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This paper reports on new analytical models of front and back gate threshold voltages for short-channel fully depleted
silicon-on-insulator (FD-SOI) MOSFETs, considering an annealed non-uniform impurity profile resulting from retrograde
doping required for vertical channel engineering. For this purpose, the exact solutions of multi-zone 2-D Laplace/Poisson
equations have been obtained by adopting a new Green’s function approach. Since the SOl MOSFET is a three-layer structure,
we have established new multi-zone Green’s functions that incorporate the combined effects of all three layers joined together
at the interfaces. This approach allows for a more nuanced analysis of potential distributions in the three-layer structure of SOI
devices, taking into account the interactions between the different layers within the device. Considering the explicit potential
relations thus derived, we formulate closed-form expressions of front and back gate threshold voltages, which include the front
and back gate charge coupling effects, the profile annealing effect, and the effects of drain and gate voltages. This holistic
perspective is crucial because it enables a more accurate understanding of how these variables interact and affect device
operation, thereby enhancing the predictive capability of the models. In addition to the front and back gate threshold voltages,
their biasing counterparts—the respective back and front gate voltages—have also been formulated, accounting for the
aforementioned effects, in order to determine operational modes of the device under study. Finally, the results obtained from the
new model have been rigorously validated by comparison with data generated by ATLAS software, revealing excellent
alignment between the two. This validation not only supports the reliability of the proposed models but also enhances their
applicability in practical semiconductor device simulation and design.
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1 Introduction

The advancement in technology and device
engineering has led to a considerable reduction in the
size of MOSFETs, improving device response times
and enhancing gate control capabilities. However,
these developments have also resulted in significant
short-channel effects that cannot be overlooked. To
mitigate short-channel effects, various device
structures have been proposed, such as FinFETs,
Gate-All-Around (GAA) MOSFETs, and Multiple
Gate FETs. This evolution has facilitated numerous
applications of MOSFETSs across diverse fields; for
instance, biosensors based on FET'” technology have
garnered substantial attention in recent years.
Additionally, MOSFETs exhibit high potential for
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high-frequency analog and RF applications®. The
diverse research and application landscape of
MOSFETs highlights the potential for future
advancements. As the demand for smaller, faster, and
more efficient electronic devices continues to grow,
ongoing innovations in MOSFET technology,
including novel materials, structures, and fabrication
techniques, will play a crucial role in addressing
emerging challenges and expanding their applications.

Fully-depleted (FD) enhancement mode MOSFET’s
fabricated on ultra-thin silicon-on-insulator (SOI) film
attracted considerable attention from researchers due to
their superior immunity from short-channel effects and
improved sub-threshold swing compared to bulk
MOSFETs. Because of these merits, SOI MOSFET’s
have turned out to be high speed and low power circuit
elements for future VLSI application. For VLSI
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circuits, miniaturization of SOI MOSFET device has
been a general trend of technology development.
However, scaling down of device channel length
induces the short channel effect thereby deteriorating
its characteristics’®.Due to sensitivity of short channel
SOI MOSFET to the process fluctuations, the device
design to meet the required specifications becomes
very difficult; however this problem can be addressed
through accurate analysis of the device behavior.

The process of retrograde doping by ion
implantation has widely been used for vertical
channel engineering of SOI MOSFET’s’"” in order to
minimize the short channel effect and to adjust the
threshold voltage. In this process, just after
implantation, the annealing is performed to eliminate
the defects generated during the implantation.
Although the original implant redistributes during the
heat treatment, the annealed impurity profile still
resembles with Gaussian distribution'™'* that is
vertical to channel length and along the channel it
becomes almost uniform. Therefore, such non-
uniform channel doping, including the annealing
effect, must be considered for an accurate analysis of
SOI MOSFETs.

Accounting for non-uniform doping, Pandey
et al.” proposed a threshold voltage model for short
channel SOI MESFET. This model solved 2-D
Poisson’s equations considering parabolic trial
function of potential within SOI film. Such an
assumption underestimates the effects of source and
drain junctions that may cause erroneous results when
the channel of the device is very short. Moreover, the
doping profile considered in their analysis did not
include the annealing effect. Thereafter, Zhang and
co-workers'’reported a short channel threshold
voltage model by taking into account the non-uniform
impurity profile in the channel region of SOI
MOSFET. In this model, 2-D Laplace/Poisson’s
equations were solved by assuming a parabolic trial
function of potential in buried oxide and a linear trial
function coupled with a doubly integrated Gaussian
profile in SOI film. However, the enforcement of such
oversimplified solutions may give rise to erroneous
results when the channel is very short. Furthermore,
the model could not include the annealing effect in the
doping profile.

To analytically solve 2-D Poisson’s equation, the
appropriate boundary conditions and suitable solution
methods are necessary to predict the accurate
behavior of the short channel SOI MOSFET. The

most trusted method is Green’s function technique
which gives the exact solution of 2-D Poisson’s
equation including non-uniform channel doping
profile. This technique was first employed for solving
2-D Poisson’s equation to study short channel bulk
MOSFET by Lin and Wu'’. Later, Chin and Wu'® and
Guo and Wu'’ used the multi-zone Green’s functions
to analyze uniformly doped short gate MESFET and
short channel SOI MOSFET respectively. In the year
2001, this method was also followed by Meer et al. 7
to study short channel SOl MOSFET with halos or
pockets in SOI film.

However, the application of independent-zone
Green’s functions in the aforesaid analyses'*? is
doubtable, because these functions were derived by
considering their gradients normal to interfaces zero
thereby rendering the Green’s functions of each zone
independent of the conditions at the other. These
Green’s functions consist of only geometrical
parameters of individual zones but not the material
properties, so they seem to be the mirror effects of
each other. As a result, the solution of
Laplace/Poisson’s equations in multi-zone structure,
by using these Green’s functions under the conditions
of field refraction at the interfaces, does not describe
the real situation. Consequently, new Green’s
functions for multi-zone structures need to be
established by carefully choosing the appropriate
boundary conditions at the interfaces as these
conditions directly transfer into the final solutions.

Our objective in this paper is to report a new
analytical model of threshold voltages for short
channel FD-SOI MOSFET’s with non-uniform
channel doping that incorporates the annealing effect.
For this purpose we have solved Poisson’s equation in
depleted SOI film and Laplace equation in both front
and back oxide layer of MOSFET to achieve the
explicit 2-D potential relations in all the three layers.
This has been carried out by using the rigorous
Green’s function technique. Since the SOI MOSFET
is a three-layer structure, we have established new
Green’s functions for multi-zone media, and the
procedure followed to obtain these functions is the
most general. Considering the potential relations thus
obtained, we have formulated both front and back
gate threshold voltages by taking into account the
charge coupling at both interfaces. Besides, their
counterparts, the respective back and front gate
biases, have also been formulated to determine the
operational modes of the device. Finally, we have
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validated the present model by comparing it with
ATLAS data, showing excellent agreement between
the two.

2 Mathematical Model

Figure 1(a) is the schematic representation of the
fully depleted SOI MOSFET used in the present
analysis and simulation. The y- and z-axis are
oriented along and vertical to the front silicon-oxide
interface, respectively. The origin, O(0,0), of y, and z
coordinates is located at the midpoint of the front gate
oxide-silicon interface. The source end exists
aty = —L/2, while, that opposite to this at y = L/2
is the drain end, where L is the channel length. The
thickness of the front gate oxide is t,,, the thickness
of buried oxide is tp,, and that of the SOI film is tg;.
In the case of the fully depleted SOI film with non-
uniform doping influenced by the annealing effect,
the 2-D Laplace equations in front and back oxide
regions, as well as Poisson’s equation in the SOI film

under electrostatic  conditions for n-channel
MOSFET, can be expressed as follows:
VZor =0, .. (1)
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Fig. 1 — (a) 2-D Schematic view of SOl MOSFET (b) annealing
effect on doping concentration within SOI film for different
annealing time, t

N
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Vg = 0. . 03)

Here, g is the vacuum dielectric constant, &; is the
relative permittivity of silicon, ¢ is the electronic
charge and N,(z)represents the implanted acceptor
impurity after heat treatment. Assuming that there is
no difference of projection range,R,,, between oxide
and silicon, the impurity profile immediately after the
implantation into the SOI film, which has a uniform
base concentration, Cg, follows the Gaussian
distribution given by"'

2
_ Dy _ l Z—Rp+tox
Na(z) = V2r(AR,) exp{ z( AR, ) } + o ()

where D, is the ion implantation dose and AR, is
the standard deviation of ions. After annealing at
temperatureT, for timet, the standard deviation is
assumed to be root mean square of AR, and V2Dt,
whereby the impurity redistribution occurs and the
profile in Eq. (4) takes the form®":

2
_ Do _1(z-#p
Where
Up = Ry — tox,

, 2
o3 = (AR,)" +2Dt,
Here, D is the impurity diffusion constant, which

for boron is given by*

2.85¢q
kT,

D =21x10"3exp (— ) (cm?/s).

Here,k is the Boltzmann constant. The impurity
profile in Eq. (5), with negligibly small base
doping,Cg,compared to the implanted concentration,
is used in the Poisson’s Eq. (2) for the analysis of the
present device. The depth profile of boron within SOI
film for different annealing times at temperature 1133
K is shown in Fig. 1(b). This indicates that the
impurity concentration decreases as the annealing
time increases, with this effect more pronounced at
the peak concentration. Here we neglect mobile
carriers in Poisson’s equation for convenient solution
of the same. We justify this neglect later in the next
section.The boundary conditions assumed for solving
Egs. (1)-(3) are given as follows'**:
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Gox(¥,Z2 = —tox) = VG,f; ... (6)
—V¢
Pox(—L/2,2) = P Vir | ol . (7)
¢si(—L/2,2) = Vy(2), . (8)
Ver—08s b
Ppo(—L/2,2) = W(z— ts) + L, . (9)
Ver = Ver — VF};, at the front gate and source end,
while those at the drain end and at back gate are
¢Lorvp-v}
box(L/2,2 )—%’i"‘fz+¢;’s+vm .. (10)
¢si(L/2,2) = Vyi(2) + Vp, .. (11)
— s —
bpo(L/2,2) = " ( —tg) + ¢SS + Vb,
box
. (12)
G0 (.2 = tsi + thox) = VG’b - (13)

Vep = Vep — Vi

Now, the boundary conditions for front oxide-
silicon interface and back oxide-silicon interface can
be written as

¢ox(y'Z=0) =¢si(}’»Z=0): (14)
¢°X(y,z—0) =n— 4)51 (y,z=0), ... (15)
Gsi(y, 2 = tsi) = oy, 2 = tsi), .. (16)

0¢si ¢
ﬂ;(Y'Z = tgi) = 6;0 v,z = tg) e (17)
Here, n = &;/€0x> Eox 18 the relative permittivity
of oxide, Vg is the front gate voltage, Vg, is the back

gate bias, V, ’; are the front and back gate flat-band

voltages respectively. For n'-p source and drain
junctions, the built-in potential, Vp;(2z) = E5/2 +
(kT /q) In{N,(z)/n;}, is the function of z due to non-
uniform doping. Other parameters are: n; —intrinsic
concentration, E; —energy band gap, V), —source to
drain applied voltage and T —absolute temperature.
The front- and back-interface source end potential
are @l =Vp(z=0) and ¢l =Vy(z = t)
respectively. The boundary condition described by

Eq. (13) assumes that the substrate below the buried
oxide is highly doped(n’), which means that the
buried oxide substrate interface maintains an
accumulation condition. As a resultV;;, appears in toto
at back oxide gate.

Recently, many researchers have addressed the 2-D
Poission’s equation in cylindrical coordinates by
incorporating a parabolic potential profile*** for
biosensing application of MOSFETs. In order to solve
the 2-D differential Egs. (1)-(3), we employed a
rigorous Green’s function method. The process of
establishing new multi-zone Green’s functions, along
with the approach used to derive explicit solutions of
the aforementioned differential equations, is described
below.

2.2 Green’s functions and solutions

There is wide range of the problems in which
Laplace’s equations, together with Poisson’s equation,
are needed to be solved in multi-zone structure with
three media joined at two interfaces, as illustrated in
Fig. 1(a). Appropriately for 3-zone structure, we
derive new Green’s functions considering their basic
definitions associated with Egs. (1)-(3) subject to
homogeneous conditions of boundary values given by
Egs. (6)-(13) at the outer boundaries, and real
boundary conditions equivalent to Egs. (14)-(17) at
two interfaces instead of their zero normal derivative
at the interfaces as has been done in the earlier
publication'’. Inspired from the work of Inglesfield®®,
we shall now demonstrate that it is possible to directly
find out the Green’s function,G(y,z;y’,z"), which
represents the multi zones en masse joined on
interfaces. As per active portion ABCD of Fig. 1(a),
let us now keep the source point (y’,z") fixed at
silicon film and consider G(y, z; y',z") as a function
of y and z alone, which vary throughout the three-
zone system, including the interfaces. Thus, the
Green’s function set representing silicon along with
the effects of the adjoining layers (front oxide and
buried oxide) is defined as:

V2Gsi(y,z; y',z') = 0,
V2GS (v,z; ', 2) = 8(y —y)s(z—2z),p ...(18)

V2GSt (v,2; v',2") = 0.

Similarly, by assuming that the source point (y’,z")
is located in front oxide, the Green’s functions, which
include the effects of the other layers, are represented
by the differential equations expressed as:
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V2Gox v,z y',2") = 8(y —y")8(z — 2'),)
V3G (y,z; y',z") =0, ... (19)

ViGho (v, 2; ¥',2') =0,

and those in case when point (y',z") is kept fixed in
buried oxide, are governed by

V2GR (v, y',2') = 0, ]
VG (y,z y',2') =0, .. (20)

V2Ghe(y,2; ¥, 2) = 8(y —y)8(z — 7).

The subscripts in Green’s functions indicate the
respective regions, as such it is single function,
G(y,z; vy',z"), appeared in each of Egs. (18)-(20).
However, each set of differential equations pertains to
the individual layer, incorporating combined effects
from the other two layers based on the location of the
source points indicated by the superscripts. In the
conventional manner’’, we multiply Egs. (1) to (3) by
G(y,z; y',z") and Egs. (18) to (20) by ¢ and then
subtract the latter from the former one. Thereafter, we
apply the Green’s theorem to yield:

- % $l00VG5E - G217g0.). 5
+%§[¢boVGgé — G3oVp, ). dS
+ f [psiVGSE — GSV ;). dS
+Jf qNA(Z)G ‘v,z y,z)dy'dz’ .21

This expression represents the potential distribution
in the silicon layer. The potentials for the front and
buried oxide layers are given by:

Boxso = $[9oxTGET" = GEEV ). ds

+ B[BuoVGEE" = GEE"Vipy,).ds

+n fﬁ[ﬁbszVGox bo oxbov(l)Sl] ds

1 ffqﬁ:::)GOXbo(y z';y,z)dy'dz’ . (22)

Thus, the present formalism can be extended to any
number of media joined at the interfaces.

The Green’s functions obtained by solving Egs.
(18)-(20) include the combined effects of front oxide,
SOI film and buried oxide layers of the SOI MOSFET.

The consideration of Eqs. (14)-(17) at the interface
leads to the inclusion of material properties in Green’s
functions. Furthermore, there is no need to evaluate the
first to third integrals of Egs. (21) and (22) at the
interfaces since these would cancel each other out; only
the external boundary integrals in these equations need
to be evaluated. If the interface trap densities are
included in boundary values Egs. (14)-(17), then the
evaluation of the aforesaid integrals at the interfaces
becomes mandatory and the present Green’s functions
are still valid for such a situation. The Green’s
functions appeared in the above integral equations, as
per Appendix, for the silicon layer derived from set of
Eq. (18) are written as:
((OYSAWI())]
Gox (¥, 2,y",2") = —nZn 192 (¥, Y’ )M
... (23a)
(O FSAWI ()]
2 S galy,y) BEELE
.. (23b)

(2 ')fb‘") @

GS‘(y,z y',z") =

Gy, z;y',2") = nZn 19n (Y=

(23c)
where
.y') = sinha,(y’ + L/2)sinh a,(y — L/2) oy
G0y ) = a,sinh(a,L) Y=y
.y') = sinha,, (y' — L/2)sinh a,(y + L/2) <y
G0,y = a,sinh(a,L) PYSY
The Green’s functions, G2, G5 and Gpy

corresponding to set Eq. (19) can be obtamed merely
by replacing the common Eigen function f, l.n) (z ) of
respective expressions in Eq. (23) by f,y () (z) related
to oxide zone. Here we have omitted the arguments of
Green’s function for brevity. Similarly, the replacement
of fs(in) (Z) of respective Eq. (23) by Eigen function,

n) (z) related to buried oxide, leads to the set of
Green s functions, G22, G2 bo and G
solutions of Eq. (20).

The use of Green’s functions, Eq. (23) in

evaluating integral Eq. (21) will yield the potential
distribution in silicon film only, because the common

, representing the

Eigen function f; () (z") belongs to that region. The
second set of Green’s functions, GOy, GZ* and GJy,
consists of the common Eigen function, fox)(z’), as a

result, the integral Eq. (22) with the help of this set
delivers the solution that corresponds to the front
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oxide. On the other hand, the application of third
Green’s function set Gé’,?,Gbo and Gbo, on Eq. (22)
yields the potential relation corresponding to the
buried oxide. Thus, using the Green’s functions and
integral equations (21) and (22), along with boundary
conditions provided by Egs. (6)-(17), the solutions for
Egs. (1)-(3) in the respective SOI film, front oxide,
and buried oxide layers can be expressed as:

, Z+t
¢bsi =V + ( T )[VGb — Vgr — Yr]
SC

+V, [(Z_””>E + L1k ]
0 o, r(z) N x(2)
+ Z L (Z)F(VGf'VGb'y) - (24)

‘I’l

, zZ + ,
box = Vs +1 <—T ox) [Vep — Ver — Y]
N

m
2 o0 fox (Z) ! !
+a772n=1—anAn Fn(VGf'VGb;y)J .. (25)
and

’ Z — t i tb 2 '
bvo =Vep +1 <—Sgl~ Ox) Vb = Vs + ¥
SC

(n)
2 w  Jpo (@) / ,
+a’72n=12n—AnFn(ng; Vens ¥), ... (262)

where

Er(z) = erf( \/_ap ) + erf(\/%ip),
_ 1(z—up 2 1/, 2
Ex(z) = exp {_§< P, > }— exp {—5<€> },
oy (B TR ey 1 L e
‘PF - VO {( \/EO'p >Er(t51) + \/EEX(tSL)}'

1
\PB = VO {(%/;;%) Er(tsi) - \/_E Ex(tsi)}:
14

qDoop
VO = ’
Eofsi\/E
followed by
()] _cosh(any)
E,U,V;y) = ¢sp (U, )cosh(anL/Z)
sinh(a,y)

; pSn SnnanL /2y .. (26b)

1
WV = (0l +5Vo - U) 1k +

1
(¢ss +5Vp - V) Xn = Sn, ... (26¢)

Sn = Vol + {— ST+
14 14

1+Qn}

2,2
op Ay

o = o9 {-3(2) ey (- )
Qn_eXp{ ( ) \/_apanwl V20, V2
AW
<ﬁ0p>Xn“R< V2o, ﬁ>}
_1 tsi —Up 2 Qn Up An0Op
+exp{ 2< op )}{ﬁapan (\/_ap \/_>

tp tsi — Up an“p)}
+ b , ,
(vm,)“ R( V2o, ' 2

_f
In = X + X7,
f_ tan(ay,toyx)
" Uptox
¥ = tan(antbox)
" antbox

Here, wg(u,v) and w;(u,v) are the real and
imaginary parts of the probability integral, o(u +
iv)with complex argument, defined as**:

o(u + iv) = exp{(u + iv)?}erfc(u + iv),
o(u+iv) = wg(w,v) + iw;(u, v).

The dummy parameters, U and V correspond to
VG'f and Vj, respectively for Eqs. (24)-(26), these
parameters will change accordingly in the other
expressions that follow.

The explicit potential expressions in Eqs. (24)-(26),
which correspond to their respective layers, are the
superposition of two components: the first component
represents the long-channel behavior, while the
second, presented in series form, includes the short-
channel effects. The series converges very quickly;
only four terms of the series need to be summed to
obtain reasonably accurate results. Therefore, we
retain the series summation throughout the formalism
of the threshold voltages, which are described in the
following sections



MEEL et al.: ANEW THRESHOLD VOLTAGE MODEL OF SHORT CHANNEL FD-SOI MOSFET 15

2.3 Threshold voltages

In order to establish the threshold voltage formulae
in various cases, we have followed the same
procedure as reported in earlier publications™’
pertaining to SOl MOSFET’s. To include the charge
coupling effect of front and back interfaces in the
threshold voltages of the device under study, we
assume two virtual electrodes, each situated at the
minimum positions of the respective front and back
surface potentials’'’. Therefore, considering Eq.
(24), the minimum surface potentials at the virtual
electrodes are defined as:

¢! = ¢5i(m, 0),

the front surface potential, ¢£ , and that, ¢2, at back
interface is

¢£ = ¢5i ms tsi)-
The virtual electrode positions y,, and y;, can be

determined by setting

Asi Asi !
;;y(y ZYmIO) =:;y(y =Ym:tsi) =0,

27

.. (28)

- (29)

for front and back interfaces respectively. The
electrode positions y,, and y,, cannot be the same

unless sqbsf = ¢Lor V, = 0. In the present case, these
cannot be formulated explicitly. Instead, we have
numerically calculated these values using the
Newton-Raphson method. Approximately 10 to 12
iterations in this method yield fairly accurate results,
while the overall calculation time is minimal.

In the SOI MOSFET, we assume that the silicon
film is very thin, so that the complete depletion of the
film can occur. As a result, both the front and back
gates are coupled, rendering the dependence of each
gate on the condition of the other. In order to analyze
these dependences, we formulate front and back gate
biases that include the charge coupling effects in
terms of front and back surface potentials. Thus, the
front gate voltage, derived with the help of Egs. (27),
(28) and (24), is given by:
Ver = Vgr + AVgy. .. (30)

Here, V(?f is the front gate voltage, which remains
unaffected by short channel length expressed by

VC(;)f = VF); + VC(;)],"

where

, t t t
- (2ot -t (2
St St

tsi

tsi—1 1
x [( m:) Er(ty) +\/—EEX(tsl-)]. .. (30a)
AVgris the front gate voltage shift due to short
channel effect which is written as:
(F2)ro (v véh)-(1+2)rs (vErves)

_ \si s
AVGf - 1—[Yf+Yb] ’

... (30b)

which includes
g N X 4
! n !
T (Ver V) = T Z <A_> E(VEr: Ve Ym),
S n

07 170/ 2ty N Xg 0r Y707, .1
Iy (Vef, Vas) =7 Z . Fo(VEF Vi Yim)»
Sc n

by b} cosh(a,yy,)
te; ") cosh(a,L/2)

_ tg ) cosh(anym)
ts; "}cosh(anL/Z)'

The front gate bias shift, AVgr, shown by Eq.
(30b), comprises the effect of short channel length,
scaling down of which induces AV;; to increase in
negative direction, whereby the front gate bias, Vg,
degrades. This is evidenced by analyzing the
numerator and denominator of Eq. (30b). Besides,
AVgy also depends on drain voltage, Vp, which
introduces barrier lowering effect causing thereby
further degradation of V¢. From these remarks, it is
clear that the front interface of short channel device
can turn on with reduced value of V¢ in comparison
with that applied on long channel device. Likewise,
the back gate bias derived as follows:

Vep = V3, + AV, .. (31)
where
V& = Vi + Ve,

with
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v =1+
X[(\F

The back gate voltage shift, AV, due to short
channel effect is given as

t
(tSl)Ff(VGf vép)- (1+§l’i)rb(vg},vg,’,)
1- [Yf+Yb] ’

)= () 8+ () vo

)Er(tm) Ex(tg)]

.. (31a)

AVgp =

. (31b)

From Eq. (31b) it is clear that back gate bias shift,
AVgp, 1s apparently different from AV f, obtained in
Eq. (30b). This expression can also be explained in
the same way as Eq. (30b). Equation (31) along with
Egs. (31a) and (31b) is useful in deciding back gate
bias for accumulation or inversion mode of back gate
interface for the study of front gate threshold voltage.
On the other hand, Eq. (30) along with Egs. (30a) and
(30b) is important to achieve particular mode of
operation of front gate interface while analyzing back
gate threshold voltage. Therefore, Egs. (30) and (31)
are the key relations, which describe the front and
back interface coupling of FD-SOI MOSFET in terms
of their respective surface potential at the virtual
electrodes. Combining those, leads to a description of
both front and back gate threshold voltages, which are
given as follows.

2.3.1 Front threshold voltage

For threshold condition of the front interface i.e.
for d)sf = 2¢£ (where g is the Fermi potential at front
interface), if the back interface of SOl MOSFET is in
accumulation, ¢? is pinned down to zero for the fully-
depleted transistor or body bias, Vg, applied to fully
deplete silicon film for partially depleted one. In this
case, as per Eq. (30), (30a) and (30b), the front gate
biasing parameters get converted to Vg = VTAf,

Ver = VFP' and AV = AVZ ie. the front threshold
Voltages at back interface accumulation. The
corresponding back gate biases under the similar
condition can be found out by making use of Eq. (31),
(31a) and (31b), which are V5, = V4, VY = VAY and
AVgp, = AVZ,. Under such a situation, the threshold
Voltage,VTAf, is the maximum and it becomes
independent of back gate bias, V.

When the back interface is in inversion i.e. ¢; =

215 (here 5 is the Fermi potential at back interface),
then Eq. (30) (30a) and (30b) take the form as

Ver = Vir, Vgr = VY and AVgp = AV], respectively

referred to as threshold voltages at back interface
inversion. Similarly the back gate bias parameters at
this state of back interface inversion are modified
versions of Eq (31), (31a) and (31b) those are:

Vep = Vip, VGb = V19 and AV, = AV}, respectively,
¢S = 21,[)3 and ¢? = 2yb5. In this case,
threshold voltage, V{f, goes down
considerably low and becomes independent of back
gate bias. Thus, the onsets of back interface
accumulation (¢2 = 0) and inversion (¢p? = 215) set
the range of back gate bias, V.

if we put
nversion

In the case where the back interface is in depletion,
the depletion threshold voltage, V%)f, varies with Vg,
because, ¢? strongly depends on the back gate bias; its
value ranges about zero to 21p5. Accordingly, V), lies
within the range, V4, < V), < V£,. Beyond this range
of Vgp,, @2 is invariant, which in turn ¢? shields the
effect of back gate voltage in the real devices.
Therefore to formulate depletion threshold voltage, we
consider Eq. (27) and apply the strong inversion
criterion (¢{ = 21,[),’;) at the front interface. The Eq.
(27) with the help of Eq. (24), after some arrangements,
gives the expression of front gate voltage, Vs, and
then we replace V¢ by fo, to yield
Vir = ViP + AVE, . (32)

where Vf?j? is the long channel front threshold

voltage defined as:

VT VD o 4 V;,’;, which includes

t+t)

The front threshold voltage shift due to short
channel length is given as

VEY = 2] + [2wh - Vi, + ] ( .. (32a)

rf(VT’%P’ VG,,)

D _

(32b)
where

Qr = (tsi + tp)/Tsc,
5 cosh(a,ym)

had f
¢ :2tg Xn X .
I 7, ] A, ) "™ cosh(a,L/2)
n=

The depletion threshold voltage expressed by
Eq. (32) along with (32a) and (32b) has combined
effects of back gate bias,V;,, drain voltage, Vp, and
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short channel length besides effect of annealing
through, a;,.

2.3.2 Back threshold voltage
If the back interface turns on prior to front interface,

then we apply strong inversion criterion (¢? = 2y5)
at the back interface. In this case, Vg is treated as a
controlling parameter for back depletion threshold
voltage, VE,. The respective back gate threshold
voltages, V4, and Vi, corresponding to their onsets of
front interface accumulation (qbsf = 0) and inversion
(¢Sf = 21/)£ ) can be obtained by making use of Eq.
(31). Similarly the respective front gate voltages,
Vé“f and V2 > pertaining to their onsets can be deduced
from Eq. (30). Accordingly the range, V(?f <Vgr <
Véf of Vi, about these onsets can be decided. Now,

we apply the strong inversion criterion on back
interface and solve Eq. (28) with the help of Eq. (24)
for back gate voltage,V;,, and then we replace it by
Vp, to yield

VE, =VEY + AVE,, .. (33)

where V52 is the long channel back threshold
voltage which is written as

VD = VB + Vs,
followed by
VEY = 28 + [2y} — Vér + W) ( b

tsi"'tg

), ... (33a)

and the back threshold voltage shift, AV, due
short channel effect, is given by

rb(véf,VTDb"')
b
Qp = (tsi + tg)/g;c'

26, 5 (22 Cosh(@nym)
o =7, 2.\a,)*
sc n=1 n

AVE = ... (33b)

" cosh(a,L/2)

The back gate threshold voltage expression given
in Eq. (33) along with (33a) and (33b) consists of the
effects of Vg, Vpand channel length. Besides, it also
includes annealing effect through g, as Eq. (33) has.

As mentioned earlier, the present formalism is
based on the assumption that there are negligible
mobile charges in depleted SOI film of the transistor.
If, we analyse threshold voltage expression given as
Eq. (32) along with (32a) and (32b), the front
depletion threshold voltage, Vf?f, decreases linearly as

we increase Vg, from VA to V2, irrespective of
different values of channel length, L, but, slope of such
variation depends upon L(see Fig. 2). Beyond this
range of back gate bias, i.e. for Vg, < V4, and for
Vgp > V&, the threshold voltage Vf?f saturates and
V{f‘f and V%f. Such
variation of Vf?f with Vi, causes discontinuities at the

attains the respective values

onset points of back interface accumulation (¢2 = 0)
and inversion (¢? = 2y5) which are unrealistic,
because, transitions from one space charge to another
are not abrupt’*® as we implicitly assumed in the
present analysis. Actually, ¢2 corresponding to their
accumulation and inversion differs from zero and 215
by few thermal voltages (rkT/q  where, r~5)
depending upon the degree of accumulation and
inversion™>’. However, these differences are much
smaller than the variation of ¢2 between accumulation
to inversion and, therefore, do notaffectVf?f variation
withV;,. This is in accordance with the fact that the
effective width of accumulation or inversion charges
across which voltage rkT/q isdropped, are much
smaller than film thickness, tg;, which was assumed in
solving Poisson’s Eq. (2), where we have ignored
charge carriers. Likewise, the ignorance of
accumulation or inversion charges in case of V5, (V 7)
variations and in its respective values V7, and Vi,
corresponding to their onsets of front interface
accumulation (qbsf = 0) and inversion (¢£ = 21/),]; ) is
also justified.

3 Results and Discussion
In this section the results of potential distributions
and threshold voltages obtained from theoretical

1.2
AR=1nm; D=22x10"m” T=1273K

E;_ 1.0 ¢ _o t =3nm;t =100nm;t =10 nm
> : V,=0.1V; t= 9sec; p,=5nm
i; 0.8 X
‘—é Vi N L=0.08 pm
< 061 L=0.06 um
£ =0.04 pm
E 04
:;3 VTlD
s 021 by ?
= d’s - ‘I’B
£ 0.0 [Verd—1 1 T
& 0.0 6 B Ve (1: vxr

-40 -35 -30 -25 -20 -15 -10 -5 O 5 10 15
Back gate voltage, V_, (V)

Fig. 2 — Front gate threshold voltage variations with back gate
bias for different values of channel length
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model are presented and compared with ATLAS
data®. Fig. 3 shows the distributions of front and back
surface potentials along the channel of the device,
calculated with the help of Eq. (24) atz =0 and
z = tg; respectively for different values of channel
length, whereas, Fig. 4 displays the calculated results
of potential variations along the thickness of SOI film
at y = 0. Both the plots show excellent matching of
the model results with those of ATLAS software even
for the smallest value of channel length used in the
calculations.

Figure 5 exhibits the annealing effects on the front
and back gate depletion threshold voltages calculated
with the help of Egs. (32) and (33) respectively. As
annealing time increases, both the threshold voltages
decrease in their magnitudes. At the same time, the
short channel effect becomes less pronounced as the
doping concentration changes within the channel® ¥’

1.2 — 2.0
ARP= 1 nm; D0= 22x10 m’; Ta= 1273 K
=5nm; t=9 sec 18
t =3nm;t=10nm; ¢t =50 nm 1.6
=0.1;V_=0;V, =01V

- 0.8 114 o
2 12 -
<06 N
3 10 2
< ad

0.8
0.6
0.4

Line: Model
Symbol: ATLAS

0.0 1 1 1 1 1 1 0.2
05 04 -03 -0.2 0.1 00 01 02 03 04 05
y/L

f b
Vi=-053V;V "=-065V

Fig. 3 — Surface potential distribution at both front and back
interfaces of SOI MOSFET for different values of channel length,
L and their comparison with ATLAS data

1.30
125} AR=1nm; D=22x10"m”*; T=1273K
120} :
115f B= 6 nm; t=9 sec
110 t =3nm;t =12 nm; .= 100 nm
§ 1-05 L ox Ssi X
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2095¢ =->0nm
s 090F o ST e ©® © o o o o
I 085 !\‘N\'\N'——._._._._-_.—-A
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0'500 1 2 3 4 5 6 7 8 9 10 11 12

Depth within SOI film, z (nm)

Fig. 4 — Vertical potential distribution within the SOI film for
different channel length of SOI MOSFET and their comparison
with ATLAS results

due to annealing time. This can be further explained as
follows: During the implantation, if energy of incident
boron ions is greater than the binding energy of matrix
atom (Si), the former displace the host atoms by
transferring their energy through nuclear processes,
thus generating point defects such as vacancies and
silicon self-interstitials thereby creating defect rich
region at about ion projection range, R,. The dopant
atoms accumulate at this zone and are distributed
following the Gaussian function given in Eq. (4).

During thermal treatment, implanted atoms undergo
exchange through the aforementioned point defects.
When boron substitutional atoms approach the
vacancies, both are annihilated, thereby creating a
defect-free zone. At the same time, the remaining dopant
atoms that survive as interstitials diffuse away from the
maximum stopping power zone, thus reducing the peak
concentration. Such a redistribution of dopant atom
follows Eq. (5). The exchange process of impurity atoms
via point defects continues for a longer duration for
further increase in annealing time. As a result, the boron
out diffusion along with damage repair in silicon
continues leading to the further reduction of
concentration (Fig. 1b). Such a decrease of impurity
concentration leads to the reduction of threshold
voltages as the annealing time increases. Zhang et al.,
also demonstrated the reduction of threshold voltage
with increasing doping concentration'®, thereby
affirming the efficacy of this model.

The effects of silicon film thickness on the
depletion threshold voltages of the front and back
gates, calculated using Eqs. (32) and (33), are shown
in Fig. 6 with an annealing time is 9 seconds. The
higher film thickness,t;;, obviously causes the

0.4 T " 2.5
V=002V V, =-0977V;V " =-097V

S N—20 &
o~ 031 Vo065V ———— T a
> ! U 11.5 >l-
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& 02f Le . 10 g
: —t :
= t =
= =-0. 105 5
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E t, =10nm;t =1nm;t =10 nm Y E

=

AR;=1nm; D=22x10"m"; T;=1273 K; =5 nm 1

, L -1.0
0.02 0.04 0.06 0.08 0.10 0.12
Channel Length, L (pm)

&
2

Fig. 5 — Front- and back-gate threshold voltage variations with
the channel lengths considering annealing time, t, as a parameter
andeir comparison with ATLAS results
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Fig. 6 — Front- and back-gate threshold voltage variations with
the channel length for different values of SOI film thicknesses and
their comparison with ATLAS results
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Fig. 7 — Front threshold voltage and back threshold voltage
variation with the channel length, calculated from the present
model and ATLAS simulator, at different values of thickness of
front oxide

increase in magnitudes of both the threshold voltages
and simultaneously enhancement of short channel
effects. The variations of front and back gate
threshold voltages with channel length for different
values of front oxide thickness (Fig. 7) also show the
increasing tendency in their magnitudes and more
pronounced short channel effects at the same time, as
oxide thickness increases.

4 Conclusion

The study introduces novel analytical models that
provide explicit closed-form expressions for both the
front and back gate threshold voltages of FD-SOI
MOSFETs. This represents a substantial contribution
to the understanding of device behavior in relation to
the effects introduced by retrograde doping. The exact
solutions of 2-D Laplace/Poisson’s equations with

annealed non-uniform channel doping have been
obtained for potential relations in the three-layer
structure of SOI MOSFET by leveraging a new
Green’s function approach. The new Green’s
functions for each layer have been established by
considering realistic boundary conditions at the
interfaces, rendering the Green’s function of each
layer dependent on the conditions at the others. Based
on presently derived potential relations, the
established closed form expressions of the front and
back gate threshold voltages comprise the annealing
effect of channel doping and the effect of drain
induced barrier lowering; besides, front and back gate
charge coupling arise due to the depleted SOI film of
the transistor. Long-time thermal treatment of the
channel implant facilitates the redistribution of dopant
atoms via diffusion mechanism, thereby decreasing
the doping concentration. As a consequence, both
front and back gate threshold voltages decrease in
their magnitudes, and concurrently the short channel
effects become less pronounced. Thus, by annealing
the implanted channel for an appropriate time and
temperature, the threshold voltages can be adjusted,
and the short-channel effects can be minimized.
Hence the model predicts that the channel length of
the present device can also be scaled down up to
nanometer ranges without significant degradation of
the threshold voltages. Additionally, the operational
modes of the device can be determined by
formulating the corresponding back and front gate
bias voltages. The study provides a framework for
determining the operational modes of the device. This
is a key for practical applications, as it gives
engineers and researchers insights into optimizing
device performance wunder various operating
conditions. The results of the present models and
those of ATLAS software show excellent matching.
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Appendix

Here we describe the procedure to derive the
Green’s functions, which have the combined effect of
all the three zones (front oxide, SOI film and back



20 INDIAN J PURE APPL PHYS, VOL. 63, JANUARY 2025

oxide). In this approach we first deal with the set of
differential Eq. (18) to arrive at the explicit
expressions of Greens functions pertaining to silicon
layer, other sets, Eq. (19) and Eq. (20), of differential
equations can be tackled accordingly to achieve the
solutions of Green’s functions related to respective
front and back oxide layers. Let us assume that the
solutions of Eq. (18) are

Gox = Ay cos(az) + B,y sin(az), (A—1)
Ggi = Ag;cos(az) + By sin(az), (A-—2)
Gpo = Ap, cos(az) + By, sin(az), (A—3)

For brevity, we have dropped the arguments of
Green’s functions. The application of homogeneous
conditions of boundary values given in Egs. (6), (13)
and interface boundary conditions in Egs. (14)-(17) in
Eqgs.(A-1)-(A-3), yields,

Gox=nz BY (@), (A-4)

a=) B, 4-5)

n=1

=1 Z B (@), (A-6),
The Eigen functions representing respective layers
are written as:
fs(in) (2) = sin(a,z) + ntan(a,t,,) cos(a,z), (A—7)

sina, (z + tyy)

n) _
fil () == (A=)

n) sin an(tsi t+ tpox — Z) _
fb ( ) Cos (antbox) ' (A 9)
where

Qn =7 tan(antox)Sin(antsi) - Cos(antsi): (A - 10)

and Eigen values a,, are the non-zero positive roots
of the equation,

n{tan(antbox) + tan(antox)}
n*tan(antpor)tan(aytor) — 1

tan(a,ts) = (4-11)

Here n is the integer varying as, 1, 2, 3, ..., ©.The
Eq. (A-11) is identical to that derived®* with different
approach.

It may be noted that the series coefficients, Bs(l ),
are common in all the series given in Eqs.(A-4)-(A-6).
Through these coefficients, the Green’s function
includes the combined effect of all the regions.
Besides, the series (A 4)-(A-6) are orthogonal in
nature in the range, —t,, < z < tg; + tpox. NOW, We
substitute Eqs.(A-4)- (A 6) in respective differential
equations of Eq. (18) and then take their Fourier

series transform, which results in the single
differential equation in one-dimensional form as:
azB(?@) f(n)( l)

si 2p(M) _ '
—_—— : -y). (A—-12

The Eigen function appeared in Eq. (A-12)
corresponds to silicon layer because the source point
of Green’s function is located in that layer. It is worth
mentioning here that the series, (A-4)-(A-6), can also
be used for transformation purpose of sets Eqgs. (19)
and (20). The series parameterA,, is defined as:

t
b 9
Q7 sec?(antpox) + sec?(antox)

. Tse Tse
+ %{1 + n?tan®(a,t,y)}

SC

A,=

where

tg = Ntox; ty = Ntpox

and the total scaled thickness of three-layer
structure is

7;C=tg+tsi+tb

The Eq. (A-12) can easily be solved in the usual
way”’. The boundary values for this purpose are
deduced by assuming homogeneous conditions of
respective source and drain end ones in Egs. (7)-(9)
and Egs. (10)-(12), which yield, B (y = + L/2) =
0. Additionally, we also apply the usual discontinuity
of Green’s function by integrating Eq. (A-12) once
about the source position i.e.

aB(n)"' 9 m)-

BY a2
——=y)- T(y—y)—

Tscbn

along with their equality at the source point given by
MW+, _ . _ pm)- —

B " (r=y) =By~ (y=y).

Thus, the complete Green’s function solutions in
explicit form are shown by Eq. (23).
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