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Analytical Model of Surface Field Distribution and Breakdown
Voltage for RESURF LDMOS Transistor

HE Jin and ZHANG Xing

(Institute of Microelectronics, Peking University, Beijing 100871, China)

Abstract: An analytical model of the surface field distribution and breakdown voltage of the reduced surface field
lateral double diffusion M OS transistor is proposed. Based on the 2-D Poisson’s equation solution, the derived mod-
el gives the closed form solutions of the surface potential and electrical field distributions as a function of the struc-
ture parameters and drain bias. A criterion for obtaining the optimal trade-off between the breakdown voltage and
on-resistance is also presented to serve to quantify the maximum breakdown voltage and optimal relations of all de—
sign parameters. Analytical results are shown in good agreement with the numerical analysis obtained by the semi-

conductor device simulator MEDICI and previous reported experimental data.
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eral models have been proposed for determination
1 Introduction of optimal epilayer thickness and doping concentra-

tion, drift region length and substrate doping con-

. [1—4]
. .. centrations
In recent vyears, Reduced Surface Field

However, the previous numerical analysis were

(RESURF) technology has been widely used in

high—voltage, low on-resistance lateral power de— just completed for some especial structures and all

. ) ) developed analytical models were also based on the
vices such as Lateral Double Diffusion Metal-Ox— P 1)
. .. . ) approximate 1D Poisson equation solution or some
ide-Semiconductor transistor ( LDMOS), Lateral Pk 1 L[5 {B f th T

. . especial assumptions ™ . Because of the two-di-
Insulated Gate Bipolar Transistor (LIGBT ), Junc- P p

tion Field Effect Transistor (JFET) and dielectri-

cally isolated devices for implement of the High-

mensional distribution characteristics of the electri—
cal field in the drift region, any 1D analysis could

. . . o . only figure out an approximate contour of the
Voltage-Integration Circuits (HVIC"s) and Smart - . . .
) o ) breakdown characteristics of the RESURF devices.
Power Integration Circuits ( SPIC’s). Previous )
] ) ) T herefore, the correction and accuracy of those ap-
many numerical analysis works have fairly well L i
) ] ] proximations and assumptions need to be further
discussed the influence of various parameters on .
] proven for the general case. To our knowledge,
the breakdown voltage and on-resistance, and sev- . .
there has been no any 2D analytical solution for the
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surface field of RESURF structure LDM OS so far.

This work is to develop a 2D analytical model
for calculating the surface field distribution and
breakdown voltage of the RESURF LDMOS tran-
sistor, based on the Poisson’s solution. From this
analysis, the surface field and potential distribu-
tions have been expressed in terms of the drift re-
gion length, epilayer layer doping concentration
and thickness and substrate doping concentration.
The quantified optimum criterion for the maximum
breakdown voltage and lower on-resistance has al-
so been obtained. Analytical results show in good
agreement with the numerical analysis and previ-

ous reported data.

2 Analytical Model

In present analysis, the simplified investigated
structure is shown in Fig. 1. As shown in this fig—
ure, the drift region length of the RESURF LD-
MOS transistor is defined as the n type region
length L between the n" drain and p* well. The

epilayer thickness is £1 with a uniform doping con-
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FIG. 1 Cross-Section of RESURF LDMOS

Transistor

centration N4. Assuming the substrate is too thick
enough to deplete the substrate charge, the sub-
strate depletion layer thickness is t2, with doping
concentration N.u. tr is the thickness of the field
oxide layer with the dielectric constant of €x.x and
y measure the horizontal and vertical positions rel-
ative to silicon surface, respectively. The device is

biased in the off-state configuration; substrate,

source and gate are grounded while the drain is bi-
ased to a positive voltage Va.

The potential function ¥ x, y) in the silicon
film must be satisfied by Poisson equation, yield-
ing:

EHox,y) dz‘%ﬂ;;y) __ qNa (0

dx” €si
The region under investigation is the box drift
region. It is possible to derive from the 2D Poisson
equation a 1D equation describing the surface po-
tential in the lateral coordinate (x).In this work.a
more general analysis based on the theory of Refer—
ence| 8] integrates the Poisson equation over the y-

direction in the drift region.

e

!
l‘ “qa-:;”dy + E(x,0) = E(x.11) = - ‘*’“_f_".c.

€si

(2)
where for the purpose of analytical investigation,
the effect of the junction depth is neglected.

Under the assumption of a 1D electrical field
in the SiO2 material, the continuity of electric flux
along the front=Si/SiO:z interface makes the bound-
ary conditions for (2) satisfy

—_ Vv
E (x,0) = - E X d?("}“ Ve

(3)
where d?[;‘c) Ed’(:c, 0), is the potential function
along the front Si/SiO: interface. V= Ve Vs, is
the effective gateto-source bias voltage, here Ven.r
is the channel flat-band voltage.

Because the gate oxide layer and substrate bias
equal zero, neglecting the influence of the work
function difference between the metal and semicon-

ductor on the electrical field, the electric field at the

Si/Si02 interface can be expressed by

Bilm, == =R ) (4)

Esi tr

From (2) to (4),one obtains

»oHa,y)  En B(x) : N
j: aﬁ dJ_ E.-;i>< tr - E,-(x,tl}— - E\'it

(3)
The relation between ®(x) and ®(x) is de-

rived by solving the continuity equation of the elec—

tric flux in the vertical direction
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= Ex(x.0) (6)

where R(x) =% x.11).is defined as the electrostat—

t i2

ic potential at the metallurgical junction of the ver—
tical n” /p_ junction. From equation (6),we can di-
rectly express E,(x,#) as a function of the surface
potential and depletion layer thickness.

According to the RESURF principle, the epi-
layer should be completely depleted and the deple-
tion approximation is suitable for the drift region.

At the first-order approximation, we can assume

") Z

G, y) _ TP(x)
o’ &

and making further mathematics simplification. ( 2)

Putting everything into ( 2)

transforms into the 1D differential equation:

d*R(x) B
FRE R xR(x) = B (7)
B _ 2en 2 ‘ _ gy
with ar= tili€si £|(£| + Lg) and ,8[ - €i

In order to determine depletion layer thickness
in the substrate side, one must solve Poisson equa-
tion of the double-sided pn junction along the verti—
cal direction. Due to the little non-uniformity of the
substrate depletion thickness along the drift region
length direction, we can assume a uniform deple-
tion thickness at first-order approximation. In this
case, the depletion thickness within the substrate
can be evaluated by using one dimension Poisson e-
quation for the vertical direction drain voltage at
the drain region edge. Similar to equation (6), ne-
glecting the influence of the junction depth of the
drain region, {2 can be included in the following
form based on the general formulae for the double-
sided junction

E.N-\'-nl.,m _ 2(Va - (R] _ {JN,-ul..fA
L Esi

(8)

Based on the basic theory of the pn junction, ]

(x) can be simplified expressed into

_ g;"\{snh 2
(i?{x) = e B2 (9
Combination ( 8) with (9), a quadric equation
gives
f
o1 8BesiVa
0o 2( \I’I gNati D (10)

It is evident that t2 tends to zero when the sub-
strate doping concentration Nb tends to a very
high value such as infinity. The above form is ap-
plicable only when the drain voltage makes the de-
pletion width larger than t1. In general, the high
drain voltage at the off state makes the epilayer to
be depleted enough. Therefore, the above analysis
always exists well.

Solving (7) with boundary conditions $(0)=0
and ®(L) = Vaiand defining 6= — % and T=(1/

12 .
ar) " gives

(Vi— 6)sinh ":"; - Bsinh L—“jﬁ ‘

P(x) = 6+ T :
L
sinh }
T

(11)
The surface field distribution along the semi-

conductor surface is obtained by differentiating

(11)

‘ ad (Va= 6) cosh :‘:'r + Brcosh L;x‘
E(x’0)=_dr= - L
’ Trsinh
T

(12)

3 Results and Discussion

Based on the above analysis, the potential and
electric field distributions along the semiconductor
surface can be readily demonstrated. And the effect
of the field oxide layer and silicon film structure on
the potential and field can also be analyzed. In or-
der to verify the proposed model, the 2D device
simulation is performed using MEDICI for the
same structure

Figure 2 shows the analytical results of the
surface potential and field distributions obtained
from equations (11) and (12) for one RESURF
LDM OS transistor together with the simulation re-
sults. In the figure, the curves denote the analytical
results and the black points represent the numeri-
cal results, respectively. A fairly accordance be-
tween the analytical and numerical simulation re-

sults may be found in general. The discrepancies
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between both are due to the penetration of the
space charge region into p~ base region and n”
drain diffusion region as can be seen from the sur-
face potential and field at x= 0 and x= L. Howev—
er, this kind of discrepancies has a little effect on
the breakdown voltage analysis.

Curve a in Fig. 2 indicates that the potential
distribution along the silicon surface is similar to
the combination of the p" n~ and n" n~ abrupt junc-
tions. The total potential drop at the both junctions
coincides with the applied voltage.

Curve b in Fig. 2 shows the electrical field dis—
tribution along silicon film surface. It is evident
that there are two edge electric field peaks along
the silicon surface, one appears at the p" n~ junc-
tion interface and the other at the n” n”~ junction in—
terface. T his coincides with the present and previ-
ous numerical analysis results'"”. Meanwhile, it
can be found that the relative magnitude of the two
edge peak fields is equal each other. This is because
the all structure parameters satisfy the optimal

- . . 3]
condition, as shown by Colak” results’ ™.

1 =450¥, Ny=1x10%cm ), ¢
tr= lpm Nop=1.5x 10"1::".'
L = 60pm, ¢ =15um A,

&=

o=
Surface Electrical Pleld/(10*V-em*’)

=

—
L= ]

[ 8]

FIG.2 Surface Potential and Electrical Field Dis—

tribution Along Semiconductor Surface

In the design of RESURF LDMOS devices, the
epilayer thickness, doping concentration in the drift
region, drift region length and field oxide layer
thickness are of very importance which determine
the off-state breakdown voltage and forward con-
duction characteristics of the devices. The follow -
ing discussion will give which optimum relation—

ship.

Based on the expression of the surface electri-
cal field given by (12), utilizing the critical break—
down electrical field concept Ewan(x) = E.= 2X
10°V/em can directly evaluate the breakdown volt—
age for the different drift region doping concentra—
tions. Meanw hile, the drift region on—resistance pe-
runit width is also evaluated from the expression
obtained by Cloak'*". One can observe there exists
an optimal epilayer doping concentration at which
the maximum breakdown voltage happens and the
lower on-resistance is obtained, as shown in Fig. 3.
The characteristics of the breakdown voltage ver—
sus epi-ayer doping concentration curve are similar
to the results given by Apples'”. Moreover, the
analytical results show in good agreement with the
experimental results obtained by Cloak'”, as shown
by the solid point. The quite similar phenomena
can also be found for the different epilayer thick-
nesses, substrate doping concentrations and field
oxide layer thicknesses based on our analytical

model.
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FIG.3 Trade-off Between Breakdown Voltage

and On-Resistance as Function of Drift Region

Doping Concentration

The careful examination for the optimal condi-
tion of the maximum breakdown voltage and lower

on-resistance finds an optimal point where the all
parameters make the two surface peak fields equal

to each other. T hus, utilizing this analysis, the opti-

mal relationship between the silicon film structure
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