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Abstract

Single crystal CVD diamond has been grown on (100)-oriented CVD diamond crystal in six layers
to a total thickness of 4.3 mm, each layer being grown in gas with increasing concentration of
nitrogen. The nitrogen doping efficiency, distribution of color and internal stress have been studied
by SIMS, optical absorption, Raman spectroscopy and birefringence imaging. It is shown that
nitrogen doping is very non-uniform. This non-uniformity is explained by the terraced growth of
CVD diamond. The color of the nitrogen-doped diamond is grayish-brown with color intensity
gradually intensifying with nitrogen concentration. The absorption spectra are analyzed as being
composed of two continua representing brown and gray color components. The Brown absorption
continuum exponentially rises towards short wavelength. Its intensity correlates with the
concentration of nitrogen C-defects. Small vacancy clusters are discussed as the defects
responsible for the Brown absorption continuum. The Gray absorption continuum has weak and
almost linear spectral dependence through the near infrared and visible spectral range. It is ascribed
to carbon nanoclusters which form in the plasma and get trapped into growing diamond. Mie light
scattering on the carbon nanoclusters is shown to substantially contribute to the Gray absorption
continuum and determine its weak linear spectral dependence. A Raman line at a wavenumber of
1550 cm! is described as a characteristic feature of the carbon nanoclusters. The striation pattern
of brown/gray color follows the pattern of anomalous birefringence suggesting that the vacancy
clusters and carbon macro-inclusions are the main cause of internal stress in CVD diamond. A
conclusion is made that high perfection of seed surface at microscale is not a required condition
for growth of low-stress, inclusion-free single crystal CVD diamond. Crystallographic order of
substrate at macroscale is more important requirement for the seed surface.
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Prime novelty and highlights

1. A model is presented for the unusual inclusion of nitrogen and other impurities in diamond

based on the formation of carbon nanoclusters either in the plasma, or on the growing surface.

2. Two major components of UV-Vis absorption spectrum of nitrogen-doped CVD diamond are
Brown continuum and Gray continuum. The Brown absorption continuum is attributed to small
vacancy clusters, and the Gray absorption continuum is attributed to carbon nanoclusters included

in the diamond.

3. Mie light scattering by carbon nanoclusters may be a significant contributor to gray and brown

color of CVD diamonds.

4. It is proposed that the growth of CVD diamond on terraces and macro step edges contributes to

the observed brown color, stress and the doping with isolated nitrogen atoms.



1. Introduction

Nitrogen is the major impurity in diamond. Nitrogen influences all physical properties of diamond
and especially its optical, electronic, thermal and gemological properties. Nitrogen in diamond
has been rigorously studied for decades and now it is one of the most studied impurities in solids.
Although nitrogen doping and behavior of nitrogen have been thoroughly studied in natural and
high pressure high temperature (HPHT) grown synthetic diamonds, there is still no clear
understanding of behavior of nitrogen in chemical vapor deposition (CVD) grown diamonds. As
CVD diamond is becoming increasingly the material of choice in many areas of research and
industry, the lack of the detailed information on the processes of nitrogen doping and the

transformations of nitrogen-related defects in CVD diamond is becoming an obvious issue.

Natural and HPHT synthetic diamonds are grown at high pressure under conditions where diamond
is the thermodynamically stable form of crystalline carbon. In contrast, the growth of CVD
diamond occurs at low pressure where diamond is not the thermodynamically stable and its growth
occurs under highly non-equilibrium conditions [1]. The chemistry of the growth media for CVD
diamond is also different from that in which HPHT synthetic diamonds and natural diamonds
grow. Since the stability of the nitrogen-containing defects and kinetics of their formation strongly
depends on pressure, chemical environment, and time at temperatures relevant to bulk atomic
diffusion, the behavior of nitrogen in CVD diamond is expected to differ from that observed in

HPHT-grown synthetic and natural diamonds.

The most common well-characterized nitrogen related defects in natural diamonds are the C-defect
(single nitrogen atom in a lattice site), the A-defect (two adjacent nitrogen atoms in lattice sites),
the B-defect (four substitutional nitrogen atoms surrounding a vacant lattice site), the N3-defect
(three nitrogen atoms around a vacancy), the H3-defect (two substitutional nitrogen atoms bound
to vacancy) and the NV-defect (close pair of substitutional nitrogen atom and vacancy) (for quick
reference see [2]). In HPHT metal catalyst grown diamonds, the common form of nitrogen is the
C-defect in neutral charge state. In CVD grown diamond, the nitrogen is generally detected as the
C-defects, NV-defects, NVH-defects (a hydrogen atom attached to the NV-defect), etc. Some of

these defects are also known to exist in several charge states [e.g. 3-5].

Some peculiarities of behavior of nitrogen in CVD diamond are the low doping efficiency during

growth [6-8], the low aggregation rate at high temperature (formation of A- and B-defects), and



the formation of many specific defects never observed in HPHT-grown synthetic and natural
diamonds [e.g. 9,10]. In order to get a better insight in the behavior of nitrogen in CVD diamond
we studied nitrogen-doped CVD diamond and, in this communication, we present the results on
the efficiency of doping, internal stress and formation of major defects determining color of CVD

diamond grown in the presence of nitrogen.

2. Experimental

The studies were performed on a CVD diamond grown in the GIA CVD Diamond Lab using the
PLASSYS 150 microwave plasma assisted CVD tool (microwave frequency 2.45 GHz). The
diamond block #5293 was grown on a CVD substrate of size 5x5x0.25 mm? to a total thickness
of 4.3 mm. This substrate was purchased from third parties and no information about its growth
was available. Preliminary spectroscopic characterization revealed that the substrate was of a high
structural perfection, had concentration of optically active nitrogen less than 1 ppm, and had been
annealed at high temperature. Most probably it was HPHT annealing performed with the aim to

remove brownish color, which is typical for commercial as-grown CVD diamond.

The CVD growth was performed in plasma of composition 95.8% of H2 and 4.2% of CH4 at a
pressure of 360 mbar with gas flow rate 150 sccm and microwave power about 3.8 kW. The growth
was performed in 6 runs forming 6 distinctive growth layers. The growth procedure was one and
the same for each layer: ultrasonic cleaning of sample in acetone, pumping out the growth chamber
of the reactor to a vacuum 5x10* mbar, cleaning the sample surface in plasma (90%H2, 10%02)
for about 20 min with gradual pressure rising from 10 to 360 mbar, power rising from 1.5 to 3.8
kW and temperature rising from room temperature to 950°C. During growth, the temperature of
the diamond was kept at 950°C. As the diamond grew and became thicker, the distance between

its growth surface and the plasma ball was adjusted by vertical movements of the sample holder.

The concentration of impurities in the gasses used for growth was specified to be at a level of 10
ppm. No additional gas purification was used in this experiment. Thus, we assumed that the
residual concentration of nitrogen in growth plasma did not exceed 10 ppm. Nitrogen was added
to the gas mixture in amounts: 0 ppm (first layer), 14 ppm (second layer), 27 ppm (third layer), 54
ppm (fourth layer), 82 ppm (fifth layer) and 122 ppm (sixth layer). Correspondingly, the atomic



nitrogen content relative to the atomic carbon content in gas was about 240, 570, 880, 1520, 2130

and 3140 ppm respectively.

After growth, diamond block was cut in several plates along (100) plane perpendicular to the
growth surface (cross-sectional cut). Each plate was mechanically polished on both sides to a

thickness of 0.3 mm. In this research we used three plates #5293-4, #5293-5 and #5293-6.

The plate #5293-4 was irradiated with 1 MeV electrons at a dose of 10'® cm™ and subsequently
annealed in vacuum at a temperature of 800°C for an hour. This irradiation-annealing treatment
was used in order to create additional NV defects and to make the nitrogen present in diamond
well detectable visually via characteristic pink color (Fig. la) and spectroscopically via

luminescence and absorption of NV centers (to be published elsewhere).

Total concentration of nitrogen was analyzed with secondary ion mass spectrometry (SIMS) in the
plate #5293-4 at 30 points across all growth layers from the substrate to the top growth surface
(Fig. 1a). The first two points were chosen on the substrate. Two other plates #5293-5 and #5293-
6 were used for visual examination, for analysis of birefringence, and for the measurements of

optical absorption and Raman scattering (Fig. 1b, 3a).
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Fig. 1. (a) Image of plate #5293-4 after irradiation and annealing. The dots show the places of
SIMS measurements. Angle 12° shows preferential orientation of colored striations with respect
to growth interfaces. The horizontal striations running parallel to the interlayer boundaries are
labeled with (HS). (b) Image of plate #5293-5 used for absorption and Raman measurements.
Positions of interlayer boundaries are shown with arrows. The dashed line rectangles show the
areas selected for absorption measurements. Red vertical lines show the ranges of scans where
detailed Raman measurements were performed. The growth layers are labeled with numbers 1 to

6. The substrate is labeled with 0.

The SIMS measurements were performed with a CAMECA IMS 1280 in the WiscSIMS lab,
University of Wisconsin. A 2.5 nA current of Cs* ions was used as the primary beam. The spot
size ion beam on sample surface was 10x12 pm? with oval shape. Count rates of secondary ions
of 24[12C"2C] and ?['?C'¥N] were measured using two Faraday cups simultaneously. More details
of analytical setting can be found in [11]. Using diamond samples with known nitrogen
concentrations (Tingting Gu, personal communication, Jan, 2019; nitrogen concentrations in
diamond samples, A5359, A5361 and A0927 were determined by SIMS at Canadian Center for
Isotopic Microanalysis) as a standard for nitrogen concentration and for comparison of the nitrogen
concentrations measured with SIMS and nitrogen concentrations measured with FTIR and UV
absorption spectroscopies (to be published elsewhere) allows us to assume that the uncertainty of
absolute nitrogen concentration in ppm does not exceed 10 ppm. The relative differences in

nitrogen concentration measured with SIMS are quite precise.

Raman spectra were measured at room temperature using the spectrometer Nanofinder High End
(LOTIS TII Tokyo Instruments) combined with a 3D scanning confocal microscope. Most
measurements were performed with laser excitation at wavelengths 354.8 nm (solid state laser).
For some measurements, the excitation at wavelengths 473 and 532 nm were used. Most spectra
were measured with a low spectral resolution of 5 cm™!. This resolution was sufficient for correct
measurements of spectral shape and position of broad Raman features like second-order scattering
from diamond and scattering from non-diamond carbon inclusions. The measurements of the
position and width of narrow Raman line at 1332 cm™! were performed with resolution better than

0.25 cm™!. The intensity of the Raman scattering from diamond was measured either by the peak



intensity of the second order feature at 2480 cm™! (for low resolution spectra), or as a product of
peak intensity and width (FWHM) of the line at 1332 ¢cm™!' (for high resolution spectra). The

measurements were performed at many points along the red lines shown in Fig. 1b.

Absorption spectra were measured at room temperature in the spectral range 200 to 900 nm using
a Cary 300 Bio (Agilent Technologies) spectrometer. The measured areas were rectangles of size

about 0.3x1.2 mm? (see fig. 1b).

3. Experimental results
3.1. Visual imaging

In the as-grown state, the plates reveal grayish-brown color in all growth layers (Fig. 1b). After
irradiation and annealing, plate #5293-4 shows a distinctive pink color (Fig. 1a). All interlayer
boundaries are visually discernable. The boundaries between the substrate and the 1st growth layer
(boundary 0-1) and between 4th and 5th layers (boundary 4-5) are very pronounced and seen as
dark sharp lines. The boundary 0-1 has fine complex structure revealing the presence of several
thin layers. The other boundaries are seen as abrupt changes in the color distribution and in the
shape of color patterning. The black color of the boundaries 0-1 and 4-5 evidences the formation
of non-diamond carbon. Although the conditions of the sample surface preparation prior to growth
and the growth regimes were nominally kept identical, these two boundaries turned out to be much

more defective.

The distribution of gray and brown color is very non-uniform revealing irregular diffused striations
and patches. On average, the intensity of brown color (as well as the intensity of pink color in the
plate #5293-4) increases from the 1st layer to the 6th layer as the concentration of nitrogen in the
growth gas goes up. The striations are not ideally parallel and straight. However, most of them
reveal a preferential orientation at an angle about 12° with respect to the interlayer boundaries.
Some striations are oriented horizontally parallel to the growth interfaces. These striations are

labeled with (HS) in Fig. 1a.

Comparing the images of the plates #5293-5 and #5293-4 (Fig. 1), it is seen that the distribution
of brown color follows the distribution of pink color. Some areas have distinctive gray color

component in both plates. This gray color is not so obvious in the areas with dominating brown



and pink colors. Interestingly, the nominally undoped 1st layer has the deepest gray color and it

does not reveal noticeable pink color in plate #5293-4.

3.2. SIMS measurements

The distribution of nitrogen concentration measured by SIMS is shown in Fig. 2. Although there
is a general tendency for the nitrogen content in the diamond to rise with the increase in the
nitrogen concentration in the growth gas, its distribution is highly nonuniform even within one
growth layer. For instance, the variations in the nitrogen concentration in the 6th layer are from 11
to 21 ppm (Fig. 2a). There is a visual correlation of intensity of brown (and related pink) color and
the nitrogen concentration measured with SIMS (Fig. 2a). The areas of intense brown/pink color
have on average higher nitrogen content, whereas the areas of low intensity of color reveal lower
levels of nitrogen. All interlayer boundaries grown with nitrogen content in gas above 20 ppm

reveal maxima in nitrogen concentration.
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Fig. 2. (a) Nitrogen concentration measured with SIMS at 30 points across the whole thickness of
the grown diamond is compared with the optical image of the plate. The growth layers are labeled
with numbers 1 to 6. Dashed vertical lines show positions of the interlayer boundaries. (b)
Maximum, minimum and average concentration of nitrogen measured with SIMS, concentration
of C-defects measured in absorption and the growth rate for each layer are plotted versus absolute

nitrogen concentration in growth gas.



In Fig. 2b, the growth rate of diamond is compared with the nitrogen concentration in diamond. It
is seen that the addition of nitrogen to growth gas substantially stimulates growth rate of diamond.
In contrast, the nitrogen concentration trapped in diamond weakly depends on the nitrogen
concentration in gas. It is especially obvious for the minimum concentration measured in each

growth layer, which remains almost constant at a level of 10 ppm over the whole sample.

3.3 Birefringence

Fig. 3 shows the optical images and birefringence patterns of the plates #5293-5 and #5293-6. The
distribution of the anomalous birefringence is very non-uniform. On average, anomalous
birefringence in the first four layers is much weaker than in the layers 5 and 6. It is especially
strong in the 5th layer close to the boundary 4-5. Interestingly, the boundary 0-1, which is black

and obviously very defective, did not cause noticeable stress in the first growth layer.

Fig. 3. Optical images (a) and birefringence patterns (b) of plates #5293-5 and #5293-6. The arrows

in images show positions of interlayer boundaries.

Layer 5 exhibits the strongest anomalous birefringence (the brightest areas in Fig. 3b). It begins

sharply at the boundary with the 4th layer and, as the 5th layer grows, the birefringence intensity



goes down. The subsequent 6th layer shows weaker anomalous birefringence than the 5th layer.
All interlayer boundaries, with exception of the boundary 4-5, do not reveal strong contrast in the

birefringence intensity.

Birefringence reveals a striation pattern almost all over the sample. In most cases, these striations
do not follow the directions of interlayer boundaries, but the directions of the color striations.
Although the intensity of the anomalous birefringence is the strongest in the layers 5 and 6, where
the brown/gray color is the most intense, and although the birefringence follows the pattern of the
brown/gray color, there is no perfect correlation between them. There are areas with intense color
but low anomalous birefringence while there are low-colored areas exhibiting strong anomalous

birefringence.

3.4. UV-Vis absorption

Absorption spectra measured as an average over each growth layer are shown in Fig. 4a. Spectra
have similar shape for all layers: a continuum of rising intensity towards shorter wavelengths. The
experimental spectra can be well approximated by sum of linear and exponential functions. In Fig.
4b, this approximation is shown for absorption spectra of layers 2 and 6 with functions: y(x)=
[(12.7-0.0078*x)+180*exp(-x/100)] and y(x)= [(7.85-0.0055*x)+85*exp(-x/75)] respectively.
Thus, the long wavelength part of the spectra can be presented by a straight line (Fig. 4a), while at
wavelengths shorter than 650 nm, the fast-rising absorption can be described as exponential.

Intensity of the both continua increases with nitrogen concentration in diamond (Fig. 4c).

On the background of these continua, the broad bands at wavelengths 270, 370 and 510 nm are
seen. Intensity of the 270 nm band correlates with the intensity of the exponential absorption

continuum (Fig. 4c¢).
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Fig. 4. (a) Absorption spectra measured in layers 1 to 6. Dashed lines show linear absorption
continua for layers 2 and 6. (b) Experimental absorption spectra (solid lines) approximated by
functions y(x)= [(12.7-0.0078*x)+180*exp(-x/100)] for layer 6 and by function y(x)= [(7.85-
0.0055*x)+85*exp(-x/75)] for layer 2 (dashed lines). (c) Absorption intensities at wavelength 800
nm (intensity of the linear continuum, gray color component), at wavelength 300 nm (intensity of
exponential continuum, brown color component, intensity of gray continuum subtracted), and
concentration of C-defects (calculated from intensity of 270 nm band) plotted versus average

concentration of nitrogen measured with SIMS.

Intensity of the exponential absorption continuum increases with nitrogen doping faster than that
of the long wavelength straight-line absorption. The absorption spectra of layers 1 and 2 in the
whole visible spectral range appear to be only that of the straight-line continuum. The color of

these two layers is gray without visible brown component. Thus, we ascribe the straight-line



absorption continuum to the gray color and term it the Gray absorption continuum. The color of
layer 6 is obviously brown and the presence of the fast-rising absorption continuum in its spectrum
is significant. Therefore, we ascribe the exponentially-rising absorption continuum to the brown
color and term it the Brown absorption continuum. It is seen that the brown color becomes
progressively dominating over gray color with the increase in nitrogen concentration. In low-
nitrogen layers, the dominating color is gray. This difference is clearly seen when comparing

colors of the layers 1 and 6 in Fig. 1 and in Fig. 3a.

3.5. Raman measurements

Raman spectra taken at many points over all the growth layers are qualitatively similar (Fig. 5).
Very strong first order Raman line at 1332 cm™! and pronounced band of two-phonon scattering in
the range 2200 to 2660 cm™' dominate the spectra. Minor broad lines at wavenumbers about 1550,
1590, 2865 and 3100 cm™! are also present in the spectra. Spectral widths of these lines are about
35, 35, 65 and 95 cm! respectively. A weak feature at a wavenumber 1420 cm! is always seen as
a little shoulder on the wing of the major 1332 ¢cm™! line. Because of the strong overlapping with
the diamond Raman line, we can make only an approximate estimation of its width which amounts
about 20 cm!. As these features are detected in spectra taken with different excitation wavelengths,
we are confident assigning them to Raman scattering. Spectral position of these lines can vary up

to £10 cm™! when measured in different places.

1200

1R boundary 0-1 1R bondary 3-4 b
1420 1500 +
1000 4
2 1550 »
% 800 + E 1200 4
g :
< 6004 +100 ©
= 2 9004 1545
& 400 g
< +70 %
200 A’J +40 600
0
0 N T T T T 300 T T T T
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500

Raman shift, cm™’ Raman shift, cm’’



2500

boundary 4-5 3100

2000

1500

1000

Intensity, arb. units

500

0 T T T T
1000 1500 2000 2500 3000 3500

Raman shift, cm™

Fig. 5. Selected Raman spectra (excitation with 354.8 nm laser) measured close to interlayer
boundaries. (a) Boundary 0-1: in substrate, 40 pm away from the boundary (-40); in the 1st layer,
40 pm (+40), 70 um (+70) and 100 um (+100) away from the boundary. (b) Boundary 3-4: in the
3rd layer, 10 um (-10) and 90 pm (-90) away from the boundary. (c) Boundary 4-5: in the 4th
layer, 40 um away from the boundary (-40) and in the 5th layer, 40 pm away from the boundary
(+40). The spectra labeled with 0 were taken at the boundaries. Intensity of all spectra are adjusted

to equal intensity of the diamond Raman line at 1332 ¢cm™! and shifted vertically for clarity.

The lines 1550, 1590, 2865 and 3100 cm™! have elevated intensity in the spectra of the defective
interlayer boundaries 0-1 and 4-5 seen as black lines (Fig. 5¢). However, they can be also relatively
intense in the spectra of visually inclusion-free regions. Interestingly, the high-quality interlayer

boundary 3-4, which is hardly visible in microscope, reveals these Raman features too (see Fig.

5b).

Intensities of the lines 1550, 2865 and 3100 cm™!' strongly fluctuate from point to point. This
sporadic behavior is demonstrated in Fig. 6a for the line 1550 c¢m'. Notwithstanding the
fluctuations, average intensity of the line 1550 ¢cm™! slightly increases from layer 1 to layer 6. In
contrast, the line 1590 cm! is clearly seen only in spectra of the most defective boundaries 0-1 and
4-5 and in the areas of the first layer where black inclusions are pronounced (Fig. 6b). Its intensity
is at the detection limit in the spectra taken from the bulk of the layers and from the boundaries 1-

2, 2-3, 3-4 and 5-6 where no visible black inclusions are present.
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continua. Solid line shows the linear fit of the intensity distribution of the Raman line 1550 cm™!
with Pearson's correlation factor 0.53. Dashed line shows the tendency in the intensity change of
the Brown absorption continuum. (b) Detailed distribution of intensities of Raman lines 1550 cm-
I (open circles) and 1590 cm! (solid circles) over (0-1) and (1-2) boundaries. Vertical dashed lines

show positions of the boundaries.

Comparison of the intensity of the Gray absorption continuum with the average intensity of the
1550 cm™! Raman line reveals their correlation (Fig. 6a). The linear fit of the increase in intensity
of the 1550 cm™! line (shown with solid line in Fig. 6a) has correlation factor of 0.53 and it well
follows the increase in intensity of the Gray absorption continuum. No such correlation is seen
between the intensities of the Brown absorption continuum and the 1550 cm™! line. Other Raman
lines do not show reasonable correlation neither with Gray, nor with Brown absorption continua.
See, for instance, the intensity distribution of the 1590 cm! line in Fig. 6b. The 1590 cm™! line is

not detectable even at the end of the 6th layer, which has the strongest brown/gray color.

Intensity, spectral width and spectral position of the diamond Raman line 1332 cm™! measured in
many places all over the sample is shown in Fig. 7. The measurements were performed especially

thoroughly close to the interlayer boundaries.
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and spectral position of diamond Raman line in low-stressed layers 1 to 4.

Intensity of the diamond Raman line, measured as the product of its peak intensity and its width,
reduces at the interlayer boundaries (Fig. 7 a, d). This reduction is particularly strong at the most
defective boundaries 0-1 and 4-5. The minimum intensity of the Raman line is found at the

interlayer boundary layer 4-5, which is probably the most defective region.

In general, the line 1332 ¢cm™!' broadens at interlayer boundaries (Fig. 7 b, €). Surprisingly, no
broadening is observed at the boundary 0-1, which is very defective. In contrast, the boundary 4-
5, which is visually as defective as the boundary 0-1, reveals very strong broadening of Raman
line. The broadening at the boundary 4-5 is especially pronounced on the side of the 5th layer.
Spectral position of diamond Raman line is stable all over the sample but at the boundary 4-5,
where it shows some oscillatory behavior. The spectral position shifts interchangeably towards
greater and smaller wavenumbers when moving across the boundary 4-5 and into the 6th layer.

Detailed distributions of intensity, spectral width and spectral position of Raman line across the



boundary 4-5 are shown in Figs. 7 d, e, f. It is seen that the spectral shift of Raman line is stronger

on the side of layer 5 than on the side of layer 4 (Fig. 7f).

4. Discussion
4.1. Brown color

The gray and brown colors are the main color components of as-grown sample. We attribute these
colors to the Gray and Brown absorption continua described above. The dominating pink color of
the irradiated and annealed plate is obviously due do absorption on negatively charged NV defects
(NV- centers). The fact that nitrogen-doped CVD diamonds acquire pink color after irradiation
followed by annealing at moderate temperatures (e.g. after electron irradiation at a dose of 10'®
cm? followed by heating at 1000°C) is well-known [9,12-15]. Therefore, there is no need to
present and discuss in this communication the absorption spectra of pink areas. There is a visual
correlation between the intensities of brown and pink colors suggesting that they both relate to
nitrogen doping (compare Figs. 2a and 3). This observation is also supported by SIMS (Fig. 2a)

and absorption (Fig. 4c) measurements.

A very pronounced feature of the color distribution is striations. Strong non-uniformity of the
distribution of brown color is typical for CVD diamond [e.g. 12,16]. The origin of formation of
these striations has not been established conclusively yet. However, the model based on growth at
step edges and terraces [12] is very plausible. Our preliminary measurements of the orientation
and shape of the terraces suggest that the terrace edges form mostly along (111) planes. Edges of
some striations are oriented along (110) plane (to be published). In our sample plates cut along
(100) plane, most of striations run at an angle 12° with respect to the growth surface. We assume
that these striations have been formed by (111)-edged terraces. In order to make this slope, the
growth rate of (111)-oriented edge, and correspondingly the horizontal propagation of terrace
along <100> direction, must be about 7 times faster than the vertical growth of the (100)-oriented
terrace flat. Relatively high growth temperature used in our case is probably one of the reasons of
the fast growth of the (111)-oriented facets [17,18]. CVD diamonds grown on (111)-oriented
substrates are more defective than the grown on (100)-oriented substrates [17 and references

therein]. These defects are likely the cause of the brown color of the striations. Incorporation of



nitrogen during diamond growth also occurs preferentially in (111)-oriented sectors [19]. Thus,

the striations are expected to be more defective and contain higher concentration of nitrogen.

In some CVD diamonds [e.g. 14,20] and even within one diamond sample the brown striations can
have different orientations. For instance, a few striations in our samples are oriented parallel with
respect to the substrate surface (horizontal striations) (Figs. 1, 3). We found that in our case these
striations are cross-sectional images of the 12°-angled striations viewed in (100) plane cut

perpendicular to the direction of their propagation.

One could think of other possible reasons of formation of color striations like the fluctuations in
the flux of nitrogen impurities to the growth surface, or the variations in temperature of the growing
surface. SIMS measurements show strong fluctuations in the rate of nitrogen incorporation during
growth (Fig. 2a). These fluctuations though cannot be explained by the fluctuations of the nitrogen
concentration in the gas reactants. The reactor operation and the flow of gas components were
very stable during growth. Temperature variations seem to be a more plausible explanation of the
formation of striations [ 14]. However, in our experiment, the temperature variations of the growth
surface did not exceed 40°C. Could these little temperature variations result in such large

fluctuations in nitrogen content and in color?

The brown striations of CVD diamonds are similar in appearance to the brown striations of natural
diamonds. Correspondingly, the optical absorption spectra of brown CVD diamonds are similar to
the spectra of natural brown diamonds [e.g. 12,21,22] (Fig. 8a). In both cases, Brown absorption
continua can be well fitted by exponential functions. However, despite the similarity of the optical
features, the thermal stability of the defects causing brown color in CVD diamonds is lower than
in natural diamond [13]. Because of this difference, the model of globular vacancy clusters
commonly used for the explanation of brown color in natural diamonds [23], has not been fully
accepted for CVD diamonds. Formation of vacancy discs, which have lower thermal stability, was
proposed in [24,25] to account for the color of brown CVD diamonds. We follow the vacancy
cluster model though without going into details concerning the shape of these clusters. Vacancy
clusters of any shape and size have no definite atomic structure and consequently no definite
electronic structure. Thus, any vacancy clusters should generate broad featureless continua in
optical absorption like those shown in Figs 4 and 8. In CVD diamonds, which grow at lower

temperatures and for much shorter time than natural diamonds, the vacancy clusters are expected



to be smaller. We assume that small vacancy clusters, irrespective of their shape, have lower

temperature stability than large ones.
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Fig. 8. (a) Comparison of Brown absorption continuum of layer 2 with the absorption continuum
of brown natural diamond taken from [22]. Dashed curve shows exponential fitting curve y(x) =
3.08-2.97{1-exp[-(x-237.7)/111]}. Dotted line show intensity of simulated Mie scattering. (b)
Change in intensity of Brown and Gray absorption continua from layer 1 to layer 6 is compared
with the growth rate, average nitrogen concentration measured by SIMS and concentration of C-

defects measured in absorption.

Although we assume that the optical absorption on vacancy clusters is the main origin of the Brown
absorption continuum, the contribution of light scattering could be substantial too. For clusters
much smaller that the wavelength of visible light it is Rayleigh scattering, while for the larger
clusters (nanocavities) Mie scattering [26] is the preferable mechanism of scattering. Simulation
of intensity of Mie scattering [27] on spherical vacancy cavities of size 40 nm in diamond matrix
for a concentration about 102 cm resulted in a surprisingly good fit with the experimental
absorption spectrum of natural diamond. In spite of this result we do not suppose that Mie
scattering is the main contributor to Brown absorption continuum. The fact that Brown absorption
continuum is detected by photothermal deflection spectrometry [28] is a proof that optical
absorption is dominant. However, the contribution of scattering should not be ruled out as

negligible.



We have found that the growth rate of our CVD diamond did not have primary influence on the
generation of brown color (Fig. 8b). The intensity of brown color increases much faster than the
growth rate. We can conclude that the growth rate and the intensity of brown color are not closely
related. In support of this conclusion we have examples of brownish CVD diamonds grown at a

low rate below 10 pm/h and near-colorless CVD diamonds grown at a rate as high as 50 um/h.

With addition of nitrogen, the intensity of brown color goes up (Fig. 8b). However, not all nitrogen
trapped into growing diamond influences the brown color equally. The intensity of the Brown
absorption continuum correlates well only with the concentration of nitrogen C-defects, but not
with the total nitrogen concentration measured by SIMS. The brown color intensity also follows
well the nitrogen concentration in growth gas. We assume that the influence of nitrogen on the
generation of brown color occurs via the change in morphology of growing surface. It is well
known that the growth morphology of CVD diamond strongly depends on the presence of nitrogen
in growth gas. Thus, we assume that the nitrogen-induced change in morphology favorable for
terraced growth is the direct factor of the formation of vacancy clusters, generation of brown color

and the stimulation of the capture of isolated nitrogen atoms from plasma.

The optical absorption bands at 270, 370 and 510 nm in Fig. 4a are ascribed to nitrogen-containing
defects [5,29,30]. These bands are observed in absorption spectra of most CVD and natural
diamonds. The 510 nm band (520 nm band in some publications, e.g. [12,15]) is likely an analog
of the Pink band (a broad band with maximum at wavelength about 550 nm), which is
characteristic of absorption spectra of natural pink and brown diamonds [13,22,30,31]. The 510
nm band can be enhanced by high temperature annealing (to be published) in the same way as it
is known for Pink band in natural type Ila brown diamonds [22]. Although the nitrogen-related
bands 270, 370 and 510 nm are not the direct constituents of Brown absorption continuum, their
presence may substantially contribute to the intensity of brown color in nitrogen-doped CVD

diamonds.

The relation between nitrogen doping and brown color is not specific of CVD diamond only. A
vast majority of natural diamonds are brown and a vast majority of natural diamonds are nitrogen-
doped. Are these very well-known facts related? Of course, vacancy clusters can be generated by
mechanisms other than nitrogen doping. Plastic deformation, drift of dislocations and irradiation

are the natural processes very effective in creation of vacancies. However, there are many



examples of natural brown diamonds which do not show any evidence of these processes. Many
non-deformed and non-irradiated natural diamonds are nitrogen-containing and brown. Could it
be that the presence of nitrogen in the growth medium of these diamonds and the nitrogen doping
were the factors which stimulated their brown color? For natural diamonds, the percentage of
brown stones is much higher for type I diamonds than type Ila diamonds. Surface morphology of
type I natural diamonds is much better than the surface morphology of type Ila diamonds. Are
these facts not something resembling the nitrogen-free and nitrogen-doped CVD diamonds? A
supposition can be made that for natural diamonds, like for CVD diamonds, nitrogen doping makes
growth morphology smoother, reduce internal stress but, unfortunately, stimulates the generation

of brown color.

4.2. Gray color

A distinctive feature of the absorption spectra shown in Fig. 4a is the Gray absorption continuum,
which is the cause of gray color. We ascribe this continuum to extended sp?>-bonded defects. These
defects are not point defects with well-defined atomic and electronic structure. Point defects would
result in a structured absorption with distinctive features related to discrete electron and electron-
vibrational transitions. Clusters of pi-bonded (sp?) carbon are a likely model of these defects. Since
they are not seen in optical microscope with x2000 magnification, we will call them “carbon

nanoclusters”.

Many carbon particles are not transparent to visible light. So, the effect of light scattering on carbon
nanoclusters could be substantial. For carbon nanoclusters of size comparable with wavelength of
visible light, Mie scattering [see e.g. 26] dominates over Raleigh scattering. We test this idea by
performing a simulation of Mie scattering assuming spherical shape of carbon nanoclusters in
diamond matrix (Fig. 9). Refractive index and extinction coefficient of graphite at wavelength 630

nm (2.7 and -1.4 respectively) [32] were used for the calculations.
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Fig. 9. Spectral dependence of intensity of Mie scattering on graphitic nanoclusters in diamond
matrix. (a) Scattering on clusters of size 50 nm (1), 100 nm (2), 150 nm (3) and 200 nm (4) for a
concentration of 2x10'® c¢cm™. (b) Scattering intensity on 60 nm graphitic clusters for
concentrations 1.3x10'' ¢m™ (1), 2x10!'" ¢m™ (2) and 2.5x10'"" cm™ (3) are shown with dashed
lines. Solid lines show experimental Gray absorption continua for layers 2 (lower line) and 6 (upper

line) approximated by straight lines.

It is seen in Fig. 9a that the intensity of Mie scattering strongly depends on carbon cluster size.
However, the spectral dependence is weak with almost linear increase as light wavelength
decreases from 900 to 300 nm (Fig. 9a). For small clusters of size 50 nm and below, spectral
dependence becomes increasingly superlinear. This super-linearity is the contribution of
increasing Raleigh scattering. In Fig. 9b, the results of the simulation for 60 nm clusters with
different concentrations are compared with the experimental Gray absorption continua. The closest
match is obtained for cluster concentrations in the range from 1.3x10!'' cm™ and 2.5x10'" ¢m™.
Thus, Mie scattering by carbon nanoclusters may be a major contributor to the gray color. Optical
absorption of the nanoclusters may also contribute to the gray color as the clusters likely contain
extended sp? bonded networks which absorb throughout the visible and UV portions of the

spectrum.

Hydrogen is also a contributor to gray color component in diamonds. Natural diamonds of gray
color contain considerable amount of hydrogen present in the form of optically active defects [33-

35]. In nature, diamonds always grow in the presence of hydrocarbons (mainly methane and the



products of its dissociation), carbon oxides, nitrogen hydrides, hydrogen and other hydrogen-
containing molecules [36,37]. The crystallization of diamond occurs directly during dissociation
of hydrocarbons into carbon and hydrogen in any growth medium: gaseous, silicate solutions, or
metal melts. During diamond growth, hydrogen forms CH moieties on diamond surface, on the
edges of graphite crystals, or bonds to sp? bonded carbon defects. Thus, the amount of the hydrogen
trapped into diamond substantially depends on the concentration of the graphitic or sp? bonded

inclusions and their size: the smaller the inclusions, the greater hydrogen concentration.

4.3. Carbon nanoclusters

Further evidence of the existence of non-diamond carbon inclusion are the Raman features at
wavenumbers 1420, 1550, 1590, 2865 and 3100 cm™!'. They are detected all over the sample.
Although these lines are present together in many spectra, they do not show good correlation in
intensity and therefore are attributed to different defects and/or inclusions of different carbon
phases. Variations in the spectral positions of these lines suggest that the carbon inclusions vary
in shape and size, and/or they experience strong perturbations in the stressed diamond lattice.
Alternatively, a varying spectral position can be the result of a complex structure of Raman band

composed of several strongly overlapping components.

The lines 1420, 1550, 1590, 2865 and 3100 cm™! are not unique of nitrogen-doped CVD diamond.
They are common features of Raman spectra of ion-implanted diamonds, low quality CVD
diamonds grown by the torch-flame method, strongly deformed and damaged natural diamonds
and diamond-like materials [e.g. 2,38-41]. The Lines 1550 and 1590 ¢cm' are most likely the
components of graphite G-band [42-44]. Traces of G-band are always observed in Raman spectra
of as-grown CVD diamonds serving a reliable indicator of the presence of sp>-hybridized carbon

inclusions.

In general, the intensity of non-diamond Raman features, in particular the intensity of 1550 cm!
line, follows the intensity of gray color (Fig. 6a). This correlation shows that the deterioration of
color of as-grown CVD diamonds relates to the presence of non-diamond inclusions. The fact that
non-diamond Raman features are present in spectra of defective interlayer boundaries, high-quality
interfaces and perfect bulk is suggestive that it is not the quality of growth that primarily controls

the concentration of the carbon nanoinclusions, but their flux to the growing diamond surface.



Strong fluctuations of intensity of the non-diamond Raman lines shown in Fig. 6 are likely the
consequence of low concentration of carbon nanoclusters and their random distribution. The
simulation of Mie scattering suggests that the carbon nanoclusters in gray CVD diamond are tens
of nanometers in size and their concentration is in the order of 10'! to 10'2 cm?. The average
distance between the nanoclusters is about 5 pum. The parameters of the confocal Raman
spectrometer used (laser focal spot of 1 um and depth of focus of a few microns) suggest why the
intensity of the non-diamond Raman lines fluctuates so much. The spatial resolution of the Raman
measurements is comparable with the average distance between the nanoclusters. Thus, the
probability of probing the areas with a few nanoclusters and the areas with no nanoclusters may

be comparable.

The available experimental data do not give us enough ground for a detailed comment on the
atomic structure of the carbon nanoclusters. They could be heavy CnH: species formed in the cooler
outer regions of plasma [45,46,47] or solid carbon particles [48,49] which are not thermally
desorbed or etched by atomic hydrogen. Alternatively, these carbon nanoclusters could be
nanoscopic regions of non-diamond formations on the diamond surface. The dominating presence
of 1550 cm™! Raman line suggests that aggregates with graphite-like atomic structure are likely

candidates.

It is well accepted that the growth of CVD diamond is driven primarily by the flux of atomic
hydrogen at the surface (refs. 1, 60, 61). Etching processes of non-diamond and diamond carbon
are competing in this atomic hydrogen flux, so the stability and incorporation of the carbon

nanoclusters will depend on many factors.

It is reported that the color grade of CVD diamond improves with the increase in the flow rate of
growth gas in CVD reactor [45, 46]. If the carbon nanoclusters are formed in plasma, then one
might expect their concentration and size to depend on the gas residence time in the reactor
chamber [49]. The faster flow of gas, the smaller size of solid carbon nanoclusters and the lesser
their concentration at the diamond surface. The formation of carbon nanoclusters in the plasma is
supported by the good correlation of the intensity of Gray absorption continuum and the growth

rate (Fig. 8b).

An unexpected result of our experiment is the very different quality of the interlayer boundaries.

Although we followed one and the same procedure of the sample surface preparation before growth



and used the same growth conditions for all growth runs, the boundaries 0-1 and 4-5 became
conspicuously black with high amount of non-diamond carbon inclusions, while other interlayer
boundaries became much lesser defective suggesting inclusion-free structure. We conclude that
the quality of interlayer boundaries between CVD diamond layers is not determined only by the
procedure of the surface preparation and the major growth parameters like the gas composition,
gas pressure, plasma power density and substrate temperature, but by some other factors, which

still remain unknown.

4.4. Striations and Stress

The distribution of anomalous birefringence (Fig. 3) suggests that the stress in the first four layers
is much weaker than in the layers 5 and 6. Stress is especially strong in the 5th layer close to the
highly defective boundary 4-5. Interestingly, the boundary 0-1 and the dark black regions of the
layer 1, which are seemingly as defective as the boundary 4-5, did not cause noticeable stress in
the bulk of the first layer. In layer 5, high lattice stress starts to form just at the interface 4-5. As
the 5th layer grew, the stress went down. The following 6th layer grew with substantially less
stress. These observations suggest that the presence of macroscopic defects on the growth surface
do not necessarily prevent formation of low stressed diamond. A sort of "self-healing" takes place,
which improves crystal lattice as the growth proceeds. We assume that the long-range
crystallographic order of the substrate is more important requirement for the formation of
continuous single crystal. Indeed, CVD growth occurs in many places over the substrate. These
initial crystal islands become larger and, when perfectly aligned, merge into single crystal
overgrowing local imperfections of the initial surface. This effect is especially evident in the first
layer, which grew on visually very defective interface, but nevertheless did not collapse into

polycrystal and even did not develop noticeable internal stress.

More detailed information on the distribution of stress has been obtained from the measurements
of intensity, spectral width and spectral position of the diamond Raman line at 1332 cm! (Fig. 7).
The intensity of Raman line reduces at all interlayer boundaries (Fig. 7a,d). This reduction is
particularly strong at the most defective boundaries 0-1 and 4-5. Obviously, the lower intensity
can be explained by the presence of high concentration of carbon nano-inclusions, which reduce

the optical transparency and also can reduce the lifetime of diamond phonons.



Spectral position of Raman line provides information on the hydrostatic component of crystal
lattice deformation. Hydrostatic lattice compression shifts diamond Raman line towards greater
wavenumbers, while the lattice expansion causes shift towards lower wavenumbers. In the regions
close to interlayer boundaries, two-dimensional (100) and equivalent uniaxial <100> stress can be
substantial too. Averaging the data obtained in numerous publications, see e.g. [50-55], we assume
that the rate of the Raman line shift is about £2.5 cm™!/GPa (positive for compression and negative
for expansion). Thus, the maximum stress of compression and expansion observed at the most

stressed boundary 4-5 is about 0.4 GPa and 1.5 GPa respectively.

Change in the spectral position of Raman line at the boundary 4-5 shows that there is a narrow
interface layer experiencing strong deformation of expansion. This swelled layer is sandwiched by
two adjacent compressed regions in layers 5 and 6. This formation looks like a long-range

compression-expansion wave propagating through the whole layer 5 and disappearing in layer 6.

It is remarkable that the compressed region of layer 4 does not exhibit strong anomalous
birefringence. Large areas of layer 4 adjacent to the boundary 4-5 do not show anomalous
birefringence at all. The absence of anomalous birefringence is the manifestation of unchanged
symmetry of diamond cubic lattice, what is possible only in case of hydrostatic stress. Very strong
anomalous birefringence on the side of layer 5 is an indicator of non-hydrostatic character of the

tension in layer 5.

Similar to color pattern, the birefringence pattern also shows striations (Fig. 3). In most cases, the
birefringence striations follow the direction of color striations. The intensity of anomalous
birefringence is the strongest in layers 5 and 6, where the brown/gray color is the most intense.
Thus, we conclude that the insertion of carbon nanoinclusions and the formation of vacancy

nanoclusters is an important reason of the stressed lattice.

Although the birefringence follows the color pattern, the correlation between them is not perfect.
There are areas with intense color but low anomalous birefringence, while there are low-colored
areas exhibiting strong birefringence. This observation suggests that the carbon nanoclusters and
vacancy clusters are not the only culprit of internal stress. The other agents could be dislocations
and nitrogen. Dislocations can add to the stress substantially without deteriorating color quality
[56]. Direct influence of nitrogen upon internal stress is expected to be negligible because of its

low concentration. As shown in [57,58], the nitrogen-related broadening of Raman line in diamond



becomes substantial only at concentrations of C-defects over 100 ppm. However, an indirect
influence of nitrogen, e.g. via the nitrogen-induced twinning, or via the nitrogen-stimulated

formation of vacancy clusters, is a possibility.

4.5. Nitrogen doping

The efficiency of nitrogen incorporation in our sample, if measured for the total nitrogen
concentration with respect to the carbon concentration, is about 10-2. However, if measured for the
optically and paramagnetically active C-defects, it drops down to 10-3. The latter value is in accord
with most previous reports on nitrogen-doped single crystal CVD diamonds [e.g. 8, 59-61]. The
difference between the total nitrogen content and the concentration of C-defects is remarkable.
Other substitutional nitrogen point defects, NV, NVH, are generally a small fraction of the detected
C-defects [8]. The difference is especially great for low nitrogen concentration in gas. Another
remarkable distinction between the total nitrogen concentration and the concentration of C-defects
in diamond is that the total concentration weakly depends on the nitrogen content in gas, whereas
the C-defect is actually proportional to it. These peculiarities suggest that at least two very different

mechanisms of doping drive nitrogen into growing CVD diamond.

Strong non-uniformity of nitrogen doping following the color pattern is likely the result of the
terraced character of growth of CVD diamond [12]. The (111)-oriented edges of terraces are more
effective in capturing nitrogen than their (100)-oriented flats resulting in layerd incorporation of
nitrogen. Although there is a similarity between the the color striations and the distribution of the
total concentration of nitrogen, the match is not perfect suggesting that the terraces are not the only

explanation of the nitrogen non-homogeneity.

It has been discussed in numerous publications that the incorporation of nitrogen in CVD diamond
depends on many factors including the nature of the reactive species and their flux to the growth
surface, the local stereochemistry, the energetics of the bonding of the reactive species to the
surface, and potential etching of bonded species. Experimentally, it has been observed that growth
on (111)-oriented planes or local sites incorporates nitrogen as an impurity much more likely than
nominal (100) surfaces [62,63]. Since the CVD diamond growth discussed in this work and in
references was performed at temperatures above 800°C, species reacting with the surface must

form relatively strong chemical bonds to the surface to survive long enough to get grown into the



bulk. While the growth of single crystal CVD diamonds is usually performed on nominal (100)
diamond surfaces, these surfaces are generally not smooth, often displaying macro-steps and island
edge contours on the surface [8]. The stereochemistry of these localities and edges is different
from a (100) surface generally looking like (111), (113), or even (110) surfaces [63-65].
Additionally, it has been observed by many groups that trace additions of nitrogen (0 to 10 ppm)
to the gas reactants can dramatically increase the growth rate and change the surface morphology
[66,6]. A mechanism of the catalytic role of N for the growth rate on (111) surfaces has been
discussed in [68]. All these proposed models and mechanisms of doping cannot explain the
pronounced differences between the total nitrogen concentration and the concentration of
substitutional nitrogen point defects as well as the very strong non-homogeneity of nitrogen

distribution described above.

We propose an explanation for the above experimental observations assuming two major
mechanisms of nitrogen doping for CVD diamond. The first is the regular doping with atomic
nitrogen species (e.g. CN) from plasma. The new proposal is the incorporation of carbon
nanoclusters containing or terminated with nitrogen. The first mechanism is likely responsible for
the substitutional nitrogen (e.g. C-defects, NV, NVH). As for any regular atomic doping during
crystal growth, the concentration of dopant in crystal is proportional to the concentration of dopant

in growth medium. This is what is observed for the concentration of C-defects (Fig. 2b).

Both doping with single nitrogen species and doping via incorporation by carbon nanoclusters are
responsible for the total concentration of nitrogen. However, since the total nitrogen concentration
is much higher than the C-defect concentration, we conclude that the major amount of nitrogen
comes into the diamond associated with the carbon nanoclusters. The nitrogen in the non-diamond
carbon cluster is likely not an optically active point defect. The C-N atomic bonds holding nitrogen
atoms on carbon nanocluster are very strong and nitrogen is not released into diamond lattice to
form optically active point defects. Thus, this nitrogen is not detected optically. However, it is
measured by SIMS. This may explain why the nitrogen concentration measured by SIMS follows
intensity of the Gray absorption continuum (Fig. 8b). Indeed, in both cases, the intensity of SIMS

signal and the strength of absorption primarily depend on the concentration of carbon nanoclusters.

The area probed by SIMS instrument is a few micrometers in size which is comparable with the

average distance between the carbon nanoclusters. This explains why the nitrogen concentration



measured by SIMS is so fluctuating. The SIMS signal simply follows the random distribution of

carbon nanoclusters.

The nitrogen doping via incorporation of carbon nanoclusters can also explain the weak
dependence of the total nitrogen concentration in diamond on the total concentration in gas. If the
carbon nanoclusters are more reactive to nitrogen species either in the plasma or on the surface,
then the surface of nanoclusters becomes rapidly saturated with nitrogen and the amount of
nitrogen entering diamond will not depend as strongly on the nitrogen concentration in gas, but

only on the concentration and size of nanoclusters.

We suggest that the carbon nanocluster mechanism of doping can work for other impurities too,
for instance, for hydrogen and oxygen. There are experimental observations suggesting this
similarity for nitrogen and hydrogen. For instance, the efficiency of doping of CVD diamond with
hydrogen decreases with the increase in the gas flow rate in the same way as for nitrogen [45].
Hydrogen is also known as a specie effectively terminating carbon nanoparticles. This termination
is stable enough and carbon nanoclusters do not release hydrogen upon being grown-in in diamond.
Thus, the measurements of total hydrogen concentration in CVD diamond by direct methods
(SIMS, NMR, ion scattering), which are not selective with respect to atomic structure of impurity,
always yield much greater value (up to a few tens of percent in polycrystalline diamond) [69]. At
the same time, optical absorption and EPR on single crystal diamond, which are sensitive only to

dispersed forms of impurity, never reveal hydrogen concentration over a few tens of ppm [e.g. 69].

5. Conclusion

In this work we have grown a 4.3 mm thick block of single crystal diamond by CVD in 6 stages
with increasing nitrogen concentration in the gas reactants. The sample was extensively studied
using microRaman, SIMS, UV-Vis absorption, and birefringence imaging. The bulk total nitrogen
concentration as measured by SIMS was highly variable within each growth epoch but generally
increased with the nitrogen added to the reactants. The color of the bulk diamond was also highly
variable and generally increasing with the gas phase nitrogen concentration. The color is attributed
to multiple absorption components, a Grey absorption continuum, a Brown absorption continuum,
and absorption by substitutional lattice nitrogen defects. Optically active nitrogen in the lattice

was only a small fraction of the total nitrogen in the bulk.



We suggest that the brown color is due to small clusters of lattice carbon vacancies, while the gray
color is due to pi-bonded sp? “carbon nanoclusters” grown-in in the lattice. A simple model of Mie
light scattering by spherical graphitic nanoparticles supports the interpretation of the Gray

absorption continuum, which may also contain some pi-pi optical absorption.

We also suggest that the carbon nanoclusters may contain a significant nitrogen or hydrogen
component (e.g. in form of surface termination) which may explain the high level of total bulk

impurity concentration detected by SIMS.

The origin of the “carbon nanoclusters” is unknown. They could form in the plasma or on the
growing surface. Indirect evidence seems to support the formation of solid carbon nanoparticles

in the plasma.

It is shown that the brown/gray color and the internal stress in CVD diamond are related effects.
The striation pattern of brown/gray color is followed by the pattern of anomalous birefringence.
Thus, the higher concentration of vacancy clusters and non-diamond inclusions the higher internal
stress of crystal lattice. The terraced growth on nominally (100) surfaces is a likely explanation of
the formation of striation. The terrace edges oriented along (111) are assumed to be the sites of

effective trapping of nitrogen and generation of vacancies.

A practically important conclusion is that the high perfection of seed surface at microscale is not
a required condition for the growth of low-stressed diamond single crystal. Crystallographic order
at macroscale is much more important. A low-stressed, low-inclusion diamond can be grown even
on single crystal surface with high concentration of macro inclusions. This conclusion is in accord
with the well-known practice in CVD diamond industry when gem quality CVD diamonds are

grown on relatively rough laser-cut seeds without prior polishing.
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