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In the present paper, we propose a new and physically based model for the negative bias temperature
instability. The proposed model can predict the most accepted features of the degradation such as fast deg-
radation recovery, as well as the long term recovery component. The field of negative bias temperature in-
stability is filled with models proposed by many research groups. Most reliable models converge around the
fact that the degradation is originated from two components; one of them is rapidly created and annealed
whereas the other is permanent. However, these reliable models diverge on the microscopic nature of the
two components and on the relation between them, especially whether they are correlated or not. Hydro-
gen, E' center, and Pb center are the most cited oxide defects to be the microscopic origin of the degrada-
tion. The fact that reliable and accurate studies end in contradicting results leads us to think that the
origin of negative bias temperature instability degradation is the same thing seen from different angles. In
this spirit, our model reconciles the two widely and experimentally proved features, which are hydrogen
diffusion in the oxide, on one hand, and hole trapping and detrapping by oxide defects, on the other hand.
This model predicts that both hydrogen and hole trapping/detrapping in the oxide defects play a key role in
negative bias temperature degradation. The fast component is ascribed to hole trapping and detrapping in
the oxide E' centers and interface dangling bonds generation. The permanent component is attributed to
the E' — H complex and limited by the back diffusion of the hydrogen in the oxide to passivate Pb centers.
One of the particularities of the proposed model is that the two components are both dependent (correlat-
ed) and independent (uncorrelated). During the stress period, the components are tightly coupled whereas
during the long-term recovery the components are decoupled.
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1. INTRODUCTION

Negative bias temperature instability (NBTI) is one
of the most longstanding reliability issues in CMOS
technologies. Actually, NBTI is one of the major limit-
ing factors of CMOS integration [1].

NBTI is the consequence of gradual and time-
dependent buildup of positive charges in the sub-
strate/oxide interface and/or in the gate insulator of a
MOS based transistor under the application of negative
bias and relatively high temperature. The generated
positive charges cause a shift in transistor parameters
such as threshold voltage, transconductance, sub-
threshold slope, etc. [2]. Some of NBTI distinguishing
signatures are the power law behavior during stress
period and fast recovery alongside with long-term deg-
radation that lasts for many decades [3].

Despite many attempts to model the degradation
have been developed, none of them gets the consensus
on the possible structures of the precursor defects. The
proposed models can be classified as follows [4-7]:

1 One component is related to hydrogen instabili-
ties in the oxide, which is often modeled by Reaction-
Diffusion (RD) model;

2 One component is related to hole trapping/detrap-
ping in the preexisting or stress-induced precursors;

3 Two independent components where the fast one
is related to hole trapping/detrapping processes and the
permanent one is due to hydrogen-related defects such
as Pb-H and/or E’-H complexes;

4 Two independent components that result from
generation and recovery of interface traps are modeled
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by the RD model, together with hole trapping and de-
trapping in oxide defects;

5 Two independent components where the fast one
is attributed to interface state passivation and the
permanent one is ascribed to hole trapping in Deep-
Level defects;

6 Two tightly coupled components where hole
trapping in the oxide trigger E’-H complex formation by
consuming Pb’-H and leaving a dangling Pb center
behind.

With the advance in measuring techniques of NBTI
[8], the assumption of one component is abundant and
most relevant results ascribe NBTI to two components;
one permanent and the other recoverable. The relation-
ship between the two components and their microscopic
origin is under heavy debate. In general, NBTI models
proposed in the literature are trying to answer the
following questions:

— Q1: What are the microscopic origins of the two
components? And which of them is permanent (slow) or
recoverable (fast)?

— Q2: What is the relation (correlation) between the
two components: coupled (dependent) or decoupled
(independent)?

In this paper, we propose a new physical based
model, which extends the two-stage model [7] to ac-
count the hydrogen diffusion in the oxide. The proposed
model answers to the above mentioned two questions.

— The degradation is originated from Pb centers at
the interface, E' centers in the oxide and E' — H com-
plexes in the border of the Si-SiOg interface. The fast
component is related to E' center trapping/detrapping,
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whereas the slow component is shared between E' — H
complex and Pb centers.

— The two components are coupled and decoupled
at the same time. They are tightly coupled during
stress and fairly decoupled during recovery.

In the remaining of this article, we will discuss the
steps to derive the mathematical equations of the mod-
el. In the model derivation way, we will highlight the
microscopic components that are created and annihi-
lated, and we will explain what we mean under coupled
and decoupled at the same time. The validity of the
model equations is checked using COMSOL Multiphys-
ics simulator and results are discussed.

2. MODEL DERIVATION

Fig. 1 shows all dynamics of the proposed model and
Fig. 2 illustrates the defects supposed to cause NBTI
degradation highlighting their energy distribution with
respect to the silicon substrate band gap. These two
figures will be heavily referenced during our steps of
model derivation.
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Fig. 1 — NBTI model dynamics: circles are stages of stress and
rectangles are rate of transformation
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Fig. 2 — Defects involved in NBTI degradation and their ener-
gy distribution with respect to the silicon band gap

Dynamics and mathematical derivation of our model
can be explained as follows.

2.1 Stress Period

During the stress period, the device is subjected to a
negative bias under relatively high temperature. This
period is characterized by the increase of channel hole
concentration which plays a major role in oxide trap
charging. In this developed model, the stress period
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passes through three stages as depicted in Fig. 1.

Stage zero of stress (S0): this stage represents the
device before stress. The NBTI related defect precursors
are taken to be oxygen vacancies. Oxygen vacancies
energy is distributed below the silicon upper valence
band energy (SO in Fig. 2). It is randomly distributed
from 1.4 eV to 0.32 eV below the upper valence band [9].

Stage one of stress (S1): Upon application of the
stress, substrate holes pile up near the Si-SiO2 inter-
face. Some of these holes acquire energy so that they
have a non-negligible probability to tunnel to the near-
by interfacial oxygen vacancies. Once an oxygen vacan-
cy captures a hole, the bond between Si atoms is bro-
ken and hence one Si atom becomes a positive charge
and the other stays neutral with one dangling bond.
This new configuration of the oxygen vacancy is called
E’ center with a positive charge (S1 in Fig. 2).

The creation of E’ center is accompanied by structur-
al relaxation, which leads the energy level of the defect
to shift. The energy of the newly created E’ centers lays
in the upper half of the Si band gap (S1 in Fig. 2). With-
in these energy levels, E' center has been positively
charged and it will play a crucial role in the trap-
ping/detrapping process of the proposed NBTI model.

By taking the oxygen vacancy concentration in the
oxide to be Nso [cm~3] and the newly created E' center
to be Nsi1 [em=3] (Subscript S represents stress; and 1, 2
for stage one and two respectively), the rate equations
of transformation are given by:

dN,

dtso = _Ksos1Nso @
dN

dtSl = Ksos1Nso (&)
x F?

T 2
Kgog = pU;hO'pe 0 e PEssi (B, — B, e v Fso) )t

where Ksos: is the rate of transformation from stage SO
to stage S1, p is the channel hole concentration, vi" is
the hole thermal velocity, g, hole capture cross-section,
B =1/KpT, AEgs, 1s the energy barrier that should be
exceeded then a hole will be captured by oxygen vacan-
¢y, Ego refers to the energy level of defects in state SO, F
is the electric field, Fe is the reference field for the mul-
tiphonon-field-assisted tunneling mechanism[7], and

_ﬁEso —_
9(Eso,e/’Eso,1)={e E,-Eg >0
1 E,-Eg<0

It can be noted that these equations are preliminary
and are subject to modification as long as the proposed
model is derived.

Stage two of stress (S2): Being in state S1, hy-
drogen atoms bonded to the interfaces can move to the
next E' center and form E' — H complex and leave be-
hind it an interface dangling bond Pb center, which
means that the formation of E' — H and Pb centers are
tightly coupled [7]. The new created E'— H complex
forms the permanent component of the NBTI.

Naming the E' — H concentration by Nsz, the rate of
generation of the latter is:
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dN,
52 = Kg15o:Ng1 > 3)
dt
KSISZ — Ue(’/]AEmsz*Esz*VF)

s

where Ksisz is the rate of transformation from stage S1
to stage S2, v is the attempt frequency, AEgs, is the
energy barrier that a hydrogen bond should overpass to
form the E' — H complex, Es is energy level of defects in
the S2 state and y is the field acceleration parameter.
Now, the rate of change of Nsi in equation (2) becomes:

dNg
dt

= Ksos1Nso - K3152N51 4

At the end of the stress period, three types of posi-
tive charges are created:

— E' centers: created during stage S1;

— E' — H centers: created during stage S2;

— N it interface states or Pb centers: created during
stage S2.

The created E' — H centers and Pb centers are tight-
ly coupled. Fig. 2 shows the energy distribution inside
the oxide band gap.

2.2 Relaxation (Recovery) Period

During recovery, the stress is removed and eventu-
ally a positive voltage can be applied. The relaxation
period is featured by the increase of substrate electron
concentration in the channel which will play a major
role in trap discharging.

Stage one of relaxation (R1): After removing the
stress, electrons pile up at the substrate channel. Some
of these electrons can rapidly tunnel back to the posi-
tive E' (stage S1) center and neutralize it. The capture
of an electron by E' center shifts the energy level of the
trap down near to the upper band of the silicon valence.

Being in this stage, a neutral E' center can rapidly
capture a hole from the valence band and becomes
again positively charged and its energy level shifts up.
E' center switches between two states: positively
charged if it captures a hole or neutral if it captures an
electron.

Taking Nr1 to be the concentration of neutral E’
center in stage R1 (R stands for relaxation and 1 for
stage one), the rate of change of Npiis:

dNpg,
dt

= KS1R1N81 - KRISINRl (6))

where Ksir: and Kris1 are the rates of transformation
from stage S1 to stage R1 and back from R1 to S1 re-
spectively which can be written as follows:

X

Tx,0 —PAE -B(Eg,-E,
KSlRl :nUZlUne *no @ P Mng(ESl _E’C’e P(Eg, (,))

and,

x

Kpg = pl);hO'pe %0 =P R1s1 O(E, —Eg, ’e*ﬁ(Ev —Ep, ))

For this stage, equation (4) becomes:
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dNg,
dt

=Kgo51Nso — Kg15:Ng1 =K1 N1 + Kpisi Ny

In this stage, an E' center that does not capture a hole
for a long time can recover back to an oxygen vacancy.

Taking this into consideration equations (1) and (5)
we obtain:

dNg,
dt

=-Kgo51Ngo + KpisolVm

and,

dNg,
dt

= KSlRlNSI - KRISlNRl - KRlSONRl ’ (6)

where Kriso is the rate of transformation from stage R1
to stage S0, which is given by:

BB,
Kpigo =ve 7m0

Stage two of relaxation (R2): Electrons in the
channel, depending on the temperature and the posi-
tive bias voltage, can acquire the necessary energy to
overcome the energy barrier and capture the positive
E' — H centers.

Being in the neutral state, E' — H complex has a
non-zero probability to be dissociated and release its
hydrogen in the oxide.

We argue that a positive E' — H complex has a ne-
glected probability to release hydrogen in the oxide.
Effectively, when the E' — H complex captures an elec-
tron from the silicon channel, the probability of releas-
ing its hydrogen increases. This fact can be understood
based on quantum mechanics principles.

The captured electron is located near the positively
charged Si atom of the Si-H complex. According to
quantum mechanics, the captured electron has a non-
zero probability to be near the Si atom that is passivat-
ed by the hydrogen. Where the electron weakens the
Si-H bond and hydrogen can be released into the oxide
due to thermal agitation. After releasing the hydrogen,
the E' — H complex returns back to a neutral E' center
(see stage R1 in Fig. 1 and Fig. 2).

Naming the species at this stage by Nre (hydrogen at-
oms in the oxide), the rate of change of Ngz is given by:

dN
71{2 = KSZRZNSZ ’ (M

x
%o ~PAEgyp: ~(Eg,~E,
KSZRQ = n/U;hUne *no o PA sszQ(ESQ _Ec,e P(Eg, c)) X

And equations (3) and (6) will be rewritten as:

dN,
7 32 = Ko15:NVs1 — KgapoNss »
t
dN
7R1 =KgimNs1 ~KpisiNg1 = KpisoNp + KgopaNas -

Stage three of the relaxation (R3): The released
hydrogen can diffuse into the oxide or came back and
passivate a silicon—oxide interfacial dangling bond. The
behavior is similar to what the RD model is in the re-
covery phase [10].
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Equation (7) becomes:

dN d’N
7}& = KgypolNgy + Dy dszZ -

K N.,Dg,(at x=0),

where Dpg is the hydrogen diffusion coefficient in the
oxide, K is the back interface reaction as defined in the
context of RD model, Ni; is the interface state concen-
tration.
At the end of this relaxation period, the recovery of
NBTI is the sum of three independent processes:
1- The capture of substrate electrons by positive
E'centers (stage R1);
2-  The capture of high energy electrons by the pos-
itive E' — H centers (stage R2); and
3- The back diffusion of hydrogen in the oxide to
passivate a Pb center (stage R3).
The final equations of the developed model are:

di:l]tso =-Kgs051Ns0 + KpisoV
dz;:tSl = Kg051Ns0 = Kg15:Ng1 = K1 i Vg1 + Kpisi Vg
d]c;:tsz = Kg155Ng1 =Ko Nsgo
d];[tRl =Ko mNe1 = KpisiNp = KpisoNpm + KsopaNgo
d];]f2 =KgypsNgy + Dy d;];}z —K,N;Dps (at - x=0)

The quantity of Nit can be obtained from:

dNit
dt

=-Kg5oNg + K,.N;Np,

The total shift of the threshold can be evaluated by:

t
AV :—q[T(px](Nﬁ +N82)dx+Nitj
Cox 0 tox

The final answers to the two questions initiated in
the introduction section are:

Al: The fast component is originated from the
switching behavior of E’ center. Positive E' centers are
created during stage S1 and annealed during stage R1.
Whereas the slow component is originated from E' — H
and Pb centers. The E' — H and Pb centers are created
during stage S2 and annealed during stage R2 for E' —
H and stage R3 for Pb centers.

A2: The creation of E' — H and Pb centers is highly
correlated with the creation of E' centers (Ksis2 trans-
formation) during stress period. Whereas annealing of
E', E'— H and Pb centers is totally independent pro-
cesses, they are annealed during relaxation stage R1,
R2 and R3 respectively.

3. RESULTS AND DISCUSSION

To validate the developed model, numerical simula-
tions on a pMOSFET structure with an oxide thickness
of 4 nm have been performed using COMSOL Multi-
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physics simulator [12]. Defect energy distribution and
barriers between states are predefined to follow a ran-
dom uniform distribution (except for the S1-S2 transi-
tion barrier for which it uses Gaussian-like Fermi-
derivative distribution) [9]. Table 1 gives the values of
energy distribution and barriers between stages as
used in these simulations.

The predictability of our model is investigated against
some of the most accepted features of NBTI in the literature.

3.1 Fast Recovery and Long Term Recovery

Fig. 3 shows the threshold voltage shift (AVi) evo-
lution during the stress at — 1.5V and relaxation at
0 V. The total NBTI threshold voltage shift is the result
of the superposition of interface trap generation contri-
bution and oxide hole trapping contribution for stress
period, and interface passivation and hole detrapping
for the recovery period.

The generation of interface state is strongly coupled
to the E'— H complex generation rate which results
from the transfer from stage S1 to stage S2. This corre-
lation between Ni and E'— H is lost during recovery
period because the released hydrogen (the byproduct of
S2 to R2 transformation) can diffuse freely into the
oxide and only hydrogen atoms at the interface are
responsible for interface passivation.

Our model predicts that the long-term NBTI recovery
is limited by the diffusion of the hydrogen atoms towards
the interface in concordance with many experimental re-
sults that highlight the role of hydrogen diffusion in NBTI
degradation. In contrast to our model, the Two-Stage mod-
el fails to predict this long-term recovery of NBTT [7].

Table 1 — Energy distribution and barrier used in simulation

Stage Energy spread Barrier Energy spread
[eV] [eV]
S0 (Oxygen |Esomin | —1.14 S0S1 Esosy min | 0.01
vacancy) Esomax | —0.31 Esos1 max |1.14
S1 (positive [Es1 min 0.57 Esise mean |1.46
E’ center) Es: max 1.11 S152 Esis2 std. dev | 0.44
S2 (E'-H |Esz min 1.13 S1R1 Esipimin | 0.4
complex) Ess max 2.13 Esipi max | 0.4
R1 (neutral [Er min 0.1 Eris1 min 0.4
E’ center) Eri max 0.55 R1S1 Eris1 max 0.4
R2 (free - - R1S0 Eriso min 0.7
hydrogen) - - Eriso max 1.2
R3 (Pb .
ceniers) B B S2R1 Esmmin | 0.3
Eseri max | 0.9
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Fig. 3 — Time evolution of threshold shift for 1000 s of stress
at — 1.5 V followed by 1000 s of recovery at 0 V
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Alongside with the long-term recovery prediction ca-
pability of our model, it also succeeded in reproducing
the fast early recovery of the degradation. It is the fast
switch between Stage S1 and Stage R1 and back forth
that is the behind the fast recovery of the NBTI.

3.2 Power Law and Time Exponent

Our model predicts that the NBTI degradation fol-
lows a power low characteristic with time exponent of
0.26 as illustrated in Fig. 4. Although a 0.25 time ex-
ponent is reported in the literature, the 0.16 time ex-
ponent is the most accepted by researchers in the field
especially after the introduction of ultra-fast measure-
ment technique and on-the-fly ones.

0.2 P

o1f T

Delta_ v
\

0.05F =

0,02 _—

0ol

"1

R AT A A N L
10% 107 107! 10° 10! 10?
Time (s)

Fig. 4 — Threshold shift in a log-log scale. The extract power
law time exponent is 0.26

3.3 Stress Voltage and Temperature Dependence

Fig. 5 and Fig. 6 show that our model is able to pre-
dict the stress voltage sensibility of the NBTI degrada-
tion as well as its temperature dependence. The stress
voltage dependence is attributed to the exp(F2/Fc2) in
the rate of transformation from SO to S1, whereas the
temperature dependence of the NBTI is included in the
energy barriers that should be exceeded to transit be-
tween stages.
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V 1iif cTaTTi MPOIIOHYETHCSA HOBA (PIBMUHO OOIPYHTOBAHA MOMIEJIb JJIST HETaTUBHOTO 3MIIEHHS TeMIIepa-
TypHOI HecrablipHocTi (NBTI). BanpomonoBasa mozmesb Moske mepea0avuTy HANOLIBIN IIPUAHATHI 03HAKK
BUPO/KEHHS, TAKl K IIBHIKE BITHOBJIEHHS BUPOI/KEHHS, 4 TAKOYK KOMIIOHEHTH TPUBAJIOTO BIIHOBJICHHSI.
Tloste HeraTWBHOrO 3MIIMEHHS TEMIIEPATYPHOI HECTAOIJIBHOCTI OIMMCYETHCS MOJIEJISAMU, 3AIIPOIIOHOBAHUMU
baraTbMa JOCTITHUIBKUMA TPyHaMu. BiabnricTh HAMIHHUX MOJEIeH CXOAATHCS HABKOJIO (DAKTy, 10 BUPO-
I3KeHHs B1IOyBaeThes 3 JBOX KOMIIOHeHTIB. OqHAaK 11l HaAIHI MOesl pO3XOJAThCS 38 MIKPOCKOIIIYHUM Xa-
paKTepoM JBOX KOMIIOHEHTIB 1 3a 3B'SI3KOM MIsK HHMH, 0COOJIMBO HE3aJIEKHO BiJ] TOr0, KOPeJIbOBAHI BOHUA UK
ui. Bonens, E' nientp, 1 Pb 1enTp € Haifyacrimnie 3raJlyBaHUMU OKCHUIHUMHU JTeeKTaMU, K1 € MIKPOCKOIIY-
HUM JIPKepeJioM BUpPOKeHHs. To# akr, 1o HaIIfHI 1 TOYHI TOCTIIIKeHHS 3aKIHIYIOThCSA CYyIIePeITMBAUMEI
pe3yabTaTamMu, 3MyIIye HAC JyMATH, I0 IPUYNHA HeTaTUBHOTO 3MIMIEHHS TeMIIepaTypPHOI HecTablabHOCTI —
1Ie Te K came, 0 BUIHO INJ] PI3HUMHU KyTaMu. ¥ IIbOMY JIycCi HAIlla MOJIeJIb IIOeIHY€ OBl IIMPOKO 1 eKCIIepH-
MEHTAJILHO JI0BEIEHI 0COOIMBOCTI: Audy3io BOAHIO B OKCHII, 3 OJHOT0 OOKY, 1 3aXOIJIEHHS Ta BUIAJICHHS JTi-
POK OKcuIHMMU mederramu, 3 iHmoro 6oky. Lls Mmomens mepenbadae, 1Mo K 3aXOIJICHHS, TAK 1 BUBLIBHEHHSA
BOJHIO 1 JIPOK B OKCHIHUX JedeKTax rpaioTh KJIOUOBY POJIb B HETATHBHOMY 3MIIIEHHI TeMIIepaTypHOI He-
crabipaocTi. [lBuaKa cKIam0Ba MMOB'sI3aHA 13 3aXOIJIEHHAM 1 BUBLJIBHEHHSAM JIIPOK B OKCHUIHUX E' IeHTpax
1 I0sIBOI0 00IPBAHMX 3B'SI3KIB HA Meski poa3miay. [locTiiHUI KOMIIOHEHT BITHOCHATBCS 0 KoMmiuiekcy E' — H 1
00MesKeHU 3BOPOTHOIO TUdy3i€l0 BOIHIO B OKCH/Il JJIs macuBariii reutpis Pb. Ogua 3 ocobauBocTelt 3ampo-
TIOHOBAHOI MOJIEJII TI0JIATa€ B TOMY, IT[0 00M/IBA KOMIIOHEHTA € 3aJIeKHUMHU (KOPEIH0BAHUMMU) 1 He3AIeKHIUMU
(aeropesrboBaruMU). [IpoTarom pobouoro mepiory KOMIOHEHTH TICHO ITOB'S3aHl MK 00010, TOJII SIK ITiJT Yac
TPUBAJIOTO BITHOBJIEHHS KOMIIOHEHTH He IIOB'SI3aHI MI3K CO00I0.

Knrouori cioea: NBTI, HecraGinbhicts 3mimeHHs, 3aXOIJIeHHS TIpoK, Peakiiiino-nudysiliHa Mojesb,
JIBocTymieHeBa MoeIb.
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