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ABSTRACT 

 
In this work, the work function fluctuation (WKF) 

induced variability in 16-nm-gate planar MOSFET and bulk 
FinFET is for the first time explored and compared. Based 
upon an experimentally calibrated 3D device simulation, 
the newly developed localized WKF (LWKF) simulation 
technique enables us to estimate the threshold voltage and 
DC baseband fluctuations of devices which accounts for the 
random grain�’s number and position effects simultaneously. 
The results show that the random work function, resulting 
from local nanosized metal grains in bulk FinFET, induced 
relatively small threshold voltage (Vth) fluctuation (about 
2.5 times lower), compared with the result of planar device.  
 
Keywords: High- /metal gate, Work function fluctuation, 
3D device simulation, Localized work function fluctuation 
simulation technqiue, Threshold voltage fluctuation, On/Off 
state current fluctuation, Potential profile, and current 
distribution 
 

1 INTRODUCTION 
 

High- /metal gate (HKMG) is a key technology for sub-
28-nm CMOS generations [1-2] due to reducing intrinsic 
parameter fluctuation, leakage current, gate resistance, 
phonon scattering, and no Fermi-level pinning. However, 
resulting from different process conditions, using HKMG 
approach may introduce random work functions (WKs) on 
device�’s metal gate due to various grain orientations [3-6] 
which is uncontrollable during fabrication. The random 
grain orientations result in WKs�’ variation due to different 
surface density in the polarization charges. These critical 
problems for future ultralarge scale integration technology 
applications lead to significant Vth�’s shift and device 
performance degradation.  

In this study, based on experimentally calibrated 3D 
device simulation [7], WKF of 16-nm TiN/HfO2 bulk 
FinFET [8-10] is investigated. Effects of individual WKF 
on device�’s DC characteristic are captured using LWKF 
simulation technique [1], where the random position and 
number of nanosized metal grains are for the first time 
modeled and examined and compared for both the bulk 
FinFET and planar MOSFET devices. Physical findings on 
WKF of HKMG devices are discussed accordingly. This 
paper is organized as follows. Section 2 briefs the 
simulation methods of LWKF. In Section 3, the random 
WKs induced fluctuations are estimated. Finally, we draw 
conclusions and suggest future works. 
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Figure 1: Schematic of (a) planar MOSFET and (b) bulk FinFET 
with random metal grain on the gate, where the size of metal grain 
are 4 x 4 nm2 and only two kind of <200> (green color) and 
<111> (blue color) orientations are considered according toV  the 
material property, as listed in Table. The plot of distribution of 
number of <200> and <111> orientations with 196 samples for 
planar MOSFET and bulk FinFET, where 16 and 80 randomly 
generated grains in gate regions of planar MOSFET and bulk 
FinFET, respectively. 

 
 
2 THE LWKF SIMULATION TECHNIQUE 

 
The devices we studied are the 16-nm-gate planar 

MOSFETs and bulk FinFET (width: 16 nm) with 
amorphous-based TiN/HfO2 gate stacks and an EOT of 0.8 
nm, where the parameter setting is according to ITRS 
roadmap for low operating power [11]. In contrast to the 
averaged WKF method [6,12] or compact model approach 
[3], our method directly partitions the area of device�’s metal 
gate into many sub-regions, where the size of sub-region is 
4 nm. For example, as shown in Fig. 1(a), we randomly 
generate the WKs to each sub-region of TiN gate of planar 
MOSFET according to material�’s property, as listed in the 
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Figure 2: Plot of Vth vs. planar MOSFET and bluk FinFET, 
respectively. 
 
inset table, and then map them into planar MOSFET gate 
area for 3D device quantum transport simulation [1]. The 
total generated samples are 196. The material we used here 
is TiN gate and has 4.4 eV and 4.6 eV WKs for N-
MOSFETs [6], where the distributions of number of <200> 
and <111> orientaions are plotted and the average number 
of TiN <200> and <111> orientations are 9 and 7, 
respectively. Similarly, the gate of bulk FinFET is 
partitioned into 80 sub-regions and the WKs are assigned 
according to TiN�’s property, where the height and width are 
32 and 16 nm and the distributions of number of <200> and 
<111> orientations are illustrated, as shown in Fig. 1(b). 
And the numbers of <200> and <111> orientations are 48 
and 32, respectively. The accuracy of device simulation 
was calibrated with measured data for 15/20 nm CMOS 
device in our early work [7]. 
 
 

3 RESULTS AND DISCUSSION 
 
Based on localied WK method, the Vth induced by 

random WKs is properly estimated for planar MOSFET and 
bulk FinFET, respectively, where the fluctuation in bulk 
FinFET is 2.5 times smaller than planar MOSFET, as 
shown in Fig. 2. From plot of Vth versus different number 
of TiN <200> orientation, the distribution of Vth variation 
for planar MOSFET is wider than bulk FinFET, as shown 
in Fig. 3. Because the channel is only controlled by one 
gate, the random WK varition in planar MOSFET is 
significant. The bulk FinFET with three gate suppresses the 
fluctuation induced by random WKs well, where the 
differences of maximu and minimal Vths are 0.24 and 0.07 
V for planar MOSFET and bulk FinFET, respectively. The 
effect of random grain number and position is further 
investigated. Due to random grain position effect, the 
device with the same number of <200> orientation has 
different Vth. For example, the case 1 with large number of 
4.6 eV of WK resulting in higher band profile near the 
source has higher Vth, as shown in dash box, where the 
higher or lower WK will raise and lower the band profile. 
The case 2 with larger number of 4.4 eV of WK resulting in 
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Figure 3: The distribution of Vth versus number of <200> 
orientation for planar MOSFET and bulk FinFET, respectively. 
The case 1 and case 2 are planar MOSFET with same number but 
different position of <200> orientation, and case 3 and case 4 are 
bulk FinFET with the same number but different position of 
<200> orientation due to grain position effect. 
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Figure 4: The plot of Ioff versus Ion for planar MOSFET, where the 
case 1 and case 2 are the fluctuated cases with similar Ioff but 
different Ion due to grain number effect; the case 2 and case 3 are 
the fluctuated cases with similar Ion but different Ioff due to grain 
position effect. 
 
lower band profile near the source has lower Vth, then 
increases the leakage current. These phenomena occurred in 
planar MOSFET are due to random grain position effect. 
For bulk FinFET, although the larger gate area with large 
number of grain orientations, the better controllability 
suppresses the Vth fluctuation induced by random WK. 
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Figure 5: (b) The plot of Ioff versus Ion for bulk FinFET, where the 
case 1 and case 2 are the fluctuated cases with similar Ion but 
different Ioff due to grain position effect; the case 2 and case 3 are 
the fluctuated cases with similar Ioff but different Ion due to grain 
number effect. 

 
 
 

For example, the case 3 with larger number of 4.6 eV of 
WK near the source has higher potential profile, as shown 
in red color. The case 4 with larger number of 4.4 eV of 
WK near the source has lower potential, as shown in yellow 
and green colors. From plot of on-state current (Ion) vs. off-
state current (Ioff), the effect of grain number and position 
for planar MOSFET and bulk FinFET are investigated 
clearly, respectively. For planar MOSFET structure, the 
case 2 with larger number of 4.6 eV of WK has larger 
current density, compared with case 1, where the red color 
indicates higher current density. Compared with case 3, the 
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case 2 with larger number of 4.6 eV of WK near source 
raises the band profile and results in higher Vth, even they 
have similar Ion.  For bulk FinFET structure, the plot of Ioff 
vs. Ion shows larger Ion and smaller Ioff, compared with 
planar MOSFET. And the difference of current density of 
bulk FinFET is smaller than that of planar MOSFET, where 
the ranges are 5x106 - 3x107 and 1x106 - 5x107 mA/ m, 
respectively. For grain position effect, the case 2 has larger 
Ioff than the case 1 even they have the same number of 4.6 
eV of WK. Because the case 1 with larger number of 4.6 
eV of WK has larger Vth resulting in lower Ioff, the case 2 
with lower WK near source has larger Ioff. Similarly, due to 
grain number effect, the case 1 and case 3 have similar Ion 
but different Ioff. 

 
4 CONCLUSIONS 

 
In this paper, we have explored the impact of WKF in 

planar MOSFET and bulk FinFET, respectively. The device 
has different Vth even they have the same number of <200> 
orientation owing to random WK�’s position effect. 
Similarly, the device number of random 4.4 and 4.6 eV of 
WK has different Vth owing to random WK�’s number effect. 
Compared with planar MOSFET, a 60% ((0.0368-0.0146) / 
0.0368 x 100%) reduction of Vth induced by WK 
fluctuation is observed for bulk FinFET. 
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