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A drain current model of grooved-gate MOSFET which is based on the difference of the channel
depth distance along the channel from the source to the drain in cylindrical coordinate is presented
in this paper. From the analysis, the potential of grooved-gate is related to geometry structure param-
eters the angle (�0� and radius (r0� of concave corner as well as channel depth (d�. The presence
of corner effect will influence to the drain potential, drain current characteristics as well as the other
electrical characteristics, such as conductance (gm� and transconductance (gd�. In this result, model
shows effect of corner with improvement of the device the characteristics especially the reduction
of short channel effect (SCE) althought drain current value grooved-gate MOSFET of is slightly less
than the ordinary MOSFET.

Keywords: Grooved-Gate MOSFET, Curved Channel, Drain Current Model, Short Channel
Effect (SCE), Potential Barrier.

1. INTRODUCTION

The small geometry of conventional bulk silicon
MOSFETs into nanoscale regime has many problem of
short-channel effects (SCEs). The grooved-gate MOSFET,
which is created by corner region has a promising struc-
ture to reduce the Short Channel Effect. The influence of
the corner effect may affect the potential barriers for the
device channel1�2 which can improve the characteristics of
the device especially the reduction of short channel effect
(SCE) such as a high threshold voltage (Vth�, a low DIBL
and GIDL effect, closeness to ideal sub-threshold slope,
and a high ION–IOFF ratio.1–6 While analytical numerical
model of surface potential on Grooved-Gate MOSFET
have been made using 2D Poisson equation method in
cylindrical coordinates [l] which potential distribution
function along channel, V ��� elates into the grooved-gate
MOSFET structural parameters (r0, �0, and d�, substrate
doping and applied biases.
In this paper, we present a new drain current model

for drain current characteristics of grooved-gate MOSFET
based on determination of channel depth at their respec-
tive angle in cylindrical coordinate. The model is approxi-
mation of geometrical structure in cylindrical coordinate
which has curved region geometry which is going to be
incapable of accurately simulating the I–V characteristics
of grooved-gate MOSFET including corner radius (r0�,

∗Author to whom correspondence should be addressed.

corner angle (�0�, channel depth (d�� channel length (Lg�
and their relationship for the derivation of drain current,
as well as conductance and transconductance.

2. STRUCTURE OF THE DEVICE

The grooved-gate MOSFET structure with depletion region
is shown in Figure 1. In the device, the gate electrode is
placed on a groove separating the source and drain region.
In order to form the effective minus junction depth, the
source/drain junction is made shallower than the groove
bottom.
The presence of the groove in recessed-channel or

grooved-gate MOSFETs can enhance the electrial perform-
ance.8 The curved structure at the channel of device is
effective in reducing the electric field at the drain, thus
improving reliability. Furthermore, it can also reduce the
substrate current, and increase the highest applicable gate
to drain voltage, so that improving the reliability of the
device.
The main advantage of groove-gate MOSFETs is the

presence of large number of structral parameters, such as
the concave corner radius, junction depth, the angle of the
vertical concave sidewall structure and the channel doping
concentration. These parameters can be used to adjust any
short-channel effects, including sub-threshold swing (S),
minimum surface potential, DIBL and threshold voltage
roll-off, etc., whereas only the channel doping concentra-
tion can be used in conventional planar MOSFETs.
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Fig. 1. The grooved-gate MOSFET structure.

3. MODEL OF DEVICE STRUCTURE

The grooved-gate MOSFET has the large number of
structural parameters, such as the concave corner radius,
junction depth, the angle of the vertical concave sidewall
structure and the channel doping concentration. The vari-
ation of these parameters can improve the performace and
short-channel effect (SCE). The grooved-gate structure of
device can be approximated as the concave corner which is
parts of cylinder.1 This device is shown in Figure 2 below.
The electron potential profile in the channel region

which have concave corner, is derived by the Poisson equa-
tion in cylindrical coordinates. The potential distribution
function along channel from analytical model solution1 has
been derived as

V ���= VBS−
M

2xdeff
�Vg −�s�����R2− r�2 (1)

Fig. 2. The grooved-gate MOSFET with cylindrical approximtion of
concave corner.

where M and xdeff are constant, M = �Coxc/�Si� and xdeff =√
��2�Si�/�qNA��1�5Vbi, respectivelly, and Coxc is the gate

oxide capacitance per unit area6 of corner region of the
groove-gate, with Coxc = ��o�ox�/�r0 ln�1+ tox/r0��.
The modification of the potential equation at (1) using

derivation of Poisson equation (as shown at Appendix A)
we obtaine

V ���= Csch
(
2�0
	

)(
�
+ �Vd +�SG��Sinh

(
�

	

)

+ �
+�SG�Sinh
(
2�0−�

	

))
− 
 (2)

Where 	 and 
 are constants, 	= xdeff
√
2/�xdeff −R1� and


 =−VBS+�qNA/�Si��2R1x
2
deff�/�R1−xdeff�, respectivelly.

4. MODEL OF I–V CHARACTERISTICS

The differential equation describing the I–V characteristics
of the device is given by:

IdR1 d� = NDq�effWa���dV ��� (3)

where W is the channel width, �eff is the effective electron
mobility, V���� is the potential in the channel the poten-
tial component in the radial direction at angle �, and a(�)
is the effective channel depth distance along the channel
from the source to the drain and is given by:

a���= d′ −xn���−xd��� (4)

d′ is the effective geometrical channel depth, xd and xn are
the depths of depletion regions of the MOS gate and the
substrate respectively. This potential is zero at the source
(� = 0), and it is equal to Vd at the drain (� = 2�0�.

The depth of the depletion region xd associated with the
MOS gate is given by:10

xd =
�Si

2Cox

��1+
�Vg −V ��1/2−1� (5)

where 
 is constant, 
=−�2C2
oxc�/��SiqND�.

ND is the channel doping, q is the electronic charge, and
�Si is the permittivity of silicon.
The depth of the substrate to channel depletion region

xn is given by:20

xn = Ko��bi+VB +V �y��1/2 (6)

where Ko is constant, Ko=��2�SiNA�/�qND�NA+ND���
1/2,

�bi = �kT /q� ln�NAND/n
2
i � is the built-in potential, VB is

the substrate voltage, NA and ND is the acceptor and donor
concentration, respectively.

5. Id–Vds CHARACTERISTICS

From Figure 2, the geometrical distance d between the
bottom of the groove and the metallurgical boundary of the

J. Comput. Theor. Nanosci. 9, 1596–1602, 2012 1597
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p–n junction as well as by the depletion regions associated
with the MOS gate and the substrate channel is

d = xepi−xj (7)

where xepi is the thickness of the epitaxial layer and xj is
the junction depth of the source/drain n+ diffusion.

a���=
{
a′���= d′ −xd���−xn��� 0< � < �0 �8�

a′′���= d′′ −xd���−xn��� �0 < � < 2�0 �9�

where: d′ = dSec��0 − ��−R1Cos��0�Sec��0 − ��−R1,
and d′′ = dSec��−�0�−R1Cos��0�Sec��−�0�−R1.

Id = NDq�nW

2R1�0

[∫ V ��=�0�

V ��=0�
a′���dV ���

+
∫ V ��=2�0�

V ��=�0�
a′′���dV ���

]
(10)

The above integration we obtain Id–Vd equation is

Id = NDq�effW

2R1�0

[
Vd�0
2	

�d−R1Cos��0��Csch
(
�0
	

)

+ �0
	
Csch

(
2�0
	

)
�dSec��0�−R1�

×
(
��SG+Vd�Cosh

(
2�0
	

)
−�SG

)

−R1Vd +
Vd�Si

Cox

+ �Si

3Cox


×
(
1− �Vd +�SG−Vg�


)3/2

− 2
3
K0�Vd +�SG+VB +�bi�

3/2

− �Si

3Cox


(
1− ��SG−Vg�


)3/2

+ 2
3
K0��SG+VB +�bi�

3/2

]
(11)

where ND is the channel doping, q is the electronic charge,
�n is the low field bulk mobility of electrons, W is
the channel width, d is the effective geometrical channel
depth, �Si, �0 are the permittivity of silicon and silicon
dioxide respectively and tox is the oxide thickness along
the walls of the groove, Vd is the drain voltage, VB is the
substrate bias and Vg is the effective gate voltage. The
parameters Ko and 
 are the constants defined above.
The source–drain conductance gd can be found by dif-

ferentiation of Id with respect to Vd and is given by:

gd = dId
dVd

∣∣∣∣
Vd=0

= NDqW�eff

2R1�0

×
(
d+ �Si

Cox

−Ko

√
Vbs −Vg +�bi+�SG

− �Si

2Cox

√
1−
��SG−Vg�

)
(12)

The transconductance in the saturation region gm is
obtained by differentiation of Id with respect to Vg in the
saturation region:

gm = dId
dVg

∣∣∣∣
Vd=Vds

= NDqW�eff

2R1�0

(
Ko

√
Vbs +Vds −Vg +�bi+�SG

−Ko

√
Vbs −Vg +�bi+�SG

− �Si

2Cox

√
1−
��SG−Vg�

+ �Si

2Cox

√
1−
�Vds +�SG−Vg�

)
(13)

6. RESULTS AND DISCUSSION

The Id–Vds characteristics can be obtained from Eq. (11) as
shown Figure 3. This graph shows the current drain reduc-
tion compared with planar MOSFETs, due to the drain
separation from the implanted channel region, as well as
the curved structure at the drain is effective in reducing
the electric field at the drain, thus improving reliability.
This also decreases the substrate current, and increase the
highest applicable gate to drain voltage, hence improving
the reliability of the device.
Some researcher have done improvement in the drive

curent with some treatment. One of them is using a hydro-
gen anneal at 800 �C that give a 30% improvement of the
drive current at 120-nm n-channel transistors.9

The drain current graphs of device with various the con-
cave corner are given in Figures 4 and 5 for various �0
from 0� to 90�. The device with minimum angle of cor-
ner (0�� is like a planar device. These graphs show that
the drain current increase obviously for a relatively bigger
corner angle.
In other words, the presence of the corner effects can

reduce the drain current due to the potential barrier for
electron flow from source to drain will increase and then
the potential barrier which is effective in suppresing the

0

0.1

0.2

0.3

0.4

0 0.5 1 1.5 2 2.5

D
ra

in
 C

ur
re

nt
, I

d(
m

A
)

Drain Voltage, Vds (V)

V'g = 1.8 V

V'g = 1.3 V

V'g = 0.8 V

V'g = 0.3 V

Fig. 3. Id–Vd characteristics of grooved-gate MOSFET, with �0 =
0�46� and r0 = 1�2 nm.

1598 J. Comput. Theor. Nanosci. 9, 1596–1602, 2012



Delivered by Ingenta to:
Rice University, Fondren Library

IP : 128.72.134.170
Sat, 20 Oct 2012 00:11:51

R
E
S
E
A
R
C
H

A
R
T
IC

L
E

Suseno et al. Modeling of Drain Current for Grooved-Gate MOSFET

0

0.05

0.1

0.15

0 0.5 1 1.5 2 2.5

D
ra

in
 C

ur
re

nt
, I

D
 (A

)

Drain Voltage, VDS (V)

θ0

Fig. 4. Id–Vd graphs with various �0 and Vg = 1�3 V.
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Fig. 5. Id–Vd graphs with various �0 and Vg .

short channel effect degrades the dran current characteris-
tics as compared with the planar device.
Figure 6 shows a typical set of I–V characteristic curves

for the grooved-gate MOSFET geometry with various geo-
metric channel depths d. The graph shows the drain cur-
rent increase with channel depth d increase for all gate
voltage values. It means that device with the smaller d has
easy to complete MOS gate pinch-off and for higher d, the
saturation of drain current does occur although the gate
pinch-off may not occur.
While the pinched-off devices, there are electrical

characteristics measurements include I–V characteristics,
conductance below saturation, transconductance in the sat-
uration region, pinch-off voltage and etc. For grooved-gate,
the transconductance (gm� and conductance (gd� are very
corelated with device geometry especially corner angle due

0

0.02

0.04

0.06

0.08

0.1

0.12

0 0.5 1 1.5 2 2.5

I d
 (A

)

Vd (V)

Vg = 3V

Vg = 2V

Vg = 1V

d

d

d

Fig. 6. Id–Vd Characteristics with various d and Vg .
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Fig. 7. The graphs of normalized of conductance (gd� and transconduc-
tance (gm� of device as various normalized �0.

to effect to depletion shape when pinch off does occur. The
Figure 7 shows graphs of normalized the transconductance
(gm� and conductance (gd� with normalized angle of cor-
ner. The transconductance gm increases exponentially as
the corner angle of device increases. In contras with it, the
conductance (gd� decrease linearly when angle of corner
inreases.
These results are obtained directly from solving

Eqs. (12) and (13) instead of using the modulation of nor-
malized �0 which assumes that the effective channel length
decreases with drain voltage increases beyond saturation
when pinch off does occur.

7. CONCLUSION

This drain current model of grooved-gate MOSFET is
based on the channel depth distance along the channel
using 2D Poisson equation solution in cylidrical coordi-
nates. The structure includes some parameters, such as the
concave corner radius, junction depth, the angle of the ver-
tical concave sidewall structure and the channel doping
concentration.
The result shows any reduction of the drain current due

to the potential barrier from the implanted channel region
and the curved structure. Furthermore, it is effective in
reducing the electric field at the drain, thus improving reli-
ability of short channel effects (SCEs), such as including
sub-threshold swing (S), minimum surface potential, DIBL
and threshold voltage roll-off, etc. For drain current current
reduction, it has been done fabrication using experiment
of a hydrogen anneal at 800 �C that gives a 30% improve-
ment of the drive current at the device.

APPENDICES

Appendix A. Derivation of Potential Equation

The analytical model of grooved-gate potential have been
modelled by Ref. [1], it is

V ���= VBS−
M

2xdeff
�Vg −�s�����R2− r�2 (A1)

J. Comput. Theor. Nanosci. 9, 1596–1602, 2012 1599
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dV �r� ��

dr
= M

xdeff
�Vg −�s�����R2− r� (A2)

�2V �r� ��

�r2
=− M

xdeff
�Vg −�s���� (A3)

The Poisson equaion

�2V �r� ��

�r2
+ 1

r

�V �r� ��

�r
+ 1

r2
�2V �r� ��

��2
= qNA

�Si

(A4)

− M

xdeff
�Vg −�s����+

M

r xdeff
�Vg −�s�����R2− r�

+ 1
r2

�2V �r� ��

��2
= qNA

�Si

(A5)

�2V �r� ��

��2
− r2qNA

�Si

− M

xdeff

× �Vg −�s�����2r
2− rR2�= 0 (A6)

From Eq. (1) we have

M

xdeff
�Vg−�s����=

VBS−V �r���

2�r−R2�
2

(A7)

�2V �r���

��2
− r2qNA

�Si

− r�2r−R2�

2�r−R2�
2
�VBS−V �r����=0 (A8)

Using Poisson equation above, the potential Eq. (A1) can
be simplified through assumption of potential at surface of
the channel, with r = R1 = ro + tox

�2V ���

��2
− R2

1qNA

�Si

+ R1�xdeff−R1�

2x2
deff

�VBS−V ����=0 (A9)

�2����

��2
−����

	2
=0 (A10)

where 	2 = �2x2
deff�/�xdeff −R1�

����= V ���−VBS+
qNA

�Si

2R1x
2
deff

�R1−xeff�
(A11)

Assume that


 =−VBS+
qNA

�Si

2R1x
2
d

�R1−xdeff�

����= 
+V ��� (A12)

The boundary conditions are V �� = 0� = �SG and V �� =
2�0� = Vd +�SG, with �SG is the potential at surface for
the grooved-gate. Therefore, the solution to Eq. (A4) is

��0�= 
+�SG (A13)

��2��= 
+ �Vd +�SG� (A14)

����= Csch
(
2�0
	

)(
�
+ �Vd +�SG��Sinh

(
�

	

)

+ �
+�SG�Sinh
(
2�0−�

	

))
(A15)

From Eq. (A13) we have the potential is

V ���=����− 
 (A16)

V ���= Csch
(
2�0
	

)(
�
+ �Vd +�SG��Sinh

(
�

	

)

+ �
+�SG�Sinh
(
2�0−�

	

))
− 
 (A17)

Appendix B. Derivation of the Effective
Channel Depth d′ and d′′

n= R1Cos��0� (B1)

k = �d+n�Sec��0�= dSec��0�+R1 (B2)

(a) Determination of d′

l′ = kCos��0−��= �dSec��0�+R1�Cos��0−�� (B3)

m′ = l′ −d−n= �dSec��0�+R1�Cos��0−��

−d−R1Cos��0� (B4)

d′ = k−mSec��0−��−R1

= dSec��0−��−R1Cos��0�Sec��0−��−R1 (B5)

(b) Determination of d′′

l′′ = kCos��−�0�= �dSec��0�+R1�Cos��−�0� (B6)

m′′ = l′′ −d−n= �dSec��0�+R1�Cos��−�0�

−d−R1Cos��0� (B7)

d′′ = k−mSec��−�0�−R1

= dSec��−�0�−R1Cos��0�Sec��−�0�−R1 (B8)

Fig. B1. The grooved-gate MOSFET structure with its parameters for
d′ and d′′ measurement.
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Appendix C. Derivation of Drain Current Equation

The potential equation for grooved-gate structure is

V ��� = Csch
(
2�0
	

)(
�
+ �Vd +�SG��Sinh

(
�

	

)

+ �
+�SG�Sinh
(
2�0−�

	

))
− 
 (C1)

where 
 =−VBS+ ��qNA�/�Si���2R1x
2
d�/�R1−xdeff��.

The potential values at locations of 0, �0, and 2�0 are

V0 = V �0�= �SG (C2)

V1 = V ��0�

= �
+Vd +2�SG�Sinh
(
�0
	

)
Csch

(
2�0
	

)
− 
 (C3)

V2 = V �2�0�= �Vd +�SG� (C4)

From Eq. (10) we have

Id = NDq�nW

2R1�0

[∫ V ��=�0�

V ��=0�
a′���dV ���

+
∫ V ��=2�0�

V ��=�0�
a′′���dV ���

]
(C5)

Id = NDq�nW

2R1�0

×
[∫ �=�0

�=0

(
�dSec��0−��−R1Cos��0�

×Sec��0−��−R1�
dV ���

d�

)
d�

−
∫ V ��=�0�

V ��=0�
�R1+xd���+xn����dV ���

+
∫ �=2�0

�=�0

(
�dSec��−�0�−R1Cos��0�

×Sec��−�0�−R1�
dV ���

d�

)
d�

−
∫ V ��=2�0�

V ��=�0�
�R1+xd���+xn����dV ���

]
(C6)

The differential of potential Eq. (C1) by � is

dV ���

d�
= 1

	
Csch

(
2�0
	

)(
�
+Vd +�SG�Cosh

(
�

	

)

− �
+�SG�Cosh
(
2�0−�

	

))
(C7)

Equation (C11) substituted into Eq. (C10) as

Id = NDq�nW

2R1�0

×
[
Csch

(
2�0
	

)∫ �=�0

�=0

(
��dSec��0−��−R1Cos��0�

×Sec��0−����

(
�
+�Vd+�SG��Cosh

(
�

	

)

−�
+�SG�Cosh
(
2�0−�

	

)))
d�

−
∫ V=V1

V=V0

(
R1+Ko��bi+VB+V ����1/2

+ �Si

2Cox

��1+
�Vg−V �����1/2−1�
)
dV ���

+Csch
(
2�0
	

)∫ �=2�0

�=�0

(
��dSec��0−��−R1

×Cos��0�Sec��−�0���

(
�
+�Vd+�SG��

×Cosh
(
�

	

)
−�
+�SG�Cosh

(
2�0−�

	

)))
d�

−
∫ V=V2

V=V1

(
R1+Ko��bi+VB+V ����1/2

+ �Si

2Cox

��1+
�Vg−V �����1/2−1�
)
dV ���

]
(C8)

Id = NDq�nW

2R1�0

×
[
�0
2	

(
Vd�d−R1Cos��0��Csch

(
�0
	

)
+2�dSec��0�−2R1���
+�SG+Vd�

×Cotanh
(
2�0
	

)
−�
+�SG�Csch

(
2�0
	

))

−R1Vd+
Vd�Si

Cox

+ �Si

3Cox

�1−�Vd+�SG−Vg�
�

3/2

− 2
3
K0�Vd+�SG+VB+�bi�

3/2

− �Si

3Cox

�1−��SG−Vg�
�

3/2

+ 2
3
K0��SG+VB+�bi�

3/2 (C9)
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