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1. Introduction

As a new family of two-dimensional (2D) materials, group
materials’  have
As a

IVA-VIA  semiconducting
tremendous attention.

semiconductor, GeTe has
phase
and Rashba spin splitting.”"" For the

properties  such  as
thermoelectricity,”®

Controllable growth of large-size a-GeTe
nanosheets with ferroelectricity by substrate pre-
annealingf
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The atmospheric chemical vapor deposition (APCVD) method has been widely applied to synthesize high-
quality two-dimensional materials. GeTe has many intriguing properties, such as phase transition,
thermoelectric and ferroelectricity, which allow unique opportunities for functional ferroelectric devices.
Here, we systematically investigated effects of various parameters during the growth of a-GeTe nanosheets
on mica by APCVD. Single-crystal a-GeTe nanosheets possess a lateral size of up to ~30 um and a
thickness as low as ~8.6 nm. It was found that substrate pre-annealing significantly impacted the
nucleation density of a-GeTe nanosheets. Furthermore, the room-temperature ferroelectric properties of
a-GeTe nanosheets grown by CVD are reported for the first time. This work offers an effective accessible
method for the controllable growth of large-size 2D a-GeTe to explore its fascinating multiferroic
properties.

Chemical vapor deposition (CVD) is considered a potential
method to  synthesize large-area  high-quality 2D
materials,"®'® which can be adjusted by modifying various
parameters such as the substrate,>®** source-substrate
distance,> carrier gas® and growth temperature. According
to previous reports,'® GeTe compounds possess three phases,
namely, a-GeTe, B-GeTe, and y-GeTe, showing great potential
in phase change memory devices. Among them, a-GeTe is

attracted

narrow-band-gap
interesting  physical
change  properties,>™®

many

ferroelectricity can persist in the nanoscale GeTe films,"
GeTe would be applied in nonvolatile memory elements.
Although ferroelectric bulk materials have been studied in
the past and are widely utilized in practical devices,
ferroelectric properties of 2D GeTe, especially those
fabricated by CVD, are less reported. Ferroelectric features
make 2D GeTe (ref. 13-15) a promising candidate for
high-capacity and high-density ferroelectric devices.'®"’
Therefore, the preparation of 2D a-GeTe has become
important for nanoscale devices such as non-volatile
memory.
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stable at room temperature. Although several researchers
have successfully fabricated o-GeTe nanosheets by CVD,'® the
controllable growth of a-GeTe and its ferroelectric properties
are still a challenge. The role of various parameters,
especially substrate pre-annealing, during the growth of
a-GeTe is yet to be systematically investigated.

Herein, we report the growth of 2D a-GeTe nanosheets by
an atmospheric pressure CVD (APCVD) on a mica substrate by
adjusting several growth parameters, including substrate pre-
annealing, growth time and temperature. The resulting
o-GeTe nanosheets are hexagonal and triangular, with a
thickness of 8.6 nm. It is found that substrate annealing in
air and growth temperature are the key parameters to control
the growth of GeTe. Substrate pre-annealing is effective in
reducing the density of nucleation and promoting the lateral
growth of a-GeTe nanosheets. The GeTe nanosheets display
high-quality single crystals with o phase, which was
confirmed by X-ray diffraction (XRD). Furthermore, the
ferroelectric properties of the a-GeTe nanosheets are
measured using piezoresponse force microscopy (PFM). To

This journal is © The Royal Society of Chemistry 2024
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the best of our knowledge, this is the first report on
ferroelectric properties of CVD-grown GeTe nanosheets.

2. Experimental section
2.1 Growth of a-GeTe nanosheets

o-GeTe nanosheets were synthesized on mica substrates
using a one-zone tubular furnace under atmospheric
pressure. As shown in Fig. 1(a) 10 mg GeTe powder (purity
99.999%, 3A) was placed at the center of the tube furnace,
and mica substrates were placed downstream at ~10 cm
away from GeTe powders. Before the heating process, the
system was flushed with ultrahigh purity Ar. The freshly
cleaved mica substrate was annealed in air at 300 °C for 1 h
and then the furnace was naturally cooled down to room
temperature. During the growth process of GeTe nanosheets,
the single-zone tube furnace was heated up to 600 °C within
20 min. The temperature was maintained for 10 min with a
constant flow of 200 scem Ar for the growth of a-GeTe. Once
the heating process ended, the sample was cooled to 500 °C
under 300 sccm Ar, and then quickly cooled to room
temperature.

2.2 Characterization

The morphology of a-GeTe nanosheets was characterized by
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microscopy (AFM, Bruker Dimension icon). The crystalline
phase was characterized by X-ray diffraction (XRD, Bruker D8
Advance) with Cu K, radiation, Raman spectroscopy (Alpha
300R, WITec) with a 532 nm laser as the excitation source,
scanning electron microscopy (SEM, FEI NOVA NANOSEM
450) with an energy dispersive spectrometer (EDS), X-ray
photoelectron spectroscopy (XPS, American PHI-5702) and
transmission electron microscopy (TEM, JEM-2010). The
piezoresponse force microscopy (PFM) measurements were
carried out using a commercial AFM system (Park NX10, Park
systems) with conductive Pt/Si-coated probes (PPP-EFM,
Nanosensors).

2.3 Transferring the a-GeTe nanosheets on SiO,/Si substrate

The as-grown o-GeTe nanosheets were transferred from mica
onto Au/SiO,/Si substrate by a wet transfer process with the
help of polymethyl methacrylate (PMMA). The PMMA
solution was spin-coated (at 3000 rpm for 30 s) on the mica
substrates with o-GeTe. PMMA/mica was baked at 60 °C for
30 min. Subsequently, the PMMA/mica film was detached
from the mica substrate and captured by the Au/SiO,/Si
substrate, followed by heating at 85 °C for 60 min. Finally,
PPMA was dissolved in hot anisole, and a-GeTe nanosheets
were successfully transferred to Au coated on a SiO,/Si or

optical microscopy (OM, 6XB-PC) and atomic force  copper mesh.
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Fig. 1 (a) Schematic of the CVD setup. (b) OM image of the as-grown a-GeTe nanosheets, scale bar: 20 um. (c) AFM image of a-GeTe nanosheets
with a thickness of 8.6 nm, scale bar: 5 um. (d) Side view and (e) top view structure of the a-GeTe crystal. (f) XRD patterns of a-GeTe nanosheets.

(9) Raman spectra of a-GeTe nanosheets.
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3. Results and discussion

o-GeTe nanosheets were successfully synthesized via the
APCVD method. Fig. 1(b) shows a typical OM of the o-GeTe
nanosheets, which mostly exhibit a typical regular triangular
shape and a lateral size of up to 15 pm. The a-GeTe
nanosheets show highly uniform color under a bright-field
optical microscope. Fig. 1(c) shows the AFM image and
corresponding height image of a typical a-GeTe nanosheets
with a thickness of 8.6 nm. The three phases of GeTe are
always intermingled with each other. Fig. 1(d) and (e) show
the side and top views, respectively, of a-GeTe, which has a
rhombohedral structure (space group, R3m)>* with lattice
parameters of a = 4.156 A and ¢ = 10.663 A.*° In o-GeTe, Ge
atoms are connected with Te atoms forming covalent bonds,
and six-membered rings are formed with Ge atoms and Te
atoms arranged alternately.”>*” In B-GeTe,”” > an octahedron
is formed with the same bond length between Ge and six Te
atoms (Fig. Sla and bf). In order to confirm the phases of
the as-grown GeTe nanosheets, the as-grown GeTe
nanosheets were transferred from the mica substrate to the
SiO,/Si substrate, and XRD analysis was used to determine
the crystal structure of the GeTe nanosheets. As shown in
Fig. 1(f), three main diffraction peaks corresponding to the
(003), (006) and (009) planes of the XRD patterns are
consistent with those from a previous study. Obviously, all
prominent XRD diffraction peaks are indexed to the {00l}
family planes, suggesting that the c-axis of the o-GeTe
nanosheets is perpendicular to the substrate. Similarly, the
XRD results (Fig. S27) of the a-GeTe nanosheets grown on the
annealed mica substrates confirmed that the resulting
o-GeTe nanosheets are high-quality single crystals. The
related phonon vibrational modes of a-GeTe nanosheets were
confirmed by subsequent Raman spectroscopy.

Fig. 1(g) shows the Raman spectra of the 19 nm GeTe
nanosheet with two characteristic peaks at 84.6 cm™ and
124.5 cm'*, corresponding to E, and A, vibration modes,
respectively.>**”** The corresponding AFM image is shown
in Fig. S3.}

In addition to determining the composition and chemical
state, a-GeTe nanosheets were further characterized by XPS.
Fig. S4t displays the wide-scan XPS spectrum of a-GeTe

View Article Online

CrystEngComm

nanosheets, revealing peaks from the mica substrate and
different valence states of Ge and Te. The XPS spectra and
peaks of GeTe nanosheets are shown in Fig. 2, showing the
obvious spectra of Ge 2p, Ge 3d and Te 3d orbits. The Ge 2p
core level mainly consists of Ge 2p;/, (1220.45 eV) and Ge
2p1» (1251.56 €V), as shown in Fig. 2a.*°*° The binding
energy corresponding to ~1219.5 eV is represented as a Ge*"
compound (Ge-Te),**** while the binding energy
corresponding to ~1221 eV is represented as a Ge*" oxide
(Ge0,).””*° Similarly, the binding energy at 1250.8 eV
represents the Ge®" compound,®® while the corresponding
binding energy at 1251.9 eV represents the Ge*' oxide
(GeO,).*”** The Ge 3d peaks at 30.21 and 32.72 eV indicate
the presence of Ge.*"** Similarly, Te 3ds, and 3d;,, binding
energies located at 577.13 eV and 587.82 eV are most likely
due to TeO,.***! The anticipated Te** was detected with its
distinctive paired peaks of Te 3ds, and 3d;, signals at
573.24 eV and 583.68 eV, respectively (Fig. 2c).>**"*?
Furthermore, the morphology, atomic ratio and element
distribution of the nanosheets were characterized by SEM
equipped with EDS and TEM.

Fig. 3(a) and (b) shows the SEM images of a-GeTe
nanosheets transferred onto the SiO,/Si substrate, which
mostly exhibit a triangular shape. The EDS result of o-GeTe
nanosheets in Fig. 3(c) shows only Ge and Te elements,
whose atomic ratio is close to 1:1, which is consistent with
the expected stoichiometric ratio. Furthermore, the EDS
elemental mapping of Ge, Te and Ge + Te elements, as shown
in Fig. 3(d)—(f), showed that they were uniformly distributed
without apparent separation. TEM was also applied to
determine the crystallinity and structure of GeTe nanosheets.
Fig. 3(g) shows a low-magnification plan-view TEM image of
a hexagonal GeTe nanosheet. It can be observed that the
surface of the nanosheets is smooth. The HR-TEM image in
Fig. 3(h) shows a periodic atomic arrangement with the
lattice of the o-GeTe nanosheet. The calculated lattice
spacings (0.207 nm) were indexed to the (110) plane of
hexagonal a-GeTe.'®?” The lattice space was measured from
SAED, as shown in Fig. 3(i), which is in good accordance with
the data shown in Fig. 3(h). To fabricate large-scale 2D
o-GeTe nanosheets, we presented detailed systematic studies
to investigate the effect of substrate pre-annealing and
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Fig. 2 Spectra of Ge 2p (a), Ge 3d (b) and Te 3d (c) orbits recorded with a photon energy of the GeTe nanosheets.
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Fig. 3 (a) and (b) SEM image of a-GeTe nanosheets, scale bar: 5 um. EDS spectrum of a-GeTe nanosheets (c) and the corresponding EDS
elemental mapping images of (d) Ge, (e) Te and (f) Ge + Te, scale bar: 5 um. (g) Low-magnification TEM image of a-GeTe nanosheets, scale bar: 5
um. (h) HRTEM image of a-GeTe nanosheets, scale bar: 1 nm. (i) SAED images of a-GeTe nanosheets, scale bar: 5 1/nm.

growth duration. The results show that these growth  growth of GeTe nanosheets with larger lateral sizes. The mica
parameters can be applied to control the lateral size, with a layered structure is a suitable substrate for epitaxy
nucleation density and thickness of the samples. It is found  growth due to the dangling bond-free surface.**** The mica
that the air-annealing of the mica substrate can boost the  substrate is composed of the aluminosilicate layer and K'

//
7 (a) Freshly cleaved mica

i1 © © © ©

Fig. 4 (a) Schematic of freshly cleaved mica. (b) Schematic diagram of mica substrate after thermal annealing in air. OM images of a-GeTe
nanosheets grown on unannealed mica (c) and annealed mica (d).
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ions intercalated layers.”> As shown in Fig. 4(a), the
aluminosilicate layer of the mica substrate is bound together
by a layer of K' ions. In general, freshly cleared mica was
used to fabricate 2D materials, and the K ions were left on
the surface of the newly dissociated mica. The randomly
distributed K" ions, distributed on the surface of the mica
substrate adsorb electrons on the surface.**** According to
the previous reports, the residual K' ions significantly affect
the nucleation and growth of nanosheets.”>*® By thermal
annealing of the as-cleaved mica, the distribution of K' ions
on the surface was altered.** As a result, we can modify the
distribution of K" ions on the surface illustrated in Fig. 3(b),
which leads to the growth of GeTe modification. In this work,
we annealed the as-cleaved mica in the air at 500 °C for 60
minutes before the growth of a-GeTe.

For comparison, we fabricated the o-GeTe nanosheets
under the same growth condition (growth temperature: 600
°C, growth duration: 10 min, 200 sccm Ar gas) on as-cleaved
mica and annealed mica. As shown in Fig. 4(a)-(d), a-GeTe
nanosheets grown on the as-cleaved mica showed a high
nucleation density with a small lateral size, whereas low
nucleation density was on the annealed mica substrate. It
can be found that the lateral size of a-GeTe was significantly
increased by pre-annealing of the substrate. Stephens et al.
reported that K" ions on the surface of air-cleaved mica can
form K,CO; nanoparticles,46 which could serve as nucleation
sites for the growth of nanosheets. After air thermal
annealing, residual K' ions may have been partially
removed.” In other words, the role of air-annealing is to
reduce the nucleation sites on the mica substrate. As a result,
the pre-annealing of the substrate results in a reduction of
nucleation sites and thus enhances the lateral growth of
GeTe nanosheets.  Furthermore, we  systematically
investigated the role of growth time on the lateral size of

Increasing
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o-GeTe. Fig. 5 shows the OM images of a-GeTe nanosheets
synthesized at different growth times on freshly cleaved mica
(Fig. 5a-c) and annealed mica (Fig. 5d-f). When the
nanosheets are grown on freshly cleaved mica, the nucleation
density of a-GeTe decreases with increasing growth time,
while the lateral size of the nanosheets increases with the
growth time.

However, at a growth time of 5 min, the lateral size of the
nanosheets is small (approximately 2-3 um), and some GeTe
particles in an incomplete nucleation state are observed
(Fig. 5a). When the growth time is increased to 15 min, the
lateral size of the samples can reach around 6-9 um
(Fig. 5h). Similarly, in the case of annealed mica, the
morphology of the grown a-GeTe nanosheets undergoes
significant changes, with the lateral size of the triangular
nanosheets reaching approximately 30 upm (Fig. 5e).
Moreover, when the growth time was 5 min, the lateral size
of o-GeTe nanosheets could reach about 10 pm (close to the
o-GeTe nanosheets grown on unannealed-mica substrates).
The nanosheets with the highest nucleation density and
uniform lateral size can be obtained when the growth time is
10 min.

In the recent report,”” mica family minerals are reported
to also show ferroelectric properties. In order to characterize
the ferroelectric properties of a-GeTe nanosheets and
eliminate the effect of mica substrate, the a-GeTe nanosheets
were transferred onto conductive Au coated on SiO,/Si for
PFM measurements. Meanwhile, the Au/SiO,/Si substrate is
profitable for obtaining ferroelectric signals. Fig. 6(a) shows a
schematic diagram of the PFM measurement. The conductive
gold layer on SiO,/Si was grounded, which can prevent the
high current density from damaging the sample. Fig. 6(b)
shows the AFM image of a-GeTe nanosheets, which was used
for PFM measurement. The PFM phase and amplitude

| - Unannealed-mica
I Annealed-mica

5 10 5

Growth time (min)

[ Unannealed-mica
[ B Annealed-mica

15 min (€309

m

Nucleation density (1 [\
o — 5] w - wm

10
Growth time (min)

Fig. 5 OM images of a-GeTe nanosheets at different growth times on unannealed-mica (a-c) and annealed-mica (d-f) substrates. The scale bars
are 20 um. (g) Nucleation density changes with the growth time. (h) Lateral size of nanosheets changes with the growth time.
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Fig. 6 (a) Schematic diagram of the PFM measurement. (b) Topography

substrate. PFM phase (c) and amplitude (d) hysteresis loops of the corres

hysteresis loops of the corresponding 50 nm o-GeTe are
shown in Fig. 6(c). The applied voltage was scanned by a
triangular waveform from -0.5 to 0.5 V. The off-field phase
hysteresis loop clearly shows two discrete polarization
states with ~180° phase difference and an asymmetric
butterfly loop was observed in the amplitude signal, which
is consistent with the switching voltage of the ferroelectric
polarization. Furthermore, to further verify the correctness
of ferroelectric signals. The measurements were repeated
several times at different selected regions of the same
o-GeTe nanosheets and nearly identical responses were
obtained. These results indicate that 2D a-GeTe
nanosheets possess a stable room-temperature ferroelectric
polarization.

4. Conclusions

In conclusion, we have successfully synthesized large single-
crystal GeTe nanosheets by APCVD on mica substrates. The
distribution of K" ions on the surface of as-cleaved mica was
altered by thermal annealing. As a result, thermal annealing
is an effective way to control the nucleation of GeTe and
enhance the lateral size of a-GeTe nanosheets. Meanwhile,
the grown single-crystal o-GeTe nanosheets in this study
exhibits a lateral size of up to =30 um and a thickness as low
as ~8.6 nm. Both XRD and Raman spectra show the GeTe
nanosheets are high-quality single crystals with o phase.
Furthermore, the ferroelectric properties of a-GeTe
nanosheets were investigated through PFM. To the best of
our knowledge, the ferroelectric characteristics of a-GeTe

This journal is © The Royal Society of Chemistry 2024
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image and height profile of 50 nm a-GeTe nanosheets on the conductive
ponding 50 nm o-GeTe nanosheets scanned by DC triangular waveform.

nanosheets grown by CVD are reported for the first time,
which show novel opportunities in the fundamental research
of 2D ferroelectric materials.
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