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AlGaN/AlN heterostructures: an emerging
platform for integrated photonics
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We introduce a novel material for integrated photonics and investigate aluminum gallium nitride
(AlGaN) on aluminum nitride (AlN) templates as a platform for developing reconfigurable and on-chip
nonlinear optical devices. AlGaN combines compatibility with standard photonic fabrication
technologies and high electro-optic modulation capabilities with low loss over a broad spectral range,
from UVC to long-wave infrared, making it a viable material for complex photonic applications. In this
work,wedesign andgrowAlGaN/AlN heterostructures and integrate several photonic components. In
particular, we fabricate edge couplers, low-loss waveguides, directional couplers, and tunable high-
quality factor ring resonators. These devices will enable nonlinear light-matter interaction and
quantum functionality. The comprehensive platformwepresent in thiswork paves theway for photon-
pair generation applications, on-chip quantum frequency conversion, and fast electro-optic
modulation for switching and routing classical and quantum light fields.

Advanced classical and quantum photonic applications, such as photonic
neuromorphic computing1, quantum sensing2 and quantum networking3–7

rely on photonic integrated circuits that enable the compact, efficient, and
high-rate implementation of a variety of optical functionalities. In addition
to functionalities adapted from stand-alone optical devices, integrated cir-
cuits provide access to mode-multiplexing or routing8,9 and efficient fiber
coupling.A comprehensive photonic device platform10, therefore, integrates
various components, such as low-loss waveguides, efficient directional
couplers, spectral filters, and tunable Mach-Zehnder interferometers
(Fig. 1). A tunable ring resonator is another particularly versatile compo-
nent, which can be employed to spectrally filter differentmodes, to enhance
light-matter interaction, or to enable nonlinear frequency conversion and
photon-pair generation11–13. Additionally, given the large variety of elec-
tronic and optical components readily available on different material plat-
forms, like detectors14,15 or quantum light sources16,17, heterogenous
integration is a key approach for building photonic integrated chips with a
high level of complexity. Therefore, an ideal photonic platform should
facilitate these methods while exhibiting properties such as low optical
losses, fast electro-opticmodulation, and significant optical nonlinearities to
route and manipulate the propagating photons efficiently.

Different material platforms are currently being studied, each chosen
for specific applications based on their distinct features. Lithium niobate on
insulator (LNOI) is one of the leading platforms for devices requiring high
optical nonlinearities with an outstanding electro-optic coefficient18–21.
Siliconnitride (SiN) is awell-establishedmaterial platformknown for its low

losses, particularly in the infrared range22. It is also compatiblewith standard
silicon manufacturing processes and heterogeneous integration of active
and passivematerials23. SiN has demonstrated impressively low losses in the
visible spectrum, ranging from 0.01 dB/cm to 0.09 dB/cm at wavelengths of
461 nm and 802 nm24. Although SiN is a centrosymmetric material with an
intrinsically weak electro-optic effect, it can exhibit second-order non-
linearities (χ(2) = 0.2 pm/V) due to the photogalvanic effect, which is char-
acterized by slow time dynamics25. Another nitride-based material,
aluminum nitride (AlN) on sapphire, is currently being explored due to its
substantial nonlinear coefficient, its broad transparency range, and its
moderate electro-optic coefficient26–30.

In this work, we introduce a platform complementary to AlN and
based on aluminum gallium nitride (AlGaN), which offers a unique com-
bination of properties: flexibility in epitaxial growth, transparency over a
wide rangeofwavelengths, especially in theUVspectral range, compatibility
with other GaN devices such as lasers and transistors, and the possibility of
doping to achieve conductivity. AlN and GaN also have high thermal
conductivity, which is ideal for high-power applications. We compare the
key properties of LNOI, SiNx, and AlN/AlGaN/GaN photonic platforms in
Table 1.

Specifically, the photonic platform we propose consists of an epitaxial
AlGaN layer grown on AlN on sapphire which acts as a guiding photonic
layer and that can be patterned into various optical components. This
approach overcomes challenges in AlN on sapphire platforms, such as the
growth of crystal defects at the sapphire-AlN interface and lateral thickness
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variation, and introduces further material-specific functionality. With the
additional AlGaN layer, we reduce optical losses and improve device per-
formance compared to AlN on sapphire by shifting the optical mode away
from this interface.The ability to control the ratio of aluminumto gallium in
the ternary alloy AlxGa1−xN allows for tailored properties of the photonic
layer, such as bandgap and refractive index engineering.Moreover,AlGaN’s
wide band gap enables efficient light transmission across a broad spectrum,
depending on composition from below 250 nm to long-wave infrared.
Doping AlGaN for electrical conductivity combines optical and electronic
functionalities, enabling, for example, current-induced refractive index
change31,32.

Our AlGaN platform benefits from the advanced state of the art of
GaN, which has, over the past decade, evolved into a foundational material
for electronic and electro-optic devices, including power electronics and
light generation33,34. For example, GaN LEDs and lasers are widely used for
producing blue and green light35,36. The epitaxial growth of GaN/AlGaN/
InGaN heterostructures on sapphire templates, a well-established practice,
opens possibilities for integrating light sources and electronics on the
photonic platform.

The inherent properties of AlGaN, such as its relatively high electro-
optic coefficient, make it an ideal candidate for rapid modulation and the
development of reconfigurable optical devices. Its significant second-order
optical nonlinearity paves the way for on-chip nonlinear photonic devices,

including parametric oscillators and sum or difference frequency gen-
erators. The generation of correlated photon pairs in the ultraviolet (UV)
and visible spectrum has been proposed using an AlGaN/AlN integrated
photonics platform via spontaneous four-wave mixing (SFWM) in an
AlGaNmicroring resonator37. AlGaN has also been explored as a potential
platform for stimulated Brillouin scattering devices such as a racetrack
Brillouin laser38.

To thebest of our knowledge, only very few studies haveusedAlGaNas
a photonic material. Li et al.39 fabricated large, multimode waveguides with
an AlN/GaN multiple quantum well core and Al0.1Ga0.9N claddings.
Although this is a notable achievement, the large size and relatively high
sidewall roughness do not enable application for single-mode photonics. In
addition, the wavelength range is limited to around 350 nm and longer.
Bruch et al.40 fabricated ring resonators on Al0.1Ga0.9N nanomembranes
transferred onto SiO2/Si substrates. While their work demonstrated the
versatility of AlGaN, using nanomembranes introduces difficulties with
handling. Recently, Shin et al. showcased the enhancement of the Pockels
effect in multiple AlGaN/AlN quantumwells on AlN due to the large built-
in polarization of the quantumwells41. Despite encountering relatively high
propagation losses (18.3 dB/cm), their work achieved a 20-fold increase in
second-order susceptibility compared to bare AlN. This work shows the
capability of the AlGaN/AlN as a platform for cutting-edge engineering to
achieve nonlinearities beyond those available in bulk materials.

Tapered 
fiber coupling

Tunable nonlinear 
resonators

Heterogeneous 
integration

Tunable 
MZIs

End-fire
coupling

Spectral
filters

Sapphire n=1.76

AlxGa1-xN   n>nAlN

AlN   n =2.07

SNSPDs

Fig. 1 | Conceptual illustration of the proposed AlGaN/AlN platform for pho-
tonic integrated circuits.A comprehensive AlGaN/AlN platform consists of a large
variety of passive and active components. Here, we focus on passive and thermo-
optically controlled devices. The core innovation of the material heterosystem is the
photonic layer in which light is guided by engineering a few hundred-nanometer
thick high refractive index top layer. This layer removes the optical mode from the
sapphire substrate interface to reduce interface losses. Through lateral patterning, we
integrate a large variety of optical elements, including waveguides, directional

couplers, Mach-Zehnder interferometers, and thermo-optically tunable microring
resonators as spectral filters. The integration of photonic crystals, electro-optic
components, and superconducting nanowire single-photon detectors can in prin-
ciple be realized but is beyond the scope of this work. Additionally, the AlGaN/AlN
platform can in the future enable the heterogeneous integration of functional clas-
sical and quantum components such as laser diodes and solid-state quantum light
sources, for example, defects in diamond and fluorescent molecules in organic
matrices.

Table 1 | Properties and technologies associated with LiNbO3, SiNx, and AlN/AlGaN/GaN for integrated photonics applications

LNOI SiNx AlN/AlGaN/GaN

Band gap
wavelength

329 nm61 234–273 nm62 199 nm (AlN) to 352 nm (GaN)63

χ(2) nonlinearity χð2Þ33 =−83.4 pm/V at 1058 nm64 χ(2) = 0.2 pm/V (photogalvanically
induced) at 1557 nm25

χð2Þ33 =−6.4 pm/V (x = 0.42) 3.9 pm/V (x = 0.66)58

Electro-optic
coefficient

r13 = 9.6 pm/V r22 = 6.8 pm/V
r33 = 30.9 pm/V at 500 nm64

Intrinsically small due to its
centrosymmetry

r13 = 0.49 pm/V r33 = 0.78 pm/V x = 0.45 at 633 nm65

Growth technology Smart-cut PECVD, LPCVD or sputtering Sputtering and MOVPE

Highlights High nonlinear and electro-optic
coefficients

Ultra-low loss, CMOS-compatible Moderate nonlinearity, Heterostructure growth, GaN
compatible, Electrically conductive, High thermal
conductivity

x is the mole fraction of the AlxGa1−xN.
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In the present work we focus on the fabrication of the passive devices,
which constitute the fundamental building blocks of the photonic platform
shown in Fig. 1: waveguides, directional couplers, ring resonators. To
achieve this, we grow AlxGa1−xN, with x = 0.69, directly on high-
temperature annealed AlN-on-sapphire templates with a reduced disloca-
tion density42. Finally, we present the design of a device to achieve efficient
and flexible phase matching for entangled photon generation using spon-
taneous parametric down-conversion (SPDC) at telecom wavelengths
employing such a heterostructure.

Methods
Wafer growth and characterization
The core ingredient of our novel integrated photonics platform is an AlGaN
heterostructure (Fig. 2b). TheAlN/AlGaN layer stack is epitaxially grownon a
c-plane-oriented sapphire substrate with an offcut of 0.25° towards an
m-plane. First, a 350 nm thick AlN layer is deposited using epitaxial magne-
tron sputtering. The sputteredmaterial’s threading dislocation density (TDD)
was decreased through high-temperature annealing (HTA), following the
process described byMiyake et al.43. DuringHTA, a temperature of 1700 °C is
maintained for a relatively short duration of 1h to prevent the formation of
aluminumoxynitride on theAlN surface44. Subsequently, the rough sputtered
and annealed surface is smoothened by MOVPE growth of 50 nm AlN in a
step flow growth regime. The AlN layer, with a total thickness of 400 nm,
exhibits a TDD of 7.5 × 108 cm−2, as estimated from high-resolution X-ray
diffraction (HRXRD) measurements of the symmetric (0002) and skew-
symmetric (10–12) ω-rocking-curves45. Atomic force microscopy (AFM)
revealed a surface RMS roughness of 0.09 nm over a 25 μm2 area.

Next, a 250 nm thickAlGaNwaveguide layer is grown byMOVPE in a
6 × 2-inch close-coupled showerhead reactor on the AlN template, utilizing
trimethylaluminum, triethylgallium, andammonia as sourcematerials,with
hydrogen as the carrier gas, and a growth temperature of 1015 °C. In-situ
reflectometry measurements verify the attainment of the targeted layer
thickness of 250 nm. In-situ reflectometry measurements from the center
and edge of the wafer have shown a deviation of 2 nm in the AlGaN layer
thickness. After AlGaN growth, we measure the surface RMS roughness by
AFM to be 0.5 nm. This smooth surface supports integrating photonic
devices as introduced here and enables the hetero-integration of super-
conducting nanowire single-photon detectors (SNSPDs)14 and quantum
devices16. The strain relaxation towards the underlying AlN buffer and the

Al-mole fraction x of the AlxGa1−xN layers is determined byHRXRDusing
ω− ω/2Θ reciprocal space maps (RSM) of the 11-24 reflection. Each RSM
shows two sharp peaks (Fig. 2a), corresponding to the AlN template and
AlGaN layers. By analyzing these data, an Al-mole fraction x of 0.69 and a
relaxation of the in-plane compressive strain of only 3% can be determined
for the AlGaN layer. This shows that the AlGaN grew almost pseudomor-
phically on the AlN template, and the generation of misfit dislocations for
strain relief can thus be largely excluded.

Optical material properties
We use the prism coupling technique as described in46,47 to quantify the
optical losses in the as-grown thin films. It utilizes a rutile prism to couple a
tunable white laser (SuperK Fianium) into the heterostructures. The losses
are quantified by monitoring the decay of the scattered light with a digital
camera. We characterize and compare a 400 nm AlNoS sample and an
AlGaN/AlN/sapphire wafer. The AlNoS supports a single TE0 mode at
630 nm, whereas the AlGaN structure exhibits two distinctmodes, TE0 and
TE1, at the same wavelength. By fine-tuning the coupling angle, we isolate
and analyze the losses of these modes, as reported in Fig. 2d.

The TE0 mode, in the AlGaN structure, exhibits optical losses that
decrease with increasing wavelength, reaching a minimum value of 2.3 dB/
cm above 600 nm. In contrast, the TE1 mode of the AlGaN and the TE0
mode of the AlNoS exhibited higher losses, with minimum values of
approximately 5.9 and 4.3 dB/cm, respectively, which increase again for
wavelengths over 625 nm. It is worth noting that both of these modes are
localized at the interface between two different materials and, thus, are
sensitive to the interface’s inherent properties. Besides the roughness at the
interface, additional sources of loss could be due to defects and color centers
inAlN,which are presumably concentrated at theAlN-sapphire interface as
shownbyTEMmeasurements by44,48,49. AlNhas defects comprising amix of
impurities, vacancies, and lattice defects. Factors like threading dislocations
influence the formation of these defects, although the exact conditions for
their formation are yet not fully understood50–52. Our platform overcomes
these material challenges by utilizing the AlGaN as a photonic wave-
guide layer.

Device fabrication
In the fabrication process of waveguides and ring resonators, we initially
deposit a 200 nm thick SiO2 layer using plasma enhanced chemical vapor

Fig. 2 | Material characterization. a High-resolution X-ray diffraction reciprocal
space maps (11-24 reflection) illustrate the strain relaxation in the AlGaN and AlN
layers. Two distinct peaks correspond to the AlN and AlGaN layers, respectively.
Analysis of these peaks reveals anAl-mole fraction x = 0.69 and amere 3% relaxation
of in-plane compressive strain in the AlGaN layer, indicating a predominantly
pseudomorphic growth on the AlN template and avoiding the generation of strain-

relief defects. b Illustration of the basic heterostructure on a sapphire substrate.
c Supported TE0 and TE1 modes for a 250 nm thick AlGaN layer on AlN at 632 nm.
d The optical loss spectrum of these modes in the AlGaN/AlN heterostructure and
the TE0mode of a 0.4 μm thick AlN single layer on sapphire film (AlNoS), measured
by prism coupling, where shaded areas indicate the uncertainty bounds.
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deposition (PECVD) to serve as a hardmask.We then coat a 10 nm thickTi
layer via e-beam evaporation to act as a charge dissipation layer, followed by
400 nm ZEP 520A e-beam lithography resist. The process steps are illu-
strated in Fig. 3a. After patterning the resist, we transfer the pattern to the
hardmask using a two-step reactive ion etching (RIE) process: we utilize SF6
plasma to etch Ti and CF4 plasma to etch SiO2. In the final etching step, we
process theAlGaN layer usingBCl3:Cl2:He at a ratio of 10:50:10 sccm, under
600W ICP power and 100WRF power, at a pressure of 1 Pa. The AlGaN-
to-SiO2 etch rate ratio is approximately 3/1. The etch rate ofAlGaNandAlN
is similar, and our device designs work optimally when AlN is also etched.
Therefore, after AlGaN is etched, we continue to etch intoAlN 70 nm deep.
Instead of utilizing an etch stop layer, we monitor the etch rate and depth
using an in-situ interferometer. An etch-stop layer is a feasible future
method; however, it requires additionalmaterials in the growth process and,
hence, additional growth recipe optimization. We implement a laser-cut
notch at the chip’s edge to facilitate precise cleaving. Figure 3b presents an
SEM image of a cleaved facet, revealing the AlN and AlGaN layers. We
measure the waveguides to have a wall angle of 75°. Figure 3c shows the
simulated power profiles of the fundamental TEmode of the waveguides at
wavelengths of 632 nm and 785 nm. At the measurement wavelength of
785 nm used for our ring resonators, 90% of the optical power is located
above theAlN-sapphire interface. At the shorter wavelength of 632 nm, this
number increases to 95%, indicating that most of the optical power is well
separated from the lossy boundary at the sapphire interface.

Optical charactherization
We fabricate microring resonators with a radius r of 50 μm, top width of
580 nm, and coupled to racetrack single-mode waveguides with the same
width and cleaved at both ends, as depicted in Fig. 4a. The sample is
mounted on a 3D piezoelectric nanopositioner (Physik Instrumente,
NanoCube) and characterizedwith a custom-made invertedmicroscope (in
Fig. 4b), where the same objective (Zeiss, LD EC Epiplan-Neofluar, 20X,
NA = 0.22) is used to launch the laser light into one waveguide facet and

collect it from the other one (see Fig. 4c). The alignment of the incoupling
light is monitored with an EMCCD camera (Andor, iXon Ultra 897) and
optimized bymaximizing the intensity of the outcoupled signal by adjusting
both sample position and laser incoupling angle. The total propagation loss
per unit length in the ring α is then inferred by measuring the intrinsic
Q-factor Q0 of the microring resonators according to equation29,
α ¼ 10 � logðeÞ λ0

Q0�FSR �r, with λ0 the resonant wavelength and FSR the free
spectral range. To reach critical coupling we fabricate several microring
resonators coupled to racetrack waveguides with varied coupling gaps,
ranging from 100–325 nm. We measure the transmission of a tunable
785 nm laser (Toptica,DFBPROcentered at 784.6 nm,mode-hop-free over
2 nm) and use a linear film polarizer (Thorlabs, LPVIS) to excite and collect
TE or TM modes selectively.

Results
Micro-ring resonators
Figure 4d shows the typical transmission as a function of laser frequency,
where peaks corresponding to the same resonance and separated by the
expected FSR can be observed above a baseline that is primarily due to
interference in the measurement optics. This modulation can be described
with a quadratic baseline from which the resonant peaks can be dis-
criminated and fitted with a Lorentzian function, as indicated in red in Fig.
4d. With a 230 nm coupling gap, we observed near-critical coupling with a
transmittance of 0.07 and an FWHMof 2.4 GHz for the TEmode, while the
TMmode was under-coupled with a transmittance of 0.21 and an FWHM
of 5.5 GHz. A racetrack geometry can be implemented to increase the
coupling efficiency for the TM mode.

In order to test the temperature tunability of the TE and TM modes
resonance frequencies, the chips are mounted on a custom-made tem-
perature-controlled stage capable of heating the sample in the range of
20–30 °C. Figure 4e plots the shift of a resonant peak of the TE mode
(coupling gap = 100 nm) for different temperatures. In the investigated
temperature range, the central frequency of the resonance changes linearly

Fig. 3 | Fabrication geometries. a Epitaxial and
mask layers for the fabrication of the optical nano-
waveguides. b SEM image of a cleaved facet of a
waveguide, where the different materials can be
clearly identified. c Simulated optical power dis-
tribution of the fundamental TE mode of the
waveguides at 632 nm and 785 nm.
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with temperature, with coefficients of 5.7 and 6.2 GHz/K for TE and TM
modes, respectively. These values are comparable to previous reports for
AlN (2.94 × 10−5 K−1) andGaN(7.01 × 10−5 K−1)53 at 785 nmand300 Kand
correspond to the thermo-optic coefficient for AlGaN.

Key parameters such as the Q-factors, the propagation losses, and the
thermo-optic coefficients for TMandTEmodes are summarized inTable 2.

Directional couplers
Directional couplers are essential components in photonic integrated cir-
cuits. They enable the transfer of electromagnetic energy between two or
more waveguides that are in proximity. They can be combined to form
optical switches or Mach-Zehnder interferometers, which are the funda-
mental constituents of most on-chip quantum technology applications54,55.
In our study, we develop AlGaN directional couplers linked to racetrack
waveguides, as depicted in Fig. 5a. We vary coupling gaps and lengths, as
illustrated in Fig. 5b. By injecting a 632 nm laser into one of the input ports,
we measure the output intensity ratio: θ ¼ tan�1ðI1=I2Þ. Our observations
reveal a direct linear correlation between the coupling length and θ, with
linearfitting of the data providing the coupling constants. For coupling gaps
of 230 nm and 330 nm, the coupling constants were determined to be
0.15 μm−1 and 0.066 μm−1, respectively. The uncertainties observed are
mainly due to reflections at the input and output facets and possible var-
iations in themirror reflectivity at the outputwaveguide facets.Additionally,
variations in edge coupling losses can result from device geometry, align-
ment errors, and mismatches between the laser spot and the guided mode,
which are influenced by the optical setup. Light is coupled into one port of
the directional coupler to mitigate these effects and improve measurement
accuracy, and the intensity ratio of the outputs is measured. This method
ensures that the ratio remains independent of the input coupling efficiency.
However, reflections can still impact themeasurements as the reflected laser
can be observed at the second input of the directional coupler. These

reflections can beminimized by applying an anti-reflection coating. Further
improvement is to be expected by optimizing the etching processes towards
vertical sidewalls.

Phase matching for nonlinear frequency conversion and pair
generation
In nonlinear photonics applications, achieving a phase matching of the
modes involving the nonlinear conversion process is critical for efficiency.
For integrated photonic waveguides, a common strategy is to match the
effective indices of two distinct modes, typically a fundamental mode and a
higher order mode37,56. These approaches, however, suffer from a weak
overlap between the involved modes. The mode overlap integral for second
harmonic generation and SPDC for degenerate photon pairs is defined as57

Γ ¼ ∣
Z

χð2Þ : E 2
ωE

�
2ω dΩ∣; ð1Þ

where χ(2) is the second-order nonlinear susceptibility tensor,Eω andE2ω are
the normalized mode electric field amplitudes of the modes at ω and 2ω,
respectively. The integral is calculated over the mode volumeΩ. In the case
of phase-matched TMmodes for AlGaN waveguides, the dominating term
in the overlap integral is

Γ ¼ ∣
Z

χ33E
2
1yE

�
2ydx dy∣; ð2Þ

where χ33 is the relevant component of χ(2) for the interaction along the
primary axis of the crystal in TM modes, and E1y and E2y are the
y-components of the electric field amplitudes. AlxGa1−xN alloys exhibit a
sign change of the second-order nonlinear coefficient tensor component
(χ33) at an alloy content of approximately x = 0.6558.We use this property to
enhance the mode overlap. We design a heterostructure to achieve type-0
phase matching between the fundamental TM mode at 1550 nm and a
higher-order mode at 775 nm with identical polarization, as demonstrated
in Fig. 6a–c. This strategy facilitates efficient phasematching, enabled by the
sign change of χ33, which significantly increases the overlap integral between
the pump and SPDCmodes. Our concept also allows for fine-tuning phase
matching by adjusting the pump wavelength. The resultant effective index
difference, Δneff, between the pump and down-conversion modes, which
converge to zero at approximately 775 nm, is depicted in Fig. 6d. For this
simulation, we used a finite element solver (Comsol Multiphysics) to
calculate themodes’ effective indices and used a genetic algorithm (supplied
byMatlab) tominimize the objective function, (102Δneff− Γ). Frombottom
to top, optimized AlGaN layer thicknesses are 110/70/290/50 nm on
400 nm AlN on sapphire, while the alloy compositions are 0.55/0.42/0.65/

tunable
785 nm

sample holder 
on 3D stage

50XEMCCD
camera

polarizer

c

AlGaN deviceROI

air input portoutput port

d

e

Fig. 4 | Ring resonator andwaveguide device characterization.Opticalmicroscope
image of a waveguide coupled ring resonator (a) and a sketch of the experimental
setup used for its characterization (b). The sample is mounted vertically and aligned
through a 3D stage so that both the input and output ports can be imaged within the
same field of view (c). The laser is focused on the input port and its frequency is
scanned. During this process, a region of interest (ROI) around the output port is

continuously monitored and recorded. Time is converted to frequency steps and the
average intensity at the output port is plotted against frequency. d Typical trans-
mission signal through a ring resonator (in this case with a width of 580 nm and a
100 nm coupling gap) plotted as a function of laser detuning. The dark red lines
represent fits using a Lorentzian function with a quadratic baseline. e The resonance
frequency tuning with temperature.

Table 2 | Summary of themeasured and calculated optical and
thermo-opticparametersat 785 nmfor theAlxGa1−xN(x = 0.69)
ring resonators with 50 μm radius and 230 nm coupling gap

Parameter TE TM

FWHM (GHz) 2.4 5.5

FSR (GHz) 438 426

Propagation loss (dB/cm) 2.4 -

Q factor 1.6 × 105 (critical) 0.7 × 105 (undercoupled)

dν/dT at 785 nm (GHz/K) 5.7 6.2

dn/dT (×10−5 K−1) 2.9 3.26

https://doi.org/10.1038/s44310-024-00048-z Article

npj Nanophotonics |             (2025) 2:2 5

www.nature.com/npjnanophoton


0.66. Thewaveguide’s topwidth is 1.98 μm, and theAlN layer is over-etched
to a depth of 60 nm. Additionally, we define a 30 nm conformal AlN
cladding. This particular layer designwill likely exhibit somedegreeof strain
relaxation, especially in the layerswith lowAl content.Changes in strain and
piezoelectric polarizationmay impact the alignment of this calculation with
experimental results. However, the overall viability of this method remains
unaffected. The AlGaN/AlN heterostructure concept enables the engineer-
ing of compact SPDC sources and phase-matched ring resonators across a
wide spectral range when coupled to a single-mode waveguide in a ring
waveguide.

Discussion
We present a new material platform based on vertical AlGaN hetero-
structures, which can be used to implement photonic devices with the core
functionalities required to develop complex photonic integrated chips. By
epitaxially growing AlGaN on HTA-AlN templates on sapphire substrates,
we alleviated the challenges related to crystal defects and dislocations at the
sapphire-AlN interface and achieved an RMS surface roughness as low as
0.5 nm. The optical losses we quantify, 2.5 dB/cm for TE0mode and 7.1 dB/
cm for TM0 mode at 785 nm, outperform earlier measurements on alu-
minumnitride on sapphirewaveguides in the visible spectrum.For instance,
Lu et al. found losses of 5.3 dB/cm at 633 nm for the TE0mode59. It is worth
noting that we did not use any cladding, which could reduce scattering

losses, as one of our main interests is the heterogeneous integration of
diamond-based photonic elements such as16,17 for which the cladding
represents a physical obstacle for evanescent coupling.Wechose the 400 nm
AlN layer due to the same design, which is optimal for this thickness. The
layers could be grown up to several (>5) micrometers thicknesses by
extending the MOVPE AlN overgrowth. However, due to the high-
temperature annealing applied to ourAlN/sapphire template, no significant
decrease in defect density, particularly in threading dislocation density, is
achieved with thicker AlN layers. Thicker layers result in a stronger wafer
bow, which canmake processingmore challenging. In our case, losses could
be reduced by optimizing the layer sequence, growth recipes (e.g., by
annealing the wafer after AlGaN growth), and device fabrication.

By measuring the thermo-optic coefficient and anisotropic refractive
indices of thewaveguides,wehavegained insight intoparameters relevant to
applications such as nonlinear photon-pair generation and on-chip non-
linear conversion. The birefringent refractive index of our devices opens
avenues for exploration, especially in its utilization for phasematchingofTE
andTMmodes. Furthermore, the surface roughness of the epitaxialmaterial
is sufficiently low to integrate superconducting single-photon detectors60.

Our work introduces AlGaN heterostructures as a novel platform for
integrated photonics. It combines broadband optical transparency, flex-
ibility of epitaxy, and moderate optical nonlinearity, complementing well-
established materials and filling an important niche in the field.

Fig. 6 | Spontaneous parametric down converison
(SPDC). An optimized heterostructure of
AlxGa1−xN for entangled photon pair generation at
1550 nm. a Second-order nonlinear susceptibility
tensor element χ33, b vertical component of the
electricfield of the higher order TMmode at 775 nm,
c the fundamental TM mode at 1550 nm, and
d effective index difference between these two
modes as a function of pump laser wavelength. -1

0

1

y 
(μ

m
)

-2 0 2
-1

0

1

y 
(μ

m
)

x (μm)

x (μm)

y 
(μ

m
)

0

1

-1

-2 0 2

770 775 780

-2E-4

0

2E-4

Δn
ef

f

Δneff

Pump wavelength (nm)

x (μm)
-2 0 2

(a) (b)

(c)

(d)

-1 0 1Ey (a.u.) 

20Ey (a.u.) 

χ
33 (pm/V) -10 0 10

775 nm

1550 nm

Fig. 5 | Directional couplers. a Optical microscope
image of an AlGaN directional coupler. b Schematic
illustration of the geometry, where the relevant
parameters are presented. c Output intensity ratios
across various coupling lengths and gap sizes,
enabling the determination of the coupling constant
for gaps measuring 230 and 330 nm.

5 15 25 35

gap = 230 nm
gap = 330 nm

θ 
(ra

d)

L (μm)

2

4

6

0

(b)
I1

I2

gap

L
In

(a)
20 μm

(c)

https://doi.org/10.1038/s44310-024-00048-z Article

npj Nanophotonics |             (2025) 2:2 6

www.nature.com/npjnanophoton


Data availability
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Received: 25 April 2024; Accepted: 29 October 2024;

References
1. Shastri, B. J. et al. Photonics for artificial intelligence and

neuromorphic computing. Nat. Photonics 15, 102–114 (2021).
2. Xavier, J., Yu, D., Jones, C., Zossimova, E. & Vollmer, F. Quantum

nanophotonic and nanoplasmonic sensing: towards quantum optical
bioscience laboratories on chip. Nanophotonics 10, 1387–1435
(2021).

3. Knaut, C. M. et al. Entanglement of nanophotonic quantum memory
nodes in a telecommunication network. Nature 629, 573–578 (2024).

4. Zhang, G. et al. An integrated silicon photonic chip platform for
continuous-variable quantum key distribution. Nat. Photonics 13,
839–842 (2019).

5. Borregaard, J. et al. One-way quantum repeater based on near-
deterministic photon-emitter interfaces. Phys. Rev. X10, https://doi.
org/10.1103/PhysRevX.10.021071 (2020).

6. Pieplow, G., Strocka, Y., Isaza-Monsalve, M., Munns, J. H. D. &
Schröder, T. Deterministic creation of large photonic multipartite
entangled states with group-IV color centers in diamond. Preprint at
http://arxiv.org/abs/2312.03952 (2023).

7. Orphal-Kobin, L., Torun, C.G., Bopp, J.M., Pieplow,G. &Schröder, T.
Coherent microwave, optical, and mechanical quantum control of
spin qubits in diamond. Adv. Quantum Technol. 2300432 (2024).

8. Liu, Y. et al. Arbitrarily routed mode-division multiplexed photonic
circuits for dense integration. Nat. Commun. 10, https://doi.org/10.
1038/s41467-019-11196-8 (2019).

9. Zeng, Z., Lu, L., He, P., Liu, D. & Zhang,M. Demonstration of dual-mode
photonic integrated circuit based on inverse-designed photonic
components. IEEE Photonics Technol. Lett. 33, 1289–1292 (2021).

10. Siew, S. Y. et al. Review of silicon photonics technology and platform
development. J. Lightwave Technol. 39, 4374–4389 (2021).

11. Logan, A. D. et al. 400%/W second harmonic conversion efficiency in
14 μm-diameter gallium phosphide-on-oxide resonators. Opt.
Express 26, 33687 (2018).

12. Guo, X. et al. Parametric down-conversion photon-pair source on a
nanophotonic chip. Light Sci. Appl. 6, e16249 (2016).

13. Wang, X. et al. Quantum frequency conversion and single-photon
detection with lithium niobate nanophotonic chips. npj Quant. Inform.
9, 38 (2023).

14. Zhu, D. et al. Superconducting nanowire single-photon detector on
aluminum nitride. In 2016 Conference on Lasers and Electro-Optics
(CLEO), https://doi.org/10.1364/CLEO_QELS.2016.FTu4C.1 (2016).

15. Esmaeil Zadeh, I. et al. Superconducting nanowire single-photon
detectors: a perspective on evolution, state-of-the-art, future
developments, and applications. Appl. Phys. Lett. 118, 190502
(2021).

16. Mouradian, S. L. et al. Scalable integration of long-lived quantum
memories into a photonic circuit. Phys. Rev. X 5, 031009 (2015).

17. Pregnolato, T. et al. Fabrication of sawfish photonic crystal cavities in
bulk diamond. APL Photonics 9, https://doi.org/10.1063/5.0186509
(2024).

18. Poberaj, G., Hu, H., Sohler, W. & Günter, P. Lithium niobate on
insulator (LNOI) for micro-photonic devices. Laser Photonics Rev. 6,
488–503 (2012).

19. Qi, Y. & Li, Y. Integrated lithium niobate photonics. Nanophotonics 9,
1287–1320 (2020).

20. Saravi, S., Pertsch, T. &Setzpfandt, F. Lithiumniobate on insulator: an
emerging platform for integrated quantum photonics. Adv. Optical
Mater. 9, 2100789 (2021).

21. Zhu, D. et al. Integrated photonics on thin-film lithium niobate. Adv.
Opt. Photonics 13, 242 (2021).

22. Buzaverov, K. A. et al. Low-loss silicon nitride photonic ICs for near-
infrared wavelength bandwidth. Opt. Express 31, 16227 (2023).

23. Xiang, C., Jin, W. & Bowers, J. E. Silicon nitride passive and active
photonic integrated circuits: trends and prospects. Photon. Res. 10,
A82–A96 (2022).

24. Chauhan, N. et al. Ultra-low loss visible light waveguides for
integrated atomic, molecular, and quantum photonics. Opt. Express
30, 6960 (2022).

25. Lu, X., Moille, G., Rao, A., Westly, D. A. & Srinivasan, K. Efficient
photoinduced second-harmonic generation in silicon nitride
photonics. Nat. Photonics 15, 131–136 (2020).

26. Li, N. et al. Aluminium nitride integrated photonics: a review.
Nanophotonics 10, 2347–2387 (2021).

27. Sun, Y. et al. Ultrahigh Q microring resonators using a single-crystal
aluminum-nitride-on-sapphire platform. Opt. Lett. 44, 5679 (2019).

28. Wu, X., Feng, J., Liu, X., & Zeng, H. Effects of rapid thermal annealing
on aluminum nitride waveguides. Optical Mater. Express 10, https://
doi.org/10.1364/OME.410129 (2020).

29. Liu, X. et al. Ultra-high-Q UV microring resonators based on a single-
crystalline AlN platform. Optica 5, 1279 (2018).

30. Liu, X. et al. Aluminum nitride-on-sapphire platform for integrated
high-Q microresonators. Opt. Express 25, 587–594 (2017).

31. Schwarz, U. T. et al. Excitonic signature in gain and carrier induced
change of refractive index spectra of (In, Al)GaN quantumwell lasers.
Appl. Phys. Lett. 85, 1475–1477 (2004).

32. Bulutay, C., Turgut, C. M. & Zakhleniuk, N. A. Carrier-induced
refractive index change and optical absorption in wurtzite InN and
GaN: Full-band approach. Phys. Rev. B81, https://doi.org/10.1103/
physrevb.81.155206 (2010).

33. Udabe, A., Baraia-Etxaburu, I. & Diez, D. G. Gallium nitride power
devices: a state of the art review. IEEE Access 11, 48628–48650
(2023).

34. A. Tabbakh, T., Anandan, D., J. Sheldon, M., Tyagi, P. & Alfaifi,
A.Recent Advancements in GaN LED Technology (IntechOpen,
https://doi.org/10.5772/intechopen.107365 2023).

35. Liang, F. et al. GaN-based blue laser diodewith 6.0Wof output power
under continuous-wave operation at room temperature. J.
Semiconduct. 42, 112801 (2021).

36. Hu, L. et al. High-power hybrid GaN-based green laser diodes with
ITO cladding layer. Photonics Res. 8, 279 (2020).

37. Leonardis, F. D., Soref, R. A., Soltani, M. & Passaro, V. M. N.
Broadband biphoton generation and statistics of quantum light in the
UV-visible range in an AlGaNmicroring resonator. Sci. Rep. 7, 11387
(2017).

38. Leonardis, F. D., Soref, R. A., Soltani, M. & Passaro, V. M. Stimulated
Brillouin scattering in an AlGaN photonics platform operating in the
visible spectral range. Sci. Rep. 8, 14849 (2018).

39. Li, N. et al. Fabrication of AlGaN-based waveguides by inductively
coupled plasma etching. Jpn. J. Appl. Phys. Lett. 43, L1340 (2004).

40. Bruch, A. W. et al. Electrochemically sliced low loss AlGaN optical
microresonators. Appl. Phys. Lett. 110, 021111 (2017).

41. Shin, W. J. et al. Enhanced pockels effect in aln microring resonator
modulators based on AlGaN/AlN multiple quantum wells. ACS
Photonics 10, 34–42 (2023).

42. Hagedorn, S. et al. Status andprospectsof AlN templateson sapphire
for ultraviolet light-emitting diodes. physica status solidi (a) 217,
https://doi.org/10.1002/pssa.201901022 (2020).

43. Miyake, H., Lin, C.-H., Tokoro, K. & Hiramatsu, K. Preparation of high-
quality AlN on sapphire by high-temperature face-to-face annealing.
J. Cryst. Growth 456, 155–159 (2016).

44. Hagedorn, S. et al. Stabilization of sputtered AlN/sapphire templates
during high temperature annealing. J. Cryst. Growth 512, 142–146
(2019).

https://doi.org/10.1038/s44310-024-00048-z Article

npj Nanophotonics |             (2025) 2:2 7

https://doi.org/10.1103/PhysRevX.10.021071
https://doi.org/10.1103/PhysRevX.10.021071
https://doi.org/10.1103/PhysRevX.10.021071
http://arxiv.org/abs/2312.03952
http://arxiv.org/abs/2312.03952
https://doi.org/10.1038/s41467-019-11196-8
https://doi.org/10.1038/s41467-019-11196-8
https://doi.org/10.1038/s41467-019-11196-8
https://doi.org/10.1364/CLEO_QELS.2016.FTu4C.1
https://doi.org/10.1364/CLEO_QELS.2016.FTu4C.1
https://doi.org/10.1063/5.0186509
https://doi.org/10.1063/5.0186509
https://doi.org/10.1364/OME.410129
https://doi.org/10.1364/OME.410129
https://doi.org/10.1364/OME.410129
https://doi.org/10.1103/physrevb.81.155206
https://doi.org/10.1103/physrevb.81.155206
https://doi.org/10.1103/physrevb.81.155206
https://doi.org/10.5772/intechopen.107365
https://doi.org/10.5772/intechopen.107365
https://doi.org/10.1002/pssa.201901022
https://doi.org/10.1002/pssa.201901022
www.nature.com/npjnanophoton


45. Pantha, B. N. et al. Correlation between optoelectronic and structural
properties and epilayer thickness of AlN. Appl. Phys. Lett. 90, https://
doi.org/10.1063/1.2747662 (2007).

46. Weber, H. P., Dunn, F. A. & Leibolt, W. N. Loss measurements in thin-
film optical waveguides. Appl. Opt. 12, 755–757 (1973).

47. Dogheche, E., Rémiens, D., Boudrioua, A. & Loulergue, J. C. Growth
and optical characterization of aluminum nitride thin films deposited
on silicon by radio-frequency sputtering. Appl. Phys. Lett. 74,
1209–1211 (1999).

48. Tokumoto, Y., Shibata, N., Mizoguhci, T., Yamamoto, T. & Ikuhara, Y.
Atomic structure of threading dislocations in AlN thin films. Phys. B:
Condens. Matter 404, 4886–4888 (2009).

49. Dogheche, E., Belgacem, B., Remiens, D., Ruterana, P. & Omnes, F.
Prismcouplingasanon-destructive tool for optical characterizationof
(Al,Ga) nitride compounds.MRS Internet J.NitrideSemiconduct.Res.
5, 747–753 (2000).

50. Cannon, J. K., Bishop, S. G., Hadden, J. P., Yağcı, H. B. & Bennett, A.
J. Polarization study of single color centers in aluminum nitride. Appl.
Phys. Lett. 122, https://doi.org/10.1063/5.0145542 (2023).

51. Varley, J. B., Janotti, A. & de Walle, C. G. V. Defects in AlN as
candidates for solid-state qubits. Phys. Rev. B 93, https://doi.org/10.
1103/physrevb.93.161201 (2016).

52. Xue, Y. et al. Deciphering the photophysical properties of near-
infrared quantum emitters in AlGaN films by transition dynamics.
Nanoscale 14, 18115–18122 (2022).

53. Watanabe, N., Kimoto, T. & Suda, J. The temperature dependence of
the refractive indices of GaN and AlN from room temperature up to
515 °C. J. Appl. Phys. 104, https://doi.org/10.1063/1.3021148 (2008).

54. Zhou, H. et al. Photonic matrix multiplication lights up photonic
accelerator and beyond. Light Sci. Appl. 11, https://doi.org/10.1038/
s41377-022-00717-8 (2022).

55. Clements,W. R., Humphreys, P. C., Metcalf, B. J., Kolthammer, W. S.
& Walmsley, I. A. Optimal design for universal multiport
interferometers. Optica 3, 1460–1465 (2016).

56. Pernice, W. H., Xiong, C., Schuck, C. & Tang, H. X. Second harmonic
generation in phase matched aluminum nitride waveguides and
micro-ring resonators. Appl. Phys. Lett. 100, 223501 (2012).

57. Noor, A. et al. Mode-matching enhancement of second-harmonic
generation with plasmonic nanopatch antennas. ACS Photonics 7,
3333–3340 (2020).

58. Sanford, N. A. et al. Measurement of second order susceptibilities of
GaN and AlGaN. J. Appl. Phys. 97, 053512 (2005).

59. Lu, T.-J. et al. Aluminum nitride integrated photonics platform for the
ultraviolet to visible spectrum. Opt. Express 26, 11147–11160 (2018).

60. Flaschmann,R. et al.Optimizing thegrowth conditionsof almirrors for
superconducting nanowire single-photon detectors.Mater. Quantum
Technol. 3, 035002 (2023).

61. Zanatta, A. The optical bandgap of lithium niobate (linbo3) and its
dependence with temperature. Results Phys. 39, 105736 (2022).

62. Bauer, J. Optical properties, band gap, and surface roughness of
si3n4. Phys. Status Solidi (a) 39, 411–418 (1977).

63. Vurgaftman, I. &Meyer, J. R. Bandparameters for nitrogen-containing
semiconductors. J. Appl. Phys. 94, 3675–3696 (2003).

64. Nikogosyan, D. N. Nonlinear optical crystals: a complete survey.
eBook Packages Physics and Astronomy, Physics and Astronomy
(R0) (Springer-Verlag New York, New York, NY, 2005), 1 edn.

65. Jiang, W., Wu, Y., Lin, W., Li, S. & Kang, J. Electro-optic coefficient
enhancement of alxga1-xn via multiple field modulations. ACS Appl.
Mater. Interfaces 7, 17707–17712 (2015).

Acknowledgements
We thank Torsten Petzke and Cornelia Neumann for assistance in AlGaN
growth, Karina Ickert and Nico Sluka for their help in spin-coating and
lithography, JoostWartena, Adrian Runge, MohammadMohammadi, and
Dominik Sudau for their assistance in thin-film depositions; Kevin Kunkel,
Natalia Sabelfeld, Kai Gehrke, and Andreas Renkewitz for performing
plasma etching processes; Alexander Külberg and Felix Eiche for laser
cutting and marking; Uwe Spengler and Christine Münnich for cleaving,
Olaf Krüger, Ralph-StephanUnger, Jan-Philipp Koester and InaOstermay
for fruitful discussions. We also thank Arno Rauschenbeutel for providing
access to his laboratory and the ring resonator measurement resources.
This work received support from the European Research Council (ERC),
Starting Grant project QUREP, No. 851810, the German Federal Ministry
of Education and Research (BMBF, project DiNOQuant, No. 13N14921;
project QPIS, No. 16KISQ032K; project QPIC-1, No. 13N15858), the
Einstein Foundation Berlin (Einstein Research Unit: Perspectives of a
quantum digital transformation: Near-term quantum computational devi-
ces and quantum processors), and Alexander von Humboldt Foundation
in the framework of the Alexander von Humboldt Professorship endowed
by the BMBF.

Author contributions
S.G. led microfabrication, characterization, simulations, and manuscript
writing; S.P. specialized in ring resonator characterization; T.P. conducted
e-beam lithographyand supervised the fabricationprocesses; T.K. andS.H.
were responsible for AlGaN material growth. T.S. and M.W. conceived and
led the project. All authors reviewed the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Sinan Gündoğdu or Tim Schröder.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’snoteSpringerNature remainsneutralwith regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s44310-024-00048-z Article

npj Nanophotonics |             (2025) 2:2 8

https://doi.org/10.1063/1.2747662
https://doi.org/10.1063/1.2747662
https://doi.org/10.1063/1.2747662
https://doi.org/10.1063/5.0145542
https://doi.org/10.1063/5.0145542
https://doi.org/10.1103/physrevb.93.161201
https://doi.org/10.1103/physrevb.93.161201
https://doi.org/10.1103/physrevb.93.161201
https://doi.org/10.1063/1.3021148
https://doi.org/10.1063/1.3021148
https://doi.org/10.1038/s41377-022-00717-8
https://doi.org/10.1038/s41377-022-00717-8
https://doi.org/10.1038/s41377-022-00717-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjnanophoton

	AlGaN/AlN heterostructures: an emerging platform for integrated photonics
	Methods
	Wafer growth and characterization
	Optical material properties
	Device fabrication
	Optical charactherization

	Results
	Micro-ring resonators
	Directional couplers
	Phase matching for nonlinear frequency conversion and pair generation

	Discussion
	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




