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Talk	outline	

2	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

• SI	unit	system	and	the	ampere	

• Single-electron	current	sources	in	general	
(‘classical’	and	‘modern’	devices....	)	

• Future	“quantum	ampere”	realisaMon	based	on	
single-electron	devices:	Concepts	and	challenges	

• Recent	developments	and	advances	

• Conclusions	&	outlook	
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Système	Interna-onal	d'	Unités	(SI)		-		since	1960	

3	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

The	ampere	is	the	SI	unit	of	electric	current	
and	is	the	electrical	base	unit.	
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SI	definiBon	of	the	ampere	

4	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

The	ampere	is	that	constant	current	which,	if	
maintained	in	two	straight	parallel	conductors	of	
infinite	length,	of	negligible	circular	cross-secMon,	
and	placed	1	metre	apart	in	vacuum,	would	
produce	between	these	conductors	a	force	equal	
to	2	x	10–7	newton	per	metre	of	length.	

This	definiMon	
• defines	the	values	for	the	magneBc	
constant	(µ0	≡		4π	⋅	10–7	N/A2)	and	
for	the	electric	constant	ε0		=		1/	µ0	c02	

• uses	the	acMon	of	force	from	electrical	
currents	(m,	kg,	s	→	A)	
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RealisaBon	of	the	SI	ampere	

5	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

e.	g.	with	a	“current	balance”	

RelaMve	uncertainty	∼	10-7	(0.1	ppm)	

(m,	kg,	s	→	A)	
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Electrical	units:	Formerly	...	

m	kg	 s	

V⋅A	A	 V	 F	

Ω	

R	∝	1/ωC	

RealisaMon	

µ0	,	ε0	

0.1	
ppm	

Current	
Balance	

Voltage	
Balance	

Calculable	
Capacitor	

0.01	
ppm	

Wab	
Balance	

6	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	
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Electrical	quantum	effects	(since	1990)		

Josephson	Effect,		discovered	1962	by	Brian	D.	Josephson	

Josephson	constant	KJ	=	2e/h	
KJ-90	=	483	597.9	GHz/V	

Un	=	n	⋅	fJ	⋅	
h	
2e	

Quantum-Hall	Effect,		discovered	1980	by	Klaus	von	Klitzing	

von-Klitzing	constant	RK	=	h/e2	
RK-90	=	25	812.807	Ω	

Ri	=	
1	
i	
	⋅		 h	

e2	

7	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	
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Electrical	units:	Formerly	and	today	

m	kg	 s	

R	∝	1/ωC	

KJ-90	,	RK-90	

RepresentaMon	

RealisaMon	

µ0	,	ε0	

0.1	
ppm	

Current	
Balance	

Voltage	
Balance	

Calculable	
Capacitor	

0.01	
ppm	

Wab	
Balance	

Josephson	
Effect	
U	∝	f/KJ	

Reproducibility	
be_er	than	
0.001	ppm	

Quantum	Hall	
Effect	
U	/	I	∝	RK	

V⋅A	A	 V	 F	

Ω	

8	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	
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Electrical	units:	Formerly	and	today	

KJ-90	,	RK-90	

RepresentaMon	

RealisaMon	

µ0	,	ε0	

9	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

SI	

not	SI	!	
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Revision	of	the	SI:	RedefiniBon	of	the	units	

Planned	by	the	“Conférence	Générale	des	Poids	et	Mesures”	
and	impending	for	2018:	

DefiniMons	for	all	SI	base	units	
will	enMrely	be	based	on	
fixed	numerical	values	for	
fundamental	constants	
(h,	e,	kB,	NA,	c,	...)	

→ 	This	will	restore	coherence	
between	the	“convenMonal”	
electrical	units	and	the	SI	

10	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	
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RedefiniBon	of	the	SI	ampere	
ResoluMon	1	of	the	24th	CGPM	(2011):	

11	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

“The	InternaMonal	System	of	Units,	the	SI,	
will	be	the	system	of	units	in	which...	

the	elementary	charge	e	is	
exactly	1.602	17X	×10-19	coulomb...”	

•  it	allows	the	most	direct	unit	realisaBon	using	the	
physical	definiMon	of	current	I	=	dq/dt,	
exploiMng	the	simple	and	evident	relaMon	ISET	=	e⋅f	

•  it	involves	only	one	fundamental	constant	(e),	
not	two	(e	&	h),	as	Josephson-/QHE-based	realizaMons	do.	

Single-electron	transport	(SET)	devices	
are	considered	the	‘silver	bullet’	soluMon	
for	the	realisaMon	the	new	ampere:	
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SET	current	sources	

12	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

“Classical”	devices:	SET	pumps	made	from	
	ultra-small	tunnel	juncBons	(metal)	

Ø J.	Pekola	et	al.,	“Single-electron	current	sources:	Toward	a	refined	defini?on	of	the	ampere”,	Rev.	Mod.	Phys.	85,	
1421-1472	(2013)	
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SET	current	sources	

13	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

“Classical”	devices:	SET	pumps	made	from	
	ultra-small	tunnel	juncBons	(metal)	

V1	 V2	 V3	

Gate	
voltage		

Energy	
PotenMal	

RC	Mme	constant	of	tunnel	juncMons:	
f	≤	100	MHz	⇒	I	=	e⋅	f	≤	16	pA	(1.6	⋅	10-11	A)			
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SET	current	sources	

14	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

“Modern”	devices:	SET	pumps	made	from	
	‘dynamic	quantum	dots’	(semiconductor)	

GaAs	hetero	structure	
+	Schobky	contacts	(gates)	

f	∼	1	GHz	
⇒	I	=	e⋅	f	∼	160	pA	

Ø B.	Kaestner	and	V.	Kashcheyevs,	“Non-adiaba?c	quan?zed	charge	pumping	with	tunable-barrier	quantum	dots:	
a	review	of	current	progress”,	Rep.	Prog.	Phys.	78,	103901	(2015)		
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Future	SET-based	“quantum	ampere”	realisaBon	

15	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

Electrical	
current	

SET	current	sources	
(state-of-the-art)	

Metrology	needs	

Level	

	

fmax	∼	1	GHz	
⇒	Imax	∼	160	pA	

	

I	∼	1	µA	

Accuracy	
Dominated	by	

(staMsMcal)	single-
electron	transfer	errors!	

Uncertainty	∼	0.1	ppm	
or	beber	

(cf.	‘old’	electromechanical	SI	
ampere	realisaMons)	
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Future	SET-based	“quantum	ampere”	realisaBon	

16	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

	 	SET	current	sources	are	subject	to	
	single-electron	transfer	errors!	

⇒		Required:	Error	(ac)counBng	schemes	

	 	SET	current	sources	generate	small	currents!	
⇒ 	Required:	Current	amplificaBon	and	

	measurement	methods	(highly	accurate)	
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Future	SET-based	“quantum	ampere”	realisaBon	

17	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

For	details	see:	
hbp://www.ptb.de/emrp/qu_ampere.html	
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18	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

	SET	current	sources	generate	
	small	currents!	

⇒	Required:	Current	amplificaBon	
	and	measurement	methods	

Future	SET-based	quantum	current	standards	

		

	
	
	

	SET	current	sources	are	subject	to	
	single-electron	transfer	errors!	

⇒	Required:	SET	error	(ac)counBng	
	schemes	
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19	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

State-of-the-art	in	100	pA	measurements	

• Commercial	pAmmeters	
offer	accuracies	of	not	beber	than	10	ppm,	
limited	by	gain	instabiliMes	

• Cryogenic	Current	Comparators	(CCCs)	
are	alternaMve	high-accuracy	current	
amplificaMon	techniques,	
but	in	the	low-flux	(small	current)	regime	
they	suffer	from	noise	recMficaMon	effects	

	⇒	 	Novel	concepts	and	instrumentaBon	are	necessary!	

	Wanted:		A	handy	(mobile),	non-cryogenic,	single-box	
	 	 	tabletop	electrometer	with	superior	accuracy!	
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‘Ultrastable	low-noise	current	amplifier’	(ULCA)	

20	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

Measures	100	pA	with	0.1	ppm	total	uncertainty	in	about	10	hours!	
Ø D.	Drung	et	al.,	“Ultrastable	low-noise	current	amplifier:	a	novel	device	for	measuring	small	electric	currents	
with	high	accuracy”,	Rev.	Sci.	Instrum.	86,	024703	(2015)	

Ø D.	Drung	et	al.,“Improving	the	traceable	measurement	and	genera?on	of	small	direct	currents”,	IEEE	Trans.	
Instrum.	Meas.	64,	3021	–	3030	(2015),	open-access	
hbp://ieeexplore.ieee.org/xpl/arMcleDetails.jsp?arnumber=7132759	
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21	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

CCC	system	for	calibraBon	of	the	ULCA	

Digital	dual	channel	
current	source		
and	bridge	voltmeter	

Comparator	with	binary	
winding		arrangement		
(12-	bit	or	14-bit)	and	
SQUID	null	detector,	in	
superconduc?ng	screen	

SQUID	electronics	

Liquid	helium	
bath	for	

comparator	
probe	

PTB developments, 

commercially available 

ULCA	calibraBon	w
ith	CCC:	

Total	uncertainty	<
	0.1	ppm	

Ø D.	Drung	et	al.,	“Ultrastable	low-noise	current	amplifier:	a	novel	device	for	measuring	small	electric	currents	
with	high	accuracy”,	Rev.	Sci.	Instrum.	86,	024703	(2015)	

Ø D.	Drung	et	al.,“Improving	the	traceable	measurement	and	genera?on	of	small	direct	currents”,	IEEE	Trans.	
Instrum.	Meas.	64,	3021	–	3030	(2015),	open-access	
hbp://ieeexplore.ieee.org/xpl/arMcleDetails.jsp?arnumber=7132759	
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22	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

CCC	and	ULCA:	EffecBve	input	current	noise	

10-3 10-2 10-1 100 101
100

101

102

14-Bit CCC @ 17000 turns

 

√S
I  
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H
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ULCA @ 3 GΩ

Ø D.	Drung	et	al.,	“Ultrastable	low-noise	current	amplifier:	a	novel	device	for	measuring	small	electric	currents	
with	high	accuracy”,	Rev.	Sci.	Instrum.	86,	024703	(2015)	

Ø D.	Drung	et	al.,“Improving	the	traceable	measurement	and	genera?on	of	small	direct	currents”,	IEEE	Trans.	
Instrum.	Meas.	64,	3021	–	3030	(2015),	open-access	
hbp://ieeexplore.ieee.org/xpl/arMcleDetails.jsp?arnumber=7132759	
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23	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

High-accuracy	SET	current	measurements	

ULCA	
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24	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

High-accuracy	SET	current	measurements	

Ø  F.	Stein	et	al.,	“Valida?on	of	a	quan?zed-current	source	with	0.2	ppm	uncertainty”,	APL	107,	103501	(2015)	
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25	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

High-accuracy	SET	current	measurements	
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Uncertainty	bars	type-A	only	(k	=	1)

	≈	4-6	hours	integration	time	per	point
	≈	1	hour	integration	time	per	point
	Fit	of	theroretical	model
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Exit	gate	voltage	in	mV

Ø  F.	Stein	et	al.,	“Valida?on	of	a	quan?zed-current	source	with	0.2	ppm	uncertainty”,	APL	107,	103501	(2015)	

Plateaux	data	mean:	
(I	-	e⋅f)/(e⋅f)	=	

(-0.094	±	0.194)	ppm	

World	
record	in	
accuracy!	
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26	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

	SET	current	sources	generate	
	small	currents!	

⇒	Required:	Current	amplificaBon	
	and	measurement	methods	

Future	SET-based	quantum	current	standards	

		

	
	
	

	SET	current	sources	are	subject	to	
	single-electron	transfer	errors!	

⇒	Required:	SET	error	(ac)counBng	
	schemes	



IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), January 2016. 
KRYO 2015 tutorial presentation.  Not submitted for publication. 

27	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

Transfer	errors	in	SET	pumps	

Example:	SET	pumps	based	on	tunnel	juncMons	
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28	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

Transfer	errors	in	SET	pumps	

Example:	SET	pumps	based	on	dynamical	quantum	dots	
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ISET	=	〈n〉⋅e⋅f		with	〈n〉	≈	1 

CounBng	single-electron	transfer	errors	

29	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

Key	idea:	
To	count	not	every	electron	(way	too	fast!),	
but	just	count	the	errors	(much	more	rare)!	

〈n〉	incl.	uncertainty	(!)	
must	be	quanMfied	
for	any	metrological	
applicaMon/experiment!		
(Quantum	Metrology	
Triangle,	SET	current	
standard,	...) 

+	SET	detector	SET	pump	
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CounBng	single-electron	transfer	errors	

30	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

Idea	(1992)	and	first	pioneering	experiments	(1994)	by	NIST:	

“Electron	Co
unMng	Capac

itance	Stand
ard”	
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CounBng	single-electron	transfer	errors	

31	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

...	in	the	“Electron	CounMng	Capacitance	Standard”	by	PTB	

Qisl	

UFB	

V1	 V2	 V3	 V4	

SET	pump	

SET	electrometer	

slow	
@	2.5	Hz	

Fidelity	
test	on	

the	SET	
pump	
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“shu_le	
pumping”	

Ø B.	Camarota	et	al.,	“Electron	
Coun?ng	Capacitance	Standard	
with	an	improved	five-junc?on	R-
pump”,	Metrologia	49,	8-14	
(2012)	
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CounBng	single-electron	transfer	errors	

32	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

...	in	the	“Electron	CounMng	Capacitance	Standard”	by	PTB	

Qisl	

UFB	

V1	 V2	 V3	 V4	

SET	pump	

SET	electrometer	

fast	
@	2.5	MHz	

0 5 10 15
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RelaBve	transfer	error	
=	0.038	s-1	/	2.5	MHz	

=	0.015	ppm	

39	errors	in	1049	s	
⇒	Γerror	=	0.038	s-1	

“shu_le	
pumping”	
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BUT...	not	suitable	for	SET	current	standard	

33	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

SET	pump	 SET	electrometer	

	Scheme	does	not	allow	to	contact	pump	drain	side	by	current	lines	
because	high	stray	capacitance	of	‘drain	wire’	deteriorates	single-
electron	resoluMon	of	detector	(SET	electrometer	=	SET	transistor)	
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BUT...	not	suitable	for	SET	current	standard	

34	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

SET	pump	 SET	electrometer	

⇒	CounMng	single-electron	transfer	errors	must	be	done	in	a	
separate	evaluaMon	phase,	which	is	different	from	the	
‘current	sourcing’	operaMon	mode!	

	Scheme	does	not	allow	to	contact	pump	drain	side	by	current	lines	
because	high	stray	capacitance	of	‘drain	wire’	deteriorates	single-
electron	resoluMon	of	detector	(SET	electrometer	=	SET	transistor)	
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SET	electrometers	

SET	pumps	

Advanced	SET	error	accounBng	scheme	

• Allows	contacMng	the	circuit	without	impairing	single-electron	
resoluMon	of	the	detectors	

• Allows	to	count	SET	errors	while	pumping	unidirecMonally:	
‘in	situ’	error	accounBng	

• Further	advantages	by	correlaBon	analysis	of	detector	signals!	

‘Self-referenced’	SET	current	source	

35	 H.	Scherer:	Single-electron	transport	and	the	new	standard	for	electrical	current	

Ø  M.	Wulf,	“Error	accoun?ng	algorithm	for	electron	coun?ng	experiments”,	PRB	87,	035312	(2013)	
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‘Self-referenced’	SET	current	source:	device	

SET	pumps	
(GaAs)	

SET	detectors	
(Al-AlOx-Al)	1	µm	

Ø L.	Fricke	et	al.,	“Coun?ng	Sta?s?cs	for	Electron	Capture	in	a	Dynamic	Quantum	Dot”,	PRL	110,		
126803	(2013)	

Ø L.	Fricke	et	al.,	“Self-referenced	single-electron	quan?zed	current	source”,	PRL	112,	226803	(2014)	
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‘Self-referenced’	SET	current	source:	first	results	
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50-fold	accuracy	enhancement	
by	error	accounBng	(but:	f	∼	30	Hz)	

Signatures	of	missed-cycle	events		

	
	

Ø L.	Fricke	et	al.,	“Self-referenced	single-electron	quan?zed	current	source”,	PRL	112,	226803	(2014)	
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• SET-generated	current	level	and	accuracy:	
100	pA	with	∼	0.1	ppm	within	reach,	
1	nA	with	<	0.1	ppm	envisaged	(silicon-based	SET	pumps?)	
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Conclusions	&	outlook	

...	on	the	challenges	regarding	
“future	SET-based	quantum	current	standards”:	

• SET	error	accounBng:	
...	is	mandatory	for	metrology!	Schemes	for	soluMons	exist	
(demonstrated	&	validated),	but	need	opMmized	implementaMons	
(high-speed	operaMon,	using	rf-SET	detectors,	...)	

• Small-current	measurement	and	amplificaBon:	
The	novel	ULCA	instrument	is	superior	to	CCC-based	systems,		
offering	unparalleled	performance	for	applicaMons	in	small-
current	metrology	(SET,	and	more!)		



IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), January 2016. 
KRYO 2015 tutorial presentation.  Not submitted for publication. 

Physikalisch-Technische Bundesanstalt 
Braunschweig and Berlin 
Bundesallee 100 
38116 Braunschweig 
Hansjörg Scherer 
Telefon: 0531 592-2610 
E-Mail:  hansjoerg.scherer@ptb.de 
www.ptb.de 
 
 

...	thanks	to	all	involved	colleagues	from	four	PTB	departments	
in	Braunschweig	and	Berlin!	

•  Quantum	Electronics	(PTB	department	2.4)	
•  Semiconductor	Physics	and	MagneBsm	(PTB	department	2.5)		
•  Electrical	Quantum	Metrology	(PTB	department	2.6)	
•  Cryophysics	and	Spectrometry	(PTB	department	7.2)	


