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Most of the current methods for the synthesis of two-dimensional materials
(2DMs) require temperatures not compatible with traditional back-end-of-line
(BEOL) processes in semiconductor industry (450 °C). Here, we report a gen-
eral BiOCl-assisted chemical vapor deposition (CVD) approach for the low-
temperature synthesis of 27 ultrathin 2DMs. In particular, by mixing BiOCI with
selected metal powders to produce volatile intermediates, we show that
ultrathin 2DMs can be produced at 280-500 °C, which are ~200-300 °C lower
than the temperatures required for salt-assisted CVD processes. In-depth
characterizations and theoretical calculations reveal the low-temperature
processes promoting 2D growth and the oxygen-inhibited synthetic mechan-
ism ensuring the formation of ultrathin nonlayered 2DMs. We demonstrate
that the resulting 2DMs exhibit electrical, magnetic and optoelectronic
properties comparable to those of 2DMs grown at much higher temperatures.
The general low-temperature preparation of ultrathin 2DMs defines a rich
material platform for exploring exotic physics and facile BEOL integration in
semiconductor industry.

Two-dimensional materials (2DMs) with atomic thickness, including
2D layered materials (LMs) and nonlayered materials (NLMs), have
attracted intense recent interest for their unique and rich physical and
chemical properties, such as ultrathin geometry, high surface atom
ratio, semiconductivity, superconductivity, magnetic properties,
charge density waves and significant potential for applications in
electronics, sensors, and energy storage devices' . The 2DMs explored

to date are largely derived from intrinsically LMs. Although there have
been occasional reports of 2DMs from NLMs, the general synthesis of
ultrathin 2DMs, particularly from NLMs, has been challenging. NLMs
whose number far exceeds that of LMs exhibit abundant physical and
chemical properties®. Therefore, the synthesis of rarely reported
2DMs, especially 2D NLMs, is of great significance for basic research
and practical technologies.
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Chemical vapor deposition (CVD) methods, such as the molten
salt-assisted method’, space-confined method®, and reverse flow
method’'®, have been extensively utilized in synthesizing various
ultrathin 2DMs and corresponding heterostructures. However, most of
these synthetic approaches are highly specific to a given class of
materials and often require excessively high temperature (e.g.,
>700 °C), which is not compatible with the traditional front-end of line
transistor (FEOL) (700 °C) or back-end-of-line (BEOL) (450 °C) fabri-
cation process in semiconductor industry”. Though low-temperature
growth of 2DMs is possible using metal-organic precursors with high
volatility™, the relevant growth requires high airtightness of the
equipment, and generally speaking, the product is highly toxic. The
growth of 2DMs using metal or metal oxide precursors is low-cost,
environmentally friendly and extensively investigated. High melting/
volatile point of the metal precursors in CVD methods represents one
of the key challenges for low-temperature growth of 2DMs. To this
end, Zhou et al. successfully developed a molten salt-assisted CVD
method and found that metal oxides can react with salt to form metal
oxychlorides with high evaporation concentrations, which is favorable
for decreasing the synthetic temperature and achieving ultrathin
2DMs". However, the synthesis temperature in most of these methods
remains above 600 °C and in many cases exceeding 700 °C. Thus, it is
highly desirable to develop general methods amenable for the synth-
esis of ultrathin 2DMs using metal or metal oxide precursors at a
considerably lower growth temperature (e.g., <700 °C for FEOL and
<450 °C for BEOL), which is essential for facile integration of with
conventional semiconductor industry.

Herein, we report a BiOCl-assisted CVD method for general
synthesis of ultrathin 2DMs at a low growth temperature largely
compatible with BEOL process. BiOCI is an environmentally friendly
and low-cost basic salt'®", and we found that it can effectively reduce
the volatilization temperature of diverse metal precursors and enable
the growth of most 2DMs from both LMs and NLMs at a low tem-
perature range 280-500 °C. Our systematic studies demonstrate the
low-temperature process is beneficial to 2D growth of ultrathin 2DMs
and the preferential adsorption of oxygen on the surface of NLMs
suppresses isotropic growth promote the formation of a 2D mor-
phology from NLMs. Our study defines a general BiOCl-assisted CVD
method for synthesis of a series of 2DMs at a relatively low-tempera-
ture, thus providing a rich 2DMs platform for fundamental studies and
facile integration with traditional semiconductor technologies.

Results
General low-temperature growth of 2D nanosheets
In a typical BiOCl-assisted growth, selected metals are mixed and
grounded with BiOCI powder in a proper ratio to form a uniform
mixture as precursors for the CVD growth of the selected 2DMs at low
temperature (Methods, Supplementary Figs. 1 and 2). Using this
method, we synthesized a series of ultrathin 2DMs on mica substrates,
including a diverse family of materials including tellurides, selenides,
sulfides, and oxides to metal, with a total of 27 2D LMs and NLMs
crystals from groups VIIB (Mn), VIII (Fe), IB (Cu), IIB (Zn, Cd), IlIA (In),
IVA (Sn, Ge) and VA (Sb). The optical microscopy (OM) images of the
products demonstrated various morphologies of triangles, hexagons,
rectangles, stars, and ribbons, respectively (Fig. 1a). And we achieved
the preparation of 1 x 1cm? continuous uniform 2D In,S; film on mica
substrate (Supplementary Fig. 3). Among them, MnTe, FeTe, a-Fe,03,
Cu,Tey, SnTe, CdTe, MnSe, Cu,Se, FeSe,, ZnSe, FeS,, y-MnS, B-In,S;,
ZnS, a-Sb,03, B-Sby,0s, ZnO, MnO and In,O03 are 2D NLMs, and the
others are LMs (Supplementary Figs. 4-8). Moreover, to the best of our
knowledge, ultrathin Cu,Tey, In,Tes, In,Tes ribbon, ZnSe, y-MnS, GeSe,
ribbon, ZnS, Cu,Se, MnO, a-Fe,03, ZnO, In,05 and Cd have been rarely
reported before.

Notably, most 2DMs were synthesized at a low temperature below
450 °C (limited temperature for BEOL), which cannot be achieved with

traditional approaches (Fig. 1b). In general, the synthesis temperature
(substrate and metal source temperature) using the BiOCl-assisted
method is approximately 200-300 °C lower than that of the tradi-
tional CVD process (Supplementary Table 1), demonstrating BiOCI-
assisted method has lower energy consumption, lower equipment
requirements, more compatible with traditional CMOS process and
can minimize potential thermal damage of the ultrathin nanosheet
product in a possible multistep thermal treatment process’.

The thickness of the synthesized nanosheets was characterized by
atomic force microscopy (AFM), and the results showed that most of
the thinnest nanosheets were less than 10 nm, and some were even
monolayer and bilayer (Supplementary Fig. 9). Compared with the
reported thinnest samples grown by traditional CVD (Supplementary
Fig. 10, Supplementary Table 2), most of the samples synthesized by
the BiOCl-assisted method are thinner, indicating that our method has
significant advantages in preparing ultrathin 2DMs. Raman spectra are
used to probe the lattice vibration of these 2DMs (Supplementary
Figs. 11-13), and each prominent Raman peak coincides perfectly with
previous reports.

Controlled growth of 2D nanosheets

The physical and chemical property of 2DMs depends on their thick-
ness and size. It is essential to precisely control the crystal size and
thickness of 2DMs during the growth process. As a demonstration, we
focus on the controllable synthesis of MnS and a-Fe,03 nanosheets. By
varying the growth temperature (Tg) while keeping other conditions
(e.g., flow rate) constant, we found that the thickness of the produced
nanosheets (Fig. 2b-d) show a systematic evolution with the increase
of Tg. In particular, the average thicknesses of the MnS nanosheets are
controlled to be 0-10, 5-20 and above 20 nm when the T is 570 £ 10,
620+10 and 670 +10 °C, respectively (Fig. 2a). The thickness of a-
Fe,03 nanosheets can also be tuned by T¢ in a similar manner (Sup-
plementary Fig. 14). Additionally, the size of MnS nanosheets gradually
increased with the increasing of is largely dictated by the edge ener-
getics (Fig. 2e-i). The rapid attachment of the precursor atoms to the
energetic growth edge of the 2D nanosheets expands the 2D crystal
laterally. On the other hand, when the Tg is higher, the growth is more
thermodynamically controlled and thicker nanosheets are more likely
to be produced®®. In this regard, the ability to conduct low temperature
growth is also beneficial for preparing ultrathin 2DMs.

Structural characterizations of 2D nanosheets

High-resolution transmission electron microscopy (HRTEM) was used
to investigate the crystal structure of the nanosheets. High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-TEM) images of Cd nanosheets transferred on the copper grid
(Fig. 3a) show a regular hexagon, and the corresponding transmission
electron microscopy energy-dispersive spectroscopy (TEM-EDS)
mapping indicates that Cd is uniformly distributed with trace oxygen.
The corresponding EDS spectrum shows the characteristic peaks of Cd
atoms. The selected area electron diffraction (SAED) pattern (Fig. 3b)
and the corresponding HRTEM image (Fig. 3c) reveal that the
nanosheet has a lattice spacing of 0.26 nm assigned to the (100) plane,
which is consistent with the crystal structure of Cd (inset in Fig. 3c).
Similarly, we obtained HAADF-TEM images of 2D oxide Fe,O;
and telluride In,Te; and their corresponding TEM-EDS mappings
(Fig. 3d, g). The corresponding EDS spectra show that both the Fe:0
and In:Te atomic ratios are 2:3. The SAED pattern (Fig. 3e, h) and
HRTEM images (Fig. 3f, i) of Fe,O; and In,Te; nanosheets show a
hexagonal arrangement. The lattice spacings of Fe,Os (Fig. 3f) are
0.17 nm and 0.27 nm, denoting the (116) and (104) planes of the hex-
agonal structure, respectively. The lattice spacings of In,Te; (Fig. 3i)
are 0.22 nm and 0.37 nm, referring to the (110) and (101) planes of the
hexagonal structure, respectively. These results are also in accord with
the corresponding crystal structures (inset in Fig. 3f, i). The detailed
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Fig. 1| A library of 2D materials produced at low temperature (substrate and
metal source temperature). a Optical microscopy images of the 27 synthesized
ultrathin 2D tellurides, selenides, sulfides, oxides and metals. Contains: telluride
(MnTe, FeTe, Cu;Tey, SnTe, CdTe, In,Te;, In,Te; ribbon), selenide (MnSe, FeSe,,
Cu,Se, SnSe, SnSe,, GeSe, ribbon, ZnSe, In,Ses), sulfide (y-MnS, FeS,, SnS,, ZnS,

B-In,S3), oxide (MnO, a-Fe,0s, a-Sb,03, B-Sb,05, ZnO, In,03), metal (Cd).

b Comparison of synthesis temperature of the material library with other reports.
Limited temperature is 450 °C for BEOL. The blue data is other reports, green data
is this work. Detailed references are shown in Supplementary Table 1.

HAADF-TEM, TEM-EDS mapping, EDS spectrum, HRTEM, and SAED of
other 2DMs are shown in Supplementary Figs. 15-26.

Mechanism for BiOCl-assisted low temperature growth

We further performed thermogravimetric analysis, X-ray photoelec-
tron spectroscopy (XPS) and EDS to investigate the growth mechanism
of the BiOCl-assisted CVD method. The vaporization (weight loss)
temperature and process of the thoroughly ground and mixed metal
precursors with BiOCI was characterized by thermogravimetric ana-
lysis. The results showed that the vaporization temperature of most of
the mixed precursor is between 350°C and 500 °C, which is also
consistent with the growth temperature of the synthesized 2DMs
(Fig. 4a). It is proved that the volatilization temperature of metal

oxychloride temperature in the assistance of BiOCl is lower than that of
the assistance of NaCl®.

Subsequently, as an example, the growth of MnSe through CVD
with and without BiOCI assistance (Fig. 4b) showed that regular-
shaped MnSe nanosheets can be realized in BiOCl-assisted growth,
while nothing is deposited in the process without BiOCl (inset in
Fig. 4b), indicating that BiOCl can efficiently promote the low-
temperature growth of 2DMs. We also used a-Fe,05; growth to verify
the significance of BiOCl in low-temperature growth (Supplementary
Fig. 27). It is noteworthy that we successfully synthesized ultrathin
SnTe nanoplates on SiO,/Si substrates with the assistance of BiOClI
(Supplementary Fig. 28), even though it was difficult to achieve in
previous reports”®. The growth of 2D materials on temperature-
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sensitive substrates is of great significance, and we successfully fabri-
cated 2D SnSe, nanosheets on polyimide (PI) substrates (Supplemen-
tary Fig. 29). These comparative studies and analyses confirmed the
high efficiency of BiOCl-assisted method in the low-temperature
growth of 2DMs.

The composition and chemical states of the intermediate during
the growth process were further analyzed using XPS. Here, after short-
term growth, the system was rapidly cooled, and the intermediate was
obtained (details in Methods). XPS data of the intermediate showed
the Bi 4 fare mainly Bi 472 and Bi 4/*?, followed by the smaller Bi-O-Cl
47" and Bi-O-Cl 4> bond signals (Fig. 4c), suggesting the Bi is pri-
marily in the form of elemental substance (Bi(0)) with a small amount
of BiOCI state’®?. The elemental Mn peaks in the XPS data of the
intermediate products of the MnSe nanosheet growth process
demonstrated the presence of Mn-O and Mn-Cl bond signals
(Fig. 4d)**. The result demonstrated the existence of transition state
MnO,Cly. It should be pointed out that sat. (1) and sat. (2) are satellite
lines with two component peaks (Fig. 4d)*. As more examples, in the
XPS data of the intermediate products of the CdTe nanosheet growth
process, the Cd-Te, Cd-Cl and Cd-O bond signals emerge in Cd 3d
peaks (Fig. 4€)**7°, confirming the existence of the transition state
CdO.TeyCle. In the XPS data of the intermediate products of the Cu,Se
nanosheet growth process show the presence of Cu-O, Cu-Cl and Cu-Se

bond signals, confirming the emergence of transition state CuOSegCly,
(Fig. 4f). Thus, we concluded that transition states, such as Bi, MO;Cl;
and MO\X|Cl,,,, generally exist in the growth process. Finally, we should
note that there is no Bi element in the final nanosheets, which can be
proven by SEM-EDS (Supplementary Figs. 30-35) and TEM-EDS (Sup-
plementary Figs. 15-26). We found elemental Bi at the downstream end
of the tube furnace outside the reaction zone (Supplementary Fig. 36).

According to the above discussion, we proposed a possible
reaction mechanism for the growth of metals (M), oxides (MO), and
chalcogenides (MX, X denote tellurium, selenium, and sulfur). The
BiOClI can act as a promoter for the reaction. Metal precursors react
with BiOClI to produce highly volatile MO;Cl;". Thus, the element M can
be transferred in the vapor state to the position of the substrate and
react with H, to produce MO, or M nanosheets. When chalcogen
vapor (X) is supplied, MO;Cl; reacts with chalcogen vapor to produce
MO\ X|Cl,, and can be transferred in the gas state to the position of the
substrate. Then, with the help of H,, MyXq nanosheets can be depos-
ited on the substrate. Overall, with the aid of the BiOCI promoter, the
metal precursor can be gasified, and the reaction can proceed at a
relatively low temperature. Compared to the salt-assisted CVD
process®, the volatilization temperature of precursors is 200-300 °C
lower, which is essential for producing volatile intermediates to enable
the growth of the selected 2DMs at lower temperature.
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TEM-EDS mapping, EDS, SAED pattern, HRTEM (inset is the corresponding atomic
model), respectively. g-i Image of In,Te; nanosheet HAADF-TEM, TEM-EDS map-
ping, EDS, SAED pattern, HRTEM (inset is the corresponding atomic model).

Mechanism for the growth of ultrathin 2D NLMs

Different from LMs with weak vdW forces between layers, NLMs
usually have a 3D crystal structure bonded with strong covalent forces,
which makes it much more difficult to achieve anisotropic growth of
2D crystals. We find that our strategy is more facile to synthesize 2D
NLMs via a unique oxygen-inhibited mechanism (Fig. 5a, b). To
understand the growth mechanism of ultrathin 2D NLMs, scanning
transmission electron microscopy (STEM) was used to characterize the
synthesized 2D nonlayered MnS at the atomic scale (Fig. 5c). A typical
annular dark field (ADF) image and the corresponding element map-
ping further revealed the spatial distribution of O elements on the
surface (Fig. 5Sb—d). Electron energy loss spectroscopy (EELS) is used to
investigate the spatial distribution of O and Mn elements near the
surface by recording the O K-edge and Mn L-edge of MnS from the
surface to the interior region (Fig. 5g)*'. The intensity of the O K-edge
peak (-528 eV) emerged on the surface (marked with a red dashed line

in Fig. 5¢) and disappeared inside the nanosheet (Fig. 5g). We further
compare the STEM and EELS of 2D MnS grown by the common method
and BiOCl-assisted growth method. After the samples are prepared by
these two methods through CVD, Pt films are evaporated quickly, and
then the samples are stored in an oxygen free and anhydrous envir-
onment until STEM cross-sections measurement are taken. The results
show the presence of interfacial oxygen element in our method, but
almost no oxygen element in the conventional method (Supplemen-
tary Fig. 37). These data directly confirm the oxygen-inhibited syn-
thetic mechanism. In addition, we compared the thickness distribution
of 2D MnS between the BiOCl-assisted growth method and the com-
mon method under the same conditions, and the results clearly
showed that the oxygen-inhibited synthetic mechanism is highly effi-
cient in preparing thin samples (Supplementary Fig. 38). Meanwhile,
the HAADF-STEM atomic structure and the surface EELS analysis of
MnSe nanosheets also confirm the existence of oxygen atoms on the
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(inset) under the same growth conditions. Scale bar: 40 pm. c¢-f XPS of the tran-
sition state in the process of salt-assisted growth of 2D materials. XPS spectra of Bi
4f, Mn 2p, Cd 3d, and Cu 2p, shown in c-f, respectively.

surface (Supplementary Fig. 39). In addition, the SEM-EDS mapping
(Supplementary Figs. 40 and 41) of the intermediate also revealed the
existence of oxygen, consistent with the XPS analysis. the surface
oxygen species the 2D NLMs is likely orientated from the pro-
moter BiOCI.

Furthermore, we performed density of functional theory (DFT)
calculations to confirm the absorption of the O atoms on the surface of
2D NLMs. Considering all possible gaseous elements, such as H, O and
Cl, we calculated and compared the ground-state energies of the NLMs
Cd, SnTe and MnS with surface adsorbed H, O and CI atoms (Fig. 5h,
Supplementary Fig. 42), and found the surface adsorption of O atoms
is the most stable state for Cd, SnTe and MnS (Fig. 5i). The schematic
view of the O-terminated MnS structure (Fig. 5h) shows that the
adsorbed O atoms associated with the Mn atoms form a stable tetra-
hedral structure on the surface. These results indicate that O elements
are more likely to bind with these NLMs on the surface, which is con-
sistent with our experimental results.

Previous studies have reported that the adsorbed atoms on the
surface of materials will mostly limit the continuous growth of
materials”*?>*, During the growth process, the absorption of O on the
surface can suppress the growth of nanosheets in the vertical direc-
tion, and atoms are added on the lateral edge of the nanosheet to
promote the growth of nanosheets in the planar direction. In this
regard, the existence of oxygen atoms on the surface of 2D NLMs is
important for the highly anisotropic growth of these materials and
finally the formation of nanosheets with 2D geometry.

Physical property of the resulting 2DMs

To evaluate the quality of the low-temperature grown 2D nanosheets,
we fabricated various devices and evaluate their electronic and mag-
netic properties from the resulting materials. For example, the SnS,
nanosheet (synthesized at 450 °C) was used to construct a field effect
transistor (FET) (Fig. 6a), that show an expected n-type transistor
behavior (Fig. 6b) with a current ON/OFF switching ratio of 5x10*
(Fig. 6¢). Overall, the device displayed a performance compares well

with those synthesized at higher temperature reported previously*~¢.

In addition, we have investigated magnetotransport property of a-
Fe,05; nanosheets (synthesized at 520 °C) using a standard Hall bar
device (insets in Fig. 6d). The longitudinal resistance (Rxx) increased
with the decreasing of temperature, demonstrating that the a-Fe,03
nanosheet has the semiconducting feature (Fig. 6d). The Hall resis-
tance, Ryy, was measured under an external magnetic field, uoH,
applied perpendicular to the sample plane. For a magnetic material,
Rxy can be decomposed into two parts:

Ryy = Rypr + Rane

where Ryue=RoloH, the resistance of normal Hall effect, and
Rane=RsM, the resistance of anomalous Hall effect; Rg and Rs are
coefficients characterizing the strength of Ryye and Rang, respectively,
and M, is the sample magnetic moment perpendicular to the sample
surface. The Rxy showed negligible or very small hysteresis from 150 K
to 350 K (Fig. 6e). As the hysteresis is not clear, we used Arrott plot to
confirm the FM behavior and to determine the Curie temperature of
the a-Fe,O3 nanosheet (Fig. 6f). The positive (negative) values of the
intercepts to the Rpye axis indicate the ferromagnetic (paramagnetic)
state. The linear intercept decreases with increasing temperature and
approaches zero when the Curie temperature is reached”. In this way,
a Tc of 366K was determined for the a-Fe,O3 nanosheet when the
intercept goes to zero (Fig. 6f). The result demonstrated that a-Fe,05
nanosheet is a room-temperature magnetic semiconductor and has
great application potential in the field of spintronics in the future.
Further, we have studied the optoelectronic property of ultrathin
(-15nm) SnSe nanosheet (synthesized at 360 °C. The linear /4s-Vgys
curve of SnSe device under 808 nm laser with different power den-
sities indicated the perfect ohmic behavior (Fig. 6g). In particular, the
device exhibited a maximum responsivity of 205 A/W (Fig. 6h) which is
higher than SnSe nanomaterials obtained by magnetron sputtering
technique and mechanical exfoliation at similar thickness®**°. The
device demonstrated obvious switching behavior with a response time
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oxygen atoms. ¢ HAADF-STEM image of the cross-section of MnS nanosheets.
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(right vertical position) from the surface to the interior region. The red dotted
frame is the surface positions of the nanosheets. h Schematic view of the distortion
O-terminated MnS (001) surface. i Formation energy of adsorbing H, O and Cl on
the surface of Cd, SnTe and MnS.

of 0.7s and decay time of 0.3s for the device (Fig. 6i, j) and the
response speed is faster than the previous report, indicating the low
defect level of our samples*°. In addition, we also investigated the
optoelectronic properties of MnTe nanosheets (synthesized at 440 °C)
(Supplementary Fig. 43), which also showed an order of magnitude
faster response speed than that of previous report*’. Together, these
studies clearly demonstrate that these low-temperature growth 2DMs
exhibit high respectable electronic properties comparable to those
prepared at much higher temperature. It could thus open up oppor-
tunities for BEOL integration with traditional semiconductor
technology.

Discussion

In this study, we have developed a BiOCl-assisted CVD method for the
general synthesis of a diverse range of high-quality, ultrathin 2DMs
from both LMs and NLMs at a growth temperature of about
280-500°C. Significantly, the growth temperature is 200-300 °C
lower than typical CVD process employed to grow 2DMs to date, and
falls into the temperature range required by BEOL process in

semiconductor processes. Our work shows the thickness and the size
of high-quality 2DMs can be tuned by adjusting the growth time and
duration. Detailed growth mechanism analysis reveals that BiOCI can
decrease the volatilization temperature of the reactants, and the low-
temperature process kinetically benefits 2D growth to achieve ultra-
thin 2DMs from both LM and NLMs. This oxygen-inhibited mechanism
further promotes anisotropic growth NLMs to achieve 2D NLMs. The
resulting 2DMs demonstrate excellent electrical, magnetic and
optoelectronic property, further confirming the high crystal quality of
the materials. The general low-temperature growth method could
greatly enrich 2DMs family for exploring exotic physics and facile
integration in existing semiconductor technology.

Methods

CVD growth

2D telluride, selenide, sulfide, oxide, and metal were all grown in a
CVD system using ultrahigh purity Ar (purity 99.999%) and H,
(purity 99.999%) as the carrier gas and mica as the growth substrate
(the growth diagram is shown in Supplementary Figs. S1 and S2). For

Nature Communications | (2023)14:304



Article

https://doi.org/10.1038/s41467-023-35983-6

a c
30 — 2V
— 4V
—— BV
— — 8V
E 20/ — 10V
<
£
104
0
60 40 20 0 20 40 60
Vg (V)
e g 6.—dark h200- .
50 —— 0.231 mW/cm?
150 K —— 64.422 mW/cm? <
44— 108.870 mW/cm? E 1501
< | 133.228 mW/cm? =~
& 5 1001
% 2 g
200K =~ 2 504
o
0 01
000 025 050 075 1.00 0 3 60 9 120
w 250K Vs (V) Power density (mW/cm?)
o is54 j
P,=160 mW/cm? V=1V
] 5.0
300 K 5.1 ~0.3s |
< 481 <
) S
¥ 45 245
350K| * = ~0.7s
__/— 4.21
3.91 4.0 N
0 = 5000 10000  -20000 0 20000 1"10 1é0 1é0 260 161 162 166 167
HoH/R e (Oe/Q) 1oH (Oe) Time (s) Time (s)

Fig. 6 | Electrical, Magnetic and optoelectronic characterizations of 2D
nanosheet. a OM image of the SnS, FET device, Scale bar: 10 pm. b Typical drain-
source current (/ys) vs drain-source voltage (Vys) output characteristics of the SnS,
FET measured under various gate voltages. ¢ Typical transfer curves of the FET.

d The longitudinal resistance (Rxx) at different temperatures for a-Fe,05; nanosh-
eet. The inset is OM image of the Hall bar device, Scale bar: 30 pm. e The resistance
of anomalous Hall effect (Rapg) plotted as a function of the magnetic field at various
temperature. f Arrott plots of the Hall resistance data of the a-Fe,O3 nanosheet

shown in e. The dashed lines represent the intercept of Rapg. g lgs— Vs output
characteristics of the SnSe photodetector in the dark and various laser powers with
808 nm laser. h The photodetector responsivity versus laser power densities with a
voltage bias of 1V. The inset is OM image of the photodetector, Scale bar: 10 pm.
i Time dependent photoresponse of SnSe photodetector under 808 nm laser.
Voltage bias is1V. j A typical time-dependent photoresponse curve in a quick scan
mode. The vertical dotted lines represent the beginning and end moments of the
photoresponse.

2D telluride, selenide, and sulfide, we used a dual temperature zone
tube furnace as the reaction instrument. Te, Se, and S powders were
placed upstream of the quartz tube, metal powder and basic salt
BiOCl were ground and mixed thoroughly and placed downstream
of the quartz tube. For 2D oxides and metals, we use a single-
temperature zone tube furnace as a reactor to thoroughly grind and
mix the metal powder and basic salt BiOCI and place them down-
stream of the quartz tube. Before the experiment, high flow Ar
(500-800 sccm) was used to purge the air in the tube furnace. The
detailed growth conditions are as follows:

Growth of SnTe

We use a dual temperature zone tube furnace as an experimental
instrument. Te powder (0.02 g, purity 99.99%) was placed in a quartz
boat located in the center of the upstream furnace. Sn powder (0.18 g,
purity 99.99%) and BiOCI (0.01g, purity 99.99%, Alpha) powder were
mixed uniformly and put into a quartz boat. The mica substrate was
placed above the quartz boat and placed in the center of the heating
area downstream of the quartz tube. During the growth process, a
constant flow of 66 sccm Ar and 1 sccm H, was used as the carrier gas.

Then, the upstream and downstream regions were heated to 580 °C
and 290-350°C under ambient pressure, respectively, and after
reaching the desired growth temperature, the temperature was
maintained for 12 min. After the growth process was terminated, the
furnace was cooled naturally to room temperature, and the sample was
removed.

Growth of In,Te;

The growth process of In,Tejs is similar to that of SnTe. The difference
is that 0.05g In powder (purity 99.9%) and 0.006 g BiOCI (purity
99.99%) powder are used; 45 sccm Ar and 1 sccm H, are used; the
temperature of the downstream area is 280~-420 °C; and the growth
time is 8 min.

Growth of Cu;Te,

The growth process of Cu,Te, is similar to that of SnTe. The difference
is that 0.08 g Cu powder (purity 99.99%) and 0.01g BiOCI (purity
99.99%) powder are used; 60 sccm Ar and 0.8 sccm H, are used; the
temperature of the downstream area is 400~-480 °C; and the growth
time is 12 min.
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Growth of CdTe

The growth process of CdTe is similar to that of SnTe. The differ-
ence is that 0.12gCd powder (purity 99.99%) and 0.01g BiOCI
(purity 99.99%) powder are used; 40 sccm Ar and 2 sccm H, are
used; the temperature of the downstream area is 440-540 °C; and
the growth time is 20 min.

Growth of MnTe

The growth process of MnTe is similar to that of SnTe. The difference is
that 0.1 g Mn powder (purity 99.99%) and 0.02 g BiOCI (purity 99.99%)
powder are used; 90 sccm Ar and 2 sccm H; are used; the temperature
of the downstream area is 440-520 °C; and the growth time is 18 min.

Growth of FeTe

The growth process of FeTe is similar to that of SnTe. The difference is
that 0.25 g Fe powder (purity 99.99%) and 0.02 g BiOCI (purity 99.99%)
powder are used; 90 sccm Ar and 2 sccm H, are used; the temperature
of the downstream area is 450-590 °C, and the growth time is 10 min.

Growth of MnSe

The growth process of MnSe is similar to that of SnTe. The difference is
that 0.04 g Se powder (purity 98%), 0.2 g Mn powder (purity 99.99%)
and 0.04 g BiOClI (purity 99.99%) powder are used; 130 sccm Ar and
2 sccm H, are used; the temperatures of the upstream and downstream
areas are 320 °C and 410-560 °C, respectively; and the growth time
is 15 min.

Growth of Cu,Se

The growth process of Cu,Se is similar to that of MnSe. The difference
is that 0.1g Se powder (purity 98%), 0.2 g Cu powder (purity 99.9%)
and 0.02 g BiOCI (purity 99.99%) powder are used; 120 sccm Ar and
2 sccm H, are used; the temperature of downstream area is
400-480 °C; and the growth time is 18 min.

Growth of SnSe

The growth process of SnSe is similar to that of MnSe. The difference is
that 0.1 g Se powder (purity 98%), 0.6 g Sn powder (purity 99.99%) and
0.02 g BiOCl (purity 99.99%, Alpha) powder are used; 130 sccm Ar and
15 sccm H, are used; the temperature of downstream area is
300-360 °C; and the growth time is 12 min.

Growth of SnSe,

The growth process of SnSe, is similar to that of MnSe. The difference
is that 0.3 g Se powder (purity 98%), 0.5g Sn powder (purity 99.99%)
and 0.01g BiOCI (purity 99.99%) powder are used; 60 sccm Ar and
1.5sccm H, are used; the temperature of downstream area is
360~450 °C; and the growth time is 15 min.

Growth of FeSe,

The growth process of FeSe; is similar to that of MnSe. The difference
was that 0.1g Se powder (purity 99.99%), 0.6g Fe powder (purity
99.99%) and 0.03 g BiOClI (purity 99.99%) powder were used; 80 sccm
Ar and 3 sccm H, were used; the temperature of the downstream area
was 500-580 °C; and the growth time was 10 min.

Growth of GeSe,

The growth process of GeSe; is similar to that of MnSe. The difference
was that 0.3 g Se powder (purity 98%), 0.5 g Ge powder (purity 99.99%)
and 0.04 g BiOCI (purity 99.99%) powder were used; 55 sccm Ar and
2 sccm H, were used; the temperature of the downstream area was
420-560 °C; and the growth time was 12 min.

Growth of ZnSe
The growth process of ZnSe is similar to that of MnSe. The difference is
that 0.1g Se powder (purity 99.9%), 0.2 g Zn powder (purity 99.99%)

and 0.01g BiOCI (purity 99.99%) powder are used; 60 sccm Ar and
3sccm H, are used; the temperatures of the upstream and down-
stream areas are ~350 °C and 430-500 °C, respectively; and the growth
time is 10 min.

Growth of In,Se;

The growth process of In,Se; is similar to that of MnSe. The difference
is that 0.2 g Se powder (purity 99.9%), 0.2 g In powder (purity 99.99%)
and 0.01g BiOCI (purity 99.99%) powder are used; 55 sccm Ar and
3 sccm H; are used; the temperature of the upstream and downstream
area is ~350 °C and 380-530 °C, respectively; and the growth time
is 15 min.

Growth of y-MnS

The growth process of y-MnS is similar to that of SnTe. The difference
is that 0.1gS powder (purity 99.999%), 0.2g Mn powder (purity
99.99%) and 0.04 g BiOClI (purity 99.99%) powder are used; 140 sccm
Ar and 2 sccm H, are used; the temperatures of the upstream and
downstream areas are ~220 °C and 480-~580 °C, respectively; and the
growth time is 20 min.

Growth of FeS,

The growth process of FeS, is similar to that of y-MnS. The difference is
that 0.2 gS powder (purity 99.999%), 0.2 g Fe powder (purity 99.99%)
and 0.01g BiOCI (purity 99.99%) powder are used; 90 sccm Ar and
2 sccm H, are used; the temperatures of the upstream and downstream
areas are ~220 °C and 480-560 °C, respectively; and the growth time
is 12 min.

Growth of SnS,

The growth process of SnS, is similar to that of y-MnS. The difference is
that 0.1 g S powder (purity 99.999%), 0.25 g Sn powder (purity 99.99%)
and 0.02 g BiOCI (purity 99.99%) powder are used; 100 sccm Ar and
2 sccm H, are used; the temperatures of the upstream and downstream
areas are ~220 °C and 380-440 °C, respectively; and the growth time
is 8 min.

Growth of ZnS

The growth process of ZnS is similar to that of y-MnS. The difference is
that 0.2 g S powder (purity 99.999%, Alpha), 0.25 g Zn powder (purity
99.99%) and 0.03 g BiOCI (purity 99.99%) powder are used; 150 sccm
Ar and 10 sccm H, are used; the temperature of the upstream and
downstream area is ~200 °C and 380-490 °C, respectively; and the
growth time is 10 min.

Growth of B-In,S;

The growth process of -In,S; is similar to that of y-MnS. The differ-
ence is that 0.2 g S powder (purity 99.999%, Alpha), 0.25g In powder
(purity 99.99%) and 0.02 g BiOCI (purity 99.99%) powder are used;
60 sccm Ar and 5 sccm H; are used; the temperature of the upstream
and downstream area is ~200 °C and 400-560 °C, respectively; and the
growth time is 10 min.

Growth of MnO

We use a single temperature zone tube furnace as an experimental
instrument. Mn powder (0.2g, purity 99.99%) and BiOCl (0.09g,
purity 99.99%) powder were mixed uniformly and put into a quartz
boat. The mica substrate was placed above the quartz boat and placed
in the center of the heating area of the quartz tube. During the growth
process, a constant flow of 200 sccm Ar and 5 sccm H, was used as the
carrier gas. Then, the furnace was heated to 500-590 °C under ambient
pressure, and after reaching the desired growth temperature, the
temperature was maintained for 6 min. After the growth process was
terminated, the furnace was naturally cooled to room temperature,
and the sample was removed.
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Growth of a-Fe,03

The growth process of a-Fe,0j3 is similar to that of MnO. The difference
is that 0.3 g Fe powder (purity 99.99%) and 0.1 g BiOCl (purity 99.99%)
powder are used; 100 sccm Ar and 3 sccm H, are used; the temperature
of the furnace is 420-550 °C; and the growth time is 12 min.

Growth of «-Sb,0;

The growth process of a-Sb,05 is similar to that of MnO. The difference
is that 0.1 g Sb powder (purity 98%) and 0.06 g BiOCI (purity 99.99%)
powder are used; 120 sccm Ar and 3 sccm H, are used; the temperature
of the furnace is 400-460 °C; and the growth time is 9 min.

Growth of B-Sb,03

The growth process of 8-Sb,0; is similar to that of MnO. The difference
is that 0.15 g Sb powder (purity 98%) and 0.07 g BiOCl (purity 99.99%)
powder are used; 90 sccm Ar and 3 sccm H; are used; the temperature
of the furnace is 400-470 °C; and the growth time is 7 min.

Growth of In,053

The growth process of In,05 is similar to that of MnO. The difference is
that 0.1g In powder (purity 99.99%) and 0.05 g BiOCI (purity 99.99%)
powder are used; 60 sccm Ar and 2 sccm H; are used; the temperature
of the furnace is 380-470 °C; and the growth time is 23 min.

Growth of ZnO

The growth process of ZnO is similar to that of MnO. The difference is
that 0.15 g Zn powder (purity 99.99%) and 0.05 g BiOClI (purity 99.99%)
powder are used; 220 sccm Ar and 10 sccm H, are used; the tem-
perature of the furnace is 440~500 °C; and the growth time is 6 min.

Growth of Cd

The growth process of Cd is similar to that of MnO. The difference is
that 0.2 g Cd powder (purity 99.9%) and 0.05 g BiOCI (purity 99.99%)
powder are used; 100 sccm Ar and 20 sccm H, are used; the tem-
perature of the furnace is 350~-450 °C; and the growth time is 20 min.

Intermediate product acquisition

After growing for 1-3 min in an oxygen-free environment, we quickly
cooled the sample to room temperature to prevent the loss of
intermediate.

Thermogravimetric analysis

We used a thermogravimetric analyzer (TGA209F1, Netzsch) to per-
form thermogravimetric analysis of the samples. Each metal raw
material was ground and mixed with the basic salt BiOCl separately and
uniformly mixed. Then, 0.01 mg of the mixture was put into an alumina
crucible and heated from room temperature to 700 °C at 10 K/min.
Use ultrahigh purity Ar as the carrier gas with a flow rate of 10 ml/min.

Characterization equipments

The synthesized 2D materials were characterized by optical micro-
scopy (DP27, OLYMPUS), SEM-EDS (MIRA3 LMH, TESCAN), HRTEM
(JEM-2100F, JEOL, 343, operating at 200 kV and equipped with an EDS
system), XPS (ESCALAB 250Xi, charging referenced to the C 1s peak at
284.8 eV), Raman spectroscopy (invia-reflex, Renishaw with 488 nm
laser as the excitation source) and AFM (Bioscope system, BRUCKER).
for characterization.

Device fabrication and characterization

We used e-beam lithography to fabricate Hall bar devices with 50 nm
Au for electrical contact on SiO,/Si substrate. The magneto-
conductivity measurement was performed with the six-terminal Hall
bar structure in a physical property measurement system (Quantum
design) using a lock-in amplifier (Stanford SR830). We fabricated FET
devices on SiO,/Si substrate using e-beam lithography with 50 nm Au

electrode. The FET devices measurements were performed using an
Agilent B1500A semiconductor analyser at room temperature. We
fabricated photodetector devices directly on mica substrates using the
transfer 50 nm Au electrode technique. The photodetector measure-
ments were performed using an Agilent BISO0A semiconductor ana-
lyser at room temperature. All measurements were performed in
vacuum.

Computational methodology

The Vienna ab initio simulation package (VASP)**** based on density
functional theory (DFT) was used to simulate the formation energies
for all structures. The projector augmented wave method*** and
generalized gradient approximation*® with the Perdew-Burke-
Ernzerhof realization were adopted for the core electrons. The cutoff
energy and energy convergence criteria were set to 400 eV and 10~ eV
for all calculations. The experimental lattice parameters were used for
all calculations, and the lateral dimensions of the supercell were set to
larger than 12 A. To avoid the interaction between adjacent surfaces,
the thickness of vacuum space was approximately 15 A. For all surface
structures, we used a 6 x 6 x 1 I'-centered Monkhorst-Pack k-mesh for
lattice relaxation. During the surface structure optimization, the inner
three atom layers were fixed as the bulk phase, while the outermost
three layers experienced atom relaxation for Cd and SnTe. For y-MnS,
the inner three Mn atom layers were fixed, while the outermost three
Mn layers were relaxed. The surface formation energy was evaluated
by the energy difference between the N layer for Cd (-67.916 eV), SnTe
(-358.68 eV) and y-MnS (-665.874 eV) unit cells and its counterpart
with the N +1 (adsorbed H/O/CI atomic) layer’.

Data availability

Relevant data supporting the key findings of this study are available
within the article and the Supplementary Information file. All raw data
generated during the current study are available from the corre-
sponding authors upon request.
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