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Temperature-Aware NBTI Modeling Techniques in Digital Circuits*

Hong LUO'®, Nonmember, Ya WANG ™Y, Member, Rong LUO", Nonmember, Huazhong YANG', Member,

SUMMARY  Negative bias temperature instability (NBTI) has become
a critical reliability phenomena in advanced CMOS technology. In this
paper, we propose an analytical temperature-aware dynamic NBTI model,
which can be used in two circuit operation cases: executing tasks with
different temperatures, and switching between active and standby mode. A
PMOS Vi, degradation model and a digital circuits’ temporal performance
degradation estimation method are developed based on our NBTI model.
The simulation results show that: 1) the execution of a low temperature
task can decrease AVy, due to NBTI by 24.5%; 2) switching to standby
mode can decrease AV, by 52.3%; 3) for ISCAS85 benchmark circuits,
the delay degradation can decrease significantly if the circuit execute low
temperature task or switch to standby mode; 4) we have also observed the
execution time’s ratio of different tasks and the ratio of active to standby
time both have a considerable impact on NBTI effect.

key words: negative bias temperature instability (NBTI), temperature, re-
liability

1. Introduction

As semiconductor manufacturing migrates to more ad-
vanced technology nodes, accelerated aging effect for
nanoscale devices poses as a key challenge for designers to
find countermeasures that effectively mitigate the degrada-
tion and prolong system’s lifetime. Negative bias tempera-
ture instability (NBTI) is emerging as one of the major reli-
ability concerns [1]. NBTI significantly shifts the threshold
voltage Vi, on the order of 20-50 mV for devices operating
at 1.2V or below [2]. Previous research showed that Vi,
shifts due to NBTI is expressed as a power-law time depen-
dence [1], [3], and this aging-induced parameter variation
has a negative impact on circuit performance. At the 65nm
technology node, after the aging time of 10°s arising from
NBTI, the variability of circuit delay can reach up to 15%
[4].

NBTI phenomena occur when the PMOS transistor is
negative biased. Under the negative bias, the Si-H bonds
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(which are formed during the manufacture procedure) cap-
ture the holes tunneling from the inversion layer, which
causes the dissociation of the Si-H bonds and yields inter-
face traps. As a result of the interface traps, the thresh-
old voltage of PMOS transistor is shifted, carrier mobility
and drain current are reduced [5], and then the performance
degradation occurs [6]-[8]. The NBTI phenomena can be
classified as static NBTI and dynamic NBTI. Static NBTI
is under the DC stress condition, and the detailed physical
mechanism was described in [9]. The impact of electric and
environment parameters (such as electric field across the ox-
ide and temperature) on the interface trap generation was
studied in [10], [11]. Dynamic NBTI under AC stress con-
dition leads to a less severe parameter’s shift over long time
because of the recovery phenomenon [6], [11]-[13].

Prior works in analyzing and mitigating performance
degradation due to NBTI can be classified into two cate-
gories:

o NBTI modeling and analysis. Many analytical mod-
els for circuit performance degradation due to NBTT have
been proposed recently [7], [8], [14]. The impact of NBTI
on the worst case performance degradation of digital cir-
cuits was analyzed in [15]. An analytical model for multi-
cycle dynamic NBTI was proposed in [16], where a recur-
sion process was used to evaluate the NBTI effect. A pre-
dictive NBTI model is proposed in [17], [18], the effect of
various process and design parameters were described.

e Circuit optimization to mitigate NBTI effects. The
circuit delay optimization and reliability improvement
based on the previous analytical circuit degradation mod-
els were also studied. In [19], a gate-sizing optimization
technique was used to guarantee the delay of the circuit.
An NBTI-aware design for SRAM read stability was pro-
posed in [8]. Various circuit design techniques, such as
Vaa/ Vi tuning, were investigated [17]. A technology map-
ping technique that incorporates the NBTI effects was
presented in [20] based on the model in [16].

Analytical NBTI models were useful in circuit analysis
and optimization for NBTI effects. In previous analytical
NBTI models [16]-[18], the circuit temperature was con-
sidered to be constant (about 400K) during the circuit op-
eration. However, the temperature of the circuit is variable
during the circuit operation, and an analytical model con-
sidering arbitrary temperature variation for static NBTI was
proposed in [21], but the relaxation phase of NBTI effect
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was ignored in the derivation, and this model lead to com-
plex transformation in the calculation. Therefore, we con-
sider two simpler but practical cases in our paper (based on
our previous simple NBTI modeling work [22], [23]): a) the
circuit operates all the time, but executes different tasks with
different load, then the temperature varies between the tasks;
b) the circuit operates in two modes: active and standby
mode, thus the circuit temperature varies periodically be-
tween a high temperature and a low temperature. In both
cases, the relaxation phase are included in our derivation,
and we propose an analytical threshold voltage degradation
model for dynamic NBTI effect considering the temperature
variation on account of these two cases.

Our contribution in this paper distinguishes itself in the
following aspects:

e We propose analytical models to estimate PMOS NBTI
effect under AC stress condition considering both con-
stant temperature and variable temperature. Furthermore,
our temperature-aware model can be used in two circuit
operation cases: a) the temperature varies due to tasks
with different workloads; b) the temperature changes be-
tween two operation modes: active and standby mode.
The threshold voltage degradation can be estimated in
both cases.

e Based on our novel temperature-aware NBTI model, we
study the impact of NBTI on the temporal performance
degradation in combinational circuits. In one case that
different tasks lead to diffferent temperature, the relative
execution time of these tasks will have impact on the
NBTI effect. In another case that the circuit switches be-
tween active and standby mode, the time ratio of active
to standby mode can affect the performance degradation
significantly.

The rest of the paper is organized as follows. In Sect. 2,
we first review the physical mechanism of NBTI and previ-
ous NBTI models. Then, in Sect. 3, we derive the NBTI-
induced interface trap generation model with constant tem-
perature, while in Sect. 4, this model is extended to the case
where the temperature varies between a high temperature
and a low temperature. The Vi, degradation model, and
the circuit delay estimation method is proposed in Sect. 5.
The simulation results of a single PMOS transistor and the
ISCAS85 benchmark circuits are shown and analyzed in
Sect. 6. Finally, Sect. 7 concludes the paper.

2. Review of NBTI
2.1 Physical Mechanism of NBTI

It is commonly admitted that the interface traps are gen-
erated under negative gate bias due to mismatches at the
Si-Si0; interface, in particular at elevated temperature, and
lead to degradation of device performance. During oxida-
tion of Si, some of the Si atoms bond with hydrogen, lead-
ing to the formation of weak Si-H bonds. When a PMOS
transistor is negative biased, the inversion layer holes tunnel
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to and are captured by the Si-H bonds at the interface, which
weakens the bond and the subsequent thermally assisted dis-
sociation of a Si-H pair yields one donor-like interface trap
(i.e., silicon dangling bond) and one H atom that can diffuse
in the oxide.

SiH+ i+ o Sit +H )

The dimerization reaction involves the reaction of H
atoms to create molecular hydrogen, which is described by
Eq. (2).

H+Heo Hy 2

Then, molecular hydrogen can also diffuse in the oxide.
Therefore, the diffusing species can be both atomic hydro-
gen and molecular hydrogen, as shown in Fig. 1.

Recent researches have shown that molecular hydrogen
are the dominant diffusing species [24]. So in this paper, the
diffusing species are assumed to be molecular hydrogen Hj.
Combining Eq. (1) and (2), the final reaction can be [25]

1
SiH+h" & Sit + EHZ (3)
Therefore, the rate equation for the quantity of Si* is
d[Si*
=] = RISIHI - KIS [ o)

where k? and k; are forward and reverse reaction rate con-
stants in Eq. (3).

Then, we denote the quantity of Si* as Ny, the initial
quantity of Si-H bonds as Ny and the quantity of H, mole-
cules as N, y,. Because the quantity of holes is only depen-
dent on Vgs — Vi ([h*] = Cox(Vgs — Vin)), we combine the
forward reaction rate constant k? and [h*] as one parameter
kg, which is dissociation rate of Si-H bonds. So Eq. (4) can
be rewritten as Eq. (5),

dNit

- ke(No — Nit) — krNitNi,Hz

The hydrogen molecules H; can diffuse into the oxide,
which satisfies the following

ONn, D62NH2

D=

®)

ot ox? ©
dNj IN Hy

=-2.-D—= 7

dt 0x |x=0 )

The above three equations Eq. (5) to (7) describe the in-
terface trap generation, which is named as reaction-diffusion
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(R-D) model. The generated interface traps can both enlarge
the threshold voltage and reduce the mobility. The mobility
degradation due to Coulomb scattering can be effected as a
shift in the threshold voltage [26]. Therefore, the shift in the
threshold voltage AVy, of the PMOS transistor is propor-
tional to the interface trap generation due to NBTI, which
can be expressed [19] as

qNy(?)

0X

AVip = (1 +my) ®)
where my, represents equivalent Vi, shifts due to mobility
degradation described in [27]; g is the electronic charge; Cox
is the gate oxide capacitance; and Nj(¢) is the interface trap
generation, which is the most important factor in evaluating
performance degradation due to NBTL

Interface traps are electrically active physical defects
with their energy distributed between the valence and the
conduction band in the band diagram. The interface traps
shift the threshold voltage of MOSFETs, diminish carrier
mobility, and add parasitic capacitances. All these effects
reduce the drain current of the devices and thus the temporal
performance. An increase of the interface traps not only
leads to reduced temporal performance but also may cause
reliability issues and potential device failure [5], [6], [8].

2.2 Previous Analytical Models

Kumar et al. proposed an analytical NBTI model [16] to
handle multi-cycle AC stress condition; and assume the
PMOS transistor is under AC stress with duty cycle of ¢ and
period of 7, the interface trap generation after n+ 1 cycles of
AC stress can be evaluated by a recursion formula below,

Ni[(n+ 7] = Ni(n7) Ni? {C [Nit(ﬂT))6]1/6 ©)
it B
1+ 1+5 Nl(z

and the initial condition is

1/6

= A0
Ny(r) = 1+,3Nit (10)

where Ng = A7!/0, and 8 = \/ITTC

Predictive NBTI models are proposed in [17] and [18],
the effect of various process and design parameters were de-
scribed. The diffusing species were assumed to be hydrogen
atoms in [17], and the default diffusing species in [18] were
assumed to be hydrogen molecules. The threshold voltage
degradation AVy, can be calculated as [18]

T, 2F
AVip = (q ) {/K2cox(vgs - vm>exp( ‘”‘)~<Ct)é
0X EO

1)

3. NBTI Model without Temperature Variation

In this section, an analytical dynamic NBTI model is derived
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Fig.2  Diffusion profile for hydrogen molecules.

based on the R-D model Eq. (5) to (7). This model will be
extended to a temperature-aware model in the next section.
As a basic assumption, the diffusing species are assumed to
be molecular hydrogen.

3.1 Approximation for Diffusion Profile

The concentration of hydrogen molecules is highest at the
interface, where Si-H bonds are broken and interface traps
are generated, and gradually decreases as these molecules
diffuse into the oxide illustrated in Fig.2(a). The diffusion
profile is described by the diffusion Eq. (6), and can be ap-
proximated as a triangle shown in Fig. 2(b), where the con-
centration is Njy,(?) at the interface and is zero at a point
L4 known as diffusion front or diffusion length. Because one
hydrogen molecule corresponds to two interface traps, the
interface traps can be expressed as

1
Niu(t) = 5 - 2Nip, () La(t) = Nip, (1) La(8) 12)

3.2 First Stress Phase

The initial density of Si-H bonds is much larger than the
number of interface traps generated due to NBTI, so that
in the right side of reaction Eq. (5), No — Njt ® Ng. And the
reaction process will not deviate far from equilibrium, which
is defined as quasi-equilibrium, so that % ~ (0. Therefore,
Eq. (5) can be derived as

keNo

o = Na() Ny ) (13)

T

Because of the triangle approximation of diffusion pro-

ﬁle _6NH2(x,t)

ox
=0
substituting it i)ﬁto Eq. (7) and with Eq. (12), we obtain that

dNi,Hz(l) . dL,(1) _ Ni,Hz(t)
—tLd(t)+Nl,H2(t)T - H; Ld(t)

can be approximated as N g, (t)/La(t), so

d
(14)

From diffusion equation (6), we can derive that

dNin,(1)  ONn,(0,1)
a ot

&Ny, (x,1)
0x? x=0

= Dy, (T)
(15)

Because of the triangle approximation, the right side of the
8% Ny, (x.0) dNiy, (1)
0x? dt

=0
Eq. (14) can be simpliﬁedxas

~ (0, then

above equation ~ (0, so that
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dLy(t) Nin, (1)
Nl,Hz(t) dl - 2 DHZ Ld(t)
La(dL4(t) = 2~DH2dt (16)

Integrating the terms of two sides in above equation for time
t, we obtain that

t
Li| =4-Duy(t—1o) (17)

fo

For the first stress phase, o = 0, so Lq(f) = /4Dun,t. There-
fore, the diffusion length of the triangle approximated pro-
file follows the relation of +/pDy,t, and in fact, according
to the results from [25], p = 9.61 is a more accurate value.

Otherwise, from Eq. (12) and quasi-equilibrium Eq. (13),
we get that

2
(kf,i")) - NP 57 (18)
so the generated interface traps can be approximated as
; ;
Nul) = (kfg")" (L]} = (kka 0)‘ (pDiy$

19)

3.3 First Relaxation Phase

We assume that PMOS transistor is being stressed for £y, af-
ter the voltage is removed, the transistor will be in relaxation
phase. In the relaxation phase, the generated hydrogen mol-
ecules recombine with the interface traps, and become Si-H
bonds. This procedure is described by reverse direction of
Eq. (3). The transistor has been in relaxation phase for At,
the number of annealed traps is denoted as Ni*t(At) [10], then
at time #y + At, the generated interface trap can be described
by

Nig(to + At) = Nig(to) — Ny (At) (20)

In the relaxation phase, because no new traps and hy-
drogen molecules are generated, the diffusion is two-sided:
on one side, the hydrogen molecules diffuse into gate con-
tinuously, on the other side, they diffuse back into interface
and recombine with the traps. Assuming that no trap ex-
ist at the interface, the hydrogen molecules will diffuse into
the silicon as illustrated in Fig. 3(a). The number of the an-
nealed interface traps due to backward diffusion is shown as
the left triangle area, and can be described as [10]

N;(At) = Ni,Hz (to+ Ar) A [f-pDHzAl‘ 21

where £ is the two-sided diffusion factor, and theoretically
¢=0.5.

In fact, the concentration of hydrogen molecules is al-
most zero at the interface. We can still use quasi-equilibrium
condition to derive this conclusion. When the transistor is in
relaxation, k¢ in the reaction Eq. (5) is zero, and % ~ 0, so
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Fig.3  Diffusion profile in relaxation phase.

we have

S —krNit(t() + At) R ’Ni,Hg (t() + Al) (22)

The interface traps Ny (fo + Af) is much larger than zero,
so Njn, ~ 0. Therefore, the diffusion profile is shown in
Fig. 3(b), and the maximum concentration of hydrogen mol-
ecules is at the position x = ¢, which is very close to the
interface. Since ¢ is very small (6 = 0), the concentration
of hydrogen molecules N;y, (1o + At) in Fig. 3(a) can be al-
most the same as Nﬁlz (to + At). Therefore, we can still use
the triangle approximation approach in Section 3.1, the total
number of interface traps is given by

Ni(to + Af) = N g, (to + At) \[pDn, (to + At) (23)

From (21) and (23), we have

/ A
N; (A1) = Ny(to + A1) ﬁ 24)

Substituting for N; (A7) in Eq. (20), we have

: — Ne(io) - N |_éar_
Nilto + A1) = Nulto) = Nilto + A1) [ (25)

and re-arranging some terms, we get the interface traps after
this relaxation phase as the follow

N; (1,
Nato + Ay = 0 _ (?A, (26)
1 + to+At

3.4 Subsequent Stress/Relaxation Phases

In this section, we use mathematical induction to derive the
density of interface traps. We assume that the transistor is
stressed by a periodic voltage waveform with the period 7,
and the duty cycle of stress phase is ¢. The interface traps
generated after the m stress phases are denoted as Njs .
and Nj,, represents the number of traps after m relaxation
phases.

After some stress and relaxation phases, the number of
the generated interface traps becomes a new boundary con-
dition as illustrated in Fig.4(a). The relaxation phases re-
duce the interface traps, so if there are only stress phases, the
same interface traps can be generated the effective diffusion
profile in Fig. 4(b). Therefore, by this equivalent method,
we can derive the generated interface traps in any stress
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phases

Fig.4  Equivalent method for diffusion profile.

phase.

In order to evaluate the interface traps after the m + 1
stress phase, we substitute Lqeg for Lg, and Eq.(17) be-
comes

mr+ct

Ly o = p- D, (cT) 27)

-

We should notice that Lgeg(mt + c7) corresponds to
the interface traps after m + 1 stress phases Nigm+1, While
Lg er(mT) corresponds to Nig,,. From Eq. (18) and (27), we
get that

(Nits,m+1)6 - (IVitr,m)6 _
( i )4 = p-Du,(c7) (28)

ke

so that we can derive the number of interface trap generated
after m + 1 stress phases from the number after m relaxation
phases,

6

keNo \*
: 0) -pDHz(cﬂ] (29)

ke

Nits,m+l = [(Nilr,m)6 +(

We use the same derivation as in Section 3.3 to get the
interface traps generated after m relaxation phases

N; its,m

Nien = e (30)
—C)T
1+ N I
From the above two equations, we get
1
Nitsmi1 = |8, (Nism)® + K(eD)]° (31)
where
1 keNo 4
an=—"—. K=(==| pDu,
T

(-0t
1+ N r—

By mathematical induction, we have the number of in-
terface traps after m + 1 stress phases,

L 6 6 6
Nism+1 = [K(cD]e (1 +ap, +aa,, |+

+abal |-

1
m m 6
1+ { n a?ﬂ (32)
i=1 \j=m—i+1

6 641
)

= [K(cT)]s

We should notice that o <ay <--- < a,; <1 and lim «,, =

m—o0
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1, so that we can eliminate the style of the series sum and
get a bound of the interface traps’ number,

1 1
Nismr1 < [K(en)]o (1+a5,+(@8)* +- -+ (aS)™)s

1
6

1
1 1 \¢ K(ct)
<[K(cT)]® = 33
[K(eD)] (1_ 21) [1-ag (33)
When m is large enough, % < 1, then
6
l_agﬁl_[l_ /M] 6. fE0=0r
mrt mrt
(34)

so the number of interface traps after m + 1 stress cycles

iz K(e) r (35)

Nism+ ~
ot léw/f(l—c)‘r

If the discrete variable m is transformed to the continu-
ous variable ¢, the above equation becomes

Kcet \/; r
61 -0)T

From the predictive model Eq. (11) proposed in [18],
the threshold voltage degradation AVy, can be calculated as

Ni(1) = [ (36)

1
cT VI g
AVip = Ky | —— 37
" Vl6 6(1—0)7} o
where
Ky = (@) i/[@cox(vgs - V) \/Cexp(ZE_OX)
Eox Eo
(38)

All these parameters are defined in [18].
4. NBTI Model with Temperature Variation

In previous section, an dynamic model was derived under
the assumption that the temperature remains constant. In
fact, the circuit are not operated in a constant temperature.
In this section, the NBTI model with temperature variation
will be derived. We use a similar approach as in the above
section to derive our model. First, we simplify the temper-
ature varies as a periodical waveform, and the waveform of
the temperature is described. Second, the recursive equa-
tions in stress and relaxation phases are derived. Finally, we
can eliminate the recursion and get a closed-form equation.

We should notice that all the coefficients in Eq. (5) to
(7) are depend on temperature.

E
Duy(T) = Dy exp(—kB—(;) , (39)
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ke(T) = ko exp ( T 4) , (40)
E;
ke(T) = kyoexp (— ) (41)
kg

The reaction process can be approximated to be in
quasi-equilibrium, because the diffusion is considered to be
a much slower process than reaction. Then dNy(¢)/dt ~ 0 in
(5), so that (5) is simplified to

Nit(t) VNHz(O’t) _ kf(T) ~ k

No—Nu(t)  k(T) ~

Because Ef— E; ~ 0 [25], k¢(T)/k:(T) can be considered in-
dependent of temperature, so the right-hand side of Eq. (42)
ker 1S kfo/kro. Then the interface trap generation is consid-
ered to be only affected by temperature through the diffusion
coeflicient Dy, .

If no relaxation is considered, NBTI-induced PMOS
degradation under arbitrary dynamic temperature variation
can be derived [21]. The interface trap generation under dy-
namic temperature variation Nj[#,T(#)] can be converted to
the equivalent NBTI effect under constant temperature Tief
(21]

fir (42)

Nilt, T(D)] = Nie[t(1), T = Thef] (43)

where the transformation from time ¢ into equivalent time
7 is described in [21] and it is very complex for arbitrary
temperature variation. Therefore, we will propose a much
simpler but practical enough model in this paper.

4.1 Waveform of Temperature

The digital circuits often switch between active and standby
modes, so that the temperature changes relevantly between
a high temperature and a low temperature. Before our anal-
ysis, we assume that the device operates at a constant tem-
perature 7y in active mode and at another temperature 71 in
standby mode as shown in Fig. 5. For convenience, the tem-
perature is considered to change periodically with the period
7r. In a single period, the duration of high and low temper-
ature is 7, and #; respectively, and the rise and fall time is #
and f¢.

The stress voltage on the device changes much faster
than the temperature, i.e. 77 > 7, so we can further assume
that the temperature remain constant in a couple of stress
and relaxation phases, as illustrated in Fig. 5. This assump-
tion is also reasonable for transition phase if the temperature
is simplify to be a step function.

4.2 Stress Phases

Firstly, we consider the impact of temperature variation
in stress phases. According to the assumption in the
above section, the temperature remains constant in a whole
stress/relaxation cycle. So the recursive formula (29) can be
still used
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Fig.5  Waveform of the temperature.

1
6

keNo
ke

4
Nitsm+1 = I(Ni[r,m)6 +( ) 'pDHz,mH(CT)]

(44)

where Dy, 41 is the diffusion coeflicient in the m + 1 cycle,
and as the notation in the above, k¢/k; is independent on the
temperature.

4.3 Relaxation Phases

Here, we will derive the recursive equation in the relaxation
phase. The reaction process is in quasi-equilibrium, so that

—ke[T (O]Nic y/Nin, = 0 (45)

Though the coefficient k.[7'(¢)] is time variant, the gener-
ation of interface traps is not relative with this coefficient.
Therefore, we can still use the same approach in Sect. 3.3 to
get the number of interface traps after m relaxation phases,

&Dy, (1 - 0)1

m
> Duym-1)
i=1

Nitr,m = its,m/ 1+ (46)

We should notice this formula has a similar form with
Eq. (30), but all the time-variant coefficient Dy, can not be
eliminated.

In our assumption, the temperature varies periodically
as shown in Fig. 5, then Dy, [T (#)] has a same style of wave-
form. Therefore, when m is large enough, there is

m

mt ~
> Dt~ = [ Dudi=Dyyotur) 47
i=1 T Jrr

4.4 Full Model

Combining the formulas in Sect.4.2 and 4.3, we can get
complete recursive formula for Ny

1
Nismi1 = @8, Nism)® + K Dyt (€0)]® (48)

where

Dty m- (1 - 4
amzl/ 1+ f—}?’ (d-cr , K':p(kao)
Dy, - (m7) ky
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Hence, the close form expression of the generated in-
terface traps after m + 1 stress phases can be derived as

1
1 6 6 6
Nits,m+1 = [Kl(CT)]6 (Dm+1 +a’mDm +@,@,

D1+

6 6 6 671 \&
+apa, _a,a)Dy)b

1
6

. 1
Dyiv1- l_l 0/?”

Jj=m—i+1

m
D1 +
i=1

1
m 6
53 (00 o

i=0

= [K'(cT)]s

< [K'(cT)]6

Here all the subscripts H, of the diffusion coefficients are
omitted for brevity.

Because the variation of the temperature is much
slower than the variation of the stress voltage applied on
the gate of the transistor, in order to simplify the com-
putation, we assume that 77 = nt, while n > 1, and #, =
nyT, ) = mT, &, = n,;T and ¢ = neT, obviously, there is n =
ny + np +ne +n. If we consider the number of the inter-
face trap generation after a long time, i.e. m > 1, we can
further assume that m + 1 = gn and the temperature starts
at the high temperature. According to these assumptions
above and the waveform of the temperature as shown in
Fig.5, there is Dyyign = Dy Dpygn = Dn (1 £ p < np), and
Dpygn = Dy (ny +n;+ 1 < p <y +n; +ny). Therefore, we can
combine some terms in Eq. (49) and get the interface traps

1 _ _
Nivgn = (K'et)s - [(@5) 47" By +(a) 4", + -+

1
+(a5)"Bu+ (@) Be+ -+ i+

__bgn 6

1
= (K'cn)t - [ e B+ B+ i+ B

=

S(K’CT)%'[ L ButBtB +ﬂf>] (50)
1—ap?
where

Bn= (@)™ +--+(af) | Dy (51)

ﬁl — I:(arﬁn)n—nh—nl——l 4+t (arﬁn)n—nh—nr—nl] D1 (52)

Br=(@8) ™™Dy -+ (@5 TN Dy
(53)

Be= (@)™ IID, i o+ (@8 D,
(54)

Because m > 1, the difference between Dy, ,, and DH2 can
be ignored. From Eq. (48), we define o, as a,

(55)

a/za'mzl/[1+ M]

qnt

Firstly, we consider that the temperature changes
rapidly between the high and low temperature, which can
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significantly simplify the solution. In this case, 8, and B are
both zero. Notice that n = ny, + n;, then

1 — 6nh
B =t 1_7“061)}1 (56)
1 _ (16"1
Bi=——D (57)
-«

and using Taylor approximation af ~ 1 — k,lf'(qlT_f)T, we
have

6n,Dy, + 6n1D -(1-
fotp = 2 h+6nl 1 (- (d-or (58)
1-o qnt
Hence
1
, 1 | nmnDy+mD; |®
Mo = e[ A2 ©?

Secondly, the temperature transition between the high
and low temperature is often slow, so 3; and B¢ can not be ig-
nored. If the average value of the diffusion coefficient in the
transition phase is used, using a similar technique as above,
we have

1
nnDn +m Dy + ne Dy + ngDy |6

, 1
N = (RS (I—abn

(60)

Compared the above equation with Eq. (33), the inter-
face trap generation due to NBTI with temperature variation
can be estimated by the same equation as the constant tem-
perature case, if the diffusion coefficient is replaced by an
effective one

thDy + 1Dy + . D, + t; D¢

Defr = (61)
T

According to Eq. (39), we can use the diffusion coeffi-
cient under a reference temperature, such as Dy, to denote
Deg. First of all, because the variation between high and
low temperature is linear, we can use three point trapezium
approximation to compute Dy and D,

Th+T
_Dn+Dy ( 2 )
T4 2

We can get the effective diffusion coefficient if Dy, is
taken as a reference,

D¢ = D,

(62)

Dy, + 14D, D
thDh+l1',uth+(tf+tr)( hTAZh ) Hm h)
Do = 4 2
eff =
Tr
1+
th"‘ﬂltl"'(tf'"tr)(Tﬂl"‘%)
- Dy, (63)

T

From Eq. (39), we can derive the ratios g and pp, in
Eq. (63)
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The above derivation shows that we can still use the
same dynamic model to estimate the number of the gener-
ated interface traps due to NBTI effect with variable temper-
ature, if the diffusion coefficient of a constant temperature is
transformed to the effective diffusion coefficient by Eq. (63).
In fact, the above derivation can be extended to the multiple
temperature case, and the effective coefficient can be calcu-
lated.

5. Vi and Circuit Delay Degradation Model

Previous section describes the analytical model of interface
trap generation due to NBTI considering the temperature
variation. In order to evaluate the temporal performance
degradation due to NBTI, the threshold voltage degradation
model and circuit delay model are described in the following
sections.

5.1 PMOS Vy, Degradation Model

In this section, we will derive the threshold voltage degra-
dation model due to NBTI. Two circuit operation cases are
considered.

(1) Case A

The circuit runs all the time, but execute different tasks. The
tasks have different work load, so the temperature corre-
sponding different executing task is different. We assume
that there are two tasks, TASKy and TASK;. When the
circuit execute TASKy, the temperature is 7y, and TASKp
corresponds to 7. If the circuit switch between the two
tasks, the temperature will change as the waveform in Fig. 5.
Therefore, the threshold voltage degradation is that

1
l)eff)6 (65)

AVip = AV,
th th,H( Diy

where AV, 1 is the Vi, degradation at a constant temperature
Ty, and the ratio Deg/Dy can be calculated by Eq. (63).

(2) CaseB

The circuit has two modes, active and standby modes. In
active mode, the circuit runs as normal and the temperature
will be high; while in standby mode, the circuit stops, and
remains in low power mode, so the circuit is considered to be
in room temperature (about 300 K). This case is describe in
Fig. 6. In active mode, the temperature is 7y and the period
of the input voltage is T with the duty cycle of c. In standby
mode, the temperature is 77, and the input voltage remains
in logic 1 or logic 0. We assume the circuit operates in active
and standby mode alternately, and in one cycle, the active
time is 74, while the standby time is zs. We also denote the
ratio of active to standby time as Ras. As shown in Fig. 6,
when the circuit changes from standby mode to active mode,

IEICE TRANS. ELECTRON., VOL.E92-C, NO.6 JUNE 2009

‘ Active } Standby !

Fig.6  Temperature variation in active and standby mode.

the temperature begins to increase from 77 to Ty, and the
rise time is fr. The fall time of the temperature is defined as
tr, similarly.

In order to calculate the threshold voltage degradation,
firstly, the effective diffusion coefficient should be used just
as in case A. In active mode, the input voltage is a periodic
square wave, but in standby mode, the input voltage is set
to logic 1 or logic O constantly. From [16], the NBTI ef-
fect by a random signal can be equivalent as a square wave
signal, if these two waves have the same signal probability.
Therefore, we should transform the overall input signal to
a square wave signal, and use an effective duty cycle ¢ to
calculate the threshold voltage degradation.

If the input signal in standby mode remains logic 0, the
overall signal probability of logic 0 (effective duty cycle of
stress phase) is

_CIA+ts_CRAS+1
- IA +1s - Ras+1

(66)

If the input signal remains logic 1 in standby mode, the ef-
fective duty cycle is

cR AS

¢l = (67)

- Ras + 1

Therefore, if we know the input of the given PMOS
transistor in standby mode, the effective duty cycle cq or ¢
can be calculated. If the information is unknow, we assume
that the chance of logic 1 and logic 0 is the same, so the

effective duty cycle ¢y is
cRas +0.5

= — 68

M Ras+1 (68)

In both case A and case B, we can estimate the thresh-
old voltage degradation due to NBTI with temperature vari-
ation.

5.2 Gate and Circuit Delay Degradation Analysis

In this paper, the delay of a gate v can be approximately
expressed as [19]

CLV, K
d(l)) - LVdd .
Iy (Vgs - Vi)
= _ CVaa (69)
HCox West/ Lett .

where « is the velocity saturation index, whose value ranges
from 1 to 2, and depends on the type of logic gate.
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Depending on the circuit operation states, the shift in
the transistor threshold voltage AVy, can be derived using the
approach in the above section. Hence, the delay degradation
Ad(v) for gate v can be derived as

K K
(Vgs = Vih —AVin)® (Vgs = Vin)®

(5] b

Ad(v) =
(70)

We use Taylor series expansion on the right side of
Eq. (70), neglecting the higher order terms, giving that
O/Avth
Ad(v) = ———— xd(v) (71)
Vgs = Vino
where Vi is the original transistor threshold voltage and
d(v) is the original delay of gate v.

6. Simulation Results

In this section, we present the simulation results in order
to validate the NBTI models. Firstly, a single PMOS tran-
sistor is used to evaluate the NBTI effect considering tem-
perature variation. Secondly, ISCASSS circuits are used as
the benchmark. In this paper, the standard cell library is
constructed using the PTM 65 nm bulk CMOS model [28].
Vaga = 1.2V, |Vin| = 220 mV are set for all the transistors in
the circuits. Our NBTI aware Static Timing Analysis is
based on our previous STA tool [29].

6.1 Single PMOS Device NBTI Analysis

Asin Sect. 5.1, we consider two circuit operation cases. The
default duty cycle of the PMOS transistor c is set to 0.5, and
the overall operation time is 10 yr (about 3 x 108s).

(1) Case A

The circuit works all the time, and executes two tasks,
TASKy and TASK;. We assume the circuit switches be-
tween these two tasks periodically, and in one cycle, the
executing time of TASKy is ty, while time of TASK[ is
tL. The transition time of the temperature is denoted as #TRr.
The temperature executing TASKy is 373 K (100°C), and
TASKY, corresponds to 323 K (50°C). The Vi, degradation
of PMOS transistor in the following five cases is shown in
Table 1.

Al) the circuit executes only one task TASKy, and 71, =0,
so the temperature keep at 373 K;

A2) ty=1h, 1, =1h, and t1gr = 0;

A3) ty=1h, 1t = 1h, and t7r = 10 min,;

A4) ty=1h, 1, = 1h, and ty7gr = 20min;

AS5) ty=1h, 1 = 1h, and tyg = 30 min.

Table 1 shows that the execution of the task TASKj,
with low temperature compensates 10.7% of Vi, degrada-
tion for the PMOS transistor. We should also notice that the
impact of the temperature transition time can be ignored.
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Table1l Vy, degradation in case Al to AS.
\ Case Al A2 A3 A4 A5
\ AV | 52.6mV | 47.5mV | 47.3mV | 47.0mV | 46.7mV
Table2 V4, degradation with diffrent Ry, and 77 .

Ryr 9:1 3:1 1:1 1:3 1:9
Ty, =353K | 52.1mV | 51.2mV | 49.7mV | 47.8 mV | 46.5mV
Ty =323K | 51.7mV | 50.4mV | 47.5mV | 43.5mV | 39.7mV
55
S A A
E 50r A
c A A
2 A
S 45t
® A
o))
3
= 40 | A
= T =353K a
T =323K A
35 L L

9:1 3:1 1:1 1:3 1:9
Ratio of t to t; (Ry)

Fig.7 AVy, with different Ry, and 7.

We denote the ratio of time #y to 7. as Ryy, and Vi, degrada-
tion with different Ryy is shown in Table 2. The simulation
is also run at another TASK temperature 71, = 353 K. The
comparison is shown in Fig. 7.

Figure 7 shows that longer execution time of TASKy
decreases Vi, degradation, and lower TASK| temperature
enlarges this effect. If the temperature of TASKy is 323K,
and the ratio of these two tasks’ execution time is 1 : 9, the
threshold voltage degradation can be decreased by 24.5%.

(2) CaseB

The circuit periodically switches between active and
standby mode. We still assume that the temperature tran-
sition time both from active to standby and from standby to
active is the same, which is denoted as rTr. The temperature
of active mode is Tx = 373K, and temperature of standby
mode Ts = 303K. The active and standby time is o and fg
respectively. The Vi, degradation of PMOS transistor in the
following five cases is shown in Table 3.

B1) the circuit is always active, thus g = 0, so the tempera-
ture keep at 373 K;

B2) tpo =1h,ts = 1h, trg = 0, and gate input V; = 0;

B3) tpo =1h,ts = 1h, trr = 30min, and V, = 0;

B4) ta =1h,ts = 1h, trr = Omin, and V, = 1;

B5) ta =1h,t5 =1h, trg =30min, and V, = 1.

Table 3 also shows that impact of temperature transi-
tion time can be ignored, and logic 1 of the gate input can
significantly decrease Vi, degradation by 23.0%. We denote
the ratio of active time fa to standby time fg as Rag, and
Vin degradation with different Ras and different gate input
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Table3  Vy, degradation in case B1 to BS.
| Case Bl B2 B3 B4 B5
\ AVy | 52.6mV | 509mV | 499.5mV | 41.6mV | 40.5mV
55 T - - . .
A A N
—~ 50}
£ A .
= 45+
c A
o A
= 40 |
g 35 L
S A
o)
© 30 ¢t
= V=0 &
= 25t Yg*= A
Vg =1 A
20 : : : : :
9:1 3:1 1:1 1:3 1:9
Ratio of active to standby time Rpg
Fig.8 AVy, with different Ras and gate input.
20
< 18 <
c % A
S A
g 16 I A 4
: 2
& 14} ]
© A
) A
3 127 caseA a ]
CaseB A
10 : : : : :
9:1 3:1 1:1 1:3 1:9
Ry or Rag

Fig.9 AV, with different Ryy, in Case A and Ras in Case B.

is shown in Fig 8.

From Fig. 8, we can conclude that 1) longer standby
time leads to a smaller NBTI effect on the Vi, degradation;
2) logic 1 gate input significantly increase the above effect,
and the maximum decrease of AV}, can reach up to 52.3%.

6.2 Performance Degradation Analysis in Digital Circuits

Figure 9 shows the performance degradation of ISCAS85
c432 benchmark with different Ryy, in Case A and Rag in
Case B. In circuit simulation, we do not set all the states
of internal node at standby mode, but use a logic simulator
to get the logic states. From Fig.9, we can conclude that
longer time of a low temperature state (TASKy execution
time in Case A and standby mode in Case B decreases the
circuit performance degradation. Therefore, we can use this
to mitigate the NBTI effect. Table 4 shows the result of the
circuit delay degradation analysis. In Case A, Ry is set to
1:1, and in Case B, the ratio of active to standby time Rag
is set to 1 : 9. The Adelay is around 18.0% of the original
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Table4  Delay degradation of ISCAS85 benchmark circuits under NBTI.

ISCAS85 | Nominal 373K Case A | Case B

Circuits | delay (ns) | Adelay (%) | Adelay | Adelay
c432 4.993 17.5 15.6 12.3
c499 1.978 17.0 15.2 12.2
c880 3.386 18.5 16.5 12.6
c1355 3.818 17.1 15.3 12.7
c1908 4.576 17.4 15.6 11.6
c2670 4.706 17.2 15.4 13.5
c3540 6.035 19.7 17.7 11.8
c5315 6.262 19.5 17.5 13.9
c6288 21.06 18.3 16.3 12.3
c7552 6.487 17.4 14.0 11.5

Average N/A 18.0 15.9 12.4

circuit delay when the circuit runs at a constant temperature
373 K. If the temperature variation is considered, the Adelay
in Case A is around 15.9%, which decreases by 13.2% com-
pared to the constant temperature case, and the Adelay in
Case B decreases by 45.2%.

7. Conclusion

In this paper, we propose an analytical model of temporal
performance degradation due to PMOS NBTI effect under
AC stress condition. We also demonstrate that the tempera-
ture variation due to the execution of different tasks and the
change of circuit operation mode (active and standby mode)
can have significant impact on PMOS NBTI effect: execut-
ing a low temperature task or remaining in standby mode
can mitigating the effect of NBTI. Therefore, we propose
an analytical model that considers the temperature variation,
such that a more accurate performance degradation estima-
tion can be performed. Our results of the circuit delay degra-
dation analysis show that the existence of the standby mode
can significantly decrease the delay degradation by 45.2%.

References

[1] V. Huard, M. Denais, and C. Parthasarathy, “NBTI degradation:
From physical mechanisms to modelling,” Microelectron. Reliab.,
vol.46, no.1, pp.1-23, 2006.

[2] L. Peters, “NBTI: A growing threat to device reliability,” Semi-
conductor International, vol.27, no.3, March 2004, www.reed-
electronics.com/semiconductor/article/CA386329

[3] J. Stathis and S. Zafar, “The negative bias temperature instability
in MOS devices: A review,” Microelectron. Reliab., vol.46, no.2-4,
pp-270-286, 2006.

[4] K. Bernstein, D.J. Frank, A.E. Gattiker, W. Haensch, B.L. Ji,
S.R. Nassif, E.J. Nowak, D.J. Pearson, and N.J. Rohrer, “High-
performance CMOS variability in the 65-nm regime and beyond,”
IBM J. Res. Dev., vol.50, no.4/5, pp.433-449, 2006.

[5] H. Kufluoglu and M. Alam, “Theory of interface-trap-induced NBTI
degradation for reduced cross section MOSFETSs,” IEEE Trans.
Electron Devices, vol.53, no.5, pp.1120-1130, 2006.

[6] R. Wittmann, H. Puchner, L. Hinh, H. Ceric, A. Gehring, and S.
Selberherr, “Impact of NBTI-driven parameter degradation on life-
time of a 90 nm p-MOSFET,” Proc. Intl. Integrated Reliab. Work-
shop Final Report, pp.99-102, 2005.

[7]1 V. Reddy, A.T. Krishnan, A. Marshall, J. Rodriguez, S. Natarajan,
T. Rost, and S. Krishnan, “Impact of negative bias temperature in-
stability on digital circuit reliability,” Microelectron. Reliab., vol.45,



LUO et al.: TEMPERATURE-AWARE NBTI MODELING TECHNIQUES IN DIGITAL CIRCUITS

(8l

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

no.1, pp.31-38, 2005.

S. Kumar, C. Kim, and S. Sapatnekar, “Impact of NBTI on SRAM
read stability and design for reliability,” Proc. ISQED, pp.210-218,
2006.

S. Ogawa and N. Shiono, “Generalized diffusion-reaction model for
the low-field charge-buildup instability at the Si-SiO, interface,”
Phys. Rev. B, vol.51, no.7, pp.4218-4230, 1995.

M. Alam and S. Mahapatra, “A comprehensive model of PMOS
NBTI degradation,” Microelectron. Reliab., vol.45, no.1, pp.71-81,
2005.

S. Mahapatra, D. Saha, D. Varghese, and P. Kumar, “On the gen-
eration and recovery of interface traps in MOSFETs subjected to
NBTI, FN, and HCI stress,” IEEE Trans. Electron Devices, vol.53,
no.7, pp.1583-1592, 2006.

G. Chen, M. Li, C. Ang, J. Zheng, and D. Kwong, “Dynamic NBTI
of p-MOS transistors and its impact on MOSFET scaling,” IEEE
Electron Device Lett., vol.23, no.12, pp.734-736, 2002.

S. Mahapatra, P.B. Kumar, T. Dalei, D. Sana, and M. Alam, “Mech-
anism of negative bias temperature instability in CMOS devices:
Degradation, recovery and impact of nitrogen,” IEDM Tech. Dig.,
pp.105-108, 2004.

V. Reddy, A. Krishnan, A. Marshall, J. Rodriguez, S. Natarajan,
T. Rost, and S. Krishnan, “Impact of negative bias temperature in-
stability on digital circuit reliability,” Proc. IEEE IRPS, pp.248-254,
2002.

B. Paul, K. Kang, H. Kufluoglu, M. Alam, and K. Roy, “Impact of
NBTI on the temporal performance degradation of digital circuits,”
IEEE Electron Device Lett., vol.26, no.8, pp.560-562, 2005.

S. Kumar, C. Kim, and S. Sapatnekar, “An analytical model for
negative bias temperature instability,” Proc. IEEE/ACM ICCAD,
pp.493-496, 2006.

R. Vattikonda, W. Wang, and Y. Cao, “Modeling and minimization
of PMOS NBTI effect for robust nanometer design,” Proc. DAC,
pp.1047-1052, 2006.

S. Bhardwaj, W. Wang, R. Vattikonda, Y. Cao, and S. Vrudhula,
“Predictive modeling of the NBTI effect for reliable design,” Proc.
CICC, pp.189-192, 2006.

B. Paul, K. Kang, H. Kufluoglu, M. Alam, and K. Roy, “Temporal
performance degradation under NBTI: Estimation and design for im-
proved reliability of nanoscale circuits,” DATE, pp.780-785, 2006.
S.V. Kumar, C.H. Kim, and S.S. Sapatnekar, “NBTI-aware synthesis
of digital circuits,” Design Automation Conference, 2007, DAC’07,
44th ACM/IEEE, pp.370-375, 2007.

B. Zhang and M. Orshansky, “Modeling of NBTI-induced PMOS
degradation under arbitrary dynamic temperature variation,” 9th In-
ternational Symposium on Quality Electronic Design, pp.774-779,
2008.

H. Luo, Y. Wang, K. He, R. Luo, H. Yang, and Y. Xie, “Modeling
of PMOS NBTI effect considering temperature variation,” Interna-
tional Symposium on Quality Electronic Design (ISQED), pp.139-
144, 2007.

Y. Wang, H. Luo, K. He, R. Luo, H. Yang, and Y. Xie, “Temperature-
aware NBTI modeling and the impact of input vector control on per-
formance degradation,” Design, Automation & Test in Europe Con-
ference & Exhibition, 2007, DATE’07, pp.1-6, 2007.

A.T. Krishnan, C. Chancellor, S. Chakravarthi, P.E. Nicollian,
V. Reddy, and A. Varghese, “Material dependence of hydrogen dif-
fusion: Implication for NBTI degradation,” IEDM, 2005.

A.T. Krishnan, S. Chakravarthi, P. Nicollian, V. Reddy, and S.
Krishnan, “Negative bias temperature instability mechanism: The
role of molecular hydrogen,” Appl. Phys. Lett.,, vol.88, no.15,
p.153518, 2006.

A. Krishnan, V. Reddy, S. Chakravarthi, J. Rodriguez, S. John, and
S. Krishnan, “NBTI impact on transistor and circuit: Models, mech-
anisms and scaling effects [MOSFETs],” IEDM, pp.14.5.1-14.5.4,
2003.

R. Wittmann, Miniaturization problems in CMOS technology: In-

885

vestigation of doping profiles and reliability, Ph.D. Thesis, Vienna
University of Technolog, 2007.

[28] Nanoscale Integration and Modeling (NIMO) Group, ASU, “Predic-

tive technology model (PTM),” 2007.

[29] Y. Wang, H. Yang, and H. Wang, “Signal-path level dual-Vt assign-

ment for leakage power reduction,” J. Circuits Syst. Comput., vol.15,
no.2, pp.179-216, 2006.

Hong Luo received his B.S. and Ph.D.
degrees in Circuits and Systems Division, E.E.
Dept, Tsinghua University. His research inter-
ests includes leakage current modeling and op-
timization, reliability aware modeling.

Yu Wang received his B.S. degree in
Tsinghua University, China in 2002, and then
Ph.D. degree with honor in NICS Group, Elec-
tronics Engineering Department, Tsinghua Uni-
versity in 2007, supervised by Prof. Huazhong
Yang (Tsinghua University) and Prof. Yuan Xie
(Penn. State University). He is now a fac-
ulty member in E.E. Dept., Tsinghua University.
Dr. Wang’s research mainly focuses on fast cir-
cuit analysis, low power circuit design method-
ology, reliability-aware circuit design methodol-

ogy, application specific FPGA design, and on-chip communication strate-
gies for MPSOC.

Rong Luo received her double B.S. in En-
gineering Physical and Electronic Engineering
from Tsinghua University in 1992 and her Ph.D.
from Tsinghua University in 1997. Currently,
she is an associate Professor in the Department
of Electronic Engineering, Tsinghua University,
Beijing. Now, her research work is mainly on
SoC Design Technology, VLSI Design and Em-
bedded System Design Technology.



886

Huazhong Yang was born in Ziyang,
Sichuan Province, P.R. China, on Aug.18, 1967.
He received B.S. degree in microelectronics in
1989, M.S. and Ph.D. degree in electronic en-
gineering in 1993 and 1998, respectively, all
from Tsinghua University, Beijing. In 1993, he
joined the Department of Electronic Engineer-
ing, Tsinghua University, Beijing, where he has
been a Full Professor since 1998. Dr. Yang was
recognized as "2000 National Palmary Young
Researcher by NSFC. His research interests in-
clude chip design for communication and multimedia applications, synthe-
sis of analog integrated circuits (IC), power estimation and synthesis of dig-
ital ICs, noise and delay estimation of deep submicron ICs, yield enhance-
ment, optimization and modeling. Dr. Yang has authored and co-authored
over 80 technical papers, 6 books, and 23 patents.

Yuan Xie is Associate Professor in Com-
puter Science and Engineering department at the
Pennsylvania State University. He received the
B.S. degree in electronic engineering from Ts-
inghua University in Beijing, the M.S. and Ph.D.
degrees in electrical engineering from Princeton
University. He was a recipient of the SRC Inven-
tor Recognition Award in 2002, NSF CAREER
award in 2006, and IBM Faculty Award in 2008.
He also received Best Paper Award in ASP-DAC
2008 and ASICON 2001. He is currently Asso-
ciate Editor for IEEE Transaction on VLSI and IET Computers and Digital
Techniques.

IEICE TRANS. ELECTRON., VOL.E92-C, NO.6 JUNE 2009




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


