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ABSTRACT: Emerging 2D chromium-based dichalcogenides (CrX, (X = S, Se, Te; 0 < n < 2)) have provoked
enormous interests due to their abundant structures, intriguing electronic and magnetic properties, excellent
environmental stability, and great application potentials in next generation electronics and spintronics devices.
Achieving stoichiometry-controlled synthesis of 2D CrX, is of paramount significance for such envisioned
investigations. Herein, we report the stoichiometry-controlled syntheses of 2D chromium selenide (CrxSey)
materials (thombohedral Cr,Se; and monoclinic Cr;Se,) via a Cr-self-intercalation route by designing two typical
chemical vapor deposition (CVD) strategies. We have also clarified the different growth mechanisms, distinct
chemical compositions, and crystal structures of the two type materials. Intriguingly, we reveal that the ultrathin
Cr,Se; nanosheets exhibit a metallic feature, while the Cr;Se, nanosheets present a transition from p-type
semiconductor to metal upon increasing the flake thickness. Moreover, we have also uncovered the ferromagnetic
properties of 2D Cr,Se; and Cr;Se, below ~70 K and ~270 K, respectively. Briefly, this research should promote the
stoichiometric-ratio controllable syntheses of 2D magnetic materials, and the property explorations toward next
generation spintronics and magneto-optoelectronics related applications.
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INTRODUCTION tunneling magnetoresistance,12_14 spin—orbit torque,
skyrmion, etc.'5?
The magnetism of ultrathin 2D magnets is greatly related to

the layer thickness,”**° 2

Since the discovery of long-range magnetic order in low-

2

dimensional systems,"” two-dimensional (2D) magnetic

stacking order, etc. For instance,

materials have spurred a surge of interest in the fields of

fund. tal physi d material sci 27° The intrinsi
ndamen a. physics and materia sc1ence.s Ae intrinsic Received:  October 28, 2023
ferromagnetic (FM) order of 2D magnetic materials can be Revised:  February 1, 2024

preserved at the unit-cell thickness, which provides an ideal Accepted: February 7, 2024
platform for exploring and manipulating intriguing magnetism
and other physical phenomena in the ultimate 2D limit, such as

quantum anomalous Hall effect,’ ™" magneto-optic effect,'”"’
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Figure 1. Synthesis and characterization of two typical Cr-intercalated Cr,Se, compounds via different APCVD routes (with and without H,
promoter). (a) Schematic diagram of two typical reaction pathways, w1th (route-I) and without (route-II) the aid of H, promoter for
achieving two types Cr,Se, nanosheets. (b) Top and side views of the atomic models for rhombohedral Cr,Se; and monoclinic Cr;Se,. (¢, d)
Optical microscopy (OM) images of two types of CVD-derived Cr,Se, nanosheets on mica. (e, f) Disparate Raman spectra of the two types
of CVD-grown 2D Cr,Se, nanosheets transferred on $iO,/Si. The different Raman characteristic peaks possibly reveal their different crystal
structures. (g, h) DFT-calculated phonon dispersion and corresponding density of states spectra for m-Cr;Se,. (i—k) Visualized vibrational
modes peaking at 146, 203, and 233 cm™' in the phonon DOS, respectively.

even/odd layer-dependent magnetic states were demonstrated
in exfoliated Crl,*> and CuCrSe,,” due to different interlayer
magnetic coupling. Ferromagnetism and antiferromagnetism
properties were uncovered in H-type and R-type stacked
bilayer CrBr,, respectively.”' Moreover, external fields (e.g,
magnetic, electric, and electrostatic fields), strain, and
heterogeneous interfaces, etc.”*”*” were also reported to
modulate the magnetization direction, coercivity, Curie
temperature (Tc), magnetic anisotropy and magnetization
intensity, etc. Specifically, exfoliated few-layer FM semi-
conducting Cr,Ge,Te4 presented bipolar gate-tuned magnet-
ism via electrostatic gating.”® The coercive field and Curie
temperature of the exfoliated van der Waals (vdW) magnet of
Fe,GeTe, increased under a uniaxial tensile strain.”” However,
the above-mentioned materials systems usually suffer from
unsatisfactory air stability, thickness or stacking geometry
control, efc., and the external field controls are rather complex.

Finding intrinsic 2D magnetic materials and developing
efficient synthetic methods should be another reliable pathway.
Very recently, various 2D transition metal dichalcogenides
(TMDs), including VX, FeX,,*’ ™ and CrX,, (X = S, Se,

Te; 0 < n < 2),"" " have been achieved to show intrinsic
magnetic properties. Among these, 2D CrX, materials have
attracted special attention for their abundant structures,
excellent environmental stability, high Curie temperatures,
and marvelous physical properties.”**~>* CrX, compounds are
a kind of metal self-intercalation-induced materials, where the
intercalated atoms occupied the octahedral vacancies in the
vdW gaps.”*~*¥*¥75! The proportion of self-intercalated Cr
atoms is expected to tailor the stoichiometric state and phase
structure, affording diversified physical properties.

2D Cr,Se, compounds presented rich components (CrSe,,
Cr,Se;, Cr;Sey, and CrSe), high Curie tem 6peratures, and
excellent environmental stability, etc. 13485375 offering great
opportunities to explore the distinctive magnetic properties in
the 2D limit. However, at present, only a few of them have
been synthesized, such as CrSe, CrSe,, and Cr,Se;.””**>* In
particular, theoretical calculations predicted that ultrathin
Cr;Se, with two different oxidation-states of Cr ions should
possess higher Curie temperature, larger perpendicular
magnetic moments, and sizable magnetocrystalline anisotropy
energy than other structural analogues.55 However, this
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Figure 2. Element composition and structure characterizations of the two types CVD-grown Cr,Se, nanosheets. (a, b) XPS spectra for Cr 2p
and Se 3d of (a) H,-assisted route-I and (b) non-H,-assisted route-II derived Cr,Se, nanosheets transferred on SiO,/Si, respectively,
indicating their possible compositions of Cr,Se; and Cr;Se,. (c, d) XRD patterns of the two types nanosheets on SiO,/Si, respectively. The
orange vertical lines are the standard CIF card of the rhombohedral Cr,Se; (simplified as r-Cr,Se;) and monoclinic Cr,Se, (simplified as m-
Cr,Se,) crystals, respectively. This analysis can be used as side evidence for addressing the different chemical compositions of Cr,Se; and
Cr;Se,. (e, i) Low-magnification TEM images of (e) route-I derived Cr,Se; and (i) route-II derived Cr,Se, triangular flakes. (f, j)
Corresponding SAED patterns captured from route-I derived Cr,Se; flake in (e) and route-II derived Cr;Se, flake in (i). (g, h) EDS mapping
of Cr and Se elements captured from route-I derived Cr,Se; flake in (e). (k, 1) EDS mapping of Cr and Se elements captured from route-II
derived Cr;Se, flake in (i). Homogenous chemical composition and single crystalline property can be inferred for the CVD-derived Cr,Se;

and Cr;Se, flakes by the TEM analyses.

ultrathin 2D material has not been achieved experimentally,
due to the minor chemical composition difference among the
Cr,Se,-based materials and the failure to design delicate
synthetic routes.

Herein, we report the stoichiometry-tunable synthesis of
nonlayered 2D Cr,Se, by a facile ambient pressure chemical
vapor deposition method (APCVD). Two typical reaction
pathways, with and without the aid of H, promoter, have been
designed to modulate the stoichiometric ratios of Cr and Se.
Especially, the H, promoter is introduced to promote the
cracking of Seg molecular rings from the evaporation of Se
solid precursor, thus improving the amount and reactivity of
the active Se species. The internal modulation mechanism,
distinct chemical compositions, and crystal structures of the
derived 2D Cr,Se, with different stoichiometric states will be
revealed with the aid of multiscale characterization techniques.
In addition, their magnetic and electrical properties will also be
examined to unravel the stoichiometry-dependent ferromag-
netic and electronic properties. Overall, this research is
expected to propel the stoichiometry-tunable synthesis, the
related physical property explorations, and the versatile
applications of 2D CrX, materials in next-generation electronic
and spintronic devices.

RESULTS AND DISCUSSION

Considering the different ratios of Se in the Cr,Se,
compounds, two typical synthetic routes were designed for
tuning the precursor concentrations of the Se reactive radicals
in the APCVD process. In route I, both H, and Ar carrier gases
were introduced during the CVD synthetic process for

achieving a high Se/Cr ratio. As reported previously, H,
always functions as a cracking agent in decomposing the
molecular ring of Seg, boosting the generation of reactive Se
radicals, and thus ensuring a Se-sufficient reaction environ-
ment.”” In contrast, only Ar carrier gas was employed in route
II. The schematic diagram and the experimental setup for the
CVD growth of two types of Cr,Se, nanosheets are depicted in
Figure la,b, and Figure S1 in the Supporting Information.
Herein, chromium (Cr) and selenium (Se) powders were
utilized as reactants. NaCl was introduced to lower the melting
point of metal Cr reactant, facilitating its volatilization at a
relatively low temperature.*® The growth temperature was
fixed at ~950 °C, and the growth time was ~15 min.

As shown in Figure lc and d, triangular and hexagonal
shaped Cr,Se, nanosheets can be successfully synthesized on
mica substrates both via H, and non-H,-assisted CVD routes,
respectively. The corresponding optical microscopy images of
Cr,Se, flakes transferred on SiO,/Si templates are listed in
Figure S2a,b. The domain sizes of Cr,Se, flakes are mainly
concentrated in the range of ~20—60 pm, with the largest up
to ~180 um (Figure S2c). Besides, the thicknesses of Cr,Se,
flakes grown in the two routes can be as thin as ~3.8 nm, as
confirmed by atomic force microscopy (AFM) analysis in
Figure S3.

Raman spectroscopy characterizations were first carried out
to distinguish the structural information on the two types
CVD-derived Cr,Se, nanosheets (Figure le,f). As for the H,-
assisted (route-I) CVD-derived Cr,Se, nanosheets (~20 nm
thick), the characteristic Raman peaks appear at ~123, ~156,
~172, ~189, ~205, ~238, and ~254 cm™' (Figure le),
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matching well with that of Cr,Se; (~152, ~172, ~183, ~201,
and ~233 cm™!).>>*” These minor deviations in peak positions
should be ascribed to the thickness dependence of these
Raman modes, as has been documented by previous
reports.””*" In contrast, Raman peaks for non-H,-assisted
(route-II) CVD-derived Cr,Se, nanosheets (~17 nm thick)
show seven primary Raman characteristic peaks at ~76, ~97,
~148, ~173, ~199, ~238, and ~279 cm™" (Figure 1f), distinct
from that of previously reported CrSe (~251 and ~284
em™1),* CrSe, (~169 and ~250 cm™!),>* and Cr,Se; (~152,
~172, ~183, ~201, and ~233 cm™').>>*" This possibly
corresponds to the formation of another type Cr,Se,
compound under the normal CVD route, namely Cr;Se,, as
has been experimentally demonstrated in the following part of
this work. Thickness-dependent Raman spectra of two types
Cr,Se, are also displayed in Figure S4, and the different peak
positions further confirm their diverse structures. Additionally,
our phonon dispersion calculations (Figure 1g—k for Cr;Se,,
and Figure S5 for Cr,Se;) based on density functional theory
(DFT) further reveal the details of these Raman modes by
visualizing the atomic displacements for relevant phonon
bands (Figure li—k). Overall, two types Cr,Se, nanosheets
(herein, Cr,Se;, Cr;Se,) can be achieved with the designed
CVD routes with (route-I) and without (route-II) the aid of
H, promoter.

As mentioned above, Se vapor is mainly composed of Seg
molecules upon initial evaporation. With increasing temper-
ature (above ~548 K), Se; molecules will decompose into
Seg_, reactive radicals, mostly into multimers, such as Se, or
Se,,”” possessing relatively low concentration and chemical
reactivity. Notably, the H, carrier gas can function as a
cracking agent to decompose Seg molecules, producing highly
reactive Se monomer radicals.’” Thus, the concentration and
reactivity of Se radicals can be increased by importing H,
carrier, which may result in the formation of high Se/Cr ratio
Cr,Se, compound. To exclude the metal precursor amount
effect, the mass of metal Cr powder was varied obviously (from
~16 to ~24 mg), with the Se powder mass fixed (at ~300 mg).
Notably, this variation of Cr mass ratio does not change the
chemical composition or phase state of both CVD-derived
products (Figures S6 and S7).

The impact of H, concentration on the growth of ultrathin
Cr,Se, nanosheets was also systematically investigated (Figure
S8). As a result, as the H, concentration is in the range of 0.5—
2.0 sccm, both Cr,Se; and Cr;Se, nanosheets can be
simultaneously obtained on the mica substrate, and the
proportion of Cr,Se; nanosheets increases as the H,
concentration increases. Notably, only Cr,Se; nanosheets can
be obtained under a higher H, concentration (>2.0 sccm).
Briefly, the H, promoter should be the key for mediating the
stoichiometric ratios of Cr and Se in the CVD growth of
Cr,Se, materials.

The elemental composition of two types of CVD-derived
Cr,Se, nanosheets was then determined by X-ray photo-
electron spectroscopy (XPS). The primary signals of Cr and Se
can be observed from the XPS survey data and fine spectra
(Figure 2a,b, and Figure S9). The peaks of Cr,Se; located at
~574.4 and 583.7 eV are attributed to that of Cr 2p;/, and Cr
2p, 5, respectively, consistent with the reported results for
CVD-derived Cr,Se; nanosheets.”* While for the Cr,Se,
nanosheets, mixed Cr’* and Cr’* valence states should be
observed, as predicted by previous theory calculations.”
Herein, the observed peaks of Cr 2p;,, (~574.5 eV) and Cr

2p1/» (~583.9 eV) are in line with that of Cr**,>* and the peaks
around ~573.4 eV (Cr 2p;/,) and ~582.9 eV (Cr 2p,,,) are
assigned to be that of Cr*", since the binding energies of Cr
2p;), and Cr 2p, /, were reported at ~573.6 eV and ~583.1 eV
for Cr*¥, respectively.60 Notably, the satellite peaks observed in
the Cr(2p) XPS spectrum should arise from localized oxidation
caused by residual organic compounds on the sample surface.
The average valence state of Cr in Cr;Se, nanosheets is ~2.5.
The peaks at ~53.7 and 54.6 eV correspond to those of Se
3ds/, and Se 3d;,, respectively. The Cr and Se stoichiometric
ratios are 1:1.52 and 1:1.33 via the H,- and non-H,-assisted
routes, respectively, close to that of Cr,Se; and Cr;Se,.

The structures of derived Cr,Se; and Cr;Se, nanosheets
were further clarified by X-ray diffraction (XRD) measure-
ments. As shown in Figure 2c and d, three dominant diffraction
peaks can be observed both in Cr,Se; and Cr;Se, nanosheets.
The first two diffraction peaks of the two types Cr,Se,
nanosheets are located at almost identical positions, while
the third diffraction peak of Cr;Se, nanosheets shifts slightly to
the large angle direction. Further analysis based on the
standard CIF card reveals that, the diffraction peaks of the
route-I derived sample located at ~15.3°, 30.9°, and 64.2° are
assigned to the (003), (006), and (0012) planes of
rhombohedral Cr,Se; (r-Cr,Se;) (Figure 2c). The diffraction
peaks of type-II samples positioned at ~15.3°, 31.0°, and
64.6°, indexed as (002), (004), and (008) planes of monoclinic
Cr;Se, (m-Cr;Se,) (Figure 2d). Accordingly, the Cr,Se,
nanosheets synthesized via the designed routes, with and
without the aid of H, promoter, are proposed to be r-Cr,Se;
and m-Cr;Se,, respectively.

Transmission electron microscopy (TEM) and energy-
dispersive X-ray spectroscopy (EDS) measurements were
then performed on transferred Cr,Se; and Cr;Se, nanosheets
on Cu grids (Figure 2e,i). The EDS spectra shown in Figure
S10a,b provide the atomic elemental ratios of Cr/Se for Cr,Se;
and Cr,Se, nanosheets (i.e., ~1:1.51 and 1:1.34), which is in
good agreement with that of the XPS results. Uniform spatial
distributions of Cr and Se elements throughout the entire
flakes (Figure 2gh and k) indicate the high crystalline quality
of the CVD-derived Cr,Se; and Cr;Se, nanosheets, respec-
tively. Besides, the selected area electron diffraction (SAED)
patterns collected from Cr,Se; and Cr;Se, nanosheets both
display a single set of spots (Figure 2f}j), highly indicative of
their single-crystalline feature.

Annular dark-field scanning transmission electron micros-
copy (ADF-STEM) measurements were then conducted to
unravel the atomic structure of the CVD-grown m-Cr;Se, and
r-Cr,Se; nanosheets. A typical atomic-resolution ADF-STEM
image of m-Cr;Se, nanosheets along the [001] zone axis is
listed in Figure 3a, where two kinds of Z contrast atoms can be
unambiguously identified, with the bright atoms representing
Se, and the dim atoms corresponding to Cr atoms, respectively.
The corresponding simulated STEM image utilizing the m-
Cr;Se, model further verifies these experimental data (Figure
3b). The alternating bright and dim atom arrangements along
the purple line in the zoom-in experimental data (Figure 3b)
agree well with that of the Se—Se—Cr—Se—Se—Cr atomic
array of the simulated m-Cr;Se, model (Figure 3c). Moreover,
for the m-Cr;Se, crystal, the interlayer-intercalated Cr atoms
(labeled as Cr; and Cry, highlighted with red and purple colors,
respectively) select a periodic ab stacking order underneath the
Cr atomic sites (intralayer Cr atoms, highlighted with blue
color) with a filling rate of ~50%, which results in the
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Figure 3. ADF-STEM analyses for convincing the atomic structures
of m-Cr;Se, and r-Cr,Se; nanosheets. (a, f) Atomic-resolution
ADF-STEM images of (a) m-Cr;Se, and (f) r-Cr,Se; nanosheets
along the [001] direction. (b) Zoom-in ADF-STEM on (a), with
the corresponding simulated STEM image of m-Cr;Se, depicted on
the right side. (g) Zoom-in ADF-STEM on (f), with the
corresponding simulated STEM image of r-Cr,Se; crystal displayed
on the right side. (c, h) Atomic model of (c) m-Cr;Se, and (h) r-
Cr,Se; crystals. (d) Corresponding FFT patterns of (a). (i)
Corresponding FFT patterns of (f). (e, j) Simulated SAED patterns
of (e) m-Cr;Se, and (j) r-Cr,Se; crystals along the [001] direction.
The calculated lattice spacing values for Cr;Se, and Cr,Se; are
approximately d(;;9) = 0.311 nm (d(—zoo) = 0.312 nm) and d(110) =
0.314 nm (d(_,,p) = 0.314 nm), respectively, consistent with the
model values of d;;9) = 0.310 nm (d(_,;0) = 0.311 nm) and d ;o) =
0.313 nm (d(_,90) = 0.313 nm) for Cr;Se, and Cr,Se;, respectively.

formation of 1 X /3 CrSe, supercell, and an equivalent
intensity contribution to the projected Cr atom blobs in the
CrSe, framework (Figure 3c). Such ordered arrangements of
the interlayer-intercalated Cr atoms can generate periodic
superspots in the reciprocal space, as confirmed by both the
fast Fourier transform (FFT) pattern (Figure 3d, with the
superspots marked by a green hexagon), and the simulated
SAED pattern (Figure 3e, ICSD 42703).°" Further cross-
section STEM images also reveal the atomic structures of m-
Cr;Se, nanosheets along the [130] and [110] zone axis, as
illustrated in Figure S11.

Although two kinds of Z contrast atoms are visualized in the
ADF-STEM image of r-Cr,Se; nanosheets along the [001]
zone axis (Figure 3f), the projected Cr columns of r-Cr,Se,
nanosheets show slightly dimmer-like contrast in contrast with
that of m-Cr,Se, (Figure 3a) (as indicated by the intensity line
profiles (Figure S12) of purple dashed lines in Figure 3b,g),
owing to the smaller amount of Cr atoms intercalated in the
van der Waals gap of layered CrSe, (~33.3% occupation rate).
The experimental STEM image of r-Cr,Se; exhibits an
identical Z contrast with that of the simulated STEM image
(Figure 3g). The Se—Se—Cr—Se—Se—Cr atomic chain along
the purple line in the zoom-in experimental image agrees well
with that of the atomic model of -Cr,Se; crystal (Figure 3h).
Besides, owing to the periodic abc stacking order of
intercalated Cr atoms (labeled as Cr;, Cry, and Cryy,
highlighted with red, purple, and green colors, respectively,

Figure 3h), the FFT patterns of r-Cr,Se; nanosheets show a

distinct superstructure pattern of /3a X +/3a (Figure 3i),
which is in line with the simulated SAED result (Figure 3j,
ICSD 42705).°" The periodic arrangements of interlayer-
intercalated Cr atoms are further verified according to the
cross-section STEM image along the [100] and [110] zone
axis (Figure S13). These analysis results further confirm the
successful synthesis of -Cr,Se; and m-Cr;Se, nanosheets with
and without the H,-assisted CVD processes, respectively.

2D CrX, materials with different stoichiometric ratios may
exhibit diversified physical properties. Systematically inves-
tigating the electrical and magnetic properties of nanothick
Cr,Se; and Cr;Se, flakes is the key step. Herein, the electrical
properties of 2D Cr,Se; and Cr;Se, nanosheets were examined
by constructing back-gate field-effect transistor (FET) devices.
A common linear and symmetric relationship of the output
characteristic curves (drain-source current (Iy) vs. drain-
source voltage (V) curves) was achieved in Cr,Se;- and
Cr;Se,-based devices (Figure 4a—d, and Figures S15 and S16).
This indicates that ohmic contacts are formed at the source
and drain electrodes, and the electrons can well transfer
between electrodes and channels.

A nontunable feature of I, under V, (gate voltage) varying
from —80 V to +80 V was obtained in various Cr,Se;-based
devices with varied channel thicknesses (~5.0, ~5.6, ~7.3,
~7.9, ~9.6, and ~19.6 nm). This reflects the metallic property
of 2D Cr,Se; nanosheets (Figure 4ab and Figures S14 and
S15). This metallic feature is also convinced by scanning
tunneling spectroscopy (STM) and photoelectron spectrosco-
py measurements of molecular beam epitaxy (MBE) grown
samples, and reconfirmed by density functional theory (DFT)
calculations.®”

Intriguingly, the Cr;Se,-based devices manifest apparent
thickness-dependent conduction behaviors, according to the
output and transfer characteristic curves (Figure 4c—f and
Figure S16). Specifically, the I, of ~4.4 nm and ~5.0 nm thick
Cr;Se,-based FETs decrease with V, varying from —80 V to
+80 V (Figure 4c,e and Figure S16a,b), reflecting their p-type
semiconducting properties. With increasing the thickness of
Cr;Se, flakes to ~6.1 nm and ~6.7 nm, the modulation of Iy
by V, becomes weaker (Figure S16c—f). With the thickness
approaching ~9.0 nm and above, a nontunable feature of Iy
under varying V, is visible, revealing the metallic property of
2D Cr;Se, flakes (Figure 4d,f and Figure S16gh). The
temperature-dependent resistivity of m-Cr;Se, nanosheets is
further examined (Figure 4h,i). Typically, for ultrathin Cr;Se,
nanoflakes at ~5.5 nm, the resistivity decreases as the sample
temperature increases (Figure 4h), highly indicating the
semiconducting feature. As for thicker Cr;Se, nanoflakes
(~60.0 nm), the resistivity increases as temperature increases
(Figure 4i), highly indicative of its metal feature. Briefly, the
CVD-derived Cr;Se, nanosheets present an intriguing
transition from p-type semiconductor to metal with increasing
flake thickness (Figure 4g). This enables 2D Cr;Se, nanosheets
both as channel and electrode materials for manufacturing all
2D-materials-based devices. The good environmental stability
of transferred Cr,Se; and Cr;Se, nanosheets was also
characterized after being placed in air for about 3 months.
As shown in Figure S17, the invariable XRD and Raman
spectra highly suggest the robust stability of ultrathin Cr,Se;
and Cr;Se, nanosheets.

The magnetic properties of various Cr,Se; (in the range of
~40—47 nm thick, Figure S18a) and Cr,Se, films (in the range

https://doi.org/10.1021/acsnano.3¢10609
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10609/suppl_file/nn3c10609_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10609/suppl_file/nn3c10609_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10609/suppl_file/nn3c10609_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10609/suppl_file/nn3c10609_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10609/suppl_file/nn3c10609_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10609/suppl_file/nn3c10609_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10609/suppl_file/nn3c10609_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10609/suppl_file/nn3c10609_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10609/suppl_file/nn3c10609_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10609/suppl_file/nn3c10609_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10609/suppl_file/nn3c10609_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10609/suppl_file/nn3c10609_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10609?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10609?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10609?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10609?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c10609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acshano.org
c € yse-07
60804 50nmcCr,se, 80V 440E-07{ 4 4nmCr,Se, 80V ' 10V ~44nmCrSe,
3.0E-04 2.20E-07 3.6E-07
< < < 27e-07
= 0.0E+00 =, 0.00E+00 sovl -
= = =
1.8E-07
-3.0E-041 -2.20E-07
9.0E-08
-6.0E-04 -4.40E-07 0.2V
40 05 00 05 1.0 -10 -05 00 05 10 -80 -40 0 40 80
Vs (V) Vs (V) Vg (V)
b 4 003 d 2.40E-03 57 f 2se.03
~19.6 nmCr,Se; 80V ~18.4 nm Cr;Se, 10y ~184nmCr;Se,
2.0E-03 1.20E-03 /80 V 2.08-03
< < < 1.56-03
+, 0.0E+00- > 0.00E+00 -
= = =
1.0E-03
-2.0E-03 -1.20E-03
5.0E-04
-4.0E-03 -2.40E-03 02V
10 05 00 05 1.0 40 -05 00 05 1.0 80 40 0 40 80
Vgs (V) Vs (V) Vg (V)
[0 |
& Cr,Sey Cr;Se, 3200 ~5.5nm Cr;Se, 124~ 60 nm Cr,Se,
o — —
o
=z oon & %o Metal S 2400 c 0
> > )
c £ 2
S = S
S Semi — Metal 2 1600 2 8
© ) O
c
o o 14
o ) 800
p-type Semi 61
4 8 12 16 20 24 0 60 120 180 240 300 0 60 120 180 240 300

Thickness (nm)

Temperature (K)

Temperature (K)

Figure 4. Electrical property characterizations of nanothick Cr,Se;- and Cr;Se,-based back-gate field-effect transistor (FET) devices. (a, b)
I4—V,, output curves of (a) ~5.0 nm and (b) ~19.6 nm thick Cr,Se;-based devices. (c—f) I;,—V,, output curves and I4—V, transfer curves of
(¢, ) ~4.4 nm and (d, f) ~18.4 nm thick Cr;Se,-based devices. (g) Summary of the conduction behaviors of Cr,Se;- and Cr;Se,-based
devices with varying the thickness from ~5.0 to 19.6 nm and ~4.4 to 18.4 nm, respectively, revealing the metallic feature of Cr,Se;
nanosheets, and a transition of Cr;Se, nanosheets from p-type semiconductor to metal with increasing the thickness. (i) Temperature-
dependent resistivity of (h) ~5.5 nm and (i) ~60.0 nm thick Cr;Se,-based devices.

of ~22—35 nm thick, Figure S18b) on Al,O; substrates were
also explored by vibrating sample magnetometer (VSM)
measurements. As shown in Figure S19, the Al,O; substrate
exhibits a flat VSM signal under magnetic field, reflecting the
diamagnetic nature. Moreover, temperature-dependent mag-
netic moments measurements were also performed on Cr,Se;
and Cr;Se, nanosheets to examine their magnetic ordering.
The ZFC-FC magnetization curves of Cr,Se; (Figure Sa) and
Cr;Se, nanosheets (Figure Sb) show obvious ferromagnetic
behaviors with the T¢ of ~70 K and ~270 K, respectively.
Below this temperature, spontaneous magnetization exceeds
the thermal fluctuation-induced net magnetic moment, and the
long-range magnetic order emerges. As shown in Figure 5c,d,
and Figure S20, typical magnetic hysteresis loops of Cr,Se; and
Cr;Se, nanosheets occur below ~70 K and ~270 K,
respectively. Such hysteresis reflects the spontaneous magnet-
ization and thus the long-range ferromagnetic ordering, which
is consistent with the ZFC-FC curves. Notably, the absence of
sharp switching magnetization curves should be attributed to
the nonuniform material thicknesses, or the introduction of
surface residues during the sample preparation processes. The
CVD-synthesized 2D CrySe, (22—35 nm thick, metallic
property) and Cr,Se; (40—47 nm thick, metallic property)

nanosheets in this work present the ferromagnetic behavior,
which is consistent with that of the theoretical predictions of
the ferromagnetic property in thin-layer Cr;Se, and Cr,Se;

55,56
nanosheets.””

Note that the magnetic properties of ultrathin
semiconducting Cr;Se, at the 2D limit (down to several
nanometers or even thinner) remain unknown. And this may
rely on the development of synthetic routes like the molecular
beam epitaxy (MBE) route. In contrast, the bulk-state Cr;Se,
and Cr,Se; synthesized via the chemical vapor transport
method in the literature was reported to be antiferromag-
nets.””** The difference in magnetic between bulk and
ultrathin Cr,Se, is probably attributed to the competition
between direct-exchange and superexchange/double-exchange
interactions (usually favoring antiferromagnetic and ferromag-
netic arrangements, respectively). In the 2D Cr,Se, crystals, the
superexchange/double-exchange interaction should play a
major role and induce the ferromagnetic arrangement.
Conversely, the direct-exchange interaction should dominate
in bulk Cr,Se, crystals due to the enhanced interlayer coupling.
This results in predominant interlayer magnetic coupling
behavior, and thus antiferromagnetic ordering in bulk Cr,Se,
crystals.
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Figure S. Magnetic property characterizations of 2D Cr,Se; (in the
range of ~40—47 nm thick, metallic property) and Cr,Se, (in the
range of ~22—35 nm thick, metallic property) nanosheets. (a, b)
Temperature-dependent magnetization of Cr,Se; and Cr;Se,
nanosheets transferred on sapphire substrates. ZFC (red) and
FC (black) stand for zero-field cooling and field cooling processes,
respectively. (c) Magnetization hysteresis loops of 2D Cr,Se,
nanosheets at temperatures of ~3 K and ~40 K, respectively.
(d) Magnetization hysteresis loops of 2D Cr;Se, nanosheets at
temperatures of ~3 K and ~100 K, respectively. The magnetic
property measurements reveal the ferromagnetism of CVD-derived
Cr,Se; and Cr;Se,, with the T¢ of ~70 K and ~270 K, respectively.

The difference in T between Cr,Se; and Cr;Se, is possibly
due to the different exchange interactions that drive them to
produce long-range magnetic order. As predicted by previous
theory calculations,”*° the ferromagnetic order in Cr,Se; was
related to the superexchange interaction occurring in the
connected Cr’**—X—Cr** atomic chain.’® While for thin-layer
Cr;Sey, in addition to the superexchange interaction between
nearest-neighboring Cr atoms with the same valence (Cr’*—
X—Cr*"), a stronger double-exchange interaction also occurs
between the connected Cr** and Cr** ions according to the
previous calculations.”> The coexistence of these two type
exchange interactions is hereby proposed to induce enhanced
FM coupling and high T.. Accordingly, the CVD-derived
Cr,Se; and Cr;Se, nanosheets both present ferromagnetic
properties, good air stability, and high T, which enable them
as promising candidate materials for spintronics-related
applications in next-generation integrated circuits.

CONCLUSION

In summary, we have realized the stoichiometry-tunable
synthesis of 2D Cr,Se, materials, ie., rhombohedral Cr,Se;
and monoclinic Cr;Se,, through the design of H,- and non-H,-
assisted CVD pathways. Intriguingly, the ultrathin Cr,Se;
presents a metallic feature, while Cr;Se, shows a transition
from p-type semiconductor to metal with increasing the
nanosheet thickness, enabling them either as channel or
electrode materials for fabricating all 2D-materials-based
devices. Moreover, 2D Cr,Se; and Cr;Se, both exhibit intrinsic
magnetism, thus providing rich material foundation for
exploring spin physics in the 2D limit. Briefly, this research
should propel the stoichiometry-controlled synthesis of 2D

TMDs materials, and provide realistic materials to construct
next-generation electronic and spintronic devices.

EXPERIMENTAL SECTION

CVD Synthesis of 2D Cr;Se, and Cr,Se; Nanosheets. Both
types of nanosheets were synthesized in a three-zone tubular furnace
equipped with a Il-in. diameter quartz tube at the atmospheric
pressure CVD process. Commercial selenium powder (99.5%, Alfa),
NaCl crystal, and chromium powder (99. $%, 3AChem) were placed
at the upstream, first heating zone and heating center of the tube
furnace, where the temperatures were set at ~300 °C, ~880 °C, and
~950 °C, respectively. Freshly cleaved mica substrate was placed over
the graphite boat. The growth in both routes was conducted at the
temperature of ~950 °C for ~15 min.

Fundamental Property Characterizations. The CVD-derived
samples were characterized by Optical microscope (Olympus BXS1),
AFM (Bruker, Dimension Icon), XPS (Kratos Analytical AXIS-Ultra
with monochromatic Al Ka X-ray), Raman spectroscopy (WiTec
Alpha 300R, excitation wavelength of 532 nm), XRD (D/MAX-PC
2500), TEM (JEOL JEM-2100F LaB6; acceleration voltage of 200
kV), and STEM (JEOL ARM200F, acceleration voltage, 80 kV).

Device Fabrications and Electrical Property Measurements.
The CVD-derived Cr;Se, and Cr,Se; nanosheets were transferred
onto SiO,/Si substrates via poly(methyl methacrylate) (PMMA)-
assisted transfer approach for further device fabrications. The back-
gated devices were constructed through electron-beam lithography
and electron-beam deposition of Ti/Au electrodes (~5/60 nm). The
electrical properties were measured with a probe station (Lake Shore,
Model TTP4) by using a semiconductor parameter analyzer (Keithley
4200-SCS).

Magnetic Property Measurements. The magnetic properties of
transferred Cr;Se, and Cr,Se; nanosheets on Al O, substrates were
explored by vibrating sample magnetometer (VSM) measurements.
The diamagnetic signal of the Al,O; substrate was eliminated.
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