
 

Modeling electric field of power metal-oxide-semiconductor field-effect transistor with dielectric 

trench based on Schwarz-Christoffel transformation 

Zhi-Gang Wang(汪志刚), Tao Liao(廖涛), Ya-Nan Wang(王亚南) 

Citation:Chin. Phys. B . 2019, 28(5): 058503. doi: 10.1088/1674-1056/28/5/058503 

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb   

 

What follows is a list of articles you may be interested in  

 

An analytical model for the vertical electric field distribution and optimization of high voltage 

REBULF LDMOS 

Hu Xia-Rong, Lü Rui 

Chin. Phys. B . 2014, 23(12): 128501. doi: 10.1088/1674-1056/23/12/128501 

Low on-resistance high-voltage lateral double-diffused metal oxide semiconductor with a buried 

improved super-junction layer 

Wu Wei, Zhang Bo, Luo Xiao-Rong, Fang Jian, Li Zhao-Ji 

Chin. Phys. B . 2014, 23(3): 038503. doi: 10.1088/1674-1056/23/3/038503 

High voltage super-junction lateral double diffused metal-oxide semiconductor with partial 

lightly doped pillar 

Wu Wei, Zhang Bo, Fang Jian, Luo Xiao-Rong, Li Zhao-Ji 

Chin. Phys. B . 2013, 22(6): 068501. doi: 10.1088/1674-1056/22/6/068501 

Analytical models of lateral power devices with arbitrary vertical doping profiles in drift region 

Hua Ting-Ting, Guo Yu-Feng, Yu Ying, Gene Sheu, Jian Tong, Yao Jia-Fei 

Chin. Phys. B . 2013, 22(5): 058501. doi: 10.1088/1674-1056/22/5/058501 

High-field-induced electron detrapping in An AlGaN/GaN high electron mobility transistor 

Fu Li-Hua, Lu Hai, Chen Dun-Jun, Zhang Rongm, Zheng You-Dou, Wei Ke, Liu Xin-Yu 

Chin. Phys. B . 2012, 21(10): 108503. doi: 10.1088/1674-1056/21/10/108503 

 

-------------------------------------------------------------------------------------------------------------------- 

http://cpb.iphy.ac.cn/EN/abstract/abstract73942.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract73942.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract62090.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract62090.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract58410.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract58410.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract54040.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract54040.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract53436.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract50174.shtml


Chin. Phys. B Vol. 28, No. 5 (2019) 058503

Modeling electric field of power metal-oxide-semiconductor
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A power metal-oxide-semiconductor field-effect transistor (MOSFET) with dielectric trench is investigated to en-
hance the reversed blocking capability. The dielectric trench with a low permittivity to reduce the electric field at reversed
blocking state has been studied. To analyze the electric field, the drift region is segmented into four regions, where the
conformal mapping method based on Schwarz–Christoffel transformation has been applied. According to the analysis, the
improvement in the electric field for using the low permittivity trench is mainly due to the two electric field peaks generated
in the drift region around this dielectric trench. The analytical results of the electric field and the potential models are in
good agreement with the simulation results.

Keywords: conformal mapping, Schwarz–Christoffel transformation, electric field, trench metal-oxide-
semiconductor field-effect transistor (MOSFET), breakdown voltage
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1. Introduction

Lateral double-diffused metal-oxide-semiconductor (LD-
MOS) devices that use a dielectric trench in the drift region
have been investigated for power applications owing to the
small device cell with a high breakdown voltage (BV).[1–6]

The dielectric trench in the drift region of LDMOS devices is
adopted as an effective technique to enhance breakdown volt-
age and reduce specific on-resistance Ron,sp.[7–11] State-of-the-
art LDMOS devices obtained by the dielectric trench to sustain
a high reversed voltage have been reported.[12–17] In these de-
vices, breakdown occurs in the drift region for the crowded
electric field.[18,19] Several analytical models for the conven-
tional LDMOS devices have been reported to approximate the
surface electric field.[20–27] For the LDMOS devices with di-
electric trench, the electric field and BV in an irregular drift
region are difficult to obtain.[28–30]

In this paper, a lateral trench metal-oxide-semiconductor
field-effect transistor (MOSFET) on silicon-on-insulator
(SOI) with low permittivity dielectric is studied. It is impor-
tant to note that in the drift region around the dielectric trench,
the potential contours are not distributed uniformly as in the
conventional LDMOS devices. In this U-shaped drift region,
a Schwarz–Christoffel transformation is applied to transform
the U-shaped drift region to the parallel region to simplify the
calculation of the electric field.[31] The analytical model of the
electric field and BV can be analytically calculated and veri-
fied by simulation.

2. Model of trench MOSFET

As shown in Fig. 1, there is a power MOSFET with a
dielectric trench sandwiched by the N-pillar on the right and
P-pillar on the left on SOI. The trench is filled with the low-
k dielectric in the upper portion and with SiO2 in the lower
section. The P-pillar is located on the left of the dielectric
trench and the N-pillar is located on the right of the dielectric
trench, as shown in Fig. 1. At the top of the trench MOSFET,
from left to right are the trench gate, source, dielectric trench,
and drain. At the bottom of the trench MOSFET, buried-oxide
layer (BOX) is sitting on the P-substrate and is connected to
the substrate electrode. Around the dielectric trench, the drift
region contains four parts: regions I, II, III, and IV. The N
drift region and P-pillar constitute region I, and the N-pillar
and N drift region constitute region IV. Two insulator materi-
als with a low-k dielectric and silicon dioxide SiO2 have been
used for the trench dielectric. Since a reversed bias is applied
between the source and drain across the dielectric trench, the
whole drift region must sustain this applied bias as the dielec-
tric trench. When breakdown occurs, the peak of the electric
field is generated along the path A–O1–B–C–O2–D in the sil-
icon drift region. Based on the avalanche breakdown theory,
the integration of the electric field along this path is equal to
the breakdown voltage, which could be obtained by solving
Poisson’s equation. Thus, the U-shaped drift region is gener-
ally divided into four parts—i.e., regions I, II, III, and IV—to
calculate the analytical electric field distribution.
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Fig. 1. Schematic diagram of the power MOSFET device with a dielec-
tric trench.

2.1. Modeling regions II & III

The Schwarz–Christoffel maps are utilized for regions
II and III, as shown in Fig. 1. The rectangle polygons
with an asymmetric geometry as shown in the z-plane of
Figs. 2(a) and 3(a) could be transferred from an asymmet-
ric plane into a mirror-symmetric geometry; i.e., the semi-

parallel plate structures as shown in the τ-plane of Figs. 2(c)
and 3(c). These contain two steps for conformal mapping: (i)
is the Schwarz–Christoffel transformation and (ii) is inverted
Schwarz–Christoffel transformation.

(i) In the first step, the conformal maps from the origi-
nal z-plane of region II as shown in Fig. 2(a) and region III as
shown in Fig. 3(a) are transformed into the upper half-plane
(ω-plane) by the Schwarz–Christoffel transformation. For this
transformation, the bounded polygons with vertices I–F–E–
B–M in region II of Fig. 2 and N–C–E–F–J in region III of
Fig. 3, are numbered counter-clockwise to obtain the interior
angles of the corresponding vertices. These interior angles of
these vertices I–F–E–B–M are π , π/2, π/2, π , and 2π , and of
N–C–E–F–J are 2π , π , π/2, π/2, and π , respectively.

(ii) In the second transformation, the upper region above
the line I–F–E–B–M in the ω-plane is transformed into semi-
rectangular region in the τ-plane, as shown in Fig. 2(c).
The interior angles of I–F–E–B–M based on the Schwarz–
Christoffel (SC) transformation from the τ-plane to ω-plane
as shown in Fig. 2 are π , π/2, π , π/2, and 2π , respectively.
Similarly, in Fig. 3, the interior angles are π at J, π/2 at F , π

at E, π/2 at C, and 2π at N. The inverted Schwarz–Christoffel
transformation is used to map the ω-plane into τ-plane. For
the Schwarz–Christoffel transformation, the reflection pattern
is listed in Table 1.
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Fig. 2. Schwarz–Christoffel mapping: (a) region II in the original z-plane; (b) the structure after a conformal transformation into the ω-plane;
(c) the corresponding structure after the second conformal transformation into the τ-plane.
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Fig. 3. Schwarz–Christoffel mapping: (a) region III in the original z-plane; (b) the structure after a conformal transformation into the ω-plane;
(c) the corresponding structure after the second conformal transformation into the τ-plane.

Therefore, the Schwarz–Christoffel transformation for a
half-plane from Fig. 2(a) to Fig. 2(b) is

z = α1 +α2

∫
ω
−1/2(ω +1)−1/2dω. (1)

Substituting the coordinates of points F and E into Eq. (1), one
obtains that α1 = 0 and α2 = h/π . Then, the transfer function
from the z-plane to ω-plane is rewritten as

x+ yi =
2h
π

arcsinh
(

ω
1/2
)
. (2)

Transforming from Fig. 2(b) to Fig. 2(c), the Schwarz–
Christoffel formula is[32]

dτ

dω
= ω

−1/2
(

ω + cosh
(

πWt

4h

)2)−1/2

, (3)

where Wt is the width of the trench. Based on the in-
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verse Schwarz–Christoffel transformation, from the upper
half-plane ω-plane to the semi-strip τ-plane, the conformal
mapping formula ω = f (τ) is rewritten as

u+ vi =
1

16
(e−

πWt
4h + e

πWt
4h )2(−e−

τ
2 + e

τ
2 )2. (4)

The corresponding transformation of Fig. 3 can be obtained as
Eqs. (2) and (4). The vertex points are listed in Table 1.

In regions II and III of the original plane, Poisson’s equa-
tion could be written as

∂ 2ψk (x,y)
∂x2 +

∂ 2ψk (x,y)
∂y2 =−ρk

εs
, k = 2,3, (5)

where εs is the permittivity of silicon, and the index k = 2 rep-
resents region II and k = 3 for region III. In the τ-plane, the
potential solution ψk (u,v) in Eq. (5) could be approximated
by a parabolic function as[33]

ψk(ζ ,η) = γk(ζ )+ak1(ζ )η +ak2(ζ )η
2, k = 2,3, (6)

where ψk=2(ζ ,η) represents the potential distribution in re-
gion II and ψk=3(ζ ,η) represents the potential distribution in
region III. At η = 0 as shown in Figs. 2(c) and 3(c), ψk (ζ ,0)=
γk (ζ ). In the τ-plane, the potential in the η-direction is as-
sumed to be parabolic distribution. Assuming η = 0, the Pois-
son’s equation in the τ-plane transformed from Eq. (5) of the

original plane (z-plane) is simplified as

d2γk (ζ )

dζ 2 +2ak2(ζ ) =−
ρτ

ε

∣∣∣∣
η=0

, k = 2,3, (7)

where the charge concentration of ρτ in the τ-plane is ρτ =

ρk

∣∣∣∣ dz
dτ

∣∣∣∣2.[32] In regions II and III in the τ-plane as shown in

Figs. 2 and 3, the corresponding boundary and continuity con-
ditions could also be found for Eq. (6).

At ζ = 0 and η = π , the potential boundary condition in
region II of τ-plane is ψ2 (0,π) = V1. After conformal map-
ping, it is rewritten as

∂ψ3 (ζ ,π)

∂η
= a21(ζ )+2πa22(ζ ) = E2. (8)

At ζ = 0 and η = π , the potential boundary condition in region
III of τ-plane is ψ3 (0,π) = V2. In the τ-plane, the boundary
condition is

∂ψ4 (ζ ,π)

∂η
= a31(ζ )+2πa32(ζ ) = E3, (9)

where E2 and E3 are the electric fields of points B and C, re-
spectively.

Table 1. Coordinates of the corresponding points on the three-plane surface-field-based discrete core model.

Point z-plane ω-plane τ-plane

B Wt/2+ ih −1/2− (e
−πWt

2h + e
πWt
2h )/4 iπ

C Wt/2+ ih −1/2− (e
−πWt

2h + e
πWt
2h )/4 iπ

E ih −1 −i ·2arcsinh(sech(πWt/4 h))
F 0 0 0
I ∞ ∞ ∞

J ∞ ∞ ∞

M ∞+ ih ∞ ∞+ iπ
N ∞+ ih ∞ ∞+ iπ

At the B–E–F and C–E–F lines of regions II and III in
the τ-plane, the continuity condition is simplified into

∂ψk

(
ζ ,−2i · arcsinh

( 2e
πWt
4h

1+ e
πWt
2h

))
∂ζ

= 0. (10)

Based on the continuity boundary condition of the electric dis-
placement at the interface of the drift region and BOX, one
obtains

ak1(ζ ) =
∂ψk (ζ ,0)

∂v
=

εox

εsk

γk (ζ )

WBOX
, (11)

ak2(ζ ) =
λk

2
− εox

2πεsiWBOX
γk (ζ ) , (12)

where λ2 = E2/π , and λ3 = E3/π .
Combining Eqs. (8)–(12) (boundary condition of regions

II and III), the γk(ζ ) in Eq. (6) for the general solution is ex-
pressed as

γk(ζ ) =Ck exp(ζ/T )+C′k exp(−ζ/T )+β1ζ
2 +β2, (13)

where

T =

√
πεsWBOX

εox
,

β1 =
qNdh2T 2(1− cosh(πWt/2h))

32π2εs
,

β2 = T 2
[

qNdh2(1+ cosh(πWt/2h))
2π2εs

+
Ek

π
+2β1

]
,

Ck and C′k are constants which could be obtained by the bound-
ary condition and the continuity condition. Ck=2 in region II
and Ck=3 in region III have been obtained as
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C2 =
2WBOXεs(−WBOXεsEx2−πεoxEx2 + εoxV1)

εox(2WBOXεs +πεox)
+

qNdWBOXh2[−8εox(1+ cosh(πWt
2h ))−πεsWBOX(1− cosh(πWt

h ))

16πε2
ox

, (14)

C3 =
2WBOXεs(−WBOXεsEx3−πεoxEx3 + εoxV2)

εox(2WBOXεs +πεox)
+

qNdWBOXh2[−8εox(1+ cosh(πWt
2h ))−πεsWBOX(1− cosh(πWt

h ))

16πε2
ox

, (15)

C′2 =C′3 = 0, (16)

Ekx =−
∂ψk (x,y)

∂x
=−

∣∣∣∣ dτ

dz

∣∣∣∣ ∂ψk (ζ ,η)

∂ζ
, (17)

Eky =−
∂ψk (x,y)

∂y
=−

∣∣∣∣ dτ

dz

∣∣∣∣ ∂ψk (ζ ,η)

∂ζ
. (18)

2.2. Modeling regions I & IV

In regions I and IV, as shown in Fig. 4, Poisson’s equation
could be written as

∂ 2ψk (x,y)
∂x2 +

∂ 2ψk (x,y)
∂y2 =−ρk

εs
, k = 1,4, (19)

where ρk is the charge concentration, and the index k of 1 and
4 represents regions I and IV, respectively.

Boundary conditions in regions I and IV are
(A) ψ1(x,L/2) = 0 and ψ1(x,−L/2) =V1, since the volt-

age V1 at the bottom of region I could be regarded as a conti-
nuity condition of region II.

(B) ψ4(x,L/2) =Vd and ψ4(x,−L/2) =V2, since the volt-
age V2 at the bottom of region IV could be regarded as a conti-
nuity condition of region III. The Vd indicates the applied bias
between the drain and the source.

(C) For 0 < y < L/2, at the interface of the P-pillar and
the trench, the displacement continuity condition along the in-
terface of the pillar and the trench in regions I and IV could
be obtained as εs∂ψk/∂x = εI1∂ψk/∂x, where εI1 is the per-
mittivity of the dielectric material in trench. The continuity of
the electric displacement at the interface of the P-pillar and the
trench is another important condition.

(D) For −L/2 < y < 0, the continuity condition at the
interface of the P-pillar and BOX is εs∂ψk/∂x = εI2∂ψk/∂x,
where εI2 is the permittivity of the dielectric material in trench.

(E) At y = 0, the potential and the electric field are also
shown as

ψk(x,y)|x=0− = ψk(x,y)|x=0+ , (20)
∂ψ3(x,y)

∂x
|x=0− =

∂ψ3(x,y)
∂x

|x=0+ , (21)

∂ψ4(x,y)
∂x

|x=0− =
∂ψ4(x,y)

∂x
|x=0+ . (22)

Since the reversed bias is much larger than the built-in poten-
tial, the built-in potential is neglected in the model for cal-
culating the electric field. In order to find the solution of the
Poisson’s equation, the equivalent potential is assumed at y= 0
and y =−L/2 as: ψ1|y=0 =V0, ψ1|y=−L/2 =V1, ψ4|y=0 =V3,
and ψ4|y=−L/2 =V2.

The solution of the Poisson’s equation could be super-
posed by two parts as

ψk(x,y) = ξk(x,y)+φk(x,y). (23)

The first term ξk(x,y) is the potential, yielded by the applied
bias and the depletion charges, which could be approximated
by a quadratic function. The second term φk(x,y) satisfies the
Laplace’s equation.

(F) In region I, the boundary conditions are ξ1(0) = V0

and ξ1(−L/2) =V1, and in region IV, the boundary conditions
are ξ4(−L/2) =V2 and ξ4(L/2) =Vd.

∂ 2ξk(y)
∂y2 =−ρk

εs
,

ξ1(0) =V0, ξ4(0) =V3,

ξ1(L/2) = 0, ξ4(L/2) =Vd,

ξ1(−L/2) =V1, ξ4(−L/2) =V2, (24)
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Fig. 4. Simplification of the structure and the boundary condition: (a) region I and (b) region IV.
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where

ρ1 =

{
qNd, −w11 < x < 0,
−qNpk, 0 < x < w12,

ρ2 =

{
qNd, −w41 < x < 0,
qNnk, 0 < x < w42.

Substituting the boundary conditions into the Poisson’s equa-
tion, one obtains

ξ1(y) =



−ρ1l

2εs
y2 +

L2ρ1−8V0εs

4εsL
y+V0,

0 < y < L/2,

− ρ1

2εs
y2− L2ρ1−8V0εs +8V1εs

4εsL
y+V0,

−L/2 < y < 0,

(25)

ξ4(y) =



− ρ2

2εs
y2 +

L2ρ1−8V3εs +8Vdεs

4εsL
y+V3,

0 < y < L/2,

− ρ2

2εs
y2− L2ρi +8V2εs−8V3εs

4εsL
y+V3,

−L/2 < y < 0,

(26)

V0 =
εoxB2 +(4n2π2εsεkVd ++2L2εkρ1)[1− cos(nπ)]

8n2π2εs

+
A2A3(A1 +B1)L tanh(Knw11)

4n2π2εsA1B1
, (27)

V ′0 =
εoxB2 +(4n2π2εsεkVd ++2L2εkρ2)[1− cos(nπ)]

8n2π2εs

+
A2A3(A1 +B1)L tanh(Knw21)

4n2π2εsA1B1
, (28)

∂ 2φk(x,y)
∂x2 +

∂ 2φk(x,y)
∂y2 = 0,

φk(0) = 0, φk(L/2) = 0, φk(−L/2) = 0, (29)

φk(x,y) =
∞

∑
n=1

[Dk cosh(Knx)+D′k sinh(Knx)]sin(Kny), (30)

Kn =
2nπ

L
. (31)

To optimize BV at x = wk1, the equipotential lines can be as-
sumed to distribute in symmetry at the drift region for the op-
timized BVs. Thus, the potential contours are approximately
perpendicular to the hetero-interface of the dielectric trench
and the drift region in the y-direction. From this effect, it
should be noted that ∂ψk

∂x

∣∣
x=wk1

= 0 is the boundary condition
at x = wk1.

At y = 0, the potential and electric field are also obtained
as

ψk(x,y)|x=0− = ψk(x,y)|x=0+ , (32)
∂ψk(x,y)

∂x

∣∣∣
x=0−

=
∂ψk(x,y)

∂x

∣∣∣
x=0+

. (33)

For 0 < y < L/2, at the interface of the P-pillar and the trench,
the displacement continuity condition could be obtained as

εsEsi = εkEk, (34)

where εk is the permittivity of the low-k dielectric material.
The maximum BV of the trench MOSFET device is generally

obtained at symmetric distribution of potential contours in the
drift region, which are always center-divided at the bottom of
the dielectric trench. Therefore, the electric field along the x-
direction could be yielded as

∂ψk

∂x
=

εk

εs

Vd−2ψk

Wt
. (35)

By using the boundary conditions, Dk and D′k could be
obtained as

Dk =
HkLεk

A1
cosh(Knwk1)

−L2 A2A3

A1
(cos(nπ)−1)sinh(Knwk1) , (36)

D′k = −2A2L3εsWt

A1

(
εk

εsWt
cosh(Knwk2)

+
nπ

L
sin(Knwk2)

)
sinh(Knwk1)+

εkHk

A1
. (37)

For −L/2 < y < 0, the continuity condition at the interface of
the P-pillar and BOX is

εsEsi = εoxEox. (38)

Hence, the electric field along the x-direction could be ob-
tained

∂ψk

∂x
=

εox

εs

Vd−2ψk

Wt
. (39)

Thus

Dk = −B2Lεox

B1
cosh(Knwk1)

+
A2A3L2

B1
(cos(nπ)−1)sinh(Knwk1) , (40)

D′k =
L

B1
sinh(Knwk1)

(
2A2L2

εox cosh(Knwk2)− εoxB2

+2A2LεsnπWt sin(Knwk2)
)
, (41)

where

A1 = 4n3
π

3
εs(Lεk cosh(Kn (wk1 +wk2))

+nπεsWt sinh(Kn (wk1 +wk2))), (42)

A2 = 2(qNd−ρk), (43)

A3 = nπWtεs cosh(Knwk2)+Lεk sinh(Knwk2) , (44)

B1 = 4n3
π

3
εs(Lεox cosh(Kn(wk1 +wk2))

+nπεsWt sinh(Kn(wk1 +wk2))), (45)

B2 = 8n2
π

2
εsVk cos(nπ)−2A2L(cos(nπ)−1), (46)

H1 = (2L2
ρ1 +4n2

π
2
εsVd)(1− cos(nπ))

−8n2
π

2
εsV0, (47)

H2 =
(
2L2

ρ2 +4n2
π

2
εsVd

)
(1− cos(nπ))

−8n2
π

2
εsV3. (48)

According to the potential distribution around the trench as
given in Eqs. (25)–(28), the electric field of regions I and IV
could be obtained as

Ekx =
∞

∑
n=1

[CiKn sinh(Knx)+DiKn cosh(Knx)]sin(Kny), (49)
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E1y =


−ρ1

εs
y+

L2ρ1−8V0εs

4εsL
+

∞

∑
n=1

Kn[Di sinh(Knx)+Ci cosh(Knx)]cos(Kny), 0 < y < L/2,

−ρ1

εs
y− L2ρ1−8V0εs +8V1εs

4εsL
+

∞

∑
n=1

Kn[Di sinh(Knx)+Ci cosh(Knx)]cos(Kny), −L/2 < y < 0,
(50)

E2y =


−ρ2

εs
y+

L2ρ2−8V3εs +8Vdεs

4εsL
+

∞

∑
n=1

Kn[Di sinh(Knx)+Ci cosh(Knx)]cos(Kny), 0 < y < L/2,

−ρ2

εs
y− L2ρ2 +8V2εs−8V3εs

4εsL
+

∞

∑
n=1

Kn[Di sinh(Knx)+Ci cosh(Knx)]cos(Kny), −L/2 < y < 0.
(51)

The breakdown voltage could be calculated by the inte-
gration of the electric field along the path A–O1–B–C–O2–D.
Then the optimized breakdown voltage BVopt

[13] could be ap-
proximated in the polynomial terms of the structure parame-
ters as

BVopt =
5.56×10−11(1+0.023L2)

L
×
[
1+(N0.96677

d −0.2946Nd)W−0.178
t k−0.023

r
]
. (52)

3. Results and discussion
To assess the validity of the analytical model, three types

of the trench MOSFETs have been studied. Figure 5(a) shows
the trench MOSFET1 with the low-k material at the top and
SiO2 at the bottom of the trench. Figure 5(b) shows the trench
MOSFET2 with the trench filled with SiO2. A trench MOS-
FET3 with the low-k material at the top and SiO2 at the bottom
and without N- and P-pillars is shown in Fig. 5(c). The corre-
sponding parameters of the three types of MOSFETs are listed
in Table 2.

When the reversed bias applied to the drain-to-source ap-
proaches the breakdown voltage, the drift region of the three
types of trench MOSFETs is fully depleted. The potential
contours pass through the dielectric trench between the source

and the drain. The peaks of the electric field distribution in
the silicon drift region exist around the dielectric trench along
A–B–C–D as shown in Fig. 5, with the maximum electric field
determining the onset of the avalanche breakdown. Figure 6
shows the electric fields along the A–B–C–D line for the three
trench MOSFETs. For trench MOSFET1, MOSFET2, and
MOSFET3, the breakdown voltage is 588 V, 432 V, and 311 V,
respectively. Due to the combination of different dielectric
materials in the trench of MOSFET1 and MOSFET3, the
modulation of electric field could be identified. As shown in
Fig. 6, at points O1 and O2, two electric fields exist. The elec-
tric field distributions based on the analytical model described
in Section 2 are in good agreement with the simulated results.

Table 2. Parameters of trench MOSFETs.

Symbol Quantity Value/µm
L trench depth 16

Wt trench width 4.8
WBOX BOX layer width 0.3
w11 width of the left drift region 2
w12 P-pillar width 0.5
w21 width of the right drift region 1.5
w22 N-pillar width 0.5
h distance from point E to F 2
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Fig. 5. Schematic diagram of (a) trench MOSFET1, (b) trench MOSFET2, and (c) trench MOSFET3.
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Fig. 6. The electric field distributions along A–O1–B–C–O2–D around
the trench of the three types of the trench MOSFETs with the struc-
ture parameters as listed in Table 2. (The doping concentrations Nd, Npi

and Nni of trench MOSFET1 are 4.5×1015 cm−3, 3.3×1016 cm−3 and
5.0× 1015 cm−3, respectively. The doping concentration Nd of trench
MOSFET2 and MOSFET3 is 4.3× 1015 cm−3 and 3× 1014 cm−3, re-
spectively. Breakdown voltage of the trench MOSFET1, MOSFET2,
and MOSFET3 is 588 V, 432 V and 311 V, respectively.)

Figure 7 shows the symmetric distribution of electric field
encircling the dielectric trench in trench MOSFET1. The an-
alytical results of the electric field at various kr are calcu-
lated by the conformal mapping. To achieve a symmetric dis-
tribution of the electric filed along the line A–B–C–D, three
optimized parameters of kr = εk/εs = 1, 1.8, and 2.5, and
Nd = 4.8×1015 cm−3, 4.7×1015 cm−3, and 4.6×1015 cm−3

are given in Fig. 7. Under these parameters, as kr increases, the
doping concentration is reduced to keep a symmetric electric
field distribution to realize higher breakdown voltage. There-
fore, the analytical results of electric field are in a good agree-
ment with the simulated results.
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Fig. 7. The electric field distribution along A–B–C–D at low-k material in
trench MOSFET1 with kr = 1, 1.8, and 2.5. (The doping concentration of
N/P pillar is Npi = 3.5×1016 cm−3, Nni = 5×1015 cm−3; the width of the
dielectric trench is Wt = 4.8 µm, and the depth is L = 4.8 µm.)

In trench MOSFET1, the bias Vd of 577 V, 596 V, and
600 V is applied at drain–source at Nd = 4.7× 1015 cm−3,
4.5×1015 cm−3, and 4.3×1015 cm−3, respectively. The cor-
responding potential distributions of the four regions I, II, III,
and IV around the trench along the line A–B–C–D are calcu-
lated by the potential model as aforementioned. As shown
in Fig. 8, the slight variation of potential at point O1 and O2

is owing to the variation of kr in the dielectric trench for in-
troducing two electric field peaks, as shown in Figs. 6 and
7. The analytical potential distribution at point O1 and O2

also demonstrates the similar fluctuation. From point A to
D around the dielectric trench with the potential distributions
of Nd = 4.3× 1015 cm−3 at Vd = 577 V, 4.5× 1015 cm−3 at
Vd = 596 V, and 4.7× 1015 cm−3 at Vd = 600 V in trench
MOSFET1 along A–B–C–D. Therefore, the analytical results
exhibit good agreement with simulated results for the same
conformity.
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Fig. 8. The potential distribution of trench MOSFET1 with various dop-
ing concentrations for the drift region based on the analytical model and
the simulation results.
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Figure 9(a) shows BVopt versus Nd,opt in trench MOS-
FET1 at various depths of trench: L = 13 µm, 16 µm, and
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19 µm. The larger depth L of trench can actually lengthen the
folded drift region along A–O1–B–C–O2–D. It is found that as
L increases from 13 µm to 19 µm, BVopt increases from 497 V
to 652 V. Due to the enhancement of dielectric electric field,
the value of BVopt can be kept at small fluctuation by the op-
timized Nd,opt. The optimized BVopt versus Wt is also demon-
strated in Fig. 9(b). In this case of L = 16 µm, the increase
of Wt from 4 µm to 6 µm can also result in the BVopt reduc-
tion from 577 V to 470 V. Meanwhile, the analytical BVopt as
given in Eq. (52) indicates the implicit relation of structure pa-
rameters. The analytical results are verified by the simulations
in good agreement.

4. Conclusions
A dielectric trench is implanted in a power MOSFET to

achieve a large drift region to enhance the breakdown voltage.
The obtained dielectric trench filled with SiO2 or low-k di-
electric is compatible with the trench process. In this specific
topology design of trench MOSFET, the conformal-mapping
method is used to model the electric field distribution of the
drift region. This conformal transformation allows us to an-
alyze the electric field along the trench. Meanwhile, the ap-
proximated BV is also obtained to be dependent on the struc-
ture parameters, such as the dielectric permittivity for offering
the design. The analytical results by conformal-mapping show
good agreement with the simulations.
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