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Supplementary Note 1

1. Optical microscope images:

Fig. S1. (a)-(e) The basic optical microscope images of 3 L, 6 L, 10 L, 13 L, and 16 L Bi,O,Se films under 20X

objective, respectively.

2. AFM images:

5.96 nm

Fig. S2. (a)-(d) The AFM images of 6 L, 10 L, 13 L, and 16 L Bi,0,Se films, respectively.



Supplementary Note 2

XPS survey spectrum:
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Fig. S3. The XPS survey spectrum of 10 L Bi,0,Se film.

Supplementary Note 3

Angle-resolved polarized Raman spectroscopy (ARPR):
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Fig. S4. (a) The schematic diagram of polarized Raman spectroscopy configuration. The schematic diagram of (b)

polarize

A 4

sample

0V and (c) 6H configuration, respectively.
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Fig. S5. (a) The polar plots and fitted intensities of A;; Raman mode as the function of angles with 8H configuration.
(b) The polarized Raman mapping under 6H configuration.

The ARPR measurement was carried out to further investigate the phonon anisotropy of 2D Bi,0,Se. As shown
in Fig. S4, the half-wave plate was applied to change the polarization direction of incident light. The sample was
kept stationary while rotating the half-wave plate in 20 steps. The analyzer can be selectively set to obtain the Raman
scattering signals under the 8V or 6H configuration.

In these two polarized Raman configurations, the laboratory coordinates (X, y, z) which represented by black
arrows coincides with crystal coordinates (X', y', z') referred as gray arrows in Fig. S4. In this case, by rotating the
laser polarization direction, there is an angle (6) between the laser polarization direction and one axis of the crystal
coordinates. Furthermore, the incident laser polarization is rotated 8 when the half-wave plate rotating 6/2. As
shown in Fig. S4b-c, the green arrows refer to the polarization direction of incident laser reaching the sample. The
blue arrows represent vertical or horizonal direction of Raman signal selected by the analyzer before the
spectrometer entrance. When 6 = 0, they correspond to the normal parallel (VV) and cross (VH) polarized Raman
measurements, respectively. Therefore, the typical polarization configuration provides a convenient method to study
crystal orientation and phonon anisotropy.

According to the Raman selection rules, the Raman intensity can be expressed as

I o |&-R-8,|? (1
Where € and €, represent the polarization vector of the Stokes scatter light and excitation light respectively, the R is
the Raman tensor of one Raman mode.

The Raman tensors of A, mode is:

a 0 O
(0 a O)
0 0 b

In our ARPR measurement, €; can be written as (sin 8, cos 8, 0) for both two configurations, where 8 denotes



the angle between the y axis and polarization direction. The €5 should be written as (0, 1, 0) for 8V and (1, 0, 0)

for OH configuration.

As a result, the Raman intensity of A;, mode for 8V follows the formula:

And for 8H follows:
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Supplementary Note 4

Layer-dependent bandgap:

Fig. S6. (a)-(d) The Tauc plots of 6 L, 10 L, 13 L, and 16 L Bi,0O,Se films.
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Fig. S7. (a) Atomic structure of 6 L Bi,O,Se calculated mode. (Pink, yellow, and bule balls correspond to Bi, O and
Se atoms, respectively.) (b)-(d) The band structures of 6 L, 10 L, and 13 L Bi,0,Se films, respectively, while the

dispersions of red, green, and yellow circles represent the contributions by Bi-p, Se-p, and O-p orbitals, respectively.



Supplementary Note 5

Temperature-dependent Raman spectroscopy
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Fig. S8. The Raman spectra of (a) 3 L, (b) 6 L, (¢c) 13 L, and (d) 16 L Bi,0,Se from 220 K-440 K.

Supplementary Note 6

Spectroscopic ellipsometry analysis:

In this work, the spectra measured at different incident angles (60°, 65°, and 70°) have been fitted and shown in

Fig. S8. The root means square error (RMSE) can evaluate the goodness of the SE fitted results, which is defined as:

1 i Y i i
RMSE:J M [ (Bhea = ¥ie)” + (Blnea — Aki)?] )
M is the number of data points, and P is the number of unknown model parameters. ¥}, ,,and ‘IJ}it represent the ith

measured and fitted amplitude, AL, and A/i‘it represent the ith measured and fitted phase. Consequently, the RMSE

values are 7.46, 1.58, 1.68, 7.31, and 4.71 of 3-16 L, respectively, which suggest reliable results.
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Fig. S9. The measured (symbols) and best-fitted (lines) Psi (a-d) and Delta (e-h) curves for 3L, 6 L, 13 L,and 16 L

Bi,0,Se films at 60°, 65°, 70° azimuthal orientation, respectively.
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Fig. S10. The refractive index (a) and extinction coefficient (b) of Bi,O,Se films, respectively.

Table S1. The thickness of Bi,0,Se films measured by AFM and SE

n]ﬁ]gér 3L 6L 10L 13L 16L
Thickness AFM 1.94 4.24 5.96 7.98 10.34

(nm) SE 2.12 3.81 5.83 7.95 9.88




Table S2. The parameters of SCP transitions well model for ultrathin Bi,O,Se films

Exciton = Parameters 3L 6L 10L 13 L 16 L
4 0.95 0.97 0.83 1.48 2.53
0 (0.03) (0.02) (0.04) (0.01) (0.01)
140.21 140.22 140.59 141.20 141.01

D, (deg)

e (0.02) (0.04) (0.02) (0.01) (0.04)
a E, (V) 221 2.19 2.12 2.09 2.04
0 (0.02) (0.01) (0.01) (0.01) (0.02)

o (V) 0.57 0.47 0.38 0.27 0.27

(0.01) (0.01) (0.07) (0.01) (0.03)

2 3.41 455 6.73 10.23 9.89

1 (0.04) (0.03) (0.27) (0.01) (0.02)

O, [dogy 13464 134.66 134.52 134.46 134.35

e 1 (0.16) (0.47) (0.38) (0.58) (0.28)
b £ (ov 2.96 2.93 2.84 2.71 2.48
1(eV) (0.19) (0.08) (0.16) (0.11) (0.07)

L, (V) 0.56 0.59 0.58 0.52 0.52

(0.10) (0.05) (0.03) (0.05) (0.04)

4 18.35 14.63 11.78 9.31 8.55

2 (0.21) (0.16) (0.60) (0.04) (0.08)

o, (dogy 12867 128.75 128.73 127.71 129.55

- 2 (0.43) (0.28) (0.10) (0.04) (0.03)
¢ E, (V) 4.58 4.54 4.47 4.08 4.02
2 (0.05) (0.04) (0.05) (0.03) (0.05)

L, (V) 0.93 0.97 1.01 0.98 1.62

(0.03) (0.04) (0.05) (0.07) (0.16)
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Fig. S11. (a)-(d) The second derivatives of the dielectric functions spectra (symbols) and the best-fitted spectra
(lines) of 3 L, 6 L, 13 L, and 16 L Bi,O,Se film respectively. Three CPs including E,, E;, and E. are marked by

arrows.



Fig. S12. The schematic diagram of the default local electronic band structure of 2D Bi,O,Se.

Table S3. The parameters of SCP model for ultrathin Bi,O,Se films at 230, 380, and 470 K, respectively

Samples 3L 6L 10L 131 16L
T (K) 230 380 470 230 380 470 230 380 470 230 380 470 230 380 470
4 0.15 1.01 022 222 0.38 0.52 131 0.69 0.65 228 2.05 2.06 4.10 349 2.75
0 0.04) 0.01) (0.06) 0.03)  (0.04) 0.02) (0.02) 0.01) (0.02) 0.01) (0.02) 0.01) (0.01) 0.01) 0.01)
@, (deg) 1403 1402 1412 140.9 140.8 1403 140.7 141.0 1409 1412 141.0 141.1 1412 141.0 140.9
E 0 0.1) 0.1) (0.1) 0.1) 0.1) (0.1) 0.1) (0.1) (0.1) 0.1) 0.1) (0.1) (0.1) (0.1) 0.1)
“ Eo(eV) 248 221 2.12 246 226 223 2.29 225 222 2.16 2.12 2.11 2.10 2.07 2.05
0 0.01) 0.01) (0.04) 0.02)  (0.07) 0.01) (0.03) 0.01) (0.01) 0.02) (0.03) 0.02) (0.02) 0.02) 0.02)
Iy &V) 045 0.55 0.23 0.66 0.29 037 042 033 033 030 031 031 032 0.32 032
0 0.02) 0.01) (0.01) 0.02)  (0.05) 0.01) (0.01) 0.01) (0.01) (0.03) (0.04) (0.03) (0.04) (0.04) (0.03)
4 10.41 3.66 344 3.90 5.68 4.70 5.94 691 6.77 1047 10.18 10.18 7.58 826 8.73
1 (0.16) 0.02) 0.01) 0.06)  (0.06) (0.05) (0.05) (0.04) (0.04) (0.03) (0.04) 0.03) 0.01) 0.02) (0.02)
®, (deg) 1352 1348 1349 135.1 1343 1343 1345 1343 1342 1345 1344 1343 134.6 1345 1345
E 1 0.2) 0.1) (0.1) 0.1) 0.1) (0.1) 0.1) (0.1) (0.1) (0.1) 0.1) 0.1) (0.1) 0.1) (0.1)
g 3.19 2.87 275 3.12 2.79 2.80 291 2.78 274 2.65 2.61 2.59 2.57 2.52 248
By (V) 0.25) (0.10) (0.06) 029)  (0.40) 0.34) (0.33) (0.30) (0.30) (0.03) (0.05) 0.03) (0.10) 0.13) 0.17)
I, V) 0.85 0.55 0.52 0.57 0.64 0.62 0.56 0.63 0.65 0.49 0.53 0.56 041 0.46 0.52
0.04) 0.01) (0.04) 0.01)  (0.03) (0.06) (0.05) (0.04) (0.06) (0.09) (0.06) 0.02) (0.06) (0.08) (0.08)
4 20.06 21.12 2653 13.26 11.53 12.29 10.98 935 9.80 361 434 3.58 5.76 436 6.72
2 0.01) (0.08) (0.02) 0.02)  (0.04) 0.07) (0.02) 0.02) (0.20) 0.10) (0.02) 0.02) (0.01) 0.14) 0.12)
, (deg) 128.8 1287 128.8 1287 1284 128.7 1286 1284 1285 127.7 1287 1284 1303 1294 129.6
£ z(deg 0.1) 0.6) (0.1) 0.5) 0.1) (0.1) 0.3) 0.7) (0.3) (0.1) 0.5) 0.1) (0.1) 0.2) 0.2)
¢ E, (V) 4.65 4.59 4.57 4.60 4.56 4.56 449 445 445 3.99 4.19 4.07 4.15 434 4.57
2 0.03) 0.18) (0.16) 0.04)  (0.02) (0.08) (0.03) (0.05) 0.07) (0.05) (0.06) 0.04) 0.01) (0.06) (0.08)
I, 6v) 0.89 1.01 129 091 1.03 1.02 0.94 0.96 0.97 0.89 1.03 0.93 149 1.28 1.57
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Fig. S13. (a) The refractive index, extinction coefficient, the real parts and the imaginary parts of dielectric function



of 3 L Bi;0,Se film from 230-470 K temperature. (b) The second derivatives of the dielectric functions spectra

(symbols) and the best-fitted spectra (lines) of 3 L Bi,0,Se at 230 K and 470 K, respectively. Three CPs including

E,, Ey, and E,. are marked by arrows. (c) The center energies of three CPs versus temperature.
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Fig. S14. (a) The refractive index, extinction coefficient, the real parts and the imaginary parts of dielectric function

of 6 L Bi;0,Se film from 230-470 K temperature. (b) The second derivatives of the dielectric functions spectra

(symbols) and the best-fitted spectra (lines) of 6 L Bi,0,Se at 230 K and 470 K, respectively.

E,, Ey, and E,. are marked by arrows. (c) The center energies of three CPs versus temperature.
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Fig. S15. (a) The refractive index, extinction coefficient, the real parts and the imaginary parts
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of 13 L Bi,0,Se film from 230-470 K temperature. (b) The second derivatives of the dielectric functions spectra
(symbols) and the best-fitted spectra (lines) of 13 L Bi,0,Se at 230 K and 470 K, respectively. Three CPs including

E,, Ey, and E,. are marked by arrows. (c) The center energies of three CPs versus temperature.
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Fig. S16. (a) The refractive index, extinction coefficient, the real parts and the imaginary parts of dielectric function
of 16 L Bi,O,Se films from 230-470 K temperature. (b) The second derivatives of the dielectric functions spectra
(symbols) and the best-fitted spectra (lines) of 16 L Bi,0,Se at 230 K and 470 K, respectively. Three CPs including

E,, Ey, and E, are marked by arrows. (c) The center energies of three CPs versus temperature.

Table S4. The temperature coefficient (-dE/dT) values of three CPs in Bi,O,Se films

Samples E, (x10™ eV/K) E,(x10™ eV/K) E.(x10™ eV/K)
3L -7.79 -19.30 -3.61
6L -7.29 -15.30 -3.28
10L -2.83 -8.47 -1.46
13L 2.72 -3.30 -2.43

16 L -2.47 -2.83 —





<<
  /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


