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A new shallow trench and planar gate MOSFET structure based on VDMOS

technology™
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Abstract: This paper proposes a new shallow trench and planar gate MOSFET (TPMOS) structure based on VD-
MOS technology, in which the shallow trench is located at the center of the n™ drift region between the cells under
a planar polysilicon gate. Compared with the conventional VDMOS, the proposed TPMOS device not only im-
proves obviously the trade-off relation between on-resistance and breakdown voltage, and reduces the dependence
of on-resistance and breakdown voltage on gate length, but also the manufacture process is compatible with that
of the VDMOS without a shallow trench, thus the proposed TPMOS can offer more freedom in device design and

fabrication.
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1. Introduction

In order to realize the low specific on-resistance (R,,) and
high breakdown voltage (Vgr) of power MOSFET device, the
super-junction MOSFET(SIMOS)! and oxide filled extended
trench gate SIMOSFET!? are the most promising structures,
but SIMOS structures needs to control accurately the charge
balance between the p-pillar and n-pillar regions, which are re-
alized by multi-step epitaxy growth combined with ion implan-
tation or multiple ion implantation!®), or trench-filling com-
bined with trench etching[*-], or deep trench etching and epi-
taxial growthl®], resulting in a higher process cost. This paper
proposes a new shallow trench planar gate MOSFET (TPMOS)
structure based on conventional VDMOS technology, similar
to the trench planar gate IGBT[”-8]. The mechanism and char-
acteristics are analyzed by ISE simulator. The results show that
new TPMOS device can improve obviously R,, and Vgg, and
reduce the dependence of R, and Vzr on gate length compared
with the conventional VDMOS device.

2. Device structure and fabrication process

Figure 1 indicates the TPMOS and VDMOS cell profile
structures. Compared with the VDMOS as shown in Fig. 1(a),
a shallow trench located at the center of the n-drift region be-
tween the cells is introduced, and filled with n-type polysilicon,
as shown in Fig. 1(b). If removing the shallow trench, the TP-
MOS is the same as the VDMOS. The wider trench can form
the channels at the trench sidewalls, and results in the varia-
tion of threshold voltage (V). The deeper trench can induce
a premature breakdown of the trench bottom corners, and re-
sults in the fall of Vg, and the increase in gate—drain capac-
itance (Cgp), simultaneously. In order to avoid the influence
of the trench on the channel region and obtain better trade-off
relations among blocking, conducting and switching character-
istics, the depth of the trench region (d;) must be less than the
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depth of the p-type region (d,), i.e. d; < dp; the width of trench
region (w;) is narrower than the cell space (sp), i.e. w; < sp.

TPMOS can be fabricated by the following process flow.
First, the shallow trench is formed in the n- epitaxial layer by
reactive ion etching (RIE). Next, the gate oxide layer is formed
by dry oxidation, and the polysilicon gate is formed by chemi-
cal vapor deposition (CVD) to fill the trench, and then the pla-
narization of polysilicon film is realized by chemical mecha-
nism polishing (CMP) or trench-filling combined with trench
etching. After that, the doping concentrations of the p-type re-
gion, the n™ source region and the polysilicon gate can be re-
alized by self-alignment technology using ion implantations.
The rest, such as the electrode formation and the substrate at-
tenuation, are similar to the process of the VDMOS. So the
fabrication process of the TPMOS structure is compatible to
that of the VDMOS, except for the front shallow trench.

3. Mechanism and characteristics analysis

3.1. On-resistance

In the conventional VDMOS, as shown in Fig. 1(a), on-
resistance (R,,) mainly consists of the resistance of the channel
region (Rcy), the resistance of the accumulation region (Ry),

D
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Fig. 1. Comparison of (a) VDMOS and (b) TPMOS cell structures.
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Fig. 2. (a) Influences of d; on VR and (b) the electric field distribution of the TPMOS devie with d; = 2.5 um.

the resistance of the JFET region (R;), and the resistance of
the drift region (Rp), i.e. Ron = Rp + Ry + Ra + Rcy. In
the TPMOS structure, as shown in Fig. 1(b), the JFET region is
eliminated, and the electron accumulation can be formed along
the trench sidewalls during conducting, so R,, of the TPMOS
can be expressed as

Ron = Rp + Ra + Rch., (1)

where Rcy and Rp of the TPMOS are same respectively with
the counterpoint of the VDMOS for the same structural para-
meters, but R5 of the TPMOS is smaller than the total of R
and R; of the VDMOS. So R, of the TPMOS is smaller than
that of the VDMOS.

3.2. Breakdown voltage

In the conventional VDMOS, the breakdown voltage
(VgRr) is related to the concentrations and thicknesses of the n-
drift and p-type regions at the two sides of J, junction, and the
cell space (sp). In the new TPMOS, the trench can affect the
electric field at the J, junction curvature. In order to analyze
the blocking mechanism of the TPMOS, Figure 2 indicates the
influence of d; on Vgr and the electric field distribution of the
TPMOS device with d; = 2.5 um. Seen from Fig. 2(a), VgR in-
creases first and then decreases remarkably with the increase in
dy, and has the maximum 670 V when d; = 2.5 um, which can
be explained by the electric field distribution in Fig. 2(b). The
electric field intensity at the J, junction curvature (Ej) is very
close to that of the trench bottom corners (Et), so the break-
down occurs at two spots simultaneously. This shows that the
maximum electric field of the TPMOS device can transfer from
the J, junction curvature to the trench bottom corners with the
increase in dy, and Vg is determined by £y when d; < 2.5 um,
and the trench is shallower, Ej is higher. Whereas Vpy is de-
termined by E1 when d; > 2.5 um, and the trench is deeper,
Er is higher!®!. So the TPMOS with d; & 2.5 um can improve
the breakdown voltage.

3.3. Input and output capacitances

The input and output capacitances can affect the device’s
switching loss. In the conventional VDMOS structure, the in-
put capacitances (Cj,) and output capacitances (Coyt) can be

expressed in Ci, = Cgs + (1 + gnZ)Cgp and Coyy = Cps +
Cgp, where Cgs is the gate—source capacitance, Cgp is the
gate—drain capacitance, Cpgs is the source—drain capacitance,
gm 1s transconductance and Z is the load resistance. In the TP-
MOS structure, an additional gate—drain capacitance (Cp) is
formed along the trench sidewalls and increases with the in-
crease in d;. So Cj, and Cyy of TPMOS can be expressed re-
spectively as

Cin = Cgs + (1 + gnZ)(Cop + Cép). 2

Cout = Cps + (Cap + Cfp), 3

where Cgs, Cps and Cgp of the TPMOS are the same respec-
tively with the counterpoint of the VDMOS for the same struc-
tural parameters, so Cj, and Cgyy of the TPMOS are a little
larger than those of the VDMOS due to the additional C/j,.
But because Cpg increases with increasing Vpg, the influences
of CéD on Cj, and C,y will decrease correspondingly.

So the proper shallow trench introduced in the TPMOS can
not only eliminate the JFET region and avoid the premature
electric field crowding at J, junction curvature, thus improving
Var and R,,, but also cannot affect obviously the input and
output capacitances.

4. Simulation and validation

In order to validate the performance of the new device, as
an example of a 600V TPMOS, the structural models of the
VDMOS and TPMOS with the same chip area and structural
parameters are set up, in which the thickness of the gate oxide
layer (Zox) is 0.1 um, and the thickness of the polysilicon gate
is 0.5 um, the gate length (L) is 10 um, the surface concen-
trations of the n™ source and p-type regions are 1 x 1029 cm—3
and 1 x 108 cm™3, respectively, corresponding to the depths,
which are 1.5 um and 3.5 pum, respectively. The concentra-
tion and thickness of the n™ drift region are 2.6 x 104 cm™3
and 53 um, respectively. Additionally, the trench width (wy)
is 4 um and the depth (d;) is 1-4 wm. Based on the structural
models, the conducting, blocking and switching characteristics
of the VDMOS and TPMOS are simulated by ISE simulator
and compared.
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Fig. 3. Comparison of conducting characteristics of the new TPMOS
and VDMOS devices.

4.1. Conducting characteristic

Figure 3 indicates the /—V characteristics of the VDMOS
and TPMOS devices during conducting, in which the slope
of the /-V characteristics curve expresses the specific on-
resistance (Ron,sp). Seen from Fig. 3, Ronsp of the TPMOS is
obviously lower than that of the VDMOS. R, of the VD-
MOS is about 0.16 -cm?, Ron, sp 0of the TPMOS is about 0.12
Q-cm? for w; = 4 um and d; = 3 um, and it decreases with
increasing d;. This shows that the TPMOS with d; =3 pum and
w; =4 um can effectively reduce the conduction resistance by
about 25%.

4.2. Blocking characteristic

Figure 4 indicates the /—V characteristics of the VDMOS
and TPMOS during blocking. Seen from Fig. 4, Vg of the VD-
MOS is about 630 V, and Vg of the TPMOS is about 663 V
for given wy =4 um and d; = 3 um. This shows that the TP-
MOS can improve the breakdown voltage at d; =3 pum and w;
=4 pm by about 5.2%.

4.3. Capacitance characteristic

Figure 5 indicates the variation curves of C,y with the
drain voltage of the VDMOS and TPMOS. Seen from Fig. 5,
for given d; =3 um and w; =4 um, Cyy; of the TPMOS is a lit-
tle higher than C,y of the VDMOS when Vps < 3V, but Coy
of'the TPMOS is close to Cyy; 0of the VDMOS when Vpg > 3 V.
This is because Cpg increases with increasing Vpg, resulting in
the decrease in the contribution of additional C(/;D to Cyyui. Thus
out capacitances of the TPMOS and VDMOS are very close at
normal operation voltage.

4.4. Optimization of L,

In the conventional VDMOS, the cell space (sp) or gate
length (L) has a significant influence on the blocking and con-
ducting characteristics of the VDMOS, and the small s, or L, is
beneficial to the improvement of Vgg, but it causes the increase

1.0 ;
+ =« TPMOS (w,=4.0 um, d, = 4.0 um) & YDMOS
H ==TPMOS (w,=4.0 um, d,=3.0 pm) ,
«+=sTPMOS (w, = 4.0 pm, d, = 2.0 pm)
1= =TPMOS (w,= 4.0 um, d-lOpum) :
| +=-vD™mMOS
F;E)‘ .
< 054
S
’\4% ]
O T T T T | T T T T I T T T T | T T T T
200 400 600 800

v, v)

Fig. 4. Comparison of blocking characteristics of the new TPMOS and
VDMOS devices.
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Fig. 5. Comparison of output capacitances of the new TPMOS and
VDMOS devices.

in Roy. In order to analyze further the influences of L, on Vgr
and Ry, sp of the TPMOS device, Figure 6 shows a comparison
of Vgr and Ry, 5p of the VDMOS and TPMOS with d; =3 um
at difference L,. Seen from Fig. 6, when L, changes from 8
to 14 pm, corresponding to w; changes from 2 to 8 yum, Roy,sp
of the TPMOS retains the fixedness with L, in Fig. 6(a), and
Ver experiences a little rise with the increase in L, in Fig. 6(b);
but Ry, sp and Vpr of the VDMOS decrease obviously with in-
creasing L. This shows that the TPMOS device can decrease
remarkably the dependence of Vgr and Ry, on Lg, and offer
more freedom to device design and fabrication.

In view of the practical process, the shallower and wider
trench is easily realized by etching, and the process cost is also
lower. But the wider trench or the longer L, can decrease the
cell number for a given chip area, resulting in the fall of the
current rating. Based on the analysis results, for the 600 V TP-
MOS device, to obtain the trade-off relation among blocking,
conducting and switching characteristics, the depth and width
of the trench can be chosen at ranges of 2.5-3 um and 4 um
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Fig. 6. Comparison of (a) Ron,sp and (b) Vr of the VDMOS and TPMOS with d; = 3 um at difference L.

respectively, and corresponding to L, of about 10 pm.

5. Conclusion

The new proposed trench-planar gate MOSFET structure
based on VDMOS technology offers remarkable improve-
ments in conducting and blocking characteristics. Compared
with the conventional VDMOS, the on-resistance can decrease
by about 25%, the breakdown voltage can improve by about
5.2% and the out capacitance can retain the immovability. Fur-
thermore, the 2.5-3 pum depth and 4 um width trench region
can be realized easily by the existing etching, and it retains the
simple technology of the VDMOS. Thus the further require-
ments of high voltage power switch applications can be ful-
filled with the TPMOS structure.
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