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Reziume

Kubinis silicio karbidas (3C-SiC) yra perspektyvapatarg: puslaidininkire

medziaga, savo sawv§tmis pranokstanti silic (Si) ir jgalinanti gaminti
elektronikos prietaisus, kurie veikidideliy galiy ir dazniy srityje, aukStose
temperairose ir kenksmingose aplinkose. Kol kas 3C-SiC keékyra

garetinai prasta lyginant su Si ir vis dar neprilygdtaksagoninj silicio

karbido politiny (4H- ir 6H-SIC) kokybei, kuriuos jau yra galimaigyti

komerciniu ldu. Uzaugintas 3C-SiC vis dar pasizymi didelrairiy defekt

(kity politipy intarpai, dvyniavimosi domenai ir pakavimo deféktaekiu.

Kokybisko 3C-SiC uzauginimas yra sunkus uzdavings, kubig SiC faz yra

metastabili, dl to turi bati iSpildytos specialios gtygos, kad kty jmanoma
kontroliuoti jos augim.

Siame darbe aukstos laiks skyros optiniai metodai yra pritaikomi 3C-
SiC kristaly elektroninip paramety nustatymui, siekiant juos susieti su
auginimo technologijomis ir taip prisitl prie Sios medziagos auginimegl\gyy
optimizavimo.

Pagrindiniai Sio darbo tikslai buvo istirti trininky rekombinacijos ir
pernasos paramgtr 3C-SiC kristaluose priklausomyb nuo auginimo
technologiny paramety, priemaig ir strukfiriniy defekt tankio.

Buvo atrastas naujadittas, paremtas skirtuminio pralaidumo metodika,
skirtas kfivininky gaudykly koncentracijai plonuose sluoksniuose iSmatuoti ir
nustatyti Sj gaudykly prigimt. Svarbu yra tai, kad tokia medziagos
charakterizacija yra atliekama medziagos neatidaptine metodika.

Mes iStyéme tam tikg auginimo slygy skirtingose auginimo
technologijose jtakg elektroniktms 3C-SiC savydms. Tai leido atlikti
netiesiogin sluoksny strukiirinés kokylkes nustatym naudojant medziagos
neardatiias optines priemones, ivertinti skirtingy auginimo technologij
potenciad optimizuojant 3C-SiC auginign Remiantis Siais rezutatais mes

gakjome nustatyti ir palyginti 3C-SiC kristalkokybe, kurie buvo uzauginti



skirtingomis, pldiausiai naudojamomis technologijomis, kas leido tatysi
perspektyviaugiauginimo technologij 3C-SiC puslaidininkiui.
Galiausiai, mes iStgme kokp jtakg turi pactkly pavirSires savylds

kravininky gyvavimo trukmei ir judriui epitaksiniuose sluoksose.
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Introduction

The study of interactions between light and mageme of the most extended
research fields both for their fundamental theoedtapproaches and for their
applications. Optical phenomena that occur durlmgsé interactions resulted
in the development of a variety of methods for itnestigation of material
properties. As scientific knowledge is growing asplectroscopic methods
based on linear interactions have been widely amtessfully used, novel
spectroscopic methods, based on non-linear regidight and matter
interactions, are introduced expanding the scientihorizons. The
characterization of materials by contactless nasirdetive optical techniques
is of crucial importance for materials growth preseptimization so for the
layers as long as for their heterostructures.

Since lasers, and especially pulsed ones, becaaialae all excitation-
dependent material properties can be regardeckinbnlinear regime. Short
laser pulses in the wide family of pump-probe teghes allow the monitoring
of carrier motion, creation, and annihilation byans of both absorptive and
refractive optical nonlinearities from nanosecoaddamtosecond time-scales.
Among the wide variety of pump-probe modificatiohght-induced transient
grating (LITG) and differential transmission (DTgchniques have being
utilized for the photo-induced carrier monitoringTG technique, based on
sample’s excitation by a spatially modulated ligheld, allows the
simultaneous investigation of carrier transportwaedl as the generation and
recombination processes at the surface and intefiboth thin layers and bulk
crystals. DT, as a simpler technique, which is bas® modulated absorption
of a below band gap energy photons, is in widespbusa and is a general tool
applicable to most semiconductor materials and césyi provides an
exceptional advantage of its different geometries the study of carrier
recombination mechanisms. Thus, nonlinear optieahniques of active
spectroscopy are presented as a bridge betweewoptieal and electronic

semiconductors properties as, based on stronglatore between electrical
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and optical phenomena, potentially they are abbntdyze electrical processes
by optical means.

Silicon carbide (SiC) even if as synthetic compodiias almost two
centuries of life only it was studied as a semiamor only at the beginning of
20" century. Nevertheless, only in 50’s, when spaa rarclear applications
started to develop, SiC has attracted the intefést the development of a new
method for the growth of high quality single crystaSince then, many
research activities coming from several institutesyersities and industries all
over the world have been the focused on SiC. Thibecause it possesses
physical properties that make it a perfect candidat applications on devices
operating at high temperatures, frequencies ancewnder strong radiation
and chemical corrosive environments. Among the @@€r polytypes that have
been identified only three of them are the most mom the one (and only)
cubic (3C-SiC) and the two hexagonal (4H- and 68)SUp to now, research
and industry have focus on these hexagonal polgtygeen if 3C-SiC is
expected to have superior properties than the ledgcounterparts, the
production of adequate quality substrates has hm@ved problematic.
Nevertheless, in order to benefit of all potenties of 3C-SiC, epitaxial layers
with an acceptable quality must be grown. Many aedgers have faced the
difficulty of growing 3C-SiC layers with a reasotalguality due to the large
crystal lattice mismatch (~20 %) with Si substratel the difference in their
thermal expansion coefficients (~8 %). The useedagonal SiC polytypes as
substrate for the growth of 3C-SiC, instead of pinysical mismatches one
faces the systematic formation of twin boundaridgtvare highly undesirable
for device performances. As non-equilibrium carfié&time and diffusivity
are very sensitive to the existence of point antéreded defects in a material,
LITG and DT techniques are aiming through theirdteeck information to
growers the improvement of 3C-SiC structural gyalithe latter was my task
as a member of characterization group in MANSICjgui funded from

European Union.
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The main tasks of the Thesis

1. Investigation of carrier dynamics in 3C-SiC thirdasulk layers grown by
VLS, CVD, SE and CF-PVT techniques at various etimh and
temperature conditions and evaluation of theiragdtelectrical parameters.

2. Investigation of the impact that 3C-SiC growth paeters have on the
properties of 3C-SiC by means of optical time-resdltechniques.

3. Determination of concentration and nature of catrigps in relatively thin
epilayers by implementation of time-resolved ogtteahniques.

4. Investigation of excess carrier recombination aiffuglon peculiarities
arising due to the extended defects in 3C-SiCwide range of excitations

and temperatures.

Scientific novelty and importance

Optical time-resolved techniques, such as LITG Biid are known and used
already for several decades. Despite this factsweceeded to extend their
field of application and to observe some novel gme@na in 3C-SiC related to
its growth techniques. We used LITG and DT techegto investigate carrier
recombination and transport in a wide band gapréetlisemiconductor like
3C-SiC. We found a novel way, based on DT techniqoedetermine the
carrier trap concentration in finite thickness lsyeas well as to attribute them
to specific impurity species. We investigated thiduence of several particular
growth conditions at different growth techniques eactronic properties of
grown layers, and hence, a chance to characterdieectly layers structural
perfection by non-destructive optical means, asl vasl to evaluate the
potentiality of growth techniques to 3C-SiC mateonatimization. Based on
these results, we were able to evaluate and comgaadity of 3C-SiC
specimens manufactured by nearly all currently lalsée growth techniques
that allowed distinguishing the most promising giownethods for 3C-SiC

semiconductor.

13



Statements

1.

Density and thermal activation energy of a domirgamtier trapping center
in 3C-SiC can be determined from the differentiahtmission experiment
under a proper choice of experimental conditionser@ical nature of the
traps can be assessed from the activation energy camparison of
measured trap density with SIMS data.

Conventional vapor-liquid-solid (VLS) depositionchmique does not
contribute to optimization of electronic propertie homopolytypicaly
overgrown by SE, CF-PVT and CVD 3C-SiC layers. feation procedure
in VLS technique results in promising seed layenth &@dvanced electronic
properties.

The majority of currently used growth methods (slamd fast-SE, CF-
PVT and VLS) does not provide means to enhancereaicquality of 3C-
SiC layers by increasing layer thickness or optingzyrowth temperature;
carrier lifetime remains within 2-6 ns range indegent on growth
conditions. CVD alone provided 3C-SiC layers witle tifetime increasing
with layer thicknessd as 7goc(1.940.1)>d within 5-12 um region and
reaching 100 ns in the thickest samples.

The morphology of substrate surface can modulaekbctronic properties
of 3C-SIiC epilayers. Anisotropy in ambipolar carraffusivity in 3C-SiC
layers grown by CVD can be achieved by orderedyarcd grooves that do
not damage the high lifetime values. Also, bulketiine in 3C-SiC
epilayers grown homo- or hetero-polytypicaly by Sftreases with

substrate short range roughness.

Layout of the Thesis

This Thesis is organized in seven chapters aswWsll@€hapter 1 is an overview

on SiC — historic background along with generabinfation on the material,

including structural and physical properties, adlvas, a brief account of

defects that appear in SiC. Chapter 2 is a bri¢éfoaduction on growth
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techniques have been used for our samples produdilbapter 3 gives an
overview on carrier dynamics (recombination, tramgptrapping) and on
optical time-resolved principles. Chapter 4 dessilthe experimental setups
which have been used for measurements during mipidbstudies. Chapters
5, 6 and 7 contain the experimental results of 8C-&hapter 5 is dealing
with recombination and trapping processes of excassers, and Chapter 6
deals with correlation of electronic and structuysebperties of 3C-SiC bulk
and thin layers, as well as, with their growth atinds. Finally, Chapter 7

deals with the effects that substrate can havepayer electronic properties.
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Chapter 1 Silicon carbide — an overview

1.1 The history of SiC

Silicon carbide (SiC) as synthetic composite hasoat two centuries of life.
In early years, it was the product of Swedish clséiddns Jacob Berzelius in
his attempt to synthesize diamond [1]. Later, Eegé&cheson was the first
who produced polycrystalline SiC in an electricniace in 1885 [2] named as
carborundum in the namesake company [3]. SIC i® aell known as
moissanite from the name of French chemist Heniisbén [4, 5] who has first
found it naturally studying fragments of a metemtiiven though, SiC is found
only in minute quantities in nature, mainly in @énttypes of meteorite or in
volcanic corundum deposits and kimberlites, itimarkably common in space
and almost exclusively in its cubic polytype.

As a semiconductor, SiC has been studied from ahlg 20th century. In
1907, the first publications on its electrical pedpes and electroluminescent
diode was made by G.W. Pierce [6] and H.J. Rourdrg&pectively. Few
years later, in 1912, the polytypism of SiC wasntdeed by H. Baumhauer
[8]. Nevertheless, the early success and the fasgrgss of the silicon
technology overshadowed the research on SiC amdiéstial applications on
electronic components for power applications athhigequencies and high
temperatures. Only in the mid 50’s, when space andear applications
started to develop, SiC has attracted the interespecially, after the
development by Jan Anthony Lely of a new methodthe growth of high
guality single crystals [9]. This method, commonbferred as the “Lely
method”, was further improved by Hamilton [10] aNdvikov [11] since the
yield of the process was low, the sizes of theefds irregular and while the
most of the crystals have hexagonal crystal stractno real control of the
polytypism existed. The growing interest was resiiiin the launch of the 1st

International SiC Conference, in Boston (USA) irb89During the next two
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decades, a new technique, called “(seeded) sulbimiabr “modified Lely

technique”, was developed by I. Swiderski et aR][and Y.M. Tairov and
V.F. Tsvektov [13]. In parallel, initially Kendallff] who studied the SiC
formation by the cracking of gaseous precursorsCofand Si at high
temperatures and later Nishino [15] with the hetpi@axial deposition on Si
substrates were them who set the basis for tod&y® chemical vapour

deposition (CVD) technology.

1.2 The crystal structure of SiC

Silicon carbide is the only one stable compoundha Si-C binary phase
diagram at atmospheric pressure that contains exquaunt of Si and C. The
Si-C bond with bonding energy of 289 kJ/mol andgtenof 1.89 A is nearly
covalent with ionicity value of 0.177 [16] having &om positively and C
atom negatively charged. The smallest building elenof any SiC lattice is a
tetrahedron defined by strong®sprbitals, either Si¢ or CSj (Fig. 1.2.1)
which means that each carbon atom is surrounde@wysilicon atoms with
an inter-nuclear angl®=109.28° and total tetrahedron height of 2.52 A.
Therefore, the first neighbor shell configuratisridentical for all atoms in any

crystalline structure of SiC with the ratio betweba c- and a-axis to be

S1

Fig.1.2.1(left) Basic elements of SiC crystals: a tetrabadrontains one C and four
Si atoms and vice versa. For the ideal bondingigardtiona=3.08 A,d=1.89 A and
©~109° [17]. (right) Perspective view of two SiCr&gtedra in which the c-axis is set
along one of the Si-C bonds. The “twinned” SiC abt&rdron (b) arising from the
rotation of the tetrahedron (a) by 180° aroundclagis.

18



c/a=0.8165n, where n is the number of Si-C bilayetie unit cell. The lattice
constant - distance between two similar atomausiglly denoted by the letter
“a” and in SiC is 3.08 A. In Fig. 1.2.1(right) omé the Si-C bonds has been
taken as c¢ axis and the tetrahedron show&® ar8er rotational symmetry
around each of the bonds, especially around theisc Since the "3 order
rotation symmetry around the c-axis is broken W8@° rotation around the c-
axis, this creates a “twinned” structure (Fig. 1(8ght)b) which mirrors the

“regular” structure of Fig. 1.2.1(right(a)).

(0001)

|
1O

znc-tlende
structuce

wunate
strocture

o

>anNn>nNen>o>n>ofa
5 :

>anNn>ney>e nyne
P
L -4

>or e roe

ABCAB

Fig. 1.2.2 Schematic representation in the [1 1 -2 0] of thest common SiC
polytypes given with the Ramsdell notation. Thete/lwoloured bilayers represent the
hexagonal sites (h) while the coloured ones thdccsltes (c) in regards to the

previous layer.

Silicon carbide can be found or produced in sirgylestalline, poly-
crystalline, or amorphous form. Single-crystallisgicon carbide occurs in
many different crystalline structures denominatesl ‘@olytypes”. The
phenomenon of polytypism is the special case ofpolphism when the
variations of the same chemical compound are idahith two dimensions and
differ in the third. More than 200 polytypes of Si@ave been identified.
Among them, there is only one cubic polytype refdralso a$- or 3C-SiC.

All the rest are called-SiC. In addition, only few of them, such as 3C, 4H
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Table 11 Properties of SiCs, Si, diamond and GaN from [88,2D, 21, 22, 23, 24].

Property Si 3C-SiC Diamond 4H-SiC 6H-SIC oGaN

Space group Fd3m F43m Fd3m P6smc P6smc P6smc

~a-axis 543 4.36 3.567 3.08 3.08 3.18
Lattice const.4)

c-axis - - - 10.08 15.12 5.18
Bond length &) 235 1.89 1.54 189 195 195
Density (g/cr) 2.3 3.2 3.5 3.2 3.2 6.1
Thermal cond. (W/cmK) 15 3.4 20 5.0 5.0 1.3
Melting point (°C) 1420 2830 4000 2830 2830 2500
Mohs hardness 7 =9 10 >9 >9 >9
Band gap (eV) 112 2.3 5.6 326 3.03 342
Exciton binding (meV) ~15 ~27 ~80 ~21 ~60 ~26
Intrinsic carrier (cr) 10° 10 10%° 107 10° 10"
Breakdown (10V/cm) 03 1.8 4 3 3 3.3

Electron mob. (criVs) 1300 850 2200 900 600 1050

Hole mobility (cnf/Vs) 600 40 1600 120 80 30
Saturation vel. (10cm/s) 1.0 2.5 2.0 2.0 2.0 2.0
Relative dielectric const. 11.8 9.6 55 10.0 9.7 10

and 6H-SIiC, are stable enough and thus of techimalbgnterest [25]. The
stacking sequences of the most common SiC polytgpesllustrated in Fig.
1.2.2.

There are several different methods to describiécars carbide crystal.
The method that widely used is the Ramsdell natd@6], where the number
indicates the number of bilayers involved in theit well and the letter
describes the crystal symmetry as H for hexagd@alor cubic, and R for

rhombohedral. The only cubic polytype, 3C, has AR&cking sequence with
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zinc-blend lattice structure. The only pure hexaj@olytype that has wurtzite
crystal structure is the 2H-polytype, while the estthexagonal polytypes are
mixtures of zinc-blend and wurtzite structures. Axgdhem, the most stable
are the 4H and 6H, with corresponding stacking seges ABCB and
ABCACB, respectively. The rhombohedral polytypewihe lower stacking
sequence ABCBACABACBCACSB is the 15R. There is dls® possibility for
the determination of the hexagonality, h, of a $i@ytype, which is the
percentage of the hexagonal sites out of a whet&alr Since 3C-SiC has only
cubic sites, the hexagonality is obviously zeroQhwhereas for 2H where the
only site is hexagonal the hexagonality is one {h4fh mixed-structure
polytypes, the hexagonality varies between the éwtwmemes. Moreover, the
ratio c/a diverges from the ideal of tetrahedralcure (3C-SiC) since the
group symmetry is changed and the c-axis may le¢cked or compressed in

order to increase the cohesion energy of the drigdtece.

1.3 Applications of SiC

In the recent years, many research activities facusilicon carbide (SiC) in
all over the world. SiC superior properties versiigcon and many other
semiconductors make it a promising material forhhigmperature, high
frequency and high power device applications witksistant to harsh
environments.

Silicon carbide in its single-crystalline, poly-stglline or amorphous
form has a wide variety of application. Traditidgalt is used in high
temperature, harsh environment, high-strength egipdins like abrasive and
cutting tools, structural materials, automotivetpaastronomical and nuclear
fuel equipment’s parts, and steel production. Ldestades it is also used in
electric systems, electronic circuit elements, Qemg production and
biotechnology [19, 27, 28].
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Fig. 1.3.1 Types of power devices.

Silicon carbide (SiC) is a leading alternative ioirSany application in
which the environmental temperatures or level afiaton would damage
silicon electronics or temperatures and corrosiaulds damage silicon or
polymer sensor elements. SiC, like silicon, is lesa#is a semiconductor
electrical element (Fig. 1.3.1). In addition, itsgesses mechanical behavior
that is comparable to silicon. At high temperatwibcon dramatically softens
and dopants diffuse, changing electrical behav@wnversely, SiC does not
significantly soften even at 600 °C and has a vewy diffusivity. SiC is also
highly resistive to a wide range of chemicals arah avithstand high-
temperature oxidative environments. Because of owgrall stability of
mechanical and electrical properties at high teafpees along with a
developed batch manufacturing infrastructure, Si@dised to open up a host
of harsh environment applications to microsysteamtelogy [19]. Such high
temperature electronic components and systems legrap important role in
many areas, like aircraft, spacecraft, automotidefense and power systems
[29]. The recent trends of SiC applications in equents and electronic
devices are shown in Fig.1.3.2 together with theéene improvements on

crystal growth. Despite the chemical resistanc8i6f, silicon-compatible
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Fig.1.3.2 Evolution trends of the possible application of $naterial as an electronic

device.

etching and polishing processes have been develmpe8iC. This allows a

similar degree of flexibility in layout as silicom polymer MEMS.

Another important application of SiC is toward higlower.

Power

semiconductor devices are important for regulatieamd distribution of

electricity. Since the efficient use of electricdgpends on the performance of

power rectifiers and switches, further improvementsfficiency, size, and

weight of these devices are quite desirable. S&KCahhigh breakdown strength

and therefore, it needs thinner layers (Fig. 1.8f3¢ven higher doping level,

for a given blocking voltage compared, with theresponding Si devices [30].

SiC is emerging as the most viable candidate in dbarch for a next-

generation low-loss element due to its low ON tasise and superior

characteristics under high temperatures. As a maftéact, the power losses

can decrease dramatically with the use of SiC-badedces from high

efficiency inverters in DC/AC converters for solairid power supplies and

electric/hybrid vehicles to power inverters for usttial equipment and air

conditioners. Another desirable property of SiC pmwer application is its

high thermal conductivity, which can facilitate tteat dissipation during

operation. SiC power MOSFETS, diode rectifiers, #ndlistors are expected
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Fig. 1.3.2 Comparison of performance of Si and SiC devicethéncase of Schottky
diodes [21].

to function over higher voltage and temperaturgearnwith superior switching
characteristics. The sizes of these devices arectaqh to become significantly
smaller compared to correspondingly rated Si-bas®dces. This is mainly

due to the fact that SiC devices will not requieathdissipating components.

1.4 The cubic SiC

The specific interest for the 3C-SiC polytype (eats) is justified by its
electrical properties superiority versus its hexajocounterparts. The only
cubic polytype shows high low-field electron matyjihigh saturation electron
drift velocity, small donor ionization energy andhast an order of magnitude
lower state density at 3C-SiC:Si@terface, which are required for obtaining
high-performance MOSFETS for power switching apgilmns [31, 32].

First of all, 3C-SiC is the only polytype with isopic properties due to
its cubic crystal symmetry. In addition it is natbgected to micropipe defects
formation. From Table 1.1, one can see that 3CHaiCa larger saturation drift
velocity than both 4H- and 6H-SIC polytypes, andnisre than twice that of
Si, which is advantageous for obtaining higher dehrcurrents in microwave
devices [33]. Additionally, among the three mosb# SiC polytypes, 3C-SiC
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has the highest electron mobility. The carrier Mighinfluences the frequency
response or time response behavior of a devioganmays. First, the mobility
Is proportional to the carrier velocity for low etac field. Therefore a higher
mobility material is likely to have a higher frequy response, because
carriers can move more readily through the devazond, the device current
Is dependent on the mobility; i.e. higher mobiti@sult in larger currents. At
larger currents, the capacitance will charge mapediy, which will result in a
higher frequency response [34].

An interesting future device application for 3C-S&Cas a metal-oxide-
semiconductor field effect transistor (MOSFET) esakty in high current and
high voltage switching applications. Such applmatirequires small donor
lonization energy and low density of traps at thderface between
semiconductor and oxide. In hexagonal polytypedritexface state density is
high at the SiI@SIC interface, which leads to low inversion chdnmebility
in MOSFET devices. On the other hand, using 3Ctgpb;, these interface
states are located inside the conduction band alits tower bandgap [35]. It
should lead to superior inversion channel mobiltyMOSFETSs. But this also
depends on the material quality.

Palyakov et al. [36] has demonstrated theoretidhlypossibility of high
electron mobility transistor (HEMTS) in a heteroiggpe junctionp/a (3C/4H
or 3C/6H). This study predicted the formation ofwap-dimensional electron
gas (2DEG) at such interface with superior potémiahigh electron mobility
transistors (HEMTSs) than the more widely studietice counterpart made of
AlGaN/GaN hetero-system [36, 37]. Indeed, some iBggmt benefits are
expected using/p SiC heterostructure due to larger band offsetmite
homogeneity of the interface, superior thermal cmtdity and lack of
compositional grading. All these advantages offex possibility to achieve
more reliable HEMTs with substantially higher 2DE€heet densities.
However, this 2DEG should only be observed whengrg the 3C layer on
C-face ofa-SIiC substrate due to appropriate spontaneousipatian in that

direction. Some experimental attempts were maaedar to demonstrate such
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2DEG but the results were not really conclusive thppsbably because of the
average crystalline quality of the deposited 3@&tay38, 39].

The benefits of 3C-SiC spread across a vast numbdomains, from
power electronics to chemical sensors, medicaliegtmns and biotechnology.
There is also a theoretical prediction for theaddincy of solar cells produced
from 3C-SiC that might reach the 30% or even highér 41, 42].

1.5 Defects in SIC

The production of crystals with the lowest possidémnsity of defects, as the
main task of materials science, is of great impurain the case of
semiconductors which are used for electronic appbas. Most of the defects
act as traps or recombination centers for carrig@sulting in devices

performance and lifetime reduction. Also, some disfemay be multiplied

through ageing and extensive operation and progedgsdegrade the device
performances or destroy it. In this paragraph w# agcount in brief the

defects that appear in SiC and especially in cpbigtype.

In general, the defects in a semiconductor aresified in point and
extended. As point defects are considered thesenitiade the substitution of
a Si or C atom of the SiC matrix by one impurity, impurity atoms in
intermediate position in the crystal matrix, ord8iC vacancies and/or antisite
defects. As extended defects are considered the, awe-, and three-
dimensional perturbations of a perfect crystaidattThe most common one-
dimensional defect are dislocations, while two- #@m@e-dimensional defects
are stacking faults, grain boundaries, double mwsiboundaries, inversion
domain boundaries, and all possible kinds of inohs respectively. In 3C-
SiC the most common defects extended defects askisions of other

polytypes, twinned domains and stacking faults.
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1.5.1 Point defects

Point defects such as impurity substitution of maélements are present in
most materials during growth independently of theeds growth method.
Depending on the application of the grown bulk mater epitaxial layer this
doping of impurities can be either intentional arindentional. Since SiC
matrix is made of two group IV elements a V grompurity, that substitutes a
Si or C site, has an extra electron that can b&eskmto the conduction band,
and thus it is considered as a donor. The groupmfurities, on the other
hand, lacking of some electrons are considered caeptors. The most
common donor and acceptor species for SiC are N Rarfdr the n-type
materials and B, Al and Ga for the p-type dopingpénding on the size and
chemical nature of the atoms, they can substitueeror less group IV atoms
in the SiC matrix. Nitrogen and aluminum, havingykigh solubilities in SiC
(~10** cm®) substitutes C and Si sites, respectively [43,48}, Boron, on the
other hand, can occupy both sites but is prefakyntiound on the Si site. All
other impurities substitute mainly on the Si sufitat since this induces less
lattice distortion and lowers the total energy. Sitbtional impurities
introduce states in the band gap of the SiC crystath can be shallow or
deep, depending of the impurity, with different diimg energies and thus
induce changes to the electronic properties ofséraiconductor. Moreover,
they are responsible for the screening and coumfifects in semiconductor.
The first effect is responsible for the reductidriasbidden energy bad gap the
so called band gap shrinkage. The coupling effesults in degenerate
impurity state levels within the conduction banddahis important at very
high doping concentrations and at low band gap samdiuctors and it is
known as Burstein—Moss effect.

The interstitial defects in a crystal occur durthg growth of the material
or after post growth treatment by atoms of the air impurities and occupy
an area in between the atomic positions of thetalyattice. These atoms do
not create bonds with the atoms of the crystalhef $emiconductor and are

usually not optically or electrically active. Distions that created in the crystal
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lattice can lead to structural imperfections likislatations or other more
extended defects such as stacking faults. Not bematpored in atomic crystal
positions they can diffuse in the crystal and iateémwith another defect called
vacancy and be annihilated.

A vacancy in SiC is called the absence of a Sj)(® C (V) atom from
the crystal lattice. They are thermally stablecainn temperature and far above
[46], and since they have strong chemical bondsg thebility is reduced.
These defects can be electrically active and affieetelectronic properties.
They create energy states in the band gap andeaptirally identified. The
two types of vacancies behave in different mann&re dangling bonds
around the V¥, are strongly localized at the neighboring C atombkile Si
dangling bonds in the ¢/ vacancy are rather extended resulting in more

effective recombination centers [47].

1.5.2 Extended defects

Dislocations appear during the growth, either whssidifying or when
undergoing deformation and can be visualized asirieertion of an extra
crystal plane in the half part of a perfect crystéhe dislocation can be
described by the so called Burgers vector whichaies constant during
dislocation displacement even turning in a new dfio@. Dislocations are
classified to screw, edge and mixed, dependindherdirection of the Burgers
vector in relation to the direction of the disldoatline. A dislocation is said
perfect when the Burgers vector has the value lattece vector. In the case
that the Burgers vector of the dislocation doescoatcide with a lattice vector
then it is called a partial dislocation. Even thlbugh most cases the
dissociation of a dislocation into two dislocatiomgh smaller Burgers vector
can reduce the elastic strain energy, it usualBates a fault in the crystal
structure with higher energy. In thin layers thdmave been observed
dislocations that start from the interface of thger and the substrate and
finish at the surface of the layer or an interfanside the layer. These

dislocations differ from the other dislocations yomh the direction of their
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motion, as they climb in the layer instead of giglin the slip planes. For this
reason they can be threading edge dislocations )THEWeading screw
dislocations (TSD) or threading mixed dislocatiofisViD). They can be
observed on the surface as points and only inth&scsection of the layer the
typical line shape of the dislocation can be s@&ese dislocations are of great
interest for electronic applications since moreicdegtructures are constructed
on the surface of the layer and utilize the makerar the surface. Since most
dislocations are near the interface, they havenmgact on the operation of
devices. If there is a high density of threadingatiations reaching the surface
of the material it is obvious that they will degeathe electronic properties of
the device [48].

Stacking faults (SFs) are created by a disruptiothe normal stacking
sequence of the atomic levels and they are the aoosinon and simplest two
dimensional structural defects that can appearhm drystal structure of
materials that have a closed packed structurehdridc crystals like SiC two
kinds of SFs can be created, intrinsic or extringis a SF is created in the
[111] crystallographic direction of the crystal ttie stacking of the closed
packed structure is altered from the normal ABCA&uence. In the case of
the intrinsic SF it can be considered that it sated by removing one atomic
layer from the stacking sequence that can come hiey concentration of
vacancies in the crystal structure or slippingh® atomic planes due to shear
stress. The extrinsic SF can be created by addingt@mic layer in between
two stacking sequences. This can be caused byntheduction of excess
atoms during growth in interstitial positions. lath cases the SFs are bordered
by partial dislocations which are linked either lwgxtrinsic/intrinsic SFs or
vacancies. In the case of 3C-SiC, with cubic closacked (ccp) structure in
the <111> crystallographic direction of an fcc ¢aysSFs play an important
role in the quality of the electronic devices proeld out of SiC. The electrical
characteristics of these devices degrade over bgynehe increasing of the
forward threshold electrical potential when appdymn steady current [49, 50].

There have also been studies that exhibit the bethal’SFs as quantum wells
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in the hexagonal polytypes [49, 50, 51] and arepaesible for the
deterioration of the electronic devices. The endliffgrence of the conduction
band of the cubic polytype in respect with the lygexal is quite large while
the respective differences in the valence bands the order of 1/10 of the
differences in the conduction bands. On the othardh if the opposite is
considered, having SF or an inclusion of a hexalgoolgtype inside a 3C-SiC
matrix, then there is no trapping of conduction dalectrons, since the
inclusion is behaving energetically as a barrieB, [60, 52]. What is
noteworthy is that in no other semiconductor, SkEsewfound to be linked so
clearly with the creation of quantum wells [50, 53]

Another effect of polytypism of SiC is the appeamof transition layers
during the growth. Some times in the initial stegsthe growth of one
polytype on top of another, as is the case of dnavftthe cubic polytype on
top of hexagonal substrates, there have been duservransition step of a
homoepitaxial layer and then achieving the cubigtgpe. In some other cases
this happens with an addition of another polytypst after the homoepitaxial
step, that has a smaller band gap than the subgiittype but higher than the
cubic polytype, before finally reaching the cubadyype [48].

Twinning occurs in crystal lattices during growth by mechanical
deformation. In this case the crystal is compodegohas of the same structure
with different orientation with respect to one dwat Every part is a
monocrystal and each part can be derived by foligvgiertain symmetry rules.
The stability of a crystal depends on the collettd atoms forming it to have
the lowest possible free energy. The pattern fisriththe atoms assuming the
positions of the perfect crystal lattice and anyiagon from that, would lead
to higher energy states. The twin boundary interfscone such interface of
higher energy. The intergrowths that created akithgainto account that they
do not arise independently of one another, thentat®ns with the highest
probability of occurring are those that have theatgst number of structural
elements in common. In this way their structurdattenship had reduced

interfacial energy. The greater the number of atomgshe region of the
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interfacial plane which participate normally in th®nding of the two
structures, the less abrupt is the discontinuityatTeads to lower energy, and
consequently a more probable structure. The masdigime intergrowths are
those in which, all atoms of the structure in tegion of the junction bridge
the junction.

One way to describe twin boundaries and grain bades is the
coincidence site lattice (CLS) approach. In orderuse this approach it is
considered that the two grains are overlapping. Wthey are mismatched by
certain angles a Moirée pattern can be formed anme2f the lattice points of
one grain coincide exactly with some lattice poiatsthe other grain and a
CSL superstructure is created. It should be meetiahat there is no actual
overlapping of the lattices, since lattices caractually overlap. If there are
many points of coincidence the boundary is quite@mand has a low energy.
This is called a coherent boundary. On the othedh&there are not many
coincidence points then the energy of the bounaguite high and in order to
reduce this energy it can create faceted boundadriesnore than one
crystallographic direction. These are usually chllacoherent boundaries.
Depending on the angle, the points of coincidemzkifithe twin boundary is
coherent or not, there can be low energy and higligy CSLs. The relation
between the number of lattice points in the unit @ea CSL and the number
of lattice points in a unit cell of the generatiiagfice is called (sigma). It is
the unit cell volume of the CSL in units of the wwell volume of the
elementary cells of the crystals. Usually twin bdames have &3 CSL. The
clearest indication that lowX boundaries are preferable comes from
innumerable observations of a different naturegaitber — the observation that
grain boundaries very often contain secondary defeith a specific role. This
role is to correct for small deviations from a spetow X orientation. For the
cubic SiC case is always odd [48].
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Chapter 2 Growth of 3C-SiC

Cubic silicon carbide (3C-SiC), one of SiC polytgpes a promising material
for power semiconductor devices. Due to lack oftadé bulk growth
technique of this material, several techniques hbgen proposed. Each
technique has merits and drawbacks and all growstals have significant
density of defects. These defects make intrinsitera properties blind. In
general, kinds and densities of defects are difiteie crystals grown by
different techniques. In the framework of MANSiIGjact | have investigated
several samples been grown by different techniquésch have been
elaborated for thin layers and bulk 3C-SiC crystalsese techniques are the
follow:
e Vapor Liquid Solid deposition (VLS)
e Chemical Vapor Deposition (CVD)
e Sublimation Epitaxy (SE)
e Continuous Feed Physical Vapor Transport (CF-PVT)

Complementary, HOYA CVD technique for bulk 3C-SkCreported. In

the next paragraphs a rough description of thedeiques is presented.

2.1 Vapor Liquid Solid deposition (VLS)

The VLS deposition concept was initially [54] prgeal in order to explain the
unidirectional SiC whisker growth catalyzed by impas. This growth

process by VLS mechanism can be described by fonsexjuent steps: (a)
transport of the gaseous precursors to the sudhtee liquid, (b) cracking of
the precursors and dissolution of carbon and silicothe liquid at the vapor-
liquid (VL) interface, (c) transport of Si and Gofn the VL interface to the
liquid-solid (LS) interface, and (d) crystallizatiaoof SiC at the LS interface.
Although VLS mechanism is now frequently used tovgSiC nanowires [55],
the growth of epitaxial films faces several diffioes. The implementation of

the process which requires covering completelysted makes impossible the
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use of pure metal catalyst like for whiskers. Thghlreactivity of pure metals
when they are in contact with SiC substrate is ceduwith the highly
recommended use of metal-Si alloys so that ther@oisneed to add Si
precursor in the gas phase. In addition, the ligamlount that is required
reduces the diffusion of active species and heeselts in lower growth rates.
This is obvious to the achieved higher growth rattethe susceptor edges [56].
The experimental setup was composed of quartz,rwatded vertical cold-
wall reactor. The temperature of the radio-freqye(RF) heated graphite
susceptor was controlled by an optical pyrometeghhkburity Ar was used as

the carrier gas with propanes{d) as the reactant (Fig. 2.1) [56].

graphite

crucible
graphite
crucible

Si layer

graphite susceptor Water cooled
cold-wall reactor

H,O

<—— H:0

Graphite susceptor

Pumping
Ar + C3Hy Vapor Stainless
steel tube
. Graphite
Si-Ge melt Liquid 11qu< r tube
a-SiC substrate | Solid

Fig. 2.1Graphical representation of vertical cold-wallatea (left) and VLS growth

mechanism principle (right). (From [56])

The layers of 3C-SiC are grown on (0001) 6H-SiCessfat the (111)

direction where the lattice mismatch is minimizedorder to achieve identical
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growth conditions, i.e. complete coverage of crigbinterior and hence
wetting optimization, a thin Si layer is deposiiadide the crucible by silane
(SiHy) in argon (Ar) ambient at 1000°C for 30 min (F®1(a)). Then, the
alloy elements in respective composition are seh@ninterior of the crucible
after their cleaning procedure (Fig. 2.1(b)). S& & Ge, and Al in appropriate
proportions are the elements that are commonly irsedder a Si-(Ge/Ga)-Al
melt to formed above-SiC substrate when temperature rises with Ge or Ga
rich liquid to be desirable during the initial neation procedure with C atoms
from cracked propane {Hg) in Ar carrier gas (Fig. 2.1(c)). As an example,
6H-SIC substrate is covered by asSie;s melt which is fed by 5 sccm of;Bg
diluted in 5 sIm Ar. The 3C nucleation step is paried at 1450°C for 5 min
for twin defects elimination, followed by a 55 migrowth at a lower
temperature (1200 °C) in order to limit Ge evaporat This results in a

growth rate in the 1-8m/h range.

Ultra high purity procedure
1200 °C

1000°C

— ars Ar + C4Hg
Vacuum | SiHy Vacuum:ap /ar Ar

Temperatur

L Y J ; I , /" Time (min)
Reactor out - Reactor out - Growth step
gassing + Si gassing
deposition

Fig. 2.2Growth procedures used for ultra-high purity pchge. (from [56])

In order to reduce the nitrogen incorporation iasithe VLS grown
layers, only the pre-growth step is modified. Fisshall pieces of Zr-Ti alloy
are placed beside the crucible (so that they @@ fakated) to act as N getter.
Second, after the introduction of the sample indige growth chamber, a
prolonged pumping is performed at room temperatoreseveral hours. Then,
the temperature is increased to 860 °C and is kepstant under active
pumping in order to increase the out-gassing eificy. The out-gassing

conditions are chosen in such a way that they dafiféict the subsequent 3C-
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SiC deposition step. That is why the temperatureenexceeded Ge melting
point in order to maintain identical nucleation daions. The third procedure
is basically identical to high purity procedure eptthe addition of a crucible
out-gassing step at 1000 °C under vacuum beforS&itleposition. It is called
“ultra-high purity” (UHP) procedure and is summauzn Fig. 2.2.

At the end of the experiments, the melt was suakeidby dipping a
graphite tube, connected to a pump, into the tofhefmelt (Fig 2.1(d)). The
remaining Si—Ge alloy inside the crucible was efiated by wet chemical
etching in HCI-HF-HNQ@

Fig. 2.3 Optical morphology of (111) 3C-SiC layers grown WS on (0001) 6H-
SiC substrate using a) a standard and b) a higtypirS procedure.

In Fig. 2.3 is illustrated the morphology of the-SE layers grown by
VLS mechanism using the two different proceduresthBlayers present
identical step bunched surfaces with jagged stamt.fiT his is typical of single-
domain 3C-SiC layers grown with the VLS techniqliee main conclusion is
then that the layer quality is apparently not addoy the procedure changes.
On the other hand, in "High purity VLS" samples thgogen doping level is
detected to be an order of magnitude lower thansdrmaples grown by the

standard VLS procedure.
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2.2 Chemical Vapor Deposition (CVD)

2.2.1 CVD on VLS seed layer

The VLS growth procedure results in limited layéickness of 1-3um
because of liquid loss through evaporation anddoeading. In order to obtain
thicker 3C-SiC layers and to control the dopingele€VD homoepitaxial
growth is used. The experimental setup is compaseal vertical, cold-wall
CVD reactor similar with VLS one. The precursor gmsire silane (Sl and
propane (GHg) diluted in H at atmospheric pressure [57]. The temperature of
the inductively heated graphite susceptor was obeatr by an optical
pyrometer. The 3C seeds were 3C-SiC(111) layersrgitny VLS mechanism

on top of 6H-SIC (0001) Si-face, on-axis substrai&or to the growth, the
seeds were cleaned first by acetone and then dyameitin ultrasonic bath for

10-15 min, before being dried under Ar flow.

T(C)
Tgrowth
Tetching H2 + S|H4
H+ / CH
H, C3H8 3T

Fig. 2.4Homoepitaxial growth procedure used on the 3CAEiS seed.

The growth procedure begins with in-situ desoxtdtleaning of the
VLS seed at 1200°C unden, lfbr 5 min. Then the temperature is increased up
to the growth temperature (1450°C gJ<1650°C) in 2 min under HC;Hs.
This gas mixture is kept during 5 min af.kn before adding Silito start the
epitaxial deposition for 1 up to 3 h with growthtea-3um/h (Fig. 2.4). The
surface morphology of the samples was characteribgd Nomarski

interference microscope as in Fig. 2.5 one carf@elew temperature growth.
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Here a pronounced step-bunched morphology appetins rather different

macro-structure [56].

k7

Fig. 2.5 Surface morphology after CVD homoepitaxial growdh top of VLS
samples.

2.2.2 CVD on undulant Si

The growth technique of 3C-SiC by CVD on undulant sBbstrates is
introduced by HOYA company [58]. The schematichewn in figure Fig. 2.6.
Advantages of this technique are elimination ofi-phase boundaries by
growth on off-axis Si (001) face (flat parts of thedulation) and stacking
faults (SFs) by growth on off-axes with oppositeediions (face-to-face flat
parts of the undulation) [59]. By this techniquiegse crystal thick 3C-SiC can
be obtained and etching of Si substrates aftegtb@th enables to make free-
standing 3C-SiC. The obtained grown layers by teishnique still have
considerable density of SFs. SFs parallel to theulation ridge (the [-110]
direction) vanish as increase of 3C-SiC thicknesslown in Fig. 2.6(right),
because they are narrowing with growth progress. tkn contrary, SFs
perpendicular with the undulation ridge expand witicrease of 3C-SiC
thickness. These SFs are parallel to the [110ftime and their density is also
decrease with increase of grown thickness duertoit@tion of them by other
SFs. As shown in Fig. 1b, there are two inclinaidar SFs parallel to the

[110] direction. Two SFs with different inclinatisrtan collide with each other
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and one of them is terminated by another SF. TYlgic&C-SIiC grown on
undulant Si substrate have thickness of 150-40@ameter and 3C-SiC with
such thickness has SFs of400* cmi* [60, 61].

(c)

T Growth

—-> - - -

-
-
ah

(b)

T Growth
T8

Flow Flow

Si substrate (a)

Y

Fig. 2.6 (Left) Schematic structure of the surface of “Wiaht-Si”. (Right) Model of
the elimination of TBs in the 3C-SiC layer on “Widnt-Si” with 3C-SiC growth.
The (-111) cross-sectional structure of 3C-SiC geanfrom (a) to (c) as growth
progresses. (After [62])

It has been reported that SFs in 3C-SiC behaveaaserc scattering
defects. Nagasawa et al. have reported differerfceh® electron Hall
mobilities between the [110] and [-110] directig8% The mobility parallel to
the [110] direction which is the same directiorhagh density of SFs is higher
than that parallel to the [-110] direction. Thiglicates that when electrons go

across SFs they are scattered resulting in low Iiho[82].

2.3 Sublimation Epitaxy (SE)

The sublimation epitaxy method has shown great m®snfor growth of
hexagonal 6H and 4H-SIC layers, as well as culfic $he low cost and high
growth rate, in combination with high structuralatity and smooth surface

morphology, would be beneficial for the fabricatiasf device-quality
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materials. An increase of the productivity and tigioput would have a viable
advantage for eventual technological developmei&E |
The sublimation epitaxy (Fig. 2.7) was realized anvertical quartz

reactor with water cooled stainless steel flangés. growth was performed in
a graphite crucible mounted inside thermally insaoa graphite foam and
heated by an inductive coil using a RF generateraimg at approximately 40
kHz. The temperature was measured on the top anddttom of the crucible
with two-color pyrometers. The temperature gradigas varied by changing

the relative positions of the RF coil [64].

Fig. 2.7 Schematic view
T, & RFcoil

+]

of sublimation epitaxy
technique. (After [64])

Thermal insulation

—&—— Source
—®©  Graphite crucible

& O @ © @ ® o © ©

e Quartz tube

T,

T=T,

Growth on well-oriented (on-axis) substrates of dgonal polytypes
yields 3C-SiC due to lack of the memory effect loé tsubstrate stacking
sequence. The lattice and thermal mismatches bet®€e-SiC and 6H-SIC
are very small, which is greatly advantageous coetpao using silicon
substrates. However, the 3C layers grow via twoetdlisional nucleation
mechanism, which results in extended defects ahtivéei coalescence. More
importantly, due to the existence of two possiltéelsng sequences along the
(0001) in the cubic phase, specific defects, dopbk&tion boundaries appear
in the grown material. Deep insight of the initisage of heteroepitaxial
growth is necessary to minimize these structurtdats. Moreover, knowledge

about the formation of 3C on hexagonal structutessates may be beneficial
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for growth of 3C inclusion-free 6H-SIC or 4H-SiC rhoepitaxial layers.
Different temperature ramp-up schemes provide ffe nucleation
conditions. This was applied only to hexagonal salbss, since 3C formation
on cubic substrates has a homoepitaxial charaSiace 3C-polytype is the
first to form under conditions of high supersatimatand Si-rich vapor phase,
the most critical phase of the growth process alltiaw a complete coverage of
the substrate surface by nucleus coalescence wiitndusions of the substrate
polytype. A change of the initial temperature raogp-influences the
supersaturation condition, for example, a fastenprap is expected to give
higher supersaturation and, as a result, an inedeasmber of growth centers.
By further expanding laterally, the growth centgmsned domains of 3C-SiC
over the whole substrate surface. As the growtltgeds, the domains grow
larger, and the large ones overgrow the small of@swald ripening).
Assuming such a mechanism of the layer growths whvious that the initial
supersaturation (number of growth centers) andatezal growth of domains
(species surface mobility) are equally importanonk this viewpoint, slow
ramp-up is preferable because it favors domairrgament. [63]

For thin layer growth the procedure is performed ainsublimation
sandwich system at source temperature of 2000°K 9&tmin ramp up from
1200°C and a temperature gradient of 6-8 °C/mm. @itoavth takes place
under vacuum conditions (<®@nbar) for 30 min [64].

For bulk material growth the procedure is perfornred growth chamber
with close space sublimation geometry with indusiv heated graphite
crucible. The distance between the source andubstste is 1 mm and the
growth takes place under vacuum (base pressur& wifar). The vapor
composition (SI/C ratio) and the supersaturationthe growth cell are
controlled by three parameters: the temperaturéerdiice between the
substrate and the source, the C-getter and thezatitih of 3C-SiC
polycrystalline source material. The experimentsemgerformed at a growth
temperature of 1778, growth time 30 min and a temperature ramp-up 5

K/min.
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2.4 Continuous Feed - Physical Vapor Transport (CRRVT)

Although the possibility to obtain high quality 3&€ was achieved [65] the
size of crystals with the use of conventional PVEtlmod was limited.

Continuous feed-PVT is a sophisticated technique tffers the intrinsic
advantage of combining both the maturity of PVT $&mmgle-crystal growth
and high temperature CVD for continuous feeding tbé high purity

polycrystalline SiC source [66].

Thigh Fig. 2.8 CF-PVT crucible setup.
Graphite lid .
Pyrometric measurement. (1)
seed Feeding zone, (2) transfer zone,
Sublimation . )
T chamber and (3) sublimation zone.
Porous
graphite
foams Heating
element
Tiow < CVD
(1) chamber
\Jj -
TMS + Ar

The experimental setup is a modified sublimaticarcter, with inductive
heating and a water-cooled quartz tube [67]. Theible is totally made of
graphite and thermally insulated with graphitede schematic representation
of the crucible is presented in Fig. 2.8. It is gawed of three main graphite
pieces: the heating element, the sublimation chanarel the CVD chamber,
which delimitate the three “reaction zones”. (1)eTlrst one is the feeding
zone where the polycrystalline source is formeanftetramethylsilane (TMS)
diluted in argon. (2) The second one is the tranab@me consisting of highly
porous graphite foam, which supports the CVD deowl allows SiC transfer
to the sublimation area. (3) The third one is thblimation zone containing

the SiC seed sticked on the top of the crucible.
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The crucible is indirectly heated as the maximumweodissipation from
the induction coil is reached in the heating eleim&he three reaction zones
are thus mainly heated by radiation and convegibaenomena. During the
process, the monitored parameters are tempergioessure, and gas flow

rates. The growth pressure is always lower tharba&rm

T gromth, & 4 TS (2 Ha) P <10 mbar
2090 |- ,
| Growth
2070 [--===eeofs ommnee : .
i i i Cool down
1100 [+ 5 | :
a0 &0 180 Time , minutes

Fig. 2.9Typical CF-PVT growth procedure. (After [68])

Temperature measurements are performed by opticahyeters on the
top of the crucible (fign) and on the graphite foam in the feeding areg, T
The temperature monitoring is linked t@gf. This study was carried out in a
temperature range varying from 1850 to 2050 °g,{T The argon flow rate is
400 sccm. Different TMS flow rates from 16 to 64rms¢ corresponding to
TMS/Ar ratios of 0.04 and 0.16. In the followingewvill refer to the TMS/Ar
ratio. This system could lead to the best SiC dépaosyield at high
temperature in the CVD area. The use of chloringtedursors is promising
for the CVD step but appeared to be very harmfualceoning the SiC transfer
by sublimation in both the transfer zone and tHdiswation zone. The transfer
zone is composed of four similar pieces of graptutan stacked one over the
other. The porosity of the foam is about 97%. Thepbite foams are
numbered 1 to 4; 1 is the lower foam, which is Ibgdthe CVD step, and 4 is
the upper one (Fig. 2.9).
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Chapter 3 Carrier Dynamics and optical time-resoled technigues

The characterization of fast electronic properiresemiconductor technology
is based in the study of their carrier dynamicsnlide@ar optical techniques of
active spectroscopy, in comparison with electramaés which are limited due
to their ohmic conducts and slow response, have abiéty to analyze
electrical processes by optical nondestructive mesamce they are based on
strong correlation between electrical and optitempmena.

Since lasers with short and powerful pulses at ousri operating
wavelengths were available, all excitation-dependeaterial properties are
considered as optical nonlinearities. Short pulseids allow monitoring of
charge carriers motion, creation and annihilatigmieans of both absorptive
and refractive optical nonlinearities on picosecam femtosecond time-
scales. Charge carriers motion can be driven beeithe application of an
electric field or the creation of a concentratioradient that obeys both
guantomechanical and classical laws. Thus, nonlingéical techniques of
active spectroscopy are presented as a bridge éetwlee optical and
electronic semiconductors properties as, basedrongscorrelation between
electrical and optical phenomena, potentially taey able to analyze electrical
processes by optical means.

The extremely small photon—photon interaction csesstion (16 cnf)
makes the direct mutual interaction of two lightamg practically negligible;
thus the linear superposition of light is fulfillesh all practical cases.
Therefore, any potential nonlinearity is achievea the nonlinear interaction
of light with matter. In this case, both the reatiamaginary part of complex
refraction index — or else, refractive indexand absorption coefficient— are
now functions of their light intensitiek Even the general description of
nonlinear interactions of light with matter basedquantum electrodynamics,
this is possible only in the simplest cases with ulse of approximations. In a
general classification we can classify them in eratsonant (with absorption)

or non-resonant (without absorption) interactionthwoherent or incoherent
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light. In order to describe the non-linear intei@ctof light with matter — or
more precisely for the initial nonlinear modificatiof matter by light and the
subsequent linear response of the changed mattéhetdight — one can
consider three different approaches [69]. In thestficase it is used the
nonlinear polarization concept based on Maxwelfisaions which is useful
especially for nonresonant (elastic) interactionswhich the light is not
absorbed by matter. The second approach for res@nafastic) and coherent
interactions is based on quantum mechanical densiggrix formalism.
Though, this formalism is useful for cases with enattructure with discrete
energy levels and their phase-dependent occupaliovimg the light wave
period, it is not relevant for systems with mangrgy levels and/or complex
light fields. For the description of this last casthird approach where one has
to neglect the coherence terms in the density osstrihat results in rate
equations for the population densities. Besidesetheell defined cases all
kinds of mixed interactions are possible.

In general, if matter is exposed to an intenset lilykx, resonantly or non-
resonantly, nonlinear effects are taking place kaneously. In the case that
matter shows some absorption at incident light Beawavelength, with
absorption coefficient higher than about™@@m™, the share of the non-
resonant nonlinear interaction can be neglectethigncase, the mechanism of
light-induced changes of optical materials progsris often described by two
steps. Initially, the light produces some mateedatitation which then leads to
a change of the optical properties. According ® gfuantum mechanics, the
phase of the light wave that produces the resotmansition from ground to
excited state is stored in the relative phase efvilave functions of the two
states [70]. The phase relaxation time of excitatesusually is much shorter
than the decay time of the excited population o thaterial. Hence, in
materials with non-negligible light absorption dogént the wave signature of
excited population is disappeared practically jaker the disappearance of

operative event, i.e. the excitation light beam.efBafter, the excited
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population is the dominant factor for the changas material’s optical

properties.

3.1 Free carriers in semiconductors

As free is defined a carrier being in the vacuum, without any interaction
with its environment. Free carriers in matter aeirig complex electric fields
formed by lattice ions and other charged carriérhe neighboring atoms. In
the base of semi-classical Drude theory, initialbplied in metals, free carriers
can move “freely” only between two successive @astllisions with lattice
atoms experiencing the matter’'s complex field.He tase of semiconductors,
free carrier is considered an electron (hole) wischot bound to a lattice site,
being in conduction (valence) band and so it acatds under an electric field.
Free carriers in bands can exist through seveoaepiures. When a light
beam with photon energy that exceeds the forbidéeaergy gap of
semiconductor is absorbed an electron-hole pajergerated via band-to-band
transitions. Lower photon energy beams can genarateer population in
bands via photoionization of deep impurity levelesent in energy gap of
semiconductor as well. It is also worth to menttbat thermal excitation of
shallow impurities can create a carrier populationrespective bands as
temperature increases. In Drude theory a free eldapgurticle is oscillating in
the external electrical field of exciting light. @ damping of oscillations is
inversely proportional to carrier relaxation timéieh describes the mean time
between carrier scattering events. Taking into aet@ high frequency of
optical excitation, Drude theory gives the follogriexpressions for changes of

absorption coefficiemha and refractive indexin, respectively:

AN€
Aa :—2 == ANO—eh (3.1)
nMo’ a,é,
ANE
An=-———-—=ANn, (3.2)
2nmow’e,
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In Eq. (3.1) and (3.2AN stands for electron-hole concentration, e is the
electron chargey, is the refractive index of crystab is the circular frequency
of the light waveg, is the permittivity of vacuumm is the reduced electron-
hole pair effective mass, anglis the carrier relaxation timee, andng, are the
one electron-hole pair induced change of absorpéiod refraction index,
respectively.

The description of the behavior of charged carriersemiconductors is
one of the keys of their understanding. Chargeierarmobility and lifetime
are among the most important parameters that dieaize a semiconductor
because they are a sensitive measure of materalityquwhich in turn,
determines device performance. In the followingtisecwe will present the
principles of motion and recombination for freergas and their dependence
on temperature and concentration, as well as,rmcsmductor impurities. We
will focus on thehigh carrier density but below the critical degeneracy
concentration of Mott phase transition. We will smer them in thdow

electric fieldtransport regime.

3.2 Carrier dynamics

3.2.1 Carrier transport

Charged carriers in a semiconductive material ble @ move as if they were
free particles with an effective mass. The causé @dn be an external electric
field or a carrier concentration gradient. In tivstfcase we speak about drift
carrier mobility and in the second about diffusimobility. Apart from this,
both of them, in the low electric field regime, glie the same rules. The case
of our interest, as a matter of fact, has to dedy avith internal negligible
electric fields between opposite sign carrier dstions and opposed to their
separation the Dember field. The diffusion process is desddiby Fick's law
with the ambipolar diffusion coefficiem,., to be related to ambipolar carrier

mobility pamp Via Einstein’s relation:
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D, - KT (3.3)

amb = /uamb
(S

Mobility, in turn, is expressed as a linear funotiof average relaxation time
<r> due to scattering mechanisms (discussed earbegr the carrier

distribution as:
e
7 =E<r> (3.4)

Since both types of photogenerated carriers ar@agating together their
ambipolar diffusion coefficient is expressed asraction of their concentration
(n, p) and diffusion coefficientd,, Dy):
o n+p
™ n _p (3.5)

7+7
D, D

p n
For high-level injections nkp~AN) the ambipolar diffusion coefficient is

written as:

D, =2 D.D,
amb — Dn + Dp (36)
If D>>D,, as it happens in the case of 3C-SiC, tbgn~2D,. On the other
hand, at low-level injections (below the dopingdB\D, is approaching the

minority carrier diffusion coefficient (Fig. 3.2.1yVe can conclude that
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Fig. 3.2.1Dependence of the carrier diffusivity on excitataensity. (After [71])
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while minority carriers establish the diffusivity &ow-level injections, the
carriers with the lower diffusion coefficient (udlyaholes) dominate the

ambipolar case at high-level injections.

3.2.2 Carrier scattering mechanisms

In a semiconductor crystal several different doiishable charge carriers
scattering mechanisms are operating. From now ameooonsider that charge
carriers are represented from electrons. If theneot any interaction between
their scattering rates, we can write the net reélamatime according to
Matthiessen’s empirical approximation rule as:
1 1
;—Zm (3.7)

where index refers to the different scattering mechanismscé&imobility is
direct proportional to relaxation time, we can eg% it in analogy of
Matthienssen’s rule. In a general consideration @@z distinguish the
scattering mechanisms in thermally-induced andduedi The former is
describing an ideal crystal, i.e. unperturbed bsindcture, and is dependent
only from temperature. The latter is the consegeent all entities —
impurities, defects — present in the host idealstaly and apart from
temperature is depended from their concentratiororeMspecific, with
dependence of the scattering centers, one canoceeghem in: a) phonon
scattering, b) coulombic interaction, c) interactigith neutral defects, and d)
transport in multivalley semiconductors, intervglgeattering.

Phonon scattering be distinguished in acoustic aptcal phonon
scattering. Acoustic phonons can interact with tetes elastically via
deformation potentials or piezoelectric fields. tims case, mobility as a

32 andupec T for deformation potential and

function of temperature g,ocT’
piezoelectric field, respectively. Optical phonaren interact with electrons
non-elastically via deformation potentials or p@ation fields resulting in

mobility zoptaerccT > and 701 0pioc€Xp@p/T), respectively, for temperatures
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well below Debye temperatuf@,. All phonon related mechanisms become the
dominant scattering mechanisms as the temperatareases (typically at and
above room temperature).

When the scattering occurs on charged entitiesgldgwrons interact with
Coulombic potentials at relatively long ranges sitfte scattering cross section
is in the order of 18 cnf. Theoretically, this problem is treated similar to
Rutherford scattering considering a screened Cdolpotential. Mobility in

%2 and is decrease inversely

the case of ionized shallow impuritiesgncT
with the density of scattering centers as Conwe#isakopf (classical) and
Brooks—Herring (Qquantum mechanical) models tregtriag.

The scattering at dislocations shows relaxationetifor mobility)
proportional to temperature, while the scatteringother carriers (electrons or
holes) has no significant influence. Since dislmret can contain charge
centers they can act as scattering centers. Tharndafion has introduced
acceptor/donor-type defects reducing the mobility particular at low
temperatures (similar to ionized impurity scattgjin The temperature
dependence of mobility due to dislocation scattgrnim a semiconductor is
given byugigecT [73].

Scattering on neutral lattice defects become ingportat low
temperatures due to free carrier freeze-out argeftends from the size of
scattering centers and their concentration, but,hals no temperature
dependence. If fact, ionized and neutral impuriges the two faces of the
same entity; their concentration are temperatuped@ed since free carriers
ionization is a temperature depended effect.

Intervalley scattering has a significant influende indirect gap
semiconductors because they have several sataliitena at the conduction
band edge at different crystallographic directioRionons with sufficient
energy (mainly optical) can provoke intervalley ts&ang processes resulting
in relaxation time reduction. Since, it is govermadinly by optical phonons
scattering its temperature dependence has simidmavior with optical

phonons.
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The lowering of mobility due to transport acrossigrboundaries is an
important effect in polycrystalline and highly defed materials. Since
grain/domain boundaries contain electronic trapsrthiling depends on the
doping of the bulk of the grains/domains. Charget e trapped in the
grain/domain boundaries and a depletion layer mellcreated. At low doping
the grains/domains are fully depleted and all ftagiers are trapped in the
grain/domain boundaries. This means low condugtiviowever, no electronic
barrier to transport exists. At intermediate dopitngps are partially filled and
the partial depletion of the grain/domain leads$hi creation of an electronic
barrier hindering transport since it must be overeoria thermionic emission.
At high doping the traps are completely filled ahd barrier vanishes again.
Accordingly the mobility goes through a minimumaagunction of the doping
concentration. The expression for the limitation tbhe mobility due to
scattering at grain boundaries is givem@gndarych’zexp(-AEba,/kT) [74, 75].

The mobility decreases with increasing dopant cotradon as shown in
Fig. 3.2.2. Thus, for bulk material high carriemdiy and high mobility are
contrary targets. The primary reason of the deereat mobility with

increasing doping level is the increasing roleopiized impurity scattering. At
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Fig. 3.2.2a) Temperature dependence of the electron molidityarious doping

levels (fromNp ~ 10 for sample A to 18 cm ™ for sample F in steps of a factor of
ten). Dashed line indicat@s *? dependence of deformation potential scatteriniig so
lines are guides to the eye. b) Theoretical madslitfor various scattering

mechanisms. (After [76]).
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high doping level, it becomes more important atmdemperature than phonon
scattering [77].

3.2.3 Carrier recombination

Carrier recombination, i.e. electrons and holes¢cassidered a process by
which both carriers annihilate each other. In griscess an electron occupies —
through one or more steps — the empty (electraate sissociated with a so
called (electron) hole. Equivalently, a carrieraebination can be considered
as a transition in which an electron jumps fromghlenergy to a low energy
state which is located in a different group of lsvé&ventually, both carriers
disappear in the process releasing energy equhl thwt energetic difference
between the initial and final state. The releasestgy transfer to environment
leads to a possible classification of the recontimnamechanisms. Based on
the nature of converted energy type we can distafigilnem in electromagnetic
and mechanical. In the first category belong albrebination mechanisms that

result in energy emission in the form of a photod they called radiative

® I L N J ® & & o * I LK J ¢ & o o EC
T E, |Bhy --b-- E,
m o O O O o O O O o O O O M
~Ngy ~An ~An * N, ~An®
(@) (b) (©) (d)

Fig. 3.2.3 Fundamental recombination mechanisms in semicdaiic a)
recombination through deep traps (SRH); b) radeatecombination; c) trap-assisted
Auger recombination; d) Auger recombinatior, E, and & signify the conduction
band edge, the valence band edge and a trap deggjyrespectively. The respective
dependencies of (the inverse of) the carrier hifetion trap density (N and excess
carrier densityAn) is shown below. (After [78])
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recombinations. In the second category the releasengy is converted to
mechanical. This last non-radiative recombinatamit called, can be result in
lattice collective oscillations or to electron kilzeenergy.

The effective recombination rate can be expressedha sum of all
recombination rates that can be attributed to ieddpnt recombination
mechanisms. Expressing recombination lifetime asitiverse recombination
rate, the effective lifetime is written as:

1 1 1 1
—= +—+ (3.8)

T Tory T T auger

rad
where each of the right hand terms, Shockley-Real-HSRH) or
multiphonon recombination, radiative recombinatzd Auger recombination
represent a different recombination mechanism &@.3).

SRH recombination is characterized by deep-levelintiy/trap density,
Nr, their energy levelEy, and capture cross-sectiomsg,and g, for electrons
and holes, respectively. The released energy spdited by lattice vibrations
or phonons. The radiative recombination is an sbdeehole pair direct
transition that energy is released by photons.raldative lifetime is inversely
proportional to the excess carrier density becauise band-to-band
recombination both electrons and holes must beeptesimultaneously.
Finally, during Auger recombination, the releasadrgy is absorbed by a third
carrier and the Auger lifetime is inversely propmmal to the carrier density
squared. All the above recombination lifetimesthia general case, are given
by:

(N +n+An+7 (p+ R+AD

Tsru = D+ Mo+ AN (3.9
Tad = = 3.10
" B(p+n+AN) (3.10)
1
(3.11)

e T C (R+2pAneAR)+ G( G20 AA
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whereny, po are the equilibrium andn, Ap the excess carrier densities, p;
are the thermally excited carriers from impuritgftrlevels.z,, andz, are
defined as the electron/hole lifetime determinedrdiyombination center®
and C,, are the radiative and Auger for an electron/haeombination
coefficient, respectively.

At this point we have to mention another kind afambination process:
the trap-assisted Auger recombination. This is laimio the SRH process,
except that the energy released when the eleatronole) becomes trapped is
transferred to a second electron (or hole) in agekprocess, rather than to a
phonon. Trap-assisted Auger recombination rate magertheless, a quadratic
dependence on the carrier concentration as in thge cof radiative
recombination, but, it is proportional to the defdensityNy. Thus, one can
express with a single radiative coefficient botkiasive recombination and

trap-assisted Auger as:

B=B_ + C.xN; (3.12)

whereCqraar IS a coefficient for the trap-assisted Auger rebmmation process.
Since the injection level is important during lifeé measurements the
above expressions can be modified for low-level ghd for high-level (hl)
injections. In our studies we have been limitechigh-level injections when
injected excel substantially equilibrium carrierShe equal densities of
electrons and holesAf=Ap) follow a mutual annihilation during relaxation,
and so, the high-level excitation recombinatiorcadled bimolecular. In this

limit the above expressions are approximated by:

tru(W) =7, +7 = T8 (3.13)
1
s (M)~ S (3.14)
1 1
Tpuger (D) = (3.15)

“(c,+c,)ar T C AT

At high carrier densities, the lifetime is conteallby Auger recombination and

at low densities by SRH recombination. The highrieadensities may be due
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to high doping densities or high excess carriersidiess. Whereas SRH
recombination is controlled by the cleanliness bk tmaterial, Auger
recombination is an intrinsic property of the sesniductor.

At this point we have to distinguish two differesases of SRH
recombination according to semiconductor topolog@ie first one is the
recombination at defect/trap centers in the inteofosemiconductor far from
surface or interface, and so it is called bulk SHHe second one is not an
additional recombination mechanism, but simply SREcombination
occurring at numerous surface defects like, eangting bonds. The surface
SRH lifetime can be defined as:

_S(n+n)+ S( R+ p)
) $S(rn- 1)

where §,, is the surface recombination velocity for elecgoand holes,

(3.16)

respectively. While in the regime of low-level ioj®ns the surface
recombination velocity is approximated with mingritcarrier surface
recombination velocity, at high-level injectionvisitten as:
S(hl)z% (3.17)

Practically, in the general case, surface recontioimaifetime is a function of
surface/interface recombination efficiency and @frrier transport to the
surface/interface from bulk. The general solutisnquite complicate and is
done numerically or graphically. Due to our expamtally conditions (high-
level excitation regime and light penetration deptmaller than sample
thickness) the surface recombination lifetime campproximated by [79]:

d 4d?
=—+
S z°D

amb

Ts

(3.18)

Here, Dy (be denoted also ab,) is the ambipolar carrier diffusion
coefficient, (it will be discussed in next subclept Nevertheless, in most
cases the requirements for stationary conditiomesrent fulfilled. In a more

general approximation that holds in our cases as the second term has the
dominant role and so we can say that diffusiontiaehirecombination take
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place than the case where the first term had wasrding (surface-limited
recombination).
Finally, all recombination processes can be acaalfrom the following

form of two dimensional balance equation:

oanx2Y _y[p, (an)van(x 2 1]
An(% 2.9 (3.19)
—T——BAnz(x, z)-QAnd( xzf+ G x 2)
R
with the boundary conditions:
OAN( X z 1) S
— = An( x,0,t
0z .o Di(an) n(x0.9 (3.20)
and
An(x,00,t)=0 (3.21)
OAN( X, z 1) S
_— = A ,d, t
oz |, oan %Y 522

for a semi-infinite and layer of thicknegsmedia, respectively. In the above
equations,G(x,z,) is the carrier generation function, which in tbase of
spatially in-plane modulation is expressed&s,t)=(alo/hve)exp(ax)f(t) with
f(t)=(Lh e ?exp(ta°) to be the filling function of laser pulse withp
duration. }=(1-R) is the total excitation fluence in the samplehwitandR to
be the absorption and reflection coefficients, eetipely, of excitation pulse

with wavelength quantum efficiendye, [78].

3.2.4 Carrier trapping

When we generally consider a trap-assisted recaatibim process we assume
that equal amounts of both charged carriars=Ap) annihilate each other in a
single trap level with similar carrier capture @g@®ction for electron and holes
(op=ay). If, however, this condition is not satisfied, iasthe cases that defect
concentratiorNp with different capture cross sectiomsanda, is high relative

to the doping or injection densities or when a heghcentratiorN; of shallow
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defect levels is present in addition to the maicorebination center, leads to

unbalanced carrier densities, resulting in non-agptial carrier decays.

t in
E Q\ rapp g/Q A cT el A
C = n n
¥ k=) JL‘I‘ e D eD
E.. & 'é " "
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Fig. 3.2.4Schematic representation of the trapping mechar{iafter [71])

When shallow level defects exist in high concerdret they act as carrier
traps which temporarily hold before release theckha the band again. This
happens because, at shallow level states, connewagay with impurities,
carrier emission to closer band is much more prigbtiian completion of the
recombination by the capture of an opposite sigriara The condition that has
to be fulfilled is that the shallow level has te loutside the energy region
between the quasi-Fermi levels at the particulantatton intensity [80], as
illustrated in Fig. 3.2.4(a), where the completeleyetween carrier generation
and recombination is shown. In general, such reaoatlbn processes can be
described using separate carrier emisgiocapturec and generatio® rates,
as illustrated in Fig. 3.2.4(b) [71]. Consequenthg electron concentration in
the e.g. conduction bardg in the trapny, and at the recombination centgy,

and the hole concentration in the valence bpndbey the following rate

equations:
e (No-1)+ € - §(N- B+ B pr G (3.23)
T (N-n)-dn+ §( N- B)- § 5 (3.24)
T (No-n)-¢n+d(N-8)- §p (325)
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T (=)= ¢ §(N- B §p (326)

wherec and e are the capture and emission rates for carriespectively.

These quantities differ between the deep recombimaenter and the shallow
trap only in the capture cross-section and thetiposof the relevant energy
level in the band-gap. Theoretical fits these dquaton experimental carrier
dynamics at different temperatures and at diffeeditation conditions can
provide values for the capture cross-section, timergy position and

concentration of traps [81].

3.2.5 Compensation in semiconductors

Limiting ourselves to low temperatures or to widsnt gap semiconductors,
like SIC, where the intrinsic carrier density cae beglected, and having
donors and acceptors simultaneous present, weaaider that some of the
impurities will compensate each other. Electromsnfrdonors will recombine
with holes on the acceptors. Depending on the d¢a#me situation the

semiconductor can be n- or p-type.

Moreover, with increasing concentration, the diseahetween impurities
decreases and their wavefunctions can overlaphande, an impurity band is
developed. Since the impurity atoms are not arrdngeriodically in host
semiconductor lattice but they are randomly disitell, the band edges exhibit
tails. At high doping concentration, the impurityara overlaps with the
conduction band. If compensation is taking placeuianeously, the impurity
band is not completely filled anymore and contapsosite type of carriers. In
this case, conduction can take place within theumiyp band even at low
temperature, making the semiconductor a metal. Mel—-insulator transition
has been discussed by Mott. The critical densityth@ transitionN¢, can be
estimated from the Mott criterion when the distant¢he impurities becomes

comparable to their Bohr radius; [76]:

M,
A =6 3.27
- (3.27)
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where og = 0.053 nm denotes the hydrogen Bohr radius, ne* ifotropic
effective mass, ane the dielectric constant. The formation of the imiyu
band leads to a reduction of the impurity ionizatenergy. At the critical
doping concentration dfl; the activation energy for the carrier concentratio
disappears. The ionization energy of donor or aocefdecreases with its

ionized dopants concentratidhas [82, 83]:

N
E=E-aN’= E,[l—[ﬁj } (3.28)
The constant is related to impurities compensation degree,3{84]:
eZ
a=f(K
( )47rgrgo (3.29)

where f(K) is a (dimensionless) function, the exacm of which depends on
the details of the concrete mechanism leading @oréauction of the thermal
ionization energy. Among several different theaatimodels that have been
proposed the most successful is based on the commepelectrostatic
interaction between the free carriers and the dpgdgscharged impurity
centers originally proposed by Pearson and Bard88h and modified by
Debye and Conwell [82]. A similar model proposed Mgnecke et al. [85]
incorporates also the effects of the relaxatiothef distribution of carriers on
the impurity centers. A relative approach of difer theoretical functions on

experimental results is presented in Fig. 3.2.5.
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Fig. 3.2.5Theoretical and "expmnental” curves of the function f(K) versus K. C
collected and reanalyzed from the literature. Taeoal curves: A - aceding tc

Debye and Conwell, B - according to Monecke. (Af&])
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3.2.6 Thermal activation energy of impurities

Thermal activation energy is an empirical parametbaracterizing the
exponential temperature dependence of a specipererentally determined
guantity. This quantity, which in our case is tiauged carrier lifetime, obeys
to a simple, but remarkably accurate, formula: #ehenius equation.
According to this equation we can express the @dhcarrier recombination

rate, which is proportional to inverse chargedieatifetime, as:

E
R-R + R L) (3.30)
where Ry, is the recombination rate of donor-acceptor painsl carriers-
impurities, andR, a pre-exponential factor. Plotting the experimiyta
determined recombination rate with the inverse hibsdemperature in a semi-
logarithmic diagram, usually referred as ArrhenRist, one is able to obtain
by linear fitting the activation energy of the maaofsm that causes lifetime
changes as temperature increases. Nevertheleasieial material, more than
one, independent processes corresponding to diffexeergetic levels that
different impurities have into energy band gap.tlms case the resulted
exponential decay can be expressed by multi-teroaydéunction in which
each term represents a single-exponential decajpanesm associated with a

specific energy state:

E, _E
R=R, + I%[ v]\_/exp(—k_rj+ vyexp{ ijJr J (3.31)

where w, W,,... are the weighting parameters dhgd E,,, ... are the activation

energies for each independent energy level, raspbct As a matter of fact,
during evaluation process, the number of paramé&ensreasing so much that
the total uncertainty makes the reliable deternongpractically impossible or
at least questionable. The cases that are ableotodp a reliable result are
these that one energy state is dominating, i.e.nwihe level population
exceeds substantially from others, or, all the othetivation processes are
practically over. In the first case the long detay, after theRy, subtraction,

shows single-exponential decay behavior. In theorsg@ccase, avoiding the
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initial part of mixed long slow decay tail, we camnsider the single-

exponential decay kinetics ascribed to an onlygnstate.

3.3 Optical time-resolved techniques

The optical time-resolved techniques are basedhenchanges of dielectric
function of the semiconducting materials, or elea, the spatial-temporal
modulation of their refractive index and absorptionefficient. As the

knowledge of carrier dynamics is the key issue insmtechnologically

materials, nonlinear optical techniques of actipectroscopy, based on strong
correlation between the electrical and optical pmeena, provides a
possibility for nondestructive, contactless studshvhigh spatial and temporal

resolution in a wide spectral and temperature tignamge [86].

3.3.1 Light-induced transient grating (LITG) technique

In LITG technique the matter (e.g. semiconductar)ekposed to a strong
interference pattern of light creating in matemalight induced grating. The
appropriate light source for that has to meet tladtions for a light
interference pattern. Laser pulses are perfecttgdgand commonly used for a
grating recording because of their short duratiapability, coherence, high
intensity, good beam collimation and wavelengthatility that allows the
selective material excitation. For the grating rdooy two TEM,, beams,
which approximate the ideal plane waves, are u$kd.interference pattern,
(as in Fig. 3.3.1), of two plane waves producesiaibpaperiodic light intensity
profile:

I (x)=1,(1+mcog Kx)) (3.32)
wherelg is the sum intensity of pump beamsg+(}), m is modulation depth
(2(1,+1,)"%(1,+1,)) andK=2r/A is a grating vectorA is a grating period which
can be varied by changing incident angle of purmanizeas\=1/(2sin(/2)).

The nonlinear absorption and refraction in matsréan be considered as

the interaction of two light beams having in geheransideration distinct
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frequencies ¢, and wp) in a nonlinear medium. In such an interactiong tw
beams can alter each other phase or amplitudelattes process requiring
certain energy resonances. The preceding conditomwn as the non-
degenerate interaction, is the general case omalasi degenerate situation,

where the beams have the same frequengyy,) [70].

Light intensity

Fig. 3.3.1Schematic representation of transient grating &ion by interference of

two coherent laser beams. (After [70]).

There are three main mechanisms of the grating doom: free-carrier
(FC) grating, photorefractive (PR) grating and foaerier absorption (FCA)
grating. Since in our experiments the dominant raadm for the diffraction
grating was the free-carrier mechanism, we conaentexclusively on this
one.

As in 83.1 is set out, the induced free carrierntrilistion result in
modulation of complex refraction index (or complielectric function). The
created spatial modulation of complex refractiveéex can be measured from
the diffraction of probe beam. The diffraction isosgly dependent on the
grating thicknesd. A rough estimation of grating thickness is madent
comparison with grating period: dfis of the order of\ or smaller, the grating
is called thin, otherwise it is called thick. Theoma precise condition for a
grating with arbitrary thicknesdgl can be obtained by dividing the whole
grating to smaller thin grating elements. Assuntimag the diffraction angle on
an elementary grating is small, the phase diffexze@c between beams

diffracted at two neighboring elements is equdlr:
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A®n

where 1 is the light wavelength in vacuum. If the phasdfedence is

Q= (3.33)

sufficiently small Q<<1) the beams from all grating elements interfere
constructively. If the phase difference is lar@»¥%1), destructive interference
occurs and the total diffracted intensity becomasils Only in the case of
oblique incidence at an angleand a diffraction angle=2a, which can be
considered as reflection of the incident beam$atgrating plane, there is no
phase difference between all the beams diffracteitiea grating planes (Fig.
3.3.2(b)). In such a case strong diffraction carobgerved in a thick grating,
too.

During LITG experiment the most important experitaiguantity which
is measured is the diffraction efficiengyof the induced dynamic transient
grating, i.e. the ratio between transmitted andrabted beamg=Ip/l+. For
thin absorption and refractive index grating thérdction efficiency of the

first diffraction order is given by [70]:

n=3(p)

wherelJ; is the first order Bessel function with argumenPrAnd/A wheren is

i (3.34)
the complex refractive index antthe grating width. Fop<<1 the diffraction
efficiency can be approximated as:

T (”Ai”dj:(%“j]z (3.35)

7ARd
A

n= ‘J1(¢)‘2 ~ % =

Since in the spectral region below bandgap therphsa is weak we can omit
the free-carrier absorption term, so that:

znd\  (zn, ANd ’
~ === 3.36
! ( i J ( 7 J 359

In the last part, the diffraction efficiency is egpsed in terms of induced
excess carrier concentration. According this itcisar that the diffraction
efficiency is proportional to the square of induesaess carrier concentration.

In this way, the probe beam diffraction sensitiviéflects the instantaneous
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Fig. 3.3.2 Diffraction at a thick grating treated by successdiffraction of the
incident beam at thin grating elements: a) normaldence, b) Bragg diffraction.
(After [70])

value of grating modulation, i.e. the differencecafrier density in the grating
peaks and valleys. The carrier modulation decaysibhltaneous diffusion
and recombination with dependence of grating petipds 7(t)~exp(-2/zg).
The plot of the inverse grating decayglys. (2/A)? allows the determination
by linear fit of diffusion coefficienD, as well as the carrier recombination
time, since:

1 1 1
St (3.37)

TG TR z-D
where g is the recombination time ang:AZ/(4n2D) is the erasure time of
carrier grating with period by diffusion.
Among the advantages of LITG technique the mostonamt is the
sensitivity because of the high signal to noisersihce the signal is measured
in dark field.

3.3.2 Differential transmittance (DT) technique

DT technique is based on absorption change eithérele or trapped carriers,
or by band gap renormalization effects. It is ofl@gpread use and it is a very
general tool applicable to most semiconductor nedteand also to devices. It
provides an exceptional advantage, as differeningétes and very different
injection regimes can be realized, and thereforaynthfferent materials and

recombination mechanisms may be characterized [€Gncerning DT
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technique, the change at imaginary partof complex refractive index due to
light induced free carrier concentratiaiN as a function of time is written as
Aa(t)=oeAN(T), Whereoey, is the electron-hole capture cross section of @rob
beam photons. The free carrier density is decrgasith time only through
recombination. Here, carrier in depth diffusivitpshno effect on absorption
coefficient modulation, and hence, the differenttednsmitivity is direct
proportional toAN. The transient transmitivity i§(t)=Ty- exp(Aa(t)-d)], where
a(t)=aptAa(t) is the excess carrier density modulated abgorptoefficient
andd is the excited thickness. Generally, the lifetimay be defined using a
general recombination rate of excess electron+hailesR according to:

__AN_ AN
"R (NG (3.38)

The lifetime may not be a constant but may be apticated function of
injected carrier density and other parameters. @beay shape could be
divided in the non-exponential recombination dukigh carrier concentration,
while, at slightly lower injections, but still abewhe doping density, a linear
region is observed where a high-injection lifetimay be extracted. Finally, at
low injections, the minority carrier lifetime mayekderived. In our studies,
excitations at high-injection level took place aling reach the intense Auger

recombination regime.
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Chapter 4 Experimental setup

In this chapter it is presented the experimentalpsethat was required in order
to perform optical time-resolved measurements ffeintly grown 3C-SiC
wide-bandgap semiconductor materials. All of theelobg to the time-
resolved pump-probe methodology. Their principl®ased on the time-space
evolution of a carrier distribution. One of thermaaodulate its sensitivity to
carrier mobility or recombination while the othemeois dedicated to carrier
recombination mechanisms.

The core of all setups are mode-locked pulsed dasdther a Ntf:YLF
(mod. PL-2243), or a NdYAG (mod. PL-2143), both been manufactured by
“Ekspla” company. They generate a ~7 and ~25 psitaur pulses at the
fundamental harmonic of 1053 and 1064 nm, respagtivat fixed 10 Hz
repetition rate. The pulses feature good energgilgya(<1.5% sd in the
fundamental harmonics for both lasers) and highanmdtion degree. The
maximum output pulse energy is ~10 and ~30 mJ mddmental harmonic,
and two or three times lower for second (527/532 and third (351/355 nm)
harmonic, respectively. A third N4YAG nanosecond laser (model NL202,
Ekspla) is used as probe beam generator for lolay dienes due its triggering

by a picosecond laser.

4.1 Light Induced Transient Grating (LITG)

In Fig. 4.1.1 is depicted the modified LITG setdjhis is an evolution of the
standard LITG setup. The grating-recording beameguired wavelength is
collimated using a telescope, which also decretmebeam diameter from ~6
mm at laser exit down to ~2 mm. The energy of réiogy beams is attenuated
either by polarization rotatorAf2 plate) and polarizer (Glan prism) or by
varying electronically the triggering time of ani@r flash lamp, what also
results in altered output energy of the lasea btandard LITG configuration

a dielectric beam splitter divides pump beam to peots of approximately
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equal energies. These two recording beams aregadato cross at sample
position at an angled. The difference in travel paths of the beams is
compensated using a pump delay line in one armecbrding beams. The
shutter is used to close recording beams periddjcavhat allows an
estimation intensity of scattered light, i.e badkgrd. Despite the success of
standard configuration, there were always experaiatifficulties at temporal
and spatial overlap of the two pump and the pradmsenis since a ~10 ps light
pulse duration corresponds only in 3 mm in spaak therir coincidence was
difficult to be achieved at a reasonable time. Mwsz, the background light
originated from scattered light from sample andiagpsuperimposed with
background-free diffraction beam leading to spattdrference on detector, or
as it is known to heterodyne amplification. Botlblgems can be solved by the
use of a heterodyne detection setup with hologapieam splitter (HBS)
which allows a simple deconvolution of diffractadral and interference term
with a background and it simplifies the changerahsient grating period.
The key element of the setup is a holographic bsglitter (HBS), which can
be moved along its grating vector (see Fig. 4.1ThHe deconvolution is
achieved by subtracting two decay kinetics, reabr@g different HBS
positions, which correspond to the opposite phasfesnterference term.
Moreover, the use of HBS simultaneously with c&én propagation of pump

and probe beam meets the requirements for reffeBragg grating (not
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Fig. 4.1.1Experimental scheme of LITG experiment using hapgic beam splitter.
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shown in Fig. 4.1.1). The telescope between HBS samdple has, among
other, the role of beam diameter modulator and &ehe energy flux on
sample.

4.2 Differential Transmission (DT)

The DT method is basically a more primitive methadd this has a
consequence to setup design. It is needed onlyomp beam for the carrier
injection and a probe beam for carrier monitoringime. DT technique can be
applied in two differed configurations concernire trelative geometry of

pump and probe beams.

4.2.1 Collinear configuration

When pump and probe beam incident at the sameospsmple’s surface at a
small mutual angle we consider it as collinear mprktion of DT. Operation
of different beam delay equipment allows the mamup of free carrier time
evolution in initial short or long delayed timesigF4.2.1). The optically
delayed picosecond probe pulse at 1053/1064 nmusad to monitor the
initial fast decay transients of induced free @rabsorption (FCA), while an
electronically delayed a 6-8 ns duration pulse @641 nm was used for

monitoring of the long relaxation tails up to sedéenths of microseconds.

PL2243, | Pumping 7, D3
8 ps A.=351/263 nm
A =355/266 nm 1 incident
PL2 1 43 | Optlcal Ilrzmsmitlcd
25 ps delay line
I Data
Electrical | [ NL202 " : PC H aquisition
. H > | .~ Probing
delay line | |8 ns " A,=1053/1064 nm system

Fig. 4.2.1DT configuration diagram with optical and elecaticlelay for the probe
beam. (From [88])
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The time resolution is related to probe pulse domatin both delay
configurations and is approximately 10 ps and 1Gespectively.

The following Fig. 4.2.2 shows schematic of thelinear geometry
where both excitation and probe beams enter thglsafrom the same side.
The transmitted probe beam is collected by a lemd focused onto a
photodetector. The excited area is large compardgpical diffusion lengths
in the sample, therefore, the probed sample aremaler than the excitation

area, and may be regarded as laterally homogeneous.
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Fig. 4.2.2Schematic representation of the collinear geométyer [89])

4.2.2 Orthogonal configuration

The experimental pump-probe DT setup in orthogaoalfiguration is shown
in Fig. 4.2.3. The probe beam on the left hand sdgenerated by a 5mW
continuous wave (cw) semiconductor laser at 1.54 wawelength and is
appropriate calibrated using an established cdidmraprocedure [90]. The
probe beam is focused on the sample which can hmdea in an open cycle
helium cryostat which operates over a 4-500 K teadpee range and perform
three dimensional motorized translations with pracmion. The transmitted
probe beam is collected by a system of opticaldsrad detected by a 0.5 ns
rise-time photo-receiver, which is subsequentlynsmted to a digital 1 GHz
bandwidth oscilloscope and a PC. The spatial résolwf the probe within a
sample depends on the probe wavelength, the fength of the focusing lens

and the sample thickness along the probed patierieral, better resolution

70



Oscillator

o Beam
Flipping  sclector

mirror —
Spectrometer [d == == +D<—'—: OPO :
Ceccncne —ecccccaaal

Infinity pump lascr l
OEm Polarizer PC
33 Filters
Probe laser — | Aperture
(1.3 pm)
I:I Pyrrodetector
@ Polarizer Digital -
\ oscilloscope PC
Sample Grid
\ — Lenses
o o
SRARE Photoreceiver
Lens
',k---b Optical cryostat with
» 3D translation

Fig. 4.2.3Schematic illustration of the experimental pumpha setup utilizing FCA
probing. (After [71]).

could be obtained with shorter probe wavelengttts lanses with short focal
lenght. However, as indicated by the classical Brawdel, the magnitude of
orca Scales asi? leading to a lower signal to noise ratio for short
wavelengths. In the case of low FCA absorption mithe sample one also has
to avoid multiple reflections and interference eféeof the probe. The latter
imperfections, however, are highly suppressed & plolarized probe beam
meets the surface at the Brewster angle with réspdéhe surface normal. The
pump beam (as Fig. 4.2.3 illustrates) is generhied pulsed laseirfinity),
which is comprised of a specially amplified R¥AG modulus. The laser
pulse is approximately 2 ns duration, while itsi¢gbenergy is 1-10 mJ and its
operation frequency is 10-100 Hz. A special featfréhe Infinity laser beam
is its uniform and wide (~5 mm) intensity profile all operation harmonics
(modes): 1.064, 0.533, and 0.355 um. Moreoverlrtfiaity laser is extended

71



To
detector

Probe beam
(ew)

Cleaved surface [:>
e /!
I\ /
[ k! 4 Epi
i } e T ) :> (Epi)
Fump - gt | ;
beam - ,} !} . .“h. ‘
ipulsed) - J} T ] Sample s;;;nny;‘) Polished
B ::_ ‘::;_—_::) translation (pl:lSOO] cross cut
Probe
ol Depth = beam
To translation (Cw)
detector

Fig. 4.2.4 Two different scanning arrangements of orthogonal &nfiguration.
(After [89])

with an optical parameter oscillator (OPO) pumpgdbe of the modes. With
the use of third harmonic of 0.358m and OPO we obtain by tuning of
excitation wavelength close to the band gap of 8T&520um probe beam
with a nearly constant distribution of excited ¢ans along the z-direction of
the wafer [91]. The intensity of the beam variesrothe spectral ranges
employed and is therefore calibrated with a pyrctele detector. Finally, the
polarization of both probe and pump beams canedded, be rotated using a
Berek polarizer, which is capable of keeping thapoation ratio greater than
1:100.

The main advantage of the orthogonal geometryasathility to perform
depth-resolved measurements. In such a geometmgrewthe probe beam is
scanned across the side surface by moving the santpis possible to
characterize the effective surface of a sample téhappropriate of probe’s
beam diameter. For this geometry the samples cnls cut in such a way
that the probe beam path is rather extended. Tibldsya high sensitivity in
terms of the concentration detected. Moreover,his type of orientation a

uniform excitation is ensured along the probe bepath.
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Chapter 5 Excess carriers decay in 3C-SiC

This chapter consists from two subchapters. Tte &ine is dealing with the
carrier lifetime concept in bulk 3C-SiC sampleseTéecond one is dealing
with general aspects that relate structural andtredal characteristics of 3C-
SiC thin layers. The concept of trapped carrieid, #me determination of their

impurities concentration and nature are analyzed.

5.1 Excess carrier recombination lifetime of bulk rtype 3C-SiC

5.1.1 Introduction

Excess carrier lifetime is a sensitive indicatorao$ingle crystal quality and
cleanliness, while it can determine the performaoteevices [92]. Carrier
lifetime may impact device operation directly, sashby affecting the turn-off
speed of a diode or a thyristor operating at higjections or the leakage
current of a pn-junction, or indirectly, such asaffecting the current gain of a
bipolar transistor. Thus, a high carrier lifetime desirable in many cases,
whereas a low lifetime favors specific applicatioRsrthermore, for optically
active devices, one is interested in radiative mdmoation, and other
recombination mechanisms must be suppressed toealgaiantum efficiency.
In contrast to other polytypes [93, 94, 95, 96, 38], dominant recombination
mechanisms in 3C-SiC are poorly understood. Unulgrlével (LL) excitation
(An<<ng, where An and ny are the excess and the equilibrium electron
concentrations, respectively), carrier decays inS3C were obtained by
microwave [99] and photoconductivity [100] techregu Both techniques
showed that carrier decay is consisting of theahfast 7;z=1-15us) part and
the subsequent slows>1 ms) tail. The initial part was assigned to the
recombination through active recombination levefslevthe appearance of the
tail was attributed to the (minority) carrier trapgp by the deep band gap
centers. The effect of a high build-in strain [10igtween the thin 3C-SiC
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epitaxial layers and the Si substrates was notidered in these studies. Under
high-level (HL) excitation An>>n,), excess carrier decays were studied using
the LITG technique [102, 103]. The high temporabkalation of these
experiments has shown fast decays within 1-4 nsth&se high carrier
concentrations, an increase of lifetime was remsltesomething that opposed
to the conventional lifetime decrease due to Augeombination mechanism.
In the following, it is presented an investigatioh carrier recombination
processes in thick, freestanding 3C-SiC samplegusie time- and spatially-
resolved DT techniques based on free carrier abeargeffect. A wide
injection range, covering transitioning from LL L excitation regimes, was
achieved in our experiments and thus allowed targggght into recombination

mechanisms controlling the bulk lifetime of 3C-SiC.

5.1.2 Samples and techniques

Three different 3C-SiC samples, two grown on the8istrates (samples H1
and H2) and one grown on the 6H-SIC substrate (Eani), were
investigated in this work. Free standing wafersena@tained by removing the
substrates with chemical etching and/or mechamgoéshing. The growth of
bulk sample is described in Ref. [103]. Sample liage wafer thicknessed,
and concentrations, at room temperature are provided in Table 5.1Inl. |
pump-probe experiments were used two different oreasent geometries: an
orthogonal and a collinear. In the orthogonal gaoyneised for excitations up
to 2x10d® cm 3, the cross-cut side of 3C-SiC wafer was homogesig@xcited
with a 2 ns duration laser pulse. Nearly constasttidution of excited carriers
was achieved along the in-depth z-direction of thafer by tuning the
excitation wavelength close to the band gap of 8T-She induced excess
carrier dynamics was detected by the DT (or FCA}ageAa(t,z), of the
continuous probe beam propagating perpendicularlythe excited lateral
surface. Concentration of the excess electron ahal (e-h) pairs was directly
proportional to the induced absorption changegt,z)=Aa(t,2)/o.p, Where the

FCA cross-sectiom=1.4x10"" cnf was obtained for the 1.54n wavelength
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probe beam using the established calibration proegf®0]. Scans along the z-
direction were obtained while the resolution of fwbe beam within the
sample was @m. In the collinear geometry, used for excitatiahsve 2x18
cm 3, both pump and probe beams were directed to the gaint on the wafer
surface. Excitation was done with a different lagenerating 25 ps duration
pulses at 351 nm wavelength and probing was dotte am optically delayed
probe beam at 1.0pm wavelength. The induced absorption changdegt),
were detected by delaying the probe pulses witheeso the excitation pulses
where o, =1x10"" cnf was set for the 1.08m wavelength. An integrated
injected carrier concentratiokny values of e-h pairs was calculated using the
known photon flux at the sample surface and the knalsorption coefficient
a of the excitation wavelength. For 351 nm wavelbnije absorption depth
o ' is about equal to abouty®n [102, 103].

5.1.3 Results and discussion

Fig. 5.1.1(a) shows carrier decays detected ithadle samples at the photo-
induced carrier concentration ahyy ~10'® cm®. In the H1 and H2 samples
the initial part of the decays was almost a sirgdponent with the excess
carrier recombination lifetimesz in the order of 100 ns. At longer times,
decays diverged into slow milliseconds componeassit is represented in
inset of Fig. 5.1.1(a). The initiation of thesevgloomponents coincides with
the achievement of the saturated concentratiorswhich is depicted in Fig.
5.1.1(b) with open symbols. In the B4 sample, gramrthe 6H-SiC substrate,
the peak measured concentratidnyk, was much smaller thatn,y indicating
that 7z is lower than the ~2 ns duration of the excitateser pulse. The initial
fast decay was again followed by the slow millised® component with the
Ang magnitude values substantially higher than inHieand H2 samples as in
Fig. 5.1.1(b) is denoted with open symbols-dashees| Fig. 5.1.1(b) shows
Anpi (solid symbols) andAns (open symbols) in the H2 and B4 samples
plotted versusAny. In both samples\npx was linearly dependent aofiny,

while Ang was saturating at highan,y. Gradual saturation behavior is typical
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Fig. 5.1.1a) Transient concentratioin(t) in 3C-SiC samples at injection density of
10" cm 3, when excited by 2.384 eV energy photon pulse295tK. Exponential fit

is applied to the initial decay. In the inset, ttr@nsients on H1 sample are shown for
lower injections over a longer time scale. b) Itimt dependences of transient
concentration magnitude at 77 K excited by 2.53 &éak concentratiomnpk
(squares) and saturated concentratiams (triangles) is shown for H2 and B4
samples. Inset shows experimental configuratiomfeasurement under orthogonal

and collinear geometries.

for minority carrier trapping by deep band gapteen[96, 99, 100]. ThAng
tends to reach an upper limit as excitation in@eamnd to be equated to the
total density of filed trapd)\y, assuming that the electron is dominating the
FCA cross-section, i.ece~oe=(4.4+0.5)x10® cn? [104]. The N; values,
determined by the change to the absorption coefftdhat induces the amount
of trapped carriersAa=o., ANy, are presented in Table 5.1.1. Since we know
from samples providers that all samples under ty&son are unintentionally
doped by nitrogen impurities at the approximatély same concentration as
Nt we can ascribe to dominant carrier traps the gginampurities.

The effect of surface recombination to the measusgdralues was
evaluated using in-depth scans of carrier decays99]. Fig. 5.1.2(a) shows
An(t,2) profiles detected along the z-direction of the $#inple at different
moments after the excitation pulse~3x10'" cm>. No tangible reduction of
An at 10um distance from the surface was observed duringdéoay times

equating severak. The carrier decay diffusion profile evolution vsasulated
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Table 5.1.2 Sample labeling and basic parameters at room texiype.

Thickness Equilibrium density r(NS) Trap density
Sample 3 _ 3
d (um) no () (An=2x10"cm®) Ny (cm?)
H1 (Si) 255 (3-5)x18 55 (spread+17) (7-10)x1d
H2 (Si) 160 (1-3.5)x1Y 88 (spread+42) 5x16
B4 (6H-SiC) 800 (1-5)x1%6 0.8 1.45x16f

through the one-dimensional model [105] using tleasured ambipolar carrier
diffusion coefficient value~3.3 cnf/s [103]. The calculations showed that
the upper limit of surface recombination ra&eis 10° cm/s. This value is
smaller than the £810° cm/s range of rates determined for the mechapicall
polished surfaces of 4H- and 6H-SiC polytypes [@7d does not significantly
affect the measured; values in 3C-SiC at these delay times since dméy t
initial fast decay is governed by surface recomioama[106]. Statistical
distribution of lifetimes at different sample plaogas also evaluated using in-
depth scans. The vertical bars in Fig. 5.1.2(bwshg distribution in the H1
sample obtained during the 20m step along the in-depth direction. The
detected distribution was well fitted using the Gaars function as shown by
the solid line. The same Gaussian distribution wlagracteristic for higher
Any as illustrated by the dashed line, something thaattributed to the
saturation of carrier trap centers. Statisticatiihe averages and their spreads
at the FWHM are provided in Table 5.1.1 for all sées atAn,=2x10" cm>.
The detected ratio between the average valuesheidspreads compares to
obtained results for other polytypes of SiC [97].

Dominant recombination mechanisms in 3C-SiC wererdaned from
the 7,z measurements at differenhy. In order to separate these changes from
the statisticalzz variations within the sample, special care wagnagrobing
samples at the same position. Fig. 5.1.3 shen@ny) dependence measured
in H1 (triangles) and H2 (squares) samples at 296ge€n symbols) and 77 K
(solid symbols). The circled symbols in the figuhews the precisey value of

the initial fast decay of the B4 sample at roomgenrature, which were
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Fig. 5.1.2a) Z-distributions ofAn(t,z) at different times after 2.48 eV photon pulse
excitation in H1 sample at 295 K(0) position matches to the excited surface. b)
Histogram oftr values from different locations and the correspogdsaussian fit

for two indicated injection concentrationgy.

determined by the LITG (or FWM) technique [103].eTkteep decrease of
lifetime observed in the H2 sample at 295 K abod¥ &m* appeared due to
Auger recombination. The C=2.5x%8cn/s Auger coefficient was extracted
from the C=¢xxAn?)™* data fits [107]. This value was found thirty times
smaller than the one obtained in the 4H-SIC polgtj®7]. The result can be
explained by the difference in the band structmfethe two polytypes. In the
direct e-e-h Auger process, the @& cT'15v)>Ey(I'icT'15v) requirement k-
vector conservation within the Brilluine zone hasbie satisfied [108, 109],
where E(XicT'sy) is the indirect band gap ang(Eic—T'isv) is the direct gap
at theI’-symmetry point. While this requirement is almagfifled in 4H-SiC
polytype, there is ~1.3 eV deficit in the band due of the 3C-SiC polytype.
Therefore, the weak phonon- and trap-assisted Apigeess is the most likely
recombination mechanism in 3C-SiC at high injeci@i0].

In the Anyy range 5x1§+5x10"® cm®, the 7z dependency in all samples
at room temperature had a V-shape. This dependbecgme even more
pronounced in H1 and H2 samples at 77 K. The stdrdlaockley—Read—-Hall
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Fig. 5.1.3 Recombination lifetimergr vs. excess carrier density in three 3C-SiC
samples. Dashed and solid line is the guide foretyesfor injection dependences at

295 K and at 77 K, respectively.

(SRH) theory for a single recombination center iioidden gap can explain
only S-shape (deep center) or a reverse S-shapko(@lcenter) dependencies
[78]. The same theory for two non-interacting dey shallow centers can
explain mixed injection dependency which producas@ly theA-shape. Such
lifetime nonlinearity was demonstrated in p-type $@ihere simultaneous
recombination through the Fe interstitial impurégd the FeB acceptor-pair
was observed [111, 112]. In addition, accordinght® SRH theory a lifetime
peak should occur around the LL/HL transitiaxn{ny) on A-shape injection
dependencies. This contradicts the clear shifthef ltfetime minima on V-
shape in 3C-SiC to the highany values with decreasing temperature (Fig.
5.1.3), while the substantiab reduction by factor of 1/20 is measured with
decreasing temperature to 77 K in moderately dopgghe 3C-SiC [113]. The
only case that justifies the apparent increaseifefihe as excess carrier
concentration drops below intrinsic carrier concatidn is that minority
carriers are trapped, and hence, this is not cermidas a SRH recombination
process through deep defects [111, 114] as happbas the excess carrier
concentration is higher than intrinsic ones. Theetacase is strengthened by
the experimental observation of almost identicdlies of peak concentration

Anpg With saturated concentratiding as excitation drops down in Fig. 5.1.3.
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It is believed that recombination in 3C-SiC shouwlccur through the
defect level similar to the ZZ, center detected in 4H-SiC [93, 95, 98]. This
center originates from the carbon vacancy-relatedpiexes on the cubic and
hexagonal sites and dominates an intrinsic lifetmheghe 4H-SiC polytype.
Despite the complicated injection dependent natdréhe center, which has
three possible charge states, the constant Hlirhéetalues are observed in
4H-SIC before up to the onset of the Auger recoliopm [97, 98]. We
speculate that the V-shape dependency in 3C-Sinaies from the dynamic
capture barrier for the majority electrons duehte lattice relaxation around
the different charge states of this defect. In 48-Polytype deep level
transient spectroscopy measurements showed thai/fyecenter has the large
minority hole (recombination) capture cross-sectgml0™* cn? and two
electron capture cross-sections of the osget0 cnt. In 3C-SiC the capture
cross-sections are one order of magnitude lowes][11sing these values and
the simplery ~(vxSXNg) " relation, wherey, is the thermal velocity (~2x20
cm/s at 300 K) andNgr is the defect concentration, we estimate that
Nr=10"+10" cmi® in the H1 and H2 samples, ah#=10" cm® in the B4
sample. These values are by one or two orders ghituale higher than the

ones observed in high quality 4H-SiC epilayers.

5.1.4 Conclusions

Density of carrier traps and recombination centars-doped bulk 3C-SiC
have been determined from the saturation amplitufe differential

transmittance transients and from the initial fdscay, respectively. The
dominant carrier traps were ascribed to nitrogerpunties, while the
recombination centers to carbon vacancy-relatedptexas. The apparent
increase of lifetime, as excess carrier density weducing towards to
equilibrium carrier density, was attributed to @arrtrapping. Moreover, the
recombination on surface has shown negligible daumion on the total

recombination rate for areas far from surfaces.
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5.2 Carrier dynamics in 3C-SiC epilayers grown by @blimation epitaxy

on different SiC substrates

5.2.1 Introduction

Several different growth techniques and substratesised to manufacture 3C-
SiC wafers [15, 116]. In all growth methods on $ioeSiC substrates the
formation of defects, either in the interface (migfislocations, inversion
domain and twin boundaries) or during the growttiéo polytype inclusions,
stacking faults and twin boundaries) lead to lovalgy 3C-SiC layers [117].
The main difficulty with Si substrate is the hugstice mismatch (~20 %)
[118] and the different thermal expansion coeffitse (~8 %) between the
epilayer and substrate, which results in high detencentration and wafer
bowing. The hetero-polytypic growth of (111) 3C-Se@ (0001)a-SiC with
negligible lattice mismatch (~0.1 %) and identicddermal expansion
coefficient offers a solution to mentioned problebpysreducing the density of
stacking faults (SF). However, another type of defe introduced. During the
growth of (111) 3C on (0001) 6H substrate two dpishable orientations of
epilayer rotated by 60° with respect to each ottaare equal probability. This
is the origin of double-positioning boundary (DPBR)9]. At this point, a
promising technique called Vapor-Liquid-Solid depos (VLS) [119] gives a
chance to develop a hetero-polytypic thin seedrlaye3C-SiC on which it
would be possible to grow thicker layers homo-eqétly by Chemical Vapor
Deposition (CVD) [120] or Sublimation Epitaxy (SER1] techniques.

5.2.2 Samples and techniques

The samples under study are four (111)-oriented298m thick 3C-SiC
layers differently grown by sublimation epitaxy [622]. Two layers (S1 and
S2) are grown on as-received (sample S1) or resipadi (sample S2) 6H-SIiC
(0001) wafers. The other two layers are homo-ppigigly grown on 3C-SiC
(111) seed layers using VLS [123] (sample S3) quseatially VLS and CVD
[124] (sample S4) techniques. All samples, subesraand epilayers, are
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presented in Fig. 5.2.1. The growth was perfornmed radio-frequency (RF)
heated graphite crucible into reactor [64] by suhlion of polycrystalline SiC
source and deposition on a cooler substrate. Ttnetrwas carried out for 30
min at a source temperature of 20@ with 95 min ramp up from 1208C
and a temperature gradient of®mm under vacuum condition (<}@nbar).
To ensure a reasonable growth time the clearanteebe the source and
substrate was kept at 1 mm by graphite spacer.

In order to obtain complementary information onlamrs we carried out
Low Temperature Photoluminescence (LTPL) and Semgndon Mass
Spectroscopy (SIMS) measurements for the determmabf impurities
density, High Resolution X-Ray Diffractometry (HRERto assess the crystal
structure, Nomarski interference contrast microgc@nd Atomic Force
Microscopy (AFM) operating in the tapping mode twamine the surface
morphology, and profilometer to determine the laybickness. LTPL
measurements were taken at 5 K with the FreD las@44 nm wavelength
with 30 mW power. The experimental conditions wkbes for the acquisition
time for samples S1/S2 and with 12 s time for ses\@3/S4, with a grating of
600 gr/mm and slit opening of 3dm. The laser beam diameter was
approximately 10um. All epilayers are thin discs on rectangular swabs so
the measurements were performed on the diameteaatf sample. The SIMS
measurements were taken with the Cameca-IMS4f dfidod source. The
impurity elements of interest were N, Al and B. Table 5.2.1, we list the
parameters for all samples under investigation rdeted by the above
mentioned techniques.

Our study on the influence of SiC polytypic substran cubic SiC
epilayer using sublimation epitaxy as an alterrmiyvowth way shows that
surface morphology is strongly related to substiaddytype. The optical
microscopy pictures (third column in Fig. 5.2.1yealed domain character for
the layers grown on (0001) 6H-SiC substrates amiiraaous character for the
layers grown on 6H-SIiC with (111) 3C-SiC seed laydn the first case, the

surface shows grooves between domains due to decréacal growth rate,
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S1 (as-received)

S2 (polished)

S3 (VLS)

S4 (CVDIVLS)

Fig. 5.2.1Long (left) and short (middle) range roughnesa®feceived (0001) 6H-
SiC substrate (first row), and, after extra polgh(second row). The right column

shows their respective epilayer surfaces receiyeabhical microscope.

while in the latter case, a specific pit-like defeappearance due to twinned
areas is revealed by (AFM) images [122]. The hegkeiyaypic growth of 3C
on 6H generates high density of twins (double pmsing boundaries — DPB)
and during SE the fourfold twinning centers hawghlprobability to be formed
at interface propagate through the whole layer itgating on the surface [125].
On the other hand, VLS growth mechanism promises$ reduction of twins

[126]. It seems that in VLS seeded layers 6H-Sifusions are eliminated but



Table 5.2.. Determined parameters for all (A-D) the 3C epifayéH inclusions,
layer thickness, and FWHM are taken from [122]. Bs concentrations are the
average values obtained by SIMS and LTPL.

Layer S1 S2 S3 S4
Substrate bare 6H polished 6H VLS 3C VLS+CVD 3C
6H inclusion (%) 2 0.2 0 0

Layer thicknessym) 20 29 24 18

FWHM (111) (arcsec) 179 302 144 83

[N] (x10* cmi®) 6 4 5 5

[Al] (x10%" cm®) 5 10

[B] (x10™ cm®) 0.2 4 2 3

twins still exist. The surface non-homogeneity wblgnation layers grown on
VLS seed layers might be attributed to VLS seeéiayuality since they were
exhibiting some defects and non-wet zones. Thus,atmount of structural

defects in these layers is strongly affected byMh8 seed layer.

5.2.3 Results and discussion

DT measurements were performed by 351 nm waveleregbitation
generating carriers within entire epilayers but imothe substrate. The probe
pulse was delayed either optically (i.e. by inciregshe light path with the use
of a motorized translation stage) or electricailg.(by a delayed triggering of
the probe pulse). In the first case a ~10 ps durapulse at 1053 nm
wavelength were used with optical delay up to 4wisle in the second case a
~10 ns duration pulse at 1064 nm wavelength weee usth electrical delay
up to 200us. Applying the optical delay modification we atdeato determine
the very first “fast” carrier dynamics while witlhé use of electrical delay
modification we are able to detect the very “sloveitrier processes (see Fig.
5.2.2). The term “fast” describes the extinctioteraf carriers which are in
non-equilibrium thermal conditions into the bandfiese non-equilibrium

carriers, generated by a short laser pulse, appmnsgble for the absorption of
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Fig. 5.2.2DT Kkinetics of samples S1/S3 and S2/S4 at a) &nh& b) at 300 K. In

insets is presented the initial “fast” decay withtime resolution.

the probe beam in the infrared range of wavelengthsir decay lifetimes are
ranging between several tenths of picosecond ggveral microseconds with
dependence mainly from the specific semiconductatenal. In our 3C-SiC
layers the “fast” decay lasts usually several nacosds. The “fast” decay in
Fig. 5.2.2 is the peak at the “zero” delay timethe us delay range, and is
presented with more clarification in the insetsriDg the “fast” free carrier
decay some of them fill the empty states into twbifiden band gap due to
their ionization from the pump beam photons. Theisges are closely related
to impurities present in the semiconductor latstrecture and we can describe
them as carrier trap centers. When the excess aquifibgium carrier density
into bands vanishes only the trapped carriers ble t absorb the infrared
wavelengths energy photons from probe beam. Usulléy absorption cross
section of impurities is much higher than that wef carriers in the near-IR
range of wavelengths [104]. As temperature decsgaiee probability of
carrier thermal excitation to the respective bamdoiwvering, and hence, the
cyclical process trapping-emitting become longes & consequence, the
apparent lifetime of a trapped carrier is represgity a “slow” decay like in
Fig. 5.2.2.

The dependence of,, on temperature for all layers was investigated
within the 80+800 K range. In Fig. 5.2.2(a), itpeesented the “fast” (in the

inset) and the “slow” signal component of DT dea&a$0 K for both samples.
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Fig. 5.23 Temperature depended DT kinetics for layer a)r&Blg S4.

In the same way, the temperature dependence 6fabt& and “slow” decay in
layers S1/S3 and S2/S4 are similar but not the s&améhe case of layers
S1/S3, as temperature increases above ~120 K, itharprogressive decrease
of apparent lifetime due to decrease of trappederarconcentration (see Fig.
5.2.3(a) for sample S3). On the other hand, indhse of layers S2/S4 the
decrease is more prominent with its amplitude toiskees faster than in layers
S1/S3 (see Fig. 5.2.3(b) for sample S4). Thesesimdar behaviors might be
described by several distinctive elemental procesaking place in a wide
band gap semiconductor material [81]. While thewsldecay rate reflects the
capture and/or emission processes at the trapstheetime constant of the
“slow” decay, other elemental processes, takingepka a trap level, influence
the ratio of the “slow” decay to the “fast” decayg. the amplitude of the
“slow” component. In reality, the temperature degerce of “slow” decay is
influenced by more than two elemental processesatfy when a multitude
of trapping energy levels is present in a compe&asatompound
semiconductor. The increase of decay rate with &atpre, which is
practically the same for all samples, might beilaited, primarily to the
majority carriers (holes) capture rate by the tra@psl secondary to emission of
trapped minority carriers (electrons) and theirssguent recombination with
majority carriers at recombination centers. Thevabmentioned processes are
strongly rerated with traps energy levels whichprmciple, are not close to

band levels. Concerning the amplitude of “slow” algcthis might be a
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consequence of reduction of trap levels’ occupatwabability; minority
carriers’ (electrons) capture cross section is &wugh in order to refill the
empty states of thermally emitted majority carriénsles). However, in our
point of view, the most realistic interpretation @®tow” decay amplitude is
related with recombination centers. The higher amhoof recombination
centers shifts the point of dynamic equilibriumdwer concentration of long-
living trapped carriers. At high temperatures, ieasr are thermally emitted
from trap levels and thus the recombination ratereases. In an overall
consideration of the temperature dependence of remeetal DT “slow”
decays we can conclude that the recombination Eent®ncentration
determines their amplitude, while the energy lesklrapping centers their
decay rate.

The same DT decay behaviors as at low temperahaes shown all
samples at RT (Fig. 5.2.2(b)). It is clear thaelsyS1/S3 apart from the initial
fast decay slope (inset in Fig. 5.2.2(b)) exhilwtsy decay tails for ~3s time
period, while layers S2/S4 apart from the initiatf decays exhibit weak long
decay tails much shorter than S1/S3 layers (imsdtig. 5.2.2(b)). This fast
initial decay in the regime of moderate excitatimeepresentativior the non-
radiative recombination of free carriers throughemldevel recombination
centers according to SRH model. Thus, S2/S4 lag@mains higher amount of
recombination centers than S1/S3 do, since nomtigdirecombination rate is
proportional to recombination centers concentratibnus, the longer living
carriers in layers S1/S3 are trapped and recompingressively after their
release to vicinal bands. From both diagrams ar&D300 K in Fig. 5.2.2 we
can conclude that samples S2/S4 have higher coatient of recombination
centers than sample S1/S3. As we will discuss,ldter trap energy levels
which are responsible for the long “slow” decayddrf kinetics are attributed
to Al impurities.

We would like to draw attention to carrier lifetimes it determined from
the “fast” part of decay, as a function of tempeamitr,.s(T). The colored open

symbols in Fig. 5.2.4(a) shoms(T) for all samples; the dependence is
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Fig. 5.24 Temperature dependence of a) “fast” and “slowbnebination lifetimes,

and b) ambipolar carrier diffusion coefficidbj.

gualitatively similar in all samples. The obsenteddency can be attributed to
diffusion-limited carrier recombination at extendeefects, observed recently
in thick SiC and GaN layers [127, 128]. Latter migaleesumes that lifetime is
limited by carrier diffusion to domain boundariek29, 130]. This process
becomes increasingly important above ~200 K wheneramobility reduces
due to carrier scattering on acoustic and optidabnpns (Fig. 5.2.4(b)).
Consequently, free carriers spend more time inr-sti@ictural-defect space
before recombine on them, since the recombinatiomsolated point defects
has much lower probability. It seems that the abdescribed model, in our
case, does not retain its validity, since SRH rdmoation processes in SiC
performed mainly on deep level recombination stdies Z1/Z2 strongly
connected with carbon vacancies and interstitiads,intrinsic point defects.
Thus, the increase of lifetime at elevated tempeeat might be not attributed
to the decrease of SRH recombination rate on baiesddut to thermally
emitted carriers from traps. Our latter consideratiis enforced by
experimental results for lifetime at temperatu@sdr than 200 K where only
a small decrease is exhibited when ambipolar difitystends to saturate as
temperature drops down and trapped carriers hawesweall probability to be
thermally emitted. Since overall SRH recombinatiate is partially dependent
on diffusion coefficient, i.e. partially diffusiolimited, we can derive that the

carrier recombination on extended defects is netdbminant recombination
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mechanism, but still is important since the generaid for extended defects,
as individual entities, is to gather any kind ofnpalefects on them and hence
to increase their recombination effectiveness.

Lifetime values in all layers at RT seems that supphe latter result:
lifetime is shorter in layers with lower concenimoatof surface defects. As it is
shown in last column of Fig. 5.2.1 layers S2 and &dibit lower
concentration of defects than layers S1 and S3adpectively. According to
the latter, it seems that there is not any pronedndependence of carrier
lifetime on extended defect density. For this rea$sT measurements at RT
are performed at several spots in all layers, 8&etsime mapping”, where
nonhomogeneous distribution of structural defegtevident even by a naked
eye observation but most thorough layer inspect®mone by an optical
microscope (see pictures in Fig. 5.2.1 and Fig.5%.2There are distinct
macroscopic regions of different opacity on the glas surfaces due to
different concentrations of structural imperfeciowhich in the case of
samples S1/S3 show groove character of domain laoi@sd [122]. The
obtained 71, values differ for several times in areas with eliént
concentration of domain boundaries (Fig. 5.2.5(k))the case of samples
S2/S4 the decay is faster at areas with higheresaration of pit like defects
but the effect is not so pronounced as in the castomain boundaries (Fig.
5.2.5(b)). According to this “lifetime mapping” @l samples, we can derive
that areas with higher concentration of structumgberfections increases the
carrier recombination rate. The increase of extdndefects density on the
samples surface results in the recombination raieement, pointing out that
extended defects, in particular domain boundar@gribute significantly to
recombination rate but this contribution has rathesecondary role in the
overall recombination rate.

Going back to Fig. 5.2.4(b) it is presented the ipwlar diffusion
coefficient O,) for all samples after the evaluation of the expental LITG
kinetics in the 80-500 K temperature range. We digicuss our results with

respect to surface morphology, i.e. domain boueddfor samples S1/S3) or
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Fig. 5.2.5DT kinetics at RT as a function of domain bouner{a), and pits (b),
density.

pit-like defects (for samples S2/S4). For samplg&S3 we can notice that in
whole temperature range sample S2 shows higheevaiD, than sample S1
does. If we take under consideration the opticatrosicopy pictures in
transmission mode, depicted in the last columnigf 5.2.1, we can see that
the domain character for both layers is obviousmBim grooves on epilayer
surface is an indication of domain boundaries, fgainins, in the interior of
epilayer. It was noted [131] that, a strong incee&s the concentration of
various defects is observed at twin boundariesGf58C epitaxial films grown
on 4H-SIiC substrates [132]. Correlating the amlaipahrrier diffusivity D,)
with the grooves (twins) density we see that Sledafwith high groove
density) exhibits loweD, than S2 (with lower groove density). It seems that
carriers diffuse faster along channels with loweattering probability, while,
the diffusivity across structural defects is reducgnce carrier faces the
potential barriers that have been introduced bedasfin the long range 3C-
SIC lattice periodicity. The later plays an impaitaole in carrier mobility as
domain boundaries are extended from the interfae@nds to surface in an
almost perpendicular direction, and hence, cartieas diffuse along grating
vector have to overcome their potential. Similansideration we might do for
the case of samples S3 and S4. In this case wet wigm that the 3C-SiC
layer S4 grown by SE on VLS+CVD seed layer contdess extended

structural defects than layer S3 grown on VLS dager but its recombination
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centers are more effective. Thus, even if the apypaelectronic properties
indicate that the successive growth of thin VLS @&@\D layers deteriorates

the crystal quality, the deeper reasons remairtiitksh
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Fig. 5.2.¢ Schematic representation of carrier trapping eiaru

As we have already discussed earlier, the temperattfect on long
“slow” decay tails shows an impressive quenching ths temperature
increases. When temperature is below ~120 K andthlieemally excited
trapped carriers are suppressed, all layers shovasiDT transients consisted
from a fast and a very slow decay component. Wthigeinitial fast free carrier
recombination rates remain practically constanteasperature increases, the
long “slow” decays become faster with temperatiires clear that the “slow”
decay is described by more than one exponentiatimwhere each of them
represents an independent mechanism. Fitting with or three-exponential
functions each one of “slow” decays we may derivi@rmation for two or
three independent mechanisms related to differapping centers. However,
the uncertainty that is introduced by several expental parameters cancels
any practical use of a multi-exponential fit. Irethext paragraphs we will deal
with time constant values considering a single eembial fit at delay times
where, in a good approximation, we can describenths single-exponential
decays. These single-exponential decays are aadbw a trap energy level
into the band gap. Scheme in Fig. 5.2.6 gives a ti@pended representation

of trapped carriers responsible for the “slow” decamponent.
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Fig. 5.27 Arrhenius plot of trapped carrier lifetime (longils). The determined
thermal activation enerdy, = 200£10 meV is attributed to Al impurities.

Since a dominant impurity state in band gap is oesiple for the
temperature depended long tails of DT transienéscan determine its thermal
activation energy, and hence, its chemical nafline. slow component of the
DT transients at T<120 K provide carrier lifetimalves up to the order of
hundreds of microseconds for layer S3 and sevemast lower for layer S4.
All impurities as temperature increases reduceatferage time that they can
keep trapped a carrier and hence the DT transseatdelerated [91]. Plotting
in an Arrhenius diagram (Fig. 5.2.7) the inversenaino-exponential long
decay lifetimes versus the inverse of temperatuee obtain the impurity
thermal activation energy to #&=200+10 meV. This value approaches the
thermal activation energy of Al impurity in all Si@olytypes [133, 134].
Moreover, even the ionization energy of Al it is poecisely determined it has
a value of approximately 270 me}22]. According to Haynes rule for
acceptors the Al-bound exciton binding eneligyx is determined by [135]:

E.x =—14.9meV+ 0.16E (5.1)

where E, is the acceptor ionization energy. For Al acceptoB3C-SiC the

Egaix IS approximately 28 meV. Moreover, several theoedtmodels [84] are
proposed on the concentration and compensationndepee of thermal
activation energy of impurities in a semiconduataaterial. The models that

have better coincidence with experimental resaltsémiconductors with high
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degree of compensation are based on the concegleadiostatic interaction
between the free carriers and the oppositely cllamgeurity centers [82, 83]
and improved by the introduction of the carrietralisition relaxation effect on
the impurities centers [85]. Thus, the reduced niaractivation energy is

determined according to Debye and Conwell modd| [&tion:

E,=E, —aiN, (5.2)
whereq is related to compensation degtéas a=Ff(K)(e”/4neee;), With ¢ the
static dielectric constant. The reduction of Alrthal activation energy in our
layers is 40 meV approximately. In total an eneddierence of 68 meV of Al
state energy from the top of valence band reshitsthe Al thermal activation
energy is approximately 202 meV. This value is gnee@ment with ours value
determined by Arrhenius plot for layer compensati@greeK~1, since now
f(K)~2.5 anda=(4.0+0.5)x10 meV, which is valid for acceptors in the frame
of Debye and Conwell model [82].

Since the amount of thermally ionized carriers frisapping centers at
low temperatures is negligible the resulted modomatbsorption coefficient
(or differential transmitivity) reflects the condeation of electrically active
centers. The induced absorption coefficient moduiatAa (or DT), as a
function of induced excess carrier densityy, (excitation) at delay times
longer than the free carrier lifetime may derive #tmount of carrier trapping
centers concentration in the material [91, 104]isThappens because all
remaining carriers, after the mutual annihilaticeme been trapped and
progressively have filled the available trappingsiin layer’'s volume. If, in
the general case, we consider a semi-infinite |agiee site filling can be
described by a log-log diagram of DT signal (IgT)) vs. excess carrier
concentration AN), usually called exposure characteristic (EC). this
diagram, the In(JT) vs. AN curve can be distinguished in two ranges: a linear
and a logarithmic. In the linear range, site fglirs following the excitation

since all induced free carriers are progressivalgded at sites. In logarithmic

93



=]
102

10" 100 10
Fluence (mJ/cm°)

Fig. 5.2.7 Determination of electrically active traps byifig with eq. (3) (linear left

part) and (4) (logarithmic and exponential righttpa

range, the excess carrier concentration is excgatimtrap density and hence
some of them recombine.

When a layer with finite thickneskis under consideration, then the DT
signal is a function with several parameters, lieger’s trap filling, interface
recombination velocity and energy band gap mismatot substrate nature. In
this case, analytical calculations are becomingy veomplicated and
approximations are needed. In the simplest casehwdatisfies the specific
3C/6H interface conditions, we can consider thattthp filling into 3C layer’s
finite thickness is the dominant phenomenon thatdutedies absorption
coefficient and all other influences have to beid®d. Hence, the DT signal

can be described by a couple of equations for linad non-linear ranges as:

In[ T J:gtrapjodAN(z,t) dz forAN< B, (5.3)

T(t)

for the linear range, and

ln[ANoj
P Pra
In(_I_TO j—a x 120 1+In£AN°Jexp —ax|d-——"27

a (5.4)

trap

for AN, > R

trap

Table 5.2.2 Determined parameters for all (S1/S2/S3/S4) 3C-Bigers: layer

94



thickness, average Al concentration obtained by Slslverage value of free carrier
lifetime (zr), as well as, carrier capture cross sectiapy and electrically active
traps concentratiorP{,,) obtained for surface lower and higher defecteasr

Layer S1 S2 S3 S4
[Al] (by SIMS) (x10"" cmi®) 5 10 9 9
Less defects 3.4 2.7 2.5 3.0
Otrap (x1017 sz)
More defects 2.2 2.5 2.0 1.6
Less defects 3.7 8.2 7.8 8.6
Ptrap (X 1017 Cm-s)
More defects 5.6 9.3 8.6 9.1

for the non-linear range\N, is the initial generated free carrier densityis
the absorption coefficient of excitation wavelengih,, is the probe beam
photon absorption cross section, aRg,, is the electrically active traps
concentration. Moreover, as longer the materidtosn “semi-infinite layer”
criterion, i.e. smaller thickness, so the non-lmepart of exposure
characteristics (EC) deviates from the logarithmicarease described by the
ed. (4) and tends to saturation. The trap dengitiveld by the above described
method is strongly correlated to the electricallstivee impurities centers,
donors and/or acceptors. Special attention has ttaken for the appropriate
temperature regime in order the trapped carrietgate negligible probability
for thermal excitation. A representative fittingopess by the above equations
on the experimentally obtained EC at 80 K is giwerFig. 5.2.7. The same
process was applied at all samples for both, lcaver higher, defected areas
on the surfaces. The results are depicted in TaBI2. The determined values
of electrically active traps concentrations of sdimples are in very good
agreement with the average Al doping concentradetermined by SIMS. The
latter leads us to consider Al (ionized) impuriteessthe dominant carrier (hole)
traps. The slightly higher values of carrier traipat are determined at higher
defected areas than at lower ones, in all layerghinibe a consequence of Al

atoms tendency to diffuse and aggregate on them.
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5.2.4 Conclusions

The carrier trap concentration in a 3C-SiC layethwinite thickness was
determined by fitting the DT exposure charactersstrecorded at low
temperatures, where the carriers remain trappedaftonger time than the
lifetime of free carriers. Traps nature was asditeealuminum impurities.

Domain boundaries in 3C-SiC even they contributetrap-assistant
recombination rate it seems that they have notdimminant role as other
recombination centers.
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Chapter 6 Carrier dynamics of differently grown 3C-SiC layers

This chapter is related to MANSIC project [136]c@rthe majority of samples
under investigation have been grown by its partnBng scientific aim of the
MANSIC project was to develop a full technology &éadson high quality 3C-
SiC thin or bulk material grown by different technes. The simultaneous
growth from different regions leads to a commonbjgm — a nucleation of
twin structures with formation of defects at theaundaries, what remains one
of the main difficulties in 3C-SiC heteroepitaxyogith. In order to achieve the
aim of single-domain layer a well-established VL8agor-liquid-solid)
technique with remarkable results was accemteda promising toofor a
partial solution to this problem [123, 137, 138[-SiC layers grown by VLS
technique, in turn, were used for further layecklning with the application
of several growth techniques like chemical vaporpadgtion (CVD),
sublimation epitaxy (SE) and continuous-feed phatsi@apor transport (CF-
PVT). In parallel, the same techniques were usedhi® direct growth on 6H-
SIC polytype without the seed VLS layer. Our tasimong the other
characterization techniques, was to give a feedlaafrowth specialists in
order to improve material quality.

This chapter is divided into six subchapters. Eanb of the first five
subchapters is dealing with a special feature adwgr process which
influences the electronic properties of epilayee-growth purification, twins
density, growth temperature, substrate type, s&get.| The last one deals with
the tendencies of electronic properties of 3C-SiGwm by all available

techniques.
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6.1 Reflections of VLS growth conditions on epilayeproperties

6.1.1 Introduction

One of the questions that arise during the growitB@ SiC is if the nitrogen-
induced 3C stabilization is effective whatever tirewth technique is used.
The answer is probably negative. As it is reporfédhas low incorporation
during CVD [124, 139] or CF-PVT [66] techniques. iFhmeans that the
nitrogen incorporation is not essential to stabiline cubic phase. On the
contrary, when the growth conditions are not fawgrine cubic phase, like in
the case of VLS process, high concentrations omiurities (~16° cm®) in
the interfacial layer help to avoid the homoepighgrrowth [56].

It is believed that the most significant parametiéecting 3C stabilization
in VLS process is the out-gassing of the crucible,used in as it is called
“ultra-high purity” (UHP) procedure [56]. This meaithat the nitrogen atoms
released by the crucible are very important for tbemation of 3C-SiC
polytype. The stabilizing effect of Nmpurity should thus occur during the
early stages of growth, i.e. nucleation and islamdéargement. This is
confirmed by the detection of a highly doped 3Ceif#cial layer, even for
layers grown with simple “high purity” (HP) proce@y comparing with the
low doping in the upper part of the layer. As aggahrule, each time 3C-SiC
is obtained by VLS growth the first hundreds of sontains always a high
amount of N impurities. As a consequence, the Wu® growth, starting upon
adding propane in the gas phase, should happenaftelythe most important
step governing 3C stabilization. It is believedt it final polytype proportion
inside the grown layer is simply an image of the om sample surface at the
moment when propane is added inside the reactorth®rother hand, it is
reported [48] that an effect of polytypism of S&Ctihe appearance of transition
layers during the growth. Some times in the initedps of the growth of one
polytype on top of another, as is the case of dgnavftthe cubic polytype on
top of hexagonal substrates, there have been d@sservransition step of a

homoepitaxial layer and then achieving the cubigtgpe. In some other cases
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this happens with an addition of another polytypst after the homoepitaxial
step, that has a smaller band gap than the subgiittype but higher than the
cubic polytype, before finally reaching the cubadyype.

6.1.2 Samples and techniques

In order to study the effect that has the UHP pilace in comparison with the
simpler HP on electrical properties of thin n-3@@Ai11) layers grown on Si-
face 6H-SIC(0001) substrate by VLS technique we ehgserformed
measurements using optical pump—probe techniqesLiTG and DT. The
non-conventional vapor-liquid-solid (VLS) techniquesing Si-Ge melt is
described extensively in Ref. [68]. The growth dtinds and the main
characteristics of the samples are summarized inleT&.1.1. The layers
properties were complementary investigated by othgtical means. The
thickness of the 3C-SiC layers was deduced froninieeference fringes of the
reflectivity u-IR spectra. The layers morphology and surfaceityuahve been
characterized by Nomarski optical microscopy, whitbe polytype
identification were performed by p-Raman spectrpgcequipped with an Ar
laser beam’&488 nm) with a spot of few PAnA co-focal configuration was
used to reduce the contribution of the substratéhéo measured signal. In
addition, doping concentration was determined by Idemperature
photoluminescence (LTPL) spectroscopy and secondargnass spectroscopy
(SIMS) [140].

Table 6.1.1The growth conditions and results obtained on tsaseples.

Growth Growth temperature Thickness [N] [Al]

Sample 3 3
procedure (°C) (um) (cm™) (cm™)
VU1 (VLS158) UHP 1300 5.0+0.3 1.5x1H  1x10”
VU2 (VLS171) UHP 1350 7.5+0.3 ~16 ~10'
VH1 (VLS180) HP 1300 8.0+0.5 1.5x16  2x10”
VH2 (VLS105) HP 1350 6.0+0.5 7x10 6x10*
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6.1.3 Results and discussion

In Fig. 6.1.1, the experimental results of SIMS swaments performed by
MANSIC partners (Montpellier University I, Francaye presented. In these
diagrams is presented the in-depth concentrati@eweéral impurities for VU1
and VH1 samples. We can notice that N concentraidnbits an increase of
more than two orders of magnitude (from 21 more than 18 cm®) at the
first hundreds of nanometers from the interfacee fiést area up to the surface
Is showing almost a constant in-depth N distributibhe same procedure was
applied at other points on each sample revealingnaomogeneous lateral
distribution (not shown) of impurities in all sarapl SIMS results in all
samples have shown a small decrease in N condentfat from the interface
regions for the layers grown after the UHP proceduith respect those been
grown by HP one, an obvious consequence of putidicaprocedure.
Nevertheless, the effect of HP/UHP procedure orohcentration at the first
hundreds of nanometers from the interface is netrcl The fact of N
incorporation in the early stage growth processastrbe regarded as one of
the parameters that contribute to the overall raiida process, as well as to
the island enlargement, since the obtained qualfitthe overgrown layer is
determined from the transition layer between twdytypes. Although the
mechanisms of entire process are unknown up to meevmight extract a
conclusion about the contribution of purificatioropedure on the overgrown
layer.

The determined the free carrier lifetimg, of sample VU1 grown by
UHP procedure is longer in all temperatures (10-B2Ghan that of sample
VH1 grown by HP procedure (Fig 6.1.2(a)). Thislsoaconfirmed from room
temperature free carrier lifetimes obtained by DE&asurements for both
samples (Fig. 6.1.2(b)). The small dispersion inuea between the two
diagrams in Fig. 6.1.2 is attributed primarily teetinhomogeneity of samples
and secondary in experimental conditions. Despiie distribution in N
concentration and in epilayer thickness laterally samples the average

lifetime values of sample VU1 exceed those of VHnple. As the free carrier
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Fig. 6.1.1 SIMS measurements on VLS layers. a) UHP layergndP layer

lifetime is a sensitive parameter that characteritee material structural
guality we can deduce that UHP procedure resultsigher quality material
than HP does. Moreover, we have to consider theribation of transition
layer to the overall 3C-SiC layer lifetime. The apgnt lifetime is lower than
the actual in this layer. This happens becaus@ehigher contribution to the
overall lifetime of highly doped (~&cni®) and defected interface [130]. The
thinner the layer is the higher the interface dbatron, as in the case of
sample VUL1.

Further measurements with DT technique have beea dbRT in the 2-
10 mJ/cm excitation range for more samples grown by botitedures: two
grown by UHP (VU1 and VU2) and two by HP (VH1 an#i®) technique. In
Fig. 6.1.2(b) is plotted the average — after shodapping — lifetime with
excitation for several samples. Since the amouneobmbination centers is
related to crystal lattice imperfection, we can wethat UHP layers (VU1,
VU2) have better quality than HP layers (VH1, VHZhis is justified by the
fact that at low excitation regime (2 mJfnthe UHP layers exhibit higher
lifetime values than HP layers. Moreover, as exoitaincreases, lifetime
increases for both UHP layers but remains almosstemt for HP layers. The
given dependence of carrier lifetime on excitatemergy density is attributed
to the gradual saturation of carrier trapping cenf@02]. This indicates that
HP layers exhibit higher concentration of them thidP ones.

In Fig. 6.1.3 is demonstrated the temperature digrase of ambipolar

carrier mobility obtained from ps LITG measuremeBisth layers have been
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Fig. 6.1.2 a) Free carrier lifetime as a function of energyg gemperature for an UHP
(sample VU1) and a HP (sample VH1) obtained by LiEGhnique. b) Free carrier
lifetime as a function of excitation at RT for UHBamples VU1, VU2) and HP
(samples VH1, VH2) obtained by DT technique.

excited at the same energy densities (1-4 nf)/cAt lower temperatures
(<100 K) the HP layer (Fig. 6.1.3(b)) shows a sation with excitation energy
density. On the other hand, at the same temperaamge, UHP layer (Fig.
6.1.3(a)) increases progressively its values wittitation energy density. This
effect is attributed to ionized impurities scregnfrom the induced excess free
carriers [72]. As in the case of free carrier life in the previous paragraph,
the interfacial, highly doped area, still has angigant contribution to carrier
transport. From the ambipolar carrier mobility héede temperatures we can
deduce that UHP layer shows slightly higher valtren HP when ionized
impurities are completely screened. At higher terapees (>100 K) the

carrier scattering from IS more

lattice acoustic deformatigphonons
pronounced in HP sample resulting in faster reduotif ambipolar free carrier
mobility. This last is a further indication abotietsuperiority concerning the
layer lattice structure. According to the simpl&atien 14:=1/uaticet Litimpurities
[141] that describes the free carriers’ mobilitya semiconductor and since
Uimpurities 1S @pproximately the same for both samples we deduce that the
latice determines the total mobility at temperature higtiten 100 K. The

above experimental results in ambipolar carrieiuditity for UHP and HP
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Fig. 6.1.. Temperature depended ambipolar carrier mobility o UHP (sample
VU1) and a HP (sample VH1) VLS layer. Both casesaso a function of excitation

energy density.

layers in 10-320 K temperature range indicate ttieg UHP layer has

optimized structural properties with respect thed#ie.

6.1.4 Conclusions

Thin 3C-SiC layers grown by VLS technique after UptBcedure have better
electrical quality (contain less defects), whichngicated by 30-150 % longer
carrier lifetime and two times higher mobility ibmpared to those produced

after HP procedure.

6.2 Electronic properties of high growth rate sublmation epitaxy of 3C-
SiC

6.2.1 Introduction

The following paragraphs aim to reveal the efféett thas on growth by high
rate sandwich SE [63] on Si face on axis 6H-SiCsstalte, both the
temperature and nitrogen atmosphere on free cdifgtime and ambipolar

mobility of overgrown bulk layers.
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6.2.2 Samples and techniques

Two series of samples are grown at vacuum’ (bar) and at N(1 mbar),
respectively. Table 6.2.1 provides the informataiout growth temperature
and rate as well as resulted layer thickness apthgoThe 3C-SiC was always
dominant in the vacuum case and it also showsttbagdependence between
the growth temperature and the percentage of 3€rage (Fig. 6.2.1). The 3C
coverage increased to 97% at growth temperaturg8@b °C. On the other
hand, in the N containing cases, the 6H-SIC was dominant anccolverage
percentage of 6H was more than 90% at similar drovegmperatures.
Moreover, the growth rate is much higher for laygrewn in vacuum, and
hence they have more than two orders of magnitwseed N impurities
concentration, than layers grown i background ambient. It worth to notice
that the increase of growth rate with temperat@sults in higher 3C-SiC
coverage, and nitrogen is not favoring the cubilytgpe growth. The former
Is possibly a result of metastable conditions 8@SiC growth needs and the
latter is coming in contrast with the suggested ehtitat declares that nitrogen
improves the 3C-SiC polytype quality [126]. Despiteat growth rate is

increasing with temperature grain size becomeslemal

Table 6.2.1 Growth conditions and N and Al doping concentraiabtained from
LTPL spectra

Sample Thickness Growth T Atmosphere Growth rate [N]
(Lm) (°C) (Lm/h) (cm®)

SC1 (SE070) 155 1775 310 9x10°

Vaccum

SC2 (SE074) 238 1825 (10° mbar) 476 7*%0

SC3 (SE076) 410 1875 820 2%%0

SH1 (SE071) 26 1775 52 3x10°

N2
SH2 (SE073) 45 1825 (1 mbar) 90 3x£0
SH3 (SE077) 100 1875 200 3x{0
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Vacuum

T (°C) 1775 1825

Nitrogen

Fig. 6.2.1 Transmission micrographs of all samples undernyst{itbom R. Vasiliauskas)

DT and LITG measurements have been done at roompeteture (RT)
and in the 80+800 K wide temperature range. Faripa#nd carrier injection
we used a 10 ps duration Ni¥LF pulsed laser at 351 nm wavelength which
creates an ambipolar carrier plasma in am%enetration depth from sample
surface. An optically delayed picosecond pulse @31nm was used to
measure the decay transients up to ~4 ns. A ligurdgen cooled cryostat
operating at 80-800K temperature range was usedoWhigh temperature

measurements.

6.2.3 Results and discussion

In Fig. 6.2.2 is presented the determined freaardrfetimes for both series of
layers, in vacuum and in,Nambient. The ps DT measurements at RT resulted
in excitation independence carrier lifetimes in ewcthan one order of
magnitude excitation energy density range (0.5-10kcnf) at the high
excitation regime. We also notice that lifetime reeses with the growth

temperature. Since free carrier lifetime is a daresparameter for material
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Fig. 6.2.2 Free carrier lifetime of SE 3C-SiC layers growh iaN, atmosphere and
(b) in vacuum, as a function of growth temperature.

guality we can conclude that the higher growth terafure results in better
crystalline quality both for mixed 3C+6H and purd Gyers. In the case of
mixed polytype layers grown in vacuum the optimur@-SiC growth
conditions are when temperature is higher than T856ut not exceed 1875
°C. At this temperature range the free carriettitiie seems to saturate while
grain size starts to decrease. In any case, ligetradues that correspond to
optimum temperature conditions are approximatelyaétp the lower ones that
layers grown by the same technique at higher teatyer (2000 °C) but with
one order of magnitude lower growth rate [122].sTdiifference in growth rate
IS a consequence of temperature gradient betwagges¢gpowder) and target
(seed) and in the case of sample SC3 was thres tilgher. In the case of the
growth in N, ambient we can only notice that lifetime increaseth the
growth temperature but we cannot determine any ¢eatpre where lifetime
saturates because of limited sample growth temyrerdahat are available. In
this case we see that growth rate increases ashspp the case of growth in
vacuum but is still much lower from the respectemperatures.

As SC3 is the sample with the higher coverage ocbBGH substrate we
have study its non-equilibrium carrier dynamics dgyplying a picosecond
LITG technique in 80-800K temperature range. Agydien in Fig. 6.2.3(a)

shows, lifetime exhibits a small decrease as teatper increases from 80 K to
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Fig. 62.3 Temperature dependence of a) free carrier lifetamed b) ambipolar
mobility, at 0.5 mJ/crhexcitation energy density of sample SC3.

RT and a substantial increase as temperature seseabove 400 K. At the
same time ambipolar mobility in Fig. 6.2.3(b) sates at approximately 120 K
and has a plateau up to 80 K, probably due toarasgattering on ionized
impurities. In any case, both lifetime and mobildgy sample SC3 are much
lower than those of low rate sublimation layerse(section 5.2.3). More
precise, at 300 K carrier lifetime is approximat€y8 ns and ambipolar
mobility 30 cnf/Vs. The discrepancies that have been observedebataata
in Fig. 6.2.2(a) and Fig. 6.2.3(a) are due to $tmat inhomogeneities across
the surface. At temperatures higher than 300 Ketleean increase in lifetime
with temperature while there is a decrease in aalipmobility. This
observed tendency can be attributed to diffusiontéid carrier recombination
at extended defects, like domain and grain bouadanhere intrinsic point
defects like Z1/Z2 are gathered [47]. The role xterded defects is revealed
by the increase of ambipolar mobility in whole rangf temperatures with
excitation when the ionized impurities have bedallypscreened by the excess
free carrier plasma (Fig. 6.2.4(b).

Moreover, we have done an excitation dependenaty stfi ambipolar

diffusion coefficientD, at low-high temperature measurements. The restdts

presented in Fig. 6.2.4(d), shows an exponential increase as the temperature

drops down from RT. As one can see, the increasact only a function of
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Fig. 62.4 Dependence of a) ambipolar diffusion coefficiemtd ab) ambipolar
mobility on temperature in sample SC3 at two excitadensities. There is an extra

experimental point for 1 mJ/crat 80 K.

temperature but is also depends from excitatiomggndensity, or else, from
excess carrier concentration. This could be expthiby the fact that at low
temperatures the carrier plasma becomes more dedgenat the same carrier
density, as effective density of states decrea&esemperatures lower than
approximately 200 K the Fermi integrals ratio sharpcreases and as
Da(N)=DadF12(n)/F.12(n)], where n=(E-Ey)/KT is the argument in Fermi

integrals, and hence lead to the increase of calffieision coefficient [142].

6.2.4 Conclusions

1850 °C is the optimal temperature for the highwghorate of heteropolytypic
sublimation epitaxy of (111) 3C-SiC on (0001) 6HCES$n vacuum, in terms of
the longest carrier lifetime. Effective lifetime governed by diffusion-limited
carrier recombination processes at extended defkkés domain and grain

boundaries where intrinsic point defects like Z16£2 gathered.
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6.3 Study of homoepitaxial CVD 3C-SiC on VLS see@yer

6.3.1 Introduction

In this work we present the photo-electrical praipsrof 3C-SiC(111) layers
grown homoepitaxialy by CVD on VLS seeds in relatwith their structural
properties, doping features and applied growthrpaters. In order to achieve
this we applied time-resolved optical techniqueghsas the differential
transmittance (DT) and light induced transientiggatechnique (LITG).

6.3.2 Samples and experimental techniques

The 3C-SiC layers were produced in two steps. Tiet Gtep was the
heteroepitaxial deposition of 3C-SiC(111) on onsa@H-SiC(0001) Si-face
substrates using VLS approach based on Si-Ge tb#0®-1250 °C [68, 123].

Homoepitaxial growth on such seeds was performea wertical CVD
reactor under atmospheric pressure at 1500-1600HR€ precursor gases were
SiH, and GHg diluted in H [143]. Some growth parameters are given in Table
6.3.1. The morphology and surface quality of thesta were characterized by
the Nomarski optical microscopy (Fig. 6.3.1). Thaypype identification and
the evaluation of carrier concentration were ingaséd by p-Raman

Table 6.3.1 Parameters of CVD homoepitaxial growth proceduned asome
characteristics of the grown layers.

Growth Thickness [um] RMS Doping level
Samples
Temp. (°C) VLS+CVD [nm] [cm™]

CL1 (SG125) - 0.2 +3.3 - 5x10
CL2 (VLS42) 1500 1.8+5.2 - 8x10
CL3 (VLS50) 1500 1.8+6.4 - 5x10
CL4 (VLS86) 1500 1.8 +6.2 - 7x10
CN1 (E621) 1600 3+10.5 12.3+5.4 5%10
CN2 (E623) 1550 3+105 18.6 +7.4 40
CN3 (E625) 1550 3+10.5 1.8+0.5 4%*10
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spectroscopy. Moreover, other techniques were tsedhe layers doping
determination (LTPL, SIMS) and thicknesg-IR). The 3C-SiC epilayers’
roughness (RMS) was measured by atomic force ndopys The structural
properties of sample CN1 were also investigatecKbgy diffraction (XRD)

reciprocal space mapping, as explained in [144].

P

Fig. 6.3.1 Typical surface morphology of 3C-SiC(111) layem®wgn by a) VLS

mechanism and b) thickening by CVD.

6.3.3 Results and discussion

Samples CL1, CL3, CL4

The RT free carrier lifetimes for the three (CLL3CCL4) heterostructures as
a function of excess carrier densityy are depicted in Fig. 6.3.2(a). There was
a good agreement in lifetime values obtained byGQ (full symbols) and DT
(open symbols) techniques. Carrier lifetime for pemCL3 provided nearly
constant value ofz=3.8 ns, while for sample CL4 lifetime increasedir@.6

to 4.4 ns with increasing excess carrier density.

We note that these measurements were performedght ihjection
conditions, when electron and hole densities avalegnd therefore, extending
the Shockley-Read-Hall (SRH) model, carrier lifetimman be represented as
TR=Te>>1, [145]. According to this model, the lifetime shdulot be dependent
on excitation at given high injection conditionsN&>n) (i.e. at condition of
trap saturation). Indeed, this model was foundetovdlid for samples CL3 and
CL1 that have the lower free carrier concentratieor. the sample CL4 (with

higher carrier concentration), the trap saturategime was achieved at
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Fig. 6.3.2 Free carrier lifetime as a function of a) exceasier density, and, b)
temperature at 1 and 10 mJfcriaull and open symbols in diagram (a) indicateieal

obtained by LITG and DT techniques, respectively.

AN>5x10" cmi®. Concerning the sample CL1, itg values were constant (~2
ns) in all excitation range. We note that carrigmnamics in this — rather thin —
layer (~3.5 um) was influenced by the short lifetiaf 6H-SIC substrate
(rr=1.1 ns) since the pump beam created carriers bathei epilayer and the
substrate.

Carrier lifetime dependences on temperature andatxn are depicted
in Fig. 6.3.2(b). At lower excitation (1mJ/@nthe carrier lifetime remained
nearly constant with increasing temperature andtpdiout that high injection
conditions are valid within this temperature rarige the n value decreases at
lower temperatures). However, at high excitatiof (@J/cni), the lifetime
increased for all samples at RT and especially tf sample CL4, in
agreement with the results in Fig. 6.3.2(a) indingathe gradual saturation of
carrier trapping centers [102]. At high excitatioonditions AN>10" cmi®), 75
value gradually decreased with lowering temperasune reached the value of
~1 ns in all samples. This might be a consequehcaroer thermal emission
limitation from trapping centers. On the other habhdan be a consequence of
the enhanced carrier diffusivity at high injectitavels [103]: the diffusion
may bring the carriers from the photoexcited CVizelainto the heavily doped
substrate where they recombine by Auger mechanrsinpaovide values as
short as ~1 ns. We also note that VLS growth ofS3C-seed layer on highly
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Fig. 6.3.3 Ambipolar carrier mobility of CL3 and CL4 layers a function of

temperature at 1 and 10 mJfcexcitation energy densities.

doped 6H-SIC substrates usually results in a highigoped layer which, in
turn, may also contribute to fast carrier recomtiama

The temperature dependence Bf and bipolar mobility p,=eD /KT
revealed the different carrier scattering feature€L3 and CL4 layers (Fig.
6.3.3), especially in T<150 K range. The signifidatower i, value in A3 at
40+60 K pointed out to presence of efficient seattecenters. These centers
can be related to high density of ionized impusitoe charged defect clusters.
When excitation increasgs, increases one order of magnitude as Fig. 6.3.3
shows. This is a consequence of screening of ctlargpurities by induced
high excess carrier concentration. At T>15QKdecreases with temperature

asocT 32

due to carrier screening on acoustic phononsehergl, thequ, values
in sample CL3 are lower than these of CL4 in theesaxcitations. Since
LTPL measurements have determined a higher N caratem in CL4 than in
sample CL3 we can deduce that, most probable, edniznpurities and
structural defects that contribute to the carriscattering exhibit higher

concentrations in sample CL3 that in CLA4.

Samples CN1, CN2, CN3

By measuring the fast DT decay, the non-equilibrioarrier lifetime was
determined versus excitation and temperature. &tnrtemperature, the carrier

lifetime increased with excess carrier densitydanhesample. The highest
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Fig. 6.3.4 a) Fast components of carrier lifetime dependemcexaess carrier density
at room temperature, measured using ps pump aagetkeps probe laser pulses. b)
Temperature dependence of carrier lifetime detegthiinom long decay tails of DT.
Measurements were performed on sample CN1.

lifetime values were found in sample CN1 (Fig. 4(8)), while the lowest
ones of 7 ns were obtained for sample CN2 (not sfio¥ monotonous
increase of lifetime with temperature was obsenadgo in 80-700 K
temperature range for sample CN1 (Fig. 6.3.4(b)).

Since in the case of sample CN2 the carrier lifetwas rather short, only
samples, CN1 and CN3, were studied by LITG techmidine carrier diffusion
coefficient was slightly higher in the sample CNian in sample CN3, as it is
shown in Fig. 6.3.5(a). The temperature dependeht®e ambipolar mobility,
H=eDJ/KT is shown in Fig. 6.3.5(b) at the excess carriensity of about
7x107 cm® In 150-700 K range, the ambipolar mobility dese=a with
temperature. This decrease can be described bywerpgecT' dependence,
where an index value varies between -1.6 and -1.8, dependindnersample.
This behavior in the 200-700 K temperature ranghe@sconsequence of carrier
scattering by acoustic phonons which provides &#&p=-3/2 value. Thus the
additional scattering on extended defects can benasd as insignificant. At
300 K, the ambipolar mobility values were foundb® 115 cfyVs (sample
CN1) and 95 cfiVs (sample CN3). Below 150 K, the scattering onized
impurities started to contribute and led to neadystantu, value on sample
B3, while on sample CN1 a slight increase was stiervable. The small
enhancement of the ambipolar mobility in the raofj€<150 K shows
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Fig. 6.3.5 Temperature dependence of a) carrier diffusionfoeft and b) carrier
ambipolar mobility atAN=7x10"" cm® carrier injections value, on the samples CN1
(o) and CN3 ().

reduced scattering by points and extended defecssumple CN1, compared to
sample CN3. By increasing the excess carrier denaitl.8x10® cm?, the
overall tendency remained the same. However, theecalensity dependent
decrease of mobility, observed in 80-150 K rangelue to effect of band gap
renormalization, which has been previously detectechigh quality 3C-SiC
layers [130].

The diffusion coefficient was higher on sample GN4n on sample CN3
as it is shown in Fig. 6.3.5(b). Since the obtaimedults from optical
measurements suggested that sample CN1 has thguadgy among all the
samples studied here, this sample was charactebgedeciprocal space
mapping of XRD. The results allowed determining tacking fault (SF)
density of ~1.3x1Dcm*. This rather moderate value is coherent with TEM
measurements performed on similar 3C samples [B&estingly, no twining
of the 3C material was detected.

The comparison with our previously reported resutibtained from
transient grating technique on 3C-SiC [146], sutg#dsat the recorded values
of carrier lifetime and ambipolar mobility are hegh This can be attributed to
better growth conditions of the CVD layer, and mgpecifically to the higher
growth temperature. On the other hand, lifetimeaase with carrier injection
level (Fig. 6.3.4(a)) indicates gradual saturatbwarrier trapping centers, and

this feature is typical for thin 3C-SiC layers [14&h general case, carrier
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lifetime is expected to decrease at carrier dexssiibove 1§ cmi® due to
impact of nonlinear recombination. For examplestithe decrease from 50 ns
to ~6 ns was measured AN=10"° cm® in 200 pm thick epitaxial 3C-SiC
layers due to Auger recombination [147]. Consedyerie impact of trap
saturation is the dominant nonlinear recombinatir@chanism in the measured
w=(AN) dependence (carrier injection rangeAdi=3-30x103° cm®) at the given
thin layer (sample CN1). At slightly higher carrigjection level AN=3.2-
6.7x10° cm?) the impacts of these two phenomena are compar@ide
6.3.4(b)).

It is worth to mention that gradual increase oétihe in 150-700 K
range (Fig. 6.3.4(b)) and its correlation widi(T) was recently observed in 3C
epitaxial layers grown either on on-axis 4H or ewuwiant Si substrates [147].
Moreover, the observeD,(T) and zx(T) correlation indicates a relationship
between the recombination and the diffusion praeegs Fig. 6.3.2(b) and
Fig. 6.3.5(b)) due to carrier surface recombinatidinis tendency was
confirmed now on the studied ~10 um thick layem{gie CN1), when the
Impact of surface recombination is higher.

As a feedback to the growth conditions, the capaameters determined
in this work show clearly that the best 3C-SiC mateguality is obtained at
the highest CVD growth temperature. This confirtms trend already seen by
TEM study on other samples where lower crystaltieéect density was found

at higher CVD growth temperature [88].

Lifetime vs. CVD layer thickness

In the following, we attempt to reveal the relatioh surface and bulk
recombination mechanisms as the thickness of a GMmfDeases. In the
beginning we correlate thin (~10m) CVD layers grown on VLS layer
presented in the previous paragraphs and laterxtene this correlation to
other CVD layers grown on other substrates. Infifs¢ case we have use the
CL2, CL3 and CN3 samples of Table 6.3.1. In theosdccase we include

samples have been grown by HOYA company.
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The effective free carrier lifetime, obtained atdamte excitation energy
densities in order to avoid non-linear recombinmatieechanisms, shows strong
dependence on layer thickness. In Fig. 6.3.6(& ftlotted the effective free
carrier lifetime as a function of CVD layer thiclese As one can notice,
lifetime exhibits a linear dependence on CVD layeckness. The fitting by a
linear function results in a proportionality factufr(1.9+0.1) at 5+11um range
of CVD layer thickness. This means that within thidal few micrometers of
a CVD layer there is a linear increase of effectikee carrier lifetime as
rc(1.92£0.1)>dcyp. Since at layers with low effective free carridetime the
surface recombination has a limited contributiore assume that the non-
radiative recombination through the deep defedéstm the band gap (SRH) is
the dominant recombination mechanism. It is regbtteat these deep level
energy states in the band gap are related to cardeemncies (V) [115, 148].
Thus, we can conclude that the recombination centéwsely related to carbon
vacancies (¥), reduce their concentration with the layer theegs by a factor
of 1.9+0.1.

A more extended correlation of effective lifetimeittw CVD layer
thickness on different substrates from our studiss literature [88, 102, 147]
Is presented in Fig. 6.3.6(b). In this log-log d&y, the effective lifetimes are
plotted as a function of their CVD layer thicknesdefetime values have been
extracted by fitting by a single exponential detyction on experimental DT
decays. All DT kinetics were obtained at moderakeitation intensities
(~5x107 cm® in order to eliminate the contribution of nondar
recombination mechanisms in the overall effectikeefcarrier lifetime. The
initial fast increase of lifetime progressively wattes to values of
approximately 100 ns for very thick layers >200 (see Fig. 6.3.6(b)).

Surface recombination velocity possesses an impiortde in layers with
long lifetimes, and hence low concentration of mbmmation centers in bulk
[88, 148], since carriers are able to reach susfadeere they recombine. Since
the excitation/penetration depth is approximatelyn5carriers in a layer with

low recombination rate are able to diffuse up tdasze where they recombine.
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As the total effective carrier lifetimegf) in a layer is determined from its
bulk and surface lifetimeg andzs, respectively as:

1 1 1
==+ (5.5)

Teff TR TS
we can deduce that recombination at the surfacghés determinative

recombination term for the overall effective lifee at the vicinal to surface

volume as the CVD layer thickness increases ab00grh.

6.3.4 Conclusions

Carrier lifetime in thin (up to ~10 um) 3C-SiC lageggrown on seeded 6H-SiC
increases linearly with the layer thickness, intdiga the reduction of
recombination center density as layer thickness gmulvth temperature
increase. Further increase of CVD layer thicknes$0Q pm) results in
saturation of carrier lifetime due to domination sdirface recombination

process.
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6.4 Electronic properties of bulk 3C-SiC grown by gblimation techniques

6.4.1 Introduction

In this subsection we investigate with optical tinesolved pump-probe
techniques the carrier dynamics of bulk 3C-SiC grduwy continuous feed
physical vapor transport (CF-PVT) and sandwich 8&hnique on bare and
seeded 6H-SIC substrate. Our aim is to attemptnid dut the influence of
VLS seed layer to electronic properties of overgrdwlk 3C-SiC as well as
the exciton signature in carrier recombination &adsport processes. For this
reason we have studied four different samples eann on 6H-SiC, 3C-SiC

(2) and graphite with different growth configuratisetups.

6.4.2 Samples and techniques

The CF-VPT growth method, as a modified sublimatechnique, is possible
to apply for the growth of bulk 3C-SiC crystals bbat seeded and spontaneous
configurations. In our studies, one sample of €aERWVPT configuration was
available. The CF-PVT process combines high tentpexachemical vapor
deposition (CVD) for the in situ formation of thelpcrystalline SiC source
and physical vapor transport for the single crygpawth. The crucible is
divided in two regions (CVD region and sublimatioegion) by porous
graphite foam. The porous foam acts as a suppo@¥D SiC deposition and
thus as a source for the sublimation step. The pigity polycrystalline SiC
source was fabricated from tetramethylsilane.

The first sample (B4 (BOU435)) was an 8(fh thick bulk 3C-SiC
crystal grown homopolytypically on 3C-SiC (111) ded 6H-SiC (0001)
substrate. The growth of the 3C-SiC sample wasopagd in the CF-PVT
reactor described in details in Ref. [67]. The seeuisists of a (111) oriented
3C-SiC thin layer deposited on a Si-face (0001)S8-substrate by the VLS
method in a Si-Ge melt [119]. The nucleation stéphe CF-PVT layer was
carried out under a silicon-rich gas phase by ptad.334 g silicon piece

inside the porous foam. This amount was chosen agermediate value
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Fig. 64.1 a) As-grown 3C-SiC (sample B4) with some large dm® free of DPB.
The size of the sample isx® mnf. b) 3C-SiC crystal on graphite and the 100
thick slab (sample B5) with (100) face orientatadter subtraction by etching (inset).

between the formation of silicon droplets at thedssurface and a lack of
silicon which could lead to graphitization. By niedi during the heating step,
Si "Impregnates"” the graphite foam to form a SirisiC source. For this
experiment, the growth temperature was 1980 °C thrdpressure 1.4 torr.
Under such conditions, a 3C-SiC wafer with largeBBfree domains has been
obtained (Fig. 6.4.1(a)). For this kind of samp¥B free domains only
exhibit micro-twins lamellae and stacking faultdready, the low temperature
photoluminescence (LTPL) spectra collected at 5nKhe DPB-free crystal
present an excellent resolution of near band edtRE] excitonic features,
with multiple bound exciton complexes (MBEC) resmn up to m=5. This
appears only on high quality 3C-SIiC material. Maep the nitrogen
impurities concentration was determined to be 18 cm®. A more
detailed structural investigation on such a sangptgven in Ref [149].

In the case of sample B4 we have applied a picosetansient grating
technique to investigate carrier dynamics in theegi 3C-SiC wafer. Large
thickness of the crystal allowed investigation adneaquilibrium carrier
dynamics at surface and bulk excitation conditiéis. used for excitation a 10
ps duration pulses at 351 nm or 527 nm wavelength quantum energies of
3.53 eV or 2.35 eV, i.e. above the band gap oBDeSIC (2.36 eV at 300 K)
or at the band gap. Correspondingly, the free earrivere photoexcited either
in a thin surface layer of about'=4.5 um or in a thick layer af*=300-500
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um. In the latter case, the 6H-SIC substrate wasrated, as its band gap
(3.0 eV) is larger than the used quantum energy2&t nm. The free carrier
grating decay was monitored by a delayed probe k@aki53 nm. The studies
were performed in a wide range of excitation enatgysityl and temperature
T=10-300 K.

The second sample (B5 (BOU530)) was a 10 thick bulk 3C-SiC
crystal grown by CF-PVT spontaneous nucleation maplgte we applied a
picosecond DT and LITG technique. Spontaneouslyeated 3C-SiC crystals
were grown by the CF-PVT technique [150, 151] usiidS (Tetra-Methyl-
Silane) as precursor for the in-situ formationloé polycrystalline SiC source.
The growth temperature was 2070 °C and the reacessure approximately 1
torr. Up to now, and independent of the purity di1S, CF-PVT always
resulted in very high purity material [131, 152heTunintentional doping level
of nitrogen (N) in the sample was determined byubke of LO mode of room
temperature Raman spectrum. According to Yugam8][X&alibration curve
and fitting of LO at 972 cihwe derived carrier concentration around 1.1%10
cm®. In Fig. 6.4.1(b) pictures obtained by optical r&cope of as grown 3C-
SiC crystal on graphite and the 1@t thick slab with (100) face orientation
after subtraction by etching (inset).

Fast and slow kinetics in a wide temperature araitaion range have
been obtained for sample B5 by optical and eleadtdelayed DT technique. In
all measurements, nonequilibrium carriers werectejg by an above-bandgap
optical pulse of a Nd:YLF pulsed laser with 10ps$spwluration. Through the
free carrier absorption (FCA) or free carrier grgtidiffraction (FCD) of a
below-bandgap optical pulse, the excess carrietacee the transmission or
diffraction efficiency of the probe beam. The résdl transmission and
diffraction transients reflected the concentrationf ¢he decaying
nonequilibrium carriers, and thus the carrier iifet and diffusivity [78, 86].

The rest two samples have been grown by sandwicheSEnique on
repolished and on VLS (111) 3C-SiC seeded (000158E respectively. The
first one (FS50 (SE-050) (Fig. 6.4.2(a)) was gramrrepolished (0001) 6H-
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Fig. 64.2 Pictures of as-grown samples a) FS50 and b) F¥Rdir diameter is
~10mm.

SiC substrate at 1775 °C. Its thickness was @60 and its nitrogen and
aluminum concentration have been determined by LWRIs [N]~16° and
[Al]~10*° cm®, respectively. The second one (FS24 (SiSn-24) gvawn on
(111) 3C-SiC VLS seed layer on (0001) 6H-SiC sudstrat 1775 °C (Fig.
6.4.2(b)). Its thickness was 17(0m and its nitrogen and aluminum
concentration have been determined by LTPL was ZNp<13°® and
[Al]~4.5x10" cm®, respectively. In Fig. 6.4.2 one can see thatetliernot
uniform distribution of structural defects on theface for both samples. Our
measurements have been taken at the less defaotiae in order to reduce the
laser beam spreading.

These two samples (FS50, FS24) have measured by BtT80-800 K
temperature range. The excitation was the 351 nweleagth of N&*YLF

with 10 ps pulse duration. The excitation energysity was 0.2 mJ/cfn
6.4.3 Results and discussion

Samples B4 and B5 (CF-PVT)

Decay of the free carrier grating was monitoredatous excitation energies
providing ambipolar plasma density in range fron0*tm?up to ~16° cmi®,
From the measured grating decay kinetics at vapau®dsA we determined

the ambipolar diffusion coefficiem, and carrier lifetimer values. These
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Fig. 6.4.3 a) Dependencies of the bipolar diffusion coeffiti® and carrier lifetime
TR ON excess carrier concentration in B4. b) Tempesatiependence of ambipolar
carrier mobility at bulk (squares) and surface cfes) excitation conditions with

excess carrier density of 5xf@nd 1x18° cm®, respectively.

parameters for varying excitation energy and wagles pointed out being
dependent on photo-excited carrier density (Fig.3%a)). The tendency of
diffusion coefficient at lower carrier density (fok10'® cni®) is to decrease
with the subsequent gradual increase of at highatagions (forN>10" cmi®).
We attributed the small decrease Df value to nonequilibrium carrier
transport through the spatially modulated carriesma at conditions of band
gap renormalization, and the subsequent increastheD, value to the
decreasing carrier scattering probability in thghhdensity plasma, when its
concentration approaches a threshold of degener@dgtt transition
concentration). This feature was observed eartieruhdoped, high structural
quality 4H-SiC [154, 155] but not for an epitaxMLS/CVD-grown 3C-SiC
layer [102]. In the latter case, low temperature riReasurements in this 3C
layer revealed a high density of nitrogen (~5%dni° [140]) which strongly
contributed to the carrier scattering and maskeddénsity-dependent effect
on mobility. The 2-fold increase of carrier lifeemwith excitation (Fig.
6.4.3(a)) at high carrier density was observediezamh the VLS-grown 3C
epitaxial layer [102] and might be caused by arsdéiton of carrier trapping
centers. On the other hand, simultaneous increfaBg and 7wz values pointed

out to decreasing rate of carrier recombinatioddgenerate plasma.
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The temperature dependence of ambipolar mobjlityeD /KT (Fig.
6.4.3(b)) indicated high values of mobility below Re.g. 370 crfiVs and 300
cnf/Vs at 100 K at higher and lower carrier densityspectively) which
exceed the previously reported ones for epitax@S3C (e.g. theu, value
peaked up to 250 ctvs at 100 K) [102]. In 100-300 K range, the depsmze
HocT* revealed the expected phonon and extended detettibution to
carrier scattering with&L for surface and bulk excitation. In the range 081
K, where only the scattering by point and extendetects is expected with
quite low k value (k0), we observed the unusual high k value (k>1 ghdni
carrier density and k=0.5 at lower carrier densifyhis behavior for higher
carrier density (determined at 351 nm excitatiom) probably caused by
essential increase of carrier diffusion coefficienhighly degenerate plasma,
especially at low T. The latter peculiarity indiedtthe dominant contribution
of carrier-density dependent but not structural edetfiensity governed
scattering mechanisms. The similar dependengg u§. T was determined at
527 nm excitation, i.e. for grating in a bulk witwer carrier density. As this
kind peculiarity was not earlier observed in higbekcited 3C-SiC epilayers,
we conclude that the given bulk crystal has quitgh hstructural quality.
Indeed, the NBE excitonic features in LTPL spedasawell as structural
characterization also indicated the high crystallgquality of CF-PVT-grown
bulk cubic SiC [149]. To conclude, these data iatkd dominant contribution
of the carrier-density dependent but not structuiedect-density governed
scattering mechanisms. This tendency, in geneoahtp out to low electrical
activity (or low density) of extended structurafelds.

LITG and DT measurements in 10-300 K temperaturegegaand at
different excitations have been done on sampleA35it is presented in Fig.
6.4.4 free carrier lifetime exhibits values of ~2in whole temperature range
(10-320 K) with no excitation dependence for terapaes higher than 50 K.
The rapid lifetime increase, as excitation intgnslecreases below the 0.5
mJ/cnf in temperature range below 50 K will be discusksdr. The free

carrier lifetime of this crystal is two times hightean of homoepitaxial one
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Fig. 64.4 Temperature dependence of lifetime of sample B&aioed by a) LITG at
different excitations, and, b) DT technique.

(sample B4) grown by the same technique on VLS dager in the same
excitation range (see Fig. 6.4.3(a)). This is ahcation of lower concentration
of recombination centers; both isolated intrinstenp defects, usually carbon
vacancies, and aggregated point defects on extestdedural defects.

In Fig. 6.4.4(a) we can notice an increase ofitiietwith the reduction of
excitation as the temperatures decreases below .58irilar behavior has
shown sample A. We can attribute this to the thénomzation of nitrogen
bound excitons (NBE) to free exciton when the editree carrier density is
similar to carrier traps concentration stronglyatetl to nitrogen impurities.
Unfortunately, our setup detection limit and saniptetations prevent us from
further reduce of excitation energy density in orgeverify the lifetime value
of NBE in 3C-SiC (160 ns) reported in [156].

Ambipolar carrier mobility as a function of tempena in the 10-320 K
range is plotted in Fig. 6.4.5(a). Its values ahperatures above 100K are
slightly higher than those of CF-PVT on VLS sampld-ig. 6.3.3(b), but not
higher for temperatures below 100 K. Below thatgerature (100 K) we can
notice the effect of excitation energy density lo@ a&mbipolar carrier mobility,
or in other words, to induced excess carrier dgnbitlow enough excitations
the free carrier mobility almost vanishes due tattgcing of moving carriers
on ionized impurities into the semiconductor latistructure. As excitation

progressively increases, the photoexcited excesgisincreases the

124



» 10°F )
> F sample B5 I (mJ/cm”)
NE —0—0.05
S —0— 0.5 4F\
> il . i - 8 sample B5
= 10 o o > \ 300 K
o Aent E b
€ [ S AN o
< I = N /
(_Ct: \"l Dm 3F \D\ - -0
2100F © < I 0 ~—---
Qo <
IS i
< 1 i 1 1 aaal i a2 a2l i a2 a2l
10 50 100 300 10Y 10% s 10"
Temperature (K) AN (cm™)

Fig. 64.5 a) Temperature dependence of ambipolar mobilitysafple B5 at

different excitations. b) RT ambipolar mobility agunction of excess carrier density.

screening of ionized impurities and hence their ttegag efficiency
diminishes.

In Fig. 6.4.5(b) is plotted the ambipolar diffusicnefficient D,) as a
function of excess carrier densitaN). As far the AN is below the Mott
density its increment results in reductionf As in the case of sample B4,
we attributed this small decrease [Bf to nonequilibrium carrier transport
through the spatially modulated carrier plasma @tddions of band gap
renormalization. Whem\N is above Mott density the probability of carrier
scattering is decreased with subsequent increasieed, value. Theoretical
studies [157] based in many-body effects on otkarisonductors have shown
the same excess carrier dependence of ambipofasidin coefficient as our

experimental results does. It is also proposed][it&R, as the excess carrier

“» 400}
sample F g SBB"B\ 0.2mJ/cm®  sample
—o— 2 “ Q. —o— FS50
0— FS50 0.2 mJ/cm / € 200t A
& - 0- FS24
% 10F - O FS24 d ,O Z
S Q- 2z
o ’ S 100F
£ / 3 “8of
= / <
Q@ ! - 60r 16
5 | (,'6 8 4ok =T
ooa O-o -0 - F 8
1k op' o o- ;EQ
E O 20F
[ 1 N N N N < . 1 . . . .
80 100 200 400 600 800 80 100 200 400 600 800
Temperature (K) Temperature (K)

Fig. 64.6 Temperature dependence of a) free carrier lifetiamed b) ambipolar

carrier mobility of samples FS50 and FS24 at 0.&nmfJexcitation energy density.
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density increases above critical Mott density theciten density
increases, and now there is a shift in the metiozboduction: excitons start
to participate to carrier diffusion but not to cpardiffusion since excitons are
neutral. In principle, one can imagine a situatiath D, >D, because neutral
excitons may not be scattered by charged impurifiags is in contrast to the
reduction in effective ambipolar diffusion constémit results when rigid band

gap narrowing is assumed.

Samples FS50 and FS24 (SE)

In Fig. 6.4.6 that follows it is presented the temgture dependence of free
carrier lifetime and ambipolar mobility at moderadecitation intensity 0.2
mJ/cnf. Both free carrier lifetime and ambipolar mobility both samples
exhibit similar values.

Free carrier lifetime is ~1.6 ns at room temperatwhile for higher
temperatures shows a steep increase with sligiffigreint values for at these
two samples. This increment at temperatures hitffaer the room temperature
with respect to decrease of ambipolar mobility dige scattering on
deformation acoustic phonons.T>?) indicates that the carrier lifetime is
diffusion limited. Even carrier lifetime exhibitsales typical for bulk layers
grown by SE technique the ambipolar mobility reachiggh enough values of
~120 cmi/Vs at RT. At lower temperatures (<150 K) the effet carrier
scattering on ionized impurities is obvious sinbe excess carrier density
(~6x10" cm®) is not high enough to screen ionized impurities.

As a result, we may claim that the existence of \#e8d layer as far as it
concerns the carrier lifetime and ambipolar mopititose to the surface of

these two bulk layers have no detectable effect.

6.4.4 Conclusions

Spontaneous nucleation of 3C-SiC on graphite byP&F-technique results in
a crystal with twice longer carrier lifetime comepdrto those nucleated on 6H-
SiC substrates by CF-PVT or SE techniques, no mageded or not, while
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ambipolar mobility is the same for all of them. Mover, the thin 3C-SiC seed
layer on 6H-SIC substrate seems to have no sigmifieffect on electronic

properties of the overgrown by SE bulk 3C-SiC.

6.5 Comparison of the electronic properties in vaously grown 3C-SiC

In this last part we consider the obtained carfitatime and ambipolar
mobility with respect of their impurities concentom, layer thicknesses and
growth temperatures from all layers presented iaptdrs 5 and 6, at room
temperature, and at moderate high excitations énvibinal to surface area,

where non-linear effects have not any significamttabution.
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Fig. 65.1 Ambipolar carrier mobility as a function of a) immties concentration, and

b) layer thicknesses for 3C-SiC layers at RT anderate high excitation levels.

Ambipolar mobility values as a function of theirporities concentration
are depicted in Fig. 6.5.1(a). As the dashed Imkcates, ambipolar mobility
decreases as impurity concentration increases. $pexific tendency is
described previously for Si [159] and SiC polytyp£80] as a consequence of
carriers scattering on ionized impurities. Moregwambipolar mobility shows
a tendency to increase slightly as layer thicknesseases most probably due
to reduction of scattering processes related twktral imperfection.

On the other hand, and independently from growtthrigue, carrier
lifetime seems that has not any specific dependemtdayer doping or

thickness, as in Fig. 6.5.2 is depicted. This mehatthe growth conditions, at
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each separate technique, are those that can @demtetermine lifetime in
3C-SiC layers. In these two diagrams we can notthatlonly 3C-SiC layers
grown by CVD technique exhibit a clear dependenae impurities

concentration and layer thickness. Thus, suitalpénmozation of growth

parameters may control carrier lifetime. For exampl seems that growth
temperature slightly lower than 1600 °C result aydrs with high carrier
lifetimes, as well as ambipolar mobility (see F8gb.3).
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Fig. 6.5.2 Ambipolar mobility (a) and lifetime (b) of 3C-Si@yers grown by several
different techniques as a function of growth terapare.

On the other hand, if low values of lifetime arequiged for high
frequency applications, but with high ambipolar mhtbs, CF-PVT growth
technique is the most promising one.
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Chapter 7 The influence of substrate surface morpblogy on 3C-SiC

electronic properties

This chapter deals with the influence of substoai¢he lifetime and diffusivity
of carriers in 3C-SiC epilayers grown by differéethniques and it is divided
into two subchapters. The first one deals with @nigpy of ambipolar carrier
diffusivity in CVD layers and the second one withetcarrier lifetime

dependence on substrate roughness in SE layers.

7.1 Defect induced anisotropy in diffusivity of honeepitaxial 3C-SiC

7.1.1 Introduction

The ability of the same compound to exist in mbwantone crystalline form is
referred as polymorphism, while, the one dimendipp&ymorphism, i.e. when
crystalline forms have the same atomic plane inroom and differ only in
their stacking sequence along the direction nornmalplane, is called
polytypism. As stacking fault (SF), a fundamenténar defect, has low
formation energy in SiC, various kinds of SFs magily occur as a result of
changing the stacking sequences with respect tondueix [52] resulting in
more than 200 known polytypes in SiC. However,dffects of SFs on carrier
dynamics in SiC have not been investigated extehsip to now, especially
in the case that 3C-SiC is the host matrix. In gubchapter we discuss the
effects on carrier transport and recombination ertiigs due to oriented

formation of grooves on homoepitaxially grown 3@y CVD technique.

7.1.2 Samples and experimental techniques

The samples under investigation are two 3C-SIiC legntaxial layers grown
by chemical vapor deposition (CVD) on highly dop€tl00) 3C-SiC
commercial substrates produced by HOYA corp. [16eir thicknesses,

nominal concentrations of nitrogen impurity, deysit surface grooves and
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Table 7.1. Sample information on groove and pit density adl vas on N
concentration. Diffusion coefficients, as well asjugh estimation of SRH
recombination time are presented.

Sample HG1 HG2

Surface photographs after
etching at 408C for 2 min
obtained by optical
microscope ([161])

[-110]
g—»nol
[001]
100 zm

Thickness im) 23-30 28
[N] (cm™) 4x10° 6x10¢
Grooves (crif) 1.6x10 1.5x10
Pits (cn) 2.4x10 8.2x10
Leakage current (A/cth ~10* >10°
Da (Normal) (cnd/s) 2.2 1.6
Da (Parallel) (crivs) 3.3 2.5

pits, as well as leakage current density are edlish Table 7.1.1. Both
samples have been etched with KOH at 400°C forrfutas in order to show
up their structural defects as pictures in Tablel7present. The etched surface
for both the samples show circular pits and pdrgiteoves. In sample HG1
some grooves align in the horizontal direction Hredrest of grooves are in the
vertical direction while in sample HG2 all groovakgn in the horizontal
direction. These grooves most probably originabenfistacking faults aligned
in [110] and [-110] directions [162]. As it is cleaample HG2 shows higher
values of all parameters mentioned above than tinosgmple HG1.
We apply picosecond LITG and DT technique to inigade carrier

dynamics in the given two 3C-SiC layers. Since d@hsorption depth in 3C-
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SiC is ~5um for 351nm wavelength, it is ensured that only ¢jpdayer and

not the substrate is exited.

7.1.3 Results and discussion

Ambipolar carrier diffusivity and effective lifetienfor 1 and 10 mJ/cm(or
3.5x10® and 35x18 cmi® excess carrier density) are extracted as is ridtesd
in Fig. 7.1.1(a). In Fig. 7.1.1(b) it is depictdietambipolar carrier diffusion
coefficient O,) for both layers for two mutually perpendiculareditions,
when the transient grating vector is normal (furtdenoted as N) or parallel
(P) to the groove alignment. Note that the ambipcéarier diffusion direction
coincides with the transient grating vector dir@stiSummarizing the obtained
results in Fig. 7.1.1(b) it is clear that in theseaof P-geometry th®, is
substantially higher than in the case of N-geom&trypoth samples within the
entire excitation range. We attribute this to tlo¢eptial barriers that stacking
faults introduce to energetic band structure. €esrihat diffuse parallel to the
grooves experience less scattering than thosesdiffjuacross the potential
barriers. The potential barrier creation might mrége from SF local structure
within crystal lattice, which can be consideredaaguantum barrier [50]. In a
similar case in GaN the anisotropic conductivity esplained by carrier

scatterings by basal SFs [163]. From the obtairadales in N- and P-geometry
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Fig. 7.1.1 a) Determination of values of ambipolar diffusicoefficient D, and
effective recombination lifetimer e b) Excitation dependence B, in N- and P-
geometry for both layers.
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for both samples we derive that the increasing wealensity, and hence
SFs concentration, results in the reduction of awlar diffusion coefficient.
Furthermore, current-voltage (I-V) measurementdhvidi Schottky contacts
suggest that the lower impurities concentration 8kddensity lead to better
electrical characteristics for homoepitaxial 3C-&¢ers [161].

The results of last paragraph drive us to consatb@ut the driving force
that generates SFs during homoepitaxial growtthbysame growth technique,
l.e. CVD. For this reason, we investigated whet@isotropy in ambipolar
carrier diffusivity is present in two free standiBG-SiC layers grown by CVD
on Si undulant surface [59]. These layers have kgpenn by the same
technique and grower as the substrates of sampidsatd HG2. Since in the
case of free standing layers there is no predefneéerence orientation on
layer surface, we rotated the sample in stepsrggdrom an arbitrary position.
The obtained LITG decay times for small gratingipes were used in order to
monitor the possible change . The use of small grating period values for
the study oD, anisotropy is justified from two reasons. Thetfoae is related
to the principles of LITG technique. The variatioofsthe grating period\
leads to different contribution of the diffusiongmating decay rate, where, the
smaller the grating period is, the shorter timaegded for carriers to diffuse

towards grating minima and to compensate the intlnoadulation.
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Consequently, the use of small grating period apprates the diffusion
contribution on carrier dynamics minimizing the aetination contribution.
The second reason is that in our study we aremetdsted in the absoluly,
value but rather in its relative change with th&tion angle. The results of
LITG measurements for both layers reveal that thereo evidence oD,
anisotropy (Fig. 7.1.2). This means that eitherrehess no a preferential
direction for the structural defects that are resjige for the introduction of
potential barriers into bands, or there is no sidfit amount of such defects
capable to influence effectively the ambipolar eardiffusivity.

In additional, DT measurements in both layers atRVe shown that
carrier lifetime exhibit similar values with thelmirate material. Despite the
progressively increasing uncertainty, as lifetinadues exceed ~10 ns, we have
determined them to be ~28 and ~45 ns for layer ld@d HG2, respectively.
This means that the increase of grooves, pits amdpurities density — by one
order of magnitude, three times and one order ojmibade, respectively —
results in the apparent duplication of lifetime, atrleast does not reduce it.
This peculiar result contradicts to the establistredd which considers that
defects accelerate recombination processes. Imgsyritrst of all, although we
believe that have minor contribution to carrierambination processes in 3C-
SIC, there is no any prove that determines its tes@atribution. Pits being the
surface projection of dislocations in the layerkbate confirmed that readily
contribute to trap-assisted recombination proces¥es in 4H-SiC have shown
different behavior from other — point, linear, anslume - defects,
demonstrating interesting phenomena of either @sang or increasing carrier
lifetime, which depend on the SF-related energgeley164]. In the case of
3C-SiC the — usually thin — quantum barrier in agetcbn band is rapidly
evacuated from free carriers by their diffusiondwer potential neighboring
bands. Apart from this, the Fermi energy levelhe hon-degeneracy regime is
below the conduction band minimum of a SF, and éeadlser to equilibrium
conditions. These two facts have a consequence ast veduction of

recombination processes into a SF. All the prevamgsiments concerning SFs
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drive us to assume that SFs in 3C-SiC do not dmutei to carrier
recombination processes but their negligible volyeecentage do not affect
the overall layer recombination rate. Moreover, ist possible that the
intentionally formed SFs contribute to lattice sgeelaxation in the inter-SF
space and hence suppress the defects densityAnsimilar growth process,
called epitaxial lateral overgrowth (ELO), is agglifor the GaN crystal lattice
optimization. In total, carrier lifetime in sampleg51 and HG2 retaining the
values that have been observed to layers as thbstrates reveals that the
complexity of multi-parametric relation that detémes the overall lifetime has

to be solved by extended combination of structanal optical methods.

7.1.4 Conclusions

The ambipolar diffusion coefficient along the agagf ordered grooves
exhibits higher values than across them due tmdniction of the potential
barriers caused by SFs which have been formedtegtional treatment of 3C-
SiC substrate. Moreover, the increasing densityg@oves that results in

diffusivity reduction has unspecified effect oretime values.

7.2 On the substrate roughness correlated carrieifetime

7.2.1 Introduction

As we already mentioned in 8§ 5.2.1, the hetero{yplg growth of (111)
3C-SiC on (0001)a-SiC with negligible lattice mismatch (~0.1 %) and
identical thermal expansion coefficient offers &uson to mentioned problems
by reducing the density of stacking faults (SF)jlevanother type of structural
defect (double-positioning boundary) appears sie® distinguishable
orientations of epilayer rotated by 60° with redp@ceach other have equal
growth probability. The promising Vapor-Liquid-Sablideposition (VLS)
technique [119] gives a chance to develop a heielgtypic thin seed layer of

3C-SiC on which it would be possible to grow thickayers homo-epitaxialy
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by Chemical Vapor Deposition (CVD) [120] or Sublimoa Epitaxy (SE)
[121] techniques.

In this subchapter we study the influence of 6Hd &C-SiC substrate
roughness on the overgrown 3C-SiC epilayer. At lleginning, we study
separately the cases of surface polytypic natuge hexagonal and cubic SiC
polytype. Later, we consider all carrier lifetimaader the same structural

characteristic, i.e. short range substrate roughnes

7.2.2 Samples and experimental techniques

The sample under study are presented extensive§bip.2. Here, we only
mention the parameters that we use for this ingasan, i.e. FWHM of
HRXRD rocking curves at (111) crystallographic diren and RMS of short
range roughness of epilayers. The crystal structta®e assessed by HRXRD,
using Philips X'Pert MRD triple axis diffractometeequipped with a
symmetric 4xGe220 monochromator and symmetric 32Gethalyzer using
Cu radiation. Reciprocal space maps (RSM) of tlffeadted intensity close to
the 111 Bragg peak were recorded. The surface rotogh was examined by
optical microscope with Nomarski interference castrand AFM-operating in
the tapping mode using Si tips [122].

Bulk lifetime is determined by numerical modelinf @T experimental
data in a wide range of excitations. Because ofr gagers homogeneity
multiple series of measurements are necessaryder @0 determine the error
in lifetime values.

Table 7.2.2 Determined parameters for all (S1/2/3/4) the 3{lagers. XRD FWHM
and RMS roughness are taken from [122]. Lifetimaghbeen determined at RT.

Layer S1 S2 S3 S4
6H 6H 3C/6H 3C/6H
Substrate _
(bare) (polished) (VLS) (VLS+CVD)
FWHM (111) (arcsec) 179 302 144 83
substrate RMS roughness (nm)  2.69 0.52 1.01 0.41
Lifetime (@QRT) (ns) 8+3 2.2+1 4.5+2 1.1+0.5
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7.2.3 Results and discussion

The low growth rate SE on bare and polished (008H)SIC substrates,
denoted as S1 and S2, respectively, have showrbstasitial difference in
lifetime values. In Fig. 7.2.1(a) is plotted thdlkblifetime of S1 and S2 layers
as a function of their substrate roughness (RM3x5 um area. As we can
see the bulk lifetime increases with the substsatat range roughness. Since
in the case of heteroepitaxial growth the initiatleation of 3C-SiC starts on
terraces we assume that the longer terraces resutisver density of double
positioning boundaries [165]. On the other hana #ublimed 1-2um of
substrate during temperature ramp-up deteriordtesstrface optical quality
which has been achieved by polishing [166]. Moreptieere exists a general
consideration on resulted crystal quality close staface after polishing
processes. It seems that the whole process, eveptifizes the surface
flatness and reduces its roughness, creates sualdtaperfections in the
vicinal layers, which in turn transfer them to tnergrown layers. The latter
consideration is supported by the substantial reoluof bulk carrier lifetime
with the increase of FWHM at (111) crystallograpliicection, as in Fig.
7.2.1(b) is depicted.
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Fig. 7.2.1Bulk free carrier lifetime as a function of a) stdate RMS roughness
obtained by AFM and b) epilayer lattice HRXRD rauficurve FWHM at (111)

crystallographic direction.
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A similar discussion about the correlation of fregarier lifetime with
surface roughness might be extended for samplean83S4 that are grown
homoepitaxialy on thin 3C-SiC seed layers. In lattase, the less rough
surface hinders the growth rate since the surfacgpeifections are
energetically favorable for initial nucleation [122he lower growth rate on
3C-SiC VLS layer increases the twinning complexhgd it is accompanied by
formation of other high angle boundaries [167]islteported that although a
VLS seed layer decreases twin density, it alsoltsegulower material quality
if compared to layers grown directly on 6H-SIiC drddes [168]. This could
be an explanation to initial incoherency with ouguanents from previous
paragraph on the increase of lifetime with HRXRIBkiag curve FWHM. An
alternative approach on the subject is that everctimcentration of structural
defects in sample S4 is lower than those in sarB@8lethey contain higher
amount of non-coherent twin boundaries denoted=#s[125]. This type of
twin boundary observed in layers grown by SE isewidnd hence contains
higher amount of structural imperfections than laerent twin boundary which
denoted ag&=3. The latter might be the reason for the moreatfie carrier
annihilation at the boundaries of a defect-freeun@ where carriers can

diffuse under lower scattering potentials.
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Fig. 7.2.2 Bulk free carrier lifetime as a function of a) stiate RMS roughness
obtained by AFM and b) epilayer lattice HRXRD raulicurve FWHM at (111)
crystallographic direction.
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Regardless the areas and mechanisms which arevauvah carrier
annihilation, we can summarize the results of Fig8.1(a) and 7.2.2(a) in in
Fig. 7.2.3. In this diagram it is visible that bdilletime increases with the short
range RMS substrate roughness. This experimerdabgrved tendency of an
electronic property, as lifetime, might be a consage of homo- and hetero-
polytypical nucleation mechanisms of 3C-SiC on SgDbstrates by
sublimation epitaxial technique. Apart from the tfabat epilayer's bulk
lifetime increases with short range RMS roughnegsamately in homo- and
hetero-polytypical growth, both cases seem to volapproximately the same

relation between lifetime and roughness.
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Fig. 7.2.2 Bulk lifetime of 3C-SiC layers grown by sublimati@pitaxy as a function

of their substrates short range RMS roughness.

7.2.4 Conclusions

Optical differential transmission measurements amic SiC layers
grown by sublimation epitaxy reveal a monotonous@ase of bulk carrier
lifetime with short range roughness of SIiC substrategardless of the
polytype. The reasons for this are closely related3C-SiC nucleation

mechanisms on SiC substrates by sublimation epitaxy
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Prospects

During my PhD studies a number of scientific issuesve been
investigated. Some of them are already publisheaheswill be published in
the near future, and some required further invastg.

As far it concerns 3C-SiC material, it worth to r@ate electronic and
structural properties of the ultrathin nucleatiagdrs which are critical for the
further crystal growth. Nevertheless, further stsdhave to be continued on
differently grown layers assisting the developnrttigh quality 3C-SiC.

As far it concerns carrier dynamics of indirect widband gap
semiconductors, as 3C-SiC is, non-radiative recoatlmn mechanisms and
non-equilibrium carrier transport in the regime d#ggeneracy appear to be
promising fields for fundamental research as welax materials engineering.
Several entities, like impurities, intrinsic poeumd extended defect structures,

that contribute differently on carrier dynamics dendetermined.
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Unfortunately people were not lucky enough to fimel cup of hemlock which
can do away with such a being, for all the poisthhey created — envy, slander,
and inner anger — were insufficient to destroy thaelf-satisfied
magnificence... who drive the chariot of our cultared every other one, but
that almost always the wagon and the horses aegiorf material and cannot
match the glory of their drivers, who then considefunny to whip such a
team into the abyss, over which they themselvep jith a leap worthy of

Achilles.
Friedrich Nietzsche
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