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and Optimization of Bulk-Silicon Double RESURF Devices
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Abdgtract : A new 2D analytical model for the surface electrical field distribution and optimization of bulk-silicon
double RESU RF devices is presented. Based on the solution to the 2D Poisson’ s equation,the model gives the in-
fluence on the surface electrical field of the drain bias and structure parameters such as the doping concentration,
the depth and the position of the p-top region,the thickness and the doping concentration of the drift region,and
the substrate doping concentration. The dependence of breakdown voltage on the length and doping concentration
of the drift region is also calculated. Further more,an effective way to gain the optimum high-voltage is also pro-
posed. All analytical results are verified by simulation results obtained by M EDICI and previous experimental data,

showing the validity of the model presented here.
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1 Introduction

In recent years, (reduced surface field RE-
SURF) technology has been widely used in power
integrated circuits device!"?' . Double RESURF is
one of the most widely used methods to design
high voltage devices with low on-resistance. Much
research by numerical smulation and experiment
shows that high breakdown voltage can be main-
tained while the drift region doping concentration
isincreased to twice as much as that in sngle RE
SURF devices® " ,and a good trade-off between
breakdown voltage and ornrresstance is realized.
Several analytical models have previoudy been in-
troduced® ! but are all for particular structures,
providing little information about breakdown phe-
nomena of bulk-slicon double RESURF devices. A
smple method for determining the optimal charge
balance and processi ng window of double RESURF
lateral devicesis presented by solving the 1D Pois
son equation, because of the 2D nature of the
charge distributionin the drift region ,which cannot
provide any detailed physcal insght into the RE
SURF principles and device characteristics”'. To
the best of our knowledge,there has not been any
2D bulk-slicon analytical solution for the surface
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electrical field of double RESURF structure so far.

The purpose of this work is to develop a 2D
analytical model for the surface electrical field and
potential distributions of bulk-slicon double RE
SURF devices usng the Poisson solution. The ana-
lytical resultsof the presented model s show a good
agreement with the numerical smulation results
obtained by M EDICI and previous experimental da
ta. The dependence of the surface electrical field on
the bias and structure parameters has been dis
cussed in detail . The proposed model s will be help-
ful for designers to provide accurate first-order de-
sgn schemes and afford an effective way to im-
prove the performance of high voltage bulk-silicon
double RESURF devices.

2 Analytical model

A schematic cross section of the bulk-slicon
double RESURF deviceis shownin Fig.1,where x
measures the horizontal postion relative to the left
edge of the double-diffused p* n junction and vy
measures the vertical postion relative to the sur-
face. The drift region length is defined as the n
type region length,Ls - Lo = Ls ,between the n”
drain and p* well. The drift region thicknessis te,
with a uniform doping concentration of Ne ,where-
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as P and top are the doping concentration and

depth of the p-top region,respectively. A negative
v,

- - -

Depletion edge

Fg.1 Cross sectionof the double RESURF device

concentration denotes p-type doping ,and a postive
concentration is n-type doping. The whole drift re-
gionis divided into four regions along the edges of
the p-top region,and their boundary postions are
given by x=0,L1,L2,Lzand y=0,tp ,te. The sub-
strate depletion layer thicknessis twh ,with doping
concentration Psiw. The dielectric constant of bul k-
sliconis€s. The device is biased in the off-state
configuration; substrate, source, and gate are
grounded while the drain is biased to a positive
voltage Vq. The potential function®@i (x,y)in the
dlicon film must satidy the 2D Poisson’ s equation

given by
azwia(xxz 2y azwia(yé ha P is125a
(1)

Assuming that the drift region is completely deple-
ted and the potential functions@i (x,y) can be ap-
proximated by the second order Taylor expansons

Pi(x,y) =0i(x,0) +@p‘daf‘my+a—2%é?myz
i =1,2,3 (2)

Qa(x,y) =@a(x, twp) +@&‘%(—t‘”"l(y- twp) +
M_tml(y_ ter) 2 3)

20%°
the boundary conditions for the potential functions
are then

@OV Lo 2123 (@
ay y=0

@i(x.y) oAt L3,

ay y=tg - tsub ' ' = Y
(5

(Pz(X tlop) :(p4(X ttop)
a2 (x ,y)‘ @4( ,y) (6)
Y= tgp Y=t

®1(L1,0) =@2(L1,0),

@21_(_1_4)_ @p_z_(_l_.l)_ (7)
aX y=0 y=0
®2(L2,0) =@3(L2,0),
o (lo.y) _@Ib_(_z_._ﬂ (8)
8x y=0 y=0
®:(0,00 =0, ®s(Ls ,O) = Vy (9)

where N1 = N3 = N4 = Ne, N2 = P Equation (4)
assumes that the electric field at the surface can be
minimized* . Equation (5) isobtained from aline-
ar field variation along the vertical direction within
the substrate depletion thickness tsbh. Equations
(6) (8) arethe continuity of the potential and e
lectrical field along the boundary of regions 1-2 ,2-
3,and 2-4,respectively ,and Equation (9) is the
voltage condition applied to the device. Substituting
Egs. (2) and (3) into Eqg. (1) under boundary con-
ditions Egs. (4) (6) leadsto a general differential
equation for the potential distribution function a
long the surface:

aZ(D(XO) (Di(XZO):__CIMiL, i:1,2,3
aX t €s
(10)
+ tetsu
Here Ng = N = Ne ,t= } 5 ® and N§ = -
Piop + Ne
Ptop 2 ((te' ttop)2+tsub(te' ttop)).
+ tetsw

We assume that tsbh is @ constant in the first-
order approximation ,and with the genera formula
for the double-sded junction may be taken as

Ny 2 ZoV
tan = x ( Jl + F)SUD) te + qPas

Solving Eq. (10) with the boundary conditions
®:(L1,0) =V102(L2,0) =V2and®s(Lsz,0) = Vs
gives the surface potential @i ( x,0) and electrical
field E(x,0) as

- te)

i 2

ONg; t

Qi(x,0) = et
(V, - quieff t? sinh((x - Li.g)/t)
I €s sinh((Li - Li-1)/1t)
aN g t° sinh((Li - x)/t)
(Vi = e ) X (L - L)/ )
Li-x € x < L (11)
i 2
E(x,00 = (Vi - —O'N;“”L) x

cosh((x - Li1)/ 1)
tsinh((Li - Li-1)/1t)

cosh((Li- x)/t)
tsinh((Li - Li-1)/ t)’
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where i =1,2 ,and 3 are applied Vi1 and V: are the
surface potential of two boundaries between the p-
top and drift regions,respectively. The surface po-
tential @i (x,0) and surface electrical field E (x,0)
are now obtained from Egs. (11) and (12) ,respec
tively ,by finding V1 and V2 for given Vo =0 and Vs
=Vyq using the continuity condition Egs. (8) and
(9).Udng Pop = Nein Eq. (12) ,the surface elec
tric field of a sngle RESURF device can be ob-
tained by
aNe t cash (x/ t)
BO.0) = (Ve - 7 ™) X gnn(Lar 1) *

gNe t y cosh((Las - x)/t)

<
€. sinh(Le/ 1) @ O0SX<ls

(13)

3 Resultsand discussion

In order to verify the proposed model ,a 2D de-
vice smulation is performed usng MEDICI for the
same structure. In the following figures,the curves
denote the analytical results and the points repre-
sent the numerical results.

Figure 2 shows the surface potential and elec
trical field distributions of sngle RESURF and
double RESURF devices. A fair accordance be
tween the analytical and numerical results may
generally be found. The discrepancies between
them are due to the penetration of the space charge
region between two regions with different doping
concentrationsin x =0,L:, L2 and Ls. However ,
this kind of discrepancy has little effect on the
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Fg.2 Surface potential and electrical field distribu-
tions of sngle RESURF and double RESURF devices

breakdown voltage analys s. One can see that a new
electric field peak appears at x = Lz in the double
RESURF device as compared to the sngle RE
SURF structure. Because of the incorporation of

the p-top regioninsde the drift region ,the peaks of
the electric field of the double RESURF is de
creased at x =0 andincreased a littleat x=1Ls. The
potential of the double RESURF is distributed lin-
early in most of the drift region,but the potential
distribution of the sngle RESURF shows a large
curvature in the whole drift region ,which leads to
a non-uniform surface field profile that may cause
the degradation of the breakdown voltage.

Figure 3 illustrates the surface electrical dis
tributions for different doping concentrations,
thicknesses ,and positions of the p-top region. It is
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Fig.3 Surface electrical distributions of the double
RESURF device along the drift region (a) Different
Pop ; (b) Different top ; (c) Different L1
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evident that there are three surface electric field
peaks,which appear at x=0,L2 and Lz ,respective-
ly ,and strongly depend on the parameters of the p-
top region. In Fig.3(a) and (b) , P and tep have
the same effect on the surface electric field distri-
bution. With an increase in P Or twop ,the electric
field peaks decrease at x=0andincreaseat x =1L,
Ls,and there exists an electric field value that is
fixed between x = L: and L2. This means that the
highest electric field may movefrom x=_Lsto x=0
with a decrease in Puwp Or top ,which is responsble
for the change of the potential distribution. There-
fore the breakdown point movesfrom x=Lsto x=
0 as P Or tip decreases below a critical value,at
which the two electric field peaks (x=0,Ls) are e
qual. In Fig. 3(c) ,the position of the electric field
peaks at x = L2 moves with the change of the p-top
region position ,while the positions of other electric
field peaks do not change. Because the p-top re-
gion’ s charge can restrain the peaks at x = 0, but
enhance those at other places,one can find that
with the increase of L: ,the values of the electric
field at x=0,L2 ,and Lz increase,but the value of
the electric field decreases at x = L1. Therefore,in
order to obtain the ideal electric field distribution
at which the maximum breakdown is realized, a
smaller L: is required.

Figure 4 demonstrates the surface electric field
distributions for different drift region doping con-
centrations,thicknesses ,and substrate doping con-
centrations. In Figs.4(a) and (b) ,with theincrease
of Ne or te ,the magnitude of the electric field in-
creasesat x=0,L: ,and decreases at x = Ls ,but is
fixedat x = L2 ,9 the maximum peak field point
may trandatefrom x =Lz to x =0. The maximum
breakdown point will change with a change of the
position of the highest electric field peak value.
When the three electric field peaks (x =0,L2,Ls)
have a uniform value ,which must be less than the
critical value ,the maximum breakdown voltage will
appear. In contrast ,the substrate doping concentrar
tion of the substrate causes the magnitude of the
peak field to decrease at x =0 and increase at x =
Lz with the increase in the substrate doping con-
centration. In the optimization of the devices,the
substrate doping concentration is a very important
parameter ,which to a large extent determines the
podtion and amplitude of the maximum peak elec
tricfield.
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Fig. 4 Surface electrica distributions of double RE
SURF device along the drift region (a) For different
drift region doping concentrations; (b) For different
drift region thicknesses; (c) For different substrate do-
ping concentrations

The breakdown voltage of a double RESURF
device is determined by the minimum of the lateral
breakdown voltage BVia ,and the vertical break-
down voltage BV .BVia due to the surface electric
field E (x,0) can be calculated from the avalanche
breakdown condition of the critical electric field
concept. The maximum surface electric field rea
ches the critical value Esa ,which can be given as
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Max| Ei(X,O)] = BEga = —Aa
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where A =3 1V/cm and B =0. 5 are related to the
ionization rates™ . BV is determined solving the
ionization integral with ionization rates for an ab-

rupt two-sided p-n junction™ :

Pan 3 (1- )?
BVver:5238x1013X( )4[1_—-LV—E5“h—]
]_+Ji)suh 1+J§L&
Ne Psun
- 35

A nalytical results for the breakdown voltage
are shown in Fig. 5 with simulation results as a
function of the drift region length for a set of de-
vice parameters and compared with the experi-
mental data obtained by Colak!™ . One can see
that both show good accordance. For a given set
of parameters,with the increase of the drift re-
gion length ,the breakdown voltage reaches a con-
stant value BV that is limited by the vertical p-n
junction breakdown.
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Fig.5 Breakdown voltage as a function of drift re-
gion length

Figure 6 gives the critical drift region thick-
ness and breakdown voltage change as a function
of drift region doping concentration. There exists
an optical drift region doping concentration at
which the maximum breakdown voltage occurs for
a double RESU RF ,which is similar to the results
given by Souza'® . For a certain drift region thick-
ness,a double RESU RF device allows a significant
increase in the drift region doping concentration
responsible for the reduction of the on-resistance
when compared with a single RESURF device,
which improves the trade-off between the break-
down voltage and on-resistance.
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Fig.6 Critical drift region thickness and breakdown
voltage as a function of drift region doping concentra-
tion

4 Conclusion

The surface field distribution and optimal de-
sgn of double RESURF devices have been studied
analytically. The dependence of the surface electric
field and potential distributions on the thickness
and doping concentration of the drift region ,depth,
doping concentration ,and position of the p-top re-
gion and substrate doping concentration and the in-
fluence of the drift region length and doping con-
centration on the breakdown voltage al so have been
discussed. All analytical results have been shown to
be in agreement with the results obtained by the
MEDICI smulation. In order to enhance the break-
down characteristics of the devices while maintai-
ning the low onrresstance, an ideal surface field
distribution is much needed and the critical doping
concentration of Py and Ne is of considerable inm-
portance. Therefore ,the analytical model proposed
in this paper will be a good tool for a designer to
optimize double RESURF devices.
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