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Engineering Quantum Nanophotonic Components from
Hexagonal Boron Nitride

Milad Nonahal, Chi Li, Haoran Ren, Lesley Spencer, Mehran Kianinia, Milos Toth,
and Igor Aharonovich*

Integrated quantum photonics (IQP) provides a path to practical, scalable
quantum computation, communications and information processing.
Realization of an IQP platform requires controlled engineering of many
nanophotonic components. However, the range of materials for monolithic
platforms is limited by the simultaneous need for high-quality quantum light
sources, high optical performance, and availability of scalable nanofabrication
techniques. Here, the fabrication of IQP components from the recently
emerged material hexagonal boron nitride (hBN), including tapered
waveguides, microdisks, and 1D and 2D photonic crystal cavities, is
demonstrated. Resonators with quality factors greater than 4000 are achieved,
and proof-of-principle complex, free-standing IQP circuitry fabricated from
single-crystal hBN is engineered. The results show the potential of hBN for
scalable integrated quantum technologies.

1. Introduction

Integrated quantum photonics (IQP) offers a promising pathway
to large scale quantum information technologies.[1–3] The main
constituents of quantum circuitry are quantum emitters that
ideally exhibit a spin-photon interface, and photonic elements
that include waveguides, cavities and resonators.[4,5] The overar-
ching goal of the IQP approach is based on coupling optically
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active emitters to nanophotonic con-
stituents and achieve coherent interac-
tions between the quantum elements
and photonic cavities.[6–11] Over the last
decade, a significant effort has been
devoted to key quantum experiments,
including Purcell enhancement, single
photon switching, and nonlinear effects
at the single photon level, using a variety
of material systems.[12–22] However, the
ultimate solid-state platform for on-chip
IQP circuitry is yet to be established.
Hexagonal boron nitride (hBN) has re-

cently emerged as a promising platform
for integrated quantum photonics.[23]

hBN hosts numerous bright quantum
emitters that can be engineered on de-
mand, as well as a range of optically

active spin defects with clear optically detected magnetic reso-
nance signatures. Critically, hBN is a wide bandgap van derWaals
material that can easily be exfoliated from its bulk form to a range
of thicknesses from a monolayer to a few hundred nanometers
to support light propagation across a broad spectral range. This
unique combination of photophysical properties spurred inter-
est in engineering quantum photonic circuitry from hBN. To
date, proof-of-principle demonstrations of isolated photonic res-
onators and basic optical elements fabricated from hBN have
been reported.[24–31] However, a holistic approach to chip-scale
nanofabrication is yet to be unveiled, predominantly, due to chal-
lenges in fabrication of hBN as it is a robustmaterial that is chem-
ically inert.
Here, we demonstrate the feasibility of fabricating on-chip and

freestanding IQP elements from hBN. Specifically, our objective
is to develop a universal, wafer scale, nanofabrication protocol
in hBN that can be applied to various photonic components si-
multaneously. The improvements we have achieved in scalability
and quality factor are essential for advancing quantum photon-
ics experiments in 2D material. We focus on the monolithic ap-
proach, where entire devices are fabricated entirely from hBN.
This approach has numerous advantages, including the ability to
minimize coupling losses and to position quantum emitters at
the highest field of a cavity.[32] We start by addressing the key is-
sue of hBN fabrication. Next, we engineer all the necessary com-
ponents of a potential quantum circuit, including waveguides,
couplers, splitters, and photonic crystal cavities (PCCs). Finally,
to illustrate the full potential of this platform, we demonstrate a
fully integrated monolithic IQP chip made entirely of suspended
hBN.
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Figure 1. Schematic illustration of monolithic fabrication using hBN. a) Key steps of the fabrication process: electron beam lithography, reactive ion
etching, and resist removal. b) Integrated circuit fabricated from single-crystal hBN. c) IQP components: i) low-loss waveguide, ii) resonators, optical
cavities, and beam splitter, and iii) out-couplers for detection. Two out-couplers are shown, for top and side collection of photons.

Table 1. Anisotropic dry etch conditions used here and RIE parameters used in prior works on etching of hBN.

Reference Mask Chamber pressure ICP/RIE power SF6 concentration Etch rate Components Average Q-factor

This work Resist 1 mT 1/300 W 1.5% 5 nm s−1 1D PCC >2600

WGMs ≈3200

2D PCC ≈2000

Froch et al.[28] Resist 1 mT 50/100 W 10% – 1D PCC ≈2500

Kuhner et al.[33] Metal 6 mT 150/300 W – 4 nm s−1 BICa) cavity ≈200

Kim et al.[24] Resist 10 mT 0/100 W 100% ≈13 nm s−1 2D PCC 160

1D PCC ≈2000

Ren et al.[27] Resist – 40 W – – WGMs ≈1200
a)
Bound state in the continuum (BIC)

The IQP fabrication process is illustrated schematically in
Figure 1a. Mechanically exfoliated hBN flakes of desired thick-
ness are first identified using an optical microscope and their
thicknesses are verified by atomic force microscopy (AFM). A
selected flake is then spin-coated with a thin layer of electron-
sensitive resist and patterned using electron beam lithography
(EBL). After development, the pattern is transferred onto the flake
via induced coupled plasma reactive ion etching (ICP/RIE) in
a reactive SF6 gas environment. The sample was immersed in
KOH solution to selectively undercut the supporting substrate
straight after removing the residual polymer. Figure 1b shows a
schematic illustration of a monolithic hBN IQP chip composed
of waveguides (photon input), PCCs and resonators (qubit pro-
cessing), and out-couplers for photon detection. In this work, we
demonstrate the ability to fabricate from hBN all basic compo-
nents of quantum circuitry, as is illustrated explicitly in Figure 1c
(i)–(iii). These include waveguides, beam splitters, resonators,
optical cavities, and out-couplers used to direct photons to
detectors.

2. Results and Discussion

2.1. Device Engineering

Details of the hBN fabrication process are provided in the Exper-
imental Section. Here, we emphasize the key elements needed
to achieve high-quality optical components, namely, anisotropic
etching and the use of a hard mask that achieves a smooth and
vertical sidewall morphology. Table 1 summarizes the etch pa-
rameters used in the current work, and those used in prior works
on fabrication of hBN nanophotonic structures. As is demon-
strated below, our process yields consistent, smooth etch profiles
in a variety of nanostructures. This is achieved primarily by em-
ploying a relatively low reactive gas partial pressure and by maxi-
mizing ion directionality. To achieve this, a low SF6 concentra-
tion of 1.5 % was employed, the chamber pressure was mini-
mized, and ICP power was also minimized. Under these condi-
tions, ion collisions, ion reflection and reactivity of the plasma are
all suppressed, thereby inhibiting lateral etching of hBN. Lateral

Laser Photonics Rev. 2023, 17, 2300019 2300019 (2 of 8) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH

 18638899, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202300019 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [18/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

Figure 2. Fabrication and characterization of optical waveguides. Optical images of the a) pre- and b) post-fabricated array of tapered waveguides
showing that the structures are fully etched after the RIE step. The scale bar corresponds to 25 μm. Inset: AFM scan profile of the waveguides showing
the post-fabricated hBN thickness of ≈200 nm. c) SEM image of two sections of the waveguides. The scale bar is 1 μm. d) magnified optical microscope
image of the tapered waveguides illuminated by white light (top) and laser (bottom). The scale bar is 10 μm. The laser power was ≈100 μW in our
experiment.

etching produces sloped sidewalls and can give rise to surface
roughening, both of which are detrimental to photonic structures
and must be minimized.
Our RIE parameters result in very slow etching of the e-beam

resist. This makes the resist an excellent hard mask for single-
step patterning hBN, thus eliminating the need for a separate
liftoff step which can give rise to sidewall roughening. In addi-
tion, metal erosion in a highly reactive SF6 environment can also
cause roughening, which is avoided in our process. We note that
our etch rate of 5 nm s−1 is suitable for chip-scale fabrication, and
on par with those of other material systems.
Employing the conditions described above, we fabricated a

number of optical components from hBN. First, we engineered
waveguides. Optical images of a hBN flake before (after) the etch-
ing process are shown in Figure 2a,b. Magnified scanning elec-
tron microscope images of the taper head and tail sections of
the waveguide are shown in Figure 2c. A significant advantage
of working with a layered material such as hBN is the ability to
transfer the structures between fabrication steps via align trans-
fer method (Experimental Section). To this end, the chosen hBN
flakewith the correct thickness (≈200 nm)was first identified and
patterned in the middle of the substrate, where the fabrication
step (resist spin-coating) does not generate edge artifacts. After

developing the pattern, the hBN and the resist mask were trans-
ferred to the edge of the substrate, so that the tapered waveguides
can be effectively used. Finally, the pattern was transferred to the
hBN using ICP/IRE. AFM profile of the post-fabricated waveg-
uides confirms the hBN thickness of around 200 nm as shown
in Figure 2b inset.
The functionality of the waveguides is demonstrated by opti-

cal measurements. The waveguide was excited by a lensed fiber
through the tapered area and the light was collected from the tail
end of the waveguide as is seen in the bright-field image shown in
Figure 2d. Due to the high quality of the fabrication process, min-
imum scattering is observed in the body of the waveguide, result-
ing in efficient light confinement, and guiding. The transmission
behavior of the waveguides was analyzed via COMSOL Multi-
physics simulations showing around 99% transmittance (580 nm
incidence) in the propagation distance of 10 μm (Figure S1, Sup-
porting Information) in the monolithic waveguides.
In addition, to showcase the capabilities of the waveguides for

IQP purposes, we calculated the coupling efficiency of a quan-
tum emitter within the waveguides. To this end, the integration
of a common hBN quantum emitter (possessing zero-phonon
line ≈580 nm) was analyzed by placing an in-plane source of
quantum emitter into the waveguides (Figure S2, Supporting
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Figure 3. Fabrication and characterization of photonic resonators. a,d,g) False-color SEM images of a suspended hBN microdisk resonator, 1D PCC
and 2D PCC, respectively. The scale bars in (a), (d), and (g) correspond to 1, 1, and 4 μm, respectively. g) Inset: Magnified SEM image of the 2D PCC
center area. The scale bar corresponds to 1 μm. b,e,h) PL spectra showing WGMs in the microdisk cavity, and resonances in the 1D and 2D PCCs. c,f,i)
High-resolution PL spectra showing the widths of the optical cavity modes. The data were fitted with Lorentzian functions to obtain the resonance quality
factors (𝜆∕Δ𝜆).

Information). The results demonstrate around 30% coupling ef-
ficiency for such devices.

2.2. Photonic Resonators

Now we turn to photonic resonators. We focus on three device
geometries that are most common in integrated nanophotonics.
These are microdisk cavities, and 1D and 2D photonic crystal
cavities. Note that suspended cavities are preferred in order to
maximize refractive index contrast and hence light confinement
within the cavities. The optical loss in such structures was studied
using COMSOL simulations and we theoretically observed the
field loss of ≈10% and ≈14% for the suspended and supported
structures, respectively (Figure S3, Supporting Information).
Suspended architecture is typically achieved by undercutting

a sacrificial layer on which the cavity material is grown epitaxi-
ally. In our case, we transfer exfoliated hBN flakes onto silicon,
and undercut the silicon using a KOH wet chemical etch pro-
cess. Figure 3a shows a tilted, false-color SEM image of a sus-

pended disk resonator (3 μm in diameter) which is supported
by a small silicon pillar indicating the feasibility of wet chem-
ical etching to fabricate such small freestanding structures. 10
wt% KOH was used for the Si substrate undercut (refer to the
Experimental Section). For the characterization of the cavities,
we employed a standard confocal microscope with a variety of
excitation sources. The polymer residue on the structures was
excited with a 532 nm laser leading to a broad emission which
can be used as the light source to study the optical modes. In
this case only allowed wavelengths from a broad emission can
confine within the cavity as the individual mode. A PL spectrum
from the hBNmicrodisk is shown in Figure 3b. It exhibits a clear
set of whispering gallerymode (WGM) resonances, seen as sharp
peaks in the spectrum. The multimodal feature of the WGM cor-
responds to both transverse electric (TE) and transversemagnetic
(TM) modes of confined electromagnetic field within the cavity.
The superimposed optical modes result from total internal re-
flection of the relatively high index disk resonator and shows a
free spectral range ( = 𝜆

2∕2n𝜋R) of about 20 nm according to the
spectrum.

Laser Photonics Rev. 2023, 17, 2300019 2300019 (4 of 8) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 4. Suspended on-chip IQP circuit fabricated from single-crystal hBN. a) Optical image of the suspended structure embedded in an exfoliated
hBN flake. The scale bar corresponds to 20 μm. b) AFM scan profile of the fabricated hBN flake. Simulated electric field distribution of c) tapered and
d) straight photonic crystal waveguides. For both simulations, an out-of-plane electric field is incident on the left side of the waveguide structure at a
wavelength of 600 nm. e) Top-view SEM image of the circuit. The scale bar corresponds to 3 μm. Three elements are highlighted by red, cyan, and green
boxes and zoomed-in images shown in (f)–(h), corresponding to photon generation, manipulation, and detection, respectively. The scale bars in (e)–(g)
corresponds to 1 μm.

To obtain the quality factor (Q = 𝜆∕Δ𝜆), a high-resolution PL
spectrum of an individual WGM was recorded and the peak was
fitted by a Lorentzian function. The microdisk exhibits a narrow
linewidth of 180 pm and a highQ of >3000 (Figure 3c). This rep-
resents a sixfold improvement in Q-factor over prior reports.[25]

The improvement is predominantly due to the experimental re-
alization of a suspended microdisk resonator from hBN, as well
as the improved etch recipe.
Figure 3d is a top-view, false-color SEM image of a 1D hBN

PCC. The cavity consists of an array of holes in a waveguide,
with a varying diameter (down to 80 nm). The cavity resonance
is shown in Figure 3e,f. The resonance width is 140 pm, which
corresponds to a Q-factor of >4000 (Figure 3f). Next, we fabri-
cated 2D PCCs. Figure 3g shows an SEM image of a 2D PCC
structure (L5 configuration, whereby five holes are linearly elim-
inated from the central area). A close-up of the cavity center is
shown in the inset. The 2D PCC exhibits a single optical mode
(Figure 3h) with a modest Q-factor of ≈2000, as is shown in the
high-resolution spectrum in Figure 3i. The modest quality factor
for the 2D configuration is caused by losses within hBN due to
its relatively low refractive index. Nevertheless, for some applica-
tions, 2D PCC geometries can be advantageous for scaling up to
an on-chip IQP circuitry.
Purcell enhancement, given by Fp =

3
4𝜋2

( 𝜆
n
)3 Q

V
, for the above

PCCs, can potentially be very high. Given the low mode vol-

ume of the 1D PCCs (V ≈ 1.5(𝜆/n)3), and the Q-factor of ≈4000,
the Purcell enhancement could exceed 200. However, this is
hardly achievable due to the difficulty of precisely positioning
the emitter within the electric field maxima of the cavity. Note
that for monolithic cavities fabricated entirely from hBN, the
emitter would be positioned within the high field region of the
cavity, rather than coupled evanescently. This should result in
substantial overlap with the cavity field, and hence a significant
enhancement.[6,34,35]

We conducted a comparative analysis of the average quality fac-
tor reported for our hBN cavities with those of other fabrication
methods in the literature (as listed in Table 1). Our results show
that ourmethod demonstrates a higher degree of versatility in the
fabrication of various components. This was also confirmed by a
statistical analysis of the Q-factor of several cavities showing an
average value of ≈2600 as shown in Figure S4 (Supporting Infor-
mation). Furthermore, our cavities exhibited consistently higher
average quality factors compared to those produced using other
methods. This provides strong evidence supporting the effective-
ness of our fabrication approach.
Finally, we fabricated a proof-of-concept suspended IQP

circuit from a single crystal hBN flake. Figure 4a, shows an
optical image of the hBN IQP circuit. An exfoliated hBN flake
(≈200 nm thick as shown by an AFM scan in Figure 4b) on
a silicon substrate is sufficiently large to accommodate the

Laser Photonics Rev. 2023, 17, 2300019 2300019 (5 of 8) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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50 μm × 25 μm circuit, seen as a rectangular region in the
optical image. The contrast difference is caused by the selective
undercut etch process – the region underneath the circuit was
chemically etched by KOH solution, admitted to the silicon
substrate through the large rectangular holes seen in Figure 4e.
The platform consists of air hole arrays in a hBN slab, specifically
a hexagonal lattice with a pitch distance of 300 nm and air holes
with a radius of 100 nm. One row of holes was eliminated to
perform the waveguide function. For the tapered waveguide, we
used triangle couplers with air to taper down the cross section
of the guided wave inside the photonic crystal waveguide.
The electromagnetic field guiding in the photonic crystal

waveguides were numerically simulated in the COMSOL Mul-
tiphysics software. The electric field distributions of the guided
waves are given in Figure 4c,d, wherein a linear polarized elec-
tric field input (out-of-plane) was placed at the left side of the
waveguides. Low-loss wave guiding and propagation in both ta-
pered and straight waveguide structures can be achieved based on
our simulation results. Figure 4d shows a top-view SEM image of
the IQP circuit. Three main elements are shown on the image,
namely data generation (red box), manipulation (cyan) and detec-
tion (green). Figure 4f–h shows the higher magnification SEM
images of these sections. Although we observed random optical
modes in such structure (Figure S5, Supporting Information),
we emphasize that the IQP chip was not designed for any spe-
cific operation. Rather it shows that all the required components,
including couplers, waveguides, PCCs, routers, beam splitters,
and out-couplers can be engineered in a single, suspended flake
of hBN using a robust nanofabrication method.
These structures can be specifically designed to generate pho-

tonic bandgaps for particular wavelengths, and can enable spe-
cial functionalities such as guiding,[36] making them a promis-
ing platform for future applications. In addition, the availability
of a wafer-scale and monocrystalline hBN with desired thickness
remains a significant challenge in the fabrication of integrated
architectures. However, this issue can potentially be resolved
through the development of device-scale synthesis methods such
as chemical vapor deposition (CVD)[37,38] and high-pressure high-
temperature (HPHT)[39] techniques in the future.
Moreover, the integration of quantum emitters into the pre-

sented structures can greatly enhance their functionality and
pave the way for future quantum photonics applications. How-
ever, achieving scalable integration of quantum emitters requires
a deterministic and site-specific method of quantum emitter
generation. One possible solution for scalable integration is to
develop techniques that can generate quantum emitters in a
controlled manner and integrate them with the desired struc-
tures. These include, for instance, device-scale ion/electron beam
irradiation,[40] atomic force microscope indentation,[41] deter-
ministic laser writing,[42] or patterned van der Waals heterostruc-
ture assembly.[43]

3. Conclusion

To summarize, we developed a reliable and robust recipe to engi-
neer quantum photonic circuitry from hBN. Specifically, a proof-
of-concept fabrication of a chip-scale circuit, with 1D, and 2D
photonic resonators have been demonstrated, from a monolithic
hBNflake. The suspended architecture yields improved light con-

finement, withmeasuredQ-factors in excess of 4000 for 1D PCC.
Our work marks an important step towards integration of quan-
tum emitters and scalable quantum photonic elements in hBN.
It demonstrates a promising pathway to realization of advanced
spin–photon interfaces, and deployment of hBN in quantum op-
tomechanics, and in applications based on strong coupling be-
tween a quantum emitter and a photonic resonator. Using an
on-chip set of low-loss waveguides and optical cavities, IQP can
provide coherent quantum circuitry capable of performing core
quantum tasks including quantum state generation, manipula-
tion and detection of information.

4. Experimental Section
Fabrication: Monocrystalline hBN flakes were first transferred onto

precleaned silicon substrates using tape exfoliation from a larger bulk crys-
tal. The sample was annealed in a programmable tube furnace in an ambi-
ent atmosphere. The furnace was programmed to anneal sample at 500 °C
for 4 h to remove all tape residue and then at 650 °C for 2 h followed by
850 °C for another 30 min. Such temperature history first assists in in-
creasing the hBN/substrate adhesion substantially as well as oxidizing un-
covered silicon surface as compared to the underlying region of the hBN
flakes. This specifically helps the undercut underlying patterned region by
increasing the etch selectivity of KOH for Silicon compared to superficially
oxidized area. Afterward, suitable flakes were identified by optical micro-
scope and further confirmed by AFM. Note that, from exfoliated flakes,
only those with thicknesses of 200–300 nm were chosen for the fabrica-
tion to provide a sufficient Q-factor. A thin layer of positive e-beam resist
(CSAR, AllResist GmbH) was subsequently spin-coated onto the substrate
to form≈300 nm polymer film. The sample was then patterned into the re-
sist using electron beam lithography at 30 keV and 23 pA in a Zeiss Supra
coupled with an RAITH EBL. After development, the pattern was trans-
ferred into the underlying hBN and silicon substrate using reactive ion
etching in a Trion ICP-RIE system at 1 mT, 1.5% SF6, 300 W RIE, 1 W ICP.
Finally, the structures were undercut in 10 wt% KOH at room temperature
and the resist was then removed using a polymer stripper.

Align Transfer: The fabricated device was precisely transferred onto the
edge of a thermal oxide silicon substrate for laser side excitation scheme.
This was executed via an align transfer method under an optical micro-
scope equipped with two x-y-z stages with a polymer stamp. The stamp
was drop-cast by a thin film of a water-soluble polyvinyl alcohol (PVOH)
as a sticking layer to pick the hBN flake. After transfer, the PVOH was dis-
solved with water and the residual was cleaned in a UV–ozone chamber
for 10 min.

Optical Characterization: The Q-factor characterization was per-
formed with the lab-built confocal system. A 532 nm CW laser (Gem
532TM, Laser Quantum Ltd.) was used as the excitation source. The laser
was reflected by a 532-nm long pass dichroic mirror into a 100×magnifica-
tion objective (0.9 NA). Scanning was performed using a scanning mirror.
A 550-nm long pass filter was placed after the dichroic mirror and before
either the spectrometer (Princeton Instruments, Inc.) for PL spectrum or a
single-photon avalanche diode (Excelitas Technologies) for micro-PLmap-
ping. In this work, PL spectra were taken with other low (300 g mm−1) or
high (1200 g mm−1) gratings. For searching the cavity modes, the cavities
with the photoluminescence from residual polymer were mapped, then
checked with the spectrometer while driving and placing the laser spot.

Simulations: The electromagnetic field guiding in the tapered waveg-
uide and photonic crystal waveguide was simulated by a commercial
COMSOL Multiphysics software. An out-of-plane linear polarized electric
dipole was placed at the left side of the waveguides at the beginning of the
simulation. The photonic crystal bandgap of the waveguide was optimized
for 600 nm target wavelength, and hBN refractive index of 2.1 (at 600 nm)
was used. The corresponding hexagonal pitch is 300 nm, while the hole
radius is 100 nm.

Laser Photonics Rev. 2023, 17, 2300019 2300019 (6 of 8) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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