Modeling of PMOS NBTI Effect Considering Temperature Variation
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Abstract

Negative bias temperature instability (NBTI) has come to
the forefront of critical reliability phenomena in advanced
CMOS technology. In this paper, we propose a fast and ac-
curate PMOS NBTI model, in which the temperature varia-
tion and the ratio of active to standby time are considered
in both stress and relaxation phases. A PMOS Vy, degra-
dation model and a digital circuits’ temporal performance
degradation estimation method are developed based on our
PMOS NBTI model. The simulation results show that: 1)
our dynamic NBTI model without temperature variation is
as accurate as previous models, the error is less than 2 3%;
2) the analysis error of PMOS Vy;, degradation may reach up
to 52 6% without considering temperature variation; 3) for
ISCASSS5 benchmark circuits, the error of worst case per-
Sformance degradation analysis is about on average 52 0%,
4) the ratio of active to standby time has a considerable im-
pact during the performance degradation analysis.

1 Introduction

As semiconductor manufacturing migrates to more ad-
vanced technology nodes, negative bias temperature insta-
bility (NBTI) is becoming one of the major reliability con-
cerns. NBTI signi“cantly shifts the threshold voltadf,
on the order of 26- 50mV for devices operating at2V or
below [1]. Previous research showed tWat shifts due to
NBTI is expressed as a power-law time dependence [2, 3],
and this aging-induced parameter variation has a negative
impact on circuit performance. After the aging time oP40
arising from NBTI, the circuit performance degradation can

[5]. However, because of associated recov-
he dynamic NBTI (i.e., under AC stress), a
neterse shifts over long time compared with

ess condition were observed and described th degradation model and study the impact of NBTI on

_ the temporal performance degradation in combinational
| models are developed to analysis the re-

degradation problems in large-scale dig-

|5]. Based on these circuit degradation
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proposed in [16], and the effect of vari-
desian narameters were described in 1171



circuits considering both the temperature variation and and the period of, the interface trap generation afiet 1

ratio of active to standby time. cycles of AC stress can be evaluated by a recursion formula
The rest of the paper is organized as follows. In Section Pelow,

2, we “rst review previous NBTI models and present our o 414

improved analytical NBTI model. Then, in Section 3, we  x: 1+ 1)7] = BNe(nt) | Ni | o (Nit('lf)>

give out theVy, degradation model, and the circuit delay es- 1+ 1+ Ng

timation method. The simulation results of a single PMOS (6)

transistor and the ISCAS85 benchmark circuits are shown

and analyzed in Section 4. Finally, Section 5 concludes theand the initial condition is

paper.

C14

Nit(7) =
2 NBTI Model 1+p

0— pg7l4 - [1=c
whereN; = At* %, and =/ 5°.

2.2 Our improved dynamic NBTI Model
without temperature variation

Ny (7)

A shift in the threshold voltagaV;, of the PMOS tran-
sistor is proportional to the interface trap generation due to
NBTI, which can be expressed [15] as

AV = (1+m) 210 @

ox Though the model proposed by Kumar [16] is accurate,

the computing process may be slow because of the recursion

wherem represents equivaleny, shifts due to mobility  processin Eq. (6). We use a different approach to derive the
degradationg is the electronic charg&)y is the gate ox-  model under AC stress.

ide capacitance, ankiy() is the interface trap generation, If the periodr is small enough (i.e., at a frequency more
which is the most important factor in evaluating perfor-  than several KHz magnitude), the traps created at the stress
mance degradation due to NBTI. and relaxation phases in one cycle can be expressed as
2.1 Previous NBTI Models ANit = ki(No — Nit) (¢7) — keNitCH(0 1) (c7)  (8)

ANit = —kNeC(0 1)(1— )T ©))

The interface trap generation is often described by a

reaction-diffusion (R-D) model [3], Thus, the above two equations can be averaged, giving [10]

dNit

dN; —— = ¢ kf(No— Nit) — ke N 01 10
D — ko= N~ kMG @) @) ar ~ NPT IGO0 (10
dN; aC Contrasting with Eq. (2), the interface trap generation
it _ H
ar . Ry —o @) can be expressed as
ICq _ . 9%Cy ktNo
=Dy @ Ne()) =116\ [ 2= (D) * (11)
where the mobile diffusing species are assumed to be neuynere05 describes the impact of AC stress on NBTI.
tral H atoms, andVy is the concentration of initial interface In order to eliminate the error in Eq. (11), the exponent

defects. The parametetsandk; are constant dissociation  of - should be modi“ed. We use a linear function to replace
rate and self-annealing rate, respectively. When the devicehe exponent ®, and the function can be determined by
is in recovery phasdy becomes zero, and is unchanged.  «iing technology. Hence, the interface trap generation can

The parametefy is the concentration of H atoms, any, be described as
is the corresponding diffusion coef‘cient.
In this modeI., .the.mterface trap generatiadaV(;) under Ni(r) = 1 16. L0 5+024—023, f O(DHt)l 4 (12)
DC stress condition is expressed as [3] kr
N The comparison between Kumares [16] and our model is
Nie(r) =116,/ %(DHt)l A=Attt (5) shown in Figure 1. The multi-cycle NBTI model under AC
r

stress condition proposed in this paper is as accurate as Ku-
Kumar et al. proposed an analytical NBTI model [16] to marss model, the error is |E‘255 thgfﬁ% (370x 10120”1_2_
handle multi-cycle AC stress condition; and assuming the of our model, and $2x 10'?cm™2 for Kumarss model in

PMOS transistor is under AC stress with duty cyclecof ~ Figure 1). Since there is no recursion process in our model,
our method is faster than Kumares.
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active and standby modes periodically, and the PMOS tran-NBTI model Eq. (15)-(17) proposed in previous section, the
sistor in the circuit is under AC stress in active mode, while degradation of threshold voltage is given by

in standby mode, it is under constant DC stress or in relax-

ation. We denote the ratio of the active to standby time as AV = Ky -y°>*0277023. 3,1 44 5,

under relax in standby

Ras, the temperature of active mode is denoted:ag(cor- cRas

responding to high temperatufigg, in previous section), Y= {fﬁf\‘sﬁfﬂ .

and the temperature of standby mod& &g,y (correspond- Ras+i under stress in standby

ing to Tiow). The interface trap generation is modeled as 1 under relax in standby

follows: A= Roeay ) 3 _ (18)
a) If the PMOS transistor is in relaxation phase in (ﬁﬁ{) under stress in standby

standby mode, the interface trap generation is not af-
fected by the temperature variation according to Section 2.3,where Ky and dy are the parameters extracted from [17],

which can be described as andy is the ratio ofDstgpy t0 Dact describing by Eq. (17).
_ ke NV . .
Nie(t) = 1 16./05+0247-023, %(Dacg)l 4 3.2 Gate and circuit delay degradation
' analysis
— CRas (15)
Ras+1

In this paper, the delay of a gatecan be approximately
whereDg is diffusion coef‘cient in active mode, and here expressed as [15]
¢ is duty cycle of stress in active mode.

b) If the PMOS transistor is under DC stress in standby d() = CiVad _ K
mode, the stress time in standby time should be transformed Iy (Vgs— Vin)®
using Eq. (14). Therefore, the interface trap generation is _ CLVad (19)
described as  UCoxWerr Left
Ne() =116 y05+o 24y—023, ktNo (Deﬁ[)l 4 The shift in the transistor threshold voltag& can be
ky derived using Eq. (18). Hence, the delay degradatidfv)
_ CRasDact+ Dstdoy _ cRas+ 1 for gatev can be derived as
RasDact+ Dstdby Ras+pu I'% I%
RasDact+ Dstdoy _ Ras+ 1 Ad(v) = -
Dt = = D 16 — Vi — a — Vi)
eff Ras+ 1 Ras+1 act (16) (Vgs Vtzv AVin) (Vgs Vin) (20)
_ _ th y—oa _
where B <(1 Vg— Vth) 1> d@v)
_ Dstdby — exp{ Ea <1_ Tact )] (17) We use Taylor series expansion on the right side of
Dagct kTact Tstdby Eqg. (20), neglecting the higher order terms, giving that
3 Vin and circuit delay degradation model Ad(v) = _OAVn ) 1)

Vgs — Vinho

Previous section describes the analytical model of inter-
face trap generation due to NBTI considering the temper-
ature variation between active and standby mode in real
circuits. In order to evaluate the temporal performance . .
degradation due to NBTI, the threshold voltage degradation4 ~ Simulation results
model and circuit delay model are described in the follow-

where Vg is the original transistor threshold voltage and
d(v) is the original delay of gate.

ing subsections. In this section, we present the simulation results in or-
der to validate the NBTI model. Firstly, a single PMOS
3.1 PMOS Vg degradation model transistor is used to evaluate the NBTI effect considering

temperature variation. Secondly, ISCASS85 circuits are used
A predictive compact model for NBTI is developed in as the benchmark. In this paper, the standard cell library is
[17]. The dependence of NBTI on key process (such,as constructed using the PTM 90nm bulk CMOS model [18].
Vin, andTyy) and design parameters (suchlag) are cap- Vada = 10V, |Vin| = 220mV are set for all the transistors in
tured in this model. From Eq. (1), the model in [17], and our the circuits.

TEEE .3@
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Figure 4. NBTI effect under variable tempera-
ture vs. constant temperature
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4.1 Single PMOS device NBTI analysis

The Vi, degradation of the PMOS transistor in the circuit
is shown in Figure 4. The ratio of active to standby time
is set to 1:9, and duty cycle in active mode i$.0 We
can see that after810%s (about 10 yr), th&, degradation
is 173mV considering temperature variation. If the tem-

perature is considered to be constant in the evaluation, the

degradation can reach up to 26V, and the error is 58%.

The temperature in the standby mode and the ratio of
active to standby time have considerable impact orvthe
degradation, which is shown in Figure 5 and 6. Table 1
shows the threshold voltage degradatids, with different
ratios of active to standby time. From these “gures and ta-
ble, we can conclude that 1) a lower standby temperature
leads to a smaller NBTI effect on thg, degradation; 2) if
the ratio of active to standby time is smaller, which means a
longer standby time during the circuit operation, the impact
of the standby temperature variation on thedegradation
is larger.
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Figure 6. Impact of Ras on Vi, degradation

Table 1. AVy, under different Ras (mV)

Ras 9:13:1(1:12|1:3]1:9
Tstdby=400K | 22.2| 23.0| 24.3 | 256 | 264
Tstgby=340K | 21.4| 20.8 | 19.7 | 18.3 | 17.3

4.2 Performance degradation analysis in
digital circuits

Fig. 7 shows the performance degradation of ISCAS85
c432 benchmark with different ratios of active to standby
time. The circuit delay degradation is much less than the
Vin degradation under a same standby mode temperature.
And the standby mode temperature difference leads to con-
siderable circuit delay difference.

Table 2 shows the result of the circuit delay degradation
analysis. In order to investigate the worst case circuit degra-
dation (denoted as Maxdelay in Table 2), we set the inter-
nal inputs of all the PMOS transistors to logic 0 during the
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Figure 7. Impact of Ras on Vi, and circuit delay
degradation
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