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Abstract: The controlled extraction of light from diamond
optical color centers is essential for their practical pro-
spective applications as single photon sources in quantum
communications and as biomedical sensors in biosensing.
Photonic crystal (PhC) structures can be employed to
enhance the collection efficiency from these centers by
directing the extracted light towards the detector. Howev-
er, PhCs must be fabricated with nanoscale precision,
which is extremely challenging to achieve for current ma-
terials and nanostructuring technologies. Imperfections
inherently lead to spectral mismatch of the extraction
(leaky) modes with color center emission lines. Here, we
demonstrate a new and simple two-step method for fabri-
cating diamond PhC slabs with leaky modes overlapping
the emission line of the silicon vacancy (SiV) centers. In the
first step, the PhC structure with leaky modes blue shifted
from the SiV emission line is fabricated in a nanocrystalline
diamond without SiV centers. A thin layer of SiV-rich dia-
mond is then deposited over the PhC slab so that the
spectral position of the PhC leaky modes is adjusted to the
emission line of the SiV centers, thereby avoiding the need
for nanoscale precision of the structuring method. An in-
tensity enhancement of the zero-phonon line of the SiV
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centers by a factor of nine is achieved. The color centers in
the thin surface layer are beneficial for sensing applica-
tions and their properties can also be further controlled by
the diamond surface chemistry. The demonstrated PhC
tuning method can also be easily adapted to other optical
centers and photonic structures of different types in dia-
mond and other materials.

Keywords: leaky modes; nanocrystalline diamond; pho-
tonic crystal slab; silicon vacancy; spectral tuning.

1 Introduction

Diamond color centers are light-emitting defects of diamond
lattice [1] with potential applications in quantum informa-
tion processing [2, 3], magnetometry [4, 5], and sensing
[6, 7]. One of the most well-known color centers in diamond
is the silicon vacancy (SiV) center [2, 8], the intensity of
which depends on the surrounding environment, such as
the surface termination [9]. The intensity of the photo-
luminescence (PL) of SiV centers and their PL decay
dynamics can serve as measures of changes in the sur-
roundings. Together with the chemical and physical stabil-
ity of diamond, the sensitivity to the changes in the
surrounding can be employed for gas and bio sensing. In our
previous works, an ensemble of SiV centers was distributed
homogeneously in a diamond layer [10, 11]. However, for
sensing applications, the placement of the color centers near
the diamond surface is essential as the centers lying deep
inside the material are insulated from the surface changes
and only contribute to the idle PL background. On the other
hand, the PL intensity of a thin layer with SiV centers is very
low [9] and requires sophisticated detection techniques. In
order to exploit this potential application of SiV centers, the
first step is to develop an approach that will enable the
fabrication of suitable structures for sensing experiments.
The combination of photonic structures with diamond
can improve the performance of devices based on the PL of
diamond color centers, which all require high emission
rate and collection efficiency of light. Photonic crystal
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(PhC) cavities [12-14] or ring resonators [15] enable the
emission rate of color centers to be locally increased due to
the Purcell effect [16]. Nevertheless, a significant portion of
radiative emission is directed at azimuthal angles larger
than 50° [17-19] and thus must be collected with large
numerical aperture (NA) objectives. PhC cavities are
especially suitable for applications in single-center-based
quantum photonics. Slotted PhC cavities, in which the
cavity mode is located dominantly in air, have also been
employed for sensing applications [6, 20]. However, so-
phisticated optical components are required for coupling/
outcoupling light into such optical components and the
size of the active area, which is sensitive to the change in
the surroundings, is dictated by the relatively small di-
mensions of the cavity (a few micrometers).

In contrast, PhC slabs, formed when a thin layer of
material is patterned with two-dimensional (2D) period-
icity, offer a much larger active area (from mm” up to cm?)
that can improve the PL collection efficiency [11, 21]. The
guided modes supported by planar layers are coupled with
the radiation modes via the Bragg diffraction phenomenon
[22], which markedly increases the extracted PL signal in-
tensity. Such modes are referred to as leaky modes in PhC
slabs. Leaky modes can also be employed in the spatially
resolved sensing of the environment, because the reso-
nance condition depends on the refractive index at a spe-
cific location of the device [23, 24]. We have already shown
that PhC slabs can be fabricated in nanocrystalline dia-
mond (NCD) layers, while retaining excellent performance
for light extraction [11], and that the PhC slabs can be
engineered to efficiently extract the PL of SiV centers [10].
The advantage of NCD over single-crystal diamond is its
cost-effective deposition on various substrate materials
using chemical vapor deposition (CVD) [25, 26]. Further-
more, optical centers, such as SiV, nitrogen vacancy (NV)
and germanium vacancy (GeV) centers can be incorporated
at high densities during the growth, which makes NCD a
potential material for optical center-based sensing.

In contrast, the photonic structures fabricated on the
NCD possess structural imperfections due to its grain-like
structure, which makes it impossible to fabricate structures
that exactly match the requirements of the simulation.
Nevertheless, the same issue also holds for single-crystal
diamond-based photonic structures, where deviations,
such as the non-verticality of sidewalls or nanometer-scale
variance of dimensions, were observed [27]. Therefore,
post-fabrication tuning is often required to achieve spectral
overlap between the photonic modes and narrow emission
lines of quantum dots or colors centers. In general, the
tuning mechanism can be based on material removal using
an electron beam [28], wet etching [29] or surface oxidation
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[27, 30], material addition using nanofluidic channels [31],
or thermooptic [32, 33] and photochromic tuning [34, 35]. In
diamond, surface oxidation [27] and the condensation of
gases at cryogenic temperatures [36, 37] were demon-
strated to finely tune the spectral position of photonic
modes in cavities. The disadvantage of these methods lies
in the possible surface damage in the former case and the
need for a cryogenic chamber in the latter case, which is not
suitable for sensing experiments. None of these ap-
proaches enable the creation of a thin layer with the color
centers required for sensing.

In this contribution, we present a strategy for the
postfabrication spectral tuning of the leaky modes of PhC
slabs in diamond with the potential to tune the spectral
position of modes with nanometer scale precision. The
tuning mechanism is based on the controlled addition of a
new diamond layer that increases the PhC slab thickness
and red shifts the leaky modes to the desired spectral po-
sition. We demonstrate the mechanism by altering the di-
mensions of a pre-patterned polycrystalline diamond layer
via deposition of a second diamond tuning layer in order to
shift the position of leaky modes to the zero-phonon line
(ZPL) of SiV centers (738 nm). Simultaneously, SiV centers
are incorporated into this tuning layer to yield SiV centers
not in the whole volume of the diamond material but
located only near the diamond surface. We show that such
PhC slabs enable the efficient extraction of the PL from the
near-surface-located SiV centers into the surroundings via
coupling to the leaky modes. We also show that the PL
intensity of the SiV centers can be improved by altering the
surface properties through oxygen plasma treatment.
These photonic structures present an ideal configuration
for sensing applications, where both the nearby surface
deposited color centers and the spectral characteristics of
the leaky modes are strongly affected by the changes in the
surrounding environment.

2 Materials and methods

The NCD layers were grown on a quartz substrate that was first ul-
trasonically cleaned in acetone and isopropyl alcohol and rinsed in
deionized water. After the cleaning, the quartz substrate was seeded
by applying ultrasonic agitation in an aqueous nanodiamond
colloidal dispersion (NanoAmando colloid, median nanodiamond size
of 4.8 + 0.6 nm) diluted by deionized water (1:40 v:v).

For the diamond growth, two different CVD reactors were
employed: (i) A linear antenna microwave (MW) plasma system (Roth
& Rau AK 400) equipped with two linear antennas working in a pulsed
regime and (ii) a focused MW plasma reactor (Aixtron P6) using an
ellipsoidal cavity resonator [38]. The parameters used for the diamond
deposition in the linear antenna MW plasma system were a deposition
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time (t) of 19 h, a pressure (p) of 10 Pa, a gas flow of H, equal to
200 sccm, a gas flow of CH, equal to 5 sccm, a gas flow of CO, equal to
20 sccm, a MW source power (P) of 2 x 1.7 kW and a sample surface
temperature (T) of ~540 °C. The thickness of the layer was =160 nm, as
measured by reflectance interferometry. This deposition system is
suitable for growing thin diamond layers without the SiV center PL
even on substrate materials that contain Si atoms [39]. We used this
deposition system for growing the SiV-free diamond layers used for the
subsequent nanopatterning. Scanning electron microscopy (SEM)
image of the planar layer and its PL spectrum are available in the
Supplementary material (Figures S2 and S3(a), respectively).

The top part of the diamond layer was then patterned into the
periodically ordered columns using electron beam lithography (EBL)
and reactive ion etching (RIE) to yield a PhC slab. An electron sen-
sitive polymer (poly(methyl methacrylate), thickness of =100 nm)
was first patterned by EBL. Next, the gold (thickness of ~70 nm)
was evaporated and the mask was created using a lift-off process.
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Not-covered parts of the sample were partially etched with capaci-
tively coupled O,/CF, plasma RIE. Finally, the metal mask was
removed by wet etching. The total area of the PhC structure on the
sample was 1 mm?.

After the optical characterization of the fabricated PhC slab and
the non-patterned (reference) layer, the second layer of NCD was
grown in the focused MW plasma reactor with a t of 15 min, a p of 6 kPa,
a gas flow of H, equal to 300 sccm, a gas flow of CH, equal to 3 sccm, a
P of 3kW and T of =820 °C. Pieces of common intrinsic Si wafer, which
were placed into the vicinity of the sample, served as a source of Si
atoms for the formation of SiV centers as they were partially etched by
plasma during the diamond deposition. The PhC dimensions before
and after the second deposition are specified in Figure 1.

The growth rate for the deposition of the tuning layer was ~4 nm/
min. This fast growth rate is an inherent property of the deposition
system used for the deposition of diamond layers with SiV centers.
In order to achieve nanoscale precision, a deposition chamber with a

a
Parameter | Original + Tuning
L 390 nm 390 nm
d 215 nm 335 nm
Lo 105 nm 105 nm
ty 55 nm 115 nm
160 nm 220 nm

AN
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!

Figure 1: (a) Schematic overview of the photonic crystal (PhC) structure composed of periodically-ordered columns investigated in this study.
The SiV-rich (yellow dots) tuning layer is also depicted. Dotted circles denote the dimensions of the original diamond structure without the
SiV-rich layer. The table summarizes the dimensions of the PhC slab: lattice constant (L), column diameter (d), thickness of PhC layer (tphc),
thickness of waveguiding layer (t,) and total thickness (f). The estimated uncertainty is 5-10 nm. (b) Cross section of the original PhC slab with
the scheme of the Bragg diffraction of the fundamental TE, and TMy modes on a thin dielectric layer for a given wavelength. (c) To change the
Bragg diffraction condition and the propagation of light after extraction, the tuning layer (denoted by the dark blue color with yellow dots) can
be deposited on top, which increases the propagation constant of the mode k;; (see text). The spatial profile of the electric field of the modes
was computed by an online mode solver [44], where the constant effective refractive index of the top PhC layer was used.
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slower growth rate must be used. For instance, the growth rate of the
original layer was ~8 nm/h and offers higher control over the thickness.
However, this apparatus does not enable the color centers to be
embedded during the growth. In contrast, the controlled growth of
~1nm layers with optical centers is possible using deposition chambers
of other manufacturers, as demonstrated, for example, with NV centers
in Ref. [40]. The other possibility for achieving nanoscale growth pre-
cision is to use silane for Si doping [41]. Using silane as a source of Si
atoms instead of the Si wafers enables a decrease in the growth rate.

The surface morphology of the samples was investigated by SEM
(Tescan, MAIA3) in a standard configuration for secondary electron
imaging. The thickness and refractive index of the diamond film (both
before and after etching) were measured by reflectance interferometry
and evaluated by commercially available Film Wizard software (SCI).

A Renishaw in Via Reflex system was used for the PL measure-
ments. Multiple objectives (5x with NA 0.12, 20x with NA 0.4, 50x with
NA 0.5 and 100x with NA 0.9) were used for the collection of signals.
The maximal collection angle depends on the NA of the objective.
Furthermore, the size of the probed area depends on the NA and is of
the order of square micrometers for all objectives. This may limit the
portion of collected leaky modes as the propagation length in the layer
also lies in this range. The depth of focus is larger than the thickness of
the samples for all objectives. A He—Cd laser (442 nm) was used for the
excitation of the PL in both cases. The spectra were corrected for the
spectral response of the detection system.

The angle-resolved transmission and PL measurements, which
allow us to map the spectral position of leaky modes for different
angles of incidence, were realized in the setup shown in the Supple-
mentary material (Fig. S8). A collimated white light was transmitted
through the sample and detected using an optical fiber connected to a
spectrometer with an intensified CCD camera (Andor) at the output.
The sample was rotated around the axis perpendicular to one of the
main symmetry directions (I-X) of the PhC. For the simulation of
transmission through the sample, the rigorous coupled-wave analysis
(RCWA) method (RSoft DiffractMod) was used. The same detection as
for transmission measurements was used also for the PL measure-
ments, while the focused laser beam (442 nm) was used for the exci-
tation of the PL. For this experiment, the sample was stationary and
the fiber was rotated around the sample along the I'-X direction.

3 Results and discussion

The majority of light emitted by the emitters in thin NCD
layers is coupled to the guided modes. Part of this light is
recovered via scattering on material inhomogeneities (grain
boundaries) and on the inherently rough surface. The rest is
absorbed on material defects in NCD before reaching the
edge of the sample. Nevertheless, rough structures produce
light with a Lambertian radiation pattern [42] and do not
allow for control of the propagation of light after extraction.
Encapsulation of the layer [43] is not applicable for sensors
that require direct access to the material.

In the PhCslabs, light is diffracted via Bragg diffraction
and its propagation constant is changed in a defined way:

k"d = k"i +mG (1)
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where Kk; and kjq are the propagation constant (in-plane
wavevector) before and after the diffraction event, respec-
tively, m is an integer, and G is the reciprocal lattice vector.
When [kyq| < ko = %, where k, and A, are the wavevector and
vacuum wavelength of light, respectively, the z-component of
the k-vector becomes real k, = kg - ki,. The photonic
modes of the PhC slab can then couple to radiative modes and
escape from the layer, as depicted in Figure 1 for the funda-
mental transverse-electric (TEy) and transverse magnetic
(TM,p) modes, respectively. These modes are known as leaky
modes or guided resonances.

In order to reach the spectral overlap of leaky modes
with the spectrum of the emitters, the dimensions of PhC
slabs must be simulated in advance. The fabrication of
structures that exactly match the simulation outputs is
almost impossible and the deviations of the real sample di-
mensions from the simulation also lead to the spectral shift
of the modes. Figure 2 shows the strong dependence of the
spectral position of the vertically-extracted TE, leaky mode
on the parameters of the PhC structures computed using the
RCWA technique. For instance, the refractive index of the
NCD layers, which deviates from the values for single-crystal
diamond (see Supplementary material) by only ~3%, causes
a spectral shift of more than 25 nm. In practice, the situation
is even more complex because the refractive index depends
on the deposition parameters of the CVD process and may
slightly differ for individual samples. The deviation of 5 nm
in etching depth (t,, and tpc) with respect to the simulation
leads to a spectral shift of the TE, mode of ~5 nm. The de-
viation of 5 nm in the column diameter (d) leads to a spectral
shift of =1 nm. Moreover, the shape of the columns may differ
due to different etching rates near the masked regions, which
cannot be reliably included in the simulation. All these fac-
tors may lead to significant spectral shifts of the modes in the
fabricated structures with respect to the designed structures.

To overcome these inherent difficulties regarding the
PhC slab design and fabrication, we employed the following
procedure: 1) PhC slabs were designed to support leaky
modes that are blue shifted from the required spectral po-
sition. 2) After the fabrication, the PhC slabs were charac-
terized and the spectral positions of the leaky modes were
measured. 3) A new tuning layer was grown on top of the
PhC slab, which tunes the leaky modes to the required
spectral position. Note that fine-tuning may be achieved by
using multiple repetition of the steps 2) and 3) with nano-
meter thin layers. This approach avoids the change in the
lattice constant that is not possible during post-fabrication.
Instead, the propagation constant of the mode is increased
via an increase in the effective refractive index:
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Figure 2: Simulated spectral position of the TE, leaky mode for
normal incidence and its dependence on the refractive index of the
layer (refractive index of single-crystal diamond [SCD] and nano-
crystalline diamond [NCD], for details on the refractive index, see
Figure S1in the Supplementary material), on the depth of etching
(shallower etching increases t,, and reduces tp,,c) and on the diam-
eter of columns (d). The error bars correspond to the spectral full
width at half maximum (FWHM) of the leaky modes.

N = ul:_lll < Npat (2)
0
as a larger portion of the mode propagates in the material
with a high refractive index ny,, (as seen from comparing
the spatial profiles of the TE; and TM, modes of the original
and overgrown PhC structures in Figure 1(b) and (c)).

Moreover, our method allows us to alter the material
propetties, such as the SiV center concentration, sp’ carbon
content, grain size and roughness, in the tuning and original
layers or even in multiple individual tuning layers, which
provides an opportunity to tune their properties based on the
future application. Figure 1(c) schematically depicts the
cross section of the PhC slab with the new layer that was
intentionally deposited in the particular CVD apparatus to
enable the incorporation of SiV centers during the growth.
The thickness of the perturbed layer tpy,c remains unchanged
when the growth is isotropic (approximately true for NCD),
while the waveguide thickness (t,,) and filling factor (fraction
of unit cell occupied by the pillar) are increased.

The proposed approach is particularly useful for poly-
crystalline samples with surface roughness in the range of
tens of nanometers, which prevent us from measuring the
dimensions precisely. Nevertheless, as the uncertainty is
significantly smaller than the wavelength of light, effective
optical dimensions can be defined that are further used for
the simulation. These effective dimensions can then be
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finely tuned even when the uncertainty of the measurement
is higher than the demanded thickness of the tuning layer.

For the experimental realization, we used a PhC slab
with a thin waveguiding layer fabricated in a NCD layer via
a combination of EBL and RIE. The SEM morphology of the
PhC slab is shown in Figure 3(a). The dimensions of the PhC
slabs, which were measured by reflectance interferometry
(total thickness and thickness after etching) and deter-
mined from SEM images (column diameter and lattice
constant), are shown in the table in Figure 1. The angle-
resolved transmission measurement that reveals the
spectral position of the leaky modes along the I'-X direc-
tion is shown in Figure 3(b). The spectral positions of the
TEq and TM, leaky modes at normal incidence are 622 + 8
and 582 + 5 nm (where the FWHM of the dip is used as the
uncertainty), respectively, which are well below the SiV
center spectral line (738 nm).

The angular and spectral distribution of the leaky
modes is directly mirrored into the extraction of the PL from
the photonic crystals. Figure 3(e) shows the PL signal
collected from the PhC slab (black lines) and from the planar
reference layer surrounding the PhC slab (red lines) with
objectives having NA from 0.12 to 0.90. The PL of the
reference is spectrally broad due to the presence of intrinsic
defects in NCD [45, 46] and it is extracted from guided modes
solely via scattering on the diamond grains. The broad PL
enables us to investigate coupling of the emission into a
number of leaky modes for the case of the PhC. Leaky modes
are clearly manifested in the PL spectra of the PhC measured
with the NA 0.12 objective as two peaks superimposed on the
broad PL background. When increasing the NA, the PL
emission extracted via the leaky modes is summed up
into the measured shape of the spectra. For the original
PhC crystal, the extracted PL is located primarily below
700 nm.

The goal of the proposed approach was to spectrally shift
the leaky modes so that the emission of the SiV centers
overlaps with both the TE, and TM, modes located close to
the I'-point (i.e., extracted close to the vertical direction) in
order to compare the coupling efficiency into the TE, and TM,
modes. The thickness of the tuning layer necessary to achieve
such a spectral shift of the modes was estimated to be ~58 nm
based on the RCWA simulation. Note that the original simu-
lation parameters were modified to be in accordance with the
measured parameters specified in the table in Figure 1.

We then performed the second diamond deposition,
resulting in the PhC slab shown in Figure 3(c). Again, the PhC
slab parameters are summarized in the table in Figure 1. The
thickness of the tuning layer was ~60 nm. The difference of
2 nm from the computed value is negligible with respect to
the aim of this study. The diameter of the columns was
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Figure 3: Scanning electron microscopy (SEM) images and measured transmission spectra (along [-X direction) of the original sample (a, b)
and the sample after deposition of the tuning layer (c, d). (e) Photoluminescence (PL) spectra measured on the original structure (black on

photonic crystal [PhC], red on reference layer; the green rectangle shows the spectral position of the SiV center zero-phonon line [ZPL]). (f) PL
spectra measured on the structure with the tuning layer.

extended by =120 nm, which corresponds well with isotropic  evidenced by the SEM images (Figure 3(c)). The surface
diamond growth. Note that after the deposition of the tuning  roughness is higher after the deposition of the tuning layer,
layer, the shape of the columns is not perfectly cylindrical,as  which is caused by the different diamond deposition systems
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used. Nevertheless, the size of the grains is much smaller
than the wavelength of the light and it does not disrupt the
extraction via leaky modes. The increased roughness only
enhances the nondirectional scattering of light from guided/
leaky modes both on the PhC and the reference layer.

Figure 3(d) shows the angle-resolved transmission
spectra of the PhC slab with the tuning layer measured along
the I'-X direction. The spectral positions of the TE, and TM,
leaky modes at normal incidence are 757 + 6 and 688 + 8 nm,
respectively, and the spectral region at ~738 nm now over-
laps with the branches of both the TE, and TM, modes as
desired. The overall red shift of the leaky modes due to the
increased propagation constant is also reflected in the
measured PL spectra of the PhC slab shown in Figure 3(f).
The creation of SiV centers in the layer is evidenced by the
ZPL emission of the SiV centers at =738 nm and is visible in
all of the measured PL spectra of the planar reference. For
the objective of NA 0.12 and the PhC slab, the SiV ZPL is
hidden in the peak originating from the extraction via the
vertical TE, mode. In contrast, the ZPL peak becomes
dominant in the PL spectra measured with the objectives
having NA>0.4, as explained in further detail below.

For precise evaluation of the PhC effect on the PL in-
tensity, we define an enhancement factor as the ratio be-

PhC and the

col
ref ,
I col*

tween the intensity measured on the PhC I
intensity measured on the unpatterned reference layer

PhC
EF (1, Na) = (ol (W NA)

. 3
I (A NA) ©

This enhancement factor depends on the wavelength and
the objective used based on its NA. It is important to note
that the enhancement factor represents the overall increase
in intensity, which is not caused purely by the extraction of
light via leaky modes. Firstly, the amount of light coupled to
the radiative/guided modes depends on the slab thickness
due to Fabry—Pérot (FP) resonances [47] that affect the
emission intensity from both the PhC and the reference
layer. Secondly, the volume of material and the surface area
differ for the as-deposited diamond layer and the layer with
the PhC slab. Note that the thickness of the reference layer is
similar to the total thickness of the structure (t,, + tppc) and
thus the volume of the material is larger in the reference
layer. Thirdly, the emitters at the top of the columns have a
low probability of coupling to leaky modes, as the field of the
modes is weak in these places (see Supplementary material)
and they are preferentially emitted into free space in a
diffuse (non-directional) manner. Fourthly, the scattering of
light on NCD grains contributes to the extraction of light.
Nevertheless, it contributes to the extraction for both the
PhC structure and the reference layer and thus effectively
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decreases the observed enhancement with respect to a
perfectly smooth layer. In addition to these photonic effects,
the material itself can be altered during the fabrication
process, which may lead to an increased number of defects
that increase the absorption coefficient or the creation of
new PL centers. Despite these effects, the enhancement
factor representation is the most suitable for all applica-
tions, where the overall intensity is of importance (e.g.,
sensing or quantum light sources).

The enhancement factors for the original PhC slab and
the PhC slab with the tuning layer are shown in Figure 4(a)
and (b), respectively, and compared with the RCWA simu-
lation of their transmission efficiency in the I'-X direction.
The effect of extraction via leaky modes is clearly visible for
a low NA 0.12 objective, where only the light extracted into
the vicinity of the vertical direction is collected. For higher
NA objectives, the enhancement is distributed over a
broader spectral range as spectrally shifted leaky modes
extracted into more inclined directions are also collected.
Benefiting from the deposition of the tuning layer, the leaky
modes in Figure 4(b) are red shifted onto the spectral region
of the SiV centers, which significantly improves the
enhancement in this region. The highest enhancement fac-
tor reaches =9 for NA 0.4 and 0.5 objectives. The effect of
other factors (FP resonances, different volumes and surfaces
and scattering) is very small, as evidenced by an only very
small enhancement observed with the NA 0.12 objective in
the regions where no leaky modes contribute to the extrac-
tion. Note that we have not used the resonant in-coupling of
the excitation beam into the PhC slab as in [11].

Three spectral regions can be found in the enhancement
spectra. In the first region (I in Figure 4), the enhancement
factor grows with the NA of the objective used, as the
number of modes contributing to the measured enhance-
ment factor grows when higher collection angles are used.
In the second region (II), the modes are located mainly in the
vicinity of the vertical direction and the enhancement is high
for the low NA 0.12 objective. In the third region (III), no
leaky modes are located near the vertical direction and thus
the enhancement is only measured with the high NA (>0.4)
objectives. The dispersion of modes for other directions than
I'-X that also contribute to the extraction of PL is shown in
the Supplementary material for selected wavelengths.

The highest enhancement was observed at the spectral
position of the SiV peak for all objectives except for NA 0.12,
where the maximum enhancement is slightly red shifted. For
other objectives, the enhancement of the SiV center spectral
line is higher than in the neighboring spectral regions due to
the different spatial distribution of SiV centers with regard to
the PL defects forming the continuous PL background. The
SiV centers are located primarily near the surface in the
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Figure 4: Top: Photoluminescence (PL) enhancement factor observed with microscope objectives with various numerical apertures (NAs) (a)
before and (b) after the deposition of the tuning layer on the Photonic crystal (PhC) slab. Bottom: Simulated transmission spectra of the PhC
slabs along the =X direction for the corresponding spectral region. The horizontal dashed lines denote the maximum collection angle of the
objective with specified NA. Vertical lines divide the spectra into three spectral regions that are discussed in the text.

tuning layer with =60 nm thickness. The emitters located at
the very top of the columns therefore have a low probability
of coupling to leaky/guided modes, which is a significant
difference from the reference layer (see Supplementary ma-
terial for a comparison of modal field distribution with the
distribution of SiV centers). The light from these emitters is
then radiated directly into the air. In contrast, the location of
the SiV peak between the TE, and TM, modes allows both
these modes to contribute to the extraction of the SiV peak
when objectives with higher NA are used.

In order to compare the distribution of the SiV ZPL in-
tensity between the TE, and TM, leaky modes, the angular
dependence of emitted light was measured using the optical
fiber for the collection of the PL providing an angular reso-
lution of 1°. The measured dispersion of the modes
(Figure 5(a)) corresponds to the angle-resolved transmission
measurement (Figure 3(d)). Figure 5(a) shows that the light
emitted by the SiV centers is more efficiently extracted via

the TE, mode than the TM, mode. Employing the RCWA
simulation, we computed that the fraction of energy local-
ized in the tuning layer with SiV centers is 29.3% for the TEq
mode, which is higher than 24% for the TM, mode. See
Supplementary material for the simulated distribution of the
electric field in the modes. This means that the coupling
efficiency of the SiV PL to the TE, mode is 1.22 times higher
than the coupling efficiency into the TM, mode, which
agrees well with the observed ratio of the PL intensity be-
tween these modes (=1.21). The outcoupling efficiency of the
modes from the layer is similar for both modes, as evidenced
by their similar linewidths in Figures 3(d) and 5. On the other
hand, the TMy mode has a higher fraction of energy propa-
gating in the air compared to the TE, mode (32.2% compared
to 24.7%) and is thus more suitable for detecting changes in
the refractive index in the surrounding environment.

As a final step, we performed an oxygen plasma treat-
ment of the sample, which leads to oxygen termination of
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the surface and improves the PL intensity of the SiV centers
located near the diamond surface [9]. The increased in-
tensity of SiV centers after the oxidation process is shown in
Figure 5(b) and is also clearly seen for the flat-band of the
TEo mode. The coupling of light emitted by SiV centers into
the flat-band can be also used for sensing applications. The
angle, into which the light at a given wavelength (e.g., SiV
center ZPL) is extracted, is very sensitive to changes in the
refractive index and the angular shift of this leaky mode
could be used for the detection instead of the spectral shift.
Note that the refractive index change after oxygen plasma
treatment is negligible and does not affect the spectral po-
sition of the modes.

The resolution/accuracy of the presented approach
depends on the adjustability of the diamond growth rate in
the used deposition system. With the CVD systems that use
silane as the source of Si, the shift of <0.5 nm per minute can
be achieved, which makes this approach comparable with
the oxidation method shown in Ref. [27]. The main advan-
tage here is that the properties (e.g. SiV concentration or sp?
phase content) of the tuning layer can be controlled.

da
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Figure 5: Angle-resolved photoluminescence (PL) along the I-X
direction (a) before and (b) after the oxygen plasma treatment.
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Moreover, these methods are complementary as the oxida-
tion process enable blue shift of the photonic modes, while
our approach leads to the red shift of the modes. With the
gas condensation technique, red shift of 0.07 nm per step
was achieved for nanobeam cavities [37], which is beyond
the reach of our approach, even when very slow growth rate
and short deposition time are used. However, such tuning
can be done only inside the cryostat chamber and it is not
permanent, and it is thus not suitable for many applications
(e.g. sensing). The spectral range of the gas tuning method is
also limited in comparison to our method.

The tuning of photonic modes by the presented
approach could be also employed for single-crystal dia-
mond-based photonic structures, e.g., PhC -cavities,
nanobeam cavities, or nanopillars. Similarly to the pho-
tonic structures in NCD, the dimensions of these structures
usually deviate from the optimal dimensions designed by
numerical simulations. The spectral position of the pho-
tonic modes of these structures depends strongly on their
dimensions and can thus be shifted by the deposition of a
thin tuning layer.

4 Conclusion

In summary, we have shown using computer simulation
that control over the spectral position of leaky modes in 2D
PhC slabs requires knowledge of the material parameters
and nanometer scale precision of the fabrication process,
which is often beyond the fabrication possibilities. There-
fore, we have proposed and demonstrated a fabrication
approach based on the deposition of a tuning layer onto a
precharacterized PhC slab with intentionally blue-shifted
leaky modes that enables us to spectrally shift the photonic
modes to the required spectral position. We were able to
shift the photonic modes of the 2D PhC slabs by more than
100 nm to the spectral position of SiV centers in diamond
and achieved ninefold enhancement of the SiV center
emission line without resonant excitation of the sample.
Simultaneously, the tuning layer contained optically active
SiV centers, the presence of which near the diamond surface
is favorable for detection of changes in the surrounding
environment. The proposed method may contribute to the
cost-effective fabrication of 2D PhC slabs for applications in
sensorics, where the initial PhC slab may be fabricated using
large-scale methods, such as nanoimprint or nanosphere
lithography. The method can also be adapted to tune the
position of modes of other photonic structures in diamond,
such as nanopillars, photonic crystal cavities or nanobeam
cavities, which are of very high interest in the fields of
quantum optics, quantum information processing and
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sensing applications. Finally, the proposed method can also
be extended towards other optical centers in diamond
suitable for detection, such as NV centers.
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