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3D	Doping:	finFETs (1)
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T.	Seidel	et	al.,		“ALD	Process	for	Dopant Rich	Films	on	Si”,	IIT16.
Y.J.	Lee	et	al;.,	“Junctionless FET	with	sub-5nm	Shell	Doping”	IEDM14.

When	finFETs shift	from	epi-top	
contacts	to	larger	area	sidewall	metal-
Si	contacts,		fin	sidewall	doping	will	
need	to	be	(1)	much	more	uniform	
and	(2)	higher	active	concentration.

Near-surface	“shell”	doping	in	thin	fins		
can	be	used	for		high-performance	
junctionless channels	IF the	doping	is	
very	thin	(<2	nm)	with	high-active	
concentration.



3D	Doping:	V-NAND		(2)
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3D-NAND	shipping	now	at	48/64	layers.
96	layer	versions	due	in	2018.
Channel	AF	>50:1.

How	to	dope	the	channels	for	Vth ?

PIII/PLAD	doping	is	good	for	finfFETs
and	“modest”	AR	trench/via/channels,
but	for	AR	>50	?

D.	Raj	et	al.,	IIT14

AR	≈8:1



Recoil	Implants	(1)

Current	Dopant	ALD	PAGSept20-17								
currentsci@aol.com 4

Recoil	implants	(“ion	beam	mixing”)
have	been	used	for	a	long	time.

Key	advantages	(for	glancing	angles)	are:

1. recoil	dose	is	much	larger	(≈x100)	
than	the	incident	ion	dose.

2. recoil	mixing	profile	is	“shallower”	
than	the	incident	ions.

3.	 recoil	dose	is	not	very	sensitive	to	
either	(a)	incident	ion	energy	or									
(b)	incident	ion	angle.

4. implant	damage	can	be	limited	to	
(mostly)	the	surface	(source)	layer.



Recoil	Implants	(2)
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T.	Seidel	et	al.,	:ALD	of	Dopants for	Recoil	Implantation	for	finFET Sidewalls”,	IIT14

Recoil	mixing	profiles	of	B	surface	films
are	substantially	the	same	for	glancing	
incidence	Ar+ ions	for	>	40	keV.



Thermal	ALD	of	Dopants:	circa	2014
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OK,	all	we	have	to	do	is:	

(1)	look	up	recipes	for	ALD	of	thin	dopant rich	films,	
(2)	grow	dopant-rich	ALD	films,
(3)	do	recoil	implant	(or	thermal	drive	in),
(4)	ship	devices,
(5)	enjoy	a	celebratory	fine	wine.

But,	as	of	Sept	2014,	there	were	NO	PUBLISHED	PAPERS on	thermal	ALD*	
of	dopant rich	films	on	Si		in	the	ANL	database	(>2.5k	ALD	papers)!

So,	call	your	friends	who	do	quantum	chemistry	calculations.

*		There	are	plenty	of	papers	for	thermal	deposition,	PE	CVD/ALD,	etc.…all	with	
questions	on		conformality for	extreme	3D	surfaces.



Density	Functional	Theory	for	B	&	P	on	Si		(1)
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By	comparison	with	the	“Grand	Dad”	of
ALD	applications,	W-deposition	with		
WF6,		initial	calculations	with	PF3 (using	
Density	Function	Theory	(DFT)	at	
Schrodinger,	Inc.)	also	looked	favorable.

A.	Goldberg	and	M.	D.	Halls,	Schrodinger,	Inc.,	San	Diego,	CA,



Density	Functional	Theory	for	B	&	P	on	Si		(2)
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T.	Seidel,	et	al.,	“Simulation	of	nucleation	and	growth	of	
ALD	Phosphorous	for	doping	of	finFETs”.	JVST-A36	(2016).

More	detailed	DFT	
calculations	show	favorable	
enthalpies	for		PF3,	PCl3 and	
PBr3 combined	with	Si2H6.



Density	Functional	Theory	for	B	&	P	on	Si		(3)
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A.	Mane	et	al.,		“ALD	of	Boron-containing	films	using	B2F4”,	JVST-A43	(2016).		

DFT		calculations	showed	more	favorable	enthalpies	for	B2F4*
for	sequential	depositions	(for	H-terminated	Si	surface)	than	BF3.

*	B2F4 is	a	relatively	new	Si	process	chemical	
with	lower	ionization	potential	than	BF3 (good	
for	ion	implant	sources).		Also	weak	B-B	bonds.



ALD	Growth	Kinetics	of	B	on	Si	(1)
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A.	Mane	et	al.,		“ALD	of	Boron-containing	films	using	B2F4”,	JVST-A43	(2016).		

Working	on	B-doped	ALD,		sequences	
of	B2F4 alternated	with	H2O	showed
eventual	film	growth	saturation.		

Sequences	of	B2F4 alternated	with	
Si2H6 showed	even	sooner	film	
growth	saturation.		



ALD	Growth	Kinetics	of	B	on	Si	(2)
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A.	Mane	et	al.,		“ALD	of	Boron-containing	films	using	B2F4”,	JVST-A43	(2016).		

Sequences	of	B2F4 alternated	with	
Si2H6 and	H2O	also	showed	film	
growth	saturation	within	≈300	s.		

But	addition	of	TMA	(Trimethyl-Al)	
to	sequences	of	B2F4 alternated	
with	H2O	showed	continued	film	
growth	promise.



ALD	Growth	Kinetics	of	B	on	Si	(3)
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A.	Mane	et	al.,		“ALD	of	Boron-containing	films	using	B2F4”,	JVST-A43	(2016).		

A	sequence	of		B2F4 alternated	with	
TMA	and	H2O	showed	linear	film	
growth	with	no	saturation.

However...

The	resulting	film	is	not	really
“dopant rich”,	with	≈10%	B.



B-rich	Films	with	B2F4:	Conformality
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Bottom	of	a	40:1
hollow	Si	cylinder*

Si	core	(8	nm)
B-AlBO (9	nm)
ZnO cap	(6	nm)

*	Aixtron test	structure.

B-AlBO thermal	ALD	films
showed	excellent	conformality
on	the	outside	and	inside	of	a	
40:1	hollow	Si	cylinder.



B-rich	Films	with	B2F4:	Thermal	Drive-in
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“RTA”	(30	s)	annealing	of	B-AlBO ALD
films	produced	≈5	nm	Xj profiles	in	Si	
for	temperatures	of	700	to	875	C.

F	was	the	only	significant	co-diffuser	
with	B	from	the	B-AlBO ALD	films	at
825	C.



Summary	&	Status
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1. Starting	from	an	open	field	in	late	2014,	promising	dopant rich	film	
growth	energetics identified	for	B	and	P	containing	films	with	DFT	
by	Schrodinger	Inc.

2. Growth	kinetics	of	B-rich	films	explored	by	ANL	for	B2F4,	with	linear	
growth	conditions	established.

3. B-containing	thermal	ALD	films	grown	with	excellent	conformality
and	successful	thermal	drive	in.

4. Papers	written	for	ALD	and	IIT	conferences.

5. Project	on	hold,	pending	arrival	a	serious	sponsor	(with	funding)	
and		ambitions	to	exploit	these	thermal	ALD	possibilities.
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The	cartoon	I	pasted	into	my	
1st Silicon	Valley	notebook	in	1980
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Notes	for	modern	
(2015)		graduate	
students	at	Cheng	
Kung	U.	(Tianan),	who	
never	have	seen	a	
typewriter.


