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The impact of negative bias temperature instability (NBTI) can be ascribed to three mutually uncorrelated factors, in-
cluding hole trapping by pre-existing traps (AVyr) in gate insulator, generated traps (AVor) in bulk insulator, and interface
trap generation (AVir). In this paper, we have experimentally investigated the NBTI characteristic for a 40-nm comple-
mentary metal-oxide semiconductor (CMOS) process. The power-law time dependence, temperature activation, and field
acceleration have also been explored based on the physical reaction—diffusion model. Moreover, the end-of-life of stressed
device dependent on the variation of stress field and temperature have been evaluated. With the consideration of locking
effect, the recovery characteristics have been modelled and discussed.
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1. Introduction

Negative bias temperature instability (NBTI) has become
one of the most critical reliability issues with the CMOS tran-
sistor scaling down.!! It triggers the degradation in device
parameters such as threshold voltage (AVr), linear or satura-
tion drain currents (Alys ), transconductance, subthreshold, and
thus deteriorates the performance of circuits and systems over
time. [>~!

The physical mechanisms of NBTI have been fully
studied and then several comprehensive models have been
proposed. =8 The NBTI effect can be attributed to three mu-
tually uncorrelated components. They are the interface trap
generation (ANjt), the hole trapping in pre-existing defects
(ANgr), and the oxide bulk trap generation (ANot). ANt
is explained by the double interface reaction—diffusion (RD)
model. %8 ANy is thought to be a fast component, 8101 and it
can be described by the two-energy-well model.!®!!) ANgy in
SiON bulk is strongly dependent on voltage drop across SiON
interlayer (IL) and it is negligible for HKMG devices and low
field scenarios.[® During the stress phase, ANyt may fully sat-
urate within several seconds, while AN and ANoT manifest
themselves as power-law ramping. During the recovery, a part
of the interface traps will be annealed by fast electron captur-
ing in several seconds, and followed by the slow recovery of
the remaining RD generated traps.!®!?! The slow recovery of
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NBTTI is driven by the back diffused hydrogen molecules (Hy).
However, the locking effect cannot be ignored, some of the re-
leased hydrogen (H) species during the stress can be trapped
and these H species are considered to be locked and will not
be involved during recovery. [®!

In this paper, the H, locking effect has been involved in
characterizing the NBTTI effect for a 40-nm CMOS process.
The NBTI effect of 40-nm CMOS process under different
stress voltages (Vg_str) and temperatures (7') have been ex-
perimentally studied, then the time exponent (n), activation
energy (Eja ), and field acceleration (I';) have been thoroughly
investigated. Moreover, the long-term recovery of NBTI effect
has been described by the comprehensive models.

2. Experiment and devices

In order to distinguish the ANpr contribution from
NBTIL, the thick oxide (fox = 2.43 nm) p-MOSFETs (W /L =
9 um/9 um) have been chosen to sustain the higher stress
voltages (Vg_str = 1.8 V and 2.3 V). Besides, lower volt-
ages Vgstr = 1.1 V, 1.3V, and 1.5 V) have been applied
to the other set of p-MOSFETs (W/L = 1 um/1 um) with
thinner oxide (t,x = 1.75 nm). The different temperatures
(T = 125 °C and 85 °C) have been applied, and both the
stress and recovery last for 10* s. The initial threshold volt-
age (Vo) of each p-MOSFET has been extracted using the
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constant current method. The drain-to-source voltage (V) is
kept to 50 mV and gate-to-source voltage (V) increases until
Iys reaches 40 x W /L (nA), then Vrp can be obtained by Ves.
To measure the drain current shift (Alys) caused by the NBTIL,
the MSM (measure-stress-measure) method has been adopted.
Given the fresh drain current I450, Al4s can be transformed to
AV by!'?)

ds

- (Vo_str — V10)- (1)

3. Long-term NBTI degradation
3.1. Degradation characteristic

As mentioned before, NBTI degradation is composed
of three mutually uncorrelated underlying components AN,

ANygT, and ANpr. Time evolution of these three components
can be expressed as the analytical equations as shown in Ta-
ble 1.17:1%151 ANiT and ANyt are dependent on identical elec-
trical field (Eox) and Arrhenius T activation. The activation
energy for ANyt includes the forward breaking (Eakg), the re-
verse annealing (Eagr) of Si—H bonds, and the H, diffusion
(Eapm2).!"*! Time evolution of ANor has a stretched exponen-
tial form with Arrhenius 7 activation Epor and power-low

[15

voltage acceleration factor Ior. I Note, the fitting parame-

ters Bor and 7N are also listed in Table 1. The interface trap
generation ANyt can be described by the double interface RD

1189

mode ! The first interface refers to the Si/SiO, interface

and the second involves the SiO,/poly gate interface.

Table 1. NBTI models during stress phase.

Calculation: NBTI degradation in stress

AVy = ci x (ANpr -+ ANyt + ANor)
0X

E 2 E,
ANt = AEox eTTTEox) exp <*%>11/6: Eox = (Vo —Vio — AVr) /tox  Earr = g(EAKF — EAkR) + %

E
ANyt = BEoy elHrEox exp ( - I‘:;IT )

ANot = C(1— e =P 1 (v — v — Avy)—Tor/Bor exp (M)

kT Bor

A, B, C, It (= Itit) and Eakp are fitting parameters

Eaxkr = 0.2 eV, Expmz = 0.58 eV, Eapr = 0.052 eV, Eaor = 0.16 eV, Bor = 0.33, Ior = 10, 1 =5 x 10'?

The X—H bonds are mainly located at the Si/SiO; inter-
face, where X may be silicon, nitrogen, oxygen, or differ-
ent oxygen vacancy-related defects. During the NBTT stress,
the holes in the inversion layer tunnel into the interface and
get captured in Si—-H bonds. The corresponding covalent
bonds get weakened and can be easily broken by the thermal
process.!8! Then, the broken Si—H bonds release H atoms that
diffuse towards the poly gate and react with X—H to form H»
molecules. The diffusion of H, determines the time evolution
of ANt for a long stress time (fy), and shows a power-law
time dependence with an exponent of 1/6, as shown in Table 1.

Figure 1 compares the time evolution of the measured
data and the model calculation for different devices. The to-
tal degradation is divided into ANit, ANgT, and ANor. Fig-
ures 1(a) and 1(b) show the degradation of 9 pumx9 pum device
under 1.8 Vand 2.3V, (¢) and (d) show 1 pumx 1 pm device un-
der 1.1 V and 1.3 V, respectively. These thinner devices cannot
survive in high V5_sTR, and the degradation under low voltage
at T = 85 °C seems pretty small. Therefore, the higher tem-
perature up to 125 °C has been used to accelerate the degrada-
tion. Then, similar degradation for two different devices has
been achieved. ANyt gets saturated and keeps constant after
several seconds. When the stress voltage lower than 1.8 V is

applied, it is believed that ANt plays a dominant role in the
NBTI degradation, shown in panels (a), (c), and (d). ANot can
be ignored for Vg_str = 1.1 V and 1.3V, it is believed that low
oxide field is not enough to trigger the oxide bulk trap gener-
ation. Whereas, the contribution from ANgt gradually dom-
inates the degradation when the Vg gTr continues increasing.
ANor is identified to be due to impact ionization and hot-hole
generation in the substrate, which is triggered by hot electron
injection from the gate cathode. Though ANyt is mainly re-
sponsible for NBTI for a vast majority of cases, ANot domi-
nates the overall degradation for stress at high Vg_sTR. [16] Both
ANpt and ANt manifest themselves as a power-law function
of time. When Vg_str is elevated up to 1.8 V, the contri-
bution from ANgr is about 16% of the total degradation at
10* s. Given VG.str = 2.3V, the relative contribution is up to
58%. In contrast, the contribution from ANjT continues to de-
crease with Vg _gTRr increasing, giving 89% @ Vg.str = 1.3V,
73% @Vs_str = 1.8 V, and 58% @V5 sTr = 2.3 V. Figure 2
also shows a good agreement between the measured data and
the calculation for other devices and stress conditions. Note
that only the total degradations have been given, here the indi-

viduals of ANoT, ANyT, and ANyt are not shown.
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Fig. 1. Experimental AV, the model calculation and the underlying components under different stress conditions.
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Fig. 2. Time evolution of AVt and the model calculation under different
stress conditions, the extracted parameters: (¢/Cox)-A = 0.96 (1/cm-s!/®),
(g/Cox) - B = 0.141 (1/cm), C = 0 (ANor is negligible at low voltage),
I = 0.54 (cm/MV), Eagr = 0.207 (eV).

In order to investigate the time evolution of each subcom-
ponent, the relative contribution of each one under different
VG_str, T, and ty have been analyzed. Figures 3(a), 3(b), and
3(c) show the relative contribution under different Vg gTr at
10*‘s. As Vg_sTr increases the relative contribution of ANgt
goes up, whereas ANt have the opposite tendency. Their cross
points locate at 2.4 V, 2.15 V, and 2.05 V for 25 °C, 85 °C, and
125 °C, respectively, and they may decrease as the temperature
is elevated. Figures 3(d), 3(e), and 3(f) show the relative con-

der different stress times but at the same temperature (85 °C).
Longer fg, faster ANiT descending. The longest 7, leads to
the largest ANyt at small Vg _sTR, giving 95%. With Vg _sTR in-
creasing from 1.3 V to 2.3 V, the longest #, drops to less than
30%. The root cause is that the generation rate of ANgt over-
whelms ANt with Vg_str ramping, ANor shows a stronger
bias dependence than that of ANyT, see Fig. 3(f). Since ANyt
is easy to saturate it plays a more important role at smaller #g,
as shown in Fig. 3(e).

The device lifetime 7 is defined as the time when the de-
vice drain current reaches 10% relative degradation. Figure 4
shows the relationship between the device lifetime and the ini-
tial oxide field (Eox = (Vo_sTR — V10)/fox) based on our ex-
tracted parameters. It is suggested that log(7) is a linear func-
tion of Eq, larger Eyx and/or higher T lead to shorter lifetime.

3.2. Analysis of NBTI parameters

To better understand the NBTI features in 40-nm pro-
cess, time exponent n, Arrhenius temperature activation Ea,
and power-law oxide field acceleration Ig have been explored.
The experimental data are from the p-MOSFETSs with thin gate
insulator and low stress voltage, thus ANt dominates the long-
term degradation in which ANgr is excluded.
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Fig. 3. (color online) (a)—(c) Relative contributions from ANyt, ANgt, and ANgt versus Vg_str under different T at fg = 10 s, (d)—(f)
Vi_str dependence of the relative contributions from each subcomponents for different f, at given 7' = 85 °C.
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Fig. 4. Lifetime under different Eox and T based on the extracted pa-
rameters.

3.2.1. Time exponent

The power-law time exponent is of vital importance as
it determines the extrapolation from the measured data to the
lifetime of a device. Across a large variety of devices and cir-
cuits, n is observed to be a universal parameter which approx-
imates 1/6.117] 1t is found that measured data of AV versus f;
are parallel to each other for different E,x and 7 when plotted
in log-log scale, and n can be calculated from AVt time evolu-
tion by linear regression in fg = 100 ~ 10* s. Figure 5 shows
the relationship between n and Ey, and it also implies n = 1/6,
which is consistent with the physical explanation. Note that,
in this extraction, AVyr (= ¢*ANyt/Cox) saturates, AVor is

excluded due to low Vi _str, and AVit (= ¢*ANt/Cox) plays a
dominant role.
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Fig. 5. Extracted time exponent n ~ Ey.

3.2.2. Temperature activation

Figure 6 shows our measured AVt and the reported
Al /Idsollg] as two functions of stress temperature 7 for a
given tg,. NBTI degradation has a linear relationship with
1/kT in semi-log scale, where k is the Boltzmann constant.
As equation (1) shows, AVr is proportional to Alys/lgso and
therefore, Ea can be extracted. The extracted Ea (0.089 eV)
from our experimental data is close to 0.096 eV which is
reported.['8] Hole trapping subcomponent AVyy (0.052 eV)
has a lower activation energy compared with that of AW,
and thus AVyr reduces the overall equivalent E5. However,
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because AViT dominates the long-term degradation at lower
Vostr (< 1.8 V), the overall E, is determined by AVit. Ac-
cording to RD theory, AVt time evolution is controlled by
molecule H, diffusion and shows an activation of Eapgz ~
0.6 eV.!"! Since Si—H bond dissociation and passivation are
similarly activated, Epxp is approximately equal to EAkgr.
The temperature activation at given fy, would be described as
Earr & EapH2/6 =~ 0.1 eV, seen in Table 1. Consider the con-
tribution of AVyr, Ea of overall AVt will be close to but lower
than 0.1 eV, which is consistent with the discussion above, giv-
ing the extracted Ep of 0.089 eV.

35 35
30 330
25EF el j25
Q. Ex~0.096 eV
20F T e 320
RSN IS
Z 15 . O {15 5
E . \\\\ 1”
4 1ok EA~0.089 eV < 110 :’1’
¢ measured data
0 measured data from [18]
— model
5F - - fitting line 15

27 28 29 30 31 32 33 34 35 36
(1/kT)/eV—1
Fig. 6. Measured AVr and Alys /450 as a function of T at given fg-.

3.2.3. Field acceleration

The oxide field dependence of AVt and AWyt originates
from holes in the inversion layer tunneling to Si—H bonds and
pre-existing traps.®! AVir and AVyr are proportional to the
term of Eoy - exp(I" - Eox). Assume ANjr and ANyt have the
same field acceleration factor, giving Itt = I'ygr, for simplic-
ity and generality, the field acceleration factor Ig of overall
degradation has been extracted. Figure 7 shows that the NBTI
degradation under different temperatures have the identical I,
different temperatures have the similar I'g ~ 3.55.

— model \Y,
100k ¥ measured 125 °C

O measured 85 °C
>
g
~
§ 1
4 I slope: [5~3.55

|
10

4 5 6 7 8 9 10
Eox/(MV/cm)

Fig. 7. Measured AVy and model prediction at ty, = 10* s for varying
Eox.

4. NBTI recovery

In the double interface RD model,[®39] the slow recov-
ery is described as a Hy molecule diffusing back from poly
to the gate insulator and reacting with the broken X~ to form
X-H bonds. The resultant H atoms diffuse towards the inter-
face of SiO,/Si to form Si—H bonds. The X-defects are ran-
domly distributed in the gate insulator and H, molecule needs
to hop around until it is captured. With the passivation of bro-
ken X~ continuing, the probability of H; finding an available
defect decreases over time and the hopping of H, molecule
would last longer. This physical process can be character-
ized by slowing down H, diffusivity over time.!®!!) Further-
more, some released H species may be locked in traps or get
out of the system and thus a fraction of degradation remains
permanent. (6,191

During NBTI recovery phase, hole trapping in ANgT and
ANor can rapidly recover within several seconds.[?%1 A frac-
tion of ANt below the Fermi level may capture electrons, be-
having as a fast recovery. On the other hand, the remaining
broken bonds above the Femi level may be passivated by the
back-diffused H, and H. The slow recovery of NBTI degrada-
tion is mainly contributed by the passivation of interface de-
fects with back diffusion of Hy.[2!! In general, the total recov-
ery consists of three uncorrelated components, they are 1) fast
recovery of AVt and AVpr, 2) fast electron capture by par-
tial AViT (AVit1), and 3) slow recovery of the remaining AVt
(AVir2).[!

Table 2. NBTI model for recovery.

Calculation: NBTI degradation in recovery

AVt = AViT1 + AVira + AVt
¢\ Pec
AViT((t) = AViTo - FRAST - €XP [— ( > }

TEC

&t

tsr 1

AVir2 (1) = AVimo (1 — FrasT) (1 — @) (1 -

¢\ Prec
AVHT (t) = AVHTQ - eXp [7 <ﬁ> :|

) +AVito(1 — Frast) @

Tec, BEC, TREC, BrEC, &, FrasT, and o are fitting parameters

In this work, an analytical model derived by the RD the-
ory considering Hj locking effect has been adopted to describe
the time evolution of AVir», as shown in Table 2. AVt and
AVirro are the initial degradations before recovery and can be
calculated by the model in Table 1. FgagT is introduced to de-
scribe the fraction of ANyt which rapidly recovers, the term
of AViro - Frasr is the fast recovery, and AVirg - (1 — Fgast) is
the slow counterpart. Furthermore, the factor « is also intro-
duced to account for the unrecovered AViT2. When the recov-
ery time is less than the stress, giving frec < fgr, the factor &
manifests itself as a constant.??) The analytical solution of the
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fast recovery components AViT; and AVyt have been listed in
Table 2.[923] Note that the contribution from AVgr has been
ignored because the applied Vg str is not enough to trigger
the oxide bulk trap generation.

— AVy —AVIry — AVar — AV
12t @

F 0 T=85°C, Vgstr=11V, Vg rec=0V

T T e e S S S S L L L
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Fig. 8. (color online) Time evolution of measured AVt (symbols) under
different conditions for NBTI recovery. Overall model prediction for
AVr and underlying AViT;, AVit2, and AVt subcomponents are also
shown.
Figure 8 shows the time evolution of measured AV after
NBTI stress for different Vg_str and temperatures. The cal-

culated AVt and its underlying subcomponents have been ex-

100

tracted. AVit; and AVyt fully recover within several seconds
and AVit; determines the long-term recovery process. Note,
during the recovery the stress voltage is withdrawn and the
temperature is kept. The relative contributions of AVity, AVyr,
and AVt are different as shown in Fig. 9. When the stress
time is smaller, the contribution from AVyr will be larger and
the overall degradation will recover faster. The shorter the
stress time, the larger the relative AVyr, Given ty as 100 s,
10 s, and 10° s, the contribution of AVir; in the remaining
overall degradation achieve 95% at t,. of 800 s, 40 s, and
8 s, respectively. Since the difference between AV, and AVt
is smaller than 5%, the slow recovery due to AV, begins to
dominate the long-term degradation at 796 s, 38 s, and 8 s.
In general, AVir dominates the overall degradation and then
slows the recovery.

Figure 10 shows that the time evolutions of measured AVt
adhere to the model prediction well under different stress con-
ditions. It is found that about 44% of the degradation accu-
mulated during the stress recovers at the time t,c = 5 X 103 s

across different conditions. Given T = 85 °C, the recovered
percentages are 43.38% @Vg str = 1.1 V, 44.3%@V5 . sTR =
1.3V, and 43.8%@Vg_str = 1.5 V at tee = 5 x 10° s, respec-
tively. When 7' = 125 °C, Vg_str = 1.1 V has a 45.2% recov-
ery proportion at frec = 5 X 103 s, while Vg stk = 1.3 V has
43.0%.

80

60}

40

Relative contribution/%

60F

Relative contribution/%
IS
S

tstr/s tstr/s

Fig. 9. (a)-(c) Relative contributions of the remaining AVir;, AVyr, and AViT; to the overall degradation, (d)—(f) relative contribution of
the remaining AVr, AV, AVhr, and AVir; to their initial degradation AV, respectively, for different NBTI stress times at T = 85 °C,

VG,STR =1.5 V, and VGREC =0V.
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50 Ve rec=0V
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O T=85°C, Vg_srr=13V
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Fig. 10. The experimental AV, and analytical model prediction under
different conditions, the parameters of the analytical model are given as
(1—Frast) (1 —a)&'/2 = 0.4, and Faast = 0.16, Tec = 0.8, Brc = 031,
TrRec = 0.5, BREC =0.128.

5. Conclusions

With the comprehensive stress/recovery models, the long-
term NBTI degradation in 40-nm process has been thoroughly
studied. Based on the experimental data, the relative contribu-
tions from ANiT, ANgr, and ANpt have been analyzed. Time
exponent, Arrhenius temperature activation, and power-law
oxide field acceleration have been extracted, given as n ~ 1/6,
Ea ~0.089 eV, and I ~ 3.55. During the NBTI recovery, the
characteristics of each subcomponent have also been described
and discussed. It can be concluded that the NBTI characteris-
tic of 40-nm process can be well described by the comprehen-

sive models and our extracted model parameters.
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