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Manipulation of the In Situ Nitrogen-Vacancy Doping

Efficiency in CVD-Grown Diamond
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Tingpeng Luo, Jan Jeske, and Oliver Ambacher

Herein, the in situ generation of nitrogen-vacancy (NV) centers in diamond
during chemical vapor deposition (CVD) is investigated depending on the
electric-field strength at the sample position. The alteration of the electric-field
strength is induced by changing the resonance conditions within the resonator
cavity while keeping the growth input variables constant. The electric-field
strength distribution is obtained by simulation results. During the growth
experiments, optical-emission spectroscopy data is collected, which shows the
impact of the electric-field strength on the radical concentrations within the
plasma and the gas temperature. Through the reduction of the electric-field
strength, the synthesis of thick, high-quality, nitrogen-doped diamond without
the formation of a polycrystalline rim around the sample edges and the twinning-
induced growth of polycrystalline grains was accomplished. Therefore, a reduced
internal and more homogeneous stress distribution is achieved. Furthermore,
significant influences on the in situ NV doping are discovered. In addition to a
considerable gain of the in situ NV generation, also a major enhancement of the
in situ incorporation efficiency of NV centers in comparison to N2 centers up to
almost 3% is observed. Depending on the application, this makes posttreatment

The nitrogen doping of diamond is
intensively studied over the past decades.
Initially, nitrogen was only added in small
amounts to the precursor to enhance the
growth rate of diamond during chemical
vapor deposition (CVD).’*” Thus, large
diamond samples could be synthesized
faster and still exhibit an acceptable crystal
quality for optical and electronic devices.
After the discovery of the NV center and
its potential, however, the focus of interest
shifted toward their in situ generation.

It is well known that the total nitrogen
concentration in the grown diamond can
be significantly increased when higher
nitrogen concentrations are added to the
precursor gas.''™** To some extent, this
also applies to the total NV concentra-
tion.'***! However, high NV concentra-
tions are only one requirement for the
stated quantum technological applications.

processes for additional NV generation dispensable.

1. Introduction

The nitrogen-vacancy (NV) center within diamond depicts a
quantum system, which enables applications like room-
temperature solid-state masers, > hyperpolarization devices,?**
as well as highly sensitive magnetometers.>® For the realization
of such applications, the diamond material needs to fulfill
numerous demands. A high NV density in the diamonds is par-
ticularly important.
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To effectively use the ensemble of NV cen-

ters, their surrounding spin bath including

the appearance of other nitrogen-related

defect, crystal quality, and strain-induced
birefringence need to be optimized as well."*™'® Therefore, it
is highly important to understand the growth process of
nitrogen-doped diamond and how the growth conditions
influence the defect incorporation as well as the doping concen-
trations and efficiencies.

The dependency of nitrogen incorporation on the hydrogen
flow was determined by Nistor et al.l'”) They identified a negative
trend of total nitrogen incorporation with a rising hydrogen flow,
implying a lower nitrogen-doping efficiency at higher total gas
flows. Furthermore, Lobaev et al.'? investigated the incorpo-
ration of nitrogen depending on the methane flow and the sub-
strate temperature. For a variation of the methane flow, they
could not determine a significant dependency concerning the
total amount of nitrogen, which is being incorporated. For the
nitrogen-doping efficiency controlled by the substrate tempera-
ture, they state an increase of the total nitrogen concentration
with decreasing substrate temperature. Such an incorporation
dependency on grounds of the substrate temperature is also dis-
covered by Tallaire et al.' After posttreatment, this trend
becomes also observable for the NV generation.™ For
in situ—generated NV centers, this dependency can be extracted
from the published data of Achard et al.** They show PL spectra,
which are increasing in intensity for samples grown with
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decreasing substrate temperature. Furthermore, Liu et al.l?%
displayed an increasing trend of in situ generation of NV with
rising nitrogen flow into the reactor chamber.

However, the quantification of NV centers especially in the
lower concentration regime is challenging. This issue causes
the lack of data on in situ incorporation efficiency of NV centers
in comparison to other nitrogen-related defects.

Within this study, the in situ generation of NV centers and its
dependency on the electric-field strength were investigated.
Optical-emission spectroscopy data was acquired during the
growth experiments to observe the influence of the electric-field
strength variation on the plasma conditions like radical concen-
trations and gas temperature. The synthesized diamonds were
characterized in terms of nitrogen-doping levels, structural qual-
ity, and internal stress distribution. For the nitrogen doping, NVs
as well as single-substitutional nitrogen (N?) concentrations were
analyzed. More details on the methods are given in Experimental
Section. From the calculated data, NV-incorporation efficiencies
of as-grown diamonds could be determined.

2. Results and Discussion

An adjustment of the electric-field strength within the resonator
cavity was achieved by redesigning removable components
within the utilized reactor setup. In literature, this kind
of approach was utilized numerous times to increase the
microwave-power density amplifying concomitantly the growth
rate to make their diamond synthesis more economic.*'~%¢!
However, several studies show an improvement on the
quality of the diamond epitaxy, if the substrate is shielded from
the high microwave-power density by placing it into a sample
pocket,1#=3%!

Within this study, the electric-field strength variation concom-
itant with a change in microwave-power density through an
adjustment of the substrate-holder diameter is investigated to
determine the impact on the nitrogen doping of diamond.
Within the utilized reactor setup, a successful homo-epitaxial
synthesis of diamond could not be achieved with any
substrate-holder diameter. The smaller the diameter of the sub-
strate holder was chosen, the more intense the microwave-power
density became at constant input power. Thus, at one point, etch-
ing dominated over growth resulting in a negative growth rate.
For substrate holders with larger diameters, no proper
plasma could be ignited in the first place, which normally should
in-couple at the edges of the substrate holder and cover it fully.
Due to the necessary proximity of the plasma to the substrate
during the microwave plasma-enhanced CVD (MW-PE-CVD)
of diamond, no proper synthesis conditions were therefore given.
Suitable conditions for the synthesis of diamond were only
maintained during the growth with medium-sized substrate
holders at otherwise constant input variables. These medium-
sized substrate holders were ranging from 16 up to 30 mm in
diameter. Simulation results as well as optical-emission
spectroscopy data and the resulting material properties of the
corresponding growth experiments conducted with those
medium-sized substrate holders are presented in the following
subsections.
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2.1. Electric-Field Strength Simulations

The electric-field strength distribution was simulated for the
different types of substrate holder. However, it needs to be con-
sidered, that no full plasma simulations were run leaving out
the modifications on the electric-field strength distribution
due to the ignition of a plasma. This implies that the following
simulation results on the electric-field strength and its distribu-
tion are only approximations. These finite element simulations
were performed with the software COMSOL and the outcome is
illustrated in Figure 1. The different results all depict a relatively
symmetric dispersion of the electric-field strength within the
resonator cavity, which indicates good resonance conditions.
Furthermore, it can be noticed that with increasing sub-
strate-holder diameter, the electric-field strength maxima are
getting less intense. For the electric-field strength maxima on
top of the substrate holders, this impact insinuates a decreasing
microwave-power density. Not only do the maxima of the
electric-field strength change but also the distribution of the
electric-field strength on top of the substrate holder is affected.
With smaller substrate-holder diameters, a relatively high, cen-
tral electric-field strength maximum develops covering the
whole top of the substrate holder (Figure 1a), because the field
enhancement of the electric-field strength around the edges of
the sample holder overlap. For substrate holders with larger
diameter, this is not the case and the simulations show a clear
field enhancement at the edges of the substrate holder and a
lower electric-field strength in the middle on top at the prede-
fined sample position (Figure 1d)). The simulated data of the
electric-field strength at the sample position is taken for further
correlations.

2.2. Plasma Conditions

The alteration of the electric-field strength causes changes in
the plasma properties like radical concentrations and gas tem-
perature Figure 2. During the growth experiments with the
adjusted electric-field strengths, measurements were taken
via optical-emission spectroscopy. From the acquired data, rad-
ical species could be identified on grounds of their specific
emission spectrum. During growth, spectra were continuously
recorded and analyzed in a selected range of 380.0 to 395.0 nm
(Figure 2c)). Within this spectral range, information on the gas
temperature as well as on radicals, CN and CH, can be
obtained.’*? The integrated area underneath the peaks is
used to obtain quantitative information. In this context, the
CH value is defined as the integrated area beneath four over-
lapping CH-related transitions around 389.0 nm as indicated
in Figure 2c¢). It serves as reference for the CN-value, which
is defined as the ratio between the integrated area of the CN-
related transition at around 388.3nm and the CH-value
(Figure 2a)). Furthermore, the gas temperature is estimated
via two rotational CH transitions (B(2)X — X(2)II) around
388.5 nm, which are not influenced by the CN violet system
(B(2)Z(+) — X(2)Z(+)), but still within the selected wave-
length range.?’! The determination of the gas temperature
was conducted via Boltzmann plots;** however, in this relation,
relevant parameters had to be approximated. Hence, it should
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Figure 1. Electric-field strength simulations. Left: whole reactor setup. Right: zoom in on substrate holder with varying diameters a) 16 mm, b) 21 mm,
c) 25 mm, and d) 30 mm. The sample position is situated in the middle on top of the substrate holder.

be noted that the obtained data may not represent absolute val-
ues but rather estimate to retrieve valid trends. The correspond-
ing trend of the gas temperature on the electric-field strength is
depicted in Figure 2b.
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2.3. Assessment of Sample Properties
The variations of the electric-field strength including the simul-

taneous change in the plasma conditions are also impacting the
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Figure 2. Optical-emission spectroscopy data in terms of a) the CN value
and b) the gas temperature versus the electric-field strength at the sample
position. The size of the marker indicates the relative size of the sample
holders. c) A typical emission spectrum recorded from 380 nm to 395 nm
to observe the indicated CN as well as CH transitions.

growth. To assess the effects on the growth, several measure-
ment techniques were utilized, which are described in detail
in Experimental Section.
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In Figure 3, the growth rate is plotted as a function of the
electric-field strength. The striped areas visualize groups of com-
parable substrate temperatures during growth. Three of the four
grown samples exhibited the same substrate temperature during
growth, while being synthesized at different electric-field
strength concomitant with varying gas temperatures and m
icrowave-plasma densities. This partial decoupling of the sub-
strate temperature and the gas temperature allows to observe
the direct dependency of the growth rate on the gas temperature.
This observation states an increasing growth rate with rising
electric-field strength concomitant with an increasing gas tem-
perature as well as microwave-power density, while otherwise
operating under the same input variables. This trend can be
explained by a kinetically limited growth mode, meaning an
increase of the growth rate on grounds of a higher gas tempera-
ture, which induces the transport of more radicals toward the
substrate surface, while keeping the same desorption rate due
to a constant substrate temperature. The highest electric-field
strength was realized on the smallest holder. However, the sub-
strate temperature could not be kept at a level comparable to the
others. At the substantially higher substrate temperature, a
reduced growth rate was determined, although more reactive
species ought to be present in the plasma due to the increased
gas temperature. Consequently, a thermodynamic limitation of
the growth by the substrate temperature is present here.

The first indication for the quality of the synthesized diamond
is given by the roughness of the sample including the polycrys-
talline diamond (PCD) formation visible to the naked eye.l?”**]
Thus, a gain of quality due to an improvement of the sample
morphology could be asserted for growth products synthesized
at lower electric-field strengths during the growth process. The
reduced PCD formation across the sample surface as well as
along the edges referred to as rim implicates less twinning.
The twinning building up the PCD rim results on grounds of
the field enhancement along the edges, which is diminished
by the reduction of the electric-field strength at the sample posi-
tion. In contrast, the reduced twinning across the sample surface
can be explained by the reduced growth rate during the synthesis
at a lower electric-field strength. The reduced growth rate impli-
cates a more ordered growth incorporating less impurity atoms
like nitrogen. Hence, fewer stacking faults are formed, which
would otherwise potentially result in twinning,*

The crystal quality of the samples is furthermore evaluated by
X-ray diffraction. Figure 4a illustrates the omega scans around
the 004 reflection of the diamond samples grown at varying
electric-field strengths. As a reference, the omega scan of a
high-quality substrate is additionally included into this diffracto-
gram. As a result of the reduction of the electric-field strength, a
sharpening of the omega scan around the 004 reflection of the
corresponding diamond sample can be observed. This sharpen-
ing reflects a decrease in mosaic spread implicating a decline of
the development of small-angle grain boundaries during the
growth and implying an increase of crystal quality of the grown
single crystalline diamond samples. Figure 4b exhibits the full
width at half maximum (FWHM) versus the full width at ten
thousandth maximum (FWTTM) extracted from the omega
scans displayed in Figure 4a. The FWTTM is an additional
parameter to more specifically address the diffuse scattering
around the measured reflection, which relates to the amount
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Figure 3. Growth rate as a function of the electric-field strength at the
sample position with varying diameters. The striped areas indicate the
measured substrate temperatures.

of low-dimensional crystallographic defects.* In Figure 4b, a
decrease of the FWHM can be observed with the decrease of
the FWTTM implying an overall crystal-quality improvement
of samples grown at reduced electric-field strengths.
Furthermore, projection X-ray topographs (XRTs) were taken
to receive a better impression on the internal defect types, den-
sities, as well as distributions. Figure 5 displays projection XRTs
of type 022 reflections for the samples grown at the three lowest
electric-field strengths and constant substrate temperature. The
projection XRTs are turned around and aligned in the same
direction to better match their features. No XRTs, however, were
taken for the sample grown at the highest electric-field strength
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due to the very poor crystal quality already indicated by its omega
scan. The XRTs of the sample grown at the second highest
electric-field strength are almost completely black. This indicates
generally a high defect density, where the contrast of the different
defects already overlaps and no specific features can be identified.
For the XRTs of the sample grown at medium electric-field
strength, the projections are only slightly improved. At some
brighter spots of these XRTs, thin contrast lines can be observed
in more detail, which are the projection of dislocations. In contrary,
the sample grown at the lowest electric-field strength features rather
bright XRTs with solely threading dislocations visible as small con-
trast lines, exhibiting the best crystal quality of the here presented
samples. The black edges of these XRTs do not depict the quality of
the growth, but rather relate to the preparation of the sample.

The internal stress distribution can be visualized by quantitative
measurements of birefringence on grounds of optical path lengths
of the ordinary and extraordinary rays (Figure 6). Due to their path
difference and the measured thickness of the samples, the birefrin-
gence including its standard deviation for the different diamond
samples can be calculated. On grounds of the same color coding
of Figure 6, it becomes apparent that the local stress inhomogeneity
in the diamond grown at increased electric-field strength is signifi-
cantly higher than for the samples grown at lower electric-field
strength. In addition, the averaged overall birefringence én of
the measured samples could be reduced from 8.7 x 10~ down
to 5.7 x 107>, Therefore, samples grown at lower electric-field
strength do not only exhibit a much better structural quality but
also a more homogeneous stress distribution.

The main impurities in the carbon lattice of these diamond
samples, which are causing lattice distortions, are hydrogen as
well as nitrogen atoms. The undesired hydrogen in the lattice
arises due to the nature of the MW-PE-CVD process by being
driven on grounds of a hydrogen plasma.’® On the contrary,
the nitrogen doping is intended and achieved by the addition
of nitrogen gas as an appropriate doping gas to the primary
gas mixture. The incorporation of nitrogen atoms into the crystal

lattice at low doping concentrations occurs mainly as
(b) holder diameter [mm]
30 25 21 16
o
£ 1000
=
: o
100 T : T
10 100
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Figure 4. Crystal quality assessment of diamond samples grown at different electric-field strengths. a) Omega scans of the 004 reflection. b) Full width at
half maximum (FWHM) as a function of full width at ten thousandth maximum (FWTTM).
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Figure 5. From left to right assessment of internal lattice defects of diamond samples based on (022) projection X-ray topographs (XRTs) grown at

reduced electric-field strength from 250 kV m™' down to 170 kV m™".
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Figure 6. From left to right birefringence images of diamond samples grown with decreasing electric-field strength from 250kV m~' down to 170kV m™".
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Figure 7. Nitrogen-vacancy concentrations, in terms of NV®, NV~ and
NV plotted as a function of the electric field strength at the sample
position.

point defects like Ny and NV centers.’”) In Figure 7, the NV
concentrations of the samples are plotted as a function of the
electric-field strength at the sample position. This figure displays
the in situ generation of NV centers, which is significantly
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increased up to an order of magnitude during growth at lower
electric-field strength. Figure 2 shows that the electric-field
strength affects the plasma properties (gas temperature and rad-
ical generation). Furthermore, it becomes evident from Figure 3
that these altered plasma properties affect the growth processes
at the surface even at constant substrate temperature. It can be
concluded that at lower field strengths, fewer radicals with lower
kinetic energy reach the sample surface, which then exhibit a
shorter diffusion length. Thus, the probability increases that a
crystal lattice site next to a nitrogen atom stays vacant instead
of getting occupied, leaving an NV center behind. The data
acquired about the in situ NV-incorporation efficiency supports
this reasoning. It is defined, here, as the ratio between the con-
centrations of NV versus N? centers. Figure 8a illustrates the cor-
responding UV-vis spectra for the determination of the N?, while
Figure 8b depicts the dependency of the in situ
NV-incorporation efficiency as a function of the electric-field
strength. The sample grown at the highest electric-field strength
resulting in the lowest structural quality exhibited such a high
stress level, that it eventually cracked. Hence, it was not possible
to accurately measure its N concentration via UV-vis. The
reduced growth rate concomitant with less nitrogen incorpo-
ration and a simultaneous increase in the in situ NV generation
results in a significant increase of the in situ NV-incorporation
efficiency. Here, an in situ incorporation efficiency of NV centers
of up to almost 3% is accomplished. Whereas, literature in gen-
eral states theoretical as well as experimental incorporation prob-
abilities of below 0.5%.['%2%3°]
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Figure 8. a) UV-vis spectra depicting the variation in N2 concentration of the corresponding samples to b) NV-to-N? ratio implying the incorporation
efficiency plotted as a function of the electric-field strength at the sample position including a range of standard literature values.['®383°

3. Conclusion

This study shows how the electric-field strength within an
MW-PE-CVD reactor can effectively be modified for optimizing
the synthesis of NV-doped diamond. In detail, the impact of the
electric-field strength on the most important plasma conditions
was investigated and positive correlations between the electric-
field strength and the radical concentrations as well as the gas
temperature could be determined. Furthermore, the direct
dependency of the growth rate on the electric-field strength could
be identified due to a partial decoupling of the gas temperature
and the substrate temperature. The data shows an increasing
growth rate with increasing electric-field strength.
Characterization results of the synthesized diamonds substan-
tiate that with decreasing electric-field strength, thick freestand-
ing diamond with high structural quality and a relatively
homogeneous stress distribution and low birefringence can be
manufactured. With the reduction of the electric-field strength,
the in situ generation of NV centers was significantly enhanced
up to an order of magnitude at otherwise constant input varia-
bles. This modification of the nitrogen doping resulted in an
in situ incorporation efficiency of NV to N? of up to almost
3%, which marks an important optimization step toward the real-
ization of the introduced quantum technological applications,
while reducing the necessity for further treatments like irradia-
tion and annealing procedures on the synthesized diamonds.

4. Experimental Section

The growth was conducted on (001) CVD diamond substrates with an
initial thickness of around 200 pm and a misorientation angle between
1.7° and 3.5°. These substrates were pre-characterized by high-resolution
X-ray diffraction (HR XRD) omega scan measurements around the 004
reflection. A PANalytical X'Pert Pro sSMRD system equipped with Cu radia-
tion (A =154.06 pm) was used for these measurements. On the primary
beam side, a multilayer mirror and a double bounce Ge (220) monochro-
mator were inserted into the beam path, while for the diffracted beam side

Phys. Status Solidi A 2022, 2100756 2100756 (7 of 8)

a triple bounce Ge (220) analyzer was installed. The mean roughness (Ra)
of the samples after polishing was determined via white-light interferome-
try to be below 0.2 nm Ra (WYKO NT1100).

Prior to growth, all substrates underwent an extended cleaning proce-
dure, which included boiling in nitro sulfuric acid and several steps of
organic solvent cleaning. It was of great importance that the substrates
were spotless, because any residue of metal or other contaminants could
influence the plasma interaction with the substrate.

The nitrogen-doping experiments were run in an ellipsoidal-shaped
CVD reactor with a 2.45 GHz microwave frequency and equipped with
a 6 kW microwave generator.“” The epitaxial overgrowth was conducted
subsequently to an optimized in situ plasma-etching pretreatment pro-
cess.*!! The growth experiments themselves were carried out for 20 h
at 210 mbar, 2800 W, with 2.67% of methane and around 220 ppm of
nitrogen (N) within the total gas flow. The plasma conditions were moni-
tored in the center of the plasma approximately vertically from the top of
the reactor via an optical fiber conducting the collected light to an optical
emission spectrometer (Spex 1870).

The resulting growth rates of the corresponding epitaxial diamond
layers were measured directly via a sensitive stylus probe instrument at
the central part of the single crystalline sample. The resulting growth-layer
thicknesses ranged from 153 up to 375 pm. Further post-characterization
was performed with the same measurement setups and parameters to
receive comparable results from before and after the homo-epitaxial over-
growth. On grounds of framework requirements for certain characteriza-
tion techniques, the samples were laser cut from the substrate and
polished from both sides to receive freestanding diamond growth layers
as intermediate step between structural and optical characterization.

Projection XRT were recorded with Mo radiation (A=71.07 pm) in
transmission mode with an XRTmicron laboratory XRT imaging system
(RIGAKU, Tokyo, Japan). The strain-induced birefringence was measured
via a StrainScope Flex from the company ILIS GMBH.

The doping efficiency was evaluated by measuring the NV concentra-
tion of the single-crystalline diamond at the sample center via confocal
photoluminescence (PL) spectroscopy by quantifying the collected light
intensity and comparing it to a well-known reference sample. To distin-
guish between NV~ and NV?, the PL spectra are separated mathematically.
Further information on the quantification method is described else-
where.’¥ The N? center concentration was calculated via the absorption
coefficient at around 270 nm measured through a 2 mm pinhole across
the central part of the diamond sample by a Perkin Elmer Lambda950
UV-vis spectrometer.!*
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