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Abstract: In this review, the X-ray topography results of various types of single crystal diamonds
(SCDs) are reported. Dislocations and dislocation bundles are present in all types of SCDs, the only
exception being type IIa high-pressure, high-temperature (HPHT) SCDs. The technology of growing
HPHT type IIa SCDs has advanced to a level where the samples show almost no dislocations or
dislocation bundles. However, very few groups appear to have perfected the process of HPHT growth
of type IIa SCDs. There appears to be a characteristic difference in the dislocations present in type
Ib HPHT and chemical vapor deposited (CVD) SCDs. The dislocations in CVD SCDs are mostly in
aggregate form, while in HPHT type Ib diamonds there are line dislocations which propagate in <111>
or <112> directions. The CVD SCDs growth appears to be in the early stage in terms of the control of
dislocations and dislocation bundles, compared to other semiconductor wafers. The dislocations and
dislocation bundles and aggregates in SCDs limit their applications in electronic and optical devices.
For instance, high-power laser windows must have low dislocations and dislocation bundles. For
electronic devices such as high-power diodes, dislocations reduce the breakdown voltage of SCDs,
limiting their applications. The knowledge of dislocations, their identification and their origin are,
therefore, of utmost importance for the applications of SCDs, be they HPHT or CVD grown.

Keywords: CVD diamonds; HPHT diamonds; Dislocations; Dislocation bundles; X-ray topography

1. Introduction

At present, microwave plasma chemical vapor deposition (MPCVD) is a commercially
viable technique to manufacture single crystal diamonds (SCDs) for gemstones and various
other technological applications [1–9]. In addition, many new applications based on
nanocrystalline diamonds have emerged and are very attractive [10,11]. Methane (CH4)
and hydrogen (H2) gases are used for CVD SCD growth. These gases employed for
growth are of greater than 6N purity because advanced optical, thermal, radiation and
electronic applications require SCDs with the least lattice defects such as inhomogeneities,
stacking faults, dislocations, dislocation bundles, inclusions, impurities, precipitates and
growth striations [2,5]. Impurities and structural defects such as dislocations lead to the
deterioration of the characteristics of SCDs. For instance, nitrogen impurities reduce the
mobilities of the charge carriers in SCDs drastically, while dislocation and dislocation
bundles reduce SCDs’ strength and optical properties, respectively [2–5]. To fabricate
charge particle detectors based on SCDs, one must reduce the concentration of nitrogen
impurities in SCDs to <1 ppb. Similarly, for the fabrication of high-power laser windows,
the birefringence of the SCDs must be less than 10−4. It is therefore critical to not only
control these defects at their minimum, but also understand their origin in SCDs. Naturally
occurring CH4 contains about 1% 13C isotopes of carbon, which implies that CVD SCDs
contain about 1021–1022 atoms of 13C naturally in their lattices. It is natural to assume that
13C atoms, being heavier, in the structure will give rise to strain in the lattice.

The interest in studying the impact of 13C content on the properties of diamond was
initiated by the initial work of Chrenko [12], and Banholzer and Anthony [13]. It was shown
by Balholzer and Anthony [13] that more than a 50–100% increase in thermal conductivity
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(K) of the SCDs occurs when the 13C content of a single crystal diamond is reduced. The
reduction in 13C content of SCDs was brought about by a very novel method, as described in
their paper [13]. Recently, the interest in the interaction between 13C spin and the unpaired
electron of a negatively charged (N-V)- centre has attracted widespread attention due to
the interest in quantum system processing [14–16]. The shift in first-order Raman line
position in an isotopically pure single crystal diamond as a function of pressure has been
used to calibrate the pressure measurement in ultra-high pressure diamond anvil cells [17].
Novikov et al. [18] analysed the thermal conductivity (K) variation of CVD diamond single
crystals and polycrystalline films as a function of 13C content in the framework of a Debye
model in the temperature range 10 K–1000 K. A detailed investigation of 13C doping in
large CVD SCDs had been previously reported [19].

Synchrotron X-ray rocking curve mapping measures the crystalline perfection within
the volume of the single crystals. All types of SCDs—grown by the high-pressure, high-
temperature (HPHT) technique, CVD and natural diamonds—have been studied using
X-ray topography [1,2,19–45]. A series of rocking curve images across the volume of SCDs
reveals the accumulation of dislocations, dislocation bundles and stacking faults [33]. An
increase in full width at half maxima (FWHM) of the rocking curve directly correlates with
the increase in the concentration of dislocations and stacking faults [19–45]. In addition
to the above, X-ray topography imaging is also a popular technique to scan a sample
and acquire a visualization of the above defects. Both rocking curve mapping and X-ray
topography imaging are used to obtain complimentary information about the defects in
different crystallographic planes of the SCDs or other single crystals [35]. The advantage
of rocking curve mapping is that it can provide maps for all (111), (220) and (400) crystal
planes, while XRT photographs may be clearly able to image the defects only for certain
planes such as (404) [42].

X-ray topography (XRT) was introduced by A.R. Lang in 1964 to image a dislocation in
diamond [22,23]. The XRT became a common experimental method to study the dislocations
and stacking faults in SCDs in the 1990s as the intensity of X-ray sources increased [24,25].
Several studies were conducted on N doped high-pressure, high-temperature (HPHT)
grown diamond crystals (type Ib), and various growth sectors, crystal planes, dislocations
and stacking faults were imaged by changing the X-ray incidence angle in the transmission
mode [25]. The XRT data of the SCDs were compared with optical birefringence [24,26].
Very high-quality type IIa SCDs synthesized by Sumiya et al. [26–28], using the HPHT
method, showed very few dislocations in XRT. Sumiya et al. used defect-free diamond
crystals as seeds in HPHT growth of type IIa SCDs. Several types of dislocations in type Ib
HPHT diamond were studied by Moore et al. [30].

The first XRT study [31] on single crystal diamond grown by microwave plasma
chemical vapor deposition (CVD) was carried out in 2008. The XRT study shows that
the extended defect content of CVD layers depends on the growth sector of the HPHT
seed crystal; (111) sectors contain the highest concentration of both stacking faults and
dislocations but (004) sectors are relatively free of both [32]. The finding that the dislocations
originate at the substrate/film interface and grow into the CVD diamond over-layers was
confirmed by XRT studies by various authors [32,37,42,45].

2. Materials and Methods

A typical synchrotron X-ray topography setup for mapping rocking curves is shown
in Figure 1. This diagram is used with the courtesy of Cornell High Energy Synchrotron
Source (CHESS), USA, in beamline C1 [33]. The system is set up with a beam-expanding
monochromator, a six-circle diffractometer (a rotatable sample stage) and a CMOS camera
with real-time sample alignment facility. The system can provide angular resolution as
small as 2 micro-radians, spatial resolution of 3 microns and field of view up to 7 mm. The
C1 system is suitable to produce a series of 2D rocking curve images of the (111), (220) and
(400) crystallographic planes of single crystals of diamond scanned around the Bragg angle
with a scanning step of 0.0002◦ over a range of 0.025◦ for the entire crystal of the sample
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plate. To further augment the facility, an additional rocking curve image is produced by
rotating the sample by 90◦. A mirror reflection image obtained by rotating the sample by
90◦ produces an image across (−220) crystallographic planes of the diamond crystals. Each
pixel from the rocking curve image series can be extracted and tabulated to plot against the
relative scan theta (θ) for the symmetric transmission geometry rocking curves for (111),
(220) and (400) planes of single crystal diamond.

Figure 1. C1 beam line setup at Cornell High Energy Synchrotron Source (CHESS), Ithaca, NY, USA.
The sample is held at room temperature. The figure is taken from ref. [33], which is published on the
website of CHESS Cornell, USA, ref. [33]: Finkelstein, K.; Jones, R.; Pauling, A.; Brown, Z.; Tarun, A.;
Jupitz, S.; Sagan, D.; Misra, D.S.; 2016. http://news.chess.cornell.edu/articles/2015/Finkelstein151
123.html (accessed on 7 April 2023).

The above setup can also be used to capture an XRT image of the samples. The
advantage of XRT imaging is that the dislocations, dislocation bundles and stacking faults
can be directly photographed. In addition, white-beam X-ray imaging can also be used to
capture the XRT image. Table 1 shows a summary of the three techniques. A perfect single
crystal diamond would show a homogeneous grey colour in an XRT photograph (image)
with no features. Under the conditions of the full penetration of the X-rays, the dislocations
would appear as a black contrast line or double lines, and, thus, the dislocations can easily
be identified from an XRT photographic image. Stacking faults would appear as a dark
band. A dark black aggregate would mean an intense inclusion or a twin defect where the
density of defects and dislocations is very high [42].

In this report, the results of rocking curve maps, X-ray topography (XRT) images and
white-beam XRT images are compiled and reported in SCDs of various types published
by different authors. The dislocations, dislocation bundles and dislocation aggregates are
identified in the rocking curve maps and XRT images. The results are focused mainly on
HPHT and CVD grown SCDs reported in the last 25 years. The purpose of this report
is to understand the occurrence of dislocations, dislocation bundles and aggregates in
SCDs. The attempt is made to present the dislocation information as photographed by
different techniques.

http://news.chess.cornell.edu/articles/2015/Finkelstein151123.html
http://news.chess.cornell.edu/articles/2015/Finkelstein151123.html
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Table 1. The summary of the three XRT techniques used for dislocation mapping.

Rocking curve mapping

Rocking curve is measured for each detector pixel at a Bragg
angle corresponding to a crystal plane. For each detector pixel,

the FWHM is calculated from the rocking curve, and an FWHM
map is created. The higher the value of FWHM, the higher the

concentration of dislocations at the location. The entire crystal is
illuminated with an X-ray monochromatic beam.

XRT image at a crystal plane

The sample XRT image is taken at a particular Bragg angle
corresponding to a crystal plane. The image contains the

dislocations, dislocation bundles and stacking faults evident with
different contrast on a grey background. The entire crystal is

illuminated with an X-ray monochromatic beam.

White-beam XRT imaging

The sample is illuminated perpendicular to the direction of
incidence of a continuous X-ray beam. The XRT image is

generated on a detector and contains the dislocations, dislocation
bundles and stacking faults evident with different contrast on a

grey background.

3. Results
3.1. HPHT SCDs (Type Ib)

There are two types of HPHT grown diamond crystals: (a) type Ib crystals of yellow-
brown colour, and (b) white colour type IIa crystals. In type Ib yellow-brown colour crystals,
the nitrogen impurities are in the range of tens of parts per million (ppm) to hundreds
of ppm. The nitrogen impurities are in single substitutional form (P1 centre) [46]. The
yellow-brown diamond plates are commercially available and are used often as substrates
for the chemical vapor deposition (CVD) of diamond. The nitrogen uptake in yellow-brown
diamond is normally from the atmosphere and the catalyst material, a carbon-dissolving
metal such as iron, nickel, or cobalt, which is used for the growth of the diamond. The
nitrogen uptake helps in growing clear diamonds which are inclusion-free. The image of a
yellow-brown diamond crystal [47] is shown in Figure 2.

Figure 2. A yellow-brown diamond single crystal. The (100) and (111) crystallographic planes are
shown. If plates are cut along dotted lines and polished, we obtain the (100) oriented plates which
can be used as a substrate for CVD diamond growth. Further, the (110) crystallographic planes lie at
45 and 90◦, respectively, to the (100) planes. The size of the crystal is about 4 mm × 4 mm. This image
is taken from ref. [47]: Kazuchits, V.N.; Kazuchits, N.M.; Rusetskiy, M.S.; Korolik, O.V.; Konovalova,
A.V.; Ignatenko, O.V. Rapid HPHT annealing of Synthetic Ib-type Diamond. Carbon 2021, 174, 180.
Printed with permission from the publisher.



Crystals 2023, 13, 657 5 of 15

The sample preparation of the plates for X-ray topography is very critical for obtaining
good images of the dislocations and their direction of flow. The direction of flow of a
dislocation is represented by a Burgers vector [42]. If there are scratches present on the
surface of the sample due to polishing or other issues, the dislocations are difficult to image,
and one must infer indirectly by the rocking curve maps. Tran Thi et al. [1] took white-beam
XRT images of two type Ib HPHT diamond plates of the dimensions 3 mm × 3 mm. The
results showed dislocations and dislocation bundles emanating from the centre (Figure 3a).
The dislocations are clearly visible in Figure 3a as thick contrast dark lines. Dislocation
bundles can also be seen in the centre of the plate as well as on the edges. Figure 3b,
however, shows the defects on the surface of the sample which were attributed to the
mechanical origin due to the laser cutting and polishing of the samples. It is noteworthy
that in the white-beam XRT measurements shown in Figure 3a, the images are captured in
the (400) plane, and the dislocations are difficult to capture because of the low absorption
of X-ray in diamond. A minor drawback of white-beam X-ray imaging is that images of
the dislocations are not very clear and resolutions are poor. Due to this, deductions of the
images of the dislocations can sometimes be subjective in white-beam XRT.

Figure 3. The XRT images of two plates of type Ib HPHT diamond of the size 3 mm × 3 mm. The dark
and grey colour contrast lines in (a) represent dislocation lines emanating from the centre1.The sample
in (b) is full of surface defects perhaps of mechanical origin (please see the text). The diffraction
vector (220) points along the diagonal of the figure. The image is taken from ref. [1]: Tran Thi, T.N.;
Morse, J.; Caliste, D.; Fernandez, B.; Eon, D.; Härtwig, J.; Barbay, C.; Mer-Calfati, C.; Tranchant, N.;
Arnault, J.C.; et al. Synchrotron Bragg diffraction imaging characterization of synthetic diamond
crystals for optical and electronic power devices application. J. Appl. Crystallogr. 2017, 50, 561.

The XRT photographs by Shikata [42] produced much clearer images of the disloca-
tions when he selected the (404) crystal plane in reflection mode for imaging. The XRT
images generated across other crystallographic planes were less clear. Careful studies of the
dislocations imaging in type Ib yellow-brown diamond crystals conducted by Shikata [42]
showed that the dislocations are found to propagate in the <111> direction, with the major
Burger vectors being in <110> and <1–10> directions. Many dislocations are also propa-
gated in the <112> and <121> directions, although these are tilted with respect to <111>
direction with a very slight angle (Figure 4). The dislocations are marked in Figure 4 and
shown as dark spots in a line. If the dark spots are joined, they form a dark line. It can,
therefore, be deduced that a dark line will indicate a higher density of dislocations in a
sample. Based on this, we can conclude that the lower-right part of the sample plate (five
o’clock position) in Figure 4 contains a higher density of dislocations. The dislocations with
the same Burgers vector propagate in the same directions, but the dislocations are spread
in a broad area. In the centre of many plates, a high density of dislocations is observed in
an area of about 0.8 mm diameter, which may correspond to the initial seeds. The results
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of Tran Thi [1] and Shikata [42] on the type Ib HPHT sample appear identical, with the
difference that the image was much clearer in Shikata. The results in Figures 3 and 4 show
point and line dislocations propagate along the <111> direction.

Figure 4. The X-ray topographic image of an HPHT type 1b single crystal diamond taken from the
paper of Shikata [42]. The high density of dislocations is visible along the <111> and <112> directions.
In the centre of the crystal, a circular region approximately 0.8 mm in diameter with a very high
density of dislocations is visible. The size of the diamond plate is about 3 mm × 3 mm. The XRT
image is taken in the (404) plane. Image is taken from ref. [42]: Shikata, S. Diamond dislocations
analysis by X-ray topography. Funct. Diam. 2022, 2, 174. Reprinted by permission of Taylor & Francis
Ltd, http://www.tandfonline.com (accessed on 1 February 2023) on behalf of Zhengzhou Research
Institute for Abrasives & Grinding Co., Ltd.

In another study by Burns et al. [41], the white-beam XRT image of a yellow-brown
crystal contains a large number of defects and lattice inhomogeneities. In particular, the
boundaries between growth sectors exhibit substantial strain, and bundles of disloca-
tions are typically found perpendicular to the (100) growth sectors lying in (110) or (111)
crystallographic planes.

The rocking curve map of an HPHT type Ib crystal is shown in Figure 5. The image is
produced in the (220) crystallographic plane. The high density of dislocations propagating
along the <111> and <112> directions are visible as long, thick contrasts lines in the same
manner as shown in Figures 3 and 4. While the XRT photograph directly shows the presence
of dislocations and dislocation bundles as shown in Figures 3 and 4, the rocking curve map
produces the variation in FWHM of the rocking curves at the locations where dislocations
and dislocation bundles are present. A thick, long line here would imply a large density
of dislocations represented by an increase in FWHM values of the rocking curve at the
dislocation sites. The upper portion of Figure 5 shows a concentration of higher FWHM
values, which implies a higher density of the dislocations in the sample in the upper-half
portion. The FWHM values for the entire sample range from about 4 arc sec to 8 arc sec.
There are a few advantages in conducting FWHM or rocking curve mapping of the samples.
The FWHM is a more sensitive parameter than direct imaging, as imaging may not produce
clear images all the time in all crystallographic planes. Rocking curve mapping can be
measured for (111), (220) or (400) planes, and one can also learn about curvature or strain
in the samples with rocking curve mapping [44].

http://www.tandfonline.com
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Figure 5. The FWHM map generated from the rocking curve map of a type 1b HPHT diamond plate
of dimensions 5 mm × 5 mm in the (220) plane. The thick, long contrast lines support the results of
Figure 3, implying a high density of dislocations propagating along the <111> direction. The centre
of the crystal also has a high density of defects. The FWHM values for the entire sample range from
about 4 arc sec to 8 arc sec (1 Micro radian = 0.206 arc sec). The scale bar is 1 mm.

3.2. HPHT SCDs (Type IIa)

Type IIa SCDs produced by the HPHT method show the most perfect crystalline
structure. The single crystal plates of type IIa SCDs show very few dislocations and
minimum stacking faults. The concentration of nitrogen in type IIa diamond is very small
(of the order of sub-parts per billion). This is achieved by using nitrogen getters and special
techniques to reduce the uptake of nitrogen from the atmosphere and using catalysts and
metals which are nitrogen-free. The seed which is used for the growth of type IIa HPHT
SCDs is also selected very carefully with no defects and inhomogeneities. An image of a
typical HPHT grown type IIa SCD is shown in Figure 6a, the crystal is white colour and
would be of D colour on the GIA colour scale. The regular crystallographic planes visible
on the crystal are (100), (110) and (111).

The first successful synthesis of high-quality type IIa HPHT SCDs was conducted by
Sumiya et al. [26–28] using excellent quality, defect-free seeds. The SCDs showed a very
high degree of crystalline perfection. The FWHM of the rocking curve, measured by a
double crystal X-ray setup, was about 6 arc sec, and the cross-polarized images showed
a complete absence of dislocations and dislocation bundles. In a later paper by Sumiya
et al. [28], an XRT image of the crystal showed a perfect defect-free image of a type IIa
HPHT diamond. The FWHM as measured by XRT was found close to the theoretical value
of about 1 arc sec.

An XRT image of a type IIa plate taken from Shikata [42] is shown in Figure 6b. The
topographic image of the type IIa plate is free of the defects and dislocations when com-
pared with the topographic image of the type Ib crystal plates shown in Figures 3 and 4a,
respectively. There are single dislocations and stacking faults at the edges; however, the
high density of dislocations traversing along the <111> direction as observed in type Ib
crystals (Figure 4) is absent. There are polishing lines, traversing along the diagonal di-
rection, present on the surface of the plate as shown in Figure 6b. The image of an HPHT
grown single crystal type IIa diamond (Figure 7) is taken from the paper of Burns et al. [41].
The white-beam XRT image in the (400) plane shows almost a perfect crystal with no
dislocations in the centre portion of the crystal and only a few dislocations and stacking
faults at the edge. The image of the dislocations on the edge on the right side of the crystal
are not as high resolution because of low absorption of X-rays. Furthermore, this image
is a white-beam XRT image. The stacking faults are clearly visible as a dark band in the
upper portion of the image. The FWHM of the rocking curve map for this sample is about
1 arc sec, which is close to the theoretical value [41]. Shvydko et al. [43] showed an XRT
image of 1 mm thick, almost flawless HPHT diamond plate for use in X-ray optics, which
is a dominant application of type IIa HPHT diamond crystals.
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Figure 6. The type IIa single crystal diamond produced by HPHT; the crystal is in cuboctahedral form
and different crystal planes such as (100) and (111) are visible in (a). An X-ray topography image of
a type IIa plate. Few line dislocations and stacking faults at the edge of the plate are seen (b). The
size of the plate in (b) is about 3.5 mm × 3.5 mm. Image is taken from ref. [42]: Shikata, S. Diamond
dislocations analysis by X-ray topography Funct. Diam. 2022, 2, 174. Reprinted by permission
of Taylor & Francis Ltd, http://www.tandfonline.com (accessed on 1 February 2023) on behalf of
Zhengzhou Research Institute for Abrasives & Grinding Co., Ltd.

Figure 7. The white-beam topographic image of an HPHT grown type IIa single crystal (100) oriented
plate from the paper of Burns et al. (ref. [41]). The centre portion of the crystal has almost no
dislocations, and few dislocations are seen only on the side and stacking faults at the edges. The size
of the plate is about 4 mm × 4 mm, and the FWHM of the rocking curve is approximately 1 arc sec.
The image is taken from ref. [41]: Burns, R.C.; Chumakov, A.I.; Connel, S.H.; Dube, D.; Godfried, H.P.;
Hansen, J.O.; Hartwig, J.; Hoszowska, J.; Massiello, F.; Mkhonza, L; et al. HPHT growth and X-ray
characterization of high-quality type IIa diamond. J. Phys. Condense. Matter 2009, 21, 364224. Printed
with permission from the publisher.

http://www.tandfonline.com
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Recent images of a type IIa HPHT diamond crystal produced by Sumiya et al. [28] and
New Diamond Technologies have shown perfect crystals which are free of dislocations and
stacking faults in the centre portion. The process has been optimized to an extent where
this is becoming a common feature. However, there are only a few groups that can produce
such quality type IIa HPHT SCDs. In addition to the type IIa HPHT diamond crystals being
dislocation-free, an additional significant characteristic is the lowest strain in the crystals.
This makes them particularly suitable for X-ray optics and its applications.

3.3. CVD SCDs (Type IIa)

CVD SCDs have recently attracted a lot of attention due to their high application
potential. Multiple groups [2,19,31–33,36–40,42,44,45] have studied the XRT images and
rocking curve maps of CVD SCDs plates. XRT photographs as well as rocking curve
maps of CVD plates show a much higher density of dislocation bundles. In addition,
we commonly observe clusters of dislocation bundles forming dislocation aggregates.
Shikata [42] has presented the results of XRT images of four commercially produced
CVD single crystal diamond plates. One pair of CVD plates show fewer dislocation
aggregates as compared to other pairs of plates, showing relatively large areas which are
free of dislocation aggregates and defects. The other set, however, have a high density
of dislocations aggregates and some dot-like bundles, which are of tens to hundreds of
microns in size. The XRT photographs of the two representative plates are presented in
Figure 8a,b. The dislocation aggregates are pointed to by black arrows within the blue and
red areas. The aggregates have a range of dimensions from a few microns to hundreds
of microns. In these aggregates, the analyses of dislocation propagation and the Burger
vectors cannot be carried out, as the clusters of dislocations exist in the aggregates, and
they appear randomly directed. The clusters form during growth and may be related to
the quality of the substrates and their preparation. It is interesting that such aggregates
are mostly absent in HPHT type Ib and type IIa diamond plates, as shown above. In type
Ib and IIa HPHT crystals, only single dislocations and sometimes bundles of dislocations
are observed. Some single dislocations also exist along with aggregates in Figure 8a. The
presence of dislocation bundles and aggregates is much higher in the image of Figure 8b as
compared to Figure 8a. The possible reason of the plate in Figure 8b having much higher
aggregates and dislocation bundles may be the poor condition of the surface on which the
growth occurred.

Figure 8. The XRT photographs of the two CVD diamond plates taken from Shikata (ref. [42]). The
plate in (a) shows aggregates of dislocations within the blue and red areas. Some single dislocations
are also visible. In contrast, (b) has a much higher density of the dislocation aggregates and bundles.
The image is taken in the (404) crystallographic plane and the dimensions of the plates are about
3.5 mm × 3.5 mm. The image is taken from ref. [42]: Shikata, S. Diamond dislocations analysis
by X-ray topography. Funct. Diam. 2022, 2, 174. Reprinted by permission of Taylor & Francis
Ltd, http://www.tandfonline.com (accessed on 1 February 2023) on behalf of Zhengzhou Research
Institute for Abrasives & Grinding Co., Ltd.

http://www.tandfonline.com
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The FWHM rocking curve images of two CVD plates for 220 crystallographic planes
are shown in Figure 9a,b. These plates were used for the alpha particle detectors. The
image shown in Figure 9a has an area which may be of good crystalline order. However,
even in this region the presence of the dislocations is evident from the coloured bands.
The lower-half portion of the sample plate in Figure 9a has a high density of dislocation
bundles, evident from the thick lines. The rocking curve width scale for the sample (a)
generates a value ranging from about 10 arc sec to 25 arc sec (1 Micro radian = 0.206 arc sec)
for the entire sample. The average rocking curve width of the plate in Figure 9a is about 15
arc sec. In contrast, the CVD single crystal plate in Figure 9b shows a very high density of
the dislocation aggregates.

Figure 9. The rocking curve maps of two CVD single crystal diamond plates in (220) crystallographic
planes; the part of the sample shown in (a) maybe of good crystallinity. However, even in this region
the presence of dislocation bundles evident from coloured bands cannot be ruled out. The lower-half
portion of the sample plate in (a) shows a high density of line dislocation evident from the thick
lines. The sample in (b) shows a high density of dislocation aggregates. A dot-like structure full
of dislocation bundles can also be seen in the upper-left corner of the image in (b). The size of the
plates is approximately 5 mm × 4 mm. The image is taken from ref. [2]: Tarun, A.; Lee, S.J.; Yap,
C.M.; Finkelstein, K.; Misra, D.S. Impact of impurities and crystal defects on the performance of CVD
diamond detectors. Diam. Rel. Mater. 2016, 63, 169. Printed with permission from the publisher.

A dot-like structure full of dislocation bundles can also be seen in the upper-left corner
of the image in Figure 9b. The size of this bundle is of the order of tens of microns, as
also noted by Shikata [42]. The lower-right corner of the sample is full of the dislocation
aggregates, and these have serious repercussions on the electronic properties of the CVD
single crystal diamond plates, as discussed in later sections. The rocking curve width for
the sample of the image in Figure 9b ranges from approximately 10 arc sec to 40 arc sec
(1 Micro radian = 0.206 arc sec). It is interesting to note that the rocking curve map presented
in Figure 9b conveys a similar structure as that presented in the XRT image in Figure 8b.
The area of high dislocation density shown in Figure 9b contains a dislocation aggregates
structure similar to those shown in Figure 8b as black clusters.

Yap et al. [19] found that the average rocking curve width of the 13C doped samples
increased nominally upon doping with a 13C isotope of carbon. Further, the 13C percentage
was controlled by the feed gas composition of 13CH4 and 12CH4: (13CH4)/(13CH4 + 12CH4),
and denoted by R. Samples were deposited with nominal R of 0.011 (natural abundance),
0.10, 0.21, 0.24 and 0.34. A rocking curve map of the sample grown with R = 0.24 is shown in
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Figure 10. This should be compared with Figure 9a or b, which were grown with normal 6N
purity CH4 with natural presence of 13C (R = 0.01). The rocking curve map was generated
in the (220) crystallographic plane, and plate dimensions were 5 mm × 5 mm.

Figure 10. Rocking curve image of a 13C doped single crystal diamond plate with R = 0.24. The image
shows a general increase of dislocation bundles upon doping and an increase in average FWHM
across the sample. The rocking curve map was generated along the (220) plane, and plate dimensions
were approximately 5 mm × 5 mm. The image is from ref. [19]: Yap, C.M.; Tarun, A.; Xiao, S.; Misra,
D S. MPCVD growth of 13C-enriched diamond single crystals with nitrogen addition, Diam. Rel.
Mater. 2016, 63, 2. Printed with permission from the Publisher.

It is evident from Figure 10 that there is a general increase of dislocation bundles, and
the average rocking curve width has also increased across the entire sample when it is
doped with 13C. The FWHM values for this sample was found in the range of approximately
15 arc sec to approximately 45 arc sec (1 Micro radian = 0.206 arc sec). The rocking curve
widths were found to increase by about 2.5% when R changed from 0.1 to 0.24.

A common difficulty associated with the CVD polycrystalline as well as single crystal
diamond is the strain in the samples. When conducting rocking curve mapping, it is
observed that the Bragg angle (θ) corresponding to a crystal plane shifts as one moves
from one end of the sample plate to the other. Stoupin et al. [44] studied a set of 20 single
crystal CVD diamond plates with rocking curve mapping using the CHESS synchrotron
source (Figure 1). High dislocation density was present in all the samples. The average
rocking curve widths were in the range of 30 arc sec–43 arc sec. The important result of
the study was that they found distortions in the crystal lattice of all the plates. For 50% of
the plates, the radius of the curvature was less than 10 m, which makes them unsuitable
for application in X-ray monochromators. However, the remaining plates had a flat region
in the centre of about few mm2 area which had a radius of curvature greater than 30 m.
These results suggested that the selected CVD diamond plates could be useful for X-ray
monochromator applications. It is one advantage of rocking curve mapping that the shift
in the theta (θ) value of the Bragg peak can be used to calculate the curvature and strain in
the diamonds.

4. Discussion

Dislocations are present in large numbers in type Ib HPHT as well as CVD SCDs. In
type Ib HPHT SCDs, the dislocations are mostly single dislocations and line dislocations.
Occasionally, dislocation bundles can also be seen if the density of the dislocations is high.
In contrast, the dislocations have a complex nature in CVD SCDs. The single dislocations
and dislocation bundles are common occurrences in CVD SCDs. In many cases of CVD
SCDs, however, the clusters of dislocations form dislocation aggregates, which are not
seen in type Ib HPHT SCDs. These are illustrated in Figure 8a,b and Figure 9a,b. The
difference could arise due to the different growth mechanism of the CVD and HPHT
SCDs. In CVD growth, the diamond grows vertically on a substrate of the size, typically,
of 5–6 mm, whereas in HPHT the diamond grows on a seed which is approximately 0.1
mm or 0.2 mm in size. In HPHT synthesis, the diamond grows with the help of a metal
catalyst, while in CVD growth no catalyst is used. If we only compare the substrate size,
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the equivalent of 30–50 seeds are used in CVD growth. This will obviously lead to the
formation of lot more dislocations, dislocation bundles and clusters in CVD SCDs because
most of these originate from the substrate [37,42,45]. Fujita et al. [48] showed that 45◦

dislocations are more energetically favourable to form in CVD SCDs. This is interesting
because a superposition of several 45◦ dislocations can form clusters [49].

In contrast, the use of a metal catalyst in HPHT growth results in the regular cuboc-
tahedron shape of type Ib HPHT crystals. CVD SCDs grow in cuboid shape. However,
dislocations and dislocation bundles both are present in large numbers in HPHT type Ib
SCDs as well. In type Ib HPHT SCDs, the dislocations originate from substrates as in CVD
SCDs. However, one major difference between type Ib HPHT SCDs and CVD SCDs is
the presence of substitutional nitrogen in the former. Substitutional nitrogen is a major
impurity in type Ib HPHT SCDs, and its concentration may be as large as hundreds of ppm.
The nitrogen impurities in HPHT SCDs lie mostly in (111) sectors [41], and it is no surprise
that the large number of the dislocations in type Ib HPHT SCDs lie in the (111) planes.
Obviously, the dislocations are tagged to the nitrogen impurity in type Ib HPHT SCDs. It is
observed that the dislocation content of the CVD diamond layers grown on a type Ib HPHT
substrate depends on the growth sector of HPHT seed crystals; (111) sectors of the CVD
layer contain the highest concentration of both stacking faults and dislocations, but the
(100) sectors are relatively free of both [42]. In type IIa HPHT SCDs, the seed is a perfect
crystal and nitrogen impurity is not present; as a result, the dislocations and dislocation
bundles are lowest in concentration.

The presence of dislocations and dislocation bundles plays a critical role in the appli-
cation of the diamond layers. The charge collection efficiency (CCE) of the alpha particle
detectors fabricated using single crystal CVD diamond deteriorates when there are large
numbers of dislocation bundles present in the diamond layers [2–4,6]. The dislocation
bundles generate internal strain in CVD SCDs, inhibiting its applications in high-pressure
anvils. Low strain is an essential requirement of the SCDs which could be employed
as anvils as demonstrated earlier by Ruaff and Vohra [50]. The presence of dislocation
bundles in the epitaxial layers of the CVD SCDs layers is the main reason for the failure of
vertical structure Schottky barrier diodes (SBDs) in high-power devices. SBDs fabricated
on the diamond sample which had a large number of dislocation bundles exhibited inferior
forward bias characteristics [42].

5. Conclusions and Future Work

In this paper the X-ray topography results of the various types of SCDs are reviewed.
The dislocations and dislocation bundles are identified in rocking curve maps and XRT
images. While in XRT images the dislocations and dislocation bundles can be easily
observed as dark spots with a small tail, in rocking curve maps they are indirectly observed
as an increase in the value of FWHM of the rocking curve. The conclusions of the study are
as follows:

1. Dislocations and dislocation bundles are present in all types of SCDs, the only excep-
tion being the type IIa HPHT grown SCDs. The technology of growing HPHT type
IIa SCDs has advanced to a level where the samples show almost no dislocations or
dislocation bundles. However, it is important to understand that only very few groups
have perfected that technology, and the dislocation-free type IIa HPHT samples are
still scarcely available.

2. The line and point dislocations are present in type 1b HPHT SCDs, which have
nitrogen impurities in the range of tens to hundreds ppm. If the dislocation density
is high, the dislocations may fall in a line along the (111) or (112) directions. The
dislocations may be related to the high concentration of nitrogen impurities in type
1b HPHT SCDs.

3. The centre of the type 1b HPHT plate appears to have dense dislocation bundles.
Their origin may lie in the substrates used for the HPHT diamond growth.
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4. While HPHT type Ib as well type IIa SCDs have mostly line dislocations, CVD SCDs
appear to have point, line as well as aggregates of dislocations. The aggregate of
dislocations is a big cluster of the dislocations. The dislocations as well as dislocation
aggregates in CVD SCDs originate from the substrates.

5. In CVD SCDs, the dislocations originate from the substrates and travel within angular
cones of 20–30 degrees. Therefore, one effective way of eliminating dislocations in
CVD SCDs may be to use perfect substrates. Perfect substrates are difficult to define,
but HPHT type IIa SCDs may be a good starting choice.

6. In CVD growth, the dislocations and aggregates also form during the growth and
multiply. This results in a higher density of dislocations and dislocation bundles in
CVD SCDs. A detailed optimization of the growth conditions is strongly needed to be
performed in order to identify a parameter window in which dislocation-free growth
may be possible on perfect substrates. This will be a direction for further work.

7. By using substrates which are free of dislocations and defects, it is possible to eliminate
dislocations originating from substrates in CVD SCDs. Currently we do not know how
to grow CVD SCDs free of all dislocations. There are a few important studies, however,
of CVD diamond growth indicating control and elimination of the dislocations [38,45,51].
Elimination of all dislocations in CVD SCDs is a future research problem.

CVD single crystal diamond growth appears to be in the early stage in terms of dislo-
cations and dislocation bundles, compared to other semiconductor wafers. The knowledge
of dislocations is very critical for the applications of CVD single crystals, and urgent efforts
must be made to grow dislocation- and defect-free CVD single crystals for the benefits of
materials in various applications such as power electronics, MEMS, quantum electronics,
anvils and other industrial applications.
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