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Abgtract : A novel 2D analytical model for the doping profile of the bulk silicon RESURF L DMOS drift region is
proposed. According to the proposed model ,to obtain good performance,the doping profile in the total drift re-
gion of a RESURFLDMOS with afield plate should be piecewise linearly graded. The breakdown voltage of the
proposed RESURF LDMOS with a piecewise linearly graded doping drift region is improved by 58 8 %,and the
specific onresistance is reduced by 87. 4 % compared with conventional L DM OS. These results are verified by the
two-dimensional process simulator Tsuprenr4 and the device simulator Medici.
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1 Introduction

Reduced surface field (RESURF) technolo-
gy has been widely applied in high-voltage inte-
grated circuit (HVIC) devices and smart power in-
tegrated circuits (SPICs) devices® *. The main
advantages of high-voltage devices with RESURF
technology are the lowering of onresstance and
the reduction of chip sze under high drain volta
ges. L ateral double-diffused MOS (LDMQOS) isone
of the most popular high voltage devices due to its
easy integration with standard low-voltage CMOS.
The breakdown voltage and the ornrres s tance are
the two most important performance factors for
LDMOS , but these two electrical parameters often
conflict with each other in processng technology.
In recent years,much research on how to improve
the breakdown voltage and reduce the specific on-
resistance has been reported”® . Linearly graded
doping in the drift region of LDMOS was found to
be one &fective way to improve LDMOS perform-
ance'® ¥ References [8,9] predicted that a linear
lateral doping profile in the drift region in SOI
could yield the maximum breakdown voltage and
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the minimum specific orrresstance for SOl RE
SURF LDMOS. A computer program was devel-
oped to help realize a linear lateral doping profile,
and experimental verifications were a0 per-
formed™ . However ,References [8 10] apply on-
ly to SOl RESURF LDMOS. References [11,12]
show that alinear lateral doping profilein the drift
region in bulk-slicon also could improve the per-
formance ,but the model and smulated results are
too s mple——the thickness of the oxide above the
drift region was assumed to be uniform ,and thein-
fluence of thefield plate on the performance of the
BS RESURF LDMOS was not considered.

The purpose of this work is to develop a 2D
analytical model for the doping profile of the drift
region in LDMOS with a field plate in terms of
Poisson’ s solution. According to the proposed
model ,the doping profilein the total drift region of
a RESURF LDMOS with a field plate must be
piecewise linearly graded in order to obtain the best
performance. A RESURF LDMOS with a piecewise
linearly graded doping drift region was smulated
by the 2D semiconductor device smulators Tsu-
premr4 and Medici. The smulation results show
that the novel LDMOS has an improved trade-off
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between the breakdown voltage and the specificon
red stance compared to conventional LDMOS. We
think the model and the method will help designers
improve the performance of high-voltage BS RE
SURF devicesin practicall LDMOS desgn.

2 Analytical modes

A schematic cross section of the BS RESURF
LDMOS structure with a step oxide layer in the
drift regionis shownin Fig.1 ,where x isthe hori-
zontal postion relative to the left edge of the drift
region and y is the vertical position relative to the
surface of the drift region. The drift regionis divid-
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ed into four regions,the boundaries of which are
denoted by L:, L2, Ls,and Ls. The p-substrate,
whose doping concentration iS Nan ,iS assumed to
be thick enough to deplete the substrate charge,
and the width of the substrate depletion layers un-
der Li(i=1,2,3,and 4) are tis ,tzs ,tss and s ,re-
spectively. Here ,t: is the thickness of the gate ox-
ide layer ,t. and ts are the thicknesses of the field
oxide layer under the poly gatefield-plate and the
aluminum drainfield-plate, respectively. The rela
tive dielectric constants of the oxide and the semi-
conductor are €« and €5, respectively. The gate
voltage is Vg ,and the substrate and the source are
grounded,while the drain is supplied with a posi-
tive voltage V4. The mepitaxy layer thickness is
te with a doping concentration profile of Nq(Xx).
The potential function® (x,y) in slicon film must
be satidied by Poisson’ s equation ,yielding

doLey |, doloy) | aNald g
dx®

dy> = E€&s

Based on the theory in Ref. [13] we integrate
Poisson’ s equation over the y-direction in the n-
drift region ,and obtain the following equation for 0
< x<Li.

J.Od dx’ dy + Ey(x,0) -

Eiy(x,ta) =- QEN_:{E‘__X)'U, 0< x< L1
(2)
Assuming that the electrical flux along the S/

SO: interface is continuous ,the following equation

can be obtained by neglecting the influence of the

fixed chargein the SO. material .

€@ (x.0) - V']

€sta (3)

Here V' =Vg4 - Vm isthe applied voltage ,and V=

isthe flat-band voltage. Assuming that the n-drift

region isfully depleted ,we get

2 X - X, t

ta

Eiy(x,0) =-

Ely(X,td) =

= delx0)] (4

ta + ta

Here ta can be defined as 1125 according to the as

sumption in Ref. [14]. According to the RESURF
principle, the depletion approximation is suitable

for the n-drift region. We can assume %ﬁz
i(p‘ld‘(x)z(—‘g)‘ in the first-order approximation™.
From Egs. (2 4) ,weobtain
de’é - 01 (x,0) =PBn (5)
_ £ 2 _
where O = Estita ta(ta + ta) ' and B =
_ [Qm_(_x)_ +482L 1 ]

EEs E€stita  °

In the same way ,we can obtain three similar

equations under the conditions of L1 < x<L2,L2

< x<Lls,and L3 < x< La. The only difference is

that Esy(x,0) =0 for L2 < x < L3z according to

Ref.[16]. Then,we obtain the general expression
00 g0 (5,0 =B ()

dx
where
- E0)( + 2
Estaty ta(ta + ts2)
€
sz - [Qud_(_x)_+_ox_ 1

EE€s Eqt2ta

Uiz



978

27

2 _ . aNe(x)
ta(ta + ts) ’ Brs =- EEs
€ 2
Olva T Egtata ta(ta + tsa)
Buu =- [_qu_(_X)_ L —Eac ]
EEs €s tata

V'i=Vdi- Ve

Neglecting the influence of the junction
depth of the drain region,according to Ref.[15],
tss can be defined by the following equation,
which follows from the 1D Poisson’ s equation.

t &£
tes = 2 x # - 7
: 2 { " qNsubtg JJ ()

According to the RESU RF principle,if the n-
drift region is fully depleted and the concentra-
tion of the p-substrate is uniform,then tis can be

Qs =

approximately defined as tis =L ta(i=1,2,and

La

3) .Based on the assumption in Ref.[14], ts can
. + .
be defined as ts :L“Q‘_Zt("_m,where i=2,3,and

4.

According to Ref.[12],in order to attain the
maximum breakdown voltage, the surface poten-
tial distribution should follow the equation

0 (x,0 = Lix ®)
La

Substituting Egs. (8) and (7) into Eq. (6) ,we

obtain the following equations:

Nar (X) = Ml X - Efa "¢, 0 x< Ly
qts ta
(9)
Ne (X) = szx-m_V'g, L: £ x< Lo
qtz ta
(10)
Naez(X) = MIisx, L2 < x < Ls
(11)
Nas (X) = WMX-MV'd, L3 £ x £ L4
qts ta
(12)
where Mzajdvd.
qL 4

From Egs. (9 12) ,we can draw a very usef ul
conclusion. To obtain the maximum breakdown
voltage ,an improved trade-off between the break-
down and the specific onresistance, the doping
profilein the total drift regioninanLDMOS with
a field plate must be piecewise linearly graded.
The following sections provide some results from
Tsuprem-4 and Medici to show that the piecewise

linearly graded doping drift region is very effec-
tive for improving the performance of BS RE-
SURFLDMOS.

3 Smulation and discussion

The cross sections of the proposed and the
conventional BS RESURF LDMOS structures are
uniform ,as can be seen in Fig. 1. Figure 2 shows
the equipotential contour lines of the conventional
(a) and the proposed (b) BS RESURF LDMOS at
their breakdown voltages. The s mulation results of
the conventional LDMOS are obtained with Nsb =
1x10%cm ™ ® ,Na =3x10%cm ™ ® ,ta =3 ¥ m,Len =
3@m,Ve =01V ,Vyg =0V,L1 =Mm,L: =
4 3m,ls =7 %8 m,Ls =10 m,ts =30nm, 2 =
630nm ,ts = 1630nm ,and the supplied breakdown
voltage Va4 = 85V. The piecewise linearly graded
doping drift region of the proposed LDMOS was
matched by piecewise stepwise variation of the uni-
form doping concentration with different lengthsin
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(@) and the proposed (b) BS RESURFLDMOSat their
breakdown voltages
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accordance with Egs. (9 12). In the practical
process,the piecewise linearly graded drift region
doping profile can be fabricated usng a sngle
phosphorus implant through a mask with a series
of openingsof different sizes”!. The other parame-
tersof the proposed LDMOS are the same as the
conventional structure except for the applied
breakdown voltage in the smulations. The contour
lines along the drift region of the conventional LD-
MOS is not symmetrical , and the contour lines
crowd at the drain region ,which resultsin an ava
lanche breakdown ,as can been seen in Fig. 2(a).
However from Fig. 2(b) we find that the contour
lines along the drift region of the proposed RE
SURF LDMOS with a piecewise linearly graded
doping drift region are very symmetrical ,whichim-
proves the breakdown voltage. If the ionization in-
tegral is equal to 1,an avalanche breakdown will
occur. In this way ,the breakdown voltage of the
conventional LDMOS is limited to 85V , but the
breakdown voltage of the proposed RESURF LD-
MOS with piecewise linearly graded doping drift
region can reach 135V ,which can be seenin Fig. 3.
The breakdown voltage of the proposed RESURF
LDMOSisimproved by 58 8 % compared with that
of conventional LDMOS.
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=3 0pm, L =1pm,
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Fg. 3 Breakdown characteristic curves of the pro-
posed and the conventional LDMOSs

Figure 4 shows the surface electrical field dis
tribution along the drift region of the proposed and
the conventional LDMOSat their breakdown volta
ges. There are five electrical field peaksin the sur-
face electrical field distribution of the proposed
LDMOS with the piecewise linearly graded doping
drift region ,and each electrical field peak value is
less than that of the critical electrical field. This
kind of surface electrical field distribution can
greatly reduce the maximum peak electrical field so

as to obtain the maximum breakdown voltage,
which agrees with the theoretical analyssweintro-
duced earlier in Ref. [18]. In contrast ,there are on-
ly two electrical field peaksin the surface electrical
field distribution of the conventio-nal LDMOS ,and
the maximum electrical field peak reaches a magni-
tude of 2 5x10°V/cm at the drain edge. The non
uniform electrical field will greatly reduce the
breakdown voltage.

3.00
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Fig.4 Surface dectrica field distribution aong the
drift region of the proposed and the conventional LD-
MOSs at their breakdown voltages

Figure 5 shows the surface potential distribu-
tion along the drift region of the proposed and the
conventional LDMOS at their breakdown voltages.
One can seefrom Fig.5 that the potential distribu-
tion of the proposed LDMOS with the piecewise
linearly graded doping drift region is approxima

140
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120F £=3.1pm,L,=1pm,
> 0 L=4.5um,L,=7.5um,
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o 1 2 3 4 5 6 7 8 9 10

Fig.5 Surface potentia distribution along the drift re-
gion of the proposed and the conventional LDMOSs at
their breakdown voltages

tively linear ,which is in agreement with Eq. (8)
and thus can attain the maximum breakdown volt-
age. The linear distribution of the surface potential
also leads to the optimal electrical field distribution
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inthe drift region of the piecewise linearly graded
doping drift region LDMOS (seen in Fig.4). In
contrast ,the potential distribution of the conven-
tional LDMOS shows a large curvature in the
whole drift region ,which leads to a non-uniform e-
lectrical field profile (seen in Fig.4). Consequent-
ly ,the breakdown voltage suffers a consderable
degradation.

Figure 6 shows the I-V curves of the conven-
tional (a) and the proposed (b) BS RESURF LD-
MOS. One can see that the saturation characteristic
of the proposed LDMOS with the piecewise linear-
ly graded doping drift region is better than that of
the conventional LDMOS. The specific on-resst-
ance Ron can be extracted from the smulated |-V
curvesin the linear region and the channd length of
the LDMOS. The numerically calculated values of Ren
are27. 7and 3 5nf - cm’” at V¢ =5V for the conven
tiond and the proposed RESURF LDMOS, resective
ly yidding a reduction of 87. 4%. Here,we think the
concentration of the proposed LDMOS with piecewise
linearly graded doping drift region is higher than that
of the conventiond LDMOS, the proposed LDMOS
allows a dgnificant reduction of the gedfic on-red &-
ance compared with the conventional LDMOS.
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Fig.6 |-V curvesof the conventiona (a) and the pro-
posed (b) BS RESURF LDMOS

4 Conclusion

A novel 2D analytical model for the doping
profile of the bulk slicon RESURF LDMOS drift
region has been proposed. Theinfluence of thefield
plate and the variation of oxide layer thickness on
the breakdown voltage and the specific on-red st-
ance is taken into account in the model. According
to the presented model ,in order to obtain the maxi-
mum breakdown and the minimum specific on-re-
sstance ,the drift region doping profile of a RE
SURF LDMOSwith afield plate must be piecewise
linearly graded. In this way ,a novel RESURF LD-
MOS with a piecewise linearly graded doping drift
region is proposed ,for which the breakdown volt-
age isimproved by 58 8 % ,and the specific on-re-
sgistance is reduced by 87. 4 % compared to those of
conventional LDMOS.
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