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Breakdown voltage model and structure realization

of a thin silicon layer with linear variable doping

on a silicon on insulator high voltage device with

multiple step field plates∗

Qiao Ming(乔 明)†, Zhuang Xiang(庄 翔), Wu Li-Juan(吴丽娟), Zhang Wen-Tong(章文通),

Wen Heng-Juan(温恒娟), Zhang Bo(张 波), and Li Zhao-Ji(李肇基)

State Key Laboratory of Electronic Thin Films and Integrated Devices, University of Electronic Science and

Technology of China, Chengdu 610054, China

(Received 21 February 2012; revised manuscript received 16 April 2012)

Based on the theoretical and experimental investigation of a thin silicon layer (TSL) with linear variable doping

(LVD) and further research on the TSL LVD with a multiple step field plate (MSFP), a breakdown voltage (BV) model

is proposed and experimentally verified in this paper. With the two-dimensional Poisson equation of the silicon on

insulator (SOI) device, the lateral electric field in drift region of the thin silicon layer is assumed to be constant. For the

SOI device with LVD in the thin silicon layer, the dependence of the BV on impurity concentration under the drain is

investigated by an enhanced dielectric layer field (ENDIF), from which the reduced surface field (RESURF) condition

is deduced. The drain in the centre of the device has a good self-isolation effect, but the problem of the high voltage

interconnection (HVI) line will become serious. The two step field plates including the source field plate and gate field

plate can be adopted to shield the HVI adverse effect on the device. Based on this model, the TSL LVD SOI n-channel

lateral double-diffused MOSFET (nLDMOS) with MSFP is realized. The experimental breakdown voltage (BV) and

specific on-resistance (Ron,sp) of the TSL LVD SOI device are 694 V and 21.3 Ω·mm2 with a drift region length of

60 µm, buried oxide layer of 3 µm, and silicon layer of 0.15 µm, respectively.
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able doping, multiple step field plates
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1. Introduction

Compared with the thick layer silicon on insulator

(SOI), the thin layer SOI has an improved latch-up

effect, reduced parasitic capacitance, better process

compatibility, etc. Therefore, the thin layer (SOI)

has become a mainstream SOI technology.[1−3] The

conventional SOI high voltage device has low ver-

tical breakdown voltages (VB,V), especially for the

thin layer SOI device, and some studies have been

carried out.[4−7] Enhancing the electric field of the

buried dielectric layer is a feasible way to increase the

VB,V by enhancing the dielectric layer field (ENDIF)

and several novel structures have been proposed.[8−11]

Based on the theoretical and experimental investi-

gation of TSL with LVD,[12] a TSL LVD SOI n-

channel lateral double-diffused MOSFET (nLDMOS)

with MSFP and its breakdown voltage model are pro-

posed in this paper. The influences of structure pa-

rameters on BV and Ron,sp are analysed by MEDICI

and TSUPREM4,[13] and the relevant experiments are

realized.

2. Structure and mechanism

The TSL SOI nLDMOS with MSFP and its phys-

ical mechanism are shown in Fig. 1. The thickness of

the silicon layer is thinned and the LVD drift region

can improve the critical electric field of the silicon layer

(ES,C) and enhance the dielectric buried layer electric

field (EI), thus the BV can be increased. The LVD

technology can optimize the surface electric field dis-

tribution of the device for realizing high BV and low

Ron,sp. The MSFP can eliminate the adverse effects

of HVI to make the device have a high reliability. tf ,
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tI, tS, and tsoi are the thicknesses of the thin field ox-

ide layer, the buried oxide layer, the thin silicon layer,

and the SOI layer, respectively. Lg, Lf1, Lf2, Lf3, Lf4,

and Ld are the lengths of the channel, the distance

between the P-well region and the thin field oxide re-

gion, the distance between the P-well region and the

thick field oxide region, the length of gate poly field

plate, the length of the source metal field plate, and

the length of the drift region, respectively. N(x) is the

doping concentration of the drift region.
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Fig. 1. Structure and mechanism of the TSL LVD SOI nLDMOS with MSFP. (a) Device structure and (b)

working mechanism.

For a lateral SOI high voltage nLDMOS device

which is optimized by junction termination technol-

ogy, its BV lies on the vertical BV (VB,V), while

the source and substrate are grounded. The two-

dimensional (2D) potential ϕ(x, y) in the drift region

can be written as

∂2ϕ(x, y)

∂x2
+
∂2ϕ(x, y)

∂y2
= −qN(x)

εS
,

0 ≤ x ≤ Ld, 0 ≤ y ≤ tS. (1)

For a full depleted drift region, the vertical elec-

tric field of the top silicon layer can be shown as

Ey(x, y) = −∂ϕ(x, y)
∂y

= ψ1(x) + ψ2(x)y,

0 ≤ x ≤ Ld, 0 ≤ y ≤ tS. (2)

In most of the drift region area, the length of the

field plate is much greater than the thicknesses of the

field oxide layer and the depletion layer. Therefore,

the field plate can be taken as an infinite field plate.

The boundary conditions of the surface and interface

of the drift region satisfy

∂ϕ(x, y)

∂y

∣∣∣∣
y=0

=
εIϕ(x, 0)

εstf
, (3a)

ϕ(0, 0) = 0, ϕ(Ld, 0) = Vd, (3b)

εIϕ(x, tS)

tI
= − ∂ϕ(x, y)

∂y
εS

∣∣∣∣
y=tS

. (3c)

Solving Eq. (2) with the boundary conditions yields

∂2ϕ(x, y)

∂y2

∣∣∣∣
y=0

= −ϕ(x, 0)
t2

, (4)

where

t =


(
tStIεs +

1

2
εIt

2
S

)
εstf

εsεItI + ε2I tS + εsεItf


1/2

is the characteristic thickness of the SOI device.

When tf approaches infinity, the above character-

istic thickness becomes the characteristic thickness of

conventional device, that is,

t =

√
1

2
t2S +

εS
εI
tStI.

From Eq. (4), we have

ϕ(x, y) =

(
1− εI

εstf
y − y2

2t2

)
ϕ(x, 0). (5)

Solving Eq. (5), the electric potential ϕ(x, y) under

the drain is derived as

ϕ(Ld, y) =

(
1− εI

εstf
y − y2

2t2

)
ϕ(Ld, 0). (6)

Solving Eq. (6), the vertical electric field under the

drain is obtained as

Ey(Ld, y) =

(
εI
εstf

+
y

t2

)
ϕ(Ld, 0). (7)

In the following, the drift region doping concen-

tration function is deduced. When the thickness of
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the silicon layer is thin (0.1 µm in magnitude), on the

assumption that the silicon layer lateral electric field

component is constant, that is ∂Ex(x, y)/∂x = 0, the

Poisson equation can be simplified into

∂2ϕ(x, y)

∂y2
= −qN(x)

εS
, 0 ≤ x ≤ Ld, 0 ≤ y ≤ tS. (8)

Solving Eq. (5) with the same boundary conditions,

we have

ϕ(x, y) = −1

2

qN(x)

εS
y2 +

εI
εStf

qN(x)

εS
t2y

+
qN(x)

εS
t2. (9)

Let y = 0 in Eq. (9), then the surface electric potential

and electric field will be as follows:

ϕ(x, 0) =
qN(x)

εS
t2, (10)

Ex(x, 0) = − dϕ(x, 0)

dx
= −qt

2

εS

dN(x)

dx
. (11)

Equation (11) shows that the surface electric field

of a TSL LVD device with MSFP is proportional to

the slope of the doping concentration. This is the rea-

son why the TSL structure is doped with LVD.

Ey(x, y) = −∂ϕ(x, y)
∂y

=
qN(x)

εS
y

− εI
εStf

qN(x)

εS
t2, (12)

Ey(Ld, tS) = −∂ϕ(x, y)
∂y

∣∣∣∣
x=Ld,y=tS

=
qN(Ld)

εS
tS

− εI
εStf

qN(Ld)

εS
t2. (13)

When the RESURF condition is satisfied, the de-

vice breakdown point is located on the top interface

of the buried layer at the drain end. At breakdown,

the electric field of the silicon layer (at P point) is

the critical breakdown electric field (ES = ES,C), so

the interface electric field layer of the silicon layer is

expressed as

ES,C =
qN(Ld)

εS
tS − εI

εStf

qN(Ld)

εS
t2. (14)

Based on Eq. (13), the electric field of the top sili-

con layer (ES) is linearly distributed from the surface

(y = 0) to the interface (y = tS). The vertical voltage

VB,V is obtained as

VB,V =
1

2
tSES,C + tIEI. (15)

For the device without field plates, along the MN di-

rection, a one-dimensional approximation about ES =

yES,C/tS and EI = εSES,C/εI is obtained. Using the

effective threshold energy of ionization rate formula

αeff(E) = 70.3 exp(−146.8/E), the threshold energy

εT
[14] is attained by electron multiplying. Based on

the classic avalanche breakdown threshold energy con-

ditions ∫ tS

0

70.3 exp

(
−146.8

E(y)

)
dy = 1,

the following equation can be introduced

70.3γtS

(
e−γ

γ
−
∫ ∞

1

e−uγ

u
du

)
= 1, (16)

where γ = 146.8/ES,C, equation (14) is the relation-

ship between ES,C and tS. To meet the RESURF con-

dition of NdtS = εSES,C/q, the relationship between

ES,C and Nd is obtained as

N(Ld) =
εS
q

10320.04

γ

(
e−γ − γ

∫ ∞

1

e−uγ

u
du

)
. (17)

Through the nonlinear curve fitting equation (17),

ES,C(×105 V/cm) is obtained as

ES,C = 2.19 + 7.1× 10−8N(Ld)
0.46. (18)

When the device has field plates, the breakdown

point may be located in the surface of the silicon layer

under the drain or the interface of the buried layer.

The surface electric field and interface electric field

are smaller than the critical electric field of the silicon

layer, so based on Eq. (12), the relationship of the in-

terface electric field with the critical electric field of

silicon layer breakdown is obtained as

qN(Ld)tS
εS

(
1− t2

3tftS

)
≤ ES,C. (19)

At the same time, the relationship of the surface

electric field with the critical electric field of the silicon

layer breakdown is obtained as

− t2

3tf

qN(Ld)

εS
≤ ES,C. (20)

Based on Eqs. (19) and (20), the RESURF con-

dition of the TSL LVD device with MSFP can be ex-

pressed as

− εSES,C

q

(
t2

3tftS

) ≤ N(Ld)tS ≤ εSES,C

q

(
1− t2

3tftS

) . (21)

When the device has no field plate, the relation-

ship becomes ES,C(×105 V/cm) and Nd(cm
−3)ES,C

becomes

N(Ld)tS =
εS(2.19 + 7.1× 10−8N0.46

d )

q
. (22)
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ES,C as a function of Nd and tS in the analytic

model, the conventional equation[15] and the experi-

mental curves[16] are all shown in Fig. 2. The ES,C

increases as Nd increases. When the Nd is quite low

(Nd < 1×1017 cm−3), these curves fit well; whenNd ≥
1× 1017 cm−3, from Eq. (18), ES,C of Grove’s experi-

mental data[16] and traditional results[15] are different.

The values of Nd of TSL LVD are 1×1017 cm−3 and

1×1018 cm−3, and the values of ES,C are 68.8 V/µm

and 157.2 V/µm, respectively, which are greater than

that of the traditional structure (about 30 V/µm).

The experimental result of Grove[16] is consistent with

that obtained from the analytical model. The depen-

dences of Nd on ES,C in Eqs. (19) and (20) are suitable

for the analysis of the thin silicon layer and the high

doping drift region concentration under the drain.
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Fig. 2. Variations of ES,C with Nd and tS.

Based on Eqs. (15) and (19), the VB,V of the thin

silicon layer SOI device at the interface breakdown can

be obtained as

VB,V =
1

2

(
qN(Ld)

εS
tS − εI

εStf

qN(Ld)

εS
t2
)
tS

+3tI

(
qN(Ld)

εS
tS − εI

εStf

qN(Ld)

εS
t2
)
. (23)

When the silicon layer becomes thinner, the value

of ES,C increases, which enhances the buried oxide

electric field and the BV. The doping concentration of

the drift region cannot be too high to be depleted. The

breakdown voltage is more sensitive to N(x), there-

fore, the appropriate thin silicon layer thickness and

the maximum drift region concentration are keys to

the design of the device.

3. Results and discussion

The window size and spacing of impurity implan-

tation are shown in Fig. 3(a). The widths of an in-

jected cell of Xi plus Yi are the same for different val-

ues of i, which is used in the design of the LVD (X is

the window size of the impurity implantation, Y is the

length of the masking photoresist). The window size

of impurity implantation increases from the source to

the drain and the length of the masking photoresist

decreases from the source to the drain gradually.

The device profile structure after 10 hour ther-

mal oxidation by the process simulation software

TSUPREM4 is shown in Fig. 3(b). The top silicon

layer thickness is thinned from 1.5 µm to 0.26 µm.
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Fig. 3. (colour online) The implantation window and the

thickness of the silicon layer after 10 hour thermal oxida-

tion. Panel (a) shows the implantation window for linear

variable doping, and panel (b) exhibits the device profile

structure after 10 hour thermal oxidation.

Figure 4(a) shows the impurity concentration dis-

tribution in the drift region with different high tem-

perature oxidation and drive-in time. When the dose

of phosphorus implantation is 2×1013 cm−2 in the

drift region, the average impurity concentration in-

creases as oxidation time increases. After the 28 hour

high temperature oxidation and drive-in, the distri-

bution of the drift region is nearly linear. Figure 4(b)

shows the thickness of the silicon layer varying with
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high temperature oxidation time.
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Fig. 4. (a) Impurity concentration distributions in the

drift region for different high temperature oxidation and

drive-in times, and (b) the thickness of the top silicon layer

varying with high temperature oxidation time.

Figure 5(a) shows the critical electric field of the

silicon layer and breakdown voltage each as a function

of the thickness of the thin silicon layer. The thickness

of the silicon layer is reduced to make the BV and the

ES,C increase. The simulations of ES,C and the ex-

perimental results from Ref. [8] of ES,C are in good

agreement. The silicon critical electric field reaches

99.6 V/µm when the thickness of the silicon layer is

0.14 µm.

Figure 5(b) shows the vertical electric field distri-

butions under the drain electrode with different values

of tS when tI is 3 µm. The electric field of the buried

layer increases as the thickness of the silicon layer de-

creases. The improvement of the critical breakdown

electric field of the silicon layer increases with the

electric field of the buried layer. The LVD technol-

ogy can optimize the lateral electric field distribution

and increase the value of BV, and at the same time

the higher concentration of the LVD drift region with

field plates can be depleted. When the thickness of

the silicon layer is 0.14 µm, the critical electric field

of the top silicon layer and the dielectric layer reach

99.6 V/µm and 336 V/µm, respectively.
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Fig. 5. (a) The critical electric field of the silicon layer

and the BV, each as a function of tS, and (b) the vertical

electric field distributions for different values of tS.
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Fig. 6. Values of BV and Ron,sp each as a function of

the implantation dose of the drift region with MSFP and

without MSFP for a drift region length of 50 µm.

Figure 6 shows the values of BV and Ron,sp each

as a function of the implantation dose of the drift re-

gion with and without MSFP for a drift region length

of 50 µm. The maximum voltage of the device is

798 V and Ron,sp is 19.0 Ω·mm2 without MSFP and

HVI. The MSFP which includes the source field plate

and the gate field plate is designed, and the maximum

voltage is reduced to 675 V and Ron,sp is dropped to
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13.7 Ω·mm2. The Ron,sp is reduced because the gate

poly field plate and the source metal field plate assist

the depletion of the drift region, so the doping con-

centration of the drift region can be increased. The

trade-off between BV and Ron,sp can be improved.

HVI will disturb the uniform surface potential

distribution of the device and the BV is reduced.

MSFP is introduced to relax the high electric field

at the source side caused by HVI. Figure 7(a) gives

the equipotential line distribution without MSFP and

HVI. The equipotential line distribution is uniform

and BV is 798 V due to the lack of HVI. Figure 7(b)

gives an equipotential line distribution with MSFP

and HVI. The equipotential lines are locally focused

at the source end by the influence of HVI. The de-

vice has a premature avalanche breakdown when the

drift region is not fully depleted. The breakdown volt-

age of the device is reduced to 343 V. The breakdown

voltage is reduced by 57% compared with that of the

device without HVI. Figures 7(c) and 7(d) show the

equipotential line distribution with MSFP and with

or without HVI, respectively. The equipotential lines

focus at the end of the source metal field plate and

the BV is 675 V without HVI. When HVI crosses over

the surface of nLDMOS, the equipotential lines re-

main focused on the source metal field plate end and

the BV is 673 V. Therefore, the MSFP is very useful

for reducing the influence of HVI on the breakdown

characteristics of the TSL LVD device.
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Fig. 7. (colour online) Equipotential line distributions in the following cases: (a) Without HVI and MSFP, (b)

with HVI and without MSFP, (c) without HVI and with MSFP, (d) with HVI and MSFP.

Figure 8 shows the values of BV and Ron,sp each

as a function of the impurity implantation dose of the

drift region with different drift region lengths for the

LVD nLDMOS with MSFP. When the length of the

drift region is 40 µm, due to the smaller drift region

length, the drift region is easy to deplete, and the

breakdown voltage is 496 V which is limited by the

lateral sustain voltage. When the lengths of the drift

region are 50 µm and 60 µm, the breakdown volt-

ages are 675 V and 709 V, respectively. At the same

time, the Ron,sp is reduced as the implantation dose

increases. When the drift region length is 60 µm, BV

is 709 V and Ron,sp is 16.8 Ω·mm2.
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impurity implantation dose of the drift region with differ-
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Figure 9(a) shows the layout of TSL LVD SOI

nLDMOS with HVI. The drain is designed in the cen-

tre and the source is in the peripheral of the layout.

Figure 9(b) shows the SEM image of the device, and

the interdigitated structure, which can increase the

width of the device to meet the applied high voltage

and large working current, is used. Figure 9(c) shows

the cross-sectional SEM image of the device, where tS

is 0.14 µm by design and the experimental thickness

is 0.15 µm, tf is 0.8 µm, and the experimental thick-

ness is 0.797 µm. The experimental results and the

simulation results are consistent.

 

gate source drain

drain drain

gategate

source source source

gate

(b) (c)

(a)

Fig. 9. (colour online) (a) The layout of the TSL LVD nLDMOS, (b) SEM image of the TSL LVD nLDMOS,

and (c) cross-sectional SEM image of the TSL LVD nLDMOS.

Figure 10 shows the measured off-state break-

down characteristics, output characteristics, and

transfer characteristics of TSL LVD nLDMOS with

MSFP at a drift region length of 60 µm. Figure 10(a)

shows the off-state breakdown characteristics, where

the BV is 694 V with tI of 3 µm, therefore EI is over

200 V/µm. Figure 10(b) shows the measured output

characteristics of the device. When the gate voltage

is 9 V, the Ron,sp of the device is 21.3 Ω·mm2. As the

gate voltage increases, the on-state current of the de-

vice increases. The saturated current of the device is

reduced with the increase of drain voltage due to the

self-heating effect (SHE). Figure 10(c) shows the mea-

sured transfer characteristics. The drain currents as a

function of gate voltage are tested with drain voltages

of 0.1 V, 5 V, and 9 V.
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Fig. 10. Measured characteristic curves of the TSL LVD

nLDMOS with MSFP, showing (a) the off-state breakdown

characteristics, (b) the output characteristics, and (c) the

transfer characteristics.

4. Conclusions

Based on the discussion of the TSL LVD high

voltage nLDMOS with MSFP, the breakdown voltage

model is deducted and the simulation results fit well

with the analytical results. The relationship between

the critical breakdown electric field of the thin silicon

layer and the thickness of the silicon layer for a TSL

LVD device with MSFP is studied. It is shown that

in experiments with a drift region length of 60 µm,

buried oxide layer thickness of 3 µm, and silicon layer

thickness of 0.15 µm, the BV is 694 V, Ron,sp is

21.3 Ω·mm2 and EI is over 200 V/µm.
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