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POLISHING PROCESS FOR PRODUCING DAMAGE FREE SURFACES ON SEMI-
INSULATING SILICON CARBIDE WAFERS

STATEMENT OF GOVERNMENT RIGHTS
[0001] Work related to the invention was done in performance of Government Contract

No. DAAD19-02-1-0231. The government has certain rights in the invention.

BACKGROUND OF THE INVENTION
Field of the Invention |
[0002] Erhbodiments of the invention relate generally to surface treatments, such as those
adapted for use in the polishing of a material surface useful in the fabrication of

semiconductor devices.

Description of Related Art

[0003] Silicon carbide (SiC) is used extensively as a semiconductor material for many
applications. Semiconductor devices formed on a SiC substrate have the ability to operate at
higher voltages and temperatures than conventional devices formed on a silicon (Si)
substrate. Indeed, for many high frequency, high temperature, high voltage, and/or hostile
radiation environment applications, SiC is rapidly becoming the semiconductor material of
choice.

[0004] SiC may be grown in many different polytypes, but 6H and 4H polytypes are
widely used in industry. The “H” in these polytype designations refers to a hexagonal crystal
structure, and the “4” or “6” denotes the number of steps before replication of the structure.
Polytypes may be oriented “on” or “off” a primary crystal axis.

[0005] Regardless of polytype, SiC may be doped with elements that increase or decrease
its resistivity. When SiC resistivity reaches levels greater than about 105 ohm-cm, it is
considered semi-insulating. However, one current industry trend seeks to produce
intrinsically pure semi-insulating SiC material which is not doped. The most common
commercially available wafer types are 4H- and 6H-SiC, both conductive and semi-
insulating, as well as on axis and up to 8° off axis. Wafers formed from SiC are used as
substrates supporting the fabrication of semiconductor devices.

[0006] The performance qualities exhibited by semiconductor devices formed on a SiC
substrate are greatly influenced by the structural integrity and smoothness of epitaxial films

grown on the substrate. A smooth, defect-free surface is crucial to the epitaxial growth of



10

15

20

25

30

WO 2007/058774 PCT/US2006/042537

high-quality thin films. Numerous studies of epitaxially grown thin films on 4H- and 6H-SiC
substrate have shown that fabrication process induced defects in the substrate surface, such as
scratches and/or subsurface damage introduced during lapping and polishing processes, are
primary contributors to unwanted polytype inclusions in the subsequently grown epitaxial
films. |

[0007] Unfortunately, the material properties of SiC that provide its desirable
characteristics also present difficult challenges to putative surface treatment techniques. For
example, SiC is extremely hard, possessing a Mohs hardness of nine plus (9 +). It is very
chemically stable, and generally unaffected by exposure to acid or alkali at temperatures less
than about 300°C.

[0008] Conventional surface treatments applied to SiC may be generally categorized as
mechanical polishing, chemical-mechanical polishing (CMP), and etching. Mechanical
polishing techniques are characterized by the use of very hard abrasives, such as diamond
grit, applied to the surface of a SiC wafer. While mechanical polishing effectively removes
surface material, it often results in a rough and/or damaged wafer surface. Conventional -
etching techniques applied to SiC wafers are performed at high temperature, and while
potentially useful in the localized planarization of the wafer surface are ill-suited to global
planarization objectives.

[0009] As aresult of the deficiencies noted in mechanical polishing and etching
techniques, significant research has been directed to improving CMP techniques. CMP
techniques generally combine mechanical polishing with chemical etching to provide a wafer
surface having decreased overall roughness and less damage to subsurface layers. In arecent
technical paper, one conventional CMP method was proposed wherein a concentrated
colloidal silica slurry having high pH (e.g., a pH higher than 10) was applied at elevated
temperatures (e.g., 55°C) to the Si-terminated surface of a SiC wafer. See, J. Electrochem.
Soc. Vol. 144, No. 6, June 1997, the subject matter of which is hereby incorporated by
reference. Similalry, in patent document WO 2005/099388 A2, the subject matter of which is
hereby incorporated by reference, another conventional CMP method was proposed wherein
a high pH (e.g., 8 to 14) solution containing colloidal silica or alumina was used to polish an
SI wafer.

[0010] Due to the hardness of SiC, multiple surface treatments or surface treatment
cycles are often applied before an acceptable surface is obtained. Mechanical polishing using
diamond grit remains the industry standard, at least in the early stages (or cycles) of SiC

surface treatment. Typical practice involves the slicing of SiC wafers from a crystalline
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boule using a wire saw havingra fixed diamond abrasive or a wire carrying a mixture of
diamond and boron carbide grits in a slurry solution. To remove the wafer surface damage
resulting from the cutting process, SiC wafers are fixed to a platen and then lapped and
polished with a succession of smaller size diamond grits on a conventional polishing ‘
machine. This is typically a 4-step process beginning with a 3-micron diamond grit, moving
to a 1-micron diamond grit, and then to a 0.25-micron diamond grit. The final polishing step
is often a conventional CMP process using colloidal silica.

[0011]  However, as will be seen in some additional detail by way of comparison to
embodiments of the invention, conventional surface treatment techniques simply do not work
well - particularly when applied to wide-bandgap material such as SiC. Among other |
deficiencies apparent in conventional surface treatment techniques, selective etching of
scratches and other surface defects may actually increase the overall roughness of a wafer
surface. That is, conventional surface treatment techniques often remove equal amounts of
material from the working wafer surface and scratches and other defects present in the
working surface. Thus, scratches and surface defects are merely propagated down into the
wafer surface by the conventional surface treatments. Worse still, some conventional surface
treatments selectively etch the scratches and surface defects to a greater degree than the
working wafer surface, thereby deepening and/or expanding the scratch or defect.

[0012] A non-selective - relative to scratches and other surface defects formed in a wafér |
surface - surface treatment process is needed. At a minimum, the non-selective process
should work on all major polytypes of SiC, including at least 6H and 4H polytypes, whether
the SiC wafer is formed off-axis and on-axis, and whether the SiC wafer is conductive or

semi-insulating in nature.

SUMMARY OF THE INVENTION
[0013] Embodiments on the invention provide a non-selective surface treatment well
adapted to the polishing of material wafer surfaces, such as SiC wafers.
[0014]  Inone embodiment, the invention provides a process adapted to the treatment of a
material surface comprising; polishing the surface using a polishing mixture, the polishing |
mixture comprising; an abrasive and an oxidizer mixed in an acidic solution having a pH
equal to or less than 7.
[0015]  In another embodiment, the invention provides a polishing mixture having a pH
equal to or less than 7 and comprising; an abrasive and an oxidizer mixed with an acid and a

solvent.
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[0016]  In yet another embodiment, the invention provides a process of fabricating a
semiconductor device comprising; polishing a surface of a material wafer using a polishing
mixture and thereafter growing an epitaxial layer on the substrate, wherein the polishing
mixture is non-selective relative to scratches in the material wafer, has a pH of 7 or less, and

generally comprises one or more abrasives and an oxidizer.

~ BRIEF DESCRIPTION OF THE DRAWINGS
[0017] Severalv embodiments of the invention are described with reference to the attached
color images. These images are identified as “figures” within the description and are
variously generated by well understood and conventionally interpreted imaging techniques,
including Tunneling Electron Microscopy (TEM), Atomic Force Microscopy (AFM), Photon
Back-Scattering (PBS) measurements, and ZYGO Light Interferometery (ZYGO).
[0018] Figures 1A through 1D are related ZYGO images illustrating wafer surface
characteristics through a sequence of polishing cycles using one embodiment of the
invention.
[0019] Figures 2A through 2D are related ZYGO images illustrating wafer surface
characteristics through a sequence of polishing cycles using a conventional CMP technique.
[0020] Figure 3 is a TEM image of a wafer surface polished using a conventional CMP
technique. ' '
[0021] Figure 4 is a TEM image of a wafer surface polished using one embodiment of the
invention.
[0022] Figures 5A and 5B are comparative AFM images, Figure 5A showing a
conventionally polished wafer surface and Figure 5B showing a wafer surface polished using
one embodiment of the invention.
[0023]  Figures 6A and 6B are optical micrographs of epitaxial gallium nitride (GaN)
layers respectively grown on a conventionally polished wafer surface and a wafer surface
polished using one embodiment of the invention.
[0024] Figures 7A through 7E are AFM images further illustrating the qualitative
difference between GaN layers grown on a conventional polished wafer surface and a wafer
surface polished using one embodiment of the invention.
[0025] Figure 8 is an AFM image of a wafer surface after polishing using one
embodiment of the invention.

[0026]  Figure 9 is another AFM image of a wafer surface after conventional polishing.
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10027] Figures 10A and 10B are PBS measurement images comparatively illustrating the
subsurface damage for a conventionally polished wafer surface and a wafer surface polished
using one embodiment of the invention.

[0028] Figure 11 is a TEM image illustrating a conventionally polished wafer surface.
[0029] Figure 12 is a TEM image illustrating a wafer surface polished using one

embodiment of the invention.

DESCRIPTION OF EXEMPLARY EMBODIMENTS
[0030] Embodiments of the invention will now be described. These embodiments are
presented as teaching examples. The actual scope of the invention is not limited to only these
examples, but is defined by the attached claims.
[0031] In one aspect, embodiments of the invention address the issue of errant polishing
selectivity noted above with respect to conventional polishing techniques. That is,
embodiments of the invention address the inadequacies associated with the etching selectivity
of conventional surface treatment techniques in which scratches and other surface defects are
etched to an equal or greater extent than the working surface of a wafer. In this context, the
term “etch[ing]” is used to generically describe any process removing material from any
portion of the working surface of a wafer. The term “working surface” generally identifies a
major wafer surface being treated or polished. Scratches and other surface defects are
generally characterized by surface profiles having a vertical depth different from a desired
plane for the working surface. t
[0032] In the context of conventional polishing techniques and equipment, within which
embodiments of the invention may be readily incorporated, the axis through which force is
applied to a wafer being polished is termed the “vertical” axis. An axis normal to the vertical
axis is termed a “lateral” axis. Using this terminology convention, a scratch may be said to
have vertical depth into the working surface of a wafer and lateral width across the plane of
the working surface. These terms are, however, merely relative orientations and conveniently
drawn to current polishing techniques and equipment. Embodiments of the invention are not
limited by such descriptions of relative orientation (e.g., vertical verses lateral).
[0033] The results of errant etching selectivity associated with, for example, conventional
polishing techniques using colloidal silica will be further highlighted for comparative
purposes in the description that follows. Exemplary embodiments of the invention were
applied to semi-insulating SiC wafers to produce relatively defect-free working surfaces with

respect to conventional outcomes. The improved chemical-mechanical polishing (CMP)



10

15

20

25

30

WO 2007/058774 PCT/US2006/042537

process provided by embodiments of the invention has been developed such that it may be
easily incorporated into existing fabrication lines (e.g., used with commercially available
consumables and equipment, as well as collaterally related techniques).

[0034]  Throughout this description, the term “improved polishing process” is used to
generally denote a surface treatment, or part of a surface treatment, incorporating one or more
embodiments of the invention. The term “improved polishing process” also distinguishes
conventional polishing process(es). The term “improved surface” is used to refer to a
working surface, such as one adapted for use as a semiconductor substrate, that has been
treated using the improved polishing process.

[0035]  Inone embodiment, the invention provides an improved polishing process
characterized by the provision and/or use of a polishing mixture comprising an abrasive, an
oxidizer, and an acid within a solvent. The general combination of acid and solvent may be
replaced by the term “acidic solution” since at least some embodiments of the invention
provide acid in sufﬁcicnt quantity to reduce the pH of the polishing mixture to below seven
(7), or alternatively below five (5). Acetic acid has been successfully used in one
embodiment to effectively lower the polishing mixture pH, but other acids or acidic solutions
may used for this purpose.

[0036] In another embodiment of the invention the foregoing polishing mixture is applied
to the working surface of a material wafer.

[0037] The abrasive in the foregoing polishing mixture may comprise alumina. The
abrasive may be formed from a single abrasive or a mixture of two or more abrasives. In one
embodiment of the invention, the abrasive has a hardness less than that of the material being
polished.

[0038] By way of comparison, conventional CMP processes commonly use a polishing
mixture having a much higher pH, typically at least a pH of ten (10). This high pH level is
used to oxidize the working surface of the wafer being polished. To increase the material
removal rate, hard abrasives, such as diamond may be applied to the conventional colloidal
silica CMP processes to remove the resulting oxide layer.

[0039] Embodiments of the improved polishing process are non-selective relative to
scratches and other defects in the working surface of a wafer, as compared with conventional
CMP processes. Thus, scratches are removed at a rate equal to or greater than the general
rate of material removal for other portions of the working surface. This is true for
applications of the improved polishing process to 6H- and 4H-SiC wafers - l?oth doped and

un-doped, as well as on-axis and off axis in nature. The rate of material removal provided by
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the improved polishing process is generally greater than or equal to that provided by
conventional CMP processes, such as those using colloidal siiica. Thus, substantially defect-
free wafer surfaces may be obtained by use of the improved polishing process with reduced
consumables and polishing time. Hence, the improved polishing process provides cost and
time advantages over the conventional CMP processes.

[0040] This non-selective quality of the improved polishing process may be further
characterized in one embodiment of the invention as providing a relatively higher rate of
material removal in the direction of the vertical axis of the wafer surface (i.e., the direction
normal to the working surface of the wafer) than in any lateral direction across the wafer
surface. As a result, scratches and other surface defects are removed. In contrast,
conventional CMP processes have a relatively low vertical rate of material removal and a
relatively high lateral rate of material removal, and therefore tend to broaden and/or deepen
scratches and other defects present in a wafer surface.

[0041] Specific test examples, including exemplary applications of both éonventional
CMP and improved polishing processes, are described below with reference to Tables 1, 2,
and 3. Each of the test examples was performed using a commercially available SiC wafer.
A single type of test material was selected for comparative purposes, and SiC is a convenient,
practical choice for teéting.

[0042] The improved polishing process may, however, be applied to wafers formed from
materials other than SiC. For example, the improved polishing process may be used to treat a
material surface comprising one or more materials including a conducting material, an
insulating material, a dielectric or a semi-conducting material selected from a group of
materials including a metal, an oxide, a glass, an alloy, a carbide, a nitride, diamond, a
silicide, a chromide, ferride, a boride, a sulfide, a phosphide, silicon nitride, silicon nitride,
aluminum nitride, gallium nitride, alumina-gallium nitride, indium-gallium nitride, Safire,
Indium phosphide, boron nitride, silicon, and silica, as well as and any reasonable
combination of such.

[0043] In at least one embodiment of the invention, the improved polishing process finds
particularly useful application in the surface treatment of wide band gap semiconductor
material(s) such as those commonly used as a substrate adapted to the formation of active
semiconductor devices and layers.

[0044]  After polishing each test example, the wafer surface was variously imaged and/or
evaluated using one or more of the following: Tunneling Electron Microscopy (TEM),
Atomic Force Microscopy (AFM), ZYGO White Light Interferometery (ZYGO), optical
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micrographs, and/or Photon B;éf{-Scé&ering (PBS) measurements.- Additionally, for some
test examples, the growth of a gallium nitride (GaN) layer on the polished wafer surface was
used to further characterize the material properties of the wafer. From the foregoing, average
roughness (Ra), root mean square roughness (Rq), and peak-to-valley roughness (PV) for
each polished wafer surface was determined.

[0045] Of note, evaluation of some test examples suggests that defect densities for wafer
surfaces polished using the improved polishing process can be equal to the intrinsic defect
densities expected for native SiC. Further, the improved polishing process did not increase
subsurface damage or the amount of dislocations present in the test example materials.
[0046] Table 1 below summaries various polishing mixtures and process conditions
associated with selected test examples. Test example number (or run number) is indicated in
the first column of Table 1. Of note, test example “0” corresponds to a conventional CMP
process using colloidal silica.

[0047] For each test example following test example “0”, a polishing mixture solution
ratio is given in the second column of Table 1. Where colloidal silica is used in the polishing
mixture, its mixture ratio with water (i.e., the common solvent used the polishing mixtures
applied to the test example) is given. In test examples run using a polishing mixture without
colloidal silica, the entry in column 2 is lefg empty (- ). Next, in the third column, an abrasive
additional to colloidal silica, where used, is identified along with its volume concentration as
a percentage of the polishing mixture (Conc.). Thereafter, in the fifth column, an oxidizer, if
used, is identified along with its volume concentration as a percentage of the final polishing
mixture.

[0048] The seventh column of Table 1 indicates a rotational speed for a polishing platen
in revolutions per minute (RPM) during the test example. The eighth column of Table 1
indicates the vertical force applied to the test example wafer during the polishing process.
The ninth column indicates a polishing run time for the test example.

[0049] An initial roughness value (Ra-start - expressed in Angstroms (A)), indicating an
average roughness of the wafer surface before polishing is given next in column ten of Table
1. For comparison, an average roughness value for each test example after polishing is also
given (Ra-final) in the eleventh column of Table 1. Finally, an average rate of material
removal (MRR) is expressed for each test example in pm of material per hour in the last

column of Table 1.
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Tablel ™ "7~
Run #|SiO2 |Abrasive Conc|Oxidiz [Con |[RPM |Force [Run [Ra Ra MRR
0.06u |Size/Type er c. (PSD |time |(start) |(final) |(um/hr
m Hs (A 1A )
H20 )
0 1/1  ]0.06um SiO2 |- Sio2 |- 140 |5 8 (7.5 44.5 |0.06
1 171 Ium AI203  [50% |- - 140 |5 8 10.1  {50.0 10.25
2 1/1 Jum A1203  |50% |- - 140 |5 8 8.8 40.13 (0.16
3 /1 2umZrO2  |50% |- - 140 |5 8 199 42.8 (0.00
4 - 0.5um 100 |- - 120 |5 5 Sawed (6.8 |4.90
diamond %
5 - 0.1um 100 |- - 70 |5 5 172 7.6 10.60
diamond %
6 - 0.1um 100 - - 20 |5 8 8.1 73 10.25
diamond %
7 /1 0.1um 25% |- - 120 1|5 4 16.8 154 10.94
diamond
8 I/1  |0.1um 10% |- - 120 |5 8 |45 17.6 {0.56
diamond
9 1/1 0.1um 25% |- - 20 |5 10 (7.9 10.1 10.20
diamond |
10 1/1  {0.1um 10% (- - 20 |5 10 |75 5.5  10.60
diamond
11 1/1 0.1um 10% |- - 20 |5 6 (7.7 14.6 10.50
diamond
12 1/1  |0.05um 50% |- - 120 |5 8 176 38.7 0.06
diamond
13 1/1 0.05um 50% |- - 20 |5 8 |72 11.6 0.025
diamond
14 |/T |0.05um 25%[- |- 1120 5 |8 |76 198 0.06
diamond
15 1/1 0.05um 25% |- - 20 |5 8 8.2 10.2 (0.00
diamond
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16 1/1 - - NaOCl|50% (120 |5 6 |75 28.9 (0.125

17 /1. |- - NaOC1|25% (120 |5 6 (8.9 29.5 10.061

18 1/1 - - NaOCl1{10% |20 |5 6 [5.2 17.1 0.073

19 1T - - H202 150% (120 |5 |6 |5.8 78.9 10.043

20 1/1 - - H202 [25% |20 |5 6 7.1 14.8 {0.050

21 1/1 - - H202 3% 20 |5 6 9.1 17.2 10.045

22 1/1 0.1um 10% {NaOCl1{10% 20 {5 &8 165 521092
diamond

23 171 0.1lum 10% H202 |5% {20 |5 6 11.9  63.0 0.062
diamond

24 90/0% |- - NaOCl{10% 20 |5 6 |75 155 |0.11

25 80/0% [0.1um 10% H202 110% 120 5 6 |7.6 12.6 |0.17
diamond

26 80/0% |0.1um 10% |NaOCl|10% |20 |5 8 (7.3 20.39 10.25
diamond

27 1/1 0.05um 10% [NaOCl1|10% [20 |5 6 |75 255 (0.125
diamond

[0050] As may be seen from Table 1, only test examples 4, 6, 10, and 22 result in only
marginal improvement in the average roughness of the respective wafer surface. Further,
many of the test examples result in very low rates of material removal (MRR).

[0051] Based on the test examples contained in Table 1, additional test examples were
investigated. Results from these additionél test examples are summarized in Table 2. In
Table 2, a conventional CMP process using 0.06 um colloidal silica (CS), as applied to a SiC
wafer surface, is identified as a baseline. Then, various oxidizer, abrasive, and oxidizer-plus-
abrasive enhancements are made to the baseline process. Relative rates of material removal
(MMR) are indicated, as are relative effects on final wafer surface roughness (Ra-final).
Finally, an “etched roughness” value (Ra-etched) is given for each variation. Etched
roughness is determined by conventional molten KOH testing for assessing subsurface
damage associated with the polished wafer surface.

[0052] Clearly, certain enhancements to the conventional CMP process involving some
combinations of an oxidizer, colloidal silica, and various additional abrasive(s) provide

dramatic improvements in the MMR and final roughness (Ra-final) of the wafer surface.
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[0053]  The addition of an oxidizer alone to the conventional colloidal silica based CMP
process resulted in only a small increase in MRR and increased surface roughness. Such
enhancements also resulted in selective material removal relafive to surface damage present
in the wafer surface.

[0054] The addition of abrasive particles alone, wherein the particles are softer than SiC
but harder than SiO2, resulted generally in no change to the MRR, increased surface
roughness, and selective material relative to surface damage.

[0055] However, the addition of low concentrations of nano-diamond particles (near
0.1um) resulted in a higher MRR (e.g., a 10X increase over baseline), low average surface
roughness, and reduced selectivity of material removal in damaged surface regions. The
combination of 0.1pm diamond with an oxidizer further increased MRR by 50%, (e.g., a 15X
increase over baseline), low average surface roughness Ra, and reduced selectivity of
material removal in damaged surface regions.

[0056] In the test examples noted in Table 1, when alumina abrasive particles were used
in a polishing mixture having a pH greater than seven (7), selective etching was observed.
However, by reducing the pH to seven (7) or below, such as to approximately five (5), and
adding an oxidizer, improved polishing results were obtained over the conventional CMP
process. This was particularly true in embodiments of the invention where the alumina
comprised a “mixed phase alumina slurry” including, for example, a mixture of corundum
and AIOOH or boehmite. In contrast, where a standard alumina abrasive comprising
primarily alpha alumina (or corundum) is used the polishing results are not equivalent to
those obtained using the mixed phase alumina slutry. This result suggests in some
embodiments of the invention that AIOOH may be acting as a chemical component and
increasing the rate of surface oxidation thereby increasing removal rate and reducing
selectivity.

[0057] Summarizing the results of Table 2, oxidizer-enhanced polishing processes
provide lower MRR and relatively high surface roughness. Further, decorated subsurface
damage was noted. Abrasive-enhanced polishing processes provide higher MRR, relatively
high surface roughness, and continued decorated subsurface damage. Oxidizer/diamond
abrasive-enhanced polishing processes provide much higher MRR, relatively low surface
roughness, and reduced subsurface damage. However, it does not produce damage free
surfaces as demonstrated by TEM observations and may only be useful as a precursor to the

improved polishing process.
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Table 2
Process MRR versus Ra final versus Ra etched versus
[umm] | baseline [A] baseline [Al Ra final
Baseline CMP = 0.06 pm colloidal silica (CS) 0.060 1x 68.3 1x 70.3 +2.9%
Oxidizer-enhanced CMP
CS + NaOCl 0.125 2.1x 171 4.0x -
CS+HO, 0.050 0.83x 14.8 4.6x
Abrasive-enhanced CMP
CS + alumina 0.250 4.2x 40.1 1.7x 426 +6.2%
CS + zirconia 0.160 2.7% 42,7 1.6x 39.4 -7.7%
CS + 0.05um diamond 0.063 1.1x 10.2 6.7x 7
CS + 0.1um diamond 0.060 1.0x 5.5 12.4x -
(Oxidizor + Abrasive)-enhanced CMP
CS + 0.1um dlamond + NaOCI (for 6H Sic) | 0.92 16% 5.2 13.1x 55 ¥7.7%
CS +0.1pm diamond + NaOCl (for 4H SiC) 0.55 9.2x 53 12.9x 13.6 +157%

[0058]  Table 3 below contains still further test example results variously illustrating
improvements and adaptations consistent with one or more embodiments of the invention.
The test examples shown in Table 3 are generally characterized by the use of alumina
(Al203) as an abrasive. For example, test example run # 28 was 40% solvent (e.g., water),
40% abrasive, and 20% oxidizer by volume. Of note, the polishing mixtures obtained by the
test examples shown in Table 3 each possessed a pH of five (5) or less, and therefore did not
require the addition of any acid. This, however, may not be true for all possible variations of
an improved polishing mixture consistent with one or more embodiments of the invention.
Where desired or needful, the pH of the improved polishiﬁg mixture may be modified
through the addition of acid. For example, acetic acid may be added in small quantities to
reduce the pH of the improved polishing mixture to around five (5). The test examples

shown in Table 3 resulted in dramatically reduced surface roughness.

Table 3
Run [H20 Abrasive Conc. [Oxidiz [Con [RPM (Force |Run [Ra Ra |MRR
# Size/Type er c. (PSI) [time |(start) |(final) |(um/hr
s A &) )
)
28 10/40% |AI203 200A|40% |H202 [20% (60 |5 8 16.5 |3.0 ]0.300
0.lum
diamond-
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10%

29 |0/40% [Al203 200A(40% |[H202 [20% |60 (5 8 6.6 43 10.150
0.lum
diamond-
10%

30 [0/40% |AI203 200A|40% |[H202 [20% |60 |5 12 |74 4.0 ]0.300
0.1lum
diamond-
10%

31 (0/45% | AI203 45% |[H202 |10% |60 |5 10 (7.0 2.5 10.400
200A

32 |0/45% |AI203 200A45% |H202 |10% |60 |5 10 |8 2.7 10.200

33 |0/47.5% |A1203 200A {47.5% [H202 (5% |60 |5 9 7 2.5 10.200

34 10/47.5% |A1203 200A 47.5% [H202 (5% |60 |5 10 [12.0 2.5 ]0.150

[0059] One specific embodiment of the invention provides a polishing mixture
comprising 180 ml of 200A alumina, 180 ml of de-ionized water, and 40 ml of 30% hydrogen
peroxide. Another specific embodiment of the invention provides a polishing mixture
comprising 150 ml of 200A alumina, 150 m] of de-ionized water, and 150 ml of 30%
hydrogen peroxide.

[0060] Each of these specific embodiments was prepared by mixing the ingredients using
a magnetic stirrer for approximately 20 minutes. Acid was not added to these specific
embodiments.

[0061] The polishing mixture was then applied to a perforated polishing pad (e.g., a
Rode] IC 1000 perforated pad) that had been conditioned with a diamond-conditioning ring
for about 10 minutes before use. The alumina abrasive used in these two specific
embodiments above was colloidal, and included a combination of boehmite and corundum.
[0062] The polishing mixture was introduced into the perforated pad using a conventional
spray system and worked into the pad for about 5 minutes with a ceramic ring to ensure even
distribution of the slurry throughout the pad.

[0063] Then test example wafers were respectively applied to the pad with a downward
vertical force to a pressure of about 7 psi with the polishing machine running at a speed of

about 60 RPM. The introducing spray system was adjusted to provide about 1 ml of
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polishing mixture every 60 seconds. An initial polishing run cycle time was established at
two hours. Test example wafer surfaces were inspected at the end of two hour cycles using a
ZY GO white light interferometer and surface roughness was determined.

[0064] Typical initial wafer surface roughness following a conventional diamond-
polishing process was measured at around 7A Ra. Following a first polishing cycle using the
improved polishing process, such as either one of the two specific embodiments noted above,
surface roughness was measured at around 4A Ra. Some scratches remain visible following
the first cycle of the improved polishing process. Additional cycles of the improved
polishing process were performed until the test example wafer surfaces were generally free
from scratches and possessed a surface roughness below 34 Ra.

[0065] In general, rates of material removal for the improved polishing process varied
between 100 and 300 nm per cycle. Cycle times may be decreased as the scratches are
removed. Also more frequent inspections of the wafer surface may be required as the wafer
nears the end of its polishing process. During the wafer polishing process, it is important that
the edges of the wafers be regularly inspected to ensure that they maintain their initial
chamfer. Any portion of the wafer breaking away from the edge will seriously impact its
surface finish.

[0066] The improved polishing process may be applied in a manner consistent with the
techniques described in U.S. Patent No. 5,584,898, the subject matter of which is hereby
incorporated by reference. That is, a polishing mixture consistent with one or more
embodiments of the invention may find ready application within the system proposed by U.S.
Patent No. 5,584,898.

[0067] The attached figures contain color images illustrating the results of various
embodiments of the invention as applied to SiC wafers. The illustrated results are only
exemplary, but serve to dramatically distinguish results obtained from conventional CMP
processes.

[0068] For example, Figures 1A through 1D are ZYGO images sequentially illustrating
one test example as it passes through four (4) cycles of the improved polishing process
according to one embodiment of the invention. Figures 1A through 1D correspond to test
example #31 showﬁ in Table 3.

[0069] Figure 1A shows an initial wafer surface following completion of a conventional
diamond polishing process. This wafer surface has an average roughness of 7.01A Ra, and
peak-to-valley roughness of 66.4 A PV. However, following the first improved polishing

process cycle and as shown in Figure 1B, the average roughness has been reduced to 4.42A
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Ra, and the peak-to-valley roughness has been reduced to 58.8A PV. Selective material
removal was not observed. Subsequent to the second and third improved polishing process
cycles and as shown in Figure 1C, the average roughness of the wafer surface has been
reduced to 2.79A Ra. Finally, following a fourth improved polishing process cycle and as
shown in Figure 1D, a final average roughness of 2.56A Ra, and a final peak-to-valley
roughness of 46.5A PV were obtained. As may be readily seen from this sequence of images,
the deep scratches and surface defects so apparent in Figures 1A and 1B are all but removed
following the fourth improved polishing process cycle.

[0070] In contrast, Figures 2A through 2D are ZYGO images obtained sequentially
during a four (4) cycle application of a conventional CMP method using colloidal silica as an
abrasive and having a pH higher than 11. These images clearly show selective material
removal from portions of the wafer surface around the scratches. This type of selectivity is a
very serious problem associated with the conventional CMP process. Beginning with an
average roughness of 30.4A Ra, and a peak-to-valley roughness of 378A PV, four cycles of
the conventional CMP process actually degrade the average roughness of the wafer surface to
42.7A Ra, and the peak-to-valley roughness to 4§1A PV.

[0071]  Figure 3 is a TEM image of the surface of a typical, commercially available wafer.
Here, the scratch density is about 7.5 x 104/cm2, linear dislocation density is about 17.5 x
104/cm?2, dislocation density at the subsurface is about 1.3 x 1010/cm2, and the longest
dislocation length is about 325 nm. By way of comparison, Figure 4 is a TEM image of a
similar wafer surface after polishing using the improved polishing process according to one
embodiment of the invention. Here, the scratch density is about 3.5%104/cm?2, linear
dislocation density is about 12.5 x 104/cm2, dislocation density at the subsurface is about 4.4
x 107/cm2, and the longest dislocation length observed is about 300 nm.

[0072] Figures 5A and 5B are AFM images respectively illustrating polished SiC wafer
surfaces. Figure 5A shows the surface of a typical, commercially available SiC wafer after
conventional CMP polishing. This surface is characterized by an average roughness of
1.8nm Ra, and a root mean square roughness of 2.8nm Rq. However, Figure 5B shows the
surface of a similar SiC wafer after polishing with the improved polishing process according
to one embodiment of the invention. In contrast to the results shown in Figure 5A, the wafer
surface shown in Figure 5B is characterized by an average roughness of 0.3nm Ra, and a root

mean square roughness of 0.4nm Rq.
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[0073]  Figures 6A and 6B are optical micrographs showing epitaxial gallium nitride
layers grown on polished SiC wafers. (Of note, the circular features visible in these
micrographs are actually growth induced hillocks not subsurface damage).

[0074]  Figure 6A shows the surface of a GaN layer grown on a typical, commercially
available wafer having an average roughness of about 7.2nm Ra and a root mean square
roughness of about 8.4 nm Rq. In contrast, Figure 6B shows the surface of a GaN layer
grown on a similar wafer after polishing with the improved polishing process according to ‘
one embodiment of the invention, and having an average roughness of about 4.3nm Ra and a
root mean square roughness of about 5.2 nm Rq.

[0075] Figures 7A though 7E are also AFM images showing the quality of epitaxial GaN
layers grown on poAIished SiC substrates. Figure 7A shows an AFM image of an epitaxial
GaN layer grown on a conventionally polished wafer. Here, Ra is about 7.2 nm, and Rq is
about 8.4 nm. Figure 7B shows an AFM image of an epitaxial GaN layer grown on a SiC
substrate polished using the improved polishing process. Heré, Ra is about 4.3 nm, and Rq is
about 5.2 nm. Since the surface roughness of an epitaxial GaN layer grown on SiC substrate
polished using the improved polishing process is considerably less than the surface roughness
of a similar layer grown on a conventional substrate, semiconductor devices subsequently
formed on the GaN layer will enjoy advantageous performance properties and reduced defect
densities.

[0076]  Figures 7C though 7E are AFM images of GaN epilayers grown on SiC substrates
polished using the improved polishing process according to one embodiment of the invention.
Each of the respective GaN epilayers has a thickness of about 1 micron, but the respective
AFM images shown SiC substrates with varying thicknesses of material removed prior to the
formation of the GaN epilayer. For example, Figure 7C shows a SiC wafer having 60nm of
material removed by the improved polishing process. The average roughness of the
subsequently formed GaN epilayer is about 3.4nm Ra. By way of comparison, Figure 7D and
7E show respective SiC wafers having 250nm and 1000nm of material removed by the
improved polishing process. The average roughness of the subsequently formed GaN
epilayers is respectively about 1.2nm Ra and 2.1nm Ra. All of the SiC wafers shown in
Figures 7A through 7E were selected from the same growth run of a 4H-SiC on-axis material.
[0077]  Figure 8 is an AFM image showing a 5 um x 5 pum area near the center of a 4H-

SiC wafer (80 off-axis) following surface treatment using the improved polishing process
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according to one embodiment of the invention. The wafer surface is very smooth having a
Jow root-mean-square roughness value of about 0.16 nm Rq.

[0078] In similar vein, Figure 9 is an AFM image showing 5 um X 5 pm area near the

center of a 6H-SiC wafer (on-axis). The wafer surface is also smooth having a root-mean-

square roughness value of about 0.73 nm Rq.

[0079] Figures 10A and 10B are images corresponding to PBS measurements of
subsurface damage for respective SiC wafers. The PBS measurements were made using a
probe beam developed from a 15 mW HeCd laser having an operational wavelength of 325
nm formed within a 0.4 mm diameter spot on the surface of the test sampie wafers. Figure
10A shows the subsurface damage observed in a 4H-SiC wafer as received from a
commercial vendor (i.e., prior to application of the improved polishing process). Some
streakiness is observed in this image having an average scatter of 391 ppm/sr. Figure 10B
shows the subsurface damage observed on a 4H-SiC wafer following surface treatment using
the improved polishing process. The wafer surface after polishing with the improved
polishing process exhibited a significantly lower average scatter of 16 ppm/sr, but there is
some non-uniformity across the wafer surface. In particular, the scatter is low across about
two-thirds of the wafer but is relatively higher across the remaining third. Yet, even the
relatively higher scatter levels are far lower than seen from the conventionally provided
wafer.

[0080] Figure 11 is a TEM image showing a substrate prepared using a conventional
polishing process. The errantly selective nature of this process removes only heavily
damaged portions of the wafer surface in close proximity of scratches. Many longer
dislocation loops remain. Thus, while there is reduced overall surface damage, there is also
increased surface roughness. Note that the scale bar provided with the Figure 11 is 500 nm.
[0081] Figure 12 shows another substrate after polishing using the improved polishing
process according to one embodiment of the invention. This embodiment first applies a
conventional CMP process using 0.25 micron diamond grit. Thereafter, the wafer surface
was polished through four (4) hours of one embodiment of the improved polishing process
using a polishing mixture comprising; 180 ml of 200A alumina, 180 ml of de-ionized water,
and 40 ml of 30% hydrogen peroxide. Figure 12 is a plan view TEM image, with contrast
due to TEM sample thickness changes, showing no defects in the field of view. Higher
uniform removal rates leave no intrinsic damage detectable by TEM. There are no visible

dislocations, and surface roughness is improved.
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[0082]  Of further note, the improved polishing process according to one or more
embodiments of the invention may be used to reclaim (e.g., re-surface) wafers having
defective epitaxial layers. The improved polishing process may also be applied to re-polish
wafers having an undesirable surface finish. The improved polishing process may also be
used as a reblacement for one or more steps in a conventional CMP process. Variably sized
abrasive (e.g., alumina) particles may be used between cycles of the improved polishing
process.

[0083] Any of these possible applications may be made to 6H- or 4H-SiC, conductive or
semi-insulating, as well as on axis or off-axis wafer types. The improved polishing process
may be applied to a carbon-faced SiC wafer, a silicon-faced SiC wafer or a non-polar SiC
wafer. (A non-polar SiC wafer is a wafer that does not terminate in either a carbon face or a
silicon and may be obtained, for example, by slicing a SiC boule in a direction non-
perpendicular to its vertical growth ‘axis).

[0084] In many of the foregoing embodiments, alumina is used as an aBrasive within the
polishing mixture. Indeed, alumina has proven to be very effective in many applications.
Yet, other abrasives may be used, alternatively or in combination with alumina, and still other
abrasives or combination of abrasives may well prove more effective in certain applications
of the invention. The various polishing mixtures consistent with the dictates of the invention o
may, optionally, comprise addiﬁves that reduce aggregation of the constituent abrasive
particles. | |

[0085] Other abrasives adapted for use in various embodiments of the invention may
include; oxides - such as alumina, other metal oxide, zirconia, silica, etc.-, diamond, carbides,
nitrides (such as boron nitride), and other inorganic materials. Selected illustrative abrasive |
examples include 2pm zirconia, 1um and 0.1pm alumina, and 0.1pm and 0.05pum diamond.
Oxide abrasives may include silicates, such as metal silicates. Other ﬁossible abrasives
include mineral-derived abrasives.

[0086] Abrasives may be included in a polishing mixture consistent with the improved

polishing process in particles form. The size (e.g., diameter or other size parameter) of the

" abrasive particles may vary from between nano-sized (e.g. 50 to 999nm) to micron-sized

(e.g., 1 to 10 microns), or even greater.
[0087] Use of an appropriately selected polishing mixture in accordance with one or more
embodiments of the invention may allow elimination of the use of diamond and/or colloidal

silica from another conventional polishing process applied to the surface treatment of a wafer.
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Additionally, oxidizers may be added to increase the rate of material removal, for example,
during the early polishing cycles of a multiple-cycle, improved polishing process.

[0088] The abrasive selected for use in the improved polishing process may have oxidizer
properties and may, therefore, function as both an oxidizer and abrasive within the polishing
mixture.

[0089] Various oxidizers may be used to improve the performance of the improved
polishing mixture consistent with one or more embodiments of the invention. Exemplary
oxidizers include: ozone-treated (i.e., ozonated) water, colloidal silica, hypochlorite (such as
sodium hypochlorite), and peroxide (such as hydrogen peroxide), sulfates, phosphates,
carbonates, percarbonates, other oxides, etc. A selected oxidizer may also have certain
abrasive qualities and may, therefore, function as both an oxidizer and abrasive.

[0090] The foregoing embodiments of the invention provide a substantially damage-free
wafer surface adapted for use as a substrate. Such substrates may be obtained at working
temperatures well below those proposed for conventional CMP processes. For example,
embodiments of the improved polishing process may be run at temperatures ranging from
room temperature up to 100°C.

[0091] Substrates provided by the improved polishiqg process will find many practical
applications within semiconductor devices. That is, active semiconductor devices formed on
such substrates will exhibit improved device reliability and higher device yields at lower
fabrication costs. Polishing induced dislocation densities will be significantly reduced over
conventional substrates, in some cases being reduced by about three orders of magnitude.
Such defect densities approach native defect densities present in the constituent material
forming the substrate. Hence, the quality of wafer surface polishing will no longer be a
potentially limiting factor in semiconductor device performance.

[0092] Embodiments of the invention are well suited to the polishing of boule-grown SiC
and epitaxially formed SiC. Embodiments of the invention are also well suited to the
polishing of other materials adapted for use as a substrate. These other materials include, for
example, conductive, semiconductor, wide-bandgap semiconductor, semi-insulating, and
insulating types of materials, as well as combination thereof.

[0093] Thus, devices and layers susceptible to successful formation on any one of the
foregoing substrate types, as polished by the improved polishing process according to one or
more embodiments of the invention, include; active semiconductor, including nitride

semiconductor (such as GaN, AIN, AlGaN, etc.), other semiconductor layers and devices
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(such as arsenide, e.g., GaAs), phosphide (such as InP, GaP), oxides (such as Sn0Q2), and/or
ternary semiconductor (such as AlGaN for all AlxGal-xN, where x is between 0 and 1). Q
[0094]  Devices having improved performance characteristics may be formed on a thin
film of aluminum nitride, gallium nitride, or silicon carbide, as formed on a substrate
polished using the improved polishing pfocess. That is, polished substrates provided by
embodiments of the invention are particularly well adapted to support the subsequent growth
of epitaxial films. In turn, these epitaxial films support the formation of active layers and/or
devices, because the damage resulting from the fabrication and polishing of the constituent
wafer surface that so regularly degrades the performance of devices formed on
conventionally prepared substrates simply does not exist in a substrate polished using the
improved polishing process.

[0095] Substrates formed from a wafer having a surface polished using the improved
polishing process according to one or more embodiments of the invention may be used to
support other devices such as reflectors, interferometric devices - such as antireflection films,
windows, filters, RF devices, IR devices, optical devices, UV devices, or X-ray devices, and
other apparatus requiring a polished surface, e.g., computer disks or disk drives.

[0096] Similarly, the improved polishing process provides improved substrates adapted to 7
support High Electron Mobility Transistors, e.g., AlGaN/GaN HEMT, since improvements :
may be realized in the transport properties, including uniformity, and RF performance of such -
devices. Other exemplary devices supported by the improved substrates provided by
embodiments of the invention include lasers, other light emitting devices such as light
emitting diodes (LEDs) - where the term “light” generally denotes electromagnetic radiation
in the infrared, visible, and ultraviolet spectral ranges, radar devices, low-loss power
switching devices and systems, cryogenic devices (such as nitride-based cryogenic electronic
devices), transistors, amplifiers (such as low noise amplifiers), integrated circuits, and
devices adapted for use in electric vehicles. Some devices and/or layers formed on substrates
polished using the improved polishing process are particularly well suited for use in hostile
environments like space.

[0097]  Asevidenced from the foregoing example, the improved polishing process
provided by one or more embodiments of the invention is non-selective relative to scratches
and other wafer surface defects. As a result, scratches and other surface defects are polished
out of the working surface of a wafer, instead of being polish-propagated down through the
working surface as is common with conventional CMP processes. Additionally, the

improved polishing process prevents and/or removes subsurface damage from a wafer being

20



10

15

20

25

WO 2007/058774 PCT/US2006/042537

polished. Nonetheless, the improved polishing process is also characterized in many
embodiments by a rate of material removal equal to or greater than that produced by
conventional polishing processes. The dislocation density (e.g., 106 cm-2 dislocations or
less) introduced by the improved polishing process is approximately equal to the dislocation
density reported for high quality GaN and SiC layers. Thus, where a SiC substrate is
polished using the improved polishing process, the quality of a subsequently formed epitaxial
layer, such as a GaN layer, will not be limited by the surface finish of the SiC substrate.
[0098] The improved polishing process may be used exclusively within the surface .
treatment of a wafer surface, or it may be used as one (e.g., a final) or more process
components in a surface treatment potentially comprising a conventional mechanical, CMP,
and/or etching process(es). However, used in the overall process of treating a material
surface (e.g., a substrate), the improved polishing process allows lower cost devices to be
fabricated with higher yield and fewer defects. Since the improved polishing process
provides repeatable surface roughness, a high rate of material removal with low resulting
damage, and reduced subsurface damage, consistent substrate finishing may be achieved and
accounted for in the design of epitaxial layers and/or devices subsequently formed on the
substrate. This consistent, controllable substrate finishing further allows the improved
polishing process to be applied effectively tolboth wafer surfaces and an epitaxial layer
grown on a wafer surface. The polished surfaces provided by the improved polishing process
may be planar, or in some examples, curved in nature.

[0099] The invention is not restricted to the examples and embodiments described above.
Such teaching examples are not intended as limitations on the scope of the invention.
Processes, apparatus, compositions, and the like described herein are exemplary and not
intended as limitations on the scope of the invention. Changes therein and other uses will
occur to those skilled in the art. The scope of the invention is defined by the following

claims.
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What is claimed is:
1. A process for treating a surface of a material, comprising:
polishing the surface using a polishing mixture having a pH of seven (7) or less,

wherein the polishing mixture comprises; an abrasive and an oxidizer.

2. The process of claim 1, wherein the surface comprises a scratch and wherein the

polishing mixture is non-selective relative to the scratch.
3. The process of claim 2, wherein the abrasive has a hardness less than the material.

4. The process of claim 3, wherein the abrasive comprises at least one of alumina and

colloidal alumina.

5. The process of claim 2, wherein the polishing mixture has a pH equal to or less

than five (5).

6. The process of claim 1, wherein the material comprises at least one a conducting,
insulating, dielectric or semi-conducting material selected from a group of materials
consisting essentially of; a metal, an oxide, a glass, an alloy, a carbide, a nitride, diamond, a
silicide, a chromide, ferride, a boride, a sulfide, a phosphide, silicon nitride, silicon nitride,
aluminum nitride, gallium nitride, alumina-gallium nitride, indium-gallium nitride, Safire,

Indium phosphide, boron nitride, silicon, and silica.

7. The process of claim 6, wherein the material comprises silicon carbide terminated

in a silicon face, a carbon face, or a non-polar face.

8. The process of clam 6 wherein the abrasive comprises at least one of alumina, a

metal oxide, zirconia, silica, diamond, a carbide, and a nitride.

9. The process of claim 8, wherein the abrasive has a size ranging from between

several nanometers to one micron.
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10. The process of claim 8, wherein the oxidizer comprises at least one of ozone-
treated water, colloidal silica, a hypochlorite, a peroxide, a sulfate, a phosphate, a carbonate,

a percarbonate, and an oxide.

11. A polishing mixture comprising:
an abrasive and an oxidizer mixed in an acidic solution having a pH less than or equal

to seven (7).

12. The polishing mixture of claim 11, wherein the polishing mixture comprises a

non-silica abrasive and has a pH less than or equal to five (5).

13. The polishing mixture of claim 11, wherein the abrasive has a Mohs hardness less

than or equal to nine (9).

14. The polishing mixture of claim 13, wherein the abrasive comprises colloidal

alumina.

15. The polishing mixture of claim 11, wherein the acidic solution comprises water

and an acid.

16. A process of fabricating a semiconductor device comprising:

polishing a surface of a material wafer using a non-selective polishing mixture having
a pH of seven (7) or less and comprising an abrasive and an oxidizer; and,

forming at least one of a homo-epitaxial layer, a hetro-epitaxial layer, a dielectric

layer, and a conductive layer on the substrate.

17. The process of claim 16, wherein the material comprises silicon carbide and the

epitaxial layer comprises a nitride semiconductor layer or a silicon carbide layer.

18. The process of claim 16, wherein the polishing mixture has a pH about five (5)

and the abrasive comprises colloidal alumina.

19. The process of claim 16, wherein the material comprises at least one a

conducting, insulating, dielectric or semi-conducting material selected from a group of
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materials consisting essentially of; a metal, an oxide, a glass, an alloy, a carbide, a nitride,
diamond, a silicide, a chromide, ferride, a boride, a sulfide, a phosphide, silicon nitride,
silicon nitride, aluminum nitride, gallium nitride, alumina—gallium nitride, indium-gallium
nitride, Safire, Indium phosphide, boron nitride, silicon, and silica;

wherein the abrasive comprises at least one abrasive selected from a group of
abrasives consisting essentially of; diamond, an oxide, a metal oxide, a carbide, a nitride, a
silicate, and a metal silicate; and,

wherein the oxidizer comprises at least one oxidizer selected from a group of
oxidizers consisting essentially of; ozone-treated water, colloidal silica, a hypoclorite, a

peroxide, a sulfate, a phosphate, a carbonate, and a percarbonate.

20. The process of claim 16, wherein polishing the surface of the material wafer
comprises:

polishing the surface of the material wafer using a mechanical polishing process or a
chemical-mechanical polishing (CMP) process using diamond or colloidal silica; and
thereafter,

polishing the surface of the material wafer at a temperature less than 100°C using the

polishing mixture.

21. The process of claim 20, wherein polishing the surface of the material wafer takes

place at room temperature.
22. The process of claim 16, further comprising:

after polishing the surface of the material wafer, patterning the surface of the wafer, or

implanting ions into the surface of the wafer.
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