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Description

BACKGROUND OF THE INVENTION

[0001] The present invention relates to a process for
the production of silicon carbide crystals and more par-
ticularly to the production of silicon carbide crystals hav-
ing increased minority carrier lifetimes.
[0002] Semiconductor devices are increasingly re-
quired to accommodate high currents and/or high volt-
ages without failing. Many high power applications call
for the use of a semiconductor switch which is required
to conduct a large current when turned on, and to block
a high voltage when off. Although silicon (Si) has been
the material of choice for many semiconductor applica-
tions, its fundamental electronic structure and character-
istics prevent its utilization beyond certain parameters.
Thus, interest for power devices has turned from silicon
to other materials, including silicon carbide (SiC).
[0003] Silicon carbide has a variety of physical and
electronic properties useful in semiconductor devices, in-
cluding a wide bandgap, a high thermal conductivity, a
low dielectric constant, high temperature stability, and
high electric field breakdown. As a result, silicon carbide
materials should theoretically allow production of elec-
tronic devices that can operate at higher temperatures,
higher power and higher frequency than devices pro-
duced from silicon.
[0004] As an example, the wider bandgap of SiC as
compared to silicon gives SiC a "critical electric field,"
i.e., the peak electric field that a material can withstand
without breaking down, which is an order of magnitude
higher than that of silicon. This allows much higher doping
and a much thinner drift layer for a given blocking voltage,
resulting in a very low specific on-resistance in SiC-based
devices. Although it has a much higher breakdown field
than silicon, SiC has lower hole and electron mobilities
and shorter minority carrier lifetimes, which can detrimen-
tally affect the blocking voltage for a device as voltages
increase.
[0005] Traditionally, two broad categories of tech-
niques have been used for forming crystalline silicon car-
bide for semiconductor applications. One of these tech-
niques epitaxially grows silicon carbide crystals by intro-
ducing suitable reactant gases into a system to form sil-
icon carbide crystals upon an appropriate substrate. Epi-
taxially grown SiC crystals generally can exhibit minority
carrier lifetimes suitable for various power device appli-
cations. As operating voltage demands for such power
devices increase, for example, approaching 10 kilovolts
(kV) and higher, the devices require increasingly thick
silicon carbide layers to provide the requisite blocking
voltage to prevent device failure. The production of suit-
ably thick epitaxially grown SiC crystals, however, is not
currently cost effective. Moreover, it can be undesirably
time consuming to manufacture such crystals.
[0006] The other primary technique for the manufac-
ture of SiC materials is sublimation growth, also referred

to as physical vapor transport (PVT), in which a silicon
carbide source material (typically a powder) is used as
a starting material. The silicon carbide starting material
is heated in a crucible until it sublimes. The sublimed
material is encouraged to condense to produce the de-
sired crystals. This can be accomplished by introducing
a silicon carbide seed crystal into the crucible and heating
it to a temperature less than the temperature of the source
material. A pioneering patent that describes methods for
forming crystalline silicon carbide for semiconductor ap-
plications using such seeded sublimation techniques is
U.S. Pat. No. 4,866,005 to Davis et al., issued Sep. 12,
1989, which was reissued as U.S. Pat. No. Re. 34,861,
issued Feb. 14, 1995.
[0007] Manufacturing SiC crystals using seeded sub-
limation techniques can offer cost and time advantages
as compared to epitaxially growing SiC. As noted above,
however, bulk SiC single crystals can have relatively
short minority carrier lifetimes. As such, these materials
typically are less suitable for use in certain applications,
including power devices.
[0008] Thus there exists a need to produce silicon car-
bide crystals having increased minority carrier lifetimes,
in a cost effective and time efficient manner, to facilitate
large scale production of semiconductor devices includ-
ing such materials.
[0009] Taro Nishiguchi et al: "Crystal Growth of 15R-
SiC and Various Polytype Substrates" (Materials Science
Forum, vol. 353-356, 1 January 2001 (2001-01-01), pag-
es 69-72, XP055540358, ISSN: 0255-5476, DOI:
10.4028/www.scientific. net/MSF.353-356.69) de-
scribes a sublimation growth at 1700°C - 2000°C, an-
nealing at a temperature higher than growth temperature
such as 2300°C for 1h in Ar atmosphere and cooling of
a SiC bulk material.

BRIEF SUMMARY OF THE INVENTION

[0010] The present invention provides a sublimation
process for producing silicon carbide crystals with the
features of claim 1.
[0011] Advantageously, the crystal is heated to a tem-
perature ranging from about 2400 °C to about 2700 °C,
and most advantageously to a temperature of about 2600
°C.
[0012] The heated crystal is thereafter cooled at a rate
sufficiently slow to result in a concentration of minority
carrier recombination centers in the cooled crystal that
is lower than the first concentration. The cooling step
includes cooling the heated silicon carbide crystal at a
rate of about 2 °C per minute or less to a temperature of
about 1400 °C to about 1000 °C, and advantageously
about 1200 °C, and then cooling to room temperature at
a rate from about 2 °C per minute to about 10 °C per
minute. Although not wishing to be bound by any expla-
nation or theory of the invention, the inventors currently
believe that heating and slowly cooling the crystal in this
manner can eliminate at least a portion of minority carrier
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recombination centers present in the crystal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Having thus described the invention in general
terms, reference will now be made to the accompanying
drawings, which are not necessarily drawn to scale, and
in which:

Figures 1A and 1B are graphs illustrating microwave
photoconductive decay (PCD) rates of a convention-
al as-grown silicon carbide material (Figure 1A) and
of a silicon carbide material treated in accordance
with the present invention (Figure 1B);

Figure 2 is a graph illustrating decreased deep level
states present in a silicon carbide crystal treated in
accordance with the present invention, as deter-
mined using deep level transient spectroscopy
(DLTS);

Figure 3 is a graph illustrating increased minority car-
rier diffusion length and hence improved carrier life-
time present in a silicon carbide crystal treated in
accordance with the present invention, as demon-
strated using electron beam induced current (EBIC)
analysis;

Figure 4 is a schematic cross sectional view of a PiN
diode including a silicon carbide material treated in
accordance with the present invention;

Figure 5 is a graph illustrating reduced forward volt-
age drop exhibited by a PiN diode including a life-
time-enhanced bulk SiC substrate prepared in ac-
cordance with the present invention as the drift layer;

Figure 6 is a graph illustrating increased conductivity
modulation in the PiN diode from Figure 5 that in-
cludes a lifetime-enhanced bulk SiC substrate pre-
pared in accordance with the present invention;

Figure 7 is a graph illustrating reduced differential
on-resistance with increasing forward voltage for the
PiN diode from Figure 5 that includes a lifetime-en-
hanced bulk SiC substrate prepared in accordance
with the present invention; and

Figure 8 is a graph illustrating ambipolar carrier life-
time extracted from the forward voltage observed in
the PiN diode from Figure 5 that includes a lifetime-
enhanced bulk SiC substrate prepared in accord-
ance with the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0014] The present invention now will be described
more fully hereinafter with reference to the accompany-

ing drawings, in which some, but not all embodiments of
the invention are shown. Indeed, this invention may be
embodied in many different forms and should not be con-
strued as limited to the embodiments set forth herein;
rather, these embodiments are provided so that this dis-
closure will satisfy applicable legal requirements. Like
numbers refer to like elements throughout.
[0015] As used herein and as understood in the art,
the term "minority carrier recombination centers" refers
to recombination centers that form in a silicon carbide
crystal during the growth process owing to the presence
of intrinsic defects or associations thereof. Intrinsic de-
fects can occur in bulk grown and epitaxially grown silicon
carbide materials. Intrinsic defects are also referred to in
the art as "point defects" and include all defects that con-
tain at least one intrinsic component, for example, inter-
stitials, vacancies, anti-sites, and complexes of these
with one another and with residual impurities.
[0016] Also as used herein, the term "crystal" includes
boules, bulk single crystals, wafers, substrates, and epi-
taxial layers, including not limited to layers produced by
CVD, HTCVD, LPE, and halide CVD techniques.
[0017] The process of the invention includes heating
a silicon carbide crystal having a first concentration of
minority carrier recombination centers to an elevated
temperature. Generally, the silicon carbide crystal is
heated to a temperature that is greater than the temper-
ature at which the crystal is grown. As an example, the
crystal can be heated to a temperature higher than the
temperature required for epitaxial growth of silicon car-
bide from suitable source gases. As another example,
the crystal can be heated to a temperature higher than
the temperature required for silicon carbide sublimation
to occur under typical PVT growth conditions.
[0018] The process of the invention then includes cool-
ing the heated crystal, generally to a temperature ap-
proaching room temperature, at a rate sufficiently slow
so as to reduce the concentration of minority carrier re-
combination centers in the cooled crystal so that they are
lower than the first concentration. Stated differently, the
process includes the step of cooling the heated crystal
to approach room temperature at a sufficiently slow rate
so as to increase the time spent in a temperature range
in which the defects (including those created by the heat-
ing step) are sufficiently mobile to be re-annealed into
the crystal to thereby produce a silicon carbide crystal
with a concentration of point defect-related deep level
states that is less than the concentration of such states
in an otherwise identically grown silicon carbide crystal
that has not been heated and cooled in this manner.
[0019] In this way, the present invention sufficiently re-
duces the concentration of minority carrier recombination
centers in the silicon carbide so that the concentration
remaining after normal semiconductor processing and
device manufacture results in a material exhibiting the
desired increased minority carrier lifetimes. Those famil-
iar with the nature of silicon carbide will recognize that
there is no specific number or concentration of minority
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carrier recombination centers that meets this require-
ment. Instead, the goal is to minimize the concentration
of minority carrier recombination centers in the SiC lattice
to thereby increase minority carrier lifetimes of the result-
ant material.
[0020] The starting crystals are advantageously of high
purity and can be produced by a seeded sublimation tech-
nique such as is set forth in U.S. Pat. No. RE34, 861
(reissued from U.S. Pat. No. 4,866,005). Alternatively,
the starting crystals can be epitaxial layers produced by
epitaxial growth such as known in the art. As used herein,
the term "high purity" refers to a starting silicon carbide
crystal having relatively low levels of dopants, such as
starting silicon carbide crystals with a concentration of
dopants of less than about 1E17 (1x1017) cm-3.
[0021] Advantageously, when the crystal is in the form
of a bulk grown silicon carbide single crystal, the crystal
is heated to a temperature of at least about 2400 °C, for
example from about 2400 °C to about 2700 °C, and ad-
vantageously about 2600 °C, at atmospheric pressure.
Generally, the crystal is not heated to a temperature be-
yond which the desired properties thereof are substan-
tially compromised or degraded. The upper temperature
limit can vary but generally is about 2700 °C when using
relatively typical equipment operating at atmospheric
pressure. Those having the ordinary skill expected in this
field could carry out the heating at higher temperatures
without undue experimentation using additional equip-
ment and techniques such as incorporating an overlying
silicon and carbon atmosphere or using some other high
pressure technique to prevent the compromise of desired
crystal properties that can begin to occur in statistically
significant amounts at increasingly higher temperatures.
As another example, when the crystal is in the form of
one or more silicon carbide epitaxial layers, the crystal
is also heated to a temperature greater than its growth
temperature, for example, above 1600 °C, advanta-
geously to within a range from about 1600 °C to about
2700 °C, and more advantageously to about 2600 °C, so
long as the crystal is not heated to a temperature beyond
which the desired properties thereof are substantially
compromised or degraded.
[0022] The purpose of raising the temperature to at
least about 2400 °C or greater can be described in ther-
modynamic terms. Without being bound by any explana-
tion of the present invention, it is currently believed that
intrinsic defects and complexes thereof in the as-grown
crystal act as recombination centers for minority carriers.
It is also currently believed that heating the crystal under
these conditions can effectively modify intrinsic defects
present in the crystalline structure so that the concentra-
tion of minority carrier recombination centers is modified
through the breaking of complex defects into smaller,
more mobile components. As an example, the crystal
can be heated to a temperature sufficiently high to dis-
sociate intrinsic defects and/or complexes of intrinsic de-
fects so that the intrinsic defects are free to migrate within
the crystal structure. Properly cooling the heated crystal

in accordance with the present invention can minimize
or prevent the dissociated defects from recombining. Be-
cause the resultant crystal has a lower concentration of
intrinsic defects, and accordingly a lower concentration
of carrier recombination centers, the crystal can thereby
exhibit increased minority carrier lifetimes.
[0023] The cooling step is significant because as the
crystal is allowed to spend sufficient time in intermediate
temperature ranges, such as those above about 1400
°C, the crystal is believed to undergo a desired annealing
process so that the crystal can reach an equilibrium or
near-equilibrium condition in which the intrinsic defect
states disappear (or are functionally reduced to a negli-
gible number) as the crystal becomes more ordered. This
can be important to achieving the desired properties of
the resultant crystal because generally heating the crys-
tal to temperatures sufficient to dissociate defects can
also at least initially result in a more disordered crystal
structure according to the laws of thermodynamics and
an increase in the resultant entropy at these high tem-
peratures. Cooling the heated crystal too quickly can re-
sult in a more disordered crystal by freezing the more
disordered states in the crystals before the dissociated
defects can settle an ordered configuration in the crystal
lattice.
[0024] During the heating step, the crystal is main-
tained at the elevated temperature for a time sufficient
to obtain the desired thermal equilibrium or near equilib-
rium in the crystal having the desired number of states.
As was mentioned previously, the overall concentration
of intrinsic defects likely increases at higher tempera-
tures, but there is also an increased likelihood of breaking
complex defects and thereby reducing the concentration
of minority carrier recombination centers which would not
happen at lower temperatures. It will be understood that
the crystal does not need to reach a full equilibrium in
the most proper or restricted sense of that term, but the
term is used herein to describe a condition in which the
crystal reaches a given temperature and is maintained
there for a time sufficient to reduce the desired number
of defect states. Generally the crystal is maintained at
the elevated temperature for a period of at least about
one hour.
[0025] The crystal can be heated using any suitable
apparatus known in the art for heating a silicon carbide
crystal, such as an induction heater. When heated in an
induction heater, the step of cooling the crystal can in-
clude reducing the power to the induction coil. Induction
heaters and their method of operation in semiconductor
manufacture are generally well understood in the art and
can be incorporated according to the invention without
undue experimentation. Thus, as the particular induction
heater is not critical to the claimed invention, it will not
be discussed in detail otherwise herein. Additionally, oth-
er types of heating can be used by those of ordinary skill
in this art and without undue experimentation.
[0026] Once the crystal has been heated for the de-
sired period of time at the temperature selected to provide
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the desired state of intrinsic defects, it is cooled in a man-
ner that allows the crystal to dwell for a sufficient time
period in the desired temperature range at which the de-
fects are mobile enough to disappear or to be re-an-
nealed into an ordered configuration in the crystal lattice.
For example, advantageously the crystal is cooled at a
rate of about 2 °C per minute or less to a temperature of
about 1400 °C to about 1000 °C, and advantageously
about 1200 °C, and then cooled to room temperature at
a rate from about 2 ° per minute to about 10 °C per minute.
[0027] It will be understood by those familiar with ther-
modynamics and the heating and cooling of materials,
particularly materials at relatively high temperatures, that
the rate of cooling need be neither constant nor exact
throughout the entire cooling process. Stated differently,
while the crystal is cooling, and particularly while it is
cooling within temperature ranges where re-annealing
can occur at significant rates, the rate of cooling should
desirably be about 2 °C per minute or less. For the usual
and well-understood thermodynamic reasons, the heat
loss and thus the rate of cooling will tend to be most rapid
as the crystal cools from the highest temperatures and
will tend to moderate as the crystal approaches and
reaches lower temperatures. In particular, once the crys-
tal is cooled below the temperature range in which re-
annealing takes place at significant rates, the rate of cool-
ing can become faster without any functional disadvan-
tage. Accordingly, as an individual crystal is cooled, the
rate at which it cools can vary within the range noted
above while still taking advantage of the process of the
invention.
[0028] A rate of cooling that is sufficiently slow will allow
the crystal to spend a sufficiently long amount of time in
the temperature range at which the intrinsic defects will
anneal and the crystal become sufficiently ordered to re-
duce the number of states below the number necessary
to provide the desired minority carrier lifetimes. Cooling
at an overly-rapid rate can produce a material with a high-
ly disordered crystalline structure, which is undesired for
applications of the present invention requiring increased
minority carrier lifetimes.
[0029] The cooling step of the present invention can
include both passive and active steps. As a first step, the
power to the heater is reduced. At the relatively high tem-
peratures to which the crystal has been heated, the initial
heat loss is a radiation heat loss. As the temperature
becomes lower, the mechanisms of conduction and con-
vection cooling become more important. Accordingly, to
further encourage and control the cooling rate, the heat-
ing chamber can be flooded with an inert gas, typically
argon. Additionally, the thermal mass of the crystal and
of the materials with which it is placed in contact can be
used to help control the cooling rate. Accordingly, the
rate of cooling can be controlled by adjusting the power
to the induction coil (or to any other relevant heating
mechanism well understood in this art such as resistance
heating); flowing a cooling gas around and over the sili-
con carbide crystal; and controlling the thermal mass of

the crystal and its surroundings; i.e. such as the use of
a heat sink. Because these are thermodynamic condi-
tions, they can be addressed in a number of different
ways that are not critical to the claimed invention and can
be carried out by those of ordinary skill in this art without
undue experimentation.
[0030] The invention can be carried out on substrate
wafers with or without epitaxial layers grown thereon or
single crystal boules. The treated crystal can be subse-
quently processed to manufacture the desired device,
for example, by slicing a silicon carbide wafer from the
boule and then depositing one or more additional layers
of suitable materials for a given application on the sliced
wafer. Alternatively, the process can include the step of
slicing the silicon carbide wafer from the single crystal
boule, then heating and cooling the sliced wafer as dis-
cussed above. The resultant sliced wafer can also be
subsequently processed to manufacture the desired de-
vice by depositing one or more additional layers of suit-
able materials for a given application on the sliced wafer.
Alternatively, the process can be applied to an epitaxial
layer.
[0031] The crystal treated in accordance with the proc-
ess of the present invention can be prepared using any
of the techniques known in the art for the production of
silicon carbide crystals, including seeded sublimation
and chemical vapor deposition. Advantageously, the
crystal is produced using seeded sublimation processes.
[0032] The general aspects of seeded sublimation
growth of silicon carbide have been generally well estab-
lished for a number of years. Furthermore, those familiar
with the growth of crystals, particularly in difficult material
systems such as silicon carbide, will recognize that the
details of a given technique can and will vary, usually
purposefully, depending upon the relevant circumstanc-
es. Accordingly, descriptions given herein are most ap-
propriately given in a general and schematic sense with
the recognition that those persons of skill in this art will
be able to carry out the invention based on the disclo-
sures herein without undue experimentation.
[0033] Generally, in a sublimation process for the pro-
duction of bulk silicon carbide single crystals, a single
seed crystal of silicon carbide having a desired polytype
and a silicon carbide source material are introduced into
a sublimation crucible. The silicon carbide source is typ-
ically a silicon carbide powder, but other source materials
as known in the art may also be used in accordance with
invention. In addition, dopants as known in the art may
also be introduced into the crucible in accordance with
known techniques.
[0034] The silicon carbide seed crystal has at least one
surface suitable for promoting the growth of silicon car-
bide crystals. The seed crystal is positioned within the
sublimation crucible so that the growth surface is ex-
posed to volatilized silicon carbide source materials to
allow condensation of the same on the growth surface in
a manner sufficient to promote growth of the desired bulk
crystal.

7 8 



EP 1 828 445 B1

6

5

10

15

20

25

30

35

40

45

50

55

[0035] After the seed crystal and silicon carbide source
material are introduced into the sublimation crucible, the
temperature of the silicon carbide source material is
raised to a temperature sufficient for silicon carbide to
sublime from the source material. As the temperature of
the source material is raised, the temperature of the
growth surface of the seed crystal is likewise raised, typ-
ically to a temperature approaching the temperature of
the source material but lower than the temperature of the
source material so as to encourage condensation of the
sublimed species from the source material onto the seed
crystal. As a non-limiting example, the source material
can be heated to a temperature of about 2200°C to about
2500°C, with the seed crystal being heated to a temper-
ature slightly lower. Temperatures lower or higher than
these temperatures can also be useful so long as the
reaction conditions are selected to promote the sublima-
tion and condensation of silicon carbide to form the de-
sired silicon carbide crystal. Other process conditions
within the crucible can be controlled in accordance with
known procedures in the art, including for example, vapor
pressures, thermal gradients between the growth surface
of the seed crystal and the source material, and the like.
[0036] Figures 1A and 1B graphically illustrate micro-
wave photoconductive decay (PCD) rates of a conven-
tional silicon carbide substrate material (Figure 1A) and
of a silicon carbide material treated in accordance with
the present invention (Figure 1B). PCD analysis is a well
known technique in the art for monitoring conductivity of
minority carriers in a semiconductor material such as sil-
icon carbide. PCD analysis includes the steps of shining
radiation of a specific wavelength (here a laser with a
wavelength of 266 nm) onto a sample material and mon-
itoring the resultant conduction through its response to
a microwave field. As illustrated in Figure 1A, after the
laser is removed, residual minority carriers in the bulk
grown silicon carbide material rapidly recombine and are
eliminated in a relatively short interval, typically less than
10 nanoseconds (ns). In contrast, Figure 1B illustrates
the increased minority carrier lifetimes of the silicon car-
bide material treated in accordance with the process of
the present invention. As illustrated in Figure 1B, the life-
time of the minority carriers can be extended significantly,
up to 30 microseconds (ms), and higher. The inventors
have found that the process of the invention can provide
bulk silicon carbide single crystals produced by sublima-
tion techniques as described above having a minority
carrier lifetime of at least about 1 ms, at least about 4 ms,
and even as high as 30 ms, and higher (Fig. 1B).
[0037] Figure 2 evidences the decreased defect levels
of silicon carbide materials treated in accordance with
the present invention, as determined using deep level
transient spectroscopy. Deep level transient spectrosco-
py (DLTS) is generally well understood in the semicon-
ductor arts and is a sensitive method used to study deep
levels in semiconductors. The method is based on the
change in capacitance charge of a reversed biased diode
when deep levels emit their carriers after they have been

charged by a forward bias pulse. The emission rate is
temperature dependent and characteristic for each type
of defect. Using the temperature dependence of the
emission rate, the activation energy of a deep level can
be determined. See, e.g. ASTM International Test No.
F978-02, "Standard Test Method For Characterizing
Semiconductor Deep Levels By Transient Capacitance
Techniques."
[0038] In Figure 2, line a) represents a conventional
bulk-grown high purity semiconductor silicon carbide ma-
terial, produced using a seeded sublimation technique
as described above. Line b) represents a bulk-grown ma-
terial, such as that of line a), which is annealed at 2000
°C, i.e., at a temperature less than the high temperature
treatment of the present invention. Line d) represents a
conventional epitaxial silicon carbide crystal. Line c) rep-
resents a bulk-grown silicon carbide material, such as
that of line a), which is treated in accordance with the
present invention.
[0039] The height of each plotted line for samples a),
b), c), and d) is proportional to the concentration of deep
level states in the material. The higher amplitudes of the
crystal samples a) and b) at about 500-550 K represent
a larger concentration of deep levels as compared to
samples c) and d). Because deep level states in the crys-
tal are believed to act as minority carrier recombination
centers which decrease minority carrier lifetimes, sample
c) of the invention, with reduced deep levels, can exhibit
increased minority carrier lifetimes. Of particular interest
in this example, line c) illustrates the absence of Z1/Z2
levels in the silicon carbide material treated in accord-
ance with the present invention, which levels are believed
present in samples a) and b) as demonstrated by the
increased amplitude of plots a) and b) at the left end of
the graph. Again, while not wanting to be bound by any
explanation of the invention, the absence of Z1/Z2 levels
in the material of the invention indicates that such levels
can be minority carrier lifetime limiting factors in silicon
carbide crystals.
[0040] Figure 3 further illustrates the decreased minor-
ity carrier recombination centers present in the silicon
carbide crystal treated in accordance with the present
invention, as demonstrated using electron beam induced
current (EBIC) analysis. EBIC analysis is also well known
to the skilled artisan. In this example, an electron beam
is scanned across a Schottky diode including silicon car-
bide material treated in accordance with the present in-
vention to generate electron-hole pairs. The generated
charges are collected by the diode and the resulting cur-
rent detected. Any defect that affects the production or
recombination of electron-hole pairs will also affect cur-
rent detected. In this example, the inventors observed a
relatively long minority carrier diffusion length (MCDL) of
65 mm, indicating increased minority carrier lifetimes of
the material of the device.
[0041] The present invention further includes the re-
sultant treated silicon carbide crystal materials, whether
in the form of a boule or sliced wafer, as well as devices
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that incorporate the wafer formed according to the proc-
ess of the invention. The invention is not limited to use
with any particular devices, but can be particularly useful
as a component of high voltage or power devices, includ-
ing diodes, such as p-n diodes, PiN diodes, and other
bipolar devices (thyristors, IGBTs, and the like). As
known in the art, PiN diodes are three-layer semiconduc-
tor diodes including an intrinsic layer separating P-type
and N-type layers or regions. Those familiar with semi-
conductor devices will recognize that this list is neither
limiting nor exhaustive. It is, however, illustrative of the
advantages provided by the invention described and
claimed herein.
[0042] Figure 4 is a schematic cross sectional view of
an exemplary PiN diode 10 including silicon carbide treat-
ed in accordance with the present invention. The PiN
diode 10 includes a p-type layer 12 and n-type later 14,
with a low-doped region 16 sandwiched therebetween,
referred to as the "intrinsic" or "i" region. The PiN diode
10 further includes two terminals, an anode (+) 18 and a
cathode (-) 20.
[0043] PiN diodes are widely used for power circuit ap-
plications. In operation, a PiN diode is flooded with in-
jected electrons and holes during forward conduction,
which lowers resistivity of the undoped intrinsic region
16 during current flow to allow the diode to carry a high
current density. As reverse blocking voltages increase,
for example beyond 10 kV, it can be problematic, how-
ever, to produce devices that exhibit the requisite block-
ing voltage in reverse operation while exhibiting conduc-
tivity modulation, (and low forward voltage) in forward
operation and other properties.
[0044] The present inventors have found that the ap-
plication of the present invention for increasing the mi-
nority carrier lifetimes of silicon carbide materials used
to manufacture one or more layers of a device like the
PiN diode 10, such as intrinsic layer 16, can further de-
crease the specific differential on-resistance of the intrin-
sic layer, thereby making the layer even more conductive
during forward operation of the device.
[0045] To demonstrate the carrier lifetime increasing
process of the invention set forth herein, a working PiN
diode was manufactured using, as the drift layer of the
device, a bulk high purity PVT-grown SiC substrate of
4H polytype with n-type doping. The following procedure
was utilized: a single crystal boule typically exhibiting a
lifetime of 10 ns or less, as illustrated in Figure 1A, was
subjected to the carrier lifetime increasing process de-
scribed herein. A substrate of 300 micron thickness de-
rived from a crystal so processed exhibited a lifetime of
>20 msec as shown in Figure 1B.
[0046] The substrate was then incorporated as the drift
layer of a PiN diode (16 of Figure 4). After device fabri-
cation the forward characteristics of the device were de-
termined, as shown in Figure 5 (dotted curve). Also
shown for comparison is the forward characteristic of a
PiN diode using the typical as-grown substrate without
the lifetime enhancement treatment of the present inven-

tion (solid curve). The nonlinearity of the lifetime-en-
hanced diode current vs. forward voltage curve demon-
strates that conductivity modulation occurs in the lifetime
enhanced PiN diode thereby reducing the operating for-
ward voltage (at 100 A/cm2) by 22 V from 34.6 V to 12.6 V.
[0047] Figure 6 shows that the conductivity modulation
observed in the lifetime enhanced device amounts to an
increase in the effective carrier concentration of approx-
imately one order of magnitude above the background
carrier density, as the forward voltage is increased. To
the inventors’ knowledge this is the first demonstration
of a working PiN diode including a bulk SiC substrate as
the drift layer of the device. The differential on-resistance
of the device (which is the curvature of the forward I-V
characteristic) saturates at a value of approximately 50
mΩcm2, as shown in Figure 7.
[0048] From the forward I-V characteristic (dotted
curve Figure 5) it is possible to extract the ambipolar life-
time for carriers in the device. Within the forward voltage
range of the measured devices (12 V to 16 V), an ambi-
polar lifetime of 2 to 3 msecs is determined for the carrier
lifetime in the working device, as shown in Figure 8. This
extracted value of carrier lifetime in the working PiN de-
vice validates the improved carrier lifetime in the bulk SiC
substrate drift layer, derived from the lifetime improving
process taught herein.
[0049] In the drawings and specification there has
been set forth a preferred embodiment of the invention,
and although specific terms have been employed, they
are used in a generic and descriptive sense only and not
for purposes of limitation, the scope of the invention being
defined in the claims.

Claims

1. A sublimation process for producing silicon carbide
crystals (16) having increased minority carrier life-
times, comprising:

growing silicon carbide crystals (16) having a
first concentration of minority carrier recombina-
tion centers, at a growth temperature, resulting
in a first minority carrier lifetime;
wherein the process further comprises:

heating said silicon carbide crystals (16) to
dissociate said recombination centers in or-
der to decrease the concentration thereof,
and
cooling the heated silicon carbide crystal
(16) to reduce the recombination of said dis-
sociated recombination centers to provide
a silicon carbide crystal (16) having a sec-
ond concentration of minority carrier recom-
bination centers, resulting in a second mi-
nority carrier lifetime, that is lower than the
first concentration of minority carrier recom-
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bination centers, wherein said second mi-
nority carrier lifetime is larger than said first
minority carrier lifetime,
characterized in that
the heating step comprises heating the sil-
icon carbide crystal (16) to a temperature
at least 2400 °C and maintaining said heat-
ed silicon carbide crystal at a temperature
of at least 2400 °C for up to one hour in an
inert ambient atmosphere, and
the cooling step comprises cooling the heat-
ed silicon carbide crystal (16) at a rate of 2
°C per minute or less to a temperature of
1400 °C to 1000 °C.

2. The process of claim 1, wherein the heating step
comprises heating the silicon carbide crystal (16) to
a temperature ranging from 2400 °C to 2700 °C and
maintaining said heated silicon carbide crystal at a
temperature ranging from 2400 °C to 2700 °C up to
one hour in an inert ambient atmosphere.

3. The process of claim 2, wherein the heating step
comprises heating the silicon carbide crystal (16) to
a temperature of 2600 °C and maintaining said heat-
ed silicon carbide crystal at a temperature of 2600
°C for up to one hour in an inert ambient atmosphere.

4. The process of claim 1, wherein the cooling step
comprises cooling the heated silicon carbide crystal
(16) at a rate of 2 °C per minute or less to a temper-
ature of 1200 °C.

5. The process of claim 1, wherein the cooling step fur-
ther comprises cooling the silicon carbide crystal (16)
from 1200 °C to room temperature at a rate from 2
°C per minute to 10 °C per minute.

6. The process of claim 1, wherein the heating step
comprises heating a bulk silicon carbide single crys-
tal (16).

7. The process of claim 1, wherein the heating step
comprises heating an epitaxial silicon carbide layer
or layers.

8. The process of claim 1, wherein the heating step
comprises heating a silicon carbide crystal (16) com-
prising dopant in an amount of 1∗10 cm-3 or less.

9. The process of claim 1, wherein the heating and cool-
ing steps comprise heating and cooling a silicon car-
bide crystal (16) to increase the minority carrier life-
time of the heated and cooled crystal and to provide
a material more suitable for use as a high voltage
blocking device as compared to the crystal prior to
said heating and cooling steps.

10. The process of claim 9, wherein the heating and cool-
ing steps provide a silicon carbide crystal exhibiting
a minority carrier lifetime of at least 1 microseconds
(ms) or greater.

11. The process of claim 10, wherein the heating and
cooling steps provide a silicon carbide crystal exhib-
iting a minority carrier lifetime of at least about 4 mi-
croseconds (ms) or greater.

12. The process of claim 11, comprising heating and
cooling a silicon carbide crystal (16) to provide a sil-
icon carbide crystal exhibiting a minority carrier life-
time of at least about 30 microseconds (ms) or great-
er.

13. The process of claim 1, further comprising incorpo-
rating said silicon carbide crystal (16) into a device.

14. The process of claim 13, wherein the incorporating
step comprises incorporating said silicon carbide
crystal (16) into a power device (10).

15. The process of claim 14, wherein the incorporating
step comprises incorporating said silicon carbide
crystal (16) into a p-n diode (10).

16. The process of claim 14, wherein the incorporating
step comprises incorporating said silicon carbide
crystal (16) into a PiN diode (10).

17. The process of claim 14, wherein the heating and
cooling steps comprise heating and cooling a silicon
carbide crystal (16) to increase the minority carrier
lifetime of said crystal and to increase the conduc-
tivity modulation thereby providing a material suita-
ble for use as a high voltage blocking device as com-
pared to the crystal prior to said heating and cooling
steps.

Patentansprüche

1. Sublimationsverfahren zum Herstellen von Silizium-
carbidkristallen (16), die erhöhte Minoritätsträger-
Lebensdauern aufweisen, umfassend:

Züchten von Siliziumcarbidkristallen (16), die ei-
ne eine erste Minoritätsträger-Lebensdauer er-
gebende erste Konzentration von Minoritätsträ-
ger-Rekombinationszentren aufweisen, bei ei-
ner Züchtungstemperatur;
wobei das Verfahren ferner umfasst:

Erwärmen der Siliziumcarbidkristalle (16),
um die Rekombinationszentren zu dissozi-
ieren, um ihre Konzentration zu senken,
und
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Kühlen des erwärmten Siliziumcarbidkris-
talls (16), um die Rekombination der disso-
ziierten Rekombinationszentren zu redu-
zieren, um einen Siliziumcarbidkristall (16)
bereitzustellen, der eine eine zweite Mino-
ritätsträger-Lebensdauer ergebende zwei-
te Konzentration von Minoritätsträger-Re-
kombinationszentren aufweist, die geringer
ist als die erste Konzentration von Minori-
tätsträger-Rekombinationszentren, wobei
die zweite Minoritätsträger-Lebensdauer
größer ist als die erste Minoritätsträger-Le-
bensdauer,
dadurch gekennzeichnet, dass
der Erwärmungsschritt ein Erwärmen des
Siliziumcarbidkristalls (16) auf eine Tempe-
ratur von mindestens 2400 °C und ein Hal-
ten des Siliziumcarbidkristalls auf einer
Temperatur von mindestens 2400 °C für bis
zu eine Stunde in einer inerten Umgebungs-
atmosphäre umfasst, und
der Kühlungsschritt ein Kühlen des erwärm-
ten Siliziumcarbidkristalls (16) bei einer Ra-
te von 2 °C pro Minute oder weniger auf
eine Temperatur von 1400 °C bis 1000 °C
umfasst.

2. Verfahren nach Anspruch 1, wobei der Erwärmungs-
schritt ein Erwärmen des Siliziumcarbidkristalls (16)
auf eine Temperatur, welche von 2400 °C bis 2700
°C reicht, und Halten des erwärmten Siliziumcarbid-
kristalls auf einer Temperatur, die von 2400 °C bis
2700 °C reicht, bis zu einer Stunde in einer inerten
Umgebungsatmosphäre umfasst.

3. Verfahren nach Anspruch 2, wobei der Erwärmungs-
schritt ein Erwärmen des Siliziumcarbidkristalls (16)
auf eine Temperatur von 2600 °C und ein Halten des
Siliziumcarbidkristalls auf einer Temperatur von
2600 °C für bis zu eine Stunde in einer inerten Um-
gebungsatmosphäre umfasst.

4. Verfahren nach Anspruch 1, wobei der Kühlungs-
schritt ein Kühlen des erwärmten Siliziumcarbidkris-
talls (16) bei einer Rate von 2 °C pro Minute oder
weniger auf eine Temperatur von 1200 °C umfasst.

5. Verfahren nach Anspruch 1, wobei der Kühlungs-
schritt ferner ein Kühlen des Siliziumcarbidkristalls
(16) von 1200 °C auf Raumtemperatur bei einer Rate
von 2 °C pro Minute bis 10 °C pro Minute umfasst.

6. Verfahren nach Anspruch 1, wobei der Erwärmungs-
schritt ein Erwärmen eines Siliziumcarbid-Volumen-
einkristall (16) umfasst.

7. Verfahren nach Anspruch 1, wobei der Erwärmungs-
schritt ein Erwärmen einer epitaktischen Siliziumcar-

bidschicht oder -schichten umfasst.

8. Verfahren nach Anspruch 1, wobei der Erwärmungs-
schritt ein Erwärmen eines Siliziumcarbidkristalls
(16) umfasst, der einen Dotierstoff in einer Menge
von 1∗1017 cm-3 oder weniger umfasst.

9. Verfahren nach Anspruch 1, wobei der Erwärmungs-
und Kühlungsschritt ein Erwärmen und Kühlen eines
Siliziumcarbidkristalls (16) umfassen, um die Mino-
ritätsträger-Lebensdauer des erwärmten und ge-
kühlten Kristalls zu erhöhen und um ein Material be-
reitzustellen, das zur Verwendung als Hochspan-
nung-Blockierbauelement geeigneter ist als der Kris-
tall vor dem Erwärmungs- und Kühlungsschritt.

10. Verfahren nach Anspruch 9, wobei der Erwärmungs-
und Kühlungsschritt einen Siliziumcarbidkristall be-
reitstellen, der eine Minoritätsträger-Lebensdauer
von mindestens 1 Mikrosekunde (ms) oder mehr auf-
weist.

11. Verfahren nach Anspruch 10, wobei der Erwär-
mungs- und Kühlungsschritt einen Siliziumcarbid-
kristall bereitstellen, der eine Minoritätsträger-Le-
bensdauer von mindestens etwa 4 Mikrosekunden
(ms) oder mehr aufweist.

12. Verfahren nach Anspruch 11, umfassend Erwärmen
und Kühlen eines Siliziumcarbidkristalls (16), um ei-
nen Siliziumcarbidkristall bereitzustellen, der eine
Minoritätsträger-Lebensdauer von mindestens etwa
30 Mikrosekunden (ms) oder mehr aufweist.

13. Verfahren nach Anspruch 1, ferner umfassend das
Integrieren des Siliziumcarbidkristalls (16) in einem
Bauelement.

14. Verfahren nach Anspruch 13, wobei der Integrie-
rungsschritt ein Integrieren des Siliziumcarbidkris-
talls (16) in einem Leistungsbauelement (10) um-
fasst.

15. Verfahren nach Anspruch 14, wobei der Integrie-
rungsschritt ein Integrieren des Siliziumcarbidkris-
talls (16) in einer p-n-Diode (10) umfasst.

16. Verfahren nach Anspruch 14, wobei der Integrie-
rungsschritt ein Integrieren des Siliziumcarbidkris-
talls (16) in einer PiN-Diode (10) umfasst.

17. Verfahren nach Anspruch 14, wobei der Erwär-
mungs- und Kühlungsschritt ein Erwärmen und Küh-
len eines Siliziumcarbidkristalls (16) umfassen, um
die Minoritätsträger-Lebensdauer des Kristalls zu er-
höhen und um die Leitfähigkeitsmodulation zu erhö-
hen, wodurch ein Material bereitgestellt wird, das zur
Verwendung als Hochspannung-Blockierbauele-
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ment geeignet ist als der Kristall vor dem Erwär-
mungs- und Kühlungsschritt.

Revendications

1. Procédé de sublimation permettant de produire des
cristaux de carbure de silicium (16) présentant des
durées de vie accrues des porteurs minoritaires,
comprenant les étapes suivantes :

faire croître des cristaux de carbure de silicium
(16) ayant une première concentration de cen-
tres de recombinaison de porteurs minoritaires,
à une température de croissance, en obtenant
ainsi une première durée de vie des porteurs
minoritaires ;
dans lequel le procédé comprend en outre les
étapes suivantes :

chauffer lesdits cristaux de carbure de sili-
cium (16) pour dissocier lesdits centres de
recombinaison afin d’en réduire la concen-
tration, et
refroidir le cristal de carbure de silicium
chauffé (16) pour réduire la recombinaison
desdits centres de recombinaison dissociés
afin de produire un cristal de carbure de si-
licium (16) présentant une seconde concen-
tration de centres de recombinaison de por-
teurs minoritaires donnant lieu à une secon-
de durée de vie des porteurs minoritaires,
qui est inférieure à la première concentra-
tion de centres de recombinaison de por-
teurs minoritaires, dans lequel ladite secon-
de durée de vie des porteurs minoritaires
est supérieure à ladite première durée de
vie des porteurs minoritaires,
caractérisé en ce que :

l’étape de chauffage comprend le
chauffage du cristal de carbure de sili-
cium (16) à une température d’au
moins 2400 °C et le maintien dudit cris-
tal de carbure de silicium chauffé à une
température d’au moins 2400 °C pen-
dant une durée allant jusqu’à une heu-
re, sous atmosphère ambiante inerte,
et
l’étape de refroidissement comprend le
refroidissement du cristal de carbure de
silicium chauffé (16) à une vitesse de 2
°C par minute ou moins, jusqu’à une
température de 1400 °C à 1000 °C.

2. Procédé selon la revendication 1, dans lequel l’étape
de chauffage comprend le chauffage du cristal de
carbure de silicium (16) à une température comprise

entre 2400 °C et 2700 °C et le maintien dudit cristal
de carbure de silicium chauffé à une température
comprise entre 2400 °C et 2700 °C, pendant une
durée allant jusqu’à une heure, sous atmosphère
ambiante inerte.

3. Procédé selon la revendication 2, dans lequel l’étape
de chauffage comprend le chauffage du cristal de
carbure de silicium (16) à une température de 2600
°C et le maintien dudit cristal de carbure de silicium
chauffé à une température de 2600 °C, pendant une
durée allant jusqu’à une heure, sous atmosphère
ambiante inerte.

4. Procédé selon la revendication 1, dans lequel l’étape
de refroidissement comprend le refroidissement du
cristal de carbure de silicium chauffé (16) à une vi-
tesse de 2 °C par minute ou moins, jusqu’à une tem-
pérature de 1200 °C.

5. Procédé selon la revendication 1, dans lequel l’étape
de refroidissement comprend en outre le refroidis-
sement du cristal de carbure de silicium (16), de 1200
°C à la température ambiante, à une vitesse de 2 °C
par minute à 10 °C par minute.

6. Procédé selon la revendication 1, dans lequel l’étape
de chauffage comprend le chauffage d’un monocris-
tal de carbure de silicium massif (16).

7. Procédé selon la revendication 1, dans lequel l’étape
de chauffage comprend le chauffage d’une ou de
plusieurs couche(s) épitaxiale(s) de carbure de sili-
cium.

8. Procédé selon la revendication 1, dans lequel l’étape
de chauffage comprend le chauffage d’un cristal de
carbure de silicium (16) comprenant un dopant en
une quantité inférieure ou égale à 1 ∗ 1017 cm-3.

9. Procédé selon la revendication 1, dans lequel les
étapes de chauffage et de refroidissement compren-
nent le chauffage et le refroidissement d’un cristal
de carbure de silicium (16) pour accroître la durée
de vie des porteurs minoritaires du cristal chauffé et
refroidi et pour produire un matériau plus approprié
à une utilisation en tant que dispositif de blocage de
haute tension comparativement au cristal avant les-
dites étapes de chauffage et de refroidissement.

10. Procédé selon la revendication 9, dans lequel les
étapes de chauffage et de refroidissement procurent
un cristal de carbure de silicium présentant une du-
rée de vie des porteurs minoritaires supérieure ou
égale à 1 microseconde (ms).

11. Procédé selon la revendication 10, dans lequel les
étapes de chauffage et de refroidissement procurent
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un cristal de carbure de silicium présentant une du-
rée de vie des porteurs minoritaires supérieure ou
égale à environ 4 microsecondes (ms).

12. Procédé selon la revendication 11, comprenant le
chauffage et le refroidissement d’un cristal de car-
bure de silicium (16) pour produire un cristal de car-
bure de silicium présentant une durée de vie des
porteurs minoritaires supérieure ou égale à environ
30 microsecondes (ms).

13. Procédé selon la revendication 1, comprenant en
outre l’incorporation dudit cristal de carbure de sili-
cium (16) dans un dispositif.

14. Procédé selon la revendication 13, dans lequel l’éta-
pe d’incorporation comprend l’incorporation dudit
cristal de carbure de silicium (16) dans un dispositif
de puissance (10).

15. Procédé selon la revendication 14, dans lequel l’éta-
pe d’incorporation comprend l’incorporation dudit
cristal de carbure de silicium (16) dans une diode p-
n (10).

16. Procédé selon la revendication 14, dans lequel l’éta-
pe d’incorporation comprend l’incorporation dudit
cristal de carbure de silicium (16) dans une diode
PiN (10).

17. Procédé selon la revendication 14, dans lequel les
étapes de chauffage et de refroidissement compren-
nent le chauffage et le refroidissement d’un cristal
de carbure de silicium (16) pour accroître la durée
de vie des porteurs minoritaires dudit cristal et pour
accroître la modulation de conductivité, en produi-
sant ainsi un matériau approprié à une utilisation en
tant que dispositif de blocage de haute tension com-
parativement au cristal avant lesdites étapes de
chauffage et de refroidissement.
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