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Supplementary Note 1

Geometric structures of H and T' phases of WSe;-Te, monolayers:

We consider different configurations for H or T' phases of WSe2xTex monolayers at the same Te
concentration, and perform structural relaxation and electron self-consistency calculations. The most
stable structures of H phase and T' phase at different concentrations are determined, as shown in Fig.
S1. In addition, for the case of x=1, the minimum energy difference between different structural
configurations in H phase is only 0.0005 eV/f.u., which indicates the coexistence of different

configurations at the same concentration.
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Fig. S1. Top and side view of (a-¢) H phase and (f-j) T' phase of WSe».,Te, monolayers with different Te

concentration.
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Supplementary Note 2
AIMD simulations at room temperature for H and T' phases of WSe:..Te. monolayers:

To further investigate the thermal stability of the two phases, the ab initio molecular dynamics
(AIMD) simulations of the WSe2»Tex monolayers are performed at 300 K, as shown in Fig. S2. A 120-
atom supercell is used for AIMD simulations with one I" point to sample the Brillouin zone integration.
All the AIMD simulations were performed in the NPT ensemble (constant particle, pressure, and
temperature) with 10000 step calculations at a time step of 3 fs. The free energy fluctuation curves
show that the WSe2-xTex monolayers hold stability at room temperature coherently, where the stable
phase of WTez is T’ phase, whereas that of WSe: prefers the H phase. Comparing the initial structures
with the equilibrium structures at 300 K, it can be seen that all the phase structures are not distorted or

deformed because the average positions of the atoms are not drastically deviated.
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Fig. S2 Energy curves of AIMD simulations for (a-e) H-WSe».,Te, and (f-j) T’-WSe».,Te, at 300 K. The H-WSe>.

<Tey at x=0 is used as the energy standard, and the ordinate unit is set to eV/f.u.. The illustrations show the initial

structures and the equilibrium structures at 300 K.
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Supplementary Note 3
AIMD simulations heated to 1100 K for WSe;..Te, monolayers with high Te compositions:

After the atomic position relaxation and geometry optimization conducted in a static DFT
calculation, a 120-atom supercell is used for AIMD simulations with one I' point to sample the
Brillouin zone integration. In order to dynamically monitor the phase transition of H-WSe2.Tex
monolayers with high Te composition, the H-WSe2.xTex monolayer with x=0 was selected for
comparison. The initial AIMD simulation was carried out, and the H-WSe2-xTex monolayers with x=0,
x=1.5 and x=2 were heated from 300 K to 1100 K, using 20000 step calculation with a time step of 1
fs. The temperature change curves of H-WSe2.xTex monolayers at x=0, x=1.5 and x=2 tend to be
consistent, as shown in Fig. S3a. In the process of heating and high-temperature hot bath, the adjacent
W-W bonds in the H-WSe:z.»Tex monolayers at x=1.5 and x=2 begin to evolve into long and short bonds,
while the W-W bond length oscillates at the equilibrium position when x=0, as shown in Fig. S3c, d.
In addition, the continuous hot bath at 1100 K changes the potential energy surfaces (PESs) for WSe:-
xTex monolayers of high Te concentration, providing the ability to manipulate phase transitions. This
process regulates the interatomic force and changes the potential energy pattern, as shown in Fig. S3b.
As the concentration of Te increases, the PESs flatten out and decrease further, so that the atoms can
move out of the original H phase. The above results indicate that the phase transition of monolayer
WSezTex alloys with high Te compositions is quite possible.
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Fig. S3. (a) Temperature curves of AIMD simulations heated from 300 K to 1100 K for H-WSe,.,Te, monolayers at

x=0, x=1.5 and x=2. (b) Curves of the potential energy surfaces (PESs) of WSe,.,Te, monolayers at x=0, x=1.5 and

x=2 under a continuous hot bath at 1100 K. (¢) The H phase of WSe».,Tex monolayers, bond1 and bond2 represent

the evolution of long and short bonds that occur when heated to 1100 K. (d) Dynamic evolution of partial long and
short bonds in H-WSe,., Te, monolayers heated from 300 K to 1100 K at x=0, x=1.5, and x=2.
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Supplementary Note 4
Band structures of H and T' phases of WSe:-Tex monolayers:

Fig. S4 shows the electron band structures of the H phases and T' phases of WSe2-xTex monolayers.
We carry out the generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE)
functional and the screened exchange hybrid Heyd-Scuseria-Ernzerhof (HSE06) functional for the
band structure calculations of the WSez-«Tex monolayers. When x=0, the experimental result show that
the band gap of monolayer WSe2 with H phase as the most stable phase is 1.60 eV, [1] while the band
gap values obtained by PBE and HSE06 methods are 1.54 eV and 2.01 eV, respectively. Although the
inherent defects of delocalization error and derivative discontinuity, the band gap calculated by PBE
method is inevitably underestimated, but within the error range our calculations describe the
experimental results well. The H-WSe2Tex monolayers are all semiconductors, and their VBM and
CBM are located between the I' and X points. With the increase of Te concentration, the energy levels
of VBM and CBM move upward and the band gap decreases. Similarly, the Fermi levels of T'-WSea-
xTex monolayers shift upward with increasing Te concentration. When x=0.5 and 1, the T'-WSe2Tex
monolayers open up a narrow band gap. The positions of the CBM and VBM levels of the
semiconductor phases and the Fermi levels of the semi-metallic phases are closely related to the
priority of electron or hole injection. Compared with the HSE06 method, the calculation of PBE
method underestimates the band gap, but does not affect the priority of hole or electron doping to
occupy the energy level. In addition, considering the time consuming and huge computing resources

of HSEO6 calculation, we use PBE method for subsequent calculations.
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Fig. S4. The band structures of the WSe,.,Te, monolayers in (a-¢) H phases and (f-j) T' phases, the red and blue
solid lines represent HSEO6 and PBE methods, respectively.
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Supplementary Note 5

Charge injection and tensile strain regulate the phase transitions for MoSe:..Te, and WSe2..S«

monolayers:

In order to confirm the feasibility of charge injection and tensile strain for regulating the phase
transition for other TMD alloys, we further extend our analysis to MoSexxTex and WSe2-xSx
monolayers, as shown in Fig. S5. We select the rectangular unit cell composed of two formula units as
research object, and consider the cases of x=0.5 and x=1.5. After optimized relaxation, the stable
geometric structures are shown in Fig. S5a, b. For the neutral case, the H phases of MoSe2«Tex and
WSe2»Sx monolayers are more stable than T phases, as shown in Fig. S5c, d The energy difference
between the two phases decreases with the injection of electrons. When the injected electron
concentration exceeds a certain critical value, the T’ phase begins to dominate, which is consistent with

the WSe2-»Tex monolayers with H phase as the stable phase.

Furthermore, the effect of 4% biaxial tensile strain on the energy barrier of phase transition is
considered. As shown in Fig. S5e, f, it is obvious that the biaxial tensile strain can effectively reduce
the barrier height of the H to T’ phase transition. For x=0.5 and x=1.5 of WSe2.xSx monolayers, the
positive barriers from H to T’ phase are 1.30 eV and 1.42 eV, respectively. Under 4% tensile strain, the
energy barrier decreases to 1.04 eV and 1.16 eV. Therefore, our results have a certain reference value
for accelerating phase transition by reducing the phase transition barrier of monolayer transition metal
dichalcogenide alloys by tensile strain.
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Fig. S5. Atomic structures of (a) MoSe,., Te, and (b) WSe,.S, monolayers at x=0.5 and x=1.5 in H and T’ phases.
Energy difference between the H- and T’-phases for (¢) MoSe».,Te, and (d) WSe,.,S, monolayers as the function of
doping electron and hole concentration. The free energy curves along the transition path from H to T’ phases of (e)

MoSe;.Te, and (f) WSe»..S: monolayers under 0% and 4% tensile strain.

References

[1]J. K. Huang, J. Pu, C. L. Hsu, M. H. Chiu, Z. Y. Juang,Y. H. Chang, W. H. Chang, Y. Iwasa, T. Takenobu
and L. J. Li, ACS Nano, 2014, 8, 923.

S-9




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


