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One-dimensional breakdown voltage model of SOI RESUREF lateral
power device based on lateral linearly graded approximation®
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A novel one-dimensional (1D) analytical model is proposed for quantifying the breakdown voltage of a reduced
surface field (RESURF) lateral power device fabricated on silicon on an insulator (SOI) substrate. We assume that the
charges in the depletion region contribute to the lateral PN junctions along the diagonal of the area shared by the lateral
and vertical depletion regions. Based on the assumption, the lateral PN junction behaves as a linearly graded junction, thus
resulting in a reduced surface electric field and high breakdown voltage. Using the proposed model, the breakdown voltage
as a function of device parameters is investigated and compared with the numerical simulation by the TCAD tools. The
analytical results are shown to be in fair agreement with the numerical results. Finally, a new RESUREF criterion is derived
which offers a useful scheme to optimize the structure parameters. This simple 1D model provides a clear physical insight
into the RESURF effect and a new explanation on the improvement in breakdown voltage in an SOI RESURF device.
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1. Introduction

Reduced surface field (RESURF) technology has been
widely used in the high voltage integrated circuit (HVIC)
and the smart power integrated circuit (SPIC) to improve the
trade-off between specific on-resistance and breakdown volt-
age in the high-voltage transistor.!!~’! Silicon on insulator
(SOI) technology avoids the adverse effect of substrate on
the device via inserting a buried oxide (BOX) layer between
the substrate and the SOI layer. Due to the electrical isola-
tion by BOX, SOI RESUREF has the advantages of low leak-
age current, higher switching speed, considerable reduction in
parasitic capacitance, and so on compared with the bulk sili-
con RESURF device.[0"141 Meanwhile, the breakdown mech-
anism of SOI RESUREF is different from that of bulk silicon
RESURE.[13-16] The study on the breakdown model is help-
ful to ascertaining the breakdown mechanism and providing
guidance on structural optimization design. In the past two
decades, researchers have proposed a variety of SOl RESURF
models, which in general can be divided into two categories:
a one-dimensional (1D) model and a two-dimensional (2D)
model. The 1D model analyzes the 2D problem by decom-
posing it into two separate 1D problems at vertical and lateral
directions respectively. Meanwhile, the 2D model gives a 2D
electric field distribution and a 2D breakdown voltage by di-
rectly solving the 2D Poisson equation within the drift region.
Due to the decoupling of 2D effects in the drift region, the 1D
model is simple but fails to accurately describe the field poten-
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tial distribution within the device.>%!% Although 2D models
can effectively analyze the 2D electric field and potential dis-
tribution, mathematical expressions are very complicated and
lacking in clear physical meaning.!’~!%!

In this paper, we present a simple 1D analytical RESURF
model of the SOI lateral power device based on charge shar-
ing and lateral graded approximation. It is suggested that a
lateral junction with linearly effective doping concentration
should consider the 2D coupling effect and give a novel ex-
planation for the lateral field reshaping/reduction effects. The
breakdown voltages are investigated for both the incompletely
and completely depleted drift region. Further, a new RESURF
criterion is derived which can provide the accurate and rea-
sonable estimation of the limitation of the device parameters.
The calculated results are in good agreement with simulations,
verifying the correctness of the model.

2. Analytical model

The schematic cross section of the SOI lateral RESURF
structure is illustrated in Fig. 1. The electrical connection be-
tween the substrate and the active layer is blocked by a buried
oxide layer (the thickness referred to as Tox), and the deple-
tion region terminates on the surface of the buried oxide layer.
A coordinate system is shown in Fig. 1. At a given applied
voltage Vipp, the lateral PNy junction is reverse biased. The
lateral and vertical depletion widths of the drift region are
Xiat and Xyer, respectively. The overlap between the lateral
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and vertical depletion regions occurs, and a charge-sharing re-
gion is formed. We propose that charges in the sharing re-
gion are divided into two parts along the diagonal: the up-
per part contributes to the P™ Ny junction while the lower part
contributes to the vertical structure. Hence, the single side
abrupt PTNy junction is translated into a single side linearly
graded PT N (x) junction. As a result of charge coupling in
the shared depletion region, the equivalent doping concentra-
tion of the lateral structure (Ner) can be expressed as a linear
function:

Nefr(x) = Na (1 B "rninpszdJ 7 v

where L is the length of the drift region, Ny is the doping con-
centration of the drift region, and T is the thickness of the SOI
layer. 1 = Xyer(Vapp)/Ts is the ratio of the vertical depletion
region width to the SOI layer thickness, which indicates the
coupling degree between lateral and vertical structures. The
potential function ¢ (x) in silicon film is governed by the Pois-

son equation:
~ qNeit (%)

d*¢(x)  dE(x) _
dx? — dx & @)

where g is the electronic charge, E(x) is the surface electric
field, and & is the dielectric constant of silicon.

According to the breakdown condition, the following dis-
cussion is divided into four cases.

QFD Xlat L ‘/app
[e——) d —l—
| N N+
1 | d T
A °
Y
ToxI 0 T buried oxide
Psub
GND

Fig. 1. Drift region charge-sharing effect in SOI RESURF device.

2.1. Partial-depletion breakdown

When the drift region is highly doped, the lateral break-
down occurs at the PT Ny junction with the drift region par-
tially depleted. As shown in Fig. 2, the surface electric field
presents a peak at the PT Ny junction and continuously drops
to zero until the depletion region boundary. In this case,
Xjat < Ly, Xver < Ty, and 1 < 1. Substituting Eq. (1) into Eq. (2)
leads to the surface electric field distribution as follows:

_ _ gNgq _ X2
E(x)=Em . (x n 2X1m> , 3)

where E)\; is the maximum electric field. The breakdown oc-
curs when E); approaches to the critical electric field of silicon

Ec. By substituting the boundary conditions E(0) = Ec and
E(Xja) = 0 into Egs. (2) and (3), the lateral breakdown voltage
VB1at 1 expressed as

&E2
qN4

“

VBlat =

2(3—21’])
32-n)]

When n = 1, the drift region is just fully depleted, and the
breakdown voltage follows Vi = 1.17VBpn, Where Vppn =
&E2/(2gNy) is the breakdown voltage of a conventional 1D
planar diode.®! Therefore, when 7 = 1, the RESUREF struc-
ture enables the increase in the breakdown voltage by as much
as 16.67% in comparison with that of the conventional 1D pla-
nar diode.

Moreover, from the vertical electric field distribution as
shown in Fig. 2, a generalized single expression for the verti-
cal partial-depletion breakdown voltage can be obtained as

2
VBverz‘M(Tox-K-m”-n), )
& 2
where K = &/eox = 3 is the dielectric constant ratio be-
tween silicon material and silicon dioxide material. However,
when under the partial-depletion condition, owing to the se-
vere degradation of the lateral breakdown voltage, the break-

down voltage is determined by the lateral P* Ny junction. 34!
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Fig. 2. Schematic diagram of the charge-sharing region, the lateral
equivalent doping concentration and the electric field distribution when
0<n<l1

2.2. Lateral breakdown at P* Ny junction for full-depletion
case

If the drift region is doped lowly enough, the charge-
sharing effect between the vertical and lateral structure be-
come more obvious, which results in the fact that the drift
region is fully depleted (Xyer > T3 and 1 > 1). Owing to the
block of highly doped N region, the lateral depletion width is
equal to the length of the drift region (Xjy = Lg). When 1 > 1,
as equation (1) shows, Negr(Lg) <0. The N-type drift region
near the NgN™ junction behaves as an equivalent P-type dop-
ing region. Such a reversed equivalent P4N* junction leads to
a new electric field peak as shown in Fig. 3. This is because
the charge density in the shared region that contributes to the
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vertical structure exceeds the doping concentration. Substi-
tuting Eq. (1) into Eq. (2) leads to the surface electric field
distribution as follows:

N, 2
E(x) = Ey — 24 (x—nzde). (©)

Since the electric field peak at the PNy junction is still higher
than that at the NgN* junction (E(0) > E(Ly)), the lateral
breakdown occurs at the PTNy junction. As figure 3 shows,
the equivalent doping concentration satisfies |Negt(Lg)| < Mg,
namely 1 < n < 2. The lateral breakdown voltage Vg, can
be given by substituting boundary condition E(0) = E¢ into
Egs. (2) and (6) as follows:

gN4L2
VBlat = EcLq — d ( u )

I——). 7
2€ 3 @)

Under the full-depletion conditions, the lateral structure is
composed of three PN junctions: P*Ny, NgPy, and the equiv-
alent PN junction. The P™ Ny and equivalent P{NT junction
are reverse biased while the NyqPy junction is forward biased.
Therefore, both sides of the drift region have an electric field
peak while a field valley appears at the middle of the drift re-
gion. This phenomenon fails to be explained by the other 1D
model.[3--%-10]
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Fig. 3. Schematic diagram of the charge-sharing region, the lateral
equivalent doping concentration and the electric field distribution when
l<n<2.

2.3. Lateral breakdown at NgNT junction for full-
depletion case

If the SOI layer is doped very lowly, the drift region is
fully depleted before lateral breakdown occurs, and the high-
est surface electric field peak appears at the NgN™ junction
(E(Lq) = Enm). Insuch a case, as figure 4 shows, Nege(Lq) > Ng
and 1 > 2. By substituting Eq. (1) into Eq. (2), the surface
electric field distribution is obtained as follows:

qu< x? (n—Z)Ld>.

X—MN—+

2L4 2 ®)

E()C) :EM,

S

The lateral breakdown voltage Vgj,; can be derived by substi-
tuting boundary condition E(Ly) = Ec into Eq. (2) and Eq. (8):

gNgL3 (2
VBlat = EcLq — -n—1). 9
Bla = Ecla = =5 3N 9

Especially, when 1 = 2, the equivalent doping concen-
tration at the midpoint of the drift region is zero. The sur-
face electric field distribution is completely symmetrical along
the midline of the drift region, and the peak electric fields at
both ends of the drift region are equal to the critical electric
field of silicon (Ec). In this case, P*Nyq and N¢gN™ junctions
breakdown simultaneously, and the lateral breakdown voltage
is maximized.
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Fig. 4. Schematic diagram of the charge-sharing region, the lateral
equivalent doping concentration and the electric field distribution when
n>2.

2.4. Vertical breakdown for full-depletion case

Owing to the existence of an oxide layer, the electri-
cal connection between the substrate and the active layer is
blocked, and the vertical depletion region ends at the Si—SiO,
interface. !> Typically, the drift region is already fully de-
pleted (Xyer > T;) when vertical breakdown occurs.*! Fig-
ures 3 and 4 illustrate the profile of the vertical electric field.
Accordingly, the vertical full-depletion breakdown voltage
follows:

VBver:qIVdTS<Tox'K'n+2n_1'Ts)~ (10)

& 2

Note that in deriving Egs. (5) and (10), it is assumed that T
is much larger than the depth of the diffusion region x;,. If
xjn is considered, T; should be replaced by (7, —x;,). It is evi-
dent that the breakdown voltage of the complete SOl RESURF
is the minimum value between lateral and vertical breakdown
voltages. In other words

Vg = min(VBlat,VBver)~ an

3. Results and discussion

To demonstrate the viability and simplicity of the solution
method, the results from analytical expressions are compared
with numerical simulations by MEDICI, a commercial TCAD
tool. Figure 5 demonstrates the modeled and simulated break-
down voltages each as a function of the thickness of the SOI
layer. The calculated results are in good accordance with the
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simulations except for a few small discrepancies. As figure 5
shows, with the increase of T;, the breakdown goes through
four stages for the thinner buried oxide layer. 1) When Ty is
very thin, the drift region is fully depleted and the breakdown
occurs at the NgN junction () > 2). Accordingly, two electric
field peaks appear at the NgqNT and PNy junctions, and the
overall breakdown voltage is determined by Eq. (9). 2) With
the increase of T, the lateral breakdown voltage rises due to
the reduction of 1. Furthermore, the lateral breakdown voltage
could exceed the vertical breakdown voltage, and breakdown
occurs at the Si—SiO; interface. The breakdown voltage of
the whole SOI RESURF device is determined using Eq. (10).
3) For a larger T;, the electric field peak at the P™Ny junc-
tion is significantly higher than that at the NgJN* junction, and
the breakdown location is moved from the body to the surface
of the PT™Ny junction (1 < 1 < 2). The corresponding break-
down voltage can be calculated by Eq. (7). 4) If the SOI layer
is very thick, breakdown occurs at the P™ Ny junction with the
drift region partially depleted. The breakdown voltage is de-
termined by Eq. (4). Notice that when the buried oxide layer
is thick enough, the vertical breakdown voltage is higher than
the lateral breakdown voltage. Breakdown will occur only on
the surface. As shown in Fig. 5, when Tox = 2 um, the PTNy
and NgNT junction reach the critical electric field simultane-
ously, and the maximum lateral breakdown voltage (Vgja( max)
is given by substituting Eq. (9) into Eq. (7) as follows:

gNgL3
6g,

VBlatmax = EcLd — (12)
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vertical breakdown
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Fig. 5. Dependences of breakdown voltage on SOI layer thickness in
different cases.

However, the increase of T, will not increase the break-
down voltage absolutely. Figure 6 shows the influences of Tox
on Vg in different cases. At a very thin buried oxide layer,
where there is a linear variation of breakdown voltage with
Tox, and the slope of the curve of the breakdown voltage ver-
sus Tyx is determined by Eq. (10). When Ty increases to the

point where the vertical breakdown is higher than the lateral
breakdown voltage, the breakdown location moves to the sur-
face NgqNT junction, and V3 is determined by Eq. (9). As Tox
increases, the breakdown voltage reaches a peak and then de-
creases because the breakdown location moves to the PTNy
junction. If the buried oxide layer is very thick, the drift region
will be partially depleted when breakdown occurs, and the
breakdown voltage is independent of 7Tk according to Eq. (4).
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Fig. 6. Dependences of breakdown voltage on buried oxide thickness in
different cases.

Figure 7 shows the calculated breakdown voltages each as
a function of the drift region length, along with the MEDICI
simulations. Breakdown occurs at the NgN* junction with a
very short drift region. When the drift region is long enough, it
is hard for the lateral breakdown to occur. The constant break-
down voltage independent of Ly can be seen because of the
vertical breakdown formulated by Eq. (10).

As figure 8 shows, the breakdown voltages are each plot-
ted as a function of Ny for various values of 7;. When the
SOI layer is very thin, a very high doping concentration in the
drift region is adopted to obtain the maximum lateral break-
down voltage. As equations (10) and (12) show, if Ny is high
enough, Vgiat max Will be lower than Vg, and breakdown oc-
curs only on the surface. For example, when 7y = 3.5 um,
breakdown will go through three stages: lateral breakdown at
the NgN™ junction for the full-depletion case, lateral break-
down at the PNy junction for the full-depletion case, and lat-
eral breakdown at the PT Ny junction for the partial-depletion
case. However, when T; is very thick, the increase of Ty will
rapidly improve the vertical breakdown voltage as shown in
Eq. (10). As a result, the vertical breakdown voltage will be
higher than Vgjat max, and breakdown will also go through three
stages. For example, when T = 28.5 um, the breakdown volt-
age as a function of Ny also presents three stages determined
by Egs. (9), (7), and (4) respectively. When T is moderate (for
example Ty = 6 pm or 12 pm), breakdown goes through four
stages. As figure 8 shows, the breakdown location moves from
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the PyNT junction, to the Si-SiO; interface to the PNy junc-
tion with the increase of Ny. Therefore, the breakdown voltage
is determined by Eqs. (9), (10), (7), and (4) respectively.
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300 F Ny =3x10'% cm—? S~ m—EmE—m—-E
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Fig. 7. Dependences of breakdown voltage on drift region length in
different cases.
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Fig. 8. Dependences of breakdown voltage on the doping concentration
in the drift region in different cases.

4. RESUREF criterion

As shown in Figs. 5-8, it is desirable that the device
breakdown on the Si—SiO, interface other than the surface
benefits the improvement of the breakdown voltage. By sub-
stituting Eq. (10) into Egs. (7) and (9), the upper and lower
limit of the drift region doping dose are obtained as follows:

&Ec [(60% — 60+ 18aB —1
= 1
Qup q ( 3 (a2 o 1) 9 ( 3)
&Ec (6a* — 60+ 18aB +2
= 14
Qdown q < 3 ((X2 + 1) ) ( )

where @ = T;/Lq and B = T,x /L4 are the shape factors of the
SOI layer and the buried oxide layer, respectively. Hereby, the
RESUREF criterion can be expressed as

Qdown < NyT; < Qup~ (15)

According to Eq. (15), a theoretical window for optimizing
the drift doping dose is derived and shown in Fig. 9. The nu-
merical simulations by MEDICI fall within the window, thus
demonstrating the validity of the model.
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Fig. 9. Plots of impurity dose in the drift region versus shape factors for
(a) SOI layer and (b) buried oxide layer.

During designing the lateral power device, it is targeted
to acquire a large Qup — Qgown to realize the vertical break-
down. For the given o and f, a large Oup — Odown repre-
sents a large process tolerance in the drift implantation. As
figure 9(a) shows, when « is either very large or very small,
the Qup — Odown is relatively small. The vertices shown in the
figure can be obtained by substituting Eqs. (13) and (14) into
Eq. (14) as follows:

90> +1200(3B—1)+1=0. (16)
As shown in Fig. 9(b), when B is very small, the Qup — Qdown
is relatively large. However, as figure 6 shows, a small 3
also means a low breakdown voltage. During designing a
lateral power device, the trade-off between the process toler-
ance and the maximum breakdown voltage ought to be consid-
ered. As equation (17) shows, in order to obtain the maximum
Qup — Qdown, ¢ and B ought to follow the relationship:

o+2B=11/18. (17)
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5. Conclusion

A new simple 1D breakdown model for the SOl RESURF
lateral power device is developed. We propose that the charges
in the drift region are allocated to the lateral and vertical deple-
tion regions along the diagonal of the sharing area. Thus, the
lateral junction can be equivalent to a single side abrupt linear
graded junction. Such an assumption gives a good explana-
tion for the improvement in breakdown voltage of a RESURF
structure when the drift region is fully or partially depleted. Fi-
nally, a new RESUREF criterion is derived to provide the avail-
able guidance on optimizing the geometric parameters of SOI
RESUREF lateral power devices. The analytical model is veri-
fied by the good agreement between the modeling results and
simulation results by the TCAD tools.
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