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High performance trench MOS barrier Schottky diode
with high-k gate oxide*
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A novel trench MOS barrier Schottky diode (TMBS) device with a high-k material introduced into the gate insulator is
reported, which is named high-k TMBS. By simulation with Medici, it is found that the high-k TMBS can have 19.8% lower
leakage current while maintaining the same breakdown voltage and forward turn-on voltage compared with the conventional

regular trench TMBS.
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1. Introduction

Until now, the main sources of energy have been coal, oil,
and natural gas, the burning of which releases carbon dioxide
into the atmosphere. With global awareness of the greenhouse
effect, there is increasing demand for more efficient power
electronic systems, because it is estimated that at least 50%
of the electricity is controlled by power devices in widespread
application fields,!" such as high voltage electricity transmis-
sion, conventional domestic appliances with moderate voltage,
and portable equipment with low voltage. Among all power
electronic devices, the rectifier plays an important role. Com-
pared with the most commonly used PN junction diode, the
Schottky diode has the advantage of outstanding switching
characteristics?! which are essential for the miniaturization
of electric devices.[®! But its large leakage current offsets this
benefit in applications. In 1994, significantly enhanced per-
formance was achieved by Mehrotra and Baliga by proposing
a trench MOS barrier Schottky diode (TMBS).!*! Combining
the charge coupling effect into a Schottky diode, TMBS signif-
icantly reduces the surface electric field intensity by changing
the electric field distribution within the depletion region!>¢!
and consequently produces a lower leakage current compared
with a planar Schottky diode with the same blocking voltage.

Worldwide, increasing concerns about environmental is-
sues provide the motivation for the continuous improvement of
the TMBS’s performance. Since the emergence of the TMBS
in 1997, there have been many research efforts for this pur-
pose using the conventional regular trench TMBS as a bench-
mark. For example, researchers have proposed the filleted
corner trench TMBS, ladder trench TMBS,[6] trapezoid mesa
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trench TMBS,!”! and so on. However, along with the improve-
ment of any one of the three important parameters (blocking
voltage, forward turn-on voltage, and leakage current), there
are certain degradations of the other parameters.

In this study, we report a novel TMBS device, named
high-k TMBS, which has a high-k material introduced into the
gate insulator. By performing the simulation with Medici, !
it is found that the high-k TMBS has a 19.8% lower leak-
age current while maintaining the same breakdown voltage of
~ 51.8 V at the reverse current density of 1073 A/cm? and
the same forward turn-on voltage of ~ 0.53 V at the current
density of 150 A/cm?.

2. Device structure

The structures of the conventional regular trench TMBS,
which is a bench-mark of our study, and the high-k TMBS are
schematically shown in Figs. 1(a) and 1(b), respectively.

In the following simulations, the basic parameters of
these two structures have the same values as follows: the width
between trenches () is 0.7 um, the trench width (¢) is 0.7 pm,
the trench depth (d) is 1.65 pm, the thickness of the gate iso-
lator (fox) is 0.2 pum, the thickness of the N~ epi layer (h)
is 4 um, and the doping concentration of the N~ epi-layer is
2x10'® cm™3. The anode contact forms a Schottky contact
with the N~ epi-layer, while the cathode contact is ohmic.

The main difference of these two structures is that the gate
insulator of the high-k TMBS is composed of two materials,
one is the conventional SiO», the other is the high-k material.
As shown in Fig. 1(b), the height of the high-k insulator is
designated as i.
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Fig. 1. Schematics of (a) the conventional regular trench TMBS and (b) the high-k TMBS.

3. Results and discussion
3.1. The performance of the high-k TMBS

In order to verify the superiority of the high-k TMBS
compared with the conventional regular trench TMBS, Medici
simulations have been performed on three kinds of TMBSs.
The first is our proposed high-k TMBS, whose structure is
shown in Fig. 1(b), where the height of the high-k (i) struc-
ture is 0.5 pm. The second is the conventional regular trench
TMBS with SiO; as the gate insulator, named conventional
SiO, TMBS. The third is the conventional regular trench
TMBS with HfO, as the gate insulator, named conventional
HfO, TMBS. Figure 2 is the reverse I-V curves of the three
aforementioned TMBSs. As can be seen from Fig. 2, the
leakage current densities of the conventional SiO, TMBS,
the conventional HfO, TMBS, and the high-k TMBS are
1.01x107% A/em?, 1.2x1075 A/em?, and 8.1x107% A/em?
(at —40 V), respectively. The high-k TMBS has a leakage cur-
rent density 19.8% lower than the conventional SiO, TMBS.
On the other hand, the breakdown voltages of these three
TMBSs are 51.8 V, 45 V, and 51.74 V (at 1073 A/cm?), re-
spectively. The breakdown voltage drop of the high-k TMBS
compared with the conventional SiO; TMBS is 0.06 V, which
is negligible for real applications.

From these values, we can conclude that the high-
k TMBS has better reverse performance than the conven-
tional regular trench TMBS, and the improvement cannot be
achieved by simply changing the material of the gate insula-
tor.

Figure 3 shows the forward /-V curves of the three
TMBSs. The forward turn-on voltages of the conventional
SiO, TMBS, the conventional HfO, TMBS, and the high-k
TMBS are 0.530 V, 0.532 V, and 0.531 V (at turn-on current
density of 150 A/cm?), respectively. The forward turn-on volt-
age of the high-k TMBS is larger than that of the conventional
SiO, TMBS by 0.28%. This is smaller than the deviation in-

troduced by process variation, so it is negligible. Thus the

high-k TMBS has the same forward performance as the con-
ventional regular trench TMBS.
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Fig. 2. (color online) Reverse I-V curves of the conventional SiO;
TMBS, the conventional HfO, TMBS, and the high-k TMBS.
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Fig. 3. (color online) Forward /-V curves of the conventional SiO;
TMBS, the conventional HfO, TMBS, and the high-k TMBS.

The facts above suggest that the structure of the high-k
TMBS can significantly improve the electrical performance
compared with the conventional regular trench TMBS, and the
performance cannot be achieved just by changing the material
of the gate insulator in the conventional regular trench TMBS.

077201-2



Chin. Phys. B Vol. 24, No. 7 (2015) 077201

3.2. The physical mechanism resulting in the better per-
formance of the high-kx TMBS

We know that the electric field intensity distribution plays
an important role in determining the breakdown voltage and
the leakage current density. We plot the electric field inten-
sity distributions along the trench edge of the three TMBSs
in Fig. 4. We compare the electric field intensity distribu-
tions along the trench edge because the current flows along
the trench edge, as shown in Fig. 4, when the avalanche break-
down happens. 10111
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Fig. 4. (color online) Current flow lines of (a) the conventional SiO;
TMBS, (b) the conventional HfO, TMBS, and (c) the high-k TMBS
after breakdown.

From Fig. 5, we know that the surface electric field inten-
sity of the high-k TMBS is much lower than that of the conven-
tional SiO, TMBS, which must result from the high dielectric
constant of HfO,. So the leakage current of the high-k TMBS
is lower than that of the conventional SiO, TMBS. Meanwhile,
the maximum electric field intensity in the depletion region is
not increased, because the maximum field is located at the bot-
tom of the insulator made by HfO,, as can be seen from Fig. 5.
So the breakdown voltages of the high-k TMBS and the con-
ventional SiO, TMBS are almost the same. Finally, because
the active area of the Schottky diode is of the same value in
the three TMBSs, the forward turn-on voltages are close.
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Fig. 5. (color online) Electric field intensity distributions of the con-
ventional SiO, TMBS, the conventional HfO, TMBS, and the high-k
TMBS at reverse voltage of 40 V. Inset shows the line 0.01 pm away
from the trench edge along which these electric field intensity distribu-
tions are plotted.

4. Conclusion

We proposed a TMBS diode with a novel structure uti-
lizing a high-k material constructing the upper part of the gate
insulator in the trench. From the simulation results, it has been
confirmed that the high-k TMBS can significantly improve the
electrical performance compared with the conventional regular
Si0,; TMBS. However, the performance cannot be achieved by
only changing the insulator material, and better performance
can be achieved if careful optimization is also done on the gate
oxide structure.
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