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Abstract

Recently, 2D magnetic materials have attracted much attention due to their potential to
apply in spintronic devices. Chromium Telluride (CrTe) flakes has been reported for
the hard magnetism with strong perpendicular anisotropy. However, the synthesis of
large-scale CrTe nanoflakes on Si0,/Si substrate is still a challenge. Here, we report the
synthesis of large-scale CrTe nanoflakes with the size up to ~250 um on SiO2/Si
substrate via chemical vapor deposition (CVD) process. Our work demonstrated an

effective pathway to synthesize large-scale 2D transition metal tellurides.

Introduction

Two-dimensional (2D) materials have been intensively studied for their unique physical
and chemical characteristics. Researchers have discovered many novel 2D atomic-
crystal materials ranging from metals, semimetals, semiconductors, superconductors
and insulators, which are diverse and complementary in nature. Therefore, 2D materials

have penetrated in many existing research fields even developed some new fields, such
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as electronics and optoelectronics [ 2!, energy storage [*), sensors [ and light/electro-
catalysts [°1. Furthermore, researchers are committed to explore 2D vdW materials with
strong magnetism and high Curie temperatures. In 2016, two separate groups reported
antiferromagnetism in 2D FePS;, which provided incontrovertible evidence of an
intrinsic magnetic phase transition [*7). Subsequently, intrinsic ferromagnetic properties
were discovered in exfoliated 2D Cr.GexTes ). Layer-dependent ferromagnetism was
found in 2D Crl; that the single layer Crls shows ferromagnetism while bilayer Crls
was antiferromagnetism [ 1% Besides, electrically gate-induced ferromagnetic
ordering has been achieved in Fe3GeTe: flakes at room-temperature ['!l. Bonilla and
O’Hara reported room temperature ferromagnetism has been discovered in monolayer
VSe: 2] and MnSe; %], respectively. Recently, authors found that the 2D CrTe flake
shows obvious hard magnetic properties with a rectangular hysteresis loop which
affected by the thickness ['*. These studies laid the foundation for the study of
ferromagnetism based on 2D vdW materials.

Although the great progress has been made in the last few decades, there is still a long
way for 2D ferromagnetic materials because the controlled preparation of large-scale
uniform 2D materials is still a considerable challenge. Fortunately, chemical vapour
deposition (CVD) method is proved to be the most effective way to synthesize large-
scale 2D materials with high film quality. Up to now, a large amount of 2D materials
with controllable layer number and lateral size have been successfully synthesized via
CVD methods by precisely controlling the growth parameters, such as precursors,
pressure, temperature, heating rate, and substrates. In previous reports, most transition
metal dichalcogenides are difficult to be synthesized via traditional CVD method due
to the high melting points of the primarily precursors (metal powders or metal oxides).,
There are two main ways to solve this issue: (1) Using transition metal chlorides (MCl,)
with lower melting points as the metal precursors. The MCl, precursors can provide a
relatively high evaporation rate with high chemical activities, which facilitating the
synthesis process. By this CVD strategy, a plenty of 2D transition metal
dichalcogenides have been synthesized, such as VSe; [% ¢, NbS, [!7- 18] and NiTe, [,

(2) Using mixture of metal oxides (MOy) and alkali halides as the metal precursors. The



alkali halides will react with metal oxides to form intermediate products, which
decrease the melting points of MO, and increase the overall reaction rates. Zhou et. al
reported the systematically synthesis of 47 transition metal dichalcogenides via this
salt-assisted CVD method [*”). These two CVD routes have been widely used in growing
2D transition metal dichalcogenides. In addition, it has been reported that tellurium (Te)
can lower the melting point of the chemicals. Gong et. al reported that Te can facilitate
the synthesis of MoS>/WS» heterojunctions by lowering the melting point of the
chemicals, but did not lead to the formation of MoTe, or WTe; flakes 2!, Inspired by
this, large-scale and high-quality 2D WTe, and MoTe, were successfully synthesized
by using the mixed compounds (WO3+WClst+Te or MoOs;+MoCls+Te) as metal
precursors 1221, This method provides a new idea for synthesis atom-thin transition metal
telluride materials.

Here, we demonstrate the synthesis of large-scale CrTe nanoflakes via CVD method
using the mixed compounds (Cr: CrCls: Te) as the metal source. The presence of Te
powder in metal precursors is conducive to the growth of large-scale CrTe nanoflakes.
The as-synthesized CrTe nanoflakes exhibit the largest domain size of ~250 um on
Si0,/Si substrate. Raman spectroscopy, AFM, STEM, Raman, EDS, XPS and XRD

were used to confirm the high quality of the CrTe nanoflakes.

Results and Discussion

The crystal structure of side view and top view of the CrTe are shown in Figure 1a. The
structure of CrTe belongs to the P63/mmc space group with hexagonal NiAs type. The
schematic of the CVD setup is depicted in Figure 1b. In this work, tellurium (Te)
powder and the mixed compounds (Cr: CrCl3*6H>0: Te) were used as the source of Te
and Cr, respectively. Notably, CroO3 powder is not suitable as a metal precursor because
the crystals are extremely hard and stable with a melting point of 2266°C. For high
melting point metal oxides, metal chlorides are usually used as substitute precursors
since it has low melting point and is easy to evaporate. However, the reaction is too
rapid to be controlled if only use CrCls*6H>O (melting point < 100 ‘C). Mixed

compounds of Cr and CrCl3*6H,O with an optimized ratio is designed to control



reaction speed to synthesize large-scale CrTe nanoflakes. The Te in the mixed
compounds can decrease the melting point of the mixed compounds (the melting point
of Cr is 1907°C), which makes metal precursors evaporate more easily to at the growth

temperature. The chemical reaction can be described as follows:
Cr+ 2CrCl; + 4Te + 4H, — 3CrTe + H,Te (g) + 6HCI (g) (D

In addition, excessive Te powder in the upstream was used to maintain the Te
atmosphere during the whole reaction process, which because Te can be easily carried
away by the flow gas during the reaction under high temperature. To a typical reaction,
the growing temperature is 700 °C while the growing time is 2 min. The detailed growth
information is presented in the Experimental Section.

Figure 2a shows typical optical image of the large single crystalline CrTe nanoflake
obtained in 2 min at 700 °C with carrier gas of 100 standard cubic centimeters per
minute (sccm) Ar/S sccm Hz. The lateral size of the as-synthesized CrTe nanoflake is

up to ~250 pum. Raman spectra of CrTe nanoflake (Figure 2b) demonstrated two

1 [14]

characteristic peaks 123 and 141 cm ', which consistent with previous reports
Atomic force microscopy (AFM) image (Inset Figure 2b) shows that the thickness of
the CrTe nanoflake is down to ~5 nm. Figure 2¢ shows the morphology of CrTe
nanoflake on the Cu grids which transferred via poly-(methyl methacrylate) (PMMA)
assisted method. Scanning transmission electron microscopy (STEM) was introduced
to further investigate the crystal structure and quality of the CrTe nanoflakes. The
STEM image (Figure 2d) demonstrated that the crystal lattice spacing of as-synthesized
CrTe nanoflakes was 0.34 nm, which attributed to the (100) planes of hexagonal-phase
CrTe. The corresponding line intensity profile was shown in Figure S1.The elemental
mapping (Figure 2e, f) demonstrate that Cr and Te element are evenly distributed in the
sample. Energy dispersive spectroscopy (EDS) analysis (Figure 2g) was used to verify
the elemental composition of CrTe nanoflakes, showing that the samples were consisted
by Cr and Te atoms. Furthermore, the X-ray photoelectron spectroscopy (XPS) were
used to confirm the chemical bonds composition of the CrTe samples. The high-

resolution XPS survey of Cr 2p and Te 3d are shown in Figure 2h-i. Actually, the

binding energies of Cr 2p and Te 3d are very close to each other. The peaks at 583.9



and 574 eV are stemmed from Cr 2p1/2 and Cr 2p3.2, while the peaks at 585.3 and 574.9
eV are related to Te 3ds/2 and Te 3dsy, respectively. In addition, the XRD pattern (Figure
S2) of our sample is matched to the NiAs structure CrTe pattern (PDF#97-009-3160).
The results of Raman, STEM, EDS, XPS and XRD analysis confirmed that the as-
synthesized nanoflakes were CrTe. In additoin, the thickness of the CrTe nanoflakes
can be controlled by the growth time. Figure 3a-c shows the optical images of the CrTe
nanoflakes synthesized in different reaction time of 5, 10, 15 min. By increasing the
reaction time, the thickness of CrTe nanoflakes increases appreciably, which is about
14 nm, 19 nm and 27 nm, respectively. The corresponding atomic force microscopy
(AFM) images of the CrTe nanoflakes were shown in Figure 3d-f. Furthermore, the
thickness-dependent Raman spectra was shown in Figure S3. The peak at 123 cm’!
shows a blueshift with thickness increases, which may be attributed to Coulombic
interactions and changes in intralayer bonding %,

In order to investigate the effects of the Te powder in the mixed compounds on the
synthesis of CrTe, the weight ratio of Cr: CrClz*6H>0: Te were adjusted to 1:1:0,
1:1:0.5, 1:1:1, 1:1:2. All the experiments were performed at 700°C for 5 min of growth.
The optical images of CrTe samples grown at various weight ratios of mixed
compounds are shown in Figure 4. The corresponding histogram statistics of the lateral
dimension distribution of CrTe are shown in Figure S4. From the results, only several
small CrTe nanoflakes (~6 pm) can be observed when Te powder was not involved in
the mixed compounds, which is shown in Figure 4a. However, the size of CrTe
nanoflakes increase remarkably when Te powder was introduced in the mixed
compounds. The proportional relation between the size of as-synthesized CrTe
nanoflakes and the weight ratio of Te powder in the mixed compounds can be explained
by the enhanced mass flux of Cr precursor. At a certain vapor pressure (fixed reaction
temperature, reaction time and gas flow rate), mass flow rate affects the nucleation rate
and the growth rate, which has been reported by Zhu [>*l. The participation of Te powder
in the mixed compounds lower the melting point of the mixed compounds, which
promotes faster evaporation of the metal precursors. Then the mass flow of metal

precursor increased and promoted the nucleation and growth of CrTe on SiO»/Si



substrate. Therefore, large-scale CrTe nanoflakes can be successfully synthesized.

Conclusion

In summary, the large-scale and high quality CrTe nanoflakes were synthesized on
Si0,/Si substrates by using CVD system. The Te powder in metal precursors is
conducive to the growth of large-scale CrTe nanoflakes. The as-synthesized CrTe
nanoflakes exhibit the largest domain size of ~250 pm on Si0»/Si substrate. Meanwhile,
the thickness of CrTe nanoflakes can be controlled by changing growth time. Our work

demonstrated an effective pathway to grow large-scale 2D transition metal tellurides.

Experimental Section

CVD growth of CrTe nanoflakes: CrTe nanoflakes were synthesized inside a tube
furnace (Lindberg/Blue M) equipped with a 1.2-metre length and 1 inch. diameter
quartz tube in an ambient pressure CVD system. Te powder (99.997%, Sigma Aldrich)
was used as Te precursor. The mixed compounds of Cr (99%, Sigma Aldrich),
CrCl3*6H20 (98%, Aladdin) and Te powder were used as metal precursor. In a typical
experiment, the excessive Te powder was placed in a quartz boat and located upstream
of the hot zone away from the metal oxide precursors. The mixed precursor (Cr:
CrCl3+6H>0: Te = 1:1:2) was placed in the ceramic boat and placed in the center of the
tube. The Si0,/Si substrate was placed on the boat with the surface downside. Before
the heating process, the furnace was purged by flowing 300 sccm high-purity Ar gas
for 5 min. The center of furnace was heated to 700°C at a ramp rate of 25°C min™'. The
growth was conducted at 700°C with 100 sccm Ar for 2 min. After synthesis, the
furnace was cooled down naturally to room temperature.

Materials characterizations: The as-obtained CrTe nanoflakes were further
characterized by optical microscopy (Olympus BX53M), Raman (WITEC alpha 300R
Confocal Raman system using a 532 nm laser as the excitation source), Atomic force
microscopy (AFM, Asylum Research Cypher Scanning Probe Microscope system with
a tapping mode) and X-ray photoelectron spectroscopy (XPS, ESCALAB 250 Xi). The
STEM samples were prepared with a poly(methyl methacrylate) (PMMA) assisted

method. The Si02/Si with CrTe nanoflakes on top was first spin-coated with a layer of



PMMA and then baked at 180 °C for 3 min. Subsequently, the wafer was immersed in
NaOH solution (1M) to etch away the SiO» layer. After lifting off, the PMMA/CrTe
flakes was transferred into deionized (DI) water to wash away the residual Na" ions and
later moved to a TEM grid. The transferred sample was left to dry naturally and then
put into acetone solution overnight to get rid of the PMMA coating entirely. An
aberration-corrected Nion UltraSTEM-100 operating at 100 kV was used to obtain the

STEM imaging.
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Figure 1 (a) Crystal structure diagrams of CrTe. (b) Schematic of the experimental
setup to synthesize CrTe nanoflakes. (¢) Temperature profile adopted in our

experiments.
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Figure 2 (a) optical images of the large CrTe nanoflake obtained in 2 min at 700 °C



with carrier gas of 100 sccm Ar/5 sccm Hz. (b) Raman spectra of the CrTe nanoflake
(Inset: AFM image of the CrTe nanoflake), (c) Morphology of the transferred CrTe
nanoflake on Cu grids. (d) High-resolution STEM image of the CrTe nanoflake (Inset:
corresponding FFT pattern) (e, f) EDS mappings of elements Cr and Te. (g) The EDS
elemental analysis of CrTe. (h-1) XPS characterization of Cr 2p and Te 3d spectra.
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Figure 3 (a-c) Optical images of the CrTe nanoflakes synthesized at 700°C with growth
time of 5, 10, 15 mins. (d-f) Corresponding AFM height profile and images.
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Figure 4 Optical images of the CrTe nanoflakes synthesized under various weight ratio
of Cr: CrCl3*6H20: Te: (a) 1:1:0, (b) 1:1:0.5, (¢) 1:1:1, (d) 1:1:2.



