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Abstract
An efficient single-photon emitter (SPE) should emit photons at a high rate into a well-defined spatio-temporal mode along with an
accessible numerical aperture (NA) to increase the light extraction efficiency that is required for effective coupling into optical
waveguides. Based on a previously developed experimental approach to fabricate hybrid Fabry–Perot microcavities
(Ortiz-Huerta et al. Opt. Express 2018, 26, 33245), we managed to find analytical and finite-difference time-domain (FDTD) values
for the, experimentally achievable, geometrical parameters of a hybrid plano-concave microcavity that enhances the spontaneous
emission (i.e., Purcell enhancement) of color centers in two-dimensional (2D) hexagonal boron nitride (hBN) while simultaneously
limiting the NA of the emitter. Paraxial approximation and a transfer matrix model are used to find the spotsize of the fundamental
Gaussian mode and the resonant modes of our microcavity, respectively. A Purcell enhancement of 6 is found for a SPE (i.e.,
in-plane dipole) hosted by a 2D hBN layer inside the hybrid plano-concave microcavity.

Introduction
Pure and indistinguishable SPEs are key components needed for
their application in upcoming quantum technologies [1] (e.g.,
quantum computation [2] and quantum networks [3]). Color
centers in 2D hBN and diamonds are among the most promising candidates for solid-state single-photon emission at room
temperature [4,5]. Nonetheless, in contrast with bulk diamond,
the 2D nature of hBN, hosting color centers (i.e., in-plane
dipoles), overcomes the necessity for geometrical approaches

[6] (i.e., solid immersion lenses [7]) to reduce the angle of emission of the selected SPE.
Challenges still lie ahead for hBN as an ideal SPE [4] and, in
order to overcome them, photonic structures such as openaccess Fabry–Perot microcavities [8], microdisk resonators [9],
and photonic crystals [10,11] have been designed and built
around color centers in hBN to increase its spontaneous emis-
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sion by means of Purcell effect. An alternative and low-cost approach to build photonic structures uses polymers to embed different types of SPEs (e.g., quantum dots [12], molecules [13])
by a process known as two-photon polymerization (2PP) [14]
where a photopolymer resist is illuminated with a focused laser
at 780 nm and absorbs two photons simultaneously, which triggers a corresponding chemical reaction that solidifies the material to build the desired shape.
A natural extension to the development of polymer photonic
structures consists of the fabrication of hybrid (i.e., metaldielectric) resonant structures [15] with the potential to
enhance the light–matter interactions of such SPEs. This work
will focus on finding an optimal design for a hybrid planoconcave microcavity, containing a multilayer of hBN hosting a
SPE (Figure 1), by using analytical methods and FDTD simulations.
Fabrication design steps are first shown for our microcavity,
afterwards we found the range of geometrical parameters necessary for our stable resonator, followed by a transfer matrix
model used to find the resonant modes of the microcavity,
which are then corroborated by FDTD simulations.

Results and Discussion

of SPEs in hBN (500–800 nm). A quarter-wavelength thickness
is conveniently chosen for the hBN where its value falls between experimentally achievable thicknesses of multilayer 2D
materials [6].
A 3D concave shape polymer then could be fabricated on top of
the 2D material (Figure 2b) by a direct laser writing system
(e.g., Photonic Professional, Nanoscribe GmbH) by use of a
2PP process.
Afterwards an 80 nm silver layer could be added, by thermal
evaporative deposition, on top of the concave shape polymer
to ensure a high reflectivity inside our microcavity. When
designing the concave shape polymer a small rectangular aperture at its edge must be taken into account in the fabrication step
(Figure 2b,c) to prevent the accumulation of the photopolymer
resist, inside the solidified concave polymer, when the sample is
developed (SU-8 developer) and cleaned (IPA) to remove any
remaining photoresist and developer, respectively, after the 2PP
process is finished.

Analytical design
Geometrical parameters of the plano-concave
microcavity

Hybrid plano-concave microcavity

When a polymer layer is added inside a bare microcavity, as in
our case, two fundamental Gaussian beams are formed inside
the air gap and polymer layer, respectively (Figure 3) [16].

By using a quarter-wavelength DBR with a multilayer 2D material on top (Figure 2a), we designed our system (2D material +
DBR stack) to have a maximum reflectivity at the center wavelength of 637 nm. The selected wavelength of our system falls
within the typical emission rates of the zero-phonon line (ZPL)

The spotsize W02 (Figure 3) of the fundamental Gaussian mode
(TEM00 ) inside the cavity has to be as small as possible, since
this means a small modal volume and consequently, a high
Purcell factor [17].

Fabrication design

Figure 1: Conceptual design shows cross-section of hybrid plano-concave microcavity with a 2D hBN layer inside on top of a distributed Bragg
reflector (DBR).
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Figure 2: Fabrication steps of hybrid microcavity. (a) hBN layer positioned on top of DBR. (b) Concave polymer shape is fabricated by direct laser
writing process. (c) A silver layer is added on top of polymer.

and W2 corresponding to different pair of values (R2, L2) for a
hybrid plano-concave cavity. The spotsizes W02 and W2 are
calculated by [18]:

(1)

and

(2)

Figure 3: Cross-section of hybrid plano-concave microcavity shows
the geometrical parameters and the two Gaussian modes inside.

By setting an arbitrary range of values for the length of the
second Gaussian beam L2 and radius of curvature R2 of our
plano-concave microcavity, Figure 4 shows the spotsizes W02

respectively, where g = 1 – L2/R2 is the stability range for our
plano-concave cavity and λ0 = 637 nm is the wavelength of the
fundamental Gaussian mode, n2 = 1.52 is the refractive index of
the polymer layer. The length of the second Gaussian beam is
defined as L2 = L1 + Lpol + ∆z, where L1 is the length of the
Gaussian beam in air, Lpol is the polymer thickness and ∆z is
calculated by the ABCD law [16]:
(3)
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Figure 4: Spotsizes W02 and W2 for different values of R2 and L2.

where the complex numbers q1,2 = z1,2 + jzR,1,2 are known as
the q-parameters for the Gaussian beams, where z2 = L2 − Lp,
z1 = L1 and zR,1,2 is the Rayleigh length for each beam. For a
Gaussian beam passing through a plane dielectric interface, we
have A = B = C = 0, and D = n2/n1, where n1 = 1 is the refractive index of the air gap, therefore, by substituting in
Equation 3, q2 = (n2/n1)q1. This leads to z2 = (n2/n1)z1 and
W01 = W02. Finally, by defining ∆z = z2 − z1 we get:

(4)

As a threshold for R2 we set R2 ≥ L2 in accordance with the
stability range where 0 ≤ g ≤ 1. Although work has been done
to include the lensing effect of a curved “n1/n2” interface (see
supplementary material of [19]), the planar surface (R1 = ∞)
approximation values (Table 1) fall within the desired range
with our FDTD simulations.
We take a transversal cut through a fixed value of L2 (Figure 5)
and observe the dependence of W02 and W2 to the radius of
curvature (R2) of a plano-concave cavity. To achieve a high

Purcell factor, and a small NA, R2 must be as small as possible
(small W02), while maintaining the lower boundary condition
(R2 ≥ L2), therefore the optimal values of R2, for any arbitrary
L2, will reside near the vicinity of the minima of the W2 function (Figure 5), setting the boundary values for R2, for any
given L2, at R2 ≈ 2L2.
Selecting the R2 parameter closer to the divergence of the W2
function (R2 = L2) could result in unstable resonators that will
not hold a stable Gaussian mode inside. Theoretical work has
been done with R2 ≈ L2 [20], where a non-paraxial analysis is
performed, although diffraction losses have to be considered for
an accurate description of the experimental limits of stability
[21]. In the unstable regime (R2 < L2) extensive work has also
been done [22,23].

Electric field distribution and resonant modes of the
plano-concave microcavity
A λ0/4n thickness layer of hBN (n = 1.72) was positioned on
top of a 15-pair layer DBR with tantalum oxide (Ta2O5) and
silicon oxide (SiO2) as the high- and low-index layers, respectively, on a (HL)15 configuration to ensure an electric field
antinode at the surface of the hBN layer, making the
hBN + DBR system a L(HL) 15 dielectric stack. A transfer
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Figure 5: Transverse cut of Figure 4 through length L2 = 5.03 μm to show dependence of R2 with spotsizes. As the values of R2 diminishes, while
maintaining a constant L2, the functions for W02 (blue) and W2 (red) start to diverge, arriving at the limit of the paraxial approximation (stability
regime).

matrix model [24] was used to calculate the electric field distribution inside the hBN + DBR system (Figure 6).

DBR layer. The transfer matrices Lpol and Lair are defined as
[25]:

The full transfer matrix S of our microcavity is defined as:
(5)

(6)

where L and I represent the transfer and interface matrix, respectively, of the silver (Ag), polymer (pol), air, hBN and

Figure 6: Electric field distribution of a hBN + DBR system on a L(HL)15 configuration. Maximum electric field intensity is found at the surface of the
hBN layer. Vertical lines (blue) represent the boundaries between each dielectric layer.
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with an electric field antinode [26]. The Purcell factor was
calculated by using the classical definition [27]:
(7)
(8)

where G1,2 = arctan(L1,2λ0/n1,2πW01,02) is the Guoy phase shift
in the air (n 1 = 1) and polymer layer, respectively, where
W 01 = W 02 .
The transmittance of the microcavity is calculated, from the
matrix elements of S, to find its fundamental TEM resonant
modes (Figure 7). We found the desired TEM modes at
R 2 = 8.1 μm and L 2 = L 1 + L pol + ∆z = 5.03 μm, where
L1 = 3.09 μm, Lpol = 0.4 μm and ∆z = 1.54 μm, which gives a
physical cavity length of L = L2 − Δz = 3.49 μm. These values
fall within the stability range R2 ≈ 2L2.

Numerical design
Resonant modes of hybrid plano-concave
microcavity
For the FDTD simulations, we used the Ansys Lumerical FDTD
software. The polymer, and DBR stack were treated as lossless
and non-dispersive materials [15]. A transmittance T = 8% at
637 nm is measured for our cavity, with an in-plane dipole
inside, for a silver layer thickness of 80 nm. Identical values for
the geometrical parameters previously mentioned (R2, L2, L1),
except for R1 = 7.7 μm, were taken for the FDTD simulations,
where an in-plane dipole emitter sits at the surface of the hBN
layer to ensure a higher Purcell factor since the dipole interacts

where P cav and P free is the power dissipated for the dipole
inside the microcavity and in free space, respectively. A Purcell
factor of FP ≈ 6 was achieved for the TEM mode at the DBR
center wavelength. A Q-factor of Q = 731.4 ± 102.7 was also
calculated in our simulations where the resonant modes of the
microcavity (Figure 8) are shown in good agreement (Table 1)
with the resultant modes from the analytical model (Figure 7).

Table 1: Geometrical parameters and fundamental TEM mode values
of the designed hybrid plano-concave microcavity.

Parameter

Analytical
(μm)

FDTD
(μm)

R2

8.1

8.1

physical cavity
length, L

3.49

3.49

L1

3.09

3.09

L2

5.03

5.03

hBN thickness

λ0/4n

λ0/4n

polymer thickness

0.4

0.4

1st TEM00

0.595

0.616

2nd TEM00

0.636

0.637

3rd TEM00

0.684

0.684

∞

7.7

R1

Figure 7: Transmittance of plano-concave cavity shows the fundamental TEM modes at 595 nm, 636 nm and 684 nm.
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Figure 8: Purcell factor of plano-concave microcavity. Fundamental TEM Gaussian modes are found at 595 nm, 636 nm and 684 nm. Inset shows
transverse section of fundamental Gaussian mode at 637 nm.

Conclusion
We have presented the fabrication design steps for a new type
of hybrid plano-concave microcavity and found its fundamental
resonant modes by using an expanded transfer matrix model to
account for the curvature in dielectrics and, by using FDTD
simulations, we were able to show the effectiveness of the analytical model and found a Purcell enhancement of 6 for a preselected SPE.
The geometrical parameters of our microcavity are all experimentally achievable with the two-photon absorption fabrication
process [13,15] and our modeled cavity could easily be extended to contain and enhance spontaneous emission of arbitrary
solid-state SPEs [28]. Although novel approaches have been
realized to diminish vibrations for open-access Fabry–Perot
microcavities inside a cryostat system [29], in our design, the
plano-concave microcavity is integrated directly to the substrate containing the SPE and, therefore, there are no moving
parts that could potentially diminish the Purcell factor of a preselected SPE due to vibrations in cavity length [30], although
detuning of the selected mode, due to thermally-induced
contraction of the polymer by cooling [12], must be taken into
account if the desired SPE and the cavity are to be analyzed
inside a cryostat system.

[6], and potential chemical sensing applications [31], since our
microcavity is also an open-access cavity.

Funding
FO acknowledges financial support from Consejo Nacional de
Ciencia y Tecnología (CONACYT) postdoctoral fellowship
program, KG from CONACYT Grants (Laboratorios
Nacionales 315838/2021).

ORCID® iDs
Felipe Ortiz-Huerta - https://orcid.org/0000-0001-9531-6099
Karina Garay-Palmett - https://orcid.org/0000-0001-9660-843X

Preprint
A non-peer-reviewed version of this article has been previously published
as a preprint: https://doi.org/10.48550/arXiv.2205.06307

References
1. Gibney, E. Nature 2019, 574, 22–24. doi:10.1038/d41586-019-02935-4
2. Arrazola, J. M.; Bergholm, V.; Brádler, K.; Bromley, T. R.; Collins, M. J.;
Dhand, I.; Fumagalli, A.; Gerrits, T.; Goussev, A.; Helt, L. G.;
Hundal, J.; Isacsson, T.; Israel, R. B.; Izaac, J.; Jahangiri, S.; Janik, R.;
Killoran, N.; Kumar, S. P.; Lavoie, J.; Lita, A. E.; Mahler, D. H.;
Menotti, M.; Morrison, B.; Nam, S. W.; Neuhaus, L.; Qi, H. Y.;
Quesada, N.; Repingon, A.; Sabapathy, K. K.; Schuld, M.; Su, D.;
Swinarton, J.; Száva, A.; Tan, K.; Tan, P.; Vaidya, V. D.; Vernon, Z.;

The methodology of design of the hybrid Fabry-Perot microcavity is also suited for quantum cryptography applications,
provided the emitter’s wavelength is within the telecom range

Zabaneh, Z.; Zhang, Y. Nature 2021, 591, 54–60.
doi:10.1038/s41586-021-03202-1

1036

Beilstein J. Nanotechnol. 2022, 13, 1030–1037.

3. Janitz, E.; Bhaskar, M. K.; Childress, L. Optica 2020, 7, 1232–1252.
doi:10.1364/optica.398628
4. Aharonovich, I.; Englund, D.; Toth, M. Nat. Photonics 2016, 10,
631–641. doi:10.1038/nphoton.2016.186
5. Caldwell, J. D.; Aharonovich, I.; Cassabois, G.; Edgar, J. H.; Gil, B.;
Basov, D. N. Nat. Rev. Mater. 2019, 4, 552–567.
doi:10.1038/s41578-019-0124-1
6. Vogl, T.; Lecamwasam, R.; Buchler, B. C.; Lu, Y.; Lam, P. K.
ACS Photonics 2019, 6, 1955–1962.
doi:10.1021/acsphotonics.9b00314
7. Hadden, J. P.; Harrison, J. P.; Stanley-Clarke, A. C.; Marseglia, L.;

27. Novotny, L. Principles of Nano-Optics; Cambridge University Press:
Cambridge, UK, 2007. doi:10.1017/cbo9780511813535
28. Bathen, M. E.; Vines, L. Adv. Quantum Technol. 2021, 4, 2100003.
doi:10.1002/qute.202100003
29. Fontana, Y.; Zifkin, R.; Janitz, E.; Rodríguez Rosenblueth, C. D.;
Childress, L. Rev. Sci. Instrum. 2021, 92, 053906.
doi:10.1063/5.0049520
30. Ruf, M.; Weaver, M. J.; van Dam, S. B.; Hanson, R. Phys. Rev. Appl.
2021, 15, 024049. doi:10.1103/physrevapplied.15.024049
31. Bitarafan, M. H.; DeCorby, R. G. Sensors 2017, 17, 1748.
doi:10.3390/s17081748

Ho, Y.-L. D.; Patton, B. R.; O’Brien, J. L.; Rarity, J. G. Appl. Phys. Lett.
2010, 97, 241901. doi:10.1063/1.3519847
8. Häußler, S.; Bayer, G.; Waltrich, R.; Mendelson, N.; Li, C.; Hunger, D.;
Aharonovich, I.; Kubanek, A. Adv. Opt. Mater. 2021, 9, 2002218.

License and Terms

doi:10.1002/adom.202002218
9. Wang, Y.; Lee, J.; Berezovsky, J.; Feng, P. X.-L. Appl. Phys. Lett.
2021, 118, 244003. doi:10.1063/5.0046080
10. Fröch, J. E.; Kim, S.; Mendelson, N.; Kianinia, M.; Toth, M.;
Aharonovich, I. ACS Nano 2020, 14, 7085–7091.
doi:10.1021/acsnano.0c01818
11. Kim, S.; Toth, M.; Aharonovich, I. Beilstein J. Nanotechnol. 2018, 9,
102–108. doi:10.3762/bjnano.9.12
12. Sartison, M.; Portalupi, S. L.; Gissibl, T.; Jetter, M.; Giessen, H.;
Michler, P. Sci. Rep. 2017, 7, 39916. doi:10.1038/srep39916
13. Colautti, M.; Lombardi, P.; Trapuzzano, M.; Piccioli, F. S.; Pazzagli, S.;
Tiribilli, B.; Nocentini, S.; Cataliotti, F. S.; Wiersma, D. S.; Toninelli, C.
Adv. Quantum Technol. 2020, 3, 2000004.
doi:10.1002/qute.202000004
14. Kawata, S.; Sun, H.-B.; Tanaka, T.; Takada, K. Nature 2001, 412,

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

697–698. doi:10.1038/35089130
15. Ortiz-Huerta, F.; Chen, L.; Taverne, M.; Hadden, J. P.; Johnson, M.;
Ho, Y. L. D.; Rarity, J. G. Opt. Express 2018, 26, 33245.
doi:10.1364/oe.26.033245
16. Nemoto, S. Appl. Opt. 1989, 28, 1643. doi:10.1364/ao.28.001643

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.13.90

17. Kristensen, P. T.; Van Vlack, C.; Hughes, S. Opt. Lett. 2012, 37, 1649.
doi:10.1364/ol.37.001649
18. Siegman, A. E. Lasers; University Science Books: Sausalito, CA, USA,
1986.
19. van Dam, S. B.; Ruf, M.; Hanson, R. New J. Phys. 2018, 20, 115004.
doi:10.1088/1367-2630/aaec29
20. Laabs, H.; Friberg, A. T. IEEE J. Quantum Electron. 1999, 35,
198–207. doi:10.1109/3.740741
21. Benedikter, J.; Hümmer, T.; Mader, M.; Schlederer, B.; Reichel, J.;
Hänsch, T. W.; Hunger, D. New J. Phys. 2015, 17, 053051.
doi:10.1088/1367-2630/17/5/053051
22. Wang, W.; Qin, Y.; Xiao, Y.; Zhong, L.; Wu, C.; Wang, Z.; Wan, W.;
Tang, X. Appl. Opt. 2016, 55, 5497–5504. doi:10.1364/ao.55.005497
23. Siegman, A.; Arrathoon, R. IEEE J. Quantum Electron. 1967, 3,
156–163. doi:10.1109/jqe.1967.1074471
24. Pettersson, L. A. A.; Roman, L. S.; Inganäs, O. J. Appl. Phys. 1999, 86,
487–496. doi:10.1063/1.370757
25. Janitz, E.; Ruf, M.; Dimock, M.; Bourassa, A.; Sankey, J.; Childress, L.
Phys. Rev. A: At., Mol., Opt. Phys. 2015, 92, 043844.
doi:10.1103/physreva.92.043844
26. Johnson, S.; Dolan, P. R.; Grange, T.; Trichet, A. A. P.; Hornecker, G.;
Chen, Y. C.; Weng, L.; Hughes, G. M.; Watt, A. A. R.; Auffèves, A.;
Smith, J. M. New J. Phys. 2015, 17, 122003.
doi:10.1088/1367-2630/17/12/122003

1037

