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Abstract: We use high-energy photons generated from Ar" plasma source to create a high-density and thick (up to a
thickness of 150 um) nitrogen-vacancy centers layer in a commercially available type-Ila CVD-grown diamond
substrate. © 2023 The Author(s)

The negatively charged nitrogen-vacancy (NV~) centers are one of the leading solid state-based quantum sensors
enabling ultra-sensitive magnetic field sensing for various scientific and commercial applications, including satellite-
free positioning systems, magnetic gyroscopes [1], and precision magnetic field sensing [2]. High densities of NV-
centers are favored for precision magnetometry due to improved signal-to-noise and sensitivity from 1/YN
enhancement (N is the number of spins) [2]. High-density NV~ centers provide high fluorescence intensity, enabling
the utilization of regular photodetectors compared to complex detection schemes using single photon detectors.

We present an alternative method apart from common creation methods for a quick and cost-effective way to create
high-density and thick (up to a thickness of 150 um) NV- centers layer in a commercially available type-Ila chemical
vapor deposition (CVD)-grown diamond substrates (Fig. 1a) with as-grown nitrogen concentration of 1 x 107 cm™
(~ 0.6 ppm) by using high-energy photons generated from Argon (Ar") plasma source [3]. The direct absorption of the
above bandgap photons creates a shower of electrons into the conduction band by exciting electrons from P; centers,
other impurities, and the valence band. These electrons could travel through the conduction band of the diamond and
recapture, thus converting NV? to a stable NV~ center.

The tri-acid (1 H2SO4: 1 HNOs: 1 HCLO4) cleaned and dry diamond substrate was first exposed to Ar* plasma (Fig.
1b) by using Trion Minilock-Phantom IIT Inductively Coupled Plasma (ICP.) Reactive Ion Etching (RIE) system for
30 s. The plasma process was performed with ICP power of 200 W, RIE power of 50 W, Ar gas flow of 5 sccm, and
ICP-RIE chamber pressure of 10 mTorr respectively. After the plasma exposure, the diamond substrate was cleaned
with the tri-acid mixture. The dry substrate was then annealed under vacuum (10 Torr) at 1100 °C for two hours with
another subsequent triacid cleaning.

The optical and spin properties of the newly created NV~ centers in the diamond substrate (Fig. 1¢) were measured
using a custom-built confocal fluorescence microscope (Fig. 1d) consisting of a green laser (532 nm) for optical
excitation of NV~ centers, a permanent magnet to apply a magnetic field for optical detected magnetic resonance
(ODMR) measurements, a 100x microscope objective with a numerical aperture of 0.8 NA to focus light on the
diamond substrate, and fluorescence collection.

Based on ODMR and fluorescence confocal microscopy measurements, we measured high density (~ 20,000 NV~
centers per diffraction-limited sample volume) of newly created NV- centers distributed homogeneously over 150 um
deep (Fig. le) from the diamond surface facing the Ar* plasma source.

We obtain a shot noise-limited DC magnetic field sensitivity of ~ 104 nT.Hz"""> and an AC magnetic field sensitivity
of ~ 0.12 pT.Hz'? respectively. We also demonstrate real-time AC magnetic field sensing with a frequency of up to
90 Hz using the diffraction-limited active sample volume.
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Fig. 1. Representation of the process and characterization of high-density NV~ centers layer using Ar+ plasma photons. (a), (b) and (c) The
schematic of the process in creating high-density NV~ centers layer. (d) A schematic of the custom-made confocal optical microscope used to
characterize the high-density NV~ centers. (c¢) The distribution of the created NV- centers as a function of the depth from the side facing the
plasma measured on 0.25 mm substrate. (f) Real-time AC magnetic field measured using the NV- centers created by high-energy photons from
Ar" plasma over the diffraction-limited sample volume.
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