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A novel step high-k metal-oxide—semiconductor field-effect transistor (step HK-MOSFET) is designed with the step high-k insulator based on
the HK-MOSFET concept for the first time. In the off-state, the step HK insulator enhances the lateral field component in the drift region due
to the new electric field peak, which increases the depletion of the drift region and leading to the low specific on-resistance (Ron, 5p) Of step
HK-MOSFET compared with the conventional HK-MOSFET. Meanwhile, the various thicknesses of the HK insulator modulates the vertical
electric field distribution in the drift region, which increases the breakdown voltage (BV) of step HK-MOSFET compared with the
conventional vertical double diffused MOSFET and HK-MOSFET. The results show that the simulated BV of step HK-MOSFET is
increased from 639 V of the conventional HK-MOSFET to 736 V with the same drift region length of 42 um or decreased the

requirement of permittivity for the HK region to 120 &, from 230 &, with the same BV of 600 V.

1. Introduction: An ideal power metal-oxide—semiconductor
field-effect transistor (MOSFET) should meet two requirements:
sustaining a very high breakdown voltage (BV) when the devices
are in the off-state and an ultralow specific on-resistance (Rop, sp)
in the on-state to minimise the conduction losses. However, there
is a silicon (Si) limit [1] in the conventional power MOSFET
limits the application of power MOSFET devices in the field of
high-voltage application. To break this Si limit, various solutions
had been proposed and applied in the actual product such as
super junction (SJ) devices [2—4]. The principle of the SJ devices
is to introduce the new lateral electric field in the drift region by
the P pillars which assist the depletion of the N pillars to drift
region. As a result, the doping concentrations of the S] MOSFET
can be greatly increased and low on-resistance can be achieved
compared with the conventional power MOSFET. However, the
BV of SJ MOSFET will be decreased if the charges of N and P
pillars are imbalanced [5], which leads to the difficulty of SJ
MOSFET manufacture. The half-k (HK)-MOSFET [6] has been
proposed to solve the effect of charge imbalance. The relation
between the BV and R,, , of HK-MOSFET is similar to SJ
MOSFET and the doping concentrations of HK-MOSFET are
easier to control [7]. The HK-MOSFET has many advantages;
however, the selection of HK material is difficult. Hafnium(I'V)
oxide (HfO,) as the most common HK material is commonly
used as gate dielectrics in the complementary MOS [8], but it is
not suitable for HK-MOSFET for the low permittivity. The permit-
tivity for HK material used in the HK-MOSFET should be higher
than 200 & [7]. Lead Zirconate Titanate (PZT) and Bismuth Zinc
Niobate (BZN) are two materials with the permittivity up to
several thousands, but the materials are susceptible to crack due
to the annealing process [9].

In this Letter, a new MOSFET with the step HK (HK-MOSFET)
is proposed for the first time to optimise the electric field distribution
by improving the electric field modulation effect. The new electric
field peak has been introduced compared with the conventional
HK-MOSFET. The proposed HK-MOSFET decreases the require-
ments of the permittivity for HK material to 120 & from 230 &,
for conventional HK-MOSFET with the same BV of 600 V. The per-
mittivity of PZT could reach 150 &, without the annealing process.
So, PZT becomes a viable material in the proposed structure.
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2. Device structure and description: Fig. 1 shows the schematic
cross-section of the proposed step HK-MOSFET and the conven-
tional HK-MOSFET. The difference between the conventional
HK-MOSFET and step HK-MOSFET is that the uniform sidewall
HK region is replaced with a step HK region. When applied
reverse bias, for step HK-MOSFET, the new electric field peak is
introduced by the step HK region, which optimises the vertical elec-
tric field distribution in the drift region.

For comparison, the step HK-MOSFET with BV=736V is
proposed and compared with the conventional HK-MOSFET with
BV=639V [7]. All the key parameters for step HK-MOSFET
and conventional HK-MOSFET are listed in Table 1.

The key steps of one feasible fabrication method for the proposed
step HK-MOSFET are shown in Fig. 2. First, in Fig. 2a, Si lateral
epitaxial overgrowth over the drift region to form the P-body.
Then, arsenic ions implantation is implemented to form N+
regions. Second, in Fig. 2b, deep trench etching the P-body and
drift region and gap of the trench are filled with HK pillar by the
low-pressure chemical vapour deposition. Third, in Fig. 2c,
etching a deep trench in the middle of HK pillar and filling the
gap of the trench with the oxide to the desired depth by deposition.
Next, in Fig. 2d the trench is filled with the HK material by
deposition. Then, in Fig. 2e, etching the HK region and to the
bottom of the P-body and filling the trench with p+ polySi.
Finally, in Fig. 2f, etching the P-body and growth of the gate
oxide, polySi is then deposited and planarised to form a gate elec-
trode. The source electrode is formed to complete the process of
step HK-MOSFET.

3. Results and discussion: Fig. 3 shows the electric field distribu-
tions for the conventional HK-MOSFET and step HK-MOSFET at
breakdown using Integrated Software Environment-Technology
Computer Aided Design (ISE-TCAD) [10]. For step
HK-MOSFET, a new electric field peak is introduced near the inter-
face of the step HK region. The new electric field peak can be
explained by the two reasons as follows. On the one hand, the
device can be regarded as a parallel plate capacitor without consid-
ering the effect of internal charge on the electric field. Combined
with Gauss’s theorem, in the passive field, the electrical displace-
ment (Y-direction) relationship at different positions of the device
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Fig. 1 Schematic cross-sections of the
a Step HK-MOSFET
b Conventional HK-MOSFET

can be expressed as in the equation below:

i J
ZLilDil = ZL]‘ZD]Z 1)

where the L;; and L, are the widths of different dielectrics. For the
relative permittivity of HK material is much higher than Si and Si
dioxide (SiO,), most of the electric displacements enter the HK
area. Therefore, the electric displacement is inversely proportional
to the width of the HK region. With the width of the HK, region
decreases from top to bottom, the electric displacement density in
the HK region increases which equivalently increases the electric
field at the bottom of the drift region. On the other hand, the
peak can be explained by solving the Poisson equation as below:
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where the V is the potential function in the drift region, A, is a factor
of (2) and ¢, is the width of different HK regions. The equation indi-
cates that the electric field can be modulated by the parameters a, ¢;
and &,

The newly formed electric field peak significantly improves the
electric field strength at the bottom of the drift region which is
shown in Fig. 3. The electric field distribution of the step

Table 1 Key parameters for two different HK-MOSFET

HK-MOSFET is modulated to be more uniform compared with
the conventional HK-MOSFET, and the BV is increased.

To further explore the characteristics of the new device, the influ-
ences of a, b, e, n and & on the device performance are discussed in
this Letter. All data was simulated using ISE-TCAD [10] with a
gate voltage of 20 V. On the one hand, the device may break
down at point A or point B as shown in Fig. la. On the other
hand, the electric field strength at point B is influenced by the para-
meters of a, b, e and &;,. To reach the optimal device performance,
the key is to ensure the device breaks down simultaneously at point
A and point B.

Fig. 4a shows the simulated BV and simulated R,, s, versus
width of the drift region at the different widths of the HK region.
For both step HK-MOSFET and conventional HK-MOSFET, the
BV decreases and R, g, increases with the increasing of the
width of the drift region. The reason is that electric field modulation
weakens as HK region is far away from drift region. When a is
<4 um, the data for Ry, g, is not shown in Fig. 3a. The reason is
that the HK region will deplete the sidewall of the drift region
nearby. With the a deceases from 4 um, the conduction channel
will be pinched off and the R,, ¢ will increase abruptly. As a
result, the device performance reaches optimal when a is 4.2 um.
The BV and R,, o of step HK-MOSFET and conventional
HK-MOSFET increase with increasing of the width of the HK
region. As the width of the HK region increases, the capacitance
area between the drift region and the P region above the HK
region increases, which allows more electric displacement lines
enter the HK region and improves drift region depletion. With the
increasing of b, the relative conduction channel area decreases
which increase in the Ry, s, The optimal of b is about 2.3 um.

Fig. 4b shows the influence of e on BV with different &, For
different & of 300 &y, 250 &, and 200 &, the optimal e is 1.3, 1.4
and 1.2 pm, respectively. This is mainly because that the electric
field strength at point B increases with the increasing of &; or the
decreasing of e. The device will break down at point A and point
B simultaneously when e reaches optimum at different &;.

The influence of a number of steps on BV with different & is
shown in Fig. 5a. BV increases with the increasing of n, and the
BV achieves saturation when the number of step HK is three.
This is mainly because the electric field will be more uniform
with the new peak added and the electric modulation will be
saturated at a certain step shape. The influence of the permittivity
of HK material on BV with different e is shown in Fig. 5b. The
BV of step HK-MOSFET is higher than that of conventional
HK-MOSFET under the same &; due to a more uniform electric

Parameters Definition Step HK-MOSFET Conventional HK-MOSFET
&7 (&) relative permittivity of HK material 300 300

w, um length of the drift region 42 42

a, um half of the width of the drift region 4.2 4.2

b, um half of the width of the HK material 23 2.3

h, um length of the step HK material 21 —

e, um half of the width of the step HK material 1.5 —

T, nm gate oxide thickness 30 30

1, um width of the channel region 0.1 0.1

d, um length of the source region 0.6 0.6

L, um length of the p region 1.4 1.4

n number of step HK materials 1 —

Np, cm™ doping of the drift region 2.24x10" 2.24x10"

Np, cm™> doping of the p region 2.5%x10" 2.5%x10"
Nsource, cm™> doping of the source region 2x10" 2x10"

Npram, m > doping of the drain region 1x10" 1x10"

Ron,sp, MQ cm? specific on-resistance 13.5 13.5

BV, V BV 736 639
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Fig. 2 Key processes to fabricate step HK-MOSFET

a Epitaxial overgrowth and ion implantation to form a part of the device
b Deep trench etching and filled the trench with HK pillar

¢ Deep trench etching the HK pillar and fill the trench with SiO,

d Fill the trench with HK pillar

e Etching the HK region and fill the trench with p+ polySi

fEtching the P-body and growth the gate oxide, polySi is then deposited and
planarised to form a gate electrode, depositing metal to form a source
electrode
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Fig. 3 Electric field distributions along the vertical direction in the middle
of drift regions for step HK-MOSFET and conventional HK-MOSFET
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Fig. 4 Influence of a, b and e on the device performance
a Dependence of the BV and R, g, on a under different b
b Dependence of the BV on e under different &

field. With the increasing of & in HK region, BV will be increased
continuously, but the degree of the increase will decrease. This
shows that the introduction of the HK region helps to improve
the relationship between R, ¢, and BV, but the effect of the HK
region will become saturated when the permittivity reaches large
enough. Meanwhile, when the BV reaches 600 V rated, the &; for
step HK-MOSFET decreases to 120 &, from 230 &, for conventional
HK-MOSFET. The lower permittivity requirement means more ma-
terial can be used for HK-MOSFET.

Fig. 6a shows the output characteristics of the conventional
HK-MOSFET and step HK-MOSFET. The Vyy (threshold
voltage) are both about 5 V. At different gate voltages V,, the
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Fig. 5 Influence of n and &; on the device performance
a Dependence of the BV on n under different &;
b Dependence of the BV on &; under different e
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Fig. 6 R,, , of step HK-MOSFET

a Output characteristics of the conventional HK-MOSFET and step
HK-MOSFET

b Ryn, sp against BV with Si limit line SJ Si limit line and step HK-MOSFET
with a=4.2 ym and $=2.3 um

step HK-MOSFET has a higher BV than that of the conventional
HK-MOSFET due to the uniform electric field distribution. With
the increase of conduction current density, the BV of the two
devices will decrease. This is mainly due to the equivalent negative
charge introduced by the conduction current, which increases the
doping concentration of the drift region. However, the effect of
negative charge will be reduced by the HK regions, and the effect
of charge imbalance is not obvious compared with the SJ device.
Fig. 6b illustrates the simulated R, ,—BV performance of step
HK-MOSFET compared with the reported results [9-11]. Ry, p
of step HK-MOSFET is lower by 15-20% than that of the conven-
tional HK-MOSFET and is close to the ST MOSFET at the a of
4 um under the optimised conditions.

4. Conclusion: In this Letter, a novel step HK-MOSFET is pro-
posed which replaces the uniform sidewall HK region with a step
HK region. The step HK region optimises the vertical electric
field distribution based on the HK-MOSFET, which increases the
BV. The parameters that affect the BV and specific on-resistance
were analysed and optimised by two-dimensional numerical simu-
lations. Results show that the BV of the step HK-MOSFET is 736 V
compared with 639 V for the conventional HK-MOSFET with the
same permittivity of HK material, increasing by 15%. The permit-
tivity decreases from 230 &, to 120 &, when the BV reaches 600 V
rated, the lower permittivity requirement means more material can
be used for HK-MOSFET.
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