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Abstract

Negatively charged nitrogen vacancy (NV) centers in diamond are of great interest in
quantum information science due to their long spin coherence times at room temperature.
However, only a small amount of its fluorescence can usually be collected because of the
high refractive index of diamond (n = 2.4). In this work, the collection efficiency of NV

center fluorescence was increased using solid immersion lenses.

The saturation count rate of a single NV center in bulk diamond was measured to be
75 £ 2 keps without and 325 4+ 3 keps with a ZrO, solid immersion lens (SIL). This
represents an increase by a factor of 4.3 in collection efficiency which is relatively close to
the theoretically expected factor of 5.8. Additionally, a resolution enhancement of roughly
factor nyz.0, = 2.2 was found. No increase of the count rate was observed using a GaP

SIL on bulk diamond, supposedly due to a remaining air gap between diamond and SIL.

To create a dielectric antenna which should allow for near-unity collection efficiency,
1.5 um thick pieces of diamond containing NV centers were transferred to a GaP SIL. A
significant difference in count rates between well and less well contacted pieces was found,
demonstrating at least a partial functionality of the dielectric antenna. Back focal plane
images showing the angle of the collected light confirmed the different contact qualities of
the thin diamond pieces in terms of emission angles. However, no single NV centers could
be observed here and the absolute count rates were lower than what would be expected for
a well functioning dielectric antenna. These problems will be addressed by using cleaner

diamond membranes and making further investigations.
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1 Introduction

The nitrogen-vacancy (NV) center in diamond has been studied since the 1970s [I] and
gained renewed interest since the detection of single NV centers in a confocal microscope
in 1997 [2]. TIts electron spin can be initialized and read out optically and has a long
coherence time even at room temperature (up to 2 ms [3]), rendering the NV center a
highly interesting candidate for a solid-state spin-quibit in quantum information technol-
ogy [4]. Additionally, the NV center can be used for high-resolution magnetometry [5][0]

and other metrology applications [7].

However, a significant challenge concerning the NV center is that it is located in diamond,
a material with a high refractive index (n = 2.4). Therefore, only about 2% to 3% of its
fluorescence is collected with regular optics (NA = 0.8) due to refraction and total internal
reflection at the diamond-air interface. A better collection efficiency and therefore a higher
signal-to-noise ratio is critical for many applications. In quantum cryptography, where
triggered single photons are used to encrypt and transmit information, the collection
efficiency is the main limiting factor of the secure bit rate [8]. In magnetometry, the
magnetic field sensitivity scales with the square root of the count rate [9]. However, the
collection efficiency is even more critical when two-photon processes with NV centers are
targeted, such as in two-photon interferometry [10] or remote entanglement [I1], leading

to a quadratic dependency of the signal on the count rate.

So far, various promising methods have been suggested to facilitate the light out-coupling
from diamond and therefore increase the collection efficiency. On the one hand, this can
be done by structuring diamond, e.g. in the case of free-standing diamond nanowires
produced by nanofabrication techniques. Almost an order of magnitude higher collection
efficiencies from NV centers located inside such nanowires have been demonstrated [12].
Nanodiamonds also yield higher collection efficiencies than bulk diamond because their
subwavelength size renders refraction irrelevant [I3]. However, interaction with the near
surfaces and strain fields often decrease coherence times and optical stability of NV cen-
ters in these materials [I4]. On the other hand, the use of a high-index solid immersion
lens (SIL) on top of the diamond sample is an alternative method to increase the col-
lection efficiency significantly while maintaining the advantageous properties of the NV
centers [15]. Possible materials for a SIL are zirconia (nz,0, = 2.2) or gallium phosphide
(ngep = 3.3). Interesting approaches are also to etch arrays of microscopic SILs directly

into the diamond surface using focused ion beam (FIB) [I6] or to fabricate macroscopic



diamond SILs [I7].

Nevertheless, even with an ideal SIL or nanowire, at most half of the fluorescence is
directed into the half-space which can be collected by the objective. To overcome this
limitation, a dielectric antenna was recently proposed where the emitter is located in a
dielectric layer between a higher- and a lower-index medium [I8]. In this case, most of the
light is guided into the high-index material, directing it towards the collection optics and
allowing for near-unity collection efficiencies [19]. In such dielectric antennas, the emission
characteristically peaks around the critical angle in the high-index medium which can be
measured by the angle-resolving back focal plane imaging [20]. Since the refractive index
of diamond is already high, the creation of a dielectric antenna is challenging due to the
need for SIL with a significantly higher index. GaP with its index of 3.3 and transparency
in the spectral range of the NV center fluorescence appears to be the only material suited

for this purpose.

This master thesis first presents the necessary theoretical background of the NV center,
SILs, the dielectric antenna and back focal plane imaging in Chap. 2. Chap. 3 describes
the experimental setup and the used methods. The main part of the thesis is Chap.
4 which contains the experimental results and their discussion. It includes collection
efficiency measurements with ZrO, and GaP SILs on bulk diamond, experiments towards
the realization of a dielectric antenna for NV centers and angle-resolved detection through
back focal plane imaging. Finally, a conclusion and an outlook on future experiments are

given in Chap. 5.



2 Theory

2.1 The NV Center

The NV center in diamond is a defect where two neighbouring carbon atoms are substi-
tuted by a nitrogen atom and a vacancy, resulting in a defect with Cs, symmetry with the
high symmetry axis along the N-V connection line (Fig. [l|a). The three dangling carbon
bonds, the two lone pair electrons from the nitrogen plus one extra electron make a total
of 6 electrons in the negatively charged NV~ center [21]E| The electronic structure of the
NV center is depicted in Fig. [I| b). The ground state consists of a spin triplet with m, = 0
and m, = +1 states, where m, denotes the spin projection on the NV axis. At zero mag-
netic field, mgy = 41 states are separated from mg = 0 by an energy of 2.87 GHz due to
spin-spin interactions. The excited orbital states lie 1.945 eV (637 nm) above the ground
state and can be populated by optical transitions from the ground state spin manifold.
The optical transitions are highly spin-preserving but the excited m; = =£1 state can
also decay non-radiatively into a metastable singlet state. The singlet has a much longer
lifetime of 150 - 450 ns [22] and relaxes into the m; = 0 ground state [4]. This enables
an initialization in the m, = 0 state by optical pumping. Additionally, the spin state can
be read out optically because less fluorescence is detected when the spin is initially in the

ms = *1 state and passes through the long-living singlet state [2].
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Fig. 1: a) Face-centered cubic (fcc) lattice of diamond including an NV center. b) Simplified electronic
structure of the NV center with non-resonant green excitation into the phonon sideband and Zeeman
splitting 2gup B, of the ms = +1 states.

!There is also a neutral NV° center which is not subject to our study and we refer to the NV~ simply
as NV center.



Fig.[2a) shows the fluorescence spectrum of the NV center at room temperature. The zero-
phonon line, being the purely electronic transition, is found at 637 nm but it contains only
about 4% of the fluorescence at room temperature [23]. The emission into the "phonon-
sideband", involving simultaneous emission of a photon and one or more phonons, is
much more dominant due to a strong electron-phonon coupling [24]. The lifetime of
the excited state is about 12.5 ns for NV centers in bulk diamond (Fig. [2/ b). Hence,
roughly 80 million photons are expected to be emitted per second by a single NV center
at saturation, considering a quantum efficiency of 100%E| Since typical experiments yield
saturation count rates in the order of 100 kcps, the collection and detection efficiency is
only in the order of 0.1%. To assess the angular distribution of the fluorescence, it is
important to know that the emission of the NV center can be described using two electric
dipoles perpendicular to each other and to the NV center symmetry axis [26]. Therefore,
the emission power density in direction of the NV axis is is twice as high as perpendicular

to it.
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Fig. 2: a) NV center fluorescence spectrum at room temperature with non-resonant excitation at 532 nm.
b) Lifetime measurement of an NV center using a pulsed laser. The red curve is a single exponential
decay fit including a constant background contribution which reveals a lifetime of T = 12.5 ns.

The electron spin of the NV center can be manipulated using a microwave (MW) field.
Fig.[3[a) shows the decrease in fluorescence when the MW frequency matches the transition
energy from m; = 0 to my, = £1 (electron spin resonance, ESR), where the m, = +1
states are split due to a static magnetic field (Zeeman effect). Rabi oscillation between
ms = 0 and my; = £1 can be performed if the MW frequency is in resonance with one of

the transitions and the length of the MW pulse is varied (Fig. 3| b).

2The quantum efficiency has never been measured in bulk diamond and lower quantum efficiencies
between 26% and 90% have been suggested for nanodiamonds [25].
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Fig. 3: a) ESR measurement with Zeeman splitting of ms = +1. B, ~ 50 Gauss here due to a shift of
2.8 MHz/Gauss. The continuous line is only a guide to the eye. b) Rabi oscillation of a single NV center.
The dashed line represents a fit with exp(;—;) cos(Q2,t), where the decay time Ty = 780 ns and the Rabi
frequency €2, = 33 MHz.

Finally, the coherence time Ty can be measured by the spin echo, where the spin pre-
cesses freely for a time 2t (Fig. 4) [27]. Several echo collapses and revivals occur due to

interaction with '*C nuclear spins [4].
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Fig. 4: Spin echo measurement of an NV center, where the coherence is preserved over several tens of
microseconds. A fitting function as in [6] with an envelope x exp((t/T2)™) is represented by the dashed
line, yielding a coherence time 75 = 105 us and n = 2.0.



2.2 Solid Immersion Lens

Since the NV center is located in a high-refractive-index material (n = 2.4), the collection
efficiency is usually very small because of refraction and total internal reflection at the
surface. This challenge can be overcome by using a solid immersion lens (SIL) consisting
of a hemisphere with refractive index ngr;, which is placed on the diamond surface (see
Fig. . The effect of the SIL is to alter the refraction at the surface and to increase
the collected angle in diamond and therefore the collection efficiency (see Fig. @ The
advantage of solids, as opposed to immersion oils which are often used for the same
purpose, is the much higher possible refractive index of up to 3.5 for some semiconductors
compared to 1.7 for the highest immersion oils. Apart from collection efficiency, the SIL
also increases the resolution and the signal-to-background ratio as we will discuss in the

following.
Resolution
The lateral resolution limit (FWHM) in a far-field microscope is given by

0,51\

AT R 28] ; (1)

where A\ is the vacuum wavelength and NA = n,ssin(6,s), n,s being the refractive index
and 6, the collected half-angle in the object space [29]. The hemispherical SIL increases
the NA and therefore improves the lateral resolution by a factor of ngr, [B0]F] This is

done through increase of 6,5 according to Snell’s law

Sin(¢91> N9 . Sin<905) nsrr
= —  or specificall =
Sin(¢92> ny P Y NAobj Ndiamond

(2)

where NA,,; = sin(fy,;) is the objective NA and 6, the collection half-angle of the

objective.
The longitudinal resolution limit is given by

44\
Arm 049 ey (3)

Nos SN ( % )

Longitudinally, the resolution improvement using a SIL is even more significant and scales

with n%;; for small angles 6,,. The improved longitudinal resolution is valuable due to a

3There is also a super-hemispherical SIL, known as Weierstrass optic [31], which offers a greater
increase of the NA but suffers from chromatic aberration and is not studied here.



reduced detection volume and thus a smaller background signal. Furthermore, the "optical

lever" effect in the SIL leads to a magnification by a factor of ng;y in all three dimensions

(Fig. p) [29].

T ) v

Fig. 5: Schematic explanation of the lateral SIL magnification effect. A shift of a vertically incoming

ray Az, results in an angle to the SIL surface 6; as 221 = sin(f;). Further, 222 ~ sin(f,) for smalls

T T
shifts Az, < r. Therefore the magnification is given by 22 =~ ;Egz;; =ngsrL.

Collection Efficiency

In this work, the increased collection efficiency using a SIL is of major interest. The
collection efficiency for an isotropic emitter is given by the ratio of the collected solid
angle in the object space to the total solid angle 47. For a certain angular semi-aperture

0,5, the collected solid angle is given by

/0 e /O " in(0)d = 22(1 — cos(B,.)) (4)

where 6 is again the angle to the optical axis ¢ the angle around that axis. Therefore the

collection efficiency n amounts to

1 1

77(905) = 5 - 5 COS(QOS) [29] (5)

Using a SIL increases the NA by a factor of ng;;, which leads to a significant enhance-
ment of collection efficiencies by a factor of at least n%;, (small angle approximation).
Furthermore, since the excitation and collection volume decreases with ~ 1/n%;, (resolu-
tion improvement in all dimensions), the signal-to-background ratio is expected to scale
with ~ n$;;, assuming a homogeneous background. Fig. @ explains schematically how
the collection angle is increased using a SIL and the calculated collection efficiencies are

provided in table
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Fig. 6: The collected half-angle 6,5 of an emitter in diamond increases dramatically using a high-index
SIL. Note that with the GaP SIL, the theoretical 8,; can only be realized very close to the surface, since
a strong aberration occurs at the diamond-GaP interface due to the large index contrast. The values are
calculated for NA,; = 0.8.

no SIL ZrO4 SIL GaP SIL
ngr, at 680 nm 1 2.20 3.27
NA 0.8 1.76 241
Oos 19.4° 46.9° 90°4
n 2.84% (2.19% - 4.13%) | 15.8% (13.6% - 20.4%) 50%
n incl. reflections® | 2.35% (1.81% - 3.43%) | 13.6% (11.6% - 17.5%) 35.0%5
efficiency gain - 5.8 (5.1-6.4) 15 (10 - 19)°

Table 1: Calculated for an objective NA = 0.8 and n,s = 2.41 (diamond). The values before the brackets
are for isotropic emission and those in brackets consider the NV center emission in two dipoles. The lowest
efficiencies represent the orientation with one perpendicular dipole and for the highest efficiencies both
dipoles are oriented parallel to the surface (see Appendix for more details).

4NA and 6, limited by collection of the entire half space.

SReflections at the interfaces diamond-air or diamond-SIL and SIL-air as R = <n1 _T_n2)
n1 no

6The higher excitation wavelength of 560 nm needed for transmission through the GaP SIL leads to
a lower NV center fluorescence of about 80% compared to 532 nm excitation [33]. Roughly 10% are
absorbed in 1 mm GaP [34]. Therefore, the collection efficiency is rather around 25%.



2.3 Dielectric Antenna

The dielectric antenna is a design which allows an even higher collection efficiency than
using a SIL. It has long been discovered that when an emitter is located in the vicinity of
an interface with a higher refractive index medium, some of the light is emitted beyond
the critical angle in the denser medium by evanescent coupling [35]. Lukosz and Kunz
calculated the angular power density of the emitted light for different distances zy to the

interface, where generally more light is emitted into the denser medium (Fig. [7)) [36].

14

12}
10f

08+

P (0)

06
04}

0.2 (

0, degrees

Fig. 7: Normalized angular power density of light emission P(0)dQ2 for an electric dipole perpendicular
to the interface. zp = 0 (continuous line), zg = A/47 (dashed line) and zp = A (dotted line). The closer
the emitter to the denser medium, the more light is emitted into the denser medium beyond the critical
angle. The relative refractive index ns/n; = v/2 and the critical angle lies at 45°. Graph taken from [36].

In a dielectric antenna however, three materials n; < ns < nz with two interfaces are
used. The the emitter is located roughly in the center of the thin middle layer of index
ny and most fluorescence is guided into the denser medium (Fig. [§|a). In contrast to an
emitter close to a single interface as described above, this happens at larger distances to
the interfaces zg > % and therefore with only little evanescent coupling and little emission
beyond the critical angle in the denser medium. The angular radiation pattern of such a
structure was first measured and simulated by Luan et al. [I8]. Lee et al. reported a 96%
collection efficiency using molecules with perpendicular dipoles in a thin polymer layer on
a sapphire SIL [20]. The simulations in Fig. [§| b) for a dielectric antenna with diamond
and GaP show that the emission peaks at the critical angle and virtually no light occurs
at larger angles. This is important for high collection efficiencies at a realistic NA;.

For parallel dipoles, more light is collected at smaller angles, but in the same dielectric



antenna geometry the collection effieciency is lower due to higher losses into the thinner
medium. These losses could only be avoided with an additional mirror in the thinner
medium [I9]. The thickness of the middle layer can be between 0.5 pm and several pum,
such that the layer represents a quasi-waveguide, meaning it would be a good waveguide

in absence of the higher index material [20].
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Fig. 8: a) Schematic representation of a dielectric antenna with a thin diamond piece and a GaP SIL,
including a simplified geometric explanation of the directional emission. b) Simulations for a the angular
emission distribution in a dielectric antenna with a 1 pm thick diamond piece and GaP. Three different
orientations of the dipole located in the center of the diamond layer are simulated for an emission wave-
length of 680 nm. Emission maxima occur at the critical angle of diamond-GaP. Calculation according
to [I8] presented in the Appendix.

2.4 Back Focal Plane Imaging

Back focal plane imaging is a method to measure the angular distribution of the collected
light [20] which can be used to determine the orientation of a dipole emitter [37]. As
described by Fourier optics, the back focal plane of a lens (or objective) represents the
Fourier transform of the object in the focal plane [38]. Each point in the back focal plane

image (k;, k,) can be assigned to an emission angle (0, ¢) by

k2 + k2
% = \/? =sin(f) and Z‘y = tan(¢) (6)

0 being the angle to the optical axis and ¢ the angle around that axis. When ideally only
one emitter is excited, the back focal plane image reveals its angular emission character-

istics allowing to reconstruct the dipole orientation (Fig. E[)

10
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Fig. 9: a) Illustration of the correlation between emission angle and back focal plane image. b) and
¢) Simulated back focal plane images for the diamond-GaP dielectric antenna as in Fig. |8 b).

The recorded back focal plane image P(k,, k,) is converted to the angular power density
P(0) as follows:

P(ky, k,) dk, dk, — P(k., ¢)k. dky dé = Pk, ¢) sin(6) d sin(6) dp =
= P(k,,¢)cos(0)sin(f)ddde = P(ky, @) cos(f)dQ (7)

and therefore
P(0) dQ = P(arcsin(k, /|k|) cos(6) dQ) (8)

where € is the solid angle. Practically, to obtain P(#) dS2, the back focal plane P(k,, k) is
first used to calculate the average cross-section P(k ). It is then converted to P(6) using
the arcsine and normalizing the edge of the back focal plane image to NA,,;. Finally, it

is corrected by the factor cos(f).

11



3 Materials and Methods

3.1 Confocal Microscope

The core of the experimental setup employed in this work consists of a confocal microscope
with a green excitation path and a red collection path. For excitation, either a 532 nm
CW diode laser or a pulsed supercontinuum laser (SuperK Extreme EXW-12) was used.
The latter is combined with a tunable bandpass filter with variable bandwidth (2 - 10 nm)
and center wavelength (530 - 600 nm) to excite NV centers through the GaP SILs and
operated at a pulse rate of 78 MHz. The setup is confocal because of the overlaying
diffraction limited excitation and detection spot using single-mode fibers and therefore

yields a small detection volume and background signal.

<+——APD

5 Single-/Multi- 7 l

mode Fiber

Filter

6 Removable
Beamsplitter

Single-mode
Fiber

532 nm/
560 nm
Laser

Fig. 10: Setup of the confocal Microscope. After a single-mode fiber (1), the excitation beam is col-
limated by a lens and then reflected by a dichroic beamsplitter (2) and focused on the sample (4) by
a 0.8 NA objective (3). The fluorescent light is then collected and collimated by the same objective,
passes through the dichroic beamsplitter and is coupled into another single-mode fiber (5) (unless stated
otherwise). To avoid scattered laser light and shorter wavelength non-NV fluorescence, the light passes
a 600 nm longpass filter (6) and is then focused on one or two avalanche photodiodes (APDs, 7). The
sample is positioned on a piezoelectric actuator (Attocube, 8) by which the sample can be scanned in all
three dimensions to create images.
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3.2 Back Focal Plane Imaging Setup

To resolve the angular distribution of the collected fluorescence, the back focal plane of
the objective was imaged with a CCD camera (Watec WAT-910HX, see Fig. . Instead
of coupling the fluorescence into the fiber, the light is deflected from the optical axis of the
microscope detection arm and sent towards the back focal plane imaging arrangement. It
is focused, passes a 500 um pinhole for background reduction, is collimated and focused
again. The back focal plane is imaged (black dotted lines) when the CCD is placed about

2 cm behind the focal plane image at the second crossing of the parallel beams (red lines).

The inset image in Fig. [11|shows a recorded back focal plane image where the sharp bright
circle in the center represents the back focal plane of the collected fluorescence. The
illuminated back side of the objective, which is imaged simultaneously, is not perfectly
focused, indicating that it is slightly shifted with respect to the back focal plane. To
additionally verify correct alignment of our back focal plane imaging setup, we coupled
a collimated laser beam into the front lens of the microscope objective. This collimated
beam was mapped to a focussed spot in the back fcal plane as expected. Regular images

of the samples (focal plane) could be recorded by moving the CCD by 2 cm.

f=50mm
CCD / \ Pinhole f=50mm )
I Mirror
... o )
/N | ohi
f | | f l f ' Lopiize;ss

dge of back
= focal plane
-

\ x. Back Focal Plane
‘ . =2 —> - iE--

Objective

Focal Plane - - 2 - -

Fig. 11: The setup to image the back focal plane, where the red lines represent rays from the sample
in the focal plane and the black dotted lines illustrate the focussing of the back focal plane on the CCD.
The inset shows an example image with an illuminated back side of the objective. The back focal plane
shows a practically isotropic emission from a CVD diamond and a very bright emission from tens of NV
centers with an equivalent of several million counts on the APD.
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3.3 SILs

Commercially available ZrO, and GaP hemisperical SILs with a diameter of 2 mm were
used. The SILs originally had a poor surface quality which had to be improved to assure
proper adhesion of the SIL to the sample surface. However, a few minutes of polishing
with a grain size of 0.25 um were sufficient to eliminate the scratches on the planar side
of the SILs (Fig. . Polishing was also used to increase the planarity of the GaP SILs,
though with limited success. Both before and after polishing, the unevenness was visible
to the naked eye through the distortion of the reflection at the flat side of the GaP SILs.

No planarity issues were observed with the ZrOs SILs.

Fig. 12: Dark-field image of a ZrO2 SIL before and after polishing. Both focused on the flat side through
the SIL.

Since the contact quality between the sample and the SIL is critical for the collection
efficiency, different mounting techniques of the SIL to the diamond surface were evaluated.
The first approach consisted in using evaporation of distilled water between the SIL and
the sample as an adhesion promoter. Good adhesion of the SIL to the sample was achieved,
albeit with large fluctuations in quality and gapsize. Another possibility is to use vacuum
grease (Dow Corning) to mount the SIL. Here, it is important that not too much grease
is used to minimize the gap between sample and SIL. It was found that for very clean
and planar samples and SILs a robust contact and the highest collection efficiencies were
obtained just by pressing the SIL on the sample without the use of grease or water. For
uneven surfaces, the use of little vacuum grease enhances the stability of the contact and
possibly enhances the collection efficiency in presence of a gap through increasing the
refractive index in the gap from 1 to 1.3. Compared to the use of water evaporation,
the use of no or little grease and pressing the sample on was found to be a more reliable
technique, and it was possible to estimate the gapsize from the interference colors below
the SIL (see Fig. a). The presence of interference colors meant a large gap while no

colors typically meant a very small gap (good contact).

14



For the dielectric antenna experiment, thin diamond slabs or cantilevers were broken
off above the inverted SIL and positioned in the center of the SIL using a Narishige
micromanipulator (Fig. [13).

Fig. 13: Using glass needles in a micromanipulator to position a diamond slab on a GaP SIL.

15



4 Results and Discussion

4.1 ZrO, SIL

4.1.1 Resolution Measurement

As a first experiment, the resolution enhancement by the ZrO, SIL was tested with a 4 um
period line grating of chromium on glass (Fig. a). The reflection of the sample was
measured as a function of the position. The resolution is determined by the width of the
transition from the dark to the bright area. Fig. {14/ b) shows a well contacted SIL, which
was mounted with a very small amount of vacuum grease and properly pressed on (see
Sect. where a sharp contrast between the bright and dark regions is is recognizable.
A badly contacted SIL can be seen in Fig. [14] ¢) where the SIL surface (bright horizontal
line) and the line grating (bright squares) are separated by about 2 um. In this case,
the SIL was mounted with water evaporation which resulted in large fluctuations of the
contact quality. Apparently, the resolution and the contrast is reduced when an air gap

is present between sample and SIL.
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Fig. 14: a) Schematic orientation over the line grating. b) and c¢) Reflected intensity as a function
of the z- and x-position using a ZrOs SIL. The SIL is located in top of the image and the bright areas
represent cuts through the chrome lines. 532 nm laser light and a 532 nm band pass filter before the
APD are used to avoid fluorescent light. In b), a good contact between SIL and line grating is present
and a relatively weak reflectance is seen from the ZrQO,-glass interface between the Cr lines. The red lines
indicate the height at which a detailed line scan is made (fig. . In ¢), a large gap between SIL and
sample is observed. The distance indicators are approximations and subject to piezo nonlinearity.

Fig. a) shows a line scan along the continuous red line in Fig. b). The spatial
resolution is determined to be 140+17 nm (FWHM in the derivative), which lies between
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the predicted confocal diffraction limit of 111 nm and the non-confocal limit of 153 nm for
our setup. Note that a slightly different z-position yields a different calculated resolution
of 110£10 nm due to "overshoots" (Fig. [L5|b). We assign these overshoots to interference
effects and therefore discard these values. Without the SIL, we determined a spatial
resolution of 300+£50 nm (data not shown), in accordance with the theoretical confocal
value of 246 nm. The resolution enhancement using a ZrO, SIL was therefore successfully

demonstrated in our experiment.
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Fig. 15: a) Line scan through the 4 pum period grating along the continuous red line Fig. b).
A resolution of 140+17 nm is determined by the FWHM of Gaussians fits to the derivative. b) Large
overshoots are observed at a slightly different z-position (dashed red line). This leads to a better calculated
resolution of 110+10 nm, which has to be approached with caution. The drifts in brightness across the
x-positions probably originates in a small tilt of the sample.

4.1.2 ZrO5 SIL on Bulk Diamond

As an application of our ZrO, SIL, we performed confocal imaging of NV centers in a
polycrystalline CVD diamond sample with and without SIL and compare the two cases.
Fig. a) shows a confocal scan without SIL, where many singly resolved NV centers
are observed. The background signal is relatively high due to a large detection volume,
especially where a high NV concentration is present. Only a few isolated NV centers with

low background signal and representative count rates are found (red circle).

The same area is found again under a ZrO, SIL, where the increased resolution is easily rec-
ognized in the smaller spot sizes (Fig.|[16/b). The much brighter NV centers demonstrate
the improved collection efficiency with the SIL, where at the same time the background
is smaller due to the decreased depth of field. This superior signal-to-background ratio is
also seen in the smaller g?(0) values which are around 0.1 using the SIL (Fig. [16/c). The
presence of a very good contact between sample and SIL is shown in Fig. |16/ d).

17



keps
10 kcps
80 230
g 60 E 2
S = 160
E= =
3 40 g
o S 30 =
o | ] N | ]
% B 2 [ 80
> 20 >
40
0 0
50
20 30 40 50
X-piezo-position [um] X-piezo-position [um]
C) T T — T — T T
15 A) nosiL [] B) nosiL O ©) zro,siL O d

keps
230

160

g°(1)

z-piezo-position [um] N~~~

X-piezo-position [um]

Delay T [ns]

Fig. 16: a) Fluorescence distribution in a polycrystalline diamond without SIL at excitation intensity
close to saturation (800 uW), where the bright spots are NV centers. The well isolated NV center in the
red circle was further examined regarding g?(t) and saturation curve (Fig.[16]c) and a). b) Same field
of view as a) using a ZrOy SIL also at 800 uW. The SIL was mounted without vacuum grease or water
evaporation. Some NV centers are not visible here due to the smaller depth of field. Better resolution,
higher collection efficiency and a magnification are apparent. c¢) Second-order correlation function g?(t)
at 400 pW (A) and B) and 80 pW (C), normalised to T — oco. A) and B) are two single NV centers
from a) in the red square and circle, respectively. The latter has a lower g2(0) value of 0.2 compared
to 0.4, which confirms a smaller background signal already observed in the scan. C) shows the same NV
center in the red circle but with use of a ZrOs SIL (b). Here, the superior signal-to-background ratio
leads to a lower g2(0) value of 0.1, which is supposedly strongly limited by the electronic response time
of the detection setup. The measured background of 0.5% of the NV center count rate would suggest a
g%(0) ~ 0.01. d) zx-scan showing the boundary between the diamond and the ZrOy SIL in the same
area as before at 800 uW. The 600 nm longpass filter before the APD was removed to allow for reflected
laser light. The near absence of a signal at the diamond-SIL interface indicates a very good contact,
which was facilitated by the use of a 200 um diameter diamond mesa.

To compare the collection efficiency with and without SIL, the saturation curve of the

same NV center (red circle) is recorded in both cases and fitted to the saturation function

I
I(P):@—i—aP (9)
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where I is the count rate, I the saturation count rate, P the excitation power, Py the
saturation power and a the linear background contribution (Fig.[17 a). We find a satu-
ration count rate of 75+2 kcps without and 32543 keps with ZrO, SIL, which indicates
a factor of 4.3 improvement in collection efficiency using the SIL. This is still somewhat
lower than the theoretical factor of 5.8, which we assign to losses due to a still imper-
fect diamond-SIL contact or a non-zero roughness of the spherical surface of the SIL.
Additionally, the saturation power with SIL is about 4 times lower which is due to the
smaller focus size (higher resolution) resulting in a higher excitation intensity at same
laser power. For consistency, we measured the collection efficiency improvement also in
an electronic grade diamond, where we determined again an enhancement by a factor of
rougly 4 (Fig.|17b). However, for an unknown reason, NV centers in the electronic grade

diamond yielded somewhat lower saturation count rates and higher saturation powers.
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Fig. 17: a) Measured count rate of the NV center indicated with the red circle in Fig. a) and b)
for different excitation powers with and without ZrOy SIL. Without SIL, the fit yields Iy = 7542
keps, Po = 397424 uW and a = 11.3 cps/uW. With SIL: Iy = 325+3 keps, Py = 104+2 pW and
a = 6.2 cps/uW. The last two data points are excluded from the fit with SIL because the count rate is
lowered assumingly by blinking (changing to charge state NV° at high powers) which was realized in a
poor fit quality using all points. b) Count rates in electronic grade diamond with and without ZrO4 SIL.
Without SIL: Iy = 22244 keps, Pg = 12946 uW and a = 9.4 cps/uW. With SIL: Iy = 5341 keps,
Py = 557426 uW and a = 20 cps/uW. The points above 400 uW with SIL are again excluded from the
fit.
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4.2 GaP SIL

Encouraged by our results with the ZrOy SIL, attempts were made to reproduce these
experiments using GaP SILs. This material is highly attractive for photonics applications
due to its record-high refractive index of n = 3.3, which would further improve the flu-
orescence collection efficiency over the ZrO, SIL. However, several additional challenges
had to be addressed with the GaP SILs and will be discussed in this section. One was
that 532 nm excitation light is fully absorbed in GaP due to its band gap of 2.26 eV (549
nm). In order to determine the optimal excitation wavelength, we measured the trans-
mission spectrum through the SIL using a white light source and a spectrometer (fig.
. GaP becomes transparent at 555 nm the transmission further improves with higher
wavelengths. Due to the photo-physics of the NV center [33], we want a wavelength as
close to 532 nm as possible. Therefore, for the use of the GaP SILs an excitation wave-
length of 560 nm forms a good compromise between GaP transmittance and optimal NV

fluorescence excitation.

Transmittance

540 550 560 570
Wavelength [nm]

Fig. 18: Normalized transmission through a GaP SIL of 1 mm radius, not considering the reflection at
both surfaces. The literature values (red points) are calculated from the tabulated absorption coefficients
in [34] and the measured curve is normalized to the literature value at 570 nm. According to [34], the
absorption in the main NV fluorescence range of 630 - 730 nm for 1 mm GaP is still around 10% due to
impurities.

4.2.1 Resolution Measurement

To asses the performance of the GaP SIL, we repeated the experiments described in
Sect. [£.1.1] When the SIL is mounted on the line grating, no gapless contact is achieved
probably because of the uneven surface of the GaP SIL (Fig.|19/a) and b). The calculated
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resolution is 965 nm which is significantly better than the resolution with the ZrO, SIL
and again lies between the values expected from the confocal diffraction limit of 76 nm
and the non-confocal limit of 104 nm (Fig. c). However, since a gap is present and
dominant overshoots of the reflection signal are found at the edges, this result has to be
approached with caution. The spot sizes of NV centers in later scans indeed indicate a

lower real resolution.
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Fig. 19: a) 3D laser scanning microscope image (Keyence VK-X200) showing the height profile of the
flat surface of the GaP SIL. Height differences of several um confirm the relatively low planarity also
observable by eye in the distorted reflection b) Reflected intensity in a z-x-scan through the 4 pm period
chrome line grating using a GaP SIL. The surface of the SIL is is indicated by the blue arrow and was
identified by the continuous horizontal line of reflected light. The grating itself is mapped 1 - 2 pum below
and interference patterns are observed inside the gap. The bright spot indicated by the circle marks the
center of the SIL where the excitation light falls perpendicularly on the top (spherical) surface of the
SIL and is reflected exactly backwards. The red line is the position the line scan presented in c¢). c)
Line scan through the grating. The spatial resolution determined from the fit is 96+5 nm. However,
strong overshoots are observed at the borders, supposedly due to the bad contact quality. The reflecting
and non-reflecting areas show very inconstant intensities, which additionally adds to the uncertainty in
determining the spatial resolution.
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4.2.2 GaP SIL on Bulk Diamond

Mounting the GaP SIL on the polycrystalline diamond, a gap between sample and SIL
was not avoidable either (Fig. . Clearly, two reflectivity maxima in z-dimension can
be observed at the two surfaces, where the upper one is much narrower indicating that
the resolution (at least in z-direction) is heavily decreased after the gap. The bright spot
is again caused by the light reflected at the spherical surface of the SILE

30
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[
o
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Fig. 20: z-x scan though the polycrystalline diamond and GaP SIL at 800 uW, where an apparent is
observed despite careful pressing on of the SIL. This was recorded on the bulk part of the diamond (no
mesa), but no better results were found on the diamond mesa. The arrows indicate the reflecting flat
surfaces of diamond and SIL and the oval indicates the reflection at the spherical surface of the SIL.

Unsurprisingly due to the gap, the count rate and therefore the collection efficiency was
much smaller than theoretically predicted. We experimentally determined a saturation
count rate of 70 keps for single NV centers which is comparable to the case without SIL.
Additionally, with the GaP SIL the NV centers have almost the double spot size compared
to ZrOy SIL or without SIL (spot size in terms of piezo distance). Therefore, the resolution
improvement cannot compensate the magnification effect of the SIL suggesting that the

resolution with GaP SIL could even be worse than with the ZrO4 SIL.

An interesting effect observed in Fig. 21| a) is that the NV centers in the center of the
image (which was also the center of the SIL) were brighter than those in the periphery
for a given excitation power. By slightly misaligning the excitation beam with respect to
the collection beam, the region of the brightest NV center fluorescence could be shifted
from the center (Fig.[21{b): The strong dispersion in GaP leads to a different optical lever

effect and therefore a different location of green excitation and the collection away from

"Note that the shape of this reflection spot is a convenient indicator for the sphericity of the SIL. While
in the case of the ZrOy SIL, we found nearly diffraction limited Gaussian reflection spots the distorted
shape in case of the GaP indicates a lower sphericity.
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the center of the SIL (see scheme in Fig. [22)). This indicates that care has to be taken
in employing GaP as a SIL material and optimal signal collection efficiency can only be

achieved in the very center of the SIL.
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Fig. 21: a) Fluorescence inside the polycrystalline diamond using a GaP SIL at 1.2 mW excitation
power. The low count rates are probably caused by the gap between sample and SIL and the NV centers
in the middle are brighter due to chromatic aberration. b) Same scan as a) but with a misaligned
excitation beam. The NV centers are brighter in top of the image, where the misalignment compensates
for the chromatic aberration. The increased background in the center of the image comes from the light
reflected at the spherical side of the SIL.
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Fig. 22: Schematic explanation of the chromatic aberration in the GaP SIL. In the center of the SIL, the
excitation and collection foci lie at the same position since the beams are perpendicular to the surface and
are not refracted. When moving away from the center however, the green excitation beam is refracted
stronger than the red one due to the higher refractive index (n = 3.43 at 560 nm compared to n = 3.27

at 680 nm, representing an approximately 10 times stronger dispersion than in ZrOs). The chromatic
aberration can also be observed in the dark-field image through the GaP SIL (Fig. ))-
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A further possibility for the reduced count rate with the GaP SIL is inefficient coupling
into the single-mode fiber. This could be caused by aberrations due to a low sphericity
of the SIL. To check this hypothesis, we used a multi-mode fiber which results in a wider
collection volume and is less prone to aberrations. A saturation count rate of 140 kcps was
measured and effective count rates of 80 keps without background at a power of 900 uW.
This means a factor of 2 in collection efficiency compared to the single-mode fiber, but
still much less than theoretically expected. Therefore, we assume that the gap between

diamond and SIL causes the most significant losses.

Another effect using the GaP SIL is seen in detail in Fig. and also observable in the
previous images (Fig. 21| a) and b): The slightly defocused NV centers are not imaged
as round spots but as short lines pointing in two perpendicular directions depending on
whether they are over- or under-focused. This means that the collection focus is strongly
distorted which might either be caused by a tilted gap between SIL and sample or by a
low sphericity of the SIL. This distortion has only been observed with a GaP SIL and not
with ZrOy SILs.
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Fig. 23: Focus series in the same polycrystalline diamond, using a multi-mode collection fiber and
900 uW excitation power. Larger Az means a focus deeper inside the diamond. Higher count rates com-
pared to Fig. 2T are observed due to the multi-mode fiber used for this measurement. The transformation
from line to circle to perpendicular line can be observed for most NV centers.
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4.3 Thin Diamond Slabs and Cantilevers

In order to obtain higher collection efficiencies, thin slabs of diamond were transferred
to the flat side of the SIL. On the one hand, the use of small slabs should facilitate a
good contact and a smaller air gap between diamond and SIL due to a smaller contact
area. On the other hand, it should be possible to create a dielectric antenna with thin
diamond pieces on a GaP SIL, which yields directional emission and near-unity collection

efficiency.

4.3.1 ZrO, SIL

As a first step, thin CVD diamond slabs with lateral dimensions in the order of 100 pm
and a thickness of 1 - 5 pum were transferred to the planar surface of a ZrO, SIL and
centered using a micromanipulator. These slabs were fabricated by inductively coupled
plasma (ICP) reactive ion etching (RIE), using an initially 50 pm thick diamond sample.
Fig. a) shows a bright-field image of three slabs recorded through the SIL, where
the interference colors indicate the presence of an air gap between diamond pieces and
SIL. Slab (1) has a clear gradient in the gap size, being the smallest in the white corner
and increasing with the the colors orange, red, violett, blue, green etc. Constructive

interference in the reflection occurs at gap sizes d = CrtDA Gith n € Np. Supposedly, the

4
A

4 and the subsequent colors, starting with

first two colors correlate to a gap size of d =
the shortest visible wavelength of violet, to d = %. Therefore, the gap size in the white

area is estimated to be at most 150 nm, which is a quarter of the yellow wavelength.

However, the fact that the white area is much brighter than the background (reflection
only at ZrOs-air interface) indicates that the contact is still not very good there. With
a perfect contact, only the diamond-air interface would have a significant reflectivity,
whereas a bad contact leads to the three reflecting interfaces ZrOs-air, air-diamond and
diamond air. The imperfect contact quality is not effectively improved by pressing the
slab on the SIL. Therefore, it is likely caused by particle contamination on the slab,
which possibly originated in the etching process or the preparation of SIL and diamond.
The particles seemed to stick to the slabs since the interference colors didn’t significantly
change when moving the slabs laterally on the SIL surface. Slab (3) showed no interference
colors indicating an air gap which is greater than the coherence length of the thermal light

(~ 1 um) used for illumination.
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Slabs (1) and (2) were rearranged to the center of the SIL and observed in the confocal
scan in Fig. [24|b). Despite the high NV density in the CVD diamond, single NV centers
can be resolved due to the SIL resolution enhancement and the small slab thickness.
The NV center in the red circle is relatively isolated and yields g?(0) < 0.5, a calculated
saturation count rate of 250+10 kcps and a saturation power of 217411 uW. Although
the single NV center count rate is much higher than without ZrO, SIL, it is still somewhat
reduced compared to our studies with a ZrOy SIL on polycrystalline bulk diamond (see
Sect. . In combination with the higher saturation power, this confirms the existence
of a sizeable air gap between diamond and SIL. Consistent with this observation is the

fact that the NV centers in slab (2) are generally darker.
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Fig. 24: a) Bright-field image of three thin CVD diamond slabs as seen through a ZrOs SIL. The
brightness and the interference colors indicate an air gap between slab and SIL, where the white corner
of slab (1) represents the smallest gap. Spherical aberration of the SIL is apparent in the edge of the
image. b) Confocal scan of slabs of (1) and (2) at 800 pW excitation. The bright area in the bottom left
represents the corner of slab (1) with the smaller air gap, where single N'Vs, such as the one indicated by
the red circle, have saturation count rates of about 250 keps. In slab (2), the N'Vs are generally darker,
supposedly due to a larger air gap.
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4.3.2 GaP SIL

The next step was to transfer the thin slabs from the ZrOs to the GaP SIL to realize
a dielectric antenna with a much higher count rate. However, no usable results were
obtained with these slabs on the GaP SILs, assumingly because of much too large gaps
due to further contamination of the slabs. Better results were achieved with diamond
cantilevers which are significantly smaller than the slabs and have dimensions of about
15 um x 3 um x 1.5 um. Similar to the slabs, the cantilevers were released and posi-
tioned on the SIL using a micromanipulator (Fig. 25/ a)). The advantage of many small
cantilevers over few larger slabs is that they are less likely to be polluted by particles are
therefore much more likely to sufficiently adhere to the SIL. The bright- and dark-field
images in Fig. b) and c¢) show which cantilevers have a good contact based on the

criteria developed in the previous Sect.

Micromanipulator
Nr-ght-f-e!d Bright-field Dark-field
iz 24

Fig. 25: a) Bright-field image of the cantilevers arranged around the center of the GaP SIL, which
is located between cantilevers (1) and (2). The two single cantilevers (1) and (4) and the end of some
connected cantilevers (3) are very dark due to the good contact to the GaP, acting like an anti-reflection
coating with a refractive index between GaP and air. Cantilever (4) bonded so well to the SIL that it
couldn’t be moved laterally anymore. The needle of the micromanipulator is seen in the left of the image.
b) Bright-field image through the SIL. Well contacted cantilevers (1,3,4) are again darker, while the badly
contacted cantilever (2) is almost not recognized. c) Dark-field image through the SIL. Here, the good
contacts are brighter because on the one hand more light from the microscope enters the cantilevers (no
total internal reflection in GaP despite high angles) and on the other hand more of the light scatterd in
the cantilevers couples back into the SIL. Chromatic aberration is observed in cantilever (4).

As expected, more fluorescence is collected from the cantilevers with the best contacts
(Fig. 26). Cantilevers (1) and (3) are much brighter than (2). However, single NV
centers are not resolved, supposedly due to a too high density in the CVD diamond.
Unfortunately, a high background fluorescence is present because the sample had not

been properly cleaned, which makes it impossible to record reliable saturation curves.

27



X-piezo-position [um]
0 20 40

y-piezo-position [um]

y-piezo-position [um]

X-piezo-position [um]

Fig. 26: Two contiguous scans of the cantilevers around the center of the GaP SIL at 435 pW with
a multi-mode collection fiber. A large contrast between regions with good (1,3) and bad contact (2) is
observable. ESR and g?(T) measurements suggest that the bright spots in the cantilevers are not single
NV centers but possibly residues from the fabrication of the cantilevers (see also Fig. .

Most interestingly, when turning SIL and sample upside down (not looking through the
SIL), the regions with good contact that yielded bright fluorescence when looking through
the SIL were now much darker (Fig. 27| a)). This means that much of the fluorescence is
drawn from the diamond into the higher-refractive-index GaP which is the basic principle
of the dielectric antenna. Cantilever (1) was 2 to 3 times brighter through the GaP
SIL whereas cantilever (2) was 10 times darker through the SIL at the same excitation
power. However, this factor of 2 to 3 is very difficult to interpret due to the simultaneous
change of excitation intensity and detection volume when using the SIL. A more accurate
measurement would require observation at single NV fluorescence which was not possible
with the present sample. Nevertheless, a well functioning dielectric antenna should deliver
much higher count rates in the order of 1 Mcps for one single NV center. This discrepancy
could be caused by a still imperfect contact quality possibly due to surface roughness, by
emission angles larger than the collection angle of the objective or by defects of the GaP

SIL. It is also not understood why the resolution with SIL is barely better than without

SIL (Fig. [26|and 27 a)).

When using a single-mode collection fiber, the resolution is strongly increased and the

count rate decreased due to a smaller collection volume (Fig. 27/ b)). Many diffraction
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limited spots become visible which look like extremely bright NV centers at first sight.
But they don’t show any saturation behaviour and the g?(t) and ESR measurements
reveal no significant NV signatures. To confirm that some of the signal stems from
NV centers, images with and without microwave field on resonance were recorded. The
difference between these two images shows that NV center fluorescence is present, but
not in the bright spots (Fig. . Therefore, the bright spots are assumed to be small
fluorescent particles on the surface of the cantilevers (see Fig. [29). It is notable that the
count rate from the well-contacted cantilever (1) through the SIL is about 8 times lower
usign a single-mode collection fiber than using a multi-mode fiber (image not shown). In
contrast, from the other side (not through the SIL) the factor of multi-mode to single-
mode is only about 3. Supposedly, larger angles are emitted into the GaP SIL, which

is expected for dielectric antennas, lowering the coupling efficiency into the single-mode

fiber (see Sect. [£.4).
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Fig. 27: a) Same cantilevers upside down, not through the GaP SIL, at 435 pW with a multi-mode
collection fiber. Darker regions with good diamond-GaP contact indicate the dielectric antenna effect,
where most of the fluorescence is drawn into the GaP. b) Same as a) but with a single-mode collection
fiber and a different sample orientation. Many spots are observed with the better resolution, which don’t
represent single NV centers but supposedly residues on the surface.
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Fig. 28: a) Detailed scan of cantilevers (1) and (2) as in Fig.b) using a single-mode fiber. b) Reduction
of the count rate when switching on the microwave field on resonance at 2.87 GHz with the same field
of view as a). NV fluorescence is revealed in broad regions rather than in located spots. The fact that
the NV centers are not resolved individually is probably due to a high density. For some of the bright
spots in a), even an increase of count rate with MW is observed. We assign this to a slight shift in focus
towards the cantilever surface when turning on the MW due to a contact of the antenna with the SIL.

Fig. 29: Scanning electron microscope (SEM) images of cantilevers from the cantilever sample used
above. a) The side of the cantilevers which was contacted to the GaP SIL. Especially at the edge, many
residual particles from the etching process are found. These could limit the contact quality and therefore
the count rate measured through the GaP SIL. b) The other side of the cantilevers is fully covered with
dimples and small particles and some cantilevers are equipped with a nanowire. The particles on both
sides of the cantilevers might cause the bright fluorescent spots seen in the scans.

30



4.4 Back Focal Plane Imaging

Back focal plane imaging allows to measure the angle of the collected fluorescence. This
is particularly interesting in cases where the emission pattern carries specific signatures of
the geometry of the sample. Besides a high NV center density bulk diamond, which yields
a rather isotropic emission, we looked at a nanowire, a nanodiamond on a SIL, and our
dielectric antenna. With the observed emission angles, we can estimate the performance

of our sample or SIL and obtain information about the contact quality of the cantilevers
on the GaP SIL.

Collecting from several um inside a CVD diamond, a relatively uniform illumination of
the objective is observed (bright filled circle in the inset in Fig. . The measured angular
power density is compared to the one expected for an isotropic emission inside diamond,
where the refraction at the surface lowers the intensity at higher angles (blue curve). This
is derived as follows:
. /sin(6y
sin(f,) = nsin(fy) — jgi — darcsglg(lfl)) _ - ;isiil)("l))? (10)

n

were n is the refractive index of diamond and #; and #y the angle outside and inside
diamond, respectively. A high density of NV centers with different orientations and two
perpendicular dipole emissions each are assumed to be well approximated by an isotropic
emission. However, the measured values are significantly lower than expected at high
angles, which might be caused by higher losses inside the objective for off-axis beams.
In the following, we will present our raw data (black) together with rescaled data-sets to

correct for this possible collection reduction at high angles.

To additionally confirm the validity of our back focal plane imaging, we examined two
diamond photonic nanostructures. A less homogeneous emission is observed with a CVD
nanowire (Fig.|31|a). In the CCD image as well as in the the graph, a relatively abrupt
decrease of intensity is observable at 6 ~ 30°. This decrease is in agreement with simula-
tions by Hausmann et al. for a sum of perpendicular and parallel dipoles in a nanowire
and confirms an exit NA of the nanowire of about 0.5 [39]. We note however that the
signal for § > 30° is larger than expected. The large background at high angles could be

caused by surface fluorescence or structural defects of the nanowire.

A ring structure is seen with a 100 nm diameter nanodiamond containing a single NV
center on the flat surface of a ZrO, SIL (Fig.|31|b)). The strong NV emission beyond the
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Fig. 30: Back focal plane image and analysis of the angular power density of the emission from a CVD
diamond. The isotropic emission with refraction correction (Eq. is seen as the blue curve. The red
curve represents a 4th order polynomial correction of the black curve to fit to the expected homogeneous
refraction compensating for possible losses at high angles.

critical angle at 27° ("forbidden light") indicates a very good contact, i.e. a distance of the
nanodiamond to the ZrOs surface zp < A. The maximum in the angular power density is
found slightly outside of the critical angle which is comparable to the theoretical work of
Lukosz for dipoles parallel to the surface [40]. Another reason for a shift to higher angles
could be an effective refractive index larger than 1 in the nanodiamond leading to a larger

critical angle.
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Fig. 31: Back focal plane image and analysis of a) a CVD nanowire, where the intensity significantly
decreases after about 30°. b) a 100 nm diameter nanodiamond with a single NV center on a ZrOy SIL.

The asymmetric intensity inside the ring possibly contains information about the orientation of the two
NV dipoles.

When observing the bare GaP-air interface through a GaP SIL, a weak fluorescence is
recorded. Its angular distribution again shows a ring structure with a maximum around

21° which is slightly above the critical angle for a GaP air interface of 18° (Fig. [32[a)).
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This curve looks similar to the one calculated by Lukosz for randomly oriented parallel
dipoles at a surface (Fig. b)). However, dipoles perpendicular to the surface should
cause a sharp peak exactly at the critical angle. Possibly, the peak is blurred by the finite
angular resolution and not separable from the maximum of the parallel dipole emission.
Additionally, the calculated angles might be inaccurate because of a distorted Fourier

plane due to the objective which contains many different lenses.
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Fig. 32: a) Back focal plane image and analysis of the air-GaP interface through the GaP SIL, at
580 W excitation and a CCD integration time equivalent of 26 s. A pronounced ring is observed slightly
outside the critical angle (NA = 0.31) which is comparable to the calculation of Lukosz [40] presented
in b). Here, the angular power density [a.u.] is plotted as a function of the emission angle for different
orientations of parallel dipoles at a relative refractive index of n = 2. The dashed line is for s-polarized
light, the dotted line for p-polarized light and the continuous line for the sum of both. The maximum of
emission lies slightly above the critical angle (here 30°).

With our back focal plane imaging now fully established, we proceed by studying our
dielectric antenna discussed in Sect. [£.3.2] Cantilever (1), which has a good contact to
the GaP SIL, shows a relatively uniform emission over the whole angular range with
slightly higher intensity at large angles (Fig.|33a)). Emission beyond the critical angle of
47° (NA = 0.74) indicates that at least some of the emission originates from close vicinity
of the interface to the SIL. In contrast, cantilever (2), having a bad contact to the SIL,
emits only into small angles. This is because the light passes an air-GaP interface and is

emitted only within the critical angle (Fig. [33|b)).

When removing the pinhole of our detection system (cf. Sect. , Fig. , the resolution
of the back focal plane image increases and two peaks appear at very large angles in two
opposite directions (Fig. . The peaks appear around the critical angle of a diamond-
GaP interface as expected for a dielectric antenna (see Sect. . Interestingly, the

radial directions, in which the peaks are observed, only depend on the orientation of the
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Fig. 33: Back focal plane image and analysis of the cantilever fluorescence with a GaP SIL with a) good
contact, where the whole objective is illuminated and b) bad contact, where the collected light is more
or less constricted to within the critical angle of the air-GaP interface. The white dashed circle indicates
the objective aperture. Defects of the spherical surface of the SIL are imaged as dark spots in both back
focal plane images. 580 uW excitation power and 2.6 s integration time are used in both a) and b).

cantilever itself (Fig. [35/a)). Therefore, we conclude that for a dielectric antenna, the

lateral dimensions of the middle layer needs to be larger than the current width of 3 pm.

By imaging the cantilevers in real space, we observe that the fluorescence emerges not only
from one point but rather an area of the cantilevers (Fig. . Supposedly, both excitation
and and fluorescence are slightly delocalized inside the laterally quasi-waveguiding can-
tilever which questions the use of a confocal setup if collection efficiency should be high.
This could also explain why about 8 times more light was collected with the multi-mode
fiber than with the single-mode fiber from the well contacted cantilever, apart from a less
efficient coupling of large angles into the single-mode fiber. However, we assume that for
a very well bonded piece of diamond with a completely clean and smooth surface, this

delocalization of the emitted light would be significantly smaller.

Overall, the good contact quality of one of the cantilevers could be confirmed using the
back focal plane imaging. However, since no single NV centers could be resolved in this
sample and a large background fluorescence is present, little can be said about the effect

of the NV center orientation on the angular emission.

34



critical anglei
diamond-GaP |
NA=0.74

NA=0.8 |

60

Angular Power Density [a.u.]

40 INA=0.31 T
20 L 1 ——measured data i
' corrected data !
0 \ ] L1 \ ] \ ] L \ .
0 10 20 30 40 50 60

Angle 6 [deg]

Fig. 34: Back focal plane image of the well-contacted cantilever as in fig. a) but without pinhole.
Apart from a superimposition with the background imaged in fig. the increased resolution reveals
large angle maxima in direction of the cantilever (red dashed line). The analysis of this region reveals
that the peaks are around the critical angle of 47 degrees (NA = 0.74). The red curve is again corrected
for possible objective losses. 580 W excitation power and 1.3 s integration time is used.

Fig. 35: CCD images of the same cantilevers as above with a) good contact and b) bad contact. Both
show a fluorescence over an extended area. In b), a significant part of the collected light travels until
the edge of the cantilever and couples then into the SIL, which makes sense for a cantilever with better
waveguide properties due to the air gap. Both are excited with 580 W but b) has a 4 times longer
integration time, confirming its smaller collection efficiency.



5 Summary and Outlook

We successfully increased the collection efficiency of single NV center fluorescence for
both bulk diamond and thin diamond slabs by a factor of about 4 using a ZrO, SIL.
Simultaneously, the signal-to-noise ratio was improved because of a smaller background
due to a smaller detection volume. Good contact qualities between sample and SIL were
demonstrated, where almost none of the laser light was reflected at the ZrOs-diamond
interface. Although the resolution measurements were not fully conclusive because of the
observed overshoots at the grating edges, the resolution enhancement is estimated to be
around nz,o, = 2.2. This was confirmed by the observation of a similar NV center spot
size with and without SIL in terms of piezo movement, where magnification and resolution

compensate each other.

With the GaP SIL, several additional challenges arose. One was that the 532 nm light is
completely absorbed by GaP, which however could be solved by using a tunable laser at
560 nm. Another was the uneven surface of the GaP SIL which made good contacts to
bulk diamonds impossible. In this case, always two separate lines with high reflectance,
representing the GaP-air and air-diamond interfaces, could be observed. Therefore, it
is not surprising that the measured count rates were not at all close to what would be
expected theoretically with the high refractive index of ng,p = 3.3. Rather, the obtained
collection efficiency was similar with and without SIL. Other challenges were chromatic
aberration in GaP, which can be compensated by changing the alignment of the excitation

beam, and structural defects on the spherical surface of the SIL.

The problem with the contact quality of diamond and the GaP SIL should be solvable
using thin diamond slabs which are flexible and also small in lateral dimensions. Thin
slabs with thicknesses in the order of a um in contact with a high refractive index material
are also the key ingredients to realize coupling of NV centers to a dielectric antenna. Good
contact of some diamond pieces (cantilevers) was observed through the low reflectivity
in the bright-field microscope image and the same cantilevers yielded higher fluorescence
count rates in the scans. Although the count rates were not as high as they should be in
a well working dielectric antenna, the fact that from the other side (not through the SIL),
exactly these cantilevers were darker proves that most of the fluorescence is redirected
into the GaP. However, a lot of the light must be lost, possibly due to scattering, too

large emission angles or a too small collection focus in case of a delocalized emission.

Moreover, the back focal plane images revealed useful information about the angular
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distribution of the collected fluorescence and confirmed the very different contact quality
of the two studied cantilevers via the measured emission angles. In the direction of the
cantilever, peaks were observed around the critical angle which is typical for dielectric
antennas. Therefore, although the cause for the low count rates could not be determined,
it could be shown that, in general, the realization of a dielectric antenna with thin diamond
slabs and a GaP SIL should be possible.

As a next step, the experiments should be repeated with cleaner cantilevers or thin slabs,
where single NV centers are observable. Then it will be possible to determine the sat-
uration count rates and investigate the influence of the NV orientation on the angular
emission pattern in the back focal plane image. It may also be necessary to use GaP
SILs with higher structural quality, if possible with smaller dimensions, allowing to use
a higher NA objective with a smaller working distance. Further investigation should be
done about how localized the emission enters the high index medium in a dielectric an-
tenna to adjust collection spot size. Additionally, simulations could give new insights into

optimal layer thickness, NV positions and necessary NA ;.
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Appendix

Calculation of Collection Efficiencies

For a given collection angle 6,5 (inside diamond), the collection efficiencies are calculated

as follows. For a vertical dipole:

1 1

2w 005 905
_ .2 _ 4 .3
Ny = 47r/0 do /0 sin“(6) df = 2/0 sin”(6) do (11)

Since the horizontal dipole is not symmetric in ¢, we take a average over ¢ and only
integrate over 6 to obtain the collection efficiency. The average over ¢ is just the average
of the p-polarized (parallel to the plane) and the s-polarized (perpendicular to the plane)
situation. The p-polarization contributes with cos?(f) and the s-polarization with 1.

Therefore the collection efficiency for a horizontal dipole is
1 os 20 1
i / s (0) + 1 i (6) s (12)
2 Jo 2

Since the NV center has two perpendicular dipoles, the calculated collection efficiencies
for the NV center provided in Table[I|are the averages of a vertical and a horizontal dipole

or of two horizontal dipoles as derived here.
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(*» Mathematica code for simulation
of emission angles in dielectric antenna )

(» 3 layer system

nl Glass
n2 Diamond
n3 Gallium Phosphide

*)

(«Snell”s law: angle of refraction e; for a incident
light ray under angle e; passing from layer 1 to layer jx)

ni
ej[ni_,nj_,ei_] := ArcSin[—_ Sin[@i]];
nj

(» Fresnel-Coefficients rsij, tsij from layer j to layer i x)

ni Cos[ei] -nj Cos[ej[ei, ni, nj]]

rsijfei_,ni_,nj 1= ;
ni Cos[ei] + nj Cos[ej[ei, ni, nj]]
. ) ) 2 xni Cos[ei]
tsij[ei_,ni_,nj_ ] = ;
ni Cos[ei] + nj Cos[ej[ei, ni, nj]]
) ) +nj Cos[ei] - ni Cos[ej[ei, ni, nj]]
rpij[ei_,ni_,nj_]= :
ni Cos[ej[ei, ni, nj]] + nj Cos[ei]
) ) 2 xni Cos[ei]
tpij[ei_,ni_,nj_] =

ni Cos[ej[@i, ni, nj]] + nj Cos[ei]



2 | optical antenna _ v7.nb

rsl2 :=rsij[el, nl, n2]
tsl2 := tsij[el, nl, n2]
rpl2 = rpij[el, nl, n2]
tpl2 := tpij[el, nl, n2]
rs23 :=rsij[ej[nl, n2, 1], n2, n3]
ts23 :=tsij[ej[nl, n2, 1], n2, n3]
rp23 :=rpij[ej[nl, n2, 1], n2, n3]
tp23 := tpij[ej[nl, n2, e1], n2, n3]
rs32 :=rsij[e3, n3, n2]
ts32 = tsij[e3, n3, n2]
rp32 := rpij[e3, n3, n2]
tp32 := tpij[e3, n3, n2]
rs2l1 :=rsij[ej[n3, n2, 3], n2, nl]
ts21 := tsij[ej[n3, n2, 3], n2, nl]
rp2l1 :=rpij[ej[n3, n2, 3], n2, nl]
tp2l = tpij[ej[n3, n2, 3], n2, nl]

(» Lorentz reciprocity theorem -

Resulting electric field at position z for a thickness of 12 for layer 2
for a incoming wave propagating from infinity from the air/lens side
moving forward (p) /backward (m) having polarization p/s - "Eairps" x)

Elensps[e3_,nl1 ,n2_,n3_,12_,k ,z ] =-(Exp[i*n2xkx*Cos[e]j[n3, n2, ©3]] *
z] * (-1 +1rs3272)) /
((L+ExXp[2*i*n2xKkx*Cos[@J[n3, n2, ®3]] = 12] * rs21 x rs32) » ts32) ;

Elensms[e3 ,nl1 ,n2 ,n3 ,12 ,k ,z 1=
(Exp[i*n2*k*Cos[@j[n3, n2, ®3]1] * (12-2)] % (-1 +rs3272))
rs21/ ((L+EXp[2x1i*xn2xkx*xCos[@J[n3, n2, 83]] » 12] x rs21 » rs32) » ts32) ;

Elenspp[e3_,nl1_,n2_,n3_,12_,k ,z ] =-(Exp[i*n2x+k*Cos[e]J[n3, n2, ©3]] *
z] * (-1+rp32°2)) /
((L+Exp[2*i*n2xk*Cos[@][n3, n2, ©3]1] * 12] = rp21 » rp32) » tp32) ;

Elensmp[e3_,nl1 _,n2_,n3_,12_,k ,z 1=
(Exp[i*n2xk*Cos[ej[n3, n2, ®3]] = (12-2)] * (-1 +rp32°72))
rp2l/ ((L+Exp[2*i*n2xkxCos[@J[n3, n2, ©3]] » 12] = rp21 x rp32) » tp32) ;



optical antenna _ v7.nb

(» Radiation pattern for a dipole at position z in layer 2 (n2) with
thickness 12 in the direction of air(nl)/lens(n3) for a dipole
parallel (p) /orthogonal (0) to the surface in polarization s/p.

There is no s polarization for an orthogonal dipole -
forbidden by geometryx)

3
Plensps[e3_,nl1 ,n2 ,n3_,012_,k ,z 1= 8—*n3*
T

Abs[Elensps[e3, n1, n2, n3, 12, k, z] +Elensms[e3, nl1, n2, n3, 12, k, z]1"2;

3
Plenspp[e3_,nl1_,n2_,n3_,12_,k ,z ] = 8—*n3*
T

Abs[Elenspp[e3, nl1, n2, n3, 12, k, z] -Elensmp[e3, n1, n2, n3, 12, k, z]1"2 %
Abs[Cos[e}[n3, n2, ©3]1]1]1"2;

3
Plensop[e3_,nl1 ,n2 ,n3_,012_,k ,z 1= 8—*n3*
T

Abs[Elenspp[e3, n1, n2, n3, 12, k, z] +Elensmp[e3, n1, n2, n3, 12, k, z]1"2 %
Abs[Sin[ejJ[n3, n2, 83]1]1]1"2;

(» Back Focal Plane Imaging - for explanation see theory Sect. 2.4 «x)

Plensp[x_, Yy ] =

} 1000 % 10°° 27
[PIensps[ArcSm[Sqrt[x"Z +y”~211, 1, 2.41178, 3.27, , ,
1 637 % 107°
500 + 10-° )
—] * SIN[ArcTan[y /Xx]1]1"2+
1000 » 10-°

PIenspp[ArcSin[Sqrt[x"Z+y’\2]], 1, 2.41178, 3.27,

27 500 % 10-°
637 % 1079 1

] * Cos[ArcTan[y / X]] ’\2]/ Cos[SQrt[x"2+y”"2]1;

Plenso[x_, Yy ] = PIensop[ArCSin[Sqrt[x’\Z+y’\2]]. 1, 2.41178,
1000 % 10-° 27 500 % 10-°
1 " 637109 1

]/ Cos[SQrt[x"2 +y~2]1];

(» These Contour Plots reproduce the
simulated back focal plane images shown in Fig. 9. =)

ContourPlot[Plensp[x, y], {X, -0.8, 0.8}, {y, -0.8, 0.8},
Contours -» {Automatic, 200}, PlotLegends -» Automatic, PlotRange » {0, 1.7},
ContourStyle - None, ColorFunction - "GrayTones", PlotPoints - 60]

ContourPlot[Plenso[x, y], {X, -0.8, 0.8}, {y, -0.8, 0.8},
Contours -» {Automatic, 100}, PlotLegends - Automatic, PlotRange » {0, 3.5},
ContourStyle » None, ColorFunction - "GrayTones", PlotPoints - 60]
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