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New SOI power device with multi-region high-concentration fixed
interface charge and the model of breakdown voltage*
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A new SOI power device with multi-region high-concentration fixed charge (MHFC) is reported. The MHFC is
formed through implanting Cs or I ion into the buried oxide layer (BOX), by which the high-concentration dynamic elec-
trons and holes are induced at the top and bottom interfaces of BOX. The inversion holes can enhance the vertical electric
field and raise the breakdown voltage since the drain bias is mainly generated from the BOX. A model of breakdown voltage
is developed, from which the optimal spacing has also been obtained. The numerical results indicate that the breakdown
voltage of device proposed is increased by 287% in comparison to that of conventional LDMOS.

Keywords: multi-region high-concentration fixed interface charge, model of breakdown voltage

PACS: 72.80.Cw, 73.40.Qv

1. Introduction

The lateral double diffused MOS transistor (LDMOS) has
been widely used in intelligent power applications by virtue of
the advantage of the process which is compatible to a very
large integration process and is easy to integrate with low-

[1,2

voltage devices.!!?! Moreover, if a silicon-on-insulator (SOI)

technology is used, low leakage current, high breakdown volt-
age (BV), and low specific on-resistance are also achieved.>*!
In order to be feasibly isolated from low-voltage devices, LD-
MOS needs a thin layer and satisfies the reduced surface field
(RESURF) principle.>%! However, in order to obtain high
BV, the thickness of buried oxide layer (BOX) should be in-
creased, which causes self-heating effects; different structures
have therefore been proposed to overcome this trade-off.[’~10]

Introducing the fixed charge in the buried oxide is an ef-
fective way to increase the electric field of dielectric layer and
improve the vertical BV,[*8] but it is very difficult to fabricate
for many masks to form linear profile of fixed charge. In this
letter, a novel LDMOS high-concentration multi-region fixed
charge (MHFC) is proposed for the first time. The MHFC
at interface of buried oxide is employed to enhance the ver-
tical electric field in BOX and obtain high BV and low on-
resistance due to the transfer of major portion of reverse bias
from Si to BOX, which has advantages of high tolerance of
technology process and allowance of high temperature. A
model of BV is also presented to optimize the proposed de-

vice.
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2. Device structure and model

The schematic cross-section of the MHFC device is illus-
trated in Fig. 1(a), which is featured by substantial uniformly-
spaced high-concentration fixed positive charge at the inter-
face of BOX, compared to the cross-section of conventional
device in Fig. 1(b).

The doping concentration of the drift region is Ny and its
length is equal to Ly. t4 and t, are the thicknesses of drift
region and BOX, respectively. x and y are the horizontal and
vertical positions, respectively. 7, and N, are the thickness and
doping concentration of the surface P-type region. The width
and distance of fixed charge region are W and D, respectively.
or is the concentration of fixed charge and is always above
1 x 103 cm~2. The MHFC LDMOS can be fabricated using
the MOS process in the SOI substrate, in which the BOX is
implanted with I, B, or Cs ion to form the MHFC.

When the positive voltage Vy biased to the N*Ny junc-
tion, the whole drift region is completely depleted. Divide the
drift region into n regions as shown in Fig. 1(a) (n is the num-
ber of MHFC cells), supposing equal charge density in each
MHEFC cell. The potential function ¢;(x,y) in the drift region
follows the 2D Poisson equation, and the boundary conditions

are given by

de(x,0)

Ty =0,

99(x,ta) _ g0t @(x,1a)
dy & toxgs/gox’
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(p(()?O) = 07 (pn(LmO) = Vda

where £y,x and & are the dielectric constant of oxide layer and

silicon, respectively.
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Fig. 1. (a) Cross-section of MHFC LDMOS; (b) cross-section of con-
ventional LDMOS.

Solving the 2D Poisson equation with the vertical electric
field E,(Lqg,y) along x = Lq in every region, the lateral surface

electric E,(x,0) is expressed as

2 2
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where t = \/ 0.5t2 + (& /€ox )tatox, and Ej is the vertical elec-
tric field in BOX. From Eq. (5), the interface charge can en-
hance the electric field in buried oxide, leading to the bias born
mainly by buried oxide and the improvement of BV, and this

is the physical mechanism of MHFC device structure.

3. Results and discussion

Figure 2(a) shows the distribution of the dynamic inter-
face charges (y = 4.9 um) at V4 = BV, and it can be seen
that there are plenty of electrons right over the top inter-
face of each high-concentration positive fixed charge region
which is almost the same and equals ~ 1 x 10! cm~3. High
levels of holes are induced by electrons and increase from
2 x 10" cm™3 for source to 9 x 10'® cm™ for drain. From
Eq. (5), interface charges (holes) will lead to a considerable
increase of E;. Due to absence of interface charges in con-
ventional LDMOS, the electric field Eg; of Si layer rapidly
reaches the silicon critical electric field of about 30 V/um and
Ep is always limited to 90 V/um. Thanks to the increase of
the self-adaptive holes introduced by fixed charges in BOX,
the E; in the MHFC device is continuously enhanced, and
Es; is simultaneously reduced, which makes the major por-
tion of bias sustained by BOX and leads to the increase of
BV. Figures 2(b) and 2(c) show the equipotential contours and
the distributions of the surface electric field at breakdown,
and both surface electric fields are effectively optimized ac-
cording to the RESURF principle. Because of the electric
field modulation by dynamic electrons and holes in BOX, the
equipotential contour of MHFC SOI is much more uniform,
which results in a higher BV for MHFC LDMOS (597 V) than
conventional LDMOS (208 V). Figure 2(d) shows the verti-
cal electric field and potential, and the analytic results are in
good agreement with the numerical results. As a result of the
shielding effect of electric field by dynamic holes between
the fixed charge regions, the vertical electric field of MHFC
reaches 5.9 x 10% V/cm, much higher than 0.95 x 10% V/em.
The voltage sustained by the BOX is above 90% of drain
bias in MHFC, leading to a full exploitation of breakdown
characteristic of buried oxide layer. The parameters of struc-
ture are: (i) for conventional device, Ny = 2.8 x 10'> cm 3,
tq =5 um, Lg = 55 pm, tox = 1 um; (ii) for MHFC device,
to=1pum, N, =15x10"°%cm™3, op=1x10"% cm™2, Ny =
2.8x 1015 cm™3, tg=5um,Lg=55um,and W =D =1 pm.
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Fig. 2. Surface electric field, potential and charge distributions. (a) Dynamic
electron and hole profile of buried oxide layer in MHFC. (b) Equipotential
contour of MHFC. (¢) Surface electric field distribution of MHFC and con-
ventional device. (d) Vertical electric field and potential distribution.

As seen in Fig. 3(a), the optimal Ny decreases with the
increase in fq. The maximum BV increases slightly with aug-
mentation of 74 for only a small portion of vertical voltage
is generated by the Si layer. For the same 5 um of 74, the
BV of MHFC is three times larger than that of a conventional
LDMOS by virtue of the introduction of a high-concentration
fixed charge and enhancement of electric field in the BOX. The
influences of Ny on the BV are shown in Fig. 3.

In Fig. 3(b), the maximum BV increases with the rise of
tox because more voltage is sustained by the BOX. The higher
the thickness 7. is, the weaker the modulation of vertical elec-
tric field on drift region, so optimum Ny decreases. Ny is typi-
cally inversely proportional to 74 in order to guarantee that the
drift region is depleted fully and obtain high BV.
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Fig. 3. Influence of N4 on the BV with (a) different 74 and (b) different
tox, and the BV has a clear optimum.

The main effect of MHFC is to induce the dynamic in-
terface charges including the electrons and holes. Once its
concentration reaches a certain value, its influence on BV is
very small. It is apparent from Fig. 4(a) that the curve is char-
acterized by both the increase and saturation regions. In the
increase region, because MHFC can attract dynamic charge
at the interface of BOX, so more MHFC induces higher BV.
With the increase of fixed charge concentration, the BV nearly
reaches saturated value when the concentration of MHFC is
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increased to 1 x 10! cm~2. The saturated BV increases with
increase of f,0x. The optimal Ny increases with the decrease
of concentration of MHFC. In Fig. 4(b), the positive dynamic
holes can enhance Ej and vertical BV, so BV decreases with
the increase of the distance D between two adjacent high-
concentration fixed charge regions. When L4 is small, the
lateral breakdown happens and the BV increases with the in-
crease of Ly. When L increases to a certain value, BV reaches
a constant value limited by the vertical breakdown. The width
W of fixed charge region has a optimal value due to the mod-
ulation effect of the electric field from dynamic charges. With
the increase of #,x, the optimal W decreases as shown in
Fig. 4(c).
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Fig. 4. Influence of MHFC’s parameters on (a) breakdown voltage, (b)
concentration of MHFC, (c) distance between two adjacent regions of
fixed charge, and (d) width of fixed charge region.

The BV rises with the increase of 7, since higher volt-
age is sustained by BOX (see Fig. 5(a)). With the same 7.y,
the major portion of reverse bias is sustained by BOX in the
MHFC LDMOS, so the BV increases sharply with the rise of
tox. By comparison, the magnitude of electric field is small and
the BV increases slowly in conventional device. A fair accor-
dance between the analytical and numerical results may gener-
ally be found, showing the validity of the model presented. In
Fig. 5(b), the optimum Ny increases with the rise of N, in order
to obtain the optimal distribution of surface electric field. The
maximum BVs are obtained and change little when the dose
of surface P-type region is nearly the same. In the practical
device design, the critical factors to BV are the width and dis-
tance of MHFC, and it is applauded to reduce on-resistance by
raising N, in condition of fully depleted state.
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Fig. 5. Dependence of BV on (a) fox and (b) N,,.

Figure 6 shows the influence of structure parameters on
on-resistance. The optimal Ny increases with the increase of
N, due to the charge sharing effect of drift region in Fig. 6(a).
Meanwhile the specific on-resistance decreases. The effect of
dynamic holes induced by fixed charge is similar to N-type
charge of drift region, so the optimal Ny is equal to that of
conventional device due to the fact that the surface P-type re-
gion is compensated by fixed charge region in buried oxide.
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When N, = 0, the optimal Ny is very small, resulting in a large
on-resistance. With the same parameter, the BV of the MHFC
increases from 205 V of conventional device to 597 V, but the
specific on-resistance increases less than twice. With the in-
crease of 7, the number of carriers decreases, and thus the
on-resistance increases (see Fig. 6(b)).

600 T T T T T 600
(a) 1.5x10'6 cm 3

MHFC LDMOS: NE
o 500y tox=1um t3=2>5 um 1 3}
> Ly=57pm t,=1 pm| g
2 400 . 41400 9
] N, =2.5x10' cm~3 2

Q 3 e
; 300 N, =2x10'% cm™3 i ®
w0
3 N,=0 2
5 b= ] o
T 200 conventional LDMOS: 1200 3
5 =1 pm tg=5 ym o
= = e
A 100 a= ol 3
N,=1.5x10" cm™ 2
0 L 0 -

0 1 2 3 4 5 6 7 8 9
Ng/10% cm—3
100 T T T T T T

90
80t
70}
607
50{
40}
30}
20}
10

0

tox=1pm Lg=55um t3=>5 pum

t,=1.5um N,=1x10"" cm™3

t,=1pm N,=1.5x10'" cm™

Specific on-resistance/Q-cm?

t,=0.5 ym N, =2.8x10'" cm™?
2 3 4 5 6 7 8 9

Ng/10% cm—3

Fig. 6. Dependence of BV and on-resistance on Ny with (a) different N,, and
(b) different .

Table 1 shows characteristics of several structures. Com-
pared to the structure with self-adaptive interface charge,!!’]
the conductance factor is more than doubled in the MHFC de-

vice. The conductance factor in shield trench device is less

than half of the proposed device with the same BV, but it is
very difficult to fabricate.!!!]

Table 1. Comparison between several structures.

Device BV (Ngtq/Lg)/10% cm™  13/um
MHFC 597 22 5
Con. 208 2.8 5
SACI13] 612 0.88 5
Double-sided trench!'2 796 1.56 20
Shield trench!'!] 598 0.9 3

4. Conclusion

A new MHFC structure is proposed. A large number of
dynamic holes are introduced by high-concentration multiple-
region fixed charge, which can strengthen dramatically the
vertical electric field in buried oxide layer and results in the
significant improvement of BV. The analytical and simulation
results have demonstrated an improvement of the trade-off be-
tween the BV and on-resistance. The MHFC is attractive for
applications in thin high-voltage device and power integrated
circuits for its favorable performances.
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