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White Light Emission from
Fluorescent SiC with Porous Surface
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. Mikael Syvajarvi, Satoshi Kamiyama3, Paul Michael Petersen' & Haiyan Ou?
Received: 24 May 2017 © We report for the first time a NUV light to white light conversion in a N-B co-doped 6H-SiC (fluorescent
Accepted: 14 August 2017 . SiC) layer containing a hybrid structure. The surface of fluorescent SiC sample contains porous
Published online: 29 August 2017 . structures fabricated by anodic oxidation method. After passivation by 20 nm thick Al,0,, the

. photoluminescence intensity from the porous layer was significant enhanced by a factor of more than

: 12.Using a porous layer of moderate thickness (~10 um), high-quality white light emission was realized

. by combining the independent emissions of blue-green emission from the porous layer and yellow

© emission from the bulk fluorescent SiC layer. A high color rendering index of 81.1 has been achieved.

. Photoluminescence spectra in porous layers fabricated in both commercial n-type and lab grown N-B

co-doped 6H-SiC show two emission peaks centered approximately at 460 nm and 530 nm. Such blue-

. green emission phenomenon can be attributed to neutral oxygen vacancies and interface C-related

. surface defects generated dring anodic oxidation process. Porous fluorescent SiC can offer a great

. flexibility in color rendering by changing the thickness of porous layer and bulk fluorescent layer. Such

. anovel approach opens a new perspective for the development of high performance and rare-earth

. element free white light emitting materials.

. White light-emitting materials have been intensively investigated because of their potential in a wide range of
. applications in illumination and display systems!~. Currently, there are mainly three approaches to generate
: white light by using light-emitting diodes (LEDs): mixing red, green, and blue (RGB) LEDs®; blue LEDs cov-
* ered with yellow-emitting phosphors*7’; using a near ultraviolet (NUV) LED to stimulate RGB phosphors®. The
: RGB-LEDs based white light sources provide possibility to vary the color-rendering index (CRI) and luminous
. efficacy™®. However, it is a key challenge to maintain the desired stability in terms of CRI and correlated color
: temperature (CCT), which always varies with ambient temperature and time®. Nowadays, most of commercial
. white light LEDs use a blue LED chip covered by a yellowish phosphor layer such as cerium-doped yttrium alu-
: minum garnets (YAG: Ce)*”1%-14 Unfortunately, the degradation of the blue LED chips or phosphors at different
© rate can lead to poor CRI and furthermore low stability of CCT. In contrast, white light sources fabricated by
. using NUV-LED chips and RGB phosphors might overcome those disadvantages, due to the invisibility of the
- NUV light®1°. But it has been reported that red nitride phosphors doped with rare-earth elements absorb not
. only the NUV light as desired but also the blue-green light generated from the blue and green phosphors but lost
. asheat, which can decrease the total luminous efficiency’. Accordingly, the red phosphors for NUV-LEDs based
* white light sources need further development.

: Fluorescent 6H-SiC (band gap =3.0eV) co-doped with donor and acceptor is a promising candidate as a
. phosphor material in NUV-LEDs based white light sources without using rare-earth elements'. Silicon carbide
: is a well-established material for epitaxial growth of nitride layers for NUV-LEDs. Also, due to high thermal
. conductivity it is an excellent semiconductor material for high power applications. Due to the large bandgap
. of 6H-SiC material, nitrogen-boron (N-B) and nitrogen-aluminum (N-Al) in 6H-SiC can provide broadband
. donor-acceptor pairs (DAP) emission near the yellow and blue spectral region, respectively'® 7. By combining
. the broadband yellow and blue light, white light with a high CRI can be achieved. However, currently, there are
. still several limitations to realize white light emission by combining N-B and N-Al co-doped SiC epilayers. One
. of them is the lower efficiency of N-Al DAP emission compared to N-B DAP emission due to the significant
© thermal ionization of Al acceptor states'®. Therefore, the N-Al DAP emission at 460 nm has so far only been
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Samples | Sub. types Dopants Anodic etching duration Oxidant Porous thickness
Commercial 6H-SiC N(background .

a substrate (SiC-Sub) doping level) 960min 0mol/L 13um

b Fluorescent 6H-SiC B,N 960 min 0.015mol/L | 21.4pm

c Fluorescent 6H-SiC B,N 200 min 0.015mol/L | 4.6um

d Fluorescent 6H-SiC B,N 500 min 0.015mol/L 10 um

Table 1. Anodic Oxidation Conditions for Porous Samples a, b, ¢, and d.

observed at extremely low temperature near 4K since the polarization interaction of Al acceptors is dominant at
high temperature'®-2!.

Herein, we proposed an innovative method to achieve white light emission by converting NUV light in a
hybrid structure composed of N-B co-doped 6H-SiC and porous layer formed on top of it. The porous SiC layer
can emit broadband blue-green light which is attributed to the surface defects related emission?*-** and the lumi-
nescence intensity is rather stable after passivation by atomic layer deposited (ALD) dielectric films*>?°. By com-
bining the blue-green emission from the porous layer and the yellow emission from the fluorescent SiC substrate,
the emitting spectrum can cover the whole visible range. We believe our detailed studies could provide under-
standing the luminescence mechanisms in porous SiC to realize white light emitting with high CRI and high
luminescence efficiency.

Results and Discussion

Sample Preparation and Morphology Characterization of Porous SiC.  The fluorescent 6H-SiC
samples were grown by the fast sublimation growth process (FSGP) at 1900 °C in nitrogen ambient (1072 mbar)?’.
The doping concentration measured by secondary ion mass spectroscopy is 1.3 x 10'*cm ™ and 0.9 x 10'8cm ™3
for N and B, respectively. For comparison, commercially available 6H-SiC substrate (n-type, background doping
level of N) supplied by SiCrystal AG (Germany) was also used in this study for porous structure fabrication. The
commercial SiC substrate (SiC-Sub) with a thickness of 250 um was Si-face polished. To achieve ohmic contacts
on the backside of SiC samples, layered nickel (100 nm)/titanium (10 nm)/gold (200 nm) films were prepared by
sputtering or e-beam evaporation processes. An anodic etching process was executed to form the porous layers
on the SiC substrate as described in our previous publication®. The samples were immersed in a 5% HF solution
and exposed under the UV irradiation of 365 nm by using mercury lamp. Four porous samples with different
anodic etching durations were prepared for light emission investigations, which are referred as samples a, b, c,
and d, as listed in Table 1. The anodic etching duration for SiC-Sub sample a, fluorescent samples b, c and d was
960 min, 960 min, 200 min, and 500 min, respectively. All the fluorescent samples were immersed in HF solution
with 0.015mol/L of K,S,0; during etching. The thickness of the porous layer measured by scanning electron
microscope (SEM) for samples a, b, c and d is 13 um, 21.4 pm, 4.6 pum and 10 um, respectively. Since fluorescent
SiC samples are doped with N and B, the anodic etching rate (~20 nm/min) is higher than that for the SiC-Sub
sample (~13 nm/min).

SEM images were acquired from a cross section of the samples a and d, to visualize the porous structure along
the depth of each layer, as shown in Fig. 1. Images were acquired at the top and the bottom of the porous layer in
the sample a (Fig. 1(a) and (b)). The SEM images show that the porosity is non-uniform along the depth and a
similar result is observed for the fluorescent sample without oxidant (not shown). In order to improve the poros-
ity uniformity, potassium persulfate (K,S,0;) was introduced during the fabrication of the porous structure with
a concentration of 0.015mol/L. The SEM images of the top and bottom layer of fluorescent sample d with K,S,04
are shown in Fig. 1(c) and (d), respectively. The uniformity of porosity near the bottom area in sample d is much
better than that in sample a.

All samples were passivated by 20nm ALD Al,O; in order to decrease the non-radiative recombination due to
surface defects. Sample d was characterized by transmission electron microscopy (TEM), after preparing a thin
lamella by focused ion beam (FIB). Figure 2(a) shows a low magnification TEM image of the fibbed lamella,
whereas (b), (c) and (d) are images acquired at higher magnification from the top, the middle and the bottom area
of the layer marked by yellow, purple and red squares respectively for the investigation of porous structure change
as a function of depth. It can be seen that the porosity decreases from the top area to the bottom area of porous
layer. The pores in top area are almost full-filled with Al,O; films (the scattered white areas are not full-filled
pores), while the pores in deep area are covered with thinner layer of Al,O,. Figure 2(e) shows a TEM image
acquired around a pore in the middle of the layer. A dark layer of ~20 nm is observed around the pore and this is
consistent with the expected Al,O; thickness. Energy dispersive X-ray (EDX) spectra were acquired at two differ-
ent locations in order to obtain information on the chemical composition. EDX spectra acquired from the green
and red circles in Fig. 2(e) are presented in Fig. 2(f) which indicates that the layer around the pore (area between
dashed yellow lines) contains mostly Al,Os, while SiC is detected in between the pores. The fluorescent 6H-SiC
has a crystalline structure as shown in the high resolution TEM image reported in Fig. 2(g). From the correspond-
ing fast Fourier transform (FFT) image shown as an inset of Fig. 2(g), the zone axis [1120] of 6H-SiC is identified.
It can be seen that the fluorescent SiC exhibits the hexagonal crystal structure.

PL Enhancement in Porous SiC Passivated by ALD Al,O; Films.  After porous structure fabrication,
a tremendous density of surface defects were induced into porous SiC layer, which create non-radiative recombi-
nation centers (dangling bonds) and decrease the PL intensity. Remarkably, the Al,O; films synthesized by ALD
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Figure 1. Cross-sectional SEM images of porous samples after anodic etching: (a) and (b) show the top and
bottom layer of the sample a respectively, while (c) and (d) are for the sample d with 0.015mol/L K,S,O4 (pores
are marked by yellow triangles).
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Figure 2. TEM images of porous 6H-SiC sample d after ALD passivation with 20nm AL O;. (a) The overview
of the fibbed lamella. (b-d): top, middle and bottom layer of the sample. (e): an area around a pore, marked by
dash yellow line. (f) EDX spectra acquired from the green and red circles in (e). (g): high resolution image of
6H-SiC area with corresponding FFT as an inset.

demonstrated significant surface passivation effect on porous SiC. Based on our previous effective optimization
for surface passivation on porous SiC, a 20 nm thick AL,O; layer was used to passivate the surface of porous SiC*.
The Al,O; film was deposited at 160 °C with purge time of 20, followed by an annealing for 5min at 350 °C.

The passivation effect is characterized by PL measurements using a 375 nm laser as excitation source coupled
into an optical microscope. The collected emission signal was filtered by a long-pass filter with a cutoff wave-
length at 420 nm. The PL spectra of porous samples a and b before and after passivation are shown in Fig. 3. After
passivation, the PL intensity of porous samples a and b increased by a factor of 12.9 and 19.8, respectively. It is
interesting to note that the emission peaks in the SiC-Sub and fluorescent SiC are located at the same position
around 475 nm. Without DAP emission, the PL intensity in flat SiC-Sub is extremely weak, as shown in Fig. 3(a).
Nevertheless, after passivation of Al,O; by ALD, the PL intensity of porous sample a is comparable to that in
sample b. It can be concluded that the emission from the porous layer of SiC is irrelevant to N and B dopants.
In Fig. 3(b), the emission in sample b (the porous layer is 21.4 um thick) dramatically quenched after porous
structure fabrication due to non-radiative recombination. Since the penetration depth of 375 nm light in SiC is
about 15um, the DAP emission in the bulk layer almost can’t be excited due to the absorption by the thick porous
layer on top. In addition, the full width at half maximum (FWHM) of passivated sample a and b is 137 nm and
145 nm, respectively. From such wide FWHM in porous SiC, one can be inspired to speculate that there might
be several photoluminescence mechanisms in porous SiC. The flat SiC substrates were also passivated by 20 nm
thick Al,O; with the same conditions. However, no PL change due to Al,O; has been observed, which excludes
the luminescence from Al,O; films. The main contribution for ALD Al,Oj is the passivation effect by eliminating
the non-radiative recombination centers (such as dangling bonds) on the porous surface. These results verify the
passivation effect of ALD Al,O; films on porous fluorescent SiC for color-conversion.
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Figure 3. PL spectra of porous samples a and b before and after passivation (PSV) by 20 nm thick AL O5;.

(a) Porous sample a on SiC-sub, the PL intensity has been improved by a factor of 12.9 after passivation. (b)
Porous sample b on fluorescent SiC, the PL intensity enhancement reaches 19.8. The PL spectra of untreated flat
substrates (labelled as “SiC-Sub-flat” and “Fluorescent SiC-flat”) are also shown for comparison.
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Figure 4. (a) PL spectra of porous fluorescent 6H-SiC samples c and d before and after passivation by 20 nm
thick AL, Os: the thickness of the porous layer is 4.6 um and 10 pm respectively. (b) Chromaticity diagram
showing the color of the light emitted from fluorescent flat (P1), porous sample d before (P2) and after
passivation (P3), the corresponding CRI is 53.8, 68.5, and 81.1, respectively. On the right of Fig. 4(b), camera
photos corresponding to P1, P2, and P3 are shown.

White Light Emission from Porous Fluorescent SiC.  To obtain white light emission with a good quality
from porous fluorescent SiC, the porous thickness was tuned by adjusting the anodic oxidation duration. In an
initial attempt, sample ¢ and d were fabricated with a porous thickness of 4.6 um and 10 um on the same fluores-
cent SiC substrate (50 um thick), respectively. The PL spectra of the as-grown and porous samples before and after
passivation are shown in Fig. 4(a). The spectra were collected by using a 375 nm laser as excitation source at room
temperature. There are two distinct peaks located around 475 nm and 580 nm which correspond to the emission
from the porous and fluorescent layers. After ALD passivation by 20 nm thick Al,O;, the porous emission in these
porous samples is significantly improved, especially for sample d. The FWHM of PL spectrum from sample d is
increased from 108.4 nm in as-grown substrate to 205.9 nm. Notably, the PL spectrum of porous sample ¢ has
rather weak emission, compared with the DAP emission peak.

The corresponding CRI for sample d with porous surface is 68.5, while that in the original flat substrate is
53.8. As expected, the CRI in sample d is increased to 81.1 after ALD passivation. In addition, the correlated color
temperature (CCT) of sample d with passivation is 6034 K which corresponds to a “cool” white light. In this way,
the emission color in fluorescent SiC was tuned from yellow to pure white by fabricating an optimized thickness
of porous layer and ALD Al,O; passivation layer. The corresponding luminescence points in flat substrate, sample
d before and after passivation is shown in the Commission International de I'Eclairage (CIE, 1931) chromaticity
diagram in Fig. 4(b). The warm yellow to bright white light luminescence emitted from porous fluorescent is
strong enough to be observed by the naked eyes under laser excitation, as shown in the inset camera photos in
Fig. 4(b). It is worth mentioning that the proportional distribution of the two emissions can be tuned by adjusting
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Figure 5. (a) Raman spectra of flat 6H-SiC, porous sample a and d. Two prominent peaks at around 793 cm™!

and 970 cm™! are present in the spectra. (b) The Raman spectra only show the LO mode around 970 cm ™. The
spectrum of sample d was fitted with a Gaussian bulk LO mode and surface Frohlich modes.

the thickness of the fluorescent bulk layer and the surface porous layer. The tunable luminescent properties of
porous fluorescent SiC offer a perspective to obtain white light emission with rather high CRI.

Raman Spectroscopy of Porous SiC.  The origin of the emission peaks from porous SiC could mainly be
from either quantum confinement effect or surface states/defects** %%, Since the Bohr radius of 6H-SiC is only 0.7
nm?® and the pore size in this work is about 40 nm, the quantum confinement effect in SiC-Sub or fluorescent
6H-SiC can be ruled out as an important role in the porous emission. In addition, the emission peaks in SiC-Sub
or fluorescent SiC porous samples are located at the same wavelength near 480 nm, and the emission intensity is
also similar. To further understand the emission mechanism in porous SiC, the Raman spectra recorded in the
range 750-1040 cm ™! were analyzed. As shown in Fig. 5(a), the spectra in flat fluorescent sample, sample a and
d exhibit intense peaks at around 793 cm ™! and 970 cm ™, corresponding to the transverse optical phonons (TO)
and longitudinal optical phonon (LO) frequencies.

The Raman spectra were reported to discern the quantum confinement effect by LO mode?*. The LO mode
under quantum confinement effect should exhibit a slight broadening accompanied by shift to lower frequency?.
However, as seen in Fig. 5(b), porous samples a and d show asymmetric broadening and slightly shift to higher
frequency, compared with the flat substrate. The asymmetry of the LO mode is a measure of various properties
of the material, such as surface defect states, amorphous features and size of nanocrystals. An explanation for the
asymmetric broadening of Raman LO mode in porous SiC is the emerging of Frohlich modes®**°. The origin of
Frohlich mode is ascribed to the defects on the surface of pores, because the enormous amount of surface defects
leads to large exciton polarization thus coupled with LO vibration. For instance, the Raman spectrum of sample
d was fitted with two components including a Gaussian LO phonon mode of bulk SiC (971.3 cm™) and a peak
due to the surface defects related Frohlich modes (956.7 cm™!). It is thus verified that the surface defects is the
dominant reason giving rise to asymmetric broadening of LO mode in porous SiC samples. Accordingly, it is
reasonable to assume the blue-green emission stems from surface defects’'.

Photoluminescence Mechanisms in Porous SiC.  In order to assess the contribution from different radi-
ative recombination channels, the PL spectra of porous sample a and d were deconvoluted into Gaussian-like
peaks?®, as shown in Fig. 6. In porous sample a, the PL spectra are fitted by two Gaussian peaks: peak I centered
at approximately 460 nm and peak II centered at roughly 520 nm. In porous fluorescent sample d, one more com-
ponent was added into the fitting due to DAP emission located at around 580 nm (peak III). The peak position of
peak II is slightly red-shifted in fluorescent porous sample. It can be seen that the intensity of the peak I and peak
II in the porous layer was significantly enhanced after surface passivation. Meanwhile, the DAP emission peak
in porous sample d almost remained unchanged. Based on the aforementioned results, the broadband lumines-
cence in porous SiC are attributed to surface defects®®*, such as neutral oxygen vacancies in surface oxide layer,
interface terminations (dangling bonds), special rough interface and structure defects containing tremendous
C-related defects.

Herein, the PL emission peak I of the porous SiC can be attributed to the oxygen vacancy in the porous struc-
tures. The existence of oxygen vacancies, emitting in the blue light range of 410-470 nm, is a common phenome-
non in semiconductor materials?® 3>-". It has been reported that the luminescence peaks at 460 nm (2.7 eV) was
derived from the triplet-to-ground transition of a neutral oxygen vacancy defect (O;=Si-Si=05)*. During anodic
oxidation process, a large number of oxidized surface groups were introduced into porous SiC structures because
of the applied strong acids reaction between SiC and OH". Various oxygen-containing surface defects contribute
to the luminescence, leading to a relatively broad emission peak at room temperature. The broad blue-green
emission peak II at ~530nm (2.3eV) is due to non-bridging oxygen hole centers (O;=Si-O°)* and C-related
defect centers located near the interface® *. It is known that the SiC reacting with HF can produce a C-enriched
phase at the surface and provide a high density of C-related surface defects*’. The higher defect density will lead
to the enhancement of porous emission. Since interface termination defect can also provide non-radiative recom-
bination channels, the porous SiC samples need to be passivated by ALD Al,O; films*. During anodic oxidation
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Figure 6. PL spectra with Gaussian fitting of porous samples a (SiC-Sub): (a) before and (b) after passivation by
20 nm Al, O3, the curves were fitted with two emission peaks centered at 460 nm (peak I) and 520 nm (peak II);
for porous sample d (fluorescent 6H-SiC) (c) before and (d) after the passivation, the DAP recombination band
located near 580 nm (peak III) was added into fitting.

process, the oxygen atoms were incorporated into Si-C bonds at the interface. When the oxygen atoms diffuse
and react with SiC during anodic oxidation etching, dangling bond defects are generated due to the incomplete
formation of Si-C bonds*'. Therefore, the ALD Al,O; films can effectively passivate the dangling bond defects by
hydrogen saturation®.

In brief, the carrier transitions in porous fluorescent 6H-SiC can be concluded with three radiative recombina-
tion channels, depicted in Fig. 7. The corresponding diagram of the porous surface layer on a fluorescent substrate
is illustrated in Fig. 7(a). The three radiative recombination channels are attributed to the neutral oxygen vacancy
defect state (peak I), non-bridging oxygen holes or C-related defects produced by the reaction of HF at the etched
surface (peak II), and DAP recombination (peak III), respectively. For the porous layer, the radiative recombi-
nation is dominated by the defect states on the interface, i.e. peak I and peak II. As mentioned previously, the
penetration depth of 375 nm in 6H-SiC is around 15 um. When thickness of porous layer is thinner than that, the
excitation light will generate peak I and peak II from porous layer, and peak III from the underneath fluorescent
bulk layer. Hence, white light emission is realized by combining these three emission peaks.

Conclusions

We have successfully achieved white light emission from fluorescent SiC that combines an N-B co-doped epitaxial
layer with a porous surface layer. The room temperature photoluminescence spectra of the porous layer show two
emission peaks centered approximately at 460 nm and 530 nm. Such blue-green emissions are attributed to neu-
tral oxygen vacancies and interface Si/C related defects. The emission from the porous layer can be significantly
enhanced by applying a thin ALD Al,O; passivation layer. With a 10 um thick porous layer, a high-quality white
light was realized by combining the independent emissions of blue-green emission from the porous layer and yel-
low emission from the epitaxial N-B co-doped SiC layer. A CRI as high as 81.1 was achieved. In addition, porous
fluorescent SiC offers a great flexibility in color rendering by tuning the thickness of porous layer on the surface
and the underneath fluorescent bulk layer. Such novel approach opens a new perspective for the development of
high performance white light emitting materials.

Methods

Anodic oxidation method. To achieve ohmic contacts on the backside of the SiC samples, layered nickel/
titanium/gold films were prepared by sputtering or e-beam evaporation processes. Initially, the nickel layer with
a thickness of 100 nm was deposited on the back side of the SiC samples via magnetron sputtering (CFs-4EP-LL,
Shibaura Mechatronics Co., Japan), followed by a 4 min thermal annealing at 900 °C (Infrared Lamp Heating
System RTA-4000). Then, 10 nm thick titanium and 200 nm thick gold films were evaporated on the top of nickel
by an electron beam evaporation system (EI-5, ULVAC Co., USA). An anodic etching process was executed to
form the porous layers on the surface of SiC substrate as described in our previous publication?. The samples
were immersed in a 5% HF solution and exposed to UV irradiation of 365 nm by using mercury lamp. A con-
stant pulsed current (1.25mA, period: 50 ms, duty ratio: 50%) was injected between cathode (platinum counter
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Figure 7. (a) Schematic diagram of the fluorescent 6H-SiC with porous surface layer. (b) Three possible
transitions in fluorescent 6H-SiC: the DAP recombination (peak III) in bulk layer, the transition through
C-related (peak IT) and oxygen vacancy-related (peak I) surface defects in the porous layer. (¢) Schematic of the
normalized emission spectra from porous layer (peak I and peak II) and fluorescent bulk layer (peak III).

electrode) and anode (metallic layers) for varied duration for different porous thickness. In order to improve the
porosity uniformity, potassium persulfate (K,S,0;) was introduced during the fabrication of the porous fluores-
cent 6H-SiC samples with a concentration 0.015 mol/L.

Atomic layer deposited Al,O; films. In order to suppress the surface non-radiative recombination in the
porous layer, an Al,O; film was deposited on the pore surface by using ALD (Model R200, Picosun, Finland). The
Al O; films were formed using H,O and trimethylaluminium (TMA:AI(CH;)) gases as precursors for the oxygen
and aluminum, respectively. According to the optimized passivation condition for porous SiC%*, 200 cycles were
processed on the porous SiC samples, forming a 20 nm thick Al,O; layer. Each ALD cycle contained 0.1 s pulse of
TMA, 20s N, purge, 0.1 s H,O exposure followed by 20s N, purge. Post-deposition annealing was performed as
350°C for 5min in N, ambient.

Electron microscopy characterization. Cross-sectional images of the porous structures were acquired
with a SEM (Zeiss Supra 40VP) microscope at 10kV before passivation. Cross-sectional specimens were prepared
perpendicular to the porous fabrication direction using the in-situ lift-out technique in a dual beam focussed ion
beam (FIB)/SEM system (FEI Helios EBS3) equipped with a micromanipulator. A protective layer of platinum
was deposited on the surface of the specimen, in order to protect the surface of porous layer from FIB-induced
damage. Finally, the specimen surfaces were polished by a 2kV Ga ion beam to minimize the damage caused by
the 30kV FIB. TEM images were acquired at 300kV in a field-emission-gun TEM system (FEI Titan 80-300ST
TEM), equipped with a solid state EDX detector.

Measurements. The PL spectra were measured by a micro-PL setup. Both excitation light source (375 nm,
power density 13.2 W/cm?) and detection optical spectrometer (CAS 140 B, Compact Array spectrometer,
Instrument System) are fiber-coupled to an optical microscope (Olympus). The emission signal of the porous
samples was filtered by a long-pass filter (cutoff wavelength 420 nm). Raman spectra were measured in a Raman
spectrometer system (Horiba Jobin Yvon). The excitation laser wavelength is 532 nm with power of 10 mW, using
a 100x objective. The signal collection time is 3 s and averaged 10 times.

Data Availability. The datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.

References

1. Kim, J. S. et al. White-light generation through ultraviolet-emitting diode and white-emitting phosphor. Appl. Phys. Lett. 85,
3696-3698 (2004).

2. Narukawa, Y., Ichikawa, M., Sanga, D., Sano, M. & Mukai, T. White light emitting diodes with super-high luminous efficacy. J. Phy.
D: Appl. Phys. 43, 354002 (2010).

3. Meyer, J. & Tappe, F. Photoluminescent Materials for Solid-State Lighting: State of the Art and Future Challenges. Adv. Opt. Mater.
3,424-430 (2015).

4. Wang, Y. et al. Recent development in rare earth doped phosphors for white light emitting diodes. J. Rare Earths 33, 1-12 (2015).

5. Muthu, S., Schuurmans, F. J. & Pashley, M. D. In Industry Applications Conference, 2002. 37th IAS Annual Meeting. Conference
Record of the. 327-333 (IEEE).

6. Thornton, W. A. Luminosity and color-rendering capability of white light. J.Opt. Soc. Am. 61, 1155-1163 (1971).

7. Dorenbos, P. The 5d level positions of the trivalent lanthanides in inorganic compounds. J. Lumin. 91, 155-176 (2000).

8. Kaufmann, U. et al. Ultraviolet pumped tricolor phosphor blend white emitting LEDs. Phys.Status Solidi A 188, 143-146 (2001).

SCIENTIFICREPORTS|7:9798 | DOI:10.1038/541598-017-10771-7 7



www.nature.com/scientificreports/

9. Narendran, N. & Gu, Y. Life of LED-based white light sources. J. Disp. Technol. 1, 167-171 (2005).

10. Ye, S., Xiao, E, Pan, Y. X, Ma, Y. Y. & Zhang, Q. Y. Phosphors in phosphor-converted white light-emitting diodes: Recent advances
in materials, techniques and properties. Mater. Sci. Eng R-Rep. 71, 1-34 (2010).

11. Bando, K., Noguchi, Y., Sakano, K. & Shimizu, Y. In 264th meeting, 5 (1996).

12. Wang, L. et al. Enriching red emission of Y 3 Al;O,,: Ce*" by codoping Pr** and Cr** for improving color rendering of white LEDs.
Opt. Express 18,25177-25182 (2010).

13. Yang, H. & Kim, Y.-S. Energy transfer-based spectral properties of Tb-, Pr-, or Sm-codoped YAG:Ce nanocrystalline phosphors. J.
Lumin. 128, 1570-1576 (2008).

14. Jang, H. S., Im, W. B,, Lee, D. C,, Jeon, D. Y. & Kim, S. S. Enhancement of red spectral emission intensity of Y;Al;0,,:Ce*" phosphor
via Pr co-doping and Tb substitution for the application to white LEDs. J. Lumin. 126, 371-377 (2007).

15. Kamiyama, S. et al. Fluorescent SiC and its application to white light-emitting diodes. J. Semicond. 32, 013004 (2011).

16. Ou, H. et al. Advances in wide bandgap SiC for optoelectronics. Eur.Phys. J. B: Condensed Matter Physics 87, 58 (2014).

17. Ou, Y. et al. Donor-acceptor-pair emission characterization in NB doped fluorescent SiC. Opt. Mater. Express 1, 1439-1446
(2011).

18. Ikeda, M., Hayakawa, T., Yamagiwa, S., Matsunami, H. & Tanaka, T. Fabrication of 6H-SiC light-emitting diodes by a rotation
dipping technique: Electroluminescence mechanisms. J. Appl. Phys. 50, 8215-8225 (1979).

19. Kamiyama, S. et al. Extremely high quantum efficiency of donor-acceptor-pair emission in N-and-B-doped 6H-SiC. J. Appl. Phys.
99, 093108 (2006).

20. Hagen, S., Van Kemenade, A. & De Bye, J. V. D. D. Donor-acceptor pair spectra in 6H and 4H SiC doped with nitrogen and
aluminium. J. Lumin. 8, 18-31 (1973).

21. Ivanov, I. G., Magnusson, B. & Janzén, E. Analysis of the sharp donor-acceptor pair luminescence in4H-SiC doped with nitrogen and
aluminum. Phys.Rev. B 67 (2003).

22. Nishimura, T. et al. High efficiency violet to blue light emission in porous SiC produced by anodic method. Phys.Status Solidi C 7,
2459-2462 (2010).

23. Matsumoto, T. et al. Blue-green luminescence from porous silicon carbide. Appl. Phys. Lett. 64, 226-228 (1994).

24. Rittenhouse, T. L. Surface-state origin for the blueshifted emission in anodically etched porous silicon carbide. J. Appl. Phys. 95, 490
(2004).

25. Lu, W, Ou, Y., Petersen, P. M. & Ou, H. Fabrication and surface passivation of porous 6H-SiC by atomic layer deposited films. Opt.
Mater. Express 6, 1956 (2016).

26. Lu, W. et al. Effective optimization of surface passivation on porous silicon carbide using atomic layer deposited Al,O;. RSC Adv. 7,
8090-8097 (2017).

27. Syvéjarvi, M. et al. Fluorescent SiC as a new material for white LEDs. Phys. Scripta T148, 014002 (2012).

28. Wang, J., Liu, S., Ding, T., Huang, S. & Qian, C. Synthesis, characterization, and photoluminescence properties of bulk-quantity
B-SiC/SiOx coaxial nanowires. Mater. Chem. Phys. 135, 1005-1011 (2012).

29. Danishevskii, A., Shuman, V., Rogachev, A. Y. & Ivanov, P. Investigation of porous silicon carbide by methods of vibrational and
luminescence spectroscopy. Semiconductors 29, 1106-1111 (1995).

30. Tiginyanu, I, Irmer, G., Monecke, J. & Hartnagel, H. Micro-Raman-scattering study of surface-related phonon modes in porous
GaP. Phys. Rev. B 55,6739 (1997).

31. Kumar, P, Saxena, N., Gupta, V., Singh, F. & Agarwal, A. Correlation between surface phonon mode and luminescence in
nanocrystalline CdS thin films: An effect of ion beam irradiation. J. Appl. Phys. 116, 043517 (2014).

32. Wu, Y, Ji, L, Lin, Z, Jiang, Y. & Zhai, T. Blue photoluminescence enhancement in laser-irradiated 6H-SiC at room temperature.
Appl. Phys. Lett. 104, 041906 (2014).

33. Beke, D., Szekrényes, Z., Czigény, Z., Kamarés, K. & Gali, A. Dominant luminescence is not due to quantum confinement in
molecular-sized silicon carbide nanocrystals. Nanoscale 7, 10982-10988 (2015).

34. Konstantinov, A. O., Henry, A., Harris, C. I. & Janzén, E. Photoluminescence studies of porous silicon carbide. Appl. Phys. Lett. 66,
2250 (1995).

35. Nishikawa, H. et al. Photoluminescence from defect centers in high-purity silica glasses observed under 7.9-eV excitation. Phys. Rev.
B 45, 586 (1992).

36. Tohmon, R. et al. 2.7-eV luminescence in as-manufactured high-purity silica glass. Phys. Rev. Lett. 62, 1388 (1989).

37. Mitra, S., Svrcek, V., Macias-Montero, M., Velusamy, T. & Mariotti, D. Temperature-dependent photoluminescence of surface-
engineered silicon nanocrystals. Sci Rep. 6, 27727 (2016).

38. Gallis, S., Nikas, V., Suhag, H., Huang, M. & Kaloyeros, A. E. White light emission from amorphous silicon oxycarbide (a-SiC,0,)
thin films: Role of composition and postdeposition annealing. Appl. Phys. Lett. 97, 081905 (2010).

39. Ghobadji, T. U., Ghobadi, A., Okyay, T., Topalli, K. & Okyay, A. Controlling luminescent silicon nanoparticle emission produced by
nanosecond pulsed laser ablation: role of interface defect states and crystallinity phase. RSC Adv. 6, 112520-112526 (2016).

40. Konstantinov, A. O., Harris, C. I. & Janzén, E. Electrical properties and formation mechanism of porous silicon carbide. Appl. Phys.
Lett. 65,2699 (1994).

41. Cantin, J.-L. et al. Identification of the Carbon Dangling Bond Center at the 4H-SiC/SiO, Interface by an EPR Study in Oxidized
Porous SiC. Phys. Rev. Lett. 92, 015502 (2004).

Acknowledgements
This work was supported by Innovation Fund Denmark (project No. 4106-00018B).

Author Contributions

W.L. wrote the main manuscript text. Y.O., S.K. and H.O conceived the main idea behind this work. W.L. prepared
Figs 1, 3-7, while E.F. measured TEM and prepared Fig. 2 and TEM description part. V.J. grew the fluorescent
SiC samples. W.L did the sample processing (porous fabrication, passivation) and characterization. Y.I assisted
to prepare the anodic oxidation etching process and Raman spectra measurement. Y.O., M.S., S.K., PP. and H.O.
supervised the study. All the authors were involved in the review and discussion.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS|7:9798 | DOI:10.1038/s41598-017-10771-7 8



www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:9798 | DOI:10.1038/541598-017-10771-7 9


http://creativecommons.org/licenses/by/4.0/

	White Light Emission from Fluorescent SiC with Porous Surface

	Results and Discussion

	Sample Preparation and Morphology Characterization of Porous SiC. 
	PL Enhancement in Porous SiC Passivated by ALD Al2O3 Films. 
	White Light Emission from Porous Fluorescent SiC. 
	Raman Spectroscopy of Porous SiC. 
	Photoluminescence Mechanisms in Porous SiC. 

	Conclusions

	Methods

	Anodic oxidation method. 
	Atomic layer deposited Al2O3 films. 
	Electron microscopy characterization. 
	Measurements. 
	Data Availability. 

	Acknowledgements

	Figure 1 Cross-sectional SEM images of porous samples after anodic etching: (a) and (b) show the top and bottom layer of the sample a respectively, while (c) and (d) are for the sample d with 0.
	Figure 2 TEM images of porous 6H-SiC sample d after ALD passivation with 20 nm Al2O3.
	Figure 3 PL spectra of porous samples a and b before and after passivation (PSV) by 20 nm thick Al2O3.
	Figure 4 (a) PL spectra of porous fluorescent 6H-SiC samples c and d before and after passivation by 20 nm thick Al2O3: the thickness of the porous layer is 4.
	Figure 5 (a) Raman spectra of flat 6H-SiC, porous sample a and d.
	Figure 6 PL spectra with Gaussian fitting of porous samples a (SiC-Sub): (a) before and (b) after passivation by 20 nm Al2O3, the curves were fitted with two emission peaks centered at 460 nm (peak I) and 520 nm (peak II) for porous sample d (fluorescent 
	Figure 7 (a) Schematic diagram of the fluorescent 6H-SiC with porous surface layer.
	Table 1 Anodic Oxidation Conditions for Porous Samples a, b, c, and d.




