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depleted short-channel silicon-on-insulator MOSFETs with halo or pocket implantation

Han-Pang Wang

Department of Electronics Engineering, National Chiao Tung University, Hsinchu, Taiwan 300, R.O.C.

E-mail: yvonne0910 @yahoo.com

Received December 26, 2013; revised February 25, 2014; accepted March 13, 2014; published online May 1, 2014

New analytical models of the subthreshold surface potential, threshold voltage and subthreshold current of fully depleted (FD) silicon on insulator
MOSFETs with halo or pocket implants are presented. The subthreshold surface potential model is based on the solutions of the quasi-two-
dimensional (2D) Poisson’s equation, which rigorously satisfy the boundary conditions of the continuity of the potential and electric field in the
lateral direction along the channel surface of halo MOS transistors. Closed-form model equations without any fitting empirical formula correctly and
efficiently generate the surface potential distribution between the source and drain regions. The drain-induced barrier lowering effect of deep-
submicrometer halo MOSFETs is also addressed in the present models. On the basis of the subthreshold surface potential, analytical models of
the threshold voltage and subthreshold current are also developed for deep-submicrometer halo MOSFETs. The subthreshold current model is
derived using the conventional drift-diffusion current theory considering the nonuniform doping profiles of a silicon film of fully-depleted silicon-on-
insulator (SOI) MOS devices with halo implants. The results obtained using the model have been compared with those obtained using the device
simulation software Medici to show the validity of the proposed model, and good agreement is achieved between the two. The use of the presented
models can be treated as an alternative to 2D numerical analysis and used for the design of deep-submicrometer FD SOl MOSFETs with halo or

pocket implants. © 2014 The Japan Society of Applied Physics

1. Introduction

The fully depleted silicon-on-insulator (FD SOI) MOSFETs
offer superior electrical characteristics over bulk
MOSFETs!? such as reduced junction capacitances, increas-
ed channel mobility, suppressed short-channel effect, ex-
cellent latchup immunity, and improved subthreshold char-
acteristics,>* and therefore they have recently been attracting
much attention as a potential candidate for VLSI low-voltage
and -power applications.

As the channel length of MOSFETs is scaled down to the
deep-submicrometer regime, several short-channel effects
are observed such as the serious threshold voltage roll-off due
to the charge-sharing between the drain/source and channel
regions, off-state leakage current due to the sensitivity of
the source/channel potential barrier to the drain bias voltage
or drain-induced barrier lowering (DIBL), and bulk punch-
through. In order to suppress such short-channel effects and
improve device performance, lateral-channel engineering
utilizing halo or pocket implants’'> surrounding the drain
and source regions of short-channel devices has been used.
The improvement can be observed as a delayed onset of
threshold voltage roll-off or even increased threshold voltage
and a suppressed subthreshold leakage current for deep-
submicrometer MOSFETs.

To correctly predict short-channel effects, solving the two-
dimensional (2D) Poisson’s equation for the channel potential
in the channel depletion region of deep-submicrometer SOI
MOSFETs is a very important step. 2D numerical device
simulators such as Medici'® can provide the most accurate
solutions of the 2D Poisson’s equation. However, in order to
reduce time and cost of 2D numerical simulation, analytical
models have been used for MOSFET device design. An
analytical model of FD SOI MOSFETs has already been used
by numerous authors.!”2% Among them, several analytical
models have been developed'”'? on the basis of the concept
of a 2D charge-sharing scheme between the gate and source/
drain regions to develop a threshold-voltage model of
current—voltage (/~V) characteristics. However, the scheme
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of charge sharing is less or more arbitrary and oversimplified,
and leads to an underestimated threshold voltage roll-off. In
Refs. 21-23, authors utilized parabolic potential distributions
for the 2D Poisson’s equation and developed analytical
models of drain-induced barrier lowering. A compact model
based on a surface-potential-based description solves
Poisson’s equation explicitly in Ref. 24. However, a number
of iteration steps are needed to solve Poisson’s equation
which on average is a factor 2 larger than that in the bulk
MOSFET case, which results in a long computation time. In
Ref. 18, the 2D Poisson’s equation was separated into a 1D
Poisson’s equation and a 2D Laplace equation. In Refs. 25
and 26, full 2D analytical solutions of the 2D Poisson’s
equation by Green’s function technique were reported. How-
ever, the analytical models mentioned above did not take
into account the effect of the channel doping profile on the
characteristics of FD SOI MOSFETs, such as halo or pocket
implants along the channel region. Therefore, these analytical
models are appropriate for a device channel with a uniform
doping profile. In Ref. 27, a 2D threshold voltage model was
developed for FD short-channel Si-SOI MESFETs with a
nonuniform Gaussian doping profile. It expressed the func-
tion of the potential distribution in terms of the back surface
potential function. However, the important parameter used
to derive threshold voltage model, that is, the position of
the minimum back surface potential, can only be obtained
by solving complicated equations numerically. A closed-
form solution of the position of the minimum back surface
potential may not possible in this case. In Ref. 28, Rao et al.
reported an analytical threshold voltage model of nonun-
iformly doped dual metal gate (DG) FD SOI MOSFETs.
They developed a 2D Poisson’s equation solution by
separating the 2D Poisson’s equation into a 1D Poisson’s
equation and a 2D Laplace equation. Despite the accuracy of
this model, the Fourier coefficients of the electric displace-
ment at the Si—SiO, interface were given in an infinite series
rather than in a close (finite) form, and involved a high
mathematical complexity and much difficulty to apply and
understand. In Ref. 29, an analytical threshold voltage model
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of SOl MOSFETs accounting for halo implants based on the Vs

three-zone Green’s function solution technique was devel-

oped. Although an explicit form of the threshold voltage was Vis

derived, it involved the infinite Fourier series terms and the
calculation was too complicated to be further implemented in
the derivation of a -V model for a circuit simulator such as
SPICE. Other than the analytical threshold voltage models, a
number of 2D subthreshold current models of SOI MOSFETs
have been developed in studies reported in Refs. 30-32.
However, without considering the effects of halo implants
on the subthreshold current, they are suitable for only SOI
MOSFETs with a uniform channel doping concentration.

In this paper, analytical models of the subthreshold surface
potential in the silicon film, threshold voltage and sub-
threshold current of FD SOI MOSFETs with halo or pocket
implants are proposed. The subthreshold surface potential
model based on the solutions of the quasi-2D Poisson’s
equation accurately describes the surface potential distribu-
tion in the silicon film using simple polynomial functions
and is suitable for SOl MOSFETs with halo implants or a
uniformly doped profile in the silicon film. Subsequently,
analytical models of the threshold voltage and subthreshold
current are derived for SOI halo MOSFETs explicitly
accounting for the DIBL effect and drift-diffusion current,
respectively. The model results of the subthreshold surface
potential distribution, threshold voltage, and subthreshold
current of both deep-submicrometer and long-channel halo
MOSFETs have been verified against the results of the 2D
numerical simulations, and good agreement is obtained in
wide ranges of structural parameters.

2. Analytical model

2.1 Subthreshold surface potential model
Figure 1 shows a schematic cross-sectional view of a halo-
implanted n-MOSFET for the modeling of the subthreshold
surface potential along the channel length between the source
and drain regions. Heavily doped regions named the halo
regions exist near the source and drain regions, whereas a
lightly doped region named the channel region is located at
the center of the silicon film. L is the channel length, which is
the distance between the edges of the n*-type regions of the
source and drain of the halo MOSFETs. Ny and Ny are the
doping concentrations in the halo and channel regions,
respectively. L, and (L, — L) are the lengths of the halo and
channel regions, respectively. #r and #, are the thicknesses of
the front gate oxide and bottom oxide, respectively. ; is the
thickness of the silicon film. The gate, source, and drain
regions are made of n*-type polycrystalline silicon.
Assuming that the impurity density in the halo and channel
regions is uniform, and the effect of charge carriers and fixed
oxide charges on the electrostatics of the channel can be
neglected, the potential distribution in the silicon film can be
written as

POy PV P y)
a2 9y? Esi
0<x<L, 0<y<lt, (1)

where p(x, y) is the 2D charge density of the silicon film and
& 1s the permittivity of the silicon film. The potential profile
in the vertical direction, i.e., the y dependence of W(x, y) can
be approximated by a simple parabolic function, as discussed
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Fig. 1. Cross-sectional view of an n-channel fully-depleted SOl MOSFET.
The structure has been simplified by neglecting of doping gradients in the
y-direction to focus on only the average doping values of N, and Ng.

in Refs. 21 and 29 for the FD SOI MOSFETs and may be
given as

W(x, y) = Ws(x) + 10y + @)y’ oy, (©2)

where Wy(x) is the surface potential and the arbitrary
coefficients ¢(x), co(x), and ¢3(x) are functions of x only. In
the MOS devices with halo implants, since the doping
distribution in the silicon film is divided into three parts as
shown in Fig. 1, the potential functions in the channel and
halo regions can be written as

Wi(x, y) = Wy i(x) + cin(0)y + co(®)y® + cax)y’,

i=19 OSXSLla Ofyftsl
i=2 Li<x=<L, 0<y<t;, (3)
i=3, Lh<x=<L 0=<y=<t

where W;(x,y) and W ;(x, y) indicate the potential function
and surface potential in the region i, respectively. From the
energy band diagram in Fig. 2 of the SOI MOS structure in
Fig. 1, the surface potential is Wy = [E;(0) — E¢]/(—g) and
the band bending at the silicon surface is ¢s= [Ej(0) —
Ei(00)]/(—q), where E; is the extrinsic Fermi level of the
silicon, and E;(0) and Ej(co) are the intrinsic Fermi levels at
the surface of the silicon and in the silicon bulk, respectively.
Then, we have the relation Wy(x) = ¢s(x) — Wrp(x) between
Wy(x) and ¢(x) at the front surface of the silicon film, where
Wep(x) = V1 - In[N(x)/n;], V1t = kT/q is the thermal voltage,
and N(x) and n; are the doping concentration in the silicon
film and the intrinsic carrier concentration of silicon,
respectively.

Poisson’s equation is solved separately in the channel and
halo regions using the following boundary conditions.

© 2014 The Japan Society of Applied Physics
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Fig. 2. Energy band diagram for Vg5 = 0V of an n-MOSFET with
nt-polysilicon gate and p-type silicon film. The potentials Wy, ¢r, Wep, and
W0ty are defined in the diagram, where gV, is the band bending at SiO, and
Eg is the band gap of silicon.

1) The electric flux at the front gate oxide/silicon film
interface is continuous for each region 7 and can be given as
Wi, ) | eox Wai(¥) = Vs,

8y y=0 Esi te

) “4)

where Wy ;(x) = W ,(x, 0) is the front surface potential along
the channel length in region i, &, is the permittivity of the
oxide and

!
Vosi = Vas — Viori — Wrrs,

where Vg is the gate—source bias voltage, Vi, is the front-

channel flatband voltage in region i, and Wgp; is the

difference between the extrinsic Fermi level and the intrinsic

Fermi level in region i and is expressed as

Wep 1 = Wrp3 = VrIn(Na/ni),

Wepr = VrIn(Np/ni). (5)

2) The electric flux at the bottom oxide/silicon film

interface is continuous for each region 7 and can be given as

Vi(x, y) _ ox Vsupi — Whsi(¥)

8y Y=lsi Esi o

) (6)

where Wy ;(x) = Wy ,(x, £5) is the back surface potential along
the channel length in region 7, and

/
Vsup.: = Vsus — Vivwi — Wrp.is

where Vgyp is the substrate-source bias voltage, and Vi, ; is
the back-channel flatband voltage in region i.

3) The surface potential at the interface of the different
regions is continuous:

Vi(Ly,y) = Wa(Ly, y),
Wy(La, y) = W3(La, ). (7

4) The electric flux at the interface of the different regions
is continuous:

5) The potential at the source end is
V1(0,0) = W 1(0) = Wi ©))
6) The potential at the drain end is

Wi (L,0) = Wi3(L) = Vi + Vps. (10)

Here Vy; = Whpoly ~ Eg/(2q) is the built-in potential across the
body-source junction, and Vpg is the drain—source bias voltage.

The constants c¢;j(x), cp(x), and ci3(x) in Eq. (3) can be
deduced from the boundary conditions Egs. (4)—(6) and are
given as

Cr
cit(x) = - (Wi — V(/}S,i)’
S1

1 2Cf Cb
C,‘Z(X) = ? : |:_<3 + C. ) : “Ilfs,i + <3 + C_> . lI"bs,i

si si si
Gy 2Cr

—_ 2.V i_|__.V/ ’C|’
Cyi SUB, Cyi GS,

1 C Cb
A == | (24 =) W — (24 22) Wy
C13(x) t; |:< + Csi) fs,i < + C5i> bs,i

Gy C
(GG
Csi SUB, Csi GS,

(11

where Cg; = &/, Cr = €ox/1tr, and C, = €44/t are the silicon
film, front gate oxide, and bottom oxide capacitances, res-
pectively. Substituting W;(x, y) from Eq. (3) into Eq. (1), and
using the expressions of ¢;1(x), ¢;(x), and c;3(x) in Eq. (11),
the front and bottom surface potentials in region i, i.e., Wg ()
and W (x), respectively, can be expressed in terms of
second-order nonhomogenous differential equations given by

& ()
o2

alejbs,i(x)

o (12)
where the expressions of the coefficients 4;, B;, C;, F;, G,
and H; are given in Appendix A. According to Ref. 33, the
analytical solution of the above differential equations can be
obtained in the following forms:

+ AW i(x) + BiWysi(x) = Ci,

+ FjWi i(x) + GiWyi(x) = H;,

dix x

W i(x) = Wy +ai1 - g1 - € +ap-g1- e

X

tan-g e tay-g e,
d —d
Wi i(x) = Wigp; +ajy - € +ap - e

+ ay - e, (13)

+ap - e

where the particular solutions Wy, (x) and Wy (), and the
constants g, g5, dy, and d, are given in the Appendix B. By
using the boundary conditions Eqgs. (7)—(10), we can obtain
the expressions of the coefficients a;;, aj, a;3, and a;4 as shown
in Appendix C. Finally, the surface potential distributions
along the interfaces of the front-gate oxide/silicon and
bottom-oxide/silicon films can be respectively obtained as

W (x) = We 1 (x) + Wro(x) + Wr3(x),

Wis(X) = W, 1(X) + s 2(x) + W 3(1). (14)

v (x,y) oWy (x, y) 2.2 Threshold voltage model
a =7 ’ In SOI MOS devices with halo or pocket implants, since the
X x=L; x x=L; . . . :
s (x, ) W5 (x, ) doping concentrations in the channel and halo regions are
%y AR (8)  different, the Fermi potential depends on the lateral location
o x=Ly & x=L, within the silicon film. Consequently, the threshold voltages
064301-3 © 2014 The Japan Society of Applied Physics
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in the halo and channel regions (Vrp; and Vo, respec-
tively) are defined as

Vrag = Vas at W1 (Xmin1) = Wrp,1,

Ve = Vas at Wi p(Xmin2) = Wrp2, (15)
where Xmin; and xminp are the lateral positions of the
minimum surface potentials in the halo and channel regions,

respectively. Then, the threshold voltage of the FD SOI
MOSFET is defined by the maximum of these two voltages:

(16)

Equation (16) ensures the validity of the 2D analytical model
for calculating a threshold voltage for which the front gate/
silicon interface of the FD SOI MOS transistor is simply
inverted.

Next, the positions of the minimum surface potentials
Xmin1 and xmino can be obtained by differentiating Eq. (3)
with respect to x at y = 0 and solved using

oW(x, y)
ox

Vru = max{V1n,1, V1up)-

=0. 17
y=0

Note that, owing to the three regions of the device shown in
Fig. 1, there are three values of xp;, in the solutions of
Eq. (17). However, since the drain—source bias voltage Vpg is
positive for an n-MOSFET, the lateral position of the
minimum potential Xy, 1S always located near the source
region. Therefore, only the channel and halo regions near the
source side should be considered.

It may be observed that the closed form solution of the
lateral position of the minimum surface potential x,;, is not
possible in this case. However, for different values of Vg and
Vbs, Xmin May be obtained by solving Eq. (17) numerically.
Consequently, it is clear that explicit expressions of both the
threshold voltages Vry; and Vrpp can be deduced from
Eq. (13) by replacing Vs and Wg; with Vry; and Wep,,
respectively, where i = 1 or 2, and expressed as

Wep1 — 2 - Vsup — 3

Va1 = , (18)
Y1
Win s — By - Verm —
Vasio = FP,2 52ﬂ1 suB — B3 ’ (19)

where
Y= glaledlxmin.l +gla4e*dlxmm,| _I_g2a7ed2xmin,l
+ goage” Pt 4 Ay,
Y = glazedlxmin,l +g ase*dlxmm,l + grage

—d)Xmin
+ goe @mint 4 2y,

> Xmin,1

Y3 = gI(XSedlx.nin,l +glabe*dlxmm.1 +g20(9€d2x“"“’1

_}_gzalze*dzxmm.l + A5,

Bi = gl(sledlx.mn,z +g184efd1x‘“‘“'2 +g287ed2X"“"’2
_}_gzsloe*dzxmin.z + 1,

B =g 82ed1xmin,2 +g1556*dlxmm,z +g2886d2xlnin.2
+ g2811e_d2x‘“*“~2 + A,

B =g 83ed1xmin,2 +g156e—d1xmm,z +g259edzxmin.z
+ g8ipe P Ay,

Then, the threshold voltage of the FD SOI MOS transistor
is obtained by taking the maxima of Egs. (18) and (19).

064301-4

2.3 Subthreshold current model

In the subthreshold region of SOI MOSFET operation, the
depletion charge is much larger than the inversion carrier,
thus the diffusion current component is expected to be
dominant. However, since the potential distribution in the
silicon film varies along the channel, the drift current com-
ponent may contribute to the subthreshold current flow. On
the basis of the drift-diffusion current theory, the electron
current density in the n-MOSFET can be expressed as

I¢rs(x) dn(x)

ox +4Dn ox
where n(x) is the electron density along the channel length
and D, is the electron diffusion coefficient, which can be
related to the thermal voltage V't and the electron mobility wu,
through the Einstein relation as D, = u, - V1. Multiplying
Eq. (20) by an integrating factor of exp[—a¢g(x)/Vr], the
right-hand side of the equation can be transformed into an
exact derivative. With the boundary conditions in Egs. (9)

aIld (10)9 we can Obtaln

T .
/ exp<_¢fs(x)) cdx
0 Vr

The subthreshold current can be obtained by integrating the
current density over the cross section of the conducting
channel, yielding

Jn = —qltan (20)

Vbi
Jy = —qDyNy - exp(— —b> : 1)

Vr

Isyp=Jn-W-d, (22)

where W is the device channel width and d is the effective
channel thickness, which can be estimated as the distance
from the surface to the position where the electrostatic
potential changed with V1.3 According to Gauss’ Law, the
vertical component of the electric field at the surface, Vr/d, is
equal to Qgep/esi, Where Qyep is the depletion charge. Thus,
the effective channel thickness d can be obtained as

85]

d="r |:2qNAV (Prsinv + Vor/ 9)]’ @)
where Ny is the effective doping density within the channel,
¢r.inv 1s the surface potential at the onset of strong inversion,
Orinv = 2Wep, Var = Vas — Vi, and 6 is the subthreshold
ideality factor reflecting the gate voltage division between the
insulator capacitance and the silicon depletion layer capaci-
tance. Note that the effective channel thickness given in
Eq. (23) is only valid for —¢xiny < Var/6 < 0, i.e., the weak
inversion and depletion operations. The effective doping
profile within the channel can be approximated by the
effective channel concentration Nay developed on the basis
of the voltage-doping transformation:3>

Nav =Np+2-(Na—Np)-(L1/L)
— (2e4/q) - (Vps + v - Vo) /L2, (24)
where v is a fitting parameter. Substituting Egs. (21)—(24)
into Eq. (22), the subthreshold current can be obtained.
3. Results

In order to verify the analytical models of surface potential
distribution and subthreshold current, the 2D numerical
device simulator Medici is used with the halo n-MOSFET

© 2014 The Japan Society of Applied Physics
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Fig. 3. Front surface potential Wg(x) as a function of the normalized
position (x/L) along the channel length for FD halo-implanted SOI
MOSFETs with different gate lengths and drain bias voltages.

(a) L =0.06 um and (b) L = 0.1 pm.

structure with uniformly doped channel, halo, and drain/
source regions, as shown in Fig. 1. In this subsection, only
the case of 2L, < L is considered and we have presented
some numerical results to demonstrate the DIBL effects on
the subthreshold surface potential and threshold voltage of
the short-channel SOI MOS transistors with halo implants
and DIBL effects on the subthreshold current variation con-
sidering a wide range of parameters of the devices.

In Fig. 3, the variation in the front surface potential Wg(x)
as a function of the normalized position x/L along the
channel length has been shown for different gate lengths and
drain bias voltages. From the figure, it is observed that, for
a fixed channel length, as the drain—source voltage Vpg is
increased, the surface potential near the drain side increases
which may result in a considerable reduction in the channel
barrier height. The channel barrier is defined as the potential
difference between the minimum surface potential and the
source side potential. Furthermore, it is observed that for
a fixed Vps, the surface potential located near the drain
side also increases with decreasing L. Although the surface
potential near the drain side increases with the increase in
Vps as well as with the decrease in L, the minimum surface
potential near the source side and the location of the
minimum surface potential remain almost unchanged,
especially for small drain voltages and large channel lengths.
The insensitivity of the minimum surface potential to the

064301-5

Fig. 4. Plot of the threshold voltage V' vs the gate length L for FD halo-
implanted SOI MOSFETs with different bias voltages. (a) Drain—source
voltages Vps and (b) substrate bias voltage Vsug.

drain bias voltage results from the fact that the enhanced
electric encroachment from the drain region to the channel
region as Vpg increases is absorbed by the depletion charge in
the halo region near the drain side (L, < x < L), which has a
high doping concentration N,. Therefore, the DIBL effect is
improved and the roll-off of the threshold voltage in short-
channel devices may be retarded. Figure 4 shows the effects
of the drain—source Vpg and the substrate bias Vgyg on the
threshold voltage /1y as a function of the channel length L.
In Fig. 4(a), it is observed that, although the threshold
voltage of the device may be shifted to a lower value as Vpg
increases, the phenomenon of the sharp threshold voltage
roll-off in the conventional MOSFET without halo implants
is improved. The sharp roll-up of the threshold voltage in
the figure exists owing to the high doping concentration in
the halo region. With the appropriate design of the doping
concentrations in the halo and channel regions, a smooth
variation in the threshold voltage may be obtained. In
Fig. 4(b), it is seen that, for the long-channel halo devices
(L > 2L;), a more negative substrate voltage biased results in
an increase in the threshold voltage. However, for the short-
channel halo devices (L < 2L;), the effect of the substrate
bias Vsyg on the threshold voltage is smaller owing to the
high doping concentration in the channel region. Therefore, it
may be observed that biasing at a negative substrate voltage
may be a better choice to minimize the DIBL effect, which
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Fig. 6. Plot of the front surface potential Wg(x) as a function of the
normalized position (x/L) along the channel length for FD halo-implanted
SOI MOSFETs of L = 0.06 um with different halo doping concentrations Ny.

may substantially improve the threshold voltage degradation.
Figure 5 shows a plot of the subthreshold current /gy against
the gate—source voltage Vs with Vpg as the parameter. It is
observed that, although the MOS transistor is with halo
regions, the subthreshold current increases with the increase
in Vpg owing to the enhanced electric encroachment from the
drain region to the channel region and the small channel
length. The calculated results have been compared with the
results obtained using the Medici software, and good agree-
ment is achieved for a gate length down to 0.06 um, which
shows the validity of the proposed analytical model.

Figure 6 shows a comparison of the surface potentials
obtained using the present model and Medici as a function of
the normalized position along the channel with the halo
doping concentration N, as the parameter. It is observed that,
at a fixed Vgs, the surface potential of the halo MOS device
with a higher halo doping concentration is shifted to a lower
level, resulting in an increase in the channel barrier height.
The effect of the halo doping concentration on the sub-
threshold current is shown in the plot of Isyg vs Vs in Fig. 7.
It is seen that the subthreshold current of the MOSFET with
a higher halo doping concentration is lower due to the
increased barrier height. Figure 8 shows the off-state current
I¢r against the channel length L with the halo doping con-
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implanted SOI MOSFETs with different halo doping concentrations Nj.

centration N as the parameter, where I = Isyg at Vgs =
0V. It is seen that at a fixed Na, I, increases with the
decrease in L owing to the short-channel effect. Furthermore,
it is observed that, for a fixed channel length L, /¢ decreases
with the increase in Ny owing to the lower minimum surface
potential and higher channel barrier height.

Figure 9 shows the effect of the channel doping concen-
tration Ng on the surface potential as a function of the
normalized position (x/L) along the channel length. It is seen
that the location of the minimum surface potential remains
almost the same and only a small variation in the surface
potential is observed in the channel region (L; < x < L;) as
Np varies owing to the high doping concentration in the halo
regions. Owing to the high halo doping concentration, the
effect of the channel doping concentration Ng on the sub-
threshold current /gyp is very small and is shown in Fig. 10.
In this figure, only a small increase in subthreshold current is
observed as Np increases from 5 x 107 to 7 x 107 cm™3.

The surface potential profiles Wg(x) as a function of the
normalized position (x/L) along the channel length for the
halo MOSFETs of L = 0.09 um with the length of the halo
region, L, as the parameter is shown in Fig. 11. From the
figure, it is seen that the position of the minimum surface
potential, located in the source side halo region shifts toward
the source side as the length of the halo region is reduced.
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normalized position (x/L) along the channel length for FD halo-implanted
SOI MOSFETs of L = 0.06 pm with different channel doping concentrations
Ng. (b) Enlarged part of (a).

Moreover, it is observed that the surface potential minima in
the three cases are not the same. The minimum surface
potential shifts to a higher value as the length of the halo
region is reduced. This occurs because the average doping
concentration in the silicon film controlled by the gate
increases as the length of the halo region, L, is increased. For
a fixed channel length and a halo doping profile, as the length
of the halo region decreases from 0.035 to 0.015 pum, the off-
state current I, increases from 1.84 pA/um to 59.6 nA/um,
obtained from 2D numerical analysis. The above results have
been compared with the numerical analysis obtained using
the 2D device simulator Medici, and satisfactory agreement is
obtained.

4. Conclusions

In this paper, new analytical models of the subthreshold
surface potential, threshold voltage and subthreshold current
of fully depleted SOl MOSFETs with halo or pocket implants
have been proposed. Analytical and closed-form expressions
have been obtained for both the front surface potential and
the threshold voltage by solving Poisson’s equation with
the appropriate boundary conditions. Then, together with
the conventional drift-diffusion current theory, an analytical
subthreshold current model is also presented for halo-
implanted SOI MOSFET devices. The results obtained using
the model have been compared with those obtained using
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the 2D numerical device simulator Medici considering a
wide range of structure parameters. Good agreement is
achieved between the results of the model calculation and
numerical analysis. To the best of our knowledge, these
are first 2D models of FD SOI MOSFETs with halo or
pocket implants, considering the subthreshold surface
potential, threshold voltage, and subthreshold current at the
same time.
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Appendix A: Coefficients of second-order nonhomogenous differential equations
The expressions of the coefficients 4;, B;, C;, F;, G;, and H; in Eq. (12) are given as follows.
2 2Cy 2 Gy
A=A, =A5=(—-D|= )3 , Bil=B,=B3;=\{|=||3+—),
: ? =t )<t521>< - Gsi ) : ’ } <t521>< - Csi)
2 Cy 2 2Cy
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1 »=1F3 <t52]>< +Csi) I 2 3= ( )(ti)( + Csi)
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C = C = —_ 2 2 , H :H = —_— 2 2 )
: ’ Esi tgi ( Csi 1 ’ Esi t; Csi
¢, = qNB 32 (Cb Vsupa — 2CfV(/}s,2)’ H = gNs % <2CbVéUB,1 - CfVés,l) A1)
Esi 75 Csi Esi 75 Csi

Appendix B: Particular solutions W, (x) and Wy, i(x), and the constants g4, g2, dq, and d> of the general solution

The expressions of the particular solutions Wi, (x) and Wy, (x), and the constants gi, g», di, and d are given as follows.

Wit = A1 - Vos + Az - Vsus + A3 = W33,
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Appendix C: Coefficients of the analytical solution of the surface potential
The expressions of the coefficients a;, a;, a;3, and a;4 of the solution of the subthreshold surface potential in region i are given
as follows.
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