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Abstract

We correlate topography and diffraction measurements to demonstrate that grain orientation
profoundly influences polishing rates in polycrystalline diamond synthesized by chemical vapor
deposition. Grains oriented with {111} or {100} planes perpendicular to the surface normal
polish at significantly lower rates compared with grains of all other orientations when the surface
is polished in continuously varying in-plane directions. These observations agree with predictions
of the periodic bond chain vector model, developed previously for single crystals, and indicate
that the polishing rate depends strongly on the number of PBC vectors that are within 10° of the

exposed surface plane.
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The invention of chemical vapor-deposited (CVD) diamond has revolutionized the diamond
industry by lowering the cost and vastly increasing the size and shape of structures that can be
coated with diamond, allowing entirely new applications for this hardest of all materials.
Polycrystalline CVD diamond films can be deposited on a variety of substrates over large (100’s
of cm?) areas, and the thermal and mechanical properties of these films are similar to those of
natural diamond.**!. One of the main obstacles to many potential diamond applications is the
roughness of the as-deposited films. Consequently, the surface often needs to be polished for
applications such as high-performance optical components, cutting surfaces and heat-sinks, where
a lower degree of roughness translates directly to improved performance. Unfortunately,
polycrystalline diamond is very difficult to polish due to highly anisotropic polishing behavior:
typical wear rates can vary by up to two orders of magnitude depending on both crystal
orientation and polishing direction.’? In this work, we introduce a simple and straightforward
method to assess the anisotropic polishing behavior of polycrystalline diamond by analyzing the
correlation between grain orientation and surface topography. The relative polishing rate obtained
by this method can be explained by the number of periodic bond chain (PBC) vectors affecting
the polished surface.

The polycrystalline diamond sample studied in this work was grown on a Si substrate using
microwave plasma-enhanced chemical vapor deposition (PECVD). The substrate was chemically
etched away, yielding a freestanding specimen approximately 1mm thick. The growth surface

was then polished to a nanometer (RMS roughness) finish using a high-speed grinding wheel
with diamond grit as abrasive. During polishing, the specimen was continuously rotated to

minimize polishing anisotropy. A 5mm diameter disk was then laser-cut for the experiments

reported here.

Surface orientation and surface topography were studied by electron backscatter diffraction

(EBSD) and atomic force microscopy (AFM). The sample surface morphology was imaged
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using a Digital instruments Inc., Dimension 3100 Scanning Probe Microscope (Santa Barbara,
CA) in contact mode at a sampling rate of 1Hz. Large (100 by 100 um? AFM images were
acquired on a grid pattern to map the same regions as those scanned by EBSD. Additionally,
smaller (5 by 5 um?) images were acquired to examine the surface morphology dependence on
grain orientation. Two reference marks on opposite sides of the specimen allowed for spatial
matching between the two techniques, and hence the correlation of the crystallographic
orientation with topography.  The advantage of the method is that it allows for a direct
comparison of the wear behavior of different orientations since all orientations were processed

simultaneously under identical conditions.

The polishing behavior of diamond is highly anisotropic as revealed by the correlation
between grain orientation and surface topography. This is illustrated by Figure 1 which shows the
location of one of the EBSD scan areas relative to the fiducial marks, as well as the correlation
between orientation and AFM topography. {111}-oriented grains were consistently the highest
grains observed in any 100 by 100 um? area, as illustrated in Figures 1(c) and 1 (d). The lightest
grain in the EBSD scan 1(c), representing the grain closest to {111}, corresponds to the lightest
grain in Figure 1(d), representing the highest grain in the AFM scan. Because this was a
consistently observed phenomenon, all subsequent analysis was performed with grain depths

determined relative to {111}-oriented grains.

Specifically, we assume that all grains with an orientation within 5° of {111} polish at the
same rate; these are defined as reference grains, and eleven grains out of the 1000-grain data set
met this criterion. Since each reference grain was neighbored by four to six other grains, a total of
48 relative depths were measured. These relative depths were binned into three sets based on the
extent of relative wear: low (0 to 10nm), medium (10 to 40nm), and high (>40nm). Figure 2

displays the relative wear rates as a function of grain orientation in the standard stereographic
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triangle. Grains oriented near {111} are the highest, and thus the most resistant to polishing
wear. This is not surprising since the {111} planes have the highest atomic density. Interestingly,
however, grains oriented near {001} are also among the most wear resistant. On the other hand,
the grains in between the {111} and {001} corners possess intermediate wear resistance, and
those nearer {101} are generally the least wear resistant. Although wear rate and grain depth are
correlated, we note that grain depth is not a direct measure of wear rate since areas of lower wear

are in a much closer contact to the grinding surface compared to recessed areas.

To interpret these results, we use the periodic bond chain (PBC) vector model, recently
applied by van Bouwelen and van Enckevort to describe the anisotropic polishing rate as function
of crystallographic orientation for single crystal diamond surfaces.”® This simple, yet powerful,
model defines the PBC as an uninterrupted chain of bonded growth units connecting two
translation-equivalent lattice positions in the crystal. For diamond, there are six PBC chains
corresponding to the six <110> symmetrically equivalent directions. Taking the vector product
of F, the direction of the polishing force, and P, the direction of the nearest PBC vector, the
model predicts difficult polishing for F-P >~ 0.9and easy polishing for F - P <~ 0.7 when
both F and P are defined as unit vectors. These predictions are consistent with observed

crystallographic polishing anisotropy for single diamond crystals.™

The PBC model predicts that <110>-type directions in diamond are most wear-resistant
because they possess uninterrupted chains of bonded growth units. For a given crystallographic
direction, resistance to wear is therefore maximized when the polishing direction is parallel to one
of the PBC vectors. Using this model, we can partially explain the observed height distribution if
we assume that the wear resistance of a given crystal plane is proportional to the number of in-
plane PBC vectors. {111} diamond planes contain three <110> vectors, {001} planes contain two
<110> vectors, and {101} planes contain one <110> vector. However, the average of the absolute

value of F.P product, taken for all in-plane polishing directions fails to predict the observed
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wear-resistance of {001} oriented grains. The average for {001} grains is 0.91, as different from
the {111} average of 0.95 as it is from the {101} value of 0.87. Based solely on averageF -P

then, an intermediate polishing resistance is expected for {001}-oriented grains.

To understand the reason for the higher wear resistance for {001}-oriented grains in Fig. 2,
the full in-plane angular dependence of the F - P product must be examined. In Figure 3(a), we
plot the magnitude of the F - P product as a function of misorientation angle from a <110> vector
in one of each of the three principle planes. The behavior of the F-P magnitude for the (111)
and (001) planes is quite similar, with values appreciably higher than for the (101) plane. In fact,
for {101} grains there are a significant number of polishing directions for which the grains are
expected to polish very efficiently. It is interesting to note however that there are directions
(<112> type) in which resistance to polishing increases due to the effect of out of plane PBC
vectors. However, it is likely then that for these {101} grains the overall polishing rate is
dominated by the fast polishing that occurs when the grains are oriented with respect to the

polishing direction that minimizes |F - P|.

The PBC vector model can predict the relative crystallographic anisotropy of polishing wear
if we assume that the wear rate is dominated by the PBC vectors nearest to the polishing
direction. In this analysis, PBC vectors are considered influential to the polishing rate of the
grains only if they are within 10° of the specimen surface plane. We base this value on
experimental evidence for the effect of tilt on polishing rate, and on our experimental limits for
measuring grain orientation. For example, for single crystals, experiments have shown that tilting
away from a hard polishing direction by as little as 5° increases the wear rate by more than an
order of magnitude.* Further, our definition of a “{111}” or “{100}” grain is a grain whose true
orientation is within 5° of these plane normals. In Figure 3(b) then, we correlate the average

depth of the 48 grains studied with the number of PBC vectors influencing their respective
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polishing wear, and it can be seen that the average grain depth clearly scales with the inverse of
the number of PBC vectors influencing the grains. This strong dependence of wear rate on the
number of influential PBC vectors constitutes the most important and convincing experimental
evidence for the PBC polishing model in diamond. Although our study focused on diamond,
these results may be much more broadly applicable: PBC vectors are present in every

polycrystalline material, and will similarly affect local polishing rates in a wide range of systems.

Acknowledgement This work was performed under the auspices of the US Dept. of Energy by
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Figure 1.
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(a) Schematic of polished diamond specimen showing one of two 1 mm’ areas
of interest, (b) Electron Backscatter Diffraction Map showing the grains
mapped in the indicated 1mm’® area, with the grayscale levels indicating the
misorientation angle from [111]. The black box represents a 100 um by 100 pm
area, shown in (c) as an EBSD map, and in (d) as an atomic force microscopy
map. Comparison of (c) and (d) shows differing grain height as a function of
orientation.
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Figure 2. Anisotropy of diamond polishing: Plot of the grain depth as a function of plane
normal in the standard stereographic triangle relative to the nearest {111}
grain, showing the effect of grain crystallography on the relative polishing rate.
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(a) Calculated values of the FP product as a function of in-plane rotation of F
for the (001), (101) and (111) planes. At 0°, F is a <110> direction. Inset unit cell
projections correlate in-plane vectors to plot features. Note that out-of-plane P
vectors influence the FP product for the {101} polishing plane. (b) The effect of
the number of PBC vectors within 10° of the polishing plane on the amount of
material polished for all the grains studied, illustrating the increase in polishing
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