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Version 0: 

Reviewer comments: 

Reviewer #1 

(Remarks to the Author) 
See attachment. 

[Editorial Note: see end of file] 

Reviewer #2 

(Remarks to the Author) 
Comments on the Manuscript: “Self-aligned and self-limiting van der Waals epitaxy of monolayer MoS₂ to annihilate grain
boundaries for scalable 2D electronics” 
The manuscript reports a compelling growth concept wherein misoriented monolayer MoS₂ domains undergo a self-aligned
coalescence process to yield single-orientation films on c-plane sapphire via MOCVD. The authors provide experimental
support using in-plane XRD, differential dark-field TEM, 4D-STEM, and SHG mapping, and further demonstrate promising
field-effect mobility. While the concept of grain boundary (GB) annihilation through epitaxial grain coalescence is interesting
and potentially impactful, several aspects of the mechanistic interpretation, statistical characterization, and device-level
validation remain insufficiently addressed. 
I believe this work has merit but, in its current form, I do not recommend publishing this work in Nature Communications.
Below, I outline my major concerns: 
-Mechanism Uncertainty 
1. The manuscript would benefit from a more detailed description of the MOCVD process, particularly regarding the timing of
precursor delivery and shutdown, as well as the cooling protocol. It appears that all in-plane XRD and structural
characterizations were performed post-growth, meaning that the samples had undergone a full cooling stage prior to
measurement. 
This raises an important mechanistic question: why does the transition to single-orientation crystallinity appear to occur
sharply around the 40-minute growth mark? While the authors attribute this transition to in-situ domain coalescence and
grain boundary migration, an alternative possibility is that some degree of nucleation and growth occurs during the cooling
stage. At that point, the system may lack sufficient thermal energy to drive proper orientation, leading to the formation of
metastable, misoriented domains. 
Furthermore, the observed suppression of new misoriented domains at later growth stages (e.g., at 40 min) may not reflect
an intrinsic self-alignment mechanism, but instead result from reduced available surface area for new nucleation events. 
2. Would the timing of this crystallinity transition shift if the supply rates of MoO₂Cl₂ and H₂S were varied? A parametric study
would clarify the role of precursor flux in the coalescence mechanism. 
3. The author believes that their unidirectional MoS2 with 0° alignment is due to the interface energy between MoS2 and
sapphire. However, both their DFT calculations (Fig. S15) and prior literature (Refs. 7, 8, 13, 37) consistently suggest that
the 30° configuration is thermodynamically more stable. Moreover, Figure 2a does not clearly reveal a distinct “buffer layer”
that could alter this behavior. The authors should reconcile these inconsistencies and provide a more convincing



explanation. 
4. Although the manuscript claims orientation is not governed by step edges, the sapphire substrates were intentionally
annealed to create step-terrace structures. The authors should clarify this contradiction. In the meantime, the author should
try other sapphire planes (e.g., A-plane, M-plane) or miscut direction (e.g. C to A plane) to confirm the MoS₂ lattice is not
governed by step edges. 
5. The AFM images presented in Figures S2c, 1b, and 3b reveal that the sapphire step structure evolves significantly with
growth time and temperature. Such step morphology changes—particularly under high-temperature conditions exceeding
950 °C—could plausibly influence domain orientation selection, nucleation behavior, and coalescence dynamics. 
I encourage the authors to discuss the potential impact of these evolving step features on the orientation control mechanism
proposed in the manuscript. In particular, the work by Zheng et al. (Nature Communications 14, 592 (2023)) provides
relevant insights into step-edge reconstruction on sapphire at elevated temperatures and its influence on epitaxial alignment
of TMDCs. That study emphasizes the importance of growth timing and surface evolution in controlling domain orientation,
which appears to share similarities with the present work. 
-Single Crystallinity Assessment 
6. While DF-TEM (Fig. 1d) reveals local orientation, the sampling area is too limited to convincingly support wafer-scale
single-crystallinity. The authors should provide more statistically significant data, possibly via multi-area DF-TEM. 
7. Could strain or tilt introduced during the transfer process affect DF-TEM interpretation? Additionally, are there high-
resolution images available showing grain boundary structures between 0° and 60° domains? In the 35-minute sample (Fig.
1d), some flakes visually appear antiparallel, yet DF-TEM indicates they are all 0°. 
8. The grain size is reported to be ~200 nm, while the SHG laser spot size typically exceeds 1 μm. The observed intensity
fluctuations in Fig. 1f and Fig. S10 suggest the presence of multiple domains within each spot. Therefore, SHG mapping
may not be sufficient to conclude a reduction in grain boundaries without supporting high-resolution data. To me, the
provided mapping image contains many grain boundaries. 
-Self-limiting monolayer 
9. The claim of self-limited monolayer growth requires further scrutiny. In Figure 3b, the AFM images clearly show bilayer
triangular MoS₂ domains, which contradicts the assertion of monolayer-only growth. Moreover, the Raman A₁g peak
variation of ~2 cm⁻¹ in Figure 3e aligns with the known difference between monolayer (Δ = 19 cm⁻¹) and bilayer (Δ =
21 cm⁻¹) MoS₂, suggesting that non-negligible bilayer regions are present across the wafer. 
While MoO₂Cl₂ provide slower kinetics compared to Mo(CO)₆, reduced growth rate alone does not confirm a self-limiting
mechanism. To convincingly establish self-limitation, the authors should perform a systematic study by increasing the
MoO₂Cl₂ supply or extending the growth time to demonstrate that no additional layer forms under higher precursor flux or
prolonged exposure. 
-Inhomogeneous device performance 
10. In Figure 4, the authors present electrical characteristics from several batches of MoS₂ FETs. However, the data exhibit
substantial device-to-device variation—exceeding three orders of magnitude in current density (Figure 4b) and showing
large mobility spread (Figure 4e). This high degree of inhomogeneity raises concerns about the claim of wafer-scale single
crystallinity. 
General concerns 
11. Different characterizations were performed on samples grown at different temperatures—e.g., thickness analysis at
850 °C, grain mapping at 975 °C, and devices at 1025 °C. The rationale for these choices should be explained. Is the
epitaxial mechanism or material quality consistent across these temperatures? 
12. The manuscript would benefit from additional language polishing and restructuring for clarity and flow. 

Reviewer #3 

(Remarks to the Author) 
The growth of single-crystalline monolayer TMDC films is highly desired for their lab-to-fab transition. Focusing on this
objective, the manuscript “Self-aligned and self-limiting van der Waals epitaxy of monolayer MoS2 to annihilate grain
boundaries for scalable 2D electronics” reported an MOCVD growth approach for achieving large-area monolayer MoS2
single crystals, based on the self-alignment of initially-misoriented domains. The growth of MoS2 also occurs layer-by-layer,
leading to good spatial uniformity and high electronic performance. 

In my opinion, the growth mechanism revealed in this work is very interesting and is fundamentally different from previous
efforts. It might be even more robust/reproducible, if the growth process can be fully understood and controlled, since there is
less stringent requirement on the orientation of the initial MoS2 nuclei. With that being said, I think there are several
important questions to be addressed to better elucidate the growth mechanism and understand why this particular growth
process is governed by a totally different mechanism from previous ones: 

1. Sapphire substrate requirements: By comparing the LEED patterns of MoS2 grown on c-sapphire with opposite miscut
angles (Fig. 2c), the authors concluded that the alignment of MoS2 is governed by the terrace instead of the step edges.
Does this mean that this growth approach is also compatible with conventional c-sapphire or different miscut directions?
Further discussion or experimental evidence would be helpful. Additionally, the authors are suggested to perform AFM
characterization on the MoS2 flakes at an initial growth stage to examine whether the nucleation mainly occurs at step
edges or terraces. 

2. Formation of isolated domains of twisted MoS2: In Fig. 1c and S4, in-plane XRD observes the preferential twist angles of
isolated MoS2 domains (e.g., in the 20 min growth sample), and the angles match with MoS2/sapphire lattice model.
However, the formation energy of these twisted domains should be significantly higher than that of 0-degree and 60-degree



domains (as shown in DFT calculation results in Fig. 2e and S15). Why do the twisted domains form in this particular growth
approach? It would be necessary to discuss the mechanism and also compare it with existing work. 

3. MoS2 domain alignment mechanism: Two possible mechanisms for domain alignments are compared, including the
rotation model and grain boundary migration model. The authors identified that the grain boundary migration is a more
plausible mechanism. However, why does the grain rotation not happen at the early nucleation/growth stage? DFT
calculations are desired to compare the activation energies for domain rotation versus GB migration. Moreover, due to the
similar free energies of 0-degree and 60-degree domains, I think the conversion from 60-degree to 0-degree domain requires
not only a large activation energy, but also a precise control of growth thermodynamics, which should be very challenging.
The authors are suggested to discuss further how this growth approach achieves good controllability. 

4. Temperature-dependence of self-aligned coalescence: The authors identified that the domain alignment works for growth
temperatures above 900 C. However, I think it is also possible that the growth rate and grain boundary migration rate are
lower at low temperatures, so that additional growth time is needed for the full merge of MoS2 domains and for the self-
alignment. 

5. Mobility extraction of the MoS2 device: The devices used for measuring the electron mobility have quite long channels
(tens of micrometers), which are not comparable to the practical application scenario of 2D nanoelectronics. For example,
Ref. 48 uses a short-channel device (200 nm), which can lead to lower mobility values but is closer to the practical
application. The authors are suggested to fabricate short-channel devices to better estimate and benchmark the mobility. 

6. Defect density measurement: The authors discussed the MoS2 device performance and the crossover from thermally
activated to phonon-limited transport in MoS2 grown at higher temperatures (Fig. 4d). It would be helpful to directly measure
the defect density by using STM, conductive AFM, or STEM, etc., to better correlate with electrical data and compare with
previous work. 

7. Batch-to-batch reproducibility of the self-aligned coalescence phenomenon: On page 7 of the manuscript, the authors
mentioned that the time-dependent domain orientation evolution is highly reproducible in MOCVD but inconsistent in
powder-source CVD. It is needed to include the data from different growth batches to support this conclusion. For example,
error bars for the inset of Fig. 1c are required. 

Version 1: 

Reviewer comments: 

Reviewer #1 

(Remarks to the Author) 
In their response letter and revised manuscript, the authors have largely addressed the comments raised by me. However,
for the claim “phonon limited electron mobility at room temperature”, I still do not agree. Temperature-dependent
measurements can only tell us that which factors dominate the changes in mobility, while they cannot tell us what
specifically dominates the mobility at a given temperature. The mobility is typically limited by defect and phonon scattering at
room temperature. Since defect scattering is not particularly sensitive to temperature, so the change in mobility with
temperature appears to be phonon-dominated. In addition, the full name of word “vdW” is already provided in line 20, so it is
unnecessary to repeat it in line 22. 

Reviewer #2 

(Remarks to the Author) 
Before providing my detailed comments on the revised manuscript, I must note that the format of the author’s response letter
is difficult to read and follow. This has made the review process more time-consuming. I strongly recommend that the authors
reply to each reviewer comment one by one, and clearly indicate the corresponding revisions (e.g., by quoting or pointing to
the changed paragraph). In addition, please avoid asking the reviewer to cross-reference other reviewers’ comments before
fully addressing the current question. It is unreasonable to expect reviewers to repeatedly switch back and forth between
different comments. 
In terms of content, I find the most interesting aspect of this work to be the proposal of a new mechanism for achieving single-
crystal TMD films. However, in the response, the authors emphasized that “the main purpose of this manuscript is not to
reveal the growth mechanisms.” This statement is confusing and somewhat contradictory, since without a convincing
mechanism the generality of the method remains questionable. There still several key questions remain unclear: 
1. Why is 0° considered the most stable orientation? Normally, lower adsorption energy corresponds to a more stable state.
Please clarify your DFT calculation methodology and re-examine your results. (Suggested references: Small 2020, 16,
2000596; ACS Nano 2023, 17 (2), 1196–1205). 
2. Why does the mechanism occur only after contact or specifically at 40 minutes? In principle, the timing of this crystallinity
transition should vary if the supply rates of MoO₂Cl₂ and H₂S are changed, since precursor supply affects the timing of
contact. Additional experimental evidence is needed to substantiate this claim. 
3. How is this process related to the substrate? The authors suggest that higher growth temperatures (e.g., 1000 °C), which
are believed to cause surface roughening, lead to degraded crystallinity. Could direct evidence for this roughening be
provided, and could the authors further explain how surface roughness impacts crystallinity? In this context, it would be



highly valuable to demonstrate results on A-plane or M-plane sapphire. This would help clarify whether substrate orientation
guides the growth or whether the observed behavior is truly a self-aligned phenomenon. More experimental support is
required to strengthen this point. 
4. Please avoid overclaiming. For example, the statement: “It is worth noting that the temperature dependence of mobility in
MOCVD-grown MoS₂ films has, to the best of our knowledge, not yet been reported.” is inaccurate. First, there are already
published studies reporting temperature-dependent electrical measurements of MOCVD-grown MoS₂. ( Nature Electronics
volume 7, pages356–364 (2024)) Second, even if this were not the case, such a statement does not add substantive novelty
to this manuscript. 

Reviewer #3 

(Remarks to the Author) 
I appreciate the author’s significant effort in responding to my questions and revising the manuscript. Upon reading the
revised version, I am more convinced by the observed domain self-alignment phenomenon and the proposed grain
boundary annihilation mechanism. The device results presented in the revised manuscript are also helpful to demonstrate
the electrical performance of the MOCVD-synthesized film. Nevertheless, there are still several points from my previous
comments that I feel the authors should address more adequately. I would like to clarify my questions further, and look
forward to the authors’ response and revision: 

1. The authors partially addressed my Comments 2-3 by suggesting that the probability of twisted domain formation is
governed by Maxwell-Boltzmann distribution, and that the domain rotation is suppressed as domain size increases.
However, in my original Comments 2-3, I was also concerned about why the twisted domain percentage in this work (prior to
coalescence) is higher than existing reports, and why the self-alignment of 60-degree and 0-degree domains was
unobserved in previous growths (e.g., ACS Nano, 2015, 9, 4611). To address these questions and to provide guidance for
future efforts on the growth of single-crystalline TMD monolayers, I think it is necessary to provide more discussions on the
growth mechanism and clearly compare with existing growth approaches. 

2. In my previous Comment 4, my intent was to suggest the authors characterize the domain alignment in coalesced MoS2
grown at lower temperatures (e.g., 850 C). Indeed, the coalescence would take a longer time due to reduced growth rates,
but it is still practical in my opinion. I believe this experiment would be meaningful because it could reveal whether the
domain alignment is solely constrained by growth time or also by the temperature-dependent grain boundary migration rate.
In case if a lower temperature, longer growth time also result in domain self-alignment, the authors should clarify it in the
manuscript. 

3. In the response to my Comment 4, samples grown at 850 C were non-uniform and polycrystalline, but why did the authors
present a uniform A1g Raman mapping for the 850 C sample in Fig. 3e? This discrepancy needs to be clarified. 

Version 2: 

Reviewer comments: 

Reviewer #1 

(Remarks to the Author) 
I cannot agree the claim “phonon limited electron mobility at room temperature”. In the absence of defect scattering or other
impurity scattering mechanisms, where only phonon scattering is operative, the measured mobility of monolayer MoS2
should approach its intrinsic theoretical limit (according to the Matthiessen’s rule of mobility 1/μ=1/μ_imp +1/μ_ph ). This
should represent the highest mobility achievable experimentally in monolayer MoS2 devices and therefore will outperform
all prior reports. Obviously, this is not the case as claimed by the authors. The as-achieved mobility of 66 cm2/Vs at room
temperature is significantly worse than the previous state-of-the-art results [for example, 160 cm2/Vs in Science 390,
eaea0849 (2025)]. Given that mobility is purportedly limited solely by phonon scattering, I request a detailed comment on
why the measured mobility not only fails to approach the intrinsic theoretical limit but also underperforms relative to prior
reports. 

Reviewer #2 

(Remarks to the Author) 
This revised manuscript has largely addressed my previous questions. With the new experimental data, the proposed “self-
aligned” mechanism appears much more reliable and convincing. However, before publication, I have one minor
suggestion: the authors should correct their adsorption-energy definition to Ead = (EMoS2/sapphire – (EMoS2 +
Esapphire))/S . 

Reviewer #3 

(Remarks to the Author) 
I appreciate the authors' further efforts and explanations, and I recommend acceptance of the revised manuscript.
Congratulations to the authors for identifying the self-aligned and self-limiting vdW epitaxy effect and revealing its



mechanism. 
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Reviewer #1: HXU ]Q^ecSbY`d QedX_bUT Ri M_cXY[Y GQ[e]Q Ud Q\* bU`_bdc dXU U`YdQhi _V gQVUb)cSQ\U cY^W\U
SbicdQ\\Y^U C_G. ]_^_\QiUbc _^ S)`\Q^U cQ``XYbU fYQ Q cU\V)Q\YW^UT S_Q\UcSU^SU ]USXQ^Yc]* HXU QedX_bc
S\QY] dXQd Q\dX_eWX dXU Y^YdYQ\ ^eS\UQdY_^ `b_TeSUc T_]QY^c _V fQbY_ec _bYU^dQdY_^c( dXUcU b_dQdY_^Q\\i
]Yc_bYU^dUT T_]QY^c QbU TUdUb]Y^YcdYSQ\\i cU\V)Q\YW^UT Q^T ]UbWUT Y^d_ U^UbWUdYSQ\\i VQf_bQR\U ,l T_]QY^
TebY^W S_Q\UcSU^SU( iYU\TY^W Q S_^dY^e_ec( e^YTYbUSdY_^Q\ cY^W\U)SbicdQ\* HXU ]USXQ^Yc] U\eSYTQdUT Ri dXU
QedX_bc Yc Y^dUbUcdY^W Q^T Ve^TQ]U^dQ\\i TYVVUbc Vb_] `bUfY_ec bUce\dc* 9\dX_eWX dXU `bUcU^d g_b[ `b_fYTUc
^_fU\ Y^cYWXdc Y^d_ dXU ci^dXUcYc _V gQVUb)cSQ\U cY^W\U)SbicdQ\\Y^U HC<;c VY\]c( dXU SU^dbQ\ `_Y^d &Y*U*( dXU
e^TUb\iY^W ]USXQ^Yc]' \QS[c cdb_^W UfYTU^SU d_ ce``_bd Yd* HXUbUV_bU( A SQ^^_d bUS_]]U^T Ydc `eR\YSQdY_^ Y^
DQdebU ;_]]e^YSQdY_^c( Qd \UQcd V_b dXU `bUcU^d*

Comment 1: HXU QedX_bc S\QY] dXQd Q\dX_eWX dXU Y^YdYQ\ ^eS\UQdY_^ `b_TeSUc T_]QY^c _V fQbY_ec _bYU^dQdY_^c(
dXU \_g)Q^W\U dgYcdUT Q^T Q^dY`QbQ\\U\ 2, T_]QY^c( e`_^ Y]`Y^WU]U^d _V dXU T_]QY^c Y^ \QdUbQ\( cdQbdUT d_
]UbWU Y^d_ dXU U^UbWUdYSQ\\i VQf_bQR\U , T_]QY^ d_ V_b] Q cY^W\U SbicdQ\( TbYfU^ Ri dXU QTc_b`dY_^ U^UbWi
TYVVUbU^SU* HXUbU QbU cUfUbQ\ [Ui YcceUc XUbU dXQd ^UUT d_ QTTbUccUT Y^ TUdQY\ Ri dXU QedX_bc* First(1)( WYfU^
dXU QTc_b`dY_^ U^UbWi TYVVUbU^SU( gXi T_Uc dXU Y^YdYQ\ ^eS\UQdY_^ ^_d iYU\T dXU ]_cd U^UbWUdYSQ\\i cdQR\U
T_]QY^c( Red Y^cdUQT WU^UbQdU T_]QY^c gYdX fQbY_ec _bYU^dQdY_^c8 HXYc bUce\d S_^dbQTYSdc ]_cd _V dXU `bUfY_ec
bUce\dc* Second(2)( gXi T_Uc dXU QTc_b`dY_^ U^UbWi TYVVUbU^SU _^\i S_]U Y^d_ UVVUSd gXU^ T_]QY^c gYdX
TYVVUbU^d _bYU^dQdY_^c S_]U Y^d_ S_^dQSd8 Third(3)( S)`\Q^U cQ``XYbU S_]`bYcUc cYh bU`UQdUT c\QRc gYdX
9:9:9: cdQS[Y^W Y^ Q Re\[ e^Yd SU\\ Q\_^W dXU j QhYc O>YWebU RU\_g( QT_`dUT Vb_] DQdebU DQ^_dUSX^_\_Wi*
-4( -.45n-.50 &.,./'P* Ac dXU cQ``XYbU cdU` Q ]_^_)cdU` XUYWXd &k,*. ^]' S_bbUc`_^TY^W d_ Q\dUb^QdY^W c\QRc
_V 9 Q^T :8 AV dXYc Yc dXU SQcU( dXU , _bYU^dQdY_^ Yc dXU ]_cd U^UbWUdYSQ\\i cdQR\U _^ c\QR 9( gXY\U dXU 2,
_bYU^dQdY_^ Yc dXU ]_cd cdQR\U _^ c\QR :* HXUbUV_bU( UfU^ YV dXU QedX_bc% QbWe]U^d Yc S_bbUSd( Yd Yc Y]`_ccYR\U
d_ _RdQY^ Q cY^W\U)SbicdQ\\Y^U C_G. gQVUb e^TUb ceSX SYbSe]cdQ^SUc RUSQecU _V dXU S_UhYcdU^SU _V c\QRc 9
Q^T : &Y*U*( , Q^T 2, _bYU^dQdY_^c'*
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Comment 2: >YW* -T Yc dXU S_bU UfYTU^SU ce``_bdY^W dXU QedX_bc% QbWe]U^d( Red Yd Yc TYVVYSe\d d_ fQ\YTQdU dXU 
S_^S\ecY_^ dXQd dXU gQVUbc QbU cY^W\U)SbicdQ\ RUSQecU dXU H=C SXQbQSdUbYjQdY_^ Yc \Y]YdUT d_ UhdbU]U\i c]Q\\ 
\_SQ\ QbUQc* HXU QedX_bc cX_e\T `UbV_b] gQVUb)\U\UfU\ SXQbQSdUbYjQdY_^( gYdX Qd \UQcd -, _b ]_bU TYVVUbU^d 
\_SQdY_^c bQ^T_]\i cU\USdUT* A^ QTTYdY_^( A%] Q \Ydd\U c[U`dYSQ\ _V dXU ̀ UbSU^dQWU TQdQ V_b TYVVUbU^d _bYU^dQdY_^c 
Y^ >YW*-T* 9d /1 ]Y^( dXU , T_]QY^ Yc 04*1$( gXY\U dXU 2, T_]QY^ Yc 5*00$* HXYc Yc fUbi S_^VecY^W Q^T 
S_^dbQTYSdc dXU bUce\dc _V >YW* -R* HXU QedX_bc cX_e\T WYfU ]_bU dXQ^ -, 9>C TQdQ \Y[U >YW* -R( gXYSX SQ^ 
U^QR\U ec d_ S\UQb\i _RdQY^ dXU `UbSU^dQWU _V TYVVUbU^d _bYU^dQdY_^c Q^T Sb_cc)fUbYVi gYdX dXU H=C TQdQ Y^ 
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Comment 3: >b_] >YW* G2( Q\dX_eWX TYVVbQSdY_^ c`_d Y^dU^cYdYUc Qcc_SYQdUT gYdX dXU bUSY`b_SQ\ \QddYSU fUSd_bc
[Q QbU TYVVUbU^d Vb_] dX_cU S_bbUc`_^TY^W d_ [R( dXU TYVVUbU^SU Yc aeYdU c]Q\\* ;_e\T ceSX Q c]Q\\ TYVVUbU^SU
RU ]Qc[UT Ri Uh`UbY]U^dQ\ Ubb_b( \UQTY^W d_ Ubb_^U_ec S_^S\ecY_^c ceSX Qc dXU `UbSU^dQWU _V , Q^T 2,
T_]QY^c8

Comment 4: >_b dXU cU^dU^SU p9R_ed k11$ _V T_]QY^c UhXYRYdUT , Q^T dXU bU]QY^TUb gQc 2, * I`_^ S\_cUb
Y^c`USdY_^( X_gUfUb( k-- Q^T k05 T_]QY^c gUbU Q\c_ TYcSUb^UT( Qc cX_g^ Ri R\eU T_ddUT \Y^Ucq( dXU
`bUSUTY^W Q^T V_\\_gY^W `Qbdc S_^dbQTYSd UQSX _dXUb* >_b dXU `bUSUTY^W `Qbd( dXUbU QbU _^\i dg_ _bYU^dQdY_^c(
Y*U*( , Q^T 2, * KXY\U dXU V_\\_gY^W `Qbd XYWX\YWXdc dXQd dXUbU QbU _dXUb _bYU^dQdY_^c* HXU QedX_bc cX_e\T T_
Q cdQdYcdYS d_ `_Y^d _ed dXU `UbSU^dQWU _V TYVVUbU^d _bYU^dQdY_^c*

Comment 5: >_b cU^dU^SU pdXU ceR`UQ[ gYdX -,*45 dgYcdUT Q^W\U gQc bUc_\fUT Y^d_ Q T_eR\Ud Qd -,*0 Q^T
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--*/ &QfUbQWU6 -,*41 'q( X_g Yc dXU Q^W\U fQ\eU _V -,*45 UhdbQSdUT8 HXU Q^W\U fQ\eU _V -,*45 Yc ^_d dXU
c`USYVYS Q^W\U _V dXUcU dg_ `UQ[c( ^_b Yc Yd dXU QfUbQWU fQ\eU* A^ VQSd( dXU QedX_bc Q\c_ ecUT dXU Q^W\U fQ\eU
_V -- `bY_b d_ dXYc cU^dU^SU* HXU Y^S_^cYcdU^d Q^We\Qb fQ\eUc QbU UhdbU]U\i S_^VecY^W*

�

� � � �

� �

Comment 6: >b_] >YW* -R( Yd SQ^ RU [^_g^ dXQd dXU dUbbQSU gYTdX _V dXU cQ``XYbU cebVQSU Y^SbUQcUT
cYW^YVYSQ^d\i* >_b >YW* -R( dXU dUbbQSU gYTdX QVdUb Wb_gY^W Qd 51,l Yc _fUb .,, ^]* KXQd Yc dXU dUbbQSU gYTdX
QVdUb Wb_gY^W Qd 531 _b XYWXUb8

�

�

�

Comment 7: A^ `QWU 3( dXU QedX_bc gbYdU pe`_^ Y]`Y^WU]U^d _V dXU T_]QY^c Y^ \QdUbQ\ Qd Q``b_hY]QdU\i 0,
]Y^( dXU \_g)Q^W\U dgYcdUT T_]QY^c( V_\\_gUT Ri dXU Q^dY`QbQ\\U\ 2,l T_]QY^cq( gXQd TQdQ T_Uc dXU QedX_bc
XQfU d_ ce``_bd dXQd dXU S_Q\UcSU^SU 2,l T_]QY^c _SSebbUT QVdUb dXU \_g)Q^W\U dgYcdUT T_]QY^c8

Comment 8: >_b >YW* G5( Yd cUU]c dXQd _^\i dXU SebfU Wb_gY^W Qd 531l XQc ^_ dgYcdUT T_]QY^c* >_b dXU SebfU
Wb_gY^W Qd -,,,l( Yd Yc aeYdU cQ]U gYdX dXQd Qd 51,l Q^T 5,,l( cX_gY^W Q Rb_QT dQY\ cdbeSdebU Qd dXU V__d _V
dXU ,l `UQ[ Q^T Q\c_ dgYcdUT T_]QY^c* HXYc T_Uc ^_d cUU] d_ RU dXU SQcU( Qc dXU QedX_bc S\QY]( dXQd XYWXUb
dU]`UbQdebUc VQf_b cY^W\U)SbicdQ\ V_b]QdY_^* HXYc Q\c_ cUU]c Y^S_^cYcdU^d gYdX dXU ]_RY\Ydi bUce\dc Y^ >YWebU
0*

�

�
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Comment 9: >_b G@? ]Q``Y^W Y^ >YW* -V( dXU Y^dU^cYdi Yc aeYdU ^_^)e^YV_b]* A^ QTTYdY_^( dXU cSQ\U Yc d__
\QbWU( c`Q^^Y^W VYfU _bTUbc _V ]QW^YdeTU &Vb_] , d_ -,1'* HXU QedX_bc ]ecd de^U dXU cSQ\U d_ gYdXY^ Q^ _bTUb
_V ]QW^YdeTU* 9^i cQ]`\U Yc X_]_WU^U_ec Qc \_^W Qc dXU cSQ\U Yc \QbWU U^_eWX* >_b bYWXd `Q^U\ _V >YW* -V(
X_g ]Q^i G@? SebfUc Qd TYVVUbU^d \_SQdY_^c QbU ce`UbY]`_cUT8

Comment 10: A^ >YW* .R Q^T >YW* G--( gXi QbU dXUbU c_]U YbbUWe\Qb ]_cQYS RQS[Wb_e^Tc Y^ dXU B==< Y]QWUc
Y^ QTTYdY_^ d_ dXU TYVVbQSdY_^ c`_dc8

Comment 11: H_ ce``_bd dXU cU\V)\Y]YdY^W Wb_gdX( dXU QedX_bc cX_e\T cX_g ]_bU 9>C Y]QWUc* >_b UQSX
Wb_gdX dY]U &_fUb V_eb TYVVUbU^d Wb_gdX dY]Uc'( dXU QedX_bc cX_e\T `bUcU^d 9>C Y]QWUc _V ]_bU dXQ^ -,
bQ^T_] `_cYdY_^c _^ dXU gQVUb*
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Comment 12: >_b dXU cU^dU^SU p@YWX)bUc_\edY_^ Y^)`\Q^U LF< z cSQ^c Qd VYfU TYVVUbU^d `_Y^dc Y^ dXU gQVUb(
Qc cX_g^ Y^ >YWebU /T( ]QSb_cS_`YSQ\\i bUfUQ\UT dXU V_b]QdY_^ _V e^YV_b] VY\] gYdX_ed \_g Q^W\U Q^T
Q^dY`QbQ\\U\ T_]QY^c dXb_eWX_ed dXU gQVUbq( dXU LF< TQdQ SQ^^_d TU]_^cdbQdU dXQd dXUbU QbU ^_ Q^dY`QbQ\\U\
T_]QY^c*

Comment 13: >_b dbQ^cVUb SebfUc &>YW* 0R' Q^T _ed`ed SXQbQSdUbYcdYSc &>YW* 0S'( gXi T_ dXU QedX_bc ecU
cQ]`\Uc Wb_g^ Qd dg_ TYVVUbU^d dU]`UbQdebUc8 HXUi cX_e\T cdQ^TQbTYjU dXU cQ]`\Uc Q^T `bUcU^d TQdQ Vb_] Q
e^YVYUT cQ]`\U*

Comment 14: A^ `QWU -0( dXU QedX_bc cdQdU6 p]_RY\YdYUc QSXYUfUT fYQ CE;J< QbU S_]`QbQdYfU\i \_gUb dXQ^
dX_cU _RdQY^UT ecY^W `_gTUb ;J<( bU^TUbY^W c]Q\\ S_]`QbYc_^c _V y fQ\eUc Qd b__] dU]`UbQdebU \Ucc
]UQ^Y^WVe\q* A SQ^^_d QWbUU gYdX dXU QedX_bc% fYUg* C_RY\Ydi Yc Q^ Y^dbY^cYS `b_`Ubdi _V Q cQ]`\U( gXYSX Yc
^_d TUdUb]Y^UT Ri dXU Wb_gdX ]UdX_T* AV dXU ]_RY\Ydi _V cQ]`\Uc _RdQY^UT Ri Q Wb_gdX ]UdX_T Yc \_gUb dXQ^
dXQd _V _dXUb ]UdX_Tc( dXYc ]UdX_T XQc ^_ Q``\YSQdY_^ fQ\eU Q^T cX_e\T RU U\Y]Y^QdUT* HXU QedX_bc cX_e\T

60 min

80 min

120 min

150 min

z range
+2.0 nm

-1.0 nm

0.5 µm

0.5 µm

0.5 µm

0.5 µm
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Uh`\QY^ gXi dXU ]_RY\Ydi _V CE;J< cQ]`\Uc Yc S_]`QbQdYfU\i \_gUb dXQ^ dX_cU _RdQY^UT ecY^W `_gTUb
;J<ogXUdXUb Yd Yc TeU d_ d__ ]Q^i TUVUSdc Y^ dXU cQ]`\Uc _b _dXUb bUQc_^c*

@

Comment 15: HXU QedX_bc S\QY] dXU `X_^_^ \Y]YdUT U\USdb_^ ]_RY\Ydi( A Q\c_ T_ ^_d QWbUU gYdX dXYc RUSQecU
gU SQ^^_d cY]`\i TbQg dXYc S_^S\ecY_^ TYbUSd\i Vb_] dXU dU]`UbQdebU Uf_\edY_^ _V ]_RY\Ydi* HXU dU]`UbQdebU
Uf_\edY_^ SQ^ _^\i Y^TYSQdU gXUdXUb `X_^_^c S_]U Y^d_ `\Qi* A^ QTTYdY_^( dXU _RdQY^UT ]_RY\Ydi Yc \_gUb dXQ^
dXU `X_^_^ \Y]Yd fQ\eU*

+ 1 7CA365RQ 07CA 4=2. S 07CA

@

Comment 16: FUWQbTY^W pQddQY^c Q bUS_bT)XYWX ]_RY\Ydi( Q``b_hY]QdU\i 22 S]w+Jcq( A ceWWUcd dXU QedX_bc
bU]_fU dXU S\QY] _V pbUS_bT)XYWXq*

100 300
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102
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Comment 17: FUWQbTY^W pQ``b_QSXUc fQ\eUc cY]Y\Qb d_ dX_cU QSXYUfUT `bUfY_ec\i gYdX `_gTUb ;J<02q( A
ceWWUcd dXU QedX_bc SYdU dXU ]_cd bUSU^d \YdUbQdebU* FUV* 02 SYdUT Ri dXU QedX_bc Yc Q\bUQTi 4 iUQbc _\T Q^T
T_Uc ^_d bU`bUcU^d cdQdU)_V)dXU)Qbd bUce\dc*

@

Comment 18: >_b dXU cUS_^T `QbQWbQ`X Y^ dXU ]QY^ dUhd pGY^SU S)`\Q^U _V Re\[ cQ``XYbU UhXYRYdcmmQ^T
_dXUb dUSX^YaeUcq( dXU \_WYS _V dXU gbYdY^W Yc fUbi S_^VecY^W* >Ybcd( dXU QedX_bc cdQdU Y^ dXU VYbcd cU^dU^SU dXQd
RQcUT _^ RQcYS ci]]Udbi WeYTU\Y^U Yd cX_e\T RU `_ccYR\U d_ bUQ\YjU C_G. cY^W\U SbicdQ\c _^ cQ``XYbU* @_gUfUb(
Y^ dXU cUS_^T cU^dU^SU Y]]UTYQdU\i V_\\_gY^W( dXU QedX_bc W_ _^ d_ cQi dXQd cY]`\i _^ dXU RQcYc _V RQcYS
ci]]Udbi WeYTU\Y^U( dXU Uh`UbY]U^d TYT ^_d bUQ\YjU C_G. cY^W\U)SbicdQ\* 9bU dXU QedX_bc dbiY^W d_ Y\\ecdbQdU
dXU RQcYS ci]]Udbi WeYTU\Y^U Y^ dXU VYbcd cU^dU^SU( _b QbU dXUi dbiY^W d_ cX_g Ri dXU cUS_^T cU^dU^SU dXQd dXU
RQcYS ci]]Udbi WeYTU\Y^U Yc gb_^W ^_g8 GeRcUaeU^d\i( dXU QedX_bc XYWX\YWXd dXQd dg_ ]QZ_b cdbQdUWYUc [^_g^
Qc cdU` UTWU)WeYTUT Q^T ci]]Udbi)WeYTUT U`YdQhi XQfU RUU^ `b_`_cUT* A^ VQSd( R_dX cdbQdUWYUc QbU gYdXY^ dXU
VbQ]Ug_b[ _V RQcYS ci]]Udbi WeYTU\Y^U &Y*U*( dXU VYbcd cU^dU^SU'*

Comment 19: >_b dXU dXYbT `QbQWbQ`X Y^ dXU ]QY^ dUhd( Yd Yc Q\c_ fUbi S_^VecY^W* HXYc Yc RUSQecU dXU QedX_bc
bQYcUT ]Q^i [Ui cSYU^dYVYS `b_R\U]c Y^ dXYc `QccQWU( Red dXU^ dXU QedX_bc T_^%d QTTbUcc Q^i _V dXU]*

Comment 20: A^ \Y^U .-( dXU QedX_bc gbYdU QR_ed paeQcY)fQ^ TUb KQQ\c &fTK' U`YdQhiq* KXQd T_Uc paeQcYq
]UQ^8 A Q] S_^VecY^W V_b dXU ecU _V g_bT paeQcYq*

Comment 21: >_b pB==< Y^dU^cYdi ) f_\dQWUq( dXUbU QbU dg_ bUTe^TQ^d c`QSUc*
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Comment 22: FUWQbTY^W FQ]Q^ ]Q``Y^W _V >YW* /U( gXi T_Uc Yd bUcU]R\U Q cSQddUb `\_d8

A1g

408 cm-1402 cm-1

A1g

Previous Corrected

408 cm-1402 cm-1
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Reviewer #2: HXU ]Q^ecSbY`d bU`_bdc Q S_]`U\\Y^W Wb_gdX S_^SU`d gXUbUY^ ]Yc_bYU^dUT ]_^_\QiUb C_G.

T_]QY^c e^TUbW_ Q cU\V)Q\YW^UT S_Q\UcSU^SU `b_SUcc d_ iYU\T cY^W\U)_bYU^dQdY_^ VY\]c _^ S)`\Q^U cQ``XYbU fYQ
CE;J<* HXU QedX_bc `b_fYTU Uh`UbY]U^dQ\ ce``_bd ecY^W Y^)`\Q^U LF<( TYVVUbU^dYQ\ TQb[)VYU\T H=C( 0<)
GH=C( Q^T G@? ]Q``Y^W( Q^T VebdXUb TU]_^cdbQdU `b_]YcY^W VYU\T)UVVUSd ]_RY\Ydi* KXY\U dXU S_^SU`d _V
WbQY^ R_e^TQbi &?:' Q^^YXY\QdY_^ dXb_eWX U`YdQhYQ\ WbQY^ S_Q\UcSU^SU Yc Y^dUbUcdY^W Q^T `_dU^dYQ\\i
Y]`QSdVe\( cUfUbQ\ Qc`USdc _V dXU ]USXQ^YcdYS Y^dUb`bUdQdY_^( cdQdYcdYSQ\ SXQbQSdUbYjQdY_^( Q^T TUfYSU)\UfU\
fQ\YTQdY_^ bU]QY^ Y^ceVVYSYU^d\i QTTbUccUT*
A RU\YUfU dXYc g_b[ XQc ]UbYd Red( Y^ Ydc SebbU^d V_b]( A T_ ^_d bUS_]]U^T `eR\YcXY^W dXYc g_b[ Y^ DQdebU
;_]]e^YSQdY_^c* :U\_g( A _ed\Y^U ]i ]QZ_b S_^SUb^c6

-Mechanism Uncertainty
Comment 1: HXU ]Q^ecSbY`d g_e\T RU^UVYd Vb_] Q ]_bU TUdQY\UT TUcSbY`dY_^ _V dXU CE;J< `b_SUcc(
`QbdYSe\Qb\i bUWQbTY^W dXU dY]Y^W _V `bUSebc_b TU\YfUbi Q^T cXedT_g^( Qc gU\\ Qc dXU S__\Y^W `b_d_S_\* Ad
Q``UQbc dXQd Q\\ Y^)`\Q^U LF< Q^T cdbeSdebQ\ SXQbQSdUbYjQdY_^c gUbU `UbV_b]UT `_cd)Wb_gdX( ]UQ^Y^W dXQd
dXU cQ]`\Uc XQT e^TUbW_^U Q Ve\\ S__\Y^W cdQWU `bY_b d_ ]UQcebU]U^d*
HXYc bQYcUc Q^ Y]`_bdQ^d ]USXQ^YcdYS aeUcdY_^6 gXi T_Uc dXU dbQ^cYdY_^ d_ cY^W\U)_bYU^dQdY_^ SbicdQ\\Y^Ydi
Q``UQb d_ _SSeb cXQb`\i Qb_e^T dXU 0,)]Y^edU Wb_gdX ]Qb[8 KXY\U dXU QedX_bc QddbYRedU dXYc dbQ^cYdY_^ d_ Y^)
cYde T_]QY^ S_Q\UcSU^SU Q^T WbQY^ R_e^TQbi ]YWbQdY_^( Q^ Q\dUb^QdYfU `_ccYRY\Ydi Yc dXQd c_]U TUWbUU _V
^eS\UQdY_^ Q^T Wb_gdX _SSebc TebY^W dXU S__\Y^W cdQWU* 9d dXQd `_Y^d( dXU cicdU] ]Qi \QS[ ceVVYSYU^d dXUb]Q\
U^UbWi d_ TbYfU `b_`Ub _bYU^dQdY_^( \UQTY^W d_ dXU V_b]QdY_^ _V ]UdQcdQR\U( ]Yc_bYU^dUT T_]QY^c*
>ebdXUb]_bU( dXU _RcUbfUT ce``bUccY_^ _V ^Ug ]Yc_bYU^dUT T_]QY^c Qd \QdUb Wb_gdX cdQWUc &U*W*( Qd 0, ]Y^'
]Qi ^_d bUV\USd Q^ Y^dbY^cYS cU\V)Q\YW^]U^d ]USXQ^Yc]( Red Y^cdUQT bUce\d Vb_] bUTeSUT QfQY\QR\U cebVQSU QbUQ
V_b ^Ug ^eS\UQdY_^ UfU^dc*

Te
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200 �C

950 �C
10 s 30 s

MoO2Cl2

H2S

MoS2 growth duration

Stabilization

Temp. increase 
in N2 ambient



12

Comment 2: K_e\T dXU dY]Y^W _V dXYc SbicdQ\\Y^Ydi dbQ^cYdY_^ cXYVd YV dXU ce``\i bQdUc _V C_E.;\. Q^T @.G
gUbU fQbYUT8 9 `QbQ]UdbYS cdeTi g_e\T S\QbYVi dXU b_\U _V `bUSebc_b V\eh Y^ dXU S_Q\UcSU^SU ]USXQ^Yc]*

Comment 3: HXU QedX_b RU\YUfUc dXQd dXUYb e^YTYbUSdY_^Q\ C_G. gYdX ,l Q\YW^]U^d Yc TeU d_ dXU Y^dUbVQSU
U^UbWi RUdgUU^ C_G. Q^T cQ``XYbU* @_gUfUb( R_dX dXUYb <>H SQ\Se\QdY_^c &>YW* G-1' Q^T `bY_b \YdUbQdebU
&FUVc* 3( 4( -/( /3' S_^cYcdU^d\i ceWWUcd dXQd dXU /,l S_^VYWebQdY_^ Yc dXUb]_Ti^Q]YSQ\\i ]_bU cdQR\U*
C_bU_fUb( >YWebU .Q T_Uc ^_d S\UQb\i bUfUQ\ Q TYcdY^Sd pReVVUb \QiUbq dXQd S_e\T Q\dUb dXYc RUXQfY_b* HXU
QedX_bc cX_e\T bUS_^SY\U dXUcU Y^S_^cYcdU^SYUc Q^T `b_fYTU Q ]_bU S_^fY^SY^W Uh`\Q^QdY_^*

Comment 4: 9\dX_eWX dXU ]Q^ecSbY`d S\QY]c _bYU^dQdY_^ Yc ^_d W_fUb^UT Ri cdU` UTWUc( dXU cQ``XYbU
ceRcdbQdUc gUbU Y^dU^dY_^Q\\i Q^^UQ\UT d_ SbUQdU cdU`)dUbbQSU cdbeSdebUc* HXU QedX_bc cX_e\T S\QbYVi dXYc
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S_^dbQTYSdY_^* A^ dXU ]UQ^dY]U( dXU QedX_b cX_e\T dbi _dXUb cQ``XYbU `\Q^Uc &U*W*( 9)`\Q^U( C)`\Q^U' _b ]YcSed
TYbUSdY_^ &U*W* ; d_ 9 `\Q^U' d_ S_^VYb] dXU C_Gá \QddYSU Yc ^_d W_fUb^UT Ri cdU` UTWUc*

� ±

Comment 5: HXU 9>C Y]QWUc `bUcU^dUT Y^ >YWebUc G.S( -R( Q^T /R bUfUQ\ dXQd dXU cQ``XYbU cdU` cdbeSdebU
Uf_\fUc cYW^YVYSQ^d\i gYdX Wb_gdX dY]U Q^T dU]`UbQdebU* GeSX cdU` ]_b`X_\_Wi SXQ^WUco`QbdYSe\Qb\i e^TUb
XYWX)dU]`UbQdebU S_^TYdY_^c UhSUUTY^W 51,}l;oS_e\T `\QecYR\i Y^V\eU^SU T_]QY^ _bYU^dQdY_^ cU\USdY_^(
^eS\UQdY_^ RUXQfY_b( Q^T S_Q\UcSU^SU Ti^Q]YSc*
A U^S_ebQWU dXU QedX_bc d_ TYcSecc dXU `_dU^dYQ\ Y]`QSd _V dXUcU Uf_\fY^W cdU` VUQdebUc _^ dXU _bYU^dQdY_^
S_^db_\ ]USXQ^Yc] `b_`_cUT Y^ dXU ]Q^ecSbY`d* A^ `QbdYSe\Qb( dXU g_b[ Ri NXU^W Ud Q\* &DQdebU
;_]]e^YSQdY_^c -0( 15. &.,./'' `b_fYTUc bU\UfQ^d Y^cYWXdc Y^d_ cdU`)UTWU bUS_^cdbeSdY_^ _^ cQ``XYbU Qd
U\UfQdUT dU]`UbQdebUc Q^T Ydc Y^V\eU^SU _^ U`YdQhYQ\ Q\YW^]U^d _V HC<;c* HXQd cdeTi U]`XQcYjUc dXU
Y]`_bdQ^SU _V Wb_gdX dY]Y^W Q^T cebVQSU Uf_\edY_^ Y^ S_^db_\\Y^W T_]QY^ _bYU^dQdY_^( gXYSX Q``UQbc d_ cXQbU
cY]Y\QbYdYUc gYdX dXU `bUcU^d g_b[*

c/m: -0.2� (standard)c/m: 0.2�

0.2� 0.2�

0.15�

c/a: 0.15�

LEED@190 eV

cm

a

(d)   Summary of LEED patterns for different miscut directions
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-Single Crystallinity Assessment
Comment 6: KXY\U <>)H=C &>YW* -T' bUfUQ\c \_SQ\ _bYU^dQdY_^( dXU cQ]`\Y^W QbUQ Yc d__ \Y]YdUT d_
S_^fY^SY^W\i ce``_bd gQVUb)cSQ\U cY^W\U)SbicdQ\\Y^Ydi* HXU QedX_bc cX_e\T `b_fYTU ]_bU cdQdYcdYSQ\\i
cYW^YVYSQ^d TQdQ( `_ccYR\i fYQ ]e\dY)QbUQ <>)H=C*

Comment 7: ;_e\T cdbQY^ _b dY\d Y^db_TeSUT TebY^W dXU dbQ^cVUb `b_SUcc QVVUSd <>)H=C Y^dUb`bUdQdY_^8
9TTYdY_^Q\\i( QbU dXUbU XYWX)bUc_\edY_^ Y]QWUc QfQY\QR\U cX_gY^W WbQY^ R_e^TQbi cdbeSdebUc RUdgUU^ ,l Q^T
2,l T_]QY^c8 A^ dXU /1)]Y^edU cQ]`\U &>YW* -T'( c_]U V\Q[Uc fYceQ\\i Q``UQb Q^dY`QbQ\\U\( iUd <>)H=C
Y^TYSQdUc dXUi QbU Q\\ ,l*

Comment 8: HXU WbQY^ cYjU Yc bU`_bdUT d_ RU k.,, ^]( gXY\U dXU G@? \QcUb c`_d cYjU di`YSQ\\i UhSUUTc - y]*
HXU _RcUbfUT Y^dU^cYdi V\eSdeQdY_^c Y^ >YW* -V Q^T >YW* G-, ceWWUcd dXU `bUcU^SU _V ]e\dY`\U T_]QY^c gYdXY^
UQSX c`_d* HXUbUV_bU( G@? ]Q``Y^W ]Qi ^_d RU ceVVYSYU^d d_ S_^S\eTU Q bUTeSdY_^ Y^ WbQY^ R_e^TQbYUc gYdX_ed
ce``_bdY^W XYWX)bUc_\edY_^ TQdQ* H_ ]U( dXU `b_fYTUT ]Q``Y^W Y]QWU S_^dQY^c ]Q^i WbQY^ R_e^TQbYUc*

-Self-limiting monolayer
Comment 9: HXU S\QY] _V cU\V)\Y]YdUT ]_^_\QiUb Wb_gdX bUaeYbUc VebdXUb cSbedY^i* A^ >YWebU /R( dXU 9>C
Y]QWUc S\UQb\i cX_g RY\QiUb dbYQ^We\Qb C_G. T_]QY^c( gXYSX S_^dbQTYSdc dXU QccUbdY_^ _V ]_^_\QiUb)_^\i

DF-TEM False color
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Wb_gdX* C_bU_fUb( dXU FQ]Q^ 9àW `UQ[ fQbYQdY_^ _V k.}S])- Y^ >YWebU /U Q\YW^c gYdX dXU [^_g^ TYVVUbU^SU 
RUdgUU^ ]_^_\QiUb &x 7 -5}S]S])-' Q^T RY\QiUb &x 7 .-}S]S])-' C_G.( ceWWUcdY^W dXQd ^_^)^UW\YWYR\U RY\QiUb 
bUWY_^c QbU `bUcU^d QSb_cc dXU gQVUb*
KXY\U C_E.;\;\. `b_fYTU c\_gUb [Y^UdYSc S_]`QbUT d_ C_&;E'2( bUTeSUT Wb_gdX bQdU Q\_^U T_Uc ^_d S_^VYb] 
Q cU\V)\Y]YdY^W ]USXQ^Yc]* H_ S_^fY^SY^W\i UcdQR\YcX cU\V)\Y]YdQdY_^( dXU QedX_bc cX_e\T ̀ UbV_b] Q cicdU]QdYS 
cdeTi Ri Y^SbUQcY^W dXU C_E.;\;\. ce``\i _b UhdU^TY^W dXU Wb_gdX dY]U d_ TU]_^cdbQdU dXQd ̂ _ QTTYdY_^Q\ \QiUb 
V_b]c e^TUb XYWXUb `bUSebc_b V\eh _b `b_\_^WUT Uh`_cebU*

�

-Inhomogeneous device performance
Comment 1010: A^ >YWebU 0( dXU QedX_bc `bUcU^d U\USdbYSQ\ SXQbQSdUbYcdYSc Vb_] cUfUbQ\ RQdSXUc _V C_G. >=Hc* 
@_gUfUb( dXU TQdQ UhXYRYd ceRcdQ^dYQ\ TUfYSU)d_d_)TUfYSU fQbYQdY_^oUhSUUTY^W dXbUU _bTUbc _V ]QW^YdeTU Y^ 
SebbU^d TU^cYdi &>YWebU 0R' Q^T cX_gY^W \QbWU ]_RY\Ydi c`bUQT &>YWebU 0U'* HXYc XYWX TUWbUU _V Y^X_]_WU^UYdi 
bQYcUc S_^SUb^c QR_ed dXU S\QY] _V gQVUb)cSQ\U cY^W\U SbicdQ\\Y^Ydi*

" '

A1g1g
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General concerns
Comment 1111: <YVVUbU^d SXQbQSdUbYjQdY_^c gUbU `UbV_b]UT _^ cQ]`\Uc Wb_g^ Qd TYVVUbU^d dU]`UbQdebUcoU*W*( 
dXYS[^Ucc Q^Q\icYc Qd 41,}l;( WbQY^ ]Q``Y^W Qd 531}l;( Q^T TUfYSUc Qd -,.1}l;* HXU bQdY_^Q\U V_b dXUcU 
SX_YSUc cX_e\T RU Uh`\QY^UT* Ac dXU U`YdQhYQ\ ]USXQ^Yc] _b ]QdUbYQ\ aeQ\Ydi S_^cYcdU^d QSb_cc dXUcU 
dU]`UbQdebUc8

l l

l l

l

�

�

Comment 1212: HXU ]Q^ecSbY`d g_e\T RU^UVYd Vb_] QTTYdY_^Q\ \Q^WeQWU ̀ _\YcXY^W Q^T bUcdbeSdebY^W V_b S\QbYdi 
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Q^T V\_g*
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Reviewer #3: HXU Wb_gdX _V cY^W\U)SbicdQ\\Y^U ]_^_\QiUb HC<; VY\]c Yc XYWX\i TUcYbUT V_b dXUYb \QR)d_)VQR
dbQ^cYdY_^* >_SecY^W _^ dXYc _RZUSdYfU( dXU ]Q^ecSbY`d pGU\V)Q\YW^UT Q^T cU\V)\Y]YdY^W fQ^ TUb KQQ\c U`YdQhi
_V ]_^_\QiUb C_G. d_ Q^^YXY\QdU WbQY^ R_e^TQbYUc V_b cSQ\QR\U .< U\USdb_^YScq bU`_bdUT Q^ CE;J< Wb_gdX
Q``b_QSX V_b QSXYUfY^W \QbWU)QbUQ ]_^_\QiUb C_G. cY^W\U SbicdQ\c( RQcUT _^ dXU cU\V)Q\YW^]U^d _V Y^YdYQ\\i)
]Yc_bYU^dUT T_]QY^c* HXU Wb_gdX _V C_G. Q\c_ _SSebc \QiUb)Ri)\QiUb( \UQTY^W d_ W__T c`QdYQ\ e^YV_b]Ydi Q^T
XYWX U\USdb_^YS `UbV_b]Q^SU*
A^ ]i _`Y^Y_^( dXU Wb_gdX ]USXQ^Yc] bUfUQ\UT Y^ dXYc g_b[ Yc fUbi Y^dUbUcdY^W Q^T Yc Ve^TQ]U^dQ\\i TYVVUbU^d
Vb_] `bUfY_ec UVV_bdc* Ad ]YWXd RU UfU^ ]_bU b_Recd+bU`b_TeSYR\U( YV dXU Wb_gdX `b_SUcc SQ^ RU Ve\\i e^TUbcd__T
Q^T S_^db_\\UT( cY^SU dXUbU Yc \Ucc cdbY^WU^d bUaeYbU]U^d _^ dXU _bYU^dQdY_^ _V dXU Y^YdYQ\ C_G. ^eS\UY* KYdX
dXQd RUY^W cQYT( A dXY^[ dXUbU QbU cUfUbQ\ Y]`_bdQ^d aeUcdY_^c d_ RU QTTbUccUT d_ RUddUb U\eSYTQdU dXU Wb_gdX
]USXQ^Yc] Q^T e^TUbcdQ^T gXi dXYc `QbdYSe\Qb Wb_gdX `b_SUcc Yc W_fUb^UT Ri Q d_dQ\\i TYVVUbU^d ]USXQ^Yc]
Vb_] `bUfY_ec _^Uc6

Comment 1: Sapphire substrate requirements: :i S_]`QbY^W dXU B==< `QddUb^c _V C_G. Wb_g^ _^ S)
cQ``XYbU gYdX _``_cYdU ]YcSed Q^W\Uc &>YW* .S'( dXU QedX_bc S_^S\eTUT dXQd dXU Q\YW^]U^d _V C_G. Yc W_fUb^UT
Ri dXU dUbbQSU Y^cdUQT _V dXU cdU` UTWUc* <_Uc dXYc ]UQ^ dXQd dXYc Wb_gdX Q``b_QSX Yc Q\c_ S_]`QdYR\U gYdX
S_^fU^dY_^Q\ S)cQ``XYbU _b TYVVUbU^d ]YcSed TYbUSdY_^c8 >ebdXUb TYcSeccY_^ _b Uh`UbY]U^dQ\ UfYTU^SU g_e\T
RU XU\`Ve\* 9TTYdY_^Q\\i( dXU QedX_bc QbU ceWWUcdUT d_ `UbV_b] 9>C SXQbQSdUbYjQdY_^ _^ dXU C_G. V\Q[Uc Qd
Q^ Y^YdYQ\ Wb_gdX cdQWU d_ UhQ]Y^U gXUdXUb dXU ^eS\UQdY_^ ]QY^\i _SSebc Qd cdU` UTWUc _b dUbbQSUc*

Comment 2: Formation of isolated domains of twisted MoS2: A^ >YW* -S Q^T G0( Y^)`\Q^U LF< _RcUbfUc dXU
`bUVUbU^dYQ\ dgYcd Q^W\Uc _V Yc_\QdUT C_G. T_]QY^c &U*W*( Y^ dXU ., ]Y^ Wb_gdX cQ]`\U'( Q^T dXU Q^W\Uc ]QdSX
gYdX C_G.+cQ``XYbU \QddYSU ]_TU\* @_gUfUb( dXU V_b]QdY_^ U^UbWi _V dXUcU dgYcdUT T_]QY^c cX_e\T RU
cYW^YVYSQ^d\i XYWXUb dXQ^ dXQd _V ,)TUWbUU Q^T 2,)TUWbUU T_]QY^c &Qc cX_g^ Y^ <>H SQ\Se\QdY_^ bUce\dc Y^
>YW* .U Q^T G-1'* KXi T_ dXU dgYcdUT T_]QY^c V_b] Y^ dXYc `QbdYSe\Qb Wb_gdX Q``b_QSX8 Ad g_e\T RU ^USUccQbi
d_ TYcSecc dXU ]USXQ^Yc] Q^T Q\c_ S_]`QbU Yd gYdX UhYcdY^W g_b[*
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Comment 3: MoS2 domain alignment mechanism: Hg_ `_ccYR\U ]USXQ^Yc]c V_b T_]QY^ Q\YW^]U^dc QbU
S_]`QbUT( Y^S\eTY^W dXU b_dQdY_^ ]_TU\ Q^T WbQY^ R_e^TQbi ]YWbQdY_^ ]_TU\* HXU QedX_bc YTU^dYVYUT dXQd dXU
WbQY^ R_e^TQbi ]YWbQdY_^ Yc Q ]_bU `\QecYR\U ]USXQ^Yc]* @_gUfUb( gXi T_Uc dXU WbQY^ b_dQdY_^ ^_d XQ``U^
Qd dXU UQb\i ^eS\UQdY_^+Wb_gdX cdQWU8 <>H SQ\Se\QdY_^c QbU TUcYbUT d_ S_]`QbU dXU QSdYfQdY_^ U^UbWYUc V_b
T_]QY^ b_dQdY_^ fUbcec ?: ]YWbQdY_^* C_bU_fUb( TeU d_ dXU cY]Y\Qb VbUU U^UbWYUc _V ,)TUWbUU Q^T 2,)TUWbUU
T_]QY^c( A dXY^[ dXU S_^fUbcY_^ Vb_] 2,)TUWbUU d_ ,)TUWbUU T_]QY^ bUaeYbUc ^_d _^\i Q \QbWU QSdYfQdY_^
U^UbWi( Red Q\c_ Q `bUSYcU S_^db_\ _V Wb_gdX dXUb]_Ti^Q]YSc( gXYSX cX_e\T RU fUbi SXQ\\U^WY^W* HXU QedX_bc
QbU ceWWUcdUT d_ TYcSecc VebdXUb X_g dXYc Wb_gdX Q``b_QSX QSXYUfUc W__T S_^db_\\QRY\Ydi*

Comment 4: Temperature-dependence of self-aligned coalescence: HXU QedX_bc YTU^dYVYUT dXQd dXU T_]QY^
Q\YW^]U^d g_b[c V_b Wb_gdX dU]`UbQdebUc QR_fU 5,, ;* @_gUfUb( A dXY^[ Yd Yc Q\c_ `_ccYR\U dXQd dXU Wb_gdX
bQdU Q^T WbQY^ R_e^TQbi ]YWbQdY_^ bQdU QbU \_gUb Qd \_g dU]`UbQdebUc( c_ dXQd QTTYdY_^Q\ Wb_gdX dY]U Yc
^UUTUT V_b dXU Ve\\ ]UbWU _V C_G. T_]QY^c Q^T V_b dXU cU\V)Q\YW^]U^d*

� �

�

Comment 5: Mobility extraction of the MoS2 device: HXU TUfYSUc ecUT V_b ]UQcebY^W dXU U\USdb_^ ]_RY\Ydi
XQfU aeYdU \_^W SXQ^^U\c &dU^c _V ]YSb_]UdUbc'( gXYSX QbU ^_d S_]`QbQR\U d_ dXU `bQSdYSQ\ Q``\YSQdY_^
cSU^QbY_ _V .< ^Q^_U\USdb_^YSc* >_b UhQ]`\U( FUV* 04 ecUc Q cX_bd)SXQ^^U\ TUfYSU &.,, ^]'( gXYSX SQ^ \UQT
d_ \_gUb ]_RY\Ydi fQ\eUc Red Yc S\_cUb d_ dXU `bQSdYSQ\ Q``\YSQdY_^* HXU QedX_bc QbU ceWWUcdUT d_ VQRbYSQdU
cX_bd)SXQ^^U\ TUfYSUc d_ RUddUb UcdY]QdU Q^T RU^SX]Qb[ dXU ]_RY\Ydi*

200 nm 200 nm

(a) (b)
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Comment 6: Defect density measurement: HXU QedX_bc TYcSeccUT dXU C_G. TUfYSU `UbV_b]Q^SU Q^T dXU 
Sb_cc_fUb Vb_] dXUb]Q\\i QSdYfQdUT d_ `X_^_^)\Y]YdUT dbQ^c`_bd Y^ C_G. Wb_g^ Qd XYWXUb dU]`UbQdebUc &>YW* 
0T'* Ad g_e\T RU XU\`Ve\ d_ TYbUSd\i ]UQcebU dXU TUVUSd TU^cYdi Ri ecY^W GHC( S_^TeSdYfU 9>C( _b GH=C( UdS*( 
d_ RUddUb S_bbU\QdU gYdX U\USdbYSQ\ TQdQ Q^T S_]`QbU gYdX `bUfY_ec g_b[*

Comment 7: Batch-toto-batch reproducibility of the self-aligned coalescence phenomenon: E^ ̀ QWU 3 _V dXU 
]Q^ecSbY`d( dXU QedX_bc ]U^dY_^UT dXQd dXU dY]U)TU`U^TU^d T_]QY^ _bYU^dQdY_^ Uf_\edY_^ Yc XYWX\i 
bU`b_TeSYR\U Y^ CE;J< Red Y^S_^cYcdU^d Y^ `_gTUb)c_ebSU ;J<* Ad Yc ^UUTUT d_ Y^S\eTU dXU TQdQ Vb_] 
TYVVUbU^d Wb_gdX RQdSXUc d_ ce``_bd dXYc S_^S\ecY_^* >_b UhQ]`\U( Ubb_b RQbc V_b dXU Y^cUd _V >YW* -S QbU 
bUaeYbUT*

)

)

= 0.1 V
51 nm
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Reviewer #1: In their response letter and revised manuscript, the authors have largely addressed the
comments raised by me. However, for the claim “phonon limited electron mobility at room temperature”, I
still do not agree. Temperature-dependent measurements can only tell us that which factors dominate the
changes in mobility, while they cannot tell us what specifically dominates the mobility at a given temperature.
The mobility is typically limited by defect and phonon scattering at room temperature. Since defect scattering
is not particularly sensitive to temperature, so the change in mobility with temperature appears to be phonon-
dominated. In addition, the full name of word “vdW” is already provided in line 20, so it is unnecessary to
repeat it in line 22.

et al.

[1] nature nanotechnol., 2024, 19, 948.

[2] APL, 2018, 112, 123101.

[3] nature nanotechnol., 2015, 10, 534.
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Reviewer #2: Before providing my detailed comments on the revised manuscript, I must note that the format
of the author’s response letter is difficult to read and follow. This has made the review process more time-
consuming. I strongly recommend that the authors reply to each reviewer comment one by one, and clearly
indicate the corresponding revisions (e.g., by quoting or pointing to the changed paragraph). In addition,
please avoid asking the reviewer to cross-reference other reviewers’ comments before fully addressing the
current question. It is unreasonable to expect reviewers to repeatedly switch back and forth between different
comments.
In terms of content, I find the most interesting aspect of this work to be the proposal of a new mechanism for
achieving single-crystal TMD films. However, in the response, the authors emphasized that “the main
purpose of this manuscript is not to reveal the growth mechanisms.” This statement is confusing and
somewhat contradictory, since without a convincing mechanism the generality of the method remains
questionable. There still several key questions remain unclear:

complete”

Comment 1: Why is 0° considered the most stable orientation? Normally, lower adsorption energy
corresponds to a more stable state. Please clarify your DFT calculation methodology and re-examine your
results. (Suggested references: Small 2020, 16, 2000596; ACS Nano 2023, 17 (2), 1196–1205).

Comment 2: Why does the mechanism occur only after contact or specifically at 40 minutes? In principle,
the timing of this crystallinity transition should vary if the supply rates of MoO2Cl2 and H2S are changed,
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since precursor supply affects the timing of contact. Additional experimental evidence is needed to 
substantiate this claim.

i.e.

�

�

�

�

�
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'

'

'

'

Comment 3: How is this process related to the substrate? The authors suggest that higher growth 
temperatures (e.g., 1000 °C), which are believed to cause surface roughening, lead to degraded crystallinity. 
Could direct evidence for this roughening be provided, and could the authors further explain how surface 
roughness impacts crystallinity? In this context, it would be highly valuable to demonstrate results on A-
plane or M-plane sapphire. This would help clarify whether substrate orientation guides the growth or 
whether the observed behavior is truly a self-aligned phenomenon. More experimental support is required to 
strengthen this point.

�

�
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Comment 4: Please avoid overclaiming. For example, the statement: “It is worth noting that the temperature
dependence of mobility in MOCVD-grown MoS2 films has, to the best of our knowledge, not yet been reported.”
is inaccurate. First, there are already published studies reporting temperature-dependent electrical
measurements of MOCVD-grown MoS2. (Nature Electronics volume 7, pages356–364 (2024)) Second, even
if this were not the case, such a statement does not add substantive novelty to this manuscript.

from Redwing and Jariwala group[

@1000 �C, 60 min

200 nm
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Our mobility Temp data

Nature electronics, 2024, 7, 356. In Fig. S7

ACS nano, 2025, 19, 8985. In Fig. 4e
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Reviewer #3: I appreciate the author’s significant effort in responding to my questions and revising the
manuscript. Upon reading the revised version, I am more convinced by the observed domain self-alignment
phenomenon and the proposed grain boundary annihilation mechanism. The device results presented in the
revised manuscript are also helpful to demonstrate the electrical performance of the MOCVD-synthesized
film. Nevertheless, there are still several points from my previous comments that I feel the authors should
address more adequately. I would like to clarify my questions further, and look forward to the authors’
response and revision:

Comment 1: The authors partially addressed my Comments 2-3 by suggesting that the probability of twisted
domain formation is governed by Maxwell-Boltzmann distribution, and that the domain rotation is
suppressed as domain size increases. However, in my original Comments 2-3, I was also concerned about
why the twisted domain percentage in this work (prior to coalescence) is higher than existing reports, and
why the self-alignment of 60-degree and 0-degree domains was unobserved in previous growths (e.g., ACS
Nano, 2015, 9, 4611). To address these questions and to provide guidance for future efforts on the growth of
single-crystalline TMD monolayers, I think it is necessary to provide more discussions on the growth
mechanism and clearly compare with existing growth approaches.

� � � � �

� �

�
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� �

Comment 2: In my previous Comment 4, my intent was to suggest the authors characterize the domain
alignment in coalesced MoS2 grown at lower temperatures (e.g., 850 C). Indeed, the coalescence would take
a longer time due to reduced growth rates, but it is still practical in my opinion. I believe this experiment
would be meaningful because it could reveal whether the domain alignment is solely constrained by growth
time or also by the temperature-dependent grain boundary migration rate. In case if a lower temperature,
longer growth time also result in domain self-alignment, the authors should clarify it in the manuscript.

-

�

�

�

Nanotechnology 29, 055706 (2018). ACS Nano 15, 2532 2541 (2021).

2D Mater 10, 045024 (2023).

A

B

[REDACTED] [REDACTED]
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Comment 3: In the response to my Comment 4, samples grown at 850 C were non-uniform and polycrystalline,
but why did the authors present a uniform A1g Raman mapping for the 850 C sample in Fig. 3e? This
discrepancy needs to be clarified.

� �

�

� �

(a) (b)Tg = 870 �C

0

0.5

1

1.5

2

2.5

3

3.5

350 400 450

Raman shift (cm-1)
350 400 450

A1g

408 cm-1

402 cm-1

In
te

n
si

ty
 (

a
. 

u
.)

In
te

n
si

ty
 (

a
. 

u
.)

450 450350 400

Raman shift (cm-1)

400350

Raman shift (cm-1)

405 cm-1

399 cm-1

1 m

1 m

850 �C

1025 �C

850 �C 1025 �C

19.8 cm-1

E1
2g

A1g

sapphire 19.3 cm-1

E1
2g

A1g sapphire

A1g



 

Reviewr#1 
I cannot agree the claim “phonon limited electron mobility at room temperature”. In the absence of defect 

scattering or other impurity scattering mechanisms, where only phonon scattering is operative, the measured 

mobility of monolayer MoS2 should approach its intrinsic theoretical limit (according to the Matthiessen’s 

rule of mobility 1/μ=1/μ_imp +1/μ_ph ). This should represent the highest mobility achievable experimentally 

in monolayer MoS2 devices and therefore will outperform all prior reports. Obviously, this is not the case as 

claimed by the authors. The as-achieved mobility of 66 cm2/Vs at room temperature is significantly worse 

than the previous state-of-the-art results [for example, 160 cm2/Vs in Science 390, eaea0849 (2025)]. Given 

that mobility is purportedly limited solely by phonon scattering, I request a detailed comment on why the 

measured mobility not only fails to approach the intrinsic theoretical limit but also underperforms relative to 

prior reports. 

Reply: Regarding the phonon-limited electron mobility, we have discussed this issue with Reviewer #1 three 

times, including in the present revision. Reviewer #1 has considered the relevant phonons as the intrinsic 

phonons of MoS2. However, in the first revision, we mentioned that the phonons in question are not intrinsic 

phonons of MoS2, but rather surface optical phonons of SiO2, as shown in Supplementary Fig. S28. In this 

case, the experimentally measured mobility is not expected to reach the theoretical mobility limit of MoS2 at 

room temperature. In the second revision, our revisions were focused solely on responding to the reviewers’ 

comments, and as a result, we did not sufficiently emphasize that the phonons originate from the surface 

optical phonons of SiO2, which led to this discrepancy. Since the primary focus of this manuscript is MOCVD 

growth, the discussion of transport properties is necessarily limited. Indeed, in the main text, the effect of 

surface optical phonons of SiO2 is not discussed and is only addressed in Supplementary Information. 

Therefore, to avoid further ambiguity, we follow the editor’s suggestion: the term “phonon-limited” has been 

removed from abstract, subsection, main text, and title of Fig. 5. Instead, the temperature dependence of 

mobility is explained in terms of a typical power-law behavior. Highlighted in red (Page 4, 15, 16, & 24) 

 

Reviewr#2 
This revised manuscript has largely addressed my previous questions. With the new experimental data, the 

proposed “self-aligned” mechanism appears much more reliable and convincing. However, before 

publication, I have one minor suggestion: the authors should correct their adsorption-energy definition to 

Ead = (EMoS2/sapphire – (EMoS2 + Esapphire))/S. 
Reply: We revised the definition of Ead according to the reviewer’s suggestion. Highlighted in red (Page 

26) 

 

 



The manuscript authored by Yoshiki Sakuma et al. reports the epitaxy of wafer-scale single-

crystalline MoS2 monolayers on c-plane sapphire via a self-aligned coalescence mechanism. 

The authors claim that although the initial nucleation produces domains of various orientations, 

these rotationally misoriented domains are deterministically self-aligned and merged into 

energetically favorable 0° domain during coalescence, yielding a continuous, unidirectional 

single-crystal. The mechanism elucidated by the authors is interesting and fundamentally 

differs from previous results. Although the present work provides novel insights into the 

synthesis of wafer-scale single-crystalline TMDCs films, the central point (i.e., the underlying 

mechanism) lacks strong evidence to support it. Therefore, I cannot recommend its publication 

in Nature Communications, at least for the present. 

Below are my detailed comments: 

1) The authors claim that although the initial nucleation produces domains of various 

orientations, the low-angle twisted and antiparallel 60° domains, upon impingement of the 

domains in lateral, started to merge into the energetically favorable 0° domain to form a single 

crystal, driven by the adsorption energy difference. There are several key issues here that need 

to addressed in detail by the authors. First, given the adsorption energy difference, why does 

the initial nucleation not yield the most energetically stable domains, but instead generate 

domains with various orientations? This result contradicts most of the previous results. Second, 

why does the adsorption energy difference only come into effect when domains with different 

orientations come into contact? Third, c-plane sapphire comprises six repeated slabs with 

ABABAB stacking in a bulk unit cell along the z axis [Figure below, adopted from Nature 

Nanotechnology. 18, 1289–1294 (2023)]. Is the sapphire step a mono-step height (~0.2 nm) 

corresponding to alternating slabs of A and B? If this is the case, the 0° orientation is the most 

energetically stable on slab A, while the 60° orientation is the most stable on slab B. Therefore, 

even if the authors' argument is correct, it is impossible to obtain a single-crystalline MoS2 

wafer under such circumstances because of the coexistence of slabs A and B (i.e., 0° and 60° 

orientations). 

 

2) Fig. 1d is the core evidence supporting the authors' argument, but it is difficult to validate 

the conclusion that the wafers are single-crystal because the TEM characterization is limited to 

extremely small local areas. The authors should perform wafer-level characterization, with at 

least 10 or more different locations randomly selected. In addition, I'm a little skeptical of the 

percentage data for different orientations in Fig.1d. At 35 min, the 0° domain is 48.5%, while 

the 60° domain is 9.44%. This is very confusing and contradicts the results of Fig. 1b. The 

authors should give more than 10 AFM data like Fig. 1b, which can enable us to clearly obtain 

the percentage of different orientations and cross-verify with the TEM data in Fig.1d. 

3) From Fig. S6, although diffraction spot intensities associated with the reciprocal lattice 

vectors ka are different from those corresponding to kb, the difference is quite small. Could such 

jwu9191
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a small difference be masked by experimental error, leading to erroneous conclusions such as 

the percentage of 0° and 60° domains? 

4) For the sentence “About ~55% of domains exhibited 0° and the remainder was 60°. Upon 

closer inspection, however, ~11° and ~49° domains were also discerned, as shown by blue 

dotted lines”, the preceding and following parts contradict each other. For the preceding part, 

there are only two orientations, i.e., 0° and 60°. While the following part highlights that there 

are other orientations. The authors should do a statistic to point out the percentage of different 

orientations. 

5) For sentence “the subpeak with 10.89° twisted angle was resolved into a doublet at 10.4° 

and 11.3° (average: 10.85°)”, how is the angle value of 10.89° extracted? The angle value of 

10.89° is not the specific angle of these two peaks, nor is it the average value. In fact, the authors 

also used the angle value of 11° prior to this sentence. The inconsistent angular values are 

extremely confusing. 

6) From Fig. 1b, it can be known that the terrace width of the sapphire surface increased 

significantly. For Fig. 1b, the terrace width after growing at 950° is over 200 nm. What is the 

terrace width after growing at 975° or higher? 

7) In page 7, the authors write “upon impingement of the domains in lateral at approximately 

40 min, the low-angle twisted domains, followed by the antiparallel 60° domains”, what data 

does the authors have to support that the coalescence 60° domains occurred after the low-angle 

twisted domains? 

8) For Fig. S9, it seems that only the curve growing at 975° has no twisted domains. For the 

curve growing at 1000°, it is quite same with that at 950° and 900°, showing a broad tail 

structure at the foot of the 0° peak and also twisted domains. This does not seem to be the case, 

as the authors claim, that higher temperatures favor single-crystal formation. This also seems 

inconsistent with the mobility results in Figure 4. 

9) For SHG mapping in Fig. 1f, the intensity is quite non-uniform. In addition, the scale is too 

large, spanning five orders of magnitude (from 0 to 105). The authors must tune the scale to 

within an order of magnitude. Any sample is homogeneous as long as the scale is large enough. 

For right panel of Fig. 1f, how many SHG curves at different locations are superimposed? 

10) In Fig. 2b and Fig. S11, why are there some irregular mosaic backgrounds in the LEED 

images in addition to the diffraction spots? 

11) To support the self-limiting growth, the authors should show more AFM images. For each 

growth time (over four different growth times), the authors should present AFM images of more 

than 10 random positions on the wafer.  

12) For the sentence “High-resolution in-plane XRD ϕ scans at five different points in the wafer, 

as shown in Figure 3d, macroscopically revealed the formation of uniform film without low-

angle and antiparallel domains throughout the wafer”, the XRD data cannot demonstrate that 

there are no antiparallel domains. 

13) For transfer curves (Fig. 4b) and output characteristics (Fig. 4c), why do the authors use 

samples grown at two different temperatures? They should standardize the samples and present 

data from a unified sample. 

14) In page 14, the authors state: “mobilities achieved via MOCVD are comparatively lower 

than those obtained using powder CVD, rendering small comparisons of μ values at room 



temperature less meaningful”. I cannot agree with the authors' view. Mobility is an intrinsic 

property of a sample, which is not determined by the growth method. If the mobility of samples 

obtained by a growth method is lower than that of other methods, this method has no application 

value and should be eliminated. The authors should explain why the mobility of MOCVD 

samples is comparatively lower than those obtained using powder CVD—whether it is due to 

too many defects in the samples or other reasons. 

15) The authors claim the phonon limited electron mobility, I also do not agree with this because 

we cannot simply draw this conclusion directly from the temperature evolution of mobility. The 

temperature evolution can only indicate whether phonons come into play. In addition, the 

obtained mobility is lower than the phonon limit value. 

16) Regarding “attains a record-high mobility, approximately 66 cm²/Vs”, I suggest the authors 

remove the claim of “record-high”. 

17) Regarding “approaches values similar to those achieved previously with powder CVD46”, 

I suggest the authors cite the most recent literature. Ref. 46 cited by the authors is already 8 

years old and does not represent state-of-the-art results. 

18) For the second paragraph in the main text “Since c-plane of bulk sapphire exhibits……and 

other techniques”, the logic of the writing is very confusing. First, the authors state in the first 

sentence that based on basic symmetry guideline it should be possible to realize MoS2 single 

crystals on sapphire. However, in the second sentence immediately following, the authors go 

on to say that simply on the basis of basic symmetry guideline, the experiment did not realize 

MoS2 single-crystal. Are the authors trying to illustrate the basic symmetry guideline in the first 

sentence, or are they trying to show by the second sentence that the basic symmetry guideline 

is wrong now? Subsequently, the authors highlight that two major strategies known as step-

edge-guided and symmetry-guided epitaxy have been proposed. In fact, both strategies are 

within the framework of basic symmetry guideline (i.e., the first sentence). 

19) For the third paragraph in the main text, it is also very confusing. This is because the authors 

raised many key scientific problems in this passage, but then the authors don't address any of 

them.  

20) In line 21, the authors write about “quasi-van der Waals (vdW) epitaxy”. What does “quasi” 

mean? I am confusing for the use of word “quasi”. 

21) For “LEED intensity - voltage”, there are two redundant spaces.  

22) Regarding Raman mapping of Fig. 3e, why does it resemble a scatter plot? 
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