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Abstract— The breakdown characteristics of a practical
silicon-on-insulator (SOI) lateral power device are generally
limited by the 3-D curvature effect induced by its circu-
lar layout. The Conventional 2-D design methods such as
2-D variation of lateral doping (VLD) technique cannot
derive optimal device parameters. In this paper, for the first
time, a 3-D VLD technique is proposed to suppress the
3-D curvature effect in the lateral power device with circular
layout. The 3-D Poisson equation is solved to formulate
the optimized doping profile. TCAD tools are employed to
verify the model and explore the physic insight. By adding
an inversely proportional doping profile onto the conven-
tional linear doping profile, the analytical and numerical
results show that the uniform electric field in the drift region
and maximized breakdown voltage (BV) are obtained for
the SOI lateral double-diffused metal–oxide–semiconductor
with circular layout. Furthermore, compared to the 2-D VLD
device, the proposed 3-D VLD technique also contributes
to excellent on-state characteristics, including the high
on-state BV, reduced specific on-resistance, large satura-
tion current, suppressed quasi-saturation effect, improved
transconductance, and thus a large Baliga’s figure of
merits (BFOM).

Index Terms— 3-D variationof lateral doping (VLD), break-
down voltage (BV), circular layout, electric field, Baliga’s
figure of merits (BFOM), specific on-resistance (Ron,sp).

I. INTRODUCTION

VARIATION of lateral doping (VLD) technique is the
most mature and commercialized technique for evening
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the surface electric field and maximizing the lateral breakdown
voltage (BV) in the lateral power device [1]–[4]. In 1991,
linear doping profile first proves to be able to obtain a
uniform electric field in theory and is implemented in a
silicon-on insulator (SOI) device [2]. Until now, the linear
doping profile has been used in various SOI power devices
as one of most effective way to achieve a high BV [5]–[7].
The linear doping profile technology is derived based on the
2-D theory [1]. However, the power device, especial in high-
power application, is always designed and fabricated by the
circular, runway, or multifinger layout [8]–[11]. Electric field
crowding always occurs at the small radius region in the real
lateral power devices due to the 3-D curvature effect [12].
Many experimental results show the peak of electric field
in the 3-D power device leads to a much lower BV, which
will surely become severe with the continuous decrease of the
device dimensions [12]–[15]. That is one of the most important
reason why the linear doping profile based on 2-D theory
usually overestimated the breakdown performance of real 3-D
structure of SOI lateral power device.

In this paper, based on solving 3-D Poison equation,
an inversely proportional doping profile is added to the con-
ventional linear doping profile to uniform the lateral electric
field in the drift region of SOI lateral double-diffused metal–
oxide–semiconductor (LDMOS). As a result, the 3-D curvature
effect due to the layout is entirely diminished and the BV is
maximized. Furthermore, LDMOS with the novel drift doping
profile also exhibits the improved ON-state performances,
including the high ON-state BV, reduced specific on-resistance
(Ron,sp), large saturation current, diminished quasi-saturation
effect, improved transconductance (gm), and thus a large
Baliga’s figure of merits (BFOM).

II. 3-D VARIATION OF LATERAL DOPING

As the 3-D effect of circular layout causes the crowding
of the lateral electric field, the optimization of electric field
is critical in the circular layout. The cross section of the SOI
LDMOS cell for modeling and simulation is shown in Fig. 1.
As shown in Fig. 1(a), the r -axis of the cylindrical coordinate
system is the radius of the drift region, and the y-axis is the
axis of the cylinder. The origin of the cylindrical coordinate
system is the center of the circle which is at the surface of the
top Si layer. rd and rc are the radius of the drain region and the
drift region, respectively. Ld is the length of the drift region.
N3−D(r) is the doping concentration of the drift region. ts and
tox are the thicknesses of the drift region and buried oxide,
respectively.
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Fig. 1. SOI LDMOS cell with a circular layout. (a) 3-D cell of the device.
(b) Cross section along the A–A’ direction.

At a given reversed biased voltage Vapp, the drift region is
fully depleted and a differential equation that describes the
surface electric potential ϕ(r ,0) in silicon film can be given
by [15]

∂2ϕ(r, 0)

∂r2 + 1

r

∂ϕ(r, 0)

∂r
− ϕ(r, 0)

t2 = −q N3D(r)

εs
(1)

where q is the electronic charge, t = (0.5t2
s + ts toxεs /εox)

0.5 is
the characteristic thickness, εs and εox are the dielectric con-
stant of silicon and silicon dioxide material, respectively. In the
ideal case, the surface electric field is a constant, the critical
electric field of silicon EC , when the lateral breakdown occurs.
According to the assumption that E(r) = EC , we can obtain

∂2ϕ(r, 0)

∂r2 = 0,
∂ϕ(r, 0)

∂r
= −EC , ϕ(r, 0) = Ec(rc − r).

(2)

Thus, by submitting (2) and the boundary conditions
(ϕ(rd , 0) = Vapp, ϕ(rc, 0) = 0) into (1), a novel lateral doping
profile considering the 3-D curvature effect is derived

N3D(r) = N2D(r) + NADD(r) (3)

N2D(r) = ECεs

qt
× (rC − r)

t
(4)

NADD(r) = ECεs

q
× 1

r
. (5)

Equations (4) and (5) are 2-D and 3-D components of the novel
lateral doping profile. The 2-D component is the conventional
linear doping profile, and the 3-D component is an additional
an inversely proportional doping profile in which the factor
of 1/r indicates the impact of the device cell shapes. Fig. 2
gives a specific case of 2-D/3-D VLD profiles based on (3).
It illustrates that the doping concentration close to the drain
side increases obviously with the reduction of the radius of
the drain region. That indicates the small drain region brings
an enhanced curvature effect, which has to be compensated by
an additional impurity implant in the drift region. The higher
doping concentration at the drain side generates more impurity
centers with positive charge after ionizing. The direction of
electric field caused by these positive impurity centers is
opposite of the total electric field direction in the drift region.
Thus, the NADD contributes to decrease the electric field at

Fig. 2. Doping profile in the drift region of 3-D VLD LDMOS with various
radii of the drain region (ts = 3 μm, tox = 3 μm, and Ld = 20 μm).

Fig. 3. Comparison of the lateral doping profile and electric field
distribution in the drift region for 3-D/2-D VLD LDMOS (rd = 2 μm,
ts = 3 μm, tox = 3 μm, and Ld = 20 μm). (a) Optimized lateral
doping profile. (b) Electric field contours of 2-D VLD LDMOS using
2-D simulation (neglecting the curvature effect). (c) Electric field contours
of 2-D VLD LDMOS using 3-D simulation (considering the curvature
effect). (d) Electric field contours of 3-D VLD LDMOS using 3-D simulation
(considering the curvature effect).

drain side and suppress the electric field crowding. When rd

tends to infinity, (3) reduces to (4) which is in accordance
with the conventional VLD [2]. That means that the 3-D effect
of circular layout can be neglected for a large drain region.
In other words, the conventional 2-D VLD profile can be
treated as the 3-D VLD profile when the drain region is large
enough.

III. BREAKDOWN CHARACTERISTICS

MEDICI, a synopsys TCAD tool, is employed to study the
characteristics of the proposed 3-D/2-D VLD LDMOS. The
simulation models used in MEDICI are CONSRH, AUGER,
BGN, FLDMOB, IMPACT I, and CCSMOB. The optimal
lateral doping profiles based on (3)–(5) are shown in Fig. 3(a),
and the vertical doping profile is uniform. Fig. 3(b) illustrates
the contour of electric field in the drift region of an optimized
2-D VLD LDMOS according to (4) and Fig. 3(a) (top). The
simulation is implemented in the rectangle coordinate for
avoiding the curvature effect. Few electric field contours in
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Fig. 4. Surface electric field at breakdown for the 2-D VLD LDMOS with circular layout (a) rd = 2 μm, (b) rd = 10 μm, and (c) rd = 20 μm and 3-D
VLD LDMOS with circular layout (d) rd = 2 μm, (e) rd = 10 μm, and (f) rd = 20 μm. Surface electric field at breakdown along the r-axis for 2-D/3-D
VLD LDMOS with circular layout (g) rd = 2 μm, (h) rd = 10 μm, and (i) rd = 20 μm (ts = 3 μm, tox = � μm, and Ld = 20 μm).

the drift in Fig. 3(b) indicate a uniform surface electric field
is obtained. However, when the numerical simulation is done
in the cylinder coordinate for the same device and the effect of
circular layout is considered, Fig. 3(c) shows that the electric
field strongly crowds at n+n-junction. BV decreases by 18%
(from 357 down to 294 V). In order to reduce the influence of
the 3-D effect in circular layout, a novel lateral doping profile,
namely, the 3-D VLD, is proposed according to (3), which is
shown in Fig. 3(a) (bottom). The numerical simulation under
a cylinder coordinate is performed for the LDMOS with the
new lateral doping profile in the drift region. The contour of
the electric field shown in Fig. 3(d) presents that the surface
electric field remains uniform and the curvature effect fails to
decrease the BV. Therefore, the proposed 3-D VLD technique
deeply suppresses the curvature effect of circular layout in SOI
LDMOS.

IV. RESULTS AND DISCUSSION

A. Breakdown Voltage

To explore the breakdown mechanism of the proposed 3-D
VLD lateral power device, the impact of circular layout radius
on the breakdown performance of 3-D and 2-D VLD LDMOS
are compared. The optimal doping profiles based on (3)–(5)

Fig. 5. BV of the 2-D and 3-D VLD SOI LDMOS (ts = 3 μm, tox = 3 μm,
and Ld = 20 μm).

for the simulated 2-D/3-D VLD LDMOS are shown in Fig. 2,
and the vertical doping profile is uniform.

Fig. 4 shows the surface electric field distribution when the
circular LDMOS with 2-D VLD/3-D VLD profile break down.
Fig. 4(a)–(c) shows that the shrinked drain region results in
a serious electric field crowding at the drain side. However,
as shown in Fig. 4(d)–(f), the additional drift doping profile
leads to the unchanged uniform electric field regardless of
the size of drain region in 3-D VLD devices. An intuitive
comparison of surface electric field along the r -axis is also
given in Fig. 4(g)–(i).

Fig. 5 compares the BV of 2-D VLD and 3-D VLD power
device. When considering curvature effect in circular layout,
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Fig. 6. Transfer and transconductance characteristics of 2-D VLD
LDMOS and 3-D VLD LDMOS with circular layout (VDS = 40 V and
rd = 2 μm).

Fig. 7. Output characteristics of 2-D and 3-D VLD LDMOS with circular
layout (rd = 2 μm, ts = 3 μm, tox = 3 μm, Ld = 20 μm, and
ΔVGS = VGS − Vth ).

the BV of 2-D VLD LDMOS decreases with the reduced
drain region due to deterioration of the electric field. However,
the BV of 3-D VLD LDMOS equals to the optimal BV
regardless of the size of drain region. This reveals the proposed
doping profile of 3-D VLD LDMOS could improve the BV
and thus weaken the influence of curvature effect.

B. On-State Characteristics

Fig. 6 gives the transfer and transconductance characteristics
of the 2-D and 3-D VLD LDMOS with circular layout.
Compared to 2-D device, the proposed 3-D VLD device
exhibits a higher Id and larger gm due to the higher dop-
ing concentration. Fig. 7 shows the output characteristics of
2-D VLD and 3-D VLD LDMOS with circular layout at
various VGS. The additional NADD(r) in the 3-D VLD device
benefits the improved ON-state BV, large saturation current,
and suppressed quasi-saturation effect. The 2-D contours and
1-D profiles of the current density shown in Fig. 8 can
give a physical explanation. The heavier impurity in the
drift region near the drain enhances the current density and
enlarges the conduction region due to the reduced drift region
resistance, thus leading to the increased saturation and quasi-
saturation currents. Furthermore, the smaller drift region resis-
tance brings a delayed trigger of the parasitic bipolar transistor,
thus resulting in a larger ON-state BV. Therefore, the 3-D VLD
technique could be expected a higher performance in analog
applications.

C. Specific On-Resistance and Baliga’s Figure of Merits

Another benefit of the additional NADD(r) in 3-D VLD
LDMOS is the lower specific on-resistance (Ron,sp), especially

Fig. 8. (a) 2-D contours. (b) 1-D profiles of current density of 2-D and
3-D VLD LDMOS with circular layout (rd = 2 μm, ts = 3 μm, tox = 3 μm,
Ld = 20 μm, ΔVGS = 4 V, and VDS = 50 V).

Fig. 9. Comparison of the 2-D and 3-D VLD SOI LDMOS with circular
layout. (a) Specific on-resistance. (b) BFOM (ts = 3 μm, tox = 3 μm,
Ld = 20 μm, VGS = 5 V, and VDS = 0.01 V).

for a small rd . The simulation results in Fig. 9(a) show
that the Ron,sp reduces from 53 m�·cm2 of the 2-D device
to 37 m�· cm2 of the 3-D device at rd = 2 μm. The
ratio of doping profile in 3-D VLD and 2-D VLD devices
are shown in the inset of Fig. 9(a). The horizontal axis in
the inset of Fig. 9(a) represents doping concentration of the
2-D VLD device. The additional NADD(r) contributes to the
higher doping concentration in the drift region of the 3-D VLD
device, especially at the terminals of the drift region, leading to
a lower Ron,sp. For the large rd , the drift doping concentration
of the 3-D VLD device is nearly the same with that of the
2-D VLD device, except a small region near the source. As a
result, the almost same specific on-resistance can be expected
for the 2-D and 3-D VLD devices with a large radius of the
drain region.

Fig. 9(b) compares the BFOM (BFOM = BV2/
Ron,sp [17]) of the 2-D VLD and the proposed 3-D
VLD LDMOS with circular layout. Due to the higher BV
and lower Ron,sp, the BFOM of the 3-D VLD LDMOS is
larger than that of 2-D VLD LDMOS, especially at small
radius. For example, BFOM of the 3-D VLD device is about
2.3 times of BFOM of the 2-D VLD device at rd = 2 μm.

V. CONCLUSION

In this paper, a 3-D VLD technique is proposed to sup-
press the electric field crowding of the SOI LDMOS with a
circular layout. The solution of 3-D Poisson equation shows
that the uniform surface electric field can be obtained by
adding an inverse function to the conventional linear doping
profile. Synopsys TCAD tools are employed to verify the
theoretical model and explore the physic insight. Compared to
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2-D VLD LDMOS, the 3-D VLD device presents an excellent
operation performance including high ON/OFF-states BVs, low
specific on-resistance, improved BFOM, increased large satu-
ration current, large transconductance, and suppressed quasi-
saturation effect. This novel 3-D VLD technique can also be
applied in practical lateral power device with other layouts
including multifinger and runway layout.
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