Better Standards, Better Life

Probing Electronic Properties of
Two-Dimensional Materials with
a Planar Tunnel Junction

2017.11.15
Suyong Jung

Quantum Technology Institute






M127% A28t
“RIH= LIERA| S sh2siC)

H13R (7} EHBZE CHE7|2

“SIREZISIANLS V2 HBZ (fEI|B22 i)




SIEFRIATH KRISS

27123RZE 97| U 3 234 |4
2382 92 Y o

M22 S385E dHE
Djeiate M= £E70|s A71E




o1& (KRISS 4214) SEEROP KRS

M1999.2 %7rﬂ$—7l &l
5 L EHEF ” " Pride KRISS

o jaoR Best a0
| 1200410 TP - BREENE
R1975.12 :}7}315-7| 7| Z,;, RSy
A A2 3' . JE40=E

119783 CHRHGTCIR]
LH &1 22| ==

2! i

12017.7

e A
: 2 [iED o)
5 AR o2 Y
T 120146
‘ 0eiRIRfEE
B S = P Kaoins)
..... T — 2 RE=ES
7 fpial v ey

7 2B AAHIE] SBY)



.
a8 HFLE
Ministry of Science and ICT

L
NST =713oI1£872 (05 ) EsccT)|B)

National Research Council of Science & Technology

L KRISS

OFz1 I 2=} 8k

Korea Research Institute of Standards and Snlnnnn
HIMM BISJIHETE m5| Lk g g

S:[ et L L

Sh==c A ?

orRAIEo Y Er= R
.@ | — ) O L] 24 D[ 5 00 T2 2

Y,

U2 00| o0y 19 K:EI e e b k= ch SUTTSTETE — no0en METINIE OF BT SEEROCH

ROWEA BASKS SOENCE INSTITUTE
SOELA IRSTINUTE OF CAIENTAL MEDICINE



National Metrology Institute (NMI)

KRISS

‘E;.'EEW‘IE?E\
.

- (O]=t) National Institute of Standards and Technology (NIST) : four Nobel physics prizes
- (¥=2) National Physical Laboratory (NPL)

- (=4 Physikalisch-Technische Bundesanstalt (PTB)

- (Z==FA) Laboratoire national de métrologie et d'essais (LNE)

- (Y-&) National Metrology Institute of Japan (NMlJ)



HEE EX (1-71=3) Il. Better Standards, KRISS?

10% s

HAL2S
AR
00000000 000000 00000 0000
oooooon0 QoOo0o0n (= m [ ]a]a] oonon
(119%) (57%) (423) (35%)

_
T
L

;%.‘f"""
i,

?’4‘?'/'4
//////////////////////////////////

//////////////////////////////////////////

=c[8} 23}

I

ety
1

L5/

%/////////////////////%//////////////////// %/////////////////// R T
W Ty oy A= 3R AR g A
=2 =0 =9 25F =2

(201511712

=3}




KRISS ZHI{A

Pride KRISS
Since 1975

24



=/ SEHT R MA

KIr

CEEPULTES

=

3










KRISS &Xt=S7d &

= Dilution Refrigerator (DR, S| A1A! L4EE 1) 4)

: Wet DRs (3), Cryogen-free DR (1)
= Cryogen-free Probe Station (F40f == H AF|0|M)
= Adiabatic Demagnetization Refrigerators (ADR, EFEAXHS7|) (2)
= Pits for Liquid He Dewar (3)
=  Tube Fumace (3), Wire bonders (2)
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= SEM / E-beam lithography (2) : FEl Sirion 400, Raith Vioyager
= Photolithography (2) : SUS Microtech MIA6
= E-beam evaporators (5), Sputtering systems (2)

= Reactive Ion Etching (RIE, 2), Ion Milling
= (Cntical point dryer; Surface profiler, Plasma asher

= Wet stations (solvent, acid and base bays), spin coaters, hot plates

Vovaces




Energy gaps in graphene
on h-BN substrate

tunneling spectroscopy
with h-BN as a tunnel insulator

and others



Sublattice Symmetry of Graphene / Energy Gap KRISS




Sublattice Symmetry of Graphene / Energy Gap KRISS
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Experimental Evidence for Graphene Energy Gap
Graphene on SiC
(ARPES)
0
E, —>
=05 =
2
N -1.0
Iih
~1.8 —LOW Ko Ky
-04 I (I) l
Courtesy of
Electro-Optics Center (EOC) Materials Division at Penn State k- K(A_1)

0.4

S. Zhou et al. Nat. Mater. 6, 770 (2007)
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Experimental Evidence for Graphene Energy Gap  kRriSs

Graphene on h-BN
(multi-probe transport measurement)

400
T (K
U300
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300} | |es
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C. R. Dean et al. Nature Physics 7, 693 (2011)




Graphene vs. hexagonal Boron Nitride

graphene

Boron Nitride

Adapted from Dr. Philip Kim’s presentation in Graphene School 2010
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Graphene Superlattices on hexagonal boron nitride kriSs

Energy (eV)

Band Structure of Graphene Superlattice

Monolayer graphene / hBN (6 = 0)

(a ) Tlght blndlng (b) Continuum

TN LY T T T

b ARy

P. Moon et al. Phy. Rev. B 90, 155406 (2014)




Graphene Superlattices on h-BN

Experimental evidence for the 2" Dirac points in graphene superlattice

Graphene
. .- BN

Py (KQ)
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C. R. Dean et al. Nature (2013) - bilayer
L.A. Ponomarenko et al. Nature (2013) — single layer
B. Hunt et al. Science (2013) — single layer
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Quantitative Analysis for the Energy Gaps

| © satellite
® CNP

Vg (Volts)

L. Wang et al. Science 350, 1231-1234 (2015)



Quantitative Analysis for the Energy Gaps

Extracting the energy gaps from Arrhenius plot of the peak conductivities

Main peak

o Device 1

Device 2 3
Device 3 !
Device 4 ]

000 002  0.04

1/T (K™

! Lef't peak' Dev;ce 1 )
i Device 2 1
10-2 . Device 3 |
Q!Qb% ]
-3 0
10 o~ ;
10” \s
: S\ :
[ M 1 N 1
0.00 0.02 0.04
1T (K")

L. Wang et al. Science 350, 1231-1234 (2015)
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Alternative Method for Probing the Energy Gaps

Graphene on SiC Graphene on h-BN
(ARPES) (ARPES)

Si0,/Si

E- E; (eV)

04 -02 00 02 -01 00 01
k, (A k, (A1)
S. Zhou et al. Nat. Mater. 6, 770 (2007) E. Wang et al. Nat. Phys. 12, 1111 (2016)
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Tunneling Spectroscopy for Probing Energy Gaps KRISS

Gap from Charge-Density Wave in NbSe, Energy Gap in Bilayer Graphene
(STM) (STM)
3
STM spectroscopy of single-layer NbSe,/BLG P4 (hole puddle)
) - 3
E
~ >
S <
N B
S £
7y
2
|
.,
0 | . | . | L { . | -60F O, 00T P1 (electron puddle)
~40 20 0 20 40 0 10 20 30 40 50 60
Bias voltage (mV) Gate voltage (V)
M. Ugeda et al. Nat. Phys. 12, 92-97 (2016) G. Rutter et al. Nat. Phys. 7, 649-655 (2011)

B Better Standards, Better Life



2"d Dirac Points Probed by STM

STM / STS Measurement

25
S - @
< o =
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ke s 5
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0 1 1 1 1 |
-0.4 -0.2 0 0.2 0.4
Gate voltage (V) Sample voltage (\)

M. Yankowitz et al. Nat. Phys. 8, 382-386 (2012)
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Tunneling Spectroscopy for Probing Energy Gap KRISS
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Tunneling Spectroscopy with h-BN as Insulator KRISS

orobe Metallic probe )

Tunneling insulator S— V,
(vacuum) , iaaaa—

Devices under
measurement

’---.-

Si (back gate) SerarssasrssarssessaEEEEasseRERaRaRannnns Si (back gate)
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Tunneling Spectroscopy with h-BN

S.Jung et al. Sci. Rep.. 5, 16642 (2015)
S. Jung et al. Nano Lett. 17, 206-213 (2017)

B Better Standards, Better Life



Tunneling Spectroscopy of Single Layer Graphene = kRISs

@ charge neutrality point ( V, =0 V) @ hole doping region (V, =- 50 V)
1 ! 1 ! 1 ! 1 ! ] | I ' I ' 1 ! 1 ! ]
0.7 i
0.4 |- - i
0.6 |- -
— 03¢f 1 —~ 05} -
) )
E! g |
§ § 04 |- -
© 0.2 . ©
3] 3]
5 O 03} _
ge) ©
S S [
o 0.1 L |1 © 0.2 | -
0.1} -
0.0 . 00 L 1
| 1 | 1 | 1 | 1 | | L | L | 1 | 1 |
-400 -200 0 200 400 -200 0 200 400 600
Sample Bias (mV) Sample Bias (mV)




Gate Mapping of Single-Layer Graphene

Conductance, G = d//dV,

-400 [ R P [ A— [ S . S A A PR E |
-300
-200
< -100
[
£
> 0
20
[
c
w100

200

300 | ; g

400 1 | 1 | 1 | ) | 1 | 1 | 1 | 1 | 1 | 1
-50 -40 -30 -20 -10 0 10 20 30 40 50

Gate Voltage (V)
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- |nelastic Tunneling Spectroscopy (Phonons) KRISS

Abs(dG/dV, ) = |d?/dV,2?]

0 10
Gate Voltage (V)

Better Standards, Better Life



Inelastic Electron Tunneling Spectroscopy (Phonons) kriSs

- Inelastic Electron Tunneling Spectroscopy

Empty
States

Filled
States

Tip DOS

__________ > elastic

hw§
2 1./ > inelastic

Graphene DOS

-hw/e

]
hw/e

AdG/dV, = d?I/dV,>2




STM measurement

dI/dV’ (nS/V)

Inelastic Electron Tunneling Spectroscopy (Phonons) kriSs

IETS for graphene phonons

F. D. Natterer et al. Phy. Rev. Let. (2015)

d1/dV*
-1.9 nS/V IR

-
V. (mV)

250

500

c 6 9 —2|5 75‘0 ~7"5 —190 71‘25 —1|50 ‘ —1?5 ‘ -290 —2?5
P | 10
T 4f E‘L ff Eﬁﬁmmﬁf%% fﬁ “ dfm &
2 Wi Yl P11 12 3
3 . ) o =
x° gl Ps & P12
: AV e - X
of N A A
o m w7 wo s w0 w5 am s
v, (mV)
Density Functional Perturbation Theory (DFPT) Calculation
Peak No. Position (mV) FWHM (mV) Phonons DFT (meV)
1 16.7+0.1 11.6 + 0.6 I+ (h-BN) / I'e-, I2- (graphite) 11/14
2 33.5+0.3 7.8+1.0 I, 2 (graphene/h-BN hetero) 36
3 46.4 £ 0.4 126+1.7 Ks (graphene/h-BN hetero) 46
4 66.7+ 1.7 7.8+6.9 Ks (graphite/graphene) 67
5 83.8+0.3 18.1+15 M+ (graphene/h-BN hetero) 86
6 102.9+0.3 9.4+15 Is-, M4+ (h-BN) / I+ (graphite) 99 /110
7 1247+2.4 19.7+5.8 Ks (h-BN) / K2 (graphite) 129/ 124
8 134.8+0.6 11.5+25 Ks (graphene/h-BN hetero) 140
9 156.4 + 0.2 7.6+0.7 K12 (h-BN) 155
10 167.9+0.1 126+0.4 Is+ (h-BN) 167
11 186.3+0.1 9.3+04 LO overbending (h-BN) 184
12 199.2+0.2 7.1+0.7 s+ / LO overbending (graphite) 198 / 202

S. Jung et al. Scientific Reports 5:16642 (2015)
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Probing Electronic Structure with Tunneling

energy

di/dv

Fermi energy

Filled
States

Tip DOS Graphene DOS Sample Bias
= Energy




Tunneling Spectroscopy in High Magnetic Field KRISS

STM measurement

S. Jung et al. Nat. Phy. 7, 245-251 (2011) @ hole doping region (V, = - 50 V)
I i I i I i I i I i I i I i I i I
| F T T T T T T T T T ] o I-Llol J0s8
L Jos
B Jos €
L Joa g
B Jos 3
n 1 = - 0.6
L — 0.2 E
L Jo1 ™ o
- . . . _- 0.0 g
2000 0 200 400 600 LL, =
—~ Sample Bias (mV) Q'-
e \L {04 8
N 3
-U —
>~ ﬁ i -
S L
-4 0.2
u -4 0.0
1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
-200 -100 0 100 200 300 400 500 600
I . I . I . I .
-100 0 100 200 Sample Bias (mV)
Sample bias (mV)
S. Jung, N. Myoung et al. Nano Lett. 17, 206-213 (2017)




Tunneling Spectroscopy with h-BN as Insulator KRISS

Bilayer Graphene




Tunneling Spectroscopy of Bilayer Graphene Device kRriSs

@ hole doping region (-60 V < V, <- 54 V) @ electron doping region (54 V <V, <60 V)
1 ! 1 ! 1 ! 1 ! 1 I ! ] ! ] ! 1 ! 1
‘ 0.20 -
0.20 |
0.15 i
0.15 |
) )
2 =2
S S 0.10
S 010 | c -
s 5]
> >
ge) e
C C
(@) (@)
© 005} O 0.05 i
0.00 | - 0.00 i
| 1 | 1 | 1 | 1 | | N | L | 1 | 1 |
500 250 0 250 500 500 250 0 250 500
Sample Bias (mV) Sample Bias (mV)

S. Jung, N. Myoung et al. Nano Lett. 17, 206-213 (2017)
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Gate Mapping of Bilayer Graphene Device

500 T T 7 T v T T T T T T T T T T T T T T T T T
400
300

200

100

0

-100

Sample Bias (mV)

-200

-300

-400

-0 -50 -40 -30 -20 -10 0 10 20 30 40 50 60

-500

Gate Voltage (V)

S. Jung, N. Myoung et al. Nano Lett. 17, 206-213 (2017)
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https://als.Ibl.gov/altered-states-graphene-heterostructures/

Graphene/h-BN

Graphene
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Fabricating Graphene-h-BN Tunneling Devices KRISS

h-BN/SiO,




Fabricating Graphene-h-BN Tunneling Devices KRISS

Tunneling device

QAN

device | 1 graphite
e h-BN

< graphite ,w gr;\_gl\lene
W/Sio2

- Edge-contact Hall-bar device

—<- graphene
Hall-bar S " hBN
device
Si/SiO,




Basic Parameters for Graphene Superlattice

Twist angle (i.e. Moire superlattice length)

\ V—
‘\\ Tunneling from the FWHM width of Raman 2D

device 1

< graphite

Raman Intensity (arb. units)

x0.015

Hall-bar

| 2600 2650 2700 2750
device

Raman shift (cm™)




Basic Parameters for Graphene Superlattice

14
V, (FDP)=-0.5V, V, (SDP) =-23.1V

12
density(n) = 2.35 x 10*? cm™

10 E, @ SDP :0.18 eV
= Superlattice length: 13.4 nm
% 8 Twist angle : 0.3°
o .
= Resistance
C 6 i T T T T T T T T T T T T T T T | 8k
o B=0T
= | | 6k
4 ' '_
. 14k
2 _ _
0 | _ 0

30 ’[—20 -10 ’F 10 20| 30 30 -20 -10 0 10 20 30
Gate voltage (V)



Tunneling Spectra of Graphene-h-BN Superlattice

10}

1k
) F
\3/. L
(D]
(@]
[
IS
(@]
5 Ot ¢, Ep(FDP)
2 :
) l

001}

L @ V,=0V
600 -400 200 0 200 400 600

Sample bias (mV)
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Tunneling Spectra of Graphene-h-BN Superlattice = kriSs

10 |
2
: l
O
[
©
S
E, (FDP
g 0.1 r o (F27)
’ | l l
@ V,=-10V
001_ 1 " 1 " 1 " 1 " 1 " 1 " 1
-600 -400 -200 0 200 400 600

Sample bias (mV)
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Tunneling Spectra of Graphene-h-BN Superlattice = kriSs

10 |

E, (FDP)

Conductance (uS)

N

- @V,=-20V
001t !

600 400 200 0 200 400 600

Sample bias (mV)

B Better Standards, Better Life iy



Tunneling Spectra of Graphene-h-BN Superlattice = kriSs

600 T T T T T T T - T T T T T
Secondary Dirac point (SDP);
in electron-doped region

400 -

— 200}
> |
i /
s 0
g First Dirac point (FDP)
& 200
©
2 I
-400 A
Secondary Dirac point (SDP)
in hole-doped region T
B=0T
-600 I L I . l . I L I L I L I
-30 -20 -10 0 10 20 30

Gate voltage (V)

B Better Standards, Better Life



Tunneling Spectra of Graphene-h-BN Superlattice = kriSs

Are energy gaps really formed
at both the DPs ?




Landau Level Spectroscopy for Energy-gap Analysis kRriSs

Bilayer graphene with an energy gap Landau-level spectroscopy
B=0T B>0T 120+ LLs
90 - LL,
ol L
E 60 _ - 3
% 30 LL;
L .
ﬁ Or LL
s g - - g 000
8 30/
_60 =
ol @P1V, =33V o

0 1 2 3 4 5 6 7 8 ©
Magnetic field (T)

G. Rutter. S. Jung et al. Nat. Phys. 7, 649-655 (2011)
B Better Standards, Better Life



Tunneling Spectra of Graphene-h-BN Superlattice

10 |
2 1
w :
(@]
[
[¢v]
5
§ E, (FDP)
S 01L
001_ 1 N 1 N 1 N 1 N 1 N 1 N 1
-600 -400 -200 0 200 400 600

Sample bias (mV)
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Tunneling Spectra of Graphene-h-BN Superlattice = kriSs

16]
14}
12|
1.0}

0.8

G (uS)

0.6

0.4

I B=0T .
0'2_ @Vg=15V

<€——> Energy gap?
-140 -130 -120 -110 -100 -90 -80 -70

Sample bias (mV)
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Landau Level Spectroscopy for Gap Analysis

600

400 L

200

-200 £

Sample bias (mV)

-400 |

30 20 -10 0 10 20 30

-600

Gate voltage (V)




Landau Level Spectroscopy for Gap Analysis

600

400

200

-200

Sample bias (mV)

-400

-600

Gate voltage (V)




Landau Level Spectroscopy for Gap Analysis

Sample bias (mV)

600

400

200

-200

-400

-600

Energy gap formed at the 2" Dirac point
of graphene-h-BN superlattice
in hole-doped region

1

|

|

|

|
n Y A 1 n ¥ N

0 10 20 30
Gate voltage (V)

Magnetic field (T)

1x10° 1x107

, Logtdrave |

25F
20

15F

hole-doped
SDP

0.0
-500

Sample bias (mV)

Better Standards, Better Life ~



600

400

200 +

-200

Sample bias (mV)

-400

-600

Magnetic field (T)

Gate voltage (V)

=
N

I
O

oo

0

-400

hole-dopedsample bias
SDP

FDP

2150' 800
mV)
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Sample bias (mV)

Landau Level Spectroscopy for Gap Analysis

2x10° 5x10”
Energy gap formed at the 1% Dirac point 3¢ L09(d/dVD [ .

of graphene-h-BN superlattice

600 4 T i T x T r T v T ; T

400

200

Magnetic field (T)

-200

-400

-600 1 . 1 L L L 1 L L s 1

Gate voltage (V)

Sample bias (mV)
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Landau Level Spectroscopy for Gap Analysis

Energy gap at the 1%t Dirac point  Dirac point from misaligned graphene-h-BN device

2x10° 5x10”7 3x10 5x10°
Log(di/dve) [ R Log(di/dve) R
0 — - , 3.0
- <28V '
25
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Landau Level Spectroscopy for Gap Analysis

2" Dirac point in hole-doped region 2" Dirac point in electron-doped region
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Landau Level Spectroscopy for Gap Analysis

Energy gap at the 1%t DP 2" DP in hole-doped region 2" DP in electron-doped region
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H. Kim et al. In preparation Graphene-h-BN twist angle : 0.14°, Moire wavelength 13.8nm



- Summary / Ongoing Efforts KRISS

Developed experimental platforms for high-quality graphene devices
: hybrid devices with h-BN, dry transfer technique

Investigate novel quantum phenomena in low-dimensional systems

Tunneling spectroscopies for low-dimensional systems under various

physical conditions
: Carbon nanotubes , Transition Metal Dichalcogenide (TMDC)
: tunneling + optical, thermal, mechanical knobs varying T, B, P and others
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