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Abstract

Synchrotron radiation and a CCD detector were employed to map the full
width at half maximum (FWHM) of rocking curves for a synthetic (00 1)
oriented type Ib diamond plate. The plate was sawed from a diamond grown
in the high-pressure—high-temperature (HPHT) process. Maps for
broadening relative to a reference point on the diamond for the (22 4)
reflection at 12 keV are reported before and after chemical etching.
Significant rocking curve narrowing over most of the diamond was found,
and we conclude that the diffraction performance of (00 1) oriented type Ib
diamonds can be significantly improved over a large area by chemical
etching. Stripes in the map before etching corresponded to grooves formed
in the process of sawing the plate out of the as-grown stone. The FWHM
map did not correlate with the surface height profile measured after ~10 um

were removed from the surface by etching.

1. Introduction

Single crystal diamonds have been used on synchrotron
beamlines as monochromators [1-4], beam splitters [5] and
quarter-wave plates [6]. The excellent thermal properties
of diamond relative to silicon make them very attractive for
use under demanding heat loads from synchrotron radiation
[7-10]. The crystalline quality of the diamonds is crucial for
these x-ray optics applications.

Due to the inhomogeneous process of the growth, the
defects and residual strain in high-pressure—high-temperature
(HPHT) diamond crystal are not uniformly distributed. For
many applications diffraction from only part of the full surface
area is needed, and it is often important to have a map of
the crystal perfection to delineate good parts of the sample.
Furthermore, maps are useful in ascertaining the origin of
the defects. Although maps with several millimetre spatial
resolution have been applied to assess epitaxial growth [11],
only recently has it become feasible to map out local diffraction
peak broadening below 0.1 mm spatial resolution. This has
become possible with the advent of CCD cameras which
enables high resolution rocking curve mapping of diamonds
[12-14].
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In a preliminary study, projection topographs of the
diamond studied presently were made with synchrotron
radiation for the same diffraction conditions as used presently
and were reported in a conference proceedings [15]. These
topographs revealed changes after chemical etching. Also,
shifts of the rocking curves of this same diamond made before
etching for the (0 04) reflection at 8§ keV have been studied on
a rotating anode source [16]. Using a relationship between
changes in the local Bragg spacing and the concentration
of nitrogen due to Lang et al [17], the concentration of
nitrogen impurities was deduced. To obtain the changes in
d-spacings, the effect of variation in the local orientation had to
be accounted for [15]. The resultant map of nitrogen impurity
concentration is clearly correlated with growth sector boundary
features. Growth sectors arising from faceted growth during
the HPHT crystal growth process are known to incorporate
nitrogen at different rates [17].

Surface etching can be performed to treat the surface of
crystals in order to remove damage which can occur from
sawing, polishing and lapping. Although we have reported
that an overall reduction of rocking curve full width at half
maximum (FWHM) after etching of a diamond crystal can
be obtained [18], the spatial variation of the FWHM was not
studied.
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In this paper we report a study of the spatial variation
of the FWHM of the (224) Bragg reflection at 12keV.
Since broadening is caused by crystal imperfections including
point and line defects as well as mosaicity, the FWHM is a
significant figure of merit for crystal quality [1]. We measured
the variation in FWHM of a crystal before and after the
surface etching. As also seen in the topography data reported
previously [15], the FWHM map before etching shows linear
features corresponding to grooves in the surfaces. After
etching the FWHM values are reduced, but the growth sector
related contrast is still identifiable. Subsequent to the x-ray
measurements, we also measured the surface profile with a
phase-shifting interferometer. We observed that FWHM data
and the surface profile were not correlated after etching.

2. Diamond sample and etching procedure

The diamond was a type Ib plate cut from an ingot grown by the
HPHT process [19-22] and was procured from Drukker (now
renamed as Element 6). Type Ib diamonds have a yellowish tint
due to nitrogen impurities [23]. High-quality type Ib crystals
can have reasonably small FWHM. The diamond was procured
in an ‘as-sawn’ condition and saw grooves along the (110)
direction were visible to the eye.

The etching of the sample was performed in an oven.
The etchant in the form of a solid mixture was prepared by
mixing Na,O, and KOH in a 5:1 weight ratio. The sample
was covered with the mixture in a Ni beaker and was heated for
2h up to 700 °C to melt the etchant. It was then kept at about
740 °C for 6 h and slowly cooled to the room temperature. The
sample thickness was 521 pm before etching and 500 pm after.
During the etching process sample material was removed from
both sides of the crystal.

3. Diffraction geometry at Advanced Photon Source

All diffraction measurements were made at beamline 2-BM
with a vertical diffraction plane and in reflection geometry. The
sample was positioned 50 m from the bending magnet source.
A schematic layout is shown in figure 1. The effective vertical
source size was 61 um FWHM, and the vertical divergence
was 47 urad FWHM. A double-crystal monochromator with
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Figure 1. Schematic diffraction arrangement. X-rays from a
bending magnetic source pass the double-crystal monochromator,
and the sample is located 30 m downstream (50 m from the source).
A CCD camera is located 5 cm away from the sample and at 90° to
the incident beam. The angle between the incident x-rays and the
sample surface is 9° for (22 4) reflection of a diamond crystal with
(00 1) surface.

two symmetric Si (1 1 1) reflections and a harmonic rejection
mirror was used to tune the energy. The diffraction details are
summarized in table 1.

We employed a (224) asymmetric reflection at an x-ray
energy of 12.04 keV. The incident beam impinged the sample
surface of (00 1) crystallographic orientation at 9°, and the
diffraction angle was close to 90°. A CCD camera with 9 um
sized pixels (Photometric Quantix 6303E) was positioned
5 cm above the sample. The measured point spread function
(PSF) for the CCD was ~82 um FWHM. Upstream of the
sample, an additional shutter and an ionization chamber to
monitor the intensity of the beam illuminating the sample were
also installed. The shutter was synchronized with the CCD
camera. The resulting topographic image was only slightly
foreshortened from a true image perspective.

Under this diffraction condition, the extinction depth
in the case of a perfect diamond crystal is 2.8 um and
the Darwin width is 10 purad, which corresponds to 0.12eV
on the energy scale. In this study, we took advantage of
the fact that the energy resolution of the Si(111) double-
crystal monochromator is a function of the detuning angle
between the two parallel crystals [24,25]. We increased
the energy resolution (i.e. reduced the energy bandpass) of
the monochromator by increasing the detuning angle for the
investigation of the etched diamond crystals. We describe this
method in detail in the following paragraph.

In figure 2 we show both the measured and the calculated
diffraction profiles for two different detuning angles. The two
diffraction profiles were taken at the most perfect region (i.e.
the narrowest rocking width) of the as-sawn (figure 2(a)) and
etched (figure 2(b)) diamond samples. These locations served
as the reference points. The calculated diffraction profiles were
obtained by assuming Darwin curves for a perfect diamond
crystal with detuning angles of 1.4arcsec and 3.2 arcsec,
respectively. The calculations shown in figure 2 incorporated
energy dispersion and were based on the following formula:
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Here Rg; and Ry, denote dynamical reflectivity functions for
ideal crystals.

This relation is written for the three sequential reflections
and is analogous to the double-bounce dispersion relationship
of Zachariasen equation (3.210) [26]. Here the angle away
from parallelism between the Si(111) planes of the first
and the second crystals of the monochromator is denoted

Table 1. Diamond diffraction summary.

Surface Bragg’s X-ray Bragg Incident Darwin Extinction
orientation reflection energy angle angle width depth
001 224) 12.04 keV 45° 9° 0.12eV (10 prad) 2.8 um
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Figure 2. Rocking curves at the reference points. (a) Before etching
and (b) after etching. These are the minimum-width rocking curves
in the two cases. The lines are calculated for an ideal diamond
single crystal. The angle needed to obtain the fits shown was

1.4 arcsec for (a) and 3.2 arcsec for (b) for the angle between the
two Si(1 1 1) monochromator crystals.

as B. The angles, 63 and 63°, are the Bragg angles of
Si(11 1) and diamond(2 2 4), respectively. Epnono is the energy
of the monochromator and E, the Bragg energy for the
diamond(224) reflection. The variables of integration are
for the incident spectrum, (E — Ej), and for the angular
divergence, «. The divergence range is very small since a
single pixel of the CCD corresponds to a vertical divergence
of only 0.18 urad. Since we used bending magnet radiation,
the incident spectrum is essentially infinite. The calculated
diffraction profiles describe the measured diffraction profiles
almost perfectly, providing experimental confidence that the
detuning improved the energy resolution by about 30% without
significantly affecting the overall lineshape of the rocking
curve.

In producing the FWHM maps as shown in figure 3, we
used the measured instrumental energy resolution function to
extract the rocking curve width of the diamond.

In the deconvolution procedure a Gaussian diffraction
profile was convolved with the instrumentation resolution

(eV)

Surface Height (micron)

(mm)

Figure 3. Relative FWHM maps. The resolution functions shown in
figure 2 were used to deconvolve to obtain the FWHM maps. (a)
Before etching. Although not clearly evident, pixels for zero relative
broadening occur at lower left. (b) After etching. Pixels with zero
relative broadening occur near the bottom. (c) Surface height profile
taken using a phase shift interferometer. The arrows in () indicate
the location and range of the height profile.

(This figure is in colour only in the electronic version)

function, and the resultant profile was fit to the measured
rocking curve by a least square fitting procedure. The FWHM
value was obtained from the fitting parameters. We used a
Gaussian profile for the diffraction profile. This procedure
may introduce some slight errors when the diffraction profile
deviates from the Gaussian shape. We note that the FWHM
values should be considered significant as a measure of
broadening relative to the location on the diamond at which
the resolution function was obtained, that is, relative to the
reference point. Although this location was chosen to yield
the narrowest resolution function, defect related broadening
might still have occurred at that location. Our statement of
overall narrowing after etching is based on the assumption that
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the broadening at the reference point was much less than the
broadening at other locations.

4. FWHM maps: before and after etching

4.1. Before etching

The FWHM map of the sample before chemical etching is
shown in figure 3(a). The mapped distribution of the FWHM
has features that correspond to the growth sectors that we
indexed previously [16]. The saw damage is also evident on
the figure, in particular, as lines corresponding to saw grooves
at the upper right. The average FWHM for the whole diamond
was 0.58 eV before etching. The standard deviation of the
FWHM values was 0.10eV.

4.2. After etching

The FWHM map obtained after etching is shown in figure 3(b).
The growth sector related contrast is identifiable. After the
etching, the average FWHM value was reduced to 0.49 eV,
a 15% improvement. The standard deviation of FWHM
values was reduced to 0.08 eV after etching. That is, the
uniformity was improved by 20%. However, we note that
the average FWHM after etching is still considerably larger
than the Darwin width of a perfect diamond (0.12eV). We
conclude that there are sources of broadening that cannot be
removed by etching. The likely sources are crystal mosaic
spread and strain locked in the bulk of the crystal associated
with nitrogen impurities [17] as suggested by the growth sector
related variations [27].

4.3. Surface height profile after etching

Surface height data were obtained to evaluate a possible
correlation with the FWHM data. Atomic force microscope
data revealed a scalloped surface morphology, with typical
feature diameters of 65 um in the middle of the sample and
30 um near an edge. We note that both these sizes are smaller
than the PSF of our CCD. Consequently, these features did
not appear in our x-ray data. To look for correlations at larger
length scales, we made surface height measurements with a
phase-shifting interferometer that uses visible light [28, 29].
The resulting height scan across the middle of the diamond,
indicated with arrows on figure 3(b), is shown in figure 3(c).
Peaks and valleys of lateral sizes of roughly 2 mm and with
roughly 4 um peak-to-valley height changes were observed.
The surface height variation in figure 3(c) does not correlate
with our x-ray data in figure 3(b).

5. Discussion of the diffraction geometry

In order to implement energy scanning, the wide energy
spectrum available at the bending magnet beamline was very
important for this study. If, instead of scanning the energy,
we had physically rocked the diamond through the Bragg
reflection, the projection of the sample on the CCD would have
changed. Although the shift in the image that would have been
incurred during angle scanning would have been smaller than
the PSF of the CCD, it becomes a problem at higher spatial
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resolution studies. The shift is eliminated by scanning energy
instead of angle to obtain rocking curves.

The method of varying the detuning angle in a double-
crystal monochromator to narrow the resolution function is
also generally useful for the study of samples for which a
highly perfect matching first crystal is not available. The
simplest diffraction geometry for rocking curve measurements
is to use a perfect diamond as the first crystal in a standard
double-crystal arrangement. In that case, the sample is the
second crystal. This wavelength-dispersion-free geometry
is preferred by many workers because of its simplicity,
but in our case it required a perfect diamond, which was
not available. The present results imply that high angular
resolution FWHM maps can be obtained for a variety of sample
crystals at beamlines equipped with a Si(1 1 1) double-crystal
monochromator, a somewhat standard arrangement at most
synchrotron beamlines.

6. Conclusions

We compared maps of rocking curve broadening, relative to a
reference point, for a single crystal diamond plate, a type Ib
synthetic diamond, obtained before and after chemical etching.
Under the assumption that the broadening at the reference point
itself was small, these maps revealed significant narrowing
after etching. We find a 15% average narrowing and a 20%
improvement in uniformity. We infer that a remaining residual
bulk strain arises from nitrogen impurities since the map
after etching showed a variation reminiscent of growth sector
variation and since it is known that different growth sectors
have different nitrogen uptake rates during crystal growth.
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