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Radia%on	damage	is	severe	in	short	(RISCE)	and	narrow	(RINCE)	channel	
transistors,	where	it	depends	on	the	bias	and	temperature	applied	both	
during	and	a?er	irradia%on

Leakage	current	does	not	appear	in	65nm	NMOS	transistors		
consistently	in	all	samples	measured	so	far!

65nm

We	will	monitor	this	parameter	in	specific	test	structures	added	to	all	runs,	
as	already	in	place	for	130nm

We	will	also	monitor	the	Ion	degradaPon	in	the	same	test	structures

The	provider	of	Foundry	Services	has	been	selected,	and	infrastructure	
has	been	developed	to	enable	ASIC	design	(PDK,	NDAs,	frame	contracts,	
IP	blocks,	support	service,	etc.)
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Measurements	on	samples	from	other	two	65nm	manufacturers	showed	comparable	or	
even	worse	damage.	There	is	no	reason	to	reconsider	the	supplier	of	this	technology.

Supplier	X	(samples	courtesy	of	MOSIS)

Supplier	Y	(work	in	collabora%on	with	the	University	of	Sevilla)



Future	work	in	65nm

Develop	a	model	to	enable	the	SPICE	simula%on	of	irradiated	circuits

Study	the	apparent	dose-rate	dependence	of	the	radia%on	damage

Confirm	the	physical	model	of	the	damage	in	short-channel	MOSFETs



The	development	of	a	SPICE	model	(BSIM4)	for	the	simula%on	of	irradiated	transistors	
in	65nm	has	been	outsourced	to	the	Technical	University	of	Crete	(TUC)

The	iniPal	target	is	to	provide	models	for	the	following	transistors/condiPons:	
• Core	standard-Vt	NMOS	and	PMOS,	linear	and	ELT	layout	
• TID	levels:	100,	200	and	500	Mrad	
• IrradiaPon	temperature:	-30,	0	and	25	oC	

There	is	the	opPon	of	repeaPng	the	operaPon,	in	a	somewhat	simplified	form,	
for	high-	and	low-Vt	devices

The	model	is	only	as	good	as	the	data	used	to	build	it.	A	very	large	tesPng	effort	
was	carried	on!	
(The	irradiaPon	Pme	required	to	provide	data	at	the	3	temperatures	is	above	60	days)

First	set	of	models	is	available	for	a	full	evaluaPon,	and	the	complete	set	should	be	
ready	in	the	next	6	weeks.



Measurements	on	iden%cal	samples	in	the	65nm	technology	at	different	facili%es		
(X-rays	and	60Co)	show	a	consistent	trend	to	larger	damage	at	lower	dose	rate

Qualita%vely	similar	results	are	observed	in	samples	from	
the	130nm	technology

This	dose	rate	dependency	of	the	damage	has	to	be	
studied:	
- bias	and	temperature	dependence	
- physical	origin	(STI?	Spacers?)	
- influence	of	the	transistor’s	size	
The	effect	should	then	be	included	in	our	qualifica%on	
procedure!

A	dedicated	test	structure	has	been	designed,	and	the	measurement	setup	modified	to	allow	for	the	
full	measurement	of	the	transfer	and	output	characteris%cs.	
Our	new	X-ray	irradia%on	facility,	presently	being	commissioned,	will	be	used	for	long-term	irradia%on	
runs	at	different	temperatures.
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Charge	pumping	measurements	and	2-D	simula%ons	confirm	the	charge	buildup	model	
leading	to	the	performance	degrada%on	in	short-channel	PMOS	transistors

Simula%on	study	carried	on	at	DEI,	
Padova	University



We	are	star%ng	the	study	of	the	TID	tolerance	of	40	and	28nm	CMOS	processes,	
a	work	that	is	financed	within	the	FCC	preparatory	studies.	

Although	we	are	mainly	interested	in	28nm	-	this	appears	to	be	a	good	
candidate	for	post-65nm	in	our	applica%ons	-	it	is	however	very	interes%ng	to	
study	also	the	40nm	node	(that	s%ll	uses	conven%onal	SiO2	as	gate	insulator).	

The	study	will	be	done	using	custom-developed	test	structure	very	similar	to	
those	conven%onally	used	already	in	130	and	65nm:	arrays	of	transistors	with	a	
combina%on	of	W	and	L.	

The	defini%on	of	the	test	structures	is	done	at	CERN,	while	the	design	is	done	
by	IMEC	(to	avoid	the	need	for	NDAs	and	installa%on	of	Design	Kits).

… and below 65nm



Example	layout	of	the	test	chip	
(here	TSMC	40nm)

The	size	of	the	mini@sic	bloc	strongly	depends	on	the	technology.

The	typical	transistors	included	in	the	test	structures	are:

Core std Vt Core LowVt Core HighVt I/O transistors

W array (long L) Mini array of 
different W and L

Mini array of 
different W and L

Mini array of 
different W and L

L array (wide W)

Blocs to study 
the effect of bias

Blocs to study 
the variability in 

the response



Foundry Node Target MPW 
mini@sic TAT Design status

GF
40nm June 4

5 months
completed

28nm May 5 completed

TSMC
40nm March 6

3.5 months
completed

28nm (HPC) April 25 completed

We	expect	to	have	results	available	in	end	2018	-	beginning	2019

This	is	the	most	updated	plan	to	procure	the	hardware	for	the	study:
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Fig. 1. 3D schematic illustration of a triple-well bulk FinFET.

Fig. 2. (a) Top-down SEM image of the structure of the FinFETs. (b) Cross-
sectional TEM image of an nMOS FinFET showing the fin structure [15].

III. EXPERIMENTAL DETAILS

Transistors were irradiated at room temperature with
10-keV X-rays using an ARACOR Model 4100 irradiator at
a dose rate of 31.5 krad SiO min to a cumulative dose of
300 krad SiO . The bias conditions during irradiation corre-
spond to 1) on-state (ON) and 2) off-state (OFF) for inverter
and 3) transmission gate (TG) operation. Other bias conditions
were also tested, with the source, drain, and gate either at 0 V
(ALL-0), and/or at negative gate bias, as shown in Table I. The
body and triple-well were held at 0 V and 0.7 V respectively
during all the irradiation experiments.
Current-voltage ( ) characteristics were measured with

an Agilent 4156 semiconductor parameter analyzer on unpack-
aged wafers. During measurements, both the source and the

Fig. 3. characteristics as a function of dose for irradiation at a dose
rate of 31.5 krad SiO min. The drain was biased at 0.7 V, the fin width is
13 nm, and the devices comprise 4 fins.

substrate were grounded, and a 50 mV bias was applied to the
drain. The gate voltage was varied from 0.3 V to 0.7 V. The
body terminals were grounded for all the bias conditions. The
triple-well (deep n-well) terminal was held at . Annealing
experiments were performed at room temperature, with all ter-
minals grounded, to understand the subthreshold slope modula-
tion in irradiated FinFETs.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Off-state Leakage Current

Total-ionizing-dose irradiation induces net positive trapped
charge in oxides and interface traps at silicon/oxide interfaces.
The extremely small increase in post-irradiation gate leakage
observed in these transistors suggests that there were no leakage
paths created in the gate insulator stack (Fig. 3). There is little
shift in the threshold voltage following irradiation, indicating
that the trapped charge in the gate insulator is quite small. How-
ever, similar to trends observed in planar CMOS technologies,
the radiation-induced charge trapping in the STI oxide still leads
to macroscopic effects, such as the drain-to-source leakage cur-
rent, and ultimately limits the radiation tolerance of CMOS cir-
cuits [16]. Thus, the post-irradiation response of these bulk Fin-
FETs is dominated by buildup of charge in the isolation oxides
(the shallow trench isolation) around the transistors. If an elec-
tric field exists across an insulator during total dose irradiations,
electrons and holes in the insulator will immediately begin to
transport in opposite directions. Electrons are extremely mobile
in the silicon oxides and are normally swept out of it in picosec-
onds [17], [18]. Holes generated in the silicon oxides transport
much slower than electrons and a substantial fraction may be
trapped. As a result, hole trapping usually determines the tran-
sistor response after irradiation. As the electric field increases,
the probability that a hole will recombine with an electron de-
creases and the fraction of un-recombined holes increases [19].

aber	I.Chacerjee	et	al.,	“Bias	
Dependence	of	Total-Dose	Effects	in	
Bulk	FinFETs”,	IEEE	TNS	60,	n.6,	2013

Studies	of	the	TID	tolerance	of	FinFETs	within	the	radia%on	effects	
community	do	not	show	promising	results
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Fig. 4. Schematic showing the trapped charges in the isolation oxide in a

multi-fin FET (representative figure only, not to scale). [20].

The electric field extends into the trench region and plays a piv-
otal role in both the initial separation of electron–hole (e–h)

pairs and the charge migration. Fig. 4 shows an illustration of

the trapped charges in the isolation oxides.

In contrast, for SOI FinFET devices, positive trapped charge

in the BOX is a greater concern. In FD SOI devices, charge trap-

ping in the BOX can affect the device degradation through a

direct coupling effect between the front and back interfaces. In

non-planar multiple-gate devices, the coupling behavior is dif-

ferent and complex, especially as fin widths and gate lengths
decrease below 130 nm. A lateral coupling effect induced by

the lateral gates appears in addition to the vertical coupling ef-

fect of single-gate devices [6], [8]. These complex electrostatic

coupling effects are strongly geometry dependent.

Fig. 5 shows a schematic diagram of the trapped charges in

the buried oxides. A wide-fin FinFET is similar to a “pseudo”
single-gate FD SOI transistor. Its electrostatic behavior is dom-

inated by the front and back gates. The electrostatic control of

the lateral gates over the potential in the active silicon film and
in the BOX under the silicon-film/BOX interface is weak [11].
Ionizing radiation exposure induces a positive charge buildup in

the BOX of SOI devices, which increases the back-gate surface

potential [21]–[23]. In single-gate FD SOI devices, the charge

trapped in the BOX acts as a positive back-gate bias. Because

of the strong vertical electrostatic coupling effects, the front

surface potential increases and induces a negative front-gate

threshold voltage shift. For narrow fin devices, on the other
hand, the primary effect is the screening of the trapped charges

into the BOX due to the strong electrostatic control of the lateral

gates when they are close to each other. The electrostatic poten-

tial in the silicon body and in the BOX under the Si fin/BOX
interface is dominated by the lateral gates, thereby limiting the

amount of radiation-induced hole charge trapped in the middle

of the channel [6]–[8].

The bias applied to the transistor terminals during exposure

to radiation is a critical parameter influencing charge trapping.
For fully depleted SOI transistors, the worst-case bias is fab-

rication process dependent. For partially-depleted SOI tran-

sistors, the worst-case bias conditions are when source and

drain are at with other terminals grounded (the trans-

mission-gate configuration) [24]. For some fully-depleted SOI

Fig. 5. Schematic showing the trapped charges in the BOX in a SOI

omega-FET (representative figure only, not to scale). [7].

technologies, the worst-case bias condition is the same as that

for partially-depleted SOI transistors, the Transmission-Gate

configuration, causing the most radiation induced charge trap-
ping in the buried oxide [25]. However, for other technologies,

the worst-case bias condition was determined to be the ON

bias configuration (gate at , other contacts grounded) [26],

[27].

Fig. 6 shows the pre- and post-irradiation character-

istics for the five bias conditions under consideration. The
highest increase in off-state leakage is observed for the OFF-

state bias condition, for all doses considered. The pre-rad off-

state leakage is 1 pA and increases to 25 nA after a cu-

mulative dose of 300 krad SiO . The smallest shift is ob-

served in the case of the negative gate and ALL-0 bias condi-

tion. The off-state leakage for these bias conditions increased

from 1 pA (pre-rad) to 100 pA 300 krad SiO . Fig. 7

shows vs. cumulative dose for the bias conditions under

consideration. At low dose, the high electric fields in the cor-
ners of the shallow trench isolation are partly responsible for

the increased transistor leakage current [16], [25]. The simu-

lations detailed in Section V show that the electric field at the
trench corners is highest for the OFF state bias. There are a

large number of oxygen vacancies in the STI close to the sil-

icon/oxide interface due to the out diffusion of oxygen near

the oxide and the lattice mismatch at the surface [16], [19].

These oxygen vacancies can act as trapping centers. Some

fraction of the holes will be trapped there, with the fraction

strongly related to the electric field in the oxide during irra-
diation [16], [26]. The overall response of bulk FinFETs is

similar to planar bulk MOSFETs in terms of the parasitic tran-

sistor dominating the radiation response of the devices.

B. Parasitic Transistor Threshold Voltage Shift
At a high dose, the leakage current becomes relatively inde-

pendent of gate voltage, which means that the parasitic tran-

sistors play an important role for the leakage current. The ac-

tual threshold voltage shift is calculated after subtracting the

leakage current from the measured characteristics. The in-

significant shift in threshold voltage shift observed is because
of a relatively small amount of charge trapping in the gate insu-

lator stack. As the fin width is less than 15 nm, the electrostatic
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Fig. 6. characteristics as a function of dose for irradiation at a dose rate of krad SiO min for the various bias conditions under consideration.
The DUT is 4-fin 90 nm FinFET. (a) ON state. (b) OFF state. (c) ALL-0 state. (d) Negative gate. (e) Transmission gate (TG).

potential is predominantly controlled by the lateral gates, fully
depleting the silicon fin in the ON state. The longitudinal pen-
etration of the fringing electric field from the source and drain
to the channel, e.g., the drain-induced virtual substrate biasing
(DIVSB) effect [8], is prevented. Fig. 8 shows the threshold

voltage shifts in the DUTs after subtracting the leakage current
from the measured characteristics.
Fig. 9 shows the subthreshold swing ( )

of the 90-nm-gatelength FinFET as a function of dose for the
worst case and best case bias condition. The swing was mea-



Conclusion

The	main	focus	of	the	TID	study	is	s%ll	in	our	baseline	65nm	technology	
- there	is	no	reason	to	switch	to	another	supplier	
- the	stability	of	the	radia%on	response	has	to	be	monitored	regularly	
- the	dose	rate	effect	has	to	be	studied	and	accounted	for	in	our	

qualifica%on	procedure

Our	community	has	to	look	beyond	65nm	in	prepara%on	for	upgrades/new	
experiments.	


