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Abstract — Design and simulation analysis of vertical MOSFET structure with double gate structure on each side of insulating 
pillar for nanodevice applications is presented. The body doping effect on vertical channel for channel length, Lg = 50nm and 
analyzing its effect towards such small devices was successfully performed. The analysis continued with the comparative 
investigation of device performance with conventional planar MOSFET as scaling Lg down to 50nm. The final part evaluates the 
innovative design of incorporating dielectric pocket (DP) on top of vertical MOSFET turret with comprehensive device 
performance analysis as compared to standard vertical MOSFET in nanoscale realm.  An optimized body doping for enhanced 
performance of vertical MOSFET was revealed. The vicinity of DP near the drain end is found to reduce the charge sharing effects 
between source and drain that gives better gate control of the depletion region for short channel effect (SCE) suppression in 
nanodevice structure.   
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I. INTRODUCTION 

 
Scaling the CMOS technology into nanometer regime 

requires innovative approach in overcoming a number of 
short channel effect (SCE). Vertical MOSFETs built on the 
sidewalls of silicon pillars are increasingly being studied as 
an alternative to standard planar MOSFETs for the scaling of 
CMOS into the nanometer regime [1 – 3]. With the 
advantages of controlled gate length by relax 
photolithographic process, high drive current per unit silicon 
area and decoupled channel length from packing density, 
vertical MOSFET in double-gate and/or surround gate 
structure has become prominent candidate to extend CMOS 
technology to and beyond the 45nm as depicted by 
International Technology Roadmap for Semiconductor 
(ITRS) [4]. The body doping effects, comparative 
performance with planar MOSFET and innovative design of 
vertical MOSFET structure are the critical parameters needs 
to be considered. The vertical MOSFET structure usually 
utilizes an undoped body for the following reasons. Undoped 
vertical MOSFETs can avoid the dopant fluctuation effect, 
which contributes to the variation of the threshold voltage 
and drive current [5]. The undoped body in vertical 
MOSFETs can enhance the carrier mobility due to the 
absence of depletion charges which can significantly 
contribute to the effective electric field, thus degrading the 
mobility [6]. However, without body doping as a tool to 
adjust the threshold voltage, undoped vertical MOSFETs 
need to rely on gate work function to achieve multiple 
threshold voltages on a chip. Tunable metal gate technology 
thus needs to be developed for double gate (DG) vertical 
MOSFETs. However, a metal gate with a tunable work 
function has not been integrated in DG MOSFETs due to 
technological difficulties [7 – 8]. Therefore, body doping 
remains as an alternative to set appropriate threshold 

voltages for DG vertical MOSFETs. The incorporation of so-
called dielectric pocket (DP) for limiting dopant diffusion 
and controlling SCE such as threshold voltage (VT) roll-off 
have been proposed and fabricated for planar [9] and vertical 
MOSFET [10 - 11]. However the epitaxial process [12] 
requires critical lithography and is not CMOS compatible.  
This paper presents the innovative design consideration of 
vertical MOSFET architecture that was successfully being 
evaluated in the context of body doping effect, performance 
evaluation with conventional planar MOSFET and the 
effects of dielectric pocket (DP) structure as scaling the 
channel length into nanoscale realm. 

II. VERTICAL MOSFET TECHNOLOGY 

 
In order to extend CMOS scaling to its physical limits 

while maintaining performance improvements, devices with 
structure different from the conventional single gate 
MOSFET will have to be introduced. A most promising 
concept in this direction is the double gate MOSFET. This 
structure has several advantages over its single gate 
counterpart: 

 If perfect coupling between front and back gate is 
achieved, short channel effects can be suppressed 
and devices featuring an ideal sub-threshold swing 
of 60mV/decade can be fabricated 

 The body doping can be reduced dramatically, thus 
improving carrier mobility 

 The channel width per unit area is at least doubled, 
thus increasing the current drive per unit area of the 
transistors. 

Double gate MOSFETs can be grouped in three classes: 
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 Planar Double Gate and Gate All Around 
(GAA) MOSFETs. In planar double gate devices 
both the current-carrying plane and the current flow 
are parallel to the wafer surface. In GAA 
MOSFETs the current can flow on planes 
perpendicular to the wafer surface as well. 

 FinFETs. In these devices the current-carrying 
plane is perpendicular and the current flow parallel 
to the wafer surface.  

 Double and Surround Gate Vertical MOSFETs. 
In these devices both the current-carrying planes 
and the current flow are perpendicular to the wafer 
surface. 

The most notable feature of vertical MOSFETs is that 
their channel length is defined by non-lithographic methods, 
such as ion implantation or epitaxial deposition. As a result, 
shorter channel length is possible in nanometer regime. On 
top of that, the gate length is decoupled from the packing 
density. This feature is very useful for low-leakage and 
DRAM applications. Moreover, the fabrication of double 
and surround gate MOSFETs is straightforward in vertical 
technology, so that the channel width per unit area is 
dramatically increased in comparison with planar devices. 
Consequently, this would increase the drive current per unit 
area. Finally, vertical MOSFETs with sub-100nm pillar or 
ridge width suppress short-channel effects and drain leakage.         
 The drawbacks of vertical MOSFETs are due to their low 
compatibility with planar CMOS technology, particularly 
when epitaxial method is employed. A precise control of the 
channel length is generally difficult by ion implantation 
though much easier by epitaxy. Another issue is the 
gate/drain and gate/source parasitic capacitance as the top 
drain electrode generally is not self-aligned to the gate. In 
addition, for a thin channel fully depleted (FD) devices other 
processing challenges arise for short channel effects (SCE) 
control. High resolution lithography is needed for pillar or 
ridge width definition. 

III. DEVICE STRUCTURE AND MODELS 

The simulated vertical MOSFET structure [3] is shown 
in Fig.1 with the double gate region (in contact), drain and 
source electrode, channel length (Lg), oxide thickness (tox), 
body or channel and the respective dimensions of the device 
are explicitly shown. Notice that an electrode line is visible 
in Fig.1 to make sure that the left and right gates are in 
contact. A uniform doping profile is assumed and applied to 
drain (n-type), source (n-type), double gate (n-type) and 
body (p-type) of the device with the concentration of 1x1020 
cm-3, 1x1020 cm-3, 1x1021 cm-3 and 3.5 x 1018 cm-3 
respectively. The DP (not shown) is placed near the drain-
end contact.  

 

 
Figure1 Vertical MOSFET structure shows double gate, source, drain, 

body, channel length and gate oxide 

 
For numerically computing the electrical behavior of the 

device, an appropriate physics based models has to be 
evoked carefully. There are five categories of models 
involved namely mobility, carrier generation and 
recombination, carrier statistics, impact ionization and 
tunneling models. The inversion layer mobility model [13] 
was employed for its dependency on the transverse field (i.e 
field in the direction perpendicular E to the Si/SiO2 
interface of the MOSFET) and through velocity saturation at 
high longitudinal field (i.e field in the direction from source-
to drain parallel E to the Si/SiO2 interface) combined with 
SRH (Shockley-Read-Hall Recombination) with fixed 
carrier lifetimes models. This recombination model was 
selected since its take into account the phonon transitions 
effect due to the presence of a trap (or defect) within the 
forbidden gap of the semiconductor. An interface fixed oxide 
charge of 3x1010 C is assumed with the used of n-type 
polysilicon gate contact for the device. The Drift-Diffusion 
transport model with simplified Boltzmann carrier statistics 
is employed for numerical computation of the device under 
study.    

IV. BODY DOPING EFFECTS ANALYSIS  

 
For body doping effects analysis, three variant of body 

doping are used: low doped (NA = 1x1018 cm-3), moderately 
doped (NA = 2x1018 cm-3) and the high doped (NA = 
3.5x1018 cm-3). Due to a decrease in body doping, the VT 
value also decreases from 0.56V for high doped to 0.36V in 
moderate doped and to a lower value of 0.15V in low doped 
body. However, a decreased in doping will ultimately 
increased the leakage current from 2pA/m to 7nA/m and 
finally to a value of 80A/m as shown in fig. 2. 
Nevertheless, the increased in drive current is almost unity 
with a value of 7A/m to 10A/m and 1mA/m 
respectively. These effects arise due to the fact that at higher 
doping the surface mobility is decreased and a better gate 
electrostatic potential observed within the device which 
makes the leakage current controllable. However, as the 
doping level decreased, the carrier mobility is increased and 
consequently the leakage current will also rise sharply.  
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Figure 2 Subthreshold characteristic showing an increased in leakage and 

drive current with a lower doping level and an increase in threshold voltage 
with higher doping level. 

 
Due to double gate structure, the increased in drain 

saturation current (IDsat) was observed as shown in fig. 3. 
Even though the IDsat is high with lower doping level, a high 
IOFF = 80A/m is extremely unacceptable. These results 
are in conjunction with the value of sub-threshold voltage, 
which is 89 mV/decade for higher doped, 83 mV/decade in 
moderate doped and sharply increased to 110 mV/ decade in 
lower doped device. Thus, an optimize value of body 
doping is highly vital in order to have a high drive current 
while maintaining the acceptable leakage current and 
controlling the aggravated SCE [14]. Failure to control such 
parameters, the transistor designed will not succeed to work 
in a giga-scaled integrated circuit where the total standby 
power of the system is of paramount important. 

 
Figure 3 Output characteristic shows an increased in drain saturation 

current with a lower doping level in a double-gate configuration. 

 

V. COMPARATIVE ANALYSIS 

Compatible process parameters for planar and vertical 
MOSFET are maintained such that a valid comparison is 

made. The channel and source/drain doping is 5x1018 cm-3 
and 1x1020 cm-3 respectively with junction depth of between 
100nm to 120nm. The conductance of insulating film is 
considered negligible by using a tox=5nm and silicon body 
thickness tsi=136nm for both devices.  

For scaling the channel length of vertical MOSFET, the 
height of silicon pillar during dry etch process is vary from 
200nm to 300nm. Such heights with fixed nitride thickness 
of 97nm will approximately prepared 100nm to 50nm 
channel length. In contrast, for scaling the planar MOSFET 
Lg, the polysilicon gate length needs to be scaled 
accordingly before the source/drain ion implantation took 
place. This process is highly dependent on the accuracy of 
etching the polysilion gate length by the critical lithography 
process and limits by the wavelength of the light. In vertical 
MOSFET with 0.22m silicon pillar height, a channel 
length of 50nm is reachable presume relax lithography 
dependent. The 0.22m is easily can be done using normal 
photolithography steps without the needs of using the 
expensive electron beam lithography. Figure 4 shows the VT 
versus the channel length for both devices. As the Lg is 
decreased, the VT decreases due to short channel effect 
(SCE). However, sharply decrease of VT roll-off is seen to 
happen for planar device as compared to vertical device. 
This is due to the double gate structure on both side of 
vertical channels that makes a better electrostatic control of 
the channel by the gate even when the channel is scaling 
down to 50nm.  

 
Figure 4 Threshold voltages, VT roll-off characteristics for planar and 

vertical MOSFET down to 50nm channel length, Lg 

 

The leakage current (IOFF) defined as the drain current at 
VGS=0V and low drain voltage (VDS) was also extracted for 
both devices. This current which is due to the reverse-biased 
p-n junction at the drain region is a very important 
parameter in making sure the immobile state of the 
transistor in sustaining the power drainage. It’s particularly 
essential as the number of transistors per chip growth 
monotonically in support of system-on-chip (SOC) 
paradigm.  
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Figure 5 Drain leakage current IOFF for both planar and vertical MOSFET 

extracted at VGS=0V and low VDS 

 
Figure 5 illustrate the comparison of these values for 

both devices when the channel is scaling down to 50nm. 
With the same body doping, the SCE is pronouncedly 
observed when the channel is scaled to 50nm for both 
devices. However, due to the structure of vertical MOSFET 
during the drain-on-top (DOT) mode the leakage current is 
lower compared to planar device. The IOFF increase when Lg 
scaled to 50nm and planar MOSFETs have risen up to two 
decade higher than vertical MOSFETs. For 50nm, the IOFF = 
2.3x10-11 A/m and 1.47x10-13 A/m is observed for 
planar and vertical MOSFETs respectively. This gives an 
advantage to vertical channel device for making sure a 
lower value of IOFF in an application such as DRAM and 
SRAM circuit of a planar device.  

VI. DIELECTRIC POCKET (DP) ANALYSIS 

The Dielectric Pocket (DP) provides a number of 
purposes. It greatly reduces the influence of large area 
parasitic bipolar transistor (PBT) in the vertical structure. 
Reducing the electrical bulk punchtrough effects by 
preventing the encroachment of the doping from the 
extrinsic drain and reduces the charge sharing effects 
associated with the reverse-biased drain to improve 
threshold voltage control [10]. Figure 6 shows the sub-
threshold or transfer characteristics for vertical MOSFET 
with and without DP for Lg = 50nm, tox = 5nm, NA = 1x1018 
cm-3. Both devices shows an excellent on-off characteristics, 
however the off-state leakage IOFF in the DP device is lower 
than without DP device in the drain voltage VDS=0.1V and 
1.0V. The IOFF at VGS=0V and VDS=0.1V for DP device is 
9.63 x 10-15 A/m and for without DP the IOFF = 4.57 x 10-14 

A/m. This is possibly due to the decreases of larger 
electric field at the drain end reverse-biased PN junction in 
the vicinity of dielectric pocket.  

 
Figure 6 Sub-threshold characteristics of vertical MOSFET with dielectric 
pocket (DP) and without DP for Lg = 50nm, tox = 5nm, NA = 1x1018 cm-3 at 

drain voltage VDS = 0.1V and 1.0V respectively. 

 
The decrease of electric field will reduce the leakage 

current predominately. The leakage current was originated 
from the body-drain depletion region due to the reverse-
biased body-drain PN junction [15]. Similarly the DIBL 
effect is also observed to be lower in DP device. In DP 
device the DIBL is 144 mV/V whereas for without DP the 
DIBL increased to 177 mV/V. These results indicate that 
DP structure is essentially needed for the suppression of 
SCE.  

The output characteristics of vertical MOSFET with and 
without DP is shown in fig. 7 for Lg=100nm. The drive 
current in DP device was shown to be effectively higher 
than without DP device. Due to the presence of DP in the 
vicinity of drain region the larger electric field at reverse-
biased PN junction is reduced effectively. The reduced 
electric field E at drain end increased the carrier mobility  
in the channels and ultimately improved the drift velocity   
as given by 
 

                 E         (1) 

   
*m

q 
       (2) 

 
where q is the charge,  is the mean free time between 
collisions and m* is the carrier effective mass. Thus the 
increase in carrier velocity makes the saturation velocity to 
be higher in DP compared to without DP device. 
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Figure 7 The output characteristics of vertical MOSFET with DP and 

without DP for channel length Lg = 100nm at VGS = 2.2V, 3.3V and 4.4V 
respectively. 

 

VII. CONCLUSIONS 

The body doping effects analysis of vertical replacement 
gate (VRG) MOSFET structure found that higher body 
doping is essential needed for controlling SCE. However, it 
will decrease the carrier mobility and leads to lower value 
of drive current. In contrast, low value of body doping will 
eventually increase the drive current and leads to an 
elevated increase of leakage current. Thus, an optimize 
value of body doping is highly vital in order to have a high 
drive current while maintaining the acceptable leakage 
current and controlling the aggravated SCE. With moderate 
body doping of NA = 2.0x1018 cm-3, an acceptable VT = 
0.36V, IOFF = 7nA/m, SubVT = 83 mV/decade and ION = 
10A/m was successfully obtained for the simulated VRG 
device structure. The performance comparison with planar 
MOSFET has reflected the benefit of double-gate (DG) 
vertical MOSFET. The DG structure over the side of silicon 
pillar has been shown to have a very good electrostatic gate 
control over the channel, enabling gate length scaling down 
to 50nm for vertical MOSFET. The analysis shown that the 
vertical MOSFET have two decade lower of leakage 
current, a factor of three larger of drain saturation current 
and almost ideal value of sub-threshold swing. The 
innovative design of incorporated dielectric pocket (DP) 
over the silicon pillar has advantages of detaining higher 
reverse-biased PN junction electric field for minimizing the 
leakage current and reducing the charge sharing effects 
between source and drain that gives better gate control of 
the depletion region.  

 
 

ACKNOWLEDGEMENT 

The authors would like to acknowledge the financial 
support from FRGS (FRG0248-TK-2/2010) and ERGS 
funds (ERGS0002-TK-1/2011) of Minister of Higher 
Education Malaysia (MOHE). The author is thankful to the 
Universiti Malaysia Sabah (UMS) for providing excellent 
research environment in which to complete this work. 

REFERENCES 
[1] Jayanarayanan S. K. (2004). Silicon-Based Vertical MOSFETs. PhD 

Thesis – University of Texas at Austin. 

[2] Mori K, Duong A and Richardson W.F. (2002). Sub-100-nm Vertical 
MOSFET With Threshold Voltage Adjustment. IEEE Trans. Electron 
Devices, 49(1):pg 61–66. 

[3] Hergenrother J. M, Oh S.H, Nigam T, Monroe D, F. Klemens P, and 
Kornblit A. (2002). The vertical replacement-gate (VRG) MOSFET. 
Solid-State Electronics, 46: pg 939–950. 

[4] International Roadmap for Semiconductor 2007 (ITRS, 2007) – 
Process Integration, device and structure (PIDS). 
http://public.itrs.net. 

[5] Liu H, Sin J. K. O, Xuan P and Bokor J. (2004). Characterization of 
the Ultra-Thin Vertical Channel CMOS Technology. IEEE Trans. 
Electron Devices, 51(1):106–112. 

[6] Gili E, Kunz V.D, de Groot C.H, Uchino T, Ashburn P, Donaghy 
D.C, Hall S, Wang Y, Hemment P.L.F (2004). Single, double and 
surround gate vertical MOSFETs with reduced parasitic capacitance. 
Solid-State Electronics, Vol 48: pg 511–519. 

[7] Schaeffer J K, Capasso C, Fonseca L R C, Samavedam S, Gilmer D 
C and Liang Y. (2004). Challenges for the integration of metal gate 
electrodes. Int. Electron Devices Meeting (IEDM) pp 287–290 

[8] Jeon I. S et al (2004). A novel methodology on tuning work function 
of metal gate using stacking bi-metal layers. Int. Electron Devices 
Meeting (IEDM) pp 303–306 

[9] Jurczak M, Skotnicki T, Gwoziecki R, and et al,. (2001). Dielectric 
pockets – a new concept of junctions for Deca-Nanometric CMOS 
devices. IEEE Trans. Electron Devices, Vol. 48(8), pg 1770-1774 

[10] Donaghy D, Hall S, de Groot C.H, Kunz V.D and Ashburn P. (2004). 
Design of 50-nm Vertical MOSFET Incorporating a Dielectric 
Pocket. IEEE Trans. Electron Devices, Vol. 51 (1). 

[11] Jayanarayanan S. K, Dey S, Donnelly J.P and Banerjee S.K. (2006). 
A Novel 50nm Vertical MOSFET with a dielectric pocket. Solid-State 
Electronics, Elsevier, pages 897-900. 

[12] Jayanarayanan S. K. (2004). Silicon-Based Vertical MOSFETs. PhD 
Thesis – University of Texas at Austin. 

[13] Lombardi C. et al., (1988). A Physically Based Mobility Model for 
Numerical Simulation of Nonplanar Devices. IEEE Transactions on 
Computer-Aided Design, vol.7, no.11 

[14] Lu H, Lu W.Y and Taur Y. (2008). Effect of body doping on double-
gate MOSFET characteristics, Semicond. Sci. Technol. Vol. 23  

[15] Gili E, Kunz V.D, Uchino T, Al Hakim M. M, de Groot C.H, 
Ashburn P and Hall S. (2006). Asymmetric Gate-Induced Drain 
Leakage and Body Leakage in Vertical MOSFETs with Reduced 
Parasitic Capacitance. IEEE Transactions on Electron Devices, Vol. 
53(5). 

 


