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Abstract : A new 2D analytical model f or t he surf ace elect rical f ield dist ribution and op timization of bulk2silicon

double R ESU R F devices is p resented. Based on t he solution t o t he 2D Poisson’s equation , t he model gives t he in2
f luence on t he surf ace elect rical f ield of t he drain bias and st ructure p arameters such as t he doping concent ration ,

t he dep t h and t he p osition of t he p2t op region , t he t hickness and t he doping concent ration of t he drif t region , and

t he subst rate doping concent ration. The dep endence of breakdow n voltage on t he lengt h and doping concent ration

of t he drif t region is also calculated. Furt her more , an eff ective way t o gain t he op timum high2voltage is also p ro2
p osed . All analytical results a re verif ied by simulation results obtained by M EDICI and p revious experimental data ,

showing t he validity of t he model p resented here .

Key words : bulk2silicon ; double R ESU R F ; surf ace elect rical f ield ; op timization

EEACC : 2560B ; 2560P

CLC number : TN432　　　Document code : A 　　　Article ID : 025324177 (2006) 0721177206

1　Introduction

In recent years , ( reduced surface field RE2
SU RF) technology has been widely used in power
integrated circuit s device[1 ,2 ] . Double RESU RF is
one of t he most widely used met hods to design
high voltage devices wit h low on2resistance. Much
research by numerical simulation and experiment
shows t hat high breakdown voltage can be main2
tained while the drif t region doping concent ration
is increased to twice as much as t hat in single RE2
SU RF devices[3～7 ] , and a good t rade2off between
breakdown voltage and on2resistance is realized.
Several analytical models have previously been in2
t roduced[8～11 ] but are all for particular st ruct ures ,
p roviding lit tle information about breakdown p he2
nomena of bulk2silicon double RESU RF devices. A
simple met hod for determining the optimal charge
balance and processing window of double RESU RF
lateral devices is p resented by solving the 1D Pois2
son equation , because of t he 2D nat ure of the
charge dist ribution in the drif t region ,which cannot
p rovide any detailed p hysical insight into the RE2
SU RF principles and device characteristics[7 ] . To
t he best of our knowledge ,there has not been any
2D bulk2silicon analytical solution for t he surface

elect rical field of double RESU RF st ruct ure so far .
The p urpose of this work is to develop a 2D

analytical model for t he surface elect rical field and
potential dist ributions of bulk2silicon double RE2
SU RF devices using t he Poisson solution. The ana2
lytical result s of the p resented models show a good
agreement wit h t he numerical simulation result s
obtained by M EDICI and previous experimental da2
ta. The dependence of t he surface elect rical field on
t he bias and st ruct ure parameters has been dis2
cussed in detail . The proposed models will be help2
f ul for designers to p rovide accurate first2order de2
sign schemes and afford an effective way to im2
prove t he performance of high voltage bulk2silicon
double RESU RF devices.

2　Analytical model

A schematic cross2section of t he bulk2silicon
double RESU RF device is shown in Fig. 1 ,where x

measures t he horizontal position relative to t he lef t
edge of t he double2diff used p + n junction and y

measures t he vertical po sition relative to t he sur2
face. The drif t region lengt h is defined as t he n -

type region lengt h , L 3 - L 0 = L 3 , between t he n +

drain and p + well . The drif t region thickness is te ,
with a uniform doping concent ration of N e ,where2
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as Ptop and ttop are t he doping concent ration and
dept h of t he p2top region , respectively. A negative

Fig. 1　Cross2section of the double RESU RF device

concent ration denotes p2type doping ,and a po sitive
concent ration is n2type doping. The whole drif t re2
gion is divided into four regions along t he edges of
t he p2top region ,and t heir boundary positions are
given by x = 0 , L 1 , L 2 , L 3 and y = 0 , ttop , te . The sub2
st rate depletion layer t hickness is tsub ,wit h doping
concent ration Psub . The dielect ric constant of bulk2
silicon isεsi . The device is biased i n t he off2state

conf igura tion ; subst rate , source , a nd gate a re

grounde d w hile t he drai n is biased t o a p ositive

voltage V d . The p ote ntial f unctionφi ( x , y) in the
silicon film must satisfy the 2D Poisson’s equation
given by
52φi ( x , y)

5 x2 +
52φi ( x , y)

5 y2 = -
qN i

εsi
, 　i = 1 ,2 ,3 ,4

(1)

Assuming t hat the drif t region is completely deple2
ted and the potential f unctionsφi ( x , y) can be ap2
proximated by t he second order Taylor expansions

φi ( x , y) = φi ( x ,0) +
5φi ( x ,0)

5 x
y +

52φi ( x ,0)
25 x2 y2 ,

i = 1 ,2 ,3 (2)

φ4 ( x , y) = φ4 ( x , t top ) +
5φ4 ( x , t top )

5 x
( y - t top ) +

5φ4 ( x , t top )
25 x2 ( y - t top ) 2 (3)

t he boundary conditions for the potential f unctions
are then

5φi ( x , y)
5 y y = 0

= 0 , 　i = 1 ,2 ,3 (4)

5φi ( x , y)
5 y y = te

= -
2φi ( x , t e )

t sub
, 　i = 1 ,3 ,4

(5)

φ2 ( x , t top ) = φ4 ( x , t top ) ,

5φ2 ( x , y)
5 y y = t top

=
5φ4 ( x , y)

5 y y = t top

(6)

φ1 ( L 1 ,0) =φ2 ( L 1 ,0) ,

5φ1 ( L 1 , y)
5 x y = 0

=
5φ2 ( L 1 , y)

5 x y = 0

(7)

φ2 ( L 2 ,0) =φ3 ( L 2 ,0) ,

5φ2 ( L 2 , y)
5 x y = 0

=
5φ3 ( L 2 , y)

5 x y = 0

(8)

φ1 (0 ,0) = 0 , 　φ3 ( L 3 ,0) = V d (9)

where N 1 = N3 = N 4 = N e , N 2 = Ptop . Equation (4)

assumes that t he elect ric field at t he surface can be
minimized[12 ] . Equation (5) is obtained f rom a line2
ar field variation along the vertical direction wit hin
t he subst rate depletion thickness tsub . Equations
(6)～ (8) are t he continuity of t he potential and e2
lect rical field along the boundary of regions 122 ,22
3 ,and 224 , respectively , and Equation ( 9) is t he
voltage condition applied to the device. Substit uting
Eqs. (2) and (3) into Eq. (1) under boundary con2
ditions Eqs. (4)～ (6) leads to a general differential
equation for the potential dist ribution f unction a2
long t he surface :

52φi ( x ,0)
5 x2 +

φi ( x ,0)
t 2 = -

qN i
eff

εs
, 　i = 1 ,2 ,3

(10)

Here N
1
eff = N

3
eff = N e , t =

t
2
e + te tsub

2
and N

2
eff = -

Ptop +
Ptop + N e

t
2
e + te tsub

( ( te - ttop ) 2 + tsub ( te - ttop ) ) .

We assume that tsub is a constant in t he first2
order approximation ,and wit h t he general formula
for t he double2sided junction may be taken as

t sub =
1
2
×( (1 +

N
3
eff

Psub
) t

2
e +

2εs V d

qPsub
- t e )

　　Solving Eq. (10) wit h t he boundary conditions
φ1 ( L 1 ,0) = V1 ,φ2 ( L 2 ,0) = V2 andφ3 ( L 3 ,0) = V3

gives t he surface potentialφi ( x , 0) and elect rical
field Ei ( x ,0) as

φi ( x ,0) =
qN

i
eff t 2

εs
+

( V i -
qN

i
eff t 2

εs
) × si nh ( ( x - L i - 1 ) / t )

si nh ( ( L i - L i - 1 ) / t )
+

( V i - 1 -
qN

i
eff t 2

εs
) × sin h ( ( L i - x) / t )

sin h ( ( L i - L i - 1 ) / t )
,

L i - 1 ≤ x < L i (11)

E i ( x ,0) = ( V i -
qN

i
eff t 2

εs
) ×

cos h ( ( x - L i - 1 ) / t )
tsi nh ( ( L i - L i - 1 ) / t )

- ( V i - 1 -
qN

i
eff t 2

εs
) ×

cosh ( ( L i - x) / t )
tsi nh ( ( L i - L i - 1 ) / t )

, 　L i - 1 ≤ x < L i

(12)
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where i = 1 ,2 ,and 3 are applied ,V 1 and V 2 are the
surface potential of two boundaries between the p2
top and drif t regions ,respectively. The surface po2
tentialφi ( x ,0) and surface elect rical field Ei ( x ,0)

are now obtained f rom Eqs. (11) and (12) ,respec2
tively ,by finding V 1 and V 2 for given V 0 = 0 and V 3

= V d using t he continuity condition Eqs. (8) and
(9) . U sing Ptop = N e in Eq. (12) , t he surface elec2
t ric field of a single RESU RF device can be ob2
tained by

E( x ,0) = ( V d -
qNe t 2

εs
) × cosh ( x/ t )

tsi nh ( L 3 / t )
+

qNe t
εs
×cosh ( ( L 3 - x) / t )

si nh ( L 3 / t )
, 　0 ≤ x < L 3

(13)

3　Results and discussion

In order to verify t he p roposed model ,a 2D de2
vice simulation is performed using M EDICI for the
same st ruct ure. In t he following figures ,t he curves
denote t he analytical result s and t he point s rep re2
sent t he numerical result s.

Figure 2 shows t he surface potential and elec2
t rical field dist ributions of single RESU RF and
double RESU RF devices. A fair accordance be2
tween t he analytical and numerical result s may
generally be found. The discrepancies between
t hem are due to t he penet ration of t he space charge
region between two regions wit h different doping
concent rations in x = 0 , L 1 , L 2 and L 3 . However ,
t his kind of discrepancy has lit tle effect on the

Fig. 2 　Surface potential and elect rical field dist ribu2
tions of single RESU RF and double RESU RF devices

breakdown voltage analysis. One can see that a new
elect ric field peak appears at x = L 2 in t he double
RESU RF device as compared to t he single RE2
SU RF st ructure. Because of t he incorporation of

t he p2top region inside t he drif t region ,t he peaks of
t he elect ric field of t he double RESU RF is de2
creased at x = 0 and increased a lit tle at x = L 3 . The
potential of t he double RESU RF is dist ributed lin2
early in most of t he drif t region , but t he potential
dist ribution of the single RESU RF shows a large
curvature in t he whole drif t region ,which leads to
a non2uniform surface field p rofile that may cause
t he degradation of t he breakdown voltage.

Figure 3 illust rates t he surface elect rical dis2
t ributions for different doping concent rations ,
t hicknesses ,and positions of t he p2top region. It is

Fig. 3 　Surface elect rical dist ributions of the double

RESURF device along the drif t region 　(a) Different

Ptop ; (b) Different ttop ; (c) Different L 1
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evident that t here are t hree surface elect ric field
peaks ,which appear at x = 0 , L 2 and L 3 ,respective2
ly ,and st rongly depend on the parameters of t he p2
top region. In Fig. 3 (a) and ( b) , Ptop and ttop have
t he same effect on t he surface elect ric field dist ri2
bution. With an increase in Ptop or ttop , t he elect ric
field peaks decrease at x = 0 and increase at x = L 2 ,

L 3 , and t here exist s an elect ric field value that is
fixed between x = L 1 and L 2 . This means that the
highest elect ric field may move f rom x = L 3 to x = 0
with a decrease in Ptop or ttop ,which is responsible
for t he change of t he potential dist ribution. There2
fore the breakdown point moves f rom x = L 3 to x =
0 as Ptop or ttop decreases below a critical value ,at
which the two elect ric field peaks ( x = 0 , L 3 ) are e2
qual . In Fig. 3 (c) , t he position of t he elect ric field
peaks at x = L 2 moves wit h t he change of t he p2top
region position ,while t he positions of ot her elect ric
field peaks do not change. Because t he p2top re2
gion’s charge can rest rain t he peaks at x = 0 , but
enhance t hose at other places , one can find t hat
with the increase of L 1 , t he values of t he elect ric
field at x = 0 , L 2 ,and L 3 increase , but t he value of
t he elect ric field decreases at x = L 1 . Therefore ,in
order to obtain t he ideal elect ric field dist ribution
at which the maximum breakdown is realized , a
smaller L 1 is required.

Figure 4 demonst rates t he surface elect ric field
dist ributions for different drif t region doping con2
cent rations ,t hicknesses ,and subst rate doping con2
cent rations. In Figs. 4 (a) and (b) ,wit h t he increase
of N e or te , t he magnitude of t he elect ric field in2
creases at x = 0 , L 1 ,and decreases at x = L 3 ,but is
fixed at x = L 2 , so t he maximum peak field point
may t ranslate f rom x = L 3 to x = 0. The maximum
breakdown point will change wit h a change of the
position of t he highest elect ric field peak value.
When t he t hree elect ric field peaks ( x = 0 , L 2 , L 3 )

have a uniform value ,which must be less t han the
critical value ,t he maximum breakdown voltage will
appear . In cont rast ,t he subst rate doping concent ra2
tion of t he subst rate causes t he magnit ude of the
peak field to decrease at x = 0 and increase at x =
L 3 wit h t he increase in t he subst rate doping con2
cent ration. In t he optimization of t he devices , t he
subst rate doping concent ration is a very important
parameter ,which to a large extent determines the
position and amplit ude of t he maximum peak elec2
t ric field.

Fig. 4 　Surface elect rical dist ributions of double RE2
SU RF device along the drif t region　(a) For different

drif t region doping concentrations ; ( b) For different

drif t region thicknesses ; (c) For different subst rate do2
ping concentrations

The breakdown voltage of a double RESU RF
device is determined by the minimum of the lateral
breakdown voltage BV lat , and t he vertical break2
down voltage BVver . BV lat due to t he surface elect ric
field Ei ( x ,0) can be calculated f rom t he avalanche
breakdown condition of t he critical elect ric field
concept . The maximum surface elect ric field rea2
ches t he critical value Eclat ,which can be given as
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Max[ E i ( x ,0) ] = Eclat =
A

1 - Blg
Ne

1016

where A µ311V/ cm and B µ015 are related to the
ionization rates[13 ] . BVver is determined solving the
ionization integral wit h ionization rates for an ab2
rupt two2sided p2n junction[14 ] :

BV ver = 51238 ×1013 ×( Psub

1 +
Psub

Ne

) - 3
4 [ 1 -

(1 -
t e Ne

Ty Psub
) 2

1 +
Ne

Psub

]

with Ty≈[
118×10 - 35

8
×(

qPsub

εs
) 7 ×(1 +

Psub

Ne
) ] - 1

8 .

A nalytical results f or t he brea kdow n voltage

a re s how n i n Fig. 5 wit h si mula tion results as a

f unction of t he drif t region le ngt h f or a set of de2
vice p a ra mete rs a nd comp a re d wit h t he exp e ri2
me ntal da ta obtai ne d by Cola k [ 15 ] . O ne ca n see

t hat bot h show good accorda nce . For a give n set

of p a ra mete rs , wit h t he increase of t he drif t re2
gion le ngt h , t he brea kdow n voltage reac hes a con2
sta nt value B V ver t hat is li mite d by t he ve rtical p2n

junction brea kdow n.

Fig. 5 　Breakdow n voltage as a f unction of drif t re2
gion lengt h

Figure 6 gives t he critical drif t region t hick2
ness a nd brea kdow n voltage cha nge as a f unction

of drif t region dop i ng conce nt ra tion . There exists

a n op tical drif t region dop i ng conce nt ration a t

w hich t he maxi mum brea kdow n voltage occurs f or

a double R ESU R F , w hich is si mila r t o t he results

give n by Souza [ 3 ] . For a ce rtai n drif t region t hick2
ness , a double R ESU R F device allows a signif ica nt

i nc rease i n t he drif t region dop i ng conce nt ra tion

resp onsible f or t he reduction of t he on2resist a nce

w he n comp a re d wit h a si ngle R ESU R F device ,

w hich i mp roves t he t ra de2of f betwee n t he brea k2
dow n voltage a nd on2resist a nce .

Fig. 6 　Critical drif t region t hickness and breakdow n

voltage as a f unction of drif t region doping concent ra2
tion

4　Conclusion

The surface field dist ribution and optimal de2
sign of double RESU RF devices have been st udied
analytically. The dependence of the surface elect ric
field and potential dist ributions on t he t hickness
and doping concent ration of t he drif t region ,dept h ,
doping concent ration ,and position of the p2top re2
gion and subst rate doping concent ration and the in2
fluence of t he drif t region length and doping con2
cent ration on t he breakdown voltage also have been
discussed. All analytical result s have been shown to
be in agreement with t he result s obtained by t he
M EDICI simulation. In order to enhance the break2
down characteristics of the devices while maintai2
ning the low on2resistance , an ideal surface field
dist ribution is much needed and the critical doping
concent ration of Ptop and N e is of considerable im2
portance. Therefore , t he analytical model p roposed
in t his paper will be a good tool for a designer to
optimize double RESU RF devices.
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体硅 Double RESURF器件表面电场解析模型及优化设计

李　琦­　李肇基　张　波

(电子科技大学 IC设计中心 , 成都　610054)

摘要 : 提出了体硅 double RESU RF器件的表面电场和电势的解析模型.基于分区求解二维 Poisson方程 ,获得
double RESU RF表面电场的解析表达式.借助此模型 ,研究了 p2top 区的结深 ,掺杂浓度和位置 ,漂移区的厚度和
掺杂浓度 ,及衬底浓度对表面电场的影响 ;计算了漂移区长度 ,掺杂浓度和击穿电压的关系.从理论上揭示了获得
最大击穿电压的条件 .解析结果、验证结果和数值结果吻合良好.
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