EXPERIMENTAL CVD SYNTHETIC
DIAMONDS FROM
LIMHP-CNRS, FRANCE

Wuyi Wang, Alexandre Tallaire, Matthew S. Hall, Thomas M. Moses,
Jocelyn Achard, Ricardo S. Sussmann, and Alix Gicquel

In the last decade, progress in diamond growth by chemical vapor deposition (CVD) has resulted in
significant improvement in the quality of synthetic single crystals. This article reports on the gemo-
logical and spectroscopic features of six synthetic type lla diamonds grown for research purposes at
the French Laboratoire d’Ingénierie des Matériaux et des Hautes Pressions (LIMHP-CNRS), and
compares their diagnostic features to CVD-grown diamonds from other producers. Three of the six
samples were nitrogen doped, whereas the other three were classified as high purity. A number of
characteristics that are diagnostic of CVD synthetic diamond were present in the nitrogen-doped
crystals, despite an absence of defect-related absorption features in the infrared region. Identification
of the high-purity samples was more complicated, but it was still possible based on features in their
photoluminescence spectra, their distinctive birefringence, and characteristic luminescence images.

iamond synthesis was first accomplished

more than half a century ago, and there have

been considerable improvements in quality
over the past few years. These achievements are
important not only for the potential they offer for
producing large quantities of synthetic diamond,
but also for the precise control they provide over the
type and concentration of defects in the crystals,
which is particularly critical for electronics applica-
tions. To date, most gem-quality synthetic dia-
monds have been grown using high-pressure and
high-temperature (HPHT) conditions (Shigley et al.,
1986, 1987, 1997, 2003, 2004). Recently, however,
single-crystal diamond synthesis using the chemical
vapor deposition (CVD) method has made great
progress and attracted much attention, even in the
jewelry industry (see, e.g., Yan et al., 2002; Wang et
al., 2003; Martineau et al., 2004; Bates, 2005;
Tallaire et al., 2005). Earlier this year, Yan et al.
(2005) documented the successful growth of a 5 ct
single-crystal CVD synthetic diamond measuring
over 1 cm thick. They also predicted that a one-inch
cube of single-crystal CVD synthetic diamond (~300
ct) is achievable. The properties of CVD synthetic
diamonds are highly variable, due to the rapid devel-
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opment of laboratory synthesis techniques.
Therefore, the timely characterization of these syn-
thetic diamonds is critical to the gem industry.

In this article, we report on the properties and
identification features of several CVD synthetic dia-
monds that were produced for research purposes at
the Laboratoire d’'Ingénierie des Matériaux et des
Hautes Pressions, a part of the Centre National de
la Recherche Scientifique (LIMHP-CNRS) at the
Université Paris 13. These products showed some
notable differences from those grown by Apollo
Diamond Co. that were examined by Wang et al.
(2003) and the experimental products studied by
Martineau et al. (2004). Nevertheless, these new
CVD-grown diamonds can be identified on the basis
of certain characteristic gemological and spectro-
scopic features.

At LIMHP-CNRS, these CVD synthetic dia-
monds were produced at low pressures (a few hun-
dred millibars) from hydrogen-rich methane mix-
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tures. The use of microwave radiation in the growth
chamber facilitated the production of key molecular
species involved in diamond growth inside the plas-
ma ball. To grow a monocrystalline diamond crystal,
a type Ib {100}-oriented slice of HPHT synthetic dia-
mond was used as a substrate. By choosing optimum
growth conditions for the substrate temperature, the
methane concentration, and the microwave power
density, researchers at LIMHP-CNRS were able to
achieve growth rates of tens of micrometers per hour
at relatively high quality and purity (Tallaire et al.,
2005). These samples were grown solely for research
purposes, and although it is technically possible to
do so, no crystals thick enough to be faceted were
produced. While colorless, light gray, and light
brown gem-quality CVD-grown synthetic diamonds
are being produced experimentally by LIMHP-
CNRS, this group does not intend to make its syn-
thetic diamonds available to the jewelry market.

MATERIALS AND METHODS

Six specimens produced by LIMHP-CNRS during
late 2004 and early 2005, ranging from 0.14 to 0.81 ct,
were examined (figure 1). All were studied as-grown,
with no secondary treatment. Three of them were
intentionally doped with various concentrations of
nitrogen during the CVD deposition process in order
to improve the growth rates. These samples were
labeled nos. 67404, 66875, and 66669 for the very
low, low, and moderate doping amounts, respective-
ly. For the other three samples, the growth condi-
tions were chosen to limit the incorporation of
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Figure 1. The CVD synthetic
diamonds (0.14-0.81 ct)
from LIMHP-CNRS show a
typical tabular crystal mor-
phology and significant vari-
ations in color. Three sam-
ples were near colorless, two
were light gray, and one was
light brown. The three sam-
ples in the top row (from Ieft
to right: nos. 67404, 66875,
and 66669) are nitrogen
doped, and the three in the
bottom row (from left to
right: nos. 66675, 66876, and
67405) are of high purity.
Sample no. 66675 appears
yellow due to the yellow
substrate. Composite of pho-
tos by Elizabeth Schrader,
Jessica Arditi, and W. Wang.

defects into the crystal lattice as much as possible.
They are referred to here as nos. 66675, 66876, and
67405. The growth substrates were entirely removed
prior to spectroscopic analysis as well as color grading
during this study, except for one high-purity sample
that had a CVD thickness of only about 0.3 mm (no.
66675). These CVD synthetic diamonds are represen-
tative of recent products created at LIMHP-CNRS,
which show a significant variation in color and
chemical purity.

Gemological and spectroscopic properties of all
six samples were collected at the GIA Laboratory in
New York. Although GIA does not issue grading
reports on synthetic diamonds, for the purpose of
this study equivalent color grades were determined
by experienced diamond grading staff using the
standard conditions and methodology of GIA’s color
grading system for colored and near-colorless
faceted diamonds (see, e.g., King et al., 1994). Note
that the color grades of these tabular samples could
change after faceting as the optical path length is
increased. Internal features were observed with a
standard binocular microscope and a variety of
lighting techniques. We used a gemological micro-
scope with crossed polarizers to check for anoma-
lous birefringence in all samples. Reactions to UV
radiation were checked in a darkened room with a
conventional four-watt combination long-wave (365
nm) and short-wave (254 nm) lamp.

Five of the samples also were analyzed at the GIA
Laboratory using several spectroscopic techniques.
Because the substrate of no. 66675 was not removed,
only photoluminescence (PL) spectroscopy was per-
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TABLE 1. Characteristics of CVD synthetic diamonds from LIMHP-CNRS, France.?

- N, doping  Weight ; uv Fluorescence in the
Sample no. Description during growth  (ct) Size (mm) Color fluorescence® DiamondView
Nitrogen doped
67404 Free standing Very low 0.81 6.55 x 5.96 x 1.64 Light brown Inert Orange (with blue
phosphorescence)
66875 Free standing Low 0.41 6.33 x 6.27 x 0.70 Light gray Inert Orangy red (with
blue at four corners)
66669 Free standing Medium 0.31 3.99 x 3.87 x 1.42 "G" color Inert Orangy red
High purity
66675 About 0.3 mm None 0.40 3.88 x 3.86 x 1.87 Near colorless nd Green (from the
thick, over HPHT (over yellow substrate)
synthetic diamond substrate)
substrate
66876 Free standing None 0.14 4.41 x 442 x 0.48 Light gray Inert Blue
67405 Free standing None 0.18 447 x 446 x 0.71 "I" color Inert Blue (with blue
phosphorescence)
a Abbreviation: nd = not determined
b Reaction to a standard gemological source of long- and short-wave UV radiation
formed on this sample. To avoid surface contamina- with a Thermo-Spectronic Unicam UV500 spec-
tion, we cleaned the samples thoroughly with ace- trophotometer over the range 250-850 nm with a
tone in an ultrasonic bath. Low-temperature PL sampling interval of 0.1 nm. The samples were
spectra were recorded for all six samples using a mounted in a cryogenic cell and cooled using liquid
Renishaw 1000 Raman microspectrometer with an nitrogen.
Ar-ion laser at two different laser excitations: 488.0 All the samples also were examined using a
nm (for the range 490-950 nm) and 514.5 nm (for the Diamond Trading Company (DTC) DiamondView
range 517-950 nm). PL spectra in the range deep-ultraviolet (<230 nm) luminescence imaging

640-1000 nm also were collected using a He-Ne system (Welbourn et al., 1996).
laser (632.8 nm) for the five samples that had their
substrate removed. In addition, PL spectra for one
sample (no. 67405) were obtained using a diode laser RESULTS AND DISCUSSION

(780.0 nm) for the range 782-1000 nm. Several exci- Gemological Features. Table 1 details the gemologi-
tation lasers were used to cover as broad an emis- cal and spectroscopic properties of the LIMHP-CNRS
sion-energy region as possible. The samples were synthetic diamonds. All six crystals exhibited the
cooled by direct immersion in liquid nitrogen. Up to tabular morphology typical of monocrystalline CVD
three scans were accumulated in some cases to products, each with a large cubic (100) crystal face.
achieve a better signal-to-noise ratio. Three of the samples were near colorless, two were

Infrared absorption spectra were recorded in the light gray, and one was light brown (again, see figure
mid-IR (6000-400 cm™, 1.0 cm™ resolution) and 1). The colors of these samples are very different from
near-IR (up to 11000 cm™!, 4.0 cm™! resolution) those of the Apollo CVD synthetic diamonds, most
regions at room temperature with a Thermo-Nicolet of which showed brown colors of varying saturation
Nexus 670 Fourier-transform infrared spectrometer (Wang et al., 2003). The one brown sample in this
equipped with KBr and quartz beam splitters. A 6x study (no. 67404) showed an even color distribution,
beam condenser focused the incident beam on the except when viewed perpendicular to the growth
sample, and a total of 1,024 scans (per spectrum) direction; in this orientation a distinct zone of dark
were collected to improve the signal-to-noise ratio. brown color was visible (figure 2). This very narrow

UV-Vis-NIR absorption spectra were recorded color zone extended parallel to the large (100) face
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Major absorption features Photoluminescence

Infrared UV-Vis-NIR features
6856, 3323, Increase in absorption  503.5, 563.3, 596/
3124, 2924, to high-energy side; 597, 575, 637, 737,
2807 cm™! 737 nm 766.1, 840.7 nm
No defect-related ~ No features 503.5, 575, 596/597,
features 637, 699, 737 nm
No defect-related  No features 503.5, 540.7, 563.3,
features 575, 596/597, 637,
737 nm

nd nd 503.2, 503.5, 575,
596/597, 637, 699,
737 nm

No defect-related No features 737 nm

features

No defect-related Broad band at ~261 nm 737, 953 nm
features

through the entire CVD overgrowth, and was the
main cause of the light brown body color. Brown zon-
ing also was observed in the Apollo CVD synthetic
diamonds (Wang et al., 2003); it may be caused by
concentrated deposition of non-diamond carbon as a
result of temperature fluctuations during growth.
The presence of non-diamond carbon in the brown
sample in this study was revealed by Raman bands at
around 1450 cm™; such bands in CVD-grown dia-
mond are much broader than the Raman peak at
1332 cm™! that is intrinsic to diamond.

Layers of different colors also have been observed
in many CVD products from Element Six.
According to Martineau et al. (2004), layers with var-
ious brown colors were most common, with blue
layers observed in samples doped with boron.

The CVD-grown diamonds were of high clarity.
However, a few notable internal features were pre-
sent. In sample no. 66875, graphite inclusions, iden-
tified by Raman spectroscopy, were well developed
in the four corners and arranged in the {111} orienta-
tion along many small fractures. Although the
mechanism responsible for the formation of
graphite in these crystals is unclear, it is well
known that nitrogen incorporates and degrades the
{111} faces preferentially, leading to a higher content
of non-diamond carbon. In addition, many pin-
points were present in sample no. 66669.

EXPERIMENTAL CVD SYNTHETIC DIAMONDS FROM FRANCE

The main (100) growth surface of the nitrogen-
doped samples invariably showed sequences of
micro-steps with relatively flat “terrace” regions
separated by inclined “risers.” This phenomenon is
known as step-bunching, and the corresponding fea-
tures have been referred to as growth steps (de
Theije et al., 2000; Martineau et al., 2004). It was
observed on all the nitrogen-doped samples (figure
3), and also on portions of high-purity sample 66675
(figure 4). But in the latter case, since no nitrogen
was intentionally added, the higher methane con-
centration present during growth was probably
responsible for the surface growth features observed.

Anomalous birefringence, caused by residual
internal strain, is a useful feature for the identifica-
tion of CVD synthetic diamond (see, e.g., Wang et
al., 2003; Martineau et al., 2004). Similar to many of
the Apollo products examined, the CVD synthetic
diamond crystals from LIMHP-CNRS displayed
cross-hatched bands of low-order interference colors
when viewed through the (100) face (figure 5A).
Small areas of localized strain with relatively higher
order interference colors surrounding tiny defect
centers also were observed. Much higher order
interference colors were seen at the four corners in
sample no. 66875 (figure 5B), and outside the sub-
strate window in sample 66876 (figure 5C), indicat-
ing strong residual internal strain and accumulated
dislocations in these regions.

Figure 2. When viewed perpendicular to the growth
direction and parallel to the (100) face, CVD synthetic
diamond sample no. 67404 displays a dark brown
color zone (see arrows) parallel to {100}. The yellow
“triangle” to the lower right of the arrows is the sub-
strate of HPHT synthetic diamond. Photomicrograph
(taken before substrate was removed) by W. Wang;
total thickness of the specimen was 3.36 mm.
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Figure 3. Differential interference contrast microscopy revealed sequences of growth steps with terrace regions sep-
arated by inclined risers on the (100) surface of the nitrogen-doped CVD synthetic diamonds (left, no. 67404; right,
no. 66875). Photomicrographs by Alexandre Tallaire; magnified 50x%.

An outstanding feature evident from the anoma-
lous birefringence is that bundles of dislocations
nucleated along the boundary between the substrate
and its CVD synthetic diamond overgrowth and are
uniformly parallel to the growth direction, as first
pointed out by Martineau et al. (2004). As a result, the
“shadow” of the substrate can be clearly seen in the
birefringence image, even after its removal. This fea-
ture was observed in all crystals except for no. 66669.

Figure 4. With a gemological microscope, portions
of this high-purity CVD synthetic diamond (no.
66675) display surface growth features similar to
those observed on the nitrogen-doped crystals. The
apparent color is caused by the yellow substrate of
HPHT synthetic diamond, which was not removed.
Photomicrograph by W. Wang; image width is
approximately 2.9 mm.
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In addition, the region outside the substrate “shadow”
typically showed higher-order interference colors (fig-
ure 5C). Anomalous birefringence caused by residual
internal strain is also a common feature of natural
type Ila diamond. While large variations in intensity
have been observed, natural type Ila diamonds gener-
ally show stronger anomalous birefringence than is
seen in CVD synthetic diamonds (see, e.g., Moses et
al., 1999). Banded and “tatami” patterns are the pre-
dominant strain characteristics of natural type Ila dia-
monds (figure 6, A and B; see, e.g., Smith et al., 2000);
as shown in figure 5, the characteristic strain pattern
of single-crystal CVD synthetic diamond is distinctly
different. HPHT-grown synthetic type Ila diamonds
most commonly show no strain (figure 6C).

All five of the samples tested were inert to the UV
radiation emitted by a standard gemological UV
lamp, and no phosphorescence was observed. In con-
trast, some of the Apollo nitrogen-doped samples
studied by Wang et al. (2003) fluoresced a very weak
orange, orange-yellow, or yellow to long-wave UV,
and a very weak to moderate orange to orange-yellow
to short-wave UV. Orange fluorescence of varying
intensity to both long- and short-wave UV radiation
was also observed in many of the Element Six nitro-
gen-doped crystals; in contrast, those of high purity
were inert (Martineau et al., 2004). Most natural type
Ila diamonds are inert to both long- and short-wave
UV. Only a few natural type lla diamonds are known
to fluorescence blue or orange to standard UV radia-
tion. In contrast, most HPHT synthetic type IIa dia-
monds show weak to moderately strong yellow-green
fluorescence and moderate to strong yellow-green
phosphorescence to short-wave UV radiation (see,
e.g., Shigley et al., 1997).

GEMS & GEMOLOGY FALL 2005



Figure 5. The high-purity crystal in image A (no. 66876), which measures 4.4 mm across, displays the characteristic
strain pattern of a CVD-grown diamond when viewed perpendicular to a cubic crystal face (100). The “shadow” of
the substrate is clearly visible even after its removal, as the large square with relatively lower order interference
colors in the center of the sample. Much higher order interference colors were observed at the four corners of nitro-
gen-doped sample no. 66875 (B, 6.3 mm across) and in the area outside the substrate “shadow” of sample no.
66876 (C, image width is 2.9 mm), indicating strong residual internal strain and accumulated dislocations in these
regions. Photos A and B by W. Wang, and photomicrograph C by Shane McClure; crossed polarizers.

Spectroscopic Features. Photoluminescence. PL
spectra showed that three of the samples were
nitrogen doped and three others were of high purity,
as expected from the growth methods employed
(see figure 7 and table 1). Several laser excitations
were used to obtain maximum sensitivity over vari-
ous energy regions. Using high-energy 488.0 nm
laser excitation allows the detection of trace
amounts of 3H, H3, and H4 defects. The 514.5 nm
laser system is more sensitive at detecting the 637
nm [(N-V)] defect, and 632.8 nm excitation is ideal
for detecting traces of Si impurity.

Major PL features in the nitrogen-doped samples
include strong emissions of (N-V|° with its zero-
phonon line (ZPL) at 575 nm and (N-V)~ with its
ZPL at 637 nm, weak emission pairs at 596-597 nm,
and Si-related emission at 737 nm (e.g., Bergman et
al,, 1993).

In two specimens (nos. 66669 and 66875), the
intensity of the 637 nm emission was stronger
than or close to that of the 575 nm. However, the
other nitrogen-doped sample (no. 67404) showed

the opposite trend. During crystal growth, samples
66669 and 66875 were doped with moderate and
low nitrogen contents, respectively. In contrast,
sample 67404 was doped with only a very small
amount of nitrogen. It seems that the higher the
nitrogen content is, the higher the intensity of the
637 nm emission compared to that of the 575 nm
will be. When 488 nm laser excitation was
employed, the integrated intensity ratio (i.e., the
area of a peak, rather than its height) of 637/575
was 1.31 for sample 66669, 0.96 for sample 66875,
and only 0.07 for sample 67404. These observa-
tions indicate a possible correlation between the
content of doped nitrogen and the concentrations
of (N-V)? and (N-V)- centers generated. They are
consistent with the suggestion that (N-V)° is ini-
tially incorporated during CVD growth, and (N-V)-
appears and intensifies as the nitrogen content fur-
ther increases (M. Newton, pers comm., 2005).

In contrast to the nitrogen-doped CVD synthetic
diamonds, the two high-purity samples (nos. 66876
and 67405) displayed virtually no PL features. Only

Figure 6. In contrast to CVD synthetic diamonds, natural type Ila diamonds typically show banded and “tatami”
patterns with low first-order interference colors (A, B). HPHT-grown synthetic type Ila diamonds most commonly
show no strain (C). Photomicrographs by Christopher Smith; crossed polarizers.
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Figure 7. Low-temperature photoluminescence spectra
collected using an Ar-ion laser (488 nm excitation)
revealed clear differences between the nitrogen-doped
and high-purity CVD synthetic diamonds. Strong
emissions at 575 and 637 nm—and weak emissions at
503.5, 596, 597, and 737 nm—were detected in the
three nitrogen-doped samples. Three high-purity CVD
synthetic diamonds displayed only a very weak emis-
sion at 737 nm caused by trace Si impurity, although
this emission was extremely strong in one N-doped
sample (no. 67404).

Figure 8. Except for brown sample no. 67404, the CVD
synthetic diamonds from LIMHP-CNRS did not show
any defect-related absorption in the mid-infrared
range. Sharp, very weak absorptions at 3323 and 3124
cm™L, and two relatively broad absorptions at 2924
and 2807 cmi™!, were detected in sample no. 67404. In
contrast, these H-related absorptions were observed in
many of the Apollo CVD synthetic diamonds exam-
ined by Wang et al. (2003). The spectra are shifted ver-
tically for clarity.
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a very weak 737 nm emission was detected.
Nevertheless, it appears that the high-purity crys-
tals from LIMHP-CNRS are slightly less pure than
those from Element Six examined by Martineau et
al. (2004), in which no Si-related emission was
detected. Sample no. 67405 also showed a very
weak emission line at 953 nm when 780 nm laser
excitation was employed. High-purity crystal no.
66675 displayed very weak emissions at 575 nm
and 637 nm, which are very likely from its type Ib
HPHT synthetic diamond substrate. This explana-
tion is supported by the occurrence of a very weak
H3 emission (zero phonon line at 503.2 nm), which
certainly is from the substrate.

In addition, very weak emissions at 563, 699,
766, and 841 nm were occasionally observed in the
LIMHP-CNRS samples (again, see table 1). The 3H
defect, with a zero-phonon-line position at 503.5
nm (slightly higher than that of H3 at 503.2 nm), is
typically radiation related (Collins et al., 1989).
The 3H defect is relatively unstable, and should be
annealed out at typical CVD growth temperatures
(Zaitsev, 2001); nevertheless, the 3H defect was
detected in all three nitrogen-doped crystals and in
one high-purity crystal (no. 66675). In contrast, the
3H defect was not detected in any of the Apollo

Figure 9. The CVD synthetic diamonds from LIMHP-
CNRS did not show any defect-related absorption in
the near-infrared range. In contrast, most Apollo
CVD synthetic diamonds examined by Wang et al.
(2003) displayed relatively strong absorptions in this
range. Of the five specimens examined, only the light
brown crystal (no. 67404) exhibited a very weak
absorption at 6856 cm™! (not visible below). The spec-
tra are shifted vertically for clarity.
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Figure 10. None of the CVD synthetic diamonds from
LIMHP-CNRS examined showed the absorption at
1344 cm™ associated with trace amounts of isolated
nitrogen, which was present in several of the Apollo
CVD synthetic diamonds studied by Wang et al.
(2003). The spectra are shifted vertically for clarity.

products (Wang et al., 2003) or reported by
Martineau et al. (2004) for CVD synthetic diamond
samples produced by Element Six.

This apparent discrepancy might be explained
by the fact that two of the nitrogen-doped crystals
(nos. 66875 and 66669) and one high-purity crystal
(no. 66876) had previously been analyzed by
cathodoluminescence, which can introduce weak
radiation damage (Steed et al., 1999). However, no
3H features were detected in high-purity crystal
no. 66876, while nitrogen-doped crystal no. 67404
was not analyzed with any method involving
cathodoluminescence or X-radiation but also
showed a weak 3H. Still, the presence of the 3H
defect in four crystals examined in this study is
not likely to be an as-grown feature but rather may
have been introduced accidentally afterwards, per-
haps by exposure to X-rays in an airport security
checkpoint.

IR Spectroscopy. Infrared absorption spectroscopy
revealed that all samples were type Ia. Except for
the light brown crystal (no. 67404), no defect-related
absorptions were detected in the infrared region (fig-
ures 8 and 9). In contrast, the Apollo products exam-
ined by Wang et al. (2003) and the nitrogen-doped
Element Six CVD synthetic diamond samples stud-
ied by Martineau et al. (2004) usually showed strong
hydrogen-related absorptions in both the mid- and
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near-infrared regions. In the LIMHP-CNRS samples,
weak, sharp absorptions at 3323 and 3124 cm™!, and
two broad absorptions at 2924 and 2807 cm™!, were
observed only in the light brown crystal. In addi-
tion, none of the crystals examined showed any
absorption due to trace amounts of isolated nitrogen
at 1344 cm™ (figure 10), which was present in many
of the Apollo CVD synthetic diamonds examined
by Wang et al. (2003). Hydrogen-related absorp-
tions in the infrared region were important identi-
fication features for the Apollo CVD synthetic
diamonds, since many of these features are specif-
ic to CVD synthesis (Martineau et al., 2004).
However, they were not diagnostic for the CVD
synthetic diamonds in this study.

UV-Vis-NIR Spectroscopy. Low-temperature
absorption spectra collected in the UV-Vis-NIR
range revealed few notable features (figure 11).
Spectra from the high-purity and the near-colorless
nitrogen-doped samples were very flat in the visible
range, and increased gradually into the UV region.
A weak and broad band at ~261 nm was detected in
sample no. 67405; its assignment is not certain, but

Figure 11. The low-temperature absorption spectrum
of this high-purity CVD synthetic diamond (no.
67405) is rather flat in the visible-light range, and
increases gradually in the UV region. The assignment
of a weak and broad band at ~261 nm is not clear, but
this absorption is likely not due to isolated nitrogen.
In the brown nitrogen-doped CVD-grown diamond
(no. 67404), the absorption increases gradually toward
Iower wavelengths. A distinct absorption at 737 nm
due to a Si impurity also was observed. The spectra
are shifted vertically for clarity.
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Figure 12. In the DTC DiamondView, the nitrogen-doped CVD-grown crystals showed a strong and characteristic
orange to orangy red Iuminescence (sample no. 66875, left). In contrast, the high-purity crystals showed only a
very weak blue fluorescence (sample no. 66876, right). The original positions of the substrates are visible as the
darker square-shaped patterns in the center of the images. The circular areas within the squares are from the

sample holder. Photos by W. Wang.

the band is most likely not due to isolated nitrogen
(Zaitsev, 2001). In the light brown nitrogen-doped
CVD-grown diamond (no. 67404), the absorption
increased gradually toward lower wavelengths. A
distinct absorption at 737 nm (0.64 cm™' absorption
coefficient) was also observed in this sample. The
intensity of this peak was stronger than that of all
the Apollo products we have examined so far. Early
products from Element Six showed an emission
line at 737 nm in the photoluminescence spec-
trum, but its absorption intensity was not reported.
In addition, this feature was not detected in sam-
ples grown more recently by Element Six (Mar-
tineau et al., 2004).

DiamondView Imaging. When examined with the

DiamondView, the nitrogen-doped samples exhib-
ited strong orange to orangy red luminescence due
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to both (N-V)? and (N-V)- centers (figure 12, left). In
contrast, the high-purity synthetic crystals lumi-
nesced very weak blue (figure 12, right). The blue
luminescence is believed to emanate from bundles
of dislocations in arrangements not seen in natural
diamond (Martineau et al., 2004). In figure 12 (left),
blue luminescence also can be seen at the four cor-
ners of nitrogen-doped crystal no. 66875, where
extensive dislocations appeared in the anomalous
birefringence image (figure 5B).

Two crystals showed blue phosphorescence in
the DiamondView. One (no. 67404) was nitrogen
doped (figure 13, left), and the other (no. 67405)
was of high purity (figure 13, right). Blue phos-
phorescence is common in many natural type IIb
diamonds and may also occur in some HPHT-
grown synthetic type Ila diamonds (Shigley et al.,
1997; King et al., 1998), but it is rarely seen in

Figure 13. In the
DiamondView, two of
the studied CVD sam-
ples (left, no. 67404;
right, no. 67405) showed
moderately strong blue
phosphorescence, which
is rarely observed in nat-
ural type Ila diamonds.
Photos by W. Wang.
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natural type Ila diamonds. As in the aforemen-
tioned birefringence images, the original position
of the HPHT-grown synthetic substrate also was
observable in most DiamondView fluorescence
and phosphorescence images.

Natural type Ila diamonds usually show blue flu-
orescence in the DiamondView, and they typically
display characteristic “mosaic” networks of polygo-
nized dislocations or dislocations lying in slip bands
(Martineau et al., 2004). A few natural type Ila dia-
monds exhibit orange luminescence, similar to that
of nitrogen-doped CVD synthetic diamonds. Our
extensive examinations have revealed that “mosa-
ic” networks and slip bands are also the predomi-
nant features of natural type Ila diamonds that show
this orange fluorescence (figure 14).

IDENTIFICATION FEATURES

The CVD synthetic diamonds from LIMHP-CNRS
were produced solely for research purposes, but in
the event a similar product ultimately reaches the
gem market it is important to understand the dif-
ferences between these samples and natural dia-
monds, as well as other gem-quality CVD synthet-
ics currently being produced. Although the prod-
ucts examined in this study showed considerable
variation in color and purity, it is clear that deposi-
tion of non-diamond carbon during crystal growth
at relatively high growth rates can be minimized,
leading to the formation of near-colorless gem-
quality crystals. The relatively narrow thickness of
CVD overgrowth (no more than 1.64 mm in the
crystals examined) would limit their potential jew-
elry application to very small gems. However,
other manufacturers (Apollo Diamond, Element
Six, and the Carnegie Institute) have demonstrated
their ability to grow high-quality CVD crystals
thick enough to be faceted as gems. It is feasible

EXPERIMENTAL CVD SYNTHETIC DIAMONDS FROM FRANCE

Figure 14. Characteristic
“mosaic” networks of polygo-
nized dislocations (left, 6.44
mm in diameter) and disloca-
tions lying in slip bands (right,
3.9 mm depth) are the major
features of natural type Ila
diamonds with orange fluores-
cence seen in the Diamond-
View. Photos by W. Wang
(left) and Paul Johnson (right).

that LIMHP-CNRS has a similar capability.

The new LIMHP-CNRS synthetic diamonds
showed distinct differences in optical and spectro-
scopic properties from the suite of Apollo products
examined by Wang et al. (2003), as well as from
the Element Six CVD samples examined by
Martineau et al. (2004). Fortunately, the LIMHP-
CNRS samples we examined could be identified
on the basis of their characteristic birefringence
images, orange or blue luminescence features in
the DiamondView, and/or PL spectroscopic fea-
tures (i.e., emission at 737 nm and a 596/597 nm
pair). Very few natural type Ila diamonds fluoresce
orange or orangy red in the DiamondView, so this
reaction is a good indication that further testing is
necessary. One CVD-specific PL spectroscopic fea-
ture is the weak doublet at 596 and 597 nm, which
was detected in all three nitrogen-doped samples
and in one high-purity CVD crystal in this study.
More importantly, the Si-related defect at 737 nm,
which has never been reported in natural dia-
monds, occurred at varying intensity in all the
samples (both nitrogen doped and high purity)
examined in this study, making it a very useful
identification feature.

CONCLUDING REMARKS

CVD synthetic diamonds from LIMHP-CNRS have
been created solely for research purposes, as both
nitrogen-doped and high-purity samples. These
type Ila products showed considerable variation in
color and impurity concentration. This study
revealed some subtle but clear differences between
the LIMHP-CNRS products and the suite of Apollo
products examined by Wang et al. (2003) and the
Element Six products examined by Martineau et al.
(2004). While the LIMHP-CNRS synthetics show
almost no absorption features in the infrared
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region, they can be reliably identified based on
their characteristic birefringence images, lumines-
cence features in the DiamondView, and/or PL
spectroscopic features.

With the rapid progress in CVD growth tech-
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