconductors
(1.1 eV for Si, 1.3 eV for typical TMD MoS2,23 and 1.0 eV for
MoTe2

24) suggests that GeTe2 has great potential for applica-
tion in electronics and optoelectronics. This bandgap is con-
sistent with the high electrical resistance shown in Fig. 2b.

The band structure and density of states (DOS) were simu-
lated using this model. The calculated band structure shown in
Fig. 3c, at a first glance, exhibits metallic properties with the
Fermi level (EF: E = 0) inside the valence band. This is a typical
feature of metals, while an energy gap of approximately 0.5 eV
is present above EF. The direct gap was approximately 1.15 eV at
point A, which is slightly smaller than the value obtained from
optical measurements, as shown in Fig. 3b. This can be under-
stood by considering the well-known band gap underestima-
tion in DFT simulations. The use of a hybrid calculation may
yield a more appropriate value; however, because EF resides in
the valence band, the use of a hybrid calculation alone may not
be sufficient to resolve the inconsistency. For such materials to
exhibit semiconducting properties (electrically and optically),
one plausible explanation is that the real sample is naturally
doped; here, donors are the major impurities that generate
electrons, shifting the Fermi level toward the conduction band.

The atom-projected (P)DOS is shown in Fig. 3d. The rela-
tively deep states at �7.5 and �10 eV mainly originate from Ge-
s and Te-s states, respectively, similar to monotelluride GeTe.25

The valence band was composed of Ge-p and Te-p states;
intriguingly, the contribution of the Ge-s states was clearly
visible at the valence band maximum above the predicted
Fermi level. This is an unusual feature in that for typical IV–
VI compounds, the valence band maximum is formed from
p-states. Future studies, including the effects of defects and
stress, may provide useful insights, leading to a deeper under-
standing of the electronic structure of GeTe2.

Semiconductor device demonstration

Finally, we demonstrate the feasibility of GeTe2 as a semicon-
ductor device using two different device structures. The first
example is a two-terminal vertical device with top and bottom
electrodes, where the linear ohmic I–V characteristics would be
expected for metallic materials, while the I–V curve exhibits
nonlinear behavior when a semiconductor material is sand-
wiched between them. Fig. 4(a) shows I–V curves, where the
GeTe2 layer was sandwiched between two W electrodes with a
contact size of 5 � 5 mm. Experimental I–V curves, repeated at
least five times, showed nonlinear behavior. The obtained I–V
curve cannot be fitted using a typical conduction mechanism
for a Schottky contact (metal–semiconductor contact), but
rather resembles typical Ovonic threshold switching (OTS)
material.26 Generally, OTS behavior is observed in amorphous
chalcogenides, in which localized carriers hop between defects
in the sub-threshold region, while the application of voltage
above the threshold voltage (Vth) results in a sudden increase in
current due to delocalized carriers. For the Ge–Te binary
system, amorphous GeTe6 (Ge14Te86) is the best-known OTS
material, while other compositions have been less intensively
studied.27 Surprisingly, the present OTS-like nonlinear I–V
curve was obtained from a crystalline phase. The formation of
a GeTe2 layer on the W bottom electrode was confirmed using

Fig. 4 I–V characteristics of (a) a two-terminal vertical device and (b) a three-terminal lateral device.

Materials Horizons Communication

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 8

/1
8/

20
25

 7
:5

9:
26

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2mh01449a


This journal is © The Royal Society of Chemistry 2023 Mater. Horiz., 2023, 10, 2254–2261 |  2259

XRD before patterning the top electrode (Fig. S6, ESI†). The
origin of the OTS-like I–V behavior in GeTe2 is not clear
currently; however, it is anticipated that localized defects may
play an important role, similar to conventional OTS materials.
The presence of a vareity of defects is plausible because GeTe2

is a metastable phase originating from a disordered amorphous
phase. This also supports the reason why the experimentally
observed band gap was not reproduced by DFT simulations for
the intrinsic model, and the assumption of positive defects
generating excess electrons could explain the shift of the Fermi
level toward the band gap, resulting in semiconducting beha-
vior. Fig. S7 (ESI†) shows the observed nonlinear I–V behavior
for both polarities of the applied voltage.

We also demonstrate a three-terminal transistor-like lateral
device. In Fig. 4(b), the inset shows an optical microscopy
image, where the GeTe2 layer was used as a channel between
the source and drain top electrodes. The channel length was
48 mm, and the gate voltage was applied from the substrate
back electrode. The Id–Vg curve demonstrates typical p-type
channel transistor behavior. This is consistent with the above
discussion, in which the Fermi level is shifted up from inside of
the valence band to around the valence band maximum to form
a p-type semiconductor. Notably, the as-fabricated device
showed broad Id–Vg switching with a small on/off ratio. The
Id–Vg curve improved significantly with post-annealing after
device fabrication. The maximum post-annealing temperature
was 230 1C, the highest temperature possible before phase
separation of GeTe2 into crystalline GeTe + Te occurs, which
shows metallic behavior and no change with respect to the gate
voltage. The 230 1C-annealed device demonstrated much shar-
per switching with a three-order on/off ratio. The effect of post-
annealing can be explained based on the improvement in the
contact between the GeTe2 semiconductor and W metal elec-
trodes often observed for Si transistors as well as state-of-the-art
two-dimensional transistor devices.

Specifically, the above two devices do not demonstrate
performance comparable to the best modern OTS and transis-
tor devices at present. However, the discovery of a ‘‘metastable’’
van der Waals material strongly underscores the nature of such
unexplored materials that have the potential to demonstrate
unique and superior properties over those of known ‘‘stable’’
layered materials.

Experimental
Sample preparation

Ge–Te films were deposited on Si, Si/thermal SiO2 (100 nm),
SiO2, and Al2O3 substrates via radio frequency (RF) magnetron
sputtering using GeTe and Te targets. The composition
of the films was controlled by tuning the relative sputtering
power. The base pressure of the chamber was below
4.0 � 10�5 Pa, and the working pressure was set to
4.0 � 10�1 Pa by introducing Ar gas at a flow rate of 48.9 sccm.
The as-deposited amorphous thin films were crystallized via
thermal annealing. Before annealing, the sample chamber was

evacuated below 5.0 � 10�3 Pa, and then Ar was backfilled to a
pressure of 1.0 � 105 Pa.

Resistance-temperature measurements

The temperature dependence of the electrical resistance during
heating and cooling was measured using the two-point probe
method. The heating rate was 10 1C min�1, and the chamber
was backfilled with an Ar atmosphere at 1 atm after evacuation.

X-Ray diffraction (XRD)

The crystal structures of the samples were analyzed through
XRD, wherein Cu-Ka (l = 0.1542 nm) was used as the X-ray
source and a symmetric scan (Bragg-Brentano geometry) was
employed (Ultima IV, Rigaku Corp.).

Optical measurements

The reflectance and transmittance of the films grown on the
SiO2 substrates were measured using a spectrophotometer (V-
630BIO, JASCO Corp.).

Transmission electron microscopy (TEM)

TEM measurements were performed to observe the microstruc-
ture using an aberration-corrected transmission electron
microscope (JEM-ARM200F, JEOL Co. Ltd) operated at an
acceleration voltage of 200 kV. Energy-dispersive X-ray spectro-
scopy (EDX) measurements were performed using the scanning
TEM mode of the microscope. Cross-sectional TEM sample
preparation was performed using a focused ion beam
(NB5000, Hitachi High Technologies, Inc.).

Simulation of the crystal structure

Crystal structure images were generated using CrystalMakers,
a crystal and molecular structure program for Mac and Win-
dows. The XRD patterns were generated using CrystalDiffracts,
a powder diffraction program for Mac and Windows. Both are
published by CrystalMaker Software Ltd, Oxford, England
(https://www.crystalmaker.com).

Density functional theory (DFT) simulation

The electronic structure was simulated using the PBE func-
tional implemented in the Vienna ab initio simulation package
(VASP).28–30 A plane-wave basis set was used with projector-
augmented wave (PAW) pseudopotentials. The Ge and Te
pseudopotentials included Ge:3d104s24p2 and Te:5s25p4

valence electrons. The energy cut-off was set to 400 eV, and
an energy convergence of 10�5 eV was used. Furthermore, a
12 � 12 � 8 Monkhorst–Pack grid was used.31 The band
structure and DOS were plotted using pymatgen.32

Device fabrication and electrical measurements

For vertical two-terminal devices, the bottom W (50 nm) and
SiO2 (50 nm) layers were deposited sequentially without break-
ing the vacuum. Photoresist was spin-coated and a 5 � 5 mm
square region was irradiated with UV light to remove the resist.
Subsequently, the SiO2 layer was wet-etched using a buffered
HF solution. A Ge0.33Te0.67 (50 nm) film was deposited and
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annealed to form the GeTe2 phase. After confirming the sample
structure via XRD (Fig. S5, ESI†), the top W electrode (50 nm)
pattern was fabricated using the deposition and lift-off pro-
cesses to form individual devices. The lateral three-terminal
devices were fabricated using a similar technique. Note that
after the fabrication of the GeTe2-based transistor, post-
annealing was performed to improve the electrical contact
between the W electrode and GeTe2. For the transistor device,
a highly doped n-type Si substrate was used to realize a back-
gate-type structure.

Conclusions

Herein, polymorphic crystallization was used as a novel synth-
esis technique to fabricate MVMs. As an example, an amor-
phous Ge0.33Te0.67 film was initially prepared by sputtering.
Subsequent annealing under optimal conditions resulted in the
formation of the MVM, GeTe2. Intriguingly, unexpected semi-
conducting properties were confirmed via multiple experi-
ments, underscoring the significance of this technique.
Attempts to model the metastable crystalline phase using
DFT calculations with an experimentally determined unit cell
indicated that the system was metallic because the Fermi level
was located in the valence band. It is suggested that electrons
originating from point defects result in the Fermi level moving
into the gap, leading to the observed semiconducting behavior.
Additionally, the necessity of stress for the formation of the
metastable phase was experimentally confirmed, a condition
often overlooked in data-oriented high-throughput simula-
tions. This paper demonstrates an important proof of concept
for the growth of MVMs via polymorphic crystallization.
Although realizing an atomic-level monolayer device is one of
the most important applications involving layered materials,
the present work is limited to 50 nm-thick films. Therefore,
investigations on monolayer GeTe2 are strongly desired in the
future. The technique is expected to facilitate the investigation
of a wide range of unexplored metastable functional materials
for future electronics applications.
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