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Modeling electric field of power metal-oxide-semiconductor
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Schwarz-Christoffel transformation*
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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

PACS: 85.30.De, 77.30.df, 51.50.4+v

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).!!-0]
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.[” ' State-of-the-
art LDMOS devices obtained by the dielectric trench to sustain
a high reversed voltage have been reported.!'?>~!71 In these de-
vices, breakdown occurs in the drift region for the crowded
electric field.['®11 Several analytical models for the conven-
tional LDMOS devices have been reported to approximate the
surface electric field.!?*2"] For the LDMOS devices with di-
electric trench, the electric field and BV in an irregular drift
region are difficult to obtain.[?8-30]

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.*! The analytical model of the
electric field and BV can be analytically calculated and veri-
fied by simulation.

DOI: 10.1088/1674-1056/28/5/058503

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 SiO; 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 I'V. Two insulator materi-
als with a low-k dielectric and silicon dioxide SiO, 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—O{—B—C-0,-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 & I11

The Schwarz—Christoffel maps are utilized for regions
IT 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 7-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.

(1) 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
(w-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 &, ©/2, /2, &, and 27, and of
N-C-E-F—J are 2z, m, /2, /2, and 7, respectively.

(i) In the second transformation, the upper region above
the line /I-F—E—B—M in the @-plane is transformed into semi-
rectangular region in the 7-plane, as shown in Fig. 2(c).
The interior angles of [-F—-E—-B—M based on the Schwarz—
Christoffel (SC) transformation from the 7-plane to w-plane
as shown in Fig. 2 are &, ©/2, &, /2, and 27, respectively.
Similarly, in Fig. 3, the interior angles are 7w at J, 7/2 at F,
atE, w/2 at C, and 27 at N. The inverted Schwarz—Christoffel
transformation is used to map the w-plane into 7-plane. For
the Schwarz—Christoffel transformation, the reflection pattern
is listed in Table 1.

Gy W, /2 y v G, 77B
I er———
M(x) B z= f(w) w=f1(r) M(x)
= =) 1T
1 substrate I G, | ! E
x F(0) U e — — ¢
I(0) substrate I() F(0)E B M () I(®)  substrate F(0)
z-plane w-plane T-plane

(a) (b) ()

Fig. 2. Schwarz—Christoffel mapping: (a) region II in the original z-plane; (b) the structure after a conformal transformation into the w-plane;
(c) the corresponding structure after the second conformal transformation into the 7-plane.

b W2 G, N + C” Gs N
A y ; 0
2 Z={(w) | w:f’[l(T)
2 =Y
I h B G ZHI substrate ! E i
T u
F(0) substrate J(o0) N() C E F(0) J(e0) F(0) substrate J(oo)C
z-plane w-plane T-plane
(a) (b) (c)

Fig. 3. Schwarz—Christoffel mapping: (a) region III in the original z-plane; (b) the structure after a conformal transformation into the @-plane;

(c) the corresponding structure after the second conformal transformation into the 7-plane.

Therefore, the Schwarz—Christoffel transformation for a

half-plane from Fig. 2(a) to Fig. 2(b) is

2h
x+yi= ;arcsinh (a)l/z) .

(@)

i 172 . Transforming from Fig. 2(b) to Fig. 2(c), the Schwarz—
Z=otm / ® (@+1) do. M Christoffel formula is32!
2\ —1/2
Substituting the coordinates of points F' and E into Eq. (1), one ﬂ — o2 <a) 4 cosh ( Wi ) ) / 3
obtains that o; = 0 and oy = h/7. Then, the transfer function do 4h

from the z-plane to w-plane is rewritten as

where W; is the width of the trench. Based on the in-
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verse Schwarz—Christoffel transformation, from the upper
half-plane ®-plane to the semi-strip 7-plane, the conformal
mapping formula @ = f(7) is rewritten as

1 W W T T
u+vi:R(e*Tht —&—eth)z(—e*7 —1—67)2. 4)
The corresponding transformation of Fig. 3 can be obtained as
Egs. (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
Py (v,y) | Py (x,y) _ _Px
0x2

dy? g’
where &; is the permittivity of silicon, and the index k = 2 rep-

k=2,3, &)

resents region II and k = 3 for region III. In the T-plane, the
potential solution W (#,v) in Eq. (5) could be approximated

by a parabolic function as!*’!

v(C.n) = %) +an(On+ap@)n®, k=23, (6)

where W;—»({,n) represents the potential distribution in re-
gion IT and y;—3(&,n) represents the potential distribution in
region ITI. At 7 =0 as shown in Figs. 2(c) and 3(c), y, (£,0) =
% (&). In the t-plane, the potential in the n-direction is as-
sumed to be parabolic distribution. Assuming 1 = 0, the Pois-
son’s equation in the 7-plane transformed from Eq. (5) of the

original plane (z-plane) is simplified as

2
d 31/2(2@) +2a12(8) = _%

, k=2,3,
n=0

(N

where the charge concentration of p; in the 7-plane is p; =
dz|?

Pel a7

Figs. 2 and 3, the corresponding boundary and continuity con-

1321 In regions II and III in the 7-plane as shown in

ditions could also be found for Eq. (6).
At { =0 and 1 = &, the potential boundary condition in
region II of t-plane is Y, (0,7) = V. After conformal map-
ping, it is rewritten as
v (8, 7)

——2 =4y () 4+ 2maxn(f) = E,.

an ®)

At { =0 and n = 7, the potential boundary condition in region
III of t-plane is w3 (0,7) = V5. In the 7-plane, the boundary
condition is

Iy (8, 7)

o = () 2man() = B,

©))

where E, and Ej3 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 w-plane T-plane
—mW w
B Wi/2+ih —1/2—(e 2" +e2n )/4 in
c We/2 +ih 12— (e B e ) /4 in
E ih -1 —i-2arcsinh (sech(nW; /4 h))
F 0 0 0
1 o oo )
J o =3 S
M oo+ ih o o0 1T
N oo +ih oo oo +iTT

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

Wy
2e

Ay (C, —2i~arcsinh(nwl)>
1+em —0 (10)
¢ '

Based on the continuity boundary condition of the electric dis-

placement at the interface of the drift region and BOX, one

obtains
_ Iy (8,0) & % ()
akl(g) - av - Et WBOX7 (11)
2’ 0X
a(§)=F -y (0), (12)

? B ZﬂESiWBox

where Ay = E>/m, and A3 = E3 /.
Combining Eqs. (8)—(12) (boundary condition of regions

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

% (L) = Crexp(/T) +Crexp(—§/T) + Bi1&> + B2, (13)

where
T wesWeox
Eox
B = gNgh*T?(1 — cosh(nW;/2h))
1= 32m2¢ ’
Ngh%(1 + cosh(zW,/2h E
m:ﬂvd< shimh/20) | i g
2T € T

C and C;, are constants which could be obtained by the bound-
ary condition and the continuity condition. Cy—; in region II
and Ci—3 in region III have been obtained as
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_ 2Wiox & (—Waox&Ex — TeuxEx + €0xV1)

GNaWaoxh?[—8&ox (1 + cosh(”z—‘zj‘)) — wesWaox (1 — cosh(ﬂTw‘))

G = , (14
? €ox (2WBOX & + TEox) 167e2, (14
Ca — 2WaoxEs(—WoxEEx3 — TEoxExs + €0xVa)  qNaWioxh?[—8€ox (1 +cosh(Z)) — wesWrox (1 — cosh( X)) 15)
T Eox (2WBox & + T€ox) 167e2, ’
\
Ch=C5=0, (16) (E) At y = 0, the potential and the electric field are also
Y (x,y) dt|dyi (£,n) shown as
Epp= - 20N 1 CTIIVE ) (g
b ox az| e o UD
£ OV (x,y) dt| oy (§.m) 18) Vi (%, 3) Le=o- = k(%) lx=0+ (20)
R i papa LA dus (. I (x,
% dlae W) OB e
dox ox
2.2. Modeling regions I & IV Yy (x,y) Ay (x,y)
Th:o- = T\x:0+~ (22)

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

2 2
J Wk(xvy)+a Wk(x?y) :7&7 k:1,4,

dx2 0y? & (19

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

Boundary conditions in regions [ and IV are

(A) yi(x,L/2) =0 and y; (x,—L/2) =V}, since the volt-
age V; at the bottom of region I could be regarded as a conti-
nuity condition of region II.

(B) wu(x,L/2) = Vg and yy(x,—L/2) = V3, since the volt-
age V, at the bottom of region I'V could be regarded as a conti-
nuity condition of region III. The Vy 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 &9y /dx = &0y /dx, where g 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 &0y /dx = €0y /dx,

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
andy = —L/2 as: yi|y—0 = Vo, Wily——r/2 = V1, Waly—0 = V3,
and Yaly—_1/p =Va.

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

Wk(x7y):§k(x’y)+¢k(x’y)' (23)

The first term & (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 ¢ (x,y) satisfies the
Laplace’s equation.

(F) In region I, the boundary conditions are £;(0) = Vp
and & (—L/2) =V}, and in region IV, the boundary conditions
are E4(—L/2) =V and &(L/2) = V,.

*&(y) _Px

dy? &
§1(0) =Vo, &(0) =V;,
Ei(L/2) =0, &4(L/2)=Vq,

3

where &5 is the permittivity of the dielectric material in trench. Ei(=L/2)=Vy, &(—L/2) =V, (24)
1 A B
G Allow-k c Iy e 2V D H
Y (en) * ox — 9% =l <Y Y
P) P) .
L/2 I [P-pillar e 8sa—w =& a—w low-KN-pillar v L/2
X xX=wy; x x=w, (511)
X N Q1 02 N R
op/ox =01 p=qNg v oy Iy y T
- — 4N, ov LA op)ow =0
p = qIV} & Ix . &n ox - —gNu| p=qNy W /0x
T ) d d
L/2 W11 wiz2 | SiO SsTW = 8128*1’/ SiOg| wa2 W4 L/2
* = * 3
M B| (er) (er)| o N
[ l
Vi Vs

Fig. 4. Simplification of the structure and the boundary condition: (a) region I and (b) region IV.
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where
| gNy, —wi <x<0,
pr= —qNpi, 0 <x<wiy,
_ qua —w4 <x < 07
P2= qNni, 0 <x <wgp.

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

P, LPpi—8Voss
Zesy 4eL

0<y<L/2,
&10)= p L/zp — 8V + 8V € 25)
P15 1 0¢€s lsy_’_v07

Zesy 4eL
—-L/2<y<0,

P2, L2p1 — 8Va&s + 8V3&
Zssy 4L

y+V07

y+V37

0<y<L/2,
54(}]) - P2 L/2P'+8V28 — 8V3& (26)
P SRETERTRE b,

2& 4eL
—L/2<y<0,

Eox B2 + (4n? e Vy + +2L%&1py ) [1 — cos(n7))
8n2mle,
" A»A3(A; + By)Ltanh(K,w11)
4n27r285A1B1 ’
 ExBy+ (4n’mlese Ve + +2L2€p2)[1 — cos(nr)]
8n2m2e,
4 A»A3(A; +Bj)Ltanh(K,wy1)
4n?mle A1 By ’
*pi(x,y) | Phi(x,y) _0
ox? 0y? ’
#(0) =0, ¢(L/2)=0, ¢(—-L/2)=0, (29)

x)]sin(K,y), (30)

W =

@7

(28)

=Y [Dycosh(K,x) + Dj sinh(K,

n=

—_

€2y

To optimize BV at x = wy, 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 aa";" =0 is the boundary condition
at x = wy.

Aty =0, the potential and electric field are also obtained

X=W

as
Wk(x7y)|x=0’ = Wk(x7y)‘x=0+7 (32)
81[/]{()67)7) _ allfk(x7Y)
ox x=0- ox 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

&Eg = & Ey, (34)

where & 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

9% & Va—2y,
ox & W

By using the boundary conditions, Dy and D) could be
obtained as

(33)

HLg;

1

o L2 A2A3
A

D, = cosh (K, wy1)

(cos(nm) — 1) sinh (K,wy1) , (36)

1
2ML3eW, [ &

D; = —TS W cosh (K,wy2)

nwo . &.H,
+ T sin (Kan2)> sinh (K,wy1) + % 37
1

For —L/2 <y < 0, the continuity condition at the interface of
the P-pillar and BOX is
esEsi = eoxE0x~ (38)

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

allfk gox Va— 2‘/’1{

39
Ox & Wi (39)
Thus
BsLg
Dy = ——=% cosh (K,w1)
By
ArA3L?

ZBT (cos(nm) — 1) sinh (K,w) , (40)

L
D, = B sinh (K,wy1) (2A2L2$0X cosh (K,wi2) — €0xB2

+2A; LegnmW,sin (K,wiz) ), 41)
where
= 4n’ e (Leg cosh (K, (Wit +wia))
+nreWesinh(Ky, (Wi +wi2))), (42)
Az = 2(qNa — px); (43)

Az = naW.gcosh (K,wyo) + Legsinh (Kywyp),  (44)
B; = 4n’1 &(La?oX cosh (K,
+nmeWsinh (K,

w (Wit +wi2))
n (Wi +wi2))), (45)
By = 8n’m’gVjcos (nm) —2A;L(cos(nmw) — 1),  (46)
H; = (2L%p; 4+ 4n’neVy)(1 — cos (n7))

—8n’ eV, 47
H, = (2L2p2 + 4n27r2£SVd) (1 —cos(nm))
—8n’mleVs (48)

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

=

Ejx =Y [CiK, sinh(K;,x) + DK, cosh(K,,

n=1

x)]sin(Kyny), (49)
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L*p; —8Vpgs | &
—&y—i— £ — oVoss + Y. K,[D;sinh(K,x) + C;cosh(K,x)] cos(K,y), 0<y<L/2,
El & 485L n=1 (50)
y= 2
L7py —8Vp&s +8Vigs =
—&y— p1 0Es T ONIE | Y. K, [D;sinh(K,x) + C;cosh(K,x)]cos(K,y), —L/2<y<O0,
& 4&L n=1
L2py —8V3es +8Vyes &
_%y+ p2 483LS+ S K, [D;sinh(K,x) + C;cosh(K,x)]cos(K,y), 0<y<L/2,
By = : L? +8VS£ — 8V3¢ " ©D
—%y— P2 422 Sy K, |Djsinh(K,x) + C;cosh(K,x)] cos(K,y), —L/2<y<0.
S S n=1

The breakdown voltage could be calculated by the inte-
gration of the electric field along the path A—O—B—C-0,-D.
Then the optimized breakdown voltage BV !'*! could be ap-
proximated in the polynomial terms of the structure parame-
ters as

5.56 x 10~ 11(1+0.023L2)
L
x [14 (Ng%77 —0.2946Ng) W, 78k 00%]. (52)

BVopt =

3. Results and discussion

To assess the validity of the analytical model, three types
of the trench MOSFETSs have been studied. Figure 5(a) shows
the trench MOSFET1 with the low-k material at the top and
SiO; at the bottom of the trench. Figure 5(b) shows the trench
MOSFET?2 with the trench filled with SiO,. A trench MOS-

\
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 311V,
respectively. Due to the combination of different dielectric
materials in the trench of MOSFET1 and MOSFET?3, the
modulation of electric field could be identified. As shown in
Fig. 6, at points O and O, 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/pm
FET3 with the low-k material at the top and SiO, at the bottom I3 trench depth 16
and without N- and P-pillars is shown in Fig. 5(c). The corre- Wi trench width 4.8
sponding parameters of the three types of MOSFETs are listed Weox BOX layer width 0.3
in Table 2. w1l width of the left drift region 2
h h dbi lied he drai wi P-pillar width 0.5
When the reversed bias applied to the drain-to-source ap- oy width of the right drift region L5
proaches the breakdown voltage, the drift region of the three W N-pillar width 05
types of trench MOSFETs is fully depleted. The potential h distance from point E to F 2
contours pass through the dielectric trench between the source
(a) gate source W, drain (b) gate source drain (c) gate source drain
P+ P+
P-well P-well
G A D H H ¢ A D H
9 low-k low-k
i<
Sl 01 O ! !
= L '
SiO ] !
7 e
wyy (W12 Wa1 ! |
] [}
N-drift |y é N-drift E
B )
M - .- N N M¢ Na LERERY 1N
Nq E E
h
I WL J I i J I E J
. e BOX BOX
P-substrate P-substrate P-substrate

substrate
MOSFET1

substrate
MOSFET2

|
substrate

MOSFET3

Fig. 5. Schematic diagram of (a) trench MOSFET1, (b) trench MOSFET2, and (c) trench MOSFET3.
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70 T T T T T T
analytical simulated
- 60 ——MOSFET1 = MOSFET1
g — MOSFET2 o MOSFET2
= 50 ——MOSFET3 4 MOSFET3
> o, By § =
- 40 ] 1 ;
2
S
L 30
E 20
. 10
0 v ;
0 5 10 15 20 25 30 35

Distance/pm

Fig. 6. The electric field distributions along A-O;-B—C-0,-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 Ny, Np;
and N,; of trench MOSFET]1 are 4.5 x 10" cm™3, 3.3 x 10'® cm™2 and
5.0 x 105 cm~3, respectively. The doping concentration Ny of trench
MOSFET?2 and MOSFET3 is 4.3 x 10! cm ™2 and 3 x 10 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 k, 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 k. = & /& = 1, 1.8, and 2.5, and
Nyg=4.8x10" cm3,4.7x 10" cm—3, and 4.6 x 10" cm—3
are given in Fig. 7. Under these parameters, as k; 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.

80 T

T T T T T
analytical  simulated k,=¢e4/e

— k=1 k=1
k=18 ek =18
60r kh=2.5 & k,=25 1

Electric field/V-pm~!
S~
S

[\~
=]

10 15 20 25 30 35
Distance/pm

Fig. 7. The electric field distribution along A~B—C-D at low-k material in
trench MOSFET1 with k. = 1, 1.8, and 2.5. (The doping concentration of
N/P pillar is Ny = 3.5 x 10'® cm™3, Ny = 5 x 10" em™; the width of the
dielectric trench is W; = 4.8 pm, and the depth is L = 4.8 um.)

In trench MOSFET1, the bias V4 of 577 V, 596 V, and
600 V is applied at drain—source at Ng = 4.7 x 101 cm™3,
4.5%x 105 cm™3, and 4.3 x 10'5 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 O and O,

is owing to the variation of ; in the dielectric trench for in-
troducing two electric field peaks, as shown in Figs. 6 and
7. The analytical potential distribution at point O; and O,
also demonstrates the similar fluctuation. From point A to
D around the dielectric trench with the potential distributions
of Ng=43x 10" ecm 3 at V4 =577 V, 4.5 x 10" cm ™3 at
Va =596V, and 4.7 x 10" cm~3 at V4 = 600 V in trench
MOSFET1 along A—B—C-D. Therefore, the analytical results
exhibit good agreement with simulated results for the same
conformity.

600

| anélytiéal R silmulalted o DJ
| —Na=4.3x10%% cm~? ® Ny =4.3x10% cm—3 *9_
——Ng=4.5X10"" cm~3 ® Ny=4.5x101 cm—* 48

Ng=4.7X10" cm—} Ng=4.7Xx10% cm~3 #02

500

> 400 O, 4
=
] (@
o V)
g 300 ? i
- ] 1
& : L
2 1 1 1 1 -1
" A ‘.gl"' L
I 1 1 1
i O, 1 III
100 o & o 1
[ g whoa
[ /F- I [
0 Ly Lhu o1, L‘AI Ll PR TP
0 10 20 30 O 10 20 30
Distance/pm

Fig. 8. The potential distribution of trench MOSFET 1 with various dop-
ing concentrations for the drift region based on the analytical model and
the simulation results.

700 (@) J
600 ]
>
~
B
>o 500 F E?D—'D:ﬂ:n 4
M analytical simulated
400k —+L=13pm = L=13pum /|
—-0—L =16 um -~ L =16 pm
L =19 ym L =19 pm
300 1 1 1
4.2 4.4 4.6 4.8 5.0
Ngopt/10% cm—3
750 T T T T T
b
675 (®) ]
600 ]
i 5251 ]
5
> 4501 ]
m
375F analytical simulated E
300k ——L =12 uym L =12 um |
—0-L =16 ym - L =16 pm
2951 L =20 pym L=20uym J
4.0 4.5 5.0 5.5 6.0
W;/um

Fig. 9. Optimized BV op of trench MOSFET1: (a) optimized BV ¢ ver-
sus doping concentration of drift region Ny op, and (b) optimized BV gpt
versus trench width W;.

Figure 9(a) shows BV versus Ny op in trench MOS-
FET1 at various depths of trench: L = 13 um, 16 um, and
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19 pm. The larger depth L of trench can actually lengthen the
folded drift region along A—O;—B—C-0,-D. It is found that as
L increases from 13 pm to 19 um, BV increases from 497 V
to 652 V. Due to the enhancement of dielectric electric field,
the value of BV can be kept at small fluctuation by the op-
timized Ny op. The optimized BV versus W, is also demon-
strated in Fig. 9(b). In this case of L = 16 pum, the increase
of W; from 4 um to 6 um can also result in the BV reduc-
tion from 577 V to 470 V. Meanwhile, the analytical BV oy 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 SiO, 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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