
III-V	Compounds	
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Heterojunc4ons	

•  Φ	are	the	work	func4ons(	vacuum	to	Fermi	level)	
•  Electrical	Poten4al	is	con4nuous;	
•  D	=	εE	normal	is	con4nuous;	(without	charge	traps)	
•  Energy	LevelsE-V(x)	
•  Energy	spacing	AB,	BC,	CD	are	fixed;	
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Heterojunc4on		

•  Electron	accumula4on	and	barrier	for	hole	injec4on	on	the	p-
side;	

•  Barrier	on	N-p	is	only	the	built-in	poten4al	
•  E(-dV/dx)	is	not	con4nuous	;	
•  	Barrier	depends	on	the	gap	and	work	func4on	differences;	
•  In	general,	one	has	deple4on,	accumula4on,	inversion	using	

heterojunc4ons	 3	
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Double	heterostructure	diode.	

•  Barrier	for	hole	and	electron	injeciton	to	N	and	P	
sides,	respec4vely;	

•  Electron	and	Hole	accumula4on	in	the	i-layer		
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Heterojunc4on	(Quantum	well)	
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•  Very	thin	layer	sandwiched	between	larger	gap	materials.	(Neglect	

built-in	poten4al)	
•  Quantum	confinement	(ΔEc)	in	the	conduc4on	band	and	(ΔEvlh)	for	

light	holes	and	(ΔEvhh)	for	heavy	holes.	
•  The	quantum	confinement	can	be	1D(this	case);	2D	(quantum	wires);	

and	3D	(quantum	dots)	
•  Material	proper4es	start	to	depend	on	the	geometry	of	the	

confinement	–	nanotecnology.		
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Materials	
•  Crystalline	layer	sequence	with	abrupt	and	
defect	less	interfaces;	

•  Demands	crystal	growth;	
– Crystal	growth	with	same	crystal	orienta4on:	
epitaxy;	

– Demands	materials	with	same	la[ce	constant;		

•  High	Mobility,	speed	and	strong	light	ma\er	
interac4on	(Direct	band-gap)	;	

• Most	important	materials	III-V	
compounds	
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III - V 



Energy	Gap	vs	la[ce	constant(III-V)	
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Heterojunc4on	Engineering	
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•  Binary	compounds:		
– A	point	in	the	EG	vs.	a	plot.		

•  Alloys:	
– Allows	an	almost	con4nuous	control	of	the	material	
proper4es	between	its	cons4tuents;	

– Segrega4on	and	ordering	limits	alloy	forma4on.		
– Examples:		

•  Ternary:	Al1-xGaxAs;	almost	fixed	a	with	varying	EG.	
•  Quaternary:	In1-xGaxAsyP1-y	(can	be	used	to	control	a	and	EG)	
can	be	made	la[ce	matched	to	InP	and	emit	at	1550	nm)	

•  	Quaternary	In1-x-yGaxAlyAs	Add	In	to	the	ternary	above;	allows	
matching	to	InP.		

•  Quaternary:	In1-x-yGaxAlyN	(large	la[ce	constant	varia4on	but	
bandgap	reaching	en4re	visible	spectrum	and	UV)	



2/25/16	 Newton	C.	Frateschi	(LPD	-	IFGW	-	
UNICAMP)	 10	
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Nitrides	
(High	brightness	LED´s)	

Limitations to band gap tuning in nitride 
semiconductor alloys 
I.  Gorczyca,1,a T. Suski,1 N. E. 

Christensen,2 and A. Svane2 
II.  APPLIED PHYSICS LETTERS 96, 

101907 2010 
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III-	V	Growth	
•  Epitaxy	:	crystal	growth	following	same	orienta4on	as	the	

substrate;	
•  In	general	requires	same	la[ce	constant	for	the	substrate	

and	over	layer.	Difference	in	la[ce	constant	leads	to	strain	
that	limits	thickness	.	

•  Most	used	substrates	(telecom	and	op4cal	storage):	GaAs	e	
InP	

•  Nitrides:	Safire	e	SiC	(Large	mismatch;	requires	thick	
disloca4on	relieve	buffer	layers)	

•  Techniques:	
–  LPE:	Liquid	Phase	Epitaxy	
–  MBE:	Molecular	Beam	Epitaxy	
–  GSMBE:	Gas	Source	MBE	
–  CBE:	Chemical	Beam	Epitaxy	
–  MOCVD	(OMVPE)	:	Metalorganic	Chemical	Vapor	deposi4on	

(Organome\alic	Vapor	Phase	Epitaxy)	



MBE;	GSMBE;	CBE	
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substrate 

sources Sources (III, V, dopants): 
 
MBE: all solid; heated cells 
 
GSMBE: group V gas (arsine and 
phosphine through crackers); group 
III and dopants are solids 
 
CBE: : group V gas (arsine and 
phosphine through crackers); group 
III organometalics and bublers; 
dopants are usually solid 

Vacuum 
pump 

LN2 
shroud 

UHV free mean path larger than chamber dimensioin: balistic flux of source; 
Temperature: 400o C to 800o C (resistive heating) 
Over pressure of group V (group V does not deposit on group V terminated 
crystal) 



MOCVD	
•  Low	vacuum	system;	
•  Creates	a	stagnant	layer;	
•  Group	V	source	is	phosphine	and	arsine	
•  Group	III	are	organometalic	(TMG,	TEG,	TMI,	etc)	
•  Dopants:	organometalic	(DMZn,	etc.	)	or	gases	(silane);	
•  Hydrogen	carrier	gas	
•  T	400o	C	to	1000o	C	

Gas input 
Gas outlet to 
vacuum 
pump 



Compounds	Material	Proper4es	*	
•  Linear	interpola4on	between	binary	compounds	;	
•  Given	the	binary	compounds	AB,	AC,	BC	and	BD;	
one	can	obtain	the	quaternary	alloy	AxB1-xCyD1-y:	

•  A	given	property	P	of	the	alloy	can	be	obtained	as	a	
linear	average	(interpola4on)	of	the	binaries:	

•  P(AxB1-xCyD1-y)	=	P(AC)xy	+	P(AD)x(1-y)	+	P(BC)(1-x)y	
+	P(BD)(1-x)(1-y)	

•  Bandgap	energy	is	an	excep4on	(usually	quadra4c	
interpola4on)	
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* J. Minch et al, IEEE JQE, 35 (5),p.771, 1999 



In1-xGaxAsyP1-y	

•  P(In1-xGaxAsyP1-y)=PGaAsxy+	PGaPx(1-y)+	PInAs(1-
x)y+	PInP(1-x)(1-y);	

•  La[ce	constant	
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aInP  =  5.8688; 
aGaP  =  5.4505; 
aInAs  =  6.0584; 
aGaAs=  5.6533; 



In1-xGaxAsyP1-y	iso	la[ce	constant	plot	
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•  If	we	look	for	a	family	of	In1-xGaxAsyP1-y	with	a	
given	binary	property	P	we	obtain	a	func4on	
x(y):	

•  P(In1-xGaxAsyP1-y)=P(InP):	
•  P(In1-xGaxAsyP1-y)=PGaAs)xy+	PGaPx(1-y)+	PInAs(1-
x)y+	PInP(1-x)(1-y)=PInP;	then:	

	
•  If	P	is	the	la[ce	constant:	
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•  For	the	matching	with	a	GaAs	property:	
•  P(In1-xGaxAsyP1-x)=P(GaAs):	
•  P(In1-xGaxAsyP1-x)=PGaAsxy+	PGaPx(1-y)+	PInAs(1-
x)y+	PInP(1-x)(1-y)=PGaAs;	then:	

	
•  If	P	is	the	la[ce	constant:	
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•  For	the	bandgap	energy	the	interpola4on	is	
quadra4c	In1-xGaxAsyP1-y	(Vegard´s	law):	

	
EG(x,y)=1.35+0.642x-1.101y
+0.758x2+0.101y2-0.159xy-0.28x2y+0.109xy2	
(eV);		

	
This	is	obtained	indirectly	from	EG[a(x,y)]	for	a	
given	family	of	alloys.	And	EG(a)	is	quadra4c	
(Vegard´s	law)	
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In1-x-yGaxAlyAs	

•  P(In1-x-yGaxAlyAs)=(1-x-y)PInAs+	xPGaAs+	yPAlAs	
•  La[ce	Constant	
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J. Minch et al, IEEE JQE, 35 (5),p.771, 
1999 

aAlAs=5.66; 
aInAs=6.0584; 
aGaAs=5.6533; 



In1-x-yGaxAlyAs	iso	la[ce	constant	plot	
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•  If	we	look	for		In1-x-yGaxAlyAs		alloys	matched	
to	InP,		we	obtain	x(y:	

•  a(In1-x-yGaxAlyAs)=a(InP),	então:	
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•  EG	for	(In1-x-yGaxAlyAs):	
•  Also	quadra4c:		

EG(x,y)=0.36+2.093y+0.629x
+0.577y2+0.436x2+1.013xy-2xy(1-x-y)	(eV);	
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AlxGa1-xAs/GaAs	

Effec4ve	electron	mass	me	 0.063+0.083x	mo	(x<0.45)	

Density-of-states	electron	mass	
mcd	

0.85-0.14x	mo	(x>0.45)	

Conduc4vity	effec4ve	mass	mcc	 0.26	mo	(x>0.45)	

Effec4ve	hole	masses	mh	 0.51+0.25x	mo	

Effec4ve	hole	masses	mlp	 0.082+0.068x	mo	
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Energy gap:  
 x<0.45      1.424+1.247x eV (direto) 
x>0.45      1.9+0.125x+0.143x2  (indireto) 

x<0.41       ΔEc = 0.79x (eV) 
x>0.41       ΔEc = 0.475-0.335x+0.143x2 (eV)  

http://www.ioffe.rssi.ru/SVA/NSM/Semicond/ 



AlxGa1-xAs/GaAs	

28	http://www.ioffe.rssi.ru/SVA/NSM/Semicond/ 
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AlxGa1-xAs/GaAs	

29	http://www.ioffe.rssi.ru/SVA/NSM/Semicond/ 
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ΔEc	e	Δev	InGaAsP	and	InGaAlAs	
•  As	descon4nuidades	em	função	da	

composição	podem	ser	ob4das	pelos	
modelos	(Harrison	e	Model-Solid)		e	
também	por	fi[ng	dos	dados.	Os	dados	
para	estes	parâmetros	se	encontram	na	
referência	citada	(Minch		et	al.).	Para	o	
caso	de	parâmetro	de	rede	casado	com	
InP	temos	os	resultados	(do	ar4go):	

•  InGaAsP/InP	(ΔEC/ΔEG	~	0.4)	
•  InGaAlAs/InP	ΔEC/ΔEG	~	0.3-1.5y	
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InP 

InGaAsP/InP 
heterojunction has always 
ΔEc smaller that  ΔEv; 
worse electron 
confinement : electron 
leakage 
and excessive hole 
confinement : hole pilling 
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InP 

InGaAlyAs 
InGaAlAs /
InGaAlAs has 
always larger ΔEc 
than ΔEv; 
(better electron 
confinement) 
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Strain	
•  When	the	growth	layer	has	a	different	la[ce	constant	from	
the	substrate	there	appears	a	biaxial	pressure	or	strain	
(compressive	or	tensile)	:	

•  ε=εxx=εyy=(a0-a)/a	;	a0	is	the	substrate	la[ce	constant	and	
•  ε > 0 tensile	
•  ε < 0 compressive	
•  The	orthogonal	strain	is	εzz=-2C12ε/C11;	C12  and	C11	are	elas4c	
constants	(distor4on),	the	strain	in	z	over	the	strain	in	x	is	
the	Poisson	ra4o:	
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Strain	
•  The	conduc4on	and	vallence	bands	energy	are	affected	by	the	

strain		which	depends	on	composi4on.		
•  One	has:	

34	

)2(
2

);(

;),(
;),(

);,()
),(
),(1)(,(2))(,(),(

11

12

zzyyxxzzyyxxv

vlh

vhh

czzyyxxcc

bQaP

QPyxE
QPyxE

yx
yxC
yxCyxayxayxE

εεεεεε

δ

δ

εεεεδ

εε

εε

εε

−+−=++−=

+−=

−−=

−=++=



Strain	
•  In	order	toor	the	strain	to	affect	the	bands	there	can´t	be	

relaxa4on.		
•  There	is	a	cri4cal	thickness	where	relaxa4on	occurs	leading	to	

misfit	disloca4on.	
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Cric4cal	Thickness(Mathews	and	Blakslee)	

•  hc	is	given	by	the	transcendental	equa4on:	

•  where	a	is	the	strained	layer	la[ce	
parameter,	ε	is	the	strain,	η is	the	Poisson	
ra4o	and	k	=	4	for	an	overlayer	and	k	=	2	for	a	
sandwich.	
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Example	InxGa1-xAs	on	GaAs	

•  η	=	.32	e	K=2;	
•  In0.2Ga0.8As/GaAs	has	a	strain	of	0.014	and	la[ce	constant	of	5.734.	hc=	

29x5.734	=	166.286	Angstroms	for	a	quantum	well.	 37	
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Quantum	Well	
•  Para	podermos	resolver	o	poço	quân4co	temos	que	ter:	

– Poten4al	barrier	(ΔEC)	for	electrons	
– Poten4al	barrier	for	holes	ΔEV	(heavy	and	light)	a;	
– Effec4ve	masses;	

•  For	the	alloys	this	needs	to	be	interpolated	as	a	fucn4on	
of	the	composi4on	(x,y);	

•  In	the	presence	of	slight	mismatch	,	one	needs	to	include	
strain	effects	on	these	parameters.		
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Effec4ve	Mass	
•  Effec4ve	mass	can	be	obtained	from	
interpola4on	

39	

GaAs	 InAs	 InP	 GaP	 AlAs	

mc/m0	 0.067	 0.023	 0.077	 0.25	 0.15	

mhh/m0	
	

0.5	 0.4	 0.6	 0.67	 0.79	

mlh/m0	
	

0.082	 0.026	 0.089	 0.14	 0.15	



Quantum	Wells	
•  Considering	the	thicknes	comparable	to	the	deBroglie	

wavelength	but	much	larger	than	the	la[ce	parameter	we	
can	ude	the	effec4ve	mass	approach:	
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•  Neglec4ng	(here	for	simplicity)	the	valence	band	mixing,	we	
use	the	Kane	model:	

•  The	quantum	confinemetn	already	lixs	the	degeneracy	at	the	
gama	point	between	heavy	and	light	holes.	because	Evhhn≠	
Evlhn.	
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QW	Examples		
•  Al0.6Ga0.4As/Al0.2Ga0.8As	
•  5	nm	
•  No	strain	
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	(higher	barrier)	
•  Al0.6Ga0.4As/Al0.2Ga0.8As	
•  5	nm	
•  No	strain	
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	(Comp.	Strain)	
•  In0.43Ga0.27Al0.2As/In0.7Ga0.2Al0.1As	
•  5	nm	
•  Compressive	Strain	
•  HH	raises	
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Tensile	Strain	
•  In0.43Ga0.27Al0.2As/In0.45Ga0.45Al0.1As	
•  5	nm	
•  Tensile	strain	
•  LH	raises	
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Summary	
•  Heterojunc4ons	are	fundamental	for	electronics	and	optoelectronics;	

–  Control	o	carrier	injec4on	and	distribu4on	
–  Control	of	optoelectronic	proper4es	
–  Quantum	confinement:	use	of	geometry	for	the	control	of	
optoelectronic	proper4es;	

•  III-V	compounds	allow	a	complete	set	of	materials	for	bandgap-strain	
engineering;	
–  Light	sources	with	efficient	carrier	injec4on	and	light	emission	
(direct	bandgap)	

–  Engineering	of	mobility;	
– Material	proper4es	obtained	by		interpola4on	
–  InGaAsP	or	InGaAlAs	/InP	TELECOM	
–  Nitrides:	illumina4on	–	blue	ray	

•  III-V	are	obtained	by	crystal	growth	(MBE	or	MOCVD)	
•  Incompa4bility	to	Silicon	
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