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I. I NTRODUCTION
Dynamic variation such as RTN (Random Telegraph Noise)
become to have a significant impact on reliability of semiconductor chips as comparable as static process variations
on 40 nm or later processes [1]. Fig. 1 shows that physical
origin of RTN is defects (traps) in gate dielectrics which
capture and emit carriers in channels [2]. The mechanism of
RTN is as same as that of BTI (Bias Temperature Instability)
[3]. ∆Vth (threshold voltage shift) is used to model RTN on
the transistor-level [4]. It has been reported that RTN has a
serious impact on CMOS sensors and memories [5]–[7]. It is
necessary for circuit designers to predict the impact of RTN
to the circuit-level.
It is proposed that ∆Vth by the defects follows the defectcentric distribution [3]. It estimates the impact of RTN to
the MOSFET operation by using N and η, where N is an
expected value of the number of defects which capture carriers
and η is an expected value of impacts to ∆Vth by each of
the defects [8], [9]. MOSFETs fabricated on 40 nm or later
process have HK (high-k layers) and IL (interface layers)
in their gate dielectrics. In this case, distributions of ∆Vth
of BTI are reproduced by 4 parameters, which are N and
η of each layer [10]. RTN on the multi-layer process are
also reproduced in the same way [11]. It is called “bimodal
model” whereas conventional “unimodal model” only takes
into account the defects in a single layer. Circuit designers
have to consider impacts of RTN of the bimodal model in
the scaling process. However, circuit analysis methods using
the bimodal RTN model are not reported because of the
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Abstract—We propose circuit analysis and defect characteristics estimation methods using the bimodal RTN (random telegraph noise) model of the defect-centric distribution. The bimodal
model takes into account the defect characteristics of both high-k
and interface layers in gate dielectrics on a 40 nm SiON process,
whereas the conventional unimodal model fails to replicate the
effects of RTN on the process. The estimation method calculates
parameters of the defect characteristics of the bimodal model by
using RTN-induced frequency fluctuations measured on the ring
oscillators. The analysis method reproduces distributions of RTNinduced frequency fluctuations by the Monte Carlo simulation
using the defect parameters. We confirm the proposed methods
fully replicates the effect of RTN by comparing simulation and
measurement results of a 40 nm test chip.
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Fig. 1. RTN is caused by capture and emission of carriers at defects in gate
dielectrics.

difficulty of the prediction with the four parameters of the
defect characteristics (N and η of each layer).
In this paper, a circuit-level modeling method of RTN
by using the bimodal defect-centric model and a estimation
method of the defect parameters are proposed. Our approach
has two features as follows.
• Predict impacts of the bimodal RTN by using circuit
analysis with the ∆Vth distribution
• Estimate the defect characteristics of each HK and IL by
measurement results of a 40 nm test chip
RTN-induced variations are predicted by our proposed methods.
This paper is organized as follows. Section II shows the
transistor-level modeling based on the physical origin of RTN,
measurement results of the test chip, and the analysis method
on the circuit-level. Section III introduces the estimation
method of the defect characteristics and experiment results
which compare the prediction with the measurement results.
Section IV concludes this paper.
II. T RANSISTOR -L EVEL M ODELING AND C IRCUIT-L EVEL
P REDICTION M ETHOD
In this section, a transistor-level RTN model based on the
physical origin, measurement results of RTN distribution on
40 nm test chips, and a circuit-level RTN prediction method
are introduced.
A. Transistor-Level RTN Modeling
RTN-induced ∆Vth on a single MOSFET follows the
defect-centric distribution which is based on the physical
behavior of the defects [3]. Fig. 2 shows a mean value of ∆Vth
is a product of N and η, where N is an expected value of the

N = LW D

(1)

Where, D is a defect density which depends a fabricated
process. N is proportional to the gate area LW , whereas η
is inversely proportional to LW as shown in Eq. (2) [13].
s
η=
(2)
LW
Where, s is a coefficient which is also a process parameter.
The number of defects and ∆Vth on each of the defects follow
the Poisson and the exponential distribution, respectively.
Therefore, the CDF (Cumulative Density Function) of ∆Vth
on MOSFETs is represented in Eq. (3).
FN,η (∆Vth ) =

∞
∑
e−N N n
Fn,η (∆Vth )
n!
n=0

(3)

A mean value and a standard deviation of the defect-centric
distribution are shown in Eqs. (4) and (5), respectively.
µ∆Vth
σ∆Vth

= N η (= constant)
√
√
=
2N η 2 (∝ 1/ LW )

(4)
(5)

From those equation, µ∆Vth is constant although the size
of MOSFETs shrinks. However, σ∆Vth becomes larger with
scaling. Therefore, the RTN-induced ∆Vth is distributed wider
range in the smaller devices. In other words, the impacts of
RTN on the circuits become crucial with the downscaling.
Fig. 3 shows three types of gate dielectric materials and
models of the defect-centric distribution. The unimodal defectcentric distribution shown in Eq. (3) accurately predicts the
RTN effects in (a) SiO2 /SiON and Poly-Si processes, but it
is inapplicable in (b) Ultra thin HK/Poly-Si and (c) HKMG
(high-k metal gate) processes [10]. RTN-induced ∆Vth in (b)
and (c) is characterized by two independent N and η attributed
to the defects in the HK and the IL regions. The mean values
of numbers of the defects in these regions are defined as NHK
and NIL . The mean values of the impacts of RTN to ∆Vth
per defect to RTN are defined as ηHK and ηIL . A CDF of the
bimodal defect-centric distribution is described as Eq. (6).
FN1 ,N2 ,η1 ,η2 (∆Vth ) =
∞ ∑
∞
∑
e−N1 N n1 e−N2 N n2
1

n1 =0 n2 =0

n1 !

2

n2 !

Fn1 ,n2 ,η1 ,η2 (∆Vth )

(6)

Note that subscripts 1 and 2 are corresponding to the HK and
the IL. In this paper, the bimodal model is focused on.
B. Measurement of RTN on Test Chip
A method to measure RTN-induced frequency fluctuations
on test chips and a method to evaluate the impact of RTN are
explained in this section. The measurement results are used
for the parameter estimation in Section III.
Fig. 4 shows the test structure which is a 7-stage RO (ring
oscillator). The chip including the 840 ROs are fabricated in
a 40 nm HK/Poly-Si process. The process has the HK region

ࢤࢂ_ ൌ ࡺ ൈ ࣁ
ǆƉŽŶĞŶƚŝĂůŝƐƚƌŝďƵƚŝŽŶ
ǀŐ͘∆୲୦ / 
 ܐܜс

WŽŝƐƐŽŶŝƐƚƌŝďƵƚŝŽŶ
ǀŐ͘ηŽĨƚƌĂƉƐͬĚĞǀŝĐĞ  с

ůŽŐ;ϭͲ&Ϳ

number of the capturing defects and η is an expected value of
∆Vth on each of the defects. N is expressed by Eq. (1) [12].

 
  
!

Fig. 2.

  



 ∆࢚ࢎ

Prediction of RTN-induced ∆Vth on a single MOSFET.
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Fig. 3. Dielectric materials and two models of defect-centric distribution,
(a) SiO2 /Poly-Si, (b) Ultra thin HK/Poly-Si, and (c) HKMG processes [11].

and is corresponding to (b) in Fig. 3. The HK region is doped
to optimize the gate work function [14]. The RTN effects are
observed as frequency fluctuations on measurements of the
ROs. The method that measures the ROs collects the data
more efficiently than that of transistors. This approach has
the disadvantage that it fails to directly obtain ∆Vth of each
of the transistors on ROs. However, our method proposed
in Sec. III successfully estimates the characteristics of the
transistors by the measurement data on ROs. Therefore, this
method is chosen in this paper. Note that all measurement data
are taken from a single chip to eliminate chip-to-chip process
variations.
Fig. 5 shows the timing chart to measure the frequency fluctuation in a single RO. It periodically repeats oscillations and
pauses. Embedded counters are used to measure the number
of oscillations periodically during each oscillation period. The
numbers of oscillations are dynamically fluctuated by RTNinduced ∆Vth . The measurement conditions are as follows.
The number of ROs is 840, the number of the measurements
on a single RO is 9,024, the time of one cycle is ∆t = 2.2
ms, and the duration time is ttotal = 20 s. Those conditions
are determined because of the limitation of our measurement
facilities. The supply voltage is Vdd = 0.65 V instead of
nominal 1 V. Different frequencies are observed in a single
RO at each cycle because of the RTN effects.
Eq. (7) is used to evaluate the RTN-induced frequency
fluctuation.
∆F
Fmax − Fmin
=
(7)
Fmax
Fmax
Where, Fmax and Fmin are defined as the maximum and the
minimum value among measured 9,024 frequencies, respectively. ∆F/Fmax in Eq. (7) represents the impact of RTN on
the circuits.
Fig. 6 shows the measurement results of ∆F/Fmax . X
and Y axes denote standard normal quantile and ∆F/Fmax ,
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Test structure to measure frequency fluctuation in 40 nm process.
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Timing chart to measure RTN-induced frequency fluctuation.
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respectively. RTN fluctuates the frequencies by 8.61% on 840
ROs. The frequencies of ROs are estimated to fluctuate 50%
at the +6σ point, if they follows the log-normal distribution.
Practically, this estimation is inaccurate because the RTNinduced ∆Vth follows the defect-centric distribution.
C. Circuit-Level RTN Prediction
To predict the RTN effects on the circuit-level, it is necessary that circuit simulation analyses with netlists including
RTN-induced ∆Vth . The values of ∆Vth are calculated by
the transistor-level RTN model with the device characteristics.
The distribution of the RTN effects is reproduced by a Monte
Carlo analysis with such netlists.
Our goal is to replicate a distribution of the frequency fluctuations on measured ROs. Therefore, the device characteristics
of the fabricated chip should be obtained. The RTN-induced
∆Vth assumes to follow the bimodal defect-centric distribution
because the chip is fabricated in the 40 nm SiON process.
From this, it is necessary to estimate these four parameters,
NHK , NIL , ηHK , and ηIL .
III. E STIMATION OF D EFECT C HARACTERISTICS AND
RTN C IRCUIT A NALYSIS
In this section, a method to estimate four defect characteristics of the bimodal defect-centric distribution from the
measurement results of 840 ROs on the test chip are explained.
We confirm that simulation results analyzed by using the
parameters are matched with the measurement results
Fig. 7 shows an overview of algorithm to estimate the
defect characteristics. Vectors of the threshold voltage shifts
∆V̂th is calculated by using the bimodal defect-centric distribution with vectors of the defect characteristics ĉi =
(NHK, i, NIL, i, ηHK, i, ηIL, i). ∆V̂th is converted to vectors of
the frequency fluctuations ∆F̂sim /Fmax by using sensitivities
from prior circuit simulations. The KS test (KolmogorovSmirnov test) is performed between ∆F̂sim /Fmax and the
measure data ∆F̂meas /Fmax . The loops are repeated with manipulating ĉi by the DS method (Downhill Simplex Method)
until the probability value pi from KS tests exceed pth or the
number of iterations exceed a limitation value iMAX . More
details are introduced in later parts.
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Algorithm to estimate defect characteristics.

A. Analysis of Sensitivity of Frequency Fluctuation to Threshold Voltage Shift
Prior to the descriptions of the algorithm in Fig. 7, the
sensitivity analyses of ∆F/Fmax to ∆Vth is introduced. It
is necessary to obtain the effect of RTN to circuit frequencies,
nevertheless the circuit simulations take a lot of time. Therefore, the sensitivity is analyzed for efficient execution of the
algorithm.
The relation between ∆F/Fmax of ROs and ∆Vth on each
of the MOSFETs is introduced. The frequency fluctuations by
the MOSFETs ∆Fi are expressed as Eq. (8).
∆Fi ≈ ki ∆Vth,i

(8)

Where, ∆Vth,i and ki are the threshold voltage shift on the
MOSFET and the sensitivity of ∆Fi to ∆Vth,i , respectively.
The sensitivity is changed by the supply voltage, the circuit
structure, and so on. However, the sensitivities of each stage
in ROs are assumed to be the same because the inverters are
connected serially. ∆F/Fmax is described as Eq. (9).
1 ∑
∆F/Fmax =
∆FINV,i
(9)
Fmax
1 ∑
(kn ∆Vthn,i + kp ∆Vthp,i )
=
Fmax
Where, ∆FINV,i , kn , kp , ∆Vthn,i , and ∆Vthp,i are the frequency fluctuations on each of the stages, the sensitivities on
the single N/PMOSFETs, and ∆Vth on ith N/PMOSFETs,

kp

7-stage RO
40 nm process
Vdd=0.65 V

L=44 nm
W=88 nm

delvto=
dvthp,1

delvto=
dvthp,2

delvto=
dvthp,7

delvto=
dvthn,1

delvto=
dvthn,2

delvto=
dvthn,7

L=44 nm
W=88 nm

delvto_pmos
=-|dvth|
delvto_nmos
=|dvth|

kn

Fig. 9.
Fig. 8. Threshold voltage shift of each MOSFET (dvthn,i and dvthp,i) and
sensitivity of NMOS and PMOS (kn and kp ).

Simulation structure.

0.009
0.008

TABLE I
S IMULATION

0.007

CONDITION .

0.006

40 nm HK/Poly-Si Standard
N/PMOS L/W = 44/88
0.65 V

df/fmax

Tr. model
Cell Size
Supply Voltage

PMOS: g(x)=1.782x

0.005
0.004
0.003
0.002

respectively. Fig. 8 depicts kn , kp , ∆Vthn,i , and ∆Vthp,i .
Note that delvto is the parameter of ∆Vth in BSIM. Hence,
∆F/Fmax can be calculated by ∆Vth if kn and kp of the
circuits are already known.
Fig. 9 shows the simulation structure (the RO). It replicates
the measurement circuit shown in Sec. II except the NAND
is replaced by the inverter. The simulation conditions are
summarized in Table I. |∆Vth | of a single N/PMOSFET in
the RO is sweeped from 0 to 5 mV. Note that the impacts of
RTN on ∆Vth are assumed to a few mV order ranges in the
40 nm process. ∆Vth of each of the MOSFETs are shifted in
order to match the measurement and simulation results.
Fig. 10 shows analysis results. X and Y axes denote |∆Vth |
and ∆F/Fmax , respectively. Both results follow linear functions. Discrete fluctuations are caused by the SPICE model.
Fitting functions of the results are expressed as Eqs. (10, 11).
f (∆Vthn ) = 0.7719 × ∆Vthn
g(∆Vthp ) = 1.782 × ∆Vthp

(10)
(11)

Asymptotic standard errors are 0.589% and 0.265%, respectively. The defect characteristics is estimated with those approximations.
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expressed as Eq. (12).
µ∆Vth = µ∆F/Fmax /i × (kn + kp )

(12)

As shown in the section II, in the defect-centric distribution,
µ∆Vth and σ∆Vth are formulated in Eq. (4,5), respectively. If
µ∆Vth is the sum of the mean values of ∆Vth on the HK
and the IL, µ∆Vth,HK and µ∆Vth,IL , respectively, Eq. (13) is
established.
µ∆Vth

= µ∆Vth,HK + µ∆Vth,IL

(13)

= NHK ηHK + NIL ηIL
Where, µ∆Vth,HK : µ∆Vth,IL = 1 : 1 is assumed. Empirically,
the values of NHK and ηIL are a digit and a few mV order. The
initial vertexes (provisional values of the defect characteristics)
are calculated in the above conditions.

B. Set Initial Vector of Defect Characteristics

C. Obtain Vectors of Threshold Voltage Shift and Frequency
Fluctuation

The details of the vectors of the defect characteristics ĉi
are introduced. Each of the defects has four parameters, NHK ,
ηHK , NIL , and ηIL . In this method, a 5 × 4 matrix is made as
the initial simplex. Each of the vertexes is ĉi .
The initial ĉi are defined as follows to converge computation.
1) Read µ∆Vth (mean values of ∆Vth ) from the measurement results
2) Determine provisional values of the defect characteristics
µ∆Vth is read by Fig. 6. When ∆Vthn,i = ∆Vthp,i = µ∆Vth ,
then ∆F/Fmax = µ∆F/Fmax in Eq. (9). In this case, µ∆Vth is

The details of the vectors of the threshold voltage shifts
∆V̂th is explained. ∆V̂th is obtained by calculating 840 × ntr
times of ∆Vth with the defect-centric distribution ĉ, where
ntr = 14 is the number of MOSFETs in the RO. ∆V̂th
reproduces the RTN-induced ∆Vth of each of the MOSFETs.
In this method, the defect characteristics of the N/PMOSFETs
are assumed to be equivalent. However, it has been reported
that the characteristics of N/PMOSFETs are different. This is
a subject of future investigation.
The details of the vectors of the frequency fluctuations
∆F̂sim /Fmax is introduced. The measurement results are incomparable with ∆V̂th because those are data of the values of

frequencies. Therefore, ∆V̂th is converted to ∆F̂sim /Fmax by
using Eq. (9) with kn and kp obtained by the prior analyses.
D. Perform Kolmogorov-Smirnov Test Using Vector of Frequency Fluctuation and Measurement Data
The two-sample KS test determines that two samples are
similar or not. It is the hypothesis test that evaluates the
difference between CDFs of the distributions of the two sample
data vectors over the range of x in each of the set. The test
uses the value in Eq. (14) which is the maximum absolute
difference between the CDFs of the distributions of the two
vectors.
D∗ = max(|P̂1 (x) − P̂2 (x))
(14)
x

Where, P̂1 (x) and P̂2 (x) are the proportions of x1 and x2
values less than or equal to x, respectively. In the test, the decision to reject the null hypothesis “two data are from the same
continuous distribution” is based on comparing the pi value
with the significance-level. If pi is larger than the significancelevel, two samples are assumed to have the most similar
distribution. The tests are performed using ∆F̂meas /Fmax and
∆F̂sim /Fmax , then pi for ĉi are identified.
E. Manipulate Vector of Defect Characteristics by Downhill
Simplex Method
The DS method is one of the solutions for optimization
problems of multidimensional variables. In this method, the
minimum value of the objective function is achieved by
manipulating vertexes of the simplex repeatedly. The method
has four ways of the standard manipulation called reflection,
expansion, reduction, and contraction. (N + 1)-dimensional
simplex is used for the N -dimensional function, hence, 5dimensional simplex is set. The vertexes and the function
values are ĉi and 1 − pi , respectively. Therefore, the simplex
consists of a 4 × 5 matrix.
The convergence condition is 1 − pi < pth . Added to this,
iMAX is the maximum iteration. If any 1 − pi does not exceed
pth , ĉi with the maximum 1 − pi is regarded as the estimation
result.
F. Estimation Results of Defect Characteristics and Prediction
of RTN Effect
The distribution of RTN-induced frequency fluctuations are
reproduced by the Monte Carlo simulation with the defect
characteristics obtained by the method proposed in this section.
The estimation result is (NHK , ηHK , NIL , ηIL )=(4.00,
0.121 mV, 0.142, 3.17 mV). Conditions of the estimation are
pth = 99% and iMAX = 1000. The circuits and conditions
are as same as those shown in Fig. 9 and Table I. ∆Vth is
calculated by the defect-centric distribution with the result.
The distribution of the frequency fluctuations are analyzed by
840 times Monte Carlo circuit simulations.
Figs. 11 and 12 shows the distributions of measured
∆F̂meas /Fmax and predicted ∆F̂sim /Fmax by the estimated
ĉ, respectively. X and Y axes are ∆F/Fmax and standard
normal quantile, respectively. Matching between the results
is confirmed.

IV. C ONCLUSION
We propose the circuit analysis method using the bimodal
defect-centric distribution on the 40 nm SiON process and
the method to estimate the defect characteristics. The RTNinduced variations should be taken into account, but the
conventional unimodal model is fails to replicate the effects
on 40 nm or later processes. The proposed method uses the
bimodal model which has the parameters corresponding to
two dielectric layers. To predict the distribution of the RTNinduced frequency fluctuations, the method to estimate the
defect characteristics by the measurement data is proposed.
The RTN-induced variations on the test chip are accurately
reproduced by using the Monte Carlo analysis.
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