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A novel lateral double-diffused metal-oxide semiconductor (LDMOS) with a high breakdown voltage (BV) and low
specific on-resistance (Ron.sp) is proposed and investigated by simulation. It features a junction field plate (JFP) over the
drift region and a partial N-buried layer (PNB) in the P-substrate. The JFP not only smoothes the surface electric field
(E-field), but also brings in charge compensation between the JFP and the N-drift region, which increases the doping
concentration of the N-drift region. The PNB reshapes the equipotential contours, and thus reduces the E-field peak on
the drain side and increases that on the source side. Moreover, the PNB extends the depletion width in the substrate by
introducing an additional vertical diode, resulting in a significant improvement on the vertical BV. Compared with the
conventional LDMOS with the same dimensional parameters, the novel LDMOS has an increase in BV value by 67.4%,

and a reduction in Ron.sp by 45.7% simultaneously.
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1. Introduction

A lateral double-diffused metal-oxide—semiconductor
field effect transistor (LDMOSFET) is widely used in smart
power integrated circuits for its easy integration. The trade-
off relationship between the breakdown voltage (BV) and the
Ronsp [12] i5 one of the main concerns of the LDMOSFET. The
field plate (FP), reduced surface field (RESURF), reduced bulk
field (REBULF), and varied lateral doping (VLD) have been
widely used to improve the trade-off relationship. The con-
ventional metal field plate (MFP) is easy to fabricate, but the
E-field peak at the end of the MFP is prone to causing prema-
ture breakdown.3#! The resistive field plate (RFP) is a good
choice to modulate the surface field distribution and improve
the BV, however it brings a large intrinsic leakage current.!!
The RESUREF technology can improve the BV and reduce the
Ron.sp simultaneously, but the P-top or P-buried layer (i.e. dou-
ble /triple RESURF) narrows the current path in the N-drift
region and induces a JFET region in the on-state, and thus
restricts the decrease of the Rop sp.[®! The REBULF technol-
ogy enhances BV by introducing an N-type buried layer in the
P-substrate to redistribute the E-field on the source side and
the drain side.!'>'?! Though the VLD in the drift region can
achieve a high BV, the low doping on the source side leads to
a ‘hotspot’ 13151 and easily causes a thermal breakdown.

In this paper, a novel LDMOS with a junction field plate
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(JFP) over the drift region and a partial N-buried layer (PNB)
in the P-substrate (JFP-PNB LDMOS) is proposed, which not
only achieves a high breakdown voltage, but also realizes a
very low specific on-resistance. The JFP results in a high dop-
ing concentration in the N-drift region by the charge compen-
sation between the N-drift and the P region of the JFP. Fur-
thermore, the linearly doped P region of the JFP modulates the
surface E-field distribution, thus improving the BV and avoids
the ‘hotspot’ in the drift region mentioned above. Moreover,
the PNB is used to modulate the E-field distribution, and fur-
ther improves the BV. The MEDICI simulator is used to study
the mechanism of the JFP-PNB LDMOS. Simulated results
demonstrate that the proposed JFP-PNB LDMOS has a good
static performance.

2. Device structure and mechanism

Figure 1 shows the schematic cross section of the JFP-
PNB LDMOS. The novel LDMOS features a PNB in the P-
substrate and a PN JFP on the field oxide. In the figure, L,
and Tjpp are the length and the thickness of the P region of the
JFP, respectively; Ny and Ly, are the doping concentration and
length of the PNB, respectively; Ty is the distance from the
bottom surface of the drift region to the top of the N-buried
layer. In addition, there is a P-type buried layer below the drift
region at the source side; Ly, and Ny, are the length and the
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doping concentration of the P-buried layer, respectively; Ng
and Ty are the doping concentration and the thickness of the
N-drift region, respectively.
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Fig. 1. (color online) Schematic cross section of the JFP-PNB LDMOS-
FET

In simulation, the physical models of CONSRH,
AUGER, BGN, FLDMOB, IMPACT.I, and CCSMOB are
mainly used, and the NEWTON solution method is carried
out with 2 types of carriers and parameters of ITLIMIT =30

and STACK =15. The same dimensional parameters for sev-
eral structures are set as follows: L, =45 um, Tjrp = 0.3 pm,
Lpp = 21 pum, Ny, = 6 % 105 em™3, Ty =2 um, Ny =
2.5 % 10" cm—3, and the half-cell pitch is 52 pm.

Figure 2 shows the equipotential contours of the JFP-
PNB, PNB (without JFP), JFP (without PNB), and conven-
tional LDMOSFETS at their own breakdown. As shown in
Figs. 2(a) and 2(b), the PNB reshapes the equipotential con-
tours, and thus uniform equipotential contours are formed in
the bulk. However, for the JFP LDMOS and the conventional
LDMOS in Figs. 2(c) and 2(d), without the PNB, the equipo-
tential contours distribute intensively on the drain side, where
the premature breakdown is prone to occur and voltage sus-
tained by the source side is small. Furthermore, the additional
reversed biased diode D, in Fig. 1 improves the vertical BV by
extending the depletion depth. The fully depleted P-region of
the JFP forms a charge compensation with the N-drift region
in the off-state, which allows a much higher drift region dop-
ing at no expense of the BV. At the same time, the linearly
doped P-region of the JFP can smooth the surface E-field dis-
tribution, which acts as a resistive field plate. Therefore, both
the BV and the R,y p are improved.
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Fig. 2. (color online) Equipotential contours at breakdown for (a) JFP-PNB LDMOS (740 V), (b) PNB LDMOS (692 V), (c) JFP
LDMOS (505 V), (d) conventional LDMOS (442 V) (20 V/contour).

3. Results and discussion

Figure 3 shows the E-field distribution at breakdown for
the four devices mentioned above. In Fig. 3(a), the high y-
component of the surface E-field demonstrates the assisted-
depletion effect and charge compensation effect of the P region
of the JFP on the N-drift region. The almost linear E-field dis-
tribution along the x-direction comes from the VLD in the JFP
as shown by the image in the inset, and Npase and G are the
background doping concentration and the doping gradient in
the P region of the JFP, respectively.

Figure 3(b) provides the x-components of the surface E-
field in the drift region. The E-field peaks exist at the end of
the MFP for the conventional and PNB LDMOSFETs, lead-
ing to premature breakdown. In comparison, for the JFP-PNB
and JFP LDOMSFETs, the JFP structure not only makes the
E-field distribution much smoother, but also renders the av-
erage E-field higher. The linearly doped JFP works as if the
RFP modulates the surface E-field, while the PN junction in
the JFP avoids the large leakage current in the off-state. On

the other hand, the P-buried layer can improve the E-field on
the source side, and introduces another E-field peak at its end,
thus the BV further increases.

Figure 3(c) displays the lateral E-field distributions at
y =10 um. They indicate that the high E-fields sharply de-
crease to zero from the drain side to the source side for the
conventional and JFP LDMOSFETS. The high E-field con-
centrates on the drain side, where the breakdown can easily
happen. However, for the JFP-PNB and PNB LDMOSFETs,
the modulation effect of the PNB structure reduces the E-field
peak and makes the E-field distribution more uniform, avoid-
ing premature breakdown and improving the BV

The vertical E-field distribution on the drain side is shown
in Fig. 3(d). In the off-state, the PNB introduces an additional
reverse biased diode D, (Fig. 1). For the PNB and JFP-PNB
LDMOSFETs, the diode supports part of the vertical voltage
drop and raises the vertical E-field strength in the P-substrate
by extending the depletion region, which improves the vertical
breakdown voltage.
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Fig. 3. (color online) E-field distributions for (a) y-component and (b) x-component of the surface E-field; (c) in the bulk (y = 10 pm);
(d) vertical E-field at the end of the drain side. The inset in panel (a) illustrates the linear doping profile of the P region in the JFP.

Table 1. Comparison of the BV, Ny, Ron.sp, and FOM (BVZ/R(,,,,SP)
among the four structures

Structure  Ng/10%cm™=3 BV/V Ron_sp/chm2 FOM/MW-cm 2
JFP-PNB 12 740 67.3 8.1
PNB 4 692 166.3 2.9
JFP 13 505 62.9 4.1
Conventional 55 442 123.9 1.6

Owing to the charge compensation between the N-drift
region and the P region of the JFP, the JFP-PNB and the
JFP LDMOSFETs allow a much higher optimized Ny, as
shown in Table 1. However, the optimized Ny of the JFP-
PNB (or PNB) LDMOS is slightly lower than that of the JFP
(or conventional) LDMOS, owing to the fact that the PNB
supplies part of the N-type impurity in the off-state. Fig-
ure 4 shows the on-state current densities in the y direction
at x = 26 pum for the four devices. The current densities of the
JFP-PNB and JFP LDMOSFETs are more than twice those
in the PNB and conventional LDMOSFETs. The JFP-PNB
LDMOS reaches 740 V in BV and 67.3 mQ-cm? in Ron.sp,
which breaks the silicon limit of the triple RESURF LDMOS
(Ron.sp(Q-cm?) =5.93x1077 x 32 x BV?).12I
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Fig. 4. (color online) On-state current densities at x = 26 um varying
with position in the y direction

Figure 5 indicates the influence of the length of the N-
buried layer (L) on BV and the voltage drop sustained by the
D and D, (Vp; and Vpy). The parameters are set as follows:
Ny = 1.6 x 10" cm ™3, T\, = 30 um, Ng = 1.2 x 10'® cm™3,
G =1x10" cm™, and Npgse = 2.3 X 101 cm™3. When
Ly, < 32 pm, the BV keeps increasing with the increase of
Ly, but the BV begins to decrease at Ly, = 32 um. The vari-
ations of Vp| and Vp, determine the change of the BV. When
Lyp < 32 pm, the N-drift region is fully depleted at breakdown,
Vb1 keeps nearly constant, and the Vp; increases due to the ex-
tension of the depletion depth, therefore the increase of the BV

127303-3



Chin. Phys. B Vol. 23, No. 12 (2014) 127303

is totally determined by raising Vp2. When Ly, > 32 pm, the
drift region becomes un-depleted, then the Vp; decreases with
the increase of Ly, Vpy is limited by the premature breakdown
at the drift region surface on the source side, and the decrease
of the BV is determined by reducing Vp;.
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Fig. 5. (color online) Dependences of BV, Vpy, and Vpy on the length
of the N-buried layer. The Vp; and Vp, represent the voltage shared by
the diodes D and D, respectively.

Figure 6 demonstrates the vertical potential (a) and E-
field (b) distributions at the drain end for the T, values of 10,
20, and 35 wm respectively. The vertical arrows with dash line
arrows in panel (a) refer to the potential drop on the diode D
(Vb1), and the solid ones represent Vp,. With the increase of
Tw, Vp1 keeps increasing and Vp, keeps decreasing. If Ty, is too
small, the voltage sustained by D; decreases. The case will be
the same for D, if T, is too large. These two conditions both
degrade the BV. According to the simulation by MEDICI, the
optimized T, value is in a range of 15 pm—30 pm.
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Fig. 6. (color online) Vertical potential and E-field distributions at the
end of the drain side for different values of Ty,.

Figure 7 shows the influences of the G on the BV and
Noases With Np = 1.3 x 10'®, 1.9 x 10'®, and 2.2 x 10'6 cm—3

respectively. The charge balance is shown in the following
equations:

ON_arift T ONburied = Qirp + b _qub> )]
Oirp = (Noase +0.5-G - Lp) - Typp. 2

Owing to the charge balance, the optimized Ny,se Will decrease
if the G increases for the same value of N,. At the same
time, for a given G, Npyee increases with the increase of M.
Though the Ny, and the Ny, can be matched in a large range,
there is an optimum N,. In Fig. 7, the BV is at its highest at

Ny =1.9%10'° cm—3.
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Fig. 7. (color online) Dependences of BV and Ny, On G each as a
function of N,

Figure 8 shows the influences of the Ny on the BV for
the four different LDMOSFETs. All of the data are optimized
for each device. First, the optimized Ny values of the LD-
MOSFETs with JFP are much higher than those of the devices
without JFP. Second, the LDMOSFETSs with the JFP can be
optimized in a much wider range of N4, which provides flex-
ible designs for the engineers for different conditions. Third,
the BV of the LDMOSFETs with the PNB is much higher.
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Fig. 8. (color online) Dependences of BV on Ny for the four devices

Figure 9 shows the key fabrication steps of the JFP-PNB
LDMOS. In step (a) the impurity source is the arsenic, and
the low diffusion coefficient of the arsenic can ensure the PNB
keeps its shape well after the process of epitaxy. Steps (e)—(g)
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show the process of the impurity implantation and annealing,
including P™ contact, P* anode region, N* source, N™ drain,
N cathode region, and the linearly doped P region of the JFP.
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The linear doping can be achieved with only one mask by con-
trolling the sizes and the spaces of the mask windows, which

is shown in step (g),[14,15]
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Fig. 9. (color online) Key process steps of the JFP-PNB LDMOS for forming (a) PNB; (b) an epitaxial layer; (c) P-well and the JFP
film; (d) gate oxide and the isolator between the gate and the JFP; (e)—(g) impurity implantation and annealing; and (h) electrodes.

4. Conclusion

A novel LDMOS equipped with a JFP and a PNB is pro-
posed and investigated by simulation. In the off-state, the JFP
brings in a charge compensation effect on the N-drift region
and smoothes the surface E-field. At the same time, the PNB
reduces the E-field peak on the drain side and increases the
E-field strength on the source side, and the additional vertical
diode extends the vertical depleted area in the substrate. All ef-
fects improve the BV and Ron sp. Simulation demonstrates that
the BV of 740 V and the Ry sp of 67.3 mQ-cm? are obtained
for the proposed JFP-PNB LDMOS at 52-pum half-cell pitch.
Compared with the conventional LDMOS, the proposed one
increases the BV by 67.4% and reduces the Ry sp by 45.7% si-
multaneously. The proposed structure obtains a superior trade-
off relationship between the BV and Ry, .sp, which is far better
than that for the triple-RESURF LDMOS.
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