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1. Introduction

In the chapter, the authors discuss two new concepts of optimizing power devices that
directly addressing the limitations of current IGBT (Insulated Gate Bipolor Transistors) and
SJ (Superjunction) MOSFET technologies.

Power MOSFETs and IGBTs are the two main competing power semiconductor devices for
switching electric power in electrical power conversion systems at mid-voltage ratings.
Power MOSFETs conduct current as soon as a forward bias voltage is applied between the
drain and the source electrodes; however, as the blocking voltage capability increases, the
on-resistance of conventional power MOSFETs increases proportionally to the second order
of its blocking voltage (Hu, 1979). In order to overcome the limitation of conventional power
MOSFET, IGBT is introduced. Unlike conventional power MOSFET, the forward voltage
drop of IGBTs does not follow a second order dependence on blocking voltage because the
conductivity of the voltage blocking drift layer can modulated by carrier injection during
forward bias. However, IGBTs cannot carry any significant current until the external bias
surpasses an internal barrier voltage (heel voltage). This distinction, among other
considerations, makes the selection of power semiconductor switches a trade-off between
MOSFETs and IGBTs. For instance, paralleling IGBTs will not reduce the heel voltage.
Another technology to address the limitation of conventional power MOSFET is S| MOSFET
that employs the charge compensation concept have been significantly researched in an
effort to break the “silicon limit” and led to growing commercialization (Coe, 1988; Chen,
1993; Fujihira, 1997; Shenoy, et al., 1999; Deboy, et al., 1998). These devices use an alternating
p and n charge compensation structure to replace the planar voltage-blocking drift layer in
the conventional power MOSFET, where the n-columns can be much more heavily doped
than the planar drift layer, leading to significant reduction in specific on-resistance. The
breakdown voltage of an S| MOSFET is proportional to the depth of the p and n columns. At
the same time, reducing the widths of the alternating p and n columns leads to higher
allowable doping levels and thus smaller on-resistance (Fujihira, 1997). However,
fabricating the SJ structure with increasing depths of p and n columns and decreasing
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column sizes leads to increasing process difficulties. In addition, the criticality of match the
doping levels in the p and n regions with their widths on the breakdown voltage further
increases the process difficulties (Shenoy, et al., 1999). State-of-the-art fabrication techniques
-- such as high-energy implantation, multi-epitaxial growth, and trench-filling -- have been
demonstrated to be only sufficient to create low to mid voltage range (<1000V) devices
(Deboy, et al., 1998; Miura, et al., 2005; von Borany, et al., 2004; Rub, et al., 2004; Onishi, et
al., 2002; Minato, et al., 2000; Rochefort, et al., 2002; Saito, et al., 2005; Liang, et al., 2001;
Chen & Liang, 2007; Gan, et al., 2001; ).

The first concept discussed in this chapter is a proposal of a mid-to-high voltage power
switch that utilizes reverse band-to-band tunneling and an avalanche injection mechanism
called Tunnelling Junction Enhanced MOSFET (TJE-MOSFET) (Ye & Haldar, 2008). This
device is predicted to have the best properties of both power MOSFETs and IGBTs
(Insulated Gate Bipolar Transistors) - the two main competing power semiconductor
technologies at mid-voltage (500-1000V) ratings. The structure and the operating mechanism
of the TJE-MOSFET are described. The proposed novel device operates in a way similar to
an IGBT; however, due to the inclusion of a nano-structured band-to-band tunneling
junction, the internal barrier voltage for forward conduction is much smaller than that in an
IGBT. Numerical simulation suggests that, at the same current level, the forward voltage
drop of the TJE-MOSFET is much smaller than that of an IGBT. Compared to power
MOSFETs, the new device has a lower forward voltage drop even at very low current levels.
The second concept is a novel S] MOSFET fabrication process based on porous silicon
formation (Ye & Haldar, 2008). The voltage blocking SJ structure is directly created within
the lightly doped thin silicon wafer instead of growing the costly thick epitaxial layer. The
charge compensating structures are created by etching the structured macro-pores, followed
by passivating the walls and filling the pores with oppositely charged poly-silicon. The
effects of charge imbalance and the thickness of the passivation layer are studied by physics-
based numerical device simulations. It is found that even with some amount of charge
imbalance, the proposed method can still produce high-voltage MOSFETs with much better
performance than existing technology. A thick oxide layer between the p and n columns is
found to be helpful in alleviating the JFET (Junction-Field-Effect Transitor) effect when the
doping concentrations in the p and n columns are low in comparison with a conventional SJ
structure. The inclusion of an oxide layer between the p and n columns is found to help
increase the device efficiency in addition to its ability to prevent dopant interdiffusion.

2. Tunnelling Junction Enhanced MOSFET (TJE-MOSFET)

2.1 Background

A band-to-band tunneling junction diode working in the forward bias regime has been
widely used in a variety of the applications such as switching, oscillation, and amplification
by taking advantage of its negative resistance characteristics. Reverse-biased tunneling has
received much less attention until recently. A few attempts of taking advantage of reverse
band-to-band tunneling breakdown in order to create a new family of transistors that aims
at replacing the today’s CMOS technology have been reported recently (Aydin, et al., 2004).
In addition, reverse band-to-band tunneling is also found to be important in CMOS at room
temperature for dopant concentrations above 5x10"c¢m™, which presents a limit to scaling
of future CMOS technology (Solomon, et al, 2004). Solomon et al. (Solomon, et al, 2004) have
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studied ion-implanted p/n junction diodes with doping levels up to 1020 ¢m-3 by measuring
current-voltage characteristics in both forward and reverse bias conditions. Their
measurements show that for a highly doped p/n junction diode, very high current densities
are achieved at very low reverse bias voltage, which is dominated by band-to-band
tunneling. They conclude that the higher the junction doping concentration, the smaller the
effective tunneling distance, resulting in higher tunneling current densities.

In this section, a novel power switch is proposed, which utilizes a reverse biased nanoscale
band-to-band tunneling structure in order to reduce the forward voltage drop during
conduction. The device structure and the operating mechanism are described. The proposed
TJE-MOSFET operates in a way similar to an IGBT. However, by taking advantage of a
reverse-biased band-to-band tunneling junction, the internal barrier voltage for forward
conduction is much smaller than that of an IGBT. Numerical simulation suggests that, at the
same current level, the forward voltage drop of the TJE-MOSFET is much smaller than that
of an IGBT. Compared to power MOSFETs (conventional as well as the superjunction
MSOFETs), the TJE-MOSFET has a much lower forward voltage drop even at very low
current levels.

2.2 Structure and Operation Mechanism of the Device

The structure of the TJE-MOSFET is very similar to that of a power MOSFET or IGBT as
shown in Figure 1(a-c), where they all share a similar gate structure. They all feature a
lightly-doped n- drift layer which is used to block the high voltage during the OFF-state
when the junction between this layer and the p-base layer (J2) is reverse biased. The
differences are at the back side of the devices. Compared to power MOSFETs and IGBTs,
the TJE-MOSFET features a unique sharp (abrupt) and highly doped p++/n++ junction J1.
The doping levels in the p++ and n++ layer are on the orders of 3 x 1019 to 1 x 102! cm-3. The
pt++ layer has to be very thin with thickness on the order of several to several tens of
nanometers. An optional n layer several microns thick with mid-level doping can be
included as a minority carrier injection buffer layer and/or field-stop layer if a punch-
through design is desired. The operation of the device is similar to a power MOSFET or
IGBT in that the ON and the OFF states of the device are controlled by altering the bias
voltage at the gate electrode.

channel nt+ channel N+ channel nt4

Gate clectrode Source electrode Gate electrode Source electrode Gate electrode Emitter electrode

basc (3&. ; base base

\ junction J2

n- drift (~1el14) n- drift n- drift

n buffer
Band-to-band tinneling \_1 pHe n buffer
and carrier inje¢tion g . .

e- -+ junction J1 - p+

Drain electrode Drain electrode Collector electrode
(a) (b) (©)

Fig. 1 (a) Structure of the device; (b) power MOSFET; (c) IGBT

During the forward conduction mode or switch-on, the channels near the gate oxide in the
p-base region are created by applying a positive gate-to-source bias voltage above the gate
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threshold voltage. The drain electrode is positively biased. This makes the highly-doped
p++/n++ junction (J1) reverse-biased. Due to the extremely high doping concentration on
both sides of ]J1, the conduction band edge on the n++ side of J1 overlaps with the valance
band edge on the p++ side as shown in Figure 2(a). As junction J1 is reverse biased,
electrons are allowed to tunnel from the filled valance band states below the Fermi level E,
on the p++ side to the empty conduction band states above the Fermi level E; on the n++
side. At the same time, holes are left over on the p++ side. As the reverse bias voltage
increases, Eg, continues to move down with respect to Eg, leaving more filled states on the
pt++ side and more empty states on the n++ side; therefore, the tunneling of electrons
increases. This process can also be viewed as the injection of holes from the n++ side into
the p++ side at the junction J1. Since the electric field across the junction J1 is very high, the
electrons and holes created by the tunneling are accelerated by the field to gain more
energy. Thus a carrier multiplication process is followed by an impact ionization
mechanism to create more electron-hole pairs. The electrons drift toward the drain
electrode and the holes drift into the n- drift region and then diffuse toward the p-base
region. This process can be viewed as avalanche injection of holes into the n- drift region
from the reverse-biased junction J1. The purpose of the n buffer layer right above the p++
layer is to control the injection of holes and acts as a field stopper. As the channel exists in
the forward conduction mode, electrons flow from the n+ source region into the n- drift
region and recombine with the injected holes. The remaining holes that diffuse near the p-
base region are collected in the p-base region and then drift toward the source electrode on
top of the p-base region. The hole and electron current components during the conduction
mode are shown in Figure 1(a). Due to the high-level injection of holes into the n- drift
region, the concentration of electrons in the n- drift region becomes much higher than its
doping concentration in order to maintain charge neutrality. This phenomenon is called
conductivity modulation and is well understood in the operation of bipolar junction
transistors, IGBTs, thyristors, etc. Due to conductivity modulation, the forward voltage
drop during conduction becomes very small despite low doping levels in the n drift layer.

| H Vext Toa
“ ‘ 800
& 1
TTT E 500 4 |
pH+ } } n++ =
il = 400 <
w
Junction J1 T o
-
k=
o 200 4
O o |
o4
[ Se-T e 2e.6 el ZeB lpf
(a) Time (s) (b)

Fig. 2 (a) Band-to-band tunneling at the junction J1 (b) Turn-off characteristics of the device

When the bias voltage between the gate electrode and source electrode is removed from the
device, the channel in the p-base region no longer exists. Junction ]2 is reverse biased and
prevents further flow of electrons from the n+ source region into the n- drift region.
Therefore, the high level of electron concentration in the drift region can no longer be
maintained. It will decrease by electron-hole recombination because of decreasing hole
concentration. As the carrier concentration decreases in the drift region, the voltage will
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gradually build up at the reverse biased junction J2, and this junction will sustain all the
applied OFF-state voltage. The decrease of the forward current follows a similar pattern to
the turn-off operation of IGBTs. As the gate voltage reduces below the gate threshold
voltage, the electron current component will suddenly decrease to zero leading to a sharp
drop of total current. However, current continues to flow through the device due to the
high hole concentration in the n- drift region. This current gradually decreases as the hole
concentration in the n- drift region gradually decreases by electron-hole recombination.
The turn-off curve is illustrated in Figure 2(b) as obtained from numerical simulation that is
described in the next section.

Unlike an IGBT, where high-level injection occurs only when the applied voltage across the
p/n junction near the collector electrode increases above the internal barrier of the junction
(0.7V at room temperature), high-level injection in the TJE-MOSFET can happen at much
smaller forward bias. Numerical simulations suggest that a much smaller forward voltage
drop can be realized in the device when compared to an IGBT with the same current
density level. Simulations also suggest that the forward voltage drop decreases with
increasing doping concentration at the p++/n++ junction J1.

2.2 Numerical Simulation and Discussion
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Fig. 3 (a) Net doping profile schematic of the half unit cell of the simulated device (b)
Doping concentrations near the p++/n++ junction

Numerical simulations were carried out to evaluate the potential of the TJE-MOSFET
concept. A Silvaco Atlas device simulator was used in the analysis. Fig. 3 shows the
geometry and doping concentration profile of the simulated half unit cell. A 20 nm thick
p++ layer (8x10”cm™) is created above the n++ substrate (8x10" cm™ ). Another 20nm thick
n+ layer is created above the p++ layer for the purpose of controlling the injection efficiency.
Fig. 4(a) shows the band diagram of the TJE-MOSFET near the p++/n++ junction at
equilibrium.

Overlap of the valance and conduction bands is clearly seen in this figure. Fig. 4(b) shows
the carrier concentration within the device during the ON-state with a drain bias of 1V. It
clearly shows that both the hole and electron concentrations are much higher than the
doping concentration in the region, a phenomenon called conductivity modulation.
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Fig. 4 (a) Band energy diagram near the p++/n++ junction at equilibrium (b) Carrier
concentration during conduction

Fig.5(a) shows the I-V characteristics of the TJE-MOSFET vs. other devices (i.e., MOSFETs
and IGBTs) with the same n- drift thickness and doping level. The major advantages of the
TJE-MOSFET are its superior conduction characteristics compared with those of the existing
power devices. Normally, power MOSFETs are used in low-voltage and low current density
applications while IGBTs are used in high-voltage and high current density applications.
The TJE-MOSFET is very competitive in both applications.

As shown in Fig.5(a), the proposed the device (with p++/n++ doping levels of 8 x 10%9) can
carry much higher current density than conventional power MOSFETs. For instance, at a
forward voltage drop of 1V, the TJE-MOSFET can carry 25x higher current density. At
higher voltage drops, the current density can be significantly higher. It also performs better
than a S MOSFET with a 2.5um pillar width at a forward voltage drop higher than 0.9V. As
described in the Introduction section, the S| MOSFET requires accurately doped alternating
p and n pillars, the on-resistance of an S| MOSFET can be reduced by orders of magnitude
compared to the conventional power MOSFET. However, higher voltage S| MOSFETs are
not particularly easy to fabricate. For a 1000V-rated Super-junction device, a pillar height of
60pum is needed. Creating such narrow and deep pillars which have exactly opposite doping
concentrations is very difficult using current semiconductor processing technology. The TJE-
MOSFET provides an alternative to create high performance power switches. The TJE-
MOSFET can share most of the processing techniques with conventional power MOSFETSs or
IGBTs. However, additional steps are required to create the sharp and heavily-doped
pt++/n++ metallurgical junction, which is challenging. The high thermal budgets of
conventional epitaxy methods for creating the n-drift layer and subsequent steps would
definitely alter the earlier created p++ and n++ layers; therefore, novel processing
techniques will be needed to address this challenge. For instance, a lightly-doped thin wafer
might be used as the voltage blocking layer instead of an epitaxially created n- drift layer.
Low-temperature epitaxial processes such as MBE might be required to create the p++ and
n++ layers.

Compared to IGBTs, the TJE-MOSFETSs have superior forward conduction characteristics. At
the same current density, the forward voltage drop of the TJE-MOSFET is much smaller
than that of an IGBT. Furthermore, the TJE-MOSFET has no heel voltage as seen in an IGBT.
Fig.5(a) clearly shows that the TJE-MOSFET can carry 50A/cm? of current density at a
forward voltage drop of 0.7V while the current density of an IGBT is negligible at this
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voltage. This means that the TJE-MOSFET can carry current right after a bias is applied
much like a MOSFET. Therefore, the TJE-MOSFET is more suitable than IGBTs in lower
current density applications. This also enables the parallelization of the TJE-MOSFET in
order to further improve the conduction characteristics. A trade-off between the forward
voltage drop and turn-off time is considered when designing an IGBT. Since the TJE-
MOSEFET has a much lower forward voltage drop than an IGBT at the same current density,
there should be more flexibility to optimize between conduction loss and switching loss.

Furthermore, the simulations also suggest that the current density of the TJE-MOSFET can
be further improved by increasing the doping levels in the p++/n++ junction as shown in
Fig.5(b). This is due to the fact that band-to-band tunneling current is exponentially
proportional to the inverse of tunneling distance at a reverse-biased junction. The

improvement should only be restricted by the highest doping levels that can be reached in
these junctions.
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Fig.5 (a) I-V characteristics of the TJE-MOSFET vs. other power devices with same geometry
(b) I-V Characteristics comparison between the TJE-MOSFETs with various doping

concentrations at the p++/n++ junctions (c) Reverse characteristics comparison between the
THE-MOSEFET and IGBT

This indicates that the TJE-MOSFET has the potential to outperform S] MOSFETs at very
low current density levels in terms of conduction characteristics. Fig.5(c) shows the
breakdown characteristics of the TJE-MOSFET, which is very similar to the IGBT with
similar geometry and n- drift layer doping levels. It should be noted that the drift layer

doping levels in neither the TJE-MOSFET nor the IGBT were optimized and is taken a value
of 2 x 1014 cm?3,
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3. Novel High Voltage SJ MOSFET Based on Porous Silicon Formation

3.1 Device Structure and Fabrication Process

A schematic of the trench gate type S] MOSFET half unit cell based on porous silicon
formation is shown in Figure 6(a). A lightly doped (10>-10%6cm-3 depending on the targeted
pore size and pitch) n-type thin wafer (120-200 micron thick depending on voltage ratings)
is electrochemically etched to form deep macro-pores with small pore size and pitch though
most of the wafer thickness, leaving only a thin layer un-etched at the back side of the wafer.
Photo-assisted electro-chemical etching of silicon to form high-aspect-ratio microstructures
has been under development since the 1970s and has advanced to reach the level of
submicron precision (Coe, 1988; Chen, 1993).

oxide/dielectric nts

Source electrode

Polysilicon ! pt y W w W ¢

Gate electrode p base

connected to
source electrpde, 0

n- drift

p polysilicon column|
(created by filling thg n- column
letched macropores)

n++ (by ion implantation or diffusion) Q m m / A ‘
Drain electrode (a) (b)

Fig. 6. (a) Schematic of the half unit-cell of the porous silicon based SJ; (b) Schematic of the
circular cell in hexagonal array topological design

This technique has been widely used in fabricating silicon-based photonic devices and
electronic devices, as well as micro-electro-mechanical systems (MEMS) (Theunissen, 1972;
Kleimann, et al., 2005; Charlton & Parker, 1997; Lehmann, et al., 1996, Wang, et al., 2003).
The pattern of the macro-pores is controlled by photolithography based on the cell
topological design (such as the simple linear trench design or the circular cell in hexagonal
array design as shown in Figure 6(b)). The pore size is controlled by the applied current
density and illumination intensity during etching. An n++ layer on the back side can then be
created by ion implantation or other standard doping method for the drain electrode. The
macro-pores are deposited with a thin conformal coating of oxide/dielectric layer using
standard microelectronic processes such as thermal oxidation or oxide-nitride-oxide (ONO)
deposition. The oxide/dielectric on the bottom of the macro-pores is then anisotropically
etched, leaving the oxide/dielectric layer only on the side walls of the macro-pores. Doped
p-type poly-silicon is deposited in the macro-pores to form the p region with the doping
level matching their sizes and pitches as well as the doping of the wafer. The poly-silicon
doping can be in situ doping or use a sequence of conformal poly deposition, tilted
implantation, poly refill and drive-in. These processes are sufficient for an aspect ratio as
large as 100. The p-type poly-silicon and the reminder of the n-type silicon between the
pores form the alternating p and n columns with a thin layer of oxide/dielectric layer on the
side walls. This oxide/dielectric layer prevents interdiffusion during the subsequent
processing steps. After the formation of the SJ structure and possibly a chemical-mechanical
polishing step, conventional ways of creating the power MOSFET structures including the
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gate and source electrodes can be employed. This process can fabricate S] structures with a
column size of a couple of microns and depth up to a couple of hundred microns, with the
potential to create SJ devices at voltages above 2000V.

3.2 Device Simulation Description

We have used physically-based device simulation software Synopsys Sentaurus Device to
perform the simulations. Fermi-Dirac statistics is employed in the carrier density
calculation. For low field bulk mobility, Klaassen’s unified mobility model (Klaassen, 1992;
Klaassen, 1992) is used, which considers the effects of lattice scattering, impurity scattering,
carrier-carrier scattering, and impurity clustering effects at high concentration. The mobility
degradation within the inversion layers is considered by employing Lombardi’s model
(Lombardi, et al., 1988) that accounts for the effects of surface acoustic phonon scattering
and surface roughness scattering. Canali’s model (Canali, et al., 1975) is used to account for
the carrier velocity saturation in high electric fields. Doping-dependent Shockley-Read-Hall
recombination and Auger recombination are considered. The breakdown of the device is
simulated by employing Lackner’s avalanche generation model (Lackner, 1991).

The device under consideration has a cell structure as shown in Figure 6(a) and uses the
topological design of a circular cell in a hexagonal array (Figure 6(b)). In order to satisfy the
charge compensation requirement, the size of the poly-silicon p columns and pitch of the p
columns are designed by

p-A4=n-4,, @)

where p is the doping density in the p-type poly-silicon column and # is the wafer doping
density; A1 and A, are the areas of the p-type poly-silicon and area of n-type silicon
surrounding the p-poly, respectively, as shown in Figure 6(b). The depths of the p and n
columns are taken as 160um; p-base depth is 2.7um and n+ source depth of 0.8um, giving a
channel length of 1.9um. The gate oxide thickness is 50nm. Gaussian profiles are assumed
for p-base and n+ source with the peak concentrations of 3x10V7cm? and 10%9cm3,
respectively. The thickness of the n-layer underneath the p and n columns is 5um, and the
n+ drain doping is 10%m3. In the baseline half unit-cell, the width of the p-poly-silicon is
1um, which is equivalent to a p-column diameter of 2um. The thickness of the oxide layer
(between the p and n columns) and n-column width are 0.1xm and 0.692um, respectively.
This makes the p-column center-to-center distance to be 3.6um. The area ratio between the
poly-silicon p-column and the n-type silicon surround it, A1/ A, is then %2. The doping level
of the wafer is 9x10%5cm-3 and the doping level of the p-poly-silicon column is 1.8x10%cm3. In
order to account for the cell topology of a circular cell in a hexagonal array, cylindrical
symmetry is assumed in the two-dimensional device simulations for the half unit cell.

3.3 Simulation Results and Discussion

Figure 7 shows the simulated breakdown and I-V characteristics of the baseline device. The
device has a breakdown voltage of 2490V and a specific on-resistance of 20mQ-cm?2. The
specific on-resistance is calculated at the drain voltage of 0.5V by first evaluating the total
current within a 1 cm? device area. At this voltage, the silicon limit for conventional power
MOSEFETs is 2600mQ-cm? by way of comparison.
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Fig. 7. Simulation results for baseline cell: (a) Breakdown characteristics; (b) I-V
characteristic at Vg=15V.

As aforementioned, the charges in the p and n columns need to be perfectly matched in
order to reach the highest breakdown voltage at certain n- and p-column doping levels. By
introducing an oxide layer between the p and n columns, interdiffusion between the two
regions during deposition and subsequent processing steps can be eliminated. Even so,
controlling the doping in the p-poly-silicon to exactly satisfy the charge balancing is very
challenging. It is useful to see how the charge imbalance in the p-poly-silicon would affect
the cell breakdown voltage. Simulations were first conducted to evaluate the breakdown
voltage variations with respect to the doping levels in the n-type silicon wafer while the
doping in the p-poly-silicon column is perfectly matched. The charge imbalance scenarios,
where the doping concentrations in the poly-silicon are taken as 5% or 10% above or below
the perfect matching levels, are then simulated. It can be seen in Figure 8(a), when a perfect
doping match is assumed, variations of doping in the wafer contribute little to the values of
the breakdown voltage (around 2500V for a column depth of 160 m) until a critical level is
reached. Above this level, the breakdown voltage decreases drastically due to the fact that
the p and n columns can no longer be fully depleted during reverse biasing. On the other
hand, if the doping level in the p-poly-silicon does not match the wafer, the breakdown
voltage decreases drastically as the doping in the wafer increases. A 10% imbalance leads to
a bigger reduction in breakdown voltage than a 5% imbalance at the same wafer doping
level. This result indicates process control for doping the p-poly-silicon is critical in creating
an ultra-high voltage MOSFET with ultra-low on-resistance. The doping imbalance is more
tolerable (less reduction in breakdown voltage) as the doping concentration in the wafer
gets lower.

However, lowering the doping concentration in the wafer leads to higher on-resistance (as
shown in Figure 8(b)). Consequently, if a certain level of charge imbalance in the p-poly-
silicon is inevitable, the doping concentration in the wafer has to be chosen such that a
trade-off between the breakdown voltage and the specific on-resistance can be reached.
Even with a small amount of charge imbalance, a properly designed device can still have far
better performance than a conventional one. For instance, starting from a wafer with a
doping level of 10%5cm= and assuming a 5% charge imbalance in the p poly-silicon, a
MOSFET with a breakdown voltage of 2100V and specific on-resistance of 410 m{-cm?2 can
be produced. This is much better than the silicon limit of 1700 mQ-cm? at this voltage for a
conventional power MOSFET. Figure 3(c) shows the figures of merit (Vy2/RonA) for these
scenarios.
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Fig.3. (8) Breakdown voltage, (b) specific on-resistance, and (c) figure of merit vs. doping
concentration of silicon wafer for various charge imbalance conditions

It shows that a figure of merit of more than 500 MWW/ cm? is possible if perfect control of the
p-poly-doping can be achieved. A small amount of charge imbalance greatly reduces the
figure of merit. However, with a 5% charge imbalance, figures of merit between 10 and 30
MW/cm? are achievable for wafer doping levels between 101> to 106 cm-3, which covers
breakdown voltages between 2100 and 1000 V. This is still much better than the figures of
merit of silicon limits for conventional power MOSFETs, which are between 2.5 and 4
MW/ cm? at these voltage ratings.
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Fig. 4 Comparison of the electron density distributions at 0.5V forward bias in the unit cell
and along the vertical axis through the center of n column between (a) wafer doping of
10%5¢m-3 and (b) wafer doping of 9x1015cm-3. The oxide thickness between p and n column is
0.1um.
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It is shown in Figure 3(b) that the specific on-resistance increases with decreasing wafer
doping levels and it does not follow a linear relationship. Examination of the electron
density under forward-bias condition reveals that the nonlinear increase of the specific on-
resistance at lower wafer doping levels is due to the much more severe depletion in the n-
column, or JFET (Junction Field-Effect Transistor) effect. For instance, Figure 4(a) and (b)
show the comparison of the electron density distributions at a forward-bias of 0.5V for the
device with the wafer doping levels of 10%5cm-3 and 9x1015cm-3 (baseline device), respectively.
The figure on the left shows the electron distribution over the half-unit cell. The white line
denotes the boundary of the depletion region. It can be seen that there is a depletion region
in the n-column along the oxide interface in both cases. The width of the depletion region
for a wafer doping of 10%5cm-3 is much larger than that for a wafer doping of 9x10%5cm-3. The
figure on the right shows both the electron density and doping concentration distributions
along the center line of the n-column. It is clearly shown that the electron density in the n-
column is significantly lower than the doping concentration for the case of low wafer
doping of 105cm-3; on the other hand, the electron density is kept at the doping level for the
case of high wafer doping of 9x10%5cm-3. This explains why the on-resistance of the device
with a wafer doping of 101> cm=3 is 21 times larger than the one with a wafer doping of
9x1015cm-3, while the doping level in the n-column is only 9 times smaller.
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Fig. 5. Electron density distributions at 0.5V forward bias in the unit cell and along the
vertical axis through the center of n column for: (a) the case where the oxide thickness
between p and n column is 0.3 um, and (b) the case of conventional SJ structure (no oxide
between p and n columns). The wafer doping level is 1015crm-3.

It can be said that the JFET effect is not a concern if high enough doping concentration is
used in the n and p columns. However, as aforementioned, if a small amount of charge
imbalance is inevitable, we have to reduce the wafer doping level in order to retain the high
breakdown voltage. In this case, the JFET effect greatly reduces the on-resistance of the
device. One way to partially alleviate this problem is to increase the thickness of the oxide
layer between the p and n columns. As the oxide thickness increases, the electrical field near
the oxide interface becomes smaller so that the depletion of the carriers in the nearby
regions becomes smaller. For example, Figure 5(a) shows the electron density distribution
for the device with a wafer doping level of 105cm3 and an oxide thickness of 0.3 um.
Compared to Figure 4(a), it is clearly shown that by increasing the oxide thickness from 0.1
um to 0.3 pm, the depletion width is reduced and the electron density during forward-bias is
increased. This leads to lower specific on-resistance from 422 to 289 mQ-cm?, a 30%
reduction. We have also simulated the case of a conventional S| MOSFET, where the oxide
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layer is nonexistent. It turns out that, at the same wafer doping level of 1015cm-3, the JFET
effect is much more severe as shown in Figure 5(b); the specific on-resistance turns out to be
1084 mQ-cm?, almost 4 times that of the device with a 0.3 pm oxide layer. Further
simulations on device breakdown have shown that adding an oxide layer between the p and
n columns has almost no effect on the breakdown voltage. This clearly shows that putting
an oxide layer between the p and n columns not only helps to prevent interdiffusion
between the columns during processing but increases the performance of the device as well
by reducing the JFET effect at lower wafer doping levels. This is important when charge
imbalance is expected and wafer doping is purposely reduced to maintain the device
breakdown voltage.
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Fig. 6 On-resistance vs. oxide thickness for various wafer doping levels

Although a thicker oxide layer helps to reduce JFET effect, it does not carry any current like
the p-column; therefore, it creates a “dead” region in the device unit cell. This means the
oxide thickness needs to be optimized for each wafer doping level so that the lowest on-
resistance can be achieved. Figure 6 shows how the oxide thickness affects the specific on-
resistance of the device at various wafer doping levels. If a lower wafer doping level is to be
used, a larger width of oxide thickness would be needed. As the wafer doping level
increases toward its superjunction limit, the JFET effect becomes less of a concern and a
thinner oxide layer gives better on-resistance.

4. Conclusions and Future Directions

This chapter describes a novel concept for a mid-to-high voltage power semiconductor
switch that utilizes band-to-band tunneling and an avalanche injection mechanism.
Numerical simulations suggest the TJE-MOSFET has better forward conduction
characteristics than both IGBTs and power MOSFETs. The TJE-MOSFET can be very
competitive to MOSFETs and IGBTs in mid power range applications.

A promising method of making high-voltage S MOSFETs without costly epitaxial growth is
also described in this chapter. The charge compensating structures are created by etching
the structured macro-pores, followed by passivating the walls and filling the pores with
oppositely-charged poly-silicon. The effects of charge imbalance and the thickness of the
passivation layer are studied by physically-based numerical device simulations. It is found
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that even with a small amount of charge imbalance, the proposed method can still produce
high-voltage MOSFETs with much better performance than existing technology. A thick
oxide layer between the p and n columns is found to be helpful of alleviating the JFET
effects when the doping concentrations in the p and n columns are low. In comparison with
a conventional superjunction structure, the inclusion of an oxide layer between p and n
columns is found to help increase the device efficiency in addition to its ability to prevent
dopant interdiffusion.
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