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FABRICATION METHOD FOR
TWO-DIMENSIONAL MATERIALS

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The present invention relates to a fabrication
method for two-dimensional materials; particularly, the
present invention relates to a fabrication method for large-
area and evenly distributed two-dimensional materials.

2. Description of the Prior Art

[0002] Two-dimensional materials are substances having
single layer or few layers with an atomic level thickness.
Two-dimensional materials have gained highly attention
because of their special characteristics in electrical conduc-
tion, optical and mechanical properties. For example, gra-
phene has properties such as high carrier mobility and
transparency.

[0003] Nowadays, fabrication methods for two-dimen-
sional materials mainly include mechanical exfoliation,
molecular beam epitaxy (MBE), and chemical vapor depo-
sition (CVD). The mechanical exfoliation method requires
manual effort and cannot provide stable quality. Besides, the
mechanical exfoliation method is merely utilized for pro-
ducing two-dimensional materials within a limited area and
is hard to implement in large area two-dimensional materi-
als. Though the MBE method can deposit two-dimensional
materials having structure with few layers, it still cannot
implement in large area two-dimensional materials. Besides,
the MBE method requires an ultrahigh vacuum environment
that will spend much process time and money.

[0004] Comparing to the previous two methods, the CVD
method can improve the production efficiency; however, the
CVD method has many limitations, such as selection of
precursor, control of vapor pressure, and design of gas-phase
transport in a furnace, etc. Those limitations will increase
complexity of process design. Therefore, fabrication meth-
ods for two-dimensional materials need to be improved.

SUMMARY OF THE INVENTION

[0005] It is an object of the present invention to provide a
fabrication method for two-dimensional materials to
decrease complexity of process.

[0006] It is another object of the present invention to
provide a fabrication method for two-dimensional materials
to improve quality of two-dimensional materials.

[0007] The fabrication method for two-dimensional mate-
rials includes the following steps: forming a thin film having
at least one two-dimensional element on a substrate; forming
at least one capping layer on the thin film; annealing the thin
film to form a two-dimensional material film after the
capping layer is formed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a flow chart of an embodiment of a
fabrication method for two-dimensional materials of the
present invention;

[0009] FIGS. 2A, 2B, 2C, and 2D are schematic views of
an embodiment of fabricating two-dimensional materials;
[0010] FIG. 3 is a flow chart of another embodiment of a
fabrication method for two-dimensional materials of the
present invention;
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[0011] FIGS. 4A, 4B, 4C, and 4D are schematic views of
another embodiment of fabricating two-dimensional mate-
rials;

[0012] FIG. 5 is Raman spectrum of a 2H-MoTe, two-
dimensional material film;

[0013] FIG. 6 is statistics of major Raman peaks at dif-
ferent positions of the 2H-MoTe, two-dimensional material
film;

[0014] FIG. 7 is Raman spectra of the 2H-MoTe, two-
dimensional material film stored for different time lengths;
[0015] FIG. 8 is Raman spectra of the 2H-MoTe, two-
dimensional material film produced by using different depo-
sition durations;

[0016] FIG. 9 is Raman spectrum of a 2H-MoS, two-
dimensional material film;

[0017] FIG. 10 is Raman spectrum of a Td-WTe, two-
dimensional material film;

[0018] FIG. 11 is a flow chart of another embodiment of
a fabrication method for two-dimensional materials of the
present invention;

[0019] FIGS. 12A, 12B, 12C, and 12D are optical micro-
scope images of the MoTe, two-dimensional material film in
different annealing time lengths;

[0020] FIGS.13A,13B, 13C, 13D, and 13E are schematic
views of the MoTe, two-dimensional material film forming
different structural phases;

[0021] FIG. 14A and FIG. 14B are Raman spectra of the
MoTe, two-dimensional material film forming different
structural phases;

[0022] FIG. 15Ais a cross-sectional HRTEM image of the
2H-MoTe, two-dimensional material film;

[0023] FIG. 15B is a plan view HRTEM image of the
2H-MoTe, two-dimensional material film;

[0024] FIG. 15C is a fast Fourier transform image corre-
sponding to FIG. 15B;

[0025] FIG. 15D is SAED pattern of the 2H-MoTe, two-
dimensional material film;

[0026] FIG. 15E is a plan view HRTEM image of a
1T'-MoTe, two-dimensional material film;

[0027] FIG. 15F is SAED pattern of the 1T'-MoTe, two-
dimensional material film;

[0028] FIG. 16 is flow chart of another embodiment of a
fabrication method for two-dimensional materials of the
present invention;

[0029] FIG. 17 is a 1,V graph of a transistor device
adopting the MoTe, two-dimensional material film; and
[0030] FIG. 18 is a 1,,-V, graph of the transistor device
adopting the MoTe, two-dimensional material film.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0031] The present invention provides a fabrication
method for two-dimensional materials. Please refer to FIG.
1. FIG. 1 is a flow chart of an embodiment of a fabrication
method for two-dimensional materials of the present inven-
tion. As shown in FIG. 1, the fabrication method for two-
dimensional materials includes several stages, such as thin
film formation, capping layer formation, anneal, and two-
dimensional material film formation. FIGS. 2A, 2B, 2C, and
2D are schematic views of an embodiment of fabricating
two-dimensional materials. As shown in FIG. 1 and FIG.
2A, in step 10: forming a thin film 20 having at least one
two-dimensional element on a substrate 10. In one embodi-
ment, in the step of thin film 20 formation, the thin film 20
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can be formed by using physical vapor deposition. The
substrate 10 can include Si, Ge, SiGe, SiC, GaAs, InGaAs,
InP, InAs, SiO,, Si;N,, sapphire, Al,O;, HfO,, ZrO,, TiO,,
Ta,Os, Zn0O, and 1GZO.

[0032] Next, in step S20: forming a first capping layer on
the thin film. As shown in FIG. 2B, the first capping layer 30
is formed on the thin film 20. The thin film 20 is located
between the substrate 10 and the first capping layer 30. The
first capping layer 30 is served as a protective layer for the
thin film 20 to ensure stable quality in forming the thin film
20. The first capping layer 30 can include SiO,, Si;N,, SiO,,
SiN,, Si, Ge, Al,0,, HfO,, ZrO,, TiO,, Ta,0s, Zn0O, and
1GZO. In general, a deposition thickness of the thin film is
in a range between 0.5 nm and 10 um. A thickness of the first
capping layer is in a range between 5 nm and 10 pm.
[0033] In step S30: annealing the thin film after the first
capping layer is formed. As shown in FIG. 2C, a sample,
having the first capping layer 30 and the thin film 20, is
disposed in a furnace 50 and annealed in a gas (for example,
N,). An annealing temperature is in a range between 300° C.
and 1200° C. The annealing method can adopt, for example,
furnace annealing, rapid thermal annealing, laser annealing,
or microwave annealing. Said annealing step is performed
after the first capping layer is formed. By this design, the
first capping layer can prevent the two-dimensional element
in the thin film from damaging during the annealing process
to improve the quality of the two-dimensional material.
Besides, in the annealing step, the first capping layer can
serve as a control layer, i.e. during the thin film forming the
two-dimensional material film, the thin film is limited not to
grow in a three dimensional direction but to grow in a
two-dimensional direction instead. In step S40: forming a
two-dimensional material film. As shown in FIG. 2D, the
two-dimensional material film 22 is formed after the anneal-
ing process.

[0034] The two-dimensional material film mentioned
above can be made from the film being a two-dimensional
hetero-layer or a two-dimensional elemental layer. In one
embodiment, the two-dimensional material film can be
transition-metal dichalcogenides (also expressed as MX2),
for example, MoS,, MoTe,, WTe,, etc. Particularly, the thin
film is a two-dimensional hetero-layer including at least one
transition metal and at least one chalcogen element as the
two-dimensional element. The transition metal is selected
from the group consisting of Molybdenum, Tungsten, Chro-
mium, Vanadium, Niobium, Tantalum, Platinum, Titanium,
Hafnium, Zirconium, and Rhenium, and the chalcogen ele-
ment is selected from the group consisting of Sulfur, Sele-
nium, and Tellurium.

[0035] It is noted that the two-dimensional material film,
formed from the transition metal as well as the chalcogen
element mentioned above, is not limited to the binary form.
The two-dimensional material film can also be the multiple
form, such as Mo, W, yTe,, MoS,,Se,, ,,, and Ta-doped,
Nb-doped MoS,.

[0036] Taking the two-dimensional material film made
from the transition metal as well as the chalcogen element as
an example, in the step of forming the thin film, sputtering
or evaporation is performed by using at least one target
having the transition metal and the chalcogen element. In
one embodiment, in the step of forming the thin film, a
single target can be adopted, wherein the transition metal
and the chalcogen element in the target have a stoichiometric
ratio. In another embodiment, the thin film can be formed by
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co-sputtering or co-evaporating multi-targets depending on
manufacture requirements, and each of multi-targets
includes one of the two-dimensional elements (such as the
transition metal and the chalcogen element). For example,
co-sputtering is performed by using multi-targets according
to proportion of ingredients in the two-dimensional material
film with the multiple forms. By this design, parameters in
each target can be adjusted to increase the manufacturing
flexibility.

[0037] Besides, the annealing step is preferably performed
in a chalcogen-free atmosphere. In other words, complicated
reactions such as heating chalcogen powder become volatile
can be avoid to simplify the manufacture process by using
the first capping layer of the present invention. For the thin
film including the transition metal and the chalcogen ele-
ment, the first capping layer can serve as a chalcogen
blocked layer, i.e. preventing the chalcogen element subli-
mation and out-diffusion in high temperature.

[0038] Inanother embodiment, the two-dimensional mate-
rial film can be transition-metal carbide/nitride (also
expressed as MXene), for example, Ti,C,, TaC, etc. Par-
ticularly, the thin film is a two-dimensional hetero-layer
including at least one transition metal and at least one
non-metallic element as the two-dimensional element. The
transition metal is selected from the group consisting of
Molybdenum, Tungsten, Chromium, Vanadium, Niobium,
Tantalum, Platinum, Titanium, Hafnium, Zirconium, and
Rhenium; the non-metallic element is selected from the
group consisting of Carbon and Nitrogen. Similarly, the
two-dimensional material film can also be the multiple form,
such as Ti;(Cy sNg 5), (Tig sNbg 5),C. The first capping layer
can prevent the loss of the two-dimensional element in the
thin film during the annealing process to improve the quality
of two-dimensional materials. In addition, in the annealing
process, the first capping layer can serve as a control layer,
i.e. limiting the thin film not to grow in a three dimensional
direction but to grow in a two-dimensional direction instead.
[0039] Inanother embodiment, the two-dimensional mate-
rial film can be graphene family, for example, BN, BP, GaN,
AlGaN, and other compounds having chalcogen element, for
example, In,Se,, InSe, InTe. Particularly, the thin film is a
two-dimensional hetero-layer including at least one element
of Group 13 and at least one element of Group 15 or Group
16 in the periodic table as the two-dimensional element. The
element of Group 13 is selected from the group consisting of
Boron, Aluminum, Gallium, and Indium. The element of
Group 15 is selected from the group consisting of Nitrogen
and Phosphorus. The element of Group 16 is selected from
the group consisting of Sulfur, Selenium, and Tellurium.
[0040] For the thin film that is a two-dimensional elemen-
tal layer, this kind of thin film can form the two-dimensional
material film such as phosphorene, silicene, borophene, etc.
Particularly, the thin film is a two-dimensional elemental
layer. The two-dimensional element is selected from the
group consisting of Carbon, Germanium, Silicon, Tin, Gal-
lium, Phosphorus, Selenium, and Tellurium.

[0041] FIG. 3 is a flow chart of another embodiment of a
fabrication method for two-dimensional materials of the
present invention. As shown in FIG. 3, in the fabrication
method for two-dimensional materials, the formation of the
capping layer can further divided into two stages. Please also
refer to FIGS. 4A, 4B, 4C, and 4D that illustrates schematic
views of fabricating two-dimensional materials. As shown in
FIG. 3 and FIG. 4A, the thin film 20 is formed on the
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substrate 10 in steps S10 and S20. The thin film 20 has at
least one two-dimensional element, and the first capping
layer 30 is formed on the thin film 20. The thin film 20 is
located between the first substrate 10 and the first capping
layer 30.

[0042] In step S21: forming a second capping layer on the
thin film. As shown in FIG. 4B, the second capping layer 32
is formed on the thin film 20. The first capping layer 30 and
the second capping layer 32 are formed on the same side of
the thin film 20 opposite to the substrate 10. The first
capping layer 30 is located between the thin film 20 and the
second capping layer 32. The first capping layer 30 and the
second capping layer 32 can include SiO,, Si;N,, SiO,,
SiN,, Si, Ge, Al,O,, HfO,, ZrO,, TiO,, Ta,0,, ZnO, and
1GZO. In general, a deposition thickness of the thin film is
preferably in a range between 0.5 nm and 10 um. A thickness
of the first capping layer (or the second capping layer) is
preferably in a range between 5 nm and 10 pm.

[0043] Next, in step S30: annealing the thin film after
capping layers (including the first capping layer and the
second capping layer) are formed. As shown in FIG. 4C, a
sample, having the first capping layer 30, the second capping
layer 32 and the thin film 20, is disposed in a furnace 50 and
annealed in a gas (for example, N,). An annealing tempera-
ture is in a range between 300° C. and 1200° C. Said
annealing step is performed after the first capping layer 30
and the second capping layer 32 are formed. By this design,
the first capping layer 30 and the second capping layer 32
can prevent the two-dimensional element in the thin film
from damaging during the annealing process to improve the
quality of the two-dimensional material.

[0044] In one embodiment, the first capping layer is
formed on the thin film by using evaporation, and the second
capping layer is formed on the first capping layer by using
plasma-enhanced chemical vapor deposition. By this design,
a density of the second capping layer is larger than a density
of the first capping layer i.e. the thin film has capping layers
with different density formed thereon. In the annealing
stage, the first capping layer and the second capping layer
can together serve as a protective layer for the thin film to
ensure stable quality in forming the thin film. The quality of
the thin film can be further improved by using the second
capping layer having higher density.

[0045] Besides, in the process forming the second capping
layer, the first capping layer can serve as a protective layer
for the thin film so as to prevent the thin film from damaging
during the formation of the second capping layer. In step
S40: forming a two-dimensional material film. As shown in
FIG. 4D, the two-dimensional material film 22 is formed
after the annealing process.

[0046] FIG. 5 is Raman spectrum of the 2H-MoTe, two-
dimensional material film. 2H-MoTe, is one of the structural
phases of MoTe,. According to the process shown in FIG. 3,
the 2H-MoTe, two-dimensional material film is produced by
using a MoTe, target with sputtering time of 30 seconds. A
MoTe, thin film is deposited on a 3 cmx4 cm SiO, substrate.
Then two SiO, layers, serving as protective layers and each
having 50 nm thickness, are formed on the MoTe, thin film.
In the annealing stage, the MoTe, sample is annealed at 650°
C. in the furnace for 24 hours and then cooled naturally to
200° C. to obtain the 2H-MoTe, two-dimensional material
film. As shown in FIG. 5, the 2H-MoTe, two-dimensional
material film has Raman peaks near wavenumbers of 171.4
cm™! (A, 2347 cm™! (Elzg), and 290.0 cm™ (Blzg).
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[0047] Please refer to FIG. 6. FIG. 6 is statistics of major
Raman peaks at different positions of the 2H-MoTe, two-
dimensional material film. As shown in FIG. 6, according to
statistics of major Raman peaks (A,,, E',,, B',,) deter-
mined from 60 positions on 3 cmx4 cm 2H-MoTe, two-
dimensional material film. It can be found that variation in
wavenumbers of these Raman peaks is small. This demon-
strates that the method of the present invention provides
uniform quality and centimeter-scaled large area of the
2H-MoTe, two-dimensional material film.

[0048] FIG. 7 is Raman spectra of the 2H-MoTe, two-
dimensional material film stored for different time lengths.
FIG. 7 depicts changes in Raman spectrum of the 2H-MoTe,
two-dimensional material film stored in a vacuum desicator
for different time length. In FIG. 7, curves A, B, C, D, each
represents initial state, 5 days, 12 days, and 66 days. As
shown in FIG. 7, Raman spectra of the 2H-MoTe, two-
dimensional material film have no obvious change when the
2H-MoTe, two-dimensional material film is stored more
than two months. This demonstrates that the method of the
present invention provides the 2H-MoTe, two-dimensional
material film having stable quality.

[0049] FIG. 8 is Raman spectra of the 2H-MoTe, two-
dimensional material film produced by using different depo-
sition durations. In FIG. 8, solid curve represents the
2H-MoTe, two-dimensional material film is produced with
sputtering time of 30 seconds. Broken curve represents the
2H-MoTe, two-dimensional material film is produced with
sputtering time of 3 minutes. As shown in FIG. 8, variation
in wavenumbers of major Raman peaks of the 2H-MoTe,
two-dimensional material film remains constant. This dem-
onstrates that the method of the present invention provides
can provide stable quality for different deposition thickness
and has good controllability.

[0050] Inaddition, please refer to FIG. 9 and FIG. 10. FIG.
9 is Raman spectrum of a 2H-MoS, two-dimensional mate-
rial film. The 2H-MoS, two-dimensional material film is
produced according to the process shown in FIG. 3. A MoS,
target is sputtered for 10 seconds, depositing MoS, on a
sapphire substrate. Then two Si0, layers, served as capping
layers, are formed on a MoS, thin film. In the annealing
stage, the MoS, sample is annealed at 780° C. in the furnace
for 12 hours and then cooled naturally to obtain the
2H-MoS, two-dimensional material film. As shown in FIG.
9, the 2H-MoS, two-dimensional material film has Raman
peaks near wavenumbers of 385.6 cm™" (E',,) and 406.6
cm™ (A, -

[0051] FIG. 10 is Raman spectrum of a Td-WTe, two-
dimensional material film. Similarly, the Td-WTe, two-
dimensional material film is produced according to the
process shown in FIG. 3. A WTe, target is sputtered for 30
seconds, depositing We, on a sapphire substrate. Then two
SiO, layers, served as capping layers, are formed on a
Td-WTe, thin film. In the annealing stage, the WTe, sample
is annealed at 750° C. in the furnace for 1 hour and then
cooled naturally to obtain Td-WTe, two-dimensional mate-
rial film. As shown in FIG. 10, the Td-WTe, two-dimen-
sional material film has Raman peaks near wavenumbers of
109.9 cm™ (A%), 121.9 cm™ (A®)), 131.7 cm™ (A%)),
166.2 ecm™ (A®)), and 216.1 ecm™ (AZ?)). From different
experiment results mentioned above, it can be understood
that the method of the present invention is suitable for
producing different two-dimensional material films and pro-
vides good quality.
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[0052] FIG. 11 is a flow chart of another embodiment of
a fabrication method for two-dimensional materials of the
present invention. For two-dimensional materials having
different structural phases, the structural phase can be
changed by adjusting an annealing time and/or an annealing
temperature. In FIG. 11, steps S10~S30 and S40 are men-
tioned above and will not elaborate here. In step S32:
adjusting an annealing time and an annealing temperature.
For example, in the annealing stage, the annealing time and
the annealing temperature are adjusted to control the thin
film to transform from the two-dimensional material film
having a first structural phase to the two-dimensional mate-
rial film having a second structural phase. The first structural
phase and the second structural phase can have different
electrical conductivities. For example, the first structural
phase has semimetal characteristic, and the second structural
phase has semiconductor characteristic. By adjusting the
annealing time and/or the annealing temperature, the two-
dimensional material film having semimetal characteristic
can be turned into the two-dimensional material film having
semiconductor characteristic (or vice versa, i.e. the two-
dimensional material film having semiconductor character-
istic can be turned into the two-dimensional material film
having semimetal characteristic).

[0053] FIGS. 12A, 12B, 12C, and 12D are optical micro-
scope images of the MoTe, two-dimensional material film in
different annealing time lengths. The MoTe, sample is
annealed in the furnace. The temperature of the furnace is
increased at a rate of 37.5° C./min from 200° C. to 650° C.,
and temperature is maintained at 650° C. for a period of time
(3-24 hrs). As shown in FIG. 12A, the MoTe, two-dimen-
sional material film is mostly in a 17T' structural phase when
it is annealed for 3 hrs. As shown in FIGS. 12B (annealed for
6 hrs) and 12C (annealed for 15 hrs), as the annealing time
increases, the regions of 2H structural phase gradually
expand and become larger than the region of 1T' structural
phase. Gray dots in optical microscope images are precipi-
tates of Te, distributing at the boundary of 2H structural
phase. As shown in FIG. 12D, the MoTe, two-dimensional
material film is formed a complete 2H structural phase when
it is annealed for 24 hrs.

[0054] Please refer to FIGS. 13A-13E. FIGS. 13A, 13B,
13C, 13D, and 13E are schematic views of the MoTe,
two-dimensional material film forming different structural
phases. As shown in FIG. 13A, the thin film 20 having Mo
203 and Te 201 is formed on the substrate 10; in addition, the
first capping layer 30 and the second capping layer 32 are
formed on the thin film 20.

[0055] As shown in FIG. 13B, after heating up the MoTe,
sample for a period of time, the MoTe, two-dimensional
material film 22 is formed. The 1T' structural phase is
formed at regions R11, R12, and R13. The excessive Te 201
is distributed among those regions.

[0056] As shown in FIG. 13C, the 2H structural phase
starts to form at regions R22 and R24 (generally correspond-
ing to the position of the excessive Te). The 1T structural
phase is located at regions R21, R23, and R25.

[0057] As shown in FIG. 13D, as the annealing time
increases, the range of the 2H structural phase becomes
larger than the range of the 1T" structural phase in the MoTe,
two-dimensional material film 22. The excessive Te 201 is
distributed at the boundary of the 2H structural phase (i.e. at
two sides of the region R32 and between the region R33 and
the region R34).
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[0058] Asshown in FIG. 13E, the MoTe, two-dimensional
material film 22 is formed a complete 2H structural phase
when it is annealed for 24 hrs. The excessive Te 201 is
distributed at the boundary of the 2H-MoTe, grain. It can be
understood from the Te 201 precipitates that the method of
the present invention can provide protection for the thin film
and prevent the loss of two-dimensional element in the thin
film during the annealing process.

[0059] As mentioned above, in the step of forming the thin
film, the target having the stoichiometric ratio can be
adopted to form the thin film by using evaporating or
sputtering. In other embodiment, the target having a non-
stoichiometric ratio can be adopted to form the thin film by
using evaporating or sputtering (for example, Mo:Te is not
equal to 1:2), and thus can increase the scalability of the
process, such as decreasing the amount of Te precipitates.

[0060] FIG. 14A and FIG. 14B are Raman spectra of the
MoTe, two-dimensional material film forming different
structural phases. FIG. 14A depicts Raman spectra of the
2H-MoTe, two-dimensional material film having different
annealing time corresponding to FIGS. 12A to 12D. FIG.
14B depicts Raman spectra of the 1T'-MoTe, two-dimen-
sional material film having different annealing time corre-
sponding to FIGS. 12A to 12C. As shown in FIG. 14A, the
2H-structural phase can be observed when the MoTe, two-
dimensional material film is annealed for 3 hrs, 6 hrs, 15 hrs,
and 24 hrs. As shown in FIG. 14B, the 1T'-structural phase
can be observed when the MoTe, two-dimensional material
film is annealed for 3 hrs, 6 hrs, and 15 hrs; besides, no
1T"-structural phase can be observed when the MoTe, two-
dimensional material film is annealed for 24 hrs.

[0061] FIGS. 15A-15D are images in connection with the
2H-MoTe, two-dimensional material film annealed for 24
hrs. FIG. 15A is a cross-sectional HRTEM image of the
2H-MoTe, two-dimensional material film. As shown in FIG.
15A, the 2H-MoTe, two-dimensional material film has
three-layered structure with thickness of 2.1 nm. FIG. 15B
is a plan view, HRTEM image, of the the 2H-MoTe,
two-dimensional material film. FIG. 15C is a fast Fourier
transform image corresponding to FIG. 15B. As shown in
FIG. 15C, the 2H-MoTe, two-dimensional material film
displays a perfect hexagonal lattice. FIG. 15D is selected-
area electron diffraction (SAED) pattern of the 2H-MoTe,
two-dimensional material film. As shown in FIG. 15D, using
SAED with a beam diameter of 650 nm, it can be observed
that the single crystal 2H-MoTe, has the diffraction pattern
with six-fold symmetry.

[0062] Besides, FIGS. 15E-15F are images in connection
with the 1T'-MoTe, two-dimensional material film annealed
for 3 hrs. FIG. 15E is a plan view, HRTEM image, of the
1T'-MoTe, two-dimensional material film. As shown in FIG.
15E, the 1T'-MoTe, two-dimensional material film has dis-
ordered lattice arrangement. FIG. 15F is SAED pattern of
the 1T'-MoTe, two-dimensional material film. As shown in
FIG. 15F, using SAED with a beam diameter of 260 nm, it
can be observed that the 1T'-MoTe, is a polycrystalline film.
It can be understood from Raman spectra and electron
microscope images that the structural phase of the two-
dimensional material can be changed by adjusting the
annealing time and/or the annealing temperature.

[0063] FIG. 16 is flow chart of another embodiment of a
fabrication method for two-dimensional materials of the
present invention. In FIG. 16, steps S10-'S40 are mentioned
above and will not elaborate here. In step S50: using
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hydrofiuoric acid to remove the capping layer on the two-
dimensional material film after the annealing step. In step
S52: transferring the two-dimensional material film to
another substrate.

[0064] For example, before the two-dimensional material
film is utilized in the manufacture process of a transistor
device, the two-dimensional material film is preferably
transferred to a new substrate to avoid using the original
substrate that may have been damaged in the annealing
process.

[0065] FIG. 17 is a I,-V graph of a transistor device
adopting the MoTe, two-dimensional material film. FIG. 18
is a I,-V, graph of the transistor device adopting the MoTe,
two-dimensional material film. After the capping layer on
the MoTe, two-dimensional material film is removed and the
MoTe, two-dimensional material film is transferred to the
new substrate according to the process mentioned above, Pd
is deposited on the MoTe, two-dimensional material film for
serving as source and drain in order to produce a back-gated
field effect transistor with 8 um long channel. As shown in
FIG. 17, the transistor shows a good on/off ratio. For
example, the on/off ratio of 10° at drain voltage (V;)=-1
(please refer to the curve E3). As shown in FIG. 18, the drain
current is proportional to the gate voltage. The drain current
approaches zero at gate voltage (V;)=0 (please refer to the
curve F1), indicating very small leakage current. The two-
dimensional material film, utilized in the transistor device by
adapting the method of the present invention, can provide
good device characteristics.

[0066] Although the preferred embodiments of the present
invention have been described herein, the above description
is merely illustrative. Further modification of the invention
herein disclosed will occur to those skilled in the respective
arts and all such modifications are deemed to be within the
scope of the invention as defined by the appended claims.

What is claimed is:

1. A fabrication method for two-dimensional materials,
comprising the following steps:

forming a thin film having at least one two-dimensional

element on a substrate;

forming at least one capping layer on the thin film; and

annealing the thin film to form a two-dimensional mate-

rial film after the capping layer is formed.

2. The fabrication method of claim 1, wherein the thin
film is a two-dimensional hetero-layer comprising at least
one transition metal and at least one chalcogen element as
the two-dimensional element; the transition metal is selected
from the group consisting of Molybdenum, Tungsten, Chro-
mium, Vanadium, Niobium, Tantalum, Platinum, Titanium,
Hafnium, Zirconium, and Rhenium; the chalcogen element
is selected from the group consisting of Sulfur, Selenium,
and Tellurium.

3. The fabrication method of claim 2, wherein in the step
of forming the thin film, sputtering or evaporation is per-
formed by using at least one target having the transition
metal and the chalcogen element; the transition metal and
the chalcogen element have a non-stoichiometric ratio.

4. The fabrication method of claim 2, wherein the anneal-
ing step is performed in a chalcogen-free atmosphere.

5. The fabrication method of claim 2, wherein the anneal-
ing step comprises: adjusting an annealing time and an
annealing temperature to control the thin film to transform
from the two-dimensional material film having a first struc-
tural phase to the two-dimensional material film having a
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second structural phase; the first structural phase and the
second structural phase have different electrical conductivi-
ties.

6. The fabrication method of claim 1, wherein the thin
film is a two-dimensional hetero-layer comprising at least
one transition metal and at least one non-metallic element as
the two-dimensional element; the transition metal is selected
from the group consisting of Molybdenum, Tungsten, Chro-
mium, Vanadium, Niobium, Tantalum, Platinum, Titanium,
Hafnium, Zirconium, and Rhenium; the non-metallic ele-
ment is selected from the group consisting of Carbon and
Nitrogen.

7. The fabrication method of claim 1, wherein the thin
film is a two-dimensional elemental layer, and the two-
dimensional element is selected from the group consisting of
Carbon, Germanium, Silicon, Tin, Gallium, Phosphorus,
Selenium, and Tellurium.

8. The fabrication method of claim 1, wherein the thin
film is a two-dimensional hetero-layer comprising at least
one element of Group 13 and at least one element of Group
15 or Group 16 in the periodic table as the two-dimensional
element; the element of Group 13 is selected from the group
consisting of Boron, Aluminum, Gallium, and Indium; the
element of Group 15 is selected from the group consisting of
Nitrogen and Phosphorus; the element of Group 16 is
selected from the group consisting of Sulfur, Selenium, and
Tellurium.

9. The fabrication method of claim 1, wherein a physical
vapor deposition is used to form the thin film in the step of
forming the thin film.

10. The fabrication method of claim 9, wherein the
physical vapor deposition includes sputtering or evaporation
by using at least one target having the two-dimensional
element.

11. The fabrication method of claim 1, wherein a depo-
sition thickness of the thin film is in a range between 0.5 nm
and 10 pm.

12. The fabrication method of claim 1, wherein a thick-
ness of the capping layer is in a range between 5 nm and 10
pm.

13. The fabrication method of claim 1, wherein the step
for forming the capping layer comprises:

forming a first capping layer on the thin film by using
evaporation; and

forming a second capping layer on the first capping layer
by using plasma-enhanced chemical vapor deposition,

wherein a density of the second capping layer is larger
than a density of the first capping layer.

14. The fabrication method of claim 13, wherein the first
capping layer and the second capping layer are selected from
the group consisting of SiO,, Si;N,, SiO,, SiN,, Si, Ge,
Al,0;, HfO,, Zr0O,, TiO,, Ta,O5, ZnO, and IGZO.

15. The fabrication method of claim 1, wherein in the
annealing step, an annealing temperature is in a range
between 300° C. and 1200° C.

16. The fabrication method of claim 1, wherein the
substrate is selected from the group consisting of Si, Ge,
SiGe, SiC, GaAs, InGaAs, InP, InAs, SiO,, Si;N,, sapphire,
Al,0,, HfO,, Zr0O,, TiO,, Ta,Os5, ZnO, and IGZO.
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17. The fabrication method of claim 1, after the annealing
step, further comprising:
removing the capping layer on the two-dimensional mate-
rial film by using hydrofluoric acid; and
transferring the two-dimensional material film to another
substrate.



