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Abstract

The NORLED project initiated a new research fieldd anetwork related to
fluorescent silicon carbide for a new type of whiteD in general lighting. The
project resulted in recruitment of three PhD stisleand about ten bachelor and
master thesis students performed their diplomadivashin the topic of the network.
The main project Pl:s were invited to several coeriees to describe the research and
scientific findings. The project produced more tl3@papers, and two book chapters.
The network has continued and aims to explorecsilcarbide for a new photovoltaic
concept by applying for research grants. It is rcldeat the network was made
possible to realize by the approval the N-Innepipject.



Executive summary

Fluorescent SiC as material for a new type of whiE has not been previously
studied. In 2006 it was indicated that SiC couldabeery efficient light emitting
material by doping of SIC with certain elements.wdeer, there was no suitable
growth method that could produce high quality Si@\$ needed for the conversion.
The group at LinkOping University (Pl: Mikael Syé#yi) has developed a novel
growth method for thick films that produced highatity thick films. In order to be
able to introduce the elements, a special SiC soonaterial was needed. The group
at Erlangen University (PIl: Peter Wellmann) hasvigngs experience in this type of
doping, and developed doped PVT sources duringN@&LED. The doped SiC
films and sources were evaluated by KTH (Pl: MagtmiLinnarsson). In order to
understand the luminescence from the fluoprescédt tBere is a need of optical
characterization. This was realized by Denmark faeh University (Pl: Haiyan
Ou).

We arranged several symposia and workshops. Dtin@groject we increased the
collaboration to European and International pagmethin the research field. There
was a mobility exchange between the groups with ialbents and postdoc involved
in NORLED. This is believed to be beneficial fotdte collaborations of the students
and researchers.
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nanostructuring process.



The project is summarized by the following chapter.
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Abstract

Silicon carbide (SiC) has played a key role in poalectronics thanks to its unique physical prdpsrlike
wide bandgap, high breakdown field etc. Duringphst decade, SiC is also becoming more and maxe act
in optoelectronics thanks to the progress in matgriowth and nanofabrication. This paper will eavithe
advances in fluorescent SiC for white light-emitidiodes, covering the poly-crystalline fluoresc&int
source material growth, single crystalline epitaxgwth of fluorescent SiC, and nanofabrication @ &
enhance the extraction efficiency for fluorescaft gased white LEDs.

1. Introduction

Silicon carbide (SiC) is the only group IV compouseimiconductor, and it has more than 200 polytypes.
Among them the most commonly used are 4H, 6H, 3€ ER. The wide bandgap makes SiC a very
attractive semiconductor to make devices for appbas in high power, high frequency and high

temperature environment.

In addition to the traditional applications, SiCsH@een emerging as a promising material for lighitteng
diodes (LED) since Satoshi Kamiyama in 2006 fourat hitrogen (N) and boron (B) co-doped SiC hay ver
high donor-acceptor pair (DAP) emission efficiefitly

LED light sources are deemed to be the future nideleler thanks to their energy saving and loragilife,
compared to conventional incandescent lamps amuteffigent tubes. Currently, most white LED light
sources available in the market are made by mixtitdue color from a blue GaN LED and yellow color
emitted from the phosphor excited by the blue LBB,shown in Fig.1 (a). However, there is always a
tradeoff between high lumen efficiency and highocokendering index (CRI) for this type of light soe.
The phosphor degrades much faster than the blue tiHpP, so the white light turns blue over time.
Moreover, phosphor contains rare earth elementg;hwtould be a price bottleneck considering theehug
market in future. In order to overcome these litiotas and explore the full potential of the LEDHig
source, a new type white LED light source basediurescent SiC (f-SiC), shown in Fig.1 (b), hagibe



proposed. Compared to the phosphor based whitelighDsource, this f-SiC based white light soures la
number of advantages: a) it could have both hidjcieficy and high color rendering index, opposiete
trade-off observed for phosphor based white LEDtligources; b) it has even longer lifetime duehi t
monolithic semiconductor structure; c) it has sienpthermal management because SiC is a very good
thermal conductor; and d) it doesn’t contain raagteelements.

High reflection p-contact

Blue LED Phosphor /
(Such as YAG:Ce) — ﬁ } Near-UV LED stack

N-Al doped f-SiC

N'B dOFEd f's‘c Sl.lb. Moth_eye plane

' U

Fig.1 Schematic drawing of (a) traditional phosphoased white LEDs. The white color is mixed withebl
color from an LED chip and yellow color from thegsiphor excited by the blue and (b) the new fluaeaisc
SiC based white LED.

As shown in Fig. 1(b), the f-SiC based white LEQhli source uses f-SiC as a substrate as well as a
wavelength converter. It consists of one layer@¥ @m thick N and B co-doped SiC and one layerOgfit

thick N and aluminium (Al) co-doped SiC. A neatraviolet (NUV) diode is grown on top of the N aAH
co-doped SiC. A mirror is formed on top of the NUdibde and divert all the light to exit from the €S
substrate. Silicon carbide has a refractive index @b at 590 nm [2], causing most of the emitigttlfrom

f-SiC to be totally reflected into the device. Irder to enhance the light extraction efficiencyshewn in

Fig. 1(b), moth-eye nanostructures are implemeatdte exit surface of the f-SiC to increase théssion
efficiency in the whole visible spectral range.

The operational mechanism of the f-SiC based wtti® is illustrated in Fig. 2

The high energy NUV photons emitted from the NUVLCLEXxcite electrons from the top of the valence band
to the bottom of the conduction band. The freetedes in the conduction band and the free holeédgrehe
valence band will occupy the donor level (N) andegdor level (Al and B), respectively, obeying fermi-
Dirac distribution. Then, the electrons on the ddewel will recombine with the holes on the accepével
and emit a low energy photon. The N and Al donaegator-pair (DAP) recombination emits blue lighttwi
peak wavelength around 480 nm and N and B DAP graltew light with peak wavelength around 590 nm
since B is a much deeper acceptor in SiC with @gpethe Al. The mixture of the broadband bluétignd
broadband yellow light makes white light with hiGiI.
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Fig. 2 Schematic drawing of the operational meckamof the f-SiC based white LED light source

The f-SiC based white LED light source is an inniweaachievement for SiC in optoelectronic devides.
order to accomplish such a new device conceptdévelopment of the material is crucial. In this @ap
poly-crystalline f-SiC source material is firstiyptimized to grow by physical vapor transport (P\éafer
comparing sintering, chemical vapor depostion (C\&D)l PVT methods, described in section 2. Then the
source material (poly-crystalline SiC) is used ttoe growth of high quality single crystalline Si@ fast
sublimation growth process (FSGP), described iti@e8. Section 4 presents the optical characttoizaf
the grown epilayers in terms of photoluminescemzkRaman spectroscopy to feedback the optimal growt
conditions. In order to enhance the extractiorcefficy, a couple of different nanostructuring mehawere
applied on the f-SiC surface and described in @edi Both periodic and non-periodic structuresehlagen
demonstrated and effectively increased the emissificiency. Section 6 summaries the advancesSitCf-

in LED application and gives future perspectivesgtoelectronic applications.

2. Poly-crystallinefluorescent SiC growth

For the epitaxial growth of high quality fluoreste3iC layers by the FSGP process, the applicatfoa o
proper solid SiC source material is crucial. Innpiple, three approaches have been followed sdofar
produce the desired source material: (a) sintesin§iC powder, (b) chemical vapor deposition (C\i)
microcrystalline SiC and (c) bulk growth of polystglline SiC boules by the so called physical vapor
transport (PVT) technique. Application of sintei®«C ceramic as source (Fig. 3(a)) does not leaditwor
like epitaxial layers. In addition, inclusions afcendary phases, most likely carbon related defaces
found in the grown epitaxial SiC material. This eéypf sintered source easily graphitizes during Site
epitaxy. In the case of the CVD SiC source matdFa]. 3(b)) inclusions of 3C-SiC in the 6H-SiC &pial
layers are found, which are related to the soureterial used in the epitaxial growth process. Armmai
challenge with this source is the uniform dopinggaduction. Due to the small size of the inclusidnis
concluded that they originate from mass transpetvben source and seed. Finally, in the case oPYhe
growth SiC source (Fig. 3(the lowest defect density and, hence, best f-Sy€rlaroperties with basically
no inclusions are found. In the following this vagoown source material will be reviewed in detail.
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Fig.3 Comparison of three SiC source materialsdpplication during FSGP: sintered poly-crystalligéC
ceramics, (b) CVD grown micro-crystalline SiC sau@nd (c) PVT grown poly-crystalline SiC material.
The best layer properties are found in the cagb@PVT grown source materials. (Fig. from [3])

2.1 PVT growth process, doping of poly-SiC and wafering process
2.1.1 Growth Process Principle

Growth of poly SiC source material is carried oytthe state-of-the-art physical vapor transport TPV
method (se&ig. 4(a)). SiC powder is placed at the bottomhef graphite crucible. As self-seeding substrate
a graphite plate is used which is attached todpeof the crucible. Inducting heating is perforniec way
that a temperature difference of approximately 53°€stablished between the top of the SiC powolerce

and the poly SiC growth interface. Typical growtties lie in the range of 200 um/h and 1000 pm/h and
depend on the absolute temperature between 20189dC2300°C at the crucible top, as well as on the
ambient noble gas pressure between 10 mbar andd0 m
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Fig. 4 Sketch of the PVT growth reactor interior for thegaration of doped poly-SiC boules.

2.1.2 Doping of SIC by N, B and Al

As dopants nitrogen from thé"8nain group was used as donor, while aluminum adrbfrom the 3
main group act as acceptors in SiC. The supphitadgen can be applied by addition of a gd&s stream to
the ambient inert gas stream (Fig. 4(a)). Due ¢octremical inertness of nitrogen and carbon, tipaudiogas
diffuses through the partially porous graphite paftthe crucible and the surrounding isolationthia case
of the acceptor dopants aluminum and boron therlatibcedure fails. Boron may be supplied by additf
boron, in particular boron carbide /B to the source material (Fig. 4(b)). The dopeamgfer from source to
growing crystal, as well as incorporation into Si&h be well controlled by the,8 mass fraction directly
added to the SiC source matef#l In the case of aluminum, however, the dopaipipdy is more complex.
In this case, a too high initial aluminum partiaégsure is observed if the dopant is directly adddtle SiC
source material. In order to suppress the largal akipant concentration variation in the final Si@stal, a
slightly varied technique, the so called Modified9P(M-PVT) method, is applied [5, 6] (Fig. 4(c)n the
M-PVT setup an aluminum source (8%) is placed at a lowered temperature and, hencaljesnaluminum
vapor pressure in the near vicinity of the PVT dilec Via a feeding gas pipe the dopant is contirslyp
added to the growth chamber exhibiting a constapadt flow during the growth process.

2.1.3 Wafering

Subsequent to growth the poly-SiC boules are gdndewn to a proper diameter of typically 50 mm.
Wafering is carried out by a diamond inside hole.s&/afer thickness lies between 500 um and 1 mm. Fo
the application as source material during FSGPnaoval of the sawing damage by a lapping or rough
polishing step is necessary.
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2.2 Structural propertiesof poly-SiC wafers

During polycrystalline growth of SiC a pronouncedig growth is observed which is attributed to rersg
grain selection process [7]. FiguresBows optical scanning images of three poly SiCevgafrom the same
boule directly (a) after nucleation, (b) after 18hd (c) after 20h of growth time. As substrate eplist
statically pressed, highly purified graphite wasdisThe polytypes differ from 4H-SiC, 6H-SiC andrt5
SiC. No 3C-SiC was found which may be related ®High growth temperature above 2100°C. Although
no precise and well defined grain orientation isesbed by x-ray Laue pattern analysis (40kV, 30mA,
5min), most grains exhibit a trend towards (0001@rdgation with inclination variation between 0°daB0°.
Between the grains no obvious preferential alignimee. formation of particular grain boundariesasv
detected so far. Noteworthy is that 15R-SiC graissally exhibit off orientation towards (0001) obra
than 15°. From KOH defect etching analysis it ismaaded that more than 90% of the larger graing.(Fi
5(b) and 5(c)show C-face polarity. Pretreatment of the statycptessed graphite nucleation plate surface
by coating with pyrolytic graphite showed an impawctthe variation of grain orientation and graitesgon
process. Compared to the partially porous isosfatissed graphite with mainly random grain oriéoiteat
the pyrolytic coating exhibits no open porosity anfD01]-texture and slightly reduced surface rowggs.
As main result, a SiC grain size in the 10 mm ralnge been observed, but further studies are negdssa
guantify these new findings (Fig. 6)[8]. The weakpact of the SiC grain polytype and orientationtios
growth rate during FSGP will be discussed in secidl.

(@) (b)

Fig.5 White light absorption scans of a series of thr@ardn poly SiC wafers from boule: (a) directly after
nucleation, (b) after 10h and (c) after 20h of gtbwime (Fig. from [7]).

(@) (b)

Fig.6 Cross section of two poly Si®ystals grown on isostatic graphite at 2250°C éud on pyrolytic
graphite at 2350°C (b). The diameter of the crasgion of the bouls of >60 mm is shown before gnigd
down to the standard size of 50 mm (Fig. from [8]).
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2.3 Electrical properties of poly-SiC wafers

The N, B and Al doping concentration of the pol{Siource is set by (i) the amount of dopant
supply, (ii) growth rate and (iii) growth kinetielated boundary conditions (e.g. C/Si ratio of the
SiC vapor) which are related to the growth paramsdike temperature field and inert gas pressure.
Amount of dopant supply is mainly given by intentd feeding; however, residual doping of the
powder SiC source prior PVT growth and contamimafrom the crucible material also has to be
considered. In the case of B doping with targetigslin the mid 18cm™ (chemical concentration)
the amount of addition to the SiC source powd#énésdominant factor.
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Fig. 7 Plot of boron incorporation into poly SiC during P\growth.

Fig. 7 shows the experimental evaluation betwedlitiad of boron as EC to the SiC powder source and
chemical composition inside the poly-SiC crystaldmumber of wafers. The dopant transfer from cato
seed crystal is well defined by the amount of sy@pid growth parameters (temperature and pressure).
Doping variations of ca. 25% to 50% are mainly tedlato kinetic dopant incorporation effects due to
varying crystallographic orientations of the grainsthe range of tilt angles around between 0° 3%
towards (0001) orientation (see section 2.2). Wiiital doping may vary around the mentioned 2505

the medium values can be set around 10% to 15%dpep and reproducible setting of the growth preces
parameters.
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2.4 Impact of structural source propertieson growth rate during FSGP

In order to study the impact of the structural mies of the poly-SiC source wafers on the FSGRvtr
rate, special experiments with masking techniquesewcarried out. During FSGP a graphite mask was
placed between source and seed to select cert@irgi@ins from the source material and to follow the
impact of polytype and grain orientation on theaypal layer thickness, as shown in Fig. 8.

383-04

(b)

Fig. 8 Optical Image of (a) poly-SiC source material af) grown 6H-SIC FSGP layer. The circles with
numbers 1 to 5 indicate 5 growth areas selectegrhphite mask.
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Fig. 9 Impact of off-axis angle orientation of P@JC source materials grains on growth rate / layer
thickness during FSGP epitaxy. (Figure after [7])
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Table 1: Summary of grain orientation (off-axis E)@nd polytype of the source material on layekifess
during FSGP epitaxy. (Table aftéf)

Grain | Polytype average layer thickness [um] off-oriemtatideg]
1 4H 23.5 4.2 +/-0.5

1 4H 23.5 6.5 +/- 0.5

2 15R 29 21.4 +/-0.5

3 6H 27 13.1+/-0.5

4 6H 25.5 9.3 +/-0.5

5 6H 30 14.4 +/- 0.5

The graphical analysis of the limited data exhihitslear correlation between of axis orientatidl ¢f the

grain off orientation towards (0001)) and epitaxsgler thickness. With increasing off orientatitwe growth
rate and layer thickness increases. Projected2angh epitaxial process local thickness variatiohs-/-

10% have to be considered. The dat&imn 9and Table 1 also include polytype variations. Hosvethe
effect of grain polytype on FSGP growth rate iseved by the dominating grain orientation effectislt
estimated from the data in Table 1 that the vaniatf grain polytype impacts layer thickness isolbeb%.

Depending on the vapor pressure during FSGP tla ilaituence is believed to be lowered in caserehter
inert gas pressures [9].

3. Single-crystalline fluorescent SiC epitaxial growth
3.1 Homoepitaxial growth aspectsof SiIC

Historically, most studies of SiC epitaxial laydrave been using the chemical vapor deposition (CVD)
method. Initially, heteroepitaxial growth was perf@d on silicon substrates, and epitaxial layer3@{SiC
were studied. In the 1990’s, 6H-SIC substrates tnecaommercially available from PVT growth, and
allowed more intense homoepitaxial growth studigse first wafers had an on-axis orientation, and th
caused a competition between the homoepitaxial @HgBowth and 3C-SiC inclusions. In order to reduce
these inclusions, the surface was prepared witlight ©ff-axis orientation and the homoepitaxiabgth
could be fully realized without inclusions of othgolytypes. The standard off-axis angle for the &iB-
became 3.5 degrees in the [11-20] direction. Later4H-SiC substrates became available from thk bul
growth. It was found that a 3.5 degree off-orientatvas not sufficient to maintain the polytypebsisy in
4H-SiC, and inclusions of 3C-SiC appeared in théag@l growth. The standard off-orientation was
modified to have an 8 degree off-axis for homoequtiagrowth in 4H-SiC.

In growth of nitride layers, the on-axis surfaces Heen preferred. An off-axis surface could regult
compositional changes of the nitride layers, aharge off-axis is therefore very challenging to .usethe
growth of fluorescent SiC homoepitaxial layers, i off-axis growth was implemented [101-20]. This
off-axis was in the range from 0.8 to 1.4 degr&ssh SiC and nitride growth may then be adaptduarudle
polytype inclusions and compositional effects vgittme modifications of growth conditions.

For the fluorescent SiC layer, a voluminous lagemeeded. The CVD method has shown to be promising
pure layers suitable for transistor applicationbjleva high growth rate has been challenging, dmckt
layers are hard to produce. The growth rate magooee tens of um/hr, but typically less than 10 prtgh
maintain a reasonable surface morphology. The alatabit for SiC is sublimation. The use of clopa@ng

for growing epitaxial layers has been introduced applied for GaAs, Ge, GaP, and CdS [12]. The
sublimation sandwich configuration that was appliedSiC [13-14] is a process that may be applied f
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growth of thick layers. This method was furtherbel@ated in several studies by Kyoto Institute of
Technology and Linkdping University [15-17]. In Haular, the ability to demonstrate the combinatadn
fast sublimation growth process and structural iuatakes the methods suitable for growth of flsment
SiC[18].

In comparison, boule growth is typically appliedBYT growth at high temperature like 2300-2%D0The
corresponding growth rates are several hundredsiaiometer per hour. The growth is controlled by an
ambient pressure of argon or nitrogen in the 5-B@&mmange. The typical source to seed distance3 5
mm, and the source is a SiC powder. The Fasti@atibn Growth Process (FSGP) [18] is a modificatbn
the PVT growth. The growth temperature is reducelgss than 200C and use of vacuum or low pressure
at which the surface kinetics is determining thewdgh rates rather than diffusion of species indghwient.
By a shorter distance between source and substratbout 1 mm, the growth is epitaxial while thghi
growth rate and possibility of growing thick layeis maintained. Typical growth rates and growth
temperatures are 50-300 um/hr at 1750-3600

3.2 Polytype stability and luminescence in fluorescent SiC layers

In general, the growth on off-oriented SiC subsggiroceeds via step-flow growth [19]. In this maosteps

are created when the SiC is heated and at thalistaige of growth. Atoms on the surface are diffyiso

the kink site of the step, and the polytype of siubstrate is reproduced since the crystal arrangieise
unique at the kink. With increasing layer thicknethgere are on-axis regions that are created. These
principle are of two types. The first one is at duge of the substrate, where an on-axis regioreeted in

the upstep direction when the layers become vack.tifhe second is given by the terraces of thpsste
When steps merge and give rise to step-bunchin@120the steps are increasing with their step titeigut
also in the width of the step. On the terrace,ah@xis region becomes larger. At some point, tbena do

not have time to diffuse to the step edge, and foiag a growth center on the terrace. This mighifas a
3C-SiC structureMoreover, we have found that in the fluorescentS8-grown on the 1.4 degree off-axis
substrate, the transition region from 6H-SIC to 8@SiC part also shows the presence of a series of
stacking faults by the low temperature photolumieese (LTPL) and high resolution transmission etect
microscopy studies [26]. These stacking faults tap the photo-excited carries and thus reduce the
luminescence efficiency.

Fig. 10 Surfaces of samples grown on quarter afch wafer with 50 ppm B doping: (a) overall figuae3C
area is marked by a ring; (b) optical microscopyagme, scale 10 um; (c) SEM image, scale 4 um.

In general, the morphology of eptaxial layers grdwrsublimation epitaxy shows a smooth surface auth
any traces of steps that can be observed in theabpticroscope even when using Nomarski interfeeen
contrast mode, Fig. 10. In comparison, the useVd Bource in growth of fluorescent silicon carbidgers
gives rise to observable steps. In addition, te@sstire quite straight in nominally undoped growttile
some curvatures are observed in the doped growthicdlly in silicon carbide epitaxial and crystabgth,
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step bunching might appear when the C/Si ratiagk [22]. However, there is no graphitization o tAVT
source that was used for the growth of the laylarshe sublimation epitaxy, if graphitization ocsuthe
source graphitizes first and then the epitaxiagtayfhe reason for faintly curved steps is notyfalear, but
one could consider the influence of impurities loa $tep trains that gives rise to an instability: &ample,

it was observed that there is step bunching in Bk6ivth at high nitrogen concentration [23]. In tkadrk,
upon nitrogen doping, the regular step trains orSBE{0001) become unstable. The equidistant sapstr
are transformed into meandering macrosteps, exqaly the nitrogen adsorption on the growing ctysta
surface.

The source material for a warm white LED containky mitrogen and boron. This is produced by a niixtu
of boron carbide in the SiC source and having werisitrogen flows during the PVT growth. Therebgréh
will be both nitrogen and boron in the source. Boi® typically transferred at high ratio, around8@s
transferred from the polycrystalline source to tirewing epilayer. In comparison, nitrogen transter
substantially less, like 10%.

In a simple PL set-up, one can distinguish theugrite of high nitrogen content in the source. Aeseof
PVT sources with different boron content in the $@vder were grown at high nitrogen flow. The rgea
seems to overcompensate the boron in all casesevmwhe luminescence with different boron content
very scattered using an initial nitrogen pressarthe FSGP, shown in Fig. 11. The initial ambiéftriogen
pressure is set by closing of valves and therebiackground ambient in contrast to the case wheretis a
constant flow of nitrogen. In the case when there ihigh content of nitrogen in the source, thé&aini
ambient nitrogen pressure is very low. Therefors itonsequently also sensitive to changes inngetf
initial pressure.
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Fig. 11 Photoluminescence intensity change in k&L box with sources produced with 10, 50 and 10
ppm of boron at 8 sccnmyMow at different initial levels of nitrogen ambiegpressure.

It seems that in source with high nitrogen contém¢re is no need to add nitrogen from the ambient.
Therefore we have applied a static approach. k& thie system is pumped to a base pressure ardiid 1
mbar. Then the valve is closed and heating stBytshis there is very low sensitivity to setting arhbient
pressure since this is not operator dependent. &e hpplied three different conditions for suchista
vacuum approach. The valve to the pump was closélaree temperatures: room temperature (static RT),
after heating to 100C (static 1000), and heating to 126(Q(static 1250). With this approach, the increase i
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luminescence with different concentrations of barothe source, that has a high nitrogen contdmws a
clear positive trend, Fig. 12.
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Fig. 12 Luminescence intensity with increasing Imodoping and at which temperature the valve to pisnp
closed.

Indeed, there is clear luminescence from the grtayars, Fig. 13. It has been shown that in sublonat
epitaxy, there is a structural improvement from tubstrate to the epilayer [24]. In FSGP growth of
fluorescent layers, it was also observed that tleeaeperfect epitaxial relation between the salbstand the
doped layers [11]. Thus, the FSGP is an attragresvth method to study fluorescent SiC due to tigh h
guality material that the method produces.

Fig. 13 N-B doped 6H-SiC that shows a luminescenea when excited by two weak ultraviolet LEDs.
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At lower doping of nitrogen during the PVT growthe steps seem to be fairly similar as demonstriated
growth on 4 degree off-oriented 4H-SiC substraftégure 14. There seems to be no pronounced infeuenc
on step-bunching or instabilities. It is likely tHarther increases in luminescence may be postibddtain
once the fundamental issues in growth and dopingthen optical properties in flourescent SiC are
understood.

“E X 4scomn, P
Fa
o 2scocm N
12 |- o A D
& 1 sccm N?
10 ¥
B *
= 8 - i 7
= B o
g °%3
(1]
L gﬁg
Lk
& 1
aX
2 L % O é
o 4H-SiC, Si-face, static vacuum
{) L i (] L I L L M 1 L 1 M i 5 I i (] i 1 i I

40 60 B0 100 120 140 160 180 200 220 240
Step width [nm]

Fig. 14 Step width and step height in N-B doped3A€-with source prepared with different nitrogeowis
during PVT growtt{25]

3.3 From inclusionsto bulk: 3C-SIC and its photovoltaic potential

The sandwich configuration has many benefits. Irtigdar, the high growth rate that is maintainedaa
benefit from the PVT growth mechanism is one irgng issue. This has shown that very thick layeay

be produced. Also, the growth temperature is redlwmenpared with PVT. In fact, we have observed that
3C-SiC easily starts to nucleate. Figure 15 showspeated growth with initial 3C-SiC nucleation ttha
expands upon further growth. Inclusions may appésar in the fluorescent silicon carbide layers, @anas
shown that stacking faults appear in the 6H-SiGoreglose to the 3C-SiC [26]. The 3C-SiC inclusionsth

in macroscopic and microscopic form, should be @ewisince they will cause other radiation chantiela

in the donor to acceptor pair mechanism that peted.

Fig. 15 Three consecutive growths on one and theesaafer with diameter of 20 mm. The 3C-SiC region
clearly expand with increasing layer thickness [27]
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In fact, by further growth and at higher growthemtfree standing and bulk-like 3C-SiC has shown to
produce as high quality as 4H-SiC commercial sabstrFig. 16 [28]. This is very interesting from an
optoelectronic point of view. Cubic silicon carbitleat is doped with boron fits very nicely in toeth
intermediate bandgap solar cell concept [29], whieln be explored when the high quality material is
possible to achieve.

Fig.16 Three free standing 3C-SiC substrates wit $0x10 mm.

4. Optical characterization of fluorescent SIC

With the application focus of SiC for light-emitgrdiodes, the FSGP grown 6H-SIC is characterized by
using different technologies of photoluminescentg BRaman spectroscopy in order to optimize its ¢now
conditions for the wavelength conversion. A seilésSiC samples (a, b, ¢, d and e) were grown with
different B and N concentrations, and listed in[€&h Details of the sample growth could be foumi3i0].

The concentration of the B and N are measured g secondary ion mass spectroscopy (SIMS). For all
the samples, the B concentration is in the orddi0Bfcri®, while the N concentration increases dramatically
from 10° to 10 cmi®.

Table 2. Dopant concentrations and normalized PL peak dities of the samples

Sample B concentration N concentration  PL peak intensity

[cm?¥ [cm?¥) [Normalized to sample d]
a 8.0 x 1&f 4.0 x 16° 0.0%
b 6.9 x 16° 3.2 x 16° 6.6 %
c 6.9 x 16° 6.0 x 10° 8.3%
d 4.4 x 16° 9.0 x 14° 100 %
e 5.2 x 16f 9.2 x 106° 77.1%
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4.1 Photoluminescence measur ement [30]

The photoluminescence of the above 5 samples weasumed by using an Olympus reflected fluorescence
microscope system, a 377 nm diode laser as excitagource (focused by a 20X objective), and an

Instrument System CAS 140B spectrometer. The iategr time was 10 seconds with excitation power

density of 0.02 W/cfy and the measurements were performed at room tatope.
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Fig. 17 Measured PL spectra of N-B co-doped 6H-&@ples (inset: zoom-in for sample a, b, and

c), same peak wavelength at 587 nm and FWHM ohir?®ere observed in all the spectra

As seen from Fig. 17, the PL intensity increasethadN concentration increases from sample a, bard

c, to sample d. Then the intensity starts to deereehen the N concentration increases further sample

d to sample e. In general, the photoluminescengeite weak for p-type doping samples a, b ana ¢hsir
spectra have to be enlarged in order to see arnyrésa Sample d and e show very intensive yellow
fluorescence, illustrated in Fig. 17, comparedaimgles a, b, and c. According to the mechanismwidain
Fig.2, emission intensity increases as the dopamtsentration increase, which is followed by sanaplb, c,
and d. The deviation from sample d to sample edcbel explained by the different ionization enerdy o
donor and acceptor. For N and B, the concentratitberence is of 4.6x18 cm® for the optimal sample.

4.2 Raman spectr oscopy [30]

Raman scattering spectra of the 6H-SiC samples a@gaired in a backscattering configuration usimg t
514.5 nm line from an Ar ion laser (5 mW). The Ramspectra of the longitudinal optical phonon-plaamo
coupled (LOPC) modes in the Raman spectra for Hokmrare shown ifrig. 18, and the mechanisms of
Raman shifts in p- and n-type samples are diffefemt LOPC mode would broaden, lower its intensityd
shift toward higher wavenumbers with increasing fcarrier concentrations. Usually, it is more giresito
the amount of free electrons than to free holes.

In p-type samples, very few acceptor states areedndue to the large ionization energy, and thmdta
shift is mainly contributed to the atomic size effeThe B atoms usually occupy Si lattice positionSiC.
The inter-atomic distance of a Si-C bond is lontpan that of a B-C bond due to the smaller atomitius

of B. The biaxial tensile stress will be releasehiolw results in a decrease of the phonon osciliatio
frequency. So the LOPC mode shifts toward smallremumbers with higher B concentrations.
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For the n-type samples, the predominant mechangrsitg the Raman shift of the LOPC mode is the free
carrier (electron) concentration. Although no olbMigeak shift has been observed between sampld d an
due to the relatively small concentration differenthe peak intensity of the LOPC mode decreases as
expected when the free electron concentration &sere from sample e to d. Furthermore, one canrcee f
Fig. 18 that the LOPC modes of n-type samples oatugignificantly higher wavenumbers than the petyp
ones.
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Fig.18 LOPC mode in Raman spectra (inset: positioh$ OPC modes of the SiC samples with
different dopant concentrations).

5. Light extraction enhancement for fluorescent SiC

Low extraction efficiency is a common problem foEDL chips because the high refractive index of the
semiconductor material confines most of the emitigit inside the device itself. It is challengiig the
LED field to extract more light out of the devidberefore huge amount of effort has been madeeratha

to look for low-cost and effective solutions. Espég for fluorescent SiC based white LED, the SiC
substrate has an even higher refractive index Y2l&n the sapphire substrate. Thus, it is a E@gego
investigate. In this section, theoretical simulatis first made, in subsection 5.1, as guidancelHferlater
experiments. In order to implement the simulatedcstires, a couple of nanostructuring methods heen
applied with the intention to achieve low cost dndh scalability without sacrificing the efficiencyn
subsections 5.2 to 5.5.

In the following sub-sections, the dry etchingSi€ is in RIE (STS cluster system C010). The optima
etching conditions, i.e. the radio frequency (R.dawer (100 W), process pressure (30 mT), andlgas
rates (24 sccm QF6 sccm @), are used, unless otherwise stated. Surfacectaflee measurements of
different SiC samples were carried out by usingoaigmeter system (Instrument Systems, GON360). A
halogen lamp as a broadband light source was ctathég the transmitter arm of the goniometer ara th
receiver arm was connected to an optical spectemggtstrument Systems, CAS140B). The SiC samples
were mounted on the sample stage and the reflesfientra were measured with an incidence angle of 8
with respect to the surface-normal direction.
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Angle-resolved photoluminescence measurements egered out by using the same goniometer. A 377 nm
diode laser was connected to the transmitter artheasexcitation light source and the SiC sample was
optically excited from its back side at room tengpere. The detection angle of the receiver arm veaed

from @ (surface-normal direction) to 8@with a step of 10and the corresponding photoluminescence spectra

were then acquired.

5.1 Simulation [31]

The simulation is based on the two dimensionadrighupled-wave analysis (2D-RCWA) algorithm, and
both moth-eye and cylinder structures are arramgéee hexagonal grid.

a) | 1 b) [ ]
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Fig.19 Schematic cross-section of modeled SiC-basée LED (a) with cylinder structures, (b) withoth-
eye structures.

In both structures, the grating period is definedpaand is the distance between the centers of the
neighboring structuresl is the width of the structure, amds the height of the structure (illustrated in Fig.
19 a and 19b). Since the structure width has vergkwnfluence on the light transmittance, fixeduesl of
d=120 nm andp=1.4d have been applied as the optimized profile in ladl following simulations. The
working wavelengths were set to the whole visilghtirange from 360 to 800 nm. Normal light inciderio

the surface was applied for the simplification. Btreicture height was varied from 0 to 800 nm épstof 5

nm.

red line: moth-eye structure
blue line: cylinder structure |
black line: bare LED structure |
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Fig.20 Integrated intensity of cylinder (blue linehd moth-eye structures (red line) as functionghef
structure height.

24



All the calculated results are normalized to the @nthout any structure applied. It is obvioushpwin in

Fig. 20 that moth-eye structure could improve igbtlextraction efficiency as high as 25%, whichrigch
larger than the typical value of cylinder structfe3%). In order to reach as high as 25% extractio
efficiency, the height of the cone structure shdwgdlarger than 180 nm, when the bottom diametehef
cone is 120 nm and the period of the cone is 168Hmom the simulation, the nanocone structuresrareh
better than the nanocylinder structures in termemtianced transmittance. With this guidance, we have
demonstrated experimentally the huge reflectanppregsion and extraction efficiency enhancemeitien
following sub-sections.

5.2 Periodic nanostructures made by e-beam lithography [32]

BH-RIC E-beam resist spinning E-beam lithography
(@) (b) (€
SiC ARS Mask patt Metal
I Reactive-ion etching Eska 1o Eifot deposition
\ (SFe/O2) !
® (e)

Fig. 21 Schematic illustrations of the SiC ARS ifediron process steps (a)-(f).

The periodic nanoconic anti-reflectance struct@fdRS) are fabricated by using electron-beam litapdy:
Firstly, the positive e-beam resist (ZEP520) wag-spated on the SiC sample (Fig. 21(a)) and then p
baked on a hot plate at 8Dfor 2 minutes (Fig. 21(b)). By using the e-beanitev (JEOL JBX9300FS)
with a subsequent development process, the desjgmibeln was transferred to the e-beam resistrapati
(Fig. 21(c)). A hard mask material (chromium) layexs then deposited on the patterned SiC by theaab
evaporation (Fig. 21(d)). Followed by a lift-offqmess, the dot-shaped pattern of chromium wasraitais

a hard mask layer (Fig. 21(e)). The dry etchingcpss using SFand Q precursor gasses was carried out in
the reactive ion etching (RIE) system. After 12 m@s etching, the cone-shaped ARS with designed
configuration (bottom diameter of 240 nm, pitch340 nm, height of 1.2 um, and hexagonal arranggment
were finally formed on the SiC surface (Fig.21(f)).
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Fig. 22 (a) Surface reflectance (inset: SEM imadedabricated ARS on SiC) and (b) spatial emission
pattern.
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The surface with nanostructures exhibits a highlypsessed average reflection from 21.6% for barace
to 1.6% for nanostructured sample (Fig. 22 (a)k Tight emission enhancement is omni-directional te
enhancement is larger than 100% for emission asrgidler than 50(Fig. 22 (b)).

5.3 Periodic nanostr uctures made by nanospher e lithography [33]

E-beam lithography is a slow, expensive and squiacess, thus not suitable for mass-production. A
potentially cost effective method, i.e. nanospHhignegraphy, is therefore investigated. The preoes flow

of the nanodome structures is shown schematicallfFig. 23 and their corresponding SEM images are
shown in Fig. 24 respectively. Firstly, a monolayexagonal-close-packed array of polystyrene (PS)
nanospheres with a diameter of 600 nm (size digpexs 1 %) was formed on a pre-treated SiC sample
surface by a self-assembly method (see Fig. 2B@)phsequently, the SiC sample was subjected tadfd&RIE
pattern transfer, where the PS nanospheres momaagees as an etching template (see Fig. 23(bp.PS
nanospheres are a unique template as they shririkgdthe etching. After 5 minutes etching, the
nanospheres are consumed completely and SiC naeofdD) structures are achieved (see Fig. 23(c)). In
addition, a 57 nm thick @\, coating with an intermediate refractive index (f32etween the value of air
(n=1) and 6H-SiC (n=2.65) was deposited on tophefrtanodome structures by plasma-enhanced chemical
vapor deposition (PECVD, STS cluster system COIBg SiN4coated nanodome (CND) structures further
enhance the extraction efficiency just for the prafeconcept, although the optimal refractive indind the
thickness for this purpose should be 1.64 and T2.Faspectively. This cost-effective method hasnbe
approved to work by the surface reflectance measeme and photoluminescence measurement, shown in
Fig. 25.

PS nanosphere

/4

(a)

Fig. 23 Schematic diagram showing the detaileditattion process of g, coated nanodome structures on
fluorescent SiC samples. (a) Formation of selbagsled polystyrene monolayer nanospheres as etching
template, (b) dry etching process by RIE witlh &kd Q gases, (c) formation of the nanodome structures on
fluorescent SiC samples and, (dN\&ifilm deposition on SiC hanodome by PECVD.
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Fig. 24 Oblique-view SEM images of the (a) monaldexagonal-close-packed polystyrene nanospheres,
(b) fabricated SiC nanodome structures, and (gNScoated nanodome structures respectively. (d) A
photograph of SiC sample with a partially plain e (lower right part) and partially covered byeth
coated nanodome structures (upper left part).

The measured reflectance spectra in a wavelenggeraf 390-785 nm are shown in Fig. 25(a). Theayer
reflectance of plain-SiC is around 20.5%. Due ®dhaded refractive index profile of nanodomed (1§37,

the average reflectance is significantly suppresseti0 %. An even lower average reflectance 09% 9
obtained for the coated nanodomed (CND) SiC sanipie. 25(b) shows that the fluorescent SiC sample
exhibits a broad luminescence peaked at 575 nm thedluminescence is enhanced after surface
nanostructuring. Compared to plain-SiC, the ND-$i&monstrates a 107% luminescence enhancement.
Meanwhile, the luminescence of the CND-SIC is ewhdn significantly by 138%. The observed
photoluminescence enhancement results are in a gmuistency with the experimental observationmfro
the surface reflectance suppression measurements.
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Fig. 25 (a) Surface reflectance suppression afteg hanodome structuring and (b) Light extraction
enhancement after the nanodome structuring.
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5.4 Random nanostructures made by self-assembled metal nanoparticles[34-35]

Nanosphere lithography is not a standard LED faltioo process step. So it is difficult for this imed to be
adopted by the LED manufacturers. Therefore intamdio low cost and scalability, the new methodwsd
easily fit the current LED production line. Bearitigs in mind, we developed a new method, i.e. gi¢ie
self-assembled Au nano islands. The processing diiotlis method is shown iRig.26: a) a 10 nm Au film
was deposited on the surface of SiC by e-beam eatpo; b) the sample was then heat treated,ifoN5
min at 350 degrees C and nano-islands were forg)etthe sample was then etched by reactive ionrchi
(RIE) using Ck and Q and nanocone structures were formed. One obliggwe-8EM image of the formed
nanocone structures is shown in F2g(a). Their reflectance and photoluminescenceslaogvn in Fig. 27(b)
and (c) respectively with comparison to bare sample

SiC substrate
Thm Au film \

Au nano-islands  Antireflective
structures

(@ (b) (c)

Fig. 26 Schematic illustrations of the SiC ARS ifadiron process steps: (a) Au deposition; (b) Tredrm
treatment of Au thin films to form nano islandg; REE etch to form the nanocones by using Au nalamds
as mask.

(a) 200 nm (b) o 5((:)

2r o ARS SiC
Bare SiC
15 | 13 3l \

Bare SiC

Reflectance (%)
s

PL intensity (a.u.)
N

5 ARS SiC

E 1 1 1 ' 1 1 1
400 450 500 550 600 650 700 750 450 500 550 800 850 700 750

Wavelength (nm) Wavelength (nm)

Fig. 27 (a) SEM image of the random nanocone atrest (b) Surface reflectance in the visible liggrtge

for both bare samples and ARS SiC. The inset isptical microscope image of a sample, half surface
turned black after the nanostructuring, (c) Photolnescence enhancement of ARS sample, compared to
bare SiC sample.

Figures 27 (b) and (c) show that the random namcistres in this method is as good as the periof& A
fabricated by e-beam lithography and nanosphdrediaphy. The reflectance is decreased to 1.6%ttend
PL emission is enhanced by 67%.
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5.5 Random nanostructures made by thin Al film [36]

The random nanostructures made by the self-assdrlldnave demonstrated light extraction enhancement
at the same level as the periodic structures, adhavith relatively simpler process and better atuiity.
However, the usage of Au in mass production israbil a cheap enough solution. Therefore, a newdost

method is developed, which uses thin aluminium At as the etching mask to form nanostructured an
could easily fit to the current LED production line

The processing steps to fabricate the nanostriecoasist of 40nm Al thin film deposition (Alcateihd
reactive ion etching as shown in Fig. 28. The pseirey details could be found from [36].

I
Al layer

1. Aldeposition @ micromasking

2.RIE

Fig. 28 Two-step processing to fabricate nanostres using Al thin films: 1) Al deposition
and 2) reactive ion etching.

Reflectance and photoluminescence measurements peei@med on the nanostructured and bare f-SiC
samples. The results for the reflectance of bote bample and nanostructured sample are showryir2€i

The insets are SEM images of the top-view and abligiew nanostructures. The reflectance has been
dramatically suppressed from 22.5% for bare samagplel% for the nanostructured sample.
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Fig. 29 Reflectance comparison between bare sammienano-structured sample. The insets

are SEM images of the f-SiC nanostructures(top aegvoblique view)
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As shown in Fig. 30, the photoluminescence of tampe with stochastic antireflection structures is
enhanced by 210%, compared to that of the barelsamp

1,2

stochastic ARS

o
-]
1

o
[+)]
|

bare sample

PL intensity (a.u.)

o
~
N

-

o
[¥]
l

0,04

4%0 I 5(l]U ‘ 5%0 I 6(])0 Y 6%0 I 760 r 7%0
Wavelength (nm)
Fig. 30 Photoluminescence comparison between b&k fsample and nanostructured f-SiC

sample

6. Conclusions and per spectives

Apart from the many advantages SiC brings in tleetebnic devices, it is also emerging as a promisin
material for optoelectronic devices. In this paper have reviewed the polycrystalline fluorescert Si
growth by PVT method, the single-crystalline SiCitapal growth by FSGP, as well as 4 different
nanostructuring methods to enhance the extracffaieacy for the fluorescent SiC based white LEDke
N-B codoped 6H-SIiC has been demonstrated to bdeah wavelength convertor thanks to its good clysta
guality and high wavelength conversion efficiency.

Four different methods (periodic nanostructuregfyeam lithography and nanosphere lithography,aiend
nanostructures by self-assembled Au nanoparticidstiain Al film) have been developed to enhance the
extraction efficiency and substantial emissionnstyy increase has been demonstrated for all ttiéseent
nanostructuring methods. It is expected that furihgprovement could be achieved when the surface
passivation is investigated. These nanostructumie¢hods in one hand could enhance the light eitract
efficiency for LEDs, and in the other hand coulsloaincrease the energy efficiency for solar cells.

Despite using SiC as a wavelength converter foteMED, high crystal quality SiC LED is also propds
to be a prospective room temperature source foglesirphotons, a critical device for quantum
telecommunication and information processing [37].

In addition to the application in LEDs, 3C SiC ddpeith B solar cell has been verified by simulattbat

its energy efficiency could reach as high as 48%chmhigher than the 31% efficiency limit for single
junction Si solar cell. This so-called impurity gbwoltaic effect has been proposed by Wolf sincg01[38].
However, little experimental validation has beeported due to the poor crystal quality. As stateddction

2 and 3, we have now established a solid platfasmtiie growth of crystalline SiC, and we hope to
demonstrate this new concept experimentally.
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