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2D Materials

black phosphorus MX, (MoS,, WS,, MoSe, ...)

Metal-organic framework
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Excitation Light of Table-top PL Spectrometer
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TLS BLO3: High Flux Beamline (E3E)

Energy : 4-40 eV (350~30 nm)
Resolving power: (500~20000)
Photon flux: ~1019~1072 ph s

Focused beam size: 0.45 mm x 0.2 mm
Grating: 450, 600, 950, 1600 g mm-?

Rl e
'__ 7 < < j\. ,’

v

-~

Dragon-type design: H-, V-, focus
Movable exit-slit position



Photon Flux of TLS BLO3 Filtered with LiF window
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VUV-UV Photoluminescence Endstation

Detection: JY-iIHR320:
150-1500 nm

« Linear dispersion: 2.35
nm/mm

« Resolution: 0.06 nm

« 3 grating (1200 g mm-")
selected for UV, visible,
and NIR
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QE

Response of Detection System
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Experimental Setup

SR-VUV/UV

Window gate valve

U

I

=1

1|
-+ Pinhole

11



Energy Level Scheme for Abs. PL. PLE. and Raman
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Biophysical Reviews 8, 151-161 (2016)
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Optical Spectroscopy of Graphene from far-IR to UV
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CVD Graphene Growth & Wet Transfer

[solvent etch

Science, 324, 1312 (2009)
ACS Nano, 5, 6916 (2011)
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Raman Spectroscopy of Graphenes
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Physics Reports, 473, 51 (2009)
Chem. Soc. Rev., 47, 1822-1873 (2018)



Raman Spectrum of 1LG on LiF Window
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Comparison of PL Spectra of SLG/LIF & ERE of RR
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Normalization intensity / a.u.

PL Excitation (PLE) Spectra of MGR/LIiF
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ApJ 901, 103 (2020)
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Characteristic of ERE

Light-driven emission phenomena & unpolarized & isotropic radiation pattern

Broad emission feature in 500-900 nm (60 < FWHM < 120 nm)

UV-field dependence: Peak @ 600 nm (low), @650-700 nm (medium),

@750-800 nm (high)

Most observed in T > 10000 K, none observed in T < 7000 K: Far-UV photons dominate
the production of ERE, in particular 10.5eV<E<13.6 eV

Found in carbon-rich stars: Carbonaceous nature of ERE carriers

Photon conversion efficiency (PCE) > 10% (old model: 540-91.2 nm), > 100% (new

model: 118-91.2 nm)

No luminescence in 350-500 nm,|No correlation to 217.5-nm UV bump and UIRs.

a8 PCE (Graphene) < 1%



CPS

PL Spectra of “Perfect” 2L-Graphene/MgF, at 10 K
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Intensity

Raman Spectra of Graphene (NCU)
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Graphene Exposed to Intense VUV Light (TLS 214, U090)

118 nm
~10"° photons/s

O 118 nm 4 hrs

X Broadband D, lamp > 8 hrs
X 265 nm (3W) > 8 hrs




Raman Spectrum of VUV-treated 2L-Graphene
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PL Spectra of VUV-treated 2L-Graphene at 10 K
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Comparison of PLE of Graphene with & without Defects
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Far-UV Spectroscopy of

Hexagonal Boron Nitrides
(hBN)

Yu-Jong Wu
NSRRC
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Boron Nitride

-r'.i-'-.i'EEJ@ E‘ E

v L SO
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R = O

Hexagonal form (h-BN) Cubic form (c-BN) Wurtzite form (w-BN)
hexagonal sphalerite structure waurtzite structure
analogous to graphite analogous to diamond analogous to lonsdaleite

Properties of amorphous and crystalline BN, graphite and diamond.
Some properties of h-BN and graphite differ within the basal planes () and perpendicular to them (J)

Material a-BN h-BN ¢-BN w-BN graphite diamond
Density (g/cm?) 228 |~2.1 3.45 (349 | ~2.1 3.515
Knoop hardness (GPa) 10 45 |34 100
Bulk modulus (GPa) 100 | 365 400 (400 |34 440
Thermal conductivity (W/(m-K)) | 3 60011, 30 O 740 200-2000 Il, 2-800 O 600-2000
Thermal expansion {10"51'“0} -2710, 380 1.2 |27 =151, 250 0.8
Bandgap (V) 505 |52 64 |4555|0 55
Refractive index 17 |18 21 |2.05 2.4
Magnetic susceptibility (pemuig)™®! -0481,-17.30 -02.-2701,-20.-280|-16

Sources: amorphous BN.ITIEIE erystaine sn 101 graphite [12] giamong [11]

Wiki: boron nitride



White Graphite : Hexagonal Boron Nitride (h-BN)

Hexagonal boron nitride structure

0.1446 nm

Covalent bonds

Nitrogen(N) __»

atoms \

1

Van der Waals/‘
bonds ———*

Boron (B) e
atoms =

0.6661 nm
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Stacking, Isoelectronic, Isostructural

Current Graphene Science 2, 97 (2018)

B: 152 252 2p!
C: 152 252 2p?
N: 152 252 2p3

AA-stacked AB-stacked

bilayer-graphene \ bilayer-graphene  / bilayer-graphene

4 \  (© AB stacking
(a) AA’ stacking (b) .

B

eN

JPCC. 122, 25524 (2018)
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Photoluminescence of Bulk hBN
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Exciton Type
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LUMO

Binding energy ~0.01 eV
Semiconductor, inorganic materials

Kena-Cohen thesis

Binding energy 0.1~1 eV

organic materials

34



UV Lasing of Single hBN Crystal (HP/HT)

(215 nm, 5.77 eV)
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Nat. Mater. 3, 404 (2004)
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Direct Bandgap of Single h-BN Crystal (HP/HT)
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DUV Lasing of h-BN Synthesized at AP/HT

1 mm

Fig. 1. Optical micrographs of recrystallized hBN obtained with a Ni-Mo solvent. (A) Typical hBN
crystal on the solidified solvent (as grown). (B) A fragment of aggregate hBN crystals after acid
treatment (the inset is an optical micrograph of a recovered sample). The shiny white regions are
reflected light.
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Far-ultraviolet plane-emission handheld device
based on hexagonal boron nitride

Kenji Watanabe'*, Takashi Taniguchi’, Takahiro Niiyama?, Kenta MiyaZ and Masateru Taniguchi?

b FUV light emission

W Anode curren t
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/77 ey

Nat. Photon. 3, 591 (2009)
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Predicted Electronic Structures Indicate Indirect Band gap of hBN

[0001]

Energy (V)

M—-K 6.03 eV
K- K6.69 eV

PRL 96, 026402 (2006)

Adv. Photon. Res. 2, 2000101 (§921)
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Monolayer to Bulk Properties of Hexagonal Boron Nitride

Darshana Wickramaratne,*® Leigh Weston, and Chris G. Van de Walle®

Materials Department, University of California, Santa Barbara, Santa Barbara, California 93106-5050, United States
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Real Space & K Space in Hexagonal System
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Energy

Direct and Indirect Transitions

Conduction
band

Direct
recombination

Valence
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Photon
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GaAs, InP and GaN

Nat. photon. 7, 265 (2013)
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Stoke Shift: Absorption and PL

10 S , Small Stokes shift

.§

Fluorescence

Wavelength (nm)
Quantum Yield (®)= Photons emitted / Photons absorbed

Chin. Chem. Lett., 30, 1843 (2019) 43
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Mormalized PLE intensity

Indirect Bandgap (5.955 eV) of Bulk hBN
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Bright Luminescence from Indirect and Strongly Bound Excitons in h-BN

Léonard Schué,l‘2 Lorenzo Spunza.] Alexandre Plaud,l‘2 Hakima Bensalah,” Kenji Watanabe,® Takashi Taniguchi,3
Francois Ducastelle,' Annick Loiseau,'” and Julien Barjon™'
'Laboratoire d’Etude des Microstructures, ONERA-CNRS, Université Paris-Saclay, BP 72, 92322 Chatillon Cedex, France
leupe d'Etude de la Matiére Condensée, UVSQ-CNRS, Université Paris-Saclay, 45 avenue des Etats-Unis,
78035 Versailles Cedex, France
*National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan
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FIG. 3. Dispersion of excitons in h-BN compared to the non- = lld.
interacting electron-hole pair along the I'K direction, The vertical 6.0 6.1 ; 5.2 6.3
arrows indicate the binding energy E,, for the direct (dX) and : i g i
indirect (iX) excitons. Adapted from Ref. [45]. Energy (eV)

FIG. 4. (a) Normalized spectra of CL and PLE recorded at the
CL maximum (from Ref. [46]) illustrating the Stokes shitt
observed 1n bulk h-BN crystals. (b) CL spectrum of a thin
extoliated h-BN flake showing the radiative recombination of
nonthermalized direct excitons detected at 6.03 eV. CL and PLE

PRL 122, 067401 (2019) spectra taken at 10 K. v



Determination of the optical bandgap of the Bernal and rhombohedral boron nitride polymorphs

Adrien Rousseau,! Matthieu Moret,' Pierre Valvin®,' Wilfried Desrat®,' Jiahan Li®,” Eli Janzen,” Lianjie Xue,”

James H. Edgar®,” Guillaume Cassabois,' and Bernard Gil

|

'Laboratoire Charles Coulomb (1.2C), UMR 5221 CNRS-Université de Montpellier, F-34095 Montpellier, France
*Tim Taylor Department of Chemical Engineering, Kansas State University, Manhattan, Kansas 66506, USA

- —Fe 7
T=8K | —Fe+V
' . [ || =——=cC+Ni+Cr

Normalized photoluminescence

50 5.2 54 56 58 6.0

Energy (eV)

FIG. 4. The 8 K macro-photoluminescence (PL) spectra in the
5-6.1 eV range of several samples showing the phonon-assisted
transitions typical of hexagonal boron nitride (hBN; blue spectrum),
mixed with the undulations linked to rhombohedral boron nitride
(rBN) inclusions overlapping with impurities (green and red spectra),
as well as signature of the direct bandgap of Bernal boron nitride
(bBN), dX, at 6.032 eV. We tentatively identify the 5.72 ¢V band
in C + Ni + Cr as the unresolved analog of the iX;-(LOt 4+ TOq).
Dashed orange lines are guides for the eyes.

C+Ni+Cr dxb' LOI—. d)(
200 meV

Photoluminescence (arb. units)

T =8K

57 58 59 50 o
Energy (eV)

FIG. 5. Enlarged view of the 8§ K macro-photoluminescence (PL)
spectra in the 5.7-6.1 eV range that reveals the signature of the direct
bandgap of Bernal boron nitride (bBN), dX; at 6.032 eV, as well as
its 200 meV phonon-assisted replica (green and red spectra). In blue,
the macro-PL of a high-purity hexagonal boron nitride (hBN) crystal.
Transitions are labeled according to the convention in the literature.
State T sits at the middle of the 'K direction in the Brillouin zone of
hBN.

AB stacking

Phys. Rev. Mater. 5, 064602 (2021}
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Raman Spectra of Bulk cBN & hBN
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Hunting for Monolaver Boron Nitride: Optical and Raman Signatures
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"Manchester Centre for Mesoscience & Nanotechnology. University of Manchester, Manchester M13 9PL, UK
*National Institute for Materials Science. 1-1 Namiki. Tsukuba, 305-0044 Japan
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Luminescence from Bulk to Thin Films
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DUV Luminescence from HT-MBE hBN
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Direct Bandgap Monolayer BN (mBN)
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Exfoliation of Bulk hBN to form hBN flakes
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LPCVD hBN Growth & Transfer

NH.BH, > NH,BH, + H,
Ammonia LPCVD

borane Quartz Tube
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Nano Research, 8, 3164 (2015)
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Wafer-scale single-crystal hexagonal boron nitride film
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Wafer-scale single-crystal hexagonal boron nitride
monolayers on Cu (111), (tsmc, NCTU)

hBN

.

Two-inch hBN/Cu/sapphire

Nature 579, 219 (2020) 58
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Intensity / a.u.

Raman Spectra & AFM Images of hBN Samples
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Absorbance

Absorption Spectra of hBN films on Various Substrates
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Intensity / a.u.

PL Spectra of Thin-film and Bulk hBN Excited at 180 nm
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Relative intensity / a.u.

PL Excitation Spectra of Bulk hBN
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Normalized intensity

PL Excitation Spectra of hBN Thin Films
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Energy

Time-resolved Fluorescence Lifetime
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Absorbance

Absorption of hBN

Photon energy / eV
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