Supplementary Information
Transition metal dichalcogenides bilayer single crystals by

reverse-flow chemical vapor epitaxy

Xiumei Zhang'?#, Haiyan Nan'*, Shaoqing Xiao'", Xi Wan!, Xiaofeng Gu'", Aijun

Du?, Zhenhua Ni* and Kostya (Ken) Ostrikov>?®

I Engineering Research Center of IoT Technolo Applications (Ministry of Education),
g g gy App ry

Department of Electronic Engineering, Jiangnan University, Wuxi 214122, China.

2School of Science, Jiangnan University, Wuxi 214122, China.

SInstitute for Future Environments and School of Chemistry, Physics and Mechanical

Engineering, Queensland University of Technology, Brisbane QLD 4000, Australia.

“Department of Physics and Key Laboratory of MEMS of the Ministry of Education, Southeast

University, Nanjing 211189, China.

SCSIRO-QUT Joint Sustainable Processes and Devices Laboratory, Commonwealth Scientific

and Industrial Research Organization, PO. Box 218, Lindfield NSW 2070, Australia.

*These authors contributed equally to this work.

*Correspondence and requests for materials should be addressed to Shaoqing Xiao (email:

larring0078@hotmail.com) or to Xiaofeng Gu (email: xgu@jiangnan.edu.cn).



Supplementary Note 1. Challenges in TMD bilayer growth.

The temperature program of the modified sequential two-stage thermal CVD process is
presented in Supplementary Figure 1. The layer-by-layer growth of 2D TMD materials is
challenging due to extremely delicate nature of the atomically thin crystals and the highly
sensitive growth conditions. TMD monolayer like MoS, monolayer crystals were often
achieved in conventional CVD synthesis with constant working temperature. Indeed, we did
obtained triangle MoS, monolayer crystals (Supplementary Figure 2) in the modified thermal
CVD system when the growing temperature was maintained at 700  throughout the whole
growing process from A-B to C-D stage. This could be well understood since the laterally
epitaxial growth dominated such growing process. It is clear that the optical contrast
(Supplementary Figure 2a) between the MoS; monolayer and the substrate is lighter than that
between the MoS; bilayer and the substrate (Figure 1b). The AFM surface morphology as
well as the height profile reveals a thickness of 0.78 nm, matching well with the previous

reports on CVD-grown MoS, monolayer crystals" .
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Supplementary Figure 1. The temperature program of the modified sequential two-stage thermal CVD process:
A-B stage stands for the growth of first layer, C-D stage represents the growth of second layer, while B-C stage

corresponds to the growth swing stage for the first and second layer.

Therefore, the layer-by-layer growth of TMD materials requires incrementally higher
growing temperatures®. To grow TMD bilayer crystals, we intentionally divided the

sequential growth process into two stages with different growing temperatures: one (A-B
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stage) is relatively lower temperature for the growth of first monolayer and the other (C-D
stage) is relatively higher temperature for the vertically epitaxial growth of second monolayer.
However, in such a typical sequential CVD growth process with the forward gas carrier flow
direction, the uncontrolled nucleation during the temperature rising process (B-C stage)
between these two sequential growth stages represents the main obstacles to reliable
formation of TMD bilayer crystals. Indeed, the uncontrolled nucleation can result in many
triangle monolayer crystals (second layer) randomly growing on the surface of the first

monolayer crystals, as shown in Supplementary Figure 3.

Supplementary Figure 2. a The representative optical image and b AFM surface morphology of the as-grown
MoS: monolayer crystals by the modified CVD with constant working temperature at 700 []. Inset in b shows the

height profile across the monolayer surface and the substrate surface.

Supplementary Figure 3. a-b The optical images of the MoS: bilayer crystals with many small triangle
monolayer crystals (second layer) randomly distributed on the surface of the first monolayer crystals due to the

uncontrolled nucleation during the temperature rising process.



To solve this problem, we introduced a reverse No/H, flow from the substrate to the
source during the temperature rising stage (B-C stage). The reverse flow could not only
saturate the dangling bonds on the edge and at the surface of the first MoS, monolayer but
also prevent unintended supply of chemical vapor source to eliminate uncontrolled nucleation.
As such, the growth of MoS, bilayer crystals can be significantly promoted, as shown in
Figure 1b. Furthermore, some adjacent MoS, bilayer domains could meet each other and
merger together to form a continuous bilayer film as shown in the representative optical
images and SEM surface image (Supplementary Figure 4). In some area, one can clearly

observe the grain boundaries between the adjacent bilayer domains.

Supplementary Figure 4. a-b The representative optical images and ¢ SEM image of continuous MoS: bilayer

films consisting of adjacent MoS: bilayer domains.

From these bilayer images, we can observe that triangular and hexagonal shapes
dominate over the resultant bilayer domains. Based on the principles of crystal growth, the
shape of a crystal is determined by the growth rate of different crystal faces. The fastest
growing faces either become smaller or disappear while the slowest growing faces become
the largest. For CVD grown MoS,, the most commonly observed growing faces are Mo
zigzag (Mo-zz) terminations and S zigzag (S-zz) terminations, which can be influenced by the
ratio of Mo and S atoms on the growing substrate’. In detail, in a Mo sufficient atmosphere,

S-zz terminations grow faster than the Mo-zz terminations, so the domain shape will be a



triangle with three sides of Mo-zz terminations. When the Mo:S ratio is close to the
stoichiometric ratio of MoS, (1:2), the termination stability and the probability of meeting
free atoms are similar for both Mo-zz and S-zz terminations, which results in similar growing
rates. In this case, the final shape of the domains will be hexagon. In a S sufficient atmosphere,
the domain shape will also transform to triangular with three sides of S-zz terminations.
Furthermore, the ratio of Mo and S atoms on the growth substrate may vary along the gas
flow direction, leading to the coexistence of different shapes.

In theory, Cao et al.” revealed that the chemical potential played a crucial role in the
determination of equilibrium shape of MoS, using DFT calculations and Wulff construction
rule. In a S-rich condition, the S chemical potential is high and the Mo edge with S
termination (named zz-S2) is the most stable edge structure because its formation energy is
lowest. On the basis of crystal growth theory, the low-energy edges will preserve and active
edges will disappear during the growth. Therefore, such a S-rich condition will lead to a
triangular equilibrium shape of MoS; in the end. When the concentration of S is reduced in
the growth process, the S chemical potential will decrease. In this situation, the zz-S and
zz-S2 edges will be enlarged, finally leading to a hexagonal shape of MoS,. Schweiger et al.®
have also reached the same conclusion that a high chemical potential of S may result in
triangular-shaped particles terminated by the Mo-edge terminated surface based on DFT
calculations and Gibbs-Curie-Wulff equilibrium morphologies.

In our case, we used 15 mg MoOs powder and 100 mg S powder, which corresponded to
a S-rich atmosphere. Therefore, the resultant domains are dominantly triangle as observed.
However, as the reaction continued, the S concentration would reduce and vary along the gas
flow direction especially on the growing surface inevitably, so the S chemical potential would
decrease and the Mo:S ratio on the growth substrate would even be close to 1:2. In such case,
hexagon domain shapes would be obtained. Indeed, triangular and hexagonal MoS, domains
can coexist on the growth substrate as observed.

The different growing temperature at C-D stage can result in bilayer MoS; crystals with
different stacking structures. Supplementary Figure 5 presents the evolution of the optical
images of the as-grown samples with the growing temperatures of C-D stage for the second

layer growth. For both 700 and 720 °C, one can observe MoS, monolayer crystals
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dominating over the resultant flakes on the substrate surface no matter how we prolong the
growth time of C-D stage. For both 750 and 770 °C, uniform AA stacking MoS, bilayer
crystals are largely distributed on the substrate surface. For 790 ‘C, however, both AA and
AB stacking MoS; bilayer crystals coexist on the same substrate surface. For 800 ‘C, AB
stacking MoS, bilayer crystals become dominant over the resultant flakes on the substrate

surface.
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Supplementary Figure 5. The representative optical images of MoS: crystals obtained under different growing

temperatures of C-D stage: a 700 ‘C, b 720 ‘C,¢ 750 ‘C,d 770 ‘C,e 790 ‘C andf800 C.

As we emphasized above, the reverse flow can prevent unintended supply of chemical
vapor source to eliminate the generation of new nucleation centers on the growth substrate
and the as-grown first layer and thus promote the epitaxial growth of second monolayer, but is
not the only deciding factor of the different stacking orders. In fact, the AA and AB stacking
orders are decided by their stability and thermodynamic energy. The stability of the bilayer
crystals is related to the formation energies, defined as the total energy difference per atom
between bilayer and the two constituent but separated single monolayers (Efom-2r =
Ebitayer-2 Emonolayer). The larger the absolute value of the formation energies, the more stable the
growing structure. Therefore, the growth of every monolayer is sensitive to the growth

parameters, especially the growth temperature difference between the two adjacent



monolayers and the gas flow rate during the growing process.

To our best knowledge, there had already been several theoretical calculations on bilayer
MoS; with at least five different stacking patterns before bilayer MoS, was synthesized in
experiment. All these reports reached the same conclusion that AA stacking with the twist
angle of 0° (corresponding to 3R like phase) and AB stacking with the twist angle of 60°
(corresponding to 2H phase) are the most energetically stable bilayer crystals>*®*!°. This is
because the alignments of Mo and S atoms between different layers under such two stacking
conditions can make the energy of the system smaller than those under other stacking
conditions. With the development of experimental synthesis technology in recent years,
bilayer MoS; crystals have been successfully synthesized by CVD and these bilayer crystals
typically exhibit only two stacking patterns namely AA and AB stacking corresponding to 3R
like and 2H phase, respectively”*’. All these reported experimental results collectively
suggest that AA and AB stacking patterns are the most thermodynamically stable ones. In a
word, AA (3R like phase) and AB (2H phase) stacking phases are the most energetically
stable and commonly observed phases in natural and synthetic MoS; bilayer crystals’.

The growing results under different temperature (e.g., 700 C, 720 C, 750 C, 770 C,
790 ‘C and 800 C) of C-D stage suggest that the growth temperature difference between
the two adjacent monolayers together with the reverse flow determines the stacking order of
such bilayer growth. It has ever been reported that bare SiO»/Si is more wettable and has
higher total surface energy when compared to MoS,/SiO»/Si". In addition, the increasing
growing temperature can reduce the wettability of the growth substrate''. For 720 ‘C or even
lower, the increasing growing temperature between A-B stage and C-D stage is not large
enough to reach a low enough wettability so that vertical epitaxy is suppressed leading to
monolayer crystals dominating over the resultant flakes. For 750 ‘C or even higher, the
increasing growing temperature is large enough which can effectively suppress the new
nucleation on the substrate and lead to the vertically epitaxial growth on the as-grown
monolayer MoS,'%. For 750~790 °C, the growth temperature difference between the two
adjacent monolayers is suitable for the formation of AA stacking. For 800 C or even higher,
the growth temperature difference between the two adjacent monolayers is optimum for the

formation of AB stacking. This is quite consistent with the theoretical prediction that AB (2H
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phase) stacking may become progressively more stable with increasing temperature'>.

(c) 15 min (d) 20 min

Supplementary Figure 6. The representative optical images of AA stacking MoS: bilayer samples obtained under
different growth time of C-D stage at 750 ‘C (for the second layer growth): a 5 min, b 10 min, ¢ 15 min, and d 20

min.

The structure of the as-grown AA stacking bilayer MoS, samples displays a close
relationship with the growth time of C-D stage (for the second layer growth). However, it is
hard to quantitatively study the size of the second layer MoS, with the growth time for the
flowing reasons. First, the size of the second layer is bound by the first layer, in other words,
the edge of the first layer acts as a limiting factor in the growth of the second layer. It is
difficult to overcome the potential barrier of the steps between the first layer and the growth
substrate. Second, the size of the monolayer MoS, grown at stage A-B usually varies from
sample to sample leading to the different size distribution of the resultant bilayer crystals.
Third, it couldn’t be confirmed that all the second layers start the growth on the as-grown

monolayers simultaneously so that the size of the second layer can change from flake to flake
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even on a same growing substrate. Even so, we can qualitatively study the size of the second
layer MoS, with the growth time at 750 C and the results are shown in Supplementary
Figure 6. The overall trend is the transition from incomplete AA stacking with steps to

complete AA stacking with the increase in the growth time of C-D stage for the second layer

growth.

Supplementary Figure 7. The representative SEM image of the as-grown MoS: bilayer crystals with a AA and b

AB stacking orders.

Supplementary Figure 7 shows the representative SEM images of the as-grown MoS;
bilayer crystals with AA and AB stacking orders. For AA stacking ones, the thickness are very
uniform. For AB stacking ones, one can clearly distinguish between the monolayer region and

the bilayer region by the different color depth.

Supplementary Note II. TMD trilayer and multilayer growth

Taking the reverse flow epitaxy method a step further, we can also grew MoS; trilayers
including AAA, AAB, ABB as well as ABA stacking orders and even multilayers as shown in
Supplementary Figure 8. By setting reasonable temperature steps and gas flow rates for the
third layer growth, we obtained large-area and large-size AAA and AAB stacking trilayer
crystals as clearly reflected by the optical images (Supplementary Figures 8a-8b and 8d) and
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the AFM surface morphology picture (Supplementary Figure 8c). However, those MoS;
trilayer crystals with other stacking orders like ABB and ABA can be occasionally obtained
and usually coexist on the same substrate. The formation and coexistence of different stacking
MoS; trilayer crystals may be related to their formation energies and their stability. Similar to
the case of bilayer crystals, the formation energies of trilayer crystals can be defined as the
total energy difference per atom between the trilayer and both the bilayer and monolayer
(Eform3L. = Etitayer - Emonolayer - Ebitayer). The growth parameters (including the selectivity between
the AAA and AAB stacks as well as between the ABA and ABB stacks) at this stage are not
optimized and it will be the subject of future work. For the multilayer growth, the growing
temperature of C-D stage was increased gradually for first 10 minutes and then kept constant
for subsequent 10 minutes other than being constant throughout the growing stage.

The experimental results on trilayer crystals (Supplementary Figure 8a-f) indicate that
the four stacking orders namely AAA, AAB, ABA and ABB are more energetic favourable.
This could be easily understood because the layer by layer growth is universal for bilayer,
trilayer and even multilayers. MoS; is interacted by weak van der Waals force between layers
and between the bottom layer and the substrate. For trilayer, we can treat the bottom layer as
the substrate and the second layer as the first layer as displayed in the previous report'®. As
such, the stacking order of the third layer with the second layer can be the same as bilayer
models. When the bottom bilayer MoS; is with AA stacking order, the third layer can has a
twist angle of 0° or 60° with the second layer, which can be labelled as AAA or AAB stacking
following the nomenclature of bilayer system. When the bottom bilayer MoS, is with AB
stacking order, the third layer can also has a twist angle of 0° or 60° with the second layer,
which can be labelled as ABA or ABB stacking. The trilayer MoS; crystals with such four
stacking patterns including AAA, AAB, ABA and ABB have indeed been synthesized by our
reverse-flow chemical vapour epitaxy method (Supplementary Figure 8a-f), proving that they
are energetically favourable configurations, and this is quite consistent with the previous

report’.
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Supplementary Figure 8. a-b The optical images of trilayer MoS2 with AAA stacking order; ¢ the AFM surface
morphologies of the trilayer MoS2 with AAA stacking order; the optical images of the trilayer MoS2 with d AAB, e

ABB and f ABA stacking order; g-h the optical images of multilayer MoS..

In combination with the experimental results on multilayer crystals (Supplementary
Figure 8g and 8h), we can reach a conclusion that every upper layer can has a twist angle of
0° or 60° with its neighborhood bottom layer for every energetically favourable MoS, crystals
including bilayer, trilayer, four-layer and even muitlayers. Yan et al.* calculated the adhesion
energies of four-layer MoS; in theory to understand their growth behaviors. They started with
a monolayer MoS,, then added one more layer each time and explored all the possible
configurations. They gave the following remarks: at the initial stage of MoS, CVD growth,
MoS; can adopt various stacking configurations due to the comparable adhesion energies.
This is the reason why we can obtain a lot of trilayer and even multilayer MoS; crystals with

various stacking patterns on the same growth substrate under certain conditions.
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Supplementary Note III. PL. and Raman characterization of the as-grown MoS, bilayer

crystals

Apart from the mapping studies on the complete AA stacking and AB stacking samples,
we also performed Raman and PL mapping measurements on the incomplete AA stacking
domains with distinct steps and the results are shown in Supplementary Figure 9. As seen,
there are clear differences between the monolayer and the bilayer area. The Raman intensity
of Ez,' mode of the bilayer MoS; in the centre area is much stronger than that of the
monolayer one on the edge, while the PL intensity of the monolayer MoS, on the edge is

evidently much stronger than that of the bilayer one in the centre area.

(b) Raman mapping at (c) PL mapping at around
around 382 cm’!, El,, 678 nm, A exciton
of MoS,

Supplementary Figure 9. a optical image, b Raman intensity mapping at around 382 ¢cm™ (E'2; mode) and ¢ PL
intensity mapping at around 678 nm (A exciton) of an incomplete AA stacking bilayer MoS: sample with steps

between the two layers.

The structural characteristics of MoS; bilayer crystals are indeed not sensitive to the
flake size. It has been proved that the uniformity of the layer number can be identified by the
optical contrast between the flakes and the substrates'’. The uniform optical contrasts of the
optical images shown in this work strongly prove the uniformity of the as-grown bilayer
flakes. Here we also performed Raman and PL mapping studies on two small MoS, bilayer
flakes (AA and AB stacking) with a size of about 20 um in Supplementary Figure 10 and 11,
respectively. The highly uniform distribution of both Raman intensity (Supplementary Figure
10a-b) and PL intensity for the three dominant peaks A, B and C (Supplementary Figure 11a-c)
across the whole domain reflect the high homogeneity of the as-grown AA stacking domain.
For the as-grown AB stacking MoS, bilayer domain, one can clearly observe the boundary
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between monolayer region and bilayer region from both Raman intensity mappings of Ea,'
and Ai; (Supplementary Figure 10c-d) as well as PL intensity mappings of peak A, B and C
(Supplementary Figure 11d-f). This can be easily understood because of the fact that the
Raman signal is stronger on the bilayer region than on the monolayer region, and that the PL
signal of peak A is stronger on the monolayer region than on the bilayer region while the PL
signals of peak B and C only emerge on the bilayer region. The results reflect the same
properties of the small flakes as those of the big flakes (Figure 3). Nevertheless, both Raman
and PL intensity on the boundaries of the big flakes are much clearer than those of the small

flakes.

(a) Raman-peak A,, (b) Raman-peak E,,!

Raman-peak A, (d) Raman-peak E,,!

Supplementary Figure 10. Raman intensity maps of two small MoS: flakes with a size of about 20 um: a-b AA

stacking order and ¢-d AB stacking order.
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PL-peak A PL-peak B PL-peak C

PL-peak A PL-peak B PL-peak C

Supplementary Figure 11. PL intensity maps of two small MoS: flakes with a size of about 20 pm: a-¢ AA

stacking order and d-f AB stacking order.

Supplementary Note IV. DFT-D2 dispersion correction method for van der Waals
interaction

In this work, we adopt the Grimme’s DFT-D2 dispersion correction approach because
this method can be applicable for all exchange correlation energies due to its higher accuracy
and less empiricism'®. In a recent paper'’, the authors compared all the van der Waals methods
and demonstrated that DFT-D2 method can work very well for layered materials. Furthermore,
such approach has been widely adopted in the calculation of van der Waals interaction system
such as transition-metal dichalcogenides (TMDs)"® and could yield very good interlay
distances ', which are proved to have significant effect on the band structures'’.

In order to prove the validity of this method, we also benchmark our calculated results of
monolayer MoS; with other available publications in terms of lattice constant, bond distance
and bond angle. The calculated lattice constant of monolayer MoS; is 3.16 A, which is in
good agreement with the previous calculation and experiment results’®*!. The optimized bond
distance between Mo and S atoms is 2.41 A, and the angle between Mo—S bonds is 81.78°,

both of which agree well with the previously reported theoretical calculation results?’. The
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calculated results of monolayer MoS; show that a direct bandgap of 1.79 eV is located at the
K point, matching well with the experimental data®.

We also performed theoretical calculations using DFT-D2 correction method on all five
possible high-symmetry stacking orders: (a) AB’ (point group Dsy): eclipsed stacking with Mo
over Mo and S over S; (b) AB (point group Dsqg): eclipsed stacking with Mo over S,
characteristic of the 2H phase; (c) A’B (point group Dsq): staggered stacking with S over S; (d)
AA (point group Cs,): staggered stacking with S over Mo, characteristic of the 3R phase; (e)
AA’ (point group Dsq): staggered stacking with Mo over Mo. The corresponding side and top
views of the five stacking orders are shown in Supplementary Figure 12. It is clear that one
can transform one stacking poly-typism into another by horizontal layer sliding and/or by
rotation around the vertical axis. Supplementary Table 1 provides the detailed comparison in
terms of lattice constant (A), Mo-S bond length (L), S-Mo-S bond angle (0) and total energy
(Ewwl) between the five stacking orders. The corresponding bulk experimental values* are

used as a reference.
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Supplementary Figure 12. Side view and top views of the five possible high-symmetry stacking orders: a AB’
(point group D3h): eclipsed stacking with Mo over Mo and S over S; b AB (point group D3d): eclipsed stacking
with Mo over S, characteristic of the 2H phase; ¢ A’B (point group D3d): staggered stacking with S over S; d AA
(point group C3v): staggered stacking with S over Mo, characteristic of the 3R phase; e AA’ (point group D3d):

staggered stacking with Mo over Mo.

As seen, the lattice parameters including lattice constant, bond length and bond angle
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match well with the experimental ones for all the five stacking orders. Of all the five stacking
orders, AB stacking possesses the smallest system energy (Eww=-4830.6388 eV), which is
only 1.6 meV lower than that (Eiw=-4830.6372 eV) of AA stacking, while the other three
stacking orders AA’, AB’ and A’B have much larger system energy with 179, 558 and 5618
meV higher than that of AB stacking, respectively, indicating that AB stacking is the most
energetic favourable structure and next is AA stacking. The extremely small difference of
system energy between AA and AB stacking is consistent with the previous calculation
results®'’ and can explain the occurrence of these two stacking orders in the natural bulk

forms and CVD-grown samples®*°.

Supplementary Table 1. Detailed Comparison in terms of lattice constant (A), Mo-S bond length (L),
S-Mo-S bond angle (0) and total energy (Ewwa) for the five stacking orders: AB’, AB, A’B, AA and AA.

The corresponding bulk experimental values®* are used as a reference.

Stacking A L 0 Eotal
(A) (A) ©) (eV)
AB’ 3.161 2.41 81.76 -4830.5830
AB 3.161 2.41 81.78 -4830.6388
A'B 3.161 2.41 81.75 -4830.0770
AA 3.161 2.41 81.75 -4830.6372
AN 3.161 2.41 81.77 -4830.6209
Bulk (Expt.) 3.160 2.42 82.00

Supplementary Note V. Electrical performances of the as-grown MoS; bilayer based

FETs

Supplementary Figure 13 displays the electrical performances including transfer
characteristics (Ips-Vg) and output characteristics (Ips-Vps) of the other three AA stacking
bilayer MoS, FET devices: (a)-(b) AA 2; (c)-(d) AA 3; (e)-(f) AA 4. The calculated
field-effect mobility values are 74.8, 43.6, 48.6 and 37.8 cm?V™'s™!, respectively, for the four
devices. The on/off ratios are estimated to be 3.6X10* 1.8X10% 1.0X10* and 1.0X10%,
respectively, for the four devices. The output characteristics (Iss-Vas) of all AA stacking

devices are more likely to show linear and symmetrical relationships.
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Supplementary Figure 13. The electrical performances including transfer characteristics (Ips-Vg) and output
characteristics (Ips-Vps) of the other three AA stacking bilayer MoSz FET devices: a-b AA 2; ¢-d AA 3; e-f AA 4.

Insets in (a), (c) and (e) are the optical images of the corresponding FET devices.

Supplementary Figure 14 shows the electrical performances including transfer
characteristics (Ips-Vg) and output characteristics (Ips-Vps) of the other three AB stacking
bilayer MoS, FET devices: (a)-(b) AB 2; (c¢)-(d) AB 3; (e)-(f) AB 4. The calculated
field-effect mobility values are 7.4, 7.8, 4.3 and 1.0 cm?V''s™! respectively, for the four
devices. The on/off ratios are estimated to be 1.2X10%6.4X10% 6.2X10* and 4 X 10°,
respectively, for the four devices. The output characteristics (Ias-Vas) of all AA stacking

devices show nonlinear and asymmetrical behaviors.
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Supplementary Figure 14. The electrical performances including transfer characteristics (Ips-Vy) and output
characteristics (Ins-Vps) of the other three AB stacking bilayer MoS2 FET devices: a-b AB 2; c¢-d AB 3; e-f AB 4.

Insets in a, ¢ and e are the optical images of the corresponding FET devices.

We have also fabricated FETs on the as-grown monolayer MoS, triangles by
conventional CVD method for comparison and presented a set of representative results in
Supplementary Figure 15. The output curves (Ins-Vps) show an extremely slight rectification
characteristic, indicating the extremely slight Schottky contact between the electrode and
monolayer. Similar results have also been reported previously”. In fact, whether for
monolayer or bilayer MoS, FETs, the contacts can be of Ohmic and Schottky types as proved
by many literatures?’. The results varied from devices to devices. Just take the case of AA

stacking bilayer MoS; FETs in this work, some are of Ohmic type as shown in Figure 5b and
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Supplementary Figure 13d, and some are of extremely slight Schottky type as shown in
Supplementary Figures 12b and 13f. However, for AB stacking ones in this work, all are of
Schottky type. There are a lot of factors such as the work function of the electrode material,
the layer number of MoS; and the unavoidable defects formed during the fabrication process

that can influence the output characteristic?®%.
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Supplementary Figure 15. The output characteristics (lis-Vas) at varying Vg of two FETs based on conventional

CVD-grown monolayer MoSa.

Considering that the FET devices on both AA and AB stacking samples were fabricated
with the same electrode materials and the same electron beam lithography (EBL) methods,
the differences of output characteristic (Ias-Vas) between these two kinds of devices can only
be related with their different stacking orders and their different contact
arrangements/junctions with the metal electrodes. As shown in Supplementary Figure 16a,
both the drain and source electrodes fall on the bilayer area for complete AA stacking bilayer

FETs, so uniform bilayer acts as the FET channel. This situation is quite similar to MoS;
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monolayer based FETs. MoS; bilayer FETs have more electrons injected into the channel than
the monolayer based FETs*, leading to Ohmic contacts as reflected by the linear Iss-Vs plots
shown in Figure 5b as well as Supplementary Figure 13. Similar results with Ohmic contacts
between metal electrodes and MoS; bilayer have also been reported previously”'. In contrast,
there are steps between the two layers for AB stacking bilayer FETs, so the drain and source
electrodes fall partly on the bilayer area and partly on the monolayer area as shown in
Supplementary Figure 16b. Therefore, the electron density in the AB stacking bilayer channel
are much lower compared to the AA stacking channel®. Furthermore, the stacking orders
have also been shown to significantly affect the electronic characteristics of 2D
materials'*>?*. Above all, we predict that the AB stacking order together with the uneven
electrode distribution contribute to the Schottky contacts as revealed by the I4-Vgs curves in

Figure 5d as well as Supplementary Figures 14b, 14d and 14f.

. 5.0x10"
(2]) AA stac kll]g (C) 1 source, 2 drain
i 4.0x10* 2 source, 1 drain
Electrode Top layer MoS, 3.0x10°
Bottom layer MoS, =z 200’
e
= Lox10*f
(b) AB stacking 0.0
Electrode -LOxI0™ : ) : . . : :
| Top layer MoS; 08 06 04 02 00 02 04 06 08
|Bottom layer MoS, Vas (V)

Supplementary Figure 16. The electrode configuration schematics of a AA and b AB stacking bilayer MoS2 FET
devices; ¢ The output characteristics (lss-Vas) of a representative AB stacking bilayer MoS2 FET device measured
by switching source and drain electrodes (between electrode 1 and 2). Inset in ¢ is the optical image of the AB

stacking bilayer MoS2 FET device.

We also performed electrical studies on another AB stacking bilayer FET device with the
similar rectification characteristic and output curves (Iss-Vas) as those presented in Figure 5d
and Supplementary Figures 14b, 14d and 14f. The output characteristics were measured by
switching the source and drain electrodes (electrode 1 and 2) and the results are shown in

Supplementary Figure 16c. It is clear that both output curves are of rectification characteristic
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with slight inconsistency, meaning that both electrode contacts are slightly asymmetrical and
of Schottky type. Similar effects on MoS, bilayer FET devices have been systematically

studied by Bartolomeo et al.?®

. As they proved, such two asymmetrical Schottky contacts
constitute two back-to-back junctions in the Electrode 1/MoS; channel/Electrode 2
configuration, which is thus responsible for the rectifying phenomena of MoS; bilayer FET

devices including AB stacking samples in this work.

Supplementary Note VI. Characterization of WS, bilayer crystals

The representative optical images of WS, bilayer crystals are presented in
Supplementary Figures 17a-17b, clearly reflecting the uniform optical contrast of the
as-grown bilayer crystals. The representative AFM image in Supplementary Figure 17c
exhibit a clean and smooth surface with a height profile of 1.5 nm across between the bilayer
surface and the substrate surface, indicating the bilayer characteristic>>*. The Raman and PL
intensity mappings shown in Supplementary Figures 17d-17g all suggest a uniform surface of
the WS, bilayer crystals. Supplementary Figures 17h and 171 compare Raman and PL spectra
between the as-grown WS, bilayer crystals and CVD-grown WS, monolayer crystals,
respectively. It is clear that the wavenumber difference between E's, and Aj, of the WS,
bilayer crystals is larger than that of the monolayer ones. Similar to the case of MoS; films,
the PL intensity of the bilayer WS, crystals is greatly suppressed comparing with that of the
monolayer ones due to the transition from a direct bandgap of monolayer to an indirect
bandgap of bilayer’’. Furthermore, the dominant PL peak has a redshift and at the same time
there is a new PL peak emerging at about 711 nm, which can be ascribed to the band splitting

caused by spin orbit coupling in bilayer WS,*"**
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Supplementary Figure 17. The representative optical images a-b and AFM surface morphology ¢ of the as-grown
WS: bilayer crystals; the PL intensity mappings at 650 nm d and 720 nm e as well as the Raman intensity
mappings at Ezg! (350 cm™) fand Aig (417 cm™) g of the as-grown WS: bilayer crystals; Raman h and PL i spectra

of the as-grown WS; bilayer crystals and CVD-grown WS> monolayer crystals.

Supplementary Note VII. Composition control in TMD bilayer alloys

The composition of ternary alloy Moi«WxS, and quaternary alloy MoixWySa.y)Sezy can
be tuned by adjusting the ratio of these source powders. As a proof of concept, we just show
some preliminary results on quaternary alloy Mo1.xWxSx1.y)Sezy in Supplementary Figure 18.
By fixing MoOs3, S and Se powder amounts and varying WO; powder amount, the values of x
and y can be well controlled. Raman and PL spectroscopies are powerful and nondestructive

39,40

characterization tools to determine the kinds of TMD materials and their elemental

composition®™*!. As can be seen from Supplementary Figure 18a, with the amount of WOs
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increasing, the WS,-related Raman peaks become more and more obvious and have a little

redshift. At the same time, the MoS,-related E'5, modes are gradually red-shifted while the

MoS,-related Aj; modes are gradually blue-shifted. On the other hand, as shown in

Supplementary Figure 18b, with the amount of WOs3 increasing, the three PL peaks of the

quarternary bilayer crystals all have some red shift. Both the Raman and PL results verify that

the value of x and y in Mo1.xWxSx1.ySezy can be controlled by our reverse-flow chemical

vapour epitaxy method.
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Supplementary Figure 18. a Raman and b PL spectra of the Mo1-xWxS2(1.y)Sezy bilayer alloys obtained by fixing

MoOs, S and Se powder amounts and varying WOs3 powder amount using our reverse-flow chemical vapour

epitaxy method.
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