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• Introduction to angle-resolved photoemission spectroscopy 
(ARPES)

– The concept of energy band.

– The principle of ARPES.

– Scientific case : cuprates, graphene, TMDs and topological 
insulators.

• Probe the electronic structure of emergent materials

– Scientific opportunities in nanoARPES.

– The challenge and design concept of nanoARPES.

– Beamline and end station design.

• Summary
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Formation of Bands



Concept of forming energy bands
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Formation of Bands
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What we are interested in .......

Wijeratne, Kosala, Conducting Polymer Electrodes for Thermogalvanic Cells (2018)
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What we are interested in .......



Energy Band Diagram
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RT ~ 25 meV
4KT broadening ~ 100 meV



Energy Band Diagram
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Band Theory
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12Kyle Shen, IGERT Lecture 2008



The main features of the E-k relation of GaAs
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Direct and Indirect Band Gap

https://slideplayer.com/slide/5239400/



Band gap value of semiconductor
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EG :1~3 eV 
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How to probe the band structure of solids



18

Photoelectric effect
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Photoelectric effect  --- > Photoemission 



The Principle of Photoemission Spectroscopy

2020

First ESCA spectrometer at the 
Department of Physics in Uppsala.



What is photoemission?
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Conservation of energy in PES



The Principle of Photoemission Spectroscopy
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What is AIPES?

Eph= Eb+ Φ+ Ek

Conservation of Energy

Angle-Integrtaed Photoemission Spectroscopy
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What is AIPES?

Eph= Eb+ Φ+ Ek

Conservation of Energy

Angle-Integrtaed Photoemission Spectroscopy
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Energy Distribution Curve (EDC)

Bi 5d

Bi2Te3
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Energy distribution curve (EDC)

Valence band



The Principle of Photoemission Spectroscopy
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what is angle-resolved photoemission spectroscopy (ARPES)
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What is ARPES?

Angle-Resolved Photoemission Spectroscopy

Single crystal



Conservation of linear momentum parallel to surface
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what is ARPES?
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What is ARPES?
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• Low photon energy provides better 
momentum resolution, but the covering 
range of BZ is also small.

• We expect to study the electronic structure of 
solids at VUV region (10 eV~ 100 eV).



Light sources and terminology

• Ultraviolet Photoemission Spectroscopy (UPS)

– UV He lamp (21.2 eV, 40.8 eV)

– Laser : 6 eV (BBO), 8 eV (KBBF), 11 eV (gas cell) or HHG (High harmonic 
generation)

– Valence band PES, direct electronic state info.

• X-ray Photoemission Spectroscopy (XPS)

(Electron Spectroscopy for Chemical Analysis) (ESCA)

– X-ray gun (Al: 1486.6 eV, Mg: 1253.6 eV)

– core level PE, indirect electronic state info

– chemical analysis

• Synchrotron radiation

– continuous tunable wavelength

– valance band and core level



Light sources and terminology

UV lamp (He I21.2 eV, He II40.8 eV)

Lamp head 

Differential pumping

Monochromator

Capillary
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What is ARPES?
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• Low photon energy provides better 
momentum resolution, but the covering 
range of BZ is also small.

• We expect to study the electronic structure 
of solids at VUV region (10 eV~ 100 eV).



Light sources and terminology



Light sources and terminology



Light sources and terminology



Light sources and terminology

The powerful spectroscopic tools such as XPS and UPS might be limited in in-situ 
chemical analysis because of the short penetration depth of electrons.



Light sources and terminology

Why are electrons
so useful as probes
of surfaces?

Or 

Not so useful for 
studying bulk 
properties !!

Minimum due to electron-electron scattering, mainly 
plasmons
PES is a surface sensitive technique! (requires UHV)
High energy photoemission: several keV to increase 
bulk sensitivity



Light sources and terminology

• UHV environment : better than  
1x10-10 Torr

• Single crystals or in-situ growth thin 
films

• Conductors or semiconductors

• Tunable photon energies

HC Hsu, Ph.D. Thesis NTNU(2010)
Koralek, U. Colorado Ph.D. Thesis (2007)



Light sources and terminology

• Ultraviolet Photoemission Spectroscopy (UPS)

– UV He lamp (21.2 eV, 40.8 eV)

– Laser : 6 eV (BBO), 8 eV (KBBF), 11 eV (gas cell) or HHG (High harmonic 
generation)

– Valence band PES, direct electronic state info.

• X-ray Photoemission Spectroscopy (XPS)

(Electron Spectroscopy for Chemical Analysis) (ESCA)

– X-ray gun (Al: 1486.6 eV, Mg: 1253.6 eV)

– core level PE, indirect electronic state info

– chemical analysis

• Synchrotron radiation

– continuous tunable wavelength

– valance band and core level
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European XFEL



Taiwan Photon Source and Taiwan Light Source



Light sources and terminology



Light sources and terminology
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Scientific Case : High- Tc Superconductor

Hufner, Very high resolution photoelectron spectroscopy

Superconducting gap
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Scientific Case : High- Tc Superconductor
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Scientific Case : High- Tc Superconductor
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Scientific Case : High- Tc Superconductor

Overdoped Bi-2212 sample at two different 
momenta in the Brillouin zone.

These results strongly suggest that the 
superconducting gap is anisotropic and, in 
particular, consistent with a d-wave order 
parameter (Scalapino, 1995). Together with 
the microwave penetration depth results 
(Hardy et al., 1993), this direct evidence for 
gap anisotropy played a major role in the 
early debate on the pairing symmetry (Levi, 
1993).

ZX Shen, PRL (1993)
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Scientific Case : High- Tc Superconductor
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Scientific Case : High- Tc Superconductor

Bilayer band splitting in overdoped Bi-2212 (Tc = 65 K)

DL Feng, PRL (2001)
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Scientific Case : High- Tc Superconductor

Sr2IrO4

Kim et al., Nat. Phys. (2015)
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Scientific Case : High- Tc Superconductor

Matrix element Spectra function

Eli Rotenberg, ALS summer school 
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Scientific Case : High- Tc Superconductor

electron emits a phonon :

change of energy ω and 

momentum k

The measured state is broader in 

momentum and energy

electron emits and reabsorbs a 

phonon :Change of mass and slope

The mass of carrier is increased

Eli Rotenberg, ALS summer school

The carriers have a finite lifetime due to absorption and emission 
of phonons and other excitations
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Scientific Case : High- Tc Superconductor
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Optimally doped Bi-2212 cuprateThe quantity determined in ARPES
experiments is the single-particle spectral 
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T. Valla et al., Science (2000)
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Scientific Case : High- Tc Superconductor

Line shape analysis
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Scientific Case : High- Tc Superconductor
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Scientific Case : High- Tc Superconductor

FS shapes of SrFe2(As0.65P0.35)2 and 
kz dependence of the FSs

Suzuki et al., PRB (2017)
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Scientific case : Graphene
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Scientific Case : Graphene
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Scientific Case : Graphene
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Scientific Case : Graphene
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Scientific Case : Graphene
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Scientific Case : Graphene



What we expect to observe in ARPES 

1400 oC  2min

SLG+BLG
1400 oC  6 min

SLG+BLG
1400 oC  10 min

SLG+BLG band

 band
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Coletti et al., PRB (2013)



Mind the gap of graphene

h-BN Graphene/SiCGraphene
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Reduce the thickness of materials : quantum well 
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Quantum well : quantum spin Hall effect (QSHE)
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If we reduce the thickness of materials to several 
atomic layer,

how the band structure change?



Motivation for studying 2D materials

Frank Schwierz, Nanoscale (2015 )



ARPES – Characterization of emergent quantum materials



Transition Metal Dichalcogenides (TMD)

2D TMD MX2

M : Mo, W
X : S, Se, Te

Lin et. al., 2D Materials (2016)



Transition Metal Dichalcogenides
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Zelewski et al., Scientific Reports (2017)



Transition Metal Dichalcogenides : MoS2
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Kuc et. al., PRB (2011)



Transition Metal Dichalcogenides : MoSe2
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Zhang et al., Nat. Nano. (2013)



Transition Metal Dichalcogenides :MoSe2
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Defect engineering of semiconductor

83
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Tuning the Electronic Structure of a 2D Material



Transition Metal Dichalcogenides : Defect engineering
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Intrinsic Extrinsic

Rhodes et al., Nat. Mater. (2019)



S-vacancy and strain on the band structure of MoS2
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The band structure of MoS2 single crystal with varied environment
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S-vacancy and strain on the band structure of MoS2



STM characterization of a MoS2 single crystal
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Sulfur vacancies in monolayer MoS2 and its electrical contacts

90

S vacancy has a formation energy of 2.35 eV in S-rich condition
Mo vacancy has a formation energy of 8.02 eV in Mo-rich condition

Liu et al., APL (2013)



Formation energies as a function of the Fermi level
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Komsa et al., PRB (2015)



Bandgap, Mid-Gap States, and Gating Effects in MoS2
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Lu et al., Nano Lett. (2014)



Evidence from STS measurement
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Fresh surface Nonfresh surface

Siao et al., Nat. Comm. (2018)



Engineering the Catalytic Performance of TMDs

Hydrogen evolution reaction (HER)
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Topological insulators



Spin-orbital interaction

Concept of spin-orbit 
coupling



Spin-orbital interaction
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Rashba Splitting 

Accumulate spectra of Rashba effect on Au(111) as the angle is scanned

EDC

MDC

Emission 

angle



Scientific Cases: Topological protected surface state
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Strong spin-orbital interaction

Heavy elements

Shou-Cheng Zhang (1963-2018)



Scientific Cases: Topological protected surface state

parity 
difference

crystal field
splitting

spin-orbital 
coupling

Fermi energy

Xiao-Liang Qi and Shou-Cheng Zhang, RMP (2011)



3D topological insulators

Xiao-Liang Qi and Shou-Cheng Zhang, RMP (2011) 

Strong spin-orbit coupling
Induce the band inversion



Scientific Cases: Topological protected surface state

time-reversal symmetry protected



Scientific Cases: Topological protected surface state



Topological protected surface state

Chen et al, Science (2009)

Xia et al., Nature Physics (2009)
Hsieh et al., Nature (2009)Xiao-Liang Qi and Shou-Cheng Zhang, RMP (2011) 



Topological Insulators probed by ARPES



Scientific Cases: Dirac semimetal and Weyl semimetal



Proximity effect in topological insulators

Superconducting pairing of topological surface states

Flötotto et al. Science Advance (2018)



Proximity effect in topological insulators

Flötotto et al. Science Advance (2018)



Proximity effect in topological insulators

Proximity Effect in Graphene–Topological-Insulator Heterostructures

Junhua Zhang, PRL (2014)



Proximity effect in Gr-Topological insulator heterostructure

A Gr-TI heterostructure channel and ferromagnetic (FM) tunnel contacts for spin
injection and detection in a nonlocal transport geometry

Khokhriakov et al., Science Advance (2018)



Can we control the spin texture with SE/TI heterostructure……

Mahmoud M. Asmar et al., PRB (2017)



Motivation for studying TI hybrid nanostructure
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2D Group V monoelemental monolayer

Wu et al., npj 2D Materials and Applications (2020)
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Structure configuration of 2D group V monoelemental materials

115
Zhang et al., Angew. Chem. (2015)
Yang, Phys. Chem. Chem. Phys (2015)



Band gap of group 15 monolayers
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Zhang et al., Angew. Chem. (2015)



The electronic structure of black phosphorus

117

Catellanoas-Gomez, J. Phys. Chem. Lett. (2015)

Black phosphorus (BP)



Synthesis and chemistry of elemental 2D materials
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Mannix, Nat. Rev. Chem. (2017)



A topological phase transition in Sb bilayer

119119Chuang et al., APL (2013)
Ji et al., Nat. Comm. (2016)



Synthesis and chemistry of elemental 2D materials

Tianchao Niu et al., Adv. Mater. (2019)



Synthesis and chemistry of elemental 2D materials

Tianchao Niu et al., Adv. Mater. (2019)

Cu(111) : 4.43 Å
Cu(100) : 3.84 Å



Nontrivial Topology of Pure Bismuth

122

Ito et al. PRL (2016)



Nontrivial Topology of Pure Bismuth
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Ito et al. Science Advance (2020)



Nontrivial Topology of Pure Bismuth
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Bismuthene on a SiC Substrate

Reis et al. Science (2017)
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The fabrication of bismuthene and antimonene on TIs
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Bi-BLs/Bi2Se3 prepared with the atomic hydrogen etching method

50 L 90 L 180 L

360 L 720 L 1080 L

Su et al., Chem. Mater. (2017)

The fabrication of bismuthene on TIs



The fabrication of bismuthene on TIs
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𝛼 =
2Δ𝐸

Δ𝑘
~ 4.5 eV·Å

Bi/Ge(111)~1.80 eV·Å

Bi/Ag(111)~3.05 eV·Å  

BiTeI ~3.80 eV·Å  

The fabrication of bismuthene on TIs



Proximity effect in topological insulators

J.-C. Rojas-S'anchez et al., PRL (2016)



Tunable Spin-to-Charge Conversion in TI hybrid-structure

Rui Sun etal., Nano Lett. (2019)



Tunable Spin-to-Charge Conversion in TI hybridstructure

Rui Sun etal., Nano Lett. (2019)

Incorporating a “second” spin-splitting band, a Rashba interface formed by inserting a bismuth 
interlayer between the ferromagnet and the Bi2Se3 (i.e., ferromagnet/Bi/ Bi2Se3 heterostructure), 

λIEE shows a pronounced increase (up to 280 pm) compared with that in pure TIs.



Future and outlook

• Spin and dynamic behavior
― Topological insulator, 2D materials, superconductors, complex oxides, 

graphene-based materials….
― Time-resolved ARPES.
― Spin-resolved ARPES

• Discovery and characterization of advanced materials  
― Novel materials fabricated with the CVD method, micro-mechanic 

exfoliation… usually have smaller domain size in the early stage of material 
discovery. (van der Waals heterostructure, twisted bilayer graphene, 2D 
materials)

― Single crystals with broken surface after in-situ cleaving.
― Gating Effects in 2D Materials



133
Ref : Avila, Synchrotron Radiation News (2014)

Materials of interest often contain intrinsic, extrinsic, and designed nanoscale 
features.

Need rapid electronic structure mapping at the nanoscale

Multi-thickness  domains existed 
in an exfoliated graphene flake

133

Nano Everywhere
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Graphene 

Graphene 

MoS2

MoS2

MoS2

Ref : Shi et al., Nat. Comm. (2017)
Hsu et al., Nat Comm. (2017)

Van der Waals Heterostructures
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'Magic' Twist in Stacked Graphene Reveals Potentially 
Powerful Superconducting Behavior

Magic Angle in Twisted Graphene

https://gizmodo.com/magic-twist-in-stacked-graphene-reveals-potentially-pow-1823529900


Scientific Cases: Twisted Bilayer Graphene

Moiré patterns and enhanced interlayer coupling in 2D 
twisted bilayer materials.

Twist (theta=5°)



Scientific Cases: Twisted Bilayer Graphene (TBG)



Scientific Cases: Twisted Bilayer Graphene (TBG)

Tight-binding simulation of TBG
SLG

TBG

DFT (TBG)



Scientific Cases: Twisted Bilayer Graphene (TBG)

Tight-binding simulation of TBG
SLG

TBG

BLG



Scientific Cases: Twisted Bilayer Graphene (TBG)

Tight-binding simulation of TBG
SLG

TBG

BLG



Scientific Case : Twisted Bilayer Graphene (TBG)

The simulated band structure of 
TBG



Scientific Case : Magic Angle Twisted Bilayer Graphene (MATBG)

Cao et al., Nature (2018)



Scientific Case : Magic Angle Twisted Bilayer Graphene (MATBG)

The simulated band structure of twisted bilayer graphene

Cao et al., Nature (2018)



Scientific Case : Magic Angle Twisted Bilayer Graphene (MATBG)

Thomale., Nature (2020)



Scientific Case : Superconductivity in MATBG stabilized by WSe2

Arora., Nature (2020)



Scientific Case : misaligned Single Layer Graphene on ML h-BN

Balents., Nature Physics (2020)



Scientific Case : misaligned Single Layer Graphene on ML h-BN

Balents., Nature Physics (2020)



Scientific Case : Proliferation of zero-field narrow-band systems

Balents., Nature Physics (2020)



Scientific Case : Fabrication of van der Waals heterostructure



Scientific Case : Fabrication of van der Waals heterostructure

Liu et al., Nat. Comm (2014)
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Band structure of transition metal 
dichalcogenides and their correlation effects 

Electronic and Chemical imaging of
Nanowires and patterned Samples

With spatial and momentum k information

Conduct ARPES experiment with smaller beam size
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Magic angle in twisted Graphene
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Magic angle in twisted Graphene

Ref : Utama et al., Nat. Phys. (2020)
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Magic angle in twisted Graphene

Ref : Utama et al., Nat. Phys. (2020)
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Van der Waals Heterostructures

Ref : Wilson et al., Sci. Adv. (2020)
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Van der Waals Heterostructures

Ref : Ulstrup et al., Nat Comm. (2017)



Future and outlook

• Spin and dynamic behavior
― Topological insulator, 2D materials, superconductors, complex oxides, 

graphene-based materials….
― Time-resolved ARPES.
― Spin-resolved ARPES

• Discovery and characterization of advanced materials  
― Novel materials fabricated with the CVD method, micro-mechanic 

exfoliation… usually have smaller domain size in the early stage of material 
discovery. (van der Waals heterostructure, twisted bilayer graphene, 2D 
materials)

― Single crystals with broken surface after in-situ cleaving.
― Gating Effects in 2D Materials



Gating Effects in 2D Materials

First-ever visualizations of electrical gating 
effects on electronic structure



Gating Effects in 2D Materials

Paul V. Nguyen et al., Nature (2019)



Gating Effects in 2D Materials

Paul V. Nguyen et al., Nature (2019)



Gating Effects in 2D Materials

Joucken et al., Nano Letters (2019)
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Gating Effects in 2D Materials

Jones et al., Adv. Mater. (2020)
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Beamlines in light sources worldwide for micro- or nano-ARPES



nanoARPES : X-ray focusing optics



The end station design of NanoARPES Branch

Sample preparation 
chamber

analyzer

hν



The end station design of NanoARPES Branch



The end station design of NanoARPES Branch

Synchrotron beam

Sample stage

ZP stage

OSA stage

OSA

ZP



Future and outlook

• Spin and dynamic behavior
― Topological insulator, 2D materials, superconductors, complex oxides, 

graphene-based materials….
― Time-resolved ARPES
― Spin-resolved ARPES

• Discovery and characterization of advanced materials  
― Novel materials fabricated with the CVD method, micro-mechanic 

exfoliation… usually have smaller domain size in the early stage of material 
discovery. (van der Waals heterostructure, twisted bilayer graphene, 2D 
materials)

― Single crystals with broken surface after in-situ cleaving.
― Gating Effects in 2D Materials



Time-resolved ARPES



Time-resolved ARPES



Time-resolved ARPES

Probing unoccupied states 
of Bi2Se3 with 2PPE



Time-resolved ARPES



Time-resolved ARPES
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High repetition rate/ lower photon flux in single pulse



Time-resolved ARPES



Time-resolved ARPES



Excitons and their dynamics in atomically thin semiconductors

Madeo et al., Science (2020)



Excitons and their dynamics in atomically thin semiconductors



Excitons and their dynamics in atomically thin semiconductors



Excitons and their dynamics in atomically thin semiconductors



Time-resolved ARPES : THz exciting source

Reimann et al., Nature (2018)



Time-resolved ARPES :THz exciting source

Reimann et al., Nature (2018)



Taiwan Photon Source and Taiwan Light Source


