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ABSTRACT 

 Superfluorescence from a Two-Dimensional Electron-Hole System: 
Magnetic Field, Temperature, and Density Dependence 

by 

Kankan Cong 

In	the	phenomenon	of	superfluorescence	(SF),	a	macroscopic	polarization	

spontaneously	builds	up	from	an	initially	incoherent	ensemble	of	excited	dipoles	

and	then	cooperatively	decays,	producing	giant	pulses	of	coherent	radiation.	SF	

arising	from	electron-hole	recombination	has	recently	been	observed	in	

semiconductor	quantum	wells,	but	its	observability	conditions	have	not	been	fully	

understood.	Here,	by	fully	mapping	out	the	magnetic	field	(B),	temperature	(T),	and	

electron-hole	pair	density	(n)	dependence	of	SF	intensity	and	linewidth,	we	have	

constructed	a	‘phase’	diagram,	showing	the	B-T-n	region	in	which	SF	is	observable.	

In	general,	SF	can	be	observed	only	at	low	enough	temperatures,	high	enough	

magnetic	fields,	and	high	enough	laser	powers	with	characteristic	threshold	

behaviors.	These	results	lay	the	foundation	of	our	understanding	of	electron-hole	SF	

and	provide	guidelines	for	our	search	for	a	Bardeen-Cooper-Schrieffer	state	of	

excitons.		
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Chapter 1 

Introduction 

Quantum	particles,	such	as	electrons,	atoms,	electron-hole	(e-h)	pairs,	and	

excitons,	can	sometimes	cooperate	to	develop	a	macroscopically	ordered	state.	

Superconducting	states	and	ferromagnetic	states	are	prime	examples	of	such	

macroscopic	ordering	that	occurs	in	condensed	matter	systems.	Superfluorescence	

(SF),	the	phenomenon	that	we	discuss	in	this	thesis,	is	another	example	where	

cooperation	leads	to	spontaneous	appearance	of	macroscopic	coherence,	which	

ultimately	results	in	delayed,	pulsed	emission	of	coherent	light.		

Cooperative	emission	processes	in	general,	including	superradiance	(SR),	SF,	

amplified	spontaneous	emission	(ASE),	and	lasing,	have	been	studied	for	many	

years.	In	1954,	Robert	Dicke	[1]	considered	an	ensemble	of	N	excited	two-level	

atoms	confined	in	a	region	of	space	whose	size	is	smaller	than	~3,	where		is	the	

wavelength	corresponding	to	the	photon	energy	equal	to	the	level	separation.	He	

found	that	through	the	process	of	photon	exchange	the	radiative	decay	rate	is	

enhanced	by	a	factor	of	N	and	the	peak	intensity	of	spontaneous	emission	is	

proportional	to	N2,	a	hallmark	of	coherent	emission.	This	accelerated	radiative	
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decay,	or	cooperative	spontaneous	emission,	has	since	been	called	“Dicke	

superradiance”.	The	general	concept	of	SR	is	widely	applicable	and	has	been	used	to	

explain	radiative	coupling	of	individual	oscillators	in	diverse	systems	[2-6].	

To	avoid	any	semantic	confusion,	in	this	thesis,	we	will	consistently	use	the	

word	‘superfluorescence,’	coined	by	Bonifacio	and	Lugiato	in	1975	[7],	to	describe	a	

clearly	defined	three-step	process:	i)	preparation	of	an	initially	incoherent	ensemble	

of	excited	two-level	dipoles,	ii)	spontaneous	development	of	macroscopic	

coherence,	and	iii)	cooperative	radiative	decay	with	coherent	light	emission.	As	

such,	SF	is	characterized	most	dramatically	by	the	existence	of	a	finite	delay	time	

between	the	initial	excitation	and	the	final	emission.	In	contrast,	step	iii)	alone	

would	qualify	a	process	to	be	called	SR.		Note	also	that	SF	is	a	totally	dissipative	

process	in	which	the	initial	energy	stored	in	the	population-inverted	system	is	

totally	(100%)	converted	into	light	emission;	this	aspect	distinguishes	SF	from	ASE.	

SF	has	been	observed	in	many	atomic	and	molecular	systems	since	the	1970s	

[8,	9].	However,	in	solid	state	materials,	SF	has	been	difficult	to	observe	due	to	the	

inherently	short	coherent	times	of	carriers.	Optically	created	e-h	pairs	in	

semiconductors	can	provide	a	good	system	to	study	many-body	physics	in	a	highly	

controllable	environment	through	magnetic	field,	temperature,	and	pair	density	

(laser	power).	Recently,	an	In0.2Ga0.8As/GaAs	quantum	well	system	was	used	in	high	

magnetic	fields	to	successfully	observe	SF	[10].	In	the	present	work,	we	studied	SF	

under	varying	magnetic	fields	(B),	temperatures	(T),	and	pair	densities	(n),	fully	
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mapping	out	the	region	of	this	three-dimensional	parameter	space	in	which	SF	is	

observable.	

1.1. Outline 

In	Chapter	2,	we	give	a	brief	review	of	the	single-particle	and	many-body	

physics	of	e-h	pairs	in	semiconductors.	In	Chapter	3,	we	discuss	the	physics	of	SF	as	

well	as	previous	experimental	studies	of	SF,	both	in	atomic	systems	and	solids.	

Chapter	4	describes	the	sample	studied	as	well	as	the	experimental	methods	of	

time-integrated	and	time-resolved	photoluminescence	(PL).	Experimental	results	of	

time-integrated	and	time-resolved	PL	studies	are	presented	in	Chapter	5,	which	are	

discussed	in	Chapter	6.	In	Chapter	7,	we	summarize	this	thesis	work	and	propose	

future	plans.	
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Chapter 2 

Physics of Electron-Hole Pairs in 

Semiconductors 

2.1.   Interband optical absorption and excitons 

Interband	absorption	in	a	semiconductor	refers	to	such	a	physical	process	

that	an	electron	in	the	valence	band	goes	up	to	a	state	in	the	conduction	band	with	

the	same	momentum	by	absorbing	a	photon.	Without	considering	any	momentum	

conservation	as	well	as	any	excitonic	effect,	the	absorption	spectrum	can	be	

calculated	based	on	the	density	of	states:	a	function	of	square	root	of	energy,	a	series	

of	step	functions,	a	function	of	the	reciprocal	of	square	root	of	energy,	and	the	δ	

function	for	3D,	2D,	1D,	and	0D	semiconductors,	respectively,	as	shown	in	Figure	2.1	

[11].	However,	when	the	exciton	effect	is	included,	the	light-absorption	process	will	

be	changed	[12].	
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Figure 2.1 - Density of states for 3D, 2D, 1D, and OD semiconductors. Adopted 

from [11]. 

An	exciton	is	a	bound	state	of	an	electron	and	a	hole	that	are	attracted	to	

each	other	by	the	Coulomb	interaction,	which	is	analogous	to	the	case	that	an	

electron	is	bound	to	a	proton	in	a	hydrogen	atom.	An	exciton	is	electrically	neutral	

due	to	the	combination	of	an	“electrically	positive”	electron	and	an	“electrically	

negative”	hole,	which	can	be	created	by	the	absorption	of	one	photon	[13].	In	the	

usual	case,	no	absorption	is	expected	to	happen	below	the	bandgap.	However,	when	

considering	the	exciton	effect	where	a	finite	energy	can	be	“saved”	as	the	binding	

energy	of	the	e-h pair,	some	intense	absorption	lines	can	appear	below	the	band	gap.		

Here,	we	mainly	discuss	the	interband	absorption	characteristics	in	direct-

gap	3D	and	2D	semiconductors.	By	solving	the	two-particle	Schrödinger	equation,	

the	exciton	energy	in	a	3D	semiconductor	can	be	obtained	as	

��
�� = −

��
∗

��
, (� = 1, 2, 3 … ),																																	(2.1)	
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where	��
∗ =

���∗

���
�ℏ�

= 13.6 ×
�∗/��

��
� 	[eV]	is	the	3D	exciton	Rydberg.	The	exciton	Bohr	

radius	is	��
�� =

��ℏ�

�∗��
= 0.053 ×

��

(�∗/��)
	[nm],	and	the	total	exciton	energy	is	

��
�� = ��

�� −
��

∗

�� , (� = 1, 2, 3 … ).		The	exciton	absorption	can	be	expressed	by	

Elliott’s	formula									 

         ���(�) =
8���| ���|�

���
� | ��(� = 0)|�

�

���

� �ℏ� − ��
�� +

��
∗

��
�                     (2.2)	

=
e��| ���|�

�����
(
2��

ℏ�
)� ���

∗ �
4�

��

�

���

� �ℏ� − ��
�� +

��
∗

��
� + Ɵ(ℏ� − ��

��)
���

���ℎ�
�,	

where	the	unit-step	function	Ɵ(ℏ� − ��
��)	is	zero	for	ℏ� < ��

�� and	becomes	1	for	

ℏ� > ��
�� ,	and	the	variable	Z	is	defined	as	� = ����

∗ (ℏ� − ��)⁄ .	Here,	the	factor	

⃓  ��(� = 0)⃓�	is	called	the	Somerfeld	factor	(or	the	Coulomb	enhancement	factor),	

the	first	term	in	the	bracket	��
∗ ∑

��

��
�
��� � �ℏ� − �� +

��
∗

���	describes	the	discrete	

excitonic	absorption,	and	the	second	term	in	the	bracket	Ɵ(ℏ� − ��)
���

�����
	gives	the	

absorption	for	continuum	states	(i.e.,	absorption	for	ℏ� > ��
��).	

Compared	with	the	free-carrier	absorption	where	the	Coulomb	interaction	is	

neglected,	the	excitonic	absorption	shows	two	major	differences,	as	indicated	in	

Figure	2.2	[13].	First,	the	absorption	near	the	band	edge	(ℏ� → ��
��)	has	a	finite	

nonzero	value,	in	contrast	to	α→0	as	ℏ� → ��
�� 	in	the	free-carrier	case.	Second,	the	

free-carrier	absorption	is	zero	for	photon	energy	below	the	band	gap,	while	the	

semiconductor	absorption	consists	of	discrete	lines	below	the	band	gap	at	
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ℏ� = ��
�� − ��

∗ ,	ℏ� = ��
�� − ��

∗ /4,	ℏ� = ��
�� − ��

∗ /9,	etc.,	corresponding	to	exciton	

ground	state	1s	and	higher	excited	states,	2s,	….	The	magnitude	of	excitonic	

absorption	lines	decreases	as	1/n3,	so	the	2s	exciton	has	an	absorption	peak	that	is	

eight	times	smaller	than	the	1s	exciton.	Experimentally,	these	exciton	states	are	not	

easily	observed	due	to	some	broadening	mechanisms,	such	as	scattering	of	e-h	pairs	

by	phonons.	

	

Figure 2.2 - Schematic diagram of the absorption spectrum for three 

dimensions with/without inclusion of Coulomb interaction. Adopted from 

[13]. 

For	a	2D	semiconductor	with	well	width	Lz,	a	series	of	bound	excitonic	lines	
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number	n=1,2,3…),	where	the	second	term	is	the	confinement	energy,	and	the	third	

term	is	the	2D	exciton	energy.	Compared	with	the	3D	exciton	binding	energy,	the	2D	

exciton	energy	is	larger.	For	example,	the	exciton	energy	with	n	=	1	has	a	magnitude	

four	times	larger	than	that	in	the	3D	exciton	ground	state,	indicating	that	the	exciton	

ground	state	is	farther	away	from	the	band	gap	in	2D	semiconductors.	Also,	it	is	

straightforward	to	show	that	the	2D	Bohr	radius	is	half	as	large	as	the	3D	value.	

The	optical	absorption	in	a	2D	semiconductor	can	be	expressed	as	

���(�) = |���|� ��〈Ɛ��(��)|Ɛ��(��)〉�
�

� ��
��

���� = 0��
�

�,�,�

�(ℏ� −  ���),              (2.3)	

where	the	overlap	integral	〈Ɛ��(��)⃓ Ɛ��(��)〉 = ∫ Ɛ��(��) Ɛ��(��)
�

��
�� = 0	for	� ≠ �,	

forcing	���(�) = 0 for	� ≠ �.	This	indicates	one	of	the	absorption	selection	rules	in	

2D	semiconductors,	i.e.,	optical	absorption	only	occurs	between	the	quantized	

electron	and	hole	states	with	the	same	quantum	number,	i.e.,	� = �	.	In	this	case,	the	

optical	absorption	becomes										

���(�) =   
���| ���|�

�����
(

���

ℏ� ) ���
∗ ∑

�

(���/�)�
�
��� � �ℏ� − ��

�� −
ℏ�����

��∗��
� +

��
∗

(���/�)�� +

Ɵ(ℏ� − ��
�� −

ℏ�����

��∗��
� )

��

�����
�,	where	= �/�(ℏ� − �� −

ℏ�����

��∗��
� )/��

∗ 	.															(2.4)	

The	first	term	in	the	bracket	corresponds	to	the	excitonic	lines	at	positions	

ℏ� = ��
�� +

ℏ�����

��∗��
� −

��
∗

(���/�)�		with	the	magnitude	varying	with	n	like	1/(� − 1/2)�,	

decreasing	more	rapidly	in	2D	than	that	in	3D.	The	second	term	in	the	bracket	gives	

the	Coulomb	enhanced	continuum	absorption	in	2D,	and	the	corresponding	2D	
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Coulomb	enhancement	factor	is	
��

���� �
	.	Since	ℏ� → ��

��,		
��

���� �
 → 2	,	the	absorption	

at	the	2D	band	edge	is	twice	the	free-carrier	continuum	absorption	due	to	the	

Coulomb	effects.	For	ℏ� ≫ ��
��,	

��

�����
 → 1	,	so	the	absorption	far	from	the	band	

edge	in	2D	approaches	the	free-carrier	continuum	absorption.	Figure	2.3	shows	the	

calculated	excitonic	and	the	Coulomb	enhanced	continuum	absorption	in	2D,	

compared	with	free-carrier	absorption	cases	[12].	

	

Figure 2.3 - Schematic comparison of the free-carrier and excitonic 2D 

absorption spectra. Adopted from [13]. 

Quantum	statistically,	excitons	act	as	bosons	when	created	at	high	densities,	

following	from	the	spin-addition	law:	since	excitons	consist	of	two	fermions,	the	

electron	and	hole,	each	with	half-integer	spin,	the	total	spin	of	the	exciton	is	an	
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integer	[14].	However,	this	statement	holds	true	only	under	certain	conditions.	The	

first	condition	is	that,	the	average	exciton	kinetic	energy	Ek	(in	equilibrium,	this	is	

the	temperature	of	the	exciton	gas)	is	small	compared	to	the	exciton	binding	energy	

Eb:	��/�� ≪ 1.		If	this	inequality	is	violated,	most	of	the	excitons	are	ionized	and	

become	an	e–h	plasma	(see	the	next	section).	The	second	condition	is	that,	the	

exciton	radius	a	is	small	compared	to	the	average	distance	between	the	excitons:	

���
� ≪ 1 (where	aB	is	the	exciton	Bohr	radius,	n	the	exciton	density,	and	D	the	

dimensionality).		When	the	average	distance	between	excitons	becomes	comparable	

with	their	radius,	they	will	go	through	the	excitonic	Mott	transition	and	becomes	e–

h	plasma,	as	described	in	the	next	section.	

2.2.  Excitonic phases and ground states 

As	stated	above,	excitons	are	stable	only	at	low	densities,	where	the	inter-

exciton	distance	is	larger	than	the	exciton	radius	[15].	When	only	one	electron	and	

one	hole	are	excited,	an	exciton	is	formed	as	a	bosonic	bound	state	of	an	electron	

and	a	hole.	Then,	as	another	e-h	pair	is	excited,	a	“biexciton”	may	be	formed	when	

two	electrons	and	two	holes	are	bound	together	[16].	When	many	excitons	are	

formed,	excitons	or	biexcitons	might	be	dissociated	into	a	gaseous	state	of	unbound	

electrons	and	holes	(called	the	“e-h	plasma”),	especially	as	the	exciton	radius	

approaches	the	distance	between	excitions.	This	behavior	is	called	the	“excitonic	

Mott	transition”	(insulator-to-metal	transition),	i.e.,	the	insulating	excitonic	gas	is	

transformed	into	a	metallic	e-h	plasma.	The	main	origins	of	this	Mott	transition	are	

the	Pauli	blocking	and	enhancement	of	the	Coulomb	screening	[17].	
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However,	at	very	low	temperatures,	macroscopic	quantum	phenomena	of	

condensation	can	happen,	i.e.,	the	Bose-Einstein	condensation	(BEC)	of	excitons	[18]	

and	the	superconductor-like	state	(e-h	BCS	state)	[19-22].	At	relatively	low	e-h	pair	

densities, ���
� ≪ 1,	strongly	bound	e-h	pairs	can	reach	the	BEC	state	of	excitons.	At	

high	e-h	densities,	���
� ≫ 1,	weakly	bound	e-h	pairs	may	behave	like	Cooper	pairs	in	

superconductors,	i.e.,	the	Bardeen-Cooper-Schrieffer	(BCS)	state	of	e-h	pairs	[22].	A	

schematic	diagram	for	these	excitonic	phases	is	shown	in	Figure	2.4	[23].	

	

Figure 2.4 - Phase diagram for e-h pairs. Adopted from [23]. 

In	BEC,	a	macroscopic	population	of	one	quantum	mechanical	state	by	

bosons	occurs	in	thermal	equilibrium.	It	occurs	when	either	the	temperature	T	is	

lower	than	a	critical	temperature,	Tc,	at	a	constant	particle	density,	n,	or	n	is	above	a	
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critical	particle	density,	nc,	at	a	constant T.	For	non-interacting	ideal	bosons,	the	

relation	between	nc	and	Tc	follows	

           �� = 2.612�(
�����

2πℏ�
)�/� ,                                (2.5)	

where	m and	g are	the	mass	of	the	particles	and	the	degeneracy	of	the	state,	

respectively.		For	n >	nc	or	T <	Tc,	a	macroscopic	and	coherent	population	of	the	

lowest	state,	i.e.,	BEC,	develops	and	accommodates	all	particles	[14].	Since	the	

exciton	mass	is	much	smaller	than	that	of	atoms,	and	excitons	can	easily	be	created	

by	a	laser	pulse	to	a	high	density	level	,	BEC	of	excitons	is	expected	to	occur	at	

relatively	high	temperatures,	around	1	K	,	much	higher	than	the	temperature	

requirement	necessary	to	observe	the	BEC	process	in	an	atomic	system,	typically	

down	to	several	µK	level	[24,	25].	

	So	far,	realization	of	excitonic	BEC	has	been	elusive	despite	a	large	body	of	

experimental	studies	on	various	systems	for	the	past	several	decades	[26-36],	

although	there	has	been	accumulating	evidence	for	BEC	of	micro-cavity	exciton-

polaritons	during	the	last	several	years	[37-39].		In	order	to	create	a	cold	excitonic	

gas	towards	BEC,	one	has	to	have	a	system	in	which	the	cooling	rate	is	larger	than	

the	recombination	decay	rate.	Hence,	long-lived	electron-hole	systems	are	usually	

used	for	the	search	of	excitonic	BEC.		In	the	case	of	bulk	semiconductors,	indirect-

gap	semiconductors	or	direct-gap	semiconductors	in	which	the	lowest	exciton	state	

is	dark	(i.e.,	optically	inactive).		In	the	case	of	semiconductor	heterostructures,	

spatially	separate	electron-hole	systems,	or	indirect	excitons,	have	been	extensively	
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studied	[32-36];	due	to	the	spatial	separation	between	the	electron	and	hole	layers,	

the	radiative	lifetime	of	indirect	excitons	in	the	coupled	quantum	wells	is	more	than	

three	orders	of	magnitude	longer	than	that	of	direct	excitons	in	single	quantum	

wells.	There	is	currently	much	interest	in	micro-cavity	exciton-polaritons,	stemming	

from	the	observation	of	BEC	in	2006	[37].	Sample	improvements	have	been	made,	

and	the	critical	temperature	has	been	steadily	increasing,	opening	up	possibilities	of	

device	applications,	and	novel	systems	other	than	GaAs,	such	as	organic	materials,	

have	been	employed	to	realize	BEC	[37-39].	

BCS	theory	was	the	first	microscopic	theory	of	superconductivity	proposed	

by	John	Bardeen,	Leon	Cooper,	and	John	Robert	Schrieffer	in	1957,	which	describes	

the	phenomenon	of	superconductivity	in	terms	of	condensation	of	Cooper	pairs	[40].		

At	high	densities	such	that	���
� ≫ 1,	e-h	pairs	are	Cooper-pair-like	Bose	particles,	

and	condensation	can	happen,	resulting	in	the	formation	of	an	excitonic	insulator	

[19-22],	similar	to	the	BCS	superconductor	state.	Unlike	phonon-mediated	electron-

electron	attraction	for	Cooper	pairs	in	a	BCS	superconductor,	the	pairing	in	the	

excitonic	insulator	is	due	to	the	electron-hole	Coulomb	attraction,	so	the	pairs	are	

neutral	and	the	state	is	insulating.	

There	are	two	scenarios	in	which	the	excitonic	insulator	can	happen.	One	

occurs	in	semiconductors	with	very	small	band	gap	or	semimetals	with	very	small	

band	overlap	at	sufficiently	low	temperatures	that	the	exciton	binding	energy	is	

larger	than	the	band	gap	(or	band	gap	overlap)	[19,	20].		A	corresponding	schematic	

phase	diagram	is	shown	in	Figure	2.5(a)	[22].	The	other	scenario	happens	in	a	wide	
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band	gap	semiconductor	in	which	a	degenerate	e-h	plasma	is	created	optically	or	

electrically	[41].	If	the	effective	masses	of	electrons	and	holes	are	equal,	the	

electrons	and	holes	with	equal	energy	and	momentum	will	bind	via	electron	and	

hole	Coulomb	interaction	at	the	(quasi-)	Fermi	level	[21].	Such	a	pairing	behavior	is	

just	like	the	binding	of	Cooper	pairs	at	the	Fermi	level	in	a	superconductor	via	

phonon-mediated	electron-electron	interaction.	Therefore,	in	the	sense	of	BCS	

theory,	a	gap	can	open	simultaneously	at	the	Fermi-edge	of	the	degenerate	

conduction	and	valence	bands.	According	to	the	BCS	theory,	the	energy	gap, ∆,	

depends	on	the	transition	temperature,	Tc,	as	

Δ(� → 0) = 1.764����	,																																																												(2.6)	

and	

Δ(� → ��) ≈ 3.07�����1 − (�/��)	.																																				(2.7)	

The	gap	disappears	fast	with	increasing	particle	density	and	larger	difference	of	the	

effective	masses	of	electrons	and	holes.	If	the	difference	of	the	effective	masses	of	

electrons	and	holes	is	large	enough,	the	gap	does	not	exist	at	all	[24,	41].	The	energy	

spectrum	of	a	wide	band	gap	semiconductor	(me	=	mh)	in	which	BCS	could	happen	is	

shown	in	Figure	2.5(b)	[41].		
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the	transition	rate	between	the	conduction	band	and	the	valance	band.	If	we	define	

��→�	as	the	transition	rate	from	the	conduction	band	to	the	valance	band,	and	��→�	

as	the	transition	rate	from	the	valance	band	to	the	conduction	band,	respectively,	

the	optical	gain	can	be	expressed	as	� =
�

�

��

��
=

�

�
(��→� − ��→�),	where	Φ	is	the	

photon	flux	and	z	is	the	direction	of	electromagnetic	field	propagation.	Also,	the	

optical	gain	is	dependent	on	the	incoming	photon’s	energy,	and	the	requirement	to	

achieve	a	gain	at	a	photon	energy	ℏ�	is,	

�� < ℏ� < ��� − ��� ,																																			(2.8)	

where	Efc	and	Efv	are	the	nonequilibrium	quasi-Fermi	levels	in	the	conduction	and	

valance	bands,	respectively,	and ��	is	the	band	gap,	i.e.,	the	quasi-Fermi	level	

separation	must	be	larger	than	the	band	gap	as	shown	in	Figure	2.6(a).	Inequality	

(2.8)	is	known	as	the	Bernard-Duraffourg	condition	[42].	In	equilibrium,	��� = ���,	

and	thus,	no	optical	gain	exists	at	any	photon	energy	

Figure	2.6(b)	shows	how	the	typical	optical	gain	and	loss	depends	on	the	

photon	energy	at	� = 0	K	for	an	optically	excited	3D	semiconductor	with	quantum-

degenerate	electrons	and	holes,	which	clearly	shows	the	Bernard-Duraffourg	

condition	�� < ℏ� < ��� − ���.	Figure	2.6(c)	shows	optical	gain	and	loss	versus	

photon	energy	for	different	pumping	rates	and	temperatures.	Larger	pumping	rates	

increase	the	quasi-Fermi	levels,	allowing	greater	optical	gain	to	happen	at	the	quasi-

Fermi	edge.	Higher	temperature	broadens	the	Fermi-Dirac	distribution	function,	
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leading	to	smaller	gain.

	

Figure 2.6 - (a) The energy spectrum schematic of an ideal semiconductor with 

a nonequilibrium quasi-Fermi level ��,�, ��,� and bandgap ��. (b) Optical gain 

spectrum at  � = � K. (c) Optical gain spectrum for different pumping rates 

and temperatures. 

2.4. Femi-edge singularities 

The	concept	of	Fermi-edge	singularities	(FESs)	was	proposed	by	Mahan	in	

1967	[43].		His	theory	predicts	that	Coulomb	interactions	make	interband	

absorption	or	emission	spectra	have	a	logarithmic	singularity	at	the	Fermi	edge	in	a	

doped	semiconductor	or	a	metal	in	which	a	degenerate	gas	of	electrons	or	holes	

exists.	Here,	we	take	a	semiconductor	with	a	degenerate	conduction	band	as	an	

example	to	describe	the	physical	process,	as	shown	in	Figure	2.7.	In	this	case,	

interband	optical	excitation	creates	an	e-h	pair,	making	a	hole	in	the	valence	band	
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and	an	electron	excited	near	the	Fermi	edge	in	the	conduction	band.	The	Coulomb	

interaction	between	the	electron	Fermi	sea	and	the	photo-generated	hole	will	alter	

the	absorption	and	emission	spectra	so	that	it	has	a	singularity	at	the	Fermi	edge.	

The	FES	can	only	be	observed	when	the	electron	gas	is	quantum	degenerate,	i.e.,	at	

low	temperatures	and	high	densities	such	that	EF	>>	kBT.	

	

Figure 2.7 - Optical absorption in a semiconductor with a degenerate 

conduction band. Adopted from [43].  

The	FES	phenomenon	has	been	observed	experimentally	in	the	soft-x-ray	

emission	and	absorption	spectra	of	a	metal	[44],	PL	spectra	for	modulation-doped	

quantum	wells	[45-47],	and	the	resonant	tunneling	current	between	a	two-
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dimensional	electron	gas	and	a	zero-dimensional	localized	state	[48-51].	A	typical	

example	of	FES	is	shown	in	Figure	2.8	for	a	modulation-doped	InGaAs/InP	quantum	

well,	observed	by	Skolnick	and	co-workers	in	1987	[45].	A	singularity	at	the	Fermi	

edge	in	the	emission	spectrum	grows	in	intensity	with	decreasing	temperature.	

With	increasing	temperature,	this	singularity	broadens	and	finally	disappears	at	

temperatures	higher	than	80	K,	where	the	emission	spectra	can	be	well	fit	by	a	

single-particle	emission	function	without	any	many-body	enhancement.	This	single-

particle	emission	function	��(�) is	simply	given	by	the	convolution	of	the	two-

dimensional	electron	and	hole	densities	of	states	(��(��), ��(��)),	multiplied	by	

their	respective	Fermi	functions	(��(��), ��(��)),		

     ��(�) = � ��(��)��(��)��(��) ��(��)�(��, ��) × �(� − �� − ��)��� ���, (2.9) 	

where ��, ��	are	the	electron	and	hole	energies	above	their	respective	band	edges,	�	

is	the	energy	from	the	onset	of	the	PL	band,	and	�(��, ��)	is	the	oscillator	strength	

without	many-body	interactions	[45].	
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Figure 2.8 - PL spectra at different temperatures from a modulation-doped 

InGaAs/InP quantum well. Adopted from [45]. 

In	contrast	to	the	scenario	described	above,	where	FES	occurs	in	a	doped	

semiconductor	or	a	metal	in	which	a	degenerate	gas	of	electrons	or	holes	exists,	in	

1986	S.	Schmitt-Rink	and	co-workers	proposed	an	e-h	plasma	system	in	an	optically	

excited	semiconductor	quantum	well	structure	where	FES	also	appears	[52].	Due	to	
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strong	quantum	confinement	in	the	2D	structure,	the	Coulomb	interaction	between	

the	optically	generated	e-h	pairs	is	still	pronounced	even	in	the	plasma	state,	which	

causes	an	enhanced	peak	at	the	quasi-Fermi edge in	the	absorption	and	gain	spectra,	

as	shown	in	Figures	2.9	(a)	and	(b).	In	this	system,	the	pairing	behavior	of	electrons	

and	holes	at	the	quasi-Fermi edge	is	similar	to	what	happens	in	superconductors	for	

Cooper	pairs	at	the	Fermi	surface,	and	thus,	a	gap	opening	phenomenon	can	be	

expected	at	the	quasi-Fermi edge described	by	the	excitonic	insulator	theory,	as	

shown	in	Figures	2.9	(c)	and	(d).	Also,	this	kind	of	FES	phenomenon	can	be	observed	

at	low	temperatures	and	low	densities	regime,	as	shown	in	Figure	2.10,	since	high	

density	will	decrease e-h coupling strength, and high temperature will broaden the 

Fermi distribution, both resulting in a decreased Coulomb enhancement near the 

quasi-Fermi edge. 
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Figure 2.9 - (a) The schematic of optically generated e-h plasma in a 

semiconductor quantum well. (b) The absorption and gain spectrum with and 

without Coulomb interaction. (c) The schematic of optically generated e-h 

plasma in a semiconductor quantum well when considering the gap opening 

process at the quasi-Fermi edge. (d) The absorption and gain spectrum with 

and without gap opening process. 
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Figure 2.10 - (a) Excitonic enhancement at various plasma densities n while 

temperature T is fixed. Here, E0 is the binding energy of exciton �� = ����/��
�. 

(b) Excitonic enhancement at various plasma temperatures T while plasma 

density n is fixed. Here, a0 is the Bohr radius of exciton �� = ��/����.  

Adopted from [52]. 

(b)

(a)
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Chapter 3 

Phenomenon of Superfluorescence 

3.1.  What is superfluorescence? 

The	physics	of	SF	is	usually	discussed	in	the	framework	of	atomic	two-level	

systems,	which	has	been	studied	for	more	than	thirty	years	[7,	53-57].	Let	us	

consider	a	system	of	N	two-level	atoms,	where	population	is	fully	inverted.		Namely,	

by	photoexcitation,	all	atoms	are	initially	excited	into	the	upper	state;	there	is	no	

initial	coherence,	or	phase	relationship,	among	the	excited	atoms.	Then,	imagine	

that	one	of	the	atoms	spontaneously	decays	to	the	ground	state,	emitting	a	photon.	

However,	assuming	that	the	density	of	inverted	atoms	is	high,	the	photon	from	this	

spontaneous	emission	process	immediately	interacts	with,	or	triggers,	another	

excited	atom	to	decay	to	the	ground	state,	leading	to	an	emission	of	another	photon,	

i.e.,	stimulated	emission.	During	this	stimulated	emission	process,	the	emitted	

photon	has	exactly	the	same	phase,	polarization,	and	direction	as	the	triggering	

photon.	Hence,	the	two	atoms	are	now	phase-locked.	However,	there	are	a	large	
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number	of	excited	atoms	surrounding	the	original	atom,	and	they	will	all	interact	

with	the	emitted	photon,	in	turn	emitting	photons,	which	further	interact	with	many	

other	atoms.		Eventually,	a	macroscopic	dipole,	or	polarization,	gradually	builds	up	

spontaneously	through	these	‘photon	exchange’	processes.	This	macroscopic	

polarization	then	decays	collectively	with	a	peak	intensity	proportional	to	N2,	which	

can	be	many	orders	of	magnitude	large	than	the	simple	sum	of	ordinary	

spontaneous	emission,	which	is	proportional	to	N.	

As	seen	above,	what	initiates	SF	is	spontaneous	emission,	which	starts	

through	fluctuations	of	a	vacuum	field.	Namely,	the	dipole	‘ordering’	process	evolves	

from	the	vacuum	field	of	spontaneous	emission	at	time	t	=	0,	when	there	is	no	

optical	dipole	at	all.	When	the	emission	starts,	the	quantum	fluctuations	of	the	

electromagnetic	field	in	the	vacuum	field	of	spontaneous	emission	act	on	

independent	atoms.	Then,	the	dipole-dipole	correlations	eventually	emerge	through	

symmetry	breaking	after	a	delay	time	t	=	td,	and	macroscopic	coherence	appears.	

This	symmetry	breaking	mechanism	can	be	explained	by	the	Heisenberg	

uncertainty	principle	in	the	measurement	of	two	non-commuting	observables.	In	SF,	

one	observable	is	the	engenstate	of	the	initially	excited	atoms,	and	the	other	is	the	

dipole	moment.	Since	these	two	observables	are	non-commuting,	according	to	the	

Heisenberg	uncertainty	principle	the	dipole	moment	is	uncertain	with	respect	to	the	

engenstate.	This	uncertainty	of	the	dipole	moment	leads	to	the	intrinsically	

randomness	of	SF:	the	intensity,	pulsewidth,	pulse	time	delay,	and	emission	

direction	change	from	shot	to	shot.	At	the	early	stage	of	SF,	it	is	genuinely	quantum	

mechanical	since	the	system	evolution	starts	from	a	vacuum	field	“noise”;	and	at	a	
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later	stage,	when	the	dipole-dipole	correlation	appears,	it	becomes	classical	since	

the	subsequent	emission	is	due	to	the	radiation	of	an	ordered	array	of	dipoles.	This	

classical	state	itself	presents	some	fluctuations	reflecting	the	random	nature	of	the	

noise	which	has	triggered	SF.	

Dicke	showed	that	the	emission	process	of	SF	can	be	described	with	a	Bloch	

vector.	At	the	initial	stage	where	all	the	dipoles	are	prepared	in	the	excited	state	and	

there	is	no	coherence	between	them,	the	Bloch	vector	points	to	‘north’.	Once	the	

emission	starts,	the	Bloch	vector	will	tend	to	drop	towards	the	ground	state	where	it	

points	‘south’.	He	derived	an	equation	of	motion	for	the	Bloch	vector,	which	

resembles	the	equation	of	motion	of	a	classical	pendulum,	

                
��

��
= −

� + 1

2��
sin�,                              (3.1)	

where	Ө	is	the	angle	of	the	Bloch	vector	direction	with	respect	to	the	vertical	axis.		

The	rate	of	change	of	Ө	is	proportional	to	sinӨ,	and	thus,	it	gets	faster	with	

increasing	Ө	at	the	beginning,	and	reaches	the	fastest	rate	at	Ө =	90°,	then	gradually	

slows	down,	and	finally	stops	at	Ө =	180°	where	the	Bloch	vector	points	‘south’	and	

all	the	dipoles	are	in	the	ground	state.	As	shown	in	Figure	3.1(b),	at	the	initial	stage	

when	the	population	inversion	is	built,	the	Bloch	vector	points	to	north.	However,	

this	state	is	nonequilibrium	and	unstable,	and	the	Bloch	vector	gradually	drops	to	

the	equilibrium	and	stable	ground	state,	where	the	population	is	zero	and	all	the	

energy	in	this	system	is	transferred	to	SF	emission.	
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	To	put	it	simply,	superfluorescence	is	a	physical	process	in	which	a	

macroscopic	polarization	spontaneously	builds	up	from	an	initially	incoherent	

ensemble	of	excited	dipoles,	and	after	a	certain	delay,	an	intense	burst	of	coherent	

radiation	appears	while	all	the	energy	in	the	system	is	transferred	to	the	SF	

radiation	[58],	as	shown	in	Figure	3.1.		

	

Figure 3.1 - (a) Self-organization of dipoles and the resulting SF pulse. (b) 

Population inversion and emitted light intensity (normalized to the peak 

intensity) versus time (normalized to the pulse delay) for a SF system, with 

the dynamics of a Bloch vector dropping from the unstable excited state Ө = 0° 

to the ground state Ө = 180°. Adopted from [10]. 
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3.2. Basic characteristics and observability conditions of 

superfluorescence 

SF	is	characterized	by	several	distinguishing	physical	signatures	and	time	

scales	as	shown	in	Figure	3.1.	A	pure	or	ideal	SF	pulse	[59]	is	bright	(intensity	~	N2),	

short	(the	SF	pulse	duration	tp	is	shorter	than	the	homogeneous	phase	relaxation	

time	of	the	medium:	tp	<	T2),	and	highly	directional.	In	addition,	a	SF	pulse	is	

produced	after	a	certain	delay	time,	td,	during	which	mutual	coherence	between	

individual	optical	dipoles	is	established.	Since	the	fluctuations	of	the	optical	

polarization	grow	from	initially	incoherent	quantum	noise	and	reach	a	macroscopic	

level,	SF	is	intrinsically	stochastic:	the	delay	time,	pulse	width,	the	emission	

intensity,	and	direction	vary	from	shot	to	shot	[60,	61].	

The	so-called	cooperative	frequency,	W� ,	determines	the	growth	rate	of	

macroscopic	polarization.	In	the	case	of	quantum	wells	[62],	

              W� = �
8�����Γ�

ℏ������
 ,                              (3.2)	

where	LQW	is	the	total	width	of	the	quantum	wells	(i.e.,	the	sum	of	widths	of	all	wells	

in	the	sample),	n	is	the	refractive	index,	d	is	the	dipole	matrix	element	of	the	

interband	optical	transition,	λ	is	the	wavelength	of	the	radiated	field,	N	is	the	2D	e-h	

pair	density,	and	Γ	is	the	overlap	of	radiation	with	the	quantum	wells.	In	order	to	

observe	SF,	the	cooperative	frequency	must	exceed	2/T2	(or	 
22/2 TT  if	the	

inhomogeneous	dephasing	time 22 TT  ).	Typically,	in	solids,	due	to	limited	gain	and	
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fast	decoherence,	it	is	difficult	to	achieve	the	threshold	for	SF	[63].	One	possible	way	

to	overcome	these	limitations	is	to	use	quantum	wells	placed	in	strong	

perpendicular	magnetic	fields,	low	temperature,	and	high	power	conditions	[63].	A	

high	magnetic	field	can	effectively	increase	the	dipole	moment,	number	of	atoms	

and	population	inversion	through	wavefunction	shrinkage	and	concentration	of	

density	of	state,	and	increase	the	coherence	time	by	suppressing	the	phase	space	

available	for	scattering.	A	low	temperature	can	increase	the	coherence	time	by	

decreasing	the	electron-phonon	scattering	rate,	and	a	high	power	can	increase	the	

number	of	atoms	and	population	inversion	in	the	system.		

Another	important	condition	for	observing	SF	has	recently	been	reported	by	

Kim	et al.	[64],	who	investigated	the	magnetic	field	dependence	of	SF	in	a	

semiconductor	quantum	well	system.	They	discovered	a	sequential	SF	burst	

phenomenon	(described	in	Section	3.2.2	below)	and	explained	it	by	the	Coulomb	

enhancement	of	gain	near	the	Fermi	edge	(described	in	Section	2.4).	As	we	

discussed,	this	Coulomb	enhancement	occurs	only	when	there	is	a	quantum-

degenerate	electron-hole	system.	The	quantum	degeneracy	condition	requires	the	

Fermi	energy	to	be	much	larger	than	the	thermal	energy:	�� ≫ ���,	otherwise	the	

Fermi	distribution	would	be	too	broadened	to	achieve	an	enhanced	gain	near	the	

Femi	edge.	This	again	suggests	that	the	larger	the	density	and	the	lower	the	

temperature,	the	easier	to	observe	SF	in	semiconductors.	
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3.3. Previous observations of superfluorescence 

3.3.1. Superfluorescence in atomic and molecular systems 

The	first	experimental	observation	of	SF	was	made	in	a	gas	of	HF	molecules	

in	1973	by	Skribanowitz	and	co-workers	[8].	Subsequently,	Gibbs	et al.	observed	SF	

in	an	atomic	cesium	system	in	1977	[9].	After	these	pioneering	studies,	SF	has	been	

widely	observed	in	atomic	and	molecular	systems,	such	as	rubidium	[65],	sodium	

[66],	calcium	[67],	helium	[68],	and	KCl	[69].	

In	their	seminal	work,	Skribanowitz	and	co-workers	pumped	a	low-pressure	

(millitorr)	HF	gas	with	an	intense	short	pulse	from	a	HF	laser,	which	produced	

nearly	complete	population	inversion	between	two	adjacent	rotational	levels	in	the	

first	vibrational	state,	corresponding	to	transitions	in	the	50	to	250	µm	range	[8].	

Figure	3.2(a)	shows	a	typical	SF	trace	observed	at	84	µm,	together	with	a	theoretical	

simulation	by	coupled	Maxwell-Schrödinger	equations.	After	a	~700	ns	delay,	a	

burst	of	radiation	appears,	with	a	pulse	width	~	200	ns.	Figures	3.2(b)-(c)	show	SF	

bursts	under	different	densities	of	HF	gas,	4.5	mTorr	in	(b)	and	2.1	mTorr	in	(c).	It	is	

seen	that	decreasing	the	density	of	HF	results	in	a	longer	time	delay,	broadened	

pulse	width,	and	weaker	pulse	intensity.	Decreasing	the	pump	power	also	shows	a	

similar	effect	on	the	SF	bursts,	as	shown	in	Figures	3.2(d)-(e).	As	the	pump	power	

decreases	from	1.7	kW/cm2	in	(d)	to	0.95	kW/cm2	in	(e),	SF	bursts	also	show	an	

increased	pulse	delay	and	width,	and	decreased	amplitude.		These	results	are	

consistent	with	expectations	from	SF	theory	since	a	decreased	gas	pressure	or	pump	

density	should	lead	to	a	lower	population	inversion.	



 

		

Figure 3.2 – (a) A typical SF burst from HF gas

coupled Maxwell-Schrödinger equations

of HF gas: 4.5 mTorr in (b) and 2.1 mTorr in (c). SF burst

pump density: 1.7 kW/cm

3.3.2. Superfluorescence in solids

Although	the	large	majority	of	SF	studies	have	been	performed	in	

molecular	systems,	SF	h

73,	10],	including	crystals	with	

58,	60,	64,	74].	Here,	we	mainly	discuss	SF	from	

InGaAs/GaAs	quantum	wells.

	

 

ypical SF burst from HF gas and theoretical simulation by 

Schrödinger equations. SF bursts under different pressures 

of HF gas: 4.5 mTorr in (b) and 2.1 mTorr in (c). SF bursts under different 

: 1.7 kW/cm2 in (d) and 0.95 kW/cm2 in (e). Adopted

Superfluorescence in solids  

Although	the	large	majority	of	SF	studies	have	been	performed	in	

has	been	also	observed	in	some	solid-state	environments

crystals	with	impurities	[70-73]	and	semiconductors	[

].	Here,	we	mainly	discuss	SF	from	a	KCl	crystal	with	O�
�

InGaAs/GaAs	quantum	wells.	
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simulation by 

under different pressures 

under different 

in (e). Adopted from [8]. 

Although	the	large	majority	of	SF	studies	have	been	performed	in	atomic	and	

state	environments	[70-

]	and	semiconductors	[10,	15,	57,	

�
�	centers	and	



 

Figure 3.3 – (a) Fluorescence spectrum of 

the threshold excitation density. (b)

stimulated emission. Adopted 

temperatures, showing the transition from SF to ASE. Adopted from [

In	the	KCl: O�
�	crystal,	

30	µJ,	stimulated	emission	can	appear	from

the	O�
�-center,	and	the	density	of	the	

in	Figure	3.3(a)	[71,	72]

is	due	to	SF	emission.	This	emission	appears	after	a	time	delay	

respect	to	the	excitation	pulse

increases	from	10	K	to	27	K,	the	SF	emission	gradually	transfers	to	ASE	emission	

 

(a) Fluorescence spectrum of ���: ��
� excited just below

the threshold excitation density. (b) Time dependence of the observed 

stimulated emission. Adopted from [71]. (c) Stimulated emission at different 

temperatures, showing the transition from SF to ASE. Adopted from [

crystal,	when	the	excitation	energy	is	above	a	threshold	ab

stimulated	emission	can	appear	from	the	629.4-nm	vibrational	transition	in

,	and	the	density	of	the	O�
�-center	is	on	the	order	of	1017

].	The	additional	sharp	and	strong	emission	line	at

SF	emission.	This	emission	appears	after	a	time	delay	of	~800	ps	with	

respect	to	the	excitation	pulse,	as	shown	in	Figure	3.3(b).	As	the	temperature	

increases	from	10	K	to	27	K,	the	SF	emission	gradually	transfers	to	ASE	emission	

 38 

	

excited just below and above 

Time dependence of the observed 

]. (c) Stimulated emission at different 

temperatures, showing the transition from SF to ASE. Adopted from [72]. 

when	the	excitation	energy	is	above	a	threshold	about	

nm	vibrational	transition	in	

17cm-3,	as	shown	

emission	line	at	629.4	nm	

800	ps	with	

in	Figure	3.3(b).	As	the	temperature	

increases	from	10	K	to	27	K,	the	SF	emission	gradually	transfers	to	ASE	emission	
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with	a	decreased	intensity,	broadened	pulse	width,	and	longer	pulse	delay,	as	shown	

in	Figure	3.3(c).	

Very	recently,	SF	was	observed	in	optically	excited	InGaAs/GaAs	quantum	

wells	[10].	By	performing	pump-probe	and	time-resolved	photoluminescence	

measurements	simultaneously,	Noe	and	co-workers	provided	clear	and	convincing	

evidence	for	SF	due	to	photo-created	electron-hole	pairs	in	the	InGaAs/GaAs	

quantum	wells.	Figure	3.4	shows	typical	data	of	pump-probe	differential	

transmission	and	time-resolved	photoluminescence	taken	at	17.5	T	and	4	K.	The	

population	dynamics	shows	that,	after	a	certain	time	delay	around	70	ps,	the	

population	suddenly	drops	to	zero.	At	the	same	time,	a	strong	pulse	of	emission	

appears.		

	 	

Figure 3.3 - Pump-probe differential transmission and time-resolved 

photoluminescence taken at 17.5 T and 4 K for (22) LL transition in 

InGaAs/GaAs quantum wells. Adopted from [10]. 
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Figure	3.4	shows	the	temperature	and	magnetic	field	dependence	of	

population	dynamics	and	SF	bursts	[10].	From	the	pump-probe	measurements	for	

the	(22)	Landau	transition	at	different	magnetic	fields,	the	population	drops	to	zero	

at	an	earlier	time	at	a	higher	magnetic	field,	a	similar	trend	to	decreasing	

temperatures.	Therefore,	higher	magnetic	fields	and	lower	temperatures	have	the	

same	effect	on	the	population	dynamics,	which	together	makes	SF	more	easily	

observable.	From	the	time-resolved	PL	results,	a	lower	magnetic	field	and	higher	

temperature	makes	the	SF	appear	with	deceased	intensity	and	broadened	linewidth	

at	later	delay	times.	
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Figure 3.4 – (a) The magnetic field and temperature dependence of pump-

probe measurement for (22) Landau level. (b) The magnetic field and 

temperature dependence of time-resolved PL measurements. Adopted from 

[10]. 
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More	recently,	sequential	SF	bursts	from	the	InGaAs/GaAs	quantum	wells	

were	reported	by	Kim	et al.	[64].	Unlike	typical	spontaneous	emission,	which	occurs	

at	the	band	edge	of	semiconductors,	the	observed	emission	occurred	at	the	quasi-

Fermi	edge	in	the	conduction	and	valence	bands.	As	the	carriers	are	consumed	by	

recombination,	the	quasi-Fermi	energy	goes	down	toward	the	band	edge.	A	

continuously	red-shifting	streak	was	observed	at	0	T	and	discrete	SF	bursts	were	

observed	at	higher	magnetic	fields,	as	shown	in	Figure	3.5.	In	this	case,	SF	was	

enhanced	by	Coulomb	interactions	at	the	quasi-Fermi	edge	(as	described	in	Section	

2.4),	which	allowed	the	magnitude	of	the	cooperative	emission	even	larger	than	

ordinary	SF,	i.e.,	making	e-h	SF	even	more	“super”	than	atomic	SF.	

The	recombination	dynamics	of	the	photo-excited	e-h	plasma	was	modeled	

through	the	semiconductor	Bloch	equations	derived	from	a	general	two-band	e-h	

Hamiltonian	in	the	Hartree-Fock	approximation	[64].	An	example	of	Coulomb-

induced	modification	of	gain	for	quantum	wells	at	zero	magnetic	field	is	shown	in	

Figure	3.6(a)	(solid	line),	together	with	a	gain	spectrum	neglecting	all	Coulomb	

effects	except	band	gap	renormalization	(dashed	line).	It	is	seen	that	Coulomb	

interactions	lead	to	an	enhancement	of	gain	just	below	the	energy	that	corresponds	

to	the	difference	between	the	quasi-Fermi	levels	of	electrons	and	heavy	holes.	

Therefore,	the	electrons	and	holes	in	higher	energy	levels	recombine	first,	followed	

by	the	emission	from	lower	energy	levels,	leading	to	a	red-shifting	streak	at	zero	

magnetic	field.	In	a	strong	magnetic	field,	a	similar	gain	enhancement	happens	with	

respect	to	the	quasi-Fermi	level	at	each	LL,	and	the	gain	reaches	the	maximum	at	the	
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highest	occupied	LL	as	shown	in	Figure	3.6(b),	which	results	in	a	series	of	delayed	

SF	bursts	from	higher	LLs	to	lower	LLs.		

	

Figure 3.5 - SF bursts from InGaAs/GaAs quantum wells at different magnetic 

fields (a)-(c). Peak shift of emission as a function of time at different magnetic 

fields (d). Adopted from [64]. 
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Figure 3.6 - Theoretical calculations of Coulomb-induced many-body 

enhancement of gain at zero magnetic field (a) and high magnetic field (b). 

Adopted from [64]. 
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Chapter 4 

Samples and Experimental Methods 

We	carried	out	time-integrated	photoluminescence	(TIPL)	and	time-resolved	

photoluminescence	(TRPL)	experiments	at	the	Ultrafast	Optics	Facility	of	the	

National	High	Magnetic	Field	Laboratory	(NHMFL)	in	Tallahassee,	Florida.	With	a	

17.5-T	superconducting	magnet	and	an	amplified	Ti:sapphire	laser,	we	performed	

TIPL	and	TRPL	measurements	in	the	Faraday	geometry,	where	the	incident	light	

beam	is	parallel	to	the	magnetic	field	and	perpendicular	to	the	quantum	wells,	

under	various	magnetic	field,	power,	and	temperature	conditions.	

Figure	4.1	shows	a	schematic	diagram	of	the	experimental	geometry	used	for	

the	TIPL	and	TRPL	experiments	[10].	The	quantum	well	sample	was	mounted	at	the	

center	of	the	sapphire	window,	and	a	μ-prism	was	put	at	the	edge	of	the	sample	to	

redirect	in-plane	emission.	Two	fibers,	center	and	edge	fibers,	were	used	for	PL	

collection;	the	former	was	used	for	monitoring	spontaneous	emission	(SE)	while	the	

latter	was	used	to	observe	amplified	spontaneous	emission	(ASE)	and	
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superfluorescence	(SF).	TIPL	was	measured	with	a	CCD-equipped	monochrometer,	

and	TRPL	was	measured	using	a	streak	camera	system.	

	

Figure 4.1 - A schematic diagram showing the experimental geometry used for 

time-integrated and time-resolved photoluminescence measurements on 

InGaAs quantum wells in perpendicular magnetic fields.  Adopted from [10]. 

4.1. Sample studied 

We	used	an	In0.2Ga0.8As/GaAs	multiple	quantum	well	sample,	grown	by	the	

molecular	beam	epitaxy	(MBE)	technique.	15	layers	of	8-nm	In0.2Ga0.8As	wells	

separated	by	15-nm	GaAs	barriers	were	grown	on	a	GaAs	buffer	layer	and	GaAs	

Spectrometer & Streak Camera
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(001)	substrate	at	a	growth	temperature	between	390	℃	.	Furthermore,	a	10-nm	

GaAs	cap	layer	was	grown	on	the	top	In0.2Ga0.8As	layer,	as	shown	in	Figure	4.2(a).	

The	in-plane	energy	band	dispersions	for	the	lowest-energy	conduction	and	valence	

subbands	(calculated	within	an	8-band	kp	approximation)	are	shown	in	Figure	

4.2(b),	from	which	the	band-edge	effective	masses	for	electrons	and	holes	are	

estimated	to	be	0.057m0	and	0.17m0,	respectively.	

	

Figure 4.2 - (a) The In0.2Ga0.8As/GaAs quantum well sample structure. (b) The 

conduction (left) and valence (right) band structure of the sample. 

The	confinement	of	the	quantum-well	potential	results	in	the	formation	of	a	

series	of	subbands,	both	for	electrons	in	the	conduction	band	and	holes	in	the	
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valence	band.	As	shown	in	Figure	4.3(a)	[15],	the	zero-field	absorption	spectrum	

consists	of	a	series	of	stair-step-like	van	Hove	singularities,	characteristic	of	a	quasi-

2D	systems.	Thus,	from	the	locations	of	the	steps,	the	subbands	gaps	can	be	

determined:	the	transition	between	the	1st	electron	subband	and	1st	heavy-hole	

subband	(E1H1)	occurs	at	1.325	eV,	the	transition	between	the	1st	electron	subband	

and	1st	light-hole	subband	(E1L1)	occurs	at	1.40	eV,	and	the	transition	between	the	

2st	electron	subband	and	2st	heavy-hole	subband	(E2H2)	occurs	at	1.45	eV.	

Due	to	the	strain	caused	by	the	lattice	mismatch	between	the	In0.2Ga0.8As	and	

GaAs	layers,	a	relatively	large	energy	splitting	(75	meV)	occurs	between	the	E1H1	

and	E1L1	subbands.		Because	of	this,	only	the	E1H1	transition	is	relevant	to	the	

present	study.	Since	the	band	gap	of	the	GaAs	substrate	(1.52	eV)	is	larger	than	the	

band	gap	of	the	In0.2Ga0.8As	wells	(1.32	eV),	the	substate	is	transparent	to	all	the	PL	

emission	in	the	quantum	wells.	In	the	presence	of	an	external	magnetic	field	applied	

perpendicular	to	the	quantum	well	plane,	each	subband	splits	into	a	series	of	peaks	

due	to	Landau	quantization.		For	example,	as	schematically	indicated	in	Figure	

4.3(b),	the	E1H1	transition	splits	into	(Ne,Nh)	=	(00),	(11),	(22),	…	transitions,	where	

Ne	(Nh)	is	the	electron	(hole)	Landau	index.	
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Figure 4.3 - (a) Linear absorption spectra for the InGaAs quantum well sample 

taken with a quartz-tungsten-halogen lamp at various perpendicular magnetic 

fields up to 17 T. (b) Schematic energy level diagram with allowed interband 

magneto-optical transitions between electron and hole Landau levels within 

the E1H1 subbands indicated by arrows.  Adopted from [15]. 

To	prepare	the	sample	for	measurements,	we	mounted	the	sample	and	a	µ-

prism	with	sides	of	0.7	mm	on	a	sapphire	plate	with	a	diameter	of	10	mm	(see	Fig.	

3.1).	The	µ-prism	was	placed	at	the	edge	of	the	sample	to	redirect	the	in-plane	

emission	into	the	edge	fiber.	UV	epoxy	was	used	to	secure	the	sample	and	µ-prism	

on	the	sapphire	plate	since	UV	epoxy	is	transparent	to	near-infrared	radiation.	The	

sample,	µ-prism,	and	sapphire	plate	were	illuminated	by	a	UV	gun	for	several	

(a) (b)
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minutes	to	cure	the	UV	epoxy.	Then	the	sapphire	plate	was	mounted	on	the	copper	

plate	of	the	probe.	

The	probe	used	had	two	0.6-mm	core	diameter	multimode	optical	fibers	that	

extend	down	the	probe	such	that	the	bare	ends	of	the	fibers	were	positioned	at	two	

holes	in	the	copper	end,	one	in	the	center	and	one	1	mm	to	the	side,	corresponding	

to	the	center	and	edge	PL	collection,	respectively.	The	other	ends	of	these	two	fibers	

were	SMA	connectorized	so	that	they	can	easily	be	used	with	various	spectrometers.	

During	the	mounting	of	the	sample,	we	put	the	sample	over	the	center	fiber,	made	

the	µ-prism	as	close	to	the	edge	fiber	as	possible,	and	used	2	clamps	to	generally	

secure	the	sample	on	the	copper	end	of	the	probe.	Then,	we	shined	the	flash	lamp	

down	the	edge	fiber,	and	kept	adjusting	the	position	of	the	sample	system	until	we	

saw	the	brightest	light	emission	from	the	µ-prism	onto	the	sample	plane.	Finally,	a	

dab	of	GE	varnish	was	put	at	the	edge	of	the	sapphire	plate,	and	it	permeated	

between	the	sapphire	plate	and	copper	end,	securing	the	sample	firmly	on	the	

probe.	

During	the	preparation	and	mounting	process	of	the	sample,	a	microscope	

and	a	magnifier	were	used	to	inspect	to	make	sure	the	µ-prism	and	sample	were	

positioned	correctly.	A	temperature	sensor	and	heater	were	located	at	the	end	of	the	

probe	within	~1	cm	from	the	sample.	The	probe	was	lowered	down	

superconducting	magnet	3	such	that	the	sample	was	placed	at	the	point	in	the	

magnet	with	the	highest	magnetic	field	[10].		
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4.2. Magnets 

The	magnet	used	is	a	17.5-T	superconducting	magnet	at	NHMFL.	The	

schematic	diagram	of	the	magnet	system	is	shown	in	Figure	4.4.	This	magnet	system	

is	mainly	composed	of	a	superconducting	magnet,	liquid	Helium	and	Nitrogen	

reservoirs,	probe,	bore	and	high	vacuum	insulation	spaces,	which	is	a	cold-bore	

system	with	a	bore	radius	of	47	mm	and	is	capable	of	temperature	dependent	

measurements	at	temperatures	from	4.2	K	to	300	K.	The	superconducting	magnet	is	

made	of	the	alloy	niobium-titanium	(Ni-Ti),	and	can	produce	a	highest	magnetic	

field	at	17.5	T.	The	liquid	Helium	and	Nitrogen	reservoirs	are	used	to	provide	the	

cold	environment	for	superconducting	magnet’s	operation.	A	probe	is	used	to	load	

the	sample	down	to	the	center	of	the	bore	space	for	measurement,	where	

corresponds	to	the	maximum	of	the	magnetic	field.	A	gold	mirror	is	positioned	at	

the	bottom	of	the	magnet	to	couple	the	light	beam	onto	the	sample,	and	the	output	

signal	beams	propagate	along	the	center	and	edge	fibers	inside	the	probe,	and	are	

coupled	to	spectrometer	and	streak	camera	for	detection.		
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Figure 4.4 - The schematic diagram of the 17.5-T superconducting magnet 

system. 

4.3. Lasers 

The	laser	system	was	composed	of	a	Vitesse	diode-pumpd	mode-locked	

Ti:sapphire	laser	seeding	a	Legend	regeneratively	amplified	Ti:sapphire	laser	from	

Coherent	Inc.	The	Vitesse	Ti:sapphire	laser	was	pumped	by	a	Verdi-pumped	(532	
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nm),	producing	sub-100	fs	pulses	of	800	nm	radiation	at	an	80	MHz	repetition	rate	

with	an	average	output	power	greater	than	200	mW.	After	the	stretching,	

amplification,	and	compression	processes,	the	amplified	Ti:sapphire	laser	produced	

~150	fs	pulses	of	800	nm	radiation	at	a	repetition	rate	of	1	kHz,	a	small	portion	of	

which	was	used	as	the	optical	pump	in	our	experiments.		The	majority	of	the	beam	

was	used	to	pump	a	Light	Conversion	TOPAS-800	optical	parametric	amplifier	

(OPA),	which	provided	pulsed	radiation	from	UV	to	20	µm	with	appropriate	

nonlinear	crystals.	Here,	the	OPA	was	used	to	provide	the	s-polarized	second-

harmonic	idler	(SHI)	output	with	tunable	wavelengths	between	850	nm	and	930	

nm.	

4.4. Detectors 

For	collection	of	TIPL,	we	used	a	McPherson	spectrometer	with	a	1-m	focal	

length,	equipped	with	a	silicon	CCD.	The	grating	inside	the	monochrometer	had	a	

groove	density	of	150	g/mm	and	a	blaze	wavelength	at	800	nm,	and	the	CCD	had	

1024	×	256	pixels.	

For	collection	of	TRPL,	we	used	a	streak	camera	(C5680	series	from	

Hamamatsu	Inc.),	which	was	sensitive	from	the	X-Ray	to	the	near-infrared	range	

with	a	temporal	resolution	of	2	ps.	A	streak	camera	is	an	ultrahigh-speed	detector,	

which	captures	light	emission	phenomena	occurring	in	extremely	short	time	

periods.	A	streak	camera	can	not	only	measure	intensity	variations	with	a	superb	
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temporal	resolution	but	also	be	used	for	simultaneous	measurements	of	the	spectral	

distribution	by	putting	a	monochrometer	in	front	to	resolve	the	wavelength.	

By	picking	off	at	least	1	mW	from	the	Ti:sapphire	laser,	a	PIN	diode	head	was	

used	as	the	optical	trigger	of	the	camera’s	sweep	circuit.	After	choosing	the	

appropriate	slit	width,	multichannel	plate	(MCP)	gain,	exposure	and	delay	times,	we	

obtained	TRPL	data	through	the	HPD-TA	(temporal	analyzer),	which	is	a	high-

performance	digital	data	acquisition	and	control	system	specifically	designed	to	

read	out	images	from	the	Hamamatsu	streak	camera’s	phosphor	screen.	

4.5. Time-integrated photoluminescence spectroscopy 

Time-integrate	photoluminescence	was	measured	with	the	above-described	

McPherson	spectrometer.	We	first	used	a	mercury	lamp	to	calibrate	the	

spectrometer	and	adjusted	the	slit	position	at	its	entrance	to	get	a	satisfactory	PL	

image	on	its	CCD.	In	order	to	get	the	optimum	edge	and	center	PL	signal,	we	

adjusted	the	mirror	under	the	magnet	to	maximize	the	center	PL	by	monitoring	it	

either	on	an	oscilloscope	or	the	spectrometer.	During	an	experiment,	whenever	we	

changed	the	magnetic	field,	refilled	the	magnet	cryostat	with	cryogens,	or	changed	

the	temperatures,	we	readjusted	the	mirror	to	maximize	the	center-collected	PL	to	

compensate	for	any	small	movement	of	the	sample	relative	to	the	optics	on	the	table	

[10].	Also,	during	measurements	of	TRPL,	TIPL	was	collected	at	the	same	time	to	

provide	a	spectrum	comparison.	Figure	4.5	shows	a	photograph	of	the	experimental	
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setup	used	for	TRPL	and	TIPL	measurements,	including	the	magnet,	laser	system,	

and	optical	components.	

	

Figure 4.5 - Experimental setup for TIPL and TRPL measurements in high 

magnetic fields. 

4.6. Time-resolved photoluminescence spectroscopy 

Observation	of	transient	emission	behaviors	of	excited	states	is	

fundamentally	important	in	the	study	of	carrier	dynamics	and	relaxation	processes	

in	materials.	Generally,	two	kinds	of	methods	exist	to	obtain	the	time-resolved	

emission	of	a	sample:	electronic	methods	using	only	electronic	devices,	and	optical	

methods	exploiting	the	correlation	between	the	exciting	pulse	and	the	observed	

emission.	The	steak	camera	and	single-photon	counting	systems	are	two	frequently	
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used	electronic	methods	to	obtain	the	transient	emission	and	dynamics	behavior	

whereas	the	Kerr	gate	and	up-conversion	techniques	are	the	two	most	frequently	

used	optical	methods	to	obtain	time-resolved	PL	data.	

The	time	resolution	of	a	streak	camera	can	routinely	reach	a	picosecond,	and	

sometimes	a	few	hundreds	of	femtoseconds;	it	is	mainly	limited	by	the	dynamic	

range	of	single-shot	measurements.	Accumulation	of	many	shots	greatly	improves	

this	dynamic	range,	but	the	jitter	from	one	shot	to	the	next	in	the	camera	triggering	

system	remains	to	be	a	limitation.	Using	optoelectronic	devices	to	do	the	triggering	

can	greatly	reduce	this	jitter.	One	of	the	advantages	of	a	streak	camera,	compared	to	

other	methods,	is	that	it	can	obtain	the	whole	emission	spectrum	simultaneously	

with	the	associated	dynamics	at	each	emission	wavelength.	

Here,	we	used	the	Hamamatsu	c5670	Universal	Streak	Camera	with	2	ps	

resolution	to	perform	time-resolved	PL	measurements.	Figure	4.6	shows	a	

schematic	diagram	of	the	experimental	setup	for	our	time-resolved	PL	system.	As	

described	above,	the	laser	used	was	a	Coherent	Legend	regeneratively	amplified	

Ti:sapphire	laser,	which	produced	150	fs	pulses	of	near-infrared	radiation	at	a	

wavelength	of	800	nm	at	a	1	kHz	repetition	rate.	Using	the	beam	splitter	BS2,	most	

of	the	laser	beam	was	directed	to	pump	OPA,	which	was	used	to	provide	the	s-

polarized	second-harmonic	idler	(SHI)	output	at	wavelengths	between	850	nm	and	

930	nm,	used	as	our	“probe.”	The	other	part	of	the	laser	beam,	with	power	lower	

than	the	optical	damage	threshold	of	the	sample	(10	mW),	was	used	to	excited	the	

sample,	defined	as	our	“pump.”	
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Figure 4.6 - Experimental setup for the time-resolved PL system. BS, beam 

splitter; HWP, half-wave plate; ND, neutral density filter; NC, nonlinear crystal; 

FM, flipper mirror; SFG, sum-frequency generated beam. 

The	pump	beam	was	reflected	by	a	retro-reflectior	on	a	1D	delay	stage	to	

adjust	the	time	delay	between	the	pump	and	probe	pulses.	After	roughly	matching	

the	path	lengths	of	the	pump	and	probe,	both	beams	were	made	collinear	by	

transmitting	the	pump	beam	through	and	reflecting	the	probe	beam	off	of	the	beam	

splitter	BS1.	Through	a	f	=	1	m	focus	lens,	these	collinear	beams	were	aligned	such	

that	they	would	reflect	upwards	off	of	a	mirror	underneath	the	magnet	into	the	

bottom	of	the	magnet	through	a	room	temperature	CaF2	window,	and	finally	focused	

onto	the	sample	to	a	spot	size	around	0.5	mm	in	diameter.	
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In	order	to	get	the	accurate	zero-time	delay	position,	a	flipper	mirror	(FM)	

was	inserted	to	redirect	both	beams	to	focus	onto	a	nonlinear	crystal	(NLC)	–	BBO	–	

after	another	f	=	1	m	focus	lens.	If	the	pump	and	probe	pulses	overlap	in	time	and	

space,	sum-frequency	generation	(SFG)	can	be	observed.	To	get	the	SFG,	we	first	

rotated	the	BBO	crystal	to	maximize	the	second-harmonic	generation	(SHG)	of	the	

SHI	from	the	OPA.	Since	BBO	is	a	type-I	nonlinear	crystal,	a	half-wave	plate	(HWP)	

was	inserted	in	the	pump	path	to	change	the	pump	pulses	from	p-polarized	to	s-

polarized	to	satisfy	the	type-I	phase	matching	conditions	of	the	SFG.	Thus,	only	by	

slightly	changing	the	1D	delay	stage	position	to	make	both	pulses	overlap	in	time,	

the	SFG	was	clearly	observed	after	the	dispersion	of	a	prism.	We	set	this	stage	

position	to	zero	and	defined	it	as	our	zero	time	delay.	

We	connected	a	graded-index	fiber	with	a	fiber	adapter	to	send	the	center	or	

edge	PL	signal	into	an	Acton	2300i	monochrometer	to	spectrally	resolve	the	PL.	By	a	

pair	of	focus	lenses	to	realize	the	f-number	matching	between	the	monochorometer	

and	streak	camera,	the	steak	camera	was	able	to	receive	the	PL	signal.	Before	taking	

time-resolved	data,	we	used	a	He-Ne	laser	for	optical	alignment	between	the	

monochrometer	and	streak	camera,	and	mercury	lamp	for	spectrum	calibration	for	

the	streak	camera.	One	issue	with	TRPL	data	is	how	to	determine	the	time-zero.	This	

was	addressed	by	measuring	the	OPA	beam	under	the	condition	that	the	OPA	and	

800	nm	pump	pulses	had	zero	time	delay	as	described	above.	This	OPA	beam	

measurement	marks	the	zero	time	for	the	optical	pumping.	Due	to	the	optical	

dispersion	caused	by	the	collection	fiber,	the	time	resolution	of	our	TRPL	system	

was	limited	to	~20-30	ps.	Another	important	factor	to	consider	was	the	wavelength	
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dependence	of	the	index	of	refraction	of	the	fiber	and	the	wavelength-dependent	

optical	path	length	of	the	Acton	spectrometer.	In	order	to	correct	for	these	effects	on	

the	timing	calibration,	we	measured	the	OPA	beam	with	the	streak	camera	at	

multiple	wavelengths	between	850	nm	and	930	nm,	and	observed	a	curvature	in	the	

sum	of	these	streak	images.	We	used	the	curvature	correction	feature	of	the	streak	

camera	software	to	correct	this	effect	on	the	timing.	The	spectrum	and	OPA	

curvature	calibration	measurements	had	to	be	done	whenever	the	magnetic	field	

changed.	
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Chapter 5 

Experimental Results 

In	this	chapter,	we	describe	results	of	time-integrated	photoluminescence	(TIPL)	

and	time-resolved	photoluminescence	(TRPL)	spectroscopy	experiments	to	

determine	the	magnetic	field	(B),	temperature	(T),	and	laser	excitation	power	(or	

electron-hole	pair	density,	n)	dependence	of	SF,	to	make	a	B-T-n	‘phase’	diagram	of	

SF.	We	detected	different	types	of	emission	using	a	center	fiber	(‘center	emission’)	

and	an	edge	fiber	(‘in-plane	emission’).	Spontaneous	emission	is	emitted	in	all	4	

spatial	directions	with	equal	probability,	and	thus,	it	is	collected	via	both	the	center	

and	edge	fibers.	Amplified	spontaneous	emission	(ASE)	and	SF	occur	only	in	a	

medium	with	gain,	and	their	directionality	is	determined	by	the	gain	distribution	in	

the	sample.	Since	excited	e-h	pairs	exist	only	within	the	In0.2Ga0.8As	QWs,	both	ASE	

and	SF	preferentially	travel	in	the	QW	plane	and	are	collected	through	the	edge	

fiber.	The	B-T-n	phase	diagram	here	is	mainly	to	distinguish	the	different	emission	

regimes	under	different	external	conditions. 
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5.1. Time-integrated PL 

5.1.1. Magnetic field dependence 

Figure	5.1(a)	and	(b)	shows	the	magnetic	field	dependence	of	time-

integrated	center	and	edge	PL	from	0	T	to	10	T	under	an	excitation	power	of	2	mW	

and	a	temperature	of	4	K,	respectively.	The	most	dominant	feature	in	the	center	

collection	PL	is	the	peak	from	the	lowest	energy	transition,	the	(00)	transition	in	the	

Landau	notation	(or	the	1s	emission	in	the	hydrogenic	notation),	whose	energy	

shifts	slightly	with	the	magnetic	field	through	the	diamagnetic	shift.	Also,	very	weak	

PL	signal	can	be	observed	around	1.43	eV	and	1.45	eV,	which	correspond	to	the	E1L1	

and	E2H2	(00)	transitions,	respectively.	

In	contrast,	PL	emission	detected	through	the	edge	fiber	increases	drastically	

with	the	magnetic	field,	as	shown	in	Figure	5.1(b).	At	zero	magnetic	field,	the	edge	

PL	emission	spectrum	is	characterized	by	two	peaks	at	~1.32	eV	and	~1.43	eV,	

corresponding	to	the	E1H1	1s	and	E1L1	1s	transitions,	respectively.		In	addition,	

continuum	emission	exists	between	the	two	peaks.	The	shape	and	intensity	of	the	

edge	PL	spectrum	do	not	sensitively	depend	on	the	magnetic	field	until	the	magnetic	

field	reaches	~4	T,	where	LL	separation	begins	to	become	discernable.	With	further	

increasing	magnetic	field,	the	intensity	of	the	(00)	peak	increases	dramatically,	and	

emission	from	other	LLs	also	becomes	bright.	Compared	with	center	PL	emission,	at	

high	magnetic	fields,	edge	PL	emission	is	much	brighter,	sharper,	and	better	

spectrally	separated.	As	shown	in	Figure	5.1(b),	the	(00)-(99)	LL	transitions	are	

clearly	observable,	all	originating	from	the	B	=	0	E1H1	exciton	state.	Several	other	
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LLs	at	higher	energies	arise	from	the	E1L1	exciton	state,	which	are	not	relevant	to	

our	discussion	in	the	following.	

	

Figure 5.1 – (a) Magnetic field dependence of time-integrated center PL at 4 K 

and excitation power 2 mW. (b) Magnetic field dependence of time-integrated 

edge PL at 4 K and excitation power 2 mW. 
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In	order	to	investigate	the	characteristics	of	SF	emission,	we	compare	the	

center	and	edge	PL	from	the	(00)	LL	transition	at	different	magnetic	fields,	as	

summarized	in	Figure	5.2.	In	Figure	5.2(a),	the	intensity	of	edge	PL	emission	is	

normalized	to	that	of	the	center	PL	signal,	to	clearly	see	the	emission	shape.	The	

center	PL	peak	is	always	broad	and	does	not	show	much	magnetic	field	dependence	

while	the	edge	PL	peak	becomes	sharper	with	increasing	magnetic	field,	especially	

when	the	magnetic	field	is	larger	than	4	T;	see	Figure	5.2(b).	In	the	low-field	regime,	

B	<	4	T,	the	linewidth	of	edge	PL	stays	almost	constant	around	11	meV,	and	then	it	

continues	to	decrease	to	~3	meV	at	8	T	and	stays	stable	at	higher	magnetic	fields.	

Therefore,	we	regard	8	T	to	be	the	critical	magnetic	field	of	SF,	i.e.,	minimum	

required	magnetic	field	strength	for	this	temperature	and	laser	power.	Similar	

behavior	is	seen	in	the	magnetic	field	dependence	of	the	PL	peak	intensity	in	the	

edge	case,	as	shown	in	Figure	5.2(c).	In	the	SF	regime,	the	edge	PL	intensity	becomes	

nearly	constant.	In	contrast,	the	center	PL	intensity	only	slightly	increases	with	the	

magnetic	field.	
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Figure 5.2 - (a) Comparison of center and edge PL emission for the (00) energy 

transition at different magnetic fields. (b) The magnetic field dependence of 

the linewidth for the center and edge PL emission. (c) The magnetic field 

dependence of the intensity for the center and edge PL emission. 
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5.1.2. Temperature dependence 

	

Figure 5.3 - Temperature dependence of time-integrated edge PL at 17.5 T and 

excitation power 4 mW. 

Figure	5.3	shows	the	temperature	dependence	of	the	edge	PL	spectrum	from	

4	K	to	160	K	at	17.5	T	with	an	excitation	power	of	4	mW.	Different	LL	transitions,	

originally	from	E1H1	and	E1L1	energy	transitions,	can	be	clearly	spectrally	resolved.	

The	PL	emission	is	strong	and	sharp	at	low	temperatures	but	gradually	becomes	

weaker	and	broader	with	increasing	temperature.	Also,	all	the	peaks	red-shift	with	

increasing	temperature	because	the	band	gap	shrinks	with	increasing	temperature.	

At	T	>100	K,	PL	emission	through	the	(00)	LL	transition	vanishes	first,	which	is	

followed	by	the	(11)	and	(22)	LL	transitions.	However,	the	emission	peaks	in	the	

high-energy	range	(arising	from	the	E1L1	transitions)	are	more	stable	at	high	

temperatures.	
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In	order	to	clearly	see	the	temperature	dependence	of	PL	emission,	the	(00)	

peak	is	plotted	at	different	temperatures	in	Figure	5.4(a).	A	clear	transition	from	

sharp	and	bright	PL	emission	at	low	temperatures	to	broad	and	weak	PL	emission	at	

high	temperatures	can	be	observed.	By	analyzing	the	intensity	and	linewidth	of	the	

PL	emission	as	shown	in	Figure	5.4(b),	a	critical	temperature,	Tc	=	90	K,	is	obtained.	

Below	this	temperature,	SF	emission	is	observable.	The	value	of	Tc	is	a	function	of	

magnetic	field	and	laser	excitation	power;	it	also	depends	on	which	(N,N)	transition	

the	SF	emission	originates	from.	Figure	5.5	shows	the	temperature	dependence	of	

the	(11)	peak,	and	Tc	=	105	K	is	determined	in	this	case.	

	

Figure 5.4 - (a) Emission through the (00) transition at different temperatures. 

(b) The corresponding linewidth and intensity of the (00) emission. 
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Figure 5.5 - (a) Emission through the (11) transition at different temperatures. 

(b) The corresponding linewidth and intensity of the (11) emission. 

5.1.3. Laser power dependence 

Figure	5.6	shows	the	laser	excitation	power	dependence	of	edge	PL	emission	

from	2	μw	to	7	mW	at	B	=	17.5	T	and	T	=	4	K.	With	increasing	laser	power,	bright	

and	sharp	emission	lines	appear	around	100	μW	and	grow	in	intensity	rapidly,	and	

eventually	tend	to	saturate	in	the	highest	power	regime.	From	more	detailed	

analysis	shown	in	Figure	5.7,	we	determine	the	critical	power,	Pc,	to	be	50	μW,	for	SF	

appearance	in	the	(11)	transition.	

In	order	to	estimate	the	density	of	e-h	pairs	under	different	powers,	we	use	

the	degeneracy	factor,	� = 2��/ℎ = 4.8 × 10��		B	[cm-2],	of	each	Landau	level,	
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transition,	which,	we	interpret,	corresponds	to	the	situation	that	the	(00)	Landau	

level	has	just	been	filled	completely.	Similarly,	a	poser	of	~20	µW	was	necessary	for	

the	appearance	of	emission	from	the	(22)	transition,	which,	we	interpret,	

corresponds	to	the	situation	that	the	(00)	and	(11)	Landau	levels	have	just	been	

filled	completely.	These	observations	allow	us	to	assume	a	linear	relationship	

between	the	power	and	density	such	that	a	density	� = 2��/ℎ = 4.8 ×  10��		

17.5 = 8.5 ×  10�� 	[cm-2]	at	17.5	T	for	10	µW,	i.e.,	a	laser	power	of	1	µW	power	

creates	a	density	of	e-h	pairs	of	 8.5 ×  10�� 	[cm-2].	The	critical	power	for	SF	

emission	from	the	(11)	transition	is	50	µW,	which	correspond	to	an	e-h	pair	density	

of	8.5	× 10��  ×  50 = 	4.3 × 10�� 	[cm-2].	

 
 

Figure 5.6 - Power dependence of time-integrated edge PL at 17.5 T and 4 K. 
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Figure 5.7 - (a) The PL emission from (11) LL transition at different laser 

excitation powers. (b) The corresponding linewidth and intensity of the (11) 

LL PL emission. 

5.2. Time-resolved PL 

5.2.1. Magnetic field dependence 
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With	increasing	magnetic	field	up	to	6	T,	some	discrete	bursts	with	small	

amplitudes	appear	on	the	continuous	emission	background.	When	the	magnetic	

field	is	higher	than	6	T,	strong	SF	emission,	discrete	both	in	time	and	energy,	is	

observed.	Figure	5.8(b)	summarizes	the	pulse	time	delay	as	a	function	of	magnetic	

field	for	different	LL	transitions.	Higher	LLs	have	shorter	delay	times,	as	noted	

above,	and	for	each	LL	transition,	the	pulse	time	delay	decreases	with	increasing	

magnetic	field.	
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Figure 5.8 - (a) Magnetic field dependence of SF at 4 K and 2 mW. (b) Magnetic 

field dependence of pulse time delay for different LLs. 
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5.2.2. Temperature dependence 

Figure	5.9	shows	the	temperature	dependence	of	SF	bursts	at	17.5	T	and	2	

mW.	At	each	temperature,	we	can	see	SF	bursts	from	different	LLs	with	certain	time	

delays,	shorter	for	higher	LLs.	With	increasing	temperature,	the	intensity	of	SF	

bursts	gradually	decreases,	and	finally,	at	T	>	150	K,	no	SF	bursts	can	be	observed.	

Figure	5.10(a)	plots	the	temperature	dependence	of	pulse	time	delays	for	different	

LLs,	and	Figure	5.10(b)-(d)	shows	the	temperature	dependence	of	intensities	for	

different	LLs.		

	

Figure 5.9 - Temperature dependence of SF at 17.5 T and 2 mW.  
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Figure 5.10 – (a) Temperature dependence of pulse time delays for different 

LLs. (b)-(d) Temperature dependence of intensities for different LLs. 

5.2.3. Laser power dependence 
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dependence	of	SF	pulse	time	delay	at	different	magnetic	fields	for	different	energy	

levels.	For	a	given	magnetic	field,	the	power	dependence	is	qualitatively	the	same	

for	all	LL	transitions,	but	the	trend	is	qualitatively	different	at	different	magnetic	

fields.	Most	dramatically,	the	pulse	time	delay	generally	decreases	with	increasing	

power	at	0	T	but	monotonically	increases	with	increasing	power	at	17.5	T.	
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Figure 5.11 - Power dependence of SF at 17.5 T and 4 K. 
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Figure 5.12 - Power dependence of pulse time delays at different magnetic 

fields for different energy levels. 
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5.3. B-T-n mapping of SF 

Based	on	the	above	magnetic	field,	temperature,	and	excitation	power	

dependence	of	SF	emission,	we	constructed	a	magnetic	field-temperature-density	

(B-T-n)	phase	diagram	of	SF.	

Figure	5.13	shows	a	magnetic	field-density	(B-n)	projection	of	this	three-

dimensional	phase	space	for	the	(00)	and	(11)	transitions	at	4	K.	With	increasing	

magnetic	field,	the	excitation	power	level,	corresponding	to	the	density	of	e-h	pairs,	

needed	to	achieve	SF	emission	drastically	decreases	to	very	low	values.	

Figure	5.14	shows	the	magnetic	field-temperature	(B-T)	phase	diagram	of	SF	

under	different	excitation	powers	for	the	(00)	and	(11)	LL	transitions.	For	each	LL	

transition,	the	critical	temperature	monotonically	increases	with	increasing	

magnetic	field.	With	a	higher	laser	excitation	power,	SF	can	be	observed	at	higher	

temperatures	and	lower	magnetic	fields.	Under	the	same	external	conditions,	the	

critical	temperature	for	the	(11)	LL	transition	is	generally	larger	than	that	of	the	(00)	

LL	transition.	

In	conclusion,	these	diagrams	firmly	establish	the	experimental	conditions	in	

terms	of	magnetic	field,	temperature	and	laser	excitation	power,	necessary	for	

observing	SF	from	optically	excited	InGaAs	quantum	wells.		These	results	are	

discussed	in	the	next	chapter.	
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Figure 5.13 – Magnetic field dependence of the critical laser power, Pc, of SF for 

(00) and (11) transitions at 4 K in linear scale (a) and log scale (b). 

	

4000

3000

2000

1000

0

P
c
  (

µ
W

)

20151050

Magnetic Field (T)

300

250

200

150

100

50

0

D
e

n
s
ity

 ( x
 1

0
1

2 / c
m

2
)

T = 4 K  (00) 
 (11)

(a)

10

100

1000

P
c
  (

µ
W

)

20151050

Magnetic Field (T)

1

10

100

D
e

n
s
ity

 ( x
 1

0
1

2 / c
m

2
)

 (00) 
 (11)

T = 4 K
(b)



 79 

	

Figure 5.14 – Magnetic field dependence of the critical temperature, Tc, of SF 

under different excitation powers for (00) LL transition (a) and (11) LL 

transition (b).
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Chapter 6 

Discussion 

According	to	BCS	theory,	electrons	do	not	move	independently	in	superconductors	

but	form	Cooper	pairs	by	indirect	electron-electron	attraction	with	the	assistance	of	

phonon	exchange.	Due	to	the	small	phonon	frequency	compared	with	the	Fermi	

energy	of	electrons	(ℏ�� ≪ ��),	this	pairing	behavior	only	occurs	around	the	Fermi	

level,	resulting	in	a	condensed	state	of	electrons.	Compared	with	the	energy	of	free	

electrons,	the	energy	of	this	condensed	state	is	lower,	and	the	reduced	energy	is	

manifested	as	an	energy	gap	around	the	Fermi	level.	This	state,	i.e.,	the	

superconducting	state,	is	only	stable	under	certain	temperature,	magnetic	field,	and	

current	density	conditions,	which	means	that	there	exist	a	critical	temperature,	a	

critical	magnetic	field,	and	a	critical	current	density	for	the	observation	of	

superconductivity.	Generally,	low	temperature	is	critical	for	realizing	a	

superconducting	state,	since	high	temperature	will	destroy	the	phonon	exchange	

process	and	weaken	the	electron-electron	interaction.	
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Instead	of	indirect	electron-electron	interactions	in	superconductors,	the	

direct	electron-hole	Coulomb	attraction	is	responsible	for	the	formation	of	an	

excitonic	insulator,	where	BCS	theory	also	holds	[22].	In	this	case,	the	electron-hole	

interaction	will	open	a	gap	around	the	(quasi-)Fermi	energy	both	in	the	conduction	

band	and	valence	band	at	sufficiently	low	temperatures.	Also,	this	energy	gap	is	

expected	to	vanish	if	the	density	is	too	high	because	high	densities	will	weaken	the	

electron-hole	coupling	strength	via	screening.		

The	ultimate	goal	of	our	research	is	to	observe	the	excitonic	insulator	

behavior	in	a	semiconductor	quantum	well,	which	is	a	promising	system	for	

achieving	this	goal	for	several	reasons.	First,	an	e-h	system	can	be	easily	generated	

through	photoexcitation,	in	which	the	density	can	be	fully	controlled	by	the	

photoexcitation	level.	Second,	a	magnetic	field	applied	perpendicular	to	the	well	

plane	can	fully	quantize	the	system,	and	studying	the	excitonic	insulator	behavior	

for	different	Landau	levels	becomes	possible.	Third,	the	photoexcited	electrons	and	

holes	would	recombine	with	each	other	to	emit	light,	providing	us	with	an	optical	

way	to	study	the	energy	gap	opening	process	in	the	system.	Finally,	the	electron-

phonon	interaction	in	a	quantum	well	depends	on	the	temperature	and	magnetic	

field	sensitively,	giving	us	a	way	to	tune	the	decoherence	rate	of	the	photocreated	

carriers.		Therefore,	ultimately,	we	wish	to	observe	the	excitonic	insulator	behavior	

and	construct	a	full	phase	diagram	in	terms	of	magnetic	field,	temperature,	and	

density.	
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Theoretical	studies	[21]	predict	that	excitonic	insulators	can	be	observed	

only	when	the	electron	and	hole	masses	are	equal,	i.e.,	�� = ��,	or	at	least	nearly	

equal.		Since	this	condition	is	not	satisfied	in	our	current	InGaAs/GaAs	quantum	well	

sample	(in	which	me	=	0.057m0	and	mh	=	0.17m0),	we	do	not	expect	to	observe	full	

condensation	into	an	excitonic	insulator.	However,	as	explained	in	Section	2.4,	an	

onset	of	phase	transition	is	expected	to	appear	as	a	Fermi-edge	singularity	in	the	

gain	spectrum	[52]	whose	existence	is	crucial	for	the	observation	of	SF	[64].	

Therefore,	instead	of	a	BCS	phase	diagram,	here	we	discuss	a	“phase”	diagram	of	SF	

as	a	function	of	magnetic	field,	temperature,	and	excitation	power.	This	diagram	will	

help	us	not	only	better	understand	SF	emission	characteristics	but	also	develop	new	

strategies	for	observing	an	excitonic	insulator	in	the	future.	For	example,	under	the	

same	excitation	density,	an	excitonic	insulator	is	expected	to	occur	at	lower	

temperatures	than	that	of	SF.	Hence,	once	the	temperature	regime	for	observing	SF	

is	well	established,	we	can	focus	more	on	a	narrower	temperature	regime	to	

observe	the	excitonic	insulator	behavior.	

With	these	ultimate	goals	in	mind,	in	this	chapter,	we	analyze	and	discuss	the	

experimental	results	presented	in	Chapter	5	for	SF	as	a	function	of	magnetic	field,	

temperature,	and	excitation	power.	

6.1. Magnetic field dependence 

In	general,	a	high	magnetic	field	is	expected	to	make	SF	observation	easier	

since	Landau	quantization	in	a	two-dimensional	quantum	well	structure	will	
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increase	both	the	density	of	states	and	the	oscillation	strength	of	interband	

absorption,	leading	to	a	larger	cooperative	frequency,	Ω� = �
��������

ℏ������
		(Equation	

(3.1)).	Also,	a	high	magnetic	field	should	effectively	increase	the	coherence	time	by	

suppressing	the	phase	space	available	for	scattering.	All	these	would	make	the	SF	

observability	conditions	easier	to	satisfy,	generally	consistent	with	our	

experimental	results.	

Figure	5.1	shows	that	strong	SF	emission	appears	only	in	the	edge	collection	

while	the	center	collection	only	shows	ordinary	spontaneous	emission,	which	

clearly	confirms	the	importance	of	gain	in	the	SF	emission	process.	In	this	sample,	

optical	gain	exists	only	for	electromagnetic	waves	propagating	along	the	quantum	

well	plane,	which	leads	to	in-plane	SF	emission;	no	optical	gain	is	available	in	the	

direction	perpendicular	to	the	sample	plane,	leading	to	ordinary	spontaneous	

emission	in	the	center	collection.	

With	increasing	magnetic	field,	the	edge	emission	from	(00)	Landau	level	

goes	through	several	different	emission	stages:	at	B <	4	T,	the	intensity	and	

linewidth	of	the	edge	PL	emission	stays	constant	with	increasing	magnetic	field,	just	

as	the	emission	feature	from	the	center	PL.	This	suggests	that	for	(00)	Landau	level		

only	spontaneous	emission	dominates	in	this	low	magnetic	field	regime,	and	the	e-h	

pairs	are	incoherent,	relaxing	and	radiating	spontaneously	through	interband	

recombination.	When	the	magnetic	field	is	larger	than	4	T,	the	linewidth	of	the	edge	

emission	gradually	decreases	due	to	the	gain	narrowing	effect	in	the	ASE	process,	

during	which	the	frequency	components	near	the	peak	in	the	gain	spectrum	are	
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preferentially	amplified	and	the	emission	strength	becomes	larger.	When	the	

magnetic	field	further	increases	up	to	8	T,	the	linewidth	decreases	to	around	3	meV,	

and	stays	constant	with	increasing	magnetic	field	while	the	intensity	becomes	much	

larger	than	that	in	the	spontaneous	emission	process.	This	sharp	and	strong	

emission	feature	is	a	typical	characteristic	of	SF,	i.e.,	macroscopic	coherence	is	built	

among	the	excited	dipoles,	and	these	dipoles	emit	cooperatively,	leading	to	a	~	N	

times	faster	decay	with	a	peak	intensity		N2.	

At	a	temperature	of	4	K	and	excitation	power	of	2	mW,	a	minimum	magnetic	

field	of	~	8	T	is	found	to	be	the	critical	magnetic	field	for	the	appearance	of	SF.	

Above	this	critical	magnetic	field,	the	growth	rate	of	a	macroscopic	polarization	is	

faster	than	the	dephasing	rate,	and	cooperative	SF	emission	occurs.	This	critical	

magnetic	field	is	a	function	of	temperature	and	excitation	power,	becoming	smaller	

with	decreasing	temperature	and	increasing	excitation	power.	

From	the	magnetic	field	dependence	of	time-resolved	PL	in	Figure	5.8,	it	can	

be	seen	that	the	pulse	time	delay	for	any	LL	transition	generally	decreases	with	the	

magnetic	field,	which	means	a	higher	magnetic	field	would	induce	an	earlier	

appearance	of	SF	emission.	This	behavior	is	consistent	with	our	expectation	that	a	

high	magnetic	field	makes	the	development	of	the	macroscopic	coherence	faster.	

When	comparing	the	pulse	time	delay	from	different	LL	transitions,	a	higher	energy	

level	has	a	shorter	pulse	time	delay,	i.e.,	earlier	SF	emission.	To	understand	this	

behavior,	we	need	to	consider	the	Coulomb	interaction	between	electrons	and	holes	

in	this	e-h	system.	The	Coulomb	interaction	can	increase	the	gain	at	the	quasi-Fermi	
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edge	[52],	resulting	in	a	larger	gain	in	the	higher	energy	levels.	Therefore,	the	

electrons	and	holes	in	the	higher	energy	levels	recombine	first,	followed	by	a	series	

of	sequential	SF	bursts	at	lower	and	lower	energy	levels.	The	sequential	bursts	from	

different	energy	levels	can	happen	even	at	zero	magnetic	field,	and	it	is	determined	

by	the	gain	distribution.	

6.2. Temperature dependence 

Quite	naturally,	SF	is	easier	to	observe	at	lower	temperatures,	where	the	

dephasing	rate	can	be	greatly	suppressed,	i.e.,	longer	coherence	time,	T2.	At	higher	

temperatures,	many	mechanisms	can	destroy	the	coherent	state,	among	which	the	

electron-phonon	scattering	is	the	most	dominant.	Therefore,	the	SF	observability	

condition	that	the	cooperative	frequency	should	be	larger	than	the	dephasing	rate	is	

not	easily	satisfied	at	high	temperatures.	In	addition,	more	importantly	and	

interestingly,	a	high	temperature	would	broaden	the	quasi-Fermi	edge	of	the	Fermi-

Dirac	distribution,	destroying	the	quantum	degeneracy	condition,	�� ≫ ���,	

necessary	for	SF	observation	in	an	e-h	system.	These	expectations	are	generally	

consistent	with	our	temperature-dependent	observations	of	SF.	

More	quantitatively,	Figure	5.3	shows	that	SF	bursts	originating	from	E1H1	

are	only	sharp	and	strong	in	the	low	temperature	regime,	i.e.,	T	<	100	K,	and	

suddenly	disappear	at	high	temperatures.	This	time-integrated	PL	result	agrees	well	

with	the	time-resolved	emission	feature	in	Figure	5.9,	which	shows	that	no	clear	

emission	can	be	observed	from	the	lower	LLs	at	T	>	100	K.	
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From	the	linewidth	and	intensity	analysis	in	Figure	5.4	and	Figure	5.5,	the	

effect	of	temperature	on	SF	observation	is	even	clearer.	For	both	the	(00)	and	(11)	

transitions,	the	linewidth	stays	constant	at	low	temperatures,	indicating	that	the	

coherence	among	the	e-h	pairs	is	so	stable	that	it	is	not	largely	affected	by	phonon	

scattering.	At	the	low	temperature	regime,	the	intensity	of	emission	is	strong	and	

stable	where	is	dominated	by	a	coherent	emission.	Once	the	coherent	emission	is	

destroyed,	the	emission	intensity	suddenly	drops	with	increasing	temperatures	to	a	

very	low	level.	For	example,	when	the	temperature	increases	from	4	K	to	160	K,	the	

emission	intensity	drops	by	more	than	200	times.	Therefore,	the	critical	

temperature	can	be	defined	as	the	turning	point	where	the	intensity	begins	to	drop	

and	the	linewidth	starts	to	broaden.	This	critical	temperature	is	higher	for	higher	

LLs	simply	because	a	larger	gain	exists	in	higher	LLs	and	makes	the	coherent	

emission	stable	at	higher	temperatures	compared	with	that	in	lower	LLs.	Also,	this	

critical	temperature	of	SF	emission	is	a	function	of	magnetic	field	and	excitation	

power,	becoming	larger	with	increasing	magnetic	field	and	laser	excitation	power.	

From	the	time-resolved	emission	results,	the	temperature’s	effect	on	the	

pulse	delay	time	can	be	seen.	For	each	LL	transition,	the	pulse	time	delay	increases	

with	increasing	temperature,	since	a	faster	dephasing	rate	at	higher	temperature	

makes	it	slower	for	the	macroscopic	coherence	among	dipoles	to	develop.	The	pulse	

time	delay	is	larger	for	lower	LL	transitions,	showing	the	sequential	nature	of	SF	

bursts,	which	can	be	again	understood	by	the	enhanced	gain	at	the	Fermi	edge	

induced	by	the	Coulomb	interaction	between	electrons	and	holes,	as	explained	in	

the	above	section.	
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6.3. Density dependence 

Since	SF	is	a	gain-mediated	process,	it	is	generally	anticipated	that	the	higher	

the	density,	the	easier	it	is	to	observe	SF.	By	photoexcitation,	the	absorption	of	one	

photon	corresponds	to	the	creation	of	one	e-h	pair,	and	the	number	of	electrons	in	

the	conduction	band	and	that	of	holes	in	the	valance	band	are	equal.	

Correspondingly,	the	quasi-Fermi	levels	in	the	conduction	band	and	valence	band	

are	determined	by	the	population	of	electrons	and	holes,	respectively.	As	we	

described	in	Section	2.3,	gain	exists	for	photon	energies	satisfying	the	Bernard-

Duraffourg	condition	�� < ℏ� < ��,� − ��,�	(see	Figure	2.6).	

Figure	5.6	clearly	shows	that	strong	and	sharp	SF	emission	can	only	be	

observed	at	high	excitation	powers,	i.e.,	high	e-h	pair	density.	At	a	low	power	level	

such	as	8	µW	shown	in	Figure	5.7,	no	emission	can	be	observed	in	the	edge	

collection.	However,	we	can	still	see	clear	spontaneous	emission	from	the	center	

collection	(not	shown).	This	is	consistent	with	our	expectation	that	no	optical	gain	is	

available	in	this	system	when	the	population	inversion	is	small.	With	increasing	

excitation	power,	optical	gain	begins	to	appear	in	the	system,	and	finite	emission	is	

detected	through	the	edge	fiber.	As	the	excitation	power	further	increases,	the	

density	of	electrons	and	holes	is	high	enough	so	that	the	cooperative	frequency	is	

larger	than	the	dephasing	rate	and	SF	emission	appears.	Once	this	coherent	

emission	becomes	dominant,	the	linewidth	and	intensity	stays	constant.	So	a	critical	

power,	corresponding	to	a	critical	e-h	pair	density,	for	SF	observation	can	be	

determined	based	on	the	linewidth	and	intensity	feature.	This	critical	e-h	pair	
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density	is	a	function	of	magnetic	field	and	temperature,	becoming	lower	with	

increasing	magnetic	field	and	decreasing	temperature.	

The	effect	of	excitation	power,	corresponding	to	a	certain	e-h	pair	density,	on	

state	filling	is	clearly	seen	in	the	time-resolved	PL	results	presented	in	Figure	5.11.	

When	the	power	is	at	0.25	mW,	only	the	lowest,	(00)	transition	can	be	observed,	and	

this	emission	has	a	tail	lasting	for	around	200	ps.	This	long	emission	tail	is	a	

signature	of	spontaneous	emission,	i.e.,	the	emission	is	incoherent.	When	the	power	

is	increased	to	0.5	mW,	an	emission	peak	appears	through	the	(11)	transition	since	

more	electrons	and	holes	are	available	to	fill	the	higher	energy	level.	With	further	

increasing	excitation	power,	more	and	more	Landau	levels	are	filled	and	emissions	

appear	in	a	broad	spectrum	range.		

The	SF	pulse	time	delay	shows	an	interesting	dependence	on	the	excitation	

power,	i.e.,	the	e-h	pair	density,	at	different	magnetic	fields,	shown	in	Figure	5.12.	At	

zero	magnetic	field,	the	pulse	time	delay	generally	decreases	with	increasing	power,	

consistent	with	SF	theory	that	the	macroscopic	polarization	can	be	built	faster	with	

more	e-h	pairs,	inducing	earlier	appearance	of	emission.	However,	at	high	magnetic	

fields,	the	pulse	time	delay	increases	with	increasing	laser	power.	One	possible	

reason	is	that,	at	a	high	magnetic	field,	the	critical	e-h	pair	density	for	SF	emission	is	

low,	and	more	injected	e-h	pairs	do	not	contribute	much	to	enhance	the	cooperative	

frequency	but	instead	make	the	system	hotter.	Therefore,	the	system	needs	a	longer	

cooling	time	to	achieve	a	macroscopically	coherent	state,	showing	a	longer	pulse	

time	delay	at	a	high	power	and	magnetic	field	condition.	
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6.4. Phase diagrams 

As	stated	above,	experimentally	there	are	three	parameters	that	determine	

together	whether	SF	can	be	observed,	i.e.,	magnetic	field,	temperature,	and	e-h	pair	

density.	With	increasing	magnetic	field,	SF	can	be	observed	at	higher	temperatures	

and	lower	e-h	pair	density.	When	the	dependence	of	SF	on	these	three	parameters	is	

fully	mapped	out,	a	phase	diagram	can	be	constructed,	showing	under	what	

conditions	SF	emission	can	appear,	as	shown	in	Figure	5.13	and	Figure	5.14.	

Figure	5.13	shows	the	B-n	phase	diagram	at	a	temperature	of	4	K.	For	both	

the	(00)	and	(11)	transitions,	the	critical	power,	corresponding	to	the	critical	e-h	

pair	density,	for	SF	observation	decreases	with	increasing	magnetic	field.	Generally,	

in	this	several	Tesla	magnetic	field	and	several	Kelvin	temperature	regime,	not	a	

very	high	excitation	power	is	required	to	observe	SF	emission.	Strikingly,	with	

increasing	magnetic	field,	the	critical	power	deceases	exponentially,	down	to	the	µW	

level	at	the	highest	magnetic	field,	corresponding	to	the	e-h	pair	density	on	the	level	

of	1012	cm-2.	Therefore,	compared	with	the	e-h	pair	density,	the	magnetic	field	

contributes	more	to	increasing	the	cooperative	frequency	and	the	development	of	

macroscopic	coherence.	This	makes	sense,	since	the	main	contribution	of	e-h	pair	

density	is	to	provide	more	population	inversion	in	the	e-h	system,	whereas	a	strong	

magnetic	field	can	not	only	increase	the	dipole	moment,	population	inversion,	and	

density	of	states	but	also	suppress	the	dephasing	rate.	Therefore,	in	order	to	see	SF	

emission,	putting	the	system	in	a	high	magnetic	field	would	be	more	effective.	

Compared	with	the	(11)	transition,	a	higher	e-h	pair	density	is	necessary	to	see	(00)	
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SF	emission,	which	also	makes	sense	considering	the	gain	distribution	in	the	system	

when	the	many-body	gain	enhancement	exists	at	the	Fermi	edge.	

However,	based	on	the	phase	diagram	shown	in	Figure	2.4,	one	would	

naively	expect	SF	to	become	unstable	if	the	e-h	pair	density	is	too	high.	This	is	

because	an	e-h	BCS	state	is	predicted	to	be	only	stable	in	a	moderate	density	regime,	

since	too	high	a	density	will	screen	the	electron-hole	interaction	while	too	low	a	

density	would	lead	to	the	formation	of	an	e-h	BEC	state	instead	of	an	e-h BCS	state.	

In	the	InGaAs	quantum	well	sample,	if	an	e-h	BCS	state	indeed	happens	at	low	

temperatures,	stronger	SF	emission	can	be	expected,	since	the	gain	in	the	system	is	

enhanced	right	below	the	opened	gap	at	the	Fermi	edge.	Once	too	much	excitation	

destroys	the	e-h	BCS	state,	the	gain	near	the	Fermi	edge	would	be	reduced	to	the	

level	without	any	enhancement	by	the	gap	opening	behavior,	leading	to	ordinary	SF	

emission.	However,	this	scenario	is	based	on	the	assumption	that	the	phase	diagram	

shown	in	Figure	2.4	remains	the	same	even	in	the	presence	of	a	magnetic	field.	We	

need	to	develop	a	fuller	theoretical	model	incorporating	the	influence	of	magnetic	

fields	on	the	formation	of	BEC	and	BSC	states	of	e-h	pairs.	

Also,	we	have	to	consider	the	filling	effect	on	the	Landau	levels	of	increasing	

e-h	pair	density.	When	the	e-h	pair	density	is	low,	only	the	lowest	Landau	level	can	

be	filled.	Then	with	the	increasing	density,	the	higher	Landau	levels	will	be	filled	one	

by	one.	However,	when	the	density	is	high	enough	to	fill	all	the	available	Landau	

levels	in	the	system,	further	increasing	density	would	not	help	to	enhance	SF	

emission,	leading	to	the	saturation	of	SF	emission.		
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Figure	5.14	shows	the	B-T phase	diagram	at	different	excitation	powers	for	

the	(00)	and	(11)	Landau	transitions.	Generally,	the	critical	temperature	increases	

with	the	magnetic	field	monotonically,	i.e.,	at	a	high	magnetic	field	SF	emission	can	

be	observed	at	higher	temperatures.	Unlike	the	B-n	phase	diagram	showing	an	

exponentially	decrease	of	the	critical	e-h	pair	density	with	increasing	magnetic	field,	

the	B-T phase	diagram	seems	to	indicate	that	temperature	and	magnetic	field	have	

comparable	contributions	in	inducing	SF	emission.		In	general,	the	dephasing	rate	

can	be	greatly	suppressed	and	the	quantum	degeneracy	condition	can	be	achieved	

at	low	temperatures,	making	the	SF	observability	condition	easily	satisfied.	

For	both	the	(00)	and	(11)	transitions,	as	the	excitation	power,	

corresponding	to	the	e-h pair	density	in	the	system,	changes	by	orders	of	magnitude,	

the	critical	temperature	only	shifts	by	several	Kelvin,	consistent	with	what	is	

observed	in	the	B-n	phase	diagram.	This	indicates	that,	a	low	temperature	is	a	more	

critical	factor	in	determining	whether	SF	can	be	achieved,	compared	with	the	e-h	

pair	density.	

When	comparing	the	critical	temperature	for	the	(00)	and	(11)	transitions	

under	the	same	magnetic	field	and	excitation	power	conditions,	the	(11)	transition	

has	a	lower	critical	temperature;	i.e.,	it	is	easier	to	observe	SF	emission	for	higher	

energy	levels	at	high	temperatures.		This	behavior,	again,	can	be	explained	by	the	

gain	distribution	function	in	the	e-h	system.	

More	interestingly,	at	a	high	magnetic	field	(17.5	T)	and	a	high	excitation	

power	(4	mW),	this	cooperative	emission	can	even	happen	at	~100	K.	This	is	a	
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relatively	high	temperature,	compared	with	other	condensation	behaviors	such	as	

BEC	and	BCS.	Therefore,	one	question	should	be	put	forward	here:	if	a	BCS	behavior	

could	happen	in	this	system,	how	high	could	we	make	the	critical	temperature?	To	

answer	this	question	is	our	next	task	in	the	future.	
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Chapter 7 

Summary and Future Work 

7.1. Summary 

We	have	used	time-integrated	and	time-resolved	photoluminescence	

spectroscopy	to	investigate	SF	emission	in	the	spectral	and	time	domains	under	

different	magnetic	field,	temperature,	and	laser	excitation	power	conditions,	and	

successfully	mapped	out	the	B-T-n	phase	diagram	of	SF	emission.	Specifically,	under	

certain	magnetic	field	and	laser	excitation	power	conditions,	the	edge	

photoluminescence	emission	becomes	broader	and	weaker	dramatically	above	a	

certain	temperature,	which	defines	the	critical	temperature,	Tc,	for	SF	observation.	

For	example,	at	� = 17.5 T	and � = 4 mW,	the	highest	temperature	at	which	SF	

emission	can	be	observed	was	�� = 105 K	for	the	(11)	transition.	Under	certain	

magnetic	field	and	temperature	conditions,	the	edge	emission	becomes	narrower	

and	stronger	quickly	above	a	certain	laser	excitation	power,	which	defines	the	
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critical	power,	Pc,	for	SF	observation.	For	example,	at	� = 17.5 T	and � = 4 K,	the	

lowest	power	at	which	SF	emission	can	be	observed	was	�� = 50 μW	for	the	(11)	

transition.	At	a	fixed	laser	excitation	power,	Tc	increases	monotonically	with	the	

magnetic	field,	and	is	larger	for	a	higher	excitation	power.	At	a	fixed	temperature,	Pc	

dramatically	decreases	with	increasing	magnetic	field,	down	to	tens	of	µW	for	the	

(11)	transition	at	� = 17.5 T	and � = 4 K.	The	T-B-n	phase	diagram	of	SF	emission	

clearly	shows	the	evidence	that	SF	is	more	easily	observed	at	high	magnetic	fields,	

low	temperatures,	and	high	densities.	

From	the	time-resolved	photoluminescence	measurements,	SF	emission	was	

characterized	by	a	red-shifting	streak	at	zero	magnetic	field,	and	gradually	evolved	

into	discrete	emission	lines	with	increasing	magnetic	field,	both	in	energy	and	time	

domains.	Furthermore,	SF	emission	only	appeared	after	a	certain	delay	time,	

typically	tens	of	ps.	This	delay	time	decreased	with	increasing	magnetic	field	and	

lower	temperature,	but	did	not	show	a	consistent	behavior	with	increasing	power	

under	different	magnetic	fields.	

7.2. Future work 

In	the	following,	three	main	topics	for	future	work	are	proposed	regarding	

SF:	exploring	the	nature	of	SF	pulses,	searching	for	excitonic	insulator	behavior,	and	

looking	for	the	possibility	of	SF	emission	in	other	materials.	

In	order	to	study	the	nature	of	SF	pulses,	two	main	experiments	will	be	

performed.	The	first	is	to	study	the	photon	statistics	of	SF	emission	by	the	time-
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correlated	single	photon	counting	technique.	From	the	measurements	of	�(�)(�),	the	

second-order	correlation	function,	it	is	possible	to	conclude	if	SF	is	classical	or	

quantum	light.	Also,	according	to	Nii	and	co-workers,	�(�)(�)	of	SF	contains	some	

information	about	many-body	interactions,	showing	unique	signatures	of	Coulomb	

interactions	that	are	absent	in	atomic	SF	phenomena.	The	second	experiment	is	to	

investigate	SF	pulse	characteristics	by	performing	time-resolved	

photoluminescence	with	the	optical	Kerr	gate	method.		Since	SF	is	intrinsically	

stochastic,	the	emission	strength,	delay	time,	and	direction	should	vary	from	shot	to	

shot.		Also,	the	macroscopic	SF	theory	predicts	that	SF	pulse	width	�~��/�,	delay	

time	��~����	(T1	and	N are	depopulation	time	and	number	of	atoms,	respectively.),	

and	pulse-to-pulse	fluctuations	are	on	the	order	of	the	pulse	width.	By	optimizing	

the	time	resolution	of	time-resolved	photoluminescence	down	to	the	excitation	laser	

pulse	level,	it	is	possible	to	study	the	stochastic	nature	of	SF.	

According	to	BCS	theory	for	excitons	by	Keldysh	and	co-workers	[21],	

excitonic	insulator	behavior	can	happen	in	a	wide	band	gap	semiconductor	in	which	

a	degenerate	e-h	plasma	has	been	created.	If	the	effective	masses	of	electrons	and	

holes	are	equal,	a	gap	can	open	simultaneously	in	the	degenerate	conduction	and	

valence	bands.	This	scenario	might	happen	in	our	In0.2Ga0.8As/GaAs	quantum	well	

system,	since	the	effective	masses	of	electron	and	hole	at	the	band	edge	are	close	to	

each	other,	but	can	be	made	even	closer	by	a	specific	design	of	the	sample	structure.	

In	this	way,	by	directly	observing	a	gap	in	a	white-light	pump-probe	experiment,	we	

should	find	the	evidence	of	excitonic	insulator	behavior	in	our	2D	e-h	system.	
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Last,	we	want	to	look	for	the	possibility	of	SF	emission	in	other	low-

dimensional	semiconductors,	including	1D	materials	such	as	carbon	nanotubes.	

Compared	with	the	quantum	well	system	we	studied,	the	motion	of	carriers	in	1D	

systems	is	confined	in	two	directions,	thus	larger	quantum	confinement	effects	are	

expected.	Correspondingly,	the	density	of	state	is	greatly	increased	in	1D	systems,	so	

SF	is	expected	to	be	more	easily	observable	in	1D	systems.	In	carbon	nanotubes,	

photoluminescence	emission	has	strong	polarization,	alignment	and	chirality	

dependence,	thus	it	provides	a	rich	system	for	the	study	of	SF.
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