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The effect of the electrical field enhancement at the junction discontinuities and
its impact on the on-state resistance of power semiconductor devices was investigated. A
systematic analysis of the mechanisms behind the techniques that can be used for the
edge termination in power semiconductor devices was performed. The influence of the
passivation layer properties, such as effective interface charge and dielectric permittivity,
on the devices with different edge terminations was analyzed using numerical simulation.

A compact analytical expression for the optimal JTE dose was proposed for the
first time. This expression has been numerically evaluated for different targeted values of
the blocking voltage and the maximum electric field, always resulting in the optimal field
distribution that does not require further optimization with 2-D device simulator. A
compact set of rules for the optimal design of super-junction power devices was

developed. Compact analytical expressions for the optimal dopings and dimensions of the



devices employed the field compensation technique are derived and validated with the
results of numerical simulations on practical device structures.

A comparative experimental study of several approaches used for the edge
termination in SIC power diodes and transistors was performed. The investigated
techniques included the mesa termination, high-k termination, JTE, and the combination
of JTE and field plate edge termination. The mesa edge termination was found to be the
most promising among the techniques investigated in this work. This stand-along
technique satisfied all the imposed requirements for the “ideal” edge termination:
performance, reproducibility (scalability), and cost-efficiency. First of al, it resulted in
the maximum one-dimensional electric field (Eipmax) at the main device junction equal
to 24 MV/cm or 93% of the theoretical value of critical electric field in 4H-SIC.
Secondly, the measured Eipuax Was found to be independent of the voltage blocking
layer parameters that demonstrate the scalability of this technique. Lastly, the
implementation of this technique does not require expensive fabrication steps, and along

with an efficient use of the die arearesultsin the low cost and high yield.
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CHAPTER |

INTRODUCTION

Today, in the era of growing energy crisis, the role of power electronics in the
reduction of energy consumption becomes more and more vital. Struggling to
minimize the size and weight of systems, and reduce both static and dynamic losses,
power electronics remains in continuous search for new technological solutions. The
SiC power device technology is on the frontline of this quest. SIC provides a unique
opportunity to avoid many fundamental limitations caused by the properties of the
traditional semiconductors by offering numerous material advantages such as a wide
bandgap, high thermal conductivity and high saturation drift velocity. The constantly
maturing SIC power electronics is experiencing an exciting time, when the
fundamental material studies give place to the applied design and process
development, bringing this technology close to the commercial market.

This chapter provides a systematic analytical review of the state-of-the-art SIC
power device technology. Although all the maor directions in SIC power device
technology are covered, some areas where the author made an original contribution
are discussed in more details. In particular, these areas include vertical power JFET
switches;, power rectifiers, RF bipolar transistors; self-aligned MESFET and SIT

power L-band amplifiers; and lateral trench JFET smart power technology



1.1  SIC Power Switches

The historical review of the power switch development in silicon reveals an
evolution from JFETs and BJTs to ultra-high power GTOs, IGBTs and IGCTs.
Unfortunately, the state-of-the-art design solutions from the silicon industry can not,
in most cases, be easily applied to the SIC industry because of the fundamental
differences in the material properties and processing technologies. In spite of the fact
that advanced SIC devices, such as IGBTs and GTOs have been reported [1, 2], the
commercial SIC power switch development is still confined to the basic VJFET,
MOSFET, and BJT devices. This section discusses the performance of the recently
published power SIC VJFETSs, BJTs, and MOSFETs and identifies the key issues

related to the device design and processing.

111 Vertical JFETs

SIC Vertical Junction Field Effect Transistor (VJFET) is a voltage-controlled
device that utilizes al the superior properties of SIC, resulting in low-on-resistance,
ultra-fast switching, and excellent high-temperature and high-radiation stability [3-6].
There are two general approaches in the 4H-SIC VJFET design. The schematic cross-
sections of typical devices that implement these designs are shown in Fig. 1.1 [4, 7].
Both the approaches have their strong and weak sides. For low-to-medium voltage
applications (ranging from 600 V to 1800 V), where the channel component of the
total on-state resistance is dominant, the first design (shown in Fig. 1.1 @) provides
obvious advantages over the second one (shown in Fig. 1.1 b). First of al, a single
vertical channel configuration alows for an inexpensive self-aligned process, which

means that a high channel packing density is achievable without imposing aggressive
2



photolithography requirements. Such high channel packing density (e.g., 5x10°
cm/cm?) offered by the first design virtually eliminates the channel component of the
total device resistance, and optimizes the usage of the drift layer. Secondly, this
device offers extremely low switching losses, since it has negligible source-to-drain
capacitance as compared to the second approach. The last (but not least) advantage of
the first design is the ssmple reproducible fabrication process that along with the

efficient use of material reduces the cost of the final product.

N-type N++

. Source Ohmic contact Gate Lateral channel
Ohmic contact Final metal
Source Source
Gat:; N+ source Gate P+ gate
P+ gate

P+ gate channel P+ gate P+ gate
. . Vertical
N- drift region N- drift region
& channel &
SiC N+ substrate SiC N+ substrate
b )
Drain termina Drain termina
@ (b)

Figure1.1:  Schematic cross-sections of (a) a single vertical channel SIC VJFET
[4], and (b) dual-channel SIC VJFET [7].

For the higher voltage applications (above 1800 V), the second design
solution offers certain advantages over the first approach. It can be noticed, that the
second device structure comprises two JFETs connected in cascode. This suggests an
elegant way to make this device normally-off because the voltage required to punch
through the lateral channel is at he same time applied to the bottom gate structure that
pinches-off the vertical channel. In today’s power electronics dominated by Si

MOSFETs and IGBTSs, the systems are designed for normally off power switches. In



this situation, offering a plug-and-play SIC part would grant an easy pass to the
market. Naturally, the cumulative resistance of the lateral and vertical channels
designed for normally-off operation would be quite high. However, since in the high
voltage devices the resistance of the voltage blocking layer becomes a significant part
of the total resistance, the increase in the channel resistance might be a reasonable
pay-off for the opportunity of having a normally-off device. Another advantage of
this design solution is that at the breakdown conditions, the avalanche current does
not flows through the control circuit (as in the first device), but rather through the
source-drain network. Several attempts to design a dual-channel JFET for the bipolar
mode operation where the gate bias in the on-state exceeds the built-in potential of the

gate-drain p-n junction were also published [8].

1.1.2 Power BJTs

Reported for the first time in 1978 by Minch and Hoeck [9], the SiC bipolar
junction transistor (BJT) technology has experienced dramatic progress over the
recent years. 4H-SIC BJTs have demonstrated excellent current carrying and
blocking capabilities, and offer a good high-temperature performance. Figure 1.2 ()
shows a schematic cross-section and (b) I-V characteristicsof al1l7 A, 1.3 kV 4H-SiC
BJT reported by A. Agarwal et al in 2003 [10]. Due to the negative temperature
coefficient of the current gain, 4H-SIC BJTs are easier to parallel than their S
counterparts. In contrast to the vertical MOSFETSs and JFETS, these devices do not
have junction discontinuities in the active region. With an appropriate edge

termination, they could be easily scalable to high blocking voltages.



Despite the above advantages, the SIC power BJT has certain application
limitations as it is a current-driven device. In order to reduce the required control
power, an integrated Darlington structure can be used [11], at the expense of the
switching speed. Promising efforts toward the integration of SIC MOSFETs and BJTs
in a power monolithic voltage controlled switching module have been made recently
[12]. There are also certain processing issues that cause high surface recombination
velocity at the edge of the emitter finger and poor emitter injection efficiency. The
most recent study revealed a significant reliability problem of power SIC BJT.
Dramatic reduction of current gain was observed in power 4H- SIC BJTsjust after a
few hours of operation due to the recombination-induced nucleation of stacking faults

from the basal plane dislocations[13].
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Figure1.2: (@) The schematic cross-section, and (b) the drain characteristics of a
17A 1.3kV 4H-SIC BJT (after A. Agarwal et al [10]).



1.1.3 Vertical Power MOSFETS

Recent publications demonstrated significant progress in the development of
high-power vertica SIC MOSFETs. Two basic designs compete in this area
UMOSFET (a vertical U-grooved MOS-channel structure [14]) and DMOSFET (a
structure that combines the lateral MOS-channel with the vertical JFET region [15,
16]). The simplified cross-sections of an n-channel UMOSFET and an n-channel
DMOSFET are shown in Fig. 1.3. Despite their advantages as normally-off, voltage
driven switches ideal for many applications, both types of MOSFETSs suffer from low

inversion layer mobility and poor high-temperature, high-field reliability.
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Gate Gate dielectric
N- drift region dielectric N- drift region
N+ substrate N+ substrate
1 Drain lDrain
a) b)

Figure1.3:  Schematic cross-sections of (a) a conventional UMOSFET, and (b) a
DMOSFET device structures.

As shown in Fig. 1.3 (a), the classical UMOSFET in SIC is a vertical device,

which comprises an epitaxially grown thick n drift region and ptype base region.

The n+ source and p+ body contact regions can be either epitaxially grown or

implanted. Dry plasma etch is used to form a trench, and a thin dielectric layer is then



thermally grown or deposited followed by metal or polysilicon gate deposition to
define the vertical MOS channel.

Potentially, the 4H-SIC UMOS transistor structure can offer the following
advantages over the other design solutions (in particular, over various DMOS
structures):

Vertical configuration, where the absence of the JFET region alows for taking
maximum advantage of the excellent blocking/conductive properties of SIC drift

layer;

Relatively simple structure that can be made using a self-aligned fabrication
process resulting in significant increase in the channel packing density;

The doping profiles in the entire device structure can be realized by epitaxial
growth.

However, the years of development revealed the following issues limiting the
performance of the 4H-SIC UMOSFET:

On-state insulator reliability due to the much smaller conduction band offset of
SIC to SIO, compared to that of silicon, resulting in electron injection into the
gate dielectric;

High electric field in the gate insulator under off-condition due to the electric field
enhancement at the sharp corner of the U-trenches;

Low inversion channel mobility on a vertical sidewall due to the high interface
state density at the p-SIC/SIO; interface and high fixed charge density in the
insulator.

Furthermore, since the operating electric field in thermally grown SO, is limited to 2
MV/cm [17], and in order to satisfy the Gauss' law (e

oxideEop,oxide 3 eSiCEop,SiC)’ the

maximum operating electric field in the underlying SIC layer must be held less than

0.8 MV/cm which is less than 30% of its critical value. Thislimitation resultsin the



resistance of the drift region 64 times higher than its theoretical minimum. In Ref.
[18], we show that this issue dramatically suppresses the inherent advantages of SIC

UMOS transistors over their silicon counterparts (Fig. 1.4).
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Figure1.4:  The practical minimum for the drift region specific on-resistance of
4H-SIC UMOSFET with SiO, gate dielectric compared to the
theoretical values calculated for 4H-SiC and Si as a function of
blocking voltage [18].

A typica vertica SIC DIMOSFET shown in Fig. 1.3 (b) comprises both the
horizontal inversion channel under the gate oxide (MOS region) and the vertica
channel confined between two p-well implanted regions (JFET region). Because of
its dua-channel structure, the verticd SIC DIMOSFET offers high blocking
capabilities along with low on-state voltage drop. In contrast to the SSC UMOSFETSs
where the gate oxide is the weakest part of the device because of its location in the
region of the highest electric field, DIMOS structure provides excellent protection of

the gate oxide from electric breakdown by screening it with p-n junctions. Partial

sacrifice of on-state conductance by the introduction of a JFET region can be justified



in the case of SSIC MOSFETS, where channel resistance is still the dominant part of
the total device resistance due to very low inversion channel mobility. Moreover,
higher electric field is permitted in the drift region of SIC DIMOSFET, and this
allows for significant reduction of drift resistance as compared to the UMOS drift
region. Another benefit

of using the DMOS configuration is that the MOS channel can be made on the planar
silicon-face surface of SIC, where SIC/SIO, interface quality is found to be optimal as
opposed to the vertical trench surfaces in the UMOS [19]. Although the low channel-
packing density due to the presence of the lateral MOS channel and the high
resistance of the JFET region seriously impact the total device on-resistance, the
vertical 4H-SIC DMOS-like transistors are the power SIC MOSFETSs closest to the
market. They are now under very intense investigation by leading SIC device
developers. Increasing channel packing density by implementing self-aligned
fabrication process and advanced layout solutions in conjunction with sophisticated
gate oxide growth/annealing techniques will help to overcome the issues of low

inversion channel mobility and gate oxide reliability for aSIC MOSFETSs.

1.2 SiC Power Rectifiers

1.2.1 PiN diodes

Recently rather revolutionary results were reported for ultra-high power 4H-
SiC PiN diodes [21-23]. As compared to SIC Schottky barrier diodes (SBDs) and
Merged Schottky-PiN diodes (MPS, JBS or pitch diodes), PiN diodes can offer higher
forward current and blocking voltage [24]. The simulation results shown in Fig. 1.5

demonstrate the dramatic advantage of PiN diodes over SBDs in the high voltage
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application, where ultra-fast switching is not required. Even though the injected
minority carriers affect the switching performance, SIC power PIN diodes still
demonstrate extremely fast reverse recovery due to relatively small minority carrier
lifetime. For example, when switching from 20 A to O A, arecovery time of 105 ns
was reported for a 10 kV PiN diode at room temperature [25].

The major challenge in the commercialization of high-voltage high-current
SIC PIN diodes is related to by the long-term reliability issue due to the
recombination enhanced stacking fault formation. This phenomenon has been
investigated in numerous studies (e.g., [26]). In commerciadly avalable SIC
substrates, where the traditional 8° off-axis crystal orientation is used, stacking faults
may create numerous potential barriers to the current flow. These barriers act as
recombination centers, resulting in shorter effective ambipolar lifetime in the base
region, and consequently, an increase of the forward potential drop.
Moreover, the released energy during recombination promotes further devel opment of
these defects, which penetrate through the crystal along the basal plane. To solve this
problem in vertical bipolar devices, so called “aface” crystal orientation can be used
plane the carriers do not meet any potential barriers, and the recombination enhanced
defect formation does not occur. Unfortunately, the PiN diodes built on the “aface”
material exhibit lower breakdown voltages than those built on the traditional
substrates [27]. To prevent an extensive stacking fault formation when using “off-
axis’ substrates, the maximum current density in a PIN diode should be limited to a
safe value. Since stacking faults originate from the basal plane dislocations,

availability of dislocation-free material may be the way to solve the problem of
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forward current degradation. Ref. [27] also reports on encouraging results of
fabricating 4H-SIC PIN diodes with low forward degradation using processes that

reduce basal plane dislocations in the epitaxially grown layers.
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Figure1.5: Measured forward characteristics of a 3 kV PiIN diode fabricated in
Semi South (&), and a theoretical comparison of aforward voltage
drop for power rectifiers as afunction of current density (b).

1.2.2 Schottky Barrier Diodes
The major advantages of Schottky barrier diodes (SBDs) are ultra fast
switching characteristics, low turn-on voltage, and cost-effective fabrication

processes. As they are majority carrier devices, SBDs can be easily paraleled to

achieve high forward current without the danger of thermal runaway .



12

As the built-in potential of the Schottky barrier is usualy lower and the
junction is physically located at the semiconductor surface, the blocking voltage of a
SBD istypically smaller than that of a PiN diode for the same thickness of the voltage
blocking layer. However, the use of a proper surface passivation/termination
technique allows achieving blocking capability of SIC SBDs close to that of SIC PIN

diodes. For example, in Ref. [28], we reported on SBDs, with a blocking voltage of

1.6 kV on a 10 pm, 5x10"° cm™ drift region (Fig. 1.6).

Figure1.6: Reverse blocking characteristics of a 1.6 kV 4H-SIC SBD (left), and
adie-level view of probed SBD’s (right) [28].

1.2.3 JBSand MPS Diodes

Junction Barrier Schottky (JBS) or Merged PiN Schottky (MPS) diodes
comprise both p-n and Schottky barrier junctions in the same device. In SIC, such
combination alows the device to exhibit the best characteristics of both types of
junctions, providing surge current and overvoltage protection, while maintaining low
turn-on voltage and ultra-fast switching. At normal operating conditions, the device
acts as a Schottky barrier diode, when the majority of the current flow occurs through

the Schottky contacts. At surge current conditions, however, the current flows mainly
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through the p-n junctions because of significant reduction in drift resistance due to
conductivity modulation at high current densities. In Ref. [29], we proposed a mesa-
terminated MPS diode structure with epitaxially grown anode islands. A schematic
cross-section of this device is shown in Fig. 1.7. As compared to SBDs where the
reverse leakage current is caused mainly by thermionic field emission through the
Schottky barrier, JBS diodes provide significant improvement in the breakdown
strength by shielding the Schottky barrier regions with pn junctions, especialy at
elevated temperatures. The recent publications showed great potential for the JBS

diode to combine the best characteristics of PIN and Schottky diodes [24, 30].

Front-side final metal P-type ohmic contact P+ anode
3 I
~ Passivation Schottky metal
L ow-doped n-type epi
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A RIS

Backside final metal

/
N-type ohmic contact

Figure1.7: A schematic cross-section of a Schottky barrier diode with surge
current protection.
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1.3 SiC Power RF Devices

13.1 MESFETs

SIC MESFET has attracted tremendous attention of the developers asthe ideal
device for high power pulsed and continuous-wave (CW) high-frequency (from UHF
to X band) linear wide bandwidth monolithic microwave integrated circuits (MMICs)
[31]. Significant success has been achieved in the power SC MESFET devel opment
in the past decade; however, some issues till remain to be solved.

One of the major problems preventing wide commercialization of power SIC
MESFETs isthe current instability due to the trapping effects. Trapping effects occur
when electrons get trapped by the acceptor-like levels either in the semi-insulating
(SI) substrate (so called backgating) or at the surface. Figure 1.8 shows the schematic
cross-section of a SIC MESFET fabricated on a Sl substrate with a p-type buffer
layer. In this figure, the regions where electrons get trapped by acceptor states are

indicated in the drawing by minus signs.

Source contact Gate contact Drain contact

0O 0 o 0 0 0 0O
N-type channel

P-type buffer

Semi-insulating SiC substrate

Figure1.8:  Schematic cross-section of a SiC power MESFET.
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The use of a p-type buffer layer that separates the channel from the substrate
has been proven as an efficient way to reduce backgating [32]; however the choice of
the buffer layer doping concentration becomes a trade-off of severa factors. The
doping of the buffer layer must be chosen high enough to prevent electron injection
into the substrate. On the other hand, an increase of the p-doping concentration would
result in corresponding increase of the parasitic p-n junction capacitance which will
automatically degrade the high frequency performance. The doping concentration
typically used in the p-type buffer layer is less than 520" cm®. The use of the
recently introduced high-purity semi-insulating substrates was reported to

significantly minimize current instabilities caused by the backgating effect [33].
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Figure1.9:  Atlas™ simulation of MESFET drain current instability in due to
surface trapping effects (top), and current density distribution in the
channel at zero gate bias (bottom) [34].
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Table 1.1: Reported approaches for the reduction of the surface trapping

effects.

Reported approach Advantages Drawbacks

» Surface Improved current stability due | Even after passivation, Dj; still
passivation to reduction in the interface | remains in the 10'? eVlcm?

state density range[35].

» Gaterecessed | Improved current stability by | Extremely complicated
or buried gate | distancing the main current | fabrication, that  requires
structure stream away from the surface | expensive critical alignment

steps [36]
500 300
s D - A—c=th S D
< P 2 200 - x PSS
%300- L E e T e\
%200 % -, B
£ L £ 100 - e \
4 100 g _____
0 = A= = A~ A e it [(]F. = SSreirEr Y - :
0] 5 10 15 20 0 5 10 15 20
Drain voltage (V} Drain voltage (V)
(a) (hy
300 S 5 400 S -
g i e Seee
Ezao - e | ?Z_ e {
& - 5 200
S| L7 T e at e
5 - £ 100
0 #=&
0 0
Drain voltage (V) Drain voltag (V)
(c) (dy
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In Ref. [34], we investigated the influence of the surface trapping effects on
the drain current stability of 4H-SIC MESFET using Silvaco Atlas™ simulation, as
illustrated in Fig. 1.9. In this simulation, the transient of charging-discharging
interface states is modeled by simulating the drain current with different density of
interface states occupied by electrons. The vanadium doped semi-insulating substrate
has been modeled by introducing occupied acceptor-like traps with an energy
Er=Ey+1.05eV and a concentration of 1x10%" cm™ into the non-doped material.

There are several ways to reduce surface trapping effects. First of al,
different techniques may be employed to passivate the interface states, although even
after advanced passivation the interface state density remains in the 10 range [35].

The introduction of a stable negative charge at the SiC/insulator interface may
improve current stability by repelling electrons from the surface and preventing their
trapping by the interface states. However, in the conventional MESFET structures,
the fixed negative interface charge would increase the extrinsic channel resistance by
narrowing down the current path between the gate and drain contacts.

An alternative approach is to use a device structure that minimizes the
influence of interface traps on current stability by displacing the main current stream
away from the surface. Encouraging results have been reported in Ref. [36], where
devices with different structures were compared in terms of current stability. Figure
1.10 shows, that current stability can be significantly improved by utilizing gate-
recessed or buried gate structures. In this figure, forward measurements are shown in
solid lines and backward measurements are shown in dashed lines. The corresponding

device structures are shown at the top left corner of each family of curves. non-
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recessed (@), channel-recessed (b), gate-recessed (c), and buried-gate (d). It can be
noticed, however, that even this structure cannot completely eliminate the instability
of the drain current at low gate biases, when electrons flow in close vicinity to the
surface. Table 1.1 summarizes the reported approaches for the reduction of surface
trapping effects listed above.

In Ref. [37], we proposed a new approach to eliminate current instability in
SIC MESFETSs resulted from surface trapping. Figure 1.11 shows the schematic
cross-section, SEM image, and measured DC and RF characteristics of a fabricated
4H-SIC self-aligned MESFET structure. In order to minimize the surface trap density,
this devise uses the basic surface passivation. However, even with a high interface
state density, the surface trapping effect is virtually eliminated, because in the source-
to-gate and gate-to-drain segments current does not flow in the close vicinity to the
surface, but rather in the bulk material of the source and drain fingers.

DC testing has been done on the fabricated structures to determine if the self-
aligned MESFET design indeed has improved current stability. Very little (if any)
hysteresis was observed in the I-V characteristics of the self-aligned MESFETSs. For
comparison, a planar SC MESFET with the traditional design was tested using the
same method as the self-aligned MESFET. The traditiona MESFET had very
pronounced Ip vs. Vps hysteresis when compared to the self-aligned MESFET as
shown in Fig. 1.12. These |-V curves indicate tha the drain current in the
conventional MESFET was noticeably reduced due to charge trapping while the self -

aligned MESFET showed no such current reduction under these conditions.
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From the fabrication point of view, the distinctive feature of this design isthe
gate formation using a sdf-aligned process. Unlike many other MESFET- and SIT-
related “self-aligned” processes (e.g., [38]), the process described in [37] is truly self-

aligned, because it excludes all the critical alignment steps.

132 SITs

The Static Induction Transistor (SIT) is a vertical, short channel MESFET or
JFET type device, which has the gates close together resulting in space charge limited
current conduction. Unlike the bipolar junction transistor (BJT), the SIT is a majority
carrier device that is voltage-controlled and it offers higher breakdown voltage and
input impedance for the same frequency range. SIC SIT is based on the original SIT
concepts published in 1950 [39], which have received continued development for the
past 5 decades [40-45]. While most initial SIT developments have occurred in Si, the
availability of high quality SIC substrates over the past 10 years has triggered a
renewed interest in this device. By use of SIC, it is possible to increase the voltage
(and thus power) rating of high-frequency amplifiers, and increase the power density
by a factor of 4 to 10 in UHF to S-band transistors. Parasitic capacitances are
reduced, by shrinking the device area, while maintaining the power level of the
devices that often require little or no external impedance matching.

There are two types of gate, which are commonly used in the SIC SIT: ion-
implanted p-type gate [42] and Schottky gate [43]. Both of them have their
advantages and drawbacks. While Schottky-gated 4H-SIC SITs offer higher operating

frequency, the devices with p-type gates are much more suitable for high power
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applications. In general, using a channel structure with p-type implanted gatesis more
preferable because of the following advantages over the Schottky-gated devices:

Lower gate leakage allows for higher operation voltages and thus output power;

Robust structure less susceptible to rough environmental conditions;

Simple fabrication process.

In Ref. [46], we report on the design and fabrication of 400 V L-band 4H-SiC

SITs with implanted-gate channel structure. A schematic cross-section and an optical
photograph of the fabricated devices are shown in Fig. 1.13. The family of I-V
characteristics measured using a Tektronix 576 curve tracer and the results of load-
pull measurements performed on the fabricated devices are shown in Fig. 1.14.
Detailed discussion on the fabrication and testing of these devices can be found

elsawhere [46].
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Figure1.13: Schematic cross-section and a photograph of fabricated 4H-SIC L -
band SITs.
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Figure1.14: DC (a) and RF (b) characteristics of fabricated 4H-SiC L-band SITs.

133 RFBJTs
Asavertical RF device, SIC BJT can potentially offer several advantages over

SIC MESFET:

Much lower specific on-resistance for the same breakdown voltage allows for
much higher output power;

High field regions are buried, which makes the device less susceptible to
surface effects;

Threshold voltage uniformity, which is critical for analog operation

High linearity;

Several attempts to achieve RF performance on 4H-SIC bipolar junction

transistors have been published recently [47, 48]. Despite the optimistic simulation
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results that predict possibility of achieving a 700 V SIC BJT device with a fr of 10
GHz and hp; of 100 [49], the state of the art 4H-SIC RF BJT's demonstrate only very
moderate RF performance. The best RF SIC BJT published to our knowledge has
shown hpy; of 15 and fr of 1.5 GHz [47]. This device has demonstrated an output
power of 50W/cell using 80 V supply in common emitter Class AB mode with
collector efficiency of 51% and power gain of 9.3 at 425 MHz. It has been concluded
in Ref. [49], that the implanted emitter approach is not suitable for the BJT
fabrication in the SIC technology, and both the base and the emitter region have to be
grown epitaxialy. Making the epitaxial base as thin as possible is very desirable in
high frequency applications. However, the fabrication of a SIC BJT with very thin
base becomes extremely challenging. The major issues that arise are how to make an
ohmic contact to such a base, and how to make the peripheral base resistance
reasonably small? The first issue is related to the material consumption by the metal
silicide that can lead to punch-through of the base under the contact region. It is also
very difficult not to overetch a thin base layer with a thickness of, for example, 0.1
pm. The sheet resistance of this region may be too high to get an acceptable
microwave performance. The possible way to solve the problem with he high
peripheral base resistance was proposed in Ref. [9], where the authors first formed the
active base region having it thinned down to 0.8 um, and then overgrew the emitter
region.

In Ref. [50], we suggest another approach to solve al the problems listed
above by using a heavily doped overgrown base region. As shown in Fig. 1.15, this

region provides the electrical contact to the narrow base, and minimizes the
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peripheral base resistance. The high doping level of the overgrown extrinsic base
layer prevents minority carrier injection inside it from the emitter because the
potential barrier between the emitter and overgrown p+ layer is higher than that
between the emitter and p-type base region. It also avoids expensive ion implantation

and post-implant anneal steps when making the p-type base ohmic contact.
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Figure1.15: SIC BJT with overgrown p+ base region.

1.3.4 |IMPATT Diodes

Silicon and GaAs impact-ionization-avalanche-transit-time (IMPATT) diodes
are widely used in a broad range of microwave and millimeter wave applications.
The most typical of them are pulsed and continuous wave (CW) injection-locked
amplifiers, active frequency multipliers, cavity stabilized and voltage controlled
oscillators, pulsed power sources, etc. The use of silicon carbide (SIC) as the

building materia for IMPATT diodes in these applications opens an exciting
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possibility to exceed the power limits far beyond those dictated by the Si and GaAs
material properties.

Avalanche transit time devices are considered to be potentially the most
powerful solid-state power sources for microwave applications, particularly for solid-
state transmitters in pulsed radar systems. The theoretica estimations of the
maximum output power of an IMPATT diode operating at frequency f under pulsed
conditionsis given by Ref. [51]:

2 2
Prae £t Mot @y
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In (1.1), X, isthe capacitive reactance of the diode and other values have their usual

significance. It can be seen from the expression above, that the peak output power of
a diode has a sguare law dependence upon the saturation drift velocity and the critical
electric field of the underlying material. Such dependence makes SiC the most
promising semiconductor to use in fabrication of IMPATT diodes because of its high
breakdown field strength and high electron saturation velocity. When considering the
expression for maximum output power and the properties of SiC in comparison with
S and GaAs, it becomes evident that a SIC IMPATT diode would produce
microwave power at least two orders of magnitude higher than Si or GaAs IMPATT
diodes.

Recently, extensive analytica and numerical studies of SIC IMPATT
structures including large- and small-signal analysis as well as Monte-Carlo
smulations have been performed by several groups [52-54]. A large-signa

simulation performed for both Ka-band and X-band 4H-SC IMPATT oscillators
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predicts the peak power capability of more than 1 kilowatt, with greater than 15%
power efficiency [55].

To achieve the high output power, the IMPATT diode must conduct as much
avalanche current as possible. Experimental results have shown that 4H-SiC diodes
can sustain an avalanche current density of 60kA/cm? without catastrophic failure
[56]. When the diode is operating at such tremendous current densities, the dissipated
heat in the semiconductor junction becomes a significant factor limiting the output
device power, and the thermal properties of the material become of mgjor importance.
In this respect, SIC is once again the materia of choice because of its superior
therma conductivity, which is 8.9 times higher than that of GaAs, and 3.8 times
higher than that of Si and GaN. The wide bandgap, and consequently, small intrinsic
carrier concentration allows SIC IMPATT diodes generate useful power even at
extremely high junction temperatures.

To the best of our knowledge, only two groups have published experimental
results on SIC IMPATT diodes so far [57, 58]. High-low single-drift 4H-SiC
IMPATT diodes fabricated in Purdue University demonstrated a power level of 1 mwW
a 7.75 GHz [57]. 4H-SIC IMPATT diodes have also been demonstrated by
Vasillevski et al [58]. The diodes have an avalanche breakdown voltage of ~290 V.
Microwave oscillations appeared in X-band at a threshold current of 0.3 A. The
maximum output power of 300 mW was measured at an input pulsed current of 0.35
A. These first experimental results from SIC IMPATT diodes, however, show
efficiency and power output far below the theoretically predicted values of SIC and

significant improvement for this technology is expected.
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1.4  SIC Smart Power Technology

As a wide bandgap semiconductor, SIC is very attractive for use in high-
power, high-temperature, and/or radiation resistant electronics. Monolithic or hybrid
integration of a power transistor and control circuitry in a single or multi-chip wide
bandgap power semiconductor module is highly desirable for such applications in
order to improve the efficiency and reliability. SIC smart power technology has been
atopic of discussion in recent years. The majority of the efforts related to this topic
were focused on the development of SIC MOS-based technologies including NMOS

and CMOS ICs[59-61] and power LDMOS transistors [62, 63].

(@ (b)
Figure1.16: &) The photograph of a hybrid temperature sensor which operated
from 500°C to -150°C built on lateral 6H-SIC JFETs[66]; b) The
photograph of lateral JFET die [67].

Despite the demonstration of sufficient high-temperature performance (up to
600°C), the MOS-based SIC integrated technology has a fundamental problem

concerning the long-term reliability in harsh radiation environment due to radiation-
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induced degradation of gate oxide [64]. To circumvent the fundamental problems of
MOS based devices in SIC, JFET IC logic capability can be developed based on the
results of single lateral SIC JFETs and JFET-based hybrid circuits, which have been
designed and fabricated [66, 67] as shown in Fig. 1.16. Recently, SIC power
RESURF Lateral JFETs have a so been published [68].

In Ref. [69-71], we proposed a novel SIC JFET structure, Lateral Trench
JFET (LTJFET), as a potentia transistor-candidate for use in SIC high-temperature
smart power electronics. A schematic cross-section of this device, which combines a

vertical source-channel-drift structure with alateral drain layer, isshown in Fig. 1.17.

e Drain
o Gate
o Source
N++
- 0
P+ N P+
N-

T

Semi-insulating substrate

Figure1.17: A schematic cross-section of aLateral Trench JFET (LTJFET).

LTJFETs can be monolithically integrated by using a p-type buffer layer
between the n+ drain layer and the conducting substrate for junction isolation or using
a semi-insulating substrate. The pnch-off voltage of the LTJFET depends on the
thickness of the vertical channel (finger width), which can be defined by
photolithography. The smplicity to define the pinch-off voltage by the layout design

allows the LTJFETs to be implemented for enhanced and depletion modes of
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operation on the same chip to form digital or analog control circuitry. Moreover, the
monolithic integration of power enhanced- and depletion-mode LTJFETS in cascode
fashion results in normally-off power switch that can be formed on the same chip and
controlled by the logic levels of the LTJFET control circuitry [70]. The detailed

discussion of these topicsis given in the following subsections.

141 LTJFET Control ICs

The high-temperature performance of a monolithic SIC LTJFET inverter built
of enhanced- and depletion mode n-channel devices has been investigated by
numerical device simulation using Silvaco Atlas software. The schematic cross-
section and the simulated waveforms of this logic gate are shown in Fig. 1.18. As
shown in Fig. 1.18 (b), the switching waveforms exhibit insignificant distortion with
temperature rising from for 0°C to 500°C. The vertical channel geometry, where the
current is confined between two p-type regions, makes the LTJFETSs highly tolerant
to interface-related issues that have significantly slowed down the development of
MOSFET-based SIC integrated circuits. First, the vertical-channel SIC JFETS
demonstrate a negligible shift of threshold voltage with the temperature [71].
Secondly, high electron mobility is obtainable in the vertical n-type epitaxially-grown
channel of the LTJFET, unlike the SIC MOSFETs which still suffer from poor
inversion channel mobility.

In order to show the feasibility of LTJFET ICs, simple logic gates have been
built using discrete E- and D-mode vertical JFETSs fabricated by SemiSouth. These

circuits were tested with 2.75 V power supply and input levels of 0.25 V (LOW) and
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2.75V (HIGH). The photograph, room-temperature switching waveforms, and logic
performance of a hybrid NOR gate where E- and D-mode vertical JFETs were output
HIGH and LOW levels amost identical to the input levels. The rise and fall times of
the output voltage have been measured to be 30 ns and 10 ns respectively. This high
switching speed demonstrated by a hybrid circuit built of power multi-finger devices

with 1-cm gate periphery demonstrate the feasibility of ultra-fast monolithic circuits

based on the SIC LTJFET technology.

— —VIN
—=—VOUT @ 0C

—— VOUT @ 300C
—4— VOUT @ 500C

Vin, Vour (V)
[

Semi-insulating 2 4 6
substrate -0.5
E-mode JFET D-mode JFET Time(ns)
@ (b)

Figure1.18: (@) Schematic cross-section and (b) waveforms of a monolithic SIC
LTJIFET inverter smulated for 0°C, 300°C, and 500°C using a 2-D
device simulator.
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Figure1.19: (@) The photograph, (b) the measured waveforms, and (c) the
measured truth table of ahybrid SIC JFET NOR gate.
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1.42 LEDFET Power Switch

Monolithic cascode integration of JFETs was proposed several decades ago
[73]. More recently, hybrid cascode circuits comprising S MOSFET and SIC VJFET
were published [7]. In Ref. [69, 71], we proposed a normally-off Lateral Enhanced-
Depletion Field-Effect Transistor (LEDFET) obtained through monolithic integration
of E- and D-mode power LTJFETs. The LEDFET can be controlled by the logic
levels of the LTJFET control circuitry formed on the same chip. The schematic cross-
section and the 1-V characteristics of a simulated monolithic SSIC LEDFET power
switch are shown in Fig.1.20.

In order to demonstrate the feasibility of a normally-off SIC monolithic
cascoded switch, it was emulated using discrete non-terminated E- and D-mode
vertica JFETs fabricated in SemiSouth. Fig. 1.21 shows a photograph and the
measured characteristics of a hybrid normally-off, 900 V power switch. Despite a
relatively high leakage current (Ip0=330 HJA @ Vps=900 V and Ves=0V) and
somewhat low forward conduction induced by the D-mode device built on the early
stage of development, this circuit credibly demonstrated the potential of the
investigated device as the only SiC power switch that can be controlled by a voltage

sweep fromQV to 2.5 V.
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Figure 1.20: (@) Theequivalent circuit and (b) the schematic cross-section of a
SIC LEDFET.
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Figure1.21: The photograph (left) and the measured |-V characteristics (right) of
ahybrid SIC SIT normally-off power switch.
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Figure1.22: The current flow in amulti-finger LTJFET.
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Obvioudly, the lateral nature of the current conduction imposes specific
requirements on the latera dimensions of a power multi-finger LTIFET (Fig. 1.22).
The lengths of the drain contact L. and the mesa L,, should be chosen to minimize
the total specific on-resistance of the LTJFET. The following expression can be used

to determine the optimal valuesof L. and L, :

é a+1 b +1u
Rsp—on:\/rs X(LC+LM)xé\/¢:: Mm% a
e a-1 b-lu

& r. O
a=expg2H, x|+ (1.2
g e g

o ) T 0
b=expg2><l_,v,><r—¢
M @

In (1.2), r¢ represents the sheet resistance of the drain layer, r. is the drain specific

contact resistance, and r ,, is the specific resistance of the device mesa.

15 Challengesto SIC Device Technology and Research M otivation

Despite the overall progress made in the development of SIC power device
technology, certain challenges related to the device performance and reliability are
still present. The most common and difficult to solve issues that slow the expansion
of SIC into industrial applications are summarized in Table 1.2. Although solving all
the listed problems is very important, this work is focused on the reduction of the
resistance of voltage-blocking layer, as the most general issue that impacts the whole
SIC power device technology. The following chapters study different edge-
termination and field-compensation approaches that optimize electric field

distribution in the voltage blocking layer in order to reduce its resistance.



Table 1.2: The most significant challengesto SiC power device technology.
Technology
|ssue Result offected
. . . Vertical SIC
Material defects Low current dueto yield-limited die size devices
resulted from SIC
bulk and epitaxial Poor long-term reliability dueto SiC bivolar
growth recombination-enhanced stacking fault devic£
formation from basal plane dislocations
High channel resistance due to poor inversion
channel mobility; SiC MOS-
Temperature dependence of threshold based devices
o ) voltage due to ionization of interface states
Poor SiC/dielectric
interface properties | Reduced current gain due to high surface :
o : SICBJTs
recombination velocity
Reduced current due to surface trapping SC latera
effects devices
Non-optimal electric | Increased resistance of voltage-blocking layer
field distributionin | dueto thicker (or longer) and lower-doped SiC power
voltage-blocking voltage-blocking layers required to maintain | devices

layer

electric field below its critical value.

Chapter 11 theoretically investigates the mechanisms behind different edge

termination techniques. The influence of the passivation layer properties, such as net

interface charge and dielectric permittivity, on the devices with different edge

terminations is also analyzed using numerical simulation. The chapter aso presents

an analytically derived optimal set of the design rules for JTE-terminated vertical

device without conductivity modulation in the voltage blocking layer.

Chapter 111 studies the applicability of afield-compensation principlein lateral

SiC devices that alows for dramatic reduction of the resistance of voltage blocking
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layer. A set of compact analytical expressions for the optimal dopings and dimensions
of the devices implementing the field compensation principle are derived and
validated with the results of numerical simulations that are also presented.

Chapter IV experimentally investigates different edge termination approaches
to reduce the maximum electric field in the SIC power diodes, and Chapter V
discusses the design and fabrication of a lateral SIC MOSFET with the surface

electric field reduced by a combination of two edge termination techniques.
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CHAPTER I

THEORETICAL STUDY OF EDGE TERMINATION TECHNIQUES

2.1. Introduction

This chapter discusses the effect of the electrical field enhancement at the junction
discontinuities and its impact on the on-state resistance of power semiconductor
devices. A systematic analysis and quantitative comparison of the techniques that can
be used for the edge termination in power semiconductor devices is also given with
respect to their applicability in the power SIC electronics. The influence of the
passivation layer properties, such as effective interface charge and dielectric
permittivity, on the devices with different edge terminations is analyzed using
numerical simulation. A simple analytical expression for the optimal JTE dose is
proposed for the first time. This expression has been numerically evauated for
different targeted values of the blocking voltage and the maximum electric field,
always resulting in the optimal field distribution that does not require further
optimization with 2-D device simulator. Numerical analysis of SIC diode structures
used in this chapter was confined to solving 2-D Poisson equations under the steady
state reverse bias conditions without carrier transport and generation-recombination.
All acceptors and donors were assumed ionized and no deep levels were introduced
into the ssimulated device structures.
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2.2  On-resistance asa Function of Edge Termination

In power semiconductor devices with high blocking requirements, the
resistance of the voltage blocking layer becomes one of the dominant components of
the total specific on-state resistance. This means that at a fixed forward voltage drop,
conduction current density strongly depends on the thickness t and doping
profile N(x) of the voltage blocking layer. The voltage blocking layer in which no
conductivity modulation caused by minority carrier injection occurs and in which
current flow can be described by drift equations is usually called the drift region. In
power SIC electronics, the list of typical devices without conductivity modulation in
the voltage blocking layer includes Schottky barrier diodes, VJFETS, vertica
MOSFETs and BJTs. Assuming a uniform doping concentration in the drift region
N , specific resistance of the drift layer in such devices is given by the following
expression:

t ri
Rurire (tarires N) = q >:nf:<N , (2.1)

where qis electronic charge, and mis the low-field electron mobility. The voltage
blocking layer with conductivity modulation where current flow can be approximated
by drift-diffusion model [1] is usualy called the base region. The list of the devices
with conductivity modulation in the voltage blocking layer includes PiN diodes,
IGBTS, thyristors, etc. In SIC power electronics, 4H-SIC PiN diode is the closest to
commercia release of all devices listed above. Assuming uniform doping

concentration in the base layer of a PIN diode N the specific resistance of the

base !
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base region at high-level injection can be roughly approximated by the following

expression [2]:

tbase
(m,+m,)Jet, @3

t

Rbase (tbase, Nbase) =
M, N +

base

In this formula, w,and p, are electron and hole mobility respectively, J.is the

forward current density, and t, isthe ambipolar lifetime. Comparing equations (2.1)
and (2.2), it can be noticed that the resistance of the base region experiences higher
dependence on thickness than that of drift region, although its dependence on the
doping concentration is less pronounced.

Let us consider a device having voltage-blocking layer w/o conductivity
modulation (i.e., drift region) under high-voltage off-state conditions. Assuming that
the entire voltage drop occurs over the drift region and the entire drift region is

depleted, the blocking voltage of the device V, can be expressed in terms of the

maximum 1-D electric field under the junctionE, as well as the doping and

D MAX !

thickness of the drift region N and t,, , respectively:

V, =E x4 it Y Lo N _ o(t,.,N) (2.3
b — =IDMAX drift - drift? '
2xe, xe, '

)
where e ande, are the dielectric permittivity of vacuum and the relative dielectric
constant of the semiconductor, respectively. In order to minimize the specific

resistance of a drift layer subject to the constraint g(t,.,,N), one can use the method

of Lagrange multipliers:



ﬁg&rm (tdrift’ N)' I >qJ(tdfi“’ N)BZ 0
ﬂlN 8Rdrift (tdrift’ N)' I>g (tdfiﬂ ’ N)B: 0 24)
I(tgin, N) =V,

The above derivation assumes that the mobility in the drift layer is constant. In
reality, it is a complicated function of the doping concentration and temperature;
however this is a reasonable assumption considering a narrow range of the practical
doping concentrations used in the voltage blocking layers. Solving the above equation

system (2.4) with respectto t ., N and | resultsin the optimal epi parameters for

the drift region:
3.V
topt (Vb’ Eomax ) = E xEl—b
DMAX
(2.5)
4 e, e E12DMAX
N, (V. E = —x0 T x
pt( b DMAX) 9 q V,
Consequently, the optimal epi parametersyield in the minimal resistance value:
27 Ve
Ryitmin (Vb’ E omax ) =5 = ° (2.6)

8 e, ME}, .,
As shown in (2.6), for a given blocking requirement, the minimum on-state resistance
is reversely proportional to the third power of the maximum one-dimensional electric
field. This provides a strong motivation to increase the 1D electric field in power
devices in order to reduce on-state losses. Unfortunately, in real semiconductor
devices, the maximum electric field cannot be calculated using one-dimensiona
Poisson’ s equation. The field increases dramatically at junction discontinuities, such

as sharp corners of the Schottky contact or the heavily doped anode mesa in PIN
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diodes. Figure 2.1 illustrates the electric field distribution in a 4H-SIC PiN diode with

avoltage blocking layer designed for E,,,,, =1.8MV/cm @ V=600V when reverse

bias of 600 V is applied. Although, the maximum 1-D electric field in the device is
well below the critical value for 4H-SIC, the peak electric field that occurs at the edge
of the main device junction is high enough to cause device failure due to avalanche
breakdown. This peak electric field is proportional to the maximum 1-D electric field:

Epeac =X XEy pmax (2.7)

peak

where x is a dimensionless coefficient that is a function of an edge termination
technique and the quality of surface passivation. Obviously, the upper limit for

E e ShoOUld be equal to the critical electric field E;,, at which impact ionization can

crit ?
be triggered. The combination of equations (2.6) and (2.7) gives a direct correlation
between the on-state power losses and the quality of edge termination / passivation in
power devices with drift region:

27 V&

3
de ) =X° X— X%
riftMIN 8 er xeo xme

(2.8)

3
crit

Equation (2.8) illustrates the importance of developing an edge termination-
passivation technique that makes x as close to unity as possible. Figure 2.2 illustrates
the dependence of the specific resistance of an optimaly designed 4H-SIC drift
region on the quality of the edge termination technique.

The following sections provide a detailed discussion of various methods that

help to reduce the peak electric field in power semiconductor devices.
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2.3. System of Edge Termination Techniques
There are two major approaches to eliminate or minimize the electric field
enhancement in the semiconductor at the edge of the main junction:
1. Physical removal of semiconductor material from the point of the highest electric
field using mesa etching through the main junction and the voltage blocking layer.
2. Lateral extension of the depletion region from the edge of the main junction by
one of the following methods or their combinations:

0 Use of a high-k field dielectric on the semiconductor surface
surrounding the main junction;

0 Introduction of electrical charge (negative in case of n-type drift region
or positive, in case of p-type) at or near the exposed surface of the drift
region surrounding the main junction;

0 Introduction of high resistivity layer on the semiconductor surface

surrounding the main junction.

Edge termination techniquesin
SiC vertical power devices

dielectric
Mesa etch through Lateral expansion
drift (base) region of depletion region
Resistive edge
l termination
Fixed charge « Negative charge

around main junction

l Floating guard rings

A

Field plates “Dynamic” charge

Junction Termination
Extension (JTE)

Figure2.3:  Edge termination techniquesin SiC vertical power devices.
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The chart in Fig. 2.3 intends to systematize various approaches and techniques
used to eliminate or minimize the electric field at the edge of the main junction. The

following sections provide detailed discussions of some of these techniques.

24  MesaTermination

Mesa etching through the main junction and the voltage blocking layer is an
elegant and theoretically the most efficient method to eliminate electric field
enhancement caused by two-dimensiona effects. Indeed, assuming that there is no
interface charge on the mesa sidewalls, the electric field distribution in the device can
be calculated using one-dimensional Poisson equation resulting in field enhancement
factor k equd to unity. This technique is relatively ssimple from the fabrication point
of view because it does not require fabrication steps that are difficult to control and
expensive such as high-temperature ion implantation and post-implant annealing.
Because the depletion region in mesa-terminated devices does not spread laterally at
the reverse bias, this method also allows for more efficient use of areathan other edge
termination techniques, resulting in lower cost and higher yield.

Despite the aforementioned advantages, mesa edge termination requires
careful sidewall passivation in order to minimize the interface trap density and the
amount of fixed charge stored at or near the mesa sidewalls. Figure 2.4 illustrates the
influence of the interface charge on the field distribution along the sidewall of a
mesa-terminated 4H-SiC PiN diode at areverse bias of 600 V.

Generally speaking, a certain amount of negative charge in the passivation
layer could be beneficial, since it would further reduce the maximum electric field

along the mesa sidewalls as shown in Fig. 2.4. However, in practice, the fixed charge
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in the silicon dioxide used for passivation in SIC devices is usualy positive. The
negative charge introduced by interface traps and electrons injected into the
passivation layer may cause memory effects and compromise the high-temperature
performance of thedevice. In order to prevent an electrical discharge (so-called
arcing) between the top and the bottom of the device mesa, a thick dielectric layer
should be deposited. A presence of a thick dielectric film aong the mesa sidewall
creates another potential issue that should be paid a certain attention. It was found,
that the electric field distribution along the mesa exhibits a high sensitivity to the k-
value of the field dielectric. Figure 2.5 illustrates this phenomenon on the example of
a surface electric field distribution along the mesa sidewalls covered with different
dielectric materials. The figure presents field distribution in the device structures from
Fig. 2.4 with 2-um-thick SIO, and SiN3 field dielectrics in comparison with the same

structure, but without field dielectric.

Metal
contact Interface charge

P+ anode th

/

Dielectric
(e=3.9)

Electric field distribution alomg mesa sidewall

N-type /

blocking layer

Electric field, MV/cm

N+ substrate

0 1 2 3 4 5 €

Distance from mesa top, um

Figure2.4:  Schematic cross-section of a mesa-terminated 4H-SiC PiN diode
(left) and the simulated electric field distribution along the mesa
sidewall for different interface charge densities at reverse bias of
600 V (right).
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SiC PiN diode (Fig. 2.4) with voltage blocking layer designed
for E pyax =1.8MV/cm@V, =600V .
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As shown in Fig. 2.5, the peak electric field that occurs on the sidewall at the
junction depth (~0.5 um from the mesa top) can be significantly enlarged by the use
of SizsN4 field dielectric with k-value of 7.5. It will be shown later, that use of high-k
dielectric can be quite beneficial in order to spread electric field away from the
junction in planar structures, but in mesa-terminated devices, low-k field dielectrics
would be preferable.

In order to illustrate the amost one-dimensiona nature of the field
distribution along the mesa sidewalls, the surface electric field has been investigated
as a function of the applied reverse bias. Figure 2.6 shows the field aong the mesa
surface at reverse voltages from 100 V to 600 V when no surface charge is present.
As shown in the figure, the surface field experiences a linear increase with applied
reverse bias, and the field distribution remains fairly linear along the mesa sidewall
regardless of the applied bias.

The first SIC devices that employed mesa edge termination have been
reported almost three decades ago [3]. Although well known from Si, mesa-
termination technology was believed to be hardly used in SIC devices due to
difficulties related to removing the damage caused by the etching process [4, 5].
Several groups have reported the use of the mesa edge termination in low-voltage SiC
diodes [6, 7]. The results of the first (to our knowledge) successful use of this

technique in high-voltage 4H- SIC PiN diodes are discussed in Chapter 1V.

2.5 High-k Field Dielectric
The use of field dielectric with high dielectric constant has been developed as

another edge termination technique in power SiC devices. High-k dielectric deposited
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on the exposed surface of the voltage blocking layer allows to efficiently spread the
depletion region laterally from the main junction. In order to investigate the influence
of the dielectric constant of the field dielectric on the surface electric field
distribution, a 600 V 4H-SIC Schottky barrier diode has been studied using 2-D
device simulator. Figure 2.7 shows a schematic cross-section of the diode and the
surface electric field distribution for field dielectrics with different k-values.
Dielectric constant k = 3.9 corresponds to silicon dioxide that is typically used as a
field dielectric in power SIC devices. As shown in Fig. 2.7, surface electric field
distribution exhibits two peaks. The first peak occurs at the edge of the main device
junction (Schottky contact), and the second corresponds to the outer edge of the high-
k dielectric film (breaking the high-k field dielectric at some extent from the main

junction isrequired to reliably stop electric field before the scribe line of the dig).

Electric field, MV/cm

I High-k dielectric 1pm

Schottky contact
N-type drift region

Figure2.7:  Simulated electric field distribution along the surface of the voltage
blocking layer in a 4H-SIC Schottky barrier diode with high-k field
dielectric at areverse biasof 600 V.



It can be noticed from Fig. 2.7, that with increasing k-values, the first peak
becomes smaller, and the second grows. Obvioudy, the surface electric field
distribution shown in Fig. 2.7 is a complicated function of numerous parameters. The
set of parameters includes the thickness and doping of voltage blocking layer;
thickness, lateral extension, and k-value of field dielectric as well as applied reverse
bias. It is aso to be redized that the optimal surface field distribution is not
necessarily the one at which two peaks are of the same magnitude. In the case of a
Schottky barrier diode, for example, it is preferable to keep the peak at the Schottky
contact as small as possible in order to suppress reverse leakage current caused by
thermionic field emission [§].

Potential obstacles that may delay the use of this promising technique for the
edge termination in commercial SIC devices are the material properties of high-k
dielectrics such as their band offsets to 4H-SIC and the high-temperature stability [9].
The most promising inorganic high-k dielectric for the use in SIC power devices is
HfO, that has the product of the relative dielectric constant and the operating field
several times higher than that of SIC. Thisis an important property, because it allows
the electric field to reach its critica value in SIC without exceeding it in the
overlaying dielectric. Unfortunately, HfO, has a conduction band offset to 4H-SIC
that is smaller by 2 eV than that of SO,, which makes it vulnerable to injection of hot
electrons. Although the use of a thin native oxinitride layer as an electron barrier
between 4H-SIC and HfO, resulting in low interface defect density and good
insulating properties has been reported [10], the cumulative dielectric constant of

SION/HfO; stack is too small to be used for a sufficient edge termination. Polymer-
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based composites for embedded capacitor applications that offer ultra-high dielectric
constants (200-1000) with low loss factors (<0.02) have been recently developed
[11]; however, high-temperature reliability of these dielectrics is yet to be
investigated.

Another edge termination approach that laterally expands the depletion region
is the introduction of electrical charge (typically negative in power devices) at or near
the surface of the voltage blocking layer surrounding the main device junction. Such
charge can be either fixed at the interface of SIC and dielectric, or can be applied
dynamically as a function of reverse bias. These techniques are investigated in the

following sections.

2.6  Fixed Charge Edge Termination

The influence of the negative fixed charge on lateral spreading of the
depletion region has been investigated using a device structure similar to that used in
the previous subsection. 4H-SIC Schottky barrier diode has been simulated with 1-um
SO, field dielectric (e=3.9) for different amounts of fixed charge introduced at
SIC/SO, interface. Figure 2.8 shows a schematic cross-section of the diode and the
surface electric field distribution ssimulated for different fixed charge densities.
Similar to the case of the high-k edge termination, the surface electric field
distribution exhibits two peaks. The first peak occurs at the edge of the main device
junction (Schottky contact), and the second corresponds to the outer edge of the
dielectric film with fixed charge (the need of breaking the field dielectric to stop
electric field is the same as in the case of the high-k edge termination). With

increasing the fixed charge density, the first peak lowers and the second grows.
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Figure2.8:  Surface electric field distribution in a 4H-SiC Schottky barrier diode
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different charge densities.
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Just like the optimal k-value in the case of the high-k field dielectric edge
termination, the optimal charge density in this edge termination technique is a
complicated function of the thickness and doping of the voltage blocking layer; the
lateral extension of the field dielectric as well as the applied reverse bias. In order to
investigate the behavior of the surface electric field as a function of the applied
reverse bias, the field distribution in the device structure shown in Fig. 2.8 has been
simulated at reverse voltages ranging from 100 V to 600 V for a fixed value of

surface charge density. Figure 2.9 shows the electric field distribution along the SiC
surface for different reverse biases at a surface charge density of Q. =- 140" cm®.

As shown in Fig. 2.9, the shape of the surface field demonstrates a significant change
with applied reverse bias, when the magnitude of the first peak experiences a
dramatic increase after the reverse bias exceeds 600 V. Despite its elegancy and
apparent simplicity, the implementation of the fixed charge edge termination can be
quite complicated. High dose (4 MRad) gamma irradiation of 4H-SIC Schottky

barrier diodes using ®Co source has been demonstrated to increase the total effective

2

charge density in the field oxide from —1.67 x10 “cm® to —3.26 x10 *cm~
resulting in more than 200 V increase in breakdown voltage.

An alternative to the fixed charge edge termination is an approach described
below. Instead of permanently introducing negative charge into the field dielectric,
the required amount of negative charge can be produced at or near the surface of SIC
dynamically with applied reverse bias. This type of charge can be either created by
negatively charged ions in the depletion region or accumulated on a capacitor plate

connected to one of the sides of the main junction. Several techniques such as guard
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ring edge termination and junction termination extension (JTE) implement the first
approach, while the second approach can be implemented by the so-called field plate
edge termination. The following sections provide detailed discussions of these

techniques.

2.7  Field Plate Extension

Field plate extension is a relatively simple edge termination technique in
which a Metal-Insulator-Semiconductor (MIS) capacitor surrounding the main
junction is produced by extending the contact metal over the field dielectric.
The depletion region induced in the semiconductor at the field dielectric under the
contact metal extension laterally spreads the potential drop and reduces the electric
field at the edge of the main device junction. Figure 2.10 shows a schematic cross-
section of a 4H-SIC Schottky barrier diode with the ssmplest geometry of field plate
edge termination and ssimulated field distributions in field dielectric and SIC surface.
The drift region in the diode structure shown in Fig. 2.10 has thickness and doping

parameters chosen for E,pyax=1.8MV/cm @ V;=600V . As shown in Fig. 2.10,

the electric fields in SIC and the field oxide exceed their critical values even at 600 V
reverse bias, although the drift layer in the ssmulated device was kept the same aswas
used for the analysis of other termination techniques in previous sections.

The surface field distribution can be significantly improved with a sloped field
plate. Figure 2.11 shows a comparison of the electric field distributions at the SIC
surface in the devices with parallel and sloped field plates. Both devices have a drift

region designed for E,,,,=1.8MV/cm@V,=600V . The use of the sloped field

plates allows for a significant field reduction not only in SIC, but aso in the field
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oxide. However, despite the apparent ssmplicity, sloped field plate edge termination
may be difficult to implement using traditional processes. Besides that, even though
the electric field at the SIC surface varies in a safe range well below its critical value,
the electric field in the oxide under the outer edge of the sloped field plate raises

serious reliability concerns.

Lateral electric field distribution
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Figure2.10: Schematic cross-section of a4H-SiC SBD with the parallel field
plate edge termination (left) and simulated field distributions in the
deviceat 600 V (right).

——  Padlel field plate | Surface electric field distribution
—1|_| 4
/ i i / . -=-Parallel plate
Schottky contact Held dielectric 31 - Sloped plate
N-type drift region E
>
= 2]
=
Sloped field plate :I 2
A L
/ Field dielectric E 1 1
Schottky contact w -
y E,ouax =1.8 MV/cm
N-type drift region
N 0+ . .
\ \ \ X, um
0 10 20 0 10 X, um 20

Figure2.11: Comparison of surface electric field distribution in 4H-SIC SBDs
with parallel and sloped field plates at areverse biasof 600 V.



2.8  Floating Guard Rings

Another method that dynamically introduces negative charge along the
surface of an n-type voltage blocking layer is the use of one or more floating auxiliary
junctions (P-N or Schottky) surrounding the main device junction. This method of
reducing the surface electric field in power semiconductor devices was first proposed
four decades ago (US Patent 3,335,296) [13]. Since then, the so-called guard rings
became the most widely used edge termination technique in power semiconductors.

Both the experimental and numerical investigations of this technique in SIC
have been reported by several groups (e.g., [14-16]). Because of the extremely low
diffusion coefficientsin SIC, the auxiliary P-N junctionsin SiC devices are formed by
selective high-dose implantation followed by high-temperature post-implantation
annealing. The implantation itself should also be done at elevated temperature to
avoid severe damage formation destroying the crystalline structure of the implanted
layer [17]. A schematic cross-section of a SIC PIN diode with epitaxial anode and
implanted guard ring edge termination is shown in Fig. 2.12. This edge termination
technique does not require precise doping control in the implanted regions, however
the distance between the floating P+ rings should be optimized as a function of the
doping of the voltage blocking layer. Since the heavily doped guard rings form abrupt
junctions with the low-doped underlying layer, the surface electric field in the guard
ring terminated device experiences multiple sharp peaks. These peaks occur at the
outer edges of the rings reached by the depletion region that originates at the main
junction. The wider the spacing between the rings, the higher the field spikes. In order

to smoothen out the surface field distribution, the distance between the rings and their
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doping can be reduced. In the extreme case, the rings can be merged together in a
single moderately doped region surrounding the main junction resulting in the so-
called Junction Terminaion Extension, or JTE. The next section provides a
guantitative theoretical investigation of JTE that has become the most widely used

edge termination technique in SIC power electronics.

Metal
contact

P+ anode Field dielectric

P+ Jll P+ J P+ P+ |

N-type voltage blocking layer

Figure2.12: Schematic cross-section of a 4H-SIC PiN diode with heavily doped
floating guard rings formed by Al ion implantation.

2.9  Junction Termination Extension (JTE)

Junction Termination Extension, or JTE, is a semiconductor region
surrounding the main device junction. This region has a conductivity type opposite to
that of the voltage blocking layer. In power semiconductor devices, the voltage
blocking layer usualy has ntype conductivity due to the fact that the mobility of
electrons is higher than that of holes; therefore, the JTE region is usually made of p-
type material. The mechanism of JTE performance is similar to that of the fixed
charge edge termination, where fixed negative charge applied to the surface of the n-
type voltage blocking layer laterally spreads the depletion region and reduces the field

spike at the edge of the main junction. The maor difference between these two
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techniques is that in the case of JTE, the charge is built in the semiconductor region,
which makes this type of edge termination much more stable and manufacturable.
Fig. 2.13 shows a schematic cross-section of a4H-SIC PiN diode with an epitaxially-

grown anode layer and an implanted JTE region.

Meta A\

contact Polyimide ,
ST Thermal oxide

\
| P-type implant )

N-type voltage blocking layer

Figure2.13: Schematic cross-section of a 4H-SIC PiN diode with an epitaxially-
grown anode layer and implanted JTE region.
Figure 2.14 shows the electric field distributionsin a4H-SiC PiN diode with a

base region designed for E,,,,=1.8MV/cm@V,=600V and the total ion charge

stored in the JTE regionQ, =-1.3X40%cm?. The field distribution has been

simulated in the lateral plane at the junction depth of the JTE region (Fig. 2.13) where
the field reaches its maximum values. Again, as in the case of the fixed charge edge
termination, the field distribution exhibits two peaks. The first peak occurs at the edge
of the main junction (inner edge of the JTE region), and the second peak occurs at the

outer edge of the auxiliary PN junction formed by the JTE.
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Figure2.14: Dynamics of the surface electric field distributionin a4H-SiC PiN
diode (see Fig. 2.13) with base layer designed for EID MAX = 1.8
MV/cm @ VB =600V.

Figure 2.14 also demonstrates the major difference between the mechanisms
behind the JTE and the fixed charge edge terminations. In the JTE, the negative
charge is built up from unit charges introduced by the individual ionized acceptor
atoms in the depleted portion of the JTE region. Since the depletion width increases
with the applied reverse bias, the total dose of the net negative charge located in the
p-type JTE region increases dynamically. For the optimaly designed JTE
implantation dose, the two peaks of the electric field have the same magnitude in a
wide range of reverse biases. At some point, however, the JTE region becomes fully
depleted. This process first starts at the outer edge of the JTE, where the second peak
occurs. Once fully depleted, the JTE region cannot produce any more charge. In the
simulated device, this phenomenon starts at the reverse bias of 600 V at the outer
edge of the JTE and is reflected by the shape of the field distribution shown in Fig.

2.14. At reverse biases above 600 V, the second peak stops growing, and the field
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distribution becomes a straight line along the fully depleted part of the JTE region.
An indirect reflection of this phenomenon is also shown in Fig. 2.15 where the
maximum electric field in the bulk of asimulated deviceis plotted as a function of the
applied reverse bias. As shown in Fig. 2.15, at reverse biases below 600V (the voltage
for which the JTE dose has been designed), the maximum electric field shows a
tendency to saturate. However, when the reverse bias exceeds 600 V, the maximum
field in the device starts growing again, with the slope of the linear growth
proportional to the maximum 1-D electric field under the main junction. Such
behavior of the maximum electric field in the device bulk provides a simple

optimization criterion for the optimal JTE dose using a 2-D device simulator.

Maximum electric field in the device bulk

EDEVICE MAX

0 250 500 _ 750 1000
Reverse bias, V

Figure2.15:  Maximum electric field E_,.cyax SiMulated in the device bulk and

the maximum cal culated one-dimensional electric field E ;. N
JTE-terminated 4H-SIC PiN diode (see Fig. 2.13) as afunction of

reverse bias.
The performance of the JTE edge termination is highly dependent on the dose
of the activated acceptor atoms in the JTE region. The difficulty to control process

parameters, such as implantation and post-implant anneal schedules, or gas flow and
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temperature uniformity in epitaxial reactor is not the only issue related to achieving
the optimal JTE dose. Unfortunately, due to the two-dimensional nature of the
problem of electric field distribution in a JTE-terminated device, a straightforward
analytical solution for the optimal dose of the JTE region is not possible. Commercial
two-dimensional device simulators, such as MEDICI™ or Atlas™, allow solving the
problem of the optimal JTE dose as a function of the epi parameters and the targeted
blocking voltage using numerical algorithms. In order to make the design efforts
more efficient, however, it is important to have an accurate initial guess for the
optimization task. As discussed above, the criterion for the optimal JTE dose is that
the JTE region starts becoming fully depleted at a reverse bias equal to the targeted
blocking voltage. Let us consider a simplified structure of a JTE-terminated Schottky

barrier diode shownin Fig. 2.16.

Schottky contact l AY
W L] e
1 MAX
P-type JTE , I_O_ 5
! E
|
|
N-type drift region :
|
|
|
|
U, s B
Cathode contact v

Figure2.16: Schematic cross-section of a Schottky barrier diode (left), and the 1-
D electric field distribution across the fully depleted JTE region and
the drift region at the targeted blocking voltage (right).
Suppose that the active doping concentrations in a p-type JTE region and the

n-type drift layer are N, and N, , respectively. The thickness of the JTE region is
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t;7e and the thickness of the drift region is chosen so that the distance between the

JTE junction and cathode contact is equal to t, . Let us also assume that the JTE

region is wide enough so that at some distance from its outer edge two-dimensional
effects can be neglected. Then, when a reverse bias equa to the targeted blocking
voltage V; isapplied, the electric field distribution across the JTE region and the drift
region can be found using the one-dimensional Poisson equation as shown in Fig.
2.16. For the electric field profile shown in Fig. 2.16, one can write the following
eguation:

q-Nyre -tyre :\i + Q - Ngrige T (2.9)
€ & teff 2'60 “&

Solving equation (2.9) with respect to D,;;. = N, - t;r gives an expression for the

optimal active JTE dose as a function of the drift layer parameters and the targeted

blocking voltage:

+ (2.10)

This simple quasi-empirical expression provides a sufficiently accurate initial guess
for the numerical optimization of the JTE dose using a 2D device simulator. The
lateral extension of JTE region L, isnot acritica parameter as long as it exceeds
the thickness of the drift region.

When combining the expression for the JTE dose (2.10) with optimal drift parameters
from (2.5), we may put together a set of the design rules for the JTE-terminated

device structure that has a drift region with no conductivity modulation:
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In order to numerically validate the design rules given by (2.11), a600 Vv JTE-
terminated Schottky barrier diode structure shown in Fig. 2.16 has been simulated
using 2D device smulator for E_, of 1.8 MV/cm. Figure 2.17 shows the electric
field distribution at the surface and at the JTE-drift junction depth in the simulated
device. The set of design rules (2.11) has been numerically evaluated for different

targeted V; and E always resulting in the optimal field distribution that does not

max !

require further optimization with 2-D device simulator.

2.10 Resistive Edge Termination

Resistive edge termination in SIC power devices has been investigated by
several groups [14, 18-21]. The reported techniques implementing this method
include resistive Schottky barrier field plate [14], damage of SIC surface with high
dose argon [18] or boron [19] ion implantation, and vanadium implantation [20].
Despite the encouraging early results, the resent studies on implanted resistive edge
terminations reveal ed high-voltage pulse instabilities that limit the safe-operating-area

(SOA) of SIC devices fabricated using this type of edge termination [21].
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Figure2.17: Electric field distribution in a4H-SiC SBD with structural and
doping parameters chosen using design rules (2.11) simulated at
reverse bias of 600 V.
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CHAPTER Il

THEORETICAL STUDY OF FIELD COMPENSATION TECHNIQUES

3.1 Introduction

The idea of electric field reduction aong the junction formed by two
semiconductor regions with the opposite type of conductivity (RESURF or
compensation principle) has been employed in the power semiconductor industry for
many years [1, 2]. Silicon LDMOS transistors that can be monoalithically integrated
with the control circuitry or matching network are used in a wide spectrum of power
switching and RF applications (e.g., [1]). Implementing the compensation principle in
vertical power S MOSFETSs has alowed for a dramatic five-fold reduction in the on-
state resistance and has broken the limits predicted for Si power MOSFETS [2]. In the
commercialy available power vertical Si MOSFETs (CoolMOS™), the plurality of
vertical auxiliary junctions is defined by a series of ion-implantation and epitaxial
regrowth steps. This results in the so-called super-junction. Unfortunately, vertical
SiC super-junction power devices implementing the field compensation principle as it
isdonein Si CoolMOS™ transistors may not be practical because of the high cost of
the high-temperature implantation and epitaxial growth. However, the lateral power
transistors that implement field compensation can be built in SIC on both semi-

insulating and conducting substrates. The SIC LDMOS transistor that has been

71



72

considered as the key building block of the future SIC Smart Power electronics was
first demonstrated on a semi-insulating substrate in 1997 [3], and since then it has
attracted enormous attention of researchers and engineers.

In spite of such a popularity of the field compensation technique, the
analytical model for the optimal design of a field compensated devices is till a hot
topic for discussion. Multiple models, both one- and two-dimensional, have been
proposed in recent years showing rather inconsistent results sometimes [4-8].
Unfortunately, so far, a two-dimensional device simulator remains the ultimate tool
for the optimal design of super-junction devices. In this chapter, a simple set of rules
for the optimal design of super-junction power devices is developed. The analytical
expressions for the optimal dopings and dimensions of the devices implementing the
field compensation principle are derived and validated with the results of numerical
simulations that are also presented. Numerical analysis of SIC diode structures used
in this chapter was confined to solving 2-D Poisson equations under the steady state
reverse bias conditions assuming that no carrier transport or generation-
recombination phenomena. All acceptors and donors were assumed ionized and no

deep levels were introduced into the simulated device structures.

3.2  Basic Understanding of Field Compensation Principle

Let us consider two idealized 1-D bipolar diodes with the base layers of
different conductivity and equal doping concentration shown in Fig. 3.1 (a).
Assuming abrupt p-n junctions, the distribution of the lateral electric field in such
diodes has a triangular shape because it is defined by the doping concentration in the

base regions and can be described by Poisson equation. However, when such diodes
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are merged together as shown in Fig. 3.1 (b), the electric field distribution along the
auxiliary junction formed by their base region does not depend on the doping
concentration any more and becomes flat. The fact that the electric field distribution
does not depend on the doping concentration of the individual diodes results in a
dramatic increase of voltage blocking capability of the layer for the same on-state
resistance. Obviously, the field compensation at the outer surfaces of the low doped
layers of the composite diode would not be as effective as at their junction and is
limited by the dielectric permittivity of a semiconductor. In SIC (e » 9.7), the
thickness of the layers can be in the order of 1 um without causing significant
distortion of the lateral electric field on the surface.

As discussed earlier, the fabrication of the vertical SIC devices implementing
the field compensation could be quite problematic. However, the lateral SIC super-
junction devices can be fabricated even at the present state of technology. Although
Fig. 3.1 illustrates the field compensation principle with the example of a bipolar
diode, the same principle can aso be implemented in various device structures
without conductivity modulation in the voltage blocking layer. Potentialy, the
RESURF principle could be implemented in all kinds of the SIC power lateral
devices, including bipolar and unipolar diodes, field-effect transistors, BJTs, IGBTS,

thyristors, etc.
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3.3 Development of the Design Rulesfor Field Compensated Structures

The intuition suggests that implementing the field compensation principle can
allow for a significant reduction in the on-resistance in the devices with both types of
voltage blocking layer: with or without conductivity modulation. However, let us
narrow the topic to the latter type (i.e., to the devices with the drift region). In order to
take full advantage of the field compensation, both structural and doping parameters
of a super-junction structure should be optimized. In order to simplify the discussion,
let us imagine a hypothetical super-junction structure shown in Fig. 3.1 (b) where the
current conduction occurs only through the n-type region and is caused only by the
drift of majority carriers (electrons). In the further discussion this n-type region will
be denoted as a“drift region” or “drift,” and the p-type region will be referred to as an

“auxiliary” region. Let us also assume that the voltage drop V; applied to the n-type

drift region makes it fully depleted, resulting in a box field profile along the x-axis as
shown in Fig. 3.1 (b). Then the maximum lateral electric field that occurs in the drift
region of the length L can be expressed as follows:

VB

E, =—
L

(2.12)

Let us consider the case when the drift and auxiliary regions have the same
thicknesses and doping concentrations. Since the drift region is fully depleted, the
norma to the auxiliary junction component of the electric field produced by the
cumulative charge of the ionized atomsis

g, =10 (2.13)
e, xe,

r

where D isthe charge dose stored in the depleted drift region is given by
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D =N x (2.14)

In (2.14), N and t are the doping concentration and the thickness of the drift region,

respectively. The resulting total maximum electric field in the device can be then

derived from (2.12)and (2.13) asfollows:

L2
E2=g2+E2 =200 F0
Y Lo ge %,

(2.15)

I- O

Q

Then the resistance of the drift region normalized in the third dimension (W>tm) is

given by
L 2.16)

Ryt = 4 xmD
where m is electron mobility, which is a function of the concentration and the

temperature. The optimal length and dose of the drift region that minimize its

resistance for a targeted blocking voltage V; and the maximum allowed electric field

E = E,. could be found as follows.
First, the expression for L can be written from (2.15) as follows:
Ve (2.17)

.2
g2 EDO
™ ge, e, g

L=

Plugging (2.17) into (2.16) yields the following expression for the drift resistance:
Ve (2.18)

.2
qu)DX Eriax_&qXD9
gerxeoﬂ

Ririre =
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Assuming m=const for a given temperature and a narrow doping range, we then

dR.,.
solve % =0 with respect to D, which returns the optimal value for the dose in
the drift region:
1 e x,xE
D =" x—=r ~0 —max 2.19
opt \/E q ( )

This is an interesting result, because, that the optimal dose of the drift region D,

does not depend on the targeted blocking voltage, as indicated in (2.19). Another
interesting thing that can be noticed from (2.19) and (2.13), is the fact that in the
optimal configuration, E =E__ / V2 dong the interface of the semiconductor

regions. In other words, for achieving the minimal drift resistance, the normal and

lateral components of the electric field should be equal along the auxiliary junction:

Exopt = Eyopt (220)
Plugging (2.19) into (2.17) resultsin the optimal length of the drift region:
Ly =2 2 (2.21)

Plugging (2.19) and (2.21) into (2.18) returns the minimum drift resistance as shown

below:

V
Ryrifemin = 2% ° (2.22)

mxe, xe, X2

Comparing (2.22) with the minimum resistance of the drift region in the traditional
vertical devices given by (2.6), it can be noticed, that the resistance of a properly
designed drift region with field compensation exhibits much softer dependence on the

targeted blocking voltage and the maximum allowed electric field.
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L

Figure3.2:  Schematic cross-section of afield compensated structure with a
single auxiliary junction.

Rewriting (2.19) and (2.22) in terms of N and t, we may put together a
simple set of design rules for the field compensated structure with a single auxiliary
junction shown in Fig. 3.2.

‘I

:::tdrift :taux =t

T 1 e x,xE

iNg. =N, = Xt =0 "= max (2.23)
.I. drift \/i xt q

i V.

ILOPt = \/_ ><E .

|

The set of design rules (2.23) was derived using a simplified hypothetical
device structure. In order to validate the formulas given by (2.23), let us now design a
practical device that uses a field compensated drift region with a single auxiliary
junction, and can be implemented in 4H-SIC using existing processing technology. A
power normally-off LDMOS built on p-type epitaxial layer grown on semi-insulating
substrate can serve as an example of such a structure. A schematic cross-section of
this device is shown in Fig. 3.3. As shown in Fig. 3.3, the source and drain ohmic
contacts are formed on heavily doped n-type regions formed by ion implantation.
Heavily doped p-type region is also formed with ion implantation to provide a p-type

body contact. The third implantation step is used to define alateral drift region.
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Figure3.3: A schematic cross-section of alateral triple-implanted 4H-SIC
MOSFET.
The device shown in Fig. 3.3 has three main junctions that can potentially
cause device breakdown:

1. Base-to-drain p-njunction;

2. Gate-to-drift metal-oxide-semiconductor junction;

3. Gate-to-source metal-oxide-semiconductor junction;

The breakdown of the third junction can occur only in on-state conditions due to the

failure of the gate oxide, while the first two junctions may cause device breakdown
under high-bias off-state conditions.

Suppose, that given a targeted blocking voltage V;=1800 V, we need to
determine the optimal structural and doping parameters in order to minimize the drift
resistance. First, let us define the set of the design parameters. As discussed above,
under the high-bias off-state conditions, the main action in the considered device
occurs between the gate-to-drift and base-to-drain junctions. This provides the first
design parameter — the distance L between the gate contact and n* drain region or the
length of the drift region which can be found from (2.23). The optimal doping of the

drift region that depends on its thickness and the maximum allowed electrical field
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can aso be determined using (2.23). Since this study is done for the purpose of
demonstration, the value of the maximum allowed field in SIC could be chosen in the
range between 1.5 MV/cm and 2 MV/cm. Suppose that the drift region is formed by
multi-energy ion implantation resulted in a box profile with the depth of 0.25 pm.
Then the optimal values of the doping concentration and the length of the designed
drift region can be calculated from (2.23) . In Fig. 3.4, these values are plotted as
functions of the maximum electric field for the targeted blocking voltage of 1800 V.

From Fig. 3.4, choosing the maximum field E, ., to be 1.7 MV/cm, the optimal

length of the drift region L., is 15 um, and the corresponding drift doping

concentration is equal to 2.62x10'" cm™. Since the this value also corresponds to the

doping of the base region, this raises a serious concern about the threshold voltage.
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Figure3.4:  Optima parameters of the drift region calculated for V; of 1800 V
using design rules(2.23) for E, ., ranging from 1.5 MV/cmto 2
MV/cm.
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Figure3.5:  Ideal threshold voltage of a 4H-SIC MOSFET with the gate oxide of
40 nm assuming zero effective interface charge density.
Figure 3.5 shows the dependence of the ideal threshold voltage of a 4H-SiC

MOSFET for the gate oxide thickness t,, of 40 nm assuming zero interface charge

density. As shown here, the channel acceptor concentration of 2.6x10*" cm™
results in the threshold voltageV,,, of 8.5V. The problem of a high threshold voltage,
however, can be easily corrected by introducing one more p-type epitaxial layer with
lower acceptor concentration. A schematic cross-section of the resulting triple-
implanted lateral 4H-SIC MOSFET structure is shown in Fig. 3.6. This figure also
provides the thickness and doping parameters cal culated for this device using (2.23).

The device structure shown in Fig. 3.6 has been ssimulated using Silvaco Atlas™ 2-D
device simulation software. The on-state conduction was simulated assuming zero
effective interface charge density, and the effective channel mobility adjusted to

about 20 cm?/(V &ec), which is the typical value for the 4H-SiC MOSFETS.
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Fig. 37 shows a family of curves with the gate-to-source voltages ranging
from 0V to 24 V with the step of 6V. Fig. 3.8 shows the simulated distribution of the
electrostatic potential in the device bulk and the electric field distribution at the
junction depth and at the surface at the targeted blocking voltage V; equal of 1800 V.
As shown in the Fig. 3.8, the electric field simulated at the junction depth, exhibits
amost flat profile with an average of 1.7 MV/cm, which is equa to the targeted

maximum electric field. The average value of the surface electric field is equal to 1.2

MV/cm. Since the normal electric field at the surface should be equal to zero, the
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simulated surface field has only its latera component. It is easy to check that the
simulated E_ . =E, isequal to E,_ /~/2, which perfectly satisfies the condition in

(2.20). The obtained simulation results shown in Fig. 3.8 clearly demonstrate the
correctness of the analytically derived design rules in (2.23) used for the optimal

choice of the parameters of the simulated device structure.
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Figure3.9:  Field compensated structures with two auxiliary junctions.

Asdiscussed earlier, in the field compensated structure with asingle auxiliary
junction shown in Fig. 3.2, the normal component of the electric field at the auter
sides of the regions is equal to zero. This means that if two structures shown in Fig.
3.2 merge together in such a way that the resulting stack has two parallel p-n
junctions, the maximum electric field in the resulting “sandwich” will stay
unchanged. Figure 3.9 shows the two possible ways of such stacking. It can be
noticed that in both cases the dose of the drift region is doubled, which means that the
resistance is reduced by a factor of 2. The set of the design rules for the field

compensated structures with two auxiliary junctions can be expressed as follows:
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Figure3.10: 4H-SIC LDMOS with afield compensated drift structure with two

auxiliary junctions.



86

Although the resistance of the drift region in both cases (2.24) and (2.25) is the same
and isgiven by

Ve
2
m>(el‘ er xEmax

Ryire = , (2.26)

for a particular application, one of the “sandwich” structures may be more preferable
than the other. For example, in 4H-SIC LDMOS structure discussed earlier, only the
Type | field compensated structure can be implemented. Figure 3.10 shows a4H-SiC
LDMOS with a field compensated drift structure with two auxiliary junctions. The
optimal structural and doping parameters determined by (2.24) are taken unchanged
from Fig. 3.6 with the exception made only for the drift thickness that in this structure
isequal to 0.5 um.

It might be noticed, that the introduction of the epitaxially grown second
auxiliary regionin atriple-implanted structure would not significantly complicate the
fabrication process. Moreover, the high-temperature activation annealing step can be
eliminated, because it will be done during the epitaxial growth of the second layer.

Fig. 3.11 shows the simulation result on the structure of Fig. 3.10 done for the
electrostatic potentia in the device bulk (the top), and the bottom part of the figure
shows the distribution of the electric field at the auxiliary junctions and at the surface.
Again, just like in the case with a single auxiliary junction, the electric field exhibits
amost flat profile with the average magnitude of 1.7 MV/cm at both junctions, and
the average magnitude of the surface electric field is equal to 1.2 MV/cm. These
values perfectly match the targeted electric field distribution. The highest electric
field (2.2 MV/cm) occurs in the device bulk far from the gate oxide and does not

compromise its reliability. Simulation results on SIC LDMOSFET structures have
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confirmed the correctness of the analytically derived design rules for the field
compensated structures. Although these devices were designed for the same value of
doping in the drift and auxiliary region(s), the use of different doping concentration is
also possible. It was found that the condition for the field compensation along the
auxiliary junction is the equity of the doses in the drift and auxiliary region(s). The

design rules rewritten in terms of the doses are summarized in Table 3.1.
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Figure3.11: Simulated distribution of the electrostatic potential in the device
bulk (top) and the electric field distribution at the junctions and at
the surface (bottom) in afield compensated 4H-SIC LDMOS with
two auxiliary junctions at Vg=1800 V.



Table 3.1:

Design rulesfor lateral field compensated structures.
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3.4  Compensated Structureswith Unequal Doses

In addition to auxiliary junctions, every field compensated structure has two
main junctions. Sometimes, one of the main junctions may be less vulnerable to the
high electric field than the other. The lateral MOSFET structure discussed above
provides a good example. Unfortunately, in silicon carbide MOSFETS, one cannot
take the full advantage of the superior breakdown strength of SIC because of the
reliability issues caused by the gate oxide. The breakdown strength of SO, has been
measured to be above 10 MV/cm. However, in order to ensure long term reliability,
the normal operating electric field in the gate oxide should be much lower. In the case
of SIC MOSFETS, the problem is further enhanced by the fact that SIC has smaller
conduction band offset to SO, as compared to that of silicon [9]. The biggest

problem with SIC MOSFETSs is related to the ratio of dielectric permittivity of SIC
and SIO,. Gauss law (N- eeOE =0) requires the product of the relative dielectric

constant and the normal field of two materials to be constant at their interface. This
implies that the normal field in the gate oxide would be 2.5 times higher® than that in
the underlying SIC layer. Since the operating electric field in thermally grown SIO; is
limited to 2 MV/cm [10], the maximum normal field in the underlying SIC layer must
be less then 0.8 MV/cm, which isonly 25% of its critical vaue.

As shown in Fig. 3.11, the surface electric field exhibits a peak at the sharp
corner of the gate electrode. Although this peak value does not exceed the targeted

maximum electric field of 1.7 MV/cm, which iswell below the critical valuefor SiC,

! Dielectric constants for 4H-SiC and SiO, are equal to 10 and 3.9, respectively.
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Figure3.12: Anexample of afield compensated structure with different
breakdown strengths of the main junctions.

it causes a significant difference in the oxide field. Such field enhancement at the
corner of the gate electrode could be eliminated using one of the edge termination
techniques discussed earlier in the Chapter I1, for example, by using tilted field plate.
However, it is still not reasonable to sacrifice the drift conductance just because of
one “week” junction, while the other one can withstand 3 MV/cm. The example of a
SIC MOSFET is not the only one that illustrates such kind of situation. Another
example can be a super-junction Schottky barrier diode, shown in Fig. 3.12, where
the breakdown strength of n** — p junctions is much higher than that of a Schottky

barrier. In these cases it might be beneficial to design afield compensated structure in
such away, that the field distribution along the auxiliary junction istilted. This can be

achieved when using different doses in the drift and auxiliary region(s).
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CHAPTER IV
EXPERIMENTAL STUDY OF EDGE TERMINATION TECHNIQUESIN SIC
POWER DIODES

4.1  Introduction

Severa edge termination techniques from those discussed in Chapter 11 have
been experimentally investigated in 4H-SIC PIN and Schottky Barrier diodes. The
techniques studied in this chapter include floating guard ring [1, 2], Junction
Termination Extension [1, 3], resistive edge termination [3], mesa termination [4],
and anovel high-k dielectric edge termination [5, 6] The following sections provide a
detailed discussion on the studied fabrication processes and the results of these
studies.
4.2  Comparative Study of 4H-SiC PiN Diodeswith JTE and Guard Ring

Edge Termination

In order to compare the performance of different edge termination techniques
in 4H-SIC PIN diodes, the devices utilizing different edge termination approaches
were fabricated on the same substrate. The devices of the first type were fabricated
with an implanted JTE region. The second type of edge termination was formed by
heavily doped implanted floating guard rings. The devices with the third type of edge
termination were fabricated with heavily doped floating mesa guard rings (MGRYS).
Non-terminated devices were left on the same substrate for comparison. The

92
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schematic cross-sections of the fabricated devices with different edge terminations are

shownin Fig. 4.1 [1].

4.2.1 Experimental

The diodes were fabricated on a heavily doped n-type substrate with an
epitaxially grown base layer. The base layer was 10 um thick and the n-type doping
concentration was ~2x10'® cm. A heavily doped anode layer was formed by a 4
energy auminum implantation with the total dose of 2.9x10™® cm™ performed at
650°C. The wafer was subsequently annealed for 30 min at 1650°C in argon using a
carbon cap to prevent degradation of surface morphology. Based on the experimental
results published in [6], the aluminum activation percentage was estimated to be

approximately 4%.
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Figure4.1:  Schematic cross-sections of the fabricated PiN diodes: (a) with
MGRs, (b) with traditional implanted guard rings, and (c) with JTE
region.



Figure4.2:  SEM pictures of a MGR-terminated 4H-PiN diode structure after
SFs ICP etch.

The resulting 0.4-um p-type layer was expected to have a free hole
concentration of 4x10™® em™. The anode regions and the mesa guard rings were then
defined by ICP etching through 0.5 um of SIC using SFe plasma. Fig. 4.2 shows the
SEM images of a MGR-terminated diode structure after ICP etch. The left image
shows the top view of a 4-ring, 0.01 mm? device, and the image on the right shows
the etched guard ring mesas at x15 K magnification. The backside ohmic contact was
formed by Ni annealed for 2 min at 1050°C, and the anode contact was formed using
Ti evaporation followed by a annealing at 850 °C for 2 min. One micron of silver was
then evaporated on both the anode and cathode contacts to reduce the contact
resistance. The resulting structure of an MGR-terminated PiN diode is shown on Fig.
4.1 (a). No intentional surface passivation was done on the fabricated devices. In
addition to the MGRs-terminated devices, diodes with traditional implanted guard
rings and those having JTE regions were fabricated on the same wafer (Fig. 4.1 b, c).

Implanted guard rings had the same implantation schedule as MGRS, and the
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implantation dose of the JTE region was chosen to be 2.2x10" cm®. Annealing of all
the implanted regions was performed in the same step. The die layout and an optical

photograph of the fabricated devices are shown in Fig. 4.3.
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Figure4.3:  Optica photograph of the fabricated 4H-SIC PiN diodes (left), and
die layout (right).

4.2.2 Resultsand discussion

After the fabrication was completed, current-voltage measurements were
carried out using a Keithley 237 SMU and a Tektronix 576 curve tracer. Devices with
different edge terminations demonstrated similar forward current density of
approximately 1kA/cm? at 7.5V, while showing different blocking capabilities.

As shown in Fig. 4.4 and Table 4.1, the average blocking voltage for the
devices with 12 MGRs was 852 V. At the same time, the average blocking voltages
of the devices with implanted guard rings and JTE were 954 V and 1078 V,

respectively (upper values were limited by 1.1 kV — the maximum source voltage for
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Keithley 237 SMU). The best devices of each category have shown more than 1.1 kV
breakdown voltages.

In general, the average reverse breakdown voltage of the diodes with MGRs
was found to be smaller than that of the devices with the traditional edge
terminations. The two-dimensional device simulation shows that the spacing between
the mesa rings has to be reduced as much as possible to spread the potential smoothly
from the edge of the device. Such tight spacing dictates rather aggressive
photolithography requirements. For example, the 2-D analysis using ISE, Inc.’s
DESSIS SiC module performed by another group [8] has shown that reducing the
space between the MGRs from 1 pm to 0.5 pum results in amost a two-fold increase
of the breakdown voltage on a GTO structure with ntype mesa guard rings. In this
work, we have analyzed the fabricated devices with real geometry and doping
parameters using Medici ™ software. It was found, that for the 4-ring device with 2-
pm spacing between the rings, the simulated electrical field at the surface between the
anode and the first ring reaches 4.7 MV/cm at a reverse bias of only 700V, and it
significantly exceeds 5 MV/cm at 900 V (Fig. 45). This electrical field far exceeds
the critical value for the SIC.

Table 4.1: Dependence of blocking voltage on the type of edge termination for
the PiN diodes with an active area of 0.01 mm?.

Edge termination 12 MGRs 8 4 30-pm | 8
MGRs | MGRs | JTE Implanted
Region | Guard
Rings
Average blocking, V 852 810 653 1078 954
Best blocking, V >1100 1036 | 874 >1100 >1100
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98

Zones of localized sour ces of non-
destructive impact ionization

Nepi=2.0E+16. Tepigfy

vl iy

Wmax=-900. Emax (bulk)=4.97371E+06

Electric field at junction depth

Dist
5.9
Electric field, MV/cm
N )
1 Il

o

g—

o

10 20 30

Distance, um

IR (R SN NP PR SRR AN PR B i
0.0 5.d .9 5.8 28.@ 25.0
Oistance <Micrans )

Figure4.5:  Simulated potential distribution and current flow in aMGR-
terminated 4H-SIC PiN diode at the reverse bias of 900 V. The
crowding of the equipotential lines corresponds to the electric field
shown in the insertion plot.

On the other hand, the best 4-ring device fabricated with the same device
parameters used in the above simulation has demonstrated a breakdown of 874 V. In
the previous work [1], we speculated that this apparent contradiction between the
simulation and the experimental results may have a possible explanation in the
dynamic spreading of the potential by localized non-destructive sources of impact
ionization (Fig. 4.5). These sources, located at the surface between guard rings closest
to the device active area, virtually short these rings to the anode, and move the
regions of the highest electric field further away from the main junction, which saves
the devices from a premature faillure. However, later analysis of the results with

respect to the fabrication process suggested another explanation of the high blocking

capability of the MGR-terminated devices. The guard ring mesa etch was perform
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through 0.5 pm of SiIC assuming the depth of the p-n junction formed by the
implanted and activated aluminum acceptors to be less than 0.4 um. Fig. 4.6 shows
the as-implanted Al concentration profile calculated for the used implantation
schedule calculated using Pearson Type 1V distribution with fitted coefficients [9,
10]. Assuming 4% aluminum activation, the junction depth was expected to be ~3.7
KA. In 8° off-axis 4H-SiC, the Pearson Type IV distribution is well established for the
highly accurate description of dopant profiles. Unfortunately, at the concentration
level of ~0.2% of the peak concentration, the implanted Al profiles exhibit the so-
called tails, that cannot be described by Pearson formulas. In MGR-terminated
devices, such implantation tail could result in the junction depth much deeper than the
etch depth, causing an unintentional JTE-type edge termination in addition to the
mesa guard rings. The fact that the “non-terminated” diodes have demonstrated
breakdown voltages similar to those of MGR-terminated devices further supports this

hypothesis.
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Figure4.6:  Al" concentration profile in fabricated diodes cal culated using
Pearson |V distribution.
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4.3  Comparative Study of 4H-SiC PiN Diodeswith JTE and Resistive Edge
Termination

The second lot of the 4H-SIC PiN diodes has been fabricated on three research
grade n-type substrates, bought from two different vendors. The thickness of the
epitaxially grown ntype base layer ranged from 10 pum to 11 pm, while the doping
varied from 5x10™ cm™ to 1x10%* cm™. The epitaxially grown p-type anode layers
had thickness of 0.5 um and the measured active doping concentration ranged from
1.5x10™ cm™ to 210" cm™. A schematic cross-section of the fabricated diodes is
shown in Fig. 4.7. Assuming a perfect material quality, the active device area that
defines the current capability can be scaled without limitation. However, to get the
number of working devices fabricated on the research grade materia large enough for
a statistical comparison of different edge termination approaches, the active area of
the fabricated PiN diodes had been chosen to be 8.4x10° cm?. Such a small active
area alowed minimizing the influence of micropipes and other structural and surface

defects on the device performance [11].

P+ epitaxial anode Final metal P-type Ohmic contact

N- epitaxial base region

7

N* substrate Implanted edge termination

S
Fina éal N-type Ohmic contact

Figure4.7:  Schematic cross-section of the fabricated 4H-SIC PiN diodes.
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4.3.1 Experimental

After the mesa formation using ICP etch, the devices were selectively implanted to
form 100-um and 200-pum edge termination regions. Two wafers received a multiple
energy auminum implantation with the total dose of 2x10™® cm™, and the third wafer
received a single energy boron implantation with the dose of 1x10'® cm™. The
implantation dose for the aluminum JTE regions was chosen based on the epi
thickness and doping, targeted blocking voltage as well as the activation percentage
of implanted Al atoms. The Al-implanted wafers were annealed with the same
parameters as described in the previous section. From the comparison of the
simulation results and the CV data obtained on a test sample, ~70% post-anned

activation of aluminum was expected.

Figure4.8:  The layout design and a photograph of a fabricated 8.4x10° cm? 4H-
SiC PiN diode after passivation and final metal deposition.

The boron-implanted wafer was annealed for 30 min at 1050°C. This anneal is

sufficient to partially repair the implant damage, but does not activate the dopant. The

resulting implanted layer produces a lateral potential drop in the blocking state,
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tapering the electric field and minimizing field crowding at the anode edge [ 12]. After
the ohmic contact formation as described in the previous section, a thick passivation
layer and final metal were deposited. The layout design and the appearance of the

fabricated diodes are shown in Fig. 4.8.

4.3.2 Resultsand discussion

The diodes with both types of edge termination demonstrated sharp non-
destructive breakdowns with a yield higher than 80% at above 1.7 kV without using
Fluorinert™. The average measured forward current density was 1.2 kA/cm? at Vg =
5V and 6.5 kA/cm? at V=8V. Fig. 4.9 shows the forward and reverse -V
characteristics of a fabricated 4H-SIC PiN diode with the Al-implanted JTE region,
measured on a Tektronix 371 curve-tracer. The reverse leakage current has been
measured using a Keithley 237 SMU with the maximum source voltage of 1.1kV. An
interesting tendency was found when comparing leakage current on the devices with
different sizes of the JTE region. The diodes with wider JTE region exhibited higher
reverse leakage current than those with narrower JTE. It was found that at reverse
biases below 800 V, the leakage of the JTE-terminated devices was proportional to
the outer perimeter of the JTE region.

In order to analyze this phenomenon, the leakage currents measured on the
devices with different JTE size were normalized to the anode area and to the outer
perimeter of the JTE region. As shown in Fig. 4.10, below 800 V, the currents
normalized to the perimeter remain essentially the same for both types of device,
while at higher voltages, the normalized current of the larger devices starts growing

faster. The result of the numerical simulations shown on the right side of Fig. 4.10
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with respect to the device cross-section helps to explain this observation. At low to
medium voltages, the leakage current is caused by the generation of the electron-hole
pairs along the outer JTE perimeter, where the peak electric field occurs. At higher
voltages, however, the electric field distribution flattens, while growing to the values
that cause the generation of free carriers. At such high voltages the current becomes
proportional to the total device area rather than to the outer JTE perimeter, which
explains the faster growth of the normalized current measured on a device with a 200-

pum JTE region.
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Figure4.9:  Forward (left) and reverse (right) I-V characteristic of afabricated
4H-SIC PiN diode.
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Table 4.2: Comparative summary of the measured results and structural
parameters of the fabricated 4H-SIC PiN diodes.

Wafer # and vendor 1 (vendor 1) 2 (vendor 2) 3 (vendor 2)
N-type epi thickness, um 11 10 10
N-type epi doping, cm™ 1x10™ 5x10™ 5x10™
Implant ion Aluminum Aluminum Boron
Implant dose, cm™ 2x10" 2x10™ 1x10™
Blocking voltage, kV 1.8 1.7 1.7
Maximum 1D electric field,
2.63 2.1 2.1

MV/cm
Maximum simulated electric

o 3 3 n/a
field in the bulk, MV/cm
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The results obtained on the Al JTE-terminated devices with different epi
parameters closely match the simulation results. This confirms the reproducibility and
scalability of the design to much higher blocking voltage and forward current levels.
As shown in Fig. 4.11, the maximum electric field in the device bulk is the same for
the wafers with different epi thickness and doping. This field occurs at the device
edge, and is equal to 3 MV/cm, which is close to the critical electric field in 4H-SiC.
The implantation JTE dose (equal for both wafers) fits the optimal simulated value
for the wafer with a heavier doped epi layer, which explains the better blocking
capability of the devices fabricated on this wafer. Table 4.2 presents a summary of
measured results for different edge termination techniques and base layer parameters.
It can be noticed from this table, that the PIN diodes fabricated on the substrates from
the same vendor with identical parameters of the base layer have demonstrated the
same voltage blocking capabilities with independent to the chosen edge termination
technique whether it is Al-implanted JTE or resistive boron-implanted termination.
Since the nature of the high-dose low-temperature boron edge termination is still not
clear, no simulation has been performed for the boron-terminated devices at thistime.
44  Comparative Study of 4H-SiC PiN Diodes with Resistive and M esa Edge

Termination

The encouraging results achieved on the PIN diodes with resistive edge
termination formed by high-dose boron implantation have been discussed in the
previous section. This technique allows for a relatively ssmple fabrication process by
eliminating the high-temperature implantation and post-implantation annealing steps
required for the Al-implanted JTE. However, as discussed earlier, the resent studies

on the implanted resistive edge terminations revealed high-voltage pulse instabilities
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in SIC devices fabricated using this type of edge termination. This instability is found
to be caused by slow response of deep traps produced by implantation damage.
Another simple and scalable edge termination technique discussed in Chapter
1, mesa edge termination, should be inherently secure to high-voltage pulse
instabilities because it does not rely on the distribution of the negative charge
dynamically built along the voltage blocking layer. As discussed earlier, this stand-
along edge termination technique that does not laterally spread the depletion region
also alows for more efficient use of area than other techniques, resulting in lower

cost and higher yield.

4.4.1 Experimental

Mesa-terminated PiN diodes with base layer designed for the maximum plane-
junction electric field Eipwax = 1.8 MV/cm at Vg = 600 V were fabricated on three 2-
in 4H-SiC substrates. Epitaxialy grown voltage-blocking layers were characterized
using FTIR (61 point per 2-in substrate) and Hg-probe CV (9 points per 2-in substrate
at 100 kHz) to extract their thickness and doping distributions. The measured values
were then interpolated/extrapolated using cubic splines in polar coordinates using
MATLAB. A typical epi thickness map is shown in Fig. 4.12 (@), and the doping map
is shown in Fig. 4.12 (b). For comparison, 4H-SIC PIN diodes with resistive
termination formed by high-dose boron implantation have been fabricated on another
three 2in wafers having the same base layer parameters as the devices with mesa

termination.
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Figure4.12: (&) A typical FTIR-measured thickness map and (b) CV-measured
doping map of voltage blocking layer of mesa-terminated and
boron-terminated 4H-SiC PiN diodes.
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4.4.2 Resultsand discussion

After completing the fabrication, on-wafer I-V measurements were done in
Fluorinert™ using Keithley 237 SMU and a Tektronix 576 curve tracer. The devices
with both types of edge termination demonstrated a reversible avalanche breakdown.
Figure 4.13 shows a non-destructive avalanche breakdown measured on a mesa-
terminated diode using Tektronix 576 curve tracer.

Wafer-scale measurements of the breakdown voltage were done with a 25 V
step increment of reverse bias on semi-automatic probe-station. A typical Vg map
(measured on the same substrate as in Fig. 4.12) is shown in Fig. 4.14 (a). The
maximum 1-D electric field Eipmax was then extracted from the measured epi
parameters and breakdown voltage using expression

Vo, OUN

ElDMAX - t 2xe xe (41)
0 r

Vz=1000 V,
Eiomax=2-4 MV/cm

Figure4.13: A non-destructive avalanche breakdown measured on a mesa-
terminated diode with 5.7 pm, 1.25x10™ cm™ base layer.
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Total number of devices: 3209
Number of devices with V, > 850V: 2659 (83%)
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measurements were done with 25 V step. Devices with Vg < 850 V

extracted E;pmax On the same substrate as in Fig. 4.12. Reverse bias
are excluded from the maps.

Figure4.14: Wafer maps showing (a) measured breakdown voltages and (b)
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On mesa-terminated diodes, the mean value of this field was found to be of
2.4 MV/cm with a standard deviation s =35 kV/cm. Such small standard deviation
from the mean value corresponded to Eipuwax uniformity of 1.45%. In redlity, this
value should be even smaller, because of the 25 V step used in the measurements of
the breakdown voltage (the thickness and doping were approximated with smooth
cubic polynomials). A map of Eipmax iS shown in Fig. 4.14 (b). These results
convincingly demonstrate that the critical electric field in 4H-SIC is at least equal to

2.4 MV/cm. The experimentally achieved E,,,, Of 2.4 MV/cm corresponds to

~93% of the “theoretical value” of critical electric field in 4H-SIC given by Ref. [13]:

6
2.49-10 \ Zem) 4.2)
1 N

1- Z IOglO [ ]

E. =

Although the charge conditions on the mesa sidewalls are unknown, the
simulation results suggest that the electric field may experience a certain non-linear
increase as shown in Figs. 2.5 and 2.6. In this case, the electric field reaches its true
critical value at the anode junction that triggers an avalanche breakdown. The
majority of the mesa-terminated devices measured on all 3 substrates (5584 of 8222
tested, or 67.9%) demonstrated an average breakdown voltage ranging from 925 V to
975 V.

The majority of the devices with resistive edge termination (4999 of 8853
tested, or 56.5%) demonstrated an average breakdown voltage ranging from 875V to
925 V that corresponds to the average maximum one-dimensional electric field under

the main device junction E,, ., of 2.26 MV/cm. Figure 4.15 shows a comparison
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between yield distributions of the diodes fabricated using different edge termination

techniques.

Yield distribution on 4H-SiC PiN diodes
80

M esa-termination
70
(sample size 8,222)

60 T
50 T
40
30 A
20

10 % Z

975 925 875 825 775 725
Breakdown voltage, V

Resistive termination
(sample size 8,853)

Occurence, %

Figure4.15: Comparison of yield distribution between 4H-SIC PiN diodes with
different edge termination techniques.

45  4H-SIC Schottky Barrier Diodeswith High-k Edge Termination

In order to demonstrate the feasibility of the high-k edge termination
discussed in the previous chapter, 4H-SIC Schottky barrier diodes have been
fabricated on two quarters of a 2-inch 4H-SIC wafer from Cree Inc. The samples had
epitaxially grown n-type layer with the thickness of 10 pm and the doping of 5x10*
cm?. The devices were fabricated using a low cost two-mask design with no
implanted edge termination. The diodes fabricated on one quarter obtained nickel
Schottky contact; the others were made using titanium Schottky contact. The

fabricated diodes were then passivated using a high-k spin-on dielectric.
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Schottky contact

N- drift region

High-k field dielectric

N+ substrate

N-type ohmic contact

@ (b)

Figure4.16: Schematic cross-section (a) and display appearance (b) of the
fabricated 4H-SiC SBDs with high-k edge termination.

Since the main goal of the experiment was to the test performance of the high-
k edge termination applied to the Schottky barrier rather than the high-current
performance, no final meta was deposited. A schematic cross-section and display
appearance of the fabricated 4H-SIC Schottky barrier diodes with high-k edge
termination are shown in Fig. 4.16.

The reverse I-V characteristics of the fabricated diodes were measured using a
Keithley 237 SMU, and a Tektronix 576 curve-tracer. The small area devices with
both nickel and titanium Schottky contacts demonstrated non-destructive reversible
breakdown at voltages up to 1.6 kV, which corresponded to the maximum one-
dimensional (1D) electric field that was determined to be 2MV/cm. Fig. 4.17 (a)
shows a screenshot of the Tektronix 576 curve-tracer with displaying the reverse
characteristic of a 4H-SiC SBD with an area of 6.25x10° cm™. At 1.2 kV, the
production size 1 mm? diodes showed a yield greater then 90%. A significant
difference in the reverse leakage current of more than 2 orders of magnitude was

observed between the diodes fabricated with nickel and titanium Schottky contacts as
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shown in Fig. 417 (b). In order to investigate the temperature stability of the high-k
edge termination, the temperature dependence of reverse leakage current was

investigated for the small-area high-k-terminated 4H-SIC Schottky diodes with Ti

Schottky contact.
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Current

=
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o)
L

- Ni Schottky contact

=& Ti i Schottky contact
1E‘10 T T T T T T

0 -200 -400 -600 -800 -1000 -1200
Reverse hias, V

€Y (b)

Figure4.17: (a) Reverse characteristic of 6.25° 10 *cm® 4H-SiC SBD, measured
on Tektronix 576 curve-tracer and (b) Comparison of the reverse

leakage current measured on 1mm? high-k-terminated SBDs with
Ti and Ni Schottky contacts.

As shown in Fig. 4.18, with the temperature increase from 25°C to 200 °C the
leakage current through the Schottky contact increased by as much as 3 orders of
magnitude. When analyzing the cause of the reverse leakage, it was found, that the
leakage current was not proportional to the area, but rather to the perimeter of the
Schottky contact as demonstrated in Fig. 4.19, where the leakage current measured on
the devices with different contact areas is normalized to the contact perimeter and
plotted as a function of the reverse bias. This observation results in the following

implications.
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Figure4.18: Temperature dependence of reverse leakage current of a

6.25" 10 *cm? high-k-terminated 4H-SiC SBD with Ti Schottky
contact measured with temperature increment step of 25°C.
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Figure4.19: Leakage current measured on high-k terminated Ni SBDs
normalized to the correspondent device perimeter plotted asa
function of the reverse bias.
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First, the proportionality of the leakage current to the device perimeter implies
that scaling up the device area will result in better forward/reverse current ratio.

Second, it confirms the fact that, as shown in Fig. 2.8 in Chapter 11, the
electric field applied to the Schottky barrier experiences an increase at the edge of the
main junction resulting in leakage current caused by the thermionic field emission to
be proportional to the perimeter of the Schottky contact.

The k-value of the dielectric used for the high-k edge termination was
measured on parallel-plate capacitors with platinum contacts. The C-V measurements
were conducted at 1 MHz and 100 kHz resulting in the k-value of the investigated
dielectric approximately equal to 40. The results of the measurements are shown in
Fig. 4.20, where the extracted dielectric constant is plotted as a function of the

applied DC bias.

46
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Figure4.20: Results of the C-V measurements of the dielectric constant of the
high-k spin-on dielectric used for the edge termination on the
fabricated diodes.
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Another set of Ti 4H-SIC Schottky barrier diodes with high-k edge
termination was fabricated on a 2-inch 4H-SiC wafer with 5 pm, 8x10™° cm™ n-type
epitaxial layer. The fabricated devices had a structure similar to that shown in Fig.
4.16 (@), but with thick final metallization formed in order to characterize the forward
current density, switching performance, and long-term reliability. The backside ohmic
contacts were formed using a vacuum anneal of a sputtered Ni contact followed by e-
beam deposition of a diffusion barrier / final metal stack. The Schottky contacts were
formed by Ti evaporation followed by e-beam deposition of a diffusion barrier / fina
metal stack. The fabricated diodes received the same high-k field dielectric edge
termination as was used in the first run. The mask set consisted of devices having
three different areas: 0.07 mm?, 1 mm?, and 4 mm?.

The testing of the fabricated 4H-SIC Schottky barrier diodes was performed
using a Keithley 237 SMU and a Tektronix 576 curve-tracer. While showing a
leakage current of 100 pA at a reverse bias of 800 V, the small 0.07 mm? diodes
demonstrated a current of 1 A at 2 V forward bias, which corresponds to a current
density of 1.5 kA/cm?. To our knowledge, this is the highest current density at 2V
ever reported for 800 V 4H-SiC Schottky diodes. Fig. 4.21 shows reverse and forward
characteristics of a0.07 mm? diode. Forward and reverse stress measurements were
performed to identify the potential issues with the long-term reliability of the high-k
edge termination. As shown in Fig. 4.22, these measurements demonstrated
negligibly small changesin both the reverse and forward currents. Fig. 4.22 (a) shows
the result of a 6-hr testing at a reverse stress of 600 V, and Fig. 4.22 (b) shows the

result of a4-hr testing of the same device at aforward stress of 750 A/cm?.
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Figure4.21: Reverse(a) and forward (b) |-V characteristics measured on a0.07
mm? Ti 4H-SiC Schottky diode with high-k edge termination.
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Figure4.22:  Stress measurements on a 0.07 mm? Ti 4H-SiC Schottky diode with
high-k edge termination.
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Transient-time measurements performed on a 1A, 800V 4H-SiC Schottky
diode demonstrated amost zero reverse recovery time, as shown on Fig. 4.23.

In order to reduce the on-state resistance, 1 mmy Ti 4H-SiC high-k-terminated
Schottky diodes were fabricated on the substrate thinned from 400 pm down to 200
pm with an n-type epitaxial layer with higher doping concentration than in the
previous experiments. Again, a high-k edge termination was formed using the same
process as in the previous lots. Although the fabricated devices had somewhat |ower
breakdown strength, their forward characteristics demonstrated aimost ideal behavior
that proved the process compatibility of the Schottky contact formation and the high-
k edge termination. The current density measured on the packaged devices exceeded
1 kA/cm? at the forward voltage drop below 2 V, while the ideality factor of Schottky
junctions calculated for these devices was below 1.1. The forward characteristics of
four 1 mm?, 500 V, Ti 4H-SiC SBDs with high-k edge termination are shown in Fig.

4.24 in comparison of reverse recovery of a200V silicon diode 1N4141 (b).
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Figure4.23: Almost zero reverse recovery of atested 800 V 4H-SIC SBD (@) is
given in comparison of reverse recovery of a200V silicon diode
1N4141 (b).
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Figure4.24: Forward characteristics of four 1 mm?, 500 V, Ti 4H-SiC SBDs with
high-k edge termination.
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CHAPTER V

DESIGN AND FABRICATION OF LATERAL DMOSFET IN 6H-SIC

5.1 Introduction

The work on SIC power MOSFETSs strove to achieve very low idea on-
resistance values made possible by the high saturation drift velocity of SiC (2x10’
cm/s), which is twice higher than that of Si. However, very low channel mobilities in
lateral and vertical SIC MOSFETs have prevented the actual on-resistance from
reaching its theoretical low values [1-7]. Much of the previous studies in SIC
MOSFETSs have yielded effective channel mobility values (my) from less than 1
cm?/V-s [2] to above 100 cm?/V.s [3]. Lipkin, et al., reported 6H-SIC MOSFET
channel mobility of 72 cm?/V.s in 1996, which was a substantial improvement over
previous values [1]. This success was found to be aresult of the improved oxidation
procedures, which lowered the very high interface trap density, in particular with the
energy states near the conduction-band edge [2, 6]. The Work by Schérner et al,
reported the differences found between MOSFETSs fabricated with three different
polytypes (6H, 4H, and 15R) of SIC [2]. The devices built in 4H-SIC demonstrated
an effective channel mobility of 0.4 cm?/V.s, while MOSFETSs fabricated in 6H- and
15R-SiC polytypes had higher values of 24 cm?/V.s and 33 cm?/V-s, respectively.

The additional work focused on 6H-SIC n-channel enhancement-mode devices,
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revealed that my; decreased strongly (from 42 cm?/V.sto 27 cm?/V-s) with increasing
channel doping (from 2x10* cm™ to 2x10' cm™) [6], but, unlike the previous
reports, it also decreased moderately with increasing temperature [6,7].

The dfective mobility in the channel is determined by many factors, such as
the crystal orientation, bulk mobility, dopants concentration, surface roughness, and
cumulative surface charge density. Generally, much lower my values have been
observed in 4H-SIC MOSFETSs than in 6H devices, caused by the larger density of
interface trap states in the bandgap, in particular near the conduction band edge [6-7].
Additionally, the implanted source and drain regions require a higher activation
temperature in 4H-SIC (1500°C versus 1200°C for 8H-SIC in the case of nitrogen
donor), which contributes to increased surface roughening or step-bunching [4, 8-10].
Although it currently appears that the interface density of states at the edge of the
conduction band is the primary factor limiting my, the severe step-bunching on the
wafer surface after the implant annealing is also expected to significantly influence
the mg, as well as the reliability of the gate oxide. In the case of power laterd
MOSFETs with implanted drift region, the surface roughness caused by the post-
implant anneal is also expected to suppress the current flow near the surface of the
implanted drift region.

In this chapter, we discuss the results of high-voltage 6H-SIC LDMOSFETSs
that was for the first time successfully annealed at 1600°C in Ar with silane-
overpressure to activate the n-type implants without degrading the surface
morphology. The comparisons with a control wafer annealed in Ar without silane

overpressure revealed different device characteristics at room temperature.
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5.2 Design

The schematic cross-section of a typica lateral MOSFET built on a
conducting p-type substrate is shown in Fig. 5.1. The device shown in this figure
differs from the MOSFETSs discussed in Chapter 111 because in addition to the lateral
drift region, it also contains avertica n* —p — p* drain-to-body diode. This means
that the design rules derived earlier for lateral super-junction devices are not
applicable in this case, because the drain-to-body diode requires athick base layer in

order to withstand the high bias applied under the off-state conditions.

Source Gate Drain
Gate oxide
s,
N++ N-typedriftregion | N++
P-type base
P+ substrate
[ sz
Body contact

Figure5.1:  Schematic cross-section of lateral MOSFET on a conducting
substrate.

There are severa limitations imposed on the doping of this base layer. Firgt, it
should be high enough to prevent the channel punch-through at a targeted blocking
voltage. Second, it should be low enough to minimize the threshold voltage, and to
provide sufficient breakdown strength of the diode. It can be noticed, that the n-type
implanted lateral drift region may serve as a Junction Termination Extension for the

n" —p—p" diode. However, the set of quasi-empirical design rules for vertical
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unipolar JTE-terminated devices derived in Chapter 1l cannot be used for this
structure. Under the off-state conditions, the drift region that serves as a JTE region
for the vertical diode forms an abrupt reverse biased junction with the gate electrode,
which should also be terminated. There are two approaches to resolve thisissue. First,
the doping of the drift region may be reduced so that the field peaks at both junctions
would not exceed the allowed values. This, however, will result in a significant
increase in the drift resistance. The other approach is to employ one of the techniques
discussed in Chapter 11 to eliminate field enhancement at the gate-to-drift junction.
The theoretical investigation on the reduction of the surface electric field in latera
MOSFETSs using high-k dielectric was conducted by Chen [11]. An example of using

field platesin 4H-SIC lateral MOSFET can befound in [5].

Gate and drain electrode
Source extensions
contact

Drain
contact

Gate contact

N+ source 71 N- drift region N+ drain
/ N
Gate oxide P- epitaxial layer Field oxide
P+ substrate

Figure5.2:  Schematic cross-section of the designed lateral 6H-SIC MOSFET.

In the present work, the field-plate approach was chosen as more
manufacturable. Fig. 5.2 shows a schematic cross-section of the designed lateral
MOSFET structure with drain and gate extensions over the field oxide. Two-

dimensional device simulation was performed using MEDICI™ software in order to
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optimize the device parameters, such as the doping of the drift region and the lateral

extensions of the gate and drain electrodes.
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Figure5.4:  Simulated distribution the surface electric field along the drift

region.

It should be mentioned, that while the implanted profile was typically uniform

across the wafer, the acceptor concentration uniformity in the low-doped p-type
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epitaxia layer was much less controllable and varied in a wide range. In our case, the
doping concentration in the p-type base layer epitaxially grown in a cold-wall
research reactor varied from 2x10%° cm™ to 7x10'® cm™. In order to determine a
region of “relative safety” for the implantation dose, a massive simulation was done
for the different values of the base and drift doping concentrations. Fig. 5.3 shows a
contour map of the maximum electric field in the device bulk ssmulated as a function
of n- and p-type doping concentrations. Fig. 5.4 shows the effect of field plates on the

simulated distribution of the surface electric field in the designed device structure.

53  Fabrication

Four ptype 35-mm 6H-SIC Si-face substrates, 3.5° off-axis toward [1120]
orientation, doped at 5x10'® cm™ were obtained from Cree, Inc. Ten micrometers
thick epitaxial layers were grown at atmospheric pressure in our horizontal cold-wall
SiC CVD reactor at a growth temperature of 1600°C. Hydrogen was used as a carrier
gas and silane and propane as precursors. The full growth procedure was described
elsewhere [12]. C-V measurements were used to extract the net doping concentration
in the range of 2-7x10™® cm™ across the four wafers. Additional Secondary lon Mass
Spectroscopy (SIMS) data confirmed the uniform doping concentration of aluminum
(p-type dopant) versus thickness. After the CVD growth and epi characterization, 2.0
mm of SO, was deposited, densified, patterned, and selectively etched before the
nitrogen source/drain implant. The source/drain implant was done at 1000°C, with a
total dose of 4.7 x 10** cm™ and implant energy schedule of 25, 50, 87, 137, 280, and
380 keV. After implant, the oxide was stripped and the process repeated for the

nitrogen drift implant with the same energy schedule, but the dose was reduced to
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1.32 x 10™® cm™. After drift region implantation, the oxide mask was again stripped,
and the wafers were annealed for 30 min. at 1600°C. Three wafers were annealed in
Ar ambient with silane overpressure, as reported elsewhere [8], while the fourth wafer
was annealed in argon ambient without silane overpressure.

The surface morphology of the wafers was examined using Atomic Force
Microscopy (AFM) after the implant activation and before the subsequent thermal
oxidation. The AFM surface plots shown in Fig. 5.5 compare one of the wafers
annealed with silane overpressure and the wafer that was annealed without silane
overpressure. The plots show the surface of the n*-implanted regions, n-type drift
regions, and regions with no implant. As shown in Fig. 5.5 (a), the wafer annealed in
the argon ambient exhibited significant surface roughness, or step-bunching. The
average height of the steps was measured to be 25 nm, even on un-implanted surfaces
(i.e. similar to the un-implanted channel regions), and the average distance between

the steps was estimated to be 1.0 mm.
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Figure5.5:  AFM images of 6H-SiC surface after post-implantation anneal
performed in argon without silane overpressure (a) and with silane
overpressure (b).
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As discussed earlier, such rough surface is expected to impact the inversion-layer
charge transport, and affect the reliability of the gate oxide. The step-bunching was
more pronounced on the implanted surfaces, which could impact charge transport in
the drift-region. A the same time, as shown in Fig. 55 (b), the sample annealed with
silane overpressure demonstrated negligible surface roughness as compared to one
annealed in argon ambient.

After annealing, the wafers were thermally oxidized and then coated with a
high-temperature deposited oxide for atotal passivation oxide thickness of 1.0 nm.
This oxide was selectively wet etched back to the bare SiIC to form the active regions
of the devices. The 40 nm gate oxide was then grown at 1100°C in steam ambient,
followed by a 950°C re-oxidation anneal. A Mo gate electrode was deposited and
patterned, followed by an additional 0.6 nm of inter-level oxide deposition. After
densification at 925°C in nitrogen, source/drain and backside body contacts were
formed using nickel-based ohmic contacts. The optical images of the fabricated 6H-

SIC lateral MOSFETs are shown in Fig. 5.6.
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Figure5.6:  Optical images of the fabricated 6H-SIC MOSFETS.
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The photograph on the left side of Fig. 5.6 shows a single-finger device with
the gate width/length ratio of 112/5 (um/um), and the drift length of 9 um. The right
image shows the fabricated die that accommodated both single- and multi-finger
devices along with various test structures. The gate lengths (L) were set at 3, 5, and 7
mm, while the gate width (W) of single-finger devices was 112 nm. Multi-finger
devices (up to 20 fingers) were also employed for a higher effective W/L. The drift
region length (Lp) was set at 9, 15, or 21 mm, which included 3 mm of gate oxide

overlap onto the drift region.

54  Resultsand Discussion

After the fabrication had been completed, current-voltage measurements were
carried out using Keithley 237 and 238 SMUs. The breakdown voltages were
measured up to 600 V for the devices with 9 nm drift region length. Figure 5.7 shows
I-V characteristics for a typical single-finger MOSFET with W/L of 112/5 (mm/mm).
In the on-state, this small device had a drain current Ips of 4.2 mA at Vps of 10V and
Vs of 24V (5.85 MV/cm on gate oxide). Larger area 20 finger devices with 21 mm
drift region length exhibited blocking voltage over 500 V and Ips of more then 0.7 A
at Vps of 20 V and Vgs of 25 V. Typical families of curves for large 21-nm drift
region devices in both kinds of wafers are shown in Fig. 5.8. Because in the long drift
regions charge transport occurs mainly near the surface, significantly larger current
exhibited by the devices fabricated on the wafers annealed using silane overpressure

may be attributed to the negligible surface roughness of those wafers.
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The effective channel mobility (p), extrinsc linear-region peak
transconductance (g,,), and threshold voltage (V;,) were extracted from the
measurements done on MOSFETSs without drift region and with the gate length L of

10 and 20 mm. Asshown in Fig. 5.9, both the g,, and ., were extracted from linear

region transfer characteristics with Vps = 50 mV. The average values and standard
deviations for the extracted parameters from silane-overpressure and pure argon
annealed 6H-SIC MOSFETSs are summarized in Table 5.1. As shown Table 5.1 and
Fig. 5.9, the devices measured on the substrate annealed in Ar ambient demonstrated
lower average effective channel mobility and maximum transconductance than on any
of the silane-annealed wafers. As shown in Table 5.1 and Fig. 5.8, using silane
overpressure post-implant anneal increases the average effective channel mobility by
30% in comparison with the wafer annealed in pure argon, and more significant

increase of drain current in the devices with long drift regions.

Table5.1: The average and standard deviation for the extracted parameters
from silane-overpressure-annealed and argon-annealed 6H-SiC

MOSFETs.
Wafer cm? cm? g, “_S] 9o “_S} Vi, V]| Vo [V]
ID Hetl sec? | | F' IV - sec? " [mm mmli- - (mean) | (st.dev.)
(mean) (st. dev.) (mean) | (st.dev.)
Silanel 42.7 7.54 12.8 84 12 2.12
Silane2 441 15.1 17.0 154 10.5 1.81
Silane3 35.2 7.54 11.2 9.6 13.3 2.17
Argon 30.0 104 9.5 5.9 134 19

It is difficult to draw a strong conclusion about the effectiveness of the edge

termination technique designed in this work because of the uncertainty introduced by
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the doping non-uniformity and the general material quality of the research grade 6H-
SiIC substrates purchased in 1999. However, as shown in Figs. 5.7, the small area
devices demonstrated a non-destructive reversible breakdown at ~ 550 V that would

not be possible without a working edge termination.
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CHAPTER VI

SUMMARY AND DIRECTIONS FOR FUTURE RESEARCH

6.1 Summary
This study pursued three major goals:

1. Better understand the issues behind the optimization of electric field
distribution in the voltage blocking layers of SIC power devices required to
reduce their resistance;

2. Derive compact analytical rulesfor the optimal design of wide spectrum of the
power SIC devices without conductivity modulation in the voltage blocking

layer;

3. Determine the best edge termination approach for SIC vertical power devices
in terms of performance, reproducibility (scalability), and cost-efficiency.

In order to accomplish the first task, the effect of the electrical field
enhancement at the junction discontinuities and its impact on the on-state resistance
of power semiconductor devices was investigated. A systematic analysis of the
mechanisms behind the techniques that can be used for the edge termination in power
semiconductor devices was performed. The influence of the passivation layer
properties, such as effective interface charge and dielectric permittivity, on the

devices with different edge terminationswas analyzed using numerical simulation.
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When pursuing the second goal, the following was accomplished. A compact
analytical expression for the optimal JTE dose was proposed for the first time. This
expression has been numerically evaluated for different targeted values of the
blocking voltage and the maximum electric field, aways resulting in the optimal field
distribution that does not require further optimization with 2-D device simulator. A
compact set of rules for the optimal design of super-junction power devices was
developed. Compact analytical expressions for the optimal dopings and dimensions of
the devices employed the field compensation technique are derived and validated
with the results of numerical simulationson practical device structures.

The third goa was achieved through a comparative experimental study of
severa approaches used for the edge termination in SIC power diodes and transistors.
The investigated techniques included the mesa termination, novel high-k termination,
JTE, and the combination of JTE and field plate edge termination. Although the
experimental study was not systematic because it was done on different projects, the
mesa edge termination found to be the most promising among the techniques
investigated in this work. This stand-along technique satisfied al the imposed
requirements. performance, reproducibility (scalability), and cost-efficiency. First of
al, it resulted in the maximum one-dimensional electric field (Eipvwax) a the main
device junction equal to 93% of the theoretical value of critical electric field in 4H-
SiC. Secondly, the measured Eipmax Was found to be independent o the voltage
blocking layer parameters that demonstrate the scalability of this technique. Lastly,
the implementation of this technique does not require expensive fabrication steps, and

along with an efficient use of the die arearesults in the low cost and high yield.
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6.2  Directionsfor Future Research
Although the mesa edge termination was shown as the most promising edge
termination technique in SIC power devices, the results of numerical simulation
suggest that its performance is vulnerable to the properties of the surface passivation.
Since no experimental investigation of effective interface charge along the mesa
sidewalls was done in this work, this potential issue should be addressed in the future
research efforts. The ideal passivation of the mesa sidewalls should comply with the
following requirements:
1. The maximum electric field in SC at the mesa sidewallsis less than Eipmax;
2. Reproducible definition of net surface charge on the mesa sidewalls;
3. High-temperature and high-voltage pulse stability;
4. High dielectric breakdown strength to prevent adevice failure due to electrical
discharges (arcing) between the metal contact and passivated SiC surface;
5. Compatibility with the overall fabrication process.
The future research should aso investigate the applicability of mesa edge termination
in different SiC device structures including power rectifiers and switches.
Analytical design rules derived for the field compensated structuresin Chapter
[11 could be expanded for the case when atilted field distribution aong the auxiliary
junction is desirable. The sensitivity of the electric field distribution on the variations
in the doping concentration and thicknesses of the drift and auxiliary region(s) should

be also investigated.
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SILICON CARBIDE MATERIAL PROPERTIES
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Table A.1: SIC materia properties comparing to other major semiconductors.
Property\Material 4H-SIC | 6H-SIC | GaN | Si | GaAs
Thermal conductivity [W/cm*K] 4.9 4.9 13 13 | 055
Bandgap [eV] 3.26 3.0 339 | 11 14
Saturation field velocity [105m/s] 2 2 (p%.jk) 1 (pék)
Low field electron mobility 980 () | 81() | _

(300°K,, 1e16cm?) [cNZIV* ] 865 (1) | 405 (1) | 900 | 12241 6555
Dielectric constant 9.7 10 9.0 | 11.8 | 128
Critical electric field [MV/cm] ~3 >24 ~3 | 03 0.4
Direct/Indirect Bandgap | | D | D
Commercially available substrates 4 3 na | 12 g
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