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ABSTRACT Diamond-based materials possess many unique properties, one of them being a broad-band

visible photoluminescence due to a variety of color centers. However, a high material refractive index makes the

extraction of photoluminescence (PL) from a diamond layer inefficient. In this paper, we show that by periodical

nanopatterning of the film’s surface into a form of two-dimensional photonic crystal, the extraction of PL can be

strongly enhanced within the whole visible spectrum compared to the extraction of PL in a pristine or randomly

nanopatterned film. On the basis of theoretical calculations, enhancement is shown to be due to the photonic

crystal effect, including efficient coupling of an excitation laser into the diamond.
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iamond-based materials exhibit an

unique combination of physical

properties, such as extreme hard-
ness, high acoustic velocity, high break-
down field, high thermal conductivity, and
many others." Hence diamond as a matrix
can support high optical power and high
electrical current. Its potential use covers
many different fields from electronic de-
vices operating at high frequency, high
speed, high power, or extreme conditions
through various opto-mechanic, acousto-
optics devices, quantum information pro-
cessing to its use in bio applications due to
biocompatibility, and chemical inertness.
Diamond has a wide bandgap of 5.5 eV, cor-
responding to a far UV excitonic lumines-
cence at 225 nm, stable even at high tem-
peratures.? By introducing defects and
impurities, efficient subgap luminescence
can be achieved.? Single nitrogen-vacancy
(N-V) centers, for example, show a photo-
stable photoluminescence (PL) at room
temperature® with controllable blinking ef-
fects,® which makes them especially prom-
ising for quantum information processing®
and single photon generation.” The effi-
cient collection of this emission, however,
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is strongly limited by the large solid angle
of the total internal reflection because of
the high refractive index of diamond. There-
fore, light generated in the thin film is
mostly coupled to the guided modes of
the structure. In general, light extraction ef-
ficiency from such a structure can be in-
creased by introducing scattering centers,
or even two-dimensional (2D) photonic
crystals (PhC) inside the planar layer. If the
PhC penetrates through the whole layer
and the part of the emission spectrum lies
within the photonic band gap, then the
emission into the guided modes is de-
creased and therefore extracted out of
plane. This is called the band gap
approach.2”'° The second approach is
based on the idea that a relatively thin PhC
structure placed at the top of the active
layer and having a lattice constant compa-
rable to the material emission wavelengths
can act as a Bragg diffraction grating.""'2 Si-
multaneously, the filling factor f (ratio be-
tween the material/air surface area) should
lie within the interval of f ~ 0.3—0.6,"% and
the height of the PhC should be compa-
rable to the remaining layer thickness'® to
obtain the maximal possible extraction effi-
ciency. However, neither of these methods
have been so far utilized in order to increase
the extraction of the intrinsic light emis-
sion from diamond.

In our contribution we apply the latter
idea and compare the effect of two differ-
ent nanopatternings of thin
nanocrystalline-diamond (NCD) layers on
the extraction efficiency of the PL in the ver-
tical direction (with respect to the thin film
plane). The first structure is a NCD layer with
shallow 2D-PhC and the second one, used
as a reference sample, consists of randomly
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Figure 1. Characteristics of prepared samples. Left column refers to a periodically patterned sample A and right column to
a randomly patterned sample B. (a,b) Schematic top-view and cross-section (not in scale) of the sample macroscopic struc-
ture. (c,d) AFM scan and height of pillars estimated from the measurement; (e,f) SEM picture.

distributed nanopillars with narrow spacing. We em-
ploy two different experimental methods, the first pro-
viding us with qualitative and the second providing us
with spectrally resolved information about the vertical
PL. Both methods reveal strong enhancement of PL ex-
traction from PhC compared to reference samples.

RESULTS AND DISCUSSION

Samples were prepared by nanopatterning of the
NCD layers grown on quartz substrate (surface area of
10 X 10 mm?). These layers exhibit relatively strong
subgap PL in the visible region that could be even in-
creased by employing an additional nitrogen dopping.
The thickness of the NCD films, estimated from the po-
sition of the Fabry—Pérot peaks in transmission mea-
surements (not shown here), was ~417 nm. First, the
shallow 2D-PhC with the surface area of 1 X 1 mm?
placed in middle of sample A (Figure 1a) was prepared
by electron beam litography. The PhC consists of dia-
mond nanopillars ordered into the square lattice with
the following parameters: lattice constant A =~ 350 nm
chosen in order to satisfy the Bragg diffraction condi-
tion'® for the whole diamond emission spectrum
(400—800 nm); the diameter of nanopillar d =~ 220 nm
(which leads to f =~ 0.31) and the height of 135 = 15 nm
as obtained from the SEM (Figure 1e) and AFM mea-
surements (Figure 1c), respectively. Hence, below the
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PhC remained the ~280 nm thick nonstructured NCD
layer (Figure 1a, cross-section).

As a reference sample, besides the original NCD
layer, we used sample B with randomly distributed dia-
mond nanopillars prepared on the entire surface of
the layer (Figure 1b). The randomly oriented nanopil-
lars were 30 = 10 nm in diameter (Figure 1f) and up to
200 nm in height (Figure 1d).

The qualitative comparison of the vertical PL from
diverse structures placed side-by-side was investigated
using a fluorescence microscope. Bright field images of
sample B being placed next to the edge of a nonpat-
terned layer and sample A with part of the PhC struc-
ture area (small rhombuses in the middle are the litog-
raphy markers) are shown in Figure 2 panels a and c,
respectively. First, we compare the PL in the red spec-
tral region (575—625 nm) from both structures under
green excitation (530—550 nm). It is obvious that in the
case of sample B and the nonpatterned layer, nearly
no PL emission is outcoupled into the vertical direc-
tion; most of the PL is guided within the layer and can
be observed at the sample edges (in the middle of the
Figure 2b). The small fraction of the generated light is
diffracted on the surface defects or scratches on the sur-
face, evidenced by red spots. On the other hand, com-
pared to the nonpatterned and randomly nanopat-
terned layers, the PL emission into the vertical direction
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Figure 2. Image from fluorescence microscope. (a) Bright
field and (b) WIGA (green excitation and red detection) im-
age of nonpatterned NCD layer compared to randomly
nanopatterned layer of sample B. (c) Bright field, (d) WIGA
(green excitation and red detection), (e) WIBA (blue excita-
tion and green detection) and (f) NUA (UV excitation and
blue detection) image of the PhC structure compared to the
surrounding nonpatterned original NCD layer in sample A.
Light out-coupling from the PhC is clearly enhanced in the
case of the red and green detection.

is greatly enhanced under the same experimental con-
ditions from the PhC structure (Figure 2d). The similar
effect of enhanced extraction efficiency on the PhC is
obtained with a blue excitation (460—495 nm) and de-
tection in a green spectral region (510—550 nm) (Figure
2e), whereas it does not occur for an UV excitation
(360—370 nm) and detection in a blue spectral region
(420—460 nm) (Figure 2f), which is probably due to the
low intensity of diamond intrinsic PL in the blue spec-
tral region.

Spectrally resolved PL spectra of the PhC structure
in sample A, randomly patterned sample B and nonpat-
terned layer obtained by micro-PL measurements (sub-
gap excitation and detection from the top) are com-
pared in Figure 3. The original nonpatterned PL spectra
of the NCD layer are spectrally broad between 400 nm
and more than 700 nm with the oscillations due to
Fabry—Pérot resonances between the quartz substrate
and the diamond—air interface. Sample B PL spectrum
agrees with a broad PL of NCD layer and does not show
any enhancement. Here, the emitted light with wave-
lengths much higher than diameters of randomly posi-
tioned pillars “feels” only a negligible material perturba-
tion and behaves as it was passing through a quasi-
homogeneous layer, and therefore no diffraction and
only some scattering can occur. On the other hand, the
PL intensity of the PhC in sample B shows strong en-
hancement in the vertical direction, when compared to
the other layers. The ratio of the PL intensity of the
PhC in sample A and original unetched NCD layer (Fig-
ure 3, gray line) reveals ~6-fold enhancement of PL in-
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Figure 3. PL emission spectra measured by a micro-Raman
Renishaw spectrometer setup (excited by HeCd at 325 nm
c.w., 0.3 mW, detected by CCD). The three different types of
layers were examined—nonpatterned reference region
(black curve), randomly positioned nanopillars (sample B;
blue curve), and PhC structure in sample A (red curve). Ra-
tio of the PL intensity of the PhC and original unetched NCD
layer is depicted by the gray line showing 6-fold enhance-
ment of light extraction near 600 nm.

tensity near 600 nm. We would obtain a very similar ra-
tio of the PL intensity if we consider sample B instead
of the original layer.

Observed enhancement might originate from sev-
eral effects: (i) the increased number of emitting cen-
ters by introducing more surface defects during the
sample etching; (i) influence of adsorbed water;'* (iii)
increased scattering/diffraction of the excitation laser
on the nanopatterned surface;'® (iv) enhanced
Fabry—Pérot resonances;' "'’ (v) photonic crystal
effect.’'? Since effects (i) and (i) should be of a com-
parable magnitude in both structures, or even stronger
in sample B because of higher surface area, we can con-
clude that they are not the dominant ones. The scatter-
ing/diffraction effect (iii) of the excitation laser will be
stronger in the case of the PhC, which in this case works
as a 2D diffraction grating with sizes comparable to
the excitation wavelength that directly couple light
from the pump laser into the layer. This may lead to en-
hanced pumping efficiency due to the multiple pas-
sage of the excitation within the NCD layer, thus in-
creasing the number of emitting centers which finally
contribute to the increase of the overall PL intensity.
Fabry—Pérot contribution to the outcoupled PL emis-
sion (iv) of the PhC originates from the simple fact that
the thickness of the PhC and the underlying NCD layer
is comparable, but on the other hand their refractive in-
dex is different (effective refractive index of the PhC is
~1.6 if we consider the refractive index of diamond to
be ~2.4 for the whole visible spectrum). Therefore, in
the first approximation, the structure behaves as a bi-
layer in which the Fabry—Pérot resonances are en-
hanced compared to the original layer or randomly pat-
terned layer. The PhC effect (v) (present only in the
PhC) can be understood from the photonic band struc-
ture calculation. The projected band structure of the
PhC (Figure 4), including the diamond material under-
neath, was calculated using a conjugate gradient plane-
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Figure 4. Projected band structure. Computed band struc-
ture'® for the PhC (sample A). Modes lying inside an air light
cone (shaded area) are effectively extracted from the layer
due to the Bragg diffraction. PL emission spectrum of dia-
mond is above the blue dashed line allowing most of the
light to be outcoupled from the layer.

wave expansion method.'® Modes lying below the air
light line (defined as w = c|ko|, where kg is the in-plane
wave vector in air) are guided modes, localized to the
plane of the slab. On the other hand, modes lying in the
light cone (shaded area in Figure 4 above the air light
line) with the in-plane wave vector of the emitted light
propagating inside the layer |k| < |ko| can be diffracted
on the PhC and become “leaky” modes that propagate
easily to the free space. A phase matching condition ko
=k = G (G is a reciprocal lattice vector of the PhC)
needed in order to obtain Bragg diffraction is fulfilled
for these modes due to the continuum of available ra-
diation modes above the light line,®° and therefore
they can be efficiently extracted from the layer.

Under our conditions, we continuously excite a
number of defect centers, which radiatively emit differ-
ent colored light that is coupled to the modes of the
NCD layer. These modes would be usually guided in a
nonpatterned layer; however, due to the presence of
the PhC, most of them appear above the light line in the
photonic band structure of our sample (Figure 4) and
thus can effectively radiate into the free space. On the

METHODS

Sample Preparation. The NCD films were grown by microwave
plasma-assisted chemical vapor deposition (CVD) using an ellip-
soidal cavity resonator (Aixtron P6, GmbH). Before the CVD
growth, high quality quartz substrates (UQG, Ultrasil, 10 X 10 X
1 mm3) were cleaned in isopropyl alcohol and dried by a nitro-
gen gun. Then, they were seeded in a liquid suspension of ul-
tradispersed detonation diamond powder with an average size
of ca. 5—10 nm in diameter (NanoAmando, New Metals and
Chemicals Corp. Ltd., Kyobashi) using an ultrasonic treatment
procedure for 40 min (for details, see ref 19). The NCD films were
grown in hydrogen (99%) and a methane (1%) based gas mix-
ture. The CVD process parameters were as follows: microwave
power 1.4 kW, 1% methane in hydrogen, total gas pressure 30
mbar, and the substrate temperature 560 °C. There was no ap-
plied additional nitrogen dopping.

2D-PhC in sample A was fabricated as follows: the NCD films
were coated with electron sensitive polymer (PMMA, 120 nm in
thickness). The PMMA polymer was nanopatterned by electron
beam lithography (EBL) using “e-LiNE system” (Raith GmbH)
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basis of the parameters of the micro-PL detection, the
apex angle of the detection cone was ~60 degrees
which covered a large portion of the diffracted light
that was propagating to all symmetry directions of the
PhC. In terms of the photonic band structure diagram it
means our detection covered most of the “leaky”
modes lying simultaneously above the air light line
and above the blue dashed line, which represents the
marginal detected wavelength. The PhC effect and the
Fabry—Pérot resonances together explain the fine
structure of the PL emission in Figure 3.

CONCLUSION

We have prepared two types of nanopatterned
NCD layer: (i) sample A consisting of a nonpatterned
NCD layer reference area and a 2D-PhC layer with the
square lattice symmetry and (ii) sample B with randomly
positioned nanopillars. The PhC structure in sample A
showed approximately 6-fold enhancement of the ver-
tical PL intensity near 600 nm when compared to the
nonpatterned areas and sample B. By comparison with
the random nanopatterning, influence of the scattering
centers, the possibly increased number of the surface
defects and other surface related effects can be ruled
out. Most of the enhancement of light extraction can be
thus attributed to the Bragg diffraction of the formerly
guided modes on PhC superimposed on the
Fabry—Pérot background. In addition, efficient input
coupling of the pump laser on the PhC contributes to
the enhancement. Further investigations, such as angu-
lar far-field PL measurements, are needed to resolve
these contributions in more detail. Nevertheless, the
observed effect is promising for taking advantage of
the diamond PL in optical, opto-electronic, and biologi-
cal applications. For instance, it could be used to in-
crease external quantum efficiency of the diamond
LEDs or improve light coupling into diamond
waveguiding structures.

forming the base matrix with regularly repeated openings (250
=+ 5 nm in diameter) ordered into a square lattice with a lattice
constant of A =~ 350 nm. Then, a nickel layer of 25 nm thickness
was evaporated and processed by lift-off strategy to form a
masking matrix. Plasma etching by using capacitively coupled
RF-plasma in a CF4/O, gas mixture (Phantom LT RIE System, Trion
Technology) (for parameters of etching process see ref 20) led
to formation of geometrically ordered nanopillars (PhC structure)
with the surface area of 1 X 1 mm? placed in the middle of the
sample A and surrounded by the nonpatterned etched and the
original unetched NCD planar area.

Randomly distributed nanopillars in sample B were fabri-
cated as follows: the nanocrystalline diamond films were coated
with a 3 nm thin nickel layer using an evaporation process. Then,
the samples were treated for 5 min in hydrogen plasma (total
gas pressure 30 mbar, microwave power 1300 W, substrate tem-
perature about 600 °C) to form nanosized Ni particles. The diam-
eter of formed nickel nanoparticles ranged from 15 to 25 nm,
and these were quasi-homogeneously distributed over the
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whole NCD surface. NCD samples covered with Ni nanoparti-
cles, which were used as the masking material, were structured
by plasma etching. Details of the fabrication process can be
found in ref 20.

Finally, the remaining nickel mask on both types of samples
was removed by wet etching in nitro-hydrochloric acid for 5
min.

Characterization. Atomic force microscopy (AFM) images were
taken in tapping mode using silicon tip Multi75Al. Scanning elec-
tron microscopy (SEM) pictures were obtained with eLINE sys-
tem Raith GmbH microscope using an accelerating voltage of 10
kV and working distance of 8 mm.

Optical Measurements. All the spectra presented in this study
are corrected for the spectral response of the experimental
setup. Direct qualitative comparison of the photoluminescence
from different samples was obtained with a fluorescence micro-
scope system Olympus IX71 with an objective UPlanFL N 4X (nu-
merical aperture of 0.13). Spectrally resolved vertical PL was mea-
sured at room-temperature using the micro-PL spectroscopy
system Renishaw (InVia REFLEX) in backscattering geometry. A
continuous-wave HeCd laser with an excitation wavelength of
325 nm and power of ~0.3 mW was focused on the sample us-
ing a microscope objective lens Leica NPlan 40X (numerical ap-
erture = 0.5, excitation spot diameter, ~3 um) in the normal di-
rection. The PL emission was collected by the same objective as
used for focusing the excitation beam coupled to a charge
coupled device (CCD)
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