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Abstract—We advance the localized work-function fluctuation 

(LWKF) method to examine the variability of threshold voltage 
(Vth) induced by titanium nitride (TiN) metal-gate work-function 
fluctuation (WKF) and combined the WKF with the random 
dopant fluctuation (RDF) for various grain sizes on Si gate-all-
around (GAA) nanowire (NW) MOSFETs. Our results show that 
the WKF-induced variability of Vth will be dominated by bamboo-
type TiN grains and its impact is larger than that induced by the 
RDF with doped channel (RDF (doped)). Additionally, the 
variability of Vth induced by the WKF and the RDF (doped) could 
be treated as independent fluctuation sources because the channel 
dopants are away from the metal-gate/high-κ interface. 
Consequently, statistical models are further proposed for the σVth 
induced by the WKF and the combined WKF with RDF (doped) 
by considering position effect of nanosized TiN grains.   
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I. INTRODUCTION 

Nano-sized nanowire (NW) metal-oxide semiconductor 
field-effect transistors (MOSFETs) with high-κ/metal gate 
technology become an attractive device to replace the fin field-
effect transistors (FinFETs) for sub-5-nm technological nodes 
due to better electrical characteristics [1]-[3]. However, the 
crystal orientation of nanosized metal grains is hard to control 
during the high temperature process in relative smaller gate area 
[4]-[5]. This will cause the variability of Vth owing to different 
value of work function at the metal-gate/high-  interface. It was 
reported that the WKF-induced Vth variability for various metal 
materials can be modeled below by using the average WKF 
(AWKF) method [6]:  

௧ߪ                     = ܵܩ)்ܣ Τܣ )Ǥହ ,                            (1) 
where GS is the average grain size and A is the metal gate area, 
and AVT (mV) is a fitting factor depending on various metals. 
However, the AWKF method did not consider the random 
position effect of metal grains and it will underestimate the 

impact of WKF-induced variability of Vth [7]. Thus, in this study, 
the LWKF method is further advanced to estimate the 
variability of Vth considering the location effect for exact grain 
size ratio (GSR = GS/A). Explicit statistical expressions for the 
σVth are then discussed. 

II. STATISTICAL DEVICE SIMULATION METHOD 

Figure 1(a) illustrates the schematic of the GAA NW device 
with various types of RDDs that are statistically generated by 
the Monte Carlo (MC) method [9]. The simulated structure 
consists of a metal-gate (TiN)/high-κ (HfO2) stack with 
cylindrical Si channel, where the effective work-function (WK) 
of the TiN metal is set to be 4.552 eV, the gate length is 10 nm, 
the radius of cylindrical channel is 5 nm, and the effective oxide 
thickness is 0.6 nm. The various RDDs are generated by the 
equivalent channel doping concentration with 5[1017 cm-3, the 
equivalent S/D extension doping concentration with 5[1018 cm-

3, and dopants concentrations with 3.36[1017 cm-3 resulting 
from the penetration of the S/D extension, respectively [9]. Fig. 
1(b) shows a flow chart of LWKF method. First, metal gate is 
partitioned by different grain sizes. Then, we set different WK 
and probability (p) in the MC program for different metal grain 
orientations: TiN<200> (p = 0.6, WK = 4.63 eV) and TiN<111> 
(p = 0.4, WK = 4.43 eV), respectively [10]. Finally, we generate 
200 fluctuated 3D devices with different grain sizes by the MC 
program to explore the effect of the WKF and combined the 
WKF and RDF (doped) on the device variability. 

III. RESULTS AND DISCUSSION 

Figure 2 presents the cumulative probability of Vth induced 
by the RDF, the WKF, and the combined WKF and RDF with 
doped channel. It is obvious that the distributions of Vth with 
these simulation conditions were close to Gaussian and 
continuous distribution. However, it differs from other 
researcher’s results with uniformly square grain pattern method 

171



 

[11]. As indicated in Fig. 2(a), the slope of the Vth distribution 
induced by doped channel was smaller than that of the undoped 
channel condition.  The results indicate that the Vth variation can 
be improved without channel doping for the RDF simulation. 
Fig. 2(b) shows the distribution of Vth induced by the WKF with 
different grain size patterns. It is observed that the grain size 
increases, the slope of the Vth distribution increases in value. It 
means that the reduction of the Vth variation can be controlled 
by smaller grain size. We will further discuss the grain size 

effect by the GSR from statistical perspective later. Similarly, 
the distribution of Vth induced by the combined WKF and RDF 
with doped channel, as shown in Fig. 2(c), has the same trend 
as compared to Fig. 2(b).  

To estimate and compare the impact of the Vth variation 
induced by the RDF, the WKF and the combined WKF and RDF 
with doped channel, we normalized the Vth variation by 
(6σ/mean) [ 100%, where σ is the standard deviation of the 
characteristic parameters, and mean is the average of the 
characteristic parameters. Fig. 3 shows the Vth variation induced 
by the RDF, the WKF and the combined WKF and RDF with 
doped channel, respectively. The reduction of the Vth variation 
induced by the RDF with undoped channel is 7.5%, as compared 
to the RDF with doped channel. It is smaller than the cases of 
the WKF (the total reduction rate is the sum of 28.4% and 
14.0%) and the combined WKF and RDF with doped channel 
(the total reduction rate is the sum of 27.5% and 10.5%). In 
contrast, the Vth variation (54.66%) induced by the WKF with 
largest grain size (bamboo-type grain structure) in our 
simulation has larger variation than that induced by the RDF 
with doped channel (19.63%). While the WKF with grain size 
is below 4 nm2, the Vth variation induced by the RDF with doped 
channel will be comparable to that induced by the WKF 
(12.24% ~ 26.2%). This implies that the grain size effect 
induced by the WKF may be larger than that the random-
discrete doping effect in the channel.    

To analyze the grain size effect and statistically empirical 
equations, we employ the GSR to an x-axis [12]-[13] for the plot 

Fig. 1. (a) Schematic of the GAA NW device with various types of RDDs and metal grains, where the gate length is 10 nm, the radius of cylindrical channel is 5 
nm, and the effective oxide thickness is 0.6 nm [9]. (b) Flow chart of LWKF method, which partitioned by three grain sizes in the same metal gate area.  

Fig. 2. The cumulative probability of Vth. (a) RDF, (b) WKF, and (c) Combined WKF with RDF (doped).  
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Fig. 3. The Vth variation induced by the RDF, the WKF and the combined 
WKF with RDF (doped), respectively.  
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of the standard deviation of the Vth (σVth) versus GSR, as shown 
in Fig. 4. We consider the range of the GSR in the x-axis from 
0 to 0.06 (i.e, from the amorphous-type to the bamboo-type 
grain structure) in our simulation. First, we apply the non-linear 
regression curves to fit the simulation results by the optimized 
method. Because of uniformly square grain size method in this 
simulation, the value of the GSR is exactly plot in the x-axis. 
Thus, we only consider the sum of squares of residuals for y-
axis (σVth). Moreover, we assume that the data points are 
independent and statistical noise-free. Then, we try to employ 
the following empirical Eq. (2) and Eq. (3) to fit the curves of 
σVth versus GSR induced by the combined WKF and RDF with 
doped channel, and the WKF, respectively, due to best 
correlation coefficient (the values of the R2 are close to 1).  

(2) 

(3) 
where the a,b,c, and d are the extracted parameters. 
At the GSR = 0, as shown in Table I, the value of the ɐ�୲୦̴ୖୈ 
in Eq. (2) is close to the value of the σVth (8.05 mV) induced by 
the RDF with the doped channel (green cross). To analyze the 
different regions of the GSR for grain size effect, we 
differentiate the Eq. (2) and Eq. (3) to obtain the slopes of the 
curves for the whole GSR, respectively, as following equations:  

 (4) 

(5) 
 

For smaller grain size (i.e, the GSR is below 0.01), we apply the 
Taylor’s expansion to Eq. (2) and Eq. (3), respectively. We can 
find the linear relationship between the σVth and the GSR, 
where the parameters {a[b} for Eq. (2) and {a[b + c[d} for Eq. 
(3) are the slopes of the linear equations, respectively. Many 
research groups in the world-wide also found this linear 
behavior [11]-[13]. Furthermore, the slopes will determine the 

changing rate of the Vth variation according to Eq. (4) and Eq. 
(5). As the GSR increases, the slopes decrease due to 
exponential decay factor. In the smaller GSR, the slope of the 
combined WKF and RDF with doped channel is smaller than 
that of the WKF. It implies that the impact of the Vth variation 
induced by the RDF with doped channel is comparable to that 
of the WKF for smaller grain size. The slopes may be dominated 
by the metal orientations of various materials that depend on the 
different generated probabilities. Thus, various metal materials 
or composited metal materials may alter the behavior of the Vth 
variation induced by the WKF. For the larger GSR (> 0.01), the 
curve of the σVth versus the GSR will become linear-like 
saturation [11]-[13] and it is controlled by the asymptote 
parameter {a} or {c}. Although the freedom of data points will 
influence the extracted parameters, fitting curves and 95% 
confidence intervals, based on our simulation results and other 
researchers’ results [11]-[13], we believe that the non-linear 
empirical equations in our study is one of best ways to describe 
the metal grain size effect in our limited knowledge. Finally, the 
WKF and the RDF can be viewed as independent fluctuation 
sources since the statistical sum of the WKF with the RDF 
(doped) can be approximated by Eq. (6) due to the dopants away 
from the TiN/HfO2 interface. 
 

(6) 

IV. CONCLUSIONS 

In summary, we have found that the grain size/metal gate area 
and location of metal grains are critical to suppress the 
variability of Vth. The smaller grain size will have a smaller Vth 
variation induced by the WKF. For comparison of the impact of 
the WKF and the RDF, the results show that the Vth variation 
(54.66%) induced by the WKF with largest grain size (bamboo-
type grain structure) has larger impact than that induced by the 
RDF with doped channel (19.63%). If the GSR is larger than 
0.01, the grain size effect induced by the WKF will be more 
important than that induced by the random-discrete doping 
effect in the channel. And, according to statistically non-linear 
empirical equations in our study, in the smaller GSR region, the 
curves of the σVth versus the GSR will be linear relationship. 
The changing rate of the σVth are depending on the slopes of the 
curves. In larger GSR region, the curves of the σVth versus the 
GSR become linear-like saturation. Moreover, the slopes of the 
fitting curves may be influenced by the distribution of metal 
orientations with different materials. The statistical models of 
σVth offer a new perspective relating to grain size, metal gate 
area, and different metal-gate materials for sub-5-nm 
technological nodes. 
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induced by WKF, the green cross is the σVth induced by the RDF (doped), the 
blue short-dash line is the regression curve by Eq. (2) and the red short-long 
line is the regression curve by Eq. (3). 
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