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ABSTRACT To elaborate on the relationship between sophisticated 2-D doping profile of drift region and
device’s breakdown behavior, a unified analytical model for the SOI LDMOS is developed in this paper.
The Effective Substrate Voltage (ESV) concept is proposed so that the derivation of electric field and
breakdown voltage can be simplified significantly. The ESV indicates that the influence of 2-D doping in
the drift region can be equivalent to a virtual substrate potential. By using the proposed model, the role of
2-D drift doping, both continuous or discrete doping profile, in SOI LDMOSs’ off-state breakdown behavior
is investigated along with the TCAD simulations and experimental results. The good agreement between
the analytical, measured and simulated results validates the accuracy of the developed model. A unified
RESURF criterion is derived to idealize the electric field in the drift region and therefore maximize the
breakdown voltage by optimizing the lateral and vertical drift doping profiles and geometric parameters.
The proposed approach provides a universally applicable tool to explore the breakdown mechanism of
SOI LDMOS with various drift doping profiles.

INDEX TERMS LDMOS, arbitrary doping profile, electric field, breakdown voltage (BV).

I. INTRODUCTION
Breakdown voltage and on-resistance are critical perfor-
mances for the lateral power devices, such as Lateral
Double-diffused MOSFET (LDMOS) [1]–[4]. Many tech-
niques have been proposed to obtain a better trade-off
between BV and Ron by optimizing the drift doping pro-
file. Among them, the most direct and commonly used
approaches optimize the lateral breakdown characteristic
via altering lateral doping profile, such as the Variation
of Lateral Doping (VLD), Single/Double/Triple REduced
SURface Field (RESURF) (S/D/T-RESURF), and Lateral
Step Doping (LSD) techniques [5]–[13]. However, due to the
limitation of actual process or the requirement of design, the
vertical doping profile can hardly be uniform. In fact, the ver-
tical doping profile of the drift region also plays a significant

role in affecting the devices’ BV and Ron performances. In
practice, Gaussian doping and linear doping is most com-
monly seen profile in the vertical direction, the devices’
breakdown characteristics are sensitive to the diffusion time
as the diffusion time influences the vertical doping profile
of the drift region. Unfortunately, present models are usually
derived based on the assumption of a uniform vertical dop-
ing profile [14]–[17]. For instance, although the novel and
delicate method uses Green’s Function in modeling VLD
devices, the variation of the vertical doping profile is not
considered in this derivation [17]–[20]. Thus, the impact of
variation in the vertical doping profile on the electric field
of power devices can not be discussed using these models.
In terms of the device with variation of vertical doping pro-
file, [6] gives a method to model this device based on the
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FIGURE 1. 2-D cross section of the SOI LDMOS with an arbitrary doping
profile in the drift region.

assumption that doping profile of each small layer is uni-
form. However, such a method still incapable of considering
the variation of lateral and vertical doping profiles simulta-
neously as a result of the derivation complexity of which
method. The missing of a practical analytical methodology
for lateral power devices with arbitrary drift doping pro-
file makes the optimized devices often perform a degraded
breakdown characteristic [17].
To explore the mechanism of off-state breakdown

performance in SOI LDMOS with arbitrary drift doping
profiles, a unified analytical breakdown model is developed
via using the effective substrate voltage concept. Therefore,
the derivation of 2D Poisson’s equation can be greatly sim-
plified. A universally applicable analytical model is obtained
accordingly. By using which, devices with continuous and
discrete doping profiles are analyzed. The analytical results
agree well with results measured by [8], [9] and results
simulated by MEDICI, a commercial TCAD tool. The sim-
ulation models used in MEDICI are CONSRH, AUGER,
BGN, FLDMOB, IMPACT. I and CCSMOB. This agree-
ment verifies that the proposed model has a wide range
of applications. Furthermore, based on the derived models,
a RESURF criterion is obtained to achieve an ideal surface
electric field in devices.

II. SURFACE ELECTRIC FIELD
A. METHOD OF EFFECTIVE SUBSTRATE VOLTAGE
The doping profile influences the breakdown characteris-
tics of the lateral power devices. However, the model in
[6] and [17] can only depict the influence of variation of
vertical or lateral doping profile, separately. To give a clear
breakdown mechanism of SOI LDMOS with arbitrary drift
doping profiles, in this part, the method of effective substrate
voltage is proposed to simplify the equations and avoid the
complex derivation in [6].
The cross-section of the SOI LDMOS with an arbitrary

doping profile in the drift region is shown in Fig. 1. N(x, y)
represents the doping concentration of the drift region which
varies in both the x and y directions. Ld is the length of the
drift region. The lateral depletion width is denoted as wlat.
ts and tox are the thicknesses of the drift region and buried
oxide, respectively.
When the drift region is fully depleted at a given reversed

biased voltage Vd, the surface electric potential ϕ(x,y) in

silicon film satisfies the 2-D Poisson’s equation and boundary
conditions, which can be given by:

∂2ϕ(x, y)

∂x2
+ ∂2ϕ(x, y)

∂y2
= −qN(x, y)

εs
(1)

ϕ(0, 0) = 0, ϕ(Ld, 0) = Vd (2)
∂ϕ(x, y)

∂y

∣
∣
∣
∣
y=0

= 0,
∂ϕ(x, y)

∂y

∣
∣
∣
∣
y=ts

= − ϕ(x, ts)

εstox/εox
(3)

where q is the elementary charge, and εs and εox are the
dielectric constant of silicon and silicon oxide materials,
respectively. The boundary condition Eq. (3) is based on
the continuity of electric flux density across the front and
back Si/SiO2 interfaces. Fig. 2 gives the method of effective
substrate voltage to simplify the equation. The potential and
electric field of the drift region is caused by the applied
voltage and drift doping profile, as shown in Fig. 2(a)-(c).
The potential and electric field, including the lateral and ver-
tical electric field, induced by the depleted drift impurities
can be equivalent to the variation of an effective substrate
voltage. To obtain this effective substrate voltage, the dif-
ferential layer dy and the substrate are considered as plates
of the differential capacitance, as shown in Fig. 2(d). The
charge and value of this capacitance yield as follows:

dQ(x, y) = qN(x, y)dy (4)

CT(y) = εs

ts + εoxtox/εs − y
(5)

Fig. 2(e) reveals that the electric field of the differential layer
can be replaced by the differential effective substrate voltage.
The total effective substrate voltage is obtained by integrating
the differential effective substrate voltage, yielded as:

V0(x) =
∫ ts

0

dQ(x, y)

CT(y)

= q

εs

∫ ts

0
(ts + εoxtox/εs − y)N(x, y)dy (6)

As the effective substrate voltage V0 is applied, the non-
uniform drift doping profile in Fig. 2 (a) can be replaced
by the intrinsic drift region in Fig. 2 (g). Poisson’s equa-
tion Eq. (1) and the boundary condition Eq. (3) can be
transformed into:

∂2ϕ(x, y)

∂x2
+ ∂2ϕ(x, y)

∂y2
= 0 (7)

∂ϕ(x, y)

∂y

∣
∣
∣
∣
y=0

= 0,
∂ϕ(x, y)

∂y

∣
∣
∣
∣
y=ts

= V0(x) − ϕ(x, ts)

εstox/εox
(8)

The potential function can be approximated to a quadratic
function of y, which yields [6], [16]

ϕ(x, y) ≈ ϕ(x, 0) + ϕ1(x)y+ ϕ2(x)y
2 (9)

Substituting Eq. (8)-(9) into Eq. (7), the 2-D Laplace
equation can be transformed into:

d2ϕ(x, 0)

dx2
− ϕ(x, 0)

t2
= −V0(x)

t2
(10)
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FIGURE 2. Method of equivalent substrate voltage: schematic of (a) device with applied drain voltage and its surface potential; (b) potential caused by
applied voltage; (c) potential caused by depleted charges; (d) electric field caused by the differential layer; (e) electric field replaced by the differential
effective substrate voltage; (f) method to calculate effective substrate voltage; (g) equivalent device with effective substrate voltage and its surface
potential.

where t = (0.5t2s + tstoxεs/εox)0.5 is the characteristic thick-
ness. Due to the reduction in the dimension of the Poisson’s
equation, the boundary condition at left and right of the drift
region is not required here. By submitting boundary condi-
tion Eq. (2) into Eq. (10), the surface potential and electric
field are derived by the Green function method [17]:

ϕ(x, 0) = sinh(x/t)

sinh(Ld/t)
× [Vd + V1(x)]

+ sinh
[

(Ld − x)/t
]

sinh(Ld/t)
V2(x) (11)

E(x, 0) = cosh(x/t)

sinh(Ld/t)
× Vd + V1(x)

t

− cosh
[

(Ld − x)/t
]

sinh(Ld/t)
× V2(x)

t
(12)

where V1(x) = 1
t

∫ Ld
x sinh [(Ld − x)/t]V0(x)dx and V2(x) =

1
t

∫ x
0 sinh(x/t)V0(x)dx. Eq. (11) and (12) are unified mod-

els to depict the potential and electric field of the device
with an arbitrary doping profile. When the drift region is
partially depleted, Ld in Eq. (11)-(12) is replaced by the lat-
eral depletion width wlat, which can be obtained by solving
E(wlat, 0) = 0. When a gate overlap is considered in the
structure, the influence of the gate overlap on the potential
and electric fields can be replaced by an effective concen-
tration based on the theory presented in [15]. In this case,
N(x, y) in Eq. (11)-(12) is replaced by an effective doping
profile Neff(x, y) which is obtained by adding N(x, y) to
an additional effective concentration Ng(x). Ng(x) represents
the influence of the gate overlap, which is yielded by

Ng(x) =
{ (

εoxts+ε2
oxtox/εs

)

(Vgs−VFB)
qtfoxt2

, 0 ≤ x ≤ Lg′

0, Lg′ < x ≤ Ld
(13)

where Vg is the applied gate voltage, VFB is the flat band
voltage, tfox is the thicknesses of the gate oxide layer
and Lg′ represents the length of gate overlap above the drift
region [15].

B. CONTINUOUS DOPING PROFILE
To analyse the effect of a non-uniform drift doping pro-
file, the surface electric fields of devices with continuous
doping profiles are investigated, including a Lateral Linear
and Vertical Gaussian (LLVG) doping profile, and a Lateral
Linear and Vertical Linear (LLVL) doping profile. The sim-
ulation results are obtained from MEDICI. Table 1 lists
expressions and schematics of the drift doping profile in
the analysed lateral power device with continuous doping
profiles. The drift doping profile of the analyzed device is
defined by:

N(x, y) = N0 + NDα(x)β(y) (14)

where N0 represents the doping concentration of silicon and
ND is the initial doping concentration of the VLD layer.
α(x) and β(y) represent the variation of doping concentra-
tion in the x and y directions, respectively. According to the
expression of N(x, y) and Eq. (11)-(12), the surface poten-
tial and electric field of the device with the given doping
profile can be obtained. In devices with a vertical Gaussian
doping profile, λ is related to the annealing time in practi-
cal fabrication. When it tends to infinity, namely when the
annealing time is infinite, the vertical doping profile is nearly
uniform. In terms of the device with a vertical linear doping
profile, when cL/cV becomes zero, the device is uniformly
doped in the lateral/vertical direction. Thus, the device with
a lateral/vertical uniform doped drift region is not discussed
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TABLE 1. Parameters of doping profile of different devices in which N(x,y) = N0 + NDα(x)β(y).

FIGURE 3. The device with LLVG doping profile: (a) surface electric field
distributions in the drift region and (b) value of effective substrate voltage.
(Vd = 230V, ts = 3µm, tox = 3µm, Ld = 20µm, L′

g = 0.5µm, cL = 2.3,
N0 = 1 × 1012cm−3, ND = 3 × 1015cm−3).

separately. Fig. 3 and Fig. 4 illustrate the impact of doping
profiles on the surface electric field and effective substrate
voltage. Although these devices have the same lateral doping
parameters, the surface electric field varies due to the differ-
ent value of V0(x). According to the ESV theory, the slope
of V0(x) represents the effect of the vertical doping profile.
An increased λ or a decreased cV contributes to a higher
value of charge Q in the differential layer, which ultimately
leads to an increased V0(x). Thus, the slope of V0(x) in the
device with different vertical doping profile is different even
though these devices have a same α(x), as shown in Fig. 3(b)
and Fig. 4 (b). The high effective substrate voltage makes
the drift region hard to deplete. Additionally, the effective
substrate voltage represents the influence of depleted charges
in the drift region, so the value of V0(x) might be higher
than Vd, as shown in Fig. 3(b) and Fig. 4 (b).

C. DISCRETE DOPING PROFILE
The proposed analytical model can also be applied to the
SOI LDMOS with a discrete arbitrary doping profile, for

FIGURE 4. The device with LLVL doping profile: (a) surface electric field
distributions in the drift region and (b) value of effective substrate voltage.
(Vd = 230V, ts = 3µm, tox = 3µm, Ld = 20µm, L′

g = 0.5μm cL = 2.3,
N0 = 1 × 1012cm−3, ND = 3 × 1015cm−3).

example, a Double/Triple RESURF (D/T-RESURF) device.
To further improve the breakdown voltage of D/T-RESURF
lateral power devices, the p-type layer of the discussed
devices is designed to be linear-doped. The N(x, y) of lin-
ear D/T-RESURF devices are given in Table 1. Based on
the expression of in Table 1 and Eq. (11)-(12), the surface
potential and electric field of each region can be obtained.
When ND and cL are equal to 0, the doping profile in the
drift region is uniform and V0(x) can be transformed into
V0(x) of a uniformly doped device.
Fig. 5 and Fig. 6 show the surface electric field and

the effective substrate voltage of the linear D-RESURF and
T- RESURF lateral power devices, respectively. Different
doping profiles lead to different surface electric field distri-
butions, as shown in Fig. 5 (a) and Fig. 6(a). It is worth
noting that, in the device with discrete lateral doping pro-
file, the function of V0(x) is also discrete. According to the
Eq. (6), the basic function of V0(x) is decided by the lat-
eral doping profile, while the value of V0(x) is influenced
by the entire doping profile in the drift region. Therefore,
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FIGURE 5. The linear D-RESURF device: (a) surface electric field
distributions in the drift region and (b) value of effective substrate voltage.
(Vd = 250V, ts = 7μm, t1 = 0µm, t2 = 1µm, tox = 3µm, Ld = 30µm,
Lp = 28µm, L1 = 1µm, L′

g = 0.5µm, ND = −5 × 1015cm−3, cL = 0.056).

FIGURE 6. The linear T-RESURF device: (a) surface electric field
distributions in the drift region and (b) value of effective substrate voltage.
(Vd = 250V, ts = 7µm, t1 = 3µm, t2 = 4µm, tox = 3µm, Ld = 30µm,
Lp = 28µm, L1 = 1µm, L′

g = 0.5µm, ND = −5 × 1015cm−3, cL = 0.056).

the impacts of lateral and vertical doping profiles could be
depicted by V0(x). Since the partial-depletion case in dis-
crete devices is more complex and lacks meaning in the
application, it will not be explored in this paper.

III. BREAKDOWN VOLTAGE
To investigate the breakdown mechanism of SOI LDMOS
with various drift doping profiles, the breakdown model is
derived. The length of gate overlap is always designed to be
small in order to reduce the parasitic capacitance. Therefore,
the effect of gate overlap is ignored in the analysis of break-
down voltage. The breakdown cases can be divided into
lateral breakdown and vertical breakdown. Lateral break-
down always occurs at PN junction and N+N junction when
the drift region is fully depleted. When the device is par-
tially depleted, it emerges at PN junction. Therefore, the
breakdown cases are divided as follows:
1) Lateral PN Junction Partial-Depletion Breakdown: By

submitting Ex(0, 0) = EC into Eq. (12) in the partial
depletion case, the lateral BVPNP,lat can be expressed as:

BVPNP,lat = ECt sinh(wlat/t) − V1(0) (15)

2) Lateral PN Junction Full-Depletion Breakdown: The
lateral BVPNF,lat can be obtained by substituting the boundary
condition Ex(0, 0) = EC into Eq. (12), which yields:

BVPNF,lat = ECt sinh(Ld/t) − V1(0) (16)

FIGURE 7. The measured and modeled breakdown voltage: (a) VLD device
(ts = 0.15µm, tox = 2µm); (b) device with step doped drift region
(ts = 3µm, tox = 0.15µm, λ = 10µm).

3) Lateral N+N Junction Full-Depletion Breakdown:
According to the boundary condition Ex(Ld, 0) = EC and
Eq. (12), the lateral BVNNF,lat can be derived as:

BVNNF,lat = 1

cosh(Ld/t)
× [

ECt sinh(Ld/t) + V2(Ld)
]

(17)

4) Vertical Breakdown: The vertical breakdown assumes
to occur at point (Ld, ts). Based on the boundary condition
E(Ld, ts) = Ec, the vertical BV can be obtained as [6]:

BVF,ver = EC(ts + εoxtox/εs) − q

εs

∫ ts

0
N(Ld, y)ydy (18)

The breakdown voltage is limited by the minimum lateral
and vertical BV, so the BV of the complete structure is:

BV = min
[

BVPNP,lat,BV
PN
F,lat,BV

NN
F,lat,BVF,ver

]

(19)

The measured and modeled breakdown voltage of the device
with different doping profiles are compared in Fig. 7.
Fig. 7(a) gives BV of the VLD device and Fig. 7(b) illus-
trates BV of the device with lateral step doped and vertical
Gaussian doped drift region. The good agreement verifies
the correction of the derived model. In order to further
investigate the impact of doping profile on BV, MEDICI
is used here to obtained BV under more situations. The
breakdown voltages of the devices with LLVG and LLVL
doping profile are shown in Fig. 8. It is obvious that the
maximum breakdown is unchanged for different vertical
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FIGURE 8. Breakdown voltage of (a) the device with LLVG doping profile
and (b) the device with LLVL doping profile. (N0 = ND = 1 × 1012cm−3,
ts = 3µm, tox = 3µm, Ld = 20µm).

parameters, including λ and cv. In contrast, the related
optimal lateral doping parameter shifts with the variation
of λ or cv. As shown in the sub-plot of Fig. 8, devices
with small λ or large cv have a larger optimal cL, lead-
ing to a reduced on-resistance. simulation results, which
reveals that this breakdown model can be applied in the
device with discrete doping profile. It also illustrates that
devices with a large absolute value of ND have an increased
optimal N0, which is marked as a star symbol. The sub-plot
in Fig. 9 reveals that the increased N0 results in a small
Fig. 9 illustrates the breakdown voltage of the linear D/T-
RESURF device. The analytical results agree well with the
on-resistance. Moreover, it is desirable that BV of the device
with a large absolute value of ND changes little near the point
of optimal N0, which shows a better characteristic of process
tolerance.

IV. RESURF CRITERION
The RESURF criterion is an important issue in maxizing the
breakdown voltage and guiding the design of lateral power
devices. To obtain an idealized electric field, we assume
that E(0,0) = E(Ld,0) and that the doping profile satisfies
the following equation:

ECt sinh(Ld/t)
[

cosh(Ld/t) − 1
] = cosh(Ld/t)V1(0) + V2(Ld)

(20)

FIGURE 9. Breakdown voltage of (a) linear D-RESURF device(t1 = 0µm,
t2 = 1µm) and (b) linear T-RESURF device(t1 = 3µm, t2 = 4µm). (ts = 7µm,
tox = 3µm, Lp = 28µm, Ld = 30µm).

In this case, the related breakdown voltage can be obtained
by equating Eq. (16) and (17), yielding:

BVlat = 2

t sinh(Ld/2t)

∫ Ld

0
cosh

[

(Ld/2 − x)/t
]

V0(x)dx (21)

Based on Eq. (20) and (21), a RESURF criterion and
a maxim BV lat of the device with an arbitrary doping profile
are obtained. When the drift region is uniformly doped, the
RESURF criterion and the related lateral breakdown voltage
of the conventional S-RESURF can be obtained as:

D(x) = εsEC
q

tanh(Ld/2t) (22)

BVlat = 2ECt tanh(Ld/2t) (23)

where D(x) = Nd(x) × t represents the dose of the device.
These equations indicate that when Ld >> 2t, BVlat ≈ 2ECt
is the maximum value of the breakdown voltage for the
S-RESURF device.

A. CONTINUOUS DOPING PROFILE
For devices with continuous doping profiles, the vertical
doping profile has a strong impact on BV. However, the con-
ventional design of VLD power devices always assumes the
vertical doping profile to be uniform. In practical fabrication,
after a typical annealing process (lasting 960min at 1150◦C)
for forming the drift region [7], the vertical doping profile
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FIGURE 10. Optimal doping profile of device with continuous doping
profile (ts = 3µm, tox = 3µm, Ld = 20µm).

FIGURE 11. Electric field distribution at breakdown of (a) device with
optimal LLVG doping profile (λ = 5µm, ts = 3µm, tox = 3µm, Ld = 20µm);
(b) device with optimal LLVL doping profile (cv = −0.4, ts = 3µm,
tox = 3µm, Ld = 20µm).

in the drift region is Gaussian, and λ is approximately 7µm.
For the specific geometric parameters of the lateral power
device used in Fig. 7, the optimal cL of the conventional VLD
device is 8×103, and the BV is 401V when the vertical dop-
ing profile is uniform. If the practical situation is considered,
the BV of this conventional VLD device will decrease by
8.7% (from 401 V to 366 V) according to Fig. 8.
To prohibit the degradation of BV and obtain a maxi-

mum BV in a device with a different vertical doping profile,
the surface electric field is assumed to be uniform, and
Ex(x, 0) = EC is substituted into Eq. (10), and the RESURF
criterion of the device with a continuous doping profile can
be obtained as:

D(x) = NDECt

V0(0)
x (24)

This value also satisfies Eq. (20). When the vertical doping
profile is uniform, Eq. (24) tends to the case of an ideal
VLD profile [4], [12]. The optimal doping profile based
on Eq. (24) is shown in Fig. 10. The profiles indicate that
small λ or large cV leads to a large doing profile at the
surface of the drift region. Fig. 11 shows the distribution of
the electric field at breakdown in the device with an optimal
doping profile based on Eq. (24) and Fig. 10. Further, the
distribution reveals that the surface electric field remains to
be uniform and the breakdown voltage is almost unchanged.

FIGURE 12. Breakdown voltage at different Lp in (a) D-RESURF;
(b) T-RESURF device (ts = 7µm, tox = 3µm, Ld = 30µm).

B. DISCRETE DOPING PROFILE
In addition to the geometric structure of the VLD layer,
the doping concentration outside the buried layer in discrete
devices is also vital, because it determines electric field peaks
at both ends of the drift region. In terms of D/T RESURF
devices, the length of L1 is always designed to be very small
in order to gain a high breakdown voltage. The RESURF
criterion of D/T RESURF devices can also be obtained by
substituting Eq. (20) into Eq. (24), which yields:

D(x) ≈ εsEC
q

× Ld
Lp

(

Ld − Lp
)

/2t + 2t
(25)

In addition, the maximized breakdown voltage of the D/T
RESURF device can be gained by combining Eq. (24) and
Eq. (25) into Eq. (21), given as:

BVlat ≈ 2ECt × Ld
Lp

(

Ld − Lp
)

/2t + 2t
(26)

When the buried layer disappears in the drift region, namely,
Lp = 0, the device becomes a S-RESURF device and
Eq. (25)-(26) become Eq. (22)-(23). To obtain a device
with a higher breakdown voltage than the conventional S-
RESURF device, Lp should be greater than 2t based on
Eq. (26). Obviously, the BV lat and ND increase with Lp
according to Eq. (25)-(26), which is also shown in Fig. 12.
Thus, the Lp should be designed to be sufficiently large.
Due to the assumption of a small L1, the model is not
very accurate at small Lp. It is also worth noting that when
Lp = Ld, BVlat = ECLd based on Eq. (26), which reveals
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that the lateral electric field could become uniform and the
lateral breakdown voltage is maximized in the device with
a sufficiently long buried layer.

V. CONCLUSION
By using the proposed ESV method, the relationship between
2-D arbitrary doping profile of the drift region and SOI
LDMOSs’ off-state breakdown characteristic is analytically
explored. The veracity and efficiency of the proposed
methodology are well verified by the good agreement
between analytical, experimental and simulated results. In
particular, the lateral power devices with different drift
region doping types, such as LLVG/LLVL and the lin-
ear D/T-RESURF are demonstrated and discussed in detail.
Furthermore, by using the proposed model, a generally
applicable RESURF criterion is given to optimize the dop-
ing profiles and geometric parameters. According to this
RESURF criterion, a uniform surface electric field can be
obtained only in devices with continuous drift doping pro-
files. Meanwhile, in terms of devices with discrete drift
region doping, a maximum lateral BV can be achieved with
a properly designed buried layer. The obtained RESRUF
criterion can be combined with other parameters to give
guidance for the optimal design of lateral power devices
with arbitrary doping profile.
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