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Building Blocks:  
Materials that we are working with 

GaAs	

AlGaAs	

Si	GaN	

InGaN	

AlGaN	

ZnO	

InP	

InGaAsP	

AlAs	

SiC	 C	 LiNbO3	 SnO2	



Building Blocks: 
Devices that we are working on 

Photodiode	

Light	EmiPng	Diode	

Laser	Diode	

pn	 pin	

SchoQky	

MSM	

Switching	Diode	
Resonant	Tunneling	Diode	(RTD)	

Quantum	Well	Infrared	Photodiode	(QWIP)	

Quantum	Cascade	Laser	

Mul<-Quantum	Well	

Transistor	 High-Electron-Mobility	Transistor	(HEMT)	

Graphene	

MMIC	

pn-SiC	

Single,	Mul<-Quantum	Well,	SuperlaPce	

Modulator	 LiNbO3	Mach	Zender	Modulator	



2D Electron Gas to Transistors: 
High electron mobility transistor (HEMT) 
Also	known	as:	
•  Heterojunc9on	FET	(HFET)	
• Modula9on	doped	field	effect	transistor	(MODFET)	
•  Two-dimensional	electron-gas	FET	(TEGFET)	
•  Selec9vely	doped	heterojunc9on	transistor	(SDHT)	
	
Unique	energy	band	structure:	
•  Two	dimensional	electron	gas	(2-DEG)		
•  Current	path	parallel	to	the	channel	(Esaki,	Tsu	1969)	
•  High	mobility	in	channel	(no	impurity	scaXering)	
•  Only	one	type	of	carriers	(electrons)	carries	current	

	



HEMT 



High Electron Mobility 
Transistor (HEMT) 

Lateral	structure	of	HEMT,	fabricated	with	recess	etch	

www.iue.tuwien.ac.at/phd/brech/ch_5_1.htm	

ON-OFF	Energy	Band	Diagrams	of	a	HEMT	



High Electron Mobility 
Transistor (HEMT) 



High Electron Mobility 
Transistor (HEMT) 
• Gallium	Nitride	HEMT	
•  High	power	(500W)	
•  High	frequency	(~THz)	

	

	



Functional EHF Transponder 
•  Turkish Armed Forces (SSM) and 

TUBITAK  
•  Geosynchronous satellite based 

communication 
•  GaN MMICs in Space 
•  38 Million USD budget (Bilkent) 

GaN based High Power MMICs for 
Space and Terrestrial Applications 

 



Quantum Cascade Laser: 
Quantum Wells, Superlattices, and Light 

Conduc<on	
Band	



Quantum Cascade Laser: 
Designer lasers where you can choose 
the energy of the outcoming photons 



QCL: Design, Active Region 

E-Field	=	0	 E-Field	Applied	



Fabricated	QCL	Structures	

QCL: Fabrication and 
Measurement 





Graphene: 
2D Crystal to Dirac Fermions 
An	allotrope	of	carbon	in	the	form	of	a	two-dimensional,	atomic-scale,	
honey-comb	laIce	in	which	one	atom	forms	each	vertex.	



•  ‘Its	charge	carriers	mimic	rela9vis9c	par9cles	and	are	more	
easily	and	naturally	described	star9ng	with	the	Dirac	
equa9on	rather	than	the		Schrödinger	equa9on.’	
•  ‘Although	there	is	nothing	par9cularly	rela9vis9c	about	
electrons	moving	around	carbon	atoms,	their	interac9on	
with	the	periodic	poten9al	of	graphene’s	honeycomb	
laIce	gives	rise	to	new	quasipar9cles:	Dirac	Fermions’	
•  i.e.:	electrons	that	have	lost	their	rest	mass	m0	or	as	neutrinos	
that	acquired	the	electron	charge	e.	

•  direct	consequence	of	graphene’s	crystal	symmetry.	

A.	K.	Geim,	K.	S.	Novoselov,	Nature,	2007	
doi:10.1038/nmat1849	

Dirac-like	Hamiltonian	

k	is	the	quasipar-cle	momentum,	σ	the	2D	Pauli	matrix	and		
the	k-independent	Fermi	velocity	νF	plays	the	role	of	the	speed	of	light.	



Graphene Band Structure 

Graphene	

A.	K.	Geim,	Science,	2009	
doi:10.1126/science.1158877	



Graphene Band Structure 

A.	K.	Geim,	K.	S.	Novoselov,	Nature,	2007	
doi:10.1038/nmat1849	

Effec<vely	doping	with	electric	field:	
Ambipolar	electric	field	effect	in	single	
layer	graphene.	



Properties of Graphene 
“Fine	Structure	Constant	Defines	Visual	Transparency	of	Graphene”	

	

R.	R:	Nair	et	al.,	Science,	2008	
doi:10.1126/science.1156965	

“Instead	of	material	parameters,	absorp<on	in	graphene	is	determined	by	fundamental	
constants.	[…]	Coupling	between	light	and	rela9vis9c	electrons	and	that	is	tradi<onally	
associated	with	quantum	electrodynamics	rather	than	materials	science.	”	

T=(1+2πG/c)-2	
		=(1+(1/2)πα)-2	

R=(1/4)π2α2T	

Opacity	
(1-T)	≈	πα	≈	2.3%	



Properties of Graphene 

Effect	of	electric	field	in	Few-Layer-Graphene	
	
Conduc9vity	tuning	with	Electric	field	

K.	S.	Novoselov,	et	al,	Science,	2004	
doi:10.1126/science.1102896	

“Electric	Field	Effect	in	Atomically	Thin	Carbon	Films”	



SRRs	on	back-gated	graphene	devices	for	
coupling	enhancement	

Scale	bar	is	100	nm.	

S.	Cakmakyapan,	H.	Caglayan,	and	E.	Ozbay.	Carbon	80	(2014).	

w	=	70	nm		
u	=	400	nm		
g	=	40	nm	
h	=	120	nm	



Reflec9vity	measurements	and	
numerical	calcula9ons	

62	nm	
shi5	

95nm	
shi5	
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