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ABSTRACT The VLT technique features for its irregular thickness of drift region and therefore realize the
even surface electric field even with a uniformly doped drift region. However, the sophisticated structure
of the drift region also making 2-D methods impractical in both modeling and explaining VLT’s physical
nature. In this paper, based on the Effective Concentration Profile (ECP) theory, a simple but effective
1-D modeling methodology is proposed to provide physical insight into the VLT technique. The VLT-ECP
concept indicates that by physically removing the region that above Charge Appointment Line (CAL),
the charge contributes to the lateral depletion can be reduced to zero leading to an even surface electric
field. Further, an optimization criterion is proposed to provide useful guidance for the designing of VLT
lateral power devices in practice. The comparison between the analytical results obtained by the proposed
model and TCAD simulations verified the veracity and effectiveness of the proposed methodology.

INDEX TERMS Variation of lateral thickness, 1-D model, effective concentration profile, breakdown
voltage, lateral power device.

I. INTRODUCTION
The development of lateral power device has made revo-
lutionary progress as the introduction of Reduce Surface
Electric Field (RESURF) technique, which improves the
lateral breakdown voltage (BV) with the help of 2-D cou-
pling effect between lateral and vertical structure [1]–[4].
To further utilize such 2-D coupling effect and obtain
a better trade-off between breakdown voltage and spe-
cific on-resistance (Ron), many important techniques have
been introduced to push the device operates closer to the
ideal switch that features infinite electrical conductivity
or resistivity when turned on or off. Among them, the
most direct approach is to alter the charge distribution
(Q(x) = Nd(x) × ts(x)) of drift region [4]–[8]. This con-
cept further stimulates the revolutionary techniques such

as Variable of Lateral Diffusion (VLD) and Variable of
Lateral Thickness (VLT). Both the VLD and VLT are fea-
tured as their ability to achieve an even surface electric
field profile and the most desirable lateral BV character-
istic [10]–[12]. Due to the linear doping profile of VLD,
a lightly doped drift region near the PN junction is formed
which inevitably causes severe local self-heating and on-state
characteristic deterioration [7], [9]. Moreover, the fabrica-
tion of VLD devices requires perforated mask layout and
long-time/high- temperature annealing which increases costs
and reduces yields [7], [9]. To avoid those drawbacks of
VLD, VLT technique has been introduced which alter the
drift region lateral charge distribution via variation of its
thickness rather than doping. Yet, the 2-D structure of VLT
device also brings enormous difficulties in 2-D modeling
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and analysis owing to the irregular shape of the drift
region [6], [7]. For the 2-D solutions, the 2-D Poisson’s
equation is now a semi-homogenous equation as a result
of variable drift region thickness. The direct solving of
this semi-homogeneous equation further leads to the usage
of modified Bessel function making a very much difficult
modeling process [6], [13]. Such a sophisticated 2-D model
is impractical both in explaining the physical nature and
in exploring the sensitivity of BV characteristic on device
parameters.
In this paper, a simple and clear VLT-ECP concept is

proposed to explore the VLT technique with veracity and
simplicity. The VLT-ECP concept indicates that the inher-
ent 2-D device with varied drift region thickness can be
equivalent to a 1-D planer junction with graded doping in
accordance with the ECP. So that the complicated modeling
processes of 2-D approaches are been bypassed making the
modeling difficulties of VLT devices reduced significantly.
Using the proposed 1-D VLT-ECP concept, a 1-D analyt-
ical model is proposed to depict the surface electric field
profile and BV of the VLT lateral power devices. Based
on the proposed model, a simple optimization method is
proposed to provide design guidance so that the most desir-
able BV characteristic can be achieved. The results obtained
by the proposed model are found to be sufficiently accurate
comparing with simulation results by MEDICI, technology
computer-aided design (TCAD) tool. The simulation models
used in MEDICI are CONSRH, AUGER, BGN, FLDMOB,
IMPACT.I and CCSMOB.

II. EFFECTIVE CONCENTRATION PROFILE
The lateral power device sustains applied reverse-voltage
mainly via the depletion of the drift region. Therefore, the
doping dose of the drift region takes a dominant role in
affecting the device off-state characteristics. The VLT tech-
nique optimizes the doping dose of drift region via the
change of drift region thickness. In this paper, the 2-D cross-
section of the lateral power device using VLT technique for
modeling is shown in Fig. 1 (a). When the device operates
in the off-state, both the VLT effect and 2-D RESURF effect
lay their influence on the depletion of the drift region. By
using the second-order Taylor series expansion along the y
dimension to approximate the electric potential in the deple-
tion region, a general differential equation for the surface
electric potential [ϕ(x, 0)] can be expressed as:

∂2ϕ(x, 0)

∂x2
+ ϕ(x, 0)

Ktoxtd(x)
= −qNd

εs
(1)

where the tox and td(x) are the thickness of buried oxide
(BOX) layer and drift region, q is the electronic charge, Nd
being the drift region doping concentration, εs and εox is the
dielectric constant of Silicon and Silicon Dioxide material,
respectively. K = εs/εox ∼ 3 represents the dielectric con-
stant ratio of silicon and silicon dioxide material. To solve
Eq. (1) directly, the modified Bessel function and the com-
posite Bessel function have to be introduced making the

FIGURE 1. (a). 2-D cross-section of the SOI LDMOS with VLT structure,
(b). the ECP equivalent structure for modeling (x-y plane) and (c). the ideal
VLT case (no charges in the drift region for lateral depletion).

correspondent mathematical expressions for surface electric
field and potential can only be given by the non-elementary
functions [6], [13]. On the other hand, by employing the
ECP concept, the influence of VLT and 2-D RESURF effect
can be equivalent to the increment on effective concentration
in the drift region, respectively. Thus, the effective concen-
tration profile (Neff (x)) can be easily obtained by using the
principle of compensation semiconductor, which yields:

Neff (x) = Nd + �Neff−RESURF + �Neff−VLT (2)

where �Neff−RESURF = −ηxNd/Min[xlat,Ld] indicates the
influence of the 2-D coupling effect on ECP [4]. In this
paper, η = xver(Vapp)/ts is the ratio of vertical depletion
length at x = Min[xlat,Ld] and SOI layer thickness. Barring
the 2-D RESURF effect caused by BOX and substrate layers,
the influence of thickness function on doping dose satisfies
Q(x) = Nd × td(x). For the purpose of dimensional reduc-
tion, the doping dose function can be further re-written as
Q(x) = N(x) × ts. Obviously, the effective doping concen-
tration increment induced by drift region thickness ought to
satisfies N(x) = Nd + �Neff−VLT = Nd × td(x)/ts. The actual
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VLT structure shown in Fig. 1 (a) can be equivalent to a lat-
eral power device with varied drift region doping, and the
overall ECP can be therefore given as:

Neff (x) = N(x) − Nd · η
x

Min[xlat,Ld]
(3)

As the Eq. (3) indicates, the coupling between the 2-D
RESURF effect and varied thickness determines the ECP. In
off-state case, the reverse-biased voltage is applied which
causes the lateral and vertical depletions to occur simulta-
neously. As shown in Fig. 1 (b), the inevitable overlap of
depletion between the lateral and vertical structures formed
a Sharing Charge Region (SCR). The length and height of
SCR are therefore defined by the width of the lateral and
vertical depletion region, namely xlat and xver, respectively.
A Charge Appointment Line (CAL) divides the charges in
SCR into two parts, only the upper part contributes to the
lateral depletion. According to REF [4] and [12], the CAL
satisfies CAL(x) = ηxNd/Min[xlat, Ld]. As Fig. 1 (b) intu-
itively shows, by using the Eq. (3), the VLT structure can be
understood as by physically removing the charge in SCR, the
equivalent doping concentration for the lateral breakdown is
reduced and therefore an evener surface electric field can be
realized.
Theoretically, for an ideal VLT case, the drift region thick-

ness is a linear function [6], [7]. As Eq. (3) indicates, if the
drift region edge coincident with the CAL, namely the drift
region thickness function td(x) satisfies td_opt(x) = (x/Ld)ts,
the Neff (x) = 0. In this case, the drift region just fully
depleted, namely η = 1. As shown in Fig. 1 (c), which
means all the charges in the drift region are allocated to
the vertical junction when the drift region is fully depleted.
Since there is no charge contributes to the lateral depletion,
for the lateral structure, the drift region can be equivalently
treated to be intrinsic and therefore an even surface electric
field and ideal BV characteristic can be obtained.
However, the biggest challenge is the fabrication espe-

cially the realization of drift region thickness that defined
by a proportional function. Since in practice, the thickness
of P-well is impossible to be zero (tp �= 0). In this case, the
actual drift region thickness is, therefore, can be given as:

td(x) = x

Ld
�ts + tp (4)

In fact, as indicated in Eq. (3), both the drift region thickness
and the 2-D RESURF effect play a decisive role in affecting
the BV characteristic of VLT lateral power devices. To make
the most of the VLT technique, the designing optimization
criterion for practical VLT devices ought to be provided so
that the optimized off-state performance can be achieved.
So far, by utilizing the ECP concept in VLT lateral power

devices, the inherent 2-D problem has now reduced to a sim-
ple 1-D problem which can be described by directly solving
1-D Poisson’s equation yielding:

d2ϕ(x, 0)

dx2
= dE(x, 0)

dx
= −qNeff (x)

εs
(5)

FIGURE 2. Effective Doping Concentration of the drift region for various
(a). drift region doping concentration (Vapp = 400V, tp = 1.0µm),
(b). thickness of P-well (Vapp = 400V, Nd = 5.0 × 1015cm−3) with
ts = 7µm, tox = 3µm, Ld = 20µm.

Fig. 2 intuitively shows the influence of 2-D coupling
between the VLT and RESURF effects on ECP. Since the
actual drift region thickness near the PN junction excess
the td_opt(x), the extra charges will contribute to the lat-
eral depletion. Accordingly, the ECP in the drift region can
no longer be intrinsic and thus sabotaging the ideal sur-
face electric field profile. As shown in Fig. 2 (a), such
a non-ideal ECP gets worse with the increase of drift region
doping concentration. Obviously, the non-zero P-well thick-
ness is been attributed to the mismatch between the CAL
and equivalent doping dose in the drift region. As indicated
in Fig. 2 (b), although the thicker P-well intensify such mis-
match, the symmetrical under- and over-estimation of drift
region charges help to increase the actual doping concentra-
tion and realize the optimized surface electric field whose
electric field peaks both have the same height. Moreover,
as shown in Fig. 2, due to the different types of mismatch
between CAL(x) and td(x), the equivalent structure of the
drift region under full-depletion condition can be divided
into two cases. As Fig. 3 (a) shows, if the field oxide(FOX)
layer boundary above CAL (η = 1), the excessive charges
in drift region form an equivalent N-type region, and thus
creating an electric field peak at the PN junction. Whereas
for the case that η > 1, the cross between CAL(x) and td(x)
leads to an equivalent N(x)P(x) drift region which stimulates

258 VOLUME 8, 2020



ZHANG et al.: EFFECTIVE CONCENTRATION PROFILE: NOVEL 1-D ANALYSIS OF VLT LATERAL POWER DEVICES

FIGURE 3. Effective lateral structure and the electric field distribution of
the VLT device at: (a). N-type and (b). NP-type drift region (RB:
Reverse-Biased, FB: Forward-Biased).

a new electric field peak occurs at NN+ junction. Especially,
when a strong 2-D RESURF effect exists and η > 2, the
absolute value of ECP reaches its maximum at x = Ld.
Therefore, same as that in Single/Double RESURF devices,
the surface electric field peak at NN+ junction is expected
to excesses the one at PN junction [4], [14]. As a result
of the thickness of P-well, the intrinsic ECP of the drift
region is impossible to be achieved. So that, the perfectly
even surface electric field shall no occur.

III. SURFACE ELECTRIC FIELD
A. SURFACE ELECTRIC FIELD PROFILE
By using the ECP concept, the inherent 2-D VLT struc-
ture is equivalent to a 1-D graded junction whose doping
is defined by ECP that determined by Eq. (3). Since the
lateral breakdown happens on the surface, the analysis of
surface electric field profile is essential for the purpose of
achieving the desirable device’s BV. In a commercial lateral
power device, in order to meet the requirement of main-
taining a high BV and area utilization rate, the drift region
ought to fulfill the full depletion condition. Accordingly, the
surface electric field profile of which can be easily obtained
by submitting Eq. (3) into Eq. (5), which yields:

E(x) = E0 − qNd
εs

[∫
td(x)

ts
dx− η

x2

2Ld

]
(6)

where E0 = E(0) represent the surface electric field at PN
junction. As Eq. (7) indicates, the even surface electric field
profile can only be obtained when td(x) is a proportional
function. If the td(x) satisfies Eq. (4), the surface electric
field profile can be further given as:

E(x) = E0 − qNd
εs

[
x2

2Ld

(
�ts
ts

− η

)
+

(
1 − �ts

ts

)
· x

]
(7)

As shown in Fig. 4, the non-ideal structure of the drift
region significantly sabotages the surface electric field. Since
the distance along the FOX boundary is slightly longer

FIGURE 4. Analytical and numerical surface electric field profiles of the
drift region under a unified coordinate axis for various (a). Drift region
doping (Vapp = 250V, tp = 1µm), (b). P-well thickness (Vapp = 250V,
Nd = 3.0 × 1015cm−3) with ts = 5µm, tox = 2µm, Ld = 20µm.

than the drift region length, for the purpose of simplic-
ity, the simulated surface electric field that obtained along
the FOX boundary and analytical results are presented with
a unified coordinate axis. The Fig. 4 (a) indicates that the
excessive charges near the PN and NN+ junctions promote
electric field crowding at PN and NN+ junction, respec-
tively. Apparently, a higher Nd curbs the appearance of the
equivalent P-type region, therefore, reduces the electric field
peak at NN+ junction while increases the one at PN junc-
tion. The P-well thickness, on the other hand, changes the
bending degree of surface electric field profile. As shown
in Fig. 4 (b), a thicker P-well indicates a small difference
between ts and tp. Moreover, when ts = tp, the VLT device is
reduced to a conventional Single RESURF device in which
case the difference between surface electric field peak and
valley reaches its maximum.

B. SURFACE ELECTRIC FIELD OPTIMIZATION
As discussed above, in order to maximize the optimized lat-
eral BV characteristic, the electric field crowding at both PN
and NN+ junctions ought to be adjusted so that any one of
which would not reaches the critical electric field (EC) first.
Since the two electric field peak of PN and NN+ junctions
is inevitable, the best scenario is to make these two peaks on
the surface of drift region reach EC simultaneously, namely:

E(0) = E(Ld) = EC (8)
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FIGURE 5. Analytical and numerical surface electric field profiles using
the geometric optimization criterion under a unified coordinate for
various (a). Drift region doping (Vapp=280V, ts = 5µm), (b). Epitaxial layer
thickness (Nd = 2.5 × 1015cm−3) with tox = 2µm, Ld = 20µm.

Hence, the geometric optimization criterion to achieve the
optimized surface electric field can be obtained by submitting
Eq. (8) into (7), which yields:

tp
/
ts = η − 1 (9)

As Eq. (9) indicates, in order to achieve the surface electric
field symmetrical along the midline of the drift region, the
vertical structure of the drift region is determined by the 2-D
coupling factor η. For the ideal VLT structure, as shown in
Fig. 1 (c), the perfectly even electric field is achieved when
the drift region just fully depleted (η = 1). Obviously, in
this case, the surface electric field at both x = 0 and Ld has
the same height, and therefore as Eq. (9) indicates tp ought
to be zero. Whereas when tp = ts, the device is now becom-
ing a classic Single RESURF lateral power device whose
optimized η can be also obtained via Eq. (9) with η = 2.
Apparently, these conclusions are in accordance with the
conventional theories [6]–[7], [14] In fact, the Vapp vertical
structure sustains can be given as:

Vapp = qNdts
εs

(
Kηtox + 2η − 1

2
ts

)
(10)

Since the vertical and lateral sustain the same Vapp simulta-
neously, the geometric optimization criterion can be further

FIGURE 6. The dependence of breakdown voltage on drift region doping
with various (a). P-well thickness(ts = 6.0µm) and (b). Epitaxial layer
thickness (tp = 1.5µm) with tox = 2µm, Ld = 20µm.

given by submitting Eq. (10) into (9):

tp
/
ts =

(
Vapp − V0

V0

)
·
(

2t2

2t2 + t2s

)
(11)

where t = (0.5ts2 +Ktoxts)0.5 being the characteristic thick-
ness and V0 = qNdt2/εs. Furthermore, by using vertical
breakdown condition the optimization criterion can be further
simplified as:

tp = εsEC
qNd

− ts (12)

So far, with the help of geometric optimization criterion,
the surface electric field crowding induced by depletion mis-
match can be suppressed significantly. Hence, the breakdown
voltage of the VLT lateral power device can achieve its max-
imum. Fig. 5 intuitively shows the optimized surface electric
field profile after applying the geometric optimization cri-
terion. The consistency between the analytical results and
the simulations validates the veracity and effectiveness of
the proposed 1-D methodology. As shown in Fig. 5, with
the usage of optimization criterion, the surface electric field
is being symmetrical along the midline of the drift region.
Only the bending degree of the surface electric field affects
the lateral BV characteristic. Fig. 5 (a) also indicates that
a thinner P-well may allow a higher drift region doping con-
centration. Moreover, as shown in Fig. 5 (b), the thickener
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the epitaxial layer is the thinner the optimized P-well thick-
ness is. According to the proposed model, it can be reckoned
as a larger ts means the vertical depletion is harder to pro-
ceed. Therefore, only a smaller η can be obtained resulting
in the CAL in the drift region is more tends to the case
of ideal VLT, and an evener surface electric field can be
achieved. Although a better lateral BV and Ron trade-off
may be achieved by increasing the epitaxial layer thickness,
it also brings a bad thermal performance and, if the structure
parameters are poorly designed, may even curb the vertical
breakdown from happening. More importantly, it is actually
desirable to make the device happens vertical breakdown in
order to maintain a high BV while achieving a big process
tolerance.

IV. BREAKDOWN VOLTAGE
The capability of sustaining reverse biased applied voltage
reflects core performance for a lateral power device. The
weakest one in BV between the lateral and vertical structure
limits the off-state characteristic of the device. As discussed
above, electric peaks of the VLT lateral power device occur
at (a). Si-SiO2 interface under the drain region; (b). PN
junctions and (c). NN+ junction. For a fully depleted drift
region, the same as the Single RESURF case, the lateral
BV of PN and NN+ junction breakdown can be therefore
obtained by submitting Eq. (7) into 1-D Poisson’s equation,
which yields:

PN junction: BVFPNlat = ECLd − qNdL2
d

2εs

(
1 − η

3
− 2

3

�ts
ts

)

(13)

NN+ junction: BVFNNlat = ECLd − qNdL2
d

2εs

(
2η

3
− 1 + 1

3

�ts
ts

)

(14)

In this paper, the critical electric field (EC) is deter-
mined by EC = 3.0 × 105/[1 − 0.33 log10 (Nd/1016)]
(V/cm) [4], [5], [12], [13]. It is worth to be noted that the
proposed method can also be applied to the partial deple-
tion case. To do so, Ld used in Eq. (7) and (13) should
be replaced by xlat which is given by

∫
E(x)dx = Vapp and

E(xlat) = 0. However, as shown in Fig. 6, partial depletion
breakdown ought to be avoided during the designing phase
for its rather low breakdown voltage [12]. Therefore, we will
not discuss partial depletion case in detail within the scope
of this paper. As for the vertical structure, in light of the
full depletion requirement, the vertical breakdown voltage
can be given as:

BVver = EC(Ktox + ts) − qNdt2s
2εs

(15)

So far, the lateral and vertical breakdown voltages are
obtained using the proposed 1-D VLT-ECP model. Thus,
the overall breakdown voltage can be given by using the
lowest among BVlat and BVver, which yields:

BV = Min[BVlat,BVver] (16)

As shown in Fig. 6, same as that of Single/Double RESURF
devices, the breakdown of VLT lateral power devices may
successively undergo NN+ junction full-depletion break-
down, vertical breakdown, PN junction full depletion break-
down, and PN junction partial-depletion breakdown with the
increase of Nd. Nevertheless, as Fig. 6 (a) indicates, due
to the linear thickness of the drift region and its modula-
tion effect on charge distribution of drift region, the vertical
breakdown is easier to occur allowing a wider range of
Nd variation. As the gap between the thickness of epitax-
ial and P-well widens, the equivalent charge distribution is
closer to the ideal VLT case, thus an evener surface elec-
tric field may be obtained. As shown in Fig. 6 (a) and (b),
such an objective can be achieved by either decreasing the
tp or increasing the ts. However, as shown in Fig. 6 (b),
the thickening of the epitaxial layer also affects the 2-D
RESURF effect thus changing the BV-Nd curve in a more
sophisticated way. As Fig. 6 (b) shows, the coupling between
2-D RESURF and VLT effects leads to a higher degree of
optimization complexity.
In order to provide a theoretical window for optimizing

the drift region doping dose(Q = Nd × ts) of a VLT lateral
power device, in this paper, we propose an optimized doping
dose(ODD) criterion whose limits are determined by vertical
and lateral BVs. As shown in Fig. 5, the upper limit (Qup)
and the lower limit(Qdown) of ODD are determined by the
BVver − BVlatFPN and BVver − BVlatFNN , respectively. Thus,
the optimized doping window of the drift region can be
obtained by submitting Eq. (13) and (14) into (15), which
yields:

Qup = εsEC
q

[
6α2 − 18αβ + 6α − 1

3
(
α2 − 1 − 2/3 · r)

]
(17)

Qdown = εsEC
q

[
6α2 − 18αβ + 6α + 2

3
(
α2 + 1 + 1/3 · r)

]
(18)

where α = ts/Ld, β = tox/Ld and r = �ts/Ld. Similar to the
single RESURF case, α and β are the shape factors of the
SOI layer and buried oxide layer, respectively. Hereby, the
structure optimization criterion can be given as:

Qdown ≤ Q ≤ Qup (19)

As Eq. (17) and (18) indicate, compared to the Single/Double
RESURF cases, the VLT technique significantly improves
upper limit and the drift region process tolerance(�Q =
Qup−Qdown). The �Q reaches its maximum when the ideal
VLT structure is achieved (r = α). In which case, the Eq. (17)
and (18) become:

Qup_MAX = εsEC
q

[
6α2 − 18αβ + 6α − 1

3
(
α2 − 1 − 2/3 · α

)
]

(20)

Qdown_MAX = εsEC
q

[
6α2 − 18αβ + 6α + 2

3
(
α2 + 1 + 1/3 · α

)
]

(21)
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Also, when r equals to zero, the VLT lateral power device
degenerates to a Single RESURF device, thus Qup = QS−up
and Qdown = QS−down [4].

V. CONCLUSION
In order to explore the physical meaning of the VLT tech-
nique and provide effective design guidance for the practice
VLT lateral power device, we proposed a simple but accurate
1-D methodology to depict the sophisticated 2-D problem
via ECP theory. The proposed VLT-ECP concept indicates
that the VLT technique can be reckoned that achieving the
perfectly even surface electric field by equivalently remov-
ing the charges above CAL. By doing so, there is no charge
in drift region that contribute to lateral depletion, so that
to the lateral structure the drift region can be treated as
intrinsic. However, since the thickness of P-well cannot be
ignored, the ideal VLT structure is impossible to be realized.
Therefore, using the proposed VLT-ECP concept, a novel
analytical model is presented to qualitatively and quantita-
tively explore the sensitivity of the surface electric field and
breakdown voltage to structure parameters for the first time.
Furthermore, a simple but effective geometric optimization
criterion is obtained using the proposed 1-D model to pro-
vide design guidance. The results obtained by the proposed
model both are found to be sufficiently accurate as compared
to TCAD simulation results.
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