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GROUP III NITRIDE EPITAXIAL LAYERS ON SILICON CARBIDE SUBSTRATES

Background

[0001] The present invention relates to the use of semiconductor materials for high
frequency high-power applications and in particular relates to the use of Group IIT
nitride materials for high electron mobility transistors (HEMTs), and most particularly
to improvements in these material systems that lead to corresponding improvements
in the electronic performance of the transistors.

[0002] A HEMT is a solid-state transistor that offers advantages for signal
amplification in applications such as (but not limited to) radar, cellular telephone
communications, satellite communications and other microwave circuit applications.
[0003] A HEMT behaves much like a conventional Field Effect Transistor (FET). A
conducting channel between drain and source electrodes can be affected by applying a
voltage to the gate electrode. This modulates the drain-source current. In a HEMT
the conducting channel is created by a heterostructure (two different semiconductor
materials adjacent one another). The difference between the hetero materials
(particularly their respective bandgaps and electron affinities) must be sufficient to
encourage the formation of a thin layer of charge carriers at the hetero interface. The
thin layer is typically referred to as a two dimensional electron gas (“2DEG”). The
concentration of the carriers and their speed in this layer enables the HEMT to
maintain a high gain at very high frequencies.

[0004] As with other semiconductor devices, many of the performance parameters of
any given HEMT are directly related to the material from which it is formed. Gallium
arsenide (GaAs), which has become a more standard material for HEMTs, offers a
higher electronic mobility (6000 cm?/V-s) and a lower source resistance than silicon
and thus provides devices that can function at higher frequencies than comparable
silicon-based devices. Nevertheless, gallium arsenide has a relatively small bandgap
(1.42 eV) and a relatively small breakdown voltage which limits the higher power,
higher frequency applications with which makes gallium arsenide less suitable, or in
some cases unsuitable, for higher power, higher frequency applications.

[0005] Accordingly, interest in HEMTs has moved to higher bandgap materials such
as the Group III nitride material system. Depending upon the particular composition,

Group HI nitrides can have bandgaps as high as 6 eV (for AIN), and relatively high
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electron mobility (up to about 2000 cm?/V-s). Perhaps more importantly with respect
to the operation of the HEMT, the aluminum gallium nitride based structure can
demonstrate a 2DEG sheet density in excess of 10" per square centimeter (cm™).
[0006] As noted above, the performance of semiconductor devices relates to the
materials from which they are formed and the design and quality of particular layers
or substrates of those materials. The lack of quality or uniformity in the materials, or
in material structures that form devices or device precursors, reduces the yield and
limits the sizes of resulting devices that are potentially available from the material
systems.
[0007] With respect to size, devices built from non-uniform material also show less
linearity and greater variation in threshold voltages. Additionally, epitaxial growth
normally produces variations in materials (composition and characteristics) across a
wafer. These can include differences in concentration of one or more elements (e.g.,
aluminum in aluminum gallium nitride) and different thicknesses.
[0008] To date, higher quality Group III nitride structures are available on two inch
and three inch wafers, but these are less advantageous for larger power devices.
Additionally, because the edge of every wafer, regardless of size, typically requires
about an 8 mm loss, edge losses are proportionally high for smaller wafers.
Furthermore, because 100 mm is a common wafer size for other materials (e.g.,
gallium arsenide), 100 mm wafers with Group III nitride epilayers can be handled by
much existing equipment, thus avoiding re-tooling.
[0009] Processing costs, however, are typically similar regardless of the size of a
wafer so that smaller wafers increase manufacturing costs per device of a given size.
[0010] Although larger wafers are thus theoretically desirable, larger wafers are hard
to manage because of the increased tendency to bow or warp and because of the
typical epitaxial growth characteristics mentioned above.
[0011] Therefore, larger size, higher quality, high consistency performance wafers
that include Group III nitride heterostructures remain a worthwhile and desired goal in
the semiconductor art.

Summary
{0012] In one aspect, the invention is a semiconductor precursor structure comprising
a silicon carbide single crystal substrate at least 100 millimeters in diameter, a Group

III nitride nucleation layer on the substrate, a first Group I nitride epitaxial layer on
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the nucleation layer, a second Group III nitride epitaxial layer on the first Group III
nitride epitaxial layer and having a composition sufficiently different from the
composition of the first layer to generate a two-dimensional electron gas at the
interface between the first and second layers. A third Group III nitride epitaxial layer
may be on the second layer for increasing the electron mobility in the two-
dimensional electron gas. The precursor structure has a sheet resistivity standard
deviation of no more than about one percent (1%) across the 100 millimeter structure
and the precursor structure also has a mobility standard deviation across the 100
millimeter structure of no more than about one percent.

[0013] In another aspect, the invention is a method of epitaxial growth of Group III
nitride layers on semi-insulating semiconductor substrates using source gases
consistent with metal organic chemical vapor deposition (MOCVD). In this aspect,
the improvement comprises growing a heterostructure formed from two Group III
nitride epitaxial layers that differ sufficiently in composition from one another to
generate a two-dimensional electron gas at their interface in a predominantly nitrogen
atmosphere and on a substrate that is at least 100 mm in diameter.

[0014] In another aspect, the invention is a semiconductor substrate structure
comprising a semi-insulating substrate having a diameter of at least 100 mm, a Group
III nitride heterostructure on the substrate formed of at least two epitaxial layers that
are sufficiently different in composition to generate a two-dimensional electron gas at
their interface, a plurality of respective source, drain, and gate contacts in conductive
relationship to the heterostructure, with the heterostructure having a sheet resistivity
standard deviation of no more than about one percent across the 100 mm substrate and
the heterostructure having a mobility standard deviation across the 100 mm substrate
of no more than about one percent.

[0015] In another aspect, the invention is a semi-insulating silicon carbide wafer
having a diameter of at least 100 mm with a Group III nitride heterostructure on the
wafer that exhibits high uniformity in a number of characteristics. These include: a
standard deviation in sheet resistivity across the wafer less than three percent; a
standard deviation in electron mobility across the wafer of between about 0.43 and
0.73 percent; a standard deviation in carrier density across the wafer of no more than
about 3.3 percent; a standard deviation in conductivity across the wafer of about 2.5

percent.
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[0016] In another aspect, the invention is a plurality of semi insulating silicon carbide
wafers each having a diameter of at least 100 mm with a Group III nitride
heterostructure on each wafer and an aluminum gallium nitride barrier (AlGaN) layer
as the top surface of each wafer. In this aspect, 75 percent of the wafers have a ratio
of edge to center thickness of the AlGaN barrier layer within 0.08 of 1.00 and a ratio
of minimum to maximum percentage of aluminum in the AlGaN barrier layer of
between about 0.98 and 1.02; i.e., within 0.02 of 1.00.

[0017] The foregoing and other objects and advantages of the invention and the
manner in which the same are accomplished will become clearer based on the

followed detailed description taken in conjunction with the accompanying drawings.

Brief Description of the Drawings

[0018] Figure 1 is a cross sectional schematic view of a semiconductor structure
according to the present invention.

[0019] Figure 2 is a schematic cross-sectional view of a semiconductor wafer with
transistor precursors according to the present invention.

[0020] Figure 3 is a sheet resistance map for a wafer according to the present
invention.

[0021] Figures 4 through 11 are sheet resistance contour maps for wafers according to
the present invention.

[0022] Figures 12-16 are point data for various electronic characteristics of wafers
according to the present invention.

[0023] Figure 17 is a chart of sheet resistivity results across several wafers including
quantiles.

[0024] Figure 18 is a plot across a plurality of wafers of the ratio of the Group III
nitride thickness at the edge of the wafer as compared to the center of the wafer
including quantiles.

[0025] Figure 19 is a bar graph and quantiles similar to Figure 18, but expressing the
ratio of the percentage of aluminum at the edge of the wafer to the center of the wafer.
[0026] Figures 20 and 21 are aluminum mole fraction maps for transistor precursors
grown on 100 millimeter substrates according to the present invention.

[0027] Figures 22 and 23 are plots of the thickness of the Group III nitride barrier for

transistors grown on 100 millimeter substrates according to the present invention.
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[0028] Figure 24 is a bar graph of wafer count versus percent standard deviation of
aluminum.

[0029] Figure 25 is a bar graph of wafer count versus percent standard deviation in
thickness.

[0030] Figure 26 is a bar graph of wafer count versus bow magnitude in microns.

[0031] Figure 27 is a bar graph of wafer count versus warp in microns.

Detailed Description

[0032] In one aspect, the present invention is a highly uniform and robust quality
aluminum gallium nitride high electron mobility transistor (HEMT) structure formed
from 100 millimeter (i.e., slightly smaller than four inch) diameter silicon carbide
substrates.

[0033] In another aspect, the invention is the highly uniform 100 millimeter diameter
wafer precursor upon which individual HEMTs are formed.

[0034] In another aspect, the invention is a plurality of HEMTSs on a highly uniform
100 millimeter diameter substrate structure.

[0035] HEMT precursors according to the invention are formed from epitaxial growth
processes that produce heterostructure and related layers that are highly uniform in
their physical, chemical and electronic properties. The observed uniformity
differences are typically one percent or less, with electron mobility at room
temperature greater than 2000 cm?/V-s. These growth techniques result in extremely
smooth epitaxial layers, are repeatable, and show resistance improvements in Group
I1I nitride epitaxial layers that in turn improve the electrical characteristics of
transistors grown on semi-insulating substrates, particularly semi-insulating silicon
carbide substrates. The high uniformity characteristics will be described more fully
herein, particularly with respect to the figures.

[0036] As an introduction, Figures 1 and 2 present schematic views of the invention.
Figure 1 shows a semiconductor precursor structure broadly designated at 30. The
structure includes a substrate 31 that is at least 100 millimeters in diameter and that in
exemplary embodiments is formed of semi-insulating silicon carbide in single crystal
orientation.

[0037] In typical embodiments, a Group III nitride nucleation layer 32 is on and

covers the substrate 31. The nucleation layer 32 provides an appropriate growth
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transition between the substrate 31 and the remainder of the structure. A first Group
11T nitride epitaxial layer 33 is on the nucleation layer 32 and a second, different
composition Group III nitride epitaxial layer 34 is on the first epitaxial layer 33. The
compositions of the epitaxial layers 33 and 34—i.e. a heterostructure—have
compositions sufficiently different from one another to generate a two dimensional
electron gas (2DEQG) at the interface between the first and second layers. This gas is
schematically illustrated at 35, but it will be understood that Figure 1 is not drawn to
scale and that the 2DEG does not form a physical layer in the same sense as the
epitaxial layers 33 and 34.

[0038] It will be understood by those familiar with semiconductor devices
incorporating Group III nitride layers that the structures described herein are
exemplary rather than limiting. Furthermore, the invention described herein can be
successfully incorporated with a variety of devices and structures that are different or
more elaborate than those specifically described herein. An exemplary group of
devices is set forth in the following U.S. patents and U.S. published applications:
Nos. 6,316,793; 6,548,333; 6,849,882; 20020066908; 20030020092; and
20040061129. These are, however, not in any sense limiting of the variety of devices
with which the invention could be incorporated.

[0039] In many embodiments, a third Group IIT nitride epitaxial layer 36 is on the
second layer 34 for increasing the electron mobility in the two dimensional electron
gas.

[0040] It will be understood by those of skill in this art that the evaluation of wafers,
and of epilayers on wafers, typically excludes a small edge portion. The size of the
edge portion depends upon the measurement technique, but for a 100 mm wafer (of
any material) will typically total about 5-10 mm (e.g., a perimeter portion about 2.5-5
mm wide). Thus, the measurements set forth herein take edge exclusion into account
and describe the wafers and epilayers other than at their respective edge exclusion
portions.

[0041] This precursor structure is extremely uniform in its physical, chemical, and
electronic characteristics. The structure has a sheet resistivity standard deviation of
no more than about one percent (1%) across the hundred millimeter structure and the
precursor structure likewise has a mobility standard deviation across the 100

millimeter structure of no more than about one percent.
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[0042] In some embodiments, the structure has a sheet resistivity standard deviation
of no more than 0.75 % across the 100 millimeter structure anZl has a mobility
standard deviation across the 100 millimeter structure of no more than 0.43\%.
[0043] In particular embodiments, the silicon carbide single crystal substrate has a
polytype selected from the 3C, 4H, 6H, and 15R polytypes of silicon carbide. The
nucleation layer 32 is typically selected from the group consisting of aluminum
galljum nitride (A1GaN) and aluminum nitride (AIN).

[0044] In exemplary embodiments, the first Group III nitride epitaxial layer 33 is
gallium nitride, and the second layer 34 comprises aluminum gallium nitride; i.e.,

Al Ga; 4N where 0 <x < 1. Those familiar with gallium nitride and aluminum
gallium nitride will recognize that if x = 1, the second Group I nitride epitaxial layer
34 will comprise aluminum nitride; i.e., AIN.

[0045] In these exemplary embodiments, the third Group III nitride epitaxial layer
similarly comprises aluminum gallium nitride, but having a different atomic fraction
(i.e., “x”) of aluminum (and therefore of gallium; “1-x”) from the second Group III
nitride layer 34. In such a structure, the compositional differences between the
heterostructure layers (e.g. a GaN layer 33 and an AlGaN layer 34) are sufficient to
induce the 2DEG.

[0046] Because the heterostructure formed by the epitaxial layers 33 in 34 is useful
for high frequency devices, the silicon carbide substrate 31 is typically semi-
insulating.

[0047] Figure 2 is a schematic diagram of a semiconductor structure broadly
designated at 40 that includes a plurality of HEMT precursors. The structure
comprises a semi-insulating substrate 41 having a diameter of at least 100 mm and
that in exemplary embodiments is formed of silicon carbide. A Group III
heterostructure 42 is on the substrate 41 and is formed of at least two epitaxial layers
43 and 44 that are sufficiently different in composition to generate a two dimensional
electron gas at their interface. A plurality of respective source 45, drain 46, and gate
47 contacts are in conductive relationship to the heterostructure 42. As shown in
Figure 2, the conductive relationship between the contacts 45, 46, 47 and the
heterostructure 42 can include intermediate layers such as the layer 51 illustrated in

Figure 2.
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[0048] The heterostructure 42 has a sheet resistivity standard deviation of no more
than about one percent across the 100 mm wafer substrate and the heterostructure 42
has a mobility standard deviation across the 100 mm substrate of no more than about
one percent.

[0049] As illustrated in Figure 2, in exemplary embodiments the structure 40 includes
a Group III nitride nucleation layer 50 on the substrate 41 between the substrate 41
and the gallium nitride layer 43.

[0050] In some embodiments, the aluminum gallium nitride layer 44 is
unintentionally doped. In such embodiments, the structure 40 may include a doped
aluminum gallivm nitride layer 51 on the unintentionally doped aluminum gallium
nitride layer 44. Alternatively, the layer 51 can comprise a layer of unintentionally
doped aluminum gallium nitride as may be desired or necessary for particular
applications.

[0051] Figure 2 shows two sets of respective source 45, drain 46, and gate contacts
47, but it will be understood by those familiar with semiconductor manufacturing that
a typical 100 mm wafer would include a large plurality, perhaps several hundred, of
such contacts defining a similarly large plurality of HEMT precursor structures on the
100 mm wafer. The steps of isolating and separating such devices from one another
are generally well understood in this art and will not be repeated in detail herein.
[0052] The invention in particular offers performance and quality advantages over
analogous structures available to date.

[0053] Accordingly, in another aspect the invention is a semiconductor structure
comprising a semi-insulating silicon carbide wafer having a diameter of at least 100
mm, a Group III nitride heterostructure on the wafer, and the wafer and the
heterostructure demonstrating a standard deviation in sheet resistivity across the wafer
of less than three percent (3%), in many embodiments less than 2.7 %, and in some
embodiments as low as 1.3 %.

[0054] Such embodiments have demonstrated these characteristics over an
appropriate range of conductivities, such as in conjunction with an average sheet
resistivity of about 450 ohms per square as well as in conjunction with a sheet
resistance of between about 342 and 356 ohms per square.

[0055] In yet other embodiments, the wafer and the heterostructure demonstrate a

standard deviation in sheet resistivity uniformity across the wafer of between about
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0.75 and 1.23 percent with an average sheet resistivity of between about 293 and 311
ohms per square and a maximum sheet resistivity of no more than 329 ohms per
square

[0056] In yet another aspect, the invention is a semiconductor structure comprising a
semi insulating silicon carbide wafer having a diameter of at least 100 mm, a Group
I heterostructure on the wafer, and the wafer and a heterostructure demonstrating a
standard deviation in electron mobility across the wafer of between about 0.43 and
0.73 percent. In this aspect, wafers tested have demonstrated electron mobility of
between about 2017 and 2052 cm?/V-s and in other embodiments between about 2061
and 2081 cm?/V-s at room temperature.

[0057] In yet another aspect, the invention is a semiconductor structure comprising a
semi-insulating silicon carbide wafer having a diameter of at least 100 mm, a Group
IIT nitride heterostructure on the wafer, and the wafer and the heterostructure
demonstrating a standard deviation in carrier density across the wafer of about 3.3
percent. In particular, structures according to this embodiment have demonstrated
these results with a carrier density of between about 8.2 X 10" (8.2E12) and 8.9 X
10'% (8.9E12) per square centimeter (cm™).

[0058] In yet another aspect, and because conductivity is the inverse of resistivity, the
invention is a semiconductor structure comprising a semi-insulating silicon carbide
wafer having a diameter of at least 100 mm, a Group I nitride heterostructure on the
wafer, and the wafer and the heterostructure demonstrating a standard deviation in
conductivity across the wafer of about 2.5 percent. Wafers evaluated in this context,
have also demonstrated a conductivity of between about 2.69 X 107 and 2.86 X 1073
mhos. '

[0059] As illustrated in Figure 18, in another aspect the invention can be described as
a plurality of semi-insulating silicon carbide wafers each having a diameter of at least
100 mm with a Group III nitride heterostructure on each of the wafers and an
aluminum gallium nitride barrier layer as the top surface of each of the wafers, and
with 75 percent of the wafers having a ratio of edge to center thickness of the
aluminum gallium nitride barrier layer of at least 0.92. As set forth in the figures,
these results have been determined for pluralities of at least 10 wafers and in some

cases at least 15 wafers. In this context, 50 percent of the wafers have a ratio of edge
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to center thickness of the AlGaN layer of at least 0.94 and 25 percent have a ratio of
edge to thickness center of the AlGaN layer of at least 0.95.

[0060] In another aspect (Figure 19), and again considering the consistency from
wafer to wafer, the invention is a plurality of semi-insulating silicon carbide wafers
each having a diameter of at least 100 mm with a Group III nitride heterostructure on
each wafer and an aluminum gallium nitride barrier layer as the top surface of each
wafer. In this aspect, the wafers have a ratio of edge to center percentage of
aluminum in the aluminum gallium nitride barrier layer of between about 0.98 and
1.02; i.e., they exhibit high uniformity across the wafer in contrast to many empirical
prior results for chemical vapor deposition growth.

[0061] As indicated in Figure 19, these results can be maintained across a plurality of
at least 10 wafers and in many cases across at least a plurality of at least 15 wafers.
Expressed in similar terminology, the invention can include a plurality of at least 10
of the wafers wherein at least 75 percent of the wafers have a ratio of edge to center
percentage of aluminum in the aluminum gallium nitride barrier layer of 0.99.

[0062] Figure 3 is a sheet resistance uniformity plot for a 100 millimeter (4") semi-
insulating 4H silicon carbide wafer. The average uniformity was 452 ohms per square
over the 90 percent usable area of the 100 millimeter wafer. Individual measurements
are indicated as the numbers within the wafer circle and were measured using a
Lehighton Model 1510 device from Lehighton Electronics, Inc. of Lehighton,
Pennsylvania, USA.

[0063] Figures 4 through 11 are sheet resistivity contour maps for wafers according to
the present invention; each accompanied by the statistical summary for the illustrated
wafer. The sheet resistivity was also measured on a Lehighton Model 1510 device.
As illustrated in Figures 4-11, the largest standard deviation expressed as a percentage
is 1.23 percent, with some values being as low as 0.75 percent thus illustrating the
high uniformity provided by the invention.

[0064] Figures 12 and 13 are plots of mobility data on HEMT structures grown on
100 millimeter diameter high purity semi insulating (HPSI) 4H-SiC substrates
according to the invention. These were measured at the five-points indicated in each
of Figure 12 and 13 using the Lehighton Model 1610 instrument. In each case, the

mobility exceeded 2000 cm?/V-s with a standard deviation well under 1%. The
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carrier concentration for the wafers in Figures 12 and 13 was 0.9 X 10" per square
centimeter (“0.9E13 cm™” and expressed as one significant figure).

[0065] Figure 14 is a plot of carrier concentration (“Density”) for a wafer according
to the present invention and showing a standard deviation expressed as a percentage
of about 3.1 percent.

[0066] Figure 15 is a plot of conductivity (mhos) for a wafer structure according to
the present invention and showing a standard deviation expressed as a percent of
about 2.5 percent.

[0067] Figure 16 is a plot of the sheet resistance measured on a wafer according to the
present invention and showing a standard deviation expressed as a percentage of
about 1.3 percent.

[0068] In a corresponding manner Figure 14A illustrates carrier density results with a
standard deviation of only 0.96 %; Figure 15A illustrates conductivity results with a
standard deviation of only 0.74%; and Figure 16A illustrates sheet resistance results
with a standard deviation of only 0.75%.

[0069] The data underlying several of the Figures is set forth in the following tables:

Lehighton 1610 Summary Report
100 mm Sample Size
Position Mobility Density Ns | Conductivity | Sheet Res.
(cm2/V-5) (cm-2) (mho) (ohm/sq.)
Center -2081.70 -8.803E+12 2.932E-03 340.85
1/2 Rad Top -2081.10 -8.753E+12 2.915E-03 342 .81
1/2 Rad -2072.00 -8.972E+12 2.974E-03 335.81
Bottom
1/2 Rad Left -2066.90 -8.885E+12 2.938E-03 339.88
1/2 Rad Right -2061.50 -8.898E+12 2.935E-03 340.23
Position Mobility Density Ns | Conductivity | Sheet Res.
(cm2/V-s) (em-2) (mho) (ohm/sq.)
Mobility Density Ns | Conductivity Sheet Res.
(cm2/V-s) (cm-2) (mho) {ohm/sq.)
Maximum 2081.70 8.972E+12 2.974E-03 342.81
Minimum 2061.50 8.753E+12 2.915E-03 335.81
Average 2072.64 8.862E+12 2.939E-03 339.92
STD Dev. 8.82 8.527E+10 2.180E-05 2.56

-11 -
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Sheet Resistivity
Wafer Average (ohms/square) Standard Deviation Percent Standard Deviation
1 311.5 3.8 1.22
2 304.5 2.9 0.95
3 304.4 3.6 1.18
4 302.1 2.6 0.86
5 305.8 3.7 1.21
6 293.6 2.7 0.92
7 299.2 2.4 0.80
8 305.4 2.3 0.75

Sheet Resistance
‘Wafer Average (ohms/square) Standard Deviation Percent Standard Deviation
1 349.5 4.7 1.34
2 339.92 2.56 0.75

Mobility

Wafer Average (cm’/V-5) Standard Deviation Percent Standard Deviation
1 2037 14.9 0.73
2 2073 8.8 0.43

[0070] Figure 17 is a graph, accompanied by quantiles, plotting the sheet resistivity
standard deviation of 18 wafers according to the present invention. Figure 17
includes experimental epitaxial growth in substrates with large defects, thus moving
the data toward higher (less uniform) values. Stated differently, even when the less
favorable samples are included, the higher quality of the present invention is clearly
set forth.

[0071] Figure 18 is a plot, also with listed quantiles, of the ratio of the AlGaN barrier
thickness at the edge of the wafer to the center of the wafer as determined by CV zero
bias capacitance for 16 wafers according to the present invention. As set forth
therein, the best wafer had a 1% variation between minimum and maximum thickness,
and typically the thickness at the edge of the wafer was 6% lower than the thickness at
the center of the wafer.

[0072] Figure 19 is a plot accompanied by quantiles of the ratio of the percentage of
aluminum measured at the edge of the wafer to the center of the wafer for 16 wafer
samples according to the present invention. On average, the percentage of aluminum
measured at the edge was 99.1 percent of the percentage at the center of the wafer
demonstrating excellent compositional control. As noted earlier, a small edge portion

is excluded when making these measurements.
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[0073] Figures 20 and 21 are aluminum mole fraction maps taken by x-ray diffraction
for HEMTSs grown on 100 mm HPSI 4H-SiC wafers according to the present
invention.

[0074] Figures 22 and 23 are surface map plots of the thickness of the AlGaN barrier
layer for HEMTs grown on 100 millimeter diameter HPSI 4H-SiC substrates
according to the present invention as likewise measured by x-ray diffraction.

[0075] In another aspect, the invention is a semiconductor structure comprising an
epitaxial layer of Group III nitride containing aluminum on a compatible substrate.
The Group III nitride layer has a diameter of at least 100 millimeters and
demonstrates a standard deviation in aluminum content of less than 1.36 percent.
This aspect of the invention is illusirated in the bar chart and associated statistics set
forth in Figure 24. As shown therein, in addition to the low standard deviation in
aluminum content, when a plurality of the wafers are considered together, at least 75
percent of the wafers have a deviation in aluminum content of their respective Group
I1I nitride layers of 1.95 percent or less. Figure 24 illustrates a plurality of at least 15
wafers with these characteristics demonstrating the consistency and precision
provided by the present invention.

[0076] In another aspect, the invention is a semiconductor structure of an epitaxial
layer of Group III nitride containing aluminum on a compatible substrate that has a
diameter of at least 100 millimeters. The Group Il nitride layer demonstrating a
standard deviation in thickness of less than 2.1 percent. Figure 25 also illustrates
these beneficial characteristics in terms of a plurality of wafers. As indicated in
Figure 25, at least 75 percent of a plurality of these wafers have a deviation in
thickness of their respective Group III nitride layer of less than 7.2 percent. In
particular, Figure 25 illustrates this consistency across a plurality of at least 15 wafers.
[0077] These measurements were taken using x-ray diffraction, and the statistical
terms are used in their conventional sense.

[0078] A number of background aspects of the growth of Group III nitride layers on
silicon carbide substrates are generally well understood in the art and can be practiced
by those of ordinary skill in this art without undue experimentation. As a specific
discussion, however, the structures shown herein were typically grown using metal
organic chemical vapor deposition (MOCVD). As further background, a discussion
of the growth of related materials on sapphire substrates is set forth in Keller, Effect
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of growth termination conditions on the performance of AIGaN/GaN high electron
mobility transistors, APPLIED PHYSICS LETTERS, Vol. 70, No. 20, May 14, 2001, pp
3088-90. The high uniformity obtained in the invention is also possible using related
techniques such as metal-organic vapor phase epitaxy (MOVPE) or molecular beam
epitaxy (MBE), although material produced by MOCVD generally costs less than
material produced by MBE and MOCVD tends to produce a higher quality Group III-
Nitride material (for example lower dislocation density).

[0079] In the invention, trimethy] gallium ((CHa)3Ga; “TMG”) and trimethyl
aluminum ((CH3)3A1; “TMA”") were used as the Group III precursors and ammonia
(NH;) was used as the nitrogen precursor. As a particular improvement, however, it
has been discovered according to the present invention that the best results appear to
be obtained when the AIN and AlGaN layers are grown in an atmosphere containing
minimal (about 5 percent) hydrogen (Hy), such as an atmosphere that is
predominantly nitrogen (N2).

[0080] When an n-type AlGaN layer is desired, it is typically doped with silicon using
silane (SiHj) as the precursor gas.

[0081] In forming the structures illustrated and described herein, the layers are
typically grown at temperatures of about 1000 °C.

[0082] As another factor addressed by the present invention, epitaxial layers can
cause bow or warp or both in substrates resulting from the stress present in the
deposited films, or in some cases the stress present in the substrates. The terms bow
and warp are used herein in a manner that is well understood in this art and for which
appropriate definitions are available from established sources (e.g., SEML
www.semi.org). Bow or warp are generally undesirable wheh processing wafers as
either may be sufficient to preclude later flattening by appropriate tools such as
steppers. Additionally, warp and bow can prevent uniform contact with hot surfaces
during annealing or baking steps. As another problem, wafer breakage and loss can
occur because vacuum tools may tend to drop wafers that are bowed or warped. As
another problem, wafers are often thinned for further processing, for example making
vias. In such thinning steps, wafer shape problems become even more severe. Thus,
low strain epitaxial layers and resulting flat wafers are highly desirable.

[0083] The fabrication of Group III nitride (also referred to as “III-V”) epitaxial

layers may be controlled to control the strain in the layer and help minimize or
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eliminate bow and warp. For example, the III-V ratio and/or the pressure under which
a ITI-V epitaxial layer is fabricated may be controlled to control the strain in the III-V
epitaxial layer. By increasing the V/II ratio, the III-V layer may be made more
compressive. Furthermore, by fabricating the III-V epitaxial layer at lower pressures
the ITI-V epitaxial layer may be more compressive. Additionally, as the thickness of
the I1I-V epitaxial layer increases, an otherwise compressive strained layer may
become tensile strained. Such tensile strain may result in defects, such as cracking, of
the ITI-V epitaxial layer. Accordingly, the thickness, growth conditions and source
materials may be controlled to avoid changes in the strain of the III-V epitaxial layer
during fabrication.

[0084] Control of a GaN/AIN nucleation conditions to control the initial strain
through island growth and coalescence may also be used to control the strain of a
GaN epitaxial layer. For example, the pressure and NH; flow rates may be adjusted
to reduce and/or control strain and bow resulting from the growth of a GaN epitaxial
layer.

[0085] Other techniques for stress control are set forth in commonly assigned U.S.
Patent No. 6,841,001.

[0086] Figures 26 and 27 illustrates the favorable (i.e., minimal) bow and warp
characteristics of wafers according to the present invention. Figure 26 is a plot of
bow magnitude in microns versus wafer count and illustrates that for these 100
millimeter wafers, the mean (average) bow is less than 31 microns, with a standard
deviation of less than 26 microns. When viewed as a plurality, at least 75 percent of a
group of such 100 millimeter wafers have a bow of less than 57 microns.

[0087] Figure 27 illustrates similar results in terms of warp. As set forth therein, for a
plurality of at least 15 wafers, the mean warp was less than 37 microns with a
standard deviation of less than 29 microns. At least 75 percent of the 100 millimeter
wafers have a warp of less than 66 microns.

[0088] For thick films (e.g., about 6 microns of Group III nitride), bow magnitude as
low as 24 microns and a total warp as low as 28 microns was achieved by
intentionally reducing the compressive strain by controlling the initial gallium nitride
growth conditions on an aluminum nitride nucleation layer. For thinner films (e.g.,
about 2 microns of Group III nitride), bow magnitude as low as 2 microns and a total

warp of 5 microns was achieved by intentionally reducing the compressive strain by

-15 -



WO 2006/135477 PCT/US2006/012930

controlling the initial gallium nitride growth conditions on an aluminum nitride
nucleation layer. In obtaining these results, the 100 millimeter diameter silicon
carbide substrates used were approximately 0.6 millimeters thick.

[0089] Accordingly, in another aspect the invention is a 100 millimeter or a larger
silicon carbide wafer with one or more Group ITI nitride layers deposited on it with a
warp of less than 100 microns. In particular embodiments, the silicon carbide wafer
can be less than 1 millimeter thick and the total nitride layer (or layers) thickness
greater than 1 micron. In other embodiments, the wafer and layer exhibit a warp of
less than 50 microns, in other embodiments less than 25 microns, in other in
embodiments less than 10 microns, and in some embodiments less than five microns.
[0090] In another aspect, the invention is a 100 millimeter or larger silicon carbide
wafer with a Group III nitride layer (or layers) deposited on it with a bow of less than
100 microns. In exemplary embodiments the silicon carbide wafer is less than 1
millimeter thick and the Group III nitride layer (or layers) is more than 1 micron
thick. In other embodiments the wafer and deposited epitaxial layer exhibit a bow of
less than 50 microns, in other embodiments less than 25 microns, in other
embodiments less than 10 microns, and in some embodiments less than 5 microns.
[0091] In particular, wafers and deposited epitaxial layers with bow less than 25
microns can be accomplished with the silicon carbide wafer being less than 1
millimeter thick and the nitride layer being more than 5 microns thick. In some
embodiments, the wafer and a deposited epitaxial layer with less than 5 microns of
bow can be accomplished on wafers in which the silicon carbide is less than 1
millimeter thick and the total nitride thickness is greater than 1 micron. In general,
for a film with a given amount of stress, wafer bow increases with wafer diameter and
film thickness , and decreases with substrate thickness.

[0092] 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.
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Claims
1. A semiconductor structure comprising:
a silicon carbide substrate having a diameter of at least 100 mm;
a Group III nitride heterostructure on said substrate; and
said heterostructure characterized by at least one of:
a standard deviation in sheet resistivity across said wafer of less than 3 percent

or a standard deviation in electron mobility across said wafer of less than 3 percent.

2. A semiconductor structure according to Claim 1 wherein said silicon

carbide is semi-insulating.

3. A semiconductor structure according to Claim 1 with an average sheet

resistivity of about 300 ohms/square.

4. A semiconductor structure according to Claim 1 with a maximum sheet

resistivity no more than 329 ohms per square.

5. A semiconductor structure according to Claim 1 wherein said
heterostructure includes an aluminum gallium nitride epitaxial layer above said
substrate; said aluminum gallium nitride layer having a sheet resistivity standard

deviation of no more than about 1.5 percent across the 100 millimeter structure.

6. A semiconductor structure according to Claim 1 wherein said Group IIT
heterostructure is formed of at least two epitaxial layers that are sufficiently different
in composition to generate a two dimensional electron gas at their interface;

said structure further comprising a plurality of respective source, drain and

gate contacts in conductive relationship to said heterostructure.
7. A semiconductor structure according to Claim 6 wherein said

heterostructure comprises a gallium nitride layer on said substrate and an aluminum

gallium nitride layer on said gallium nitride layer.

-17 -



WO 2006/135477 PCT/US2006/012930

8. A semiconductor precursor structure according to Claim 1 wherein the
compositions of the heterostructure layers differ sufficiently to generate a two
dimensional electron gas at the interface between said first and second layers;

said precursor structure having a sheet resistivity standard deviation of no

more than about one percent across the 100 millimeter structure.

9. A semiconductor precursor structure according to Claim 8 wherein said
silicon carbide substrate is a single crystal with a polytype selected from the 3C, 4H,
6H, and 15R polytypes of silicon carbide.

10. A semiconductor precursor structure according to Claim 8 comprising a
third Group III nitride epitaxial layer on said second layer for increasing the electron

mobility in the two dimensional electron gas.

11. A semiconductor structure according to Claim 1 demonstrating a standard

deviation in carrier density across said wafer of less than 3.3 %.

12. A semiconductor structure according to Claim 11 with a carrier density of

about 9E12 cm™.

13. A semiconductor structure according to Claim 1 comprising:
an epitaxial layer of Group III nitride containing aluminum; and
said Group III nitride layer having a ratio of minimum to maximum aluminum

content of at least 0.9.

14. A plurality of silicon carbide wafers that incorporate the structure of
Claim 13;

an AlGaN barrier layer as the top surface of each said wafer; and

said wafers having a ratio of edge to center percentage of aluminum in said
AlGaN barrier layer of between about 0.98 and 1.02; and

75% of said wafers having a ratio of minimum to maximum thickness of said
AlGaN barrier layer of at least 0.8.
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15. A semiconductor structure comprising:

a Group ITI nitride epitaxial layer selected from the group consisting of
gallium nitride and aluminum gallium nitride on a compatible substrate;

said Group ITI nitride layer having a diameter of at least 100 millimeters; and

said Group III nitride layer having a ratio of minimum to maximum thickness

of at least 0.8.

16. A semiconductor structure comprising:

a silicon carbide wafer having a diameter of at least about 100 millimeters;

a Group III nitride layer on said silicon carbide wafer and having a diameter
substantially the same as said silicon carbide wafer; and

said wafer and epitaxial layer having a warp less than 100 microns.

17. A semiconductor structure comprising:

a silicon carbide wafer having a diameter of at least 100 millimeters;

a Group III nitride epitaxial layer on said silicon carbide wafer and having
substantially the same size as said wafer; and

said wafer and epitaxial layer having a bow of less than 100 microns.

18. A semiconductor structure according to Claim 16 or Claim 17 wherein
said epitaxial layer has a thickness greater than 1 micron and said silicon carbide

wafer has a thickness less than 1 millimeter.

19. A semiconductor structure comprising:

an epitaxial layer of Group III nitride containing aluminum on a compatible
substrate;

said Group III nitride layer having a diameter of at least 100 millimeters; and

said Group III nitride layer demonstrating a standard deviation in thickness of

less than 5 percent.

20. A semiconductor structure according to Claim 19 wherein said substrate

comprises silicon carbide.
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21. In a method of epitaxial growth of Group III nitride layers on
semiconductor substrates using source gases consistent with metal organic chemical
vapor deposition, the improvement comprising:

growing a heterostructure formed from two Group III nitride epitaxial layers
that differ sufficiently in composition from one another to generate a two-dimensional
electron gas at their interface in an atmosphere containing minimal hydrogen and on a

substrate that is at least 100 mm in diameter.

22. A method according to Claim 21 comprising growing the heterostructure

on a semi-insulating substrate.

23. A method according to Claim 21 comprising growing a heterostructure of:
an epitaxial layer of gallium nitride on the substrate, and

an epitaxial layer of AlyGa;.xN where 0 <x <1 on the gallium nitride layer.

24. A method according to Claim 21 comprising growing the heterostructure

using trimethyl gallium, trimethyl aluminum, and ammonia as source gases.

25. A method according to Claim 24 comprising using silane as a silicon
source gas for doping the aluminum gallium nitride epitaxial layer in the

heterostructure.

26. A method according to Claim 21 comprising growing the heterostructure

on a semi-insulating silicon carbide substrate.
27. A method according to Claim 23 further comprising the step of growing a

nucleation layer on the substrate prior to the step of growing the gallium nitride

epitaxial layer.

-20 -



WO 2006/135477 PCT/US2006/012930

1/16
/30
36
/34
—————————————————————————————————————— ‘\
35
33
32
31
Fig. 1

/40

N
-~

45%

42 E 44 /
— 1

h 50

|
/

1N

($5)
-

~




WO 2006/135477

Dinensicnsin il

PCT/US2006/012930

2/16

Taag =l
e, ééié‘%}%&‘ "ﬁg\ (el /A1) A

] e »J"% M!‘(/Qﬁ?\ ._%{ 4&0\} ,“:‘4&

Wmm
- w4$ a2 \“\
mcww(/ [RGB RN
4’lé ’”';”““4‘;&4&&5 j}”‘_:% 453&\ (),4"‘@
mwmw{; A4y ] 33 emd
4@*1}\ b = 4@'«‘&% 7487 NS

fr«*s&)m dg@x}ug;m\w‘ ‘i@m “

# ,:f"

(A~ msﬂdw tz:sf\\w A

gvd&"’ii;m ”452\1 w-."rzm"
el A8 A e
{803 W{'dﬁ&\ ;

(AL AR

L e
X NNM" f.r‘; it
',

b

50

i i t i !

T T
B0 40 80 .20 0 0 10 g 30 40 8O

Piat

HEMT on 4> SI SiC

Fig. 3



PCT/US2006/012930

WO 2006/135477

3/16

g

g5'¢ (%)

Py

St

B

ST,

Faeunng TPOTISTILES

e e

A e & xwdw.

¥ 614

T {g) enten AqTaa
8E
i )

Agounns TERTISTIEIS




PCT/US2006/012930

WO 2006/135477

4/16

TR SRR

s TEOEIST

Sfrrsh

T

SO

Rrowmmy TeotisTIRAS




PCT/US2006/012930

WO 2006/135477

5/16

Arenung TEULISTINES

Savunris TEOTISTIENE




PCT/US2006/012930

WO 2006/135477

6/16

Krewnig TEOTISTIEE

5YE

% 55

STUTOd 3SRl IO FECUOE,

Axomuns - TEOTISTIOE




WO 2006/135477 PCT/US2006/012930
7/16 '

4 Inch (100mmj)
Singlz Carier Fit Besults
Mability [em2A-s]
AT ~
/ \
/ l"v 2,050.80
¢ ;’r
/ | N
/ \‘\ / ”‘\‘5 / \g\
Ill 2,027.60 ; \ 2.036.20 k ) 201760
) , H
r s
N T N N j’
] T ™~ ;‘Irl
J ¢
r
2,052.40 "1 /
Sample Summary I't /’ ;/
Avg 202692 \
Max  2,052.40 —_—
o e e
d Dey 14.9 .
Jf/’f Flg. 13

4 Insh (100mm) /‘_\\
Single Carier Fit Besults

3
Density fom-2) \
.»f. __h
/ , . \
! \
a"f 1 B.205E+12 ‘1 1
\ / \
¢ \ o ’

,,ef_\—h“\ "*_,_,.-——\.‘_\ ,r"ﬂ-_h“'\_‘k

/ o v
Vo Vo }
t 8.773E+12 ; lk B.438E+12 H ,'. 8.862E+12
P ;
; 3
\'\ — 4""'[ \\ e -“"'f ’ '\'\\' m—— / '} fl
ar"f - \\ (1"]{
¢ \ /

Plax  BBGZE+12
Min  8.205E+12
StdDev 2.556E+11




WO 2006/135477 PCT/US2006/012930

8/16
4 Ihch {100mm)
Single Carrier Fit Results
Conductivity [mho)
/ R

/ }
/ | 2692603 {
/ Py |
,/'_“\\ f"‘“\ ‘{,f""“'“\\

/ \ )
| 2748E03 | 28B1E-3
Ho /

\ - | /

\\ lIL 2¥69E-03 ) .
Sarple Surmmary J
Avg  2.787E-D3 S y

Max  2861E-03 R /
Min  2.592E-03
Std Dev B.969E-05

4 Inch [100mm) /x \

Sheet Resistance Results,~ \

Sheet Res [ohmsfsq) “
-~ _ \\ \
{

/ . L Iy kS
/*'—‘"\\‘ ’a—-"“"\\ {/‘”—““\
/AT ;l | e :\ | e ;1 )
5 E 5
. o \ — \\ o }1
/ 7N f
‘l 24298 I\ /
Sample Surnmary ! /
Awvg 343950 \ s
Max  2356.09 — /
KMin 34298 -~

Std Dev 4.70

e Fig. 16




WO 2006/135477 PCT/US2006/012930
9/16

4 Inch [100mm)
Single Carrier Fit Resulte
b obifity [omz-s] :
/ 7
ll 2,081.10 ‘\
/ \ /'
/ o
! — —_
' N TN
; .
y { V! ﬂ,
I". 2,066.90 ; k 2,031.70 ; 1\ 2,061.50
N S
2
h 2,072.00 \
Sarnple Summay N
dwg  2,072.64 N /
Max 2.081.70 —
Min  2,081.50
Std Dey 882 \

4 Inch {100mm) — Flg. 14A
Single Carier Fit Results , ..
Density [cm-2)

/ R
f,s*' | 8752 |

N / \
/ - \

N (,“”ﬁ ™.

NS .
'L. 8.885E+12 /} ‘\ 8.803E+12 \ “ 8.898E+12 l\
e“f ).j
A
N N N
— /
Vol N /
l{ 'ﬁ .}“I.
8.972E+12 1 i
Sample Summary l'l N /
byg  BBEZE+1: \ ¢ Iy
Maw  8.972E+12 —— y
Min  8.F53E+12 e
Std Dew 8.527E+10 e




WO 2006/135477 PCT/US2006/012930
10/16

4 Inheh (100mm)
Single Carrier Fit Results
Conductivity [mha)

/"_“'\\

\ 2.915E-D3 \

— _— l;
T ..fl'
- \ §
/ 2.974E-03 \1 f"g
Sample Surnumary\3 ) l'\ o= ; (( /'f
Awg  29339E-0 /
bax 2974E-03 \“ — ,"/

M 2815E-03 ™

Std Do 2.180E-05 \ -f/ Fig. 15A

4 rich [100mm)
Sheet Resistance K esM
5heet Res [chmsdzq)

/ TN TN TN
{ wes ) 14 sies ) {f 340,23 ’v
NN AN .'
TN /
oama ) /

Sarmpls Surnerary

Avg  339.92 /

Mot 34291 N /

Min 33581 -

StdDev 2.56 _ i
\ Fig. 16A




WO 2006/135477 PCT/US2006/012930

11/16

)
e 3

Gt

flaiie AR
pielien 149
Qe He
(o
Pavii
Ak

TR | S ————
2 o& 4 5 T & & t¢ |
Ehpmat Bauidlisly 'uté?’ﬂﬂfﬁf@t? 5k

ifers o 100 s

Fig. 17

SRS

el :yt’v:* ia wrmu: ﬁffsv. Ai‘;



WO 2006/135477 PCT/US2006/012930
12/16

{Guanitiks
& :

- Rautio of 3% an ¢
ethoeasis D90 % as that al i
contrel.



WO 2006/135477 PCT/US2006/012930
13/16

#

E

Fig. 21

Abmgle

" RS
walers taken by s



WO 2006/135477 PCT/US2006/012930
14/16

Fig. 22

Fig. 23

TSI sulisteates e



WO 2006/135477 PCT/US2006/012930
15/16

15 ¢ (| Quantiles - Moments

§ | 400.0% maxmum 62573 Mean 1833674

-0 5| edst 52573 Sld Der 12599005

L, B | wrsw 625713 SdEmMear 03119626,

£| sonaos 44913, upperoS%hMean 25301225

1 k= 750%  quartle  1.9515 lowen9S%hMean 122822304

b TLO500% medien 13358 N 19°
& 7 380%  quattle  1.7420
10.0% 1.1256
2.5 0.9268
0.5% 0.9268
0.0%  minimum  0.9288

g% 10009 mesdiquere. Y0944 Nisan S O4TTIRE
fg 26 5% 10044 St Dew 20496422
= grswm 10,944 Std Eivddean 04702202
& 90.0% BIGS  uppergSW%ivean 70054
E | 7509  quatile 7480 lower 95%Maeh 0208338
= 50.0%  madian 5910 N 18

285.0%6 Gudrtihe 4840

10,045 2,834

2.6% 2522

0.5% 2522

Q0 minierim 25232

Fig. 25



WO 2006/135477 PCT/US2006/012930

L e -
\Quantites . - J[Moments” - o]
- = — 100.0% maximum 75838 Mean 30633842
I —— : 9T 5% 76539 Sid Dev 55,9019
— 1 grb% 75539 SidErrMean 59423055
200%: 54.858  upper96%Mean 43198163
750%, guarlle  55.800  lower 5% Metn 18140851
500% median 21028 N 19
250%  quarle 5344
e | BN } »;g:,o% ' 1860
0 10 20 300 40 B0 B0 Yo 8pl 25% 1.742
0:5% 1.742

D%  minimue  1.742

Fig. 26

100:0% maxiraurn  85.010  Mean 36071737
5% 850180 St Dey 2BABTITA
97.E% BE010  StlErMean 65124648
90,0% 71457  upper 96%Mean 49753017
B0%  quarfle S5.796  lower95% Mean 22384557
800% median 23355 N 18
250% quarfle  7.805
10.0% 5104
2.5%. 4,393
0.5%: 4.383

00% mirimom 4393

Fig. 27



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2006/012930

A. CLASSIFICATION O7S7L188JECT MATTER

INV. HO1L29

.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

HO1L C30B

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation 1o the extent that such documents are included in the flelds searched

EPO-Internal, INSPEC

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

CH,

XP009063274
ISSN: 0255-5476
page 3; figure 2

vol. 353-356, no. 3, 2001, pages 3-6,

X CARTER C H ET AL: "LARGE DIAMETER, LOW 1-27
DEFECT SILICON CARBIDE BOULE GROWTH"
MATERIALS SCIENCE FORUM, AEDERMANNSFDORF,

Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents :

*A" document defining the general state of the art which is not
considered to be of particular relevance

*E" earlier document but published on or afterthe international
filing date

'L* document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

*O* document referring 1o an oral disclosure, use, exhibition or
other means

*P* document published prior to the internationai filing date but
later than the priority date claimed

'T* tater document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

*X* document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

*Y* document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
m%r:ts, suich combination being obvious to a person skilled
in the art.

*&* document member of the same patent family

Date of the actual completion of the international search

8 August 2006

Date of mailing of the international search report

18/08/2006

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentiaan 2
NL — 2280 HV Rijswijk

Tel. (+31-70) 340-2040, Tx. 31 651 epo nl,
Fax: (+31-70) 340-3016

Authorized officer

Franche, V

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2

Relevant to claim No.




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2006/012930

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X MULLER S G ET AL: "Progress in the
industrial production of SiC substrates
for semiconductor devices"

MATERIALS SCIENCE AND ENGINEERING B,
ELSEVIER SEQUOIA, LAUSANNE, CH,

vol. 80, no. 1-3,

22 March 2001 (2001-03-22), pages 327-331,
XP004234723

ISSN: 0921-5107

pages 327,330; figure 1

X MULLER S G S G ET AL: "The status of SiC
bulk growth from an industrial point of
view"

JOURNAL OF CRYSTAL GROWTH, ELSEVIER,
AMSTERDAM, NL,

vol. 211, no. 1-4, April 2000 (2000-04),
pages 325-332, XP004193396

ISSN: 0022-0248

pages 325,326

1-27

1-27

Form PCT/ISA/210 {continuation of second sheet) {April 2008)

page 2 of 2




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

