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Abstract— An analytical model is proposed in this
paper for optimizing the breakdown voltage (BV) and
drift region doping concentration of a silicon-on-insulator
(SOI) lateral power device with step width technique
and high-k dielectric (SWHK device). By solving the 3-D
Poisson equation, the analytical potential and the electric
field distribution are investigated. The optimal width of
the silicon region of each zone is calculated to obtain the
maximum BV and optimal drift region doping concentration.
The analytical results are well matched with the simulation
results, confirming the validity of the present model.
The proposed analytical model reveals the influence of
step number and permittivity of high-k dielectric on the
performances of the SWHK device and provides guidance
for the optimal design of the SWHK device.

Index Terms— Analytical model, breakdown voltage (BV),
high-k, silicon-on-insulator (SOI), step width (SW).

|. INTRODUCTION

HE silicon-on-insulator (SOI) lateral power device is

widely used in intelligent power applications due to its
high breakdown voltage (BV), high speed, small resistance,
and reduced leakage current [1]-[5]. In order to improve the
BV, an effective approach is to introduce several additional
electric field peaks in the drift region, the structures including
step doped (SD) drift region [6], [7], step thickness (ST)
drift region [8], [9], step buried (SB) oxide layer [10], [11],
and variable-k dielectric [12], [13]. With the proposal of
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Fig. 1. 3-D view of the lateral power device with SWHK device.

new structures of SOI lateral power devices, studies on the
corresponding analytical model of the devices have made great
progress in recent years. Analytical models for BV and surface
electric field are proposed to analyze the physical mechanism
and guide the design of the devices [6], [9], [11], [13]-[17].

To modulate the electric field in 3-D and improve the BV,
the step width (SW) technique is proposed [18], [19]. The
structure of the SOI lateral power device with SW technique
and high-k dielectric (SWHK device) is shown in Fig. 1,
the main feature of this structure is the interdigitated drift
region using alternate silicon region and HK region. The
width of the silicon region increases from source to drain
stage, additional electric field peaks are generated at the steps,
which results in a significant improvement of BV. Meanwhile,
the high-k material is employed because of the enhancement
of HK to the performance of the power devices [20], [22].
However, the SWHK device does not have detailed theoretical
supports, and the electric field modulation effect in this device
is not essentially explained. Hence, further investigation on
this device is necessary to provide scientific basis and guidance
for the design of such a device.

In this paper, a 3-D analytical model for the SOI lateral
power device with SWHK is developed. This model pro-
vides a straightforward method to modulate the electric field
distribution, improve the BV, and optimize the drift doping
distribution. The 3-D device simulator Davinci is employed to
simulate the numerical results, and the Mathematical software
MATLAB is used to establish the analytical model. A good
agreement between the analytical and numerical results is
achieved, and the analytical results are well supported by the
numerical simulations.
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Fig. 2. Top view of one basic unit of the SWHK device.
TABLE |
SYMBOLS

Symbol Description Unit
te thickness of epitaxial layer pum
fox thickness of buried oxide layer pum
Ly length of drift region um
Ny doping concentration of drift region cm?
Waq width of drift region of basic unit pm
Ws width of silicon region um
Wp width of dielectric region um
Epx permittivity of oxide F/em
& permittivity of silicon F/em
& permittivity of dielectric F/em
q Electric charge C
Vs reverse-bias voltage A\
Ec critical electric field V/em

Il. ANALYTICAL MODEL FOR THE ELECTRIC FIELD
AND VERIFICATION

A. Electric Field Model

The cross section from the top view of one basic unit is
shown in Fig. 2. The drift region between a P4 region and an
N+ region with length L, is equally divided into n zones with
frame length Ax; = Ly/n. Note that the step number should
be n — 1. Wy is the width of the n-type silicon region, and
Wp(i is the width of the dielectric region in the i zone. Some
symbols used in this paper are given in Table I.

A coordinate axis is established in each zone, x represents
the horizontal position relative to the left edge of the zone, y
represents the vertical position relative to the surface of the
drift region, and z represents the width position relative to the
interface of silicon and dielectric.

When a high reverse-bias voltage Vp is applied, the drift
region is completely depleted. The potential function
¢s@)(x,y,2) in silicon and ¢p((x,y,z) in the dielectric
region of i zone satisfy the 3-D Poisson equation, yielding

P95y, y.2) | Posiy,y.2)  Posi(x,y.2) _ gNa

ox2 dy? 072 s

Xi <x <xi+1, 0<y=<t, —Ws;) <z=<0 (D
Dopiy(x,y.2)  epuy(x,y,2)  *epu(x,y,z) —0

ox2 dy? 072

Xi <x <xi+1, 0=<y=<t, 0=<z=<Wpg). (2)

Assuming that ¢g¢)(x,y,2z) and @pg(x,y,z) can be
approximated by the second-order Taylor series expansion [6],
[22] yields

0ps(i)(x, 2) +y_2 2%ps(i)(x,2)
dy 2 dy?

Ps(x, ¥, 2) X ps@(x,2)+y
3)

d¢p(i)(x, 2) +Y_2 0*pp(i)(x,2)
dy 2 dy? '
(4)
According to the continuity of electric flux density across
the interface of the epitaxial layer and the buried oxide layer,
the potential functions gg(;)(x, y, z) and gp(;)(x, y, z) satisty
the boundary conditions as follows:

095(i)(x,0,2)/0y = 0¢p(;)(x,0,2) /0y =0
0053) (X, te, 2)/0y = 053)(X, le, 2)€ox/Estox ©)
00 p(i)(x,1e,2) /0y = @p(i) (X, te, 2)Eox /€ Dlox-

With the substitution of (3) and (4) into (1) and (2) under

the boundary conditions (5), the 3-D potential function can be
reduced to 2-D surface potential functions as follows:

D) (X, y,2) X opi)(x,2)+y

%5 (x,2) n s (x,2) _ ps@(x, 2) _ 49N

6
ox2 072 12 & ©)
Popiy(x,2)  Pepi(x,2) e (x,2)
- =0 7
ox2 072 13
where fg = (tez/Z + foxle€s/€ox)/? and  1p =

(te2 /2 + toxteeD /eox)l/ 2 are defined as the characteristic
thicknesses in the silicon and dielectric regions, respectively.

Along the z-axis, the potential functions ¢g(;(x,z) and
¢p(i)(x,z) satisfy the continuities of the potential, electric
field, and doping along the interface of the silicon and dielec-
tric regions. The boundary conditions are defined as follows:

[09s(i)(x,2)/02]c=—wy, = 0
[09pai)(x, 2)/0z]z=wpi =0
[osa)(x, 2)]:=0 = [@Dp@) (X, 2)]z=0 (8)
&s[09s(i)(x, 2)/0z]:=0 = epl0¢ (i) (x, 2)/0z]:=0
[0%0s3i)(x,2)/0x% ;=0 = [0%0 D) (x, 2)/0x?].=0.

When the drift region is completely depleted, the reverse-

bias voltage Vp is sustained by each region. The potentials at
the edge of i zone are defined as V;) and V(;y1), yielding

ps(xi,2) = op(xi, 2) = V(i)
9s(xit1,2) = op(Xit1,2) = V(i)

©)

Solving the potential functions (6) and (7) under the bound-
ary conditions (8) and (9), the surface potential and electric
field of each zone at x-direction along AA’ line are obtained
as
sinh(x - x,-/T(i))

sinh(Ax;/T(;))
sinh[(xj+1 — x)/ T(»]

osi)(x) = Vi — day)

+ Vo) — ¢a)) Sinh(Ax1/Ta)) + ¢ (10)
Esp)(x) = Vi+1) — G COSFl[(x —xi)/ 1]
Ty sinh(Ax;/T;))
~ Vi — ¢ coshl(xip1 — x)/Ti)) (11
T4 sinh(Ax;/ 1))
with

¢i) = quT(%)a(,-)/gs
T(%) =1/[aw /13 + (1 —a@p)/13)]
agy = 1/[14+ (Wpuy/ Wsi))(ep/es)].
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Fig. 3. Potential distribution for different device (Ly = 20 um, Wy =
2.um, te =1 pum, fox =3 um, and ep = 21).

In each zone, T is defined as the equivalent characteristic
thickness, a is a factor that depends on the width (Wp) and
permittivity (ep) of the dielectric region. It is obvious that
o decreases with the increasing of Wp or ¢p according to
the formula. When Wp = 0, o equals to 1 and the equivalent
characteristic thickness 7 equals to tg, this case means no
dielectric is used in the drift region, namely, the conventional
lateral device [6].

V(i) can be solved by the continuities of the electric field
Es)(x = x;) = Eg(i—1)(x = x;) and the boundary conditions,
Vy =0, expressed as

Vi) = Vis)AG—1y + Bi—1y, i=1,---,n (12)

with

Ay = E@/(1 = EG-1yDi)/Ai-1)s Ay = E@), Ao =0

B(iy = (Bi-1)Di) + Ci))/ Ay, Bay = Cary, Bo) =0

{i =2,---,n—1

and

C) = D@ p)lcosh(Ax; /Tiy) — 1]
+ E(i)¢(i+1)[cosh(Axi/T(i+1)) —1]

D@ = 1/[(T(i)/T(i+1)) Sinh(Axi/T(i)) COth(Ax,‘/T(i+1))
+ cosh(Ax;/ T(;))]

E@y = 1/[cosh(Ax;/T(i+1)) + (T(i+1)/T(iy)

x sinh(Ax; / T(;41)) coth(Ax; / T(;))]
,n—1.

i=1,--

Substituting the boundary conditions V(1) = Vg, then V(;
is obtained. Actually, V(; is equal to Vg - (i — 1)/n when the
reverse bias voltage Vp is sustained by each region averagely.

B. Verification and Discussions

To verify the proposed analytical model, numerical simula-
tions were performed using the 3-D device simulator Davinci
in 3-D coordinates. The comparisons between the SWHK
devices with different steps (n = 1,n =2, n =3, and n = 4)
are executed. The device with n = 1 means conventional HK
device without steps. Fig. 3 shows the simulated equipotential
contours for each device at their own optimal widths and
maximum BV. For the HK device in Fig. 3(a), the potential
lines are concentrated at the ends of the drift region but
sparsely distributed in the middle of the drift region. The
middle part of the drift region has not sustained the appropriate
voltage, thus limiting the improvement of the BV. As shown
in Fig. 3(b)—(d), the potential lines are uniformly distributed
as the modulation of the steps, which means the reverse-bias

Model Model
2300 3 1- Simulation 8300 F '2 Simulation
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Fig. 4. Surface potential distributions along A-A’ Line for the SWHK
devices with different n (Lgy = 20 um, Wy = 2 um, t¢ = 1 um,
fox =3 um,andep = 21). (a )SWHK devices with n =1, Wg(1) = 1 um
(b) SWHK devices with n = 2, Ws( 1) = 0.5 um, Ws(z) = 1.5 um
(c) SWHK devices with n = 3, Wgq) = 0.35 um, Wgpo) = 1.0 um,

(2) = 1.65 um. (d) SWHK devices with n = 4, Wg4) = 0.3 um

Ws
Ws(z) =0.8 um, Ws(z) =13 um, Ws(4) =17 um.

voltage is averagely sustained by the drift region and a higher
BV can be obtained.

Fig. 4 gives the analytical and simulation results of the
surface potential distributions along A-A’ Line for the SWHK
devices with different n, the lines represent the analytical
results of the proposed model established by MATLAB and
the dots are the corresponding simulation results by the device
simulator Davinci. A good agreement between the analytical
model and simulation results can be found in general. As
shown in Fig. 4(a), the maximum potential drop locates near
the ends of the drift region, resulting in a high electric field
peak at the junction. This limits the further improvement of the
BV for the HK device. As shown in Fig. 4(b)—(d), the surface
potential distribution approaches to linear dropping for the
SWHK device, leading to a higher BV than the conventional
HK device. Fig. 4 also indicates that the more step numbers
bring better potential distribution.

Fig. 5 depicts the analytical and simulation results of the
surface electric field distributions along A-A’ Line for the
SWHK devices with different n. The agreement between
the analytical and numerical results has circumstantiated the
validity of the proposed model. As shown in the figure, new
additional electric field peaks are introduced in the drift region
for the SWHK devices, resulting in a higher BV compared
with the conventional HK device without steps. The figure also
indicates that with the increasing of the step number, a more
uniform electric field is exhibited and a higher BV is achieved.

II. OPTIMAL

According to the analytical and simulation results above,
the steps bring new additional electric field peaks at the ends
of each zone. To maximize the lateral BV, these new electric
field peaks should be equal to the critical electric field (E¢)
at the same time when a breakdown occurs [6]. Substituting
(11) into Eg(;y(x = x;) = Es@)(x = x;+1) = Ec, the optimal
width of each zone (Wg(;).opr) can be expressed as

R(i)(ep/es)
[(ep/es) — 1I[R(i)—1]+(ep/es)/ F (n)

Ws(iy-opt= Wg (13)
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Fig. 5. Surface electric field distributions along A-A’ Line for the SWHK
devices with different n(Ly = 20 um, Wy =2 um, te = 1 um, fox = 3 um,
and ep = 21). (a) SWHK devices with n =1, Wgy = 1 um. (b) SWHK
devices with n = 2, Wgy = 0.5 um, Wgo = 1.5 um. (c) SWHK devices
with n =3, Wg; = 0.35 um, Wgo = 1.0 um, Wo = 1.65 um. (d) SWHK
devices with n = 4, Wgy = 0.3 um, Wgo = 0.8 um, Wgo = 1.3 um,
Wgq = 1.7 pm.
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Fig. 6. Optimal Wgjj).opt for the SWHK device with different n (Ly =
20 um, Wy =2 um, te =1 um, and fox = 3 um).

with
R() (2i — 1) tanh(0.5Ax;/T(i))/ T(iy
1) =
tanh(0.5Ax;/ T(1y)/ Tqy
F(n)

_ V4en/es? R +(R() —1)2—[2(ep/e5) + R(m) — 1]
2AR(m)~1[(ep/e5) 1]

the lateral BV (B Vypt) is expressed as

BVopt =2n - EcT(;) tanh(0.5Ly/nT(y)) (14)

and the optimal doping concentration (Ng.opt) is expressed as

5)

To obtain Wy(;).opt, the symbolic expressions of (13) is
solved by the numeric approximation solution using MAT-
LAB. Fig. 6 gives Wg(.opr for the SWHK devices with
different n. As shown in the figure, Wy ;).opt is almost constant
when ¢p is larger than 20, which means the permittivity &p
has minimal impact on Wgj).opt.

Once Wg(i).opt is obtained, the optimal BV BV, can be
calculated by (14). Fig. 7 gives the analytical and simulation

Ny.opt = 2n — 1)Ecegtanh(0.5Lg/nT(n))/qo) Tin)-

500 - 500 -
Model

_400F = Simulation 400+ —
S _ S /_,.,.4’—
;§300 F /(‘/r“— k:% 300 Model
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Fig. 7. Dependence of BVt on e p for the SWHK devices with different
n(Lg=20 um, Wyg=2 um, te =1 um, and fox = 3 um).
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Fig. 8. Dependence of BVqpt on n for the SWHK devices with different
ep (Lg=20 um, Wy =2 um, te =1 um, and fox = 3 um).

results of B Vopt for the SWHK devices with different n. Simi-
larly, the dots and curves show the numerical simulation results
and analytical model, respectively. The analytical results are
corresponding with the numerical simulations, proving the
validity of the proposed model. As shown in this figure, B Vopt
increases with the increase of ¢p, but the increment of B Vop
versus ¢p decreases with the increase of n. In Fig. 7(a), BV
increases strongly because of the modulation of HK [23]. But
for the SWHK device with n = 4, in Fig. 7(d), B Vo increases
gently with the increase of ¢p, this means that the BV of the
SWHK device is not significantly affected by the dielectric
permittivity. Therefore, a wide range of ¢p are available for the
SWHK device. The potential high-k materials include HfO,,
LaAlO3, Pry O3, ZrTiOy4, TiO2, and SrTiO3 [24]-[29].

Fig. 8 shows the relation between the optimal BV BV, and
the value n for the SWHK device. As shown in this figure,
BVope of SWHK devices is higher than BV of the conven-
tional HK device (n = 1) with the same ¢p. Fig. 7 also indi-
cates that BV,p moderately increases with the increase of n,
and it finally approaches a constant, because tanh(0.5L;/nT)
approximates to 0.5Ly/nT when n approaches infinity, then
(14) can be written as BVjgea1 = EcLg. This means that the
BV will approach the ideal value of Ec L.

Fig. 9 gives the dependence of the calculated optimal drift
doping concentration Ny.ope on the dielectric permittivity ep;
along with the simulation results, the analytical results are also
corresponding with the numerical simulations. Fig. 9 indicates
that Ny.opt of SWHK devices are almost the same at the same
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Fig. 9. Optimal Ny for the SWHK devices with different n (Ly = 20 um,
Wg=2pum, te =1 pm, and fox = 3 um).

ep, but they are higher than the Ny.opt of the conventional
HK device at the same &p. As shown in the figure, Ny.opt
increases with the increase in permittivity & p at a fixed number
n, but the increment of Nj.opt versus ¢p also decreases with
the increase of n, which means the more the steps, the less
the effect of dielectric permittivity on the optimal drift doping
concentration.

IV. CONCLUSION

An analytical model for the SOI lateral power device with
SWHK is proposed in this paper. The analytical expressions
of the potential and electric field distribution are obtained
by solving the 3-D Poisson equation under specific boundary
conditions. Then, the analytical results are verified by the
numerical results obtained by the device simulator Davinci.
Both the analytical and numerical results indicate that new
additional electric field peaks are introduced in the drift region
for the SWHK device, resulting in a higher BV than the
conventional HK device without steps. Based on the analytical
model, the widths of the silicon region of each zone are
optimized to maximize the BV and doping concentration of
the drift region. The analytical results of the optimal BV and
doping concentration are in good agreement with the numeri-
cal results, confirming the validity of the present model in this
paper. The results indicate that with the increase of the step
numbers, the BV and doping concentration can be improved
and the impact of the permittivity of HK on the performance of
SWHK device can be reduced. This analytical model provides
guidance for the optimal design of the SWHK device.
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