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Abstract—In high-κ/metal-gate (HK/MG) metal-

oxide-semiconductor field-effect transistors (MOSFETs) 

at 45-nm and below, the metal-gate material consists 

of a number of grains with different grain 

orientations. Thus, Monte Carlo (MC) simulation of 

the threshold voltage (VTH) variation caused by the 

workfunction variation (WFV) using a limited 

number of samples (i.e., approximately a few 

hundreds of samples) would be misleading. It is ideal 

to run the MC simulation using a statistically 

significant number of samples (> ~ 10
6
); however, it is 

expensive in terms of the computing requirement for 

reasonably estimating the WFV-induced VTH 

variation in the HK/MG MOSFETs. In this work, a 

simple matrix model is suggested to implement a 

computing-inexpensive approach to estimate the 

WFV-induced VTH variation. The suggested model has 

been verified by experimental data, and the amount 

of WFV-induced VTH variation, as well as the VTH 

lowering is revealed.   

 

Index Terms—Variability, workfunction variation, 

high-κ/metal gate, MOSFET, CMOS    

I. INTRODUCTION 

Since the high-κ/metal-gate (HK/MG) technology was 

adopted in the 45-nm CMOS technology, the 

workfunction variation (WFV) in the metal-gate has been 

emerged as one of the main random variation sources, 

such as the line-edge-roughness (LER) and random-

dopant-fluctuation (RDF). In HK/MG metal-oxide-

semiconductor field-effect transistors (MOSFETs), the 

WFV depends on not only the total number of grains and 

each grain’s orientation but also the positional 

combination of the grains in the metal-gate material. In 

[1] and [2], the statistical distribution of the workfunction 

values (including the mean and standard deviation) in the 

HK/MG MOSFETs has been studied. However, for 

identical distribution of the workfunction values (i.e., for 

the same average and standard deviation of the 

workfunction values), the placement effect of the grains 

on the WFV-induced threshold voltage (VTH) variation in 

the HK/MG MOSFETs were not investigated. In this 

study, the leakiest current path mainly formed along the 

regions of relatively lower workfunction values or 

“lucky-channel” between the source and the drain in the 

HK/MG MOSFETs will be reconfigured using the Monte 

Carlo (MC) simulation. The WFV-induced VTH lowering 

and variation in the HK/MG MOSFETs fabricated by the 

28-nm low-power CMOS technology [3] will be 

investigated. 

II. MODELING THE WFV  

A matrix for a given gate area (equivalent to channel 

length × channel with) is created, whose individual 

element corresponds to 1 nm × 1 nm square-shaped sub-

area in the gate area. We note that 1 nm is small enough 
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(vs. the average grain size of the metal-gate materials 

used in the industry, such as TiN, which is ~ 22 nm [3]). 

Since the grain size of TiN follows the Gaussian 

distribution, the probability of having the 6-sigma-lower 

grain size than the average grain size (i.e., average grain 

size of 22 nm and sigma/standard-deviation of 0.7 nm) is 

“1 over 505 million”. Hence, the grain size of 1 nm by 1 

nm is very fine, if the average grain is a few tens of 

nano-meters. However, if the grain size is a few nano-

meters, then the smaller unit grain size than 1 nm should 

be used in this work. Referring to the characteristic table 

of materials, including the grain orientation and its 

corresponding workfunction value [1], all the 

components in the matrix appeared to be filled with the 

statistically assigned grain orientation values and their 

corresponding workfunction values. Fig. 1(a) shows that 

the matrix for the gate area (equivalent to 24 nm × 30 

nm) of TiN is generated based on the characteristic table 

of TiN [2]. Previous studies have shown that the 

workfunction distribution of the gate materials in 

HK/MG MOSFETs follows the Gaussian probability 

distribution [1]. The Gaussian distribution of the 

workfunction values is achieved in the simple matrix 

model (Fig. 2). 

III. MONTE CARLO (MC) SIMULATION  

To investigate the placement effect of the grains on the 

WFV-induced VTH variation, each row within the matrix 

shown in Fig. 1(a) was reconfigured and repositioned 

without affecting the mean/standard deviation of the 

workfunction values for the whole metal-gate area (Fig. 

1(b)). Each row has a locally averaged workfunction 

value of the elements for the corresponding row. The 

reconfigured matrix was intentionally created to show the 

worst-case WFV-induced VTH (i.e., one of the generated 

rows would become the shortest lucky channel consisting 

of the lowest potentials for the current carriers along the 

physical gate length). Using MC simulation to estimate 

the worst-case WFV-induced VTH variation (i.e., σ(VTH) 

by WFV), the 200 samples shown in Fig. 1(a) were 

generated. Then, each of the samples was reconfigured to 

have its own shortest lucky channel. We reasonably 

expected that the mean and standard deviation values in 

the WFV-induced VTH variation would decrease and 

increase, respectively, because of the reconfigured lucky 

channels. 

For the metal-gate in 28-nm low-power MOSFETs [3], 

the mixed-mode TCAD [4] simulation of the 

reconfigured matrix as well as the non-reconfigured 

matrix with parallel-connected rows, was performed to 

physically understand the WFV-induced VTH variation 

and lowering observed in the experimental data. The 

mixed-mode TCAD simulation is used to test a function 

or characteristic of the circuit that is connected with two 

(or more) devices, when the set of the device parameters 

are not precisely characterized in the library of the 

COMPACT model. In this work, each row is 

corresponding to a device in the mixed-mode simulation. 

By connecting several devices (but with different WF) in 

parallel, the mixed-mode simulation has been performed. 

Hence, in the sense of connecting the devices in TCAD 

simulation, it can be referred that this work used the 

mixed-mode TCAD simulation. 

The simulated nominal device was calibrated from the 

 

               (a)                         (b) 

Fig. 1. TiN has two workfunction values of 4.4 eV and 4.6 eV 
for the grain orientations of <111> and <100>, respectively. 
The probability of selecting <111> and <100> is 40 % and 
60 %, respectively (a) A completed matrix for the TiN metal 
gate, (b) the reconfigured matrix for estimating the worst WFV-
induced VTH lowering and variation. 
 

 

Fig. 2. The Gaussian distribution of the workfunction values in 
the TiN metal-gate with the simple matrix model used for 
stochastically generating the grains. 
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experimental current-versus-voltage curve in [3]. From 

the mixed-mode TCAD simulation, the WFV-induced 

VTH distribution for both the non-reconfigured and 

reconfigured devices was extracted from the 200 

different samples in each case. Fig. 3 shows that the VTH 

distribution itself still follows the Gaussian distribution 

irrespective whether the matrix for the metal-gate is 

reconfigured or not. However, a difference exists 

between the two cases in terms of the average and 

standard deviation in VTH. 

Fig. 4 shows that the mean of the WFV-induced VTH 

distribution was reduced by approximately 300 mV, and 

its variation fluctuated more, primarily because of the 

existing lucky channels. Compared with the experimental 

data shown in Fig. 4, the limited number of MC 

simulation runs with the non-reconfigured gate matrix 

would be too optimistic in evaluating the WFV-induced 

VTH variation. Either a significantly large number of 

samples or the samples reconfigured by the simple 

matrix models suggested in this work should be 

considered in estimating the WFV-induced VTH variation 

because some of the fabricated devices with the lucky 

channel would significantly lower the mean of the VTH 

distribution as well as increase the standard deviation. 

Therefore, in estimating the WFV-induced VTH variation, 

MC simulation with statistically-significant number (> ~ 

106) of samples should be performed. However, to 

efficiently estimate the variation, MC simulation with a 

few hundreds of the reconfigured matrices (i.e., 

importance-sampling-like MC simulation) would be 

sufficient. 

The details on the experiment are as follows: On the 

(100) epi-silicon substrate, the MOSFETs with <110> 

channel orientation were fabricated. After the shallow 

trench isolation (~2800 Å in depth) process for device-to-

device isolation, P-well and VTH-adjustment ion 

implantation (i.e., B with ~100 keV in the order of 1013 

cm-2 and BF2 with ~30 keV in 10
13 cm-2) as well as N-

well and VTH-adjustment ion implantation (i.e., P with 

~220 keV in 1013 cm-2, As with ~125 keV in 1013 cm-2, 

and another As with ~60 keV in 1013 cm-2) were 

performed, followed by spike annealing at 1040 ºC. The 

HK/MG gate stack (i.e., SiO2 interface layer for ensuring 

high mobility + HfSiON high-k dielectric layer + carbon-

incorporated TiN mono-layer + Poly-Si in consecutive 

order, away from the substrate) was formed using the 

double-patterning/double-etching. The lightly-doped-

drain (LDD) and the halo region for n-type devices was 

doped using ion implantation with Ge(21- keV in the 

order of 1014 cm-2)/F(12 keV in 1015 cm-2)/As(2.3 keV in 

1015 cm-2) and B(30 º-tilted, 6.5 keV in 1013 cm-2), 

respectively. The LDD and the halo region for p-type 

devices was doped by ion implantation with Ge(12.5 keV 

in 1014 cm-2)/F(2.7 keV in 1015 cm-2)/BF(3.5 keV in 1014 

cm-2) and As(30 º-tilted, 30 keV in 1013 cm-2), 

respectively. The spike annealing at 925 ºC was used 

after forming the LDD and halo region. With the side-

wall spacer of 365 Å, the source/drain for n-type devices 

was doped with Ge(16 keV in 1014 cm-2)/P(11- keV in 

1013 cm-2)/As(16 keV in 1015 cm-2)/another P(2 keV in 

1015 cm-2). The source/drain for p-type devices was doped 

with Ge(16 keV in 1014 cm-2)/B(3 keV in 1015 cm-2). Those 

  

             (a)                            (b) 

 

  

             (c)                            (d) 

Fig. 3. Distribution of VTH (a and b) for the devices with lucky 
channels and (c and d) for the devices without lucky channels 
(a) VTH, Lin when VDS = 0.05 V, (b) VTH,- Sat when VDS = 1.0 V, 
(c) VTH, Lin when VDS = 0.05 V, (d) VTH, Sat when VDS = 1.0 V. 

 

  

              (a)                            (b) 

Fig. 4. Box-and-whisker plots of the VTH distribution of the 
matrix model, average-model, and experimental data (a) 
VTH,Lin, (b) VTH,Sat. 
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source/drain regions were spike-annealed at 1025 ºC. 

Lastly, the bar-type contacts (not like square-shaped 

contact) were formed onto the source/drain regions. 

IV. CONCLUSION 

A simple but efficient matrix model for estimating the 

WFV in the 28-nm HK/MG MOSFETs has been 

suggested and compared with experimental data. Even 

though the computing-expensive and time-consuming 

MC simulation using a statistically significant number (> 

~ 106) of samples is basically appropriate to estimate the 

WFV, the matrix model for reconfiguring the lucky 

channel is inexpensive in terms of computing capability 

and is a quick approach for the WFV-induced VTH 

variation. The suggested model has been verified using 

the experimentally obtained VTH distribution in the 28-

nm low-power MOSFETs. 
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