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3D Materials

Graphite

2D Materials
(van der Waals materials)
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Van der Waals Materials

Graphene

One atomic thick carbon 
film.

First 2D material in human history



400 carbon atoms at 2000 K

Fasolino (Nijmegen)

Peierls; Landau; Mermin-Wagner; …

(only nm-scale flat crystals are possible to grow in isolation)

growth

means

temperature

close to melting

causes

violent

vibrations

destroys

order in 2D

2D GROWTH IS FORBIDDEN 

A. Geim PPT slides



graphene:
thermodynamically unstable

for <24,000 atoms  or size < 20 nm

graphene sheets
should scroll

Kaner Science 2003 
Braga et al Nanolett 2004

THERMODYNAMIC STABILITY

Shenderova, Zhirnov, Brenner Crit Rev Mat Sci 2002

THERMODYNAMICALLY UNSTABLE 
does not mean IMPOSSIBLE 

-JUST METASTABLE-A. Geim PPT slides



Discover of Graphene

Konstntin NovoselovAndre Geim NbSe2 Graphite

MoS2Bi2Sr2CaCu2Ox

K. Novoselov et al, PNAS (2005)

Idea from “Friday Night Experiments (starting 1977)”



Discover of Graphene

Konstntin NovoselovAndre Geim NbSe2 Graphite

MoS2Bi2Sr2CaCu2Ox

K. Novoselov et al, PNAS (2005)

Idea from “Friday Night Experiments (starting 1977)”

WOW! FACTOR

Flying Frog (1997) Gecko Tape (2003)

Graphene (2004)





Graphene: Dirac Particles in 2D

Linear dispersion 
relation
Zero band gap
Dirac fermion
Integer quantum Hall 
effect



Superlattice and Hofstadter butterfly Klein tunneling in graphene

Negative refraction and Veselago lens (Electro-Optics)

Graphene

Semiconductor

Tunneling

Graphene Quantum Transport

Columbia, Manchester, MIT Columbia, Manchester, MIT

Columbia, Stanford, Postech



Twisted bi-layer graphene
One + One is Two?

Superlattice in 2D electrons (~10 nm scale)

Analogy to high Tc superconductor?

Magic angle ~ 1.1 degree

Not possible bulk crystal structure

Twistronics in van der Waals Heterostructure

Y. Cao et al, Nature (2018) 



Graphene Applications
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Graphene have great potential for future technology



G

MoS2WSe2 G
BP

NbSe2
h-BN

TaS2

at Room Temperature

Graphene alone is not enough to change the world ! (due to zero-band gap)



Van der Waals Materials

from P. Kim group

Semi metal: Graphene, … 
Insulator: hBN, …
Semiconductor: MoS2, MoSe2, WSe2, WS2, …
Superconductor: NbSe2, Bi2Sr2CaCu2O8-x, ZrNCl … 
Complex-metallic compound: TaS2, TaSe2, … 

X

X

M

C

B

N

graphene

hexa-BN

Metal-Chalcogenide 

M = Ta, Nb, Fe, Co, Mo, …

X = S, Se, Te, …

Bi2Sr2CaCu2O8-x

Charge Transfer Bechgaard Salt

(TMTSF)2PF6

Lead Halide Layered Organic

Semiconducting materials: WSe2, NbS2, MoS2, … 
Complex‐metallic compounds : TaSe2, TaS2, … 
Magnetic materials: FeSe2, CoSe2 ,…
Superconducting: NbSe2, Bi2Sr2CaCu2O8‐x, ZrNCl,… 

Transport Gaps in BN/Bilayer Graphene/BN

A

B

A
C

A

F. Xia et al., Nature Photonics 8, 899 (2014)
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2D van der Waals Heterostructure
2D building block Multifunctional Quantum Material

Lego.com

Van der Waals Heterostructure P-N Junction Memory

Light emitting deviceTunneling Diode Solar cell

No lattice match
Control angle orientation

Next-generation technolgoy



Information processing challenges

Electrical interconnect- Energy problem and internet traffic

Optical interconnect

Silicon photonics integrated circuit:  Optical communications+ CMOS technology 

• High bandwidth
• Energy efficiency
• No Cross-talk
• Next generation network system

Main building block

X

No Monolithic light source

Ultrafast Optoelectronics



Graphene Based Optoelectronics

Sarma, Das el al. Rev. Mod. Phys. 
(2011).

EF = ±ℏvFkF ,
where , vF~10

6 m/s, kF= πn

Bolotin, K. I. et al. Solid State Communications 
(2008).

μ > 200,000 cm2/Vs

Drude model μ = σ/en

Linear dispersion relation Ultrahigh mobility Transparency

Nair, R.R. et al. Science 
(2008).

Graphene absorption
Τπe2 ℏc = πα = 2.3%

Graphene properties

Broadband 
response

Ultrafast dynamics Strong light-matter 
interaction

Graphene optoelectronic device



fc =42 GHz, Responsivity: 360 mA/W,  1 pJ/bit 
(down to 5 fJ/bit by reducing area) 

42 GHz Chip integrated hBN/Gr/hBN photodetector
(Columbia University, MIT)

Tuning thermalization pathway in Gr/hBN/Gr
(MIT)

Interlayer photocurrent response time (< 100 fs)
by adjusting interlayer bias voltage.

Nano Lett. (2015)

Nature Photons. (2015)

30 GHz Graphene electro-optic modulator
(Columbia)

30 Gbps, 15 dB per 10 V, 800 fJ/bit 

Nature Phys. (2016)

Hybrid graphene-quantum dot photodetector
(ICFO, Spain)

Responsivity: 107A/W

Nature Nanotech. (2012)

Graphene Based Nanophotonics



Hot E lectrons in Graphene

E xcitation

E xcitation
Strong e-e interaction
- Carrier 

multiplication
- Hot electrons

E lectron cooling in intrinsic graphene ?

Bucket Bottleneck

Long lived hot electrons
in Graphene 

X



Energy Relaxation in Graphene

•Hot electrons cooling pathway bottleneck

•Very weak electron-acoustic phonon coupling.

•Non-equilibrium phonon mode.

•Non-equilibrium temperature of graphene

TE ~ TOP > TAP

Cooling is very slow process!
(10~100 ps)

Heating is very fast process!
(<100 fs)



•Zero-bandgap

•Klein tunneling (No rectification in p-n junction)

•Ultrafast energy relaxation

-Electron-electron: ~ 10 fs

-Electron - optical phonon: 10 ~ 100 fs

-Optical phonon decay to acoustic phonon: ~ 1 ps

Non-efficient radiative electron-hole 

recombination

Light Emission from Graphene ?

Graphene

Semiconductor

Klein Tunneling

Tunneling

Graphene



Incandescence
Blackbody radiation

𝐼 =
2ℎ𝑐2

𝜆5
(exp

ℎ𝑐

𝜆𝑘𝐵𝑇
− 1)

Planck’s law

T : electron temperature

Light bulb

Electron temperature is important, not phonon temperature.



•Very weak electron-acoustic phonon coupling.

•Non-equilibrium phonon mode.

•Non-equilibrium temperature of 

graphene

TE ~ TOP > TAP

Efficient thermal radiation source

Hot electron cooling 

pathway in Graphene

Electron Optical phonon

TE TOP

Acoustic phonon

TAP

Ambient 

TO

Relaxation

Bottleneck

Excitation

Hot Electrons Luminescence in Graphene

High 

current 

density

J ~ 109 A/cm2 E ~ 1 TPa

World’s

Strongest  

Material

High

Melting 

Point

T ~ 5,000 K

Superior properties of 

graphene

Ideal material for thermal radiation

Planck′s law 𝐼 𝜔 ~ Τ1 (exp ( Τℏ𝜔 𝑘𝐵𝑇𝑒) − 1)



•Graphene under high bias.

•Thermal radiation at near IR emission.

•Follow Planck’s law (T < 600 K).

•Low radiation efficiency (~10-6)

- Dominant heat dissipation by substrate

- Strong electron scattering (charged 
impurity, defects of substrate)Vsd = - 30 V

Graphene on Substrate

M. Freitag et al, Nature Nanotech. (2010)

M.-H Bae et al, Nano Lett. (2010)

Performance of graphene light 

emitters are limited by substrate.

𝐼 𝜔 ~ Τ𝜔3 (exp( Τℏ𝜔 𝑘𝐵𝑇) − 1)



Suspended Graphene

• Minimize the substrate effect

• Reduce vertical heat dissipation to substrate

• Approaching to the intrinsic characteristic

Y. D. Kim et al, Nature Nanotech. (2015)

exfoliated few-layer (Fig. 1c,d), multilayer (Fig. 1e) and monolayer
(Fig. 1f) graphene devices (Supplementary Movies 1–3). The
emitted visible light is so intense that it is visible even to the naked
eye, without additional magnification (Fig. 1g and Supplementary
Movie4). An array of electrically biased multipleparallel-suspended
CVD few-layer graphenedevicesexhibit multiplebright visible light
emission under ambient conditions, as shown in Fig. 1h (see
Supplementary Movie 5 for light emission under vacuum for more
stableandreproduciblebright visiblelight emission).Theobservation
of stable, bright visible light emission from large-scale suspended
CVD graphene arrays demonstrates the great potential for the
realization of complementary metal-oxide-semiconductor (CMOS)-
compatible, large-scale graphene light emitters in display modules
and hybrid silicon photonic platforms with industry vacuum
encapsulation technology26.

For the optical characterization of visible light emission from
suspended graphene, wesimultaneously collected emission spectra
and performed Raman spectroscopy at various values of VSD with
zero gate bias, using the set-up presented in Supplementary
Section 4. Theemission spectraof devicessuspended over trenches
with depthsD rangingfrom 900 to1,100nm exhibit multiplepeaks
in the range∼1.2–3eV,asshown by thesymbols in Fig. 2a (mono-
layer) and 2b (trilayer graphene). These strong multiple light-
emission peaksareinteresting,especially for themonolayer graphene
(length L =6µm, width W = 3µm) shown in Fig. 2a, because gra-
phene does not have an intrinsic bandgap and its light spectrum
is expected to be that of a featureless grey body radiation8,9.
Similarly, multiple strong light-emission peaks were observed
from tens of different suspended graphene devices with different
numbers of layers and D ≈800–1,000 nm (Supplementary

a

5 µm

GrapheneSource Drain

SiO2

c

f

d

e

b

A ID

g

VSD

4 µm

h

5 µm

5 µm

10 µm

5 µm

5 mm

Figure 1|Bright visible light emission from electrically biased suspended graphene. a, False-colour scanning electron microscopy image of suspended

monolayer graphene devices. b, Schematic illustration of electrically biased suspended graphene and light emission from the centre of the graphene.

c–f,Micrographs of bright visible light emission from suspended mechanically exfoliated graphene: few-layer graphene (L=6.5 µm, W =3 µm) at zero bias (c)

and VSD =2.90 V (d);multilayer graphene (L=14 µm, W =40 µm) at VSD =7.90 V (e);monolayer graphene (L=5 µm, W =2 µm) at VSD =2.58 V (f).

g,Optical image of remarkably bright visible light emission from suspended mechanically exfoliated few-layer graphene, which is visible even to the naked

eye,without additional magnification. h,Micrograph of multiple parallel suspended CVD few-layer graphene devices (the dashed-line boxes highlight each

graphene device with L=2 µm and W =2 µm) under zero bias (upper image) and seven spots of bright visible light emission from parallel suspended

CVD graphene devices at VSD =6.42 V (lower image) under ambient conditions.

NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2015.118 LETTERS

NATURE NANOTECHNOLOGY |VOL 10 |AUGUST 2015 |www.nature.com/naturenanotechnology 677

© 2015 Macmillan Publishers Limited. All rights reserved



Bright Visible Light Emission from Graphene

Vsd = 2.4V -> 2.9V -> 2.4V

Electric pulsed |Vsd| = 7.5 V -> 8 V

Y. D. Kim et al, Nature Nanotech. (2015)



One atom thickness

World’s Thinnest Light Source



From 2012 Ph.D. Defense ppt Slides 

Plan: Electrical measurements of 

mechanical oscillation of graphene

Problem: Dirty graphene

Solution: Current annealing

Try, but fail!



From 2012 Ph.D. Defense ppt Slides 

Plan: Electrical measurements of 

mechanical oscillation of graphene

Problem: Dirty graphene

Solution: Current annealing

Try, but fail!

Discovery something new by wrong Labview

programming.
Discovery:



!

Supplementary Fig.  11 | Comparison of measured radiation spectra of suspended 

graphene with different trench depths. a, Normalized radiation spectra of suspended 

monolayer graphene with different trench depths (red square D ~ 1100 nm from Fig. 2a, blue 

circle D ~ 80 nm from Supplementary Fig. 10c). b, Normalized radiation spectra from 

suspended tri-layer graphene with different trench depths (red square D ~ 900 nm from Fig. 

2b, blue circle D ~ 1000 nm from Supplementary Fig. 10a). The abrupt dip in the radiation 

spectrum of tri-layer graphene for D ~ 900 nm is due to the dichroic filter. These results are 

consistent with theoretical simulation results in Fig. 3c.    

 

 

  

© 2015 Macmillan Publishers Limited. All rights reserved

Radiation Spectrum of Graphene Light Emitter

Few-layer (VSD = 0 V)

Mono-layer (VSD = 2.6 V)

•Multiple peak at visible range

•Thermal radiation by Planck’s law

•Emissivity modulation by interference effect

𝐼 𝜔 ~𝜖(𝜔) Τ𝜔3 (exp( Τℏ𝜔 𝑘𝐵𝑇𝑒) − 1)

Fig. 10a,b). Themultiple light-emission peaks in thevisible regime
are rather insensitive to the number of layers (Supplementary
Section 5). On the other hand, the visible light emission spectra
observed from suspended graphene devices with relatively shallow
trenches (D ≈80–300nm)8,9 are featureless and grey body
radiation-like in the visible range of the spectrum (∼1.2–3eV)
(Supplementary Fig.10c,d).Theseresultsindicatethat theexistence
of peaks at certain light-emission energies strongly depends on D
rather than the number of graphene layers or the electronic band
structure (Supplementary Sections5 and 6).

To understand themultiple light emission peaksand significant
spectral modulation caused by changes in D,weconsider the inter-
ferenceeffectsbetween the light emitted directly from thegraphene
and the light reflected from the substrate (air/Si interface), as
illustrated schematically in Fig. 3a. We find the relation between
D and the energy separation between two consecutive destructive
interferencesto be

Δ(D) =
1,239.8nm

2D
eV (1)

Accordingtoequation (1),Δ≈0.6 eV for D ≈1,000 nm,which isin
agreement with our measurements(Fig. 2a,b). To confirm thiscor-
relation we simulated the spectral modulation based on the

interference27 of thethermal radiation from thesuspendedgraphene
(see Methods and Supplementary Section 5). Figure 3b presents
simulated spectra in the visible range for various trench depths at
an electron temperature Te of 2,850K, where the solid and dashed
curves indicate constructive and destructive interferences, respect-
ively (Supplementary Fig. 12). Strong interference effects enable
ustoselectively enhancethethermal radiation for aparticular wave-
length from electrically biased suspended graphene devices by
appropriately engineering their trench depth (Fig. 3c). In addition,
we find that the emission spectra in the visible range are (1)
rather insensitive to the number of graphene layers n for n≈1–3
and (2) not affected appreciably by the absorption and reflection
due to thegraphene layers (Supplementary Sections5 and 6).

Thesimulated interferenceeffectson thethermal radiation from
suspended graphene (solid curves in Fig. 2a,b) are in good agree-
ment with the experimental observations for both monolayer
(Fig. 2a) and trilayer (Fig. 2b) devices, corresponding to mean
trench depthsof 1,070 nm and 900nm, respectively.By comparing
thelight-emission spectraobtained from theexperimentsand those
from the theoretical models, we estimate the maximum Te of
electrically biased suspended graphene at each VSD , and find
that Te can approach ∼2,800 K. The calculated peak positions
(insets of Fig. 2a,b, dashed curves) and peak intensities as a
function of VSD are also in agreement with the experimental data
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Figure 2 |Spectra of visible light emitted from electrically biased suspended graphene. a,b, Visible light emission spectra (symbols) of suspended

mechanically exfoliated monolayer (L=6 µm, W =3 µm, a) and trilayer (L=9 µm, W =3 µm, b) graphene at various source–drain bias voltages (VSD),

exhibiting multiple strong emission peaks. In a, from top to bottom, VSD =2.7, 2.6, 2.5, 2.3, 2 and 1.6 V. In b, from top to bottom, VSD =3.65, 3.6, 3.55, 3.5,

3.45, 3.4, 3.3, 3.2 and 3.1V. The visible light emission spectra can be well fitted by simulating the interference effect on the thermal radiation spectrum from

the suspended graphene (solid curves),which allows for the estimation of the approximate electron temperature Te of the suspended graphene (legendkey).

Insets (a,b):emission-peak energiesasa function of VSD andappliedelectric field (F=VSD/L).Dashed lines:calculatedpeak energiesbasedon the interference

effect of thermal radiation.c,d, Integrated intensity of each emission peak and theelectrical current ID for suspendedmechanically exfoliated monolayer (c) and

trilayer (d) graphene versus VSD (equivalently, the applied electric field). The current ID and corresponding applied electrical power decrease with increasing

VSD , whereas the intensities of the emission peaks increase rapidly.

LETTERS NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2015.118

NATURE NANOTECHNOLOGY |VOL 10 |AUGUST 2015 |www.nature.com/naturenanotechnology678

© 2015 Macmillan Publishers Limited. All rights reserved

Monolayer graphene ( L = 6 µm, W = 3 µm, D ~ 1 µm )

•Electron temperature ~ 3,000 K

•Thermal radiation efficiency ~ 0.45 % (1000 

more efficient than graphene on substrate)

•Color tuning by strong light-matter interaction



Hot Electron Localization

Temperature distribution

• Abrupt decrease of thermal conductivity 𝑘 = 𝑘0 Τ𝑇0 𝑇𝑎𝑝
1.92

• Significant reduced lateral heat dissipation under high bias          (2700 -> 

65 Wm-1K-1)

• Heat localization at center of graphene ~ 3000 K

• No melting of electrode ~ 300 K

• Non-equilibrium temperature

E. Pop et al, MRS Bull. (2012) Y. D. Kim et al, Nature Nanotech. (2015)

Thermal conductivity

Non-equilibrium temperature

൯𝑇𝑒 = 𝑇𝑎𝑝 + 𝛼(𝑇𝑎𝑝 − 𝑇0 , 𝛼 ~ 0.2-0.3 

Electron and Phonons are non-

equilibrium under steady sate.



Optical modulator (~ 30 GHz)

Graphene-Si hybrid photonic circuit

Graphene light emitter?
How fast light modulation?

Photodetector ( ~ 42 GHz)

Q. Bao and K.P. Loh, ACS Nano (2012)

R.-J. Shiue et al. Nano Lett. (2015)

C. T. Phare et al. Nature Photonics 

(2015)

Graphene-Si Hybrid Photonic Circuit
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Hexagonal-Boron Nitride : Ideal Dielectric 

Adapted from Dr. Philip Kim’s presentation in Graphene School 2010  

Rising of Hexagonal Boron Nitride

• < 2% lattice mismatch to graphene

• atomically flat

• chemically inert, stable to high temp.

• no dangling bonds- good dielectric 

properties

6.4 eV



James 
Hone

Takashi 
Taniguichi

Kenji Watnabe

NISM (High quality hBN)



hBN Encapsulated Graphene

At limit of acoustic phonon 

scattering.

Low contact 

resistance
World best graphene device 

platform!

L. Wang et al, Science 

(2013)



Ultrafast Graphene Light Emitter

37

Multi-layer (VSD = 7.9 V)

Few-layer (VSD = 0 V)

Mono-layer (VSD = 2.6 V)

Few-layer (iPhone image)

•Bright visible light emission

•Electron scattering suppress is more dominant

•hBN encapsulation for practical light source even in 

ambient condition

•Life-time above 4 year

hBN/Gr/hBN heterostructure



Tailoring Thermal Radiation of 
Graphene

Multi-layer (VSD = 7.9 V)

Mono-layer (VSD = 2.6 V)

Optical cavity mode

Y.D. Kim et al, Nano Letters 
(2018).

•Strong light-matter interaction of graphene

•Engineering local optical density in sub-

wavelength

•Easy to integration to arbitrary structures 

𝐼 𝜔, 𝑇 = න𝐸 𝜔 𝑛 𝜔, 𝑇 𝐷 𝜔

𝐸 𝜔 : Mode energy, 𝑛 𝜔, 𝑇 : photon occupation

𝐷(𝜔): Local optical density

Black body thermal radiation



Tailoring Thermal Radiation of 
Graphene
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Multi-layer (VSD = 7.9 V)

Under review

Photonic crystal 
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FIG. 1. (a) Schematic of a cavity-integrated hBN/graphene/hBN light emitter with edge contacts.

(b) Optical image of the fabricated device. (c) Schematic of energy relaxation of graphene hot

electrons. The red block corresponds to quasi-equilibrium of hot graphene electrons and optical

phonons of graphene and hBN. Subsequently, the heat flows to the acoustic phonons and the

substrate. (d) FDTD simulation of the electric field profile |E |2 of the silicon PPC air-slot cavity

indicates strongly confined resonant modes. (e) Reflection spectra of the PPC cavity before (blue)

and after (red) deposition of graphene on the PPC surface.

resonancesred-shifted to1559.1 nm, 1568.2 nm and 1590.7 nm, and theQ factorsdropped to

520, 430 and 400, respectively, becauseof thehigher e↵ective refractive index and absorption

of the hBN/g/hBN stack. The degradation of Q due to the 25-nm-thick hBN layers is

negligible, as tested in separate cavities, consistent with simulation results.

Fig. 2(a) plots the drain-source current I D S (blue) of the graphene device as a function

of the applied drain-source voltage VD S. The di↵erential resistance Rdi f f = (dI / dV )− 1

increases with VD S, which is a signature of self-heating and strong electron scattering by

hot optical phonons in graphene and hBN[24–28]. The measured thermal emission spectra,

plotted in Fig. 2(b) for VD S voltagesfrom 10 V to13 V, show threepronounced narrow-band

peaksthat match thethecavity resonant modesasobtained from thereflection measurement

shown in Fig. 1(e).

We can extract the temperature of the hot graphene electrons from thermal emission

spectra and the absorption of graphene in the cavity. From Kircho↵’s law, the emissivity

of graphene is equal to its absorption, which can be obtained from temporal coupled mode
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FIG. 1. (a) Schematic of a cavity-integrated hBN/graphene/hBN light emitter with edge contacts.

(b) Optical image of the fabricated device. (c) Schematic of energy relaxation of graphene hot

electrons. The red block corresponds to quasi-equilibrium of hot graphene electrons and optical

phonons of graphene and hBN. Subsequently, the heat flows to the acoustic phonons and the

substrate. (d) FDTD simulation of the electric field profile |E |2 of the silicon PPC air-slot cavity

indicates strongly confined resonant modes. (e) Reflection spectra of the PPC cavity before (blue)

and after (red) deposition of graphene on the PPC surface.
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520, 430 and 400, respectively, becauseof thehigher e↵ectiverefractive index and absorption

of the hBN/g/hBN stack. The degradation of Q due to the 25-nm-thick hBN layers is

negligible, as tested in separate cavities, consistent with simulation results.

Fig. 2(a) plots the drain-source current I D S (blue) of the graphene device as a function

of the applied drain-source voltage VD S. The di↵erential resistance Rdi f f = (dI / dV )− 1

increases with VD S, which is a signature of self-heating and strong electron scattering by

hot optical phonons in graphene and hBN[24–28]. The measured thermal emission spectra,

plotted in Fig. 2(b) for VD S voltagesfrom 10 V to13 V, show threepronounced narrow-band

peaksthat match thethecavity resonant modesasobtained from thereflection measurement

shown in Fig. 1(e).

We can extract the temperature of the hot graphene electrons from thermal emission

spectra and the absorption of graphene in the cavity. From Kircho↵’s law, the emissivity

of graphene is equal to its absorption, which can be obtained from temporal coupled mode
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•Graphene light emitter hybrid to Si photonic crystal 

•Resonance at telecommunication wavelength (1550~1600 nm)

•Strong light-matter interaction- enhance radiation efficiency
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Fig. 1. (a) Schematicof acavity-integratedgraphene light emitter. (b) Simulated energy distribution
of the cavity resonant modes of the fabricated PPC cavity. (c) Reflection spectrum of PPC cavity,
showing threedistinct resonant modes.
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Fig. 2. (a) Current-voltage characteristics of the graphene device (b) Thermal emission spectra of
the integrated light emitter at different VDS voltages. (c) Emission spectracollected at apolarization
angleof f = 0◦ and f = 90◦ with respect to thecavity radiation axis.

that correspond to the resonant modes of the PPC cavity. We collected the thermal emission at different polarization
angleswith respect to the radiativeaxisof thecavity modes (f = 0◦ ). The thermal emission show strong polarization
dependence when collected from f = 0◦ and f = 90◦ , asthe redandbluecurves in Fig. 2(c).
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Polaritons in van der Waals interface

Figure1d plots thedispersion of HP2 in an h-BN slab of thickness
d=58nm on SiO2 (no graphene). In a stark contrast to isotropic
crystals,wherelongitudinal optical phononsoccur at asingledegen-
erate frequency ωLO , in h-BN, multiple distinct branches of HP2

exist1,2,5. These different branches correspond to quantized HP2

waveguide modes1,2,5 with a scalar potential oscillating across the
slab and with a different number of nodes22. Each waveguide
mode disperses between ωTO and ωLO (Fig. 1b). Our theoretical
results and discussion in the following are relevant for all these
modes. The experimental results mainly concern the principal
mode, the nodeless waveguide mode of the lowest momentum.
Finally, Figure 1e presents the dispersion of the new collective
modes—hyperbolic plasmon–phonon polaritons (HP3)—which
arise from mixingof theSP2 and HP2 in thegraphene/h-BN meta-
structure. The graphene Fermi energy EF =0.37eV was estimated
from the surface polariton wavelength in Fig. 3d (see also ref. 19).
The modification of the hyperbolic response by graphene is
clearly manifested in the blueshift of the HP3 frequencies with
respect to those of HP2 (Fig. 1d,e). The shift of momenta (at a
fixed frequency) is opposite in the two hyperbolic bands: negative
in the type II band and positive in the type I band
(Supplementary Sections 1 and 2). This contrasting behaviour

stems from the fact that the polariton dispersion is negative and
positive in the type I and II regions, respectively.

Thechange in thepolariton wavelength induced by graphene is
described by theequation (Supplementary Section 1)

Δλ(%) =
λHP3 −λHP2

λHP2

≃
λp

πd

εz

1−εzεt
(2)

In atypical situation whereεz,εt areneither too largenor toosmall,
this formula predicts that Δλ(%) ison theorder of the ratio of the
two length scales: the plasmon wavelength λp of graphene and the
thickness d of h-BN. This clarifies why the influence of graphene
remainssubstantial in h-BN asthick asd = 300nm (valueobtained
from calculations in Supplementary Section 1). The length scale
over which graphenecan exert its influenceon theelectrodynamics
of surroundingmedia isset by itsplasmon wavelength. Importantly,
the plasmon wavelength can be controlled over a wide range by
meansof an applied gate voltage. Thus, HP3 inherit thehyperbolic
nature of HP2 while gaining an important added virtue: tunability
with applied gatevoltage.OutsidethetwoHP3 regions, theplasmo-
nic character of the dispersion is largely preserved (Fig. 1e). The
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Figure 1|Overview of the hybridized hyperbolic response in a graphene/h-BN metastructure. a, Experimental schematic showing the infrared beams

(black arrows) incident on and backscattered by an atomic force microscope tip. The incident beam is generated from monochromatic or broadband laser

sources (see Methods). The backscattered light is collected for extraction of the near-field signal. b, Broadband nano-infrared spectra of the metastructure

with a representative thickness of h-BN of 58 nm. The spectra are collected far away from the sample edges where the impact of edge-reflected polaritonic

waves is negligible. c,Calculated dispersion of the surface plasmon polaritons (SP2) in freestanding graphene with Fermi energies of EF =0.37, 0.15 and

0.08 eV. d,Calculated dispersion of the hyperbolic phonon polaritons (HP2) in h-BN of thickness 58 nm. The dispersion is visualized using a false-colour

map of the imaginary part of the reflection coefficient rp (for the case of P-polarization, polarized along the z axis, Supplementary Section 1). The black

dashed line is a rough estimate of the momentum at which the tip–sample coupling is strongest20. Green dashed rectangles surround the regions of the

hyperbolic response. e,As in d, but for a graphene/h-BN structure with EF =0.37 eV. The false-colour map reveals the dispersion of the hyperbolic

plasmon–phonon polaritons (HP3) and the surface plasmon–phonon polaritons (SP3).Weak resonances aroundω=1,130 cm−1 in d and e originate from

the SiO2 substrate.
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Hybrid of

Graphene plasmon- hBN phonon polariton
Direct efficient electronic cooling pathway

(Graphene-hBN interface)

D. N. Basov et al., Science (2016)

A. Principi et al., PRL (2017)

S.Daii et al., Nature Nano.  (2015)



Polaritons in van der Waals interface

D. N. Basov et al., Science (2016)

Hybrid graphene plasmonic- hBN phonon polariton mode 

Extra hot electron cooling pathway

Hybrid polariton mode

41

Very slow process



3 GHz light modulation

•Electrically driven GHz range thermal radiation source

•Thermal relaxation time 𝜏 = 𝐶𝑒/Γ (heat capacity  of graphene and hot electron cooling 

rate)

Ultrafast Graphene Light Emitters

Y.D. Kim et al, Nano Letters 
(2018).



FWHM ~ 92 ps

(~ 10 GHz)

•10 GHz bandwidth ( FWHM ~ 92 ps) 

•Hybrid graphene plasmon-hBN phonon polariton (2~3 nm hBN 

contribution)

•Direct and efficient electron cooling pathway by graphene/hBN interface 

Ultrafast Graphene Light Emitters
80 ps electrical excitation

SimulationExperiment

Electron

Lattice



Chip-Integrated Graphene Light Emitter

Gr

hBN
Si Si WG

Raman mapping

5V 5V

• Hybrid photonic circuit and ultrafast graphene light source

• Strong coupling of thermal radiation to Si waveguide

• Combination of graphene photodetector, optical modulator

• Promising for on-chip ultrafast optical communication

Light emission

Device	#4	spectrum	from	1450	to	1650	
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Large Scale Graphene Light Emitter

• Scale up using large scale CVD graphene 

• Over 60,000 graphene light emitter array  on 
chip

• PECVD graphene – No need transfer process

• CMOS technology compatibility

PECVD Graphene on arbitrary 

substrate

256 x 256 

pixel

4 inch 

Graphene wafer

4 inch

SiO2/Si  

Kim, Y. S. et al., Nanoscale (2014)

CVD Graphene on Cu foil

1 cm 1 mm 250 µm 10 µm

S. Bae et al., Nature Nanotechnology (2010)

Hyung-sik Kim

Ken Shepard group/

Samsung Display

unpublished



Large Scale Graphene Light Emitter

46

• Large-scale graphene light 
emission

• Potential transparent display 
module and augmented reality 
display 

unpublished
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Incandescent Lamp

Large bulb is essential for vacuum and inert gas!
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Nernst Lamp



49

Walther Nernst (1864-1941)

Invented in 1897

Ceramic  rod = 
Zirconium Oxide (ZrO2)
+Yttrium Oxide (Y2O3)

No oxidation under high temperature
and air.

No need vacuum and noble gas

No current flow at room temperature.

Heater 

3rd law of thermodynamics

“The entropy of a system approaches a constant value as 
its temperature approaches absolute zero”
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Hexagonal-Boron Nitride : Ideal Dielectric 

Adapted from Dr. Philip Kim’s presentation in Graphene School 2010  

Hexagonal Boron Nitride

• < 2% lattice mismatch to graphene

• atomically flat

• chemically inert, stable to high temp.

• no dangling bonds- good dielectric 

properties

6.4 eV



Courtesy of C. Attaccalites

Direct band gap Indirect band gap

hBN Band Structure

Wide bandgap (>7.25 eV) and Indirect bandgap material.
Very large exciton binding energy (0.2 eV).



Quantum Emitter in Wide Bandgap Material

NV center Diamond (3D)

Single photon source at Room Temperature.

Key material for quantum information system.



hBN based Quantum Emitter
Singe color center (Defect) in hBN (2D)

Single photon source at Rom Temperature

T. T. Tran et al, Nature Nanotech. (2016)
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Figure 1|Structural characterization of hBN. a, Schematic illustration of a hBN monolayer. b, TEM image of the corner of a single hBN sheet. Inset: hBN

lattice. c, Corresponding SAED pattern. d, Raman scattering spectra of monolayer,multilayer and bulk hBN (blue, green and red squares, respectively) on a

silicon substrate. Solid lines are Lorentzian fits to the experimental data.
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Figure 2 |Optical characterization of single-photon emitters in hBN. a, Scanning confocal map of a multilayer hBN sample showing bright luminescent

spots, some of which correspond to emission from single defects. b, Room-temperature photoluminescence spectra of a defect centre in hBN monolayer

(blue trace) and multilayer (red trace). c, Schematic illustration of the confocal photoluminescence set-up (DM,dichroic mirror; FSM, fast steering mirror;

Obj, objective lens). d, Photoluminescence spectrum taken at 77 K of a defect centre in multilayer hBN. Inset: the zero phonon line. e, Antibunching curves

from an individual defect centre in hBN monolayer (blue open circles) and multilayer (red open circles), corresponding to the spectra shown in b. The g2(τ)

curves were acquired using an excitation power of 300 µW and an acquisition time of 10 s, and are normalized and offset vertically for clarity. Solid blue and

red lines are fits obtained using equation(1).
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Tunable quantum emitter by strain

G. Grosso et al, Nature Comms. (2017)

Electric field Stark tuning

G. Noh et al, Nano Lett. (2018)

2D Quantum emitter with various tunability!
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2D Semiconductors

Thickness decreases.

KF. Mak et al, Phys. Rev. Lett (2010)

Direct band gap - PLTransition metal dichalcogenide 
(TMDC)

K K’

Spin-valley physics

K. Kalantar-zade et al, Advanced Funct. Mat. (2015) 



Exciton-Polariton in 2D Semiconductors
Strong coupling regime

Exciton-Polariton in MoS2

X. Liu et al, Nature Photonics. (2015).
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Exciton-Polariton Applications

2D materials: large exciton binding energy

Interlayer exciton:  room temperature BEC

NATUREPHYSICSDOI: 10.1038/NPHYS3143 REVIEW ARTICLE
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Figure 1|Exciton–polariton condensation. a,Typical device structuresupportingexciton–polaritons.Excitons,consistingof abound electron–hole pair,

exist within thequantum well layers.Thesearesandwiched by twodistributedBraggreflectors (DBRs),madeof alternating layersof semiconductorswith

di erent refractive indices.TheDBRs form acavity that strongly couplesaphoton andan exciton to form an exciton–polariton.Polaritonsareexcitedby a

pump laser incident from above.b,Exciton–polariton dispersion andcondensation process.Strongcouplingbetween thecavity photon andexciton

dispersions split thedispersionsnear k= 0 tocreate the lower polariton (LP) andupper polariton (UP) dispersions.Thepump laser initially excites

high-energy excitons,which then cool viaphonon emission towards thebottleneck region (black clouds).Weshow both the resonant pumpingscheme

(largebluearrow) and thenon-resonant pumpingscheme (large redarrow,pumpedat ahigher energy beyond thescale shown).Excitons in thebottleneck

region then scatter into thecondensate (orangecloud) via stimulatedcooling.c,Experimental dispersion imagesof polariton condensate formation from

ref.5.Below the threshold for condensation thepolaritonsarebroadly distributed in momentum andenergy.At andabove threshold thepolaritons

condense in the k= 0 groundstate.d,Polariton groundstatepopulation for apolariton laser asa function of thepumppower from ref.36.Thefigurealso

showsthe threshold for astandard laser achievedby asu ciently largedetuning to lose strongcoupling in thesamesample for comparison.

interpretedasstandardlasing,wheretheexcitonsplay theroleof the
gain medium37?Another question relatestotheshort lifetimeof the
polaritons, which means that the condensate must be continually
replenished to have a stable population. As the usual concept of
a BEC assumes thermodynamic equilibrium, in such an explicitly
non-equilibrium situation, does it make sense to even think of a
polariton BEC? Although some of these issues are the subject of
ongoingdebate38–40,wedescribethepresent stateof understanding
addressingthesequestions.

The first difference between a polariton BEC and a VCSEL is
which particlespeciesaccumulatescoherence41,42 (Fig. 2a). From a
device perspective, one clear difference between a polariton BEC
and a VCSEL microcavity structure is the presence or absence of
strong coupling, respectively. In the lasing case, the gain medium
(electron–hole pairs) is pumped sufficiently such that population
inversion occurs. Then, via a process of stimulated emission,
photonsareemitted and amplified coherently such that eventually
lasingoccurs. Thusthespeciesthat developscoherenceconsistsof
thephotonsand thegain medium isnot coherent. In contrast, in a
polariton BEC a largepopulation of hot uncondensed polaritonsis
initially excited.Assumingthat thepolariton lifetimeissufficiently
long for thermalization with the crystal to occur, by a process

of stimulated scattering into the k = 0 mode, in a similar way
to Fig. 1b, a polariton condensate forms. The polaritons that are
in the condensate then emit coherent light via leakage of their
photonic components through the microcavity mirrors. In this
case, the coherence that accumulates is in the polaritons rather
than the cavity photons. Thus, even though both the laser and
the polariton condensate emit coherent light, in this case there is
a clear distinction determined by what particle species becomes
coherent. More precisely, the process of coherence formation is
different owing to the different particles involved—lasers become
coherent bystimulatedemission,whereaspolaritoncondensatesare
coherent owingtostimulatedcooling.

Although theabovedistinction isclear if polariton lifetimesare
very long relative to the thermalization time, this isnot alwaysthe
caseinpractice,makingthedistinction lessobvious.Inprinciple,for
particleswith infinite lifetimes thephotonicor excitonic fractions
do not matter43—wemay equally consider thetwo extremesof the
spectrum of photon BECs (ref. 12) and exciton BECs. The issue
of the particle lifetime brings another aspect to the discussion, of
whether thermal equilibrium has been reached. In the literature
it has now become commonplace to refer to different regimes in
various ways. At one end of the spectrum is the polariton BEC,
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Polariton laser:  Thresholdless nano-lasers
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exist within thequantum well layers.Thesearesandwiched by twodistributedBraggreflectors (DBRs),madeof alternating layersof semiconductorswith

di erent refractive indices.TheDBRs form acavity that strongly couplesaphoton andan exciton to form an exciton–polariton.Polaritonsareexcitedby a

pump laser incident from above.b,Exciton–polariton dispersion andcondensation process.Strongcouplingbetween thecavity photon andexciton
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condense in thek= 0 groundstate.d,Polariton groundstatepopulation for apolariton laser asa function of thepumppower from ref.36.Thefigurealso

shows the threshold for astandard laser achievedby asu ciently largedetuning to lose strongcoupling in thesamesample for comparison.

interpretedasstandardlasing,wheretheexcitonsplay theroleof the
gain medium37?Another question relatestotheshort lifetimeof the
polaritons, which means that the condensate must be continually
replenished to have a stable population. As the usual concept of
a BEC assumes thermodynamic equilibrium, in such an explicitly
non-equilibrium situation, does it make sense to even think of a
polariton BEC? Although some of these issues are the subject of
ongoingdebate38–40,wedescribethepresent stateof understanding
addressingthesequestions.

The first difference between a polariton BEC and a VCSEL is
which particlespeciesaccumulatescoherence41,42 (Fig. 2a). From a
device perspective, one clear difference between a polariton BEC
and a VCSEL microcavity structure is the presence or absence of
strong coupling, respectively. In the lasing case, the gain medium
(electron–hole pairs) is pumped sufficiently such that population
inversion occurs. Then, via a process of stimulated emission,
photonsareemitted and amplified coherently such that eventually
lasingoccurs. Thusthespecies that developscoherenceconsistsof
thephotonsand thegain medium isnot coherent. In contrast, in a
polariton BEC alargepopulation of hot uncondensedpolaritonsis
initially excited.Assumingthat thepolariton lifetimeissufficiently
long for thermalization with the crystal to occur, by a process

of stimulated scattering into the k = 0 mode, in a similar way
to Fig. 1b, a polariton condensate forms. The polaritons that are
in the condensate then emit coherent light via leakage of their
photonic components through the microcavity mirrors. In this
case, the coherence that accumulates is in the polaritons rather
than the cavity photons. Thus, even though both the laser and
the polariton condensate emit coherent light, in this case there is
a clear distinction determined by what particle species becomes
coherent. More precisely, the process of coherence formation is
different owing to the different particles involved—lasers become
coherent bystimulatedemission,whereaspolaritoncondensatesare
coherent owingtostimulatedcooling.

Although theabovedistinction isclear if polariton lifetimesare
very long relative to the thermalization time, this isnot always the
caseinpractice,makingthedistinction lessobvious.Inprinciple,for
particleswith infinite lifetimes thephotonicor excitonic fractions
do not matter43—wemay equally consider the two extremesof the
spectrum of photon BECs (ref. 12) and exciton BECs. The issue
of the particle lifetime brings another aspect to the discussion, of
whether thermal equilibrium has been reached. In the literature
it has now become commonplace to refer to different regimes in
various ways. At one end of the spectrum is the polariton BEC,
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Bose-Einstein condensation in solid

GaAs: ~3.5 meV (15 nm Bohr radius)
MoS2: ~ 140 meV (1 nm Bohr radius)
Type II TMDC: >200 meV

- Bosonic quasi particle
- High temperature superconductivity and superfluidity
- Quantum simulator and quantum information
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2D Materials for Next-generation Light Source 
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