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Abstract 

This proposed work covers the effect of dual halo structure with dual dielectric. 

A 2-D analytical model for potential distribution, threshold voltage, electric 

field and sub-threshold swing has been described through the Poisson’s 

equation solution for a novel structure known as dual-halo dual-dielectric 

triple-material surrounding-gate MOSFET to diminish short channel effects. 

The new device has been incorporated with Dual halo near the source and drain 

sides, while the electrode at the gate incorporates three dissimilar work 

function metals. A relative estimation of short channel effects (SCEs) for DH-

DD-TM-SG, triple-material surrounding-gate (TM-SG) and single-halo triple-

material surrounding-gate (SH-TM-SG) MOSFETs has also been carried out 

in terms of threshold-voltage-roll-off, drain induced barrier lowering, hot 

carrier effects, and also sub-threshold swing. The proposed novel structure 

significantly reduces the SCEs. Therefore, DH-DD-TM-SG MOSFETs have 

superior performance than TM-SG and SH-TM-SG MOSFETs. The efficiency 

of the Dual halo-doped device is investigated. The proposed model 

demonstrates its validity by a comparing the simulated results from already 

published devices obtained by using TCAD Silvaco. 

Keywords: Dual dielectric structure, Halo implant, SCEs, Surrounding gate; Triple 

metal. 
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1.  Introduction 

Today’s VLSI era requires high performance, high speed, low power and small 

dimension devices. Scaling down of conventional planar MOSFET leads to 

unpredictable behaviour, which is known as short channel effects (SCEs). These 

effects incorporate drain induced barrier lowering (DIBL), sub-threshold swing, 

roll off of threshold voltage, hot carrier effects and degradation in current driving 

capacity. These SCEs become an obstacle for further downscaling while 

establishing a good performance. The vigorous electric field close to drain side 

induces the hot carrier effect. The DIBL occurs due to increase in the voltage 

adjacent to drain side, which causes the channel to become more inviting towards 

the electrons, and the potential barrier is lowered. The multigate transistor 

including double, triple and cylindrical gates surrounding MOSFET appear to be 

possible solutions to SCEs. Among all of these cylindrical surrounding gates 

MOSFET offers high performance and packaging density. In SG MOSFET, 

channel is completely surrounded by the gates to provide better control and increase the 

current driving capability and also enhance the immunity against short channel effects. 

Therefore, SG MOSFET is a potential option over the conventional MOSFET.  

Currently, diverse gate engineering structures have been examined [1]. One such 

device structure such as the Triple material gate has been investigated. In this TMG 

structure, three dissimilar metal gate electrodes are utilized with disparate work 

function. This disparity produces a step potential profile and a crest field in the 

channel. It boosts up the carrier transportation efficiency and therefore, overcome the 

SCEs. As presented by Sharma et al. [2] and Pravin et al. [3], in lieu of SiO2, high 

dielectric constant oxide as gate insulators is used to inhibit the direct tunnelling 

leakage current, which arises due to the downscaling of device dimensions. 

The study shows that superseding of oxide layer with attached high K dielectric 

decreases the performance of the MOSFET device and the gate electrode control over 

the channel. So a narrow interfacial oxide layer is used along with high K dielectrics 

to decrease the density of interface trap charge. Therefore, it minimizes the gate-

leakage and increases the electric field inside the channel. Thus, it improves carrier 

transportation efficiency [4]. The analytical model for DH-DD-TM-SG MOSFET has 

been developed, which is more beneficial than SH-TM-SG and TM-SG MOSFETs. 

The roll-off of the threshold voltage is ones of the major problems that happen in 

nanosize MOSFET devices. According to Sarkar et al. [5], the incorporating halo 

implant further minimizes the device. Hence, the SCEs can be further minimized by 

proposed novel structure, which amalgamates the benefits of TM-SG MOSFET and 

halo. This is also called as DH-DD-TM-CGAA MOSFET. The potential and the field 

in the channel have been demonstrated by 2-D analytical model. The result shows 

that DH-DD-TM-SG improves short channel immunity and transport efficacy with 

respect to SH-TM-SG MOSFET. The analytical results have been examined vis-à-is 

the simulated results using device simulator ATLAS 3D to validate the model [6]. 

2.  Model Description 

Figure 1 shows the schematic diagram of DH-DD-TM-SG MOSFET structure. 

Figure 1(a) shows that the gate terminal consists of three metals with different work 

functions for surrounding gate MOSFET [7]. The gate material 1 with the work 

function Φm1=4.8 ev (Au), gate material 2 with Φm2=4.6 ev (Mo) and gate material 
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3 with Φm3=4.4 ev (Ti) respectively. In this Triple metal gate schematic, the 

symmetric dual halo doping is incorporated for the first time along with dual 

dielectric to form a novel device structure. The channel lengths as shown in Fig. 1(a), 

under the gate materials are L2, L3-L2 and L5-L3 respectively. The lengths L1 and L5-

L4 are halo doped with concentration Ndh, while the rest of the regions are doped with 

acceptor doping concentration Nak, assuming that Ndh is greater than Nak [8, 9].  

It may be noted from the figure that the metal gate electrode work function (Φm1) 

at channel length L2 is more than the metal gate electrode work function (Φm3) at 

channel length L5-L3. The metal gate (Φm1) at the source side is known as a control 

gate whereas metal gate (Φm3) at the drain side is known as screen gate. Based on a 

study by Padmanaban et al. [10], the tSio2=1 nm and tHfO2=4 nm is the thicknesses of 

the inner and outer oxide layers respectively. The length of channel region and the 

diameter of the device is more than 30nm and 10 mm respectively. So, for the recent 

analysis, quantum effects are ignored [11]. The simulated structure of the proposed 

device used in the TCAD Silvaco is depicted in Fig. 1(b). The ATLAS simulated 

mesh profile of the DH-DD-TM-SG MOSFET design is shown in Fig. 1(c). 

 
(a) Cross sectional schematic of dual-halo dual- 

dielectric triple-material surrounding-gate MOSFET. 

 

(b) Simulated structure of the proposed device used in the analysis. 

 

(c) ATLAS simulated mesh profile of DH-DD-TM-SG MOSFET. 

Fig. 1. Dual-halo dual-dielectric triple-material surrounding-gate MOSFET. 
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3.  Mathematical Modelling  

The cylindrical coordinate system comprises of a radial direction r, an angular 

component θ in the plane of radial direction, and a vertical direction z, as mentioned 

in Fig. 1(a). The symmetry of the device ensures that surface potential and the field 

varies with r and z, but not with θ. So 2-D analysis is needed.  

The influence of the charge carriers and fixed charges on the electrostatic 

behaviour of the channel could be avoided. The potential distribution in the channel 

can be expressed by the Poisson’s equation and can be written as 

   
2

2

( , ) ( , )1 k k ak

Si

r z r z qN
r

r r r z

 



  
  

   
  ( 1k kL z L   )            (1) 

where k =1, 2, 3, 4, 5, and Na1 = Na5 = Ndh, Na2 = Na3 = Na4 =Nak.  

The potential distribution is approximated using the parabolic profile for DH-

DD-TM-CGAA MOSFET in the radial direction and is given by [12]. 

2
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where the constant 0 ( )z , 1( )z  and 2 ( )z can be attained by substituting 

conditions at the boundary. 

For obtaining surface potential, the corresponding boundary conditions are:   

(1)  Surface potential ( )s z  depends on z only 

(R, ) ( )sz z                         (3) 

(2) The centre potential ( )c z  depends on  z only 

(0, ) ( )cz z  = 0 ( )z                                      (4) 

(3) The metal gates have a continuous electric flux at the interfaces of the 

gates/oxide. Therefore,  
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where k =1, 2, 3, 4 and Coxeffdh is the effective gate oxide capacitance for DH-DD-

TM-SG MOSFET [13]. 
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where toxeffdh is the effective gate oxide thickness for DH-DD-TM-SG MOSFET [14]. 
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Using the boundary conditions, Eqs. (3)-(7), in the surface potential equation, 

Eq. (2) and then substituting in Eq. (1). 

Surface potential is expressed as   

2
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Surface potential for all five regions are given as 
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where k =1, 2, 3, 4, 5 
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where j = 1, 2, 3, 4, 5 
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The solution of second order differential equation, Eq. (10), through the 

complementary and the particular integral functions is given as  
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where k and k are arbitrary constants, which are calculated with the help of 

continuity conditions for the surface potential distribution () and the field 

distribution (E) at the interfaces of different metal gates [8, 9]. The value of k and 

k reported in literature [15]. 

(1) The potential s1, at the source end is given by 
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(2) The potentials5, at the drain end is given by 
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(3) The surface potential  is continuous functions at the interfaces of different 

metal gates and can be written as 

( 1)( ) ( )
k k

sk s kz l z l
z z   

                    (19) 

where k =1, 2, 3, and 4 

(4) The electric fields E is continuous functions at the interfaces of dissimilar metal 

gates and can be written as 
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where k =1, 2, 3, and 4. 

The electric field distribution is obtained by differentiating surface potential 

with respect to radial direction z. 
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The halo part indicating higher work function in metal gates, determines the 

minimum surface potential for the DH-DD-TM-CGAA MOSFET.  

Differentiating surface potential equation, Eq. (14), relative to the direction z 

and making it zero for getting the minimum surface potential 1mins . 

min
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As explained by Wang et al. [16], the device turn ON voltage is threshold 

voltage, which is twice the Fermi potential and equal to minimum surface potential. 

1min 2s f 
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Sub-threshold swing is given by [17, 18]. 
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4.  Results and Discussion  

The present analysis is carried out for surface potential s, electric field E, threshold 

voltage vth, sub-threshold swing S, drain induced barrier lowering and roll off of 

threshold voltage [19]. Simulation parameters are: Vgs=0.2 V, Vds=0.1 V, R=10 nm, 

toxeffdh =1.78 nm, Ndh=1024 m-3, Nak=1023 m-3, Nd=1026 m-3, L=30 nm. The dielectric 

constants of silicon and hafnium oxide are 3.9 and 20 respectively. The surface potential 

of DH-DD-TM-SG, SH-TM-SG and TM-SG MOSFET structure is plotted in Fig. 2.  

Figure 2 shows that triple material structure has two step function profile, which 

is a clear indication of a reduction in SCEs. These gradual steps function profile at 

the interface screens the higher metal gate M1 work function region from the 

fluctuation of drain potential. Enhanced Vds is discarded across the lower metal gate 

M3 work function region. It is noticed that the minimum surface potential s happens 

for DH-DD-TM-SG MOSFET in the halo region as compared to SH-TM-SG and 

TM-SG MOSFET. In this novel device, there are additional steps at the drain and 

source sides. Normally there are three step function profiles in SH-TM-SG but for 

Dual halo, it is realized that the surface potential of DH-DD-TM-SG exhibits four 

step function profiles. Therefore, this extra step profile further helps in scale down 

the short channel influence and improving the current driving capability. The 

analytical results are well collaborating with simulated results validating the model. 

 

Fig. 2. Graph of the surface potential with variation in channel length. 
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Figure 3 depicts the variation of minimum surface potential s1min as a function 

of the channel length for R=10 nm 

It is observed that Dual halo structures having lowered minimum surface 

potential as their counterpart SH-TM-SG and TM-SG structures which outcomes 

in raised the device efficiency. The simulated results agree with the analytical 

results validating the model. 

 

Fig. 3. Graph for the minimum surface potential  

distribution with varying channel length for all the three devices. 

Figure 4 shows the electric field distribution of DH-DD-TM-SG, SH-TM-

SG and TM-SG MOSFET structure. The drain side having lower metal gate M3 

work function region points to a valuable diminution in electric field. The 

carriers in the channel region experience fall in the electric field near to drain 

region, which causes reduction in HCEs. Therefore, it improves the overall 

transport efficiency. From Fig. 4, it can be seen that an additional peak of field 

is observed over the halo barrier, which further enhances the characteristics of 

the novel device. In contrary to Single halo structure, there are more peaks in 

Dual halo structure, thereby improving immunity against SCEs. The further 

increment in halo doping concentration reforms the beginning peak. The second 

peak of the gate metal improves with further rise in work function.  Hence 

speeds up the carriers in the channel. The analytical results are close to 

simulated results which validates the model. 

DH-DD-TM-SG has a less threshold voltage [20] in comparison to Single halo 

and TM-SG MOSFETs devices owing to improved gate controllability, Fig. 5. The 

percentage difference in threshold voltage in the proposed model and TM-SG [16] 

is 23% at channel length 20 nm. The percentage difference in threshold voltage in 

the proposed model and SH-TM-SG [8] is 17% at channel length 20 nm. Thus, the 

DH-DD-TM-SG is suitable for low voltage applications. 
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Fig. 4. Electric field distribution with varying channel  

length for TM-SG, SH-TM-SG and DH-DD-TM-SG devices. 

 

Fig. 5. Threshold voltage variation with channel length for different devices. 

Figure 6 illustrates the variation of sub-threshold swing with channel length for 

DH-DD-TM-SG, SH-TM-SG and TM-SG MOSFET structure. The incorporation of 

Dual halo structure along with dual dielectric for triple material gate shows reduction 

in sub-threshold swing for DH-DD-TM-SG in comparison to SH-TM-SG and TM-

SG MOSFET devices, exhibiting immunity against SCEs. However, there is not 

much significant difference for the channel length above 80 nm [21, 22]. 

DIBL is a short channel effect that comes into picture after application of large 

drain bias and adversely affecting the device performance. The barrier between the 

source and the channel is reduced and hence gate has a limited control over the 

channel [23, 24]. 

Figure 7 gives the variation of DIBL with the channel length for DH-DD-TM-

SG, SH-TM-SG and TM-SG MOSFET devices. It is clear from Fig. 7 that DH-DD-

TM-SG has a very low value of DIBL as compared to SH-TM-SG device. Hence, 
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it shows that the dual halo structure in DH-DD-TM-SG MOSFET leads to 

suppression of SCEs. The analytical results are well collaborating with simulated 

results validating the model. 

 
Fig. 6. Variation in sub-threshold swing as a function of the channel length. 

 

Fig. 7. Graph of drain induced barrier lowering with varying channel length. 

As presented by Pradhan et al. [25] and Dasgupta et al. [26], the diminution of 

threshold voltage with diminution in gate length is a well-known SCE called the “Vt-

roll off”. Figure 8 shows the plot of the roll-off of threshold voltage for DH-DD-TM-

SG, SH-TM-SG and TM-SG MOSFET with position along the channel. The roll-off 

of threshold voltage has been determined by evaluating the difference between the 

threshold voltages for shorter channel and for long channel length devices. Figure 8 

depicts that the increase in gate length increases the Vt-roll off. The analytical model 

of Vt-roll off is plotted in Fig. 8 and has been verified by using TCAD Silvaco. 
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Fig. 8. Threshold voltage roll-off versus the variation in channel length. 

5.  Conclusions 

In this paper, a 2-D analytical model for the novel device DH-DD-TM-SG 

MOSFET has been developed by using a parabolic approximation. Using gate 

engineering structure along with halo implant shows further improvement in 

minimization of SCEs. An additional peak is induced in the electric field profile, 

which describes the reduction in hot carrier effects. The reduction in sub-threshold 

swing, roll-off of threshold voltage and drain induced barrier lowering are the direct 

result of halo and gate engineering structures. Thus, it is manifest that the 

combination of triple metal gates along with dual dielectric and halo implant 

architecture leads to further enhance in short channel behaviour. Thus, it further 

ensures improvement in the carrier transport efficiency. The DH-DD-TM-SG 

MOSFET shows superior performance over TM-SG and SH-TM-SG devices for 

lowering HCEs and SCEs.  

Nomenclatures 
 

Coxeffdh Oxide capacitance, F 

Eg Energy band gap, eV 

Nak Acceptor ion concentration, atoms/m3 

Q Electronic charge 

R Radius of silicon pillar, nm 

toxeffdh Oxide thickness, nm 

Vfbk
 

Flat-band voltage, V 

 

Greek Symbols 

Si  Permittivity of silicon 

fp  Fermi potential, eV 

( , )k r z  Surface potential, V 

mk  Work function of metal, eV 

s  Electron affinity, eV 

Abbreviations 

TM-SG Triple Material Surrounding Gate 
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