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Abstract: A new SOI high-voltage device structure with nonuniform thickness drift region (n-uni SOI) and its optimiza-

tion design method are proposed. Owing to the nonuniform thickness drift region,the electric field in the SOI layer is mod-

ulated and the electric field in the buried layer is enhanced,resulting in an enhancement of breakdown voltage. An analyti-

cal model taking the modulation effect into account is presented to optimize the device structure. Based on the analytical

model, the dependencies of the electric field distribution and breakdown voltage on the device parameters are investigated.

Numerical simulations support the analytical model. The breakdown voltage of the n-uni SOI LDMOS with n =3 is twice

as high as that of a conventional SOI while its on-resistance maintains low.
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1 Introduction

Silicon on insulator (SOI) technology offers tre-
mendous advantages over junction isolation, such as
low leakage current, near ideal isolation, and high
switching speed, but suffers from low breakdown volt-
age (BV) and the self-heating effect (SHE). To ad-
dress these issues, several structures have been pro-
posed"' ' ,in which a linear drift doping profile tech-
nology on the ultra-thin SOI has been applied to real-
ize a high BV (>700V)"*, while the local self-heat-
ing near the source is presented''”). Therefore, the
step doping profile in the SOI layer (SD SOI) has
been proposed to obtain a trade-off between BV and
SHE"*'* . An analytical model can shorten the design
cycle by the first-order design scheme and provide
physical insight into the breakdown mechanism.
Chung et al. have given a general expression of the
surface electric field accounting for the effects of the
gate and drain field plates''*’ . The breakdown voltage
models for SD SOI devices and surface implanted SOI
LDMOSs have been given™*"'*' . But these device struc-
tures and analytical models are presented only for SOI
devices with a uniform thickness in the drift region.

In this work, a new SOI high-voltage device
structure with a nonuniform thickness in the drift re-
gion and its analytical model for the electric field dis-
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tribution are proposed. The electric field of the drift
region is modulated by the nonuniform thickness SOI
layer,improving the electric field distribution in the
buried layer and thus enhancing breakdown voltage.
We analyze and optimize the electric field distribution
and breakdown voltage for the n-uni SOI. The results
show that the proposed device structure enhances BV
and reduces on-resistance (R,,).

2 Structure and model

The cross section of an n-uni SOI LDMOS is
shown in Fig. 1,where the SOI layer is divided into n
regions with different SOI thicknesses ts; (i =1,2,---,
n,ts, = ts). The length of ith region is L;.N-uni SOI
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Fig.1 Schematic cross section of an n-uni SOI LDMOS
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with n =1 is the conventional SOI. x measures the
horizontal position relative to the edge of the p region
while y measures the vertical positions relative to nth
region surface,respectively. N, and L, are the doping
concentration and length of the drift region with the
permittivity of eg, satisfying L, = ELi . t; is the
i=1

thickness of the buried layer with permittivity of ;.

The new surface field peaks are generated at
steps, which modulates the electric field of the SOI
layer and increases the electric field of the buried lay-
er, resulting in an enhancement of breakdown volt-
age.

When a high positive voltage V, is applied to the
drain while the source,gate,and substrate are ground-
ed, the drift region is fully depleted. The potential
function ¢; (x,y) of ith(i=1,2,--, n) region fol-
lows the 2D Poisson’s equation:

8290,-(){,y) N 92<pi()i,y) __ qu’
dx*? dy* €s
ts_ ts,’<y<tsyi = 1,2,"‘,”1 (1)

@i (x,y) can be approximated by a simple parabolic
function. The boundary conditions for Eq. (1) are giv-
en by

E)SE[(Xay) :O’H%g;(x,y) _761521‘()(’15)’
ay y=tg-ig; 9y y=ig esty
15_15i<y<15vi:172,"',n (2)

For the optimal device structure, the following
expression is satisfied to obtain a maximal BV .

E(nLLdylsftsf):Ec, i=1,2,---,n (3)

where Ec is the critical electric field of Si. Solving
Eq. (1) with the boundary conditions (2) and (3),the
surface potential and surface electric field distribu-
tions are given by

i—1
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t;
where t; = t54/0.5+ (t;/e) (es/ts;) . Equations (4)

and (5) can also be applied to an SD SOI LDMOS by

substituting t = t5/0.5+ (t;/er) (es/ts) and Ny for
t; and Ny, respectively, where ts and N, are the
thickness of the SOI layer and the concentration of
ith region for an SD SOI LDMOS, respectively. For
the SD SOI LDMOS, substituting ¢; (0, 0) = 0 and

L,
2nt

n ‘%L

SDH(LdaO) =BV = ZJi—ld E,‘(XﬁO)dX = ZntECth
i=1Y Tntd
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into Eq.(4) yields Ng <

Mth h, based on which, the RESURF
qt 2nt
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condition of N < oc(2i—1) and Ny ts

=(2i = 1) Ny ts can be inferred. This result agrees
with that of Refs.[13,16]. According to the above
analysis,a high-voltage SOI device can be obtained by
varying the thickness of the SOI layer and maintai-
ning a fixed N4, which is expressed by

Ngyts; = (2i = 1) Ngtg (6)
This is the design conception of an n-uni SOI high-
voltage device.

3 Results and discussion

Figure 2 gives the surface field and surface po-
tential distributions for the conventional SOI and n-
uni SOI LDMOS with n = 3,in which the structural
parameters are t; = 3pm, ts = 0. 5pm and L, = 36pm
for two devices, ts; =0.1X (2i = 1)pm, L; = L4/3 for
the n-uni SOI LDMOS. Compared with the conven-
tional SOI,the new surface field peaks P1 and P2 are
generated at steps,lowering the electric field peaks at
the ends of the drift region for n-uni SOI. So a high
average electric field in the drift region is obtained
for the n-uni SOI due to the modulation effect, resul-
ting in an increase of BV from 198V of the conven-
tional SOI to 405V. The analytical results of the sur-
face field in the middle of each region for the n-uni
SOI LDMOS are lower than the numerical simulations
in Fig. 2 (a). The discrepancies result from the as-
sumption of dpi(x.y) ;);’y)
ignores the 2D effect of thse ssltlrface field though it is
important for the n-uni SOI LDMOS with small tg;
and L;. The analytical results for the conventional
SOI agree well with the simulations due to the large
t5; (0. 5pm) and L; (36pm) in Fig. 2(a). The surface
potential distributions are given in Fig.2 (b). The
voltage drop is almost uniform in the x-direction for
the n-uni SOI. However, the voltage is mainly sus-

=0 in Eq. (2), which

tained by pn and nn" junctions and the drift region
hardly supports voltage for the conventional SOI, thus
BV is low.

The surface field distributions for the n-uni SOI
and SD SOI (represented by line) LDMOSFETs are
also compared in Fig. 2(a). The parameters are used
in simulation as follows: for n-uni SOI, t5 = 0. 1um,
t; =0.3um, s =0.5um and Ny =4.5x10"cm °;for
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Fig.2 Surface electric field and potential distributions (a)
Surface electric field distributions; (b) Surface potential distri- 16k n=5, E, >170V/um, BV=535V
butions (¢; =3pm,ts=0.5um, Ly =36pm for all, ts; = 0. 1pm, g
ts, =0.3pm, tg, = 0. 5um, L, = Ly/3 for n-uni SOD N
=4 1.2F n=3 BV=405V
SD SOI, Ny =1.5X10"* ecm™®, Ny =4.5%X10* cm ™2, 2
_ 16 -3 - -2
Ng=7.5X10"cm * and ts=0. 3pum. The charge den- g 0.8 n=1,E, ~65V/um, BV=198V
sities in ith region for the n-uni SOI and SD SOI LD- m R
MOSFETs are equal and satisfy the ratio 2i — 1. Their 04k £
electric field distributions and BV (n-uni SOI, BV =
405V,SD SOI BV =399V) are almost identical. 0 L )
BV increases as n increases because of the en- 0 05 LO 15 20 25 30 35 40 45
. . y/pm
hanced modulation effect of multiple steps on the
electric field. Figure 3 gives the electric field distribu- Fig.3 Influence of n on the electric field distributions in the

tions in the x- and y-directions at n =1,3,5. Both the
number of the surface field peaks and the average
electric field increase with n. The new electric field
peaks on the interface between the SOI layer and bur-
ied layer appear on account of the coupling effects of
the surface field,leading to an enhancement of the in-
terface electric fields as illustrated in Fig. 3 (b).
Therefore, the electric field of the buried layer E; is

x- and y-directions (a) Surface electric field distributions ver-

sus n; (b) Interface electric field distributions versus n; (¢) E-
lectric field distributions in y-direction versus n (t; =3pm, Ly =
36pm, L; = Ly/n for n-uni SOI, Ny =1.3%10',4.5 % 10" and

7.5X10"%cm™® for n =1.,3 and 5.respectively)

enhanced from about 65V/um of the conventional
SOI (n =1) to 170V/um for the n-uni SOI LDMOS
with n =5 in Fig.3(c),and BV increases from 198V
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Figure 4 shows the dependences of BV and R,, 2 N
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selective dry etching twice or by selective oxidation 90k A tz;o'éum
followed by oxide removal twice. The analytical re- ]
sults of BV are lower than the simulation in Fig. 4 as a 60 ) ) ) . )
result of the low electric field values used in the ana- 3 4 N/lOSlﬁcm'3 6 7
d

lytical model (in Fig. 2(a)).

Figure 5 gives the impact of Ny on BV with the
different step heights. The optimal N, decreases as ts;
increases for given ts and ts . The step heights of ts,
—tg and ts — ts are not permitted to be too high or
too low in order to get a high BV. ty; = (2i = 1) tg is
an optimal SOI thickness profile. Figure 5 gives the
optimal analytical results of BV. The design results
agree with the numerical simulations.

Figure 6 compares the surface temperature distri-
butions for the n-uni SOI (n =3) and the convention-
al SOI LDMOSFETs with their own optimal Ny. V=
12V, the gate voltage V, = 10V, and the substrate
temperature 300K are used in simulation. For an n-uni
SOI LDMOS, the enhancement of E; makes ¢; de-
crease for a fixed BV or BV increase for a constant
t;,resulting in a low self-heating effect or a high BV
as indicated in Fig. 6. Thus,we conclude that the n-uni
SOI structure can not only enhance BV, but reduce
R., and SHE. So, it has the potential for application
in high voltage and power fields.

4 Conclusion

A new SOI high-voltage device with nonuniform
thickness in the drift region is proposed. The electric

Fig.5 BV as a function of N4 with the different step heights
for n-uni SOI (a) ts =0.3um;(b) tsp =0.2pm
ts =0.1pm, Ly =15pm,L; = Ly/3

ty = 1.5ym7
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Fig. 6  Surface temperature distributions (L4 = 12pm, t5 =
0.5pm, V, =10V, V, =12V for all, t5 = 0. 1pm, t5; = 0. 3pm,
ts =0.5pum for n-uni SOD

field in the SOI layer is modulated and the electric
field in the buried layer is enhanced, realizing a high
breakdown voltage. An analytical model is presented
to guide the design for the proposed structure. It
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shows the breakdown voltage of n-uni SOI LDMOS is
twice as high as that of conventional SOI,and R,, and

SHE

remain low.
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