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Abstract: In this study, nitrogen-vacancy center emissions from nanocone structures fabricated on
diamond surfaces by gold film annealing and inductively coupled plasma etching techniques were
characterized. First, the diamond substate deposited with gold film was annealed to form a nano-sized
dot mask. Second, through inductively coupled plasma etching, nanocone-shaped structures were
fabricated using optimized gold dots as masks. Finally, the as-fabricated nanocone and planar
structures were investigated with photoluminescence experiments at temperatures ranging from
room temperature to 80 K, with the results showing approximately two-fold higher emission values
for nitrogen-vacancy centers from nanocones.
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1. Introduction

In recent years, optically active impurities in diamond—so-called color centers-have attracted
intense research interest. Their unique properties, which include highly stable fluorescence
(photostability) at room temperature and feasible control of highly coherent spinning associated
with color centers, give them potential in various applications [1,2]. More than 500 different diamond
color centers are known [3], and their emission wavelengths span a spectral range from the ultraviolet
to the near infrared. Furthermore, the diamond host material possesses outstanding properties,
including chemical inertness, biocompatibility, high transparency from the ultraviolet to infrared
spectral range, as well as a high mechanical strength and high thermal conductivity [4-6]. Hence,
color centers in diamonds have to be considered as potential building blocks of future quantum
information processing architectures and integrated nanophotonic devices [7,8]. Among these color
centers, the nitrogen-vacancy (N-V) centers have a more stable coherent time (T, = 1.8 ms) [9] and are
easily manipulated and controlled with electromagnetic fields [10], making them more attractive. So far,
the N-V centers in diamond have been identified as excellent candidates for long-distance quantum
communication, quantum computation, and nanoscale detection of temperature and magnetic or
electric fields [11-17]. Efforts to improve the emissions of color centers in diamond have involved
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micro- or nanostructures on diamond surfaces. For instance, the emission efficiencies of N-V or other
centers have been improved with nanowire, nanopillar, nanotaper, microcavity, nanolens, and hybrid
nanopit nanostructures. [18-22].

To date, diamond nanostructures have been fabricated via different routines. Nanopits were
fabricated by annealing diamond with gold particles [23]. With hard masks such as gold dots or
nanodiamond particles, nanopillars and nanowires can be achieved via inductively coupled plasma
(ICP) etching [24-26]. Nanopillars were also constructed on a nanodiamond film surface by bias-assisted
reactive ion etching in hydrogen—argon microwave plasma [27]. In addition, some microstructures
of solid immersion lenses were fabricated to increase the emission of N-V centers with a focused ion
beam [28]. However, nanostructures measuring 100 nm or even smaller on single crystal diamonds
have rarely been reported. In this work, nanocones measuring 26 nm and with narrow size distribution
were fabricated by ICP etching using gold dot masks to achieve high emission diamond N-V centers.
The photoluminescence (PL) properties of diamonds with nanocone and planar structures were
characterized at temperatures ranging from room temperature to 80 K.

2. Experimental Procedure

2.1. Fabrication

The substrate used in this work was a chemical vapor-deposited (001) diamond measuring
3 x 3 x 0.5 mm?3. N-V centers were prepared with nitrogen doping during the diamond growth process.
Firstly, the substrate was dipped into a mixed acid of H,SO,:HNO3:HClOy (volume ratio: 31.2:36:11.4)
at 250 °C for 1 h and a mixed alkali of NH,OH:H,O,:H,O (volume ratio: 4:3:9) at 80 °C for 10 min to
remove the non-diamond phase. Secondly, the implanted layer was epitaxially grown on the as-washed
substrate using microwave plasma chemical vapor deposition equipment (AX6500 Seki Technotron
Corporation, Tokyo, Japan). During growth, the typical growth parameters were as follows: a total
gas pressure of 100 Torr, a H; gas flow rate of 500 sccm, a N»/CHy ratio of 4.3 ppm. The growth time
was 10 h and the thickness of the implanted layer was estimated to be 100 um. Details of the growth
conditions are presented in Table 1. The layer was expected to result in a uniform N distribution in
the substrate. The density of N in the as-grown diamond was about 10'® cm~3, while the 2D density
was deduced to be 10'* cm~2. The as-grown diamond was polished on the growth side and laser-cut
into several small samples. After the above processes, nanostructures were prepared on each sample.
Figure 1 shows the fabrication flow chart for nanostructures. Gold films with thicknesses ranging from
2 to 40 nm were deposited on diamond by electron beam evaporation. Then, the samples were held in
a furnace for annealing at the desired temperature for various times to achieve well-distributed gold
dot masks. The Ar gas was introduced into the furnace to avoid sample oxidation. After annealing,
gold dot masks were obtained.

Table 1. Details of experimental conditions of diamond growth with N doping.

Parameters Value
H, flow rate 500 sccm
CHy, flow rate 40 sccm
N,/CHy 4.3 ppm
Pressure 100 Torr
Substrate temperature 1050 °C
Growth time 10h

Growth rate 10 um/h
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Figure 1. Schematic of fabrication of nanostructures on diamond surface. ICP, inductively coupled plasma.

Finally, the diamonds with optimized gold masks were etched with an ICP etching system (Oxford,
ICP-180, Oxford, England) to obtain nanostructures. Here, O, gas was used for etching gas with a flow
rate of 50 sccm. The chamber pressure, coil power, and bias voltage were 10 mTorr, 450 W, and 130 V,
respectively. During the etching process, a low radio frequency power was utilized to obtain a smooth
surface on the diamonds [29]. The etching time ranged from 5 s to 3 min. After ICP etching, the samples
were washed in hydrochloric and nitric acids at a volume ratio of 3:1 to remove the remaining gold.

2.2. Sample Characterization

The morphologies of the metal mask and the fabricated diamond nanostructures were characterized
by scanning electron microscopy (SEM) (Quanta, F-250, Waltham, MA, USA). In order to give a
three-dimensional perspective, the sample was mounted at a 45° angle to the stage. The optical
properties of the diamond nanostructures were investigated using photoluminescence spectra excited
with a continuous wave in the 532 nm wavelength. The raw laser power was 100 mW; since a neutral
density filter with a value of 1% was utilized, the power of the laser reaching sample surface was
about 1 mW. The magnification of the objective was 50, resulting in a laser spot size of about 2 pm.
The temperature ranged from room temperature to 80 K, with cooling intervals of 10 K. Before the
sample was measured, it was kept at each fixed temperature for 3 min.

3. Results and Discussion

By annealing nanoscale-thickness gold film, the film dewetted and self-assembled into dots.
To achieve a well-distributed nano-sized gold dot mask, the gold films of different thicknesses were
annealed at different temperatures on the diamond surfaces. Gold films with a thickness of about
3 nm were respectively annealed at 600, 800, and 1100 °C for 5 min, the results of which are shown in
Figure 2b-d. Before annealing, the film was discontinuous due to its very thin thickness, as shown in
Figure 2a. When the annealing temperature was 600 °C, separated and irregularly shaped gold islands
were formed. With continued increase of the temperature to 800 °C, nearly circle-shaped gold dots
were achieved. When the temperature reached 1100 °C, relatively larger gold dots were observed and
the spaces between dots became larger.

In the second experiment, gold films with thicknesses of 3, 10, 20, and 40 nm were annealed
at 800 °C for 5 min, the results of which are shown in Figure 2e-h, respectively. From the results,
the size of the gold dots increased with the increasing film thickness. When the thickness was above
10 nm, the shape of the gold dots became irregular and partially continuous, as shown in the inset in
Figure 2g,h, respectively. The temperature-dependent phenomenon could be because the dewetted
gold dots melted and converged together into larger dots with the increasing annealing temperature.
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Meanwhile, the thickness dependence results may be ascribed to the sizes of the initial nucleation
points, which were dependent on the film thickness, determining the final shape of the dewetted dots.
Since the dots used in one popular work study gold spheres rather than a thin film [30], the mask
thickness was thicker, resulting in a better etching resistance for such a small size structure.

Figure 2. SEM images of gold masks with different annealing temperatures and thicknesses: (a) initial
as-deposited gold film with a thickness of about 3 nm; (b—d) sample with gold film shown in (a) after
sequentially annealing at 600, 800, and 1100 °C for 5 min; (e,f) samples with initial gold film thicknesses
of 3, 10, 20, and 40 nm after sequentially annealing at 800 °C for 5 min. Insets show (gh) at low
magnification, respectively.

To obtain nanostructures with well-distributed sizes on diamond surfaces, the gold dots in
Figure 2e were chosen as masks in the next ICP etching process. In this process, one 3 X 3 mm?
diamond substrate was cut into four 1.5 X 1.5 mm? substrates. One of these was a blank sample for
comparison. The same gold dot mask was prepared on the other substrates. Then, the samples with
gold dot masks were ICP-etched for various time periods. Figure 3 shows SEM images of the initial
masked sample and the samples etched for 30, 60, and 90 s in tilt angle view. The nanostructures
of samples etched for 30 s exhibit well-arranged nanocone morphologies. As shown in the inset of
Figure 3b, these nanocones have a narrow size distribution range of 9.58 to 41.3 nm, and their average
size was evaluated to be about 26 nm. The average height of the nanocones was evaluated to be
27.6 nm. With extended etching time, the morphologies of the nanostructures changed to an almost
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nanolens shape. The cone shape was formed because of the relatively high selectivity ratio between
the etching rates of diamond and gold. With further etching, the top of cone, which is more chemically
active to oxygen plasma, was etched faster than other part of cone, leading to the blunt lens shape.

Figure 3. SEM images of sample with gold masks (a) before and (b—d) after inductively coupled plasma
(ICP) etching for 30, 60, and 90 s, respectively. Inset: size distribution histogram of nanocones in (b).

The PL experiment was carried out to investigate the emission efficiency of the N-V center
ensemble in diamonds with planar and nanocone structures. Results ranging from room temperature to
80 K were obtained and are shown in Figure 4a,b, respectively. As seen in the results, the PL intensities
of all peaks were increased with decreasing temperature. This was mainly due to that the lattice
vibration of the diamond being reduced with decreasing temperature, which resulted in a highlighted
PL signal. Meanwhile, the peaks for N-V° and N-V~ shifted with various temperatures. Since the
intensity of the lattice vibration in a diamond relies on the amount of diamond atoms, PL signals
can be normalized in accordance with the diamond’s characteristic peak in the same experimental
conditions. Hence, all spectra were normalized using the intensity of the diamond’s atomic vibration
peak. Following normalization lines, baseline corrections were performed with 8 baseline points using
the end-weighted method. These results are shown in the insets of Figure 4a,b, respectively. Obviously,
from the normalized results, both the N-V? and N-V~ emission intensities of nanocone samples are
higher than that of the planar sample in the entire temperature region, suggesting enhanced features of
nanostructures on diamond surfaces.

In order to give a clear view, two peaks for N-VY and N-V~ were magnified by cutting the
spectra ranged from 579 to 634 nm, which did not affect the analysis of these two peaks, as shown in
Figure 5a,b, respectively. The emission intensities at each temperature point were sampled out from
these two results and are shown in Figure 5¢,d. The emission intensities of N-V? and N-V~ decreased
with increasing temperature and the degree of enhancement had a slight decreasing tendency with
increasing temperature, which may be ascribed to the lower signal-to-noise ratio caused by phonon
vibration interference at high temperature.
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Figure 4. Photoluminescence spectra of samples with (a) planar and (b) nanocone surfaces range from
room temperature to 80 K, respectively. Insets: normalized and baseline spectra of planar and nanocone
samples, respectively.

Upon cooling, all PL spectra showed enhanced N-V center ensemble emissions with nanostructures.
The enhancement could be because the nanostructure geometry allows for high emission and collection
efficiencies [18].
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Figure 5. Normalized and baseline corrected, magnified photoluminescence spectra of samples with (a)
planar and (b) nanocone surfaces range from room temperature to 80 K, respectively. The peak areas
for (¢) N-V? and (d) N-V~ changed as the temperature cooled.

The N-V emission from nanocones was improved by 1.8 times compared to the collection from
the planar diamond, which may be lower than for the single N-V center sample. The difference
may stem from the interference between color centers. In the work of [18], a nanopillar was used
to increase the single color center and two neighboring single color centers had enough space to
avoid interference with each other. Since a nanocone has multiple N-V centers with random dipole
orientations, this results in phase interference between photons, which is a reason for lower collection
and enhancement efficiencies [20,31]. Additionally, the nanocone sample had a larger surface area
than the planar sample, which may be another reason for the improvement. This is because these
nanocones may condense the incident light to increase the PL intensity further [22].
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Upon cooling, peak shifts and broadening of both N-VY and N-V~ were observed in these spectra.
In order to gain deep insight into the N-V center emissions in planar and nanocone diamonds, the peak
position shifts and widths of N-V? and N-V~ ensembles at different temperatures were investigated,
as shown in Figure 6. Two charged state N-V centers had similar temperature dependence behaviors.
Since the peak position is related to the electronic transition, the nm position unit was transformed to
an eV energy unit. From the position shift results, it can be seen that the N-V® and N-V~ positions
redshifted with increasing temperature. The shrinkage of emission peak redshifts from 80 K to room
temperature equaled 1.956 and 3.036 meV for N-V0 and N-V~ centers, respectively, which were close
to the results from previous work [32]. It is thought that the redshift is related to the narrowing of the
diamond bandgap. In diamond, the temperature dependence of the bandgap, Eg (T), can be described
by the following empirical relation [33]:

2
Ee(T) = Ex(0) - 715 0

where Eg (0) is the value of the gap at 0 K and « and {3 are constants. Therefore, going from 0 to 300 K,
the bandgap of the diamond decreased by about 15.7 meV, which was much larger than the redshift
of 3.03 and 1.95 meV from the N-V centers in present work. When the bandgap shrinks, concomitant
reductions in the separation energy between the ground state (located inside the gap) of 1.9 and 2.1 eV in
the centers and associated band edges are expected [34]. Hizhnyakov took the softening of the elastic
spring in the excited state into consideration when explaining the temperature broadening and shifting of
N-V centers in diamonds [35]. From the theory in Hizhnyakov’s work, the shift and width changes with
temperature followed the T2-T* and T3-T” laws, respectively. The related equations are shown below:

S~ uT? —vT* )

v = vy +aT® + b1’ (3)

where 6 and v are the contributions of quadratic vibronic interaction to the N-V center’s frequency
and width, respectively; p, v, a, and b are constant. We used those two laws to verify the shift and
width changes of N-V? and N-V~ emissions by fitting the experimental data with Equations (2) and (3),
respectively, showing well-fitted results.
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Figure 6. Photo energy and peak width of N-V? (a,c) and N-V~ (b,d) peaks at various temperatures.
The redlines are fitting data for N-V center peak energy and width, respectively.
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The closeness of the results for planar and nanocone samples was due to the fact that two results
originated from the same diamond substrate. In comparison with the plasmon resonance-enhanced
emission of Si-V centers [22], our results also suggest that the nanocone structure improves the emission
efficiency, with no other electronic state changes. Hence, we expect that these nanostructures will be
used to improve the N-V center emission in nanothermometry or maser devices.

4. Conclusions

In this paper, nanocones were obtained on diamond surface using thermal annealing of thin gold
films and ICP etching. A gold dot mask with a narrow distributed size was obtained by optimizing the
annealing temperature and the gold film’s thickness. Well-arranged nanocones measuring 26 nm were
fabricated with an etching time of 30 s in the ICP etching process. The temperature dependence of N-V
center emissions from as-fabricated nanocones and planar structures was studied, demonstrating that
the nanocone structures play a role in increasing the emission intensity. Our results are also coincident
with the theoretical model of elastic spring softening of N-V centers in the electronic transition with
increasing temperature.
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