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We apply the bimodal trap model of Random Telegraph
Noise (RTN) to predict its impact on the circuit level instead
of the conventional unimodal trap model. Two different trap
distributions represented by the average number of traps N
and the average impact to threshold voltage Vth per trap
η in gate dielectric make measured RTN distributions of
ring oscillators (ROs) to follow the bimodal trap model.
It replicates distributions of frequency fluctuation of ROs
caused by RTN on 40-nm SION and 28-nm HKMG processes.
RO with standard size-transistors can be modeled by scaled
parameters from RO with minimum-size transistors.
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Fig. 2: Predicttion of the total RTN-induced ∆Vth distribution
on a chip by defect-centric models.

I. I NTRODUCTION
With the rapid downscaling of MOSFETs to atomistic
levels, dynamic variations such as Random Telegraph Noise
(RTN) become dominant as comparable as static process
variations [1]. Fig. 1 depicts RTN caused by capture and
emission of carriers at gate-oxide traps [2], [3]. Since traps
capture and emit alternately with various time constants, ∆Vth
fluctuates when supply power is applied to MOSFETs. It has
been reported that RTN has a big impact on CMOS image
sensors, flash memories and SRAMs [4]–[6]. It is mandatory
for circuit designers to accurately predict the impact of RTN
to the circuit level.
This paper deals with the circuit-level modeling of RTN
by using the bimodal defect-centric model [7]. Section II
introduces the unimodal and bimodal defect-centric models.
The unimodal model can be applied to the process without
higk-k gate dielectric, while the bimodal one can be applied
to those with high-k. Section III shows measurement results
of RTN-induced frequency fluctuations of ring oscillators
fabricated in 40 nm and 28 nm processes. Section IV explains
our fitting methodology on the circuit level with the bimodal
model. Section V reveals that the measurement results can
accurately be replicated with the fitting results. Section VI
concludes this paper.
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Fig. 1: RTN is caused by capture and emission of carriers at
gate oxide traps.
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Fig. 3: Dielectric materials and defect-centric models (a)
SiO2 /Poly-Si, (b) Ultra thin HK/Poly-Si, (c) HKMG process.

II. RTN M ODELING BY U NIMODAL AND B IMODAL
DEFECT- CENTRIC DISTRIBUTIONS
Recently, the defect-centric distribution has been proposed
to predict RTN-induced degradations [1], [8]. It is based on
the physics of trap behaviors in gate dielectrics. RTN-induced
∆Vth is charaterized by the average number of charged traps
N and the average impact to threshold voltage Vth per trap η
as shown in Fig. 2. The device-to-device threshold variation
⟨∆Vth d ⟩ is computed as a convolution of exponential distributions of individual charged defects expressed as the Poisson
distribution.
We replicate frequencies of Ring Oscillators (ROs) with
dynamic RTN-induced threshold voltage (Vth ) variations by
the Monte-Carlo method. Fig. 3 shows three defect-centric
models according to gate dielectronic materials. The unimodal
defect-centric model accurately predict defect distributions
in SiO2 and SiON processes, but it is not applicable in
High-K Metal Gate (HKMG) processes [9]. The threshold
fluctuation (∆Vth ) by RTN in HKMG is characterized by
two independant N , η values attributed to traps in HK and
IL (Interface Layer) regions [7], respectively. The average
numbers of traps in these regions are defined as NHK and
NIL . The average impacts to Vth per trap to RTN are defined
as ηHK for HK and ηIL for IL, respectively.
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Test structures are fabricated in 40 and 28 nm processes.
They both have HK gate dielectric as shown in Fig. 3 (b) and
(c). In 40 nm, the thin HK layer is attached on IL. HK is
doped to modify gate work functions to control Vth [10]. In
28 nm, the HKMG process in Fig. 3 (c) is used as gate stacks
to increase permittivity.
Fig. 4 shows two RO structures to measure frequency
fluctuation in 40 and 28 nm. RO consists of 6 inverters and
one NAND gate in 40 nm, while RO in 28nm is composed of 7
NOR gates. We measure frequency fluctuations of 840 ROs in
40 nm and 216 ROs in 28 nm. 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 frequency
fluctuation in a single RO. It periodically repeats oscillation
and pause. Embedded counters are used to measure number
of oscillations periodically during each oscillation period.
Measured numbers of oscillations (frequency) dynamically
fluctuate when RTN changes Vth . Table I shows measurement
conditions of 40 nm and 28 nm. The duration time of
measurement are 20 sec. and 2.7 sec. in 40 nm and 28 nm
respectively. It is because of the limitation of measurement
facilities.
Fig. 6 (a), (b) shows measured frequency fluctuations of 40
nm and 28 nm at 0.65 V. Fmax and ∆F = Fmax − Fmin
are defined as the maximum frequency and the maximum
frequency fluctuation respectively. ∆F/Fmax represents the
impact of RTN to circuit operations. RTN fluctuates oscillation frequencies by 8.61% in 40 nm and 2.64% in 28 nm
respectively. Fig. 7 shows distributions of measured ∆F/Fmax
(triangles) of ROs in 40 nm and 28 nm. At +6σ points,
oscillation frequencies of ROs in 40 nm fluctuates 50%.
One reason why 28 nm has smaller ∆F/Fmax is the
transistor size. Transistors in the 40 nm ROs are minimized to
Table I: Measurement conditions.
Process
∆t
# of measurements
ttotal
# of ROs
Vdd

40 nm
2.2 ms
9,024
20 s
840
0.65 V

28 nm
0.174 ms
15,000
2.7 s
216
0.65 V
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Fig. 6: Measurement results of RTN-induced frequency fluctuation of single RO. (a) 40nm HK/Poly-Si, (b) 28 nm HKMG.
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Fig. 5: Timing chart to measure RTN-induced frequency
fluctuation.
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measure RTN-induced frequency fluctuation distinctly, while
the 28 nm ROs are designed with standard-size transistors. In
40 nm, ROs with standard size inverters have less than 2.0%
frequency fluctuation at +3σ as later shown in Fig. 11
IV. F ITTING M ETHODOLOGY U SING B IMODAL M ODEL
Fig. 8 shows our simulation flow to obtain the distributions
of ∆F/Fmax of ROs by using these four parameters: average
number of traps and average ∆Vth per traps in interface and
high-k layers, NIL , NHK , ηIL ,and ηHK .
In the simulation flow, we assume that the RO with the
maximum frequency Fmax has no RTN fluctuation. The RO
with the minimum frequency Fmin has the maximum RTN
fluctuation when all possible defects are trapped to decrease
oscillation frequency. The value of ∆F/Fmax is computed
from Eq. 1.
Fmax − Fmin
(1)
Fmax
Initial parameters are heuristically optimized to fit the
∆F/Fmax distribution from circuit simulations with the measurement data.
∆F/Fmax =

V. F ITTING WITH THE B IMODAL M ODEL
Fig. 9 (a) shows distributions of ∆F/Fmax by the defectcentric distributions and the measurement results in 40 nm
HK/Poly-Si. While the unimodal model fails to follow the
distributions at the tail, the bimodal (HK+IL) model follow
them from head to tail. The bimodal defect-centric model
clearly replicates the CDF distributions by the combination
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Table II: Parameter values to obtain ∆F/Fmax distributions
of ROs with minimum and standard size transistors as shown
in Fig. 11.
Min. size
Std. size
Min/Std

NHK
4.5
21.4
0.21

ηHK
0.20
0.042
1/0.21

NIL
0.15
0.71
0.21

ηIL
2.7
0.57
1/0.21

of HK and IL traps in Fig. 9 (b). Fig. 10 (a), (b) shows that
the bimodal defect-centric model well describes ∆F/Fmax
distributions than the unimodal defect-centric model in 28
nm HKMG. The measured ∆F/Fmax distributions cannot be
modeled by the unimodal distribution.
As shown in Figs. 9 (b) and 10 (b), defects in HighK dielectric fluctuates frequency widely but the impact to
frequency fluctuations is smaller than traps in interface layers.
On the other hand, the number of traps in interface layers is
much less than those in HK, but the impacts to frequency
fluctuation are significant.
When the transistor width is doubled, the number of traps
per transistor N are doubled while the average ∆Vth per traps
η becomes half. From these assumption, the fitting parameters
are obtained from the distribution of ROs with the minimumsize transistors. The measured ∆F/Fmax distribution of ROs
with the standard-size inverters is almost identical with the
simulated distribution with the parameters scaled from the
minimum-size inverters. Fig. 11 (a) shows the fitting results of
∆F/Fmax distributions of ROs with two different transistor
widths. Fig. 11 (b) The ratio of transistor widths is 1:0.21.
Table II show the parameters to obtain the distributions.
As shown in Fig. 12, ηIL decreases when reverse bias at
the back gate is applied. On the other hand, when forward
bias is applied, it increases. NHK , NIL , ηHK are constant.
VI. C ONCLUSION
We accurately replicate RTN-induced frequency fluctuation
distribution of ROs on both ultra thin and general HK pro-
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Fig. 8: Simulation flow to obtain NIL , NHK , ηIL , ηHK .
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Fig. 9: 40nm HK/Poly-Si gate stack results. (a) Bimodal
distribution is better to describe the measured ∆F/Fmax
than unimodal distribution. (b) Bimodal distribution is a
combination of HK/IL trap.
cesses, using a bimodal defect-centric distribution with the
number of traps NHK , NIL and the impact to Vth per trap ηHK ,
ηIL . The parameters scaled from ROs with minimum-size
transistor can replicate RTN-induced frequency distributions
of ROs with standard-size transistor.
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