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ABSTRACT

In this work we investigate the properties of nitrogen-vacancy (NV) centres created during single
crystal diamond growth by Chemical Vapour Deposition (CVD) on [113]-oriented substrates and with
N,O as a dopant gas. The use of spin echo and double electron-electron resonance (DEER) allows us
to assess NV ratio with respect to substitutional nitrogen impurities (Ns), a critical parameter to
optimize for quantum technologies. We demonstrate that, at moderate growth temperatures
(800 °C), dense NV ensembles of several hundreds of ppb (800 ppb for 50 ppm of added N,O) with
exceptionally high NV/Ns creation yields of up to 25 % can be achieved. This value is higher by at
least an order of magnitude to that typically obtained on standard [100]-grown diamonds and
comparable to electron irradiated diamonds under optimized conditions. The material obtained
here thus advantageously combines a high NV density, high yield, long coherence times of several
tens of ps together with preferential orientation of around 70 %. These are highly desirable
requirements for diamond-based quantum sensors that may spur new developments with this

crystalline orientation leading to improved performance and sensitivity.

Keywords:

* Corresponding author : Phone: +33 1 85 78 42 31; Email: alexandre.tallaire@chimieparistech.psl.eu



Colour centres in diamond, quantum technologies, CVD growth, NV yield, single crystal diamond

Highlights:

e Dense NV ensembles up to 800 ppb obtained on [113]-oriented diamond with N,O as a
dopant

e Low temperature growth promotes nitrogen incorporation in the NV form

e NV/Ns creation yield measured by double electron-electron resonance.

e Highest yield ever obtained of 25 %.



1. Introduction

Diamond is one the most promising solid-state material system for the emerging field of quantum
technologies, in particular quantum sensing. One of its colour centres, the negatively charged
nitrogen-vacancy (NV) defect, features optically addressable electronic spin states with
exceptionally long coherence times up to room temperature [1]. These electron spin states are
already used as a quantum sensor, allowing the measurement and imaging of temperature [2],
pressure [3], strain [4,5], magnetic [6,7] and electric fields [8] with nanoscale precision and
exceptional sensitivity. Over the years, NV-based diamond sensors have become useful tools to
address a wide range of applications and to investigate systems that would otherwise be
inaccessible to conventional sensors. For example it has opened new avenues in studying exotic spin
textures in condensed matter physics [9], analysing current flows in electronic devices [10] or

following the mechanisms occurring inside living cells in biology [11].

NV-based quantum technology progresses have been mostly driven by the availability of engineered
diamond material produced by plasma assisted Chemical Vapour Deposition (CVD) [12]. As a growth
technique, CVD offers several crucial advantages. By precisely controlling the gas phase
environment and the growth parameters, the chemical composition of the films can be controlled
down to the ppb range [13]. The nuclear spin bath originating from 3C can be reduced using
isotopically 2C-enriched methane as a growth precursor [14]. NV centres with excellent spin
properties can also be intentionally incorporated during growth in a narrow layer close to the
surface by reducing the diamond growth rates [15,16] or by harnessing the temperature
dependence of NV incorporation [17]. This brings the possibility to address NVs in a spatially
constrained region and further facilitates the development of quantum sensors. An additional
benefit, unique to CVD, is the ability to promote a specific crystalline orientation for NV centres [18—
20]. While growth on conventional [100]-oriented substrates leads to a random distribution
between the four <111> directions, growth on [113]-oriented diamonds provides up to 80 %
preferential orientation along a single direction [18], particularly when growth is carried out at
moderate temperatures [21]. In this case, a specific NV population can be addressed resulting in

improved magnetic sensitivity.

For many sensing applications, it is also important to increase NV density in order to interrogate a
higher number of spins [22] which leads to improved sensitivities. Obtaining dense NV ensembles

by direct in-situ doping is however hampered by the low N incorporation efficiency in diamond



(typically 103 to 107°) [13] and a degraded surface morphology under high N> concentrations (>
100 ppm in the gas phase) [23]. By using an alternative dopant gas such as N;O, it is possible to
include higher amounts of nitrogen before reaching degraded morphologies while better
photostability of the colour centres was observed [24]. However, achievable NV concentrations are
still relatively limited to a few hundreds of ppb [25]. Typically, the NV to substitutional nitrogen (Ns)
yield (NV/Ns) is as low as 1/300 when growth is performed on conventional [100]-oriented diamond
substrates [26,27]. This means that most of the nitrogen is present as single isolated atoms. Such Ns
impurities, known as P1 centres in Electron Paramagnetic Resonance (EPR) spectroscopy,
significantly contribute to the spin bath noise [28]. Increasing NV density leads to higher Ns
concentrations which comes at the expense of a reduced spin coherence time particularly when

nitrogen exceeds a few ppm in the crystal [29].

A few alternatives have been proposed to improve NV yield beyond that typically reached after
growth. Recently, a creation yield close to 1/100 has for example been reported for specific growth
conditions on a [111] orientation [30]. High energy electron or neutron irradiation may also be used
to introduce additional vacancies in the diamonds and thus convert part of the nitrogen in the
sample into useful NV centres [25,31]. After annealing, yields up to 20 % have been reached. These
post-treatments however usually require heavy equipment and lead to random orientation of the
defects. The possibility to obtain high NV yields and preferential orientation by direct CVD growth

would thus represent an important advantage.

In a previous work [21], a relatively high NV density with improved preferential orientation was
obtained by growing at lower growth temperatures (around 800 °C) on [113]-oriented CVD
diamond. This high density may arise from a higher NV creation yield or, more generally a higher N
incorporation. To identify the underlying process at play, we here rely on spin echo and double
electron-electron resonance (DEER) [32] to elucidate the dependence of NV/Ns ratio on growth
conditions. We first confirm that low temperature promotes the incorporation of nitrogen in the NV
form. We then extend this investigation to the synthesis of dense NV ensembles (300-800 ppb) on
a [113]-diamond using intentional addition of N,O. We reach an exceptionally high creation yield of
up to 25%, which represents more than an order of magnitude improvement compared to
conventional [100]-growth. This result compares to that reached with optimized irradiation [25] but

without imparting coherent properties and avoiding costly and time consuming engineering steps.

2. Material and methods



We used commercial High-Pressure High-Temperature (HPHT) type /b substrates that were laser cut
and polished so that their main top face is oriented along the [113] direction, as described in
reference [18]. Diamond growth was performed at LSPM in a home-made plasma-assisted CVD
system under typical pressure and microwave power conditions of 180-250 mbar and 2800-3500 W
[33]. The first homoepitaxial film (sample 1) was grown in a continuous run with only background
nitrogen impurities in the chamber (i.e. < 1 ppm) but the growth temperature was varied
periodically between 800 and 1000 °C by adjusting the power and pressure in the chamber [21]. The
second homoepitaxial film (sample 2) was grown at a constant and moderate temperature of 800-
830 °C but with varying nitrogen addition. It was composed of 4 layers (Fig. 2a). Layer A was non-
intentionally doped while for layers B, Cand D, 10, 20 and 50 ppm of N,O were added, respectively.
Each layer was about 30-40 um thick. Both samples were eventually laser cut and polished on their

lateral sides to facilitate cross-section analysis.

Raman and photoluminescence (PL) analysis were carried out using a Horiba HR800 experimental
set-up that uses a 473 nm excitation laser line. An automated scanning stage was used to record
maps of the PL across the sample’s cross-section. All the optical and spin characterization
experiments were performed in a home-built confocal microscope. The NV centres were excited
using a 532nm laser through a high numerical aperture objective (NA 1.35). The same objective
collected the resulting PL signal from NV centres which were then detected using an avalanche
photodiode. Neutral density filters were placed in the detection path to attenuate the fluorescence
intensity from the ensembles in order to avoid saturation of the APD. A 20 um diameter copper wire
was placed above the sample to apply the microwave field necessary for performing optically
detected electron spin resonance (ESR) spectroscopy. In order to reject common-mode noise like
laser fluctuations, all the pulsed ESR experiments were carried with two consecutive identical
experiments that projected the final NV spin state onto the ms = 0 spin sublevel (with fluorescence
Fo) and onto the ms = 1 sublevel (with fluorescence F1) with proper choice of the readout ri/2-pulse.

The plotted results were obtained as (Fo-F1) / (Fo+F1).

For the P1 density measurement, we used the time-swept DEER sequence, where the P1 bath pulse
is applied at each of the P1 transition frequency (or P1 groups) and the corresponding decay is
recorded. The total P1 density is then calculated as np; = Z‘éroupzingroup- When this is tedious
due to long measurement times, the total P1 density is calculated as np; = ny;; + 2 nyy + +2 n,.
Alternatively, one could just measure the decay due to P1 - group v, and the total P1 density is

Npqp = 12 ny.



For the NV concentration estimation, we compared the time-averaged fluorescence intensity rate
in the different growth layers with the fluorescence rate measured from single NV centres under
the same experimental conditions (power and polarization of the excitation laser and adjustment
of spectral detection window). In order to confirm that the fluorescence spot indeed host only a
single NV centre, we used Hanbury Brown and Twiss interferometry setup to measure the second-

order correlation function.
3. Results and discussion

The first multilayer sample studied here was grown on a [113]-oriented diamond without intentional
nitrogen addition under a variable temperature between 800 and 1000 °C. An image of the sample
and the PL map acquired in cross-section are presented in Fig. S1 of the supplementary information
file. Two of these layers grown under high or low temperature (labelled HT and LT layers) are
considered in the magnified PL image of Fig. 1a. We confirmed that the high temperature layers
incorporated less NV centres than the low temperature ones. Based on the PL intensity measured
for single NV centres isolated in the high-temperature layer, we were able to estimate the NV
density in the low temperature layers to about 4.5 ppb. An example of such a single NV centre, as
demonstrated by the autocorrelation measurement, is given in Fig. S2 of the supplementary
information file. Spin echo measurements (Fig. 1b) were then performed on single NVs in the HT
layer (orange) and on the NV ensembles in the LT layer (blue). A T, coherence time of approximately
250 ps was found for both layers. This fairly long value is expected in this low NV doping range in

which decoherence is mostly driven by the *3C nuclear spin bath [29].

In order to evaluate the source of magnetic noise, echo-based DEER measurements were eventually
carried out on both layers (Fig. 1c and d). To this end, we used the NV centres hosted in these layers
as probe spins, to quantify their local magnetic environment. The echo-based DEER pulse sequence
combines a simple spin echo on the NV centre with a selective inversion of the bath spins. With this
sequence, the NV centre recouples to the static magnetic environment that is inverted by the bath
spin m-pulse, leading to an observable decrease in the NV echo amplitude. Figure 1c, shows the
frequency swept DEER sequence used to obtain the P1 bath transition frequencies along with the
P1 spectrum measured on the LT layer at an external field of Bo = 666 G aligned along the <111>

direction. The measured spectrum resembles the characteristic P1 spectrum for **N isotope [34].

In order to benchmark the grown material, we use the technique presented in [30]. The density of
P1 bath spins is measured by using pulse sequence shown in Fig.1d. Here the m-pulse on the bath

spins (addressing one of the P1 transition) is swept in time with respect to the NV echo readout /2-



pulse. By sweeping the bath inversion pulse in time, we reintroduce the NV-P1 interaction, leading
to the decay of the NV coherence depending on the density of the inverted spins (np;) and the
recoupling time T. The P1 bath density for the different groups and for both the LT and HT layers
are given in Fig. S3 of the supplementary information file. In Fig. 1d, we plot the NV echo amplitude
as a function of the recoupling time T for HT and LT layers (orange and blue) when the bath mt-pulse
is applied on the centre transition of the P1 spectrum (indicated as (iii) in Fig. 1c). The DEER
experiment is repeated for each of the P1 transitions and the measured data is fitted with the
function of the form exp[—A ynyYpinpiT], Where A YyvYp1~ 292 kHz/ppm [35]. For both layers,
similar values of 120-200 ppb were extracted. This corresponds to an NV creation yield (i.e. NV/Ns)
as high as 3 % for the low-temperature growth. This clearly indicates that the combination of [113]
growth and low temperature promotes NV incorporation without significantly affecting the total
substitutional nitrogen incorporation. This is a particularly favourable situation to obtain higher NV

densities with maximized coherence and improved properties for quantum applications.
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Figure 1 (a) Confocal PL microscopy image of a [113] CVD diamond multilayer (sample 1) seen in
cross-section. The luminescent LT layer was grown at 800 °C while the dark region (HT layer)
corresponds to growth at 1000°C. Only background N, was present in the gas phase. The arrow
indicates the growth direction. (b) Spin echo of NV centres in HT and LT layers, showing a Tz
coherence of about 250 us. (c) Frequency swept DEER spectrum of LT layer along with the pulse
sequence. The measurement is performed at an external magnetic field of 666 G aligned along the
<111> crystal direction. The inter-pulse spacing in the echo sequence is fixed at 25 us. (d) Time swept
DEER sequence for measuring the P1 density. The bath rt-pulse is applied at the centre transition
frequency (marked by (iii) in c) of the P1 spectrum. The inter pulse spacing (tsixed) is kept as 150 us
and 100 us for HT and LT layers, respectively. For HT and LT layers, we measure P1 bath

concentrations of 120 and 200 ppb respectively.

In order to extend this result to the creation of dense NV ensembles, we prepared a second sample
(sample 2), also on a [113]-oriented substrate and under low temperature conditions, but with
intentional doping during growth using various amounts of N;O from 0 to 50 ppm. This multilayer

sample was observed in cross-section under transmitted white light (Fig. 2a). The different stacked



layers can be clearly distinguished as they exhibit pink to dark colour from the lowest to highest
doping levels. This colour is noteworthy as growth on [100]-oriented diamonds with high nitrogen
doping is more likely to lead to a brown colouration originating from a large amount of absorbing
defects such as aggregated vacancies [36]. This is already a first hint that NV centres are a

dominating impurity in our case which would support our previous statement.

PL spectra acquired for the different layers along the cross-section are also presented in Fig. 2b. For
layers B, C and D, three strong emissions corresponding to NV°, NV-and SiV- at 575, 637 and 737 nm
respectively are observed. Their intensity variation is reported in Fig. 2c. As expected, NV emission
of both charge states increase with N,O doping but show saturation for the highest doping level
(50 ppm). On the other hand, SiV- emission starts to increase as soon as nitrogen is incorporated but
remains relatively stable afterwards. This is consistent with the fact that nitrogen is an electron
donor that promotes the negative charge state of SiV. Silicon impurities originate from
contamination inside the growth chamber (quartz windows essentially) and are thus a relatively

constant background impurity during the growth run.

The diamond Raman peak’s Full Width at Half Maximum (FWHM) and peak position around
1332 cm™ also provide information on the crystalline quality and the presence of strain in the films
(Fig. 2d and 2e). We can see that the diamond Raman line is narrower in the CVD layers (A-C) as
compared to the HPHT substrate (S) that contains a higher amount of impurities. Layer D differs
from the others with a much higher FWHM (around 3 cm™?). Similar observation can be made with
respect to the peak position that is nearly constant for all layers except for layer D that shows a
drastic drop. This is consistent with the fact that, at this doping level (50 ppm in the gas phase), the
crystalline quality substantially worsens, and strain starts to be generated. This would set the ideal
maximum doping range to between 20 and 50 ppm of N2O in the gas phase on this orientation, in

order to get high NV density with limited strain.

In order to see if the preferential orientation expected on this orientation is retained for higher
density ensembles, we also measured ODMR spectrum for the middle layer (layer C) using a
randomly oriented magnetic field of 40 G. We observed only 3 pairs of resonances corresponding
to 3 NV families with the most in-plane direction being undetectable. To the contrary the most out-
of-plane direction corresponding to the 2 most extreme peaks in the ODMR spectrum is promoted.
We thus confirm the partial preferential orientation already shown for lower NV densities [18]
although we could not precisely quantify it in this case. The measured contrast for the different

resonances is however consistent with our previous results on isolated single centres, suggesting



values around 70 %. This is different from [111]-oriented growth in which a loss of preferential

orientation was observed when growing dense ensembles [37].
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Figure 2. (a) Schematic of the multilayer structure (sample 2) grown with an increasing amount of
N;O. The inset shows an optical microscopy image of the sample’s cross section under transmitted
white light. (b) Raman/PL spectra acquired along the cross-section with a 473 nm laser line. The
position of NV°, NV- and SiV- peaks are identified by the dotted lines and numbered 1-3 while the
diamond Raman peak is labelled R. Spectra are normalized to the Raman peak and vertically
shifted for clarity. (c) PL profile along the cross-section reporting the intensity of PL emissions from
the top layer (D) to the interface (A). (d) Diamond Raman peak’s width and (e) Diamond Raman

peak position measured along the cross-section of the multilayer sample.



1.000 [-2%,
3
[H
— 0.995
S
c
:
2 0.990
0.985}

275 280 2.85 200 295 3.00
Frequency (GHz)
Figure 3. Optically detected ESR spectrum acquired for the layer D grown with 40 ppm of N,O in the
multilayer structure (sample 2). The spectrum was recorded under a randomly oriented magnetic
field of about 40 G. Different pairs of resonances corresponding to 3 NV families are observed with

one of them being dominant, which is a signature of a preferential orientation of NV defects.

Eventually, we assessed the creation yield of NV centres in this highly doped multilayer sample.
Figure 4a shows the confocal microscopy PL image of the multilayer sample attenuated and filtered
in the wavelength range 560-1000 nm, along the sample cross-section. By comparison with the
fluorescence count from a single NV centre, we evaluated the NV density in each layer from the
recorded PL intensity. The filtering procedure used is illustrated in Fig. S4 of the supplementary
information file. The calculated values, presented in Table 1, confirm an increase of NV density with
N;O addition and a saturation for doping above 20 ppm. Several hundreds of ppb of NV centres
were successfully incorporated in the films which represents a significant amount for an as-grown

(i.e. non-irradiated) diamond sample.

In order to evaluate NV coherence properties, we used the Hahn echo sequence to measure the
spin echo coherence time (T2). A magnetic field of 600 G was aligned along the <111> crystal
direction. The coherence time was evaluated for each layer, where the difference between a it /2
and a 3 m /2 readout was plotted to exclude artefacts. Representing examples of such
measurements are provided in Fig. 4b. The results are reported in Table 1. T, reduces from about
35 to 6 us from layer B to layer D. If we assume that in these highly doped samples, decoherence is
mostly driven by the electronic spin bath from nitrogen atoms, we expect that the total nitrogen

concentration is between 1 and 10 ppm, based on the data reported in reference [29].



In order to more precisely quantify the P1 spin bath density, we performed spin-echo based double
electron-electron resonance (DEER) [38] for the 3 layers. The DEER pulse sequence and the
experimental details are the same as those mentioned above. The results are reported in Fig. 4c-d
and summarized in Table 1 for all layers. For layer B, we measured a P1 density of about 1 ppm while
NV concentration was estimated to 358 ppb. Based on this, an NV creation yield nyy, /(nyy + np1)
above 25 % can be calculated which is to our knowledge the highest value reported so far, for a non-
irradiated sample. For the other 2 layers with a higher NV doping, the creation yield is slightly
reduced but remains high, above 20 %. This yield is improved by an order of magnitude with respect
to conventional [100]-oriented growth [26]. In addition, we evaluated the total nitrogen doping
efficiency which represents the fraction of N incorporated in the film with respect to that present in
the gas phase. We found efficiencies of up to 0.07 that slightly decrease with the amount of N;0O
introduced. These values are also higher than those typically reported on [100]-oriented films grown
under similar conditions and high plasma power densities (typically 103 to 10°) [13]. We infer that
this high NV yield and N incorporation efficiency relate to the combined use of [113] orientation and

moderate growth temperature.
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Figure 4. (a) Confocal microscopy PL image along the cross-section of sample 2 from which the 3
layers can be clearly distinguished. The shaded line in the middle corresponds to the wire used to
apply microwaves and drive spin transitions. (b) Spin echo measurement of the 3 layers. (c) DEER
spectrum obtained for layer C at an external magnetic field of 310 G aligned along the <111>
crystal axis. The spectrum is obtained with NV echo inter-pulse spacing fixed at 3us. (d)
Comparison of P1 spin bath concentration measured on different P1 groups for layer D, C and B.
The corresponding DEER measurement data is shown in Fig. S5 of the supplementary information

file.



Table 1. Distribution of nitrogen and NV properties in the multilayer diamond (sample 2). The total

nitrogen incorporation efficiency and NV creation yield are calculated from the experimental

results.
Layer B Layer C Layer D
N0 addition (ppm) 10 20 50
PL count rate
70 101 134
(Mcps/s)
NV density (ppb) 358 530 835
T2 echo (ps) 35+3 16.8+0.7 6.1+0.3
P1 density (ppm) 1.03+0.02 1.6+0.05 2.98+0.12
Total N
incorporation
0.069 0.053 0.033
efficiency
(NcrystaI/Ngas)
NV yield (%) 25.8 24.9 21.9

4. Conclusions

In summary, we investigated the properties of NV centres created on [113]-oriented CVD diamonds
using N0 as a dopant in the gas phase. In particular, we focused on maximizing the NV/N; ratio in
dense ensembles since the presence of a high amount of unwanted paramagnetic Ns impurities
strongly affects the achievable coherence times in this material. We found that on this crystalline
orientation and under moderate growth temperatures, high NV densities of up to 800 ppb can be
obtained without seriously impacting the crystalline quality. Furthermore, the diamond films
produced exhibited an extremely high nyy /(nyy + npq) creation yield of up to 25 % with preserved
coherence times of a few tens of us. Such high yields in bulk as-grown crystals are unique to this
[113] material orientation and can hardly be achieved even using post-growth irradiation with high
energy electron or proton beams for example. In addition, while post-treatment irradiation leads to
the creation of additional lattice damage and random orientation of NV defects among the 4
different NV families, our growth approach advantageously offers around 70 % preferential
orientation in a single orientation. The results presented here will likely open perspectives in
exploiting high NV-doped [113] CVD diamonds for the development of quantum sensors with

extended performance in terms of sensitivity and practicability.
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Fig. $1. (a) Image of the [113]-oriented diamond sample in cross-section under the confocal
microscope. The wire used to bring microwave is visible across the sample. (b) Confocal microscopy
photoluminescence map acquired in cross section showing the low-temperature layers as bright
lines. The blue arrow indicates the growth direction. The inhomogeneous distribution of NV centres
is evident with layers grown at lower temperature exhibiting higher luminescence. They are

sandwiched between darker layers grown at higher temperature.
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Fig. S2. Measured second order correlation function from a single NV centre. The intensity counts

measured for such a single NV is used to assess NV density in the ensembles.
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Fig S3 (a) Measurement of P1 bath density for the LT layer. The bath mt-pulse is applied at all the
transition frequencies (marked (i) — (v) in Figure 1c) of the P1 spectrum and the corresponding decay
is recorded. The inter pulse spacing (tsixea) is kept as 100 us. The measured data is fitted with the
function of the form exp[—A ynyYpinp1T], where np, gives the density of the measured P1 group.
The total P1 density is calculated as np; = ZgrouP:ingroup. (b) Measurement of P1 bath density
for HT layer. The inter pulse spacing (tsixea) is kept as 150 us and the decay is recorded for P1 group

(i, i and iii). The total P1 density is calculated as np; = ny; + 2 ny; + +2 n;.
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Fig. S4. Fluorescence spectrum of an ensemble of NV centres in the region D o the multi-layer
sample. Blue and red areas correspond to the different filtering systems, and in particular to the

detection band pass (580LP and 690/60BP) used to determine the NV centre density.
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Fig. S5. (a) DEER spectrum obtained for layer C at an external magnetic field of 310 G aligned along
the <111> crystal axis. The spectrum is obtained with NV echo inter-pulse spacing fixed at 3us. (b)
Measurement of P1 bath density for layer D. The echo inter-pulse spacing is fixed at 2.5us. (c)
Measurement of P1 bath density for layer C. The echo inter-pulse spacing is fixed at 7.5us. (d)

Measurement of P1 bath density for layer B. The echo inter-pulse spacing is fixed at 10.5us.



