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ABSTRACT	
	
This	paper	presents	a	systematic	approach	of	material	selection	for	gate	oxide	material	in	
Germanium	(Ge)	based	CMOS	Devices.	Various	possible	high‐k	gate	dielectrics	that	can	be	
stacked	with	Ge	substrates	are	Al2O3,	HfO2,	La2O3,	Y2O3,	ZrO2	and	Lu2O3.	However,	each	of	
the	dielectric	material	has	its	own	advantages	and	limitations	therefore	it	is	important	to	
select	 the	 best	 possible	 candidate.	 For	 this	 purpose,	 Technique	 for	 Order	 Preference	 by	
Similarity	 to	 Ideal	 Solution	 (TOPSIS)	 as	 a	Multiple	 Attribute	 Decision	Making	 (MADM)	
technique	is	used.	Based	on	the	ranking	derived	from	TOPSIS,	it	is	found	that	La2O3	is	the	
most	 suitable	material,	 followed	by	Y2O3	 for	being	used	as	a	gate	dielectric	 in	Ge‐based	
CMOS	devices.	The	proposed	result	 is	 in	good	agreement	with	experimental	 findings	thus	
justifying	the	validity	of	the	proposed	study.	
	
Keywords:	 Material	 Selection,	 Germanium,	 TOPSIS,	 High‐k	 Gate	 Dielectrics,	 CMOS	
Devices.	

	
	
1. INTRODUCTION	

	
For	the	past	few	decades,	the	down‐scaling	trend	of	CMOS	technology	is	continuing	because	it	
reduces	cost,	decreases	power	consumption,	and	increases	performance	[1].	To	further	enhance	
the	performance	and	with	recent	materials	innovation,	the	semiconductor	industry	is	exploring	
the	 alternatives	 of	 silicon.	 A	 report	 published	 in	 the	 International	 Electron	 Devices	 Meeting	
2016	(IEDM)	says	that,	to	push	the	boundaries	of	Moore's	law,	Ge‐based	devices	are	a	key	focus	
area	 of	 research	 by	 semiconductor	 industries	 [2].	 The	 need	 of	 this	 study	 lies	 in	 the	 fact	 that	
silicon	 is	approaching	 its	 limit,	with	gate	oxide	 thickness	going	below	the	2nm	mark	which	 is	
lower	than	the	threshold	of	tunneling.	A	further	decrease	would	lead	to	an	increase	in	unwanted	
characteristics	such	as	high	 leakage	current	and	 low	drain	current.	 	To	address	this	 issue,	 the	
semiconductor	 industry	 is	 showing	 interest	 in	 high‐mobility	 substrates	 such	 as	 Ge,	 III‐V	
compound	semiconductors,	and	co‐integrated	GeSi	and	III‐V	structures	on	large‐scale	Si‐wafers	
that	use	wafer	bonding	techniques	for	CMOS	devices	[3‐4].	Ge	has	a	high	hole	mobility	while	III‐
V	 compound	 semiconductors	 have	 a	 high	 bulk	 electron	mobility.	 Various	 other	 challenges	 in	
implementing	III‐V	channels	include	ineffective	gate	stack	solution,	deposition	problem,	brittle	
nature	of	 substrate,	and	difficulty	 in	making	 the	 large	substrate	sizes	 [1,3].	Though	 the	wafer	
bonding	 technique	 is	 the	most	 cost‐efficient	 in	 terms	of	 the	 number	 of	 processing	 steps,	 it	 is	
largely	constrained	by	the	incompatibility	of	thermal	budgets,	wet	chemistries,	and	integration	
density	 [4].	 Moreover,	 reliability	 issues	 exist	 for	 the	 MOS	 stacks	 on	 InGaAs	 as	 it	 currently	
appears	to	be	one	of	the	main	limitations	for	CMOS	applications	[4].		
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The	use	of	high‐k	gate	dielectric	would	support,	as	the	same	functionality	can	be	derived	from	a	
thicker	oxide	 and	 scaling	would	 further	 increase	 the	performance	of	CMOS	devices.	Recently,	
Heng	 Wu.	 et	 al.	 [5]	 realized	 the	 Ge	 CMOS	 technology	 and	 proposed	 a	 novel	 hybrid	 CMOS	
structure	with	inversion‐mode	Ge	pFET	and	accumulation‐mode	Ge	nFET.	High	maximum	drain	
current	 of	 714mA/mm	 and	 trans‐conductance	 of	 590mS/mm	 and	 high	 Ion/Ioff	ratio	 of	
1×105	were	archived	at	a	channel	length	of	60nm	on	the	nFETs.	Moreover,	benefiting	from	the	
Fermi‐Level	pining	of	Ge	near	the	valence	band,	recently	high	performance	Ge	pFETs	have	been	
demonstrated	[6‐7].	So,	Ge	with	proper	gate	dielectric	seems	to	be	the	promising	alternative	of	
Si	CMOS	technology.		
	
Some	of	the	high‐k	gate	dielectric	materials	that	are	being	investigated	for	Ge	CMOS	devices	are	
Al2O3,	HfO2,	 La2O3,	Y2O3,	 ZrO2,	 and	Lu2O3	 [8‐15].	Because	of	 some	practical	 limitations	 such	as	
reliability,	 interface	 quality,	 and	 mobility	 degradation,	 proper	 optimization	 of	 the	 device	
performance	 is	 required	 through	 a	 suitable	 selection	 of	 high‐k	 gate	 dielectrics	 that	 are	
compatible	with	the	Ge	CMOS	technology.	
	
A	well‐established	method	of	material	selection	based	on	the	multiple	attribute	decision	making	
(MADM)	 approach	 is	 used	 in	 this	 paper	 for	 selecting	 high‐k	 gate	 dielectric	materials	with	Ge	
substrate.	The	key	performance	indices	 include	low	leakage	current	and	high	drain	current	 in	
device.	 These	 indices	 further	 depend	 upon	 various	 material	 indices	 such	 as	 band	 gap,	
permittivity,	 interface	 trap	 density,	 and	 conduction	 band	 offset	 of	 high‐k	 gate	 dielectric	
material/Ge	stack.	
	
This	paper	 is	organized	as	 follows:	section	2	describes	 the	challenges	associated	with	various	
gate	oxides,	section	3	explains	the	desirable	criteria	for	selection,	section	4	describes	the	TOPSIS	
approach	and	its	implementation	in	this	study,	section	5	explains	the	results	and	discussion,	and	
finally	section	6	gives	the	conclusion	of	the	proposed	study.		
	
	
2. CHALLENGES	WITH	GE	AND	COMMON	OXIDES	

Ge	differs	from	that	of	Si	mainly	because	of	the	fact	that	in	Ge,	unlike	Si,	the	Si/SiO2	stack	is	not	
present.	 Oxides	 of	 Ge	 thermally	 decompose	 and	 desorb	 at	 low	 temperatures	 and	 result	 in	
defects	on	the	surface.	These	defects	can	further	act	as	recombination	sites	due	to	the	smaller	
band	gap	of	Ge.	The	need	for	a	good	passivation	material	and	the	lack	of	knowledge	on	dopant	
incorporation	also	hamper	the	development	of	Ge	devices	 [16].	Another	major	concern	 in	 the	
adoption	 of	 Ge	 devices	 is	 the	 lattice	mismatch,	with	 respect	 to	 Si.	 [1]	Moreover,	 the	 thermal	
expansion	coefficients	mismatch	aggravates	the	problem.	The	large	dielectric	constant	of	the	Ge	
substrate	 also	 makes	 the	 devices	 vulnerable	 to	 short	 channel	 effects.	 High‐k	 materials	 have	
more	number	of	defects	 as	 compared	 to	SiO2	due	 to	 their	 larger	 coordination	number.	These	
defects	have	an	adverse	effect	on	the	mobility	in	the	channel.	The	role	of	the	passivation	layer	
becomes	 more	 important	 because	 of	 the	 aforementioned	 reason.	 A	 high‐quality	 passivation	
layer	 is	of	critical	 importance,	but	 then	 the	 interfacial	 layers	have	 low	values	of	 the	dielectric	
constant	thus	increasing	the	overall	effective	oxide	thickness	(EOT).	Reducing	the	EOT	below	a	
certain	level	results	in	a	decrease	of	the	mobility	irrespective	of	high‐k	gate	structures.	
	
Another	crucial	consideration	is	the	band	offsets,	namely	the	conduction	band	offset	(CBO)	and	
the	 valence	 band	 offset	 (VBO).	 These	 must	 be,	 at	 minimum,	 1	 eV	 to	 suppress	 the	 Schottky	
emissions	of	electrons	and	holes	into	the	oxide	bands	[17].		
	
The	possibility	of	using	GeO2	as	gate	oxide	in	Ge	based	CMOS	devices	is	not	possible	because	of	
the	 poor	 electrical	 properties	 of	 GeO2,	 and	 also	 because	 the	 Ge/GeO2	 gate	 stack	 is	 highly	
undesirable.	When	GeO2	and	Ge	are	allowed	to	react	at	a	processing	temperature	of	673K,	the	
following	reaction	takes	place:		
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GeO2	+	Ge			2GeO(g)		at	673K	
	

It	is	clear	from	the	above	equation	that	GeO2	on	the	surface	eats	away	Ge	and	then	desorbs	as	a	
gas	phase.	GeO(g)	being	a	 reducing	agent	 [18]	degrades	 the	electrical	properties	of	 the	stack.	
Hence,	one	should	choose	other	oxides	as	gate	dielectrics	in	Ge	based	CMOS	devices.	High‐k	gate	
dielectrics	 provides	 the	 possibility	 to	 be	 used	 in	 such	 cases.	 For	 this,	 the	 desirable	
characteristics	of	a	high‐k/Ge	stack	are;	 low	EOT	and	 leakage	current,	 large	k	value	and	CBO,	
and	 small	 interface	 trap	 density.	 Apart	 from	 these,	 other	 properties	 include	 thermodynamic	
stability	and	compatibility	with	the	current	process	technology.	
	
The	 next	 section	 provides	 the	 properties	 that	 have	 been	 taken	 into	 account	 and	 the	 list	 of	
materials	that	are	suitable	for	this	purpose.	
	
	
3. MATERIAL	INDICES	

The	major	concern	with	scaling	down	the	gate	dielectric’s	thickness	is	leakage	current,	which	in	
turn	 affects	 the	 driving	 current	 of	 a	 CMOS	 device.	 So	 these	 two	 parameters	 are	 taken	 as	
performance	 indices.	 These	 performance	 indices	 are	 further	 dependent	 on	 the	 material	
properties	of	the	gate	dielectrics,	which	are	considered	as	material	indices.	
	
For	a	MOSFET,	in	saturation	as	well	as	in	linear	region,	the	drain	current	is	directly	proportional	
to	the	capacitance	of	gate	oxide	per	unit	area	( oxC ).	Hence,	 oxC 	is	an	important	parameter	that	

can	be	increased	to	enhance	the	drain	current	of	the	device.	This	indicates	that	a	higher	value	of	
dielectric	constant	can	boost	the	drain	current	of	the	CMOS	device.	However,	due	to	the	Poole	
Frenkel	effects	 for	a	 low	 leakage	current,	 the	value	of	 the	dielectric	constant	k	should	be	 low.	
Hence,	the	first	material	index	considered	is	the	dielectric	constant.	
	

MI1	=	k	 	 	 	 	 																																												(1)	
	

In	 order	 to	 reduce	 the	 possibility	 of	 tunneling	 of	 electrons,	 the	 barrier	 between	 the	 valence	
band	 and	 the	 conduction	 band	 should	 be	 large	 enough.	 This	would	mean	 that	 the	 larger	 the	
band	gap,	 the	better	 the	protection	 from	 leakage	current.	The	energy	band	of	a	material	with	
high‐k	is	given	as	[19‐21]	

2
3

20  eV
2gE k

    
		 	 	 	 	 														(2)	

	
Therefore,	the	second	material	index	is	the	band	gap	Eg.	
	

MI2	=	Eg	 	 	 	 	 	 																													(3)	
	

At	 the	 interface	between	 the	gate	oxide	and	 the	active	Ge	 layer,	 discontinuities	 in	 the	energy	
bands	are	formed	which	lead	to	the	difference	in	the	conduction	band	as	well	as	in	the	valence	
band.	These	differences	between	energy	levels	are	known	as	conduction	band	offset	  cE and	

valence	band	offset	  VE .	The	conduction	band	offset	(CBO)	is	generally	calculated	from	the	

electron	affinities	of	the	materials	and	is	then	used	to	calculate	the	valence	band	offset	(VBO).	
Out	of	these	two,	the	value	of	the	VBO	is	generally	higher	than	that	of	the	CBO.	The	CBO	defines	
the	 energy	 barrier	 height	 between	 the	 gate	 dielectric	 and	 the	 substrate	 when	 the	 electrons	
travel	from	the	latter	to	the	gate.	Ideally,	the	value	of	the	CBO	should	be	large	enough	to	prevent	
leakage	current	from	the	device	when	a	high	gate	source	voltage	is	applied,	but	since	the	band	
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gap	depends	 inversely	on	the	high‐k,	 it	becomes	a	challenge	to	satisfy	both	aspects.	Thus,	 the	
third	material	index	is	the	CBO.	
	

MI3	=	 cE 	 	 	 	 	 																															(4)	

	
While	 manufacturing,	 it	 is	 necessary	 to	 use	 extremely	 clean	 chemicals,	 water,	 gases,	 and	
processing	 environment	 to	 prevent	 impurities	 from	 creeping.	 However,	 certain	 defects	 still	
persist	 primarily	 due	 to	 the	 sudden	 termination	 of	 semiconductor	 crystal	 lattice	 at	 oxide	
interface.	These	causes	charge	at	the	boundary	of	the	semiconductor	and	the	oxide.	As	biasing	is	
done	 to	 the	 device,	 the	 interface	 trap	 density	 (Dit)	 increases	 from	 accumulation	 to	 deep	
depletion	region	or	vice	versa.	The	interface	trap	density	is	given	as	[22]	
	

ox LF HF
it

ox LF ox HF

C C C
D

q C C C C

 
    

		 	 	 																(5)	

	
where	 CLF	 and	 CHF	 are	 the	 capacitance	 at	 the	 onset	 of	 strong	 inversion	 at	 low	 and	 high	
frequencies	respectively.	To	improve	the	device	performance,	it	is	imperative	that	the	interface	
trap	density	should	be	 low.	A	 lower	value	results	 in	a	 lower	 leakage	current.	Thus	our	 fourth	
material	index	is	interface	trap	density.	
	

MI4	=	Dit	 	 	 	 	 	 																															(6)	
	
Apart	 from	 these	material	 indices,	 another	 important	 criterion	 is	 the	 crystal	 structure	 of	 the	
gate	dielectric.	Since	this	property	cannot	be	quantified,	it	is	used	as	a	supporting	measure	once	
the	 results	 from	 the	 analysis	 are	 ranked.	 Amorphous	 dielectrics	 are	 preferred	 since	 they	
prevent	 the	diffusion	of	Ge	atoms	 into	 the	high‐k	 film	and	show	minimal	 intermixing	with	Ge	
oxide	to	stabilize	the	interface	[23].	The	material	properties	of	the	materials	used	are	provided	
in	Table	1	[1,	8‐15]	
	

Table	1		Material	properties	of	the	various	materials	considered	
	

Material Band gap    
(eV) 

k-value Interface Trap 
Density (eV-1cm-2) 

ΔEc 
(eV) 

Crystal Structure 

Al2O3 8.7 9.5 6 X 1011 2.1 Amorphous 

La2O3 4.3 27 3 X 1011 2.6 Amorphous 

HfO2 5.7 35 7 X 1012 2.0 Crystal, T > 973 K 

ZrO2 5.8 25 8 X 1012 1.79 Crystal, T  > 673-1073 K 

Y2O3 5.6 16 1011 2.56 Crystal 

Lu2O3 5.8 11-12 1013 2.1 - 

	
	
4. TOPSIS	APPROACH	

Technique	 for	 Order	 of	 Preference	 by	 Similarity	 to	 Ideal	 Solution	 (TOPSIS)	 is	 a	multicriteria	
decision	 making	 method,	 developed	 by	 Hwang	 and	 Yoon	 in	 1981	 [19].	 Figure	 1	 shows	 the	
flowchart	 of	 steps	 involved	 in	 TOPSIS.	 TOPSIS	 works	 on	 the	 principle	 that	 the	 chosen	
alternative	 should	 have	 the	 least	 geometric/Euclidean	 distance	 (S*)	 from	 the	 Positive	 Ideal	
solution	 (A*)	 and	 the	maximum	distance(S‐‐)	 from	 the	Negative	 Ideal	 solution	 (A‐‐).	 It	 assigns	
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weights	to	each	criterion,	normalizes	scores	for	each	of	them,	and	then	calculates	the	geometric	
distance	between	each	alternative	and	 the	best	and	worst	 solution.	An	 important	assumption	
that	the	TOPSIS	approach	follows	is	that	the	criteria	are	monotonic	in	nature	and	that	they	are	
independent.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	1.	Material	selection	methodology.	
	
The	TOPSIS	method	is	as	follows:	
	
Step	1		

Create	an	evaluation	matrix	consisting	of	m	alternatives	and	n	criteria:	(xi	j	)m	x	n	.	
	
Step	2	

Normalized	the	matrix:	

݊௜௝ ൌ 	
௜௝ݔ

ට∑ ௜௝ݔ
ଶ௠

௜ୀଵ

		

In	the	above	equation,	 i	 represents	the	set	of	alternative	=	1,2,…,m	and	 j	 represents	the	set	of	
criteria	=	1,2,…,n.	
	
Step	3		

Calculate	 the	 weighted	 normalized	 decision	matrix	 (vi	j	)m	x	n.	Here	weights	 are	 assigned	 to	 the	
different	criteria	by	the	virtue	of	their	importance,	keeping	in	mind	that	the	value	assigned	must	
be	positive	and	less	than	1	and	the	summation	of	all	weights	is	equal	1.	 	

	

෍ ௝ݓ
௡

௝ୀଵ
ൌ 1	

	
పሶ௝ݒ ൌ 	 ݊௜௝ ∗ 	௝ݓ	

Research and find suitable materials 

Find out the materials and 
performance indices using analytical 

Create the decision matrix 

Use the TOPSIS Approach 

Rank the results in order 
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Step	4	

Determining	 the	 worst	 solution	 and	 the	 best	 solution.	 The	 maximum	 value	 is	 selected	 from	
benefit	criteria	and	the	minimum	value	from	cost	criteria	for	the	positive	ideal	solution,	and	vice	
versa	for	the	negative	ideal	solution.	
	
∗ܣ ൌ ሼ൫max ௜௝ݒ |	݆	 ∈ 	 ,ଵ൯ܬ ሺmin ௜௝ݒ |	݆	 ∈ 	 ଶሻሽܬ ൌ ሼݒଵ

∗, ଶݒ
∗, … , 	௡∗ሽݒ

ିܣ ൌ ሼ൫min ௜௝ݒ |	݆	 ∈ 	 ,ଵ൯ܬ ሺmax ௜௝ݒ |	݆	 ∈ 	 ଶሻሽܬ ൌ ሼݒଵ
ି, ଶݒ

ି, … , 	௡ିሽݒ
	
where	ܬଵ ൌ ሼ݆ ൌ 1,2, … , ݊	ሽ	and	j	is	associated	with	the	beneficial	criteria	and	
ଶܬ	 ൌ ሼ݆ ൌ 1,2, … , ݊	ሽ	and	j	is	associated	with	the	cost	criteria.	
	
Step	5	

Calculate	the	separation	between	the	various	alternatives	and	the	best	and	worst	case	solution	
using	a	simple	Euclidean	distance	equation.	
	

௜ܵ
∗ ൌ 	ට∑ ሺݒ௜௝ 	െ ௝ݒ	

∗ሻଶ௡
௝ୀଵ 	,	from	the	ideal	solution	for	i	=	1,2,	…,m.	

௜ܵ
ି ൌ 	ට∑ ሺݒ௜௝ 	െ ௝ݒ	

ିሻଶ௡
௝ୀଵ 	,	from	the	worst	possible	solution	for	i	=	1,2,	…,m.	

	
Step	6	

Measure	the	relative	closeness	to	the	ideal	solution.	
	

௜ܥ ൌ 	
௜ܵ
ି

ሺ ௜ܵ
ା 	൅ 	 ௜ܵ

ିሻ
	

	
where	0	 ൏ ௜ܥ	 ൏ 1,	i	=	1,2,	…,m	
	
Step	7	

Rank	 the	 alternates	 depending	 on	 the	 value	 of	ܥ௜,	 where	 a	 larger	 value	 will	 imply	 a	 better	
alternate	(i.e.	the	closer	the	value	to	1,	the	better	is	the	solution).	The	closer	the	value	to	0,	the	
closer	is	the	solution	to	the	negative	ideal	solution.	
	
To	execute	the	TOPSIS	approach	steps,	MATLAB	code	was	generated	to	get	the	final	ranking	of	
the	materials.	
	
	
5. RESULTS	AND	DISCUSSIONS	

For	 the	 TOPSIS	 approach,	 a	 well	 justified	 weighted	 matrix	 is	 needed	 with	 proper	 weights	
assigned	 to	 the	 various	 indices.	 For	 high‐k	dielectrics,	 the	 highest	 weight	 is	 assigned	 to	 the	
dielectric	 constant	k,	 followed	by	 the	 interface	 trap	density	 that	has	a	negative	 impact	on	 the	
performance	 of	 the	 device	 as	 lower	 value	 results	 in	 a	 lower	 leakage	 current.	 The	 conduction	
band	 offset	 comes	 next	 followed	 by	 the	 band	 gap.	 This	 is	 due	 to	 the	 fact	 that	 the	 same	
performance	as	 that	with	Si/SiO2	can	be	achieved	with	a	high‐k	dielectric	with	a	much	 larger	
thickness	 than	 that	 of	 SiO2,	 and	 the	 band	 gap	 and	 the	 conduction	 band	 offset	 become	
comparatively	 less	 important	 as	 the	 physical	 width	 is	 increased,	 offering	 a	 much	 higher	
resistance	to	the	tunneling	carriers.		Therefore,	the	weights	assigned	are:	k	=	0.4,	Dit	=	0.3,	CBO	=	
0.2	and	Eg	=	0.1	
	
	



International	Journal	of	Nanoelectronics	and	Materials	
Volume	11,	No.	2,	Apr	2018	[119‐126]	

 

125	
 

Hence,	the	weighted	matrix	W	is	given	as	
	

ܹ ൌ ሾ0.1					0.4					0.3				0.2ሿ	
	
Using	the	parameter	values	mentioned	in	Table	1,	the	normalized	decision	matrix	obtained	is:		
	

ܰ ൌ 	

ۏ
ێ
ێ
ێ
ێ
ۍ
. 5796					.1715 . 0411				.3877
. 2865					.4874 . 0205				.4800
. 3797					.6318					.4791				.3692
. 3864					.4513					.5476				.3305
. 3731					.2888					.0068				.4726
. ے3877.				6845.					2166.					3864

ۑ
ۑ
ۑ
ۑ
ې

	

	
The	weighted	normalized	matrix	is	given	as	
	

ܸ ൌ 	

ۏ
ێ
ێ
ێ
ێ
ۍ
. ૙૞ૡ૙					.0688 . 0123				.0775
. 0286					.1957 . 0062				. ૙ૢ૟૙
. 0380					. ૛૞૜ૠ					.1437				.0738
. 0386					.1812					.1643				.0661
. 0373					.1160					. ૙૙૛૚				.0945
. 0386					.0797					.2053				.0775 ے

ۑ
ۑ
ۑ
ۑ
ې

	

	
From	V,	the	ideal	and	negative	ideal	solutions	are	calculated.	The	positive	ideal	solution	is	given	
as	∗ܣ	=	}	0.0580	 	 	 	0.2537	 	 	 	0.0021	 	 	 	0.0960}	and	the	negative	 ideal	solution	 is	given	as	ିܣ	=	
{	0.0286				0.0688				0.2053				0.0661}.	
	
Table	 2	 gives	 the	 geometric	 distance	 of	 the	 alternates	 from	ܣ∗and	ିܣ	and	 the	 value	 of	 the	
relative	 closeness	ܥ௜.	 The	 ranks	 are	 then	 specified	 in	 the	 last	 column.	 From	 Table	 2,	 it	 is	
observed	that	La2O3	is	the	best	high‐k	material	to	be	used	as	the	gate	dielectric	in	the	Ge	based	
CMOS	devices.	Moreover,	La2O3	is	amorphous	which	prevents	the	diffusion	of	Ge	into	the	high‐
k	film.	Rossel	[13]	also	proposed	that	the	La2O3/Ge	stack	would	be	much	better	than	the	other	
possible	materials.	Song	[14]	had	also	extensively	supported	claims	for	La2O3	in	his	thesis.	The	
second	alternate	material	is	Y2O3,		which	had	been	extensively	studied	by	Mitrovic	[12].	
	

Table	2	TOPSIS	Results	with	Ranks	
	

Dielectric	 ି܁ ା܁ ۱ Rank	
Al2O3	 0.1956 0.1860 0.5152 4
La2O3	 0.2380 0.0651 0.7852 1
HfO2	 0.1952 0.1448 0.5741 3
ZrO2	 0.1200 0.1812 0.3984 5
Y2O3	 0.2108 0.1392 0.6022 2
Lu2O3	 0.0187 0.2689 0.0650 6

	
	
6. CONCLUSIONS	

This	paper	presents	the	material	selection	for	the	gate	oxide	 layer	in	germanium‐based	CMOS	
devices	 using	 the	 Technique	 for	 Order	 Preference	 by	 Similarity	 to	 Ideal	 Solution	 (TOPSIS)	
approach.	 Various	 material	 indices	 such	 as	 dielectric	 constant,	 interface	 trap	 density,	
conduction	band	offset,	and	band	gap	have	been	considered.	The	effect	of	these	material	indices	
on	the	performance	parameters	of	the	device	have	been	studied.	It	has	been	observed	that	La2O3	
is	the	best	material,	 followed	by	Y2O3.	This	finding	is	also	in	agreement	with	the	experimental	
results	that	support	the	use	of	Y2O3	material	for	the	gate	oxide	layer	in	CMOS	devices	in	order	to	
get	a	high‐performance	device.	



Navneet	Gupta	and	Varun	Haldiya	/	High‐k	Gate	Dielectric	Selection	for	Germanium…	

126	
 

REFERENCES	
	
[1]		 P.	 S.	 Goley,	 M.	 K.	 Hudait,	 “Germanium	 Based	 Field‐Effect	 Transistors:	 Challenges	 and	

Opportunities”	Materials,	7	(2014)	2301.	
[2]		 IEDM	 report	 “3‐D‐compatible	 germanium	 nMOS	 gate	 stack	 with	 high	 mobility	 and	

superior	reliability”	Dec.	7,	2016.		
[3]	 Del	 Alamo,	 J.	 A.,	 “Nanometre‐scale	 electronics	 with	 III‐V	 compound	 semiconductors”	

Nature,	479	(2011)	317.		
[4]		 Lukas	Czornomaz.	Hybrid	InGaAs/SiGe	technology	platform	for	CMOS	applications.	Micro	

and	nanotechnologies/Microelectronics.	Universit´e	Grenoble	Alpes,	2016.	
[5]		 Heng	Wu,	Mengwei	Si,	Lin	Dong,	Jingyun	Zhang,	Peide	D.	Ye,	“Ge	CMOS:	Breakthroughs	of	

nFETs	by	recessed	channel	and	S/D”	Symposium	on	VLSI	Technology,	Digest	of	Technical	
papers,	9‐12	June	2014.	

[6]		 Mikhail	Kuzmin,	et	al.	“Origin	of	Fermi‐level	pinning	and	its	control	on	the	n‐type	Ge	(100)	
surface”,	Phys.	Rev.	B	94	(2016)	035421.	

[7]		 A.	Dimoulas,	P.	Tsipas,	A.	Sotiropoulos,	“Fermi‐level	pinning	and	charge	neutrality	level	in	
germanium”,	Appl.	Phys.	Lett.	89	(2006)	252110.	

[8]	 J.J.H.Chen,	et	al.	"Ultrathin	Al2O3	and	HfO2	gate	dielectrics	on	surface‐nitrided	Ge."	Electron	
Devices,	IEEE	Transactions	on	51	(2004)	1441.	

[9]		 A.	 M.	 Mahajan,	 A.	 G.	 Khairnar,	 B.	 J.	 Thibeault.	 "High	 Dielectric	 Constant	 ZrO2	 Films	 by	
Atomic	Layer	Deposition	Technique	on	Germanium	Substrates"	Silicon	(2015)	1.		

[10]	 T.	 Nishimura,	 et	 al.	 "High‐Electron‐Mobility	 Ge	 n‐Channel	 Metal–Oxide–Semiconductor	
Field‐Effect	 Transistors	 with	 High‐Pressure	 Oxidized	 Y2O3."Applied	 Physics	 Express	 4	
(2011)	064201.	

[11]		 P.	 Darmawan,	 P.	 S.	 Chia,	 P.	 S.	 Lee.	 "Rare‐earth	 based	 ultra‐thin	 Lu2O3	 for	 high‐k	
dielectrics."	Journal	of	Physics:	Conference	Series.	61(1),	IOP	Publishing,	2007.		

[12]	 I.	Z.	Mitrovic,	et	al.	"Ge	interface	engineering	using	ultra‐thin	La2O3	and	Y2O3	films:	A	study	
into	the	effect	of	deposition	temperature."	Journal	of	Applied	Physics	115	(2014)	114102.	

[13]		 C.	Rossel,	et	al.	 "Ge	p‐channel	MOSFETS	with	La2O3	and	Al2O3	gate	dielectrics."	ESSDERC	
2008‐38th	European	Solid‐State	Device	Research	Conference.	IEEE,	2008.	

[14]		 J.	 Song.	A	Study	on	Gate‐stack	Process	for	Ge	MOS	Devices	with	La2O3	Gate	Dielectric.	 Diss.	
TOKYO	INSTITUTE	OF	TECHNOLOGY,	2010.	

[15]	 H.	 A.	 Iwai,	A	 Guideline	 for	 Material	 Design	 of	 Gate	 Oxide	 in	 Further	 Scaled	 MOSFET~	
Improvement	of	electrical	properties	by	CeO2/La2O3	stack	structure~.	 Diss.	 Tokyo	 Institute	
of	Technology,	2009.	

[16]	 C.C.	 On,	 K.	 C.	 Saraswat.	 "Advanced	 germanium	 MOSFET	 technologies	 with	 high‐κ	 gate	
dielectrics	 and	 shallow	 junctions."	Integrated	 Circuit	 Design	 and	 Technology,	 2004.	
ICICDT'04.	International	Conference	on.	IEEE,	2004.	

[17]		 J.	Robertson,	“Band	offsets	of	wide‐band‐gap	oxides	and	implications	for	future	electronic	
devices”	J.	Vac.	Sci.	Technol.	B	18	(2000)	1785.		

[18]		 N.	N.	Greenwood,	A.	Earnshaw.	Chemistry	of	the	Elements.	Elsevier,	2012.	
[19]		 J.H.Choi,	Y.	Mao,	J.P.	Chang,	“Development	of	hafnium	based	high‐k	materials—A	review”	

Mater.	Sci.	Eng.72	(2011)	97.	
[20]	 P.	 Sharma,	 N.	 Gupta.	 "Investigation	 on	 material	 selection	 for	 gate	 dielectric	 in	

nanocrystalline	silicon	 (nc‐Si)	 top‐gated	 thin	 film	 transistor	 (TFT)	using	Ashby’s,	VIKOR	
and	TOPSIS."	Journal	of	Materials	Science:	Materials	in	Electronics	26	(2015)	9607.	

[21]	 J.	A.	Duffy,	Bonding,	energy	levels	and	bands	in	inorganic	solids.	Longman,	1990.	
[22]		 Nicollian,	Edward	H.,	John	R.	Brews,	Edward	H.	Nicollian.	MOS	(metal	oxide	semiconductor)	

physics	and	technology.	Vol.	1987.	New	York,	et	al.	:	Wiley,	1982.	
[23]		 Y.	Kamata,	"High‐k/Ge	MOSFETs	for	future	nanoelectronics."Materials	today	11	(2008)	30.	
[24]		 K.	Kandpal,	N.	Gupta,	 "Investigations	on	high‐κ	dielectrics	 for	 low	threshold	voltage	and	

low	 leakage	 zinc	 oxide	 thin‐film	 transistor,	 using	 material	 selection	
methodologies."	Journal	of	Materials	Science:	Materials	in	Electronics	27	(2016)	5972.	



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


