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Abstract: We demonstrate the back-end integration of optically broadband, high-NA GaN
micro-lenses by micro-assembly onto non-native semiconductor substrates. We developed a
highly parallel process flow to fabricate and suspend micron scale plano-convex lens platelets
from 6" Si growth wafers and show their subsequent transfer-printing integration. A growth
process targeted at producing unbowed epitaxial wafers was combined with optimisation of the
etching volume in order to produce flat devices for printing. Lens structures were fabricated with
6− 11 µm diameter, 2 µm height and root-mean-squared surface roughness below 2 nm. The
lenses were printed in a vertically coupled geometry on a single crystalline diamond substrate
and with µm-precise placement on a horizontally coupled photonic integrated circuit waveguide
facet. Optical performance analysis shows that these lenses could be used to couple to diamond
nitrogen vacancy centres at micron scale depths and demonstrates their potential for visible to
infrared light-coupling applications.
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1. Introduction

Micron-sized optical elements are important components for the coupling of light between
free-space and matter based systems. Dielectric micro-lens arrays (MLA) are commercially
available and commonly used to focus light onto the photon-sensitive regions of CCD [1] and
CMOS [2] photo-detector arrays, in order to increase quantum efficiency. Micro-optics are also
used to improve the efficiency of light extraction from light emitting diodes (LEDs) [3] and
µ-LEDs [4], for coupling to integrated photonic circuits (PICs) [5] as well as for improving
pump and collection efficiency between microscope systems and semiconductor based solid state
quantum emitters [6]. This latter application is particularly challenging due to the often random
positioning of the quantum emitters and the large refractive index of the host material that leads
to total internal reflection at the interface between the material and free-space.

There are two main routes to fabrication of micro-optics on semiconductor substrates, either
additive materials patterning on the substrate, or direct fabrication of optical surfaces into
the material itself. There are a number of techniques available for the fabrication of additive
components, including imprint lithography [7,8], two-photon polymerization [9–11], thermal
reflow [12–14], and inkjet printing [15,16]. Structures formed by these methods are commonly
used as the final optical element themselves, but may also be used as a mask for a dry-etch shape
transfer into the semiconductor. Two photon polymerization (TPP) is a particularly flexible
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method and can be used to fabricate complex micro-optical systems such as multi-lens beam
expanders on fibre tips [9] as well as vertical and end-fire couplers to PICs [10,11]. The relatively
low refractive index n of TPP resins (n = 1.5 − 1.6 [17] compared with common semiconductor
materials n>2.0 [18–22]) limits the achievable numerical aperture (NA) of the polymer lenses.
Furthermore, polymeric materials are susceptible to catastrophic optical damage at watt-level
optical power [10].

Alternatively, solid immersion lenses (SIL) can be formed directly into semiconductor
materials by focused ion-beam milling [23,24], laser-micromachining [25,26], photoresist reflow
in combination with reactive ion etching [27,28], dual masking [29] and diamond turning [30,31].
These methods make use of the high refractive index of the material itself to avoid refractive
index contrast at interface layers, produce high NA performance and are robust to optical damage.
Individual lenses can be fabricated with high positional accuracy but require either serial, time
consuming processing [23,24], or in the case of diamond substrates are limited in the form factors
that can be achieved due to the mask-to-semiconductor etch selectivity [27,28].

In this work, we present an alternative and scalable fabrication scheme, whereby micro-lenses
are directly fabricated in GaN material and subsequently transferred to a host chip as membrane
devices. The use of a III-N material enables better etch selectivity than in e.g. diamond,
while retaining a close refractive index match to semiconductor materials. The devices are
fabricated using a combination of grayscale lithography and the photoresist reflow to create
spherical photoresist micro-lenses, followed by inductively coupled reactive ion etching (ICP-RIE)
to transfer the pattern into a GaN/AlGaN/AlN layer stack grown on 6" Si wafers [32]. The
micro-lenses are suspended over the silicon substrate by wet chemical etching and transferred to

Fig. 1. a) Schematic application example for diamond NV scanning magnetometry, exploit-
ing a GaN lens as a light coupler, b) Simulated far field of a dipole emitter placed in a 200
nm wide square micro-pillar (10 nm away from the pillar tip, assuming [111]-orientation)
without and with a printed GaN micro-lens (ROC= 16 µm, 15 µm distance to the top of
the pillar) at λ = 650 nm wavelength c) Schematic of a GaN micro-lens facilitating end-fire
coupling between a photonic integrated circuit (left) and a fibre core (right), d) Simulated
free-space divergence from the fundamental TE mode of an GaN/AlN waveguide (1.2 µm
height, 2 µm width) without and with a GaN micro-lens (ROC= 3.3 µm) printed on the
waveguide facet.
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non-native substrates using a transfer printing process. We demonstrate transferred micro-lenses
with micron scale radius of curvature (ROC) and focal length f on diamond substrates. We also
show direct printing of a micro-lens onto the facet of a GaN waveguide chip. Two example
applications are shown in Fig. 1. In a), light is coupled to and from a diamond nitrogen vacancy
(NV−) centre into free-space collection optics for scanning magnetometry [33,34]. By including
a GaN micro-lens on the diamond substrate, the effective collection angle from the point emitter
is significantly reduced, improving potential coupling efficiency with external, low NA optics and
minimising total internal reflection losses. As the minimum detectable magnetic field scales with
the square root of the collected fluorescence rate in NV− based sensors, the cost of the instrument
can be reduced while improving performance metrics such as the measurement acquisition time
[35]. More generally, our transfer printing approach leaves the host crystal intact and allows
for alignment to randomly positioned quantum emitters. Figure 1(b) shows a scenario where a
micro-lens is integrated onto the facet of a GaN/AlN planar waveguide chip, improving modal
coupling efficiency between the highly confined on-chip mode and low NA external optics such as
a single mode fibre. In both applications, high-NA GaN micro-lenses could potentially substitute
other high-NA optical components, while maintaining or improving the system’s performance.

2. Fabrication and device transfer

Fig. 2 illustrates the process flow for GaN micro-lens fabrication and transfer.

Fig. 2. a) Illustration of the process flow after growth, using CVD-grown, single crystalline
diamond as receiver substrate, b) Microscope image of a GaN-on-Si donor chip corresponding
to process step 6.

A wafer die is spin coated with "Shipley SPR220-4.5" photoresist and micro-lenses are defined
in the resist using a combination of grayscale laser lithography (Heidelberg Instruments DWL66+)
and thermal reflow on a hotplate at 130-150 °C ①. The grayscale preshaping allows control of
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the lens diameter and rounds the resist edges. A step wise increase of the reflow temperature
leads to a spherical resist lens with the targeted height and radius of curvature with a smooth
surface finish. Alternatively, highly optimised grayscale lithography could be used to directly
define the resist profile, with the cost of increased surface roughness. An Ar/Cl2-based ICP-RIE
(200 W coil power, 70 W platen power, 30 sccm Cl2, 10 sccm Ar, 20 mTorr) is used to transfer the
lens shape into the GaN ②. The ICP recipe yields etch rates of 200 nm/min for SPR220-4.5 and
150 nm/min for GaN/AlGaN, leading to a selectivity around 0.75. The etch rate drops to around
120 nm/min for AlGaN with Al content x>60 % and in the AlN layer. The reactive ion etching
results in a lens profile transformation from a spherical resist lens to a parabolic shape of the
etched lens, as previously observed in SiC [14], indicating a partly chemical etch and possibly
ion channeling effects.

The defined GaN lenses are overlaid with a mesa pattern including suspension anchors using
"Shipley SPR220-7.0" photoresist. The previously detailed ICP-RIE recipe is employed to
remove the remaining AlGaN and AlN layers, leading to a slight overetch into Si ③. Fig. 2 b)
shows a microscope image of already suspended devices, illustrating the etched anchor and mesa
pattern defined in this etching step. The 7 µm thick photoresist is needed to successfully protect
the GaN lens surface from the plasma, as about 3 µm resist is sacrificed during the etching and
the spin coated resist is slightly thinner than the full 7 µm thickness over the protruding lens
features.

After resist removal, a conformal layer of 1.8 µm thick SiOx is deposited in step ④ by plasma
enhanced chemical vapor deposition (PECVD, 70 W RF power, 170 sccm SiH4, 710 sccm N2O,
1 Torr, T = 300 °C). This hard mask protects the GaN lens from the potassium hydroxide (KOH)
wet etch in step ⑦, with thinner layers demonstrating susceptibility to local failure and subsequent
chemical etching of the micro-lens features. SPR220-7.0 is used as a lithography mask to open
windows at the bottom of the etched trenches and a buffered oxide etch (7:1) removes the SiOx
with a slight undercut, leaving a sidewall protection layer of SiOx on the AlGaN/AlN mesa below
the lens ⑤.

An anisotropic RIE etch (100 sccm SF6, 8 sccm O2, 25 mTorr, 50 W RF-power [36]) is applied
after resist removal to etch the Si substrate using the SiOx layer as a mask ⑥. The resultant trench
allows access for a KOH wet etch solution (40 % in weight, 85 ◦C) to the (110) crystal plane,
selectively removing the Si below the lens-mesa along the fast <110> etch direction ⑦. The
schematic in Fig. 2 is rotated for this process step, indicating the anchors as semitransparent
areas and showing the anisotropic nature of the KOH etch in Si(111). Fig. 2 b) shows a top
view. As previously confirmed by scanning transmission electron microscopy [32,37], a nm-thin
disordered AlSiyNx interlayer is formed between Si substrate and AlN nucleation layer, which
provides an effective bottom protection against the KOH solution. The smoothness of the mesa
bottom surface is confirmed by atomic force microscopy (AFM) measurements after flipping a flat
membrane device with a PDMS stamp, yielding 0.4 nm root-mean-squared (r.m.s.) roughness.

The SiOx layer is removed by RIE dry etching (5 sccm CHF3, 15 sccm Ar, 30 mTorr, 120 W
RF-power) to restore the GaN lens surface. AFM surface roughness analysis on a GaN micro-lens
after SiOx removal showed a surface roughness on the order of 1.4 nm r.m.s.

The suspended micro-lenses are transfer-printed to receiver substrates (single crystalline (SC)
diamond or GaN/AlN waveguide facets) using a custom transfer printing system with sub-micron
spatial precision [38]. The lenses are removed from their growth substrate using a soft polymer
stamp fabricated using a 6:1 ratio Sylgard PDMS with a contact area of 30x30 µm2 ⑧. The
devices are finally aligned to the receiver chip position and released, making use of direct
Van-der-Waals interaction between the lens bottom and receiver chip top surface ⑨.

Additional data on the process flow, surface roughness, lens-shape transformation and process
yield is given in the supplemental document Fig. S1-5.
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3. Material growth for membrane flatness

The success of the heterogeneous integration scheme detailed above relies on the flatness of the
released membrane devices in addition to the back-side smoothness. If the membrane devices
are too bowed, it becomes impossible to achieve a good contact with the receiver substrate,
leaving an air cavity between the substrate and the device surface [39,40], which in the case of
micro-lens devices can lead to interface reflections and distortion of the desired lens behaviour.
Appropriately flat membranes are achieved via careful optimisation of the growth process for
the GaN heteroepitaxial layers. The structures used for micro-lens fabrication in this work are
grown by metal organic vapor phase epitaxy (MOVPE) on Si(111) substrates. As-grown, the
multilayers consist of a 0.25 µm AlN nucleation layer, a 1.7 µm graded AlxGa1−xN buffer (with
AlN mole fraction x decreasing from 75 % to 25 %), and a 2 µm GaN layer (i.e. a total thickness
of ca. 4 µm nitride material). By successively growing layers with a decreasing Al content, each
layer has a slightly larger relaxed lattice constant than that below it, so that the epitaxial growth
induces compressive stress. This stress counteracts the post-growth cooldown related tensile
stress originating from the thermal expansion mismatch between the silicon substrate and the
nitride epitaxial layers. Post-growth, the wafer-bows are functions of the residual stresses and
thickness of the individual epilayers. For a membrane released from the growth substrates, its
deflection is also dependent on these in-built stresses in the remaining layers and related to the
wafer bow [41].

The wafer bow can be controlled by exposing the substrate to ammonia at 1000 ◦C prior to
deposition of the AlN nucleation layer. By changing the duration of the ammonia pre-dose, the
bow may be tuned from convex to concave. Initial trials of the membrane fabrication process
with the pre-dose duration varying (without any lens fabrication) used a series of wafers in which
a 1 µm GaN epilayer was grown on top of similar underlying buffer layers to those employed for
the micro-lens fabrication. These trials indicated that minimising the wafer bow also yielded
the least bowed membrane (see supplemental document, Fig. S6). Based on this information,
for the present studies with 2 µm thick GaN layers, material from two nearly-flat wafers (having
respective bow values of +7 µm and −2 µm) are used for the experiments. It is observed that
even for material from flat wafers, the material removal in the micro-lens fabrication needs to be
further optimised to realise flat devices.

For example, Fig. 3 a) shows a test membrane with a planar surface (i.e. no lens topology)
where material was removed by ICP-RIE until 1.2 µm of the combined graded AlGaN buffer and
AlN nucleation layer remained. Though the source wafer had near-zero bow, when the resulting
AlGaN/AlN membrane is transferred to a diamond substrate, a clear interference fringe pattern
appears. This indicates an air gap below the device. An AFM scan confirms convex bowing of
the membrane, showing that the maximum width of the air gap is on the order of 250 nm.

Membranes with micro-lens topology are also bowed when etched to this same remaining
thickness of 1.2 µm, as shown in Fig. 3 b). However, the effect is observed to be most pronounced
for the smallest micro-lens whose colour fringes closely resemble the planar membrane device
in Fig. 3 a). As the lens diameter increases, the coloured fringes decrease in spatial frequency,
indicating a reduced membrane bow. This can be explained by the fact that in membranes where
the original layer thicknesses are maintained, the summation of bending moments arising from
each layer are balanced. Once the thicknesses and/or volumes are altered (e.g. by partial etching
of the layers to create a lens geometry), this balance is disrupted, so that the membrane starts
to bow, creating an additional bending stress restoring equilibrium. This effect is here further
enhanced, since lens height and the diameter are for these particular devices positively correlated,
with the height rising from 2 µm to 3 µm, compare Fig. S7 for AFM data. As more material is
removed, like in the case of small radius of curvature lens structures, the bow of the devices
becomes larger. Hence, the optimised micro-lenses are designed to leave more of the epitaxial
stack intact by limiting the lens etch depth to 2 µm, matching the thickness of the GaN epilayer.
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Fig. 3. a) Schematic, microscope image and AFM analysis of a 1.2 µm thin AlGaN/AlN
membrane transfer printed onto SC diamond, b)/c) Schematic and microscope images of
2 − 3 µm high micro-lenses in b) on bowed, 1.2 µm thick mesas with anchors and in c) on
flat, 2 µm thick mesas without anchors printed on SC diamond, d) 40 ◦ tilted SEM image of
a 2 µm high GaN lens with a flat, 2 µm thick mesa standing on the donor substrate.

As shown in Fig. 3 c), this balanced height of GaN micro-lens and AlGaN/AlN mesa did not result
in air cavity induced colour fringes after the transfer step. The flatness of these membranes can
be further confirmed by the tilted SEM image in Fig. 3 d) which shows a micro-lens membrane
from a side-view.

Fig. 4 a) shows SEM images of devices without anchoring tethers collapsed to the Si surface
after KOH etch and SiOx mask removal. For optical testing, we selected three simlar micro-lenses
with varying diameter (①,②,③) printed on a electronic grade single crystalline CVD diamond
membrane from Element6 [2x2 mm2, N<5 ppb], see Fig. 4 b) for microscope images. AFM
profile scans of these devices are plotted in c) and fitted both with a spherical and parabolic
function. Both fits match the data well, but the parabolic fit performs slightly better, showing
r.m.s. deviation from the data of 30, 35 and 55 nm compared to 40, 60 and 105 nm for the
spherical fit, ordered left to right according to device ①, ② and ③. The Maréchal criterion defines
an optical focussing system as diffraction limited when the r.m.s. wavefront error is smaller than
λ/14 across the full aperture [42]. For a wavelength of λ = 650 nm, this corresponds to roughly
33 nm r.m.s. surface deviation (weighted by the index contrast n − 1). Devices ① and ② show
surface variations from the spherical and parabolic fit close to this threshold, so we do not expect
significant loss of optical performance. The smallest micro-lens, device ③, shows reasonable
agreement with the parabolic shape, which should make it effective at collimating light from its
focal position close to the diamond surface.
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Fig. 4. a) Schematic and 40 ◦ tilted SEM images of collapsed micro-lenses on membranes
without anchors on the donor substrate, b) Schematic and microscope image of the transfer-
printed devices on SC diamond used for the optical analysis in Fig. 6, c) AFM topography
and shape analysis of the devices shown in b), with lens diameter d, height h and ROC
extracted from the correspondingly colored fit.

4. Optical analysis

The focal lengths of the three lenses printed onto a SC diamond substrate, shown in Fig. 4 b)/c),
are measured using a custom built infinity-corrected microscope illustrated in Fig. 5, which is
based on [43]. The light from a tungsten lamp (Ocean optics HL-2000-FHSA) is collimated with
a convex lens (CL) and passed through a colour filter (CF) primarily transmitting green light.
For additional spectral selection, only the green pixel channel of the CCD colour camera with a
Bayer filter (Allied Vision Prosilica GC650-C) is used for the analysis, leading to a total of 10 dB
rejection in the λ = 525 ± 50 nm wavelength range. The measured transmission spectrum of the
setup is shown in Fig. S8 in the supplementary document. The refractive index of GaN varies only
by ca. 2 % in this wavelength range [21]. The collimated beam is coupled through the back-side
of the diamond substrate and then through the printed GaN micro-lenses on the opposite face.
The wide field illumination allows imaging of the micro-lenses with an infinity-corrected 60x
objective (Nikon Plan Fluor, NA= 0.85), using a 200 mm tube lens (TL, Thorlabs LA1708-A)
to image onto a CCD array. A calibrated piezo controller (PI P-725.4CD with E-665CR) is
used to manipulate the objective’s z-position with sub-micron accuracy. Automated z-scans are
constructed by taking images in synchronisation with the piezo position.

The focal length fair of the micro-lens in air is extracted from the z-scan as a bright spot on the
CCD camera, when the focal spot of the objective and micro-lens overlap. We then compare the
z-travel distance between a sharp image of the micro-lens mesa and the image of the focal spot
to extract fair. The broadband source was used in these measurements to avoid the obscuring
interference fringes generated by monochromatic sources.

The expected focal length of the three example micro-lenses is calculated using 3D FDTD
simulations (Lumerical) in which the lenses are created to match the form factor of the measured
devices, based on the AFM profiles, as shown in Fig. 4 c). The refractive index model for the
micro-lens structure is based on [20–22,45], using AlxGa1−xN with x = 38 %.
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Fig. 5. Optical setup used to evaluate the focal length of GaN micro-lenses printed onto
diamond, based on [43]. The convex lens CL, green colour filter CF, mirrors M1 and M2
and tube lens TL are annotated. Illustrations are taken from [44].

Fig. 6 a) shows the simulated electric field strength squared for a plane wave injected from the
diamond substrate upwards through the micro-lens geometry at λ = 525 nm wavelength. We
chose the apparent symmetry point of the focal spot to evaluate the focal length fair measured
from the GaN micro-lens tip. The results are displayed in Tab. 1 and compared to what
would be expected from the geometric optics (GO) approximation for a spherical surface with
index nGaN,λ=525 nm = 2.43 [21] (compared to ndia,λ=525 nm = 2.43 [20]). We evaluate the following
equations [46] with the lens diameter d and height h found in the spherical fit in Fig. 4 c):

ROC =

(︂
d
2

)︂2
+ h2

2h
fair = ROC ·

1
nGaN,λ=525 nm − 1

The shortened focal lengths found in the FDTD simulations in comparison to the GO approximation
shows the necessity to use a full Maxwell solver to accurately predict the micro-lens performance.
The diffraction effect evident in the simulations is known as focal shift and is well documented
for small scale micro-optics [47–49]. Diffraction is also reported to account for the visible
"funneling" of light into a tube, rather than a distinct focal spot [47], and can be seen in Fig. 6 a).

Table 1. Results of the AFM and optical analysis of the lenses
shown in Fig. 4 b)/c). Diameter d , height h, radius of

curvature (ROC) and focal length f are given for the geometric
optics (GO) approximation and FDTD simulations and compared

to the experimental data (EXP). fair is simulated at λ = 525 nm,
while fdia is simulated at λ = 700 nm wavelength.

d h ROC fair GO fair FDTD fair EXP fdia FDTD NAdia

[µm] [µm] [µm] [µm] [µm] [µm] [µm]

① 11 2.0 8 6 4 4.5 ± 1.0 14 1.0

② 7 1.9 4 3 2 2.0 ± 1.0 7 1.4

③ 5.5 2.0 3 2 1 1.5 ± 1.0 5 1.7

Fig. 6 b) shows the measured z-scan sections with 0.5 µm step size for each micro-lens. The
lens geometries from the FDTD simulations are overlaid as a guide to the eye, with their locations
defined by imaging the mesa structures. The measured position of the focal point is extracted as
the highest intensity spot above the lens surface in air and is presented alongside the simulation
values in Tab. 1. The measurement errors are dominated by the uncertainty regarding the lens
surface position (found from the z-position of the mesa image) and the µm-large measured depth
of focus in the measurement setup.
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Fig. 6. Optical analysis of the GaN micro-lenses on diamond shown in Fig. 4 b)/c): a) FDTD
simulations of the electric field squared with a linearly polarised plane wave injected at
λ = 525 nm wavelength from diamond through spherical lens profiles, b) Measured z-scan of
the x-profile through the xy-CCD data evaluated on the lenses with the setup shown in Fig. 5,
overlayed with contours from the FDTD simulations in a), c) xy-CCD data at the objective’s
focal position matching fair in b), d) FDTD simulations of the electric field squared with a
linearly polarised plane wave injected at λ = 700 nm from air into the indicated spherical
micro-lenses on diamond.
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The xy-view of the selected focal spot is shown in Fig. 6 c). The full-width-half-maximum (FWHM)
of the measured focal spot size is on the order of 700 − 800 nm, showing reasonable circular
symmetry. We do not expect to reach the diffraction limited spot size (FWHM≈ 500−750 nm for
λ = 525 nm and simulated NA in air of ≈ 0.5, 0.4 and 0.35 for devices ①, ② and ③, respectively
[43]) as we use a broadband beam with low coherence.

Expected and measured focal lengths agree well for lenses ① and ②, but the results for the
highest-aspect ratio micro-lens ③ are more challenging to extract due to the lack of a clear
signature of the focal spot. This may be partially due to the reduction of contrast due to the
decreasing lens aperture, which is additionally masked by increasing total internal reflections
when transitioning to a higher aspect ratio lens. This loss of contrast is visible in Fig. 6 c).
Spherical aberration and astigmatism might also lead to a wider spread of the focus along the
z-axis.

Due to the substrate thickness and high index contrast, it is experimentally challenging to
measure the focal length fdia of the micro-lenses in diamond. But as there is overall reasonable
agreement between measured results and FDTD simulations, fdia can be estimated by inverting
the FDTD simulations, see Fig. 6 d). In this case, a linearly polarised plane wave is injected
from the top of the sample through the lens and into the substrate. Here we use λ = 700 nm
wavelength corresponding to the central wavelength of NV− emission at room temperature [50],
with nGaN,λ=700 nm = 2.37 [21] and ndia,λ=700 nm = 2.41 [20]. The focal length fdia in diamond
in reference to the GaN lens tip is assessed by identifying the symmetry point of the apparent
focal spot, which leads to the results presented in Tab. 1. These values imply that the fabricated
micro-lenses could be used to couple to NV− centres both in nm-proximity to the diamond
surface and in up to 10 µm depth. To illustrate the light collection potential of our demonstrated
micro-lenses, we calculate the numerical aperture for collection from diamond using the following
expression:

NAdia = ndia · sin
(︃
arctan

(︃
d

2(fdia − h)

)︃)︃
which indicates potentially comparable performance to high-end oil immersion objectives.

5. Printed GaN micro-lens on a waveguide facet

To show the compatibility of the free-standing micro-lens transfer with challenging device
geometries, we integrated a high-aspect ratio micro-lens onto the polished facet of a straight
waveguide on a GaN-on-sapphire PIC with a 600 nm thin SiO2 upper-cladding layer. The
GaN/AlN waveguides have a total thickness of 1.2 µm, with 850 nm GaN on top of a 350 nm
AlN nucleation layer. The waveguide width is 2 µm at the facet, but is tapered down to 1 µm on
the chip. See Fig. 1 d) for the corresponding FDTD simulation.

A tilted SEM image of the micro-lens is shown in Fig. 7 a), while microscope images of the
facet before and after printing are shown in b), including an overlay of images before and after
printing in the center. The chip did not contain any local alignment markers to guide a print on
the facet, which restricted the alignment accuracy to around ±1 µm. The cladding layer is very
thin, which causes roughly a third of the micro-lens to remain suspended in air, demonstrating
the versatility of the approach and the flatness of the printed device. As previous work has shown
nm-scale accuracy with transfer printing [38], alignment to a chip with dedicated markers and a
thicker cladding layer should allow printing accuracy with sub-micron precision.

We imaged the light output from the waveguide facet through the micro-lens using a 60x
objective with a 500 mm tube lens to reach 150x magnification. The output mode at λ = 1630 nm
wavelength is shown in Fig. 7 c), indicating the transparency of the lens in this wavelength region.
The top view image in Fig. 7 d) shows the lens after optical characterisation, validating the
mechanical stability of the bond between lens and the polished facet even with the limited bond
area.
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Fig. 7. High-aspect ratio GaN micro-lens printed on GaN-on-sapphire waveguide facet.
a) 40 ◦ tilted SEM image of the micro-lens on the donor sample, b) Microscope images of the
waveguide facet (1.2x2 µm2) before (left) and after (right) transfer printing, the centre image
shows an overlay, c) Imaged output mode from the waveguide with printed micro-lens at
λ = 1630 nm wavelength at 150x magnification, d) Top view of the printed lens after mode
imaging.

6. Conclusion and Outlook

Gallium nitride is an attractive material for micro-lens fabrication due to its broad optical
transparency, high refractive index and ready availability in epistructure format. Here, we have
demonstrated the dry transfer of such GaN micro-lenses fabricated from GaN-on-Si, permitting
back-end integration in an additive process for a range of applications. Importantly, this approach
offers deterministic positioning of the micro-lenses and avoids the risk of fabrication induced
damage to solid state quantum emitters in monolithic fabrication approaches. Additionally, the
dry etch based fabrication and wafer-scale availability of GaN-on-Si potentially enables scaling
the process flow.

Careful optimisation of the growth and fabrication steps enables direct contact printing of flat
membrane devices onto semiconductor substrates, here demonstrated using CVD-grown single
crystalline diamond as a receiver. The etch depth of the micro-lenses strongly affects the released
device flatness, highlighting the interplay between material stress profile and etch geometry.
The lens imaging measurements on the diamond substrate show good agreement with FDTD
simulations, which are compatible with schemes for efficient coupling to diamond NV− centres
at a range of 0.1 to 10 µm depth from the material surface.

Additionally, we printed a GaN lens on a GaN/AlN waveguide facet, showing compatibility of
additive micro-optics with µm-precision transfer, even when partially suspended in air. The print
demonstrates both the flatness of our devices and the flexibility of the transfer-printing approach
for end-fire coupling.

Future work aims to demonstrate light collection from colour centres in diamond and other
high index materials such as GaN [51] or SiC [52] and efficient coupling to photonic integrated
circuits in the VIS and NIR wavelength regime. Using highly optimised grayscale lithography, the
benefits of free-form optics can be added to the developed additive GaN micro-optics platform.
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