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ABSTRACT: Effective light extraction from optically active solid-
state spin centers inside high-index semiconductor host crystals is
an important factor in integrating these pseudo-atomic centers in
wider quantum systems. Here, we report increased fluorescent light
collection efficiency from laser-written nitrogen-vacancy (NV)
centers in bulk diamond facilitated by micro-transfer printed GaN
solid immersion lenses. Both laser-writing of NV centers and
transfer printing of micro-lens structures are compatible with high
spatial resolution, enabling deterministic fabrication routes toward
future scalable systems development. The micro-lenses are
integrated in a noninvasive manner, as they are added on top of
the unstructured diamond surface and bonded by van der Waals forces. For emitters at 5 μm depth, we find approximately 2×
improvement of fluorescent light collection using an air objective with a numerical aperture of NA = 0.95 in good agreement with
simulations. Similarly, the solid immersion lenses strongly enhance light collection when using an objective with NA = 0.5,
significantly improving the signal-to-noise ratio of the NV center emission while maintaining the NV’s quantum properties after
integration.
KEYWORDS: diamond, nitrogen vacancy, additive GaN micro-optics, transfer printing, quantum systems

■ INTRODUCTION
Solid-state quantum defects in bulk crystals have emerged as
promising systems for applications such as quantum
information science,1−3 quantum sensing,4,5 and quantum
imaging.6 These defects are particularly attractive for such
applications due to their long spin coherence times, room
temperature stability, and the possibility for scalable fabrication
and integration into existing electronic and photonic
technologies.
Among these solid-state quantum defects, the negatively

charged nitrogen vacancy (NV−) center in diamond has gained
particular attention due to its beneficial optical and spin
properties. NV− centers are point defects in the diamond
lattice that consist of a substitutional nitrogen atom adjacent to
a carbon vacancy site. They exhibit bright and stable
photoluminescence (PL) at room temperature, as well as
long-lived electron spin states which can be used as auxiliary
qubits to nearby nuclear spins,7 nanoscale magnetic field
sensors,8 or nodes in a quantum network.9,10

In recent years, there has been significant progress in
developing techniques for fabricating NV centers in diamond,
including ion implantation,11,12 and low energy electron beam
irradiation13,14 with post-treatment annealing. Laser writing
has emerged as a particularly attractive fabrication technique

due to the unique nonlinear light−matter interaction
mechanism so that single NV− centers can be fabricated
deterministically with minimal residual lattice damage and
precise positioning inside host materials.15−18

The collection efficiency of photons emitted by diamond
color centers is a major limitation for many quantum
applications, affecting other interesting emitters such as the
silicon (SiV), tin (SnV), or germanium vacancy (GeV) center
similarly.19−24 The high refractive index mismatch between
diamond and the surrounding medium results in a considerable
proportion of emitted photons being reflected internally,
leading to a significant loss of emission signal from any emitter
inside the crystal. In order to address this limitation, several
techniques have been developed to efficiently address atomic
defects inside single crystalline diamond, including cavity
coupling25−28 and nanostructuring.29−34 Low-divergence cou-
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pling between nano-emitters and free-space has been
demonstrated using low refractive index polymer struc-

tures,35,36 though light extraction from semiconductor
materials with high refractive index remains challenging.

Figure 1. Schematics describing the process flow, (a) suspended GaN solid immersion lenses are fabricated by parallel plasma dry and wet etching
techniques, (b) after initial marker writing, an NV− defect center is generated in single crystalline diamond by pulsed laser writing and subsequent
thermal annealing, and the suspended GaN lenses are assembled above the defect center with micro-transfer printing.

Figure 2. (a) Photolumincescence image of an example region after laser writing and annealing. The image was recorded using an oil immersion
objective with NA = 1.25. Targeted emitter locations are marked with green crosses, (b) microscope images of the assembled GaN SILs above the
marked emitters in (a), (c) AFM data of the GaN SIL with the red frame (top left quadrant) in (b), (d) photoluminescence image of a graphitized
spot below the SIL from (c), recorded using an air objective with NA = 0.5.
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A particularly common approach to increase the light
collection efficiency from diamond emitters is the fabrication
of a monolithic solid immersion lens (SIL) around a defect,
typically using a focused ion beam (FIB) to carve the diamond
into a lens shape.37−40 A standard milling process is stated to
take around 1 h per lens39 and is therefore challenging to scale,
but significant collection improvements of up to 10× have
been reported. Even though no detrimental effects of the
milling process on the coherence properties of NV− centers are
reported,41 there are some concerns that the ion bombardment
might cause additional strain around the defect of interest.42,43

Recent study at the forefront of NV-based quantum computing
and quantum networking reports the use of such monolithic
SILs for faster measurement time and reduced error rate due to
enhanced signal-to-noise ratio, illustrating the practical
significance of this method.7,10

In this study, the advantages of laser-written NV− centers are
combined with back-end integration of GaN solid immersion
lenses using an additive micro-assembly method, avoiding any
damage to the host crystal. This heterogeneous integration
approach allows the decoupling of the lens fabrication
processing from the vacancy center definition and selection,
while massively speeding up the lens fabrication due to the use
of wafer scale compatible parallel wet and dry etching
techniques. The GaN lenses are realized using the balanced
etch selectivity of photoresist and GaN in inductively coupled
plasma (ICP) etching creating high aspect ratio lenses, which
cannot commonly be achieved when processing diamond with
ICP etching.44 GaN and diamond are closely index matched
around the emission wavelength of the NV− center providing
minimal reflection effects at the material interface. The detailed
fabrication process is outlined in the following section.

■ FABRICATION METHOD
A schematic of the process flow is indicated in Figure 1 while
corresponding experimental results are shown in Figure 2.
Figure 1a illustrates how the GaN solid immersion lenses are
defined and suspended on a strain-optimized heteroepitaxially
grown GaN-on-Si chip45−47 based on the wafer-scale
compatible microfabrication process reported in earlier
study.44 Initially, polymer resist lenses are defined by grayscale
lithography and thermal reflow (1), followed by inductively
coupled plasma (ICP) dry etching to transfer the lens shape
into the 2 μm thick GaN top layer (2). A mesa structure is
lithographically defined around the lens and translated into the
ca. 2 μm thick AlGaN/AlN buffer layer in an additional ICP
etching step, exposing the Si substrate (3). Utilizing a SiOx
hard mask, the lens and AlGaN/AlN mesa are laterally
suspended by an anisotropic potassium hydroxide (KOH) wet
etch followed by hard mask removal (4). The prefabricated
GaN SILs are then extracted from their growth substrate using
a modified dip-pen lithography system48 under white light
illumination (5). A patterned polydimethylsiloxane micro-
stamp (6:1 Sylgard 184 PDMS) with around 35 μm extrusion
height and 30 μm square lateral size is used. This polymer-
based micro-transfer printing technique allows the determin-
istic release and placement of suspended semiconductor
chiplets with sub-micron lateral precision using the reversible
adhesion properties of PDMS.48−50

The fabrication of diamond NV centers at targeted positions
and successive GaN SIL integration is illustrated in Figure 1b.
A commercially available electronic-grade single crystalline
[100] diamond grown by chemical vapor deposition with

nitrogen density <5 ppb is used as substrate. Laser writing is
implemented using a regeneratively amplified Ti/sapphire
source producing laser pulses with 150 fs duration, 790 nm
wavelength, and a repetition rate of 1 kHz which is focused
using a high-NA oil immersion objective lens (Olympus 60×,
1.4 NA). Initially, a high laser pulse energy is used to break
down the diamond lattice and create square graphite markers
in regions with low intrinsic color center concentration (I).
These surface markers are easily visible in an optical
microscope, aiding the localization of the writing sites and
later the transfer printing process, as shown in Figure 2b.
A single pulse from the femtosecond laser is focused inside

the electronic grade diamond substrate to introduce an
ensemble of Frenkel defects at the target position determined
by the markers in 5 μm depth (II). Optical aberrations related
to refraction at the diamond interface are corrected using a
liquid crystal spatial light modulator.51,52 The sample is then
subjected to a 1000 °C anneal for 3 h under nitrogen flow to
mobilize the vacancies, some of which combine with intrinsic
substitutional nitrogen atoms in the diamond lattice to form
stable NV centers (III).16,53

The laser-processed areas of the diamond sample are initially
characterized by collecting the photoluminescence (PL)
emission with a home-built confocal microscope using an oil
immersion objective (NA = 1.25) (III). A 532 nm continuous-
wave (CW) laser (GEM 532) is used as an excitation source
and the collected epi-fluorescence signal is focused on a single
photon avalanche diode detector (SPAD), filtering in the
spectral range from 600 to 740 nm. The setup is described in
more detail in Figure S1 in the Supporting Information.
Photoluminescence maps of the created emitters were
obtained at room temperature, with an example shown in
Figure 2a. As can be seen here, each marker quadrant contains
an array of 5 × 5 writing sites with 5 μm spacing. Each site is
irradiated by a single laser pulse, with pulse energy kept
constant within a particular row but modified between rows.
The laser pulse energy range straddles the narrow transition
between the regime of lattice breakdown and graphitization to
the regime of creating vacancy ensembles without any sp2-
bonded carbon content. The in-plane placement accuracy of
the NV centers is expected to be within 250 nm with respect to
the grid.16 The upper two quadrants of the array typically
contain graphitized points while the lower two quadrants show
vacancy ensembles. Anti-bunched photon emission is identified
by collecting g(2)(τ) autocorrelation statistics using a second
SPAD and the positions of promising emitters are noted to
guide the transfer printing of the GaN micro-lenses.
Using the detailed spatially resolved precharacterization of

the photo-emitters, GaN SILs with a radius of curvature
(ROC) matching the emitter depth are preselected, removed
from their growth substrate and deterministically placed above
targeted NV− centers using the laser-written marker structures
as an alignment guide, as illustrated in Figure 1b (IV)/(6). The
related experimental results after lens release (V)/(7) are
shown in Figure 2b. Here, multiple micro-lenses are integrated
on a small footprint, with a single GaN lens placed in each
quadrant of a pre-characterized marker region. The corre-
sponding PL map shown in Figure 2a is used to adjust the
print position according to the most promising emitter
locations. Alignment is mainly limited by image distortions
in the PL map and the markers are solely used for visual
guidance without applying any numerical methods. Before
transfer printing, an ultrasonic solvent clean and a boiling acid
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treatment in 95% sulfuric acid mixed with 30% H2O2 with 3:1
volume ratio is applied to the diamond surface to remove any
surface debris remaining after laser writing the surface markers.
The adhesion of the GaN micro-lens to the diamond surface
relies solely on van der Waals forces without the use of any
adhesion layers. This type of bonding depends on both μm-
scale flatness and nm-scale local roughness of the participating
surfaces. The micro-lens height is restricted to the 2 μm thick
GaN epilayer to achieve a flat bottom surface.44

As stated in earlier study,44 a combination of grayscale
lithography and resist reflow is used to fabricate spherical and
smooth lens profiles with highly engineered lens dimensions.
Figure 2c shows an atomic force microscopy (AFM) line scan
and a true-scale 3D representation of the AFM data of the
marked device in Figure 2b, indicating a smooth symmetrical
lens with a fitted ROC = 9 μm, taking 4 μm overall device
thickness into account. After lens integration, we reevaluate the
photoluminescence emission from the targeted emitter
ensembles through the GaN SILs using air objective lenses.
Figure 2d shows the emission from a graphitized spot in the
top left quadrant using an objective lens with NA = 0.5. The
SIL is expected to contribute a magnification similar to its
refractive index n = 2.4 if the emitter is placed in the geometric
center of the lens sphere.54 The visible lateral displacement
between emitter and lens center accounts to roughly (δx, δy) =
(1.0, 0.4) μm, indicating a real displacement of (Δx, Δy) =
(0.4, 0.2) μm. Our simulations show that the gross expected
collection enhancement is maintained for both collection
optics with NA = 0.5 and NA = 0.95 if the real lateral

displacement does not exceed ±1 μm (see Figure S3 in the
Supporting Information).
The PL map in Figure 2d reveals significant background

fluorescence from the edges of the lens but the much weaker
light emission from the center of the GaN lens is largely
rejected by the confocal microscope arrangement. The
photoluminescence emission spectrum of the GaN/AlGaN/
AlN layer stack under green CW laser excitation is broad,
covering 550−800 nm wavelength at room temperature:
compare Figure S7 in the Supporting Information. Therefore,
spectral filtering can only be partially applied to isolate the
NV− emission. Noticeably, the apparent emitter depth
increases due to the printed SIL in agreement with
expectation: without lens, refraction at the planar diamond
interface causes the apparent emitter depth to lie much closer
to the diamond air interface than its actual position inside the
crystal.39

Overall, we demonstrate three-dimensional deterministic
matching of emitters and SILs using targeted color center laser
writing, grayscale lens-shape control, and micro-transfer
printing, moving toward novel micro-systems development
with scaling potential.

■ SIMULATED LIGHT EXTRACTION EFFICIENCY
In order to quantify the potential collection efficiency
improvement from NV− centers caused by the transfer printed
GaN SILs, three different scenarios are investigated with finite
difference time domain simulations (FDTD): (i) a flat
diamond substrate, (ii) a flat diamond substrate with added

Figure 3. (a) Schematics introducing three different cases of NV-to-free-space coupling with (b) corresponding device cross sections from finite
difference time domain simulations at λ = 700 nm wavelength with two dipole emitters mimicking the NV defect center in 5 μm depth and (c) the
far field projection in free-space above the emitter derived from the simulations in (b), similarly taken at λ = 700 nm wavelength.
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GaN micro-lens, and (iii) a monolithic hemispherical solid
immersion lens fabricated around the emitter, as can typically
be achieved by FIB milling. Figure 3a illustrates all three cases.
The GaN lens in simulation (ii) closely resembles the
fabricated micro-lens shown in Figure 2c. The emitter position
overlaps with the midpoint of the lens sphere for both the GaN
and the diamond lens. The commercial simulation software
“Ansys Lumerical FDTD” is used with absorbing boundary
conditions.
In all three scenarios, the two electric dipole moments of the

nitrogen vacancy center are modeled by two dipole emitters
perpendicular to the tilted NV− symmetry axis at 5 μm depth
below the (100) diamond surface. Figure 3b shows the
intensity cross section through each simulation region. In the
case of the flat diamond surface, the emitted wavefront exhibits
strong curvature after passing the diamond−air interface,
indicating large angles of the k-vector toward the surface
normal caused by refraction. Additionally, total internal
reflection (TIR) traps significant amounts of the upward
traveling light in the diamond slab. In contrast, both GaN and
monolithic SILs allow the wavefront to maintain its shape after
passing through the semiconductor materials because their
radius of curvature (ROC) is matched to the position of the
dipole emitter. Additionally, the GaN micro-lens visibly
reduces the negative impact of total internal reflection while
the FIB lens can eliminate TIR fully.
The upward directed far-field emission pattern is recorded

using monitors positioned at the green lines in Figure 3b,
assessing the theoretical collection efficiency and its depend-

ence on the numerical aperture (NA) of the collection optics.
The result of the far field projections is displayed in Figure 3c.
As expected the intensity distribution is comparably weak and
spread over wide angles if no SIL is in place, while both SILs
increase the maximum light intensity by about 1 order of
magnitude. Due to the buffer layer thickness and additive
nature of the assembly process, the far field above the GaN
micro-lens indicates strong improvement primarily when
collection optics with low numerical aperture (NA < 0.6) are
considered. For collection optics with NA > 0.6, not much
additional gain in absolute collection efficiency is expected.
Lower numerical aperture collection optics could be used to
address arrays of multiple quantum emitters in a significantly
enlarged field of view, which might offer a route to scaling of
such quantum systems using spatial light modulators and free-
space emitting photonic integrated circuits for beam delivery.55

■ RESULTS AND DISCUSSION
The improvement of PL collection efficiency is assessed by
comparing two sites where we combined NV− center pairs
with GaN lenses and show that anti-bunching in the photon
statistic is maintained after lens integration. Two different
home-built confocal microscopes are used to measure the
effects of varying NA of the collection optics (NA = 0.5, 0.95,
and 1.25), and both setups are depicted schematically in
Figures S1 and S2 in the Supporting Information. The setups
are qualitatively similar, but we cannot directly compare count
rates quantitatively between them.

Figure 4. (a) PL images of the same emitter after the initial laser writing and annealing (left) and after GaN SIL integration (right) showing
dependence on the numerical aperture of the collection optics. Line profiles are taken along the green lines in the maps, (b) normalized
autocorrelation without background correction and background corrected spectral data from the emitter discussed in (a) after SIL integration using
the objective with NA = 0.95. An experimental artifact in the g(2)(τ) histogram due to optical cross-talk at τ ≈ 20 ns has been corrected for and the
full raw data are presented in Figure S8 in the Supporting Information.
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Figure 4a includes PL maps of one writing site which is
identified as a NV− center pair. The PL signal is compared for
different objective lens NAs with and without a GaN SIL in
place. Prior to SIL integration, the written site is barely visible
when imaged with NA = 0.5, but with increasing the objective
lens NA, the signal-to-noise ratio (SNR) increases significantly
due to more efficient collection from the heavily refracted
emitted light. After adding a GaN micro-lens on top of the
same emitter, we are now able to clearly resolve the emission
using NA = 0.5, noting a roughly 5× enhanced count rate
when the emitter is pumped to saturation. However, the low
SNR before lens integration makes it difficult to quantify the
improvement with much accuracy. The magnification effect of
the SIL additionally separates the emitter more clearly from
the emitting surface marker structure in the left part of the PL
map. The logarithmic line scans through the emitter PL signal
reveal significantly improved SNR when comparing both NA =
0.5 and NA = 0.95 before and after lens integration.
To confirm the compatibility of the GaN micro-lenses with

measurements in the quantum regime, g(2)(τ) autocorrelation

measurements are taken before and after lens integration.
Intensity autocorrelation is a well-established technique often
used to verify the existence of single-photon sources in solid
state physics and goes back to the study of Hanbury Brown
and Twiss (HBT).56−58 To collect the g(2)(τ) statistic, the PL
signal is split between a free-space SPAD and a fiber-coupled
SPAD with timing jitter Δτ ≈ 500 ps using a 50:50
beamsplitter. For these measurements, the objective lens
with NA = 0.95 is used. A spectral filter in the optical path of
one SPAD prevents potential optical cross-talk due to the
breakdown flash commonly observed in Si APDs and SPADs.59

Figure 4b contains the HBT measurement result from the
emitter depicted in Figure 4a and we find 0.5 < g2(0) = 0.59 <
0.66 after lens integration, indicating that the ensemble
consists of two closely spaced NV− centers, which cannot be
resolved separately. Before the integration of the micro-lens,
we measure g(2)(0) = 0.72 due to the NV center doublet being
heavily saturated, with results presented in Figure S8 in the
Supporting Information. Figure 4b also includes a background
corrected spectral measurement of the discussed emitter taken

Figure 5. (a) Fitted power saturation measurements of two NV− center pairs with and without GaN SIL using an objective with NA = 0.95, (b)
expected free space collection improvement in dependence of the objective’s NA derived from the FDTD simulations shown in Figure 3, and (c)
cross section though a simulation region with a GaN SIL matched to a dipole emitter at λ = 700 nm wavelength and the expected corresponding
free space collection enhancement in reference to a planar diamond−air interface in dependence of the emitter depth and GaN lens height. The
ROC of the GaN lenses is matched to the respective emitter depth and the result for a monolithic diamond hemisphere (“FIB lens”) is shown for
comparison.
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through the lens, exhibiting a sharp zero-phonon line (ZPL)
centered at 637 nm and a phonon sideband of approximately
100 nm width, as is characteristic of the NV− center in
diamond.60,61 The long wavelength transmission edge of the
665/150 nm band-pass filter can be seen around 740 nm
wavelength. For the g(2)(τ) measurement, a 600 nm long-pass
filter is added to remove the first-order diamond Raman line
from the background signal. Both measurements demonstrate
that the photophysics of the emitters remain undisturbed after
passing through the GaN SIL. Furthermore, the GaN SIL
enhances the photon count rate to enable faster measurements
with similar SNR.
To quantify this enhancement caused by the SILs, power

saturation measurements are taken on two NV− center pairs
before and after SIL printing using the air objective lens with
NA = 0.95. The results are shown in Figure 5a and as expected,
the count rates of the NV centers increase with increasing laser
power up to a certain saturation level, after which the count
rates plateau. Pair 1 corresponds to the emitter discussed in
Figure 4, while pair 2 is shown in the bottom right quadrant of
the region discussed in Figure 2. More information on both
emitters and the applied lens profiles can be found in Figure S6
in the Supporting Information. The data are fitted with the
sum of two saturation curves derived for two-level quantum
systems, allowing both emitters in the focal volume their own
saturation power Psat and intensity Isat

= ·
+

+ ·
+

I P
I P

P P
I P

P P
( ) sat1

sat1

sat2

sat2 (1)

A single saturation curve fit describes the data equally well.
With this, (2.2 ± 0.1)× and (1.8 ± 0.1)× enhancement of Isat
is found for pair 1 and pair 2, respectively. Similarly a slight
reduction in saturation pump power by a factor of (1.7 ±
0.3)× for pair 1 and (1.2 ± 0.2)× for pair 2 is observed. This is
likely due to a reduction in the spherical aberration that occurs
at a planar interface with high index contrast.39 We do not
expect an additional substantial narrowing of the point spread
function of the pump laser caused by the SIL because the
objective lens and SIL exhibit similar numerical aperture,
compare Figure S6 in the Supporting Information. But the
pump efficiency enhancement would likely be more noticeable
when using a lower NA objective because the SIL is then
expected to reduce the diffraction-limited spot size.
These measurement results are compared to the expected

collection enhancement derived from the simulations shown in
Figure 3. The transmitted light through the detector surfaces
(green lines) in the air above the diamond substrate/GaN SIL
is averaged between 650 and 750 nm wavelength. The far-field
projection is similarly averaged over 650, 700, and 750 nm
wavelength. As neither transmission nor angular dependency
varies strongly with wavelength, both can be multiplied to
estimate the light collection efficiency in dependence on the
acceptance angle/NA of the collection optics, without the need
to weight the simulation result with the spectral density of the
NV− emission. The simulation result is shown in Figure 5b,
comparing the planar diamond surface to a GaN micro-lens
with its radius of curvature matched to the emitter depth and
ideal lateral alignment. The integrated transmission refers to
the percentage of total light emitted by the dipole that is
caught within the respective angular acceptance cone. The
simulations take Purcell enhancement into account, which is
found to be <5% within the given spectral region.

The simulations predict an improvement factor of around
2.5× for an objective lens with NA = 0.95, which is a bit higher
than what is found in the experiment. For both NV− center
pairs, the real lateral displacement is less than the predicted
critical value of ±1 μm, but vertical misalignment might lead to
lower collection enhancement if the emitter is actually placed
deeper inside the crystal than intended. We estimate that an
emitter that lays 1 μm too low could cause the enhancement to
drop to around a factor of 2×, compare Figure S4 in the
Supporting Information. Note that the SIL placed above NV−

center pair 1 was chosen to have a slightly larger diameter,
leading to a larger ROC, for which the simulations predict
increased collection at large collection NA, compare Figure S5
in the Supporting Information. Another reason for the slight
discrepancy between measured and simulated enhancement
might be interference effects from the sidewalls of the AlGaN/
AlN buffer layer, which are not taken into account in the
simulations.
As noted before, the simulations for the GaN SIL predict

similar overall collection efficiency for objective lenses with NA
varying between 0.6 and 0.95, potentially gaining a larger field
of view without loss of photon count rate. Taken together,
these results provide further evidence that the GaN SILs are
effective in enhancing the signal from quantum defects in
diamonds.
Further enhancement could be achieved by placing the color

center closer to the diamond surface and increasing the GaN
epilayer thickness. In our current study, the 5 μm depth of the
NV emitters, the 2 μm thick AlGaN/AlN buffer layer, and the
epilayer-constrained GaN lens height (2 μm) limit the
enhancement expected from the SILs because these parameters
affect how much the lens aperture covers the angular space
above the emitter. The simulated enhancement factors for
ROC-matched GaN lenses combined with emitters at various
depths and varying GaN lens height compared to a
hemispherical monolithic SIL are depicted in Figure 5c.
These results show that a 2 μm high GaN micro-lens is
expected to increase the light collection efficiency up to 7×
(NA = 0.5), 6× (NA = 0.7), and 4× (NA = 0.95), if the
emitter is placed in 1 μm proximity to the surface, compare
with the light gold colored curve in Figure 5c. In particular, the
overall absolute collection is not expected to deviate much
between an NA of 0.7 and 0.95, potentially offering a larger
field of view without any losses if a suitable GaN SIL is used.
But we note that with moving both to lower NA and lower
emitter depth the confocal rejection of the PL from the GaN/
AlGaN/AlN layer stack is likely to decrease. In addition, the
GaN epilayer thickness could be increased to, e.g., 4 μm, which
allows to increase in the lens diameter while maintaining the
midpoint position of the spherical lens profile. Thus, the
effective angular coverage of the lens aperture above the
emitter would rise, improving the photon extraction regardless
of emitter depth: compare the dark green and dark golden
curves in Figure 5c with the light-colored curves. This
approach is expected to require tuning of the strain profile in
the epilayer including the redesign of the buffer layer.44

Overall, the derived collection efficiency for the planar
diamond surface and the monolithic diamond SIL is in good
agreement with previous experimental and theoretical
study,37−41,54,62,63 indicating the validity of the simulations.
We added the expected enhancement and absolute collection
efficiency for various emitter depths and different GaN epilayer
thicknesses both for (100) and (111) crystal orientation in
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Figure S9 in the Supporting Information, with the overall
trends being very similar to what is shown in Figure 5c.

■ CONCLUSIONS AND OUTLOOK
In summary, we have investigated how additive GaN micro-
lenses can be used to enhance the photon collection from
diamond color centers, using laser-written negatively charged
nitrogen vacancy center as an example. To our knowledge, this
is the first study that deterministically combines ca. 10 μm
large semiconductor micro-lenses with color centers in a
foreign host crystal, showing the potential of additive high-NA
micro-optical components for quantum technology-based
systems in general. We find evidence of collection improve-
ment on the order of 2× in good agreement with finite
difference time domain simulations. The main advantages that
transfer printed GaN solid immersion lenses offer over
monolithic diamond hemispheres fabricated with focused ion
beam milling are the potentially much faster fabrication speed
and their additive nature that eliminates damage to the
diamond lattice which could affect the color center properties.
Further improvement in photon collection efficiency is

expected by placing the color center closer to the diamond−air
interface. We find that a dipole emitter in 1 μm proximity to
the surface might experience 4−7× collection improvement.
Still, the highest possible collection efficiency offered by these
additive lenses remains limited in comparison to monolithic
hemispheres due to the 2 μm thick buffer layer. This might be
mitigated by increasing the GaN epilayer thickness to 4 μm,
potentially achieving lenses with larger diameters but the same
midpoint of the lens sphere, covering a larger angular space
above the emitter. When using an objective lens with NA =
0.77 in this arrangement, the simulations predict that
collection is relatively on par with what can be achieved with
a hemispherical diamond lens, using the same collection optics.
Deterministic laser writing of color centers has been

reported with near unity yield,15 making regular high-quality
color center arrays possible which could be combined with
regularly spaced micro-optical elements for effective collection
improvement. The GaN lens fabrication uses highly parallel
ICP etching, enabling thousands of devices to be fabricated in
one wafer run, potentially utilizing 6″ GaN-on-Si wafer
technology. The stamp-based transfer printing process is
conducted manually here, but can easily be automated while
maintaining μm-precise placement accuracy using optically
visible marker structures.48,64 Combined with a multi-stamp
head approach,65 a device throughput of >100−200 devices
per hour is conceivable after initial alignment of donor and
receiver chip and highly optimized processing. Alternatively,
continuous roller transfer printing might offer a way to scale
the transfer process but still needs further development in
terms of overlay alignment accuracy.66 Further scaling could be
achieved by adding multiple GaN micro-lenses on one AlGaN/
AlN membrane to create printable arrays, thus reducing the
number of transfer print processes. Lens arrays could either be
integrated with arrays of deterministically generated color
centers or deterministic writing could be performed through
the GaN lenses themselves after printing.15 The latter
approach could allow the reduction of depth at which
vacancies can be created by laser writing and would
additionally auto-align the respective color center close to
the midpoint of the lens sphere.67
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