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Abstract: This paper presents an analytical three-dimensional breakdown model of SOI lateral power devices with
a circular layout. The Poisson equation is solved in cylindrical coordinates to obtain the radial surface potential and
electric field distributions for both fully- and partially-depleted drift regions. The breakdown voltages for N*N and
P*N junctions are derived and employed to investigate the impact of cathode region curvature. A modified RESURF
criterion is proposed to provide a design guideline for optimizing the breakdown voltage and doping concentration
in the drift region in three dimensional space. The analytical results agree well with MEDICI simulation results and

experimental data from earlier publications.
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1. Introduction

SOI high voltage ICs have been developed for power
applications due to such properties as perfect isolation, fast
switching, high integration density and low power consump-
tion. As a key component in SOI power ICs, SOI power de-
vices with a circular layout are frequently utilized to maximize
performance and minimize device areal'¥. 2-D/3-D TCAD
simulations are effective tools to help understand the underly-
ing physics and optimize the geometry of SOI lateral power
devices. To complement these numerical tools, an exact an-
alytical model is a powerful tool to investigate the operating
mechanism of SOI power devices quantitatively and develop
design schemes. Many 1-D and 2-D analytical models have
been developed to predict the electric field distribution and
breakdown voltage of SOI lateral power devices?=8. How-
ever, these models are incapable of describing the three di-
mensional effect of the circular layout such as electric field
crowding due to the curvature of the drain region. In practice,
taking 3-D effects into account is important to optimize the
device parameters and improve the operating performance!®.

In this paper, we report a 3-D analytical model for SOI
lateral power devices that considers the influence of the cur-
vature of the cathode/drain region. 3-D Poisson equations in
the drift region are solved. The analytical expressions for the
surface potential, electric fields, and breakdown voltage are
derived for both completely and incompletely depleted cases.
Numerical simulations and experimental data are employed to
verify the model. Finally, we present a modified RESURF con-
dition including the 3-D effect as a design guideline for SOI
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power devices.

2. Analytical model

A cross section of the SOI power device for modeling
and simulation is shown in Fig. 1. The cylindrical coordinate
system is chosen to have its origin on the r-axis at the surface
of the top-Si layer and on the y-axis at the center of the drain
region along the vertical direction.

When a large voltage V,p, is applied at the cathode elec-
trode while the anode electrode and substrate are grounded,
the drift region is fully depleted and the electrostatic potential
¢(r,y) in the drift region satisfies the Poisson equations taking
the following form:

8o(r, y) . 10¢(r,y) .\ *(r,y) __4Na
or? ro or ay? &s

; ey

where ¢ is the electric charge, &; is the dielectric constant for
Si, and Ny is the doping concentration in the drift region.

The second-order Taylor series expansion along the y di-
mension is employed to approximate the electrostatic potential

in the depletion region:
Y
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o(r,y) = ¢(r,0) +

Taking into account the Neumann boundary conditions be-
tween the field/buried oxide and the top-Si layer, we obtain
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Buried Oxide

Fig. 1. SOI power diode with a circular layout: (a) 3-D device structure; (b) Cross section along the A-A’ direction.
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Fig. 2. Comparison of the analytical and numerical results for SOl RESURF devices with a radius of N* region curvature of 3 ym: (a) Surface
potential distributions; (b) electric field distributions (f; = 3 um, fox = 2.5 um, Ly = 20 um, Ng = 2.5 x 10" cm™).

where K is the dielectric constant ratio of Si to SiO,.

Substituting Eqgs. (2) and (3) into Eq. (1), a differential
equation that describes the surface electrostatic potential can
be derived:

8 (r,0) + 1 9¢(r,0) + @(r,0) _ _qNg
or? r or 12 &

; “4)

where ¢ denotes characteristic thickness and is expressed as:

t = J0.512 + Ktgtoy. )

Neglecting the built-in potential of N*N and P*N junctions,
we get the boundary condition:

@(rp,0) = 0 and @(rn,0) = Vapp, (6)

where 7y and rp are the curvature of the N* region and the
inner curvature of the P* region, respectively.

Solving Eq. (4) constrained by Eq. (6), we can express
the surface potential and electric field distributions as follows:

(Vapp = Vo)Fo(r/t,rp/1) = VoFo(rn/t, /1)

#r0= Fo(nit rol1) Y
_ (Vapp = Vo)F1(rp/t,r/1) + VoF1(rn/1, 7]1)
Ertr.0)= tFo(rn/t, re/1) - ®
where V) = gNyt? /s, F,(x,y) is the function:
Fy(x,y) = (=1)" Ih(x)K,(y) = Ko(0)1,(y), )]

where [,(a) and K, (a)(v = 0,1) are the modified Bessel func-
tions of the first and second kinds about a, respectively.

For RESURF devices, lateral breakdown always occurs
at the surface of N*N and P*N junctions. A useful parame-
ter for identifying the onset of avalanche breakdown within
device structures is the critical electric field'’!. Hereby, the
breakdown voltages of lateral breakdown can be derived by
substituting Eq. (8) into E(ry,0) = EXN and E(rp,0) = EZN,
where EXN and E¢N are the critical electric fields when break-
down occurs at N*N and P*N junctions, respectively. Then

t/rN
Yo [Fl(rp/r, D)

NNtFo(VN/f, rp/t)

Vit = E
BL € Fi(rp/t,m/t)

+1

., (10)

)
VY = Vo[ 1+ ZRiGn /1, ro10)] = B roForaft o). (1)

Equation (7)—(11) can be used to investigate the electro-
static potential, electric field, and breakdown voltage in a com-
pletely depleted drift region. For a lower applied voltage, how-
ever, the edge of the lateral depletion region does not reach the
N*N junction and the drift region is not completely depleted.
In this case, the curvature of the N* region ry in Egs. (7)—(11)
is replaced by the curvature of the lateral depletion region rp,
which can be computed by solving the following equation:

(ro/t) Fi(rp/t,rp /1) = 0. 12)

1
Vap/Vo—1
3. Results and discussion

To verify the proposed analytical model, numerical sim-
ulations were performed using MEDICI in cylindrical coordi-
nates. Figures 2 and 3 show the surface potentials and electric
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Fig. 3. Comparison of the analytical and numerical results for SOl RESURF devices with a radius of N* region curvature of 10 um: (a) Surface
potential distributions; (b) Electric field distributions (t, = 3 um, t,, = 2.5 um, Ly = 20 um, Ny = 2.5 x 105 cm™).
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Fig. 4. Breakdown voltages as a function of the radius of N* region

curvature.

field distributions of the SOI RESURF device for the differ-
ent radii of cathode region curvatures. The square-, rhombus-
and triangle-dot curves are the simulation results with various
applied voltages, respectively. The solid curves are the analyt-
ical results of the proposed model. A fair agreement between
the modeling and numerical results shows that the proposed
model can be applied in the partial- and complete-depletion
cases. Furthermore, when the radius of the cathode region cur-
vature reduces from 10 to 3 um, Figures 2(b) and 3(b) indicate
that the maximum electric field at the cathode/drift junctions
increases from 1.9 x 10° to 2.5 x 103 V/cm for the same ap-
plied voltage of 180 V. Such a crowding of the electric field
due to the smaller curvature of the N* region usually lead to a
lower breakdown voltage.

Figure 4 illustrates the breakdown voltage as a function
of the radius of the N* region curvature. For reference, ex-
perimental results from previous publications and simulation
results from MEDICI are also shown in the figure. As shown
in Fig. 4(a), a smaller radius of curvature causes severe sur-
face electric field crowding at the edge of the N*N junction
and thus results in a reduced breakdown voltage. With a larger
radius of curvature, the release of the electric field crowding
leads to a higher breakdown voltage up to a limit. Analytical
results show that the maximum achievable breakdown voltage
is determined by the vertical breakdown on the top-Si/buried-
SiO; interface when the radius of the N*N junction curvature
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Fig. 5. Breakdown voltages as a function of doping concentration in
the drift region.

exceeds 50 um.

Figure 5 illustrates the impact of the doping concentra-
tion in the drift region on the breakdown voltage for both the
2-D and 3-D cases. The analytical 2-D breakdown voltages are
calculated using the equations from our previous work!®!. The
numerical and analytical results show that the 3-D breakdown
voltages of the discussed devices are about 50% higher than
the 2-D case for a lightly-doped drift region (under 4 x 10"
cm™3). However, for a drift doping concentration between 4 x
10" and 5 x 10" cm™, the drift region of the 2-D structure
is partial depleted when breakdown occurs, which results in
a sharp decrease of breakdown voltage. In the 3-D structure,
in contrast, the electric field crowding at N*N junction still
makes the drift region fully-depleted when breakdown occurs,
and thus increasing breakdown voltages are exhibited. For a
further increase of drift doping concentration (over 5 x 10"
cm™?), very low breakdown voltages can be observed in Fig. 5
for both the 2-D and 3-D structures. This is because the very
heavy doping concentration causes an incompletely-depleted
drift region and thus a deteriorated voltage-sustaining capabil-
ity along the lateral direction.

Theoretically, using the condition of VRN = VEN and
Egs. (10), (11), we derive a modified RESURF criterion con-
sidering the 3-D effect of N* region curvature as follows:

&E
Ngt < s=C

(13)

114006-3



J. Semicond. 30(11)

Guo Yufeng et al.

r/t=0.1,05,124

L/t=4 12

0 L L

Drift doping concentration (10*cm™)

Characteristic thickness (um)

Fig. 6. Optimal drift doping concentration as a function of the char-
acteristic thickness.
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Fig. 7. Maximal breakdown voltage as a function of the characteristic
thickness.
with

o= Fo(rn/t,re/t) [F(rp/t,n/1) + t/1p]
Fi(ra/t,rp/0F (rp/t,ra/t) — 2] (rarp)

Further, the maximum breakdown voltage is expressed

(14)

as:
VE™ = BVo < aBEct (15)
with
5= Fi(rn/t,re/1) + 11N
Fy(re/t,r/t) +t/re
Figures 6 and 7 show the maximal breakdown voltage
and optimal drift doping concentration as functions of the
characteristic thickness ¢, as well as the impacts of N* region
curvature on « and 3. Figure 6 indicates that « increases from 1
to 1.2 with reduction of the N* region curvature. Therefore, the
optimal doping concentration in drift region should increase
by 20% when considering the 3-D effect, which brings a pos-
itive effect to reduce the specific on-resistance. However, Fig-
ure 7 shows that 8 decreases sharply by 50% due to reduction
of the N* region curvature. As a result, the breakdown volt-
age decreases by 40% compared to the 2-D situation. There-
fore, we can strike a balance between breakdown voltage and
on-resistance by optimizing the radius of the cathode region
curvature in the design of SOI power devices.

(16)

4. Conclusions

An analytical breakdown model is proposed to predict
the 3-D effect of the curvature of the cathode/drain region
on the breakdown voltage of SOI lateral power devices. First,
based on solving the 3-D Poisson equation in cylindrical co-
ordinates, the surface electrostatic potential and electric field
distributions are expressed as a compound Bessel function for
both the partially and completely depleted conditions. Then,
the breakdown voltages of the cathode/drift and anode/drift
junctions are derived as a function of structure parameters. The
model provides a quantitative description of the electric field
crowding effect at the edge of the N* region, and also shows
that a small radius of curvature leads to a reduced breakdown
voltage as well as an increasing drift doping concentration,
which is helpful in reducing specific on-resistance. Finally,
a modified RESUREF criterion for maximizing the breakdown
voltage and minimizing the drift region resistance is proposed
as a design scheme. The accuracy of the model is verified by
numeral simulation results and published experimental data.
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