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Introduction: Graphene quantum resistance standards

 Motivation: Graphene-based quantized Hall resistance 

(QHR) devices allow the realization of the unit “Ohm” 

under relaxed measurement conditions:

 Lower requirements compared to former GaAs-

based standards.

 Wide resistance plateaus starting at a few Tesla

 Higher measurement temperature ~ 4.2 K

RK/2
B = 5 T

low carrier density
n ≈ 2 × 1011 cm-2

T = 4.2 K

i = 2

QHR measurement 
of epitaxial graphene 

device, PTB Graphene:

Ribeiro-Palau et al. (2015), Nature Nanot. DOI: 10.1038/nnano.2015.192

Kruskopf et al. (2018), Metrologia, DOI: 10.1088/1681-7575/aacd23

GaAs-based:

Pierz et al. (2011), IEEE Trans. Instr. Meas., DOI: 10.1109/TIM.2010.2100651

Kučera et al. (2019), IEEE Trans. Instr. Meas., DOI: 10.1109/TIM.2018.2882216

Estimated QHR phase space with 1 ppb precision

2021-06-03
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Introduction: Graphene quantum resistance standards

compact closed cycle 
cryostat at PTB, 2.6

system parameters

B = 5 T

T = 4.2 K

 Goal: Compact and easy-to-use QHR 

systems based on closed cycle cryostats 

for AC and DC resistance metrology.

Cryogenic Current Comparator (CCC) System 

from Magnicon, developed at PTB

Estimated QHR phase space with 1 ppb precision

2021-06-03
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Device characteristics - Development history at PTB 

Challenges: charge carrier density control, device stability

RK/2
B = 5 T

low carrier density
n ≈ 2 × 1011 cm-2

i = 2

B = 5 T

high carrier 

density
n ≈ 1 × 1012 cm-2

i = 2
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RK/2

low carrier density
n ≈ 1 × 1011 cm-2

B = 5 T

i = 2

2021

(F4-TCNQ doping)

2016 

(photo-chemical gating)

2014 

(undoped)

Kruskopf et al. (2016), 2D Materials, DOI: 10.1088/2053-1583/3/4/041002

M. Kruskopf (2017), doctoral thesis TU Braunschweig / PTB, DOI: 978-3-95606-325-1

Y. Yin, 

M. Kruskopf 
Y. Yin

1 ppb 
precision

1 ppb 
precision

1 ppb 
precision

2021-06-03
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Charge carrier density control, device stability: 

photo-chemical gating

2021-06-03

hair line

cracks!

Sketch of resist layer gating system:

ZEP resist
copolymer (spacer)

graphene
SiC substrate

UV - light

Lara-Avila et al. (2011), Advanced Materials, 

DOI: 10.1002/adma.201003993

Problems with photo-chemical gating:

 The resist layer tends to crack after one cooldown / 

warmup cycle

 The charge carrier density is not stable over 

several months.

graphene Hall bar under the microscope after cooldown, PTB 2015
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Charge carrier density control, device stability: 

F4-TCNQ molecular doping

2021-06-03

F4-TCNQ doping:

 graphene device is cleaned/preconditioned by pre-annealing

 The charge carrier density can be controlled by the F4-TCNQ 

concentration in the dopant blend.

Hans He et al., (2019), Metrologia, 
DOI: 10.1088/1681-7575/ab2807

volume percent of 
F4-TCNQ / anisol mixture in PMMA
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Yefei Yin et al., (unpublished), Phd work at PTB
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Charge carrier density control, device stability: 

F4-TCNQ molecular doping

2021-06-03

transport container, 
PTB

transport container, 
KRISS

Stability of charge carrier density (F4-TCNQ doping):

 Reusable & high stability over time even during shipping

 Stability is best when device is stored in an inert gas container

PTB -> METAS -> PTB

PTB -> CMI -> KRISS -> PTB

typ. region with
1 ppb precision
around B = 5 T 

0 100 200 300 400 500

5.00E+10

7.50E+10

1.00E+11

1.25E+11

1.50E+11

1.75E+11

2.00E+11

2.25E+11

2.50E+11

c
h

a
rg

e
 c

a
rr

ie
r 

d
e

n
s
it
y
 /

 c
m

- ²

days

stability of charge carrier density -

PTB and reference QHR devices



10

 Introduction

 Motivation and goal

 Development history at PTB

 Charge carrier density control, stability

 Photochemical gating

 F4-TCNQ molecular doping

 dc QHR precision measurements

 Summary

Outline

0.0 2.5 5.0 7.5 10.0
0.0

2.5

5.0

7.5

10.0

12.5

15.0

R
x
y
 /
 k
W

B / T

0.0

2.5

5.0

7.5

r
x
x
 /
 k
W

H
a
ll 

re
s
is

ta
n

c
e

/ 
k
Ω

lo
n

g
it
u

d
in

a
l 
re

s
is

ti
v
it
y

/ 
k
Ω

magnetic flux density / T

RK/2

B = 5 T

low carrier density
n ≈ 1 × 1011 cm-2

i = 2

2021

(F4-TCNQ doping)

2021-06-03



11

a
c
 Q

H
R

 d
e

v
ic

e
 o

n
 T

O
-8

c
a

rr
ie

r 
w

it
h

 

d
o

u
b

le
 s

h
ie

ld
 (

J
. 

S
c
h

u
rr

&
 B

. 
K

ib
b

le
 

p
ri
n

c
ip

le
, 
d

e
s
ig

n
e

d
 b

y
 J

. 
K

u
c
e

ra
)

DC QHR precision measurements

1.6 mm

dc device design, PTB

CCC QHR measurements:

 QHR with 1 ppb precision starts at B = 3.5 T

 Ideal for table-top closed cycle cryostats
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CCC measurement - F4-TCNQ 

doped graphene QHR device, PTB

1 ppb precision

starts at B = 3.5 T

*combined expanded uncertainties (k=2) 
rel. deviation

from RK/2 ac device design, PTB

I = 38µA

T = 4.2 K

2021-06-03
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Summary

 F4-TCNQ doped graphene QHR devices are well suited 

for applications in quantum resistance metrology.

 Devices are sufficiently stable over several 

cooldown cycles

 Shipping for international interlaboratory 

comparison successfully tested

 Resistance quantization with 1 ppb precision 

starts at B = 3.5 T and T = 4.2 K
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system parameters

B = 5 T

T = 4.2 K

new batch of QHE 
graphene devices

QHR phase space with 1 ppb precision

 At the PTB, the transition from GaAs-based to graphene-

based QHR devices for dc resistance calibrations started 

this year.

2021-06-03
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