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Behaviour	of	the	coupled	quantum	well	at	extreme	top	gate	biases	

In	the	text,	it	was	mentioned	that	when	a	top	gate	bias	higher	than	+2.5	V	is	applied,	the	carrier	

density	experiences	hysteresis	with	the	applied	top	gate	voltage.		This	hysteresis	is	shown	in	Fig.	S1,	

where	an	extreme,	negative	top	gate	voltage	was	also	applied	to	pinch-off	the	InAs	well.		

As	the	top	gate	bias	is	increased	from	VTg	=	0	V	to	5	V	(step	1	in	Fig.	S1)	the	carrier	density	increases	

with	applied	gate	bias,	as	expected.	However,	as	the	bias	is	made	more	negative	(step	2	in	Fig.	S1),	

we	notice	that	the	Hall	carrier	density	seems	to	saturate	once	it	reaches	a	value	of	VTg	=	-2.75	V	(at	a	

carrier	density	of	approximately	5.0	×10
11
	cm

-2
).	As	the	top	gate	bias	is	then	made	more	negative,	

there	is	very	little	modulation	of	the	electron-like	carrier	density,	possibly	due	to	Fermi-level	pinning	

within	the	structure.	When,	however,	a	bias	of	VTg=-12	V	is	reached,	the	Hall	resistance	becomes	

non-linear	with	increasing	magnetic	field,	indicative	of	two	carrier	transport.	Within	this	regime,	the	

sheet	resistance	reaches	110,000	Ω/sq.	However,	the	minimum	mid-gap	conductivity	expected	for	a	

hybridised	InAs/GaSb	well	is	e
2
/h	

1,2
.	Therefore,	we	interpret	this	regime	as	a	trivial	band	gap,	

formed	by	pinching	off	the	InAs	well.		
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Figure	S1:	Low	field	(B	<0.2	T)	Hall	carrier	density	as	a	function	of	top	gate	bias	at	very	large	biases,	with	the	back	gate	

earthed.	The	arrows	indicate	the	direction	and	order	of	the	gate	sweeps.	Zero	carrier	density	is	indicated	by	the	dashed,	red	

line.	The	shaded	region	indicates	where	the	low	field	Hall	resistance	is	non-linear	in	magnetic	field,	indicative	of	two-carrier	

transport.		

	



	

	As	the	bias	is	made	yet	more	negative,	the	sign	of	the	Hall	coefficient	changes,	indicating	that	the	

dominant	carriers	within	this	regime	are	holes,	rather	than	electrons.	At	the	most	negative	biases	

(VTg	<	-14	V),	the	hole	dominated	Hall	carrier	density	saturates	at	(5.21	±	0.05)	×10
11
	cm

-2
	which	we	

have	used	as	an	estimate	for	the	carrier	density	within	the	GaSb	well	at	zero	bias.	Finally,	as	the	top	

gate	bias	is	returned	to	VTg	=	0	V	(step	3	in	Fig.	S1),	the	carrier	density	returns	to	a	much	higher	value	

than	previously	measured	(at	VTg	=	-6.6	V	the	carrier	density	measured	in	step	2	was	

(4.94±0.05)	×10
11
	cm

-2
,	whereas	in	step	3	it	is	found	to	be	(30.3	±	0.3)	×10

11
	cm

-2
).	Warming	the	

device	up	to	room	temperature	and	re-cooling	the	sample	returns	the	carrier	density	to	its	as-cooled	

state,	even	after	these	extreme	biases.	

Effective	capacitance	model	

As	noted	in	the	text,	the	screening	provided	by	a	2D	carrier	gas	is	never	total,	but	can	instead	be	

modelled	as	a	‘quantum	capacitance’,	representing	the	energy	cost	to	excite	an	additional	carrier	in	

a	conduction	channel	with	a	given	density	of	states.	Due	to	this	partial	screening	in	our	devices,	an	

applied	top	gate	bias	will	not	only	affect	the	InAs	quantum	well,	but	also	the	GaSb	quantum	well	

(and	similarly	the	bottom	gate	will	not	only	affect	the	GaSb	channel,	but	also	the	InAs	channel).	

	

		 	 	

Figure	S2:	Schematic	representations	of	the	coupled	quantum	well	heterostructure.	a)	the	full	stack	structure,	along	with	

the	related	material	thicknesses	(as	presented	in	Fig	1a).	b)	a	simplified	version	of	the	stack	structure	used	in	the	effective	

capacitance	model.	

These	effects	have	been	qualitatively	modelled	by	an	effective	capacitance	model
3
.	Within	this	

model,	the	conduction	channels	through	the	InAs	and	GaSb	quantum	wells	are	modelled	as	2D	

sheets	at	the	centre	of	their	respective	quantum	wells.	Therefore,	in	our	stack	there	is	an	11.5	nm	

gap	between	the	two	conduction	channels.	Given	that	the	dielectric	constants	of	InAs	and	GaSb	at	

room	temperature	are	14.6	and	15.7,	respectively,	the	capacitance	per	unit	area	of	this	inter-well	

capacitor	can	be	estimated	as	0.012	F/m
2
.	Additionally,	if	we	assume	that	the	dispersions	of	the	InAs	

and	GaSb	wells	are	parabolic	with	respect	to	k,	the	quantum	capacitance	per	unit	area	can	be	given	

by	
4
:	

�∀ = 	
%	&∗()

∗ħ
,	

a)	 b)	



where	g	is	the	number	of	occupied	subbands	and	m*	is	the	effective	mass	(assumed	to	be	0.032m0	

for	the	InAs	channel	and	0.4m0	for	the	GaSb	channel).	This	results	in	the	entire	gate	stack	being	

modelled	as	three	classical	capacitors	(the	top	gate	capacitor	between	the	top	gate	and	the	InAs	

channel,	the	inter-well	capacitor	formed	between	the	two	conduction	channels,	and	the	bottom	

gate	capacitor	formed	between	the	GaSb	channel	and	the	bottom	gate	electrode)	and	two	quantum	

capacitors,	one	for	each	conduction	channel.	This	model	is	shown	schematically	in	Fig	S2.	The	top	

gate	capacitor	has	a	capacitance	per	unit	area	of	0.00111	F/m
2
,	and	the	back	gate	capacitor	has	a	

capacitance	per	unit	area	of	0.000102	F/m
2
.		

	

Figure	S3:	Effective	circuit	for	a	coupled	quantum	well	device	under	a	top	gate	bias.	

To	illustrate	this,	the	equivalent	circuit	for	a	coupled	quantum	well	device	with	only	a	top	gate	bias	is	

given	in	Fig.	S3,	where	CTg	and	CIw	are	the	top	gate	and	inter-well	capacitors,	respectively,	and	Cq	

(InAs)	is	the	quantum	capacitor	associated	with	the	InAs	conduction	channel	
4
.	Under	an	applied	top	

gate	bias,	the	carrier	density	induced	in	the	InAs	well	would	be:	

�−. =
/01	201

(
,	

(where	VTg	is	the	applied	bias),	ie	the	charge	density	induced	across	the	top	gate	capacitor	divided	by	

the	elementary	charge.	The	carrier	density	of	holes	induced	by	the	top	gate	in	the	GaSb	well	will	

then	be	proportional	to	the	charge	density	induced	across	the	inter-well	capacitor	

�−.4 − �−.
267

(26792:(;<=>))
,	

so	long	as	the	InAs	well	is	populated.	In	the	case	where	there	are	no	electrons	within	the	InAs	

channel,	�≅ InAs = 0,	and	so	a	top	gate	bias	will	directly	modulate	the	hole	gas	within	the	GaSb	

layer.	

Simplified	3×3	model	of	hybridised	subbands	

The	hybridisation	gap	between	the	first	electron-like	subband	in	InAs	(E1)	and	the	highest	energy	

heavy	hole	subband	(H1)	in	GaSb	has	previously	been	modelled	in	detail
5
,	using	a	4×4	matrix	

(equation	3.3	in	supplementary	Ref	[5]),	with	the	uncoupled	InAs	and	GaSb	dispersions	as	the	

diagonal	elements,	and	complex,	off-diagonal,	coupling	terms.		

In	our	model	we	have	considered	the	complex	Hamiltonian	as	a	block	2×2	matrix	and	extended	it	to	

include	the	second	electron-like	subband	(E2),	resulting	in	a	Hamiltonian	that	can	be	written	as	



�ΓΗ 0 �

0 �Γϑ �

� � �Κϑ

,	

where	H	denotes	the	dispersion	of	the	uncoupled	bands,	the	subscripts	E1,	E2	and	H1	refer	to	the	

relevant	subbands,	and	Δ	is	the	coupling	term.	We	then	simplify	this	model	by	taking	Δ	=	5	meV	(the	

magnitude	of	the	E1-H1	hybridisation	gap	
1
),	and	treating	is	as	a	constant	with	respect	to	k.			

We	then	further	simplify	this	model	by	considering	the	Hamiltonians	of	the	uncoupled	subbands	as	

spin	degenerate	dispersions	that	are	parabolic	in	k,	with	a	fixed	offset	from	the	bottom	of	the	

uncoupled	E1	subband:	

�Λ =
ħ)Μ)

Η&Ν
∗ + �ΘΛ + �.ΡΣΤ,	

where	m
*
	is	the	effective	mass	of	the	subband	(m*=0.032	m0	for	E1	and	E2	and	m*=-0.4m0	for	H1	

6
),	

E0	is	the	energy	offset	from	the	uncoupled	E1	at	k=0	(E0=	0	for	E1	by	definition,	E0=	0.12	eV	for	E2	

and	E0=	0.07	eV	for	H1
7
)	and	Egate	is	the	change	in	energy	of	the	subbands	induced	by	an	applied	gate	

voltage.	Numerically	diagonalising	this	matrix	at	a	given	gate	bias	leads	to	three	solutions,	which	we	

then	attribute	to	the	dispersions	of	the	hybridised	E1,	E2	and	H1	subbands.	

A	full	calculation	of	the	hybridised	dispersion	of	the	system	under	an	applied	gate	bias	would	not	

only	include	spin-splitting	effects	and	band	non-parabolicities,	but	would	also	include	the	effects	of	

the	light-hole	dispersion,	as	the	inter-well	coupling	uses	light-holes	as	an	intermediary,	which	causes	

Δ	to	acquire	a	non-trivial	k	dependence	
5
.	Additionally,	a	full	calculation	would	shed	light	on	how	Δ	

changes	as	higher	order	subbands	(e.g.	E2)	couple	with	H1.		
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