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In this work, based on the experimentally calibrated 3D device simulation, we for the first time estimate
the impact of intrinsic parameter fluctuation on the electrical characteristic of 16-nm-gate TiN/HfO2 bulk
FinFETs. The sources of intrinsic parameter fluctuation include the random discrete dopants, interface
traps and work function differences, simultaneously. The full 3D simulated threshold voltage fluctuation,
induced by the aforementioned random sources simultaneously, is 26.2 mV for the N-type bulk FinFET
(and is 55.5 mV for the planar N-MOSFET). For the N-type bulk FinFET, the statistical sum of these fluc-
tuations is 9.5% (and is 12.3% for the planar device) overestimation, compared with the full 3D simulation.
One of the main reasons is the independence assumption on these random variables is destroyed owing
to interactions to different extents among RDs, ITs and WKs. The coupled surface potentials cannot be
simply estimated by using their statistical sum of individual random source. Under the same threshold
voltage, compared with the result of the planar MOSFETs, more than 50% reduction on the threshold volt-
age fluctuation of the explored bulk FinFETs is observed owing to the benefit of 3D structural nature.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Innovation of fabrication process, device material, and vertical
channel structure benefits the production of CMOS devices. It con-
tinues to support and energize the performance projection of
Moore’s law [1]. Performance improvement of nanometer scale
CMOS devices requires not only overcoming a variety of fabrication
challenges but also suppressing systematic variation and random
effects [2]. Except the process variation effects, the random effects
including random dopants (RDs), interface traps (ITs) and work-
functions (WKs) are crucial for device characteristics of nanometer
scale planar and vertical silicon channel field effect transistors [3].
DC/AC characteristic fluctuations induced by RDs (RDF), ITs (ITF)
and WKs (WKF) on high-j/metal gate (HKMG) planar MOSFET de-
vices and various circuits were modeled and simulated by using
different simulation techniques, recently [4–12]. Studies on the
characteristic fluctuation of the bulk and SOI FinFET devices result-
ing from individual (or pair-wised) random factors have also been
reported [13–15]. It will be an interesting topic for us to explore
the RDF, ITF, and WKF at the same time on the HKMG bulk FinFETs.

In this study, we estimate the aforementioned three random
factors simultaneously on the characteristic fluctuation of
16-nm-gate TiN/HfO2 bulk FinFETs by using experimentally cali-
brated 3D quantum-mechanically-corrected device simulation.
Full fluctuations are further compared with their statistical sum
with respect to planar MOSFETs as well as bulk FinFET devices in
ll rights reserved.
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the unified analyzing methodology. More than 50% reduction on
the threshold voltage fluctuation of the explored 16-nm-gate
HKMG bulk FinFETs could be estimated, compared with the result
of the planar MOSFETs. The findings of this study indicate that the
coupling effect of surface potentials resulting from aforementioned
random factors cannot be simply calculated by using their statisti-
cal sum of individual random source.

This paper is organized as follows. In the Section 2, we brief the
statistical 3D device simulation methodology. In the Section 3, we
discuss the simulation results. Finally, we draw conclusions and
suggest future work.

2. The statistical device simulation methodology

The devices we studied are the 16-nm-gate bulk FinFETs with
AR2. The AR2 is defined by the quotient: AR2 = Fin height/Fin
width = 32/16 = 2. The simulated devices are with amorphous-
based TiN/HfO2 gate stacks and an EOT of 0.8 nm. An illustration
of the simulated diagram for the 16-nm-gate TiN/HfO2 bulk FinFET
devices is shown in Fig. 1(a). Without the loss of generality, we
adopt the structure of AR1 as an example to brief the settings of
the 3D statistical device simulation. Fig. 1(b) shows the settings
for the RDF in the N-type devices which mainly follows our recent
work [8] for the planar MOSFET devices. Notably, we generate
1327 dopants randomly in a large cube of (96 nm)3 and the equiv-
alent doping concentration is 1.5 � 1018 cm�3. The large cube is
partitioned into sub-cubes. The number of dopants in the sub-
cubes may vary from 0 to 14, and the average dopant number is
6. These sub-cubes are then mapped into the device channel
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Fig. 1. (a) The diagram of the studied HKMG bulk FinFET with AR1 (AR1 = Fin height/Fin width = 1). The generated devices are with considering RDF, ITF, and WKF,
simultaneously. The blue dots are discrete dopants inside the channel and the pink dots are interface traps at the HfO2/Si interface; the square patterns with green and blue
colors are TiN h200i and h111i orientations. (b) 1327 dopants are randomly generated in a large cube of (96 nm)3, in which the equivalent doping concentration is
1.5 � 1018 cm�3. The large cube is partitioned into sub-cubes which are then mapped into the device channel region for the 3D device simulation. The number of dopants in
the sub-cubes may vary from 0 to 14, and the average dopant number is 6. (c) For the settings of ITF, we first generate 2259 acceptor-like traps marked as pink dots in three
large 2D planes where the trap’s concentration in the large plane is around 1.5 � 1012 cm�2 based upon experimental characterization. Notably, the total number of generated
traps follows the Poisson distribution. Then, the statistically random generated large 2D plane is partitioned into many sub-planes, where the number of traps in the sub-
planes varies from 1 to 8 and the average number of interface traps is 4. (d) For the settings of WKF, we generate 3136 metal grains randomly in a large area (224 nm)2, where
the grain size are (4 nm)2 from the empirical data. The work function of each sub-region is totally random according to the material property in the inset table. The number of
h200i and h111i orientations is generated with 60% and 40% probabilities.
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region. As shown in Fig. 1(c), for the simulation of ITF, we first gen-
erate 2259 acceptor-like traps marked as pink dot in three large 2D
planes, as shown in Fig. 1(c), where the trap’s concentration in the
large plane is around 1.5 � 1012 cm�2, based upon experimental
characterization, and the total number of generated traps follows
the Poisson distribution. Then, the statistically random generated
large 2D plane is partitioned into many sub-planes, where the
number of traps in the sub-planes varies from 1 to 8 and the aver-
age number of interface traps is 4. The energy of each random trap
on a sub-plane is random assigned independently. Thus, each trap’s
density is estimated according to randomly assigned trap’s energy
[6,7]. As shown in Fig. 1(d), to perform the WKF simulation, we di-
rectly partition the metal gate’s area into 48 sub-regions following
Gaussian distribution, where the number of generated grains in the
top and two lateral gates are 16. Note that the variation range of
TiN grain’s size is dozens of nanometers and we first assume it is
equal to (4 nm)2 according to experimental data [5,15]. The ran-
domly generated small squares approximate arbitrary shape of
grains well. According to metal material’s property, in our WKF
simulation the TiN has two different orientations: h200i and
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Fig. 2. The ID–VG characteristic fluctuated by ALL fluctuation factors of the 16-nm-
gate HKMG bulk FinFETs with the case of AR2. The red line is the nominal data. The
normalized rIon and rIoff are 12% and 49.7%, respectively.
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Fig. 3. The normalized rID vs. VG among different random factors. The inset
equation is used to calculate the normalized rID, where these fluctuations are
within 15% when device is operated at high gate bias.
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Fig. 4. The rVth for the 16-nm-gate HKMG planar MOSFETs and the 16-nm-gate
HKMG bulk FinFET devices induced by the RDs, ITs, WKs, ALL, and SUM,
respectively. Benefiting from the structural nature, the bulk FinFET has more than
50% reduction on the threshold voltage fluctuation, compared with the result of
planar MOSFET, when device suffer ALL fluctuations.
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h111i orientations with 60% and 40% generated probabilities
where the associated probabilities of WKs are 4.4 eV (blue color)
and 4.6 eV (green color) for the N-type bulk FinFETs. Consequently,
for the simulation of combined RDF, ITF and WKF, the aforemen-
tioned statistical procedure for RDs, ITs, and WKs is first performed
respectively and then randomly positioned into the silicon chan-
nel, the HfO2/Si interface, and the gate area of each device simulta-
neously. For the simulation of characteristic fluctuation of the 16-
nm-gate TiN/HfO2 MOSFET devices, we follow the procedure
appearing in the reference [8].
3. Results and discussion

The ID–VG resulting from total fluctuations (considering RDs, ITs,
and WKs at the same time; denoted as ALL) is shown in Fig. 2. The
red line is the nominal data. The normalization of rIon and rIoff are
12% and 49.7% respectively. The fluctuation of off-state current is
directly propositional to the fluctuation of threshold voltage, so
the rIoff is significant for devices operated at low gate bias owing
to significant fluctuation of threshold voltage; nevertheless, it
could be suppressed for devices operated at the high gate bias.
Fig. 3 shows the normalized rID vs. VG; among fluctuations; the
fluctuation sources RDs, WKs, and ALL affect the subthreshold re-
gion of the device and the normalized drain current fluctuations
decrease drastically as the gate bias increases except ITs because
the screening effect is weakened with respect to the random ITs
appearing on the HfO2/Si interface. The devices with random ITs
appearing on the HfO2/Si interface have relatively larger normal-
ized drain current fluctuation among three random factors at the
high gate bias. However, they could be ignored when the device
operates in the condition of strong inversion. For the same thresh-
old voltage, Fig. 4 further shows the rVth induced by RDs, ITs, WKs,
ALL, and SUM, for the 16-nm-gate planar and bulk FinFET devices,
respectively. The SUM is calculated by the statistical summation of
the variances among the three random variables RDs, ITs, and WKs
as expressed in the inset formula. The main assumption to this cal-
culation replies on the identically independent distribution (iid) for
these three random variables: RDs, ITS, and WKs. The ALL is that
3D device simulation of fully coupled with considering RDs, ITs
and WKs at the same time. The assumption of iid to RDs, ITs, and
WKs has resulted in overestimation on the threshold voltage fluc-
tuation because it does not consider the surface potential’s interac-
tion among the three random variables. On the contrary, the
results of ALL, based upon the unified 3D device simulation, find
12% and 8.7% overestimations of the threshold voltage fluctuations
calculated by the statistical sum of the variances of RDs, ITs, and
WKs on the 16-nm planar MOSFETs and bulk FinFETs. Notably,
the results of characteristic fluctuation of the 16-nm-gate TiN/
HfO2 MOSFET devices are directly from our recent study in [8].
The difference between the ALL and SUM of It is because that the
ALL calculation simulates the device characteristic suffering from
fully coupled random sources at the same time. Consequently, both
the enhanced and/or cancelled out interactions of surface poten-
tials resulting from various random natures such as the random
location, random number, random energy, and random orientation
of the RDs, ITs, and WKs are simultaneously considered.

The significant interaction among RDs, ITs, and WKs could be
explained, as shown in Fig. 5, where the nominal Vth = 250 mV.
The simulated surface current densities and potential profiles
(from the source (S) to the drain (D)) are with respect to statisti-
cally generated patterns of RDs, ITs, WKs, and ALL, respectively.
As shown in Fig. 5a–c, simply considering individual random
source may overestimate (or underestimate) the amplitude of
Vth. We firstly examine each fluctuated surface potential resulting
from the RDS, ITs, and WKs, respectively. We then observe that de-
vice suffers from ALL random sources possesses much smoother
surface potential, as shown in Fig. 5d. Considering ALL factors
within a device, the amplitude of Vth = 252.2 mV is similar to the
value of the nominal Vth owing to canceling effect the random
interactions.

4. Conclusions

We used an experimentally validated 3D device simulation to
study the characteristic fluctuation of the 16-nm-gate TiN/HfO2



Fig. 5. (a–d) are the devices (nominal Vth = 250 mV) with statistically generated random patterns, the simulated surface current densities and potential profiles (from the
source (S) to the drain (D)) with respect to RDs, ITs, WKs, and ALL, respectively. Surface potential’s interaction is observed from the top gate and one of the lateral gates for
device suffers from ALL random sources which shows different potential profiles compared with RDs, ITs, and WKs.
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bulk FinFET devices. We have explored the difference of fluctua-
tions induced by RDs, ITs and WKs. We have further estimated
the characteristic fluctuation by using a statistical sum of three
random fluctuation sources and fully coupled simulation for all
factors. More than 50% rVth reduction on the threshold voltage
fluctuation of the simulated bulk FinFETs has been observed, com-
pared with the result of the planar MOSFETs. The coupling effect of
surface potentials resulting from different random sources cannot
be directly summated together. Thus, the full 3D simulated thresh-
old voltage fluctuation is 26.2 mV for the N-type bulk FinFET. How-
ever, a statistical sum of these fluctuations is 9.5% overestimation
owing to the invalid independence assumption on the random
variables. The dependency is affected to different extents by what
the random interactions among RDs, ITs and WKs. Devices’ vari-
ability is affected to different extents by their structure, dimension,
and existing random factors. It is necessary to investigate the char-
acteristic fluctuation by simulating fully coupled random sources
simultaneously.
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