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Abstract : A novel 2D analytical model f or t he doping p rof ile of t he bulk silicon R ESU R F L DMOS drif t region is

p rop osed. According t o t he p rop osed model , t o obtain good p erf ormance , t he doping p rof ile in t he t otal drif t re2
gion of a R ESU R F L DMOS wit h a f ield plate should be piecewise linearly graded. The breakdow n voltage of t he

p rop osed R ESU R F L DMOS wit h a piecewise linearly graded doping drif t region is imp roved by 5818 % , and t he

specif ic on2resistance is reduced by 8714 % comp ared wit h conventional L DMOS. These results a re verif ied by t he

two2dimensional p rocess simulat or Tsup rem24 and t he device simulat or Medici .
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1 　Introduction

Reduced surface field ( RESU RF) technolo2
gy[1 ] has been widely applied in high2voltage inte2
grated circuit ( HV IC) devices and smart power in2
tegrated circuit s ( SPICs ) devices[2～4 ] . The main
advantages of high2voltage devices with RESU RF
technology are the lowering of on2resistance and
t he reduction of chip size under high drain volta2
ges. Lateral double2diff used MOS (LDMOS) is one
of t he most pop ular high voltage devices due to it s
easy integration with standard low2voltage CMOS.
The breakdown voltage and the on2resis2tance are
t he two most important performance factors for
LDMOS ,but t hese two elect rical parameters of ten
conflict wit h each ot her in p rocessing technology.
In recent years ,much research on how to improve
t he breakdown voltage and reduce t he specific on2
resistance has been reported[5～12 ] . Linearly graded
doping in t he drif t region of LDMOS was found to
be one effective way to improve LDMOS perform2
ance[8～12 ] . References [ 8 ,9 ] p redicted t hat a linear
lateral doping profile in the drif t region in SOI
could yield t he maximum breakdown voltage and

t he minimum specific on2resistance for SOI RE2
SU RF LDMOS. A comp uter p rogram was devel2
oped to help realize a linear lateral doping profile ,
and experimental verifications were also per2
formed[ 10 ] . However ,References [8～10 ] apply on2
ly to SOI RESU RF LDMOS. References [ 11 , 12 ]
show t hat a linear lateral doping profile in t he drif t
region in bulk2silicon also could improve t he per2
formance ,but t he model and simulated result s are
too simple ———t he t hickness of t he oxide above t he
drif t region was assumed to be uniform ,and the in2
fluence of the field plate on t he performance of t he
BS RESU RF LDMOS was not considered.

The p urpose of this work is to develop a 2D
analytical model for t he doping profile of t he drif t
region in LDMOS with a field plate in terms of
Poisson’s solution. According to t he proposed
model ,t he doping profile in t he total drif t region of
a RESU RF LDMOS with a field plate must be
piecewise linearly graded in order to obtain t he best
performance . A RESU RF LDMOS with a piecewise
linearly graded doping drif t region was simulated
by t he 2D semiconductor device simulators Tsu2
prem24 and Medici . The simulation result s show
t hat t he novel LDMOS has an improved t rade2off
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between t he breakdown voltage and t he specific on2
resistance compared to conventional LDMOS. We
t hink the model and t he met hod will help designers
improve t he performance of high2voltage BS RE2
SU RF devices in p ractical LDMOS design.

2 　Analytical models

A schematic cross section of t he BS RESU RF
LDMOS st ruct ure wit h a step oxide layer in the
drif t region is shown in Fig. 1 ,where x is t he hori2
zontal position relative to the lef t edge of t he drif t
region and y is t he vertical position relative to the
surface of t he drif t region. The drif t region is divid2

Fig. 1 　Cross section of the BS RESU RF L EDMOS

structure

ed into four regions , t he boundaries of which are

denoted by L 1 , L 2 , L 3 , and L 4 . The p2subst rate ,

whose doping concent ration is N sub ,is assumed to
be t hick enough to deplete t he subst rate charge ,
and t he width of t he subst rate depletion layers un2
der L i ( i = 1 ,2 ,3 ,and 4) are t1s , t2s , t3s and t4s , re2
spectively. Here , t1 is t he t hickness of t he gate ox2
ide layer , t2 and t3 are t he t hicknesses of t he field
oxide layer under t he poly gate2field2plate and the
aluminum drain2field2plate , respectively. The rela2
tive dielect ric constant s of t he oxide and t he semi2
conductor are εox a nd εsi , resp ectively. The gate

voltage is Vg , a nd t he subst ra te a nd t he source a re

grounde d ,w hile t he drai n is supp lied wit h a p osi2
t ive voltage V d . The n2ep it axy laye r t hick ness is

t d wit h a dop i ng conce nt ra tion p rof ile of N d ( x) .

The p ote ntial f unctionφ( x , y) in silicon film must
be satisfied by Poisson’s equation ,yielding

d2φ( x , y)
d x2 +

d2φ( x , y)
d y2 = -

qNd ( x)
ε0εsi

(1)

　　Based on t he theory in Ref . [ 13 ] we integrate
Poisson’s equation over t he y2direction in t he n2
drif t region ,and obtain the following equation for 0
≤x ≤L 1 .

∫
t d

0

d2φ1 ( x , y)
d x2 d y + E1 y ( x ,0) - 　　　

　　E1 y ( x , t d ) = -
qN d ( x)
ε0εsi

t d , 　0 ≤ x ≤L 1

(2)

　　Assuming t hat t he elect rical flux along t he Si/
SiO2 interface is continuous ,t he following equation
can be obtained by neglecting t he influence of t he
fixed charge in the SiO2 material .

E1 y ( x ,0) = -
εox [φ1 ( x ,0) - V′g ]

εsi t 1
(3)

Here ,V′g = V g - V FB is t he applied voltage ,and V FB

is t he flat2band voltage. Assuming t hat t he n2drif t
region is f ully depleted ,we get

E1 y ( x , t d ) =
2[φ1 ( x ,0) - φ1 ( x , t d ) ]

t d
　　　　

=
2[φ1 ( x , t d ) - 0 ]

t s1

=
2[φ1 ( x ,0) ]

t d + t s1
(4)

Here ts1 can be defined as
t1s

2
according to t he as2

sumption in Ref . [ 14 ] . According to t he RESU RF
principle , t he depletion approximation is suitable

for t he n2drif t region. We can assume
d2φ1 ( x , y)

d x2 ≈

d2φ1 ( x ,0)
d x2 in t he first2order approximation[15 ] .

From Eqs. (2～4) ,we obtain
d2φ1 ( x ,0)

d x2 - αf1φ1 ( x ,0) = βf1 (5)

where αf1 =
εox

εsi t 1 t d
+

2
t d ( t d + t s1 )

, and βf1 =

- [
qN d ( x)
ε0εsi

+
εox

εsi t 1 t d
V′g ] .

I n t he sa me way , we ca n obtain t h ree si mila r

equations under t he conditions of L 1 ≤x ≤L 2 , L 2

≤x ≤L 3 , a nd L 3 ≤x ≤L 4 . The only dif f e re nce is

t hat E3 y ( x , 0) = 0 f or L 2 ≤x ≤L 3 accordi ng t o

Ref . [ 16 ] . The n ,we obtai n t he ge ne ral exp ression

d2φi ( x ,0)
d x2 - αf iφi ( x ,0) = βf i (6)

w here

αf2 =
εox

εsi t 2 t d
+

2
t d ( t d + t s2 )

βf2 = - [
qN d ( x)
ε0εsi

+
εox

εsi t2 t d
V′g ]
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αf3 =
2

t d ( t d + t s3 )
, 　βf3 = -

qNd ( x)
ε0εsi

αf4 =
εox

εsi t 3 t d
+

2
t d ( t d + t s4 )

βf4 = - [
qNd ( x)
ε0εsi

+
εox

εsi t 3 t d
V′d ]

V′d = V d - V FB

Neglecti ng t he i nf lue nce of t he junction

dep t h of t he drai n region , accordi ng t o Ref . [ 15 ] ,

t 4s ca n be def i ne d by t he f ollowi ng equation ,

w hich f ollows f rom t he 1D Poisson’s equation .

t 4s =
t d

2
× 1 +

8εsiε0

qNsub t 2
d

- 1 (7)

　　Accordi ng t o t he R ESU R F p ri ncip le , if t he n2
drif t region is f ully dep leted a nd t he conce nt ra2
t ion of t he p2subst rate is unif or m , t he n t is ca n be

app roxi mately def i ned as t is =
L i

L 4
t d ( i = 1 , 2 , a nd

3) . Base d on t he assump tion i n Ref . [ 14 ] , t si ca n

be def i ne d as t si =
t is + t ( i - 1) s

2
, w here i = 2 , 3 , a nd

4 .

Accordi ng t o Ref . [ 12 ] , i n orde r t o at t ai n t he

maxi mum brea kdow n voltage , t he surf ace p ote n2
t ial dist ribution s hould f ollow t he equation

φ( x ,0) =
Vd

L 4
x (8)

　　Substit uti ng Eqs . (8) a nd (7) i nt o Eq. (6) ,we

obtai n t he f ollowing equations :

N d1 ( x) = Mαf1 x -
ε0εox

qt 1 t d
V′g , 　0 ≤ x ≤L 1

(9)

Nd2 ( x) = Mαf2 x -
ε0εox

qt 2 t d
V′g , 　L 1 ≤ x ≤L 2

(10)

N d3 ( x) = Mαf3 x , 　L 2 ≤ x ≤L 3 　　　　　
(11)

Nd4 ( x) = Mαf4 x -
ε0εox

qt 3 t d
V′d , 　L 3 ≤ x ≤L 4

(12)

w here M =
ε0εsi

qL 4
Vd .

From Eqs . (9～12) ,we ca n draw a very usef ul

conclusion . To obtai n t he maximum brea kdow n

voltage , a n i mp roved t ra de2of f betwee n t he brea k2
dow n a nd t he sp ecif ic on2resist a nce , t he dop i ng

p rof ile in t he t otal drif t region i n a n L D MOS wit h

a f ield p la te must be p iecewise li nea rly gra de d.

The f ollowi ng sections p rovide some results f rom

Tsup re m24 a nd Medici t o s how t hat t he p iecewise

li nea rly gra ded dop i ng drif t region is ve ry eff ec2
t ive f or i mp rovi ng t he p e rf or ma nce of BS R E2
SU R F L D MOS.

3 　Simulation and discussion

The cross sections of the p roposed and t he
conventional BS RESU RF LDMOS st ruct ures are
uniform ,as can be seen in Fig. 1. Figure 2 shows
t he equipotential contour lines of t he conventional
(a) and t he proposed (b) BS RESU RF LDMOS at
t heir breakdown voltages. The simulation result s of
t he conventional LDMOS are obtained with N sub =
1 ×1015 cm - 3 , N d = 3 ×1014 cm - 3 , td = 311μm , L ch =
310μm , V FB = 011V , V g = 0V , L 1 = 1μm , L 2 =
415μm , L 3 = 715μm , L 4 = 10μm , t1 = 30nm , t2 =
630nm , t3 = 1630nm , and t he supplied breakdown
voltage V d = 85V. The piecewise linearly graded
doping drif t region of the p roposed LDMOS was
matched by piecewise stepwise variation of t he uni2
form doping concent ration with different lengt hs in

Fig. 2 　Equipotential contour lines of the conventional
(a) and the proposed (b) BS RESU RF LDMOS at their

breakdown voltages
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accordance wit h Eqs. ( 9 ～ 12 ) . In t he p ractical
p rocess , t he piecewise linearly graded drif t region
doping profile can be fabricated using a single
p hosp horus implant t hrough a mask wit h a series
of openings of different sizes[17 ] . The ot her parame2
ters of the p roposed LDMOS are t he same as the
conventional st ruct ure except for t he applied
breakdown voltage in t he simulations. The contour
lines along t he drif t region of t he conventional LD2
MOS is not symmet rical , and t he contour lines
crowd at t he drain region ,which result s in an ava2
lanche breakdown ,as can been seen in Fig. 2 (a) .
However ,f rom Fig. 2 ( b) we find t hat t he contour
lines along t he drif t region of t he p roposed RE2
SU RF LDMOS wit h a piecewise linearly graded
doping drif t region are very symmet rical ,which im2
proves t he breakdown voltage. If t he ionization in2
tegral is equal to 1 , an avalanche breakdown will
occur. In t his way , t he breakdown voltage of the
conventional LDMOS is limited to 85V , but the
breakdown voltage of the p roposed RESU RF LD2
MOS wit h piecewise linearly graded doping drif t
region can reach 135V ,which can be seen in Fig. 3.
The breakdown voltage of the p roposed RESU RF
LDMOS is improved by 5818 % compared wit h t hat
of conventional LDMOS.

Fig. 3 　Breakdown characteristic curves of the pro2
posed and the conventional LDMOSs

Figure 4 shows t he surface elect rical field dis2
t ribution along t he drif t region of t he p ropo sed and
t he conventional LDMOS at their breakdown volta2
ges. There are five elect rical field peaks in t he sur2
face elect rical field dist ribution of t he p roposed
LDMOS wit h t he piecewise linearly graded doping
drif t region ,and each elect rical field peak value is
less t han that of t he critical elect rical field. This
kind of surface elect rical field dist ribution can
greatly reduce t he maximum peak elect rical field so

as to obtain t he maximum breakdown voltage ,
which agrees wit h t he t heoretical analysis we int ro2
duced earlier in Ref . [18 ] . In cont rast ,t here are on2
ly two elect rical field peaks in t he surface elect rical
field dist ribution of t he conventio2nal LDMOS ,and
t he maximum elect rical field peak reaches a magni2
t ude of 215 ×105 V/ cm at t he drain edge. The non2
uniform elect rical field will greatly reduce t he
breakdown voltage.

Fig. 4 　Surface elect rical field dist ribution along the

drif t region of the proposed and the conventional LD2
MOSs at their breakdown voltages

Figure 5 shows t he surface potential dist ribu2
tion along t he drif t region of t he p roposed and t he
conventional LDMOS at t heir breakdown voltages.
One can see f rom Fig. 5 t hat t he potential dist ribu2
tion of t he p roposed LDMOS wit h t he piecewise
linearly graded doping drif t region is approxima2

Fig. 5 　Surface potential dist ribution along the drif t re2
gion of the proposed and the conventional LDMOSs at

their breakdown voltages

tively linear , which is in agreement wit h Eq. (8)

and t hus can at tain t he maximum breakdown volt2
age. The linear dist ribution of t he surface potential
also leads to t he optimal elect rical field dist ribution
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in t he drif t region of the piecewise linearly graded
doping drif t region LDMOS ( seen in Fig. 4) . In
cont rast , t he potential dist ribution of t he conven2
tional LDMOS shows a large curvat ure in the
whole drif t region ,which leads to a non2uniform e2
lect rical field p rofile ( seen in Fig. 4) . Consequent2
ly , t he breakdown voltage suffers a considerable
degradation.

Figure 6 shows t he I2V curves of the conven2
tional (a) and t he proposed ( b) BS RESU RF LD2
MOS. One can see t hat the sat uration characteristic
of t he p roposed LDMOS with the piecewise linear2
ly graded doping drif t region is bet ter t han t hat of
t he conventional LDMOS. The specific on2resist2
ance Ron can be ext racted f rom the simulated I2V

curves in t he linear region and the channel length of
the LDMOS. The numerically calculated values of Ron

are 2717 and 315mΩ·cm2 at V g = 5V for the conven2
tional and the proposed RESURF LDMOS ,respective2
ly ,yielding a reduction of 8714 %. Here ,we think the
concentration of the proposed LDMOS with piecewise
linearly graded doping drift region is higher than that
of the conventional LDMOS ,so the proposed LDMOS
allows a significant reduction of the specific on2resist2
ance compared with the conventional LDMOS.

Fig. 6 　I2V curves of the conventional (a) and the pro2
posed (b) BS RESU RF LDMOS

4 　Conclusion

A novel 2D analytical model for t he doping
profile of t he bulk silicon RESU RF LDMOS drif t
region has been proposed. The influence of t he field
plate and t he variation of oxide layer t hickness on
t he breakdown voltage and t he specific on2resist2
ance is taken into account in t he model . According
to t he presented model ,in order to obtain the maxi2
mum breakdown and t he minimum specific on2re2
sistance , t he drif t region doping profile of a RE2
SU RF LDMOS wit h a field plate must be piecewise
linearly graded. In t his way ,a novel RESU RF LD2
MOS with a piecewise linearly graded doping drif t
region is p roposed ,for which t he breakdown volt2
age is improved by 5818 % ,and t he specific on2re2
sistance is reduced by 8714 % compared to those of
conventional LDMOS.
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体硅 LDMOS 漂移区杂质分段线性注入模型研究 3

孙伟锋 　易扬波　陆生礼 　时龙兴

(东南大学国家 ASIC 系统工程技术研究中心 , 南京　210096)

摘要 : 提出了体硅 LDMOS 漂移区杂质浓度分布的一种二维理论模型 ,根据该模型 ,如果要使带有场极板的 LD2
MOS 得到最佳的性能 ,那么 LDMOS 漂移区的杂质浓度必须呈分段线性分布 . 用半导体专业软件 Tsuprem24 和
Medici 模拟证明了该模型十分有效 ,根据该模型优化得到的新型 LDMOS 的击穿电压和导通电阻分别比常规 LD2
MOS 增加 5818 %和降低 8714 %.
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