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PREFACE

The introduction of the SiC substrate and the demonstration of bright I1I-N
light-emitting diodes were catalysts for a large increase in research and
development of wide-bandgap semiconductor materials and devices during the
nineties. This symposium, "Wide-Bandgap Semiconductors for High-Power, High-
Frequency and High-Temperature Applications—1999," from the 1999 MRS Spring
Meeting in San Francisco, California, focused on high-power, high-frequency and
high-temperature applications of these wide-bandgap semiconductors. The
symposium attracted a wide range of researchers who presented 120 papers in
nine different sessions on topics such as bulk crystal growth, epitaxy, materials
characterization, processing, and devices.

We would like to thank our invited speakers, J.A. Cooper, S.T. Allen, R. Rupp,
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ABSTRACT

SiC power switching devices have demonstrated performance figures of merit far
beyond the silicon theoretical limits, but much work remains before commercial
production will be feasible. A significant fraction of the remaining work centers on
materials science issues. This paper reviews the current status of unipolar power
switching devices in SiC and identifies the major technological and material science
barriers that need to be overcome.

1. INTRODUCTION

Since the development of the modified sublimation process for growth of SiC
crystals during the 1980’s [1, 2] and the commercial availability of single-crystal 6H and
4H SiC wafers during the early 1990’s [3], interest and enthusiasm for SiC electronic
devices has grown exponentially. SiC is attractive for several reasons: (i) its extreme
thermal stability offers the possibility of reliable high-temperature operation; (ii) its high
breakdown electric field makes it possible to build power switching devices with
resistance-area products 400x lower than silicon [4] and microwave power devices with
power densities 100x higher than GaAs; and (iii) its native oxide (SiO,) enables the
whole range of MOS devices and integrated circuits known in silicon [5]. These exciting
properties have given impetus to significant device development programs in Europe,
Japan, and the United States. ‘

The current device development activities are taking place in an environment where
many basic fabrication and material science issues are still unresolved. The situation is
reminiscent of the early days of silicon technology, and indeed the SiC industry today is
in many ways comparable to the silicon industry of the 1950’s. The prospects are
exciting, the problems are real, and the future is uncertain. In this review, we focus on
one aspect of SiC device and technology development, unipolar (or majority carrier)
power switching devices, specifically power MOSFETs and Schottky rectifiers. These
devices are expected to be among the first SiC devices to enter commercial production
early in the next decade. In the sections that follow, we will outline the basic device
designs, review the present status of device development, indicate the relationship
between material science issues and device performance, and identify the most critical
performance and material science issues still to be resolved.
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2. MOTIVATION FOR POWER MOSFETs AND SCHOTTKY RECTIFIERS

Unipolar devices such as the power MOSFET and the Schottky rectifier are attractive
for electronic power switching applications for several reasons. Unlike bipolar devices
such as the insulated-gate bipolar transistor (IGBT) or the pin diode, the on-state current
in unipolar devices does not flow through a forward-biased pn junction. The voltage
drop across a forward-biased pn junction in 4H-SiC is about 2.8 V. Assuming a current
density of 200 A/cm?, SiC IGBTs and pin diodes will dissipate 560 W/cm? just to
establish current flow. This dissipation is absent in power MOSFETs and Schottky
diodes. Second, since unipolar devices do not store minority carrier charge in the
conducting state, they exhibit minimal reverse recovery transients during switching. In
high-frequency switching applications, power dissipated during switching transients can
be the dominant power loss in the system.

3. SCHOTTKY RECTIFIERS
3.1 BASIC DESIGN

Figure 1 shows the cross section of a Schottky rectifier in SiC [6]. The starting
wafer is 4H-SiC, cut approximately 8° off axis to enable step-controlled epitaxy [7], and
polished on the (0001) silicon face. The n-type substrate is doped with nitrogen, with
resistivity about 10-20 mQ-cm and thickness of 300 — 350 pm. A lightly-doped n-type
spilayer is grown on the substrate with doping and thickness chosen to provide the
desired blocking voltage while minimizing on-resistance. For diodes designed for 1500
V operation, the epilayer is about 10 um thick, doped 4 - 8x10"* cm™.

Implanted Edge Anode Schottky
Termination Barrier

O Cathode

Figure 1. Cross section of a high-voltage SiC Schottky diode.

3.2 SELECTION OF SCHOTTKY METAL

The Schottky metal is chosen to provide the desired barrier height relative to 4H-SiC.
-Typical Schottky metals are Ni (barrier height 1.3 eV) and Ti (barrier height 0.8 eV).
Figure 2 shows [-V characteristics of Ni and Ti Schottky diodes on 4H-SiC. As seen, the
lower barrier height of Ti results in a lower turn-on voltage in the conducting state




(desirable), but higher leakage current in the blocking state. The reverse leakage current
is due to emission of electrons from the Schottky metal into the semiconductor, a process
that depends exponentially on barrier height.

The design goal is to obtain the highest possible on current and blocking voltage
while minimizing power dissipation in the device. As a general guideline, one would like
to support a forward current of at least 100 A/cm® in the on-state with a forward drop less
than 2 V. This results in a power dissipation of 200 W/cm? in the diode. In the blocking
state one would like the reverse leakage current to be less than 1 mA/cm? at the specified
blocking voltage. Although the Ti diode has a lower forward drop than the Ni diode, it
has orders of magnitude higher reverse leakage current. Taking 1 mA/cm? as the
maximum reverse leakage current, the Ti diode could be specified for 2 maximum reverse
voltage of 450 V, while the Ni diode could be rated to 1200 V. For this reason, Ni
appears to be the better choice for a Schottky metal on 4H-SiC.
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Figure 2. Current-voltage characteristics of Ni and Ti Schottky diodes on 4H-SiC.

3.3 EDGE TERMINATION

The diodes shown in Fig. 2 are fabricated on a 13 um n-type epilayer that has a
theoretical plane-junction breakdown voltage of about 2000 V [6]. The Ni diode exhibits
a maximum blocking voltage of 1720 V, about 87% of the theoretical plane-junction
breakdown voltage for this epilayer. In order to achieve this result, it is necessary o
provide edge termination along the periphery of the Schottky metal to minimize two-
dimensional field crowding. The edge termination employed in these diodes makes use
of a boron implant under the edge of the Schottky metal, as shown in Fig. 1. This
implant is annealed at 1000 °C, a temperature high enough to anneal most of the implant
damage without activating the dopants [8]. The effect is to form a resistive layer that
carries a small leakage current under reverse bias. This leakage current produces a lateral
voltage drop that smoothly tapers the electric field, reducing field crowding at the edges
of the Schottky metal. The leakage current is noticeable in the Ni Schottky diode at



reverse voltages below about 800 V (see Fig. 2), but is obscured in the Ti diode by the
higher Schottky barrier leakage. Other edge terminations have also been used
successfully [9, 10].

3.4 YIELD-LIMITING MATERIAL DEFECTS

Although the diodes in Fig. 2 are small, recent work has focused on scaling to larger
devices to obtain on-state currents in the range of several A to tens of A [11]. These
efforts have made it possible to estimate the density of yield-limiting defects in the
material. In one experiment, a 35 mm “low-micropipe” (micropipe density < 30 cm?)
4H-SiC wafer was fabricated with circular diodes of diameters 1.25, 2, and 3 mm. The
yield of good devices for these diodes was 58, 31, and 22 %, respectively, established by
testing to 200 V reverse bias. Fitting to a simple yield model indicates a defect density of
about 20 cm?, consistent with the expected density of micropipes in the wafer.

Micropipes are open-core screw dislocations with large Burgers vectors that extend
through the substrate and subsequently-grown epilayers. Such defects are obviously fatal
to high-voltage power devices. Fortunately, the density of micropipes in commercially-
grown wafers has been declining steadily in recent years, and the best reported wafers
now have micropipe densities below 1 cm [12]. Such wafers would permit fabrication
of 50 A Schottky diodes with acceptable yield.

In addition to micropipes, SiC wafers have a much higher density of single-screw
dislocations, typically several thousand per cm’ [13]. Although these defects are not
immediately fatal to power devices, they appear to be responsible for “soft breakdown”
characteristics, and may possibly give rise to a negative temperature coefficient of
breakdown in some devices [14]. A negative temperature coefficient of breakdown is
undesirable, since it leads to filamentation and destructive breakdown of the device.

Another problem that becomes apparent when Schottky diodes are scaled to larger
diameters is the effect of surface imperfections and irregularities. Since the maximum
electric field occurs at the semiconductor surface, the Schottky diode is especially
sensitive to surface defects or irregularities. Any macroscopic surface imperfection; such
as a pit or asperity, will cause field crowding and premature breakdown. Nomarski
microscopy reveals a variety of pits, asperities, and gouges resulting from polishing
damage on commercially available SiC wafers. This is an area where the materials
science community could make an important contribution, since it is critical to obtaining
the large-area high-current Schottky diodes demanded by customers.

3.5 CURRENT STATUS OF EXPERIMENTAL DEVICES

SiC Schottky diodes have achieved impressive performance figures compared to
silicon devices. A useful figure of merit for unipolar devices is 8 = V*/ Roy sp, Where
Vg is the maximum blocking voltage and Ry s» is the specific on-resistance in Q-cm?
(Ro, sp 1S the product of on-resistance and device area). This figure of merit is
appropriate because the minimum achievable Ry sp in a unipolar device theoretically
scales as the square of the blocking voltage. The Ni Schottky diode in Fig. 2, fabricated
on a 13 pum 4H-SiC epilayer, has a blocking voltage of 1,720 V and a specific on-
resistance of 5.6 mQ-cm?, yielding a 6 of 528 MW/cm?[6]. By comparison, the




theoretical limit for silicon unipolar devices is a 8 of 4 MW/cm®. Thus, the diode of Fig.
2 has a figure of merit approximately 130x higher than the theoretical limit for silicon
devices. Schottky diodes fabricated in our laboratory on 50 pm epilayers of 4H-SiC have
demonstrated blocking voltages as high as 4,200 V [15]. :

4. POWER MOSFETS
4.1 BASIC DESIGNS

Figure 3 shows cross sections of DMOS and UMOS power transistors in SiC. These
MOSFETs are vertical devices with the n+ substrate serving as the drain contact. A
lightly-doped n-type epilayer is grown on the substrate to form the drain drift region. As
with the Schottky diode, the doping and thickness of the drift region are chosen to obtain
the desired blocking voltage while minimizing the on-resistance. In the UMOS structure,
a moderately-doped p-type epilayer is also grown on top of the n-type epilayer. This p-
type layer is grounded, and acts as the base of the MOSFET (the base is equivalent to the
p-type substrate of a planar MOSFET). In the DMOS structure, the p-base is formed by
ion implantation of aluminum or boron. N+ source regions are created in selected areas
by implantation of nitrogen or phosphorus, and the implants are activated by a high
temperature anneal. In the UMOS structure, a trench is defined by reactive ion etching
following implant activation. The device is then oxidized to form the gate insulator.
Polysilicon is deposited by LPCVD, doped by diffusion of a spin-on dopant, and
patterned to form the gate electrode. Ni source contacts and Al base contacts are
deposited, defined by liftoff, and annealed.

Gate

Gate Source
O

Polysilicon

Source
O

Source Source
O O

P Polysilicon ©

SiO2

Ni

Drain Drain

_Figure 3. Cross sections of UMOS (left) aﬁd DMOS power transistors.



4.2 OPTIMIZATION OF THE MOS INTERFACE

The electrical quality of the oxide/semiconductor interface is of critical importance
to the operation of all MOS-based power devices. Oxidation of SiC is both similar to and
different from oxidation of silicon [5]. Since the SiC crystal consists of alternating
planes of silicon and carbon atoms, the oxidation process involves two reactions:
oxidation of silicon to produce silicon dioxide, and oxidation of carbon to produce carbon
monoxide and carbon dioxide. The SiO, forms the passivating oxide while the carbon
byproducts escape in the gas phase.

Oxidation of SiC is much slower than oxidation of silicon, and the oxidation rate
depends upon the surface orientation. The fastest oxidation occurs on the (0004) carbon
face, while the slowest oxidation occurs on the (0001) silicon face. The difference in
oxidation rates is related to the bonding structure, in which successive planes of silicon
and carbon atoms are alternately singly bonded and triply bonded. Oxidation of the
carbon face involves oxidation of carbon planes triply bonded to silicon planes, followed
by oxidation of silicon planes singly bonded to carbon planes. In contrast, oxidation of
the silicon face consists of oxidation of silicon planes triply bonded to carbon planes,
followed by oxidation of carbon planes singly bonded to silicon planes. As might be
expected, these two processes exhibit significantly different reaction kinetics.

“The SiO, - SiC interface is more complex than the SiO, - silicon interface, and the
role of carbon species in determining the fixed interface charge Qr and the density of
interface states Dy are subjects of current research. At the present time, the optimum
oxidation conditions appear to be thermal oxidation in wet O, or steam at 1150 °C,
followed by a 30 min. in-situ anneal at 1150 °C in argon [16] and a subsequent re-
oxidation anneal at 950 °C for 60 min. in wet O, [17]. The argon anneal permits carbon
species to diffuse out of the oxide under non-oxidizing conditions. The subsequent low
temperature re-oxidation forms the final interface, and appears to be beneficial in
reducing interfacé state density: Pre-oxidation cleaning and loading steps are also
important. Samples are cleaned using a standard “RCA” clean and loaded into the
oxidation tube at 850 °C under flowing O,. The furnace temperature is then slowly
ramped to the 1150 °C oxidation temperature. This procedure minimizes degradation of
the surface due to loss of silicon during the furnace insertion [16].

Using the above-described oxidation procedure, MOS interfaces on the (0001)
silicon face of 4H and 6H SiC typically have fixed charge densities from 5 — 8x10" cm®
and interface state densities that range from around 1.5x10" cm? eV at 0.5 eV above the
valence band to around 5x10" cm? eV near midgap [18]. These values are 2 - 3x higher
than currently found in silicon devices, but are not high enough to cause problems with
MOSFET operation. As a general guideline, a MOSFET in strong inversion is operating
with about 6 — 8x10"? inversion electrons per cm’, determined by the maximum electric
field in the gate oxide (3 —4 MV/cm). As can be seen, the fixed charge and interface
state density numbers quoted above are small compared to the density of inversion
electrons in strong inversion.

~ MOS interfaces formed on the a-axis surfaces of SiC are definitely inferior to those
formed on the silicon face. Measurements on the (1400) and 1120) surfaces indicate
interface state densities in the range 5 — 7x10" cm? eV, 5 — 10x higher than on the
silicon face [19]. MOS interfaces formed on the (0001) carbon face are even worse, with




interface state densities so high as to prevent full modulation of the surface potential.
The differences are thought to be due to the presence of carbon bonds at the interface.
On the carbon face, essentially all the interface bonds are associated with carbon atoms,
while on the a-axis surfaces, approximately half the bonds are associated with carbon.
On the silicon face, the vast majority of bonds are associated with silicon atoms, and on
an atomic scale this interface resembles the SiO, - Si interface.

The breakdown electric field of oxides on 4H and 6H-SiC are comparable to oxides
on silicon, typically in the range 8 - 10 MV/cm, although the spread in breakdown
voltage across a SiC wafer is larger than for silicon. This is an indication of the relative
immaturity of the technology, and probably reflects the difficulty in polishing SiC wafers
due to the extreme hardness of the material. As the case with Schottky diodes, any
surface imperfection or irregularity will concentrate the surface electric field, leading to
premature local breakdown of the oxide.

4.3 MOS OXIDE RELIABILITY

Power switching devices operate at high electric fields, and SiC devices are capable
of sustaining much higher internal fields than silicon devices. Indeed, the main
advantage of SiC for power devices is the fact that the critical field for avalanche
breakdown is 8 — 10x higher than'in silicon. In MOS devices, a serious problem occurs
at the oxide/semiconductor interface. Because the ratio of dielectric constants between
Si0, and SiC is about 2.5, the electric field in the oxide is 2.5x higher than the surface
electric field in the SiC. Since the critical field for avalanche breakdown in SiC is 2 — 4
MV/cm (depending on doping), the field in the oxide is in the range 5 ~ 12 MV/cm.
These fields are uncomfortably close to the breakdown field of the oxide. Note that if the
same oxide were used on a silicon device, the fields in the silicon (and the oxide) would
be about 10x lower, safely below the breakdown field of the oxide.

Oxides on SiC are also more susceptible to electron injection from the
semiconductor, since the conduction band discontinuity between SiC and SiO, is lower
than that between silicon and SiO,, and injection increases exponentially as barrier height
is lowered. For these reasons, the long-term reliability of oxides on SiC must be studied
carefully to determine the tradeoffs between mean-time-to-failure and oxide field.
Although this investigation is still in its early stages, some preliminary conclusions can
be drawn. Figure 4 shows mean-time-to-failure of thermal oxides on n-type 6H-SiC as a
function of oxide field for three temperatures [20]. Also shown in the figure are the
mean-time-to-failure for oxides on silicon at the same temperatures. At high fields, the
failure times for oxides on SiC are shorter than for oxides on silicon. However, the field
dependence of failure time is stronger for oxides on SiC, with the result that at fields in
the range 3 — 4 MV/cm the mean-time-to-failures of SiC and silicon are comparable.
These results suggest that acceptable oxide reliability on SiC can be obtained at
terperatures up to 150 °C if the field in the oxide is kept below 4 - 5 MV/cm. This can
be done without compromising device operation if precautions are taken in the device -
design to limit the maximum fields in the oxide.
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Figure 4. Mean-time-to-failure for oxides on n-type 6H-SiC and on p-type silicon as
a function of oxide field and temperature.

4.4 INVERSION LAYER MOBILITY AND IMPLANT ACTIVATION

Since the avalanche breakdown field in SiC is 8 - 10x higher than in silicon, the
specific on-resistance (2 - cm?) of the drain drift region in power MOSFETS will be
about 400x lower than for silicon devices of the same blocking voltage. However, to date
no SiC power MOSFET has achieved this ideal. This is because for blocking voltages
below about 5,000 V, the resistance of SiC MOSFETs is actually dominated by the
channel resistance rather than the drift region resistance. The channel resistance is
limited by the inversion layer electron mobility. In silicon, the inversion layer mobility is
about half the bulk mobility, but in SiC the inversion layer mobility is only about 10 -
20% of the bulk value. The reason for this is not well understood. Moreover, the
inversion layer mobility on 4H-SiC is typically much lower than on 6H, in spite of the
fact that the bulk mobility in 4H is higher than in 6H. Typical values for inversion layer
mobility reported in the literature are in the range 25 - 50 cm*Vs on 4H-SiC and 70 - 90
cm*/Vs on 6H-SiC. These mobility differences cannot be attributed to differences in
fixed oxide charge density or interface state density between 4H and 6H-SiC, since these
are fairly comparable between the two interfaces. .

It has been recently observed that the inversion layer mobility on 4H-SiC (and
probably to a lesser extent on 6H-SiC) can be severely degraded by thermal processing
before gate oxide formation [21]. This is attributed to step bunching on the surface.
Figure 5 shows severe step bunching resulting from a 1700 °C anneal used to activate the
boron p-well implant in 4H-SiC [22]. To enable step-controlled epitaxy, 6H and 4H-SiC
wafers are routinely cut at 3.5° and 8° off-axis, respectively. During the high-
temperature implant anneal, considerable motion of these surface steps occurs and the
surface seeks a lower energy state by reducing the density of steps while increasing their
height. If this surface is subsequently oxidized to form a MOSFET, the resulting oxide-
semiconductor interface can have macroscopic steps whose height is a significant fraction
of the oxide thickness. In such a case it may be appropriate to visualize this surface as
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1mplanted with borpn to a dose of 4x10™ cm™®, are higher than on the horizontal
typical of a p-well implant, and annealed at 1700 surface. In any event, the steps
°C for 40 min. in argon. Dimensions of the create potential barriers to

image are F0 x10 pm. electrons flowing from source to
drain, significantly degrading the

effective surface mobility of the MOSFET. In extreme cases the effective mobility can
have fractional values. These extremely low mobilities are correlated with high
temperature anneals (1600 - 1700 °C) required to activate p-well implants prior to gate
oxidation. Table 1 illustrates the range of inversion layer mobilities observed on 4H-SiC
as a function of implant anneal conditions prior to gate oxidation. As seen, in order to
obtain high inversion layer mobilities on 4H-SiC it is necessary to keep the maximum
implant anneal temperature below about 1200 °C. This temperature is insufficient to
activate boron or aluminum used for p-well implants in DMOSFETS, but is high enough
to activate nitrogen or phosphorus used for the source implants.

N-type dopants in SiC are nitrogen and phosphorus, and p-type dopants are
aluminum and boron. Since diffusion of impurities is impractical in SiC due to the low
diffusion coefficient of impurities at any reasonable temperature, ion implantation is used
for selective doping. Figure 6 shows sheet resistivity for nitrogen and phosphorus source

10.0

2.8

Anneal Temperature 1200 °C 1300 °C 1400 °C ° 1700 °C

No p-well implant 25 cm*/Vs 7 em*/Vs 5 cm*/Vs 9 cm*/Vs *
0.32 cm?/Vs *

Boron p-well implant . 0.06 cm*/Vs

Table 1. Inversion layer electron mobility on 4H-SiC as a function of implant anneal
conditions prior to gate oxidation. Asterisks (*) indicate that the implant anneal was
conducted under a silane overpressure; all other anneals were conducted in argon.
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implants and electron inversion layer mobility in 4H-SiC as a function of implant anneal
temperature [23]. As seen, to obtain inversion layer mobilities greater than 10, it is
necessary to keep the implant anneal temperatures below about 1250 °C. This can be
done successfully if phosphorus is used instead of nitrogen as the source dopant.

The problem becomes more severe if either aluminum or boron implantation is
required in the fabrication process, as for the DMOS structure of Fig. 3. Figure 7 shows
the activation percentage of boron in 4H-SiC as a function of anneal temperature [22].
To obtain good activation, it is necessary to anneal at temperatures in excess of 1600 °C.
Comparison with Fig. 6 indicates that the expected MOS inversion layer mobility
following such an anneal will be in the single digits, at best. The actual results on
DMOSFETs are even worse, since the MOS inversion channel is formed in the region
damaged by the boron implant. The second line in Table 1 shows that inversion layer
mobilities in implanted regions annealed at 1700 °C are fractional. As described in the
previous section, the low effective inversion layer mobility is caused by the dramatic step
bunching that occurs during implant anneal (c.f. Fig. 5). One solution is to convert the
near-surface region of the semiconductor to n-type, forming an accumulation-layer
MOSFET, or ACCUFET [24, 25]. The density of donors in the ACCUFET layer is kept
low so that the layer is completely depleted at zero gate bias, but there the layer has
enough conductivity under positive gate bias that a conductive path is established around
the potential barriers associated with the surface steps, significantly enhancing the
effective mobility of the MOSFET. This solution, while workable, is undesirable
because of the difficulty of controlling the threshold voltage precisely when it is close to
zero, and the likelihood that the threshold voltage will go negative (creating 2 normally-
on MOSFET) as temperature is raised.
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Figure 6. Inversion layer electron mobility and source implant sheet resistivity for
nitrogen and phosphorus in 4H-SiC as a function of implant anneal temperature. The
highest inversion layer mobility (25 cm*Vs) is obtained for a 1200 °C anneal, where the
phosphorus source implant sheet resistivity is an acceptable 500 €2 per square.
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4.5 CURRENT STATUS OF EXPERIMENTAL DEVICES

In spite of the material and processing difficulties described above, progress in the
development of SiC power MOSFETS has been dramatic. Currently, both DMOS and
UMOS devices are being developed. UMOSFETs fabricated on 10 pm 4H-SiC epilayers
have achieved blocking voltages of 1400 V at a specific on-resistance of 15.7 mQ-cm?,
for a figure of merit 0 = V,?/ Ry, of 125 MW/cm?, approximately 25x higher than the
theoretical limit for silicon MOSFETS [25]. Lateral DMOSFETs on insulating 4H-SiC
substrates have achieved blocking voltages of 2600 V [26]. With the availability of
thicker epilayers (up to 50 ym are currently available), it is anticipated that MOSFETs
with blocking voltages in the 3 — 5 kV range will soon be reported.

It is worth noting that the performance of the best reported SiC MOSFET: are still
well below the theoretical limit expected for 4H-SiC. For example, the 1400 V
UMOSFET reported above with a € of 125 MW/cm? is still a factor of 16 below the 4H-
SiC theoretical limit. The main reason for the shortfall is the specific on-resistance Rons
which is dominated by the resistance of the MOSFET channel. In order to reach the SiC
theoretical limit, the MOSFET channel resistance needs to be reduced by about an order
of magnitude. This is the biggest challenge facing MOSFET device developers today.

5. SUMMARY AND CONCLUSIONS

During the past several years, the development of prototype devices in SiC has been
taking place in parallel with the optimization of unit fabrication processes and research
on fundamental material science issues. This leads to mistakes and false starts in device
development, but it also tends to bring into sharp focus the critical material science
issues. At the present time, from a device development perspective, the most critical
material science issues are: (1) size and cost of SiC wafers, (2) surface morphology of as-
received wafers, (3) density of micropipes and single screw dislocations in the material,
(4) activation of implants (particularly aluminum and boron p-type implants), (5) low
inversion layer electron mobility at the SiO, — SiC interface and its relationship to
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previous high-temperature steps, (6) high ohmic contact resistance (particularly to p-type
SiC), and (7) the stability and reliability of SiO, on SiC under high-field and high-
temperature stress. Continued close communication between device developers and
material scientists is needed to focus attention on these critical problems and verify their

solution.
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RECENT PROGRESS IN SiC MICROWAVE MESFETs

S.T. ALLEN, S.T. SHEPPARD, W.L. PRIBBLE, R.A. SADLER, T.S. ALCORN, Z. RING, and
J.W. PALMOUR
Cree Research, Inc., 4600 Silicon Drive, Durham, NC, 27703; (919) 361-5709

ABSTRACT

SiC MESFET’s have shown an RF power density of 4.6 W/mm at 3.5 GHz and a power
added efficiency of 60% with 3 W/mm at 800 MHz, demonstrating that SiC devices are capable
of very high power densities and high efficiencies. Single devices with 48 mm of gate periphery
were mounted in a hybrid circuit and achieved a maximum RF power of 80 watts CW at 3.1 GHz
with 38% PAE.

INTRODUCTION

Silicon carbide (SiC) MESFET’s are emerging as a promising technology for high- power
microwave applications due to a combination of superior properties of SiC, including a high
breakdown electric field, high saturated electron velocity and high thermal conductivity. In this
paper we report on the substantial progress that has recently been made in microwave SiC
MESFET technology. Improvements to device design and fabrication have led to increased
breakdown voltages of greater than 150 V for FET’s with a channel doping of 3x10" cm™.
Improvements in process control and repeatability have resulted in the ability to yield devices
with up to 48 mm of gate periphery. Cree also recently began fabricating MESFET’s on 2-inch
diameter semi-insulating SiC substrates, a substantial increase in wafer area over the previous 1-
3/8” substrates, preparing the way for producing these devices in large quantity.

ADVANTAGEOUS PROPERTIES OF SILICON CARBIDE

SiC occurs in over 200 different crystal structures, or polytypes, but for semiconductor
applications the 6H and 4H polytypes have received the most attention due to the availability of
high-quality single crystalline substrates. For microwave MESFET’s the 4H-SiC polytype is
preferable because it has a larger bandgap and higher electron mobility than 6H-SiC. Tt is the
wide bandgap of 3.2 eV, compared to 1.1 eV for Si and 1.4 eV for GaAs, that gives SiC its
primary advantage for high-power devices. This wide bandgap gives rise to a breakdown electric
field that is 10 times higher than in GaAs or Si. This is illustrated in Figure 1, which shows the
measured breakdown voltage of 4H-SiC p-n junction diodes as well as the theoretical curves for
Si and GaAs. This high breakdown field has been exploited to fabricate sub-micron SiC
MESFET’s with gate-to-drain breakdown voltages exceeding 200 V.

The one drawback to SiC for use in microwave devices is its poor low-field electron
mobility, which is in the range of 300 - 500 cm”/V-sec. for doping levels of interest for
MESFET’s, i.e., 1x10" cm™ <N, < 5x10" cm®. This results in a larger source resistance and
lower transconductance than is typical of GaAs MESFET’s, but is partially offset by the ability
to operate the SiC devices under extremely high electric fields. The saturated electron velocity in
6H-SiC is 2x107 cm/s and has been predicted by Monte Carlo simulations to be 2.7x10” cm/s in
4H-SiC [2], almost 3 times higher than in GaAs at high fields. Although the knee voltage of SiC
MESFET’s is relatively high (typically ~ 9 V), the drain efficiency of the devices is still high
because the breakdown voltage is over 100 V. The channel current density is reasonably large,
typically around 300 mA/mm for 0.7 um gate length devices, due to the high saturated velocity.
When combined with the high breakdown voltage, this results in the large RF power density of
over 4 W/mm that has been measured for SiC MESFET’s.
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Figure 1: Measured breakdown voltage of 4H-SiC p-n junction
diodes as a function of doping, and the theoretical maximums for

Si and GaAs.

The other property of SiC that gives it a significant advantage over other semiconductors is
its very high thermal conductivity. In order to take advantage of the high electrical power
densities available in this material, it is also necessary to dissipate very high thermal power
densities, making the thermal conductivity an extremely important parameter. Measured thermal
conductivity data for SiC is shown in Table I for low doped n- and p-type, doped n-type and
semi-insulating material. The thermal conductivity was measured by creating a temperature
difference across a piece of SiC. Thermocouples were inserted into holes drilled 1 cm apart and
AT and applied power were used to calculate the thermal conductivity at 25°C and 100°C.
Copper and Al were used as calibration standards. Thermal conductivity is the product of a
material's density, heat capacity and its thermal diffusivity: the latter being dependent on the
doping and quality of a material. The very low doped material exhibits a-axis thermal
conductivity roughly the same as that reported by Slack [2] for pure Lely platelets. The doped
materials and c-axis direction have significantly lower thermal conductivity values. Even the
lowest measured value of 3.3 W/em-K is 7 times higher than the thermal conductivity of GaAs,
implying that not only is the power density of SiC high in terms of W/mm of gate periphery but
SiC also has extremely high power handling capability in terms of W/mm? of die area. For high
power, high frequency applications, this is the more important figure of merit since die size
becomes constrained by wavelength, and all power devices are operated at their thermal limit.

Table 1
Measured Thermal Conductivity Data for SiC

Thermal Conductivity

Sample Carrier 298K 373K
Type  Direction (em®) (W/em-K) (W/em-K)

4H Semi fle S.L 33 2.6
Ins.
4Hn /e 2.0ei8n 3.3 2.5
4Hn lc 5el5n 4.8 2.9
6Hn /lc 1.5e18 n 3.0 2.3
6Hn /e 3.5¢17n 32 2.3
6Hn dle 3.5e17n 3.8 2.8
6Hp lc 1.4el16 p 4.0 32

Slack [2] lc ~lel7 ~5 ~3
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RECENT ADVANCES IN SIC SUBSTRATES

The development of SiC electronic devices has been limited in the past by the lack of
availability of large, high quality SiC substrates. The primary defects in bulk SiC are
micropipes, which are superscrew dislocations in the crystal that have open cores, resulting in
pinholes in the wafer. Recently Cree has made advancements in crystal %rowth technology that
resulted in producing 4H-SiC wafers with a micropipe density of < 1 cm™, which is more than
two orders of magnitude less than it was three years ago. Because the active area of microwave
MESFET’s is very small, limited to the source- drain separation of 4 pm, a micropipe density of
<10 em™ has a negligible impact on yield. Therefore, with these recent reductions in micropipe
defect densities and the increase in wafer diameter size (2-inch in production and 3-inch
demonstrated) SiC crystal quality has improved to the point where it would be viable to fabricate
SiC MESFET’s in production quantities.

The semi-insulating material has been characterized extensively by W.C. Mitchell and R.
Perrin at the Air Force Wright Patterson Laboratory. Figure 2 is an Arrhenius plot of the high
temperature resistivity of one of these wafers determined from Hall-effect measurements. The
-extracted activation energy of 1.7 eV is consistent with deep-level compensation in SiC with a
bandgap of 3.2 eV and leads to an extrapolated room temperature resistivity of 10 Q-cm. Ata
temperature of 500°C, the resistivity exceeds 107 Q-cm, making the semi-insulating properties of
the substrate consistent with a technology capable of operating at extremely high temperatures.

104
10":

10":

Resistivity (0Q-cm)

Room Temp.

10 16 20 25 30 35
11T (1000/K)

Figure 2: Plot of resistivity vs. 1/T for semi-insulating 4H-SiC as
determined with Hall-effect measurements.

MICOWAVE POWER RESULTS

Cree’s optimized S-band power FET’s have a gate length of 0.7 pm and employ a channel
doping of 3x10"7 cm™, The details of the fabrication sequence have been discussed previously
[3]- The FET’s are designed to have a threshold voltage of V,, = -10 V, resulting in an I, of 300
mA/mm at V= 10 V and a peak transconductance of 45 mS/mm. With this device structure, 1-
mm FET’s typically have a three-terminal breakdown voltage V,, in the range of 150 - 200 V,
defined at the 1 mA/mm point. As determined from small-signal S-parameter measurements,
average values for frequency response are f; =9 GHz and f,,, = 20 GHz.

From these devices a maximum power density of 4.6 W/mm at 3.5 GHz has been measured
using an on-wafer load pull system. As shown in Figure 3, a 0.25-mm FET operating at a drain
bias of 60 V had a peak power of 1.15 W, a Class A PAE of 39% and an associated power gain
of 12.5 dB. A similar device operating at 800 MHz had a power density of 3.0 W/mm and an
improved PAE of 60%, as shown in Figure 4, demonstrating that because of the high operating
voltages, the intrinsic efficiency of SiC MESFET s is high.
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Figure 3: 0.25-mm SiC MESFET with a peak power density of
4.6 W/mm at 3.5 GHz with a drain bias of 60 V.
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Figure 4: Power sweep of a 0.84-mm SiC MESFET with a PAE
of 60% and 3.0 W/mm.

A single device with 48-mm of gate periphery was packaged in a hybrid circuit with input
and output matching networks fabricated from alumina, and produced 80 watts CW at 3.1 GHz
with 38% PAE, as shown in Figure 5. This is the highest CW power level ever reported for a
single device operating at this frequency, and demonstrates the potential of SiC to have a
substantial impact on solid state microwave power amplifiers.
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Figure 5: Power sweep of a 48-mm SiC MESFET at 3.1 GHz
showing a CW power level of 80 watts.
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With an increase in the channel doping and a reduction of the gate length to less than 0.45
pm, SiC MESFET’s have shown excellent power performance up to 10 GHz. As illustrated by
the power sweep in Figure 6 a power density of 4.3 W/mm was measured from a 0.25-mm
MESFET at 10 GHz, with a peak power of 1.1 W, a Class A PAE of 20% and an associated gain
of 9 dB. Cree has also recently developed a via hole process for the semi-insulating SiC
substrates, making the fabrication of MMIC’s possible. Combined with the high power densities
shown at X-band, this makes SiC MESFET’s an attractive MMIC technology for future systems.
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Figure 6: On-wafer load pull measurement of a SiC MESFET
showing 4.3 W/mm at 10 GHz.

GAN/ALGAN HEMT’s ON SiC SUBSTRATES

Another exciting technology for high power microwave applications that leverages the
advantages of semi-insulating SiC is GaN/AlGaN High Electron Mobility Transistors (HEMT’s).
The close lattice match between SiC and GaN results in a lower defect density epilayer than
typically obtained with growth of GaN on sapphire substrates. Additionally, the much high
thermal conductivity of the SiC substrate is critical for dissipating the very high power densities
possible with the GaN system. GaN devices fabricated on sapphire substrates have achieved
relatively high power densities, but the junction temperatures at which these levels are achieved
are typically in excess of 300°C due to the very high thermal impedance of the substrate. The
structure of the GaN/A1GaN HEMT devices fabricated on SiC substrates is shown in Figure 7.
The structure contains an AIN buffer layer, 2 pm of undoped GaN and approximately 27 nm of
Al ,GaggN. The AlGaN cap layer comprises a 5 nm undoped spacer layer, a 12 nm, 2x10"%/cm’
Si-doped donor layer and a 10 nm undoped barrier layer. Device isolation is achieved with
shallow mesas dry etched in a chlorine-based plasma.

Typical dc output characteristics of a 1-mm-wide HEMT with L; =0.45, Lo = 1.0 and Lo, =
1.5 pym show a peak current of 680 mA/mm at Vg = +2 V and a maximum extrinsic
transconductance near Vg = -0.5 V of 200 mS/mm. Typical three-terminal gate-drain breakdown
voltages range between 60-70 V. Small-signal gain measurements at Vs =20 Vand Vg =-1V
show an extrapolated unity gain frequency f; of 28 GHz [4]. The maximum available gain
(MAG) remained high up to the maximum frequency of the network analyzer, so the fi,x of this
device is estimated to be 114 GHz by modeling the power gain above 35 GHz. The effective
channel electron velocity, as determined from the slope of the f; vs. 1/L; data from many devices,
lies in the range 6-8x10° cm/s.
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Figure 7: Cross-sectional view of the GaN/AlGaN HEMT
structure grown on a semi-insulating 4H-SiC substrate.

On-wafer measurements were performed on a Maury load-pull system at 10 GHz and a
drain bias of 30 V. A power sweep for 2 0.125 mm HEMT (L; =0.45, L5 = 0.5, and Loy = 1.0
pm) is plotted in Figure 8. The most significant result was a record RF power density of 6.9
watts/mm with a PAE of 51 % and an associated gain of 9 dB, that was achieved at -6.0 dB of
compression (~4.3 W/mm at -1 dB compression). This power density is about 8 times higher
than typical GaAs devices, and is more than twice as high as any other GaN HEMT grown on a
sapphire substrate, affirming the potential for A1GaN/GaN HEMT’s on SI 4H-SiC substrates for
use in high power amplifiers at X-band. When tested at 16 GHz, this device showed a CW
power density of 4.4 W/mm with a PAE of 27% and an associated gain of 6.9 dB at the -3 dB
compression point, which also demonstrates their advantage for high-power Ku-band operation.

0.125 mm GaN/AlIGaN HEMT on Sl 4H-SiC
60 T T T T
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Figure 8: A 10 GHz CW power sweep for a 0.125-mm GaN/AlGaN
HEMT on SI 4H-SiC (performed at the Air Force Research Laboratory,
SNDM) that shows a record power density of 6.9 W/mm. The device was
biased at V,3 =30 Vand V;=-2.25V.

20




In order to measure total RF power on larger parts, HEMT’s with 3 mm of gate width were
packaged with ceramic input and output matching networks. After thinning the SI 4H-SiC
substrate to approximately 4 mils, the HEMT was packaged into a hybrid matching network on a
carrier that was maintained at 18°C. The power sweep shown in Figure 9 represents a single 3-
mm device tested at 7.4 GHz. During the part of the sweep up to 30 dBm input power, the device
was biased at ¥, =28.4 V and Vs =-1.8 V. The drain bias was changed to 31 V for the last
three data points to achieve a maximum output power of 9.1 watts, a PAE of 29.6 % and an
associated gain of 7.1 dB (~2.1 W/mm at -1 dB compression). The high parasitic source
inductance introduced into the hybrid circuit by the Au ribbon bonds reduced the gain and
frequency response, and the characterization of the 3-mm HEMT at 10 GHz was unwarranted.
When source via holes are incorporated in the GaN-on-SiC HEMT process, the total RF power is
expected to improve, even at 10 GHz.

3.0 mm GaN/AlGaN HEMT on S| 4H-SiC

T H T 4
Pon=91W ]
(3.03 Wimm)

< 7.4GHz

P T vegy Gain=7.4dB

P+ [dBm], PAE [%] and Gain [dB]

30 35 40
Power 1n {dBm]

Figure 9: A 7.4 GHz CW power sweep for a 3-mm GaN/AlGaN HEMT
on SI 4H-SiC in a hybrid matching circuit. For the initial part of the
sweep, the device was biased at Vg =28.4 V and Vs =-1.8 V. The drain
bias was changed to 31 V for the last three data points to achieve a
maximum output power of 9.1 watts.

CONCLUSION

The progress in the power performance of SiC MESFET’s has been rapid, and these devices
are now generating considerable attention for both military and commercial applications. The
combination of high electrical power density of the devices and the high thermal conductivity of
the SiC substrates enables power levels that are not achievable with other solid state
technologies, particularly for CW communication applications. At power levels of 80 W per
chip, SiC MESFET’s would have a significant power advantage over Si LDMOS or GaAs
MESFET’s in base station power amplifiers. As SiC MESFET’s mature into a MMIC
technology, they should have an impact on solid state power applications through X-band.
Additionally, recent progress with GaN/AlGaN HEMT"s fabricated on semi-insulating 4H-SiC
substrates shows this to be an exciting technology with tremendous potential for high power
applications at X-band and above.
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ABSTRACT

The progress that has been made in SiC diodes and GTOs is reviewed. A 100 A/1000 V SiC p-
i-n diode package, the highest current rating reported for any SiC device, a 69 A conduction/ 11
A turn-off of a SiC GTO and MTO™, as well as the first all-SiC, 3 phase Pulse Width Modulated
(PWM) inverter are reported, herein, for the first time. The inverter achieves voltage controlled
turn off with a high temperature capable, hybrid SiC JFET. Material and process technology
issues that will need to be addressed before device commercialization can be realized are
discussed.

INTRODUCTION

The potential of SiC devices for power switching applications is well recognized.'” Several
markets have been identified for these devices (see Table 1). It is easily seen that there is a greater
chance for commercial success of SiC power switching devices over the relatively more mature
SiC RF devices. Demonstration of 5.9 kV p-i-n and 1700 V Schottky diodes, 2.6 kV MOSFETs
and 1.4 kV Gate Turn-Off (GTO) thyristors are illustrative of the significant advances that have
been made in the power area. However, these successes on small, low current devices now need
to be followed by demonstration of scaled up devices. While applications of devices with voltage
ratings > 9 kV currently appears to be the realm of SiC devices, lower voltage applications face

Table 1
Potential markets for SiC devices (in order of relative size)
Application area Typical device

Motor controllers for Electric Vehicles Schottky diode, MOSFET
Engine and airflow controls for aviation electronics Schottky diode, MOSFET,

Sensors
Electric Utility Power applications P-I-N diode, Thyristors
Industrial High voltage power electronics P-I-N diode, MOSFET/IGBT
Ballasts for flourescent lamps MOSFET
Conventional ICE automobile sensors/electronics Sensors
HDTV transmitters SIT
Surveillance and tactical radars MESFET, SIT
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significant challenges from the concurrent development of alternative technologies. The expected
improvement of silicon technology, illustrated by developments in silicon IGBT and MOSFET
devices, as well as interest in other materials for power device applications® are cases in point of
the need for timely identification and resolution of outstanding technical issues to obtain
continued performance and reliability improvements of SiC power devices. This paper focuses
only on issues related to the development of SiC diodes and thyristors.

Material quality

Material quality is an important issue for the fabrication of high power devices. Much of the
research being performed on high voltage devices are presently aimed at devices having ratings of
at least 1-10 A/~1 kV, increasing to 100-1000A/5 kV. The need to minimize on-state voltages
limits practical devices to current densities of ~ 500 to 1000 Afcm?. Such a rating is sufficient to
enable conductivity modulation, without significant carrier-carrier and Auger scattering induced
resistance and will require device sizes between 5 and 20 mm?, However, present devices are
limited by catastrophic voltage degradation due to hollow-core screw dislocation (“micropipe”)
bulk defects which exist in densities of as low as 30 cm™®. Thus, device size is limited to ~1 mm®,
Progress in this area is incremental. Because, it is well known that the distribution is NOT uniform
one approach to device scaling has been to sclectively place devices in sufficiently large
micropipe-free areas of the wafer. This approach neglects the contribution of other defects.
Another approach would be to parallel many smaller devices. While possible for unipolar devices,
the success of this strategy will have to be demonstrated for bipolar devices since current hogging
in the on-state and uniform switching to prevent catastrophic destruction are potential problems,
especially forGTOs.

Fig. 1 shows the breakdown voltage of devices of various sizes. It is clear from the figure that
devices much smaller than 1 mm’ have severely degraded breakdown characteristics. The
observed degradation is consistent not with micropipe defects, but rather with ~10° to 10° cm™
defect densities associated with closed core screw dislocations in SiC substrates. Such defects
have been found to result in higher pre-breakdown reverse leakage currents, softer reverse
breakdown I-V curves, and highly localized microplasma breakdown current filaments with space-
charge limited conduction in small diameter, low voltage (<250 V) p-i-n diodes. Encouragingly, a
positive temperature coefficient of breakdown voltage (PTCBV) -- important to prevent localized
self-heating of device to destructive breakdown -- has been observed even for devices with a few
screw dislocations. A failure power
density of ~2 MW/cm®, ~5x greater
than for silicon rectifiers have been
reported for those devices.” However,
it is not yet clear whether these results
apply to higher voltage/large area
devices where large numbers of
i dislocations or the higher power
) 10 100 1000 density could prevent true avalanche

Device Area (x10*5 cm”2) breakdown. This is important because,
if true, it would result in a detrimental,
effective negative temperature
breakdown  voltage  coefficient,
leading to current filamentation and
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Fig. 1: Dependence of breakdown voltage on device
area. Kimoto, et al. Data from ref. 4
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catastrophic breakdown. Preliminary measurements on devices made at Northrop Grumman
indicate that a positive temperature coefficients can be achieved for multi-kV devices. However,
in accord with the data in figure 1, many devices have a negative coefficient, making the
paralleling approach a more viable approach than the selective placing of large area devices
because smaller devices can be used. Nevertheless, questions about how these dislocations affect
diode and bipolar gain devices such as the Bipolar Junction Transistor (BJT), Insulated Gate
Bipolar Transistor (IGBT) and GTO thyristors still remain.

Devices with 5 kV ratings will require ~25 to 50 pm thick epitaxial drift regions with doping
concentrations < 1x10'° cm™. While such parameters are reasonably achievable with good
morphology using current epitaxial growth processes, epitaxial defects such as “tetrahedral pits”,
“comet tails” and “carrots” do exist and can also degrade device performance. The geometry of
these devices locally reduces drift layer thickness, enhancing the peak electric field. Conventional
wisdom places their origin at bulk defects or other surface features such as polishing marks. As in
the case of bulk defects, de-rating the maximum field (i.e. voltage) rating of a given epitaxially
grown drift region generally increases the on-resistance and stored charge resulting in increased
forward drop and switching time , respectively, of a device. Moreover, the still uncontrollable
minority carrier lifetime of these layers affects the on-state characteristics of high voltage diodes
and GTOs. This, combined with the certainty of higher than desirable dislocation densities for the
forseeable future makes the reduction of epitaxial defect densities an imperative.

Minority carrier lifetime is an important parameter for bipolar devices. While some
measurements have been made on representative material, its value on typical grown layers is not
generally well known and more attention is needed in this area. Measurements performed on
epitaxially-grown low voltage p-i-n mesa diodes indicates that lifetime is perimeter governed,
ostensibly due to poor device passivation. This has important implications for bipolar devices
including GTOs where the necessity for high turn-off gains places importance on narrow anode
fingers. Most of this problem is undoubtedly due to the poor quality of mesa side walls which
forced the abandonment of SiC UMOSFETS in favor of planar DMOS geometries. Planar devices
have the advantage of eliminating oxide growth on surfaces containing both Si and C atoms. Since
most wafers are grown along the c-axis and prepared with the Si face (as opposed to the C face)
as the surface, oxide quality on this surface is expected to more closely resemble the silicon
system, However, such an approach results in the need for ion implantation technology.

Activation of ion implants (N and more recently P for n-type, Al or B for p-type) has been
shown to occur at temperatures above 1500 C. Low dose (~10' - 10" cm™) implants are needed
for MOSFET, IGBT and GTO gate regions, as well as for the Junction Termination Extension
(JTE) edge termination technique favored for high voltage devices. Activation is most critical for
JTE, since its implementation requires control of the total charge in the implanted layer. A
reduced activation temperature is important to prevent step bunching. In this regard, P
implantation shows promise, having been recently shown to result in lower sheet resistance.
However, both P and Al have relatively higher masses than their counterparts, resulting in
shallower implants with more crystal damage precisely where one does not want it — the device
active junction. Indeed, some identified problems related to poor activation include single
injection-induced voltage snapback in implanted diodes, poor ohmic contacts and poor turn-on
behavior of GTOs. Nevertheless, Al is preferred over B for applications such as guard ring
terminations where the greater B diffusion coefficient may result in poor lateral definition. A good
ohmic contact is important for optimizing device current and on-state voltage rating. Once again,
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p-type contacts remain the main problem. High dose implants using Al/C co-implants have been
shown to yield sufficiently low contact resistances.

Devices
PIN diodes
SiC p-i-n diodes are expected to be
the diode of choice above ~2 kV and in 1.OE+03
applications requiring temperatures above 1.0E+02
~150 C because of the soft breakdown < 1.08+01
and lower barrier height of Schottky £ 1.0E+00
devices. Cree Research has reported an £ 1.0E-01
impressive 5.9 kV  JTE-terminated © 1.08-02
implanted diode, the highest blocking 1.0E-03 !

voltage yet achieved for this device. 100 1000 10000
While the on-resistance was not reported, Breakdown Voltage (V)

this device had a 5.4 'V forward drop at |Fig 2: Current and breakdown voltage rating for some
100 A/cm?. However, the device size was | recent SiC p-I-n diodes.

only 100 pm dia. and the authors were
not able to test the breakdown stability. As with the Schottky diodes, large area devices suffer
degraded voltage breakdown. Other workers have reported 1 mm’ planar, Al-implanted JTE-
terminated p-i-n diodes of 6 A/3.3 kV (E; ~ 2.5 MV/cm) and 5 A/2 kV (E; ~ 2.1 MV/cm) with
PTCBV to 150 °C, sustainable avalanche current density of 20 mA/cm?, 4.8 V @ 70 A/em® and
40 V @ 500 Alem® corresponding to on-resistances of 3 mQ-cm’ and 2.2 mQ-cm?,
respectively.® The authors estimated a rather low temperature insensitive, lifetime of < 100 ns
from turn-off measurements. The results of these and other recent work in the literature are
shown in Fig. 2. Also shown in the figure are our most recent results (described below).

Fig. 3 illustrates the first demonstration of a 100 A/1000 V diode package, the highest power
rating yet reported for a SiC diode, using a parallel arrangement of 55 400 & 600 pm dia. planar,
Al-implanted guard ring terminated diodes with 10 pm drift layers. Measurements performed in a
high temperature dielectric fluid showed that PTCBV could be obtained on individual devices up
to 100 °C with a sustainable avalanche breakdown current density of 16 mA/cm?, Additionally, 12
A/ 2.45 kV was achieved in a single (unpackaged) 1 mm dia. diode with 20 pum drift layer.
However, in both instances, poor ohmic contacts formed by an oxygen leak during the sintering
process were responsible for excessively high on-state voltage at room temperature. The lack of
reduction in on-state voltage above 150 °C is thought to be due to non-ideal package and parasitic
device resistance. It should be mentioned that no evidence of single injection related snapback has
been observed in these devices.

Thyristors

The conductivity modulation possible with bipolar devices such as the Bipolar Junction
Transistor (BJT), Insulated Gate Bipolar Transistor (IGBT) and thyristor make these devices
more favored than unipolar devices such as the MOSFET for high voltage applications. High
power BJTs have not, to date, been developed in SiC. SiC IGBTs have the same temperature
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Fig. 3: Temperature dependent (a) reverse and (b) forward I-V characteristic of a 100 A/ 1000
V SiC pin diode package consisting of 15 parallel 600um dia. diodes.

reliability and high field sensitivity issues faced by conventional SiC MOSFETs.™® These facts
make the SiC thyristor presently the best option for high temperature, high voltage applications.

A thyristor is a four layer devices with the emitters of the upper (pnp) and lower (npn)
transistors form the anode and cathode contacts, respectively, with the n-base of the pnp forming
a gate contact. A common collector/base junction supports the large positive and negative
voltages during their blocking state. Thyristors are turned on by a small gate current applied to
the upper transistor in the off-state, resulting in low current gain transistor-like characteristics
until the sum of the common base gains of the two transistors exceeds 1, at which time
regenerative feedback turns the collector base into forward bias, leaving both transistors in
voltage saturation. This results in a low on-state voltage of approximately a single diode drop.
The devices turn off when the corresponding main current or voltage goes to zero. On-state
dissipation considerations due to the larger junction voltage of SiC ensures that thyristor switches
become more favorable only at very high voltages or in applications where the high temperature
reliability issues of the MOSFET cannot be adequately compensated. A lower voltage range is
also possible for applications where the greater current handling capability (with its attendant
smaller device size) are at a premium. Thyristors with high voltage (900 V), high power (700 V/6
A), high temperature (500 °C), and increased reliability (> 600 hr lifetime) have already been
demonstrated.”

Gate Turn-Off thyristors are more favored for DC power switching applications because of
their independent gate turn off capability. These devices, therefore, do not need to support large
negative voltages in this application. This simplifies their design, resulting in an asymmetric design
in which the drift region is made thinner by insertion of a higher doped buffer layer in the lower
base layer to prevent the occurrence of punch through breakdown. The problem of terminating
the lower junction is also eliminated as only the common base/collector junction need support any
voltage. The insertion of the buffer layer increases the turn-off gain by reducing the common base
gain of the npn transistor while simultaneously reducing the liklichood of open base breakdown in
the npn transistor which limits the off-state voltage. The thinner drift layer of such a structure
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reduces the on-state voltage drop and the stored charge, decreasing the power dissipation or
increasing the switching capability of the device. SiC GTOs are inverted with respect to their
silicon counterparts because of the need to avoid using highly resistive p-type SiC substrates.

We have previously demonstrated GTOs with on-state voltages of 2.7 V at 390 C and 3.35 V
at room temperature for a current density of 500 Alen®. The large decrease in voltage with
increasing temperature occurs because of the

decreasing SiC band gap, thereby lowering the e /l B
knee voltage, and because increased / R

ionization of n- and p-type impurities of the I
anode and substrate lowers the on-resistance e’

of these regions. Room temperature contact
resistances for the best devices were a very +fs

low 2.4 x 10° Q-cn’. Like the p-i-n diodes, e
the robustness of the GTO and packaging ~4o0eA
approach was demonstrated by the conduction 8 or guOIY
of 69 A (4300 A/cm®) through fifteen GTOs
connected in parallel in high power package
(see fig. 4). These devices did not show any
indication of current hogging for the current
densities measured.
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Fig. 4: On-state current through 14 SiC GTOs
connected in parallel.

Turn-off gain (Iu/I;) of GTOs is generally dependent on the exact geometry of the gate and
anode. Measurements shown in Fig. 5 on interdigitated devices demonstrate from a relatively high
value of 8 at just above the holding current density (~40 Alcm®), when the device is barely latched
on and there is very little minority carrier stored charge in the drift layer, to a minimum of just
under 2 at current densities >100 A/cm®, which occurs once conductivity modulation occurs and
the drift region is saturated with minority carriers. Thus, one expects that switching times will be
dependent on both cathode current and peak GTO gate current with the slowest turn-off
occurring for operation at high turnoff gain and high on-state current densities. The fastest turn-
off is then achieved by operating under unity gain conditions with low on-state current density.
However, the desire for fast turn-off is
10 : : moderated by the desire to minimize
device area. The dependence of the turn-
off current gain on the cathode current is
: the reason for the complexity of GTO
\ B ane gate drives. We have chosen a trade-off
' G in which we operate at a current density
o 0 000 0000 of 500-1000 A/cm®. Our demonstration

v of unity gain switching times of < 200 ns
Cathode current density (Aler” for Sié gGTOs at agcurrent density of
1500 Afcm?, therefore, suggests very

Fig. 5: Turn-off gain versus cathode current for a typical| strongly that SiC GTOs will live up to
SiC GTO. their expectations for fast switching.

i

Turn-off gain
o N A o

the GTO-00 002294 Botamnvs kde

Storage, rise and fall times of ~113, 43 and 100 ns, respectively, have previously been reported
for SiC thyristors at a very low current density of 30 Alem?.™® Maximum turn-off current densitics
> 5000 A/em® have been achieved both by us and reported by others,!! However, the inverse
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relationship between this gain and anode finger width suggests that a trade-off must be made
between maximum turn-off gain, maximum current density (on-state voltage) and device foot
print within the previously prescribed range of ~500 to 1000 A/cm*'* We have previously
reported GTO operation at 325 °C with switching times increasing by a factor of 4 from room
temperature due to an increasing minority carrier lifetime. We have also demonstrated repetitive
GTO switching up to 350 V (3A) with 3.2 uJ switching losses consistent with the lower stored

charge in these devices compared to Si GTOs.

We have now extended the current rating of packaged GTOs to 11 A (@ 800 Alem?) (see Fig.
6 (2)) with switching times < 100 ns using the same package as that demonstrating 69A
conduction without degradation in their turn-off current characteristics. This result represents the
largest turn-off current reported to date and demonstrates the viability of the paralleling approach
with respect to turn-off. Turn-off of 69 A was not expected to be achieved because the structure
employed had a peak turn-of current density of ~1000-1500 Alcm®. Unfortunately, the devices
used had poor breakdown voltage so no high voltage measurements could be taken.

@ (b)
Fig. 6: Turn-off transients for 14 SiC GTOs connected in parallel. (a) GTO mode, BYMTO™ mode. 11 A
corresponds to a current density of ~800 Alent.

We now examine the turn-off characteristics of the 69A GTO package in Fig. 6a shows typical.
Before the application of the turn-off gate pulse the device is in its on-state with all three junctions
forward biased. Thus, both transistors are in saturation. Application of the turn-off gate pulse
induces the gate-to-anode junction into reverse bias, causing Vax to climb towards zero almost
instantaneously. After ~80 ns, the storage time (1) of the device, the minority carrier
concentration at the middle junction decreases below its equilibrium value, reverse biasing it and
allowing the voltage to fall to its off-state value. Concurrently, both base and cathode currents
decrease rapidly with a characteristic fall time, t. The absence of the tail current typically seen in
silicon bipolar switches greatly diminishes the switching losses of the SiC GTO and is indicative of
the fact that the residual minority carrier density in the base regions is very small, as expected
because the 10x larger critical field of SiC enables commensurately thinner drift region, leading to
10x lower stored charge.

Voltage controlled GTO turn-off

Voltage control is especially important during turn-off because of the low turn-off current gain
of the GTO. A hybrid MTO™ package containing a silicon power MOSFET with a SiC GTO was
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assembled to examine the MOS-gated turn-off characteristics of SiC thyristors. The device
operates with the MOSFET shunting the gate-to-anode junction in a manner analogous to a
removable cathode short in silicon GTOs. The MOSFET in this arrangement is external to the
device and thus can be independently optimized without having the oxide subjected to large
electric fields. Furthermore, it is only a low voltage device, since it will never see more than the
gate/anode breakdown in the worst case. Fig. 6 (b) illustrates the switching behavior of this hybrid
package. Voltage controlled turn-off of an equivalent current to that obtained in the GTO mode
switching is clearly demonstrated, indicating that sufficiently large current levels can be easily
switched using this device configuration. The turn-off is slower than for the GTO in part because
of the fact that in the GTO-mode turn-off, the gate-to-anode junction is strongly reverse biased,
whereas in the MTO-mode turn-off this junction is simply held near zero voltage during the
storage cycle. The fact that we see no noticeable degradation of turn-off capability while
paralleling these many devices under these more restrictive conditions also bodes well for the
paralleling approach to device scaling.

The dV/dt rating of a GTO represents the maximum rate of rise of the voltage before the onset
of unwanted retriggering of the device due to capacitive displacement currents. Thus, it partially
determines the maximum device operating frequency. A high rating also has the added advantage
of reducing or eliminating the need for snubber components. Typical silicon GTOs have ratings in
the 600-1000 V/us range. We have measured ratings as high as 700 V/us in GTO mode,
increasing to >1400 V/us with the use of resistive shunts (as high as 100 Q) such as’ the
MOSFETs connected across the gate and anode, sufficient to warrant snubberless operation of
inverters for motor drive control applications.

The high temperature reliability concerns of MOSFETs has been previously mentioned.
Therefore, a thyristor with high temperature, voltage-controlled turn-off capability can be
achieved by simply replacing the MOSFET with a SiC JFET, resulting in a Junction Controlled
Thyristor. Like the MTO™, this device need not be integrated into one chip, thereby allowing
both devices to be independently optimized. Moreover, the JFET, like the MOSFET, need only be
a low voltage device, since it is never subjected to voltages above the relatively low gate/anode
reverse breakdown voltage.

Turn-off transient was measured on a hybrid device constructed from a 4H-SiC GTO chip and
a vertical 4H-SiC JFET (Fig. 7). The JFET had an on-resistance of 2.5 ohm with a gate to source
bias, Vi, of +3 V. The JFET can be turned
off with Vi = -1 V or less. Turn-on was
achieved by forward biasing the anode to gate I
junction of the GTO while keeping the JFET K
in off condition through an application of -7.0

V on the gate of the JFET. In order to record Ig
the turn-off transient, the JFET was turned on Vv
by an application of +3 V on the gate. This AK

presents a 2.5 ohm resistance between the
anode and the gate of the GTO thus diverting AY
all of the anode to cathode current through i
the JFET. The turn-off time was less than Fig. 7: Turn-off characteristics of a SiC JCT ata
100 ns. These results clearly demonstrate the |current density of 1000 A/em®.

functionality and potential of the hybrid JCT

30




for a higher switching speed up to 50-100 kHz.

All switching tests to date have been performed under resistive loading conditions. However,
typical applications require switching under inductive loading conditions, where significant
voltage overshoot occurs. Devices have not yet been tested for their ruggedness at the limit of
breakdown. Preliminary switching comparisons suggested that SiC GTOs had fall times and turn-
off energy losses ~10x lower than for comparable SiMCTs."

SiC inverter

The rapid progress of SiC power device
technology has led to the development of
the first all-SiC inverter for PWM
applications. Fig. 8 shows a schematic of
this circuit, which consists of 3 phase
switching with each phase consisting of an
upper and lower switch containing a SiC
GTO with an anti-parallel SiC pin diode Fig. 8: Schematic diagram of PWM circuit. Three
and a low voltage SiC JFET connected |phases each consisting of an upper and lower pole. Each
across the GTO gate and anode. In a |pole contains contains SiC GTO, JFET and diode.
significant improvement over silicon —
devices, no snubber circuits are used or expected to be necessary because of the high dV/dt. of the
voltage controlled switch. Fig. 9 illustrates the entire PWM system, including the gate. drive
circuits and the motor, used in the demonstration.

In the demonstration, a DC bus voltage of 45 V is applied across the load, a 0.25 hp motor of
the type used to re-circulate the coolant in an automobile. The GTOs conduct peak and average
currents of 1.3 A and 200 mA,
respectively, with the upper switches
open for a phase angle of 120° and the
lower switches being pulsed at a 4 kHz
frequency over the same interval. Fig. 10
shows the operation of the inverter,
with the phase current (i.e. current
through one of the three phases of the
motor) integrating to its maximum . , o T
value with the pulsed bottom switch. B dvecks Rt
The current and voltage levels are switches
presently too low to determine typical |Fig.9: Photograph of the first all-SiC PWM inverter for
switching  characteristics of the |motor drive control.
individual SiC components. Tests are
currently underway to examine these issues up to the operational limits in voltage,. current,
frequency and temperature. We look forward to reporting these results in the near future.

CONCLUSIONS

Progress in SiC p-I-n diodes and GTOs has been reviewed. Among the highlights were
demonstration of a 100A/1000V diode package, 69A conduction/11 A turn-off of a GTO
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package, MOSFET and JFET controlled turn-off
of SiC thyristors and all-SiC PWM for motor
control applications. The above results are B ST S
indicative of the fast pace with which these Lt
devices are scaling up to power levels needed in
typical power switching applications. Materials
fimitations affecting further improvements were
also addressed.
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ABSTRACT

Exfoliation of SiC by hydrogen implantation and subsequent annealing forms the basis for a
thin-film separation process which, when combined with hydrophilic wafer bonding, can be
exploited to produce silicon-carbide-on-insulator, SiCOI. SiC thin films produced by this
process exhibit unacceptably high resistivity because defects generated by the implant neutralize
electrical carriers. Separation occurs because of chemical interaction of hydrogen with dangling
bonds within microvoids created by the implant, and physical stresses due to gas-pressure
effects during post-implant anneal. Experimental results show that exfoliation of SiC is
dependent upon the concentration of implanted hydrogen, but the damage generated by the
implant approaches a point when exfoliation is, in fact, retarded. This is attributed to excessive
damage at the projected range of the implant which inhibits physical processes of implant-
induced cleaving. Damage is controlled independently of hydrogen dosage by elevating the
temperature of the SiC during implant in order to promote dynamic annealing. The resulting
decrease in damage is thought to promote growth of micro-cracks which form a continuous
cleave. Channeled H* implantation enhances the cleaving process while simultaneously
minimizing residual damage within the separated film. It is shown that high-temperature
irradiation and channeling each reduces the hydrogen fluence required to affect separation of a
thin film and results in a lower concentration of defects. This increases the potential for
producing SiCOI which is sufficiently free of defects and, thus, more easily electrically activated.

INTRODUCTION

Hydrogen implantation through an oxide film followed by hydrophilic wafer bonding and a
thermal cycle is a process developed to cleave a thin film of silicon-on-insulator (SOD).! The
process has recently been applied to produce silicon carbide-on-insulator (SiCOI) films for
possible use as a wide bandgap semiconductor in power rf and switching devices.?

SiC thin films separated from bulk material using this process have measured too resistive, a
condition attributed to damage in the SiC thin film caused by the hydrogen implant itself. The
experiments described in this work are motivated by the desire to understand the implant damage
mechanisms in order to make the separation process more efficient and produce defect-free, low-
resistivity SiC.

The problem is illustrated in Figure 1 which shows a schematic of the hydrogen-implant-
induced separation process and a channeled RBS spectrum of SiCOI (~500 nm) produced by this
process. Backscattered counts from Si in the SiCOI (integrated over channels 540-640) measure
824 greater than similarly measured counts from virgin SiC. Calculating density using the RBS
data, one measures 1.27 x10%° displaced atoms/cm®. These vacancies have the potential to cause
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Figure 1. Schematic diagram of transferred and cleaved SiC (left) and RBS-channeling spectra of
the transferred SiC film (right) ... H implant damage polished off before analysis.

the deactivation of electrical carriers in material with typical doping concentrations of 10'7-10'
atoms/cm’.

Previous work (with Si) shows that the process to cleave a thin film by hydrogen
implantation followed by a thermal cycle is a combination of hydrogen chemistry and physical
processes. The implant results in the formation of platelet-like microvoids which, during
subsequent anneal, expand due to gas pressure of excess hydrogen. This links the microvoids
into a continuous fracture, cleaving a thin film from the bulk wafer® The use of H-implantation
to affect transfer of a thin film from a bulk Si wafer was based upon observations of bubbling and
exfoliation of implanted Si wafers after annealing.**

The effects of ion-induced damage on the efficiency of the transfer process and its
dependence on H* dose are demonstrated by observing exfoliation of SiC following H'-
implantation and anneal. Means to control damage independently of H dose are demonstrated
with elevated-temperature and channeled implantation. It is proposed that channeled
implantation generates less residual damage from the surface to at least half the projected range,
1/2R,,, of the implant simply because crystalline axes of SiC are aligned with the H" beam,
decreasing the cross section for ion-solid collisions. The elevated temperature implants affect in-
situ, dynamic annealing in order to control H* implant damage in SiC.

EXPERIMENTS and RESULTS

Random vs. Channeled H-implantation

Experiments to measure damage and exfoliation of SiC as a function of H dose were
accomplished using bulk SiC samples, 4H polytype, supplied as research grade material by Cree
Research. They were implanted with 60 keV H* to doses ranging from 2.5 x10'° to 10.5 x10¢
atoms/cm?. Samples were tilted 7° from normal to affect random beam alignment. Additional
samples were implanted with the H* beam aligned to [1000] axes to affect channeled implants
over the same dose range. Damage analyses were accomplished by Rutherford backscattering
(RBS)-channeling using a 2.3 He™" ion beam aligned with [1000] axes normal to the surface of the
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sample. Backscattered ions were detected at 160° relative to the incident beam using a solid
state, surface barrier detector. Samples were then annealed in order to cause exfoliation of thin
SiC from the bulk material. The amount of exfoliation was evaluated using optical microscopy.

Figure 2 shows RBS-channeled spectra for three of the sampies from the set generated to
evaluate the effects of implant damage on exfoliation for random-implanted H'. The spectra
represent as-implanted samples at room - or ambient - temperature (RT). These spectra show
that damage to the SiC at the projected range, R,,, increases with the H* implant dose. The
scattering yields near 1/2 R, are also progressively greater (as a function of dose) than the yield
from the virgin reference sample indicating the presence of ion-induced, residual damage at this
location in all the samples. This is possibly due to displaced atoms that either dechannel or
directly backscatter the incident He'" ions. Analysis by positron annihilation spectroscopy (not
shown) indicates the presence of open volume defects, the result of displaced atoms at
concentrations below the sensitivity of RBS. Such defectivity may be responsible for
deactivating intrinsic carriers in SiC as previousty reported for similarly implanted material ¢

Following RBS characterization, all samples were subjected to 950°C, 15-minute anneals.
then optically imaged using a microscope with Nomarski contrast. Figure 3 shows a portion of 2
series of optical micrographs produced to observe exfoliation of SiC as a function of dose for 60
keV H* implants done at RT. During the 950°C, 15-minute anneal, bubble formation occurs as
the H' dose approaches 4.5 x10'%/cm?, as seen in the optical micrograph [Figure 3(2)]. (Samples
implanted with small increments of dose between 2.5 x10' and 4.5 x10'%/cm’ revealed that the
critical dose to produce exfoliation is very near 4.5 x1 0'%/cm’.) Evidence for material removal or
exfoliation of the 4.5 x10'%/cm? sample is clearly seen in Figure 3(a) by the appearance of broken
bubbles. The amount of exfoliated surface material maximizes near a dose of 5.5 x10'%/cm’
[Figure 3(b)], but at higher doses exfoliation decreases as seen in Figures 3(c) and (d), indicating a
retrograde effect of the 60 keV H* implant to doses greater than 5.5 x10'%/cm’.

The information conveyed by the images in Figure 3 is represented graphically in Figure 4
which shows the percentage of area that exfoliates following the 950°C anneal. Two sets of data
are graphed, one for the randomly implanted samples and one for channel-implanted samples.
One sees that channeled implants shift the onset of exfoliation (as well as maximum exfoliation)
to approximately 1 x10'® lower dose than the random implants. Furthermore, the maximum
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60 keV H'-implanted SiC. Three dosages
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Figure 3. Nomarski optical micrographs of SiC implanted with 60 keV H* to dose
(a) 4.5x10', (b) 5.5x10', (c) 6.5x10'°, and (d) 8.5 x10'%/cm?, after furnace annealing at

950°C for 15 minutes.

exfoliated area increases from 37% for the random implant (dosed 5.5 x1 0'%/em?) to 69% for the
channeled implant (dosed 4.5 x10'¢/cm?). The rate of retrograde behavior of exfoliation appears

the same for both random and channeled series.

SIMS depth profiles of hydrogen in random and channel-implanted samples are shown in
Figure 5. Each of the samples was implanted with 60 keV H* to 2.0 x10'%/cm?, then annealed.
The dose was held low enough to prevent exfoliation of the SiC during the anneal. The profiles
show that the channeled implant has slightly greater range than the random implant. More
significant, though, the retained hydrogen concentration measures almost three times greater for

the channel-implanted sample.
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Elevated Temperature Implantation

To learn the effects of elevated temperature implantation for controlling H" implant damage,
two sets of 4H-SiC samples were implanted with 60 keV H*. One set was implanted at room
temperature to doses ranging from 3.25 x10'° to 4.5 x10'%cm’. Samples of the second set were
heated to 600°C during implant to doses ranging from 2.25 x10'® to 8.0 x10'%/cm?.

Figure 6 shows RBS-channeling spectra for two samples H*-implanted to a dose of 2.0
x10'%/cm?, one implanted at RT and the other with the temperature elevated to 600°C (“hot”
implant). It is clear from comparing the scattering yields in the respective samples that the hot
implant generated less damage at R;, as well as 172 R,,. Also evident is a slightly greater R, for the
hot implant. Optical micrographs for the series of hot implants (not shown) indicate the
threshold dose for surface exfoliation of SiC during a 950°C anneal is ~2.75 x10'%cm?.

Optical micrographs shown in Figures 7(a) and (b) compare the surface morphology after
annealing for hot and RT implants, respectively. The images show about the same degree of
bubbling and exfoliation although the H" implant dose for the RT implant is much higher, 4.5
x10'%/cm?, compared with 2.75 x10'%cm? for the 600°C implant. Previous work shows that the
critical fluence for exfoliation decreases almost linearly with irradiation temperature.’

Si DEPTH (microns)
0.6 0.5 0.4 0.3 0.2 0.1 0.0

104

Het,
& !

............. RANDOM
103 p TN TS s o e oL -
\

®
: \
2
g 102 L
~ b “ovty,
Q[ e, »\
;:11 Htstar et e, g Sagree®, o
5

i, M o0
s e ST &0

10! |
— VIRGIN

* RT IMPLANT
+ 800° C IMPLANT

Figure 7. Nomarski optical micrographs
of 60 keV H*-implanted SiC showing

- similar degrees of bubbling and exfoliation
for (a) 2.75 x10"%/cm? @ 600°C and
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DISCUSSION and CONCLUSIONS

The dependence of surface exfoliation of SiC on H* dose and the retrograde behavior of
exfoliation as damage increases beyond a specific dose supports the the following model. Both
the hydrogen concentration and the lattice damage affect the degree of exfoliation. Both increase
with implantation dose, but damage retards exfoliation. It is clear that more hydrogen available
within the lattice will lead to more bubbling and exfoliation, but the role of damage in suppressing
the effect is not obvious. As seen from previous work with H*-implanted Si, the formation of
extended defects (i.e., platelets) is critical to the formation of microcracks within the lattice.>
These microcracks and their ability to expand and interconnect yield the large macroscopic
regions within the lattice which become separated from the underlying substrate either during
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exfoliation or thin-film transfer. One anticipates that substantial lattice damage may inhibit the
formation of such macroscopic regions by hindering or stopping the propagation of the
microcracks and thus preventing them from forming an interconnecting network.

The present work demonstrates the ability to control jion-induced damage independently from
the implant dose by elevating the temperature of a sample to 600°C during the implant in order
to dynamically anneal the SiC and potentially reduce the damage relative to an implant performed
at room temperature. The RBS data show a significant reduction in residual damage (from the
surface to1/2R,) for the hot implant. The optical micrographs indicate that implanting hot also
allows a substantial reduction in critical H dose needed for cleaving the thin SiC film, resulting
with further decrease in damage.

Channeling the H' implant dramatically enhances the process of exfoliation. Measurements
of exfoliated area from optical images indicate more robust exfoliation with lower dose relative to
random implantation. The SIMS results suggest less out-diffusion of hydrogen during anneal, but
increased diffusion into the bulk (below R,) in the channel-implanted sample. This in turn
suggests unique damage morphology at R, which is not entirely understood.

It appears possible for damage in SiC to reach a concentration great enough to disrupt the
formation of a continuous network of cracks. This conclusion is supported when damage is
controlled independently of hydrogen concentration, either by elevating the temperature of the
SiC during implant, or by channeling the hydrogen, or, quite possibly both. Each of these
methods allows a reduction in critical H* fluence required to affect separation of a thin film and,
therefore, may provide high-quality SiCOI material.
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ABSTRACT

The results of photoemission studies of Si09/SiC samples for the purpose of
revealing presence of any carbon containing by-products at the interface are
reported. Two components could be identified in recorded Si 2p and C 1s core level
spectra. For Si 2p these were identified to originate from SiOs and SiC while for
C 1s they were interpreted to originate from graphite like carbon and SiC. The
variation in relative intensity of these components with emission angle was first
investigated. Thereafter the intensity of the different components were studied
after successive Ar*-sputtering cycles. Both experiments showed contribution
from graphite like carbon on top of the oxide but not at the interface.

INTRODUCTION

The defect density at the oxide/semiconductor interface is an important
factor for the performance of devices. For SiOy/SiC the defect densities obtained to
date are relatively high and one limiting factor for the formation of a high quality
oxide is considered to be a carbon containing by-product at the interface. Studies
of oxide layers thermally grown on SiC have earlier been reported using Auger
Electron Spectroscopy (AES) [1] , transmission electron microscopy (XTEM) [2]
and X-ray Photoelectron Spectroscopy (XPS) [3]. The XTEM results showed a
homogeneous SiOz layer with a well defined interface and the AES results showed
an oxide layer free from carbon related compounds except for a region very close to
the interface. In the angle resolved XPS study [3] an interface SigCy,Os (x<2)
oxide was revealed and also presence of SisC404 at the surface and in the oxide.
These findings motivated our investigation of SiOy/SiC samples using
synchrotron radiation.

By using a high photon energy (3.0 keV) a direct and simultaneous probing
of the SiC substrate, the interface and the oxide layer was first made. The probing
depth was varied by changing the electron emission angle. Recorded Si 2p and
C 1s core level spectra showed two components. The relative intensities of these
were extracted and compared to calculated intensity variations. The analysis
showed a graphite like carbon layer on top of the oxide but not at the interface.
Secondly the composition in the surface region was studied after successive Art-
sputtering cycles using lower photon energies, giving a much smaller probing
depth.. The result obtained was the same, i.e. that contribution from graphite like
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carbon on top of the oxide but not at the interface could be identified. These
findings are presented and discussed below.

EXPERIMENT

Two samples with different oxide thicknesses were prepared on n-type Si-
terminated 4H-SiC substrates, obtained from CREE Research, with doping
concentrations of around 2 x 1018 cm-3, The SiO: layers were thermally grown via a
dry oxidation process at 1100 °C for respectively 30 (Sample A) and 45 minutes
(Sample B), followed by annealing in Ar for 10 minutes at the same temperature.
The SiO: layer thickness was measured by ellipsometry and determined to be 58
and 75 A for samples A and B respectively.

Two different beamlines were utilized for the photoemission experiments.
The X-ray wiggler beamline BW2 at HASYLAB [4, 5] and BL 22 at MAX-lab [6].
The end station consisted in both cases of a Scienta hemispherical electron
analyzer. At BW2 a photon energy of 3.0 keV was selected with an overall energy
resolution of 0.8 eV for the chosen beamline and analyzer settings. The electron
emission angle was varied by rotating the sample relative to the fixed analyzer.
At BL 22 photon energies of <800 eV were utilized and spectra were collected at
normal emission after successive Ar*-sputtering cycles. The binding energies were
in these latter experiments determined relative to the Fermi edge of a Ta foil
mounted on the sample holder.

RESULTS

Si 2p and C 1s core level spectra recorded at 3.0 keV and at different
electron emission angles are shown in Fig. 1. Only two prominent peaks are
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Fig.1 Si2p and C 1s spectra recorded at different electron emission angles
using a photon energy of 3.0 keV.
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clearly visible in both cases. The ones at lower binding energy correspond to the
bulk peaks of SiC. The ones at larger binding energy correspond respectively to
the Si 2p peak from SiOz and to a C 1s peak from carbon in a form different from
SiC. The binding energy of this additional C 1s peak correspond fairly well with
graphitic carbon [7,8] but the width of the peak is so large that it cannot originate
from an ordered graphite layer, therefore we refer to it as a graphite like peak.
Only relative intensities are shown in Fig. 1 since the spectra have been
normalized to the high binding energy peak. The variation in relative intensity
with emission angle can be utilized to determine from where in the sample the
graphite like carbon signal originates.

The intensities of the components in the Si 2p and C 1s spectra were
extracted using a curve fit procedure [9]. The intensity ratio between the SiOz and
the SiC peak for Si 2p level (labeled Si below) and the ratio between the graphite
like and the SiC peak for C 1s level (labeled C below) were then determined at
each emission angle [10]. The ratios obtained for sample A are shown in Fig. 2,
together with the C/Si ratio multiplied by a factor of 15. The C/Si ratio is seen to
increase monotonically and quite strongly with increasing emission angle. This
indicates that the graphite like carbon signal originates from a carbon containing
layer at the surface and not at the interface, as discussed below.

When applying a simple layer attenuation model to calculate the intensity
ratios assumptions concerningboth the elemental distribution and the electron
attenuation length have to be made. Based on earlier reported values [11]
attenuation lengths of 45 A and 50 A were assumed for C 1s and Si 2p
photoelectrons at a photon energy of 3.0 keV. Various different models for the
elemental distribution were tried [10] but the observed variations were only
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adequately reproduced when assuming a carbon layer on top of the oxide. The
expected intensity ratios are then given by ;

CC dox de
}l. 8, A [}
C=—£ C €0S (e ] _1)
CSIC
Si dyy

Si= CSzOZ ( Asi cosG 1)
Csic
where ¢* represents the concentration of element x in matrix m, d, and d,, the
thickness of the graphite like and oxide layers, Ag and Ag; the electron attenuation
lengths and © the electron emission angle. When assuming elemental
concentrations of cg, =g =12 | cifo =1/3 and cC =1.0 best agreement between

experlmental and calculated intensity ratios for sample A was obtained for

d,x =39 A and dg = 3.0 A, which is illustrated by the solid lines in Fig. 2. For
sample B layer thlcknesses of d., = 56 Aand d, =43 A produced best agreement.
These results thus indicate presence of a graph1te like carbon layer at the surface
but not at the interface for both samples investigated.

We cannot exclude the possibility that the contribution from this layer
actually shadows a weaker contribution from graphite like carbon at the interface,
however. In order to check this possibility additional experiments were made
using lower photon energies in which the Si 2p and C 1s components were
monitored after successive Art-sputtering cycles. Such spectra recorded from
sample A are shown in Fig. 3. The emitted photoelectrons have a kinetic energy of
around 250 eV in both cases, giving an electron attenuation length of ca. 10 A. An
ion energy of 1.0 keV was utilized which gave a sputter rate of about 1 A per min
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Fig. 3 Normal emission Si 2p and C 1s spectra recorded after different

Art-sputtering times.
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as determined from measurements on oxidized Si samples with known oxide
thickness values. In Fig. 8 the Si 2p component from SiOy is seen to decrease
with sputtering time while the contribution from SiC starts to appear after 30
min of sputtering and thereafter increases in relative intensity. For the C 1s
components the graphite like carbon component completely dominates the
spectrum of the unsputtered surface but is not visible after 30 min of sputtering
when the SiC component starts to appear. A weak graphite like C 1s component
is still visible after 15 min of sputtering but this should not be interpreted to
indicate that there is carbon in the oxide layer. Instead knock on effects during
sputtering of the surface carbon layer is believed to give rise to this weak
component since measurements made using several different photon energies
indicated that this weak component actually originated from the outermost
surface region. The important point is that no increased contribution from a
graphite like carbon component was possible to identify when the interface
between the oxide and SiC was probed. Thus also these experiments showed
contribution from graphite like carbon on top of the oxide but not at the interface.

. A point worth noticing is that we could not identify more than two
components in either the C 1s or Si 2p spectra so no contribution from an
interface Si,C,,05 compound or presence of SiyC40, at the surface and in the
oxide, as proposed in an earlier investigation [3], could be identified. Another
point to be commented is the discrepancy in the oxide layer thickness values
extracted from photoemission and ellipsometry measurements. In this case we
believe the main reason to be the carbon layer on top of the oxide since such a
layer was not assumed in the analysis of the ellipsometry data.

CONCLUSIONS

The results of photoemission studies of two Si10,/SiC samples have been
reported. Recorded Si 2p and the C 1s core level spectra each showed two
components which for the Si 2p level were identified as originating from SiC and
Si0, respectively while for the C 1s level they were identified as originating from
SiC and graphite like carbon. Both angle resolved measurement made using a
photon energy of 3.0 keV and normal emission measurements made using lower
photon energies and after successive Ar*-sputtering cycles gave the same results.
A graphite like carbon layer on top of the oxide was identified. No contribution of
graphite like carbon at the SiO,/SiC interface or presence of an interface
compound, as proposed in earlier studies, could be identified.
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ABSTRACT

For p-type ion implanted SiC, temperatures in excess of 1600 °C are required to activate the
dopant atoms and to reduce the crystal damage inherent in the implantation process. At these
high temperatures, however, macrosteps (periodic welts) develop on the SiC surface. In this
work, we investigate the use of a graphite mask as an anneal cap to eliminate the formation of
macrosteps. N-type 4H- and 6H-SiC epilayers, both ion implanted with low energy (keV) Boron
(B) schedules at 600 °C, and 6H-SiC substrates, ion implanted with Aluminum (Al), were
annealed using a Graphite mask as a cap. The anneals were done at 1660 °C for 20 and 40
minutes. Atomic force microscopy (AFM), capacitance-voltage (C-V) and secondary ion mass
spectrometry (SIMS) measurements were then taken to investigate the effects of the anneal on
the surface morphology and the substitutional activation of the samples. It is shown that, by using
the Graphite cap for the 1660 °C anneals, neither polytype developed macrosteps for any of the
dopant elements or anneal times. The substitutional activation of Boron in 6H-SiC was about
15%.

INTRODUCTION

The improvement of the material quality of SiC and the development of its device technology
have been, for the past several years, the focus of intense investigation by research groups from
around the world. It is projected that its large bandgap, high electron saturation velocity,
exceptional thermal conductivity (greater than copper), and large breakdown field strength will
improve the standard commercial benchmarks of high-power and high-frequency devices and
allow them to operate in caustic environments and at higher temperatures [1]. Of the three
methods of doping--ion implantation, thermal diffusion, and in situ doping--ion implantation will
play the most important part in the fabrication of these devices. This is because, unlike Silicon
technology, thermal diffusion, due to the low diffusion coefficients of the standard dopants below
1800 °C, is not a viable method for doping SiC [2]. In addition, the in situ doping method, while
it is the principal method of preparing doped device quality epitaxial material at present, cannot
be used for planar device fabrication and other applications where precision is required in small
areas. Still, despite its advantages, ion implantation of SiC is not as mature a technology as it is
for Silicon, where ion implantation is routinely used in device fabrication. One of the problems
associated with the ion implantation of SiC surrounds its post implant anneal. An anneal is
necessary to activate the dopant atoms and to reduce the inherent crystal damage created by the
ion implantation process. For p-type SiC, this anneal is usually done at temperatures up to 1700
°C [3]. One side effect of this anneal is that, at these high temperatures, the post anneal surface
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morphology of the material is dominated by macrosteps. In this paper, we present a technique
that eliminates the formation of these macrosteps, and we also demonstrate Boron (p-type)
activation. AFM measurements were used to determine the morphology before and after
annealing, SIMS data was used to track the Boron ions through the steps of the experiment, and
C-V measurements were used to determine the substitutional activation.

EXPERIMENT

The samples used in this experiment were 4 pum thick n-type (3.8 x 10" em®) 6H-SiC and
(1.5 x 10° cm™) 4H-SiC epitaxial layers that were ion implanted at 600 °C with low energy
Boron. The specific energy/dose schedules for the Boron implants are as follows: 320 keV/3.6 x
10" cm, 240 keV/2.8 x 10 cm’?, 160 keV/2.0 x 10 ™ em?, 100 keV/7.5 x 10 cm?, 50
keV/5.0 x 10'2 cm?, 30 keV/3.75 x 10'2 cm™ In addition, n-type (7 x 10'® cm™) 6H-SiC
substrates that were ion implanted with low energy Aluminum were also used. The energy/dose
schedules for the Aluminum implants are as follows: 260 keV/1.0 x 10'%, 150 keV/5.0 x 10', 80
keV/3.0x 10, 30 keV/2.0 x 10",

The samples were first cleaned with a TCE/acetone/methanol degrease, followed by a 1
minute dip in 10:1 HF:H,O and a rinse in DI water. Random 5 x 5 pm?> AFM scans were taken to
determine the surface morphology of the samples before annealing.. The samples were again
cleaned in the manner described above, and a 0.8 um thick carbon mask was fabricated on the
surface. For the anneals, an EMCORE resistive heated growth reactor was used. The reactor was
calibrated at one point by melting Silicon to verify the temperatures used for the anneals. While
Helium was the anneal ambient for most runs, the 6H-SiC substrates were annealed in Argon.
The anneal times used were 20 and 40 minutes and the anneal temperature was 1660 °C. There
was no data for the 40 minute anneal of the 6H-SiC substrates.

Upon completion of the anneals, the carbon mask was removed by oxidation at 800 °C for one
hour in a quartz furnace, and AFM measurements were done again to determine the effect of the
anneal on the morphology of the samples. The doping profile for the Boron implanted 6H-SiC
was determined from reverse capacitance-voltage measurements of Schottky diodes (Aluminum
ohmic and Schottky contacts). The measurements were taken at a frequency of IMHz.

RESULTS AND DISCUSSIONS

The AFM micrographs shown in figure 1 detail the effect of a 40 minute anneal without a
Graphite cap at 1660 °C on the surface morphology of 6H-SiC. Figure 1(a) is the surface just
before the anneal is performed. The macrosteps shown in figure 1(b) were developed during the
anneal process. The effect is well known and has been reported by groups at Purdue University
{3] and Cree Research, Inc. [4]. These macrosteps extend across the entire surface of the sample
and are so pronounced that they can be viewed with an optical microscope. Similar results have
been reported for ion implanted 4H-SiC [5]. It is known that at about 1400 °C, Silicon containing
species (Si, SizC, and SiCy) sublime from the surface layer of SiC [6]. It is this loss of Si atoms
and the ensuing redistribution of the Carbon rich surface layer that leads to the formation of the
macrosteps. Figure 2 shows the atomic force micrographs of the final surfaces of the samples that
were annealed for 20 and 40 minutes using our Graphite mask as a cap. From the micrographs, it
can be seen that no macrosteps were formed for any of the anneal times, even though each anneal
was done at 1660 °C. There is, however, a trend for each set of samples: the roughness increases
as the time of the anneal increases. This is seen in going from micrographs (b) to (c) and from the
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Figure 1: AFM picture of Boron implanted (a) 6H-SiC epilayer before anneal (b) 6H-SiC epilayer after 40 minute
anneal at 1660 °C. Both micrographs are 5 pm by 5 pm in size.

micrographs (d) to (e), where each pair of micrographs corresponds to time increases from 20 to
40 minutes for 6H-SiC and 4H-SiC respectively. This result is consistent with those reported by
Capano et al [3].

Reports of SiC plates [6] and wafers [3] suspended above and almost touching the sample
during the annealing process are examples of techniques being used at the moment to reduce the
formation of macrosteps. These techniques attempt to create a Si overpressure that allows little to
no net movement of Si atoms from the surface layer of the sample, however, while the formation
of macrosteps is reduced, the surface roughness is still appreciable. It has also been reported that
a Si rich ambient gas such as Silane, if used during the anneal, will maintain the requisite Si

@ ®)

@ O]

Figure 2: Atomic force micrographs of (a) Aluminum implanted 6H-SiC substrate annealed for 20 min, and Boron
implanted (b) 6H-SiC epi annealed for 20 min, (c) 6H-SiC epi annealed for 40 min, (d) 4H-SiC epi annealed for 20
min, (e) 4H-SiC epi annealed for 40 min. The edge of all micrographs correspond to 5 im, and all anneals were done
at 1660 °C.
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Figure 3: Doping profile for (2) Aluminum implanted 6H-SiC substrate annealed for 20 min, (b) Boron implanted
6H-SiC epi annealed for 20 min., and (¢) Boron implanted 6H-SiC epi annealed for 40 min.

overpressure and therefore suppress the formation of macrosteps [4]. Current results with the
silane anneal are encouraging, but, from our experiments, the success of the anneal is difficult to
reproduce. Our technique, the use of a Graphite mask as a cap, not only suppresses the
sublimation of Silicon from the surface, but it also prevents the formation of macrosteps by
preventing the redistribution of the surface layer. In addition, unlike AIN, which is another
material being used as an anneal cap for SiC, the Graphite mask can operate at temperatures up
to 1850 °C.

Along with to the AFM data, C-V measurements were taken to determine the substitutional
activation of the the 6H-SiC epilayers that were implanted with Boron. The results are shown in
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Figure 4: Secondary ion mass spectrometry (SIMS) plot of the Boron implanted 6H-SiC epilayer samples annealed at
1660 °C for 40 minutes.

the doping profiles of figure 3. There is an increase in activation with anneal time as seen by
going from profiles (a) to (b) in figure 3, a trend that was also observed by Capano et al [3]. The
doping profile data is supported by the SIMS plot shown in figure 4, where up to the depth of 0.5
pum the movement of the Boron atoms produces a concentration of about 2 x 10'®. This means
that for the 40 minute anneal corresponding to the doping profile in figure 3(b), the substitutional
activation was about 15%.

CONCLUSION

The use of a Graphite mask as an anneal cap was shown to prevent macrostep formation.
Temperatures of 1660 °C were used to anneal Aluminum implanted 6H-SiC substrates and Boron
implanted 6H- and 4H-SiC epitaxial layers. At these temperatures, macrosteps are usually formed
across the surface of the sample. None of the samples annealed with the Graphite cap developed
macrosteps during the anneal. There was a general trend of increased roughness for longer anneal
times, but the resulting roughness even after a 40 minutes anneal was not appreciable. There was
also a trend of increased activation with increased anneal time. Finally, p-type activation was
demonstrated for the Boron implanted 6H-SiC epilayer samples.
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EFFECT OF VARYING OXIDATION PARAMETERS ON THE GENERATION
OF C-DANGLING BOND CENTERS IN OXIDIZED SIC

P.J. Macfarlane and M.E. Zvanut, Department of Physics, University of Alabama at
Birmingham, 310 Campbell Hall, Birmingham, AL 35294-1170

Abstract

SiC is perhaps the most appropriate material to replace Si in power-metal-oxide-
semiconductor-field-effect-transistors (MOSFETs), because, unlike the other wide band-gap
semiconductors, SiC can be thermally oxidized similarly to Si to form a SiO; insulating layer. In
our studies of oxidized SiC, we have used electron paramagnetic resonance (EPR) to identify C-
dangling bonds generated by hydrogen release from C-H bonds. While hydrogen’s effect on SiC-
based MOSFETs is uncertain, studies of Si-based MOSFETs indicate that it is important to
minimize hydrogen in MOS structures. To examine the role of hydrogen, we have studied the
effects of SiC/SiO; fabrication on the density of C-related centers, which are made EPR active by
a dry heat-treatment. Here we examine the starting and ending procedures of our oxidation
routine. The parameter that appears to have the greatest effect on center density is the ending
step of our oxidation procedure. For example, samples that were removed from the furnace in
flowing O; produced the smallest concentration of centers after dry heat-treatment. We report on
the details of these experiments and use our results to suggest an oxidation procedure that limits
center production.

Introduction

SiC has both a wide band-gap and high thermal conductivity that make it an attractive
replacement for Si in high power, high temperature microelectronic devices. For power metal-
oxide-field-effect transistors (MOSFETS) in particular, SiC is of interest because unlike the other
wide band-gap semiconductors, it can be thermally oxidized similarly to Si in order to create a
SiO; insulating layer.

In our previous studies of oxidized 3C-SiC, 4H-SiC, and 6H-SiC [1-2], we have observed
centers that can be activated by dry heat-treatments at temperatures greater than 800 °C. The g-
values of these centers range from 2.0025 to 2.0029, which is within the range of g-values
typical of C-related centers [3-5]. The temperatures at which these centers are generated are
significantly greater that those used to generate Si dangling bonds. Thus, we suggest that the
centers are unpaired electrons located on C atoms. We have also observed that these centers can
be activated by heat-treatment in an ambient that does not contain moisture and passivated in an
ambient that contains moisture. Therefore, we suggest that these centers are activated by release
of a hydrogenous species from C dangling bonds. Supporting the relation to hydrogen is an
experiment in which we heat-treated oxidized samples in dry (<0.6 ppm H;O) O,. The
concentration of centers activated is similar to that activated by dry heat-treatment in N,. In
addition, we have observed that for the 3C-SiC epilayer samples the density of centers can be
reduced by annealing in forming gas. Hydrofluoric acid etching studies of the samples indicated
that the centers are not located in the oxide.

In this study of the C-related center in oxidized, heat-treated 3C-SiC, 4H-SiC, and 6H-
SiC, we investigate the effects of altering the loading and unloading procedure of our oxidation
routine on the concentration of C-related centers produced by dry heat-treatment. In our
examinations of the removal steps, we unload the samples in wet O, or standard N, and compare
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the results with slowly cooling the samples in air [1-2,6]. We also compare the effects of
inserting samples into the furnace in air, wet O, and N, ambients. The 3C-SiC epilayer samples
are included to gain a clear scientific understanding, although the hexagonal polytypes are more
applicable to current high power device research.

Experimental Information

The 4H-SiC and 6H-SiC materials are from double-side polished, p-type, 1.5 wafers
supplied by Cree Research. The polished surfaces of both wafers are cut approximately 3.5° off
the {0001} crystal planes. The 4H-SiC wafer has an epilayer deposited on its Si face. HOYA
Corporation supplied the 3C-SiC epilayer layer samples. The approximately 1 pm thick, cubic
SiC film was deposited via chemical vapor deposition (CVD) on both the polished and
unpolished faces of a (100) oriented Si substrate. Samples are cut into strips 1.5cmby0.23cm, a
size suitable for the EPR microwave cavity.

Prior to oxidation, we clean the samples by rinsing in trichloroethane, xylenes, acetone,
methanol and deionized water for 5 min time intervals. The samples are then etched for 1 min in
9:1 H,O:HF (50%). The samples are oxidized for 6 hr at 1150° C in O, bubbled through
deionized water. The loading and unloading steps of the oxidation procedure are described
below. After oxidation, the samples are heat-treated in a double-walled quartz tube furnace at
900 °C for 320 min. The heat-treatment is conducted in a dry (<0.3 ppm H,0) N; ambient. At the
end of the dry heat-treatment, the samples are quenched to approximately 100° C where they are
cooled sufficiently before they are removed from the dry ambient.

For the oxidation, five different insert and removal conditions are examined:

1) Insert in air, remove quickly in N (“Pull-out Ny”)

2) Insert in air, remove quickly in O, (“Pull-out O,”)

3) Insert in air, slowly cool in air (“Air Cooled™)

4) Insert in O, remove quickly in O

5) Insert in N, remove quickly in O,

The slow cool in air is accomplished by gradually pulling the sample to the edge of the furnace
tube where the temperature is about 940 °C. The sample remains there about 5 min before being
placed in room ambient. For the other removal conditions, the samples are pulled from the
furnace with either O, or N, flowing and immediately placed in room ambient. The insert
conditions consisted of a 30 min O; or N; purge of the furnace tube, followed by insertion of the
samples while the O, or N gas is flowing. For the latter case, the N gas is terminated and O, is
used for the oxidation. The oxygen is bubbled through deionized water for all O, treatments, and
the N, as standard grade.

All EPR measurements are conducted at room temperature using an X-band Bruker 200
spectrometer. EPR is a spectroscopic technique able to detect paramagnetic defects in solids. We
use the dry heat-treatment to activate the paramagnetic state of a defect already present in the
material. The activation process is similar to the one used for the Si Py, center, a Si dangling bond
at the interface between SiO, and Si [7-8]. The concentration of centers is found by double
integration of the EPR spectrum and comparison with the double integral of a spectrum obtained
from a known standard. Typically, we integrate the EPR spectrum with the largest amplitude and
determine the concentration from the other spectra by scaling their amplitudes. All spectra are
measured with 1 G peak-to-peak modulation amplitude and 1 mW microwave power.
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Results f

14t
Electron paramagnetic resonance spectra were ‘}
measured for each of the polytypes after oxidation and 12y
after dry heat-treatment. From these measurements, the ol '{’

concentration of C-related centers after dry heat-
treatment is determined. In Figure 1, we plot the
concentration of the centers in each of the three
polytypes for three different unloading procedures. The
unfilled squares, filled circles, and unfilled triangles
represent the concentration of centers in the oxidized
3C-SiC epilayer, 4H-SiC and 6H-SiC samples,
respectively. Error in concentration is due to noise in
the EPR spectrum. While variation in concentration
appears between the different SiC polytypes, a common

Concentration of Centers (10! cm2)

0 Air Cooled Pull-Out O, Pull-OutN,

trend is observed. Unloading the samples in N,
produced the largest concentration of centers. In
contrast, removing the samples from the furnace in wet
O, produced the smallest concentration of centers.

In Figure 2, we plot the concentration of centers
measured in the 6H-SiC samples as a function of their
insert ambients. “Air” is used to describe the condition

End of Oxidation Conditions

Figure 1: The concentration of centers
produced as a function of the ending
oxidation conditions. “Air Cooled”
describes the condition in which samples
were slowly cooled in the furnace in air
after the heat was turned off. “Pull-out

0,” and “Pull-Out N,” describe the
conditions in which samples were directly
unloaded from the furnace in wet O, and
standard N, ambients, respectively. The
O, ®, and A indicate the concentration of
centers in the oxidized 3C-SiC, 4H-SiC,
and 6H-SiC samples.

in which the samples were inserted into the furnace in
an air ambient. Similarly, “Wet O,” and “N,” are used
to indicate the conditions in which the samples were
inserted into the furnace in flowing wet O, and flowing
standard N, ambients, respectively. The data point for
the sample inserted into air is the same as the point in
the previous figure of the 6H-SiC sample was removed
in an flowing wet O, ambient. The error in concentration arises from noise in the EPR spectrum.
The concentration of centers is the same for each of the different insert ambients.

Discussion

While there is no direct evidence the C-related centers we observe are associated with
electrically active defects, centers detected by EPR in oxidized Si have been shown to be related
to electrical defects. For example, electrically active interface states were found to be related in
part to an interfacial Si dangling bond, called the Py, center [9], and some charge traps in the SiO,
have been attributed to the E’ center, a hole trapped at an O vacancy in SiO; [10]. Thus, a center
detected by EPR in oxidized SiC could also be related to electrical defects. We observe some
similarities between processing procedures that reduce the concentrations of interface states and
oxide charge traps and those that reduce the concentration of the centers in our samples. The
similar and contrasting results are described below.

In examining the beginning and ending steps of our oxidation procedure, we observe that
the final steps of the oxidation have the largest effect on the concentration of centers. Figure 1
indicates that removing the samples in O, minimizes the concentration. Compared to removal in
N3, the center density is decreased by 70%, 50%, and 40% in 3C-, 4H- and 6H-SiC samples,
respectively. The reduction in center concentration may be related to the 5 min 940 °C wet O,
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“anneal” that the samples receive before they are

removed from the furnace. Lipkin and Palmour have 1l
demonstrated that both interface states and oxide &
charge in oxidized 6H-SiC can be reduced by “re- 8 1t
oxidizing” 6H-SiC samples in wet O at 950 °C for 1.5 &
to 3 hr [11]. Although Lipkin and Palmour’s “re- 2 10}
oxidation” anneal was for a significantly longer period £ % %
of time, it is interesting to note that a brief wet O, heat- S 8 %
treatment of our samples also considerably reduced the E
C-related center concentration. Most likely, unloading % 61
the samples in wet O, stabilizes the interface between g 4t
the SiO, and the SiC preventing Si evaporation [12]. 2
Assuming that N, is primarily responsible for S ol
the affects seen in the air annealed samples,

comparison of the slowly air cooled and more rapidly O wa o, ' N,
N, cooled samples suggests that thermal shock may
also affect the production of the C-related centers. In
Fig. 1, a lower concentration of centers is found for Figure 2: The concentration of centers in
samples that were slowly cooled in air versus samples the 6H-SiC samples as a function of the
that were more rapidly removed in N,. In particular, insert ambient. “Air,” “O,” and “Ny”
we observe that the density of centers in 3C-SiC indicate that the samples were loaded into
samples that were slowly cooled was 35% lower than the furnace in air, wet O,, or standard N
the density observed in samples that were rapidly ambients, respectively.

pulled in N; to room ambient. Although the density of

the centers in the hexagonal polytypes were the same within sample to sample variation, on
average the concentration decreased by approximately 10%. The large reduction in center
concentration found in the 3C-SiC samples is consistent with the fact that film/substrate samples
such as the 3C-SiC epilayers, are more susceptible to thermal shock than bulk substrates.
Studying the effect of oxidation conditions on the electrical properties of hexagonal polytypes,
Shenoy and coworkers observed a similar behavior [13]. They compared the effects of removing
samples using a “slow pull” method, in which the temperature was gradually reduced to 900 °C
before the samples were unloaded, to using a “fast pull” technique in which samples were
withdrawn from the furnace over approximately 100 sec. Like we observed with the
concentration of our C-related center, they found that the density of interface states and oxides
charges traps could be reduced by 10% when unloading samples with the “slow pull” procedure
versus the “fast pull” method. While the EPR/electrical comparison is intriguing, we must
acknowledge that in our experiments, the oxygen in the air may contribute to the reduction of the
EPR defect concentration. Future experiments will be conducted in order to determine the role
that thermal shock plays in the production of the C-related centers.

Figure 2 indicates that the concentration of the C-related centers does not depend on
whether the insert ambient is oxidizing (Oz) or inert (N). This is in contrast with electrical
studies which show that samples loaded in an inert gas (Ar) have a higher concentration of
electrically active defects [13] than samples loaded in O». The increase in electrical defects were
attributed to Si evaporation from the SiC surface, leaving a C-rich layer on the 6H-SiC substrate.
We, however, do not observe this for samples that were inserted in the furnace in flowing N
versus flowing O,. In fact, the concentration of centers indicated by Fig. 2 is approximately the
same regardless of whether the samples are inserted in air, N or wet O,. We speculate that these
results indicate that as far as our C-related centers are concerned any initial surface layer is likely

Insert Ambient
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consumed during oxidation and converted into the oxidation products. Perhaps, because
oxidation occurs at the interface between the SiC substrate and the SiO; layer, the ending steps
of the oxidation would have more of an effect on the quality of the SiC/SiO, interface. This
agrees with our observations of sizeable changes in concentration produced in samples oxidized
with different ending steps.

Conclusion

In conclusion, the concentration of centers can be affected by altering the ending steps of
our oxidation procedure. The ending conditions, ordered from smallest center concentration
produced to largest, are unloading the samples in wet O, slowly cooling the samples in air, and
unloading the samples in standard N,. The insert ambient did not affect the center concentration.
This may indicate that because oxidation occurs at the SiC/SiO; interface, any initial effects of
the oxidation procedure are effectively removed during the oxidation. Thus, the ending process
should have a larger effect on the concentration of centers produced.

Acknowledgements

This work is supported by ONR grant no. N00014-96-2-1238. P.J. Macfarlane is supported by a
fellowship from the Alabama Space Grant Consortium.

References

[1] P.J. Macfarlane and M.E. Zvanut, Appl. Phys. Lett. 71, 2148 (1997).

[2]1 P.J. Macfarlane and M.E. Zvanut, in Hydrogen in Semiconductors and Metals, edited by
N.H. Nickel, W.B. Jackson, R.C. Bowman, and R. Leisure (Mater. Res. Soc. 513,
Pittsburgh, PA 1998), pp. 433-438.

[31 X.Zhou, G. Watkins, K.M. McNamara Rutledge, R.P. Messmer, and S. Chawla, Phys.
Rev. B 54, 7881 (1996).

[4] G. Gerardi, E. Poindexter, and C. Young, Appl. Spectrosc. 50, 1427 (1996).

[S] V.V.Afanas’ev and A. Stesmans, Appl. Phys. Lett. 69, 2252 (1996).

[6]1 P.J. Macfarlane and M.E. Zvanut, J. of Electron. Mater. 28, 144 (1999).

[71 K.L.Brower, Physical Review B42, 3444 (1990).

[8] I. Stathis, J. Appl. Phys. 77, 6205 (1995).

[91 E. Poindexter, J. Non-Crystalline Solids 187, 257 (1995).

[10] P.M. Lenahan and P.V. Dressendorfer, J. Appl. Phys. §5, 3495 (1984).

[11}] L.A. Lipkin and J.W. Palmour, J. Electron. Mater. 25, 909 (1996).

[12] L. Muehloff, W.J. Choyke, M.J. Bozack, and J.T. Yates, J. Appl. Phys. 60, 2842 (1986).

[13] J.N. Shenoy, G.L. Chindalore, M.R. Melloch, J.A. Cooper, J.W. Palmour, and K.G. Irvine,
J. Electron. Mater. 24, 303 (1995).

55



THICK OXIDE LAYERS ON N AND P SiC WAFERS
BY A DEPO-CONVERSION TECHNIQUE

Q. Zhang, V. Madangarli, I. Khlebnikov, S. Solovievand T. S. Sudarshan
Department of Electrical Engineering

University of South Carolina, SC 29208, U.S.A

Tel: 803-777-7302; Fax: 803-777-8045

E-mail: Zhang@engr.sc.edu

ABSTRACT

The electrical properties of thick oxide layers on n and p-type 6H-SiC obtained by a depo-
conversion technique are presented. High frequency capacitance-voltage measurements on
MOS capacitors with a ~ 3000 A thick oxide indicates an effective charge density comparable
to that of MOS capacitors with thermal oxide. The breakdown field of the depo-converted
oxide obtained using a ramp response technique indicates a good quality oxide with average
values in excess of 6 MV/cm on p-type SiC and 9 MV/em on n-type SiC. The oxide
breakdown field was observed to decrease with increase in MOS capacitor diameter.

INTRODUCTION

Silicon Carbide (SiC) devices have been proposed for many industrial applications
requiring high power, high frequency and hard radiation. Recently, tremendous improvements
have been made in the crystal growth and processing techniques including oxidation which will
accelerate the commercialization of SiC devices. Oxide layers on SiC not only find application
in the fabrication of MOS devices but also as field oxides and passivation layers in high voltage
devices. While the oxide layer should have high breakdown strength, low leakage current, and
low effective charge density for satisfactory MOS device performance, when oxide layers are
used as field oxides in high voltage devices high breakdown strength is most essential. For
example, a metal-overlap onto an oxide layer can be used as an edge termination technique for
improving the breakdown voltage of high voltage devices by minimizing the electric field
enhancement at the contact periphery of devices. In order for this field oxide to be effective it
should have good dielectric properties and sufficient thickness to sustain the high breakdown
voltage. However, the SiC oxidation rate is too slow to obtain thick oxide layers via the
conventional thermal oxidation techniques currently in practice [1,2,3]. Even though alternate
techniques such as oxide deposition by LPCVD and poly-silicon conversion have been reported
[4,5], the high voltage characteristics of deposited oxide vs a conventional thermal oxide has
not been studied in detail. In this paper, we report the possibilities of using simple depo-
converison technique for obtaining thick oxide layers with high breakdown strength on and p-
type 6H-SiC wafers.

EXPERIMENT

The 6H-SiC wafers used in our experiments were from Cree Research (substrate doping
~ 1.6x10' cm™®) with a 10 pm thick epilayer of ~ 6x10”°cm™ doping concentration for p-type
and ~ 3.9x10" cm™ for n-type SiC respectively. The 30 mm diameter wafer was cut into 10
mm X 10 mm square pieces to obtain several samples for experiments. The as-received SiC
samples were first cleaned using TCE at 85'C for 15 min. followed by ultrasonic cleaning in
acetone and methanol respectively. Then the native surface oxide was chemically etched using
a 20% HF solution prior to a modified RCA cleaning process. After the RCA cleaning process
the SiC wafers were etched in a 5% HF solution for 10 seconds to remove the surface oxide
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caused by the RCA process. De-ionized water rinses were used after every step. In order to
obtain the depo-converted oxide, a Si film is deposited on the SiC wafer and converted to
silicon dioxide by oxidation. The Si films were RF sputtered from a single crystal Si target in a
vacuum chamber under Ar ambient and the sputtered Si films were converted to oxide by wet
oxidation at 1050°C for 3 hours to ensure total conversion of the deposited Si. All samples with
converted oxide had a very uniform surface morphology, indicating that depo-conversion
method can be used to obtain thick oxide films. MOS capacitor (MOS-C) structures were
fabricated, to characterize the electrical properties of the depo-converted oxide, by evaporating
Al on both sides of the sample. Moreover, the usefulness of the depo-converted oxide as a field
oxide was demonstrated by fabricating a 1kV 6H-SiC Schottky diode with oxide layer edge
termination.

RESULTS AND DISCUSSION

C-V characteristics

Capacitance-voltage measurements were made on MOS capacitors with different oxide
thicknesses on » and p type SiC at room temperature using a Kiethley 590 capacitance-voltage
(C-V) analyzer at 100 kHz. Voltage sweeps applied to the MOS capacitor were made from
accumulation to depletion/inversion. Typical C-V characteristics of MOS capacitors with
thermal and converted oxides fabricated on » and p-type SiC are shown in Fig. 1.

1 T T 1 = T
~
° Depo-converted oxide /' ) AY Thermal oxide
2 ~4000 A H A ~370A
g -7 £ \
= R @
- S At ’ 8 \
? """" L’ ’ g 05 \ epo-converted oxide |
= 0.5 |- e - 2 0 h] ~3200
| -7 g =~
= -~ . S
E Depo-converted oxide g ~'a o
—~ =)
z 2500 A ermal oXide z
~210A
0 | [ 0 | !
-10 -5 0 5 =20 -10 0 10
Gate voltage (V) Gate voltage (V)
(a) N-type 6H-SiC (b) P-type 6H-SiC

Fig. 1. Comparison of C-V characteristics of MOS capacitors with depo-converted oxide vs
thermal oxide on » and p-type 6H-SiC wafers.

The oxide and SiC parameters obtained from C-V measurements are given in Table 1.

Table 1. Oxide and SiC wafer parameters from C-V measurements

SiC Oxide Doping Flat-band Effective charge
wafer type | thickness (A) | concentration (cm™) voltage (V) density
(em?)
210* 6.5E15 -0.4 7.327E+10
N-type 25007 4.4E15 2.4 1.685E+11
4000° 5.1E15 -1.47 6.114E+10
P-t 370* 4.6E15 -7.25 2.885E+12
-type 7
3200 2.1E15 -11.75 4.156E+12

* Thermal oxide

58

# Depo-converted oxide




From Table 1, it is observed that the effective charge density of the depo-converted oxide is
in the same order of magnitude as that of the thermal oxide. As expected, the flat-band voltage
and effective charge density are lower for the oxides grown on N-type SiC compared to those
on P-type SiC [6].

Oxide breakdown measurements

In order to determine the breakdown strength of the oxide films, a non-destructive ramp
response technique [7] was used to measure the current-voltage characteristics in the
accumulation regime of the oxide films on » and p type SiC wafers. From the maximum
breakdown voltage and thickness of the oxide films, the critical breakdown field of the oxide
films was computed.

Experimental results show that for a given thickness of the oxide, the breakdown field of
the oxide reduces with increase in the diameter of the MOS capacitor structure fabricated on
the SiC wafer. A typical variation of the oxide breakdown field on a n type SiC with increasing
MOS capacitor diameter is illustrated in Fig. 2.
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Fig. 2. Dependence of oxide breakdown field on MOS capacitor diameter (n-type SiC).

As observed from Fig. 2, the breakdown field of the thermal oxide increases rapidly with
decrease in MOS capacitor diameter below ~ 150 ym. On the other hand both the 2500 A and
4000 A thick depo-converted oxides exhibit a gradual reduction in the breakdown field with
increase in MOS capacitor diameter upto about 150 pm, after which there is no significant
reduction in the breakdown field with further increase in MOS-C diameter. The decrease in the
oxide breakdown field with increase in MOS-C diameter could be due to the following reasons.
We have observed that oxide breakdown in SiC wafers generally occurs at locations
corresponding to the edge of bulk structural defects in the SiC wafer such as polytype
inclusions, regions of crystallographic mis-orientation, or different doping concentration [8].
Due to poor SiC material quality the probability of enclosing such defects underneath the gate
contact of a MOS-C increases with increase in diameter. This in turn increases the probability
of oxide breakdown with increase in MOS-C diameter. Another plausible explanation could be
related to the variations in the electric field distribution in the oxide film with increase in MOS-
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C diameter. The accumulation layer underneath the gate contact is probably more uniform for
small diameter MOS structures compared to large diameter structures due to contact edge
effects. Hence, the electric field distribution in the oxide could be more uniform for small
diameter structures thus enabling them to withstand higher electric stress compared to large
diameter structures where electric field enhancement around the gate contact periphery results
in lower oxide breakdown strengths.

10 T T T
E Mo e —C—
E | - '-‘)(\ ~-x |
S 9 N-type 6H-SiC -~ -3
&
5 8 -]
:
B .
é P-type 6H-SiC
S of -
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E 5 I 1 |

0 1000 2000 3000 4000

Oxide thickness (A)

Fig. 3. Dependence of breakdown field on oxide thickness (diameter of MOS-C : 240 pum).

Fig. 3 shows the dependence of the breakdown field on oxide thickness for » and p type SiC
wafers. The breakdown field of oxide films in the case of p-type SiC wafers decreases
significantly from a value of more than 8 MV/cm for ~ 300 A thermal oxide to ~ 6 MV/cm for
a ~ 3000 A depo-converted oxide. On the other hand, the breakdown field of oxide films on n-
type SiC wafers reduces slightly from ~ 9.6 MV/cm for ~ 300 A thermal oxide to ~ 8.7 MV/cm
for a ~ 4000 A thick depo-converted oxide. The reduction in oxide breakdown field with
increase in thickness is understandable considering the well known fact that the breakdown
strength of solid dielectrics decreases with increase in thickness due to a reduction in the heat
removal rate which promotes an electro-thermal breakdown at smaller fields [9]. The difference
in the extent of reduction of the oxide breakdown field on n-type vs p-type SiC, could be due to
poorer oxide quality on p-type SiC with increasing thickness.

The fairly high breakdown strengths of the depo-converted oxide indicates that it is possible
to use thick oxide layers obtained by the depo-conversion technique for applications requiring
high oxide breakdown strength. For example, the depo-converted oxide can be effectively used
for field plate edge termination in Schottky diodes. In fact, we have successfully fabricated
high voltage (1kV) p-type SiC Schottky diodes with a ~ 6300 A depo-converted oxide as edge
termination [10].

CONCLUSION

In conclusion, thick oxide films have been successfully formed on » and p-type SiC
substrates by converting Si to oxide. C-V measurement indicates that this converted oxide
film exhibits an effective charge density comparable to that of a thermal oxide. The depo-
converted oxides also indicated fairly high breakdown strengths, in the range of 6-9 MV/cm.
The oxide breakdown strength was observed to decrease with increasing oxide thickness
especially on p-type SiC. Also, for a given oxide thickness the oxide breakdown strength
decreased with increase in MOS capacitor diameter. Thick oxide layers obtained by converting

60




Si to oxide exhibits promising characteristics for applications in power SiC devices, such as
field plate edge termination of Schottky diodes.
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ABSTRACT

In this work, we report on an instability which affects the field effect mobility in 4H-
SiC MOSFETs. The devices (MOSFETs and capacitors) were subjected to a bias-
temperature stress (BTS) for 30 minutes at 150°C at stress voltages corresponding
to oxide fields upto 1MV/cm. Following a positive BTS(i.e. gate voltage positive),
the field effect mobility increased by upto two orders of magnitude from the original
value; upon application of a negative BTS to the MOSFET, the device characteristics
degraded to the unstressed state. The high mobility state could be recovered by a
positive BT'S and was reversible with repeated bias stressing. An explanation of this
phenomenon is proposed based on the effect of interfacial ions on the dependence of
both trapped charge and inversion charge densities on gate bias.

INTRODUCTION

The electrical properties of the current state-of-the-art SiC-$iO, interfaces are inferior
to those of silicon. The densities of oxide charges and interface states are much higher
than those at the Si-SiO; interface[1]. The effect of the localized states is seen in the
degradation of the transconductance and the increase in the threshold voltage of
the MOSFETSs[2]. The understanding and control of the characteristics of SiC-5i0,
interface is crucial to the realization of practical SiC MOS devices. In this work, we
report the investigation of an instability which affects the field effect mobility in SiC
MOSFETs.

MOSFET FABRICATION

The 4H-8iC wafers used for the fabrication of the MOSFET's bad an epitaxial thick-
ness and doping of 10 pm and 4x10%* cm~?* respectively. The wafers were cleaned
before a 800nm thick plasma TEOS oxide (field oxide) was deposited on the wafers.
A 100nm thick plasma TEOS oxide was deposited to act as a pad oxide during im-
plantation of the source and drain. The source and drain were then implanted with
nitrogen (80keV, 2x10'° cm~%; 40keV, 1x10'® cm~%) at 650 °C. The samples were
then annealed at 1200 °C for 1 hour in an argon to electrically activate the implants.
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Fig. 1: Schematic of the 4H-SiC lateral MOSFET.

After the implant activation anneal, the field oxide on one of the samples (thin oxide
MOSFET) was etched back to 200nm. The samples underwent oxidation in a wet
ambient at 1100°C for 6 hours and 40 min, followed by an anneal for 1 hour at the ox-
idation temperature in argon. The oxide was then subjected to a re-oxidation anneal
in a wet ambient at 950°C for 3 hours. The annealing cycles were similar to the work
by Sridevan et al [3]. Subsequent to the oxidation, polysilicon was deposited and de-
generately doped by phosphorus implantation. After definition of the gate, a 600nm
thick plasma TEOQS oxide was deposited to serve as an interlevel dielectric. The source
and drain contacts (Al/Ni/Al) were defined using liftoff technique, and the contacts
(source, drain and the substrate) were annealed at 1000°C in argon. The gate contact
was patterned and etched, followed by (Ti/Mo) contact metallization(Figure 1).

RESULTS AND DISCUSSION

Experimental results were obtained on two MOSFETs with gate width-to-length
(W/L) ratios of 8, and gate oxide thicknesses of 200 nm (thin oxide) and 900 nm
(thick oxide). The field effect mobility was calculated from the transconductance
dIp/dVg at a drain voltage of 25-100mV:

dlIp/dVg
=275 1
HPE = G Vo(W/L) @
where Ipg is the drain current, V¢ is the gate voltage and C,, is the oxide capacitance
per unit area. The mobility values quoted below were taken at the steepest part of
the Ip-Vg curve.

The initial field effect mobility of the thin-oxide MOSFET was 0.5 cm?/V.s.
Above room temperature, on repeated gate voltage sweeps, the Ip-Vg transfer char-
acteristic varied. Assuming that these variations were due to mobile ions in the oxide,
a bias-temperature-stress(BTS) was applied to stabilize the transfer characteristics
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Fig. 2: Transfer characteristics of the thin oxide MOSFET before and after
BTS(Vp=25mV).

by drifting the mobile charge towards the semiconductor-insulator interface[4].

The BTS of the thin-oxide MOSFET was done by applying a gate voltage cor-
responding to an oxide field of IMV/cm at 150°C for 30 minutes, with the source and
drain contacts floating. The device was cooled to room temperature while maintain-
ing the bias voltage on the device. Figure 2 compares the transfer characteristics of
the thin-oxide MOSFET before and after BTS. The field effect mobility of the sam-
ple increased by a factor of 16, from 0.5 to 8 cm?/V.s after BTS. Similar instabilities
were observed in the transfer characteristics of the thick oxide MOSFET. The BTS
consisted of applying a gate voltage corresponding to an oxide field of 0.5MV/cm
at 150°C for 30 minutes, with figures 3 and 4 showing the transfer characteristics
before and after BTS. In this case, the field effect mobility of the sample increased
from 0.1 to 13cm?/V s, a two orders-of-magnitude improvement.

Transfer characteristic of another thick-oxide MOSFET before and after BTS
is shown in Figure 5, along with the transfer characteristics one month after the
bias stressing. While the BTS improves the transconductance, but the characteristics
degrade back to the pre-bias-stressed values with time, as the ions diffuse from the
SiC-Si0; interface.

To further investigate this phenomenon, mobile-ion analysis experiments were
done on MOS capacitors located on the same wafer. After the initial room tempera-
ture capacitance-voltage characteristic was measured using a 1MHz Boonton capaci-
tance meter, a BTS of +20V at 150°C for 30 minutes was applied. The capacitance-
voltage characteristic was also measured after a negative BTS.(Following the negative
BTS, the MOSFET did not turn on until a subsequent positive BTS). Figure 6 shows
the results of the C-V measurements, from which a mobile-ion charge density of
3x10'? cm~? was extracted.

Figure 7 compares the gate-voltage dependence of transconductance for a thick
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oxide MOSFET before and after the BTS. Before BTS, the transconductance increases
monotonically with gate bias: after the BTS, the transconductance increases more
rapidly, reaches a peak, and decreases with a further increase in gate voltage, as would
normally be observed in a conventional MOSFET.

Fig. 5: Transfer characteristics for the thick oxide MOSFET before and after BTS
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The unusual SiC MOSFET characteristics are attributed to mobile charges
within the gate oxide and their effect on the dependence of interface state occu-
pancy and inversion charge on the gate bias voltage. A possible explanation for this

phenomenon is as follows: A change §Vg in gate voltage results in a change 4Q; in
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the charge trapped in the interface states and a change §Qiny in the inversion charge:

- 0Q: + 0Qiny (2)

Ve oo

while the drain current depends only on the inversion charge:

(SID = (W/L)VDI‘im)‘sQinv (3)

where ft;n, is the mobility of electrons in the inversion layer. Therefore, pre < fhiny
(Eq. 1), as long as the magnitude of trapped charge increases with gate voltage.
The relative change in the inversion charge becomes larger in strong inversion, and
the field effect mobility increases with gate voltage. If the interface state density
is large, very large gate voltages would be needed for the field effect mobility to
approach the inversion layer mobility. With a large positive oxide charge pushed
toward the semiconductor interface during BTS, strong inversion can exist at a lower
gate bias. Consequently, the field effect mobility increases. The total mobile ion
charge is expected to be larger in the thick-oxide MOSFET, which results in a more
pronounced mobility improvement.

CONCLUSION

Lateral n-channel MOSFETs with two different gate oxide thicknesses (900nm and
200nm) were fabricated on 4H-SiC. Upon bias stressing the field-effect mobility of
the MOSFETs increased by over 2 orders(one order) of magnitude in the case of
the thick (thin) oxide MOSFET. The field-effect mobility was degraded upon the
application of a negative bias stress but the high mobility state could be recovered by
a subsequent positive BTS. The improvement of the transconductance and the field
effect mobility of the MOSFETs is attributed to the effect of positive oxide charges
on the dependence of interface state occupancy and inversion charge on gate bias.
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Fig. 6: Capacitance-voltage characteristics before and after BTS.
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ABSTRACT

This is a presentation of a full band Monte Carlo (MC) study, which compares electron trans-
port and device performance for 4H and 6H-SiC 100 nm n-channel MOSFETs. The model used
for the electrons is based on data from a full potential band structure calculation using the Local
Density Approximation (LDA) to the Density Functional Theory (DFT). For the holes the trans-
port is based on a three band k-p model including spin orbit interaction. The two polytypes are
compared regarding surface mobilities obtained with the program, as well as transconductance,
unit current gain frequency, carrier velocity, I-V characteristics and energy distribution in the
channel for the MOSFETs. :

INTRODUCTION

Silicon carbide (SiC) is considered to be a very promising material for high temperature and
high power applications due to its high breakdown voltage and high thermal conductivity. One
possibility is the fabrication of high speed integrated MOSFETs in 4H-SiC on a semi-insulating
substrate, with the expectation of a reliable and stable operation. An advantage for both 4H-SiC
and 6H-SiC is their discontinuous energy spectrum in the conduction band along the c-axis direc-
tion, which results in limited carrier heating by the electric field. Another factor tending to lower
the carrier energy is the strong polar optical scattering. CMOS integrated circuits have been fabri-
cated on 6H-SiC [1,2], showing that commercial SiC MOSFETs will be available in the near fu-
ture.

This paper presents a comparison, using a full band Monte Carlo model, of 4H-SiC and 6H-
SiC regarding the surface mobility and device properties in short channel MOSFETs.

MONTE CARLO MODEL

The full band MC program is based on a large lookup table, stored for the irreducible part of
the Brillouin zone and containing the energy and energy gradient versus k-vector from the band
structure. Between the points represented in the lookup table, the energy values are calculated us-
ing a second order cubic spline, and the energy gradient by linear interpolation. The band data in
the simulations presented here are based on the calculations in reference [3] and reference [4].

The following scattering processes are considered: acoustic phonon scattering, polar optical
phonon scattering, zero and first order optical intervalley phonon scattering and ionised impurity
scattering [5,6]. For the acoustic and optical phonons, the coupling constants are obtained by fit-
ting data from bulk simulations to experimental data from references [7] and [8]. As a result the
transport properties in the simulations correspond to those in the material used in the referred ex-
periments.

In the case of surface scattering, we are using the semi-empirical model proposed by E. San-
giorgi and M. R. Pinto [9], which is based on a combination of specular and diffusive reflection in
the interface. The diffusive scattering is obtained by the random selection of a k vector in such a
way that the energy is conserved and the movement is directed away from the surface. To perform
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specular scattering, which is merely an elastic bounce, the normal component of the movement is
reversed and the component parallel to the interface is maintained. As both 4H and 6H-SiC are an-
isotropic the diffusive scattering is also anisotropic with the angular distribution corresponding to
the density of states in the k-space. Each time a carrier hits the oxide surface a random number is
used to select between the two types of scattering, with a constant (C) defining the probability of
diffusive scattering. According to reference [9] a C value of 0.06 results in a good correspondence
between MC simulations and experiments for good interfaces between Si and SiO,. In our simu-
lations we have used this value to simulate a high quality interface. For the simulation of a poor
interface we have used a C value of 0.50.

For the overlap integral of electron wave functions in 4H-SiC, we are using equation a1
which is an expression often used for cubic semiconductors [10], where k and k” are the initial and
final states, o (= 0.323 for band 1 and 0.8 for band 2, 3 and 4) is the nonparbolicty parameter, €
and € are the initial and final energies and 6 is the angle between the initial and final states.

_[a +ocs)1/2(1 +oczz’)l/z+0c(£zz’)1/2cos6]2 )

Pk, k') (1 +20e)(1 + 20¢)

Due to the high degree of anisotropy, we use another approximate analytic expression, equa-
tion (2), for the overlap integral in 6H-SiC.

Pk k') = 1-(0.8732 + 0.0268 siny){1 - exp[-1.01688 - 10°(1 - 0.855siny)|k - K1)1} (2)

Here, y is the angle between the vector ¢ = k— &’ and the c-axis. The simulation is self con-
sistent and uses a two dimensional solver for Poisson’s equation. All other calculations are per-
formed in three dimensions. There is no need to consider impact ionisation since its threshold
energy is very high. The model neither takes into account carrier generation and recombination
processes, nor does it consider the carriers at the oxide interface as a two-dimensional gas. All the
simulations in the study are made using the same version of the program.

SIMULATION RESULTS
Surface mobilities

The surface mobilities, which are shown in table I are calculated from the diffusion coeffi-
cients with the Einstein relation, where the carrier mean energies are sampled values from the sim-
ulation. The diffusion coefficients are also obtained from sampled data according to equation (3),
where  is the position along the x, y or z axis respectively and D, is the corresponding diffusion
coefficient.

D, = ()= ®

The simulations are made using a simplified device consisting of two regions with SiC and
Si0,, and with the plane interface between the two materials.We have assumed an electron con-
centration of 4 x 1018 since the simplified device does not permit calculation of the electron con-
centration in the channel. The doping level was 1 x 1015 donors/cm?® and 1 x 10!7 acceptors/cm>.
The field perpendicular to the interface was 500 kV/cm.

As can be seen from the table, 6H-SiC has a strong anisotropy with a ratio > 4.8. 4H-SiC is
also anisotropic with a ratio of about 0.8 - 0.9. Since the mobility is so low for transport in the c-
axis direction for 6H-SiC, we only consider electron transport perpendicular to the c-axis in the
remainder of this study. The surface mobilities with C=0 are superior for 4H-SiC. The values for
4H are better than the corresponding bulk mobilities which can be explained by a higher degree of
screening of impurities. For good interface qualities, 4H-SiC still has better mobility but with a
smaller advantage. In the case of inferior oxide quality, 6H-SiC has an advantage. We interpret
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Table I: Surface mobilities in cm?Vs. The texts “L c-axis” and “c-axis” refer to the transport
direction in relation to the c-axis.

4H-SiC 6H-SiC
Temp. K : : : :
L c-axis c-axis 1 c-axis c-axis
300 0.00 862 968 358 74
300 0.06 37N 454 308 50
300 0.50 74 88 148 14
500 0.00 218 260 115 25
500 0.06 169 193 108 21
500 0.50 61 66 80 11

these characteristics as the result of a higher probability for electrons in 6H-SiC to find final states
after scattering, with a large velocity component perpendicular to the c-axis. In figure 1 we show
the velocities for 1000 random points in k-space with the energy 0.05 eV for 4H and 6H-SiC. In
4H-SiC the velocities are distributed near the surface of a sphere, while the velocity distribution in
6H-SiC has a flattened form. It can be seen in the figure, that for 6H-SiC the majority of the elec-
trons have a relatively small component parallel to the c-axis. In this context is it also important to
consider that the same C constant does not a priori correspond to the same interface quality in the
two polytypes.

4H-SiC

Fig. 1. Velocity distribution for 1000 random points i k-space with energy = 0.05 eV. The velocities are
given in cm/s x 106. The coordinates are oriented with z parallel to the c-axis.

MOSFET simulations

The simulated MOSFET is shown in figure 2, and in table II the simulation resuits are shown
for transconductance (g,,,), total gate capacitance (Cgy,) and unit current gain frequency (f7). These
values are for a source potential of 0 V, a drain potential (V) of 2.0 V and represent the mean
value for gate potentials (V) between 1.3 and 2.3 V, with an approximate threshold voltage (V)
of 0.8 V, assuming that the gate is made of aluminium and with no charges in the oxide or on the
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Fig. 2. Simulated MOSFET transistor structure. The width of the device is
1 pm. Doping values are in cm?3,

Table IT; Simulation results for the MOSFETs.

4H-SiC 6H-SiC
Temp. K c o Con o Sx c
Sx104 | Fx1016 | T GHz 10+ Fxiote | frOHz
300 0.06 6.12 5.10 191 4.25 4.86 139
300 0.50 3.80 4.89 123 3.63 4.83 120
500 0.06 5.00 498 160 3.10 4.63 105
500 0.50 3.42 4.90 111 2.81 4.62 95

oxide-semiconductor interface. For the calculation of g, and Cyy, the drain current (Ip) as well as
the total charge on the gate (Qg,,) were sampled at equidistant ¥, values with a difference of 0.1
V. The g,, was calculated as the quotient of difference in Ipand lg/gs. Similarly, Cgy,; Was obtained
as the quotient of difference in Qg and V.

In contrast to the bulk mobilities, the i/IOSFET characteristics are better in all cases for the
4H polytype, although the difference is so small for C = 0.50 that it may be considered insignifi-
cant. This is not surprising as the MOSFETs work with high electric fields parallel to the channel
and the carrier mean velocity reaches saturation or near saturation, i.e. the low field mobilities are
not applicable, see figure 3. Furthermore, at the beginning and end of the channel, the electron ve-
locity component perpendicular to the oxide interface is important. Consequently, the very low c-
axis mobility for 6H-SiC results in smaller current. An interesting fact, that can also be seen in fig-
ure 3, is that 6H-SiC besides lower velocity, has a much lower peak value for the mean energy in
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Fig. 3. Mean energy in the channel (a) and mean velocity parallel to the interface (b). Ve=1.8V, V4=2.0
V, € =0.06. The distance is measured from the left border of the component.The mean energy is for a
distance up to 2.5 nm from the interface, and the mean velocity for all electrons in the channel.

the channel. The I-V characteristics for C=0.06, are shown in figure 4, together with the corre-
sponding maximum mean energy in the channel. As can be seen, 6H-SiC has an advantage as it
has lower energy when ¥, > 0.8 V, which increases with higher drain potential.

To get a comparison with a corresponding device in silicon, we have made a simulation with
the Medici program [11] using the energy balance model. The Si device was identical with the one
in SiC, with the exception that the doping in the channel region was increased to 1.3 x 108 which
resulied in a threshold gate potential of 0.8 V. In this case the maximum carrier energy with
Ve=1.8 V and V;=2.0 V, was 0.54 ¢V, which may be compared with the carrier energies 0.39 eV
and 0.25 eV for 4H-SiC and 6H-SiC respectively, obtained with the MC program. The approxi-
mate maximum fields were: 5.4 x 10° V/cm parallel to the interface in the Si device and 6.5 x 105

in the SiC device, 6.8 x 103 V/cm and 4.2 x 10° perpendicular to the interface in Si and SiC respec-
tively.

o 10 @ 04 (b)
« 4H, T=300 K —1 N 4H' T=300‘ ' f
510 4H, T=500 K o 4H T=500
4 Dt 50'3 | 2 6H, T=300 1
_ Y o 6H, T=500 :
<
-—_-°3 ! 50.2 F E
- 2
2 ]
01} 1
2 6H, T=300 K.
o 6H, T=500 K
e i 1 1 0 1 1 L
0 05 1 15 2 0 05 1 15 2
Vds [V] Vds [V]

Fig. 4. IV characteristics (a) and maximum mean energy (b). Ves=1.8V, C=0.06.
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CONCLUSIONS

We have presented a full band Monte Carlo simulation, comparing both surface mobilities
and device performance for 100nm n-MOSFETs in 4H and 6H-SiC. We have used the model of
Sangiorgi and Pinto [9] for the oxide semiconductor interface with a diffuse scattering factor (C)
modelling the oxide quality.

The surface mobility simulations show a difference in surface mobility in favour of 4H-SiC
for good interface quality (C=0.06), but for bad interfaces (C=0.50) 6H-SiC has higher mobility.
We consider this to be an effect of the strong anisotropy in 6H-SiC, with higher probabilities for
carriers to find final states after scattering in the channel direction.

The simulated MOSFETS show better transconductance and unit current gain frequency for
4H-SiC in all cases. For instance, g,, was 6.12 x 104 S and 7 191 GHz for the 4H-SiC device with
a gate width of 1 um at 300 K and C=0.06. The corresponding values for 6H were 4.25 x 104 S
and 139 GHz. However, for the poor interface quality, the difference is small and the f7 values are
123 and 120 GHz for the same conditions as above. This means that in order to benefit from the
higher mobility in 4H-SiC a good oxide quality is necessary. The electrons in the channel have
lower energies in the SiC MOSFETs than in a corresponding Si device. At high ¥V, values, 6H-SiC
has an advantage having lower carrier energies than 4H-SiC. For instance with V,=1.8 V, V;,=2.0
V, T=300 K, and C=0.06, the maximum mean energy in the channel is 0.39 eV'for 4H-SiC and
0.25 eV for 6H-SiC.

The difference in carrier energy in favour of 6H-SiC is a potential that could be utilized in
device designs, leading us to the conclusion that 6H-SiC may be as good as, if not better than, 4H-
SiC in MOSFET devices.
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ABSTRACT

P-type 6H SiC Schottky barrier diodes with good rectifying characteristics upto breakdown
voltage as high as 1000V have been successfully fabricated using metal-overlap over a thick
oxide layer (~ 6000 A) as edge termination and Al as the barrier metal. The influence of the
oxide layer edge termination in improving the reverse breakdown voltage as well as the
forward current — voltage characteristics is presented. The terminated Schottky diodes indicate
a factor of two higher breakdown voltage and 2-3 times larger forward current densities than
those without edge termination. The specific series resistance of the unterminated diodes was
~228 mQ-cm?, while that of the terminated diodes was ~84 mQ-cm’.

INTRODUCTION

Silicon carbide (SiC) has recently been given renewed attention because of its fine
characteristics such as stability at high temperatures, wide bandgap, high breakdown field and
high thermal conductivity. In the case of high-voltage devices, edge termination plays a very
critical role in determining the breakdown voltage. High breakdown voltage (~ 730 V) SiC
Schottky barrier diodes have been reported using edge termination techniques [1,2]. However,
in these processes ion implantation is required to obtain a high resistivity layer on the surface at
the edges of the device [1]. A metal-overlap onto an oxide layer at the edge of the device can
be used to minimize the electric field enhancement so that the breakdown voltage can approach
the ideal plane parallel value of the SiC wafer [3]. But due to the slow oxidation rates on SiC it
is difficult to get a thick oxide layer on SiC by conventional thermal oxidation of SiC [4].
Moréover, although there have been a lot of publications on high voltage Schottky diodes on n-
type SiC, there is very little work reported on high voltage Schottky contact on p-type SiC. To
the best of our knowledge the only significant study upto now on p-type SiC Schottky diodes
has been by R Raghunathan and B.J.Baliga, who reported p-type 4H- and 6H-SiC Schottky
diodes with breakdown voltage upto 600V in 1998 [5]. In this paper, we compare the forward
and reverse I-V characteristics of a conventional p-type 6H-SiC Schottky diode with no edge
termination to that of a 1 kV Schottky diode with a thick oxide layer edge termination.

EXPERIMENT

Schottky diodes were fabricated on a p-type 6H-SiC wafer from Cree Research (substrate
doping ~ 1.6x10' cm’™) with a 10 micron thick epilayer of ~ 6x10"° cm™® doping concentration,
and ideal parallel plane breakdown voltage of ~ 1200 V. The 30 mm diameter wafer was cut
into 10 mm x 10 mm square pieces to obtain several samples for experiments. All the samples
were cleaned by RCA procedure to obtain a SiC surface with minimal surface contamination
prior to diode fabrication. Unterminated Schottky diodes of approximately 140 um diameter
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were fabricated on few samples following a conventional photolithographic process (Fig. 1(2)),
while Schottky diodes with oxide layer edge termination were fabricated as follows.

In order to obtain a thick oxide layer for edge termination, instead of sputter depositing
Si0, on top of the thermal oxide as reported by other groups [3], we have adopted a depo-
conversion technique which is discussed in a companion paper [6]. This technique essentially
involves sputter deposition of a thick Si layer on the SiC wafer and conversion of Si to SiO, by
oxidation. After conversion, the sample was annealed in Ar for half an hour in order to improve
the oxide quality.

The thick oxide layer was then selectively etched using a first mask to form the Schottky
contact window with a diameter of 140 microns. After a cleaning process, Al was evaporated
onto both sides of the sample in high vacuum (<10° Torr). A Schottky contact was formed on
the polished epilayer while an ohmic contact is obtained on the roughened backside of the
sample. The Al on the epilayer side was selectively etched using a second mask with a diameter
of 250 microns to fabricate individual Schottky diode structures with a metal overtap length of
55 micron over the thick oxide layer as shown in Fig.1 (b). It has to be noted that, even though
generally it is sufficient to have an overlap approximately equal to the epilayer thickness [3],
we have used a larger overlap because of the availability of a photomask with 250 um diameter
circular features.

Al Schottky contact

o

Al ohmic contact T o . L
6H SiC P-substrate H Si P-subgtrate
(IE18 cm?) \ (IE18 cm”)

6H-SiC P-epi (6E15 cm™; 10 pm) Oxide layer ~ 6000 A
(@) (b)

Fig. 1. Cross section of Al/6H-SiC Schottky diode (a) without edge termination, and (b) with
thick oxide edge termination.

After the fabrication of the diodes, their forward and reverse I-V characteristics were
measured using a DC voltage source (Kiethley 237 High Voltage SMU) as well a pulse
measurement system. The pulse measurement system [7] comprised of a Tektronix FG540
function generator inputting a ramp pulse of ~ 500 ps duration into a Trek 50/750 High Voltage
Pulse Amplifier, and a Tektronix TDS 540 Digitizing oscilloscope used for recording the
applied voltage and measuring the current through the diode structure.
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RESULTS AND DISCUSSION

(a) Forward characteristics

Typical forward current density vs voltage (J-V) characteristics of Al/6H-SiC Schottky
diodes with and without edge termination under DC bias conditions are shown in Fig. 2. The
current density through the diodes with edge termination was observed to be approximately 2-3
times higher than that through the diodes without edge termination. The ideality factor (n) for
both the diodes were calculated to be between 1.1 and 1.8. The forward voltage drop at a
current density of 50 A/em® was ~ 11.7 V for the diodes without edge termination, while it was
~ 6.5 V for the diodes with edge termination. The series resistance (Ron,sp) calculated from a
plot of JaV/dI vs I was found to be ~228 mQ-cm” for diodes without edge termination, while it
was ~ 84 mQ-cm? for diodes with edge termination. These values are significantly higher than
the ideal series resistance value of ~ 13 mQ-cm” calculated using the doping concentration and
thickness of the epitaxial layer and substrate provided to us by the manufacturer and the
mobility of holes in the epi-layer and substrate [S]. The discrepancy between the ideal and
experimental Rop s values could be due to a significantly lower substrate doping concentration
and / or a large series resistance of the backside ohmic contact. Also, inherently the epitaxial
and substrate region series resistance is high for p-type SiC due to the large ionization energy
of the dopant atom (Al) in SiC [5,8]. The rather high forward voltage drop of the p-type SiC
Schottky diodes could be attributed to the large series resistance values. The barrier height
calculated from the forward I-V measurement was between 1.2-1.7 eV, which is comparable to
that reported by Raghunathan et al [5] for P-type 6H-SiC Schottky diodes.

Forward Bias: D.C
=130 ] T

-110~ / =
With edge termination /

—90

=70

=50

Current Density (A/em?)

=30

10

10
Voltage (V)

Fig. 2. Typical forward current density vs voltage (J-V) characteristics of Al/6H-SiC Schottky
diodes with and without edge termination under DC excitation.

The higher forward current density through the diode with termination could be attributed
to the formation of a low resistivity accumulation layer in the semiconductor below the MOS
structure surrounding the Schottky contact. This can result in an effective increase in the
current conduction area (Fig. 3), which will lead to a lower series resistance, and hence higher
currents and a lower forward voltage drop. '
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It has to be noted that the current density in Fig. 2 was calculated assuming uniform current
conduction across the 140 pm dia. (D1) Schottky contact area, while the effective current
conduction area in case of the terminated diodes could be larger (D2 >140 pm) due to the
presence of a low resistivity accumulation layer surrounding the Schottky contact area. We are
in the process verifying this hypothesis by 2D numerical simulation using ATLAS, and a
detailed analysis of this phenomena will be presented in a future paper.

Low resistivity
accumulation layer

Current Flow

()

Fig. 3. Schematic of expected current flow pattern through the Al/6H-SiC Schottky diode ()
without edge termination, and (b) with thick oxide edge termination.

(b) Reverse characteristics

A comparison of reverse bias current density vs voltage characteristics of the Schottky
diodes with and without edge termination under DC bias conditions is shown in Fig. 4.

Reverse Bias: D.C

100 ] T
|
|
~ |
g |
E« With edge termination |
.*2, 50 (Ve ~900V) I -
: |
I
|
6 Without edge termination |
(Vi ~ 500V) J I
0 ———— ]
|
0 500 1000
Voltage (V)

Fig. 4. Typical reverse current density vs voltage (J-V) characteristics of Al/6H-SiC Schottky
diodes with and without edge termination under DC excitation.

The reverse breakdown voltage of the Schottky diodes with edge termination is observed to

be approximately two times larger than that of the diodes without edge termination, while the
reverse leakage current densities of both diodes were < 100 pA/cm® upto 400 V. Both the
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diodes also indicated a reasonably high ON/OFF ratio (Jg.sv / Jraeov) of about 4 x 10°.
Extensive 2D numerical simulation using ATLAS (to be presented in a future paper) confirms
that the increase in the breakdown voltage of the diodes with edge termination is due to an ~
30% reduction in the peak electric field at the Schottky contact periphery as a result of the field
plate surrounding the Schottky contact. In fact, the numerical simulation clearly indicates the
expansion of the depletion region below the MOS region surrounding the Schottky contact, and
hence the high field region is shifted away from the Schottky contact edge to inside the oxide
layer corresponding to the edge of the metal overlap on top of the oxide layer, resulting in a

higher breakdown voltage.
(¢) Effect of oxide thickness on reverse breakdown voltage

Under reverse bias conditions of the terminated Schottky diodes, the oxide layer will
sustain a portion of total applied voltage. As mentioned earlier, the high field region now shifts
away from the Schottky contact edge into the oxide layer, near the edge of the metal overlap. If
the electric field in the oxide layer exceeds the breakdown field of SiO, the Schottky diode
will fail due to breakdown of the oxide layer. In order to investigate the influence of the
thickness of the oxide layer on the Schottky diode breakdown voltage, Schottky diodes with
different oxide thicknesses were fabricated. Fig. 5 shows the normalized pulse J-V
characteristics of Schottky diodes, with different oxide thicknesses, under reverse bias.

0.4 T T T T T 'L T T T
Deposited oxide II
0.35 - 30004 :V, =553 Y 7
i
e 0.3~ Deposited oxide 1 : N
> 1700 A:V, =380 V2 |
G | H | .
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'
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E oozl H ] 6000 A : V, = 1000 V I
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E V, 7327V ¢ 1
S o015 : ,’ 4
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Fig. 5. Normalized pulse J-V characteristics of Schottky diodes with different oxide
thicknesses, under reverse bias.

It is interesting to note that Schottky diodes with a thin thermal oxide (300 A) failed at a
lower voltage than the unterminated Schottky diode, indicating possible oxide breakdown when
the oxide layer is too thin. But it has to be noted, however, that due to poor SiC material
quality, a large scatter was observed in the breakdown voltage of both the unterminated and
terminated diodes (> 20% difference between Virmin and Virmax). Hence the anomalous
reduction in the diode breakdown voltage with a thin oxide could also be due to poor material
quality. A detailed measurement of the breakdown voltage of several unterminated and thin
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oxide terminated Schottky diodes is necessary to pin point the exact reason for the anomalous
breakdown of a thin oxide terminated diode. Still, from Fig. 5 it is clearly evident that the
breakdown voltage increases with increase in the oxide thickness. ATLAS simulation results
(to be presented in a future paper) indicates that if the oxide thickness less than a minimum
value, the field plate edge termination is not effective, and a thin oxide terminated diode
structure can possibly fail at a lower voltage than an unterminated diode. Also, while the
breakdown voltage is observed to increase with increase in the oxide thickness, theoretically
beyond a certain value of oxide thickness there is no significant increase the breakdown
voltage. For the Schottky diodes investigated in our laboratory, increasing the oxide thickness
beyond 6000 A did not result in further improvement in the breakdown voltage (up to 10000 A
thick oxide layers were investigated in the present experiment).

CONCLUSION

High voltage p-type 6H SiC Schottky diodes up to 1000 V have been successfully
fabricated using a thick oxide layer for edge termination. The forward current density of the
Schottky diodes with edge termination was 2-3 times larger than those for diedes without edge
termination, while the reverse leakage current density of both diodes were < 100 pA/cm? upto
400V. The difference in forward current densities could be due to a larger effective conduction
area for diodes with edge termination, as a result of an accumulation layer underneath the MOS
region surrounding the Schottky contact. Also, the Schottky diodes with edge termination
indicated a factor of two higher breakdown voltages than those without edge termination as a
result of electric field relief at the Schottky contact edge. A minimum oxide thickness of ~ 6000
A was necessary to attain 1 kV reverse breakdown voltage for the Schottky diodes fabricated
on p-type 6H-SiC in this experiment. Further increase in oxide thickness did not result in any
improvement in the breakdown voltage.
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ABSTRACT

In this paper, we report the successful use of field plates as planar edge terminations for
P’-N as well as N'-P planar ion implanted junction diodes on 6H- and 4H-SiC. Process splits
were done to vary the dielectric material (S8iO; vs. Si;N,), the N-type implant (nitrogen vs.
phosphorous), the P-type implant (aluminum vs. boron), and the post-implantation anneal
temperature. The nitrogen implanted diodes on 4H-SiC with field plates using SiO, as the
dielectric, exhibited a breakdown voltage of 1100 V, which is the highest ever reported measured
breakdown voltage for any planar ion implanted junction diode and is nearly 70% of the ideal
breakdown voltage. The reverse leakage current of this diode was less than 1x10”° A/cm’® even at
breakdown. The unterminated nitrogen implanted diodes blocked lower voltages (~840V). In
contrast, the unterminated aluminum implanted diodes exhibited higher breakdown voltages
(~800V) than the terminated diodes (~275V). This is attributed to formation of a high resistivity
layer at the surface near the edges of the diode by the P-type ion implant, acting as a junction
termination extension. Diodes on 4H-SiC showed higher breakdown than those on 6H-SiC.
Breakdown voltages were independent of temperature in the range of 25 °C to 150 °C, while the
leakage currents increased slowly with temperature, indicating surface dominated components.

INTRODUCTION

SiC has become an attractive semiconductor in recent years for high speed, high power
and high temperature applications because of its wide band-gap, high critical electric field and
high thermal conductivity. However, its widespread application has been limited due to the fact
that the device fabrication technology for SiC is still in its stage of infancy. Due to low impurity
diffusion coefficients, doping in SiC is usually obtained either by epitaxial growth or by ion
implantation. The former is not attractive because it requires mesa etching for edge termination,
and hence the device topology becomes non-planar making passivation difficult. Hence, in order
to improve the commercial viability of SiC devices, the successful development of planar ion
implantation technology for SiC for microelectronic technology is of major importance. Dopant
activation, surface morphology control and ohmic contacts have been the major obstacles in the
development of a reproducible ion implantation technology. Until recently, P-N junctions in SiC
have been formed using multiple epitaxial layers or unmasked ion implantation. However, these
approaches compromise on surface planarity and are not preferred [1-3].

Although there have been quite a few reports on ion implantation, 6H-SiC has received
most of the attention [2-6]. In most cases, the dopants used have been nitrogen, aluminum and
boron. There have been only a couple of reports on other dopants like phosphorous and
beryllium [7,8] where breakdown voltages of 675 V were reported for phosphorous implanted
non-planar junctions. The diodes fabricated in the above work have been mesa-etch terminated
which are not compatible with IC technology. Various planar edge terminations such as floating
metal rings and resistive Schottky barrier field plates have been explored for 6H-SiC devices [9]
but only 50% of ideal breakdown voltage was achieved. A planar, near ideal, edge termination
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using Argon implantation [10,11] has been reported for 6H-SiC Schottky barrier diodes but the
leakage current is greatly increased by the implanted region. This method was also demonstrated
for 4H-SiC with breakdown voltages exceeding those reported for 4H-SiC mesa-etch terminated
diodes [12]. Most recently, a 3.4 kV ion implanted PIN-rectifier has been implemented on 4H-
SiC with low leakage currents obtained by using junction termination extension created by boron
jon implantation [13]. In this paper, reverse blocking characteristics of diodes made using
phosphorous, nitrogen, aluminum and boron implanted layers and having different edge
terminations are discussed.

EXPERIMENT

The starting wafers were research grade 6H- and 4H-SiC wafers (both n-type and p-type)
consisting of a 10 pm thick epitaxial layer (0.85-1.0x10" cm™) on a 300 pum thick substrate
(1x10"® cm™), obtained from CREE. Devices were fabricated using two process sequences
differing mainly in the dielectric used to mask the implants, the temperature of post implantation
anneal and the final dielectric used in device termination.

The first fabrication process was a 2-mask process in which the post-implantation anneal
was at <1400 °C and the dielectric used for passivation was silicon dioxide. In this process, after
cleaning the wafers by standard techniques, a 7000 A thick oxide was deposited using Low
Pressure Chemical Vapor Deposition (LPCVD). Next, windows for ion implantation were
opened in the oxide, and a 500 A pad oxide was deposited by LPCVD. This was to ensure that
the peak implant doping occurs at the surface, which would result in good ohmic contacts. High
temperature (1000 °C) nitrogen and aluminum implantations were performed using multiple
implant sequences with energies 25, 50, 75 and 120 keV to give box-profiles with varying total
doses. Monte Carlo simulations performed using SUPREM showed that these implant conditions
would yield depths of uniform concentration or junction depths in the range 0f 0.25-0.3 pm in the
case of the nitrogen implants and 0.17-0.2 pm in the case of the aluminum implants. Post-
implantation proximity anneals for dopant activation were done at 1300°C and 1400°C for the
nitrogen and aluminum implanted samples, respectively, in Argon for 30 minutes. Aluminum
contacts were formed by lifi-off on the device side, after etching the pad oxide. Blanket
evaporation of aluminum was done on the back side to form ohmic contacts to the substrate.

For post-implantation anneals at temperatures >1600 °C, which is desirable for high
dopant activation, the above process was not feasible due to reflow of the oxide at such
temperatures. Hence, a 4-mask process was designed for device fabrication. In this process, the
silicon nitride was used as the dielectric for passivation. Diodes were also made from
phosphorous and deep high energy boron implants, and planar edge terminations such as field
rings were also incorporated. After cleaning the wafers, the first mask level was used to etch
alignment marks on bare SiC surface using RIE. Following an RCA clean, 1 um each of oxide
and polysilicon were deposited by LPCVD. -Such a thick stack of polysilicon and oxide was
found, based on simulations, to be required to mask the high energy boron implants. Windows
were opened in the stack of polysilicon and oxide for implantation and a 500 A of pad oxide was
deposited by LPCVD on both wafers for obtaining peak doping of the implantation profile at the
surface. Based on simulations, the implantation profiles yielded uniform concentration upto a
depth of 0.3, 0.2, 0.2 and 0.6 pm in case of nitrogen, phosphorous, aluminum and deep
boron/aluminum implants, respectively, with net doses of 4.6x10%, 4.6x10", 3.4x10" and
6.8x10" cm2.  After ion implantation, blanket etch was done to remove both the oxide and the
polysilicon. Next, post-implantation proximity anneals were performed for all wafers at 1600 °C
in Argon for 30 min in a SiC crucible. The SiC crucible helped maintain a vapor pressure of SiC
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Fig. 1. Reverse J-V characteristics of nitrogen implanted diodes with SiO, as di¢lectric : (a) comparison of
6H- and 4H-SiC diodes with field plates; (b) effect of field plate length.

and hence completely prevented surface degradation and pitting [4]. Following the post
implantation anneal, a 0.55 pum thick nitride layer was deposited by LPCVD. A 0.4 um LPCVD
oxide was used as the mask to open contact windows in the nitride film. Aluminum contacts were
formed by lift-off for the device side, and by blanket evaporation on the back side.

RESULTS & DISCUSSION
A. Diodes with SiO; as dielectric (post-implantation anneal at < 1400 °C)

The diode reverse I-V measurements were performed using Keithley 251 I-V setup and
the system leakage was found to be a few pico-amperes. It is known that edge termination plays
an important role in determining the breakdown voltage of a p-n junction diode. In the case of
nitrogen implanted diodes on 6H-SiC, field plates served to increase the breakdown voltage from
350 £ 50 V to 500 £ 20 V. The breakdown voltage of nitrogen implanted diodes on 4H-SiC
increased from 800 £ 40 V to 1100 £ 60 V with field plates. This indicates that a simple planar
field plate edge termination can be used to obtain higher breakdown voltages. Extremely low
leakage current densities in the range of 1 x 10° A/cm’ were obtained in both 6H- and 4H-SiC
nitrogen implanted diodes terminated with field plates even just before breakdown. A comparison
of the reverse I-V characteristics of these nitrogen implanted diodes on 6H- and 4H-SiC with field
plates are shown in Fig. 1(a). It can be observed that much higher breakdown voltages were
obtained in 4H-SiC than in 6H-SiC. The variation of the breakdown characteristics with the dose
of nitrogen implant was studied in 6H-SiC and no significant trend or variation was found. The
nitrogen implanted junction diodes without field plates on 4H-SiC also showed good reverse
blocking characteristics with a maximum breakdown voltage of 840 V and average leakage
currents in the range of 1x10* A/em? prior to breakdown as shown in Fig. 1(b). A breakdown
voltage of 1100 V obtained in this study on 4H-SiC is the highest ever reported measured
breakdown voltage for any planar ion implanted junction diode on SiC. The breakdown voltage is
nearly 70 % of the theoretical parallel plane ideal breakdown voltage of about 1600 V for a diode
with the given epitaxial layer specifications. A total of 30 devices were measured, 15 with field
plates and 15 without field plates, and it was found that the presence of field plate improved the
reverse I-V characteristics of the diodes consistently and as expected from theory [14]. The
breakdown voltage was found to be almost independent of the of field plate length as shown in
Fig. 1(b). The distribution of the leakage currents just before breakdown for the nitrogen
implanted diodes on 4H SiC across the sample is shown in Fig. 2. The average leakage current
for diodes with field plates, reduced by an order of magnitude when compared to that of diodes
without field plates, to a value as low as 1x107® A/em? just before breakdown.
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The aluminum implanted junction diodes on 4H-SiC exhibited higher breakdown voltages
without field plates than with field plates (Fig. 3). For a dose of 6.8x10" cm?, while the
aluminum implanted diodes without field plates showed breakdown voltages of 800£10 V, the
ones with field plates supported only 275440 V. This is attributed to the poor activation of the
aluminum implanted region due to which, the actual doping in the ion implanted region is much
Jower than the implanted aluminum concentration. The sheet resistance of the aluminum implanted
region, measured using Kelvin test elements on the same wafers, and was found to be 25
kV/square which supports the above argument. This results in the presence of a high resistivity
layer at the surface near the edges of the diode (between points A and B in Fig. 4(a)) in case of
the diodes without field plates. It is believed that this region then acts like a junction termination
extension and promotes the spreading of the potential along the surface laterally which results in
reduced electric field [13] at a given voltage for the diodes without field plates. Hence, a higher
breakdown voltage is observed for diodes without field plates when compared to diodes with field
plates. The breakdown voltage of aluminum implanted diodes was found to be higher for a higher
dose. However, like in the nitrogen implanted diodes, no significant variation of breakdown
voltage with the length of field plate was observed. ’

B. Diodes with SisN, as dielectric (post-implantation anneal at 1600 °C)
The reverse I-V characteristics were measured for all diodes with different edge
terminations and the results are summarized in Fig. 5. The unterminated diodes gave the lowest

Oxide metal contact 0.7pum Oxide metal field plate 0.7um

l implanted layer ¥

B

10pm A epi layer (1x10' cm™)

Fig. 4. Cross-section of fabricated planar diodes with SiO; as diclectric : (a) without field plate (b) with
field plate.
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Implanted No edge Single field Single field | 1 field ring + | 2 field rings +
Species termination plate ring 1 field plate 1 field plate
N 300 +/-25V 550 +/-20V 350 +/-100 V 350+/-30V 500 +/-60 V
P 400 +/-50 V 700 +/-40 V 400 +/-100 V 400 +/- 50V 475 +/-100V
Al 150 +/-20V 600 +/-50 V 260+/-40V 300+/-30V 300+/-100V
B and Al 75+/-50 V 350+/-50 V 200+/-20V 200 +/- 50 175+1-25V

Fig. 5. Variation of breakdown voltages with edge terminations of 4H-SiC diodes using Si;N,as dielectric.

breakdown voltages in all cases. The highest breakdown voltages were obtained for the diodes
with a single field plate for all the different dopants. The least variation of breakdown voltages
across the wafer was observed for these diodes. This confirmed that a simple planar field plate
edge termination can be used to obtain higher breakdown voltages. However, no other trend
could be established for the variation of breakdown voltage with the edge terminations. The
higher effectiveness of the field plate termination than the guard ring termination has also been
reported with 4H-SiC Schottky diodes [15]. Further, in our study, it was observed that
phosphorous is a better choice than nitrogen for making donor implanted diodes in SiC. Not only
did phosphorous implanted diodes show higher breakdown voltages, but they also exhibited lower
leakage currents for the same voltage when compared to nitrogen implanted diodes. Leakage
currents were found to be 1x10™, 1x10%, 1x10° and 1x10”7 Amperes for phosphorous, nitrogen,
aluminum and boron/aluminum implanted diodes, respectively, just before breakdown. The
aluminum implanted diodes consistently supported higher voltages than boron/aluminum
implanted diodes. The acceptor implanted diodes showed much lower leakage currents than the
donor implanted diodes. The leakage currents obtained for nitrogen implanted diodes on 4H-SiC
were found to be higher in this process when compared to the previous process. The high leakage
currents in the diodes was attributed to excessive leakage at the periphery of the junction due to
residual ion implantation damage [4,7] caused by the higher dose. Hot implantation is also known
to bring about inferior junction characteristics due to formation of dislocation loops [5].

High temperature (25 °C to 150 °C) characterization was also performed for all the diodes.
The variation of breakdown voltage with temperature is shown in Fig. 6. The breakdown voltage
was found to be almost invariant with temperature which is an encouraging result when compared
to previously reported negative temperature coefficient for the breakdown voltage [1]. The
leakage currents also remained in the same order of magnitude when the temperature was
increased from room temperature to 150 °C (~423 K), which is again highly desirable. We believe
that the leakage currents increased very slowly with temperature because the leakage current was
predominantly due to surface leakage components and not due to diffusion or space charge
generation components which are extremely low in SiC.

CONCLUSIONS

Electrical properties of P*-N as well as N'-P planar ion implanted junction diodes on 6H-
and 4H-SiC with different edge terminations were studied. The single field plate edge termination
resulted in higher breakdown voltages than those with other planar edge terminations such as the
floating field rings. The nitrogen implanted diodes on 4H-SiC with field plates using SiO; as the
dielectric, exhibited a breakdown voltage of 1100 V, which is the highest ever reported measured
breakdown voltage for any planar ion implanted junction diode and is nearly 70% of the ideal
breakdown voltage. The reverse leakage current of this diode was less than 1x10° A/em? even at
breakdown. Diodes on 4H-SiC showed higher breakdown than those on 6H-SiC. Breakdown
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Fig. 6. Variation of breakdown voltages with temperature of field plate terminated 4H-SiC diodes using
SisN,as dielectric.

voltages were independent of temperature in the range of 25 °C to 150 °C; while, the leakage
currents increased slowly with temperature, but stayed within the same order of magnitude.
These results are of relevance to design and fabrication of high voltage devices such as
MOSFETS containing reverse blocking junctions.
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ABSTRACT

Pd/SiC Schottky diode has triggered interest as a chemical sensor to be operated at high
temperatures. Various surface compounds formed at high temperatures are known to alter the device
performance. In this work, the carbon and silicon related compounds and morphology of Pd ultra-thin
film on 6H-SiC and 4H-SiC are investigated after thermal annealing using X-ray photoelectron
spectroscopy (XPS) and atomic force microscopy (AFM). The Pd ultra-thin films of about 3 nm in
thickness are deposited by RF sputtering. The XPS analysis reveals the presence of silicon
oxycarbides (SiC,0,) as deposited. After being annealed above 300°C, the atomic ratio of C to O in
SiC,0, decreases with increasing the annealing temperatures, and the Pd film becomes a Pd silicide
nanofeatured layer on SiC. When the annealing temperature is at 500°C, the majority of the SiC,0,
is converted into SiO,. An amorphous Si phase exists after annealing at 200 to 400°C, which indicates
that the Si-C bonds in SiC are broken at lower temperatures due to the presence of Pd. Graphite and
C=0 are found on the as deposited samples and also after annealing at temperatures up to 600°C. The
formations of the carbon and silicon related compounds on Pd/4H-SiC are very similar to those on
Pd/6H-SiC.

INTRODUCTION

SiC-based device developments require that the metal contacts and interconnects are
physically, chemically, and electrically stable under severe conditions, such as at high temperatures.
Metal contact studies on SiC have resulted in commercially available SiC devices which can be
operated at high temperatures [1,2]. The diffusions and reactions between metal thin films and the
SiC substrate result in the formation of various interfacial compounds, and alter the electrical
properties. Therefore, it is one of the most critical issues to investigate the interfacial compositions
of metal/SiC at elevated temperatures in SiC based device research.

Pd/SiC Schottky diodes have been successfully demonstrated as a chemical sensor for
hydrogen and hydrocarbon [3,4], which can be operated at high temperatures. The heat treatment
significantly promotes interfacial diffusion and chemical reactions, and broadens the interface region.
The two-dimensional surface diffusion and surface segregation of Si from dissociated SiC result in
a thin sificon oxide layer on the top of the Pd film [3]. The Pd chemical states are various co-existing
palladium silicides (Pd_Si, x = 1,2,3,4) for the Pd thickness of about 400A [4] after annealing at
425°C. Lu et al. [5] found the Pd exists as PdSi and Pd,Si for the ultra-thin Pd film (~30A thickness)
at the elevated temperatures. To the best of our knowledge, the formations of the silicon and carbon
related compounds in Pd/SiC after annealing at high temperatures have not been systematically
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investigated .

In this study, the interfacial composition and the morphological features of Pd ultra-thin films
on 6H-SiC and 4H-SiC at different annealing temperatures were investigated using XPS and AFM.
The Pd ultra-thin films were prepared by the RF sputtering method, and the thickness was about 30A.
The silicon and carbon related compounds in Pd/SiC were determined by XPS after annealing.

EXPERIMENTAL

1. Samples and Pd Ultra-thin Film Fabrication

n-type, Si-face 6H-SiC and 4H-SiC wafers with 3.5% off-axis on Si (0001) substrates were
purchased from Cree Research Inc. The doping concentration was 2.6 x 10" cm’. An RF sputtering
system (Kurt J. Lesker Company) was used for the Pd ultra-thin film preparation. The SiC wafer
cleaning procedure and the Pd ultra-thin preparation procedure are in Ref.[5]. The thickness of Pd
thin film on SiC was about 30 A, so that XPS can effectively detect the Pd/SiC interfacial
compositions.

The Pd/SiC samples were analyzed and annealed consecutively from 100°C to 600°C in 100°C
increments in air for 30 minutes each time. The Pd/6H-SiC and Pd/4H-SiC samples were prepared
and annealed at the same time.

2. Characterization

The XPS experiments were performed on a Kratos X-SAM 800 spectrometer with an energy
resolution of 0.1 eV. The base pressure was at 10° Torr. The Mg Ko (7v=1253.6 V) radiation was
used. The energy scale of the analyzer was calibrated by the Cu (2p,,,) XPS peak at 932.67 eV, and
the Au (4f,,) XPS peak at 84.00 eV.

The exit angle of the photoelectron was 90° to the sample surface. The data were smoothed
and satellite peaks were subtracted before background subtraction and deconvolution were
performed. The background of the XPS was subtracted using the Sherley algorithm. The Gaussian-
Lorentzian method was applied to deconvolute the XPS.

A NanoScope E (Digital Instruments, Inc.) was used for AFM measurements. The standard
silicon nitride cantilever supplied by Digital Instruments, Inc. was employed. The force constant of
the silicon nitride cantilever is 0.12 N/m. At least three different regions on the surface were measured
by AFM for each sample.

RESULTS

1. Carbon related compounds in Pd/6H-SiC

XPS is used to examine the surface composition changes on Pd/6H-SiC and Pd/4H-SiC
samples from the as deposited and after each annealing step. The surface species formed on the
Pd/SiC surface are quite complex, and two kinds of surface compounds are co-existing on Pd/SiC
samples after annealing; (a) the Pd silicides and Pd element, (b) the silicon and carbon related
compounds. In this paper, we present the results for the silicon and carbon related compounds on 6H-
SiC and 4H-SiC substrates.

The studies on the Pd-related compounds on Pd/SiC samples after different annealing
temperatures has been presented at another report [5]. There are two reactions between Pd and SiC
in the range from room temperature to 600°C; (a) at 300°C, the Pd reacts to SiC to form Pd,Si on
both 6H-SiC and 4H-SiC substrates, and (b) Pd,Si reacts with SiC to form PdSi at 500°C for Pd/4H-
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SiC, and at 600°C for Pd/6H-SiC.

Table I lists the XPS peaks of the C(1s) and Si(2p,,) after deconvolution for Pd/6H-SiC and
Pd/4H-SiC as deposited and after each annealing step. Figure 1 shows the deconvolution of the C(1s)
XPS for Pd/6H-SiC as deposited and after consecutive annealing at 300°C and 600°C. As shown,
the strong peak at the binding energy of 282.9 eV represents the C(1s) XPS from the Si-C bonds in
SiC substrate [5-8]. The peak at 284.1 eV exists in the Pd/SiC samples as deposited, and it is assigned
to the carbon oxycarbide (SiC,0,)compounds [6,7]. The SiC,0, is formed during the Pd film
deposition. The 285.1 eV peak is from the C-C bond (graphite), which is commonly found in almost
any sample due to the contaminants. The broad peaks at 287.2-287.8 eV and ~286.5 €V are assigned
to the C=0 and C-O bonds, respectively [9]. Table II shows the chemical shifts in XPS of various
silicon and carbon compounds compared with the XPS for the Si-C bond in SiC.
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Figure 1. Deconvolution of the C (1s) XPS for Pd/6H-SiC as deposited (A) and
after consecutive annealing at 300°C (B) and at 600°C (C).

TABLE I. Deconvolution of the XPS peaks of the C (1s) and Si (2p;,) on Pd/SiC
as deposited and after consecutive annealing in air for 30 minutes.

Samples C (1s) peaks Si (2p,,) peaks

as deposited 282.9,284.1,285.1,287.2 100.8, 102.3, 103.6
annealed at 100°C 282.9,284.1,285.1,287.3 100.8, 102.3,
annealed at 200°C 282.9,284.1,285.2,2874 99.0, 100.8, 102.3
annealed at 300°C 282.9,284.1,285.2, 286.5, 287.8 99.0, 100.8, 102.3
annealed at 400°C 282.9,284.1,285.2,287.8 99.0, 100.8, 102.6
annealed at 500°C 282.9,284.2,285.1 100.8, 103.2,103.6
annealed at 600°C 2829, 285.1, 287.6 100.8, 103.6

The concentrations of the carbon related compounds on Pd/SiC change with increasing
annealing temperatures. The C(1s) XPS peak of the C-C bond also increases with increasing
annealing temperatures. The surface graphite comes not only from the contaminants, but results from
the products of the reactions of the Pd and the SiC substrate [5]. The SiC,O, and C=0 groups on the
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surface decrease with increasing the annealing temperatures. A small amount of the C-O group is also
found after annealing at 300°C. At the annealing temperature of 600°C, the main carbon compound
is graphite although small amounts of SiC,O, and C=0 still exist on the surface. The C=O group is
also found on the substrate at room temperature, and the concentration of the C=0 is low through
the annealing temperature up to 600°C. The C=0 group is difficult to remove, and the thermal
cleaning of the SiC substrates usually requires at least 800°C to obtain the oxygen-free SiC surface
under ultrahigh vacuum (UHV) environment [10]. It seems that the oxygen in air directly attacks the
surface C of the SiC substrate to form C=0.

TABLE II. Chemical shifts in XPS of various silicon and carbon compounds compared
with the Si-C bond in SiC.

Species C (1s) in SiC (282.9 eV) Si (2psy) in SiC (100.8 V)
c-C 2.0 [6,7], 1.6 [9]

Si-Si -1.8[11]

Si-Pd 0 [4]

SiC,0, 1.21[6,7] 0.5-2.4[6,7]

Sio, >2.4[6,7], >1.8 [9], 2.5 [8]
c-0 3.6 [9]

Cc=0 4.9[9]

2. Silicon related compounds in Pd/6H-SiC

Figure 2 shows the deconvolution of the Si (2p,,) XPS for Pd/6H-SiC after consecutive
annealing at 300°C, and 600°C. As shown, the strong peak at 100.8 eV is assigned to the Si (2p,,)
XPS from the SiC substrate and the Pd silicides [4]. The chemical shifts of the Si (2p,,) peak from
the silicon oxycarbides (SiC,0,) vary with the stoichiometry of C and O [6,7]. The binding energy
of SiC,0, is 102.3 eV for the sample as deposited. It increases to 102.7 eV after consecutive
annealing at 400°C, and 103.2 eV after annealing at 500°C. After being annealed at 600°C, the
majority of the silicon compounds on Pd/6H-SiC is Si0, instead of silicon oxycarbides.
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Figure 2. Deconvolution of the Si (2p,,,) XPS for Pd/6H-SiC as deposited (A)
and after consecutive annealing at 300°C (B) and at 600°C (C).
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After annealing at 200°C, a small XPS peak at 99.0 eV appears. This peak is assigned to Si-Si
bond [11], and diminishes after annealing at 400°C. As in our previous work [5], Pd starts to react
with SiC to form Pd,Si and C at 300°C. The presence of Si indicates that the Si-C bonds in SiC break
into C and Si phases on Pd/SiC at 200°C. Obviously, the existing of Pd seems to act as a catalyst to
break the Si-C bonds. At higher temperatures, Si is consumed by the reactions with Pd silicides [5].
Table Il summarizes the various carbon and silicon compounds on Pd/SiC after consecutive
annealing from 100 to 600°C.

TABLE TII. Carbon and silicon related compounds on Pd/SiC as deposited and
after consecutive annealing in air for 30 minutes.

Annealing Temperatures (°C) Carbon and silicon related compounds
as deposited C, SiC,0,, C=0

100°C C, SiC,0,, C=0

200°C 8i, C, SiC,0,, C=0

300°C _ Si, C, SiC,0,*, Pd,8i, C=0, C-O
400°C Si, C, SiC,0,*, Pd,Si, C=0

500°C C, SiC,0,*, Pd,Si, C=0, Si0,

600°C C, 8i0,, PdSi, C=0

* the atomic ratio of C to O decreases with increasing annealing temperatures.

Figure 3 shows the morphological changes for Pd/6H-SiC as deposited and after consecutive
annealing at 400°C and 600°C using AFM. As shown, the surface of the Pd/SiC sample as deposited
has a good uniformity (Figure 3A). After annealing at 300°C, the Pd film becomes a nanofeatured
layer. The average size of the nanofeatures is about 20-30 nm (Figure 3B). With increasing the
annealing temperature to 600°C, the nanofeatured layer has been broken into nanosize rounded
clusters on 6H-SiC surface (Figure 3C). The changes in the morphological features on the Pd/SiC
surface are related to the surface compositions. At the annealing temperature of 300°C, Pd,Si is
formed and the nanofeatured layer appears [5]. Meanwhile, the atomic ratio of C to O in the SiC,0,
decreases. When the annealing temperature is 500 to 600°C, the majority of the SiC,O, is converted
into Si0,, and Pd,Si reacts with SiC to form PdSi [5].

GV ©

Figure 3. AFM images for Pd/6H-SiC as deposited (A, (1 x 1 pm® x 5 nm)), after consecutive
annealing at 300°C (B, (1 x 1 pm?®x 10 nm)), and 600°C (C, (1 x 1 pm’® x 40 nm)).
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3. Comparison of Pd/6H-SiC and Pd/4H-SiC

6H-SiC and 4H-SiC have very similar structures and reactivity with Pd at high temperatures.
The formations of Pd silicides on Pd/4H-SiC is slightly enhanced compared to those on Pd/6H-SiC
[5]. However, the formations of the carbon and silicon related compounds on 6H-SiC and 4H-SiC
substrates are almost identical.

CONCLUSIONS

This study reports that various carbon and silicon compounds are formed with the presence
of Pd ultra-thin film on SiC surface after different annealing temperatures. Silicon oxycarbides
(8iC,0,) are found and the atomic ratio of C to O decreases with increasing annealing temperatures.
Si0, is formed after annealing at 500°C and above. The amorphous Si is formed after annealing in
the temperature region of 200-400°C, and Pd seems to act as a catalyst to break the Si-C bonds in
SiC into Si and C phases. A low concentration of the C=0 group exists on Pd/SiC through the
annealing temperature up to 600°C. We found no significant differences in the formation of carbon
and silicon compounds between the Pd/6H-SiC and Pd/4H-SiC samples.
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ABSTRACT

This study developed and performed Laboratory experiments which mimic the acute cyclic
thermal loading characteristic of pulsed power device switching operation. Ni contacts to n-SiC
were the device components selected for cyclic thermal testing. Modifications of the contact-
SiC materials properties in response to cyclic thermal fatigue were quantitatively assessed via
Rutherford backscattering spectrometry (RBS), scanning electron microscopy (SEM), atomic
force microscopy (AFM), surface profilometry, transmission electron microscopy (TEM),
nanoindentation testing and current-voltage measurements. Decreases in nanohardness and
elastic modulus were observed in response to thermal fatigue. No compositional modifications
were observed at the metal-semiconductor interface. Our results demonstrated that the majority
of the material changes were initiated after the first thermal pulse and that the effects of
subsequent thermal cycling (up to 10 pulses) were negligible. The stability of the metal-
semiconductor interface after exposure (o repeated pulsed thermal cycling lends support for the
utilization of Ni as a contact metallization for pulsed power switching applications.

INTRODUCTION

Much attention has focused on SiC as a material for high power, high temperature and high
radiation tolerance device applications{1-3] It is the exceptional properties of SiC, such as
high breakdown field, large bandgap, high thermal conductivity and high electron saturation
velocity, which are responsible for these device application interests [1]. To date, SiC
electronic materials research efforts have focused predominantly on growth, processing science
and packaging issues. However, in order to promote, design and realize reliable SiC power
devices it is important to assess the performance of device components under the influence of
their potential operational stress regimes. This is particularly critical for pulsed power device
applications, namely palpitated high power switching, where the operational environment is
dominated by acute cyclic pulsed power actions which ultimately translate into severe thermal,
electrical and mechanical cyclic stresses in the device materials. In order to fully explore SiC’s
utilization for pulsed power switching applications it is necessary to determine the effects of
such cyclic stress regimes, both individually and as combined effects, on the fundamental
pulsed power device components. In this paper we report results of a unidimensional, that is,
non-combined effects, investigation which evaluated the reliability of Ni-SiC ohmic contact
device components in response to acute cyclic thermal loading. Our results demonstrate that the
electrical, compositional and structural integrity of the metal-SiC interface strongly influences
the reliability of the Ni-SiC ohmic contacts under acute cyclic thermal stress.

It is well documented that device performance is often limited by the electrical and materials
integrity of the ohmic contacts [4,5]. Since ohmic contacts are a fundamental component of all
pulsed power devices the ohmic contact-SiC device structure was selected for cyclic thermal
testing. A number of different metals have been proposed as suitable ohmic contacts to n-SiC.
Specifically, metals such as Ni, AUNVA], Cr, Al, Au-Ta, TaSi;, W, Ta, Ti, Ti/Au, TiSiy, Co
and WSi have been studied with the Ni based metallization systems suggested as superior

candidates due to their low specific contact resistance, (p,), less than 5.0x10" ohms-cm’ [6-9].
Additionally, published data suggests that annealed Ni contacts, which react with SiC to form
Ni,Si, exhibit excellent static thermal stability at temperatures as high as 500°C [7]. Based on
this information Ni was selected as the contact metallization for cyclic thermal fatigue testing.
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EXPERIMENTAL

200 nm of Ni was deposited on 4H n-type SiC substrates purchased from CREE Research.
The SiC substrates were non-research grade with a micropipe density of greater than 100 cm2,

The substrates were Si faced and the donor density was 2.0 x 1019 cm3. Prior to the metal
deposition the wafers were cleaned in warm electronic grade trichoroethane (TCA), boiling
acetone and methanol followed by a rinse in deionized water. The Ni deposition was

accomplished via electron beam evaporation with a base pressure of 5x10-7 Torr. The Ni on
SiC samples, were annealed at 950°C for 5 min. in a N, ambient in order to produce ohmic
behavior. Cyclic thermal fatigue experiments were conducted using a 10.6 pm IR pulsed CO,
laser. The pulsed thermal fatigue design was configured for a 3 second heating interval
followed by a 60 second cooling interval. The heating and cooling intervals were chosen to
mimic military switching requirements. Laser power levels were tailored to maintain a
temperature of 650° C for 1 cycle and 10 consecutive cycles. Temperature verification was
obtained with the aid of both a thermocouple and pyrometer.

Current-voltage measurements, were performed on the as-deposited, annealed and thermally
fatigued Ni-SiC samples. The electrical measurements were internally consistent and were used
solely to assess the electrical changes resulting from thermal fatigue relative to the non-fatigued
sample. All samples were analyzed for surface morphology modification via atomic force
microscopy (AFM) and surface profilometry. A Topometrix Discoverer Scanning Probe system
was used to obtain the AFM data and the profilometry measurements were obtained via a
Tencore P-2 low scan profiler. Elemental diffusion and phase formation were tracked using
Rutherford backscattering spectroscopy (RBS). RBS measurements were obtained on a

National Electronics Corp. 55SDH-2 Accelerator using 2 MeV He™* ions with a scattering angle
of 170° and a solid angle of 5.5 msr. Experiments were performed at a tilt angle of 10° away
from the detector in IBM geometry (beam, surface normal and detected beam are coplanar).
Simulations were produced using the computer code RUMP [10]. The structural durability of
the thin film metallization on SiC was evaluated via nanoindentation testing. The
nanoindentation measurements were made using a Nano Instruments XP nanoindenter, with a
Berkovich 3-sided pyramid diamond indenter with controlled penetration depths of 300 nm.
The instrument allowed a indenter penetration vs. force curve to be determined allowing the
determination of both nanohardness and the effective elastic modulus from the slope of the
hysteresis curve. Microstructural analyses were obtained via cross-sectional TEM using a JEOL
3010 STEM operated at 300 keV.

RESULTS AND DISCUSSION

The I-V characteristics of the as-deposited Ni films displayed rectifying behavior suggestive
of a large barrier height, typically 1 eV or greater. The RBS analysis (figure 1) revealed no
reaction between the Ni and SiC substrate and showed no evidence of an interfacial oxide upon
Ni deposition. The I-V curve for the annealed e-beam deposited Ni on SiC possessed near-
linear characteristics and was symmetric with reversal of the voltage polarity. Due to lack of dry
etching facilities, no values for specific contact resistance were measured, thus a quantitative
value for specific contact resistance is not available. However, the Ni-SiC annealing protocol
used in this study is well documented in the literature to produce good ohmic behavior with
reproducible results,[7-9] thus, it is not unreasonable to assume that our samples also possess
good ohmic behavior, that is, low specific contact resistance . The fact that the I-V curve for the
annealed Ni-SiC structure possessed linear characteristics and was symmetric with reversal of
the voltage polarity, is indicative of ohmic contact formation [11]. The RBS analysis of the e-
beam deposited Ni on SiC (figure 2) showed a thin layer of NiO present at the contacts surface
and Ni silicide formation adjacent to the SiC. The NiO is most likely due to the presence of
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oxygen during the annealing cycle. However, the near surface nature of the NiO layer combined
with the linear I-V characteristics suggests-that the oxygen contamination was not severe enough
to impede ohmic contact formation. The RBS depth profile (figure 2) and TEM analyses (not
shown) revealed a non-abrupt contact-SiC interface iri which the thickness of the contact
increased from 200 nm to 400 nm as a result of interfacial reactions during the anneal. This
large increase in contact thickness has been documented in the literature for Ni contacts on SiC
[6. 8, 12]. For Ni contacts to SiC, formation of Ni silicides upon annealing appears to be a
requirement for ohmic behavior. The critical step in silicide formation requires the continual
supply of Si atoms through breaking bonds in the substrate. The Si-C bonds can be broken in
several ways; sufficient thermal energy to break the SiC bonds (high temperatures) and/or
rapid interstitial migration of the metal through the SiC lattice which assists bond breaking and
aids silicide formation. Since our samples were annealed at a fairly high temperature (950°C)
and the fact that Ni is very small (.69 A ionic radius) compared to that of Si (2.71 A) and C
(2.60) suggests that both these mechanisms may have contributed to the formation of the silicide
phase detected by RBS.

Ni SiC substrate
e Nichs! e
" *INiO Ni silicide SiC substrate
bt g j—> -
= =
@ 1]
E Ll Siticon 5 b
[ ,\}M«Iw" [ B Nﬂv
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Depth (nm) Depth (nm)
Fig. 1. RBS depth profile for the e-beam Fig. 2. RBS depth profile for annealed Ni
as-deposited Ni on SiC. contact to SiC.

The I-V curve for the 10 cycle thermal fatigued contact on SiC was notably similar to that of
the unfatigued sample, that is, linear, symmetric with reversal of voltage polarity and possessed
no deviation in the slope of the I-V curve relative to that of the unfatigued sample. The fact that
ten cycles of thermal fatigue did not significantly degrade the I-V curve speaks well for the
electrical integrity of this contact metallization in response to pulsed thermal stress. Figure 3
displays the RBS depth profile for this sample. The results revealed no compositional changes
at the metal semiconductor interface. However, oxygen appears to have penetrated a bit deeper
into the sample. It is speculated that attenuated nanofractures, resultant from thermal shock,
confined to the upper portion of the contact may be responsible for this indiffusion of oxygen
[13]. It must be kept in mind that the interfacial properties of the metal-semiconductor contact
strongly influences electrical performance {4,5]. Thus, the fact that the metal-semiconductor
interfacial region remained compositionally and electrically unchanged lends support to the
excellent reliability of this contact in response to acute pulsed thermal stress.
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(P) data parallel one another.

Optical and SEM analysis showed the surfaces of the as-deposited e-beam evaporated Ni
thin film on SiC to be smooth and mirror like in appearance. However, after annealing at
950°C the surface changed drastically. The mirror-like metallic luster changed to a lusterless
dull gray color and the film was no longer smooth. The surface morphological changes were
quantified via profilometry and AFM analyses, and are displayed in figure 4. The magnitude of
the profilometry data is larger than that of the AFM data but the general trends parallel one
another. It is evident from figure 4 that annealing augmented the surface roughness of the metal
film. Specifically, the surface roughness increased by an order of magnitude. The films
surface remained lusterless after the thermal fatigue however the surface became smoother.
This surface smoothening occurred during the first cycle of the pulsed thermal fatigue and

maintained at steady state through the 10! cycle, that is, the rms roughness value remained
constant throughout the duration of the thermal cycling. We suggest that the initial thermal
shock of the first laser pulse caused the removal of a thin layer of loosely bound particles from
the films surface which resulted in a lower rms roughness value. The fact that the film did not
delaminate and the rms roughness value remained constant throughout the thermal cycling
bodes well for the films strong adhesion and cohesion properties.

Mechanical properties such as nanohardness and Young's modulus were used to assess the
changes in the physical durability of the metal-SiC component in response to thermal fatigue.
Simply defined the hardness of 2 thin film is the resistance of the film to penetration of its
surface, that is, resistance to local plastic deformation [14]. Hardness is a complex MAacroscopic
property related to the strength of interatomic forces and depends on several variables at the
nanoscopic level. Grain size, area and grain boundary structure, film composition (new phase
formation), impurities, defects and film texture all influence and/or control the nanohardness or
durability of thin films [15]. Thus, there is a strong relationship between a films microstructure
and its mechanical properties.

The magnitude of Young’s (elastic) modulus is determined by the strength of the atomic
bonds in the film. The stronger the atomic bonding, the greater the stress required to increase
the interatomic spacing and thus the larger the value of the modulus of elasticity and the more
durable the film [14]. Like hardness, the modulus is a macroscopic property which depends on
many different variables at the nanoscopic-atomistic level. Specifically, modification of the
films chemical composition strongly influences the elastic modulus value since the various
phases-are composed of different atomic species with different bond strengths. Thus, changes
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in the contacts mircrostructure and composition will be reflected in the values of the contacts
nanohardness and elastic modulus.

Figure 5 displays the nanohardness and Young’s modulus values for the as-deposited,
annealed and thermal fatigued contact metallization on SiC. The nanohardness and modulus
values changed significantly with sample treatment, showing a decrease in magnitude in
response to annealing and cyclic thermal fatigue. The largest change in both the hardness and
modulus occurs after the first thermal pulse. Additional thermal cycling caused negligible
changes in these properties. The compositional change from Ni to Ni-silicide (and the thin
surfacial NiO layer) accounts for the change in the durability values in response to annealing.
TEM results on Ni-SiC ohmic contacts has shown the grain size of the Ni-Silicide to be smaller
that that of the as-deposited Ni on SiC [13]. Thus, the diminishment of the nanohardness after
annealing is easily explained by the increase of grain boundary area of the Ni-silicide with
respect to that of Ni. The decrease in durability values in response to the first thermal pulse is
most likely due to the promotion of thermally induced nanofractures (figure 6) within the upper
portion of the Ni-Silicide contact layer [13]. The fact that the hardness and modulus do not
change significantly after 10 cycles suggests that multiple or repeated thermal cycling has a
negligible affect on the films durability. This speaks well for the reliability of the Ni contacts
endurance to repeated pulsed thermal fatigue. In addition, the fact that the metal film did not
delaminate in response to the cyclic thermal stress bodes well for the films strong adhesion and
cohesion properties.
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CONCLUSIONS

We have developed and performed laboratory experiments which simulate the acute thermal
cyclic fatigue incured as a result of pulsed power switching operation. Evaluation of the
reliability of Ni contacts to SiC in response to cyclic thermal fatigue was investigated. Our
results demonstrated that most of the material changes occurred in response to the first thermal
pulse and that further pulsing (up to 10 pulses) inflected negligible changes in the contact-SiC
durability, compositional and electrical properties. The stability of the metal-semiconductor
interface after acute thermal cyclic fatigue lends support for for the utilization of Ni as a contact
metallization for pulsed power applications.
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ABSTRACT

Thin tungsten carbide films of different compositions were prepared by DC magnetron
sputtering of tungsten and carbon and subsequent annealing in different environments. The
onset of carbide formation was around 800°C. Annealing in a pure hydrogen ambient generally
results in carbon depletion in the layers with the formation of a dominant W,C phase. Adding
propane enhances the carbon content in the layers and stimulates the formation of the WC
phase. On silicon nitride substrates, variation of the propane concentration in an annealing
environment allows a continuous alteration of the layer structure between polycrystalline single
phase WC and a mixed layer with dominant W,C and with it, the adjustment of different values
of the electrical resistance. In contrast, on thin (100)SiC layers a textured W,C phase was
grown after annealing in propane/hydrogen at 900°C whereas at higher temperatures the
formation of silicides was observed. In addition, the chemical composition and the temperature
dependence of the electrical specific resistance were investigated and are also discussed.

INTRODUCTION

In recent years, increasing interest has been directed to wide band-gap semiconductors like
silicon carbide (SiC) due to its potential for applications in power and high temperature
electronics [1]. SiC devices show very good high temperature, chemical and mechanical
stability and high breakdown voltages. Recent improvements in crystal growth techniques now
provide industry and research with high quality bulk and epilayer material. However, there are
still a variety of factors limiting the commercialization of devices in this area [2]. One of the
most important factors with respect to high temperature devices is the requirement of a
metallization, which should maintain a low contact resistivity, have good adhesion to the
substrate material and have high stability at elevated temperatures, particularly at the interface.
Several attempts have been made to achieve good Ohmic contacts to SiC. However, at elevated
temperatures most metals are not stable on SiC and form rather good rectifying contacts with a
barrier height > 1 eV [3].

The formation of good stable Ohmic contacts to p-type SiC remains an important technological
problem that is hindering the industrial production of high temperature and power devices. A
theoretical study based on an ideal band bending model of a semiconductor-metal interface has
shown the impossibility of forming enhancement contacts to p-type SiC [4], because no contact
material exists with the required work function. In all cases, to form Ohmic contacts the width
of the depletion zone has to be minimized to increase thermionic emission. This can be attained
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by a high doping of the surface region. Nevertheless, a high value of the contact material work
function is a precondition for the formation of Ohmic contacts.

Metal carbides are promising contact materials that could fulfill the above mentioned
requirements. Transition-metal carbides like tungsten carbide possess an unusual combination
of physical properties: They are hard and very refractory as many ceramics and have good
electrical conductivity that is comparable to the parent transition metals [5]. The extreme
stability and hardness are already being exploited in many industrial applications like wear-
resistant coatings, cutting and drilling tools. However, the electrical properties make tungsten
carbide also an attractive material for contacts in high temperature electronics or as conductive
protective layers in sensor applications. Tungsten carbide exists in different phases, most
important are the WC and W,C phases. The close match of the lattice constants of the
hexagonal phase to the (0001)SiC plane and the high work function of 3.6 eV and 4.58 eV,
respectively, [5] favors them in applications as highly stable epitaxial contacts to SiC.

Several attempts have been made to prepare thin tungsten carbide layers on different substrates
including sputtering, chemical vapor deposition (CVD), solid-phase reaction, laser ablation and
jon beam synthesis. In most cases a mixed phase or amorphous tungsten carbide was grown,
mainly for hard and wear resistant coatings. The only techniques that have successfully
prepared single phase WC layers are the solid state reaction of tungsten on diamond [6] and
CVD on tantalum substrates [7] at high temperatures. However, both methods are strongly
influenced by the substrate material and CVD was shown to be inappropriate for SiC substrates.
Up to now neither have the contact properties of thin tungsten carbide layers to SiC been
investigated nor has epitaxial growth been possible.

EXPERIMENTAL

The tungsten-carbon layers were deposited by DC magnetron sputtering of a sintered
stoichiometric WC target in argon at a pressure of 3x1072 Torr at room temperature or in situ
annealing at 500°C, respectively. The substrates were silicon wafers covered by 250 nm silicon
nitride or by thin cubic (100)SiC formed by carbonization [8]. Prior to sputter deposition they
were ultrasonically cleaned in methanol. The tungsten-carbon layer thickness was varied
between 50 and 300 nm. Annealing experiments were performed in situ or ex situ in a
conventional horizontal quartz tube in argon for 20 min or in a rapid thermal processing (RTP)
equipment [9] between 10 and 60 s in argon/ hydrogen/ propane mixtures with a propane
content that was varied between 0 and 5%. The layer structure was analyzed by X-ray
diffraction (XRD) with CuK radiation, the surface morphology by atomic force microscopy
(AFM), the electrical conductivity by a linear four-point method at room temperature and at
elevated temperatures up to 470°C and the chemical composition by Auger electron
spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS).

RESULTS

The as-deposited layers were amorphous or micro crystalline with 2 homogeneous, smooth
surface without any distinct features. A compositional analysis revealed a carbon depletion
around 10 %. Annealing in situ resulted in micro crystalline thin films. Ex sifu annealing in
pure hydrogen by RTP lead to strong carbon depletion via reaction to hydrocarbons, and the
formation of the W>C and other high temperature phases (Fig. 1). This reaction can be
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suppressed by adding propane to the ambient. With an enhancement of the propane
concentration up to 0.025% on the silicon nitride covered substrates, the content of the W,C
phase decreased while content of the WC phase increased (Fig. 2). Only WC was detected by
XRD above 0.025% at 1200°C and in the AFM images small grains appeared at the surface. In
contrary, annealing of the tungsten carbon layers on the (100)SiC covered substrates at 900°C
under the same conditions enhances the formation of the W,C phase. Only one tungsten carbide
diffraction peak was detected indicating the formation of a texture. At higher temperatures (i.e.
1200°C in Fig. 3) tungsten silicide was additionally observed. This phase is probably formed by
the reaction of tungsten with silicon from the underlying substrate which diffuses through the
thin SiC layer.
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Fig. 1 XRD patterns RTP annealing in pure hydrogen between 1000°C and 1350°C
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