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Abstract

Well-ordered opal-diamond composite and inverted opal structure in single crystal (SC) diamond
have been prepared by microwave plasma CVD. The process is based on epitaxial diamond
growth through a monolayer of densely packed SiO, spheres placed on a (100) HPHT diamond
substrate. Finally, the opal monolayer with ~ 600 nm sphere diameter was completely embedded
in SC CVD diamond forming a new type of ordered diamond composite. In addition, the inverse
opal structures (air cavities in diamond) were produced by SiO, etching. The XRD analysis
confirmed the single crystal nature of the deposit. The photoluminescence spectrum exhibits a
strong peak at 738 nm wavelength of silicon-vacancy defect in diamond, indicating Si doping
during the CVD process. The optical properties of the diamond structures were evaluated also
with Raman spectroscopy and optical reflection spectrometry. The developed epitaxy-through-
mask approach is considered as a potential strategy to fabricate multilayered (3D) SC diamond

photonic crystals.
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1. Introduction
Diamond, with its wide optically transparent window, coupled with excellent thermal and
mechanical properties, and highly stable color centers, attracts an increasing attention for use in

multispectral optical applications, including windows and components for high power IR lasers



[1], compact Raman lasers [2,3], quantum information technologies [4], optical biomarkers [5],
UV detectors [6], optical components of complex shapes like lenses [7], waveguides [8] and
diffractive optical elements [9]. Due to relatively high refractive index n=2.4, diamond is also of
interest for building photonic crystals (PhCs) operated from visible to IR region. The PhCs are
media with dielectric constant varied periodically with the period of optical wavelength scale,
possessing unusual optical properties due to existence of partial or complete photonic band gap
(PBG) [10], which is usually explored to suppress, slow, confine or guide electromagnetic waves
in certain lattice directions. Therefore, the PhCs are regarded to be important for realization of
various optoelectronic and quantum-optical devices, such as low-threshold lasers [11]. Currently,
colloidal-assembled opal structures, which consist of SiO, spheres typically of a few hundreds of
nanometers diameter packed in a face-centered cubic lattice, are widely used as PhC medium,
and as the template to reproduce other forms (which also are PhCs), like inverse opals obtained
by etching the primary opal matrix, or composites by filling the pores with appropriate optical
material [12,13]. To obtain the full PBG in inverse opal (IO) structure, one kind of filling
materials with refractive index of 2.8 or larger is strongly required [14]. One of the interesting
materials for 10 is regarded to be single crystalline diamond with its relatively refractive index of
2.4. The slight difference of refractive index makes a pseudo-PBG other than a pure PBG.
Moreover, besides of the excellent physical and chemical properties, diamond has a better
refractive index contrast compared to common transparent in the visible materials, like oxides
(TiO2[15] or BiFeO3[16] being a few exclusions), making it a preferential candidate for PhC
engineering.

PhCs based on porous inverse opal structures and composites based on oxides, polymers,
and semiconductors have been well studied during several decades [13]. However, there are only
few works on PhCs made of high refractive index materials, such as diamond. The diamond PhC
fabrication process could be achieved based on template-mediated (also known nano-casting)
technique using bulk or thin film porous opals. Atypical 10 structure with period in the range of
300~ 600 nm can be obtained by seeding the pores with nano-diamond particles, accompanied
with depositing CVD diamond and etching away the template [12, 18-20]. However, the used
replica approach can produce principally nanocrystalline structures only, as the diamond
nucleation and growth proceeds epitaxially on randomly oriented nano-seeds. The
nanocrystalline diamond possesses strongly enhanced optical absorption and low thermal
conductivity [21], thus loosing in a part the potential advantageous of diamond for the optical
applications. In this manuscript, we fabricated for the first time and studied single crystal (SC)
diamond with buried monolayer SiO, opal structure and 10 structure, using a new approach of
diamond epitaxy on SC diamond substrate by chemical vapor deposition through a SiO, opal



monolayer serving as a mask. We show that the diamond can growth through narrow pores with
several tens of nanometers between SiO, spheres, remaining single crystal structure. This
diamond opal structure exhibits attracting optical properties which makes it be a potential

candidate for photonic crystals.

2. Experimental

The developed approach is shown schematically in Fig. 1. First, an ordered opal
monolayer was deposited onto the surface of (100) oriented type Ib HPHT diamond substrate
(3x3x1 mm?®) by Langmuir-Blodgett (LB) method. At the next step, epitaxial diamond film was
grown through the voids between the SiO; spheres, using a microwave plasma chemical vapor
deposition (MPCVD) in CH4/H, mixtures. Finally, the opal layer was completely buried in the
diamond, and then the SiO, spheres were removed by HF acid etching to produce the diamond

inverse opal structure.

Fig.1. Schematics of single crystal diamond inverse opal preparation.

The opal monolayer (ML) was formed of SiO, spheres with average diameter d = 615+
20 nm using a LB trough (Biolin KSV NIMA). The HPHT diamond substrate, oxygen-
terminated by heating in oven in air (500°C, 30 min) to get hydrophilic surface, was vertically
immersed into the SiO, sphere suspension in ultra-pure deionized water. When the spheres
assembled into regular array on the water surface by two moving barriers in the LB trough, the
substrate was lift up under constant speed 1.5 mm/min, resulting in transfer of the ordered
monolayer silica LB film onto HPHT diamond surface.

The diamond film was deposited onto the monolayer opal structure with a MPCVD
system (PLASSYS SSDR 150, 2.45 GHz) using the following process parameters: gas mixture
of 4%CH, diluted in Hy, pressure of 110 mbar, microwave power of 3300 W, growth rate at ~1
um/h. The substrate temperature of 700°C was maintained in order to reduce the etching of silica
spheres under hydrogen plasma environment. Another growth experiment was performed with a
MPCVD system (ARDIS-100, 2.45 GHz) using slightly different process parameters: 8% CH,
diluted in Hy, pressure of 53 mbar, microwave power of 2200 W, growth rate of =1.2 pm/h.
Those conditions provided the same low substrate temperature (=<700°C). Very similar diamond
layers in terms of surface morphology, Raman and photoluminescence were obtained with these

two MPCVD systems to increase the number of samples available for analysis.



The growth time was controlled to obtain several particular diamond opal composite
systems with different thicknesses of the diamond film. The sidewalls of the fully covered
composite sample were polished in order to open the SiO; spheres and then to remove them by
HF acid etching to form regular cavities within SC diamond. Further, the samples were heated at
580°C in air to remove the non-diamond carbon contamination on the cavities surface, if any,
while the diamond component was retained.

The morphology of samples was studied by scanning electron microscopy (SEM) (FEI
Quanta 2000). An atomic force microscope Ntegra Spectra, (NT-MDT) was also engaged to the
surface topography measuring. The surface scanning was carried out in semi-contact mode using
a silicon HA-NC probe (NT-MDT), with tip radius of curvature of 10 nm.

The single crystal structure of the deposited CVD diamond layers was checked with XRD
(Philips X’pert MRD). Raman and photoluminescence (PL) spectra, excited at 473 nm, were
measured with a LabRam HR800 (Horiba Jobin-Yvon) spectrometer with the spectral resolution
of 1.0 cm™ and spatial resolution of ~1 pm. The laser beam was focused on the sample surface,
and the light from the sample has been collected in back-scattering geometry with the
microscope objective (Olympus, magnification x100, numerical aperture NA = 0.90). Optical
reflection spectra were measured with an “HR2000+CG” spectrometer (Ocean Optics) in the
visible-near IR region (0.3~1.1 pum) at normal incidence, the probed spot size was less than 1
mm.

3. Results

The as-deposited SiO; spheres exhibited a well ordered 2D hexagonal lattice structure as
demonstrated in Fig. 2a. The diamond deposition resulted in epitaxial growth up from bottom
due to reaction species penetrating through the pores to the HPHT diamond substrate surface to
maintain the epitaxy. The CVD diamond layer with the height of a half sphere diameter (=300
nm) was formed for 15 min growth with the PLASSYS MPCVD machine, without a noticeable
disturbance of the opal lattice (Fig. 2b). The following growth for total time of 60 min resulted in
the diamond film thickness exceeding the opal layer height, the SiO, spheres being surrounded
by regular diamond ridges with flat (100) tops (Fig. 2c). The pits yet are not closed, this
indicating the incomplete overgrowth. However, the pits almost disappear due to lateral diamond
growth after continuation of growth process up to 90 min. Smooth surface forms with only rear
pits survived (Fig. 2d). Similar completely overgrown samples were produced with ARDIS-100
MPCVD system, but for shorter deposition time (=70 min), according to the difference in the
diamond growth rate.



Fig. 2. SEM images of the opal monolayer at different stages of the diamond deposition process:
(a) as-deposited opal layer; (b) half sphere diameter overgrowth for 15 min; (c) complete
overgrowth (60 min); (d) further diamond growth to obtain a smooth surface (90 min). Tilt angle
is 0° (a) and 45° (b-d).

The AFM image of a selected pit with dimensions ~1 x 1.5 um? on a 5x5um? area, and its linear
profile in cross section, as taken on completely buried opal ML, are shown in Fig. 3. Some of
sidewalls look quite smooth. Also, the SEM images at higher magnifications (see one of them in
Fig. 8) confirm that the pit sidewalls are generally as smooth as the plane surface. Fine surface
features, seen outside of the pit, contribute to global roughness. As a typical value, the roughness
Ra = 9.3 nm was measured on 15x15 pm? area free of the pits. The pit depth of 400 nm and ~40°

slope are found from cross section profile of the pit (Fig. 3b).

Fig. 3. AFM image of a selected pit with dimensions ~1 x1.5 um% 3D image (a) and the profile

in cross section in direction shown by arrows (b).

In addition, we measured surface roughness Ra for the same sample, but on much larger
area of 356x267 pm? (it contained a number of the pits), using the optical profilometer. The low
value Ra = 4.8 nm was obtained, arguing in favor of single crystal structure of the epitaxial film.
No grain boundaries, typical for polycrystalline films, were revealed. The roughness determined
by this instrument is less than the AFM derived data since the lateral resolution of the optical
profilometer is limited by a light wavelength.

The (400) XRD polar diagram (not shown here) confirmed the single crystalline nature of
the deposited diamond. In view of small thickness, of the order of 1 um, of the CVD layer the
XRD signal could be masked by a stronger contribution from the HPHT substrate. For this
reason a grazing incidence XRD (Cu anode, incidence angle 1°, resolution 0.01°, scanning rate
4°/min) was also performed for 26 diffraction angles in the range of 0 — 100° to reduce the
information depth (Fig. 4). No diffraction peaks that could be attributed to polycrystalline

structure have been revealed.

Fig. 4. Grazing incidence XRD of the micro-level CVD layer, shows no diamond 26 diffraction

peaks through all angles, which indicate that the structure is not polycrystalline.



The Raman spectrum for the completely overgrown sample revealed a sharp diamond
peak at 1332.4 cm™ with small width (FWHM) of 2.6 cm™, characteristic for high quality single
crystalline diamond, as displayed in Fig. 5a (top spectrum). The sample before etching the SiO,
balls, contains a small amount of non-diamond carbon as evidenced from a broad band in the
range of 1440 to 1630 cm™, composed of trans-polyacetylene (t-PA) band (1450 cm™) and G-
band of sp? graphitic phase at 1550~1620 cm™ wavenumbers [22]. The band at 504.4 nm, also
seen in the spectrum, is the photoluminescence line from N-V-N center in the HPHT substrate.
This was confirmed by taking Raman spectrum from the rear side of the substrate and
observation of even stronger the 504.4 nm PL line. The a-C inclusions may form at
SiO,/diamond interface within narrow gaps, especially in the vicinity of the SiO; balls contact
with the substrate, where H and CHy radicals are subjected to recombination on surfaces. The
reduction in atomic hydrogen concentration withdraws the local gas composition beyond the
diamond-forming domain and promotes graphite-like carbon deposition. Indeed, this sp® carbon
contamination was removed by HF acid treatment in course of IO preparation followed by
annealing in air (580°C, 30 min), as confirmed by the reduction in intensity of non-diamond
bands in the Raman spectrum (see bottom spectrum in Fig. 5a). The quality factor Q; = I4/lg for
the film, defined as the ratio of diamond Raman peak integral intensity I4 (area under peak) to
the intensity of all non-diamond bands |4 (t-PA plus G-band, but without PL band from N-V-N)
increases by ten times, from Q = 0.6 to Q = 6.0 after the etching and annealing in air. Another
version of the quality factor Q, = ly/lg defined as the ratio of diamond Raman peak integral
intensity to the intensity of G-band, improves even stronger, from 1.0 to 12.2. Moreover, some
narrowing of the diamond peak to 2.4 cm™ (FWHM) is observed after the etching due to removal
of nanocrystalline diamond inclusions on spherical cavity surface. The resulting inverse opal

structure as seen in cross section, is displayed in Fig. 6.

Fig. 5. Raman spectra for diamond-opal composite grown for 90 min (top) and inverse opal
produced by etching of the composite in HF, followed by oxidation in air (bottom spectrum) (a);
PL spectra for diamond-opal composite (b). The PL peaks at 575 nm and 738 nm belong to NV°

and SiV color centers, respectively.

Fig.6. SEM image of polished cross-section after the sample was treated by HF to etch away the

SiO; spheres in order to form a monolayer of cavities.

The photoluminescence spectrum exhibits a strong PL peak at 738 nm of silicon-vacancy
defect in diamond (Fig. 5b). Also seen in the spectrum is a weak band at 575 nm of neutral



nitrogen-vacancy (NV°) color center, while the peak at 637 nm from negatively charged NV
center hardly can be identified. The nitrogen presence in the growth environment was due to
residual impurity in source gas (methane). The SiV center was formed as a result of SiO, spheres
etching by atomic hydrogen of the plasma at early stage of growth, formation of gaseous SiH,
radicals with successive Si atom incorporation in the growing diamond layer. This Si doping
effect was observed earlier for nanocrystalline inverted opals grown by MPCVD [18]. While the
Si doping of SC diamond to obtain SiV centers is a subject of many ongoing researches [23,24],
the incorporation of SiV centers into SC diamond-opal composite and inverted 2D SC diamond
opal structure is realized, to our knowledge, for the first time.

Further information on the optical properties of the samples was obtained from
reflectivity spectra. The illuminated side was always the CVD layer. Fig. 7 shows the reflection
spectra for (i) bare HPHT substrate, (ii) the substrate with ML opal, (iii) the diamond film with
buried ML opal, and (iv) the same sample after etching SiO, spheres. The bare HPHT Ib type
diamond displays a dip at wavelengths below 550 nm due to strong optical absorption by
nitrogen impurity [25], so the contribution of reflection from the rear surface of the substrate is
reduced. This dip is present to some extent in reflection spectra of all coated samples. The
spectrum for ML opal before diamond growth displays several oscillations with maxima at 472,
657, 753 and 1068 nm (the latter peak is not shown here).

For opal monolayer the reflection peak (or transmission dip) takes place at wavelengths A
~ d, where d is sphere diameter [26,27], that can be associated with optical eigen-modes of 2D
PhC [26]. Therefore we refer the observed 657 nm peak to that resonance. Other maxima are
assumed to correspond to Fabry-Perot (F-P) oscillations in the opal layer, which have a good
contrast due to high refraction index of the substrate. The observed frequent fringes in the
reflection spectra for completely overgrown SiO, spheres and for inverted diamond opal
produced by etching the SiO, are attributed to F-P modes in thin CVD diamond layer (cap) on
the top of the spheres. The slow modulation of the reflection occurs due to superposition of F-P
oscillations in the cap and in buried opal (or in 10 layer). The effective thickness h of the cap
above the spheres (or cavities) was estimated from wavelengths of neighbor maxima in the
reflectance spectra Amax = 4nh/(2m — 1), where n = 2.4 for diamond and m is an integer. The
value of h = 700 nm was found to be in a reasonable agreement with the cap thickness of =800

nm assessed from SEM image of film cross section.

Fig. 7. Reflection spectra for (from top to bottom): opal layer completely overgrown by
diamond; the same sample after etching SiO, spheres; HPHT diamond substrate, and SiO, opal
monolayer on diamond substrate. The pictograms on the right side assist to sample identification.



Effective refractive index nes Of inverted opal is determined as Ness = (€efr) Y2, Where geff =
ef + go(1- 1) is effective dielectric constant, g9 = 5.76 is dielectric constant for diamond, f is the
volume fraction occupied by voids (f = 0.74 for fcc lattice), and ¢, is dielectric constant for void
material (e,= 1.0 for air and &, = 2.01 for SiO,). We found effective refractive index nes = 1.50
and eer = 2.22 for bulk diamond 10 and nes = 1.73 diamond-SiO, composite. The Bragg peak is
expected to occur at wavelength Amax = 2d-(8/3)1/2 (Seff —Sin29)1/2 for the bulk (3D) opaline
structures, where @ is light incidence angle (6 = 0 in our experiment). For d =600 nm the Bragg
peak lays in the near IR range, at 1469 nm and 1694 nm for IO and diamond-SiO, composite,
respectively. The SiO, sphere diameter reduction in two times to 300 nm is required to match the
Bragg peak to SiV zero-phonon line (ZPL) at 738 nm for diamond 10, that technically looks
quite possible.

How many opal monolayers packed in a stack are needed to achieve a bulk-like Bragg
reflection peak is an interesting question. This minimum number of layers N. decreases with the
value of dielectric contrast yo = gesf/ey — 1. For example, for direct SiO, opal the contrast is low
yo= 0.66 and the critical number of layers is high N;=13 MLs [28]. For the diamond-air inverse
opal, due to high negative contrast yo = €eff/eo — 1 = —0.61, we estimate, according to Ref. [28],
the critical thickness (when the stop-band approaches to that for the bulk PhC) of about 3~4 opal
monolayers only. The diamond epitaxy through the stack of 3~4 opal MLs looks possible. Our
first experiment with a two-ML opal film demonstrated encouraging results as seen in Fig. 8.
The diamond growth was interrupted before the complete overgrowth of the opal film in order to
display that the structure does contain the two MLs. The first opal layer is already buried in
diamond, while the top second layer is only partly covered with the diamond film. Although the
ordering of the 2" layer was not as good as for the bottom layer the result presented in Fig. 8 is
regarded as the proof of principle of epitaxial diamond penetration through multilayer opal

structures.
Fig. 8. Intermediate stage of overgrowth of a two-layer opal film by diamond film.

4. Conclusions

In summary, we have obtained opal-diamond composite and single crystal diamond monolayer
inverse opal, using epitaxial CVD diamond deposition and an opal monolayer as a template. The
produced nanostructure is doped with Si to form the SiV centers as confirmed by PL
spectroscopy. The single crystal nature of the deposited opal structure diamond assumes much

lower optical absorption compared to previously reported nanocrystalline diamond inverse opals.



The developed epitaxy-through-mask technique is a potential strategy to pave the way for
fabrication of multilayered (3D) SC diamond PhCs. The developed approach would allow to
fully exploit the advantageous optical properties of this material, in combination with ability to

incorporate color centers like SiV and NV in the bulk PhC for photonic applications.
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Figure captions

Fig.1. Experimental approach of single crystal diamond inverse opal.

Fig. 2. SEM images of the opal monolayer at different stages of the diamond deposition process:
(@) as-deposited opal layer; (b) half sphere diameter overgrowth for 15 min; (c) complete
overgrowth (60 min); (d) further diamond growth to smooth the surface (90 min).

Fig. 3. AFM image of a selected pit with dimensions ~1 x1.5 pm% 3D image (a) and the profile
in cross section in direction shown by arrows (b).

Fig. 4. Grazing incidence XRD of the micro-level CVD layer, shows no diamond 26 diffraction
peaks through all angles, which indicate that the structure is not polycrystalline.

Fig. 5. Raman and PL spectra for diamond-opal composite grown for 90 min. The PL peaks at
575 nm and 738 nm belong to NV and SiV color centers, respectively.

Fig.6. SEM images of the polished cross-section after the sample was treated by HF to etch away
the SiO; spheres. Cavities at which the spheres stayed were revealed.



Fig. 7. Reflection spectra (from top to bottom) for opal layer completely overgrown by diamond,
and the same sample after etching SiO, spheres, HPHT diamond substrate and SiO, opal
monolayer on diamond substrate. The pictograms on the right side assist to sample identification.

Fig. 8. Intermediate stage of overgrowth of a two-layer opal film by diamond film.
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Fig.1. Experimental approach of single crystal diamond inverse opal.
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Fig. 2. SEM images of the opal monolayer at different stages of the diamond deposition process:
(a) as-deposited opal layer; (b) half sphere diameter overgrowth for 15 min; (c) complete

overgrowth (60 min); (d) further diamond growth to smooth the surface (90 min).
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Fig. 3. AFM image of a selected pit with dimensions ~1 x1.5 pm? 3D image (a) and the profile

in cross section in direction shown by arrows (b).



Intensity(a.u.)

PR N T NI NI S I ST ST ST 1
45 50 55 60 65 70 75 80 85 90
26(°)

Fig. 4. Grazing incidence XRD of the micro-level CVD layer, shows no diamond 26 diffraction

peaks through all angles, which indicate that the structure is not polycrystalline.
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Fig. 5. Raman and PL spectra for diamond-opal composite grown for 90 min. The PL peaks at

575 nm and 738 nm belong to N\° and SiV color centers, respectively.



Fig.6. SEM images of the polished cross-section after the sample was treated by HF to etch away
the SiO; spheres. Cavities at which the spheres stayed were revealed.
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Fig. 7. Reflection spectra (from top to bottom) for opal layer completely overgrown by diamond,

and the same sample after etching SiO, spheres, HPHT diamond substrate and SiO, opal

monolayer on diamond substrate. The pictograms on the right side assist to sample identification.



Fig. 8. Intermediate stage of overgrowth of a two-layer opal film by diamond film.
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Highlight

1. Single crystalline diamond with a buried monolayer opal (SiO;) nanostructure is grown by
MPCVD.

2. Two dimensional inverse diamond opal structure is produced by chemical etching of SiO,
spheres of the template.

3. The diamond opaline structures are doped with Si and show bright photoluminescence of SiV

centers.



