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Abstract—As planar MOSFETSs is approaching its physical new reliability prediction and assessment models with good
scaling limitation, FinFET becomes one of the most promising accuracy and low complexity can be introduced, then efficien
alternative structure to keep on the industry scaling-down trerd reliability-aware architectures could be implementedtitufe.

for future technology generations of 22 nm and beyond. In this M tf th L implied in traditi |
paper, we propose a unified reliability model of Negative Bias oreover, apart from the pessimism implied in fradiiona

Temperature Instability (NBTI) and Hot Carrier Injection (HCI) ~ Methodologies requires to be revised, new characterisfics
for double-gate and triple-gate FIinFETSs, towards a practical novel nanescale devices should be also taken into consid-

reliability assessment method fOI’_ fUIU(e Fi_nFETs based circuits. erration in the new scheme for reliability management, as
The model is based on the reaction-diffusion theory and extends the conventional MOSFET planar structure is approachisg it

it such that it covers the FInFET specific geometrical structures. hvsical limits. A h ina devi for fut
Apart of introducing the reliability model we also investigate physical imits. Among various emerging devices lor future

the circuit performance degradation due to NBTI and HCI in nanotechnology circuits and systems, the multi-gate fiééete
order to create the premises for its utilization for assessing transistors, e.g., MUFETS [6], FINFETSs [7], represent dite®
and monitoring the Integrated Circuits (ICs) aging process. To. most promising alternative structures, due to their imptbv
validate our model we simulated NBTI and HCI degradation and  g|actrostatic control and drive current, therefore redubort
compared the ob_tamed%h shift predlc_tlon w!th the one evaluated Channel Effect (SCE) relative to bulk CMOS technology. The
based on experimental data. The simulations suggest that our X Al
model characterize the NBTI and HCI process with accuracy NEW geometrical features of these new structures introduce
and it is computationally efficient, which makes it suitable new degradation processes to the device.
for utilization in reliability-aware architectures as reliability Within all the degradations a device experiences during
predictio_n/assesment kernel for lifetime reliability management its operational life, the NBTI and HCI stresses have a very
mechanisms. Lo . .
similiar physical progress. Both of these degradations are
related to the generation of interface traps causing Sildang
bonds at the Si/SiQinterface. NBTI is prominent in PMOS
An aggressive device dimension scailing of the Integrateiévices along the entire channel when negative gate-t@sou
Circuits (ICs) has been going on for the past decades wtele toltage is applied, while HCI is prominent in NMOS devices
supply voltage is not scaled proportionately, which ireviy and occurs near the drain end due to the "hot” carriers
leads to a rising reliability concern on multiple degradati accelerated in the channel. The interface traps accursulate
mechanisms, such as Negative Bias Temperature Instabilitythe Si/SiQ interface then cause a threshold voltadg, ]
(NBTI), Hot Carrier Injection (HCI) [1]-[5], gate-oxide vee shift, which results in poor drive current and shorter dewdad
out, and so on. When the industry is entering the nanoscalecuit lifetime. Recent experimental investigations ioade
era, the worries about reliability is even worsened, asrtheéhat MUuFET devices with standard orientation exhibit worse
bottom-up manufactering processes are inherently proneNBTI than planar devices due to the higher availability of Si
defects and their runtime faults are expected to be higlsethuH bonds at the (110) oriented fin sidewalls [1]. Furthermare,
by shunkened device demensions and low supply voltageslf-heating effect [8] caused by the SOI body may speed up
Consequently, it has become necessary to introduce sotime NBTI degradation for its thermal-activated nature FEm
reliability management schemes to make the system meet #ixibits an improved HCI immunity with decreasing fin width
lifetime specifications in advanced process nodes. [5], however, its immunity significantly depends on several
The priori lifetime requirements are mostly made based dactors, such as interface state generation, self heaffagte
worst-case assumptions, which leads to highly conseevat@and temperature-dependent bandgap energy [9]. As a result,
margins on technology parameters, like supply voltages. NBTI and HCI remains major reliability concerns for the
order to take full advantage of the technology improvemerifinFET devices and its circuits.

I. INTRODUCTION



¥ II. RELIABILITY MODEL FORNBTI AND HCI

> | A. Basic R-D Model
| . ol As mentioned before, NBTI and HCI are the physically
‘ lwe § origins for the Si-H/Si-O bonds breakage at the Si/Sitier-
i (s face. NBTI occurs in negatively biased transistors at éésl/a
] B i temperature. Holes from the inversion layer can tunneltingo
| 8 | (WIS ' gate oxide, break the Si-H bond leaving behind an interface
S0 trap. While in hot carrier injection process, the energetiat”

electrons accelerated by the lateral electric field in threnaclel

can inject themselves into the oxide near the drain and cause

an interface trap too. The H atom released in this process dif

fuses away from the Si/SiQnterface. Consequently, interface

charges are induced, raising the threshold voltage V
Conventionally, NBTI and HCI are modeled separately.

While it might be possible to evaluate these degradations
NBTI and HCI have been well studied and understood faidividually in experiments and testing, it is hardly to aegte

planar structure MOSFETSs. Traditionally, NBTI degradasio them in a real operating circuits. Therefore, when targesin

are modeled by Reaction-Diffusion (R-D) model [10]-[12]online IC lifetime management able to capture and predict

and HCI degradations are mainly modeled by "lucky-electroraging phenomena, a unified aging model is of interest as it re-

model [13]. HCI can also be modeled under R-D theorjuces the resource overhead and the complexity of mongtorin

framework as well [14], and a geometry-dependent unifigstocess.

R-D model for NBTI and HCI has been proposed for planar Given the initial concentration of the Si-H bonds, .87,

and surround-gate MOSFET [11]. However, for one thing, thgie net rate of increase in interface trap density is given by

model doesn't capture all the FinFET'’s features, e.g., tgh h INNBTT

aspect {{s;/Wg;) ratio. For another thing, the impact of NBTI I

and HCI degradations on the circuits performance has beten no dt

well studied yet, while general and accurate reliabilitydels Whereky and k, are the forward and reverse reaction rates,

for future circuit designs, especially for the lifetimeieddility =~ respectively. N }?) is the hydrogen density at the Si/SiO

management, would be extremely helpful. Furthermore, the Rterface.

D model uses threshold voltadé;, shift as a proxy of NBTI  The generated hydrogen species diffuse away from the

or HCI stress, while lucky-electron model uses peak sutestrénterface toward the gate, driven by the gradient of the itiens

current I,.,,. This will increase the computation complexityThe process is governed by the Fick's law, as follows

and resource consumption of the implementation for rdltgbi IN

management, because two different kinds of sensors for volt &YH _ Dy - V2Ny, 2)

age and current respectively have to be introduced. Sintte bo dt

degradations can be modeled under the same R-D framewd¥Rere Dy is hydrogen diffusion constant. This diffusion

a unified aging model of NBTI and HCI stress will give futureequation is geometry dependent, thus its solution reqéates

benifit on simplicity and efficiency for implementation. rication technology details for the device under consitiena

: . i.e., FINFET in our case.
In this paper, we propose a unified NBTI and HCI degra-

dation model for double-gate and triple-gate FinFETs. TH& Hydrogen Diffusion in Finite-Size Space

models fall under the R-D theory framework and captures According to [15] the interface trap generation rate is very
the FIinFET specific geometrical aspects. The proposed mogejwy, thus we can assume th&lV ;1 /dt ~ 0 and N;p < Ny,

unifies NBTI and HCI degradations, which simplifies th@ase in which Equation (1) can be simplified as follows:
simulation complexity thus makes it suitable for its utliion

in circuit simulation. Moreover, based on this reliabiliodel, NN}y ~ k—fNo. (3)

we also introduce a due to NBTI and HCI circuit performance er

degradation model that is able to capture and predict thegagi  Given that one hydrogen atom is associated with an interface
process inside the ICs. To validate our model we simulat&ep, the total number of broken Si-H bonds equals the total
NBTI and HCI degradation and compared the obtaifiggd hydrogen concentration in the gate stack, which resulten t
shift prediction with the one evaluated based on experiadentollowing interface trap density:

data. The simulations suggest that our model charactérize t epr(t)

NBTI and HCI process with accuracy and it is computationally Nir(t) = / Ny (z,t)dx, 4)
efficient, which makes it potentially applicable for lifete 0

reliability management schemes to be included in relighili where xpr(t) = f(Dg,t) is the length of the hydrogen
aware architectures. diffusion front.

Fig. 1. SOI FInFET Schematic View.

= k¢(No — Ni7) — ky Nyp N 1)



e Gate One can easily conclude from Equations (6) to (8) that the
Hard Mask - rate of traps generation is certainly determined by thecdevi
e Wsi— : structure.

1 C. NBTI and HCI in FinFETs
: z For a Double Gate (DG)-FInFET as depicted in Figuse 2
e e with a presence of hard mask on the top of the fin body, the
Fin Fin i degradation at the top corners can be neglected since tte har
mask is designed to eliminate the parasitic inversion cesnn

BOX BOX at there. With this assumption, we can consider that the DG-

FIiNnFET is equivalent with a normal planar double-gate devic
(@ (b) Thus, the hydrogen diffusion due to NBTI and HCI can be

Fio 2. Schematic view of fion for () Double-GatEET: (b) illustrated as in Figure 3. The NBTI degradation now happens
19. 2. chemaltiC view Or Cross section f1or (a, ouble-Ga 1 . et~ . . .
Triple-Gate FinFET. The main deference between these twatstes is that at POth Sldev_va" Sl/Sl@lnterface with 1-D hydmgen dlfoSI.OH,
Double-Gate FinFET has a thick dielectric hard mask on theofane Fin.  Using Equation (6) the interface trap density can be estichat

as follows:
Vg o Interface Trap Vg
@ Hydrogen
k¢ Ny 1
Gale Gaie ND& )= NP = [0 (p )1, 9
3; 3?_&“ 33 é = /: & IT,NBTI() 1T () ri ( H ) ( )
soucs si o E si :“\;—m‘] where N§' is the Si-H bond density available at the sidewall
00-0000-G000-DCO0-00 interface. We note inhere that the reaction rates k, and
ves ;:fe 89 oF g:!e 199 the diffusion front distanceéDy all have a temperate depen-
l dance, which can be expressed with the Arrhenius equation
o v k = Aexp(—E,/kpT).
a. NBTI b. HCI

For the HCI stress process, the hydrogen diffusion follows
Fig. 3. Interface traps generation and hydrogen diffusioDouble-Gate & 1-D rule in the velocity saturation region and a 2-D rule at
(DB) FinFET Channel (top-view): (a) NBTI in DB FinFET; (b) Hin DB the pinch-off point (see FigurebR In view of that, by using
FinFET. Equation (3), (6) and (7), and conducting a derivation simil
to the work in [16] for the DG-FIinFET geometrical structure,
For 1-D diffusion, the diffusion front can be expressed ale obtain the interface density due to the combination cfehe

epr(t) = v/Dit. Substituting this value in Equation (4) welWo diffusion processes as follows:

obtain: 1
2k NHCI 1 - (DHt) 2
VDt 1 Nizluer(t) = 7fk0 |:(DHt) e } ;
Npr(t) = / Nit(@, )dz = Ny (0)/Dat.  (5) : m
0 2 (10)
Inserting N, according to Equation (5) into Equation (3)Where Ly, is the velocity saturation region length. The

results in the following 1-D diffusion interface trap degsi initial "hot” carrier co_ncertration NG is giver_1 by
Noite—#ir/aAEm [,/ is the channel current density,

NP = ks No (Dyt)i. (6) s the critical energy for interface-state generatianis the
2k, mean-free-path and,, is the peak lateral-electric field [13].

The 1-D diffusion hypothesis is based on the assumptiénsimple approximation ofL,, can be expressed as follows
that the gate plane has an infinite extent relative to theslifh [17]:
front, thus the source of reaction is a 2-D surface. When éevic e
dimension shrinks or the geometrical structure changes, th L, = 5 Vbs + ¢6i — (Vbssat + ¢0)],  (11)
shape of the trap generation source can degrade into a line at qNa
the device edge or a dot at the corner, which give 2-D difiusiavhere N4 is the channel dopant concentratiop; is the
and 3-D diffusion of hydrogen, respectively. Solving Eqmat bulk potential, andpy; is the build-in p-n junction potential.
(4) in a similar way as above for 2-D and 3-D diffusionAssuming thatpy ~ ¢;;, we obtain
models, respectively, results in the following interfacapt

" . s
densities [16]: Ly, = q;\fA (Vbs — Vpssat)- 12)
_ ks Ny 1
Niz? 12fk (Dpt)?, (") In the case of Triple Gate (TG)-FIinFET, the corner effect

must be taken into account. In [16] the authors proposed a

3D wkyNo 3 model for TG-FIinFET, but it is for a square channel case in
Nir™ =\ g, (Pat)™ (8  which the equality of the width and height of the Si body



reaching some fractio® (in practice, this critical portion of

a parameter degradation is defined to be 10% [18]) of the
voltage threshold to be the End-of-Life, the aging statu$ an
its upper limit can be expressed as

Aging = AVin = Nyp(t) < P. (16)

th
B. Lifetime Reliability Management

5 i Lifetime reliability management implies two conceptsi-el
0 Vi Vi v, ability assessment and reliability prediction, which aseaxi-
(a) ated to the current and the future reliability status, retspely.
In order to implement an online reliability management
_— system, the current reliability status must to be firstly un-
derstood. The model we introduced in previous section is
L wmos assumed to work under a DC condition. From the perspective

THCH Stress
|

i
R
{HEI Stress
!

i

1 oaMos
THCT Stress
J

; of circuit operation, NBTI and HCI stresses have differémiet
s £ i windows. HCI stresses the device only during the switching
0 ®) t period when current flows through the channel, while NBTI
happens even when the source/drain voltage is zero. Thesstre
Fig. 4. Inverter NBTI and HCI Stresses Time Windows. time window for NBTI and HCl is illustrated in Figure 4 for an

inverter circuit. This stress time window is characteribgdhe
device duty cycle, which is application specific. Furtherejo
is assumed. Inhere we give a more generalized TG-FinFiBT| degradation has a well-known recovery subprocess when
model as follows: the stress is released [10]. In the work [19], the authorggive
e 2% ;NS 7 (Dut) 1 Fh.e relationship between AC and DC stress condition, which
Nipnpri(t) = Th {(DHt) T X

6Hg; + 3Wg;
(13) AN]T(AC) Qeff AN]T DC
where Hg; and Wy, are the height and width of the Si body, o 2
respectively. For this case the HCI interface distributvaii = / Gs(t
more complex due to the existence of the top gate in TG- \/to VG25 mazx

FinFET. To simplify the issue, we assume that the top gajgheret, is a sufficiently long time period such thiat > T,
causes a modulation of the velocity saturation region lngbng7,, is the cycle period. By combining Equation (16) and
by introducing a fitting parametex, case in which Equation (17) we obtain the following expression of the aging under

[N

thN,T(DC),(N)

(10) can be reformulated as follows: AC conditions:
2k N 7o (Dyt)]? AAging(AC) = ANz (AC) = aepy - ANy (DC).  (18)
NI Fror(t) = % [(D )2 + % . (14) (AC) 17 (AC) ff 7 (DC)

Thus, we can have the current aging status evaluated as
The threshold voltage degradation induced by interface ¢ " AV (AC)
charges is given by Aging = / dAdt = Z LIS (29)
0

5 Vin
qN1r _ qtoa N7 (1)
Co:r €ox HSiLg

wheret,,. is the gate oxide thickness,, is the oxide dielectric

constant, and, is the gate length. So far, we obtained the IV. RESULTS ANDDISCUSSION

reliationship between device paramelgy and interface state  \jith trillions of transistors on a single chip in modern

density. In principle};;, shift is proportional with the number |cs  the aging process will further degrade into a failure

of interface traps at the Si/SiOwhich is a good proxy for gjstribution, rather than in an analytical curve as pretidby

the aging status of the device. our model. Since in this paper we focus on the prediction®f th

Il L IFETIME RELIABILITY MANAGEMENT evolutiqn of the degra_dations ir_l time, we carry on the model
o ) o evaluation on one device only, i.e., an inverter as presente

A. Lifetime and Aging Definition Figure 4.

To an electronic device or circuit, the term "Lifetime” m@an The main parameters of our model are as follows: (i) the
the time until an important material/device parameter degs reaction rate constants;; and k., and the diffusion front
to a point that the device or circuit can no longer functiodistanceDy, all of them being temperature dependent. For
properly in its intended application. Hence, by definid;;, these parameters, the Arrhenius model is utilized thenfall o

AVip(t) =

(15) wheret; is thei!” time interval between two adjacent mea-

surements.



them turn to depend on an activation enejy, E,, andEy,
respectively. Those activation energies can be measured by

experiments and only depend on materials; (ii) the tectgyolo 1o’

and geometry related parameters, &.g., No, Na, Hg;, Wi, vt model
which values can be derived from technology specifications; A Ves=-1.4v

(iii) electronic parameters, which afés, Vpssat, Fms Lim ol © Vos=-1.3v

and can be calculated by SPICE alike models; and (iv) the
fitting parameters introduced in our model. They are the
modulation fitting parametek in Equation (14), which can
be extracted by HCI test for TG-FinFETs relative to DG- 107k
FinFETSs, and the AC effective activity factot ;¢ in Equation
(17), which is application specified and can be deduced via
application profiling.

AV

. .
10 10 10° 10* 10

To verify our proposal, NBTI and HCV,,, shift prediction stress Time (5
are evaluated based on experimental data in [1], [20], and
[21] and compared with the degradations predicted by our
model. We note that the fitting parameter values utilized in
the reliability model we proposed were derived based on
the technology definition and experiments . The results are
depicted in Figure 5 for NBTI and in Figure 6 for HCI.
Note that in the figures the solid lines correspond to the
predicted values while the individual points correspond to b o Whn=doom
values computed based on experimental data. One can observe © Whn=90nm
that our proposal provides a good accuracy when compared 1of o o
with data derived from experiments. Worth to mention that | o~ .
for NBTI we obtain a root-mean-square-error less than 2%. g
The HCI prediction is less accurate however, since HCl hasa =
dependence on the lateral electric field,{) and gate voltage, )
while NBTI just depends on the gate voltage only. In order i Y o
to improve the accuracy of HCI model, more precise model z—/
for the lateral electric field distribution and pinch-offnigth b
should be introduced and this constitute a future work sbje 0 2000 4000 6000 8000 10000

Stress Time (s)

Fig. 5. V5, Degradation due to NBTI.

o

By modeling NBTI and HCI stesses in a unified R-D
model framework, the number of fitting parameters in our
model decrease significantly, then it further simplifies the
parameter extraction model computation progress. Hence, a
higher performance can be achieved by our model when
comparing with other models, e.g., [22]. Furthermore, the
degradation caused by NBTI and HCI stresses is indicated
by a single proxy, i.e. threshold voltage shiftV;;, which
reduces the resource consumption of the implementation for
reliability management, since only one kind of aging seffaior
voltage have to be introduced. In view of that the proposed
model can be implemented with less resources and requires =
less computation effort, thus it enables a potential simuda- 3 2sp \ e o
itoring and prediction agent for reliability-aware comatin -3t
architectures and platforms. s T

Fig. 6. V;, Degradation due to HCI.

—e— V1oV

—a— V=13V [

Vin=0.2V

Tox=1.2nm

T = 300K

We also conducted a simple evaluation on the proposed
unified reliability model, which results are depicted in tig %o 2 ] s o é) ’ 10
7. From Figure 7, it can be observed that the shift increases persen e
fast initially and changes decreasing slowly after thatsTé
due to the power-law of the hydrogen diffusion rate, thewefo
the interface state generation rate.

Fig. 7.V}, degradation due to the combined effect of NBTI and HCI.



V. CONCLUSIONS

In this work we proposed a unified reliability model for
Negative Bias Temperature Instability (NBTI) and Hot Caurri

Injection (HCI) degradation specific for double-gate arnpler

gate FINFETs and circuits. The proposed model is based on

the reaction-diffusion theory and extends it such that itece

the FInFET specifics. Moreover we also investigated thauitirc
performance degradation due to NBTI and HCI in order to crgs6]
ate the premises for the utilization of our proposal in asisgs
and monitoring the Integrated Circuits (ICs) aging proc@ss |17
validate our model we simulated NBTI and HCI degradation
and compared the obtainet;, shift prediction with the [18]
one evaluated based on experimental data. Our simulati
suggest that the proposed model characterize the NBTI and
HCI process with accuracy and it is computationally effitien
therefore we are currently working towards its implemeatat [20]
into lifetime reliability management mechanisms to make pa

of reliability-aware architectures.
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