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ABSTRACT

The continedadvancement of silicchased el ectronics has ¢tr
lives around the wodl However, silicon isot best suited for all types of devices or all
applications; thus, researchers will need to continue investigating and developing new
materials, processing techniques, and devi&##con carbide (SiC) is a wideandgap
semiconduator of great interest for higtemperature and highower devices.

Developing ohmic contacts and diffusion barriers for SiC is critically important to
achieving hightemperature electroniend sensorsOn the other hand, indium nitride
(InN) is a narrav bandgap semiconductor with promise for optoelctronics, including
photovoltaics. Both SiC and InN are roentrosymmetric crystal structures, resulting in
polar {0001} faces. Polarity has been shown to influence various properties such as
growth and eticing without clear trend amongst all polar materials. The influence of
polarity on metalsemiconductor interfaces must be understood for understanding and
optimizing electrical contacts.

Ohmic contacts tp- andn-type 4HSIC using alloyed tungstéenickel (W:Ni)
refractorythin films were investigated. Transfer length measurement test struactyses
type 4HSIC (Na= 3 x 10°° cm' ®) epitaxial layersevealed ohmic contacts with specific
contact resistanceg, of ~10 % 10 ° q ¢ frafter 0.5h annealing in argon at temperatures
of 1000°C, 1100°C, 1150°C, and 1200C. Contacts fabricated antype 4HSIC (\p =
2 x 10° cm'®) by simila- methods were shown to have similar specific contact resistance
values after annealing at 10aA.50°C. Together, these findings demonstiate

simultaneous ohmic contact formation for W:Ni alloys ondi@. The lowes} values



were (7.3t 0.9)x 10 ® q en® for p-SiC and (6.8 0.9) x 10 ° q ¢ fifor n-SiC after
annealing at 115€C. X-ray diffraction showda cubic tungstémickeli carbide phase in
the ohmic contacts after annealing as well as tungsten carbide after annealing at the
higher temperatures. Aear electron spectroscopy depth profiles reagalrelatively
homogeneous contact after annealing at T@O0In samples annealed at 1X@or
higher, depth profiles suggestthe presence distinct metal carbide regions (with some
dissolved Si) above a nickelnd siliconrich region at the interface with SiC.-rdy
energy dispersive spectroscopy mapping also shphase segregation into tungsten
rich and nickelrich regions after annealing at 1100 and above Scanning electron
microscopy of crossectioned W:Ni/SiC indicatethé¢ ) . valuescould be up to 20%
lower forp-SiC and up to 10% lower far-SiC based on the depth of reaction into the
epilayes. W:Ni alloys have showmpromise as simultaneous ohmic contacts-tandn-
SiC, offering low and comparahbjg values that surgs those of other simultaneous
ohmic contacts.

Further aging of the ohmic contacts was explored for both A0®@&nd 600C.
At the higher temperatures, significant degradation in ohmic contacts was seen for all
temperatureafter an additional 0.b & peak temperaturexceptfor 1000°C. Thermal
stability was also seen for 1000 out to 2h for bothcontacts t01-SiC and contacts to
more lightlydopedp-SiC (Na= 1 x 10?° cm %) with higherj . values. All samples
annealed at 100 for 1 h totalwere then aged for 100at 600°C in Ar with only
moderate increases jgfor contacts to SiC with the highest doping, and small decreases

in J ; for contacts tanore lightly-dopedp-SiC. Diffusion barriers of cesputtered
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platinum (Pt) andcarbon (C) with tantalum disilicide (TaSk) were explored. While the
ohmic contact layer was preserved for short tim&OatC+ and 700C, no immediate
benefit could be identified over previously reported Pt/Th&iriers.

Metali InN interfaces were characterized in a digeside study on the polar
{0001} faces. The Ni films on (0001) and (@)AnN exhibited different reaction
kinetics upon annealing 400 °C. Structural and chemical analysis using grazing
incidence Xray diffraction transmission electron microscopy, anday energy
dispersive spectrometry indicated that an interfacial reaction did not occur between the Ni
film and the Inface(0001) InN layer. However, the-ficelnN reacted with Ni to form
aNisInNy ternary phaseiith an antiperovskite structure. The Ni contacts on théalce
remained unreacted oveihdof annealing a400 °C while the Ni continued to react on the
N-face This same behavior was seen aftérdnnealing a400 °C; however, oxidation
of the InNand Ni became increasingly problematic. The difference in reactivity for Ni
on Inface and Nrace InN indicatd that polarity altered the reaction and may also affect

other metdlpolar semiconductor interfaces
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Chapter 1

Introduction

This chapter serves to describe the motivation, theory, and materials studied in
this work. The aim is to provide sufficient background to understand the chiaters

follow.

1.1 Motivation

Since before the written word, humans have desired to share information and to
improve their lives. In the fBand 28" centuries, electricity transformed from a research
curiosity to become a ubiquitous part of everydayififthe Western world. Electronics
for research, military, aneiventhe consumer resulted in a multitude of technological
developments. With the invention of the transistor in 1947, however, the age of modern
microelectronics started to take root in thedéérn world. The creation of metal oxide
semiconductor field effect transistors (MOSFETS) and their use in integrated circuits
(ICs) started the contidladvancenentof computer chip performance all the way into
the 2f'cert ur vy : Moor ebg Iloaw.or ediseulchalPtsmpapdi
by the cefounder of Intel acknowledgindpé number of transistors on a chip was
doubling every year and would likely continue. Gordon Moore further predicted that
scaling would bring about home computers, and personal electronics for the jhasses

The rate of scaling lsdbeen revised to a doubling of chip density every two years,



leading to transistorper-chip numbering in thenulti-billions today. This sustained

advancement in computing power has placed personal electronics and computing power

into the hands of billions. The valued devices have shifted oversiitiehome desktop

computers and portable tape/CD players gjwiray to laptops, cell phones, mp3 players,

tablets, and wearable computers. Sharing information has never been easier with the rise

of computers and the internand many cherish the improvement in their professional

and personal lives. These advantage been possible because semiconductor

electronics researchers and manufacturers htveta Mo or eds Law as t hel
smaller electronic devices, higher power density, faster computing power, and cheaper by

the (masgroduced) billions.

For decadeghe continued development of IC technology relied heavily on
silicon-based electronics. Along the way, the dangetisfontinuingMoor e6s | aw ha
stimulated study and development of such technologies as siieorsulator (SOI),
high-k dielectrics, anshonplanar transistors (e.g., FINFETS). In the same time frame,
other semiconductor materials have been researched and utilized for specialized areas
such as lightmitting diodes (LEDSs), lasers, and photovoltaics. The continued
advancement of semicondactechnology will require further development in both new
semiconductor materials and novel usage of already studied materials.

One ofthemany sectors stimulating the development of new materials is
spaceflight. Expanding exploration remainstb#ective dreanof both government
agencies such as NASA as well as private enterprises around the world. As spacecraft
operationlifetimes and distances from earth increase, an area of increased demand is

sensors and controls. Specifically, reale senspfeedback at elevated temperatures has



particular interestor monitoring onboard power generation, launch, and reentry
system8 with heightened necessityr high-temperature destinations such as Venus.
Previous lander spacecraft to Venus have surviessithan two hours, in part due to the
average surface temperature of 46(02]. The interest in higtemperature electronics
extends beyond spacefliglmcluding theautomotive, aeronautics, and terrestrial power
generation sectors. Monitoring turbine engines, pisopn systems, and geothermal
drilling calls for dependable, higiemperature electronics up to 60D [3], [4].
Meanwhile, futurdooking hypersonic flight even has interest in sensor operation at
1000°C for shortdurationg5]. Yet, silicon and SOI technologies can only operate up to
2001 250°C [3], [4], [6]. In order to acleve hightemperature operation, semiconductor
research has focused on replacements to silicon using wide bandgap semiconductors such
as silicon carbide (SiC). SiC sensors could detect many properties inghuelgsgire,
temperature, and the presence adeg 7], [8] with the additional benefit of SiC beirsg
radiationresistant material wekquipped for high temperaturedigh-temperature,
radiationresistant SiC ICs wouldlsobe needed to communicdietweersensors and
the spacecraftBefore SiC can become more widely adopted in-féghperature
devices, microfabration and packaging techniques must be developed fyig}h¢8].
Electrical contact materials for metallization and diffusion barriers at elevated
temperatures must also be improvedr&iabledevice operation.

Ohmic contacts are essential for delimgrelectrical signalg/ith minimal energy
loss consequently, numerous research efforts have investigated metal contactawo both
type andp-type SiC[9]i1[13]. The optimum ohmic contact material will have a low

contact resistancef a long period of operation, representing ease of caraiesport
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over a small barrier or through a thin barfie3], [14]. Research into contadtsn-type
SiC has generallgesulted in lower specific contact resistance valuastti@sefrom p-
type SiC[9], [10], [13]. While longterm thermal stability of ohmic contadtb n-type
SiC has shown promising results, even in[a§]i [18], ohmic contacts tp-type SiC
have not been as successful. ohsnic contacts to bothtype ando-type SiC are
required formanySiC devicesresearch has turned more attention to reliable ohmic
contactgo p-type SiC.

In thisdissertationohmic contacts to SiC have been investigated using tuiigsten
nickel (W:Ni) alloys. After focusing on the ohmic contact formatiop-tgpe SiC, these
alloys have also been studiedmtype SiC. Simultaneous ohmicrgacts to both
conductivity types of SiC using the same material and processingaséegssiredor
fabricationsimplicity and reliability. As anon-centrosymmetric, hexagonal foroh SC
was studied, the anisotromtructure exhibits polarity alongeft-axis Lattice polarity
hasbeenshown to hava strong influence on various aspects of semiconductors in terms
of stability and performance. The availability, however, ofSiB epilayers oriented
along the lesstudied Gface continues to be limitedrhus, a study of polar metal
semiconductor interfaces for indium nitrileN) will be presented instead this
dissertation As another material whose performance does not suffer with radiation
exposurg19], InN has great promise for both solar cells and gas sensors in space.

From personal electronics to higgmperature sensors, the world demand for
advancemaens a question of when, not if. Materials such as SiC and properties such as

polarity are part of the many directions for research opportunities. Electronics have



become an indispensable way of life for mastd the future of research and

developmentertainly must deliver on some of these expectations.

1.2 Metali Semiconductor Theory

1.2.1 Semiconductors

As already stated, semiconductors are the basis of modern electronics. When
many atoms bond together, the electron orbital energy levels join togethenergy
bands. The energy band structure is material specific, with generalizations based on
material type. Metals have overlapping energy bands that allow free movement of the
0 s e adebtrorm fnsulators have a large range of forbidden enstage$ the
bandgapky)d between the lower, filled valence bartg)(and the upper, empty
conduction bandE.) [20]. Bardgaps in semiconductohsive smaller, finite values in the
few (< 5) eV range. Incident photons or thermal energyeoablesufficiently excited
electrons to surmount the bandgap into the conduction band. When electrons are boosted
into the conductiondond, they | eave behind positive ca
band,as seen ifrigureli 1. With the band structure in mind, semiconductors have
conductvity (and resistance) in between those of metals and insulators. The energy of
semiconductor bands often plotted against momentum wave vectors in reciprocal space
[20]. Direct bandgap semiconductors have their aotidn band miniraand valence
band maxinaaligned at the same momentum vector. Thus, recombination of electron

hole pairs or absorption of a photoocurswithout a change in momentum. These



semiconductors have promising uses for optical applicatilstect bandgap
semiconductors do not have the minima/maxima aligned; thus, electrons must undergo

simultaneous momentum and energy shifts, reducing the efficiency of this transition.

c ? N

E

E

I
I
I
I
I
I
‘.‘ o
Figure 1i 1. An eledron can be elevated from the valence band to the conduction band of

a semiconductor, leaving behind a hole in the valence badapted fronj14], [20].

Intrinsic semiconductors have electrons and hiolegjual numbers. Additional
charge carriers can be introduced into semiconductors by doping. Dopant atoms
substitute into the existing semicondudtructurewithout the same maber of valence
electrons as the atoms in tsteucture If a dopant material adds electrony (he ionized
donor atomgNp) make then-type semiconductor overall electrically neuteaid
negative charge carriers are found in the conduction biarkind, ionizedacceptor
atorrs (Na) captureelectrors andcreate g-type semiconductor with positive holgy (n
the valence band. Between the ionized atoms and the charge carriers, charge neutrality
remains. A way to quantify the charge carriers in sendactors involves the Fermi
energy Er). TheErlevel is defined from FermbDirac statistics as the energy above
which theenergy levelaremostlikely empty and below which they aneostlikely

filled. The probability of an electron existingEtis ¥2[20]. The extrinsic charge
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carriers from dopants often dominate any intrinsic caragceptat high temperatures.

The number of carriers along with temperature has important impacts on maaitg (
measure of how quickly charge carriers m{@. Semiconductor resistivity X

depends on the mobility and the number of charge carriers for both electrons and holes,
as seen in Eq.il, whereq is the fundamental charge

S R T (2i1)

1.2.2 Metal semiconductorcontacts

Electrical contacts are requitéor all electronic and optoelectronic devic8hey
can be understood by considering what happens atireetaiconductor interfaces. The
physical conjoining of two materials involveee rearrangement of charge carriers, which
can be understood by refimg to theenergybands of the material. The metal work
f un cty)is the efangy required for an electron to escape Eomto vacuum(E,,o),
as seen in Figuré 2(a). Similarly, the definition is the same for the semiconductor work
f unctg. dheelécmon affi i t sybetferE; and vacuum now also adds to any
energy abové&r insideE,, (EcT Eg), in determiningis. As seen in Figuréi 2(b) and

(c)apt ype semiconduct gthan hratype semicomdudtor.| ar ger
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Figure 1i 2. Energy band models with Fersi@vels and work functions for (a) a metal,

(b) ann-type semiconductor, and (cpaype semiconductorAdapted fronj14], [20].

When two materials are brought into physical contact, their Hexals must be
alignedand continuoug equilibrium. The remaining energy bands will shift and bend

in order to keejkr constant. This creates a barrier between the metal and semiconductor

for charge car ri ergyinhibits€laceon Bandidmom ank-typeb ar r i er

s emi c on ¢yt cspiand hol€ ttansfdromap-t ype semi gengdasct or
seenm Figureli 3(a) and (b) respectively For the relativevork function relationships
opposite to those mentiongtie barrier curves down towarls encouraging carrier

flow. The region within the curved bands has a hailtoltage {,i) and electric field

from the bandending, leaving the ionized dopants without any mobile charge carriers in

this region.

(@
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Figure 1i 3. Energy band models for Schottky barriers formatth a metal anda) ann-
type semiconductas wellas(b) ap-type semiconductdrom the energy band

conditions presented in Figuré2l Adapted fronj14], [20].

Charge carriersan pass over the Schottky barrier when they have enough kinetic
energy to do so. An applied voltage that diminishes the barrier eases the passage of
charge carriers, but an opposite bias would inhibit charge carriers with the enhanced
barrier[20]. This kind of metalsemiconductor interface is described as a rectifying
Schottky contactMetali semiconductor interfacesrtalso formohmic contad, where
charge carriers mowveasilyindependent of the bias direction. Remembering curtent (
as the movement of charge carriers, ohmic contacts obey linéeglationships. The
creation of ohmic contacts can come about feawveral band alignments. Ohmic
contacts exist when no barrier exists at the msgahiconductor interface. Similarly, if
the barrier is small enough and/or the electrons have sufficient energy to be transported
over the barrier, thermionic emission (Tiéyults in an ohmic contact, as seefigure
1i 4(a). When the doping is high enough, the barrier will have a narrow enough width
that charge carriers can tunnel through during field emissions@dt) in Figurdi 4(c).

Thermionic field emission (TFEEen in Figureli 4(b) exists at doping levels between
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TE and FE asnergeticcharge carriextunnel through a narrowing energy baradove

the flat conduction band level

—_——

(a) TE (b) TFE

Figure 1i 4. Three methods of emluctionexistin ohmic contacts with increasing doping

from (a) thermionic emission to (b) thermionic field emission to (c) field emission.

Adapted fronj14].

T h e s igzalengwith tha doping concentratianfluences the specific
contact resistancg {) with variousdegrees of impaaepending on the conduction
method[21]. However,predictingl g has been a matter of great complexity. The
Schottky Mott relationshipshownin Eq. I 2 betweerthe metal work functionelectron
affinity, and barrier heightdoes not generally apply to many semiconduétoreluding
SiC. In fact, many semiconductare describefly d~ermilevel pinnngg w h e gis @
nearlyindependent of tha  for thecontact The Bardeen model attributes this behavior
to interface states in the semicondud@r [11]. The degree of Fernievel pinning,
often discussed akli g/du v, remains modedor SiC[11]. Mearwhile the Femi-level
pinning for InN is strong, placing the Ferhevel insidethe conduction band.9]. With

neither Fermievel pinning nor the Schottkott relationship fully describinghmic
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contact formatiorio SiC, the exploration of ohmic contacts to SiC has been stuatied
more of adrial-anderrodbasis[12].

5 i3 N\ (11 2)

1.3 Materials of Interest

1.3.1 Silicon Cabide

Silicon carbide (SiC) is a wide bandgap semiconductor with propertieswidt
for high-temperature and highower devices. The structure of SiC can be any of the
more tharR00 polytypes, but the composition of SiC always has equal quantits of
and C. The Si and C atoms each exhibit short bond lengths téothvenearest
neighbors (89 A), resulting in high hardness (Mohs hardness = 9) and near constant
density[7]. The differences between SiC polytymesne fromthe stacking sequences to
form repeating unit cells. Most SiC research has been directed towards the 3C (cubic),
4H (hexagonal), and 6H (hexagonal) polytypes shovigareli 5. The stacking
sequences are that 3C repeats as ABC, 4H as ABCHHwad ABCACB. The 4H and
6H polytypes belongs to space group 186, Witkmcsymmetry while 3GSiC belongs
to space group 216, witht 3msymmetry. 3CSiC is also known as-SiC, while all
other polytypes are referred to@SiC. Towards the end ttie 19" century, mixed
polytype platelet$or use as abrasivegere produced by the Acheson procekkeating
petroleum coke, silica, and graphite for dggjs While SiC is still used as an abrasive

today, SiC as a seoaonductor became of interaat1955with the Lely processf
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sublimating Si and C onto platelets from the Acheson prdggssSmall yields and

limited control overorientation and polytype made SiC a very specialiesdarch area.
Significant research interest in semiconductor SiC only truly blossomedhsith

availability of single crystal SiC wafers in the 1980k

/
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Figure 1i 5. The most common SiC polytypes &8¢ 3C, (b) 4H, and (c) 6H. The larger

— () (©)

circles are Si atomsind the smaller circles are C atonMdade inPowderCell[22].

While theseSiC polytypes exhibiindirectwide bandgapghe bandgap and
electronic propeits vary considerably with polytype, as seen in Table Forming SiC
by a melt process can introduce defects that alter the polytype; therefore, single crystal
SiC is frequently formed by seeded sublimation grdqwih Homoepitaxial layers are
then grown on the singlgystal substrate, commonly by chemical vapor deposition
(CVD) [4], [7], [11]. The formation of high qualifgingle crystal SiC is necessary for
electronics research in order to have consistent behavior. Dopants can also beedtrodu
during growth of the substrate or epitaxial layers as desired. For ohmic contacts to SiC,
high doping levels have been very important. Being composed of Group IV elements,

SiC has similar dopants to Si: namely, B and Aldaype as well as P and fdr n-type.
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lon implantation can also be performed for SiC. SiC growth is still very slow and time
consuming, resulting in a high expense for the semiconductor wafer alone. SiC wafers

can now be producetbmmercially withdiameters up t6 in.

Table 1i 1. Properties of Si and SiC.
All Si propertiedrom [7].
Properties Si 3C-SIiC | 4H-SiC | 6H-SIC SiC Source
Lattice Constana (A) | 5.43 | 4.3596 | 3.0730 | 3.08063 [23]
Lattice Constant (A) | ibid ibid 10.053 | 15.1173 [23]
Bandgap (eV) 1.12 2.39 3.263 3.023 [23]
Critical Electric Field
0.25 2.5 2.2 2.5 [7]
(MV/cm)
ElectronMobility in n- *SiC basal plane
_ 1350 | ~800 ~880 ~400
type SiC (cné/Vs) [24], [25]
Hole Mobility in p-type *SiC basal plang3C
L 480 ~40 ~120 ~100 g
SiC (cm?/Vs) [7] 4H/6H [24], [25]
Thermal Conductivity
1.5 5 5 5 [7]
(W/cm K)

Only the 3C polytype has isotropic properties, as welligh mobility[7];

however, stacking faults can easily skibwthinto another polytypaith new

properties. While 36SiC is very difficult to grow aa singlecrystal, polycrystalline 3€

SiC has become of great interest for mietectrcalmechanical system (MEMS) devices

[4]. Many electrical studig®]i [12] were performed on the 6H polytypetivalarger

Eg, however, the anisotropy of properties including mobility is quite large. Due to a

similar Eg but only ~10% anisotropy in mobility, 48iC wafers have become the

preferred polytype for most eleotricsresearch since they became availg]e The
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{0001} wafers are commonly sliced edixisto limit defects during epitaxial growffd],
with 8° towards (1X0) being common for 4+5iC.

SiC has a low number of intrinsic carri¢ny compared to Si due to the hig,
as seen in Eq.iB where kg is the Boltzmann constanWWhenatomvibrations from
increasing temperatuf@) create electrarhole pais, henumber ofintrinsic carriers
increassin the semiconductor. These carriers can dominate even in a doped
semiconductor at high enough temperatures, which can eliminaf# apynctions
presen{7]. The wide bandap offers a high intrinsic temperature limit for SiC near
1000°C. The wide bandgap also increases the impact ionization energy for SiC,
allowing a much larger electrical fieleforedevice breakdowfi’]. The high therral
conductivity favors higitemperature operatidmefore thermamechanical related failure

g eqQ 7 (1i 3)

SiCis quite chemically inerrendering most wet etchants beyond molten salts
ineffective[4], [7]. Microfabrication of SiC devices commonly involves dry etching with
fluorine-containing species, such assSHhe Fatomsattack the Si and C atoms tari
gaseous species that diffuse away. SiC has been attractiits wateve oxidg(SiO,)
being identical to that of Showever, the oxide grows very slowly on 8iess than
0.1um even after 1@. This chemical inertness of SiC, however, does helpnekt

device viability in harsh environments.
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1.3.2 Indium Nitride

Indium nitride (InN) is another semiconductor that exhibits multiple polytypes.
The stable polytype aldtasa hexagonal, nenentrosymmetric crystal structure in space
group 186, with thé&@6smcstructure. Thetructurecan be seen in Figudé@ 6. As other
GrouplIlITinitride (11T N) semiconductors have wide bandgaps Bhfor InN was
erroneously reported for years as being of similar range aVi[.89], [26]. In truth, the
supposed bandgap was attributed to an impurity absorption level; the actual InN bandgap
is quite narrow, known to be ~0.8¥ since 200319]. ThisEg makes InN sensitive to
infrared wavelengths. InN can still be combined waitiher [Ili N semiconductorsGaN
and AIN, to tailor theEy to many different wavelengths. The narrByof InN actually
expands the tunable bandgap range for compouind Hemconductors to a near match

for the solar spectrufi9].

Figure 1i 6. Thehexagonal structure &N. The larger circles are In atonagd the

smaller circles are N atom#/lade inPowderCell[22].

Undoped InN is am-type semiconductor witke pinned abové&, [19]. This
behavior results in all metademiconductor interfaces being ohmic contacts rather than

Schottkycontactd19]. The availability ofp-type InN is restricted due to the Ferlavel
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pinning; however, possibletype conductiviy has been detected in Mipped bulkinN

below then-type surfacg27]. Bothvacancies and otheageous impurities such ag H
[19] havebeen proposed as completely compensating-tiype dopants.

Epitaxial InNfilms have been grown by metal organic CVD (MOCVD) and by
molecular beam epitaxy (MBHE26]. Crystal quality and orientation are directly
influenced by the choice of substrate (commonly alumina) and the presence of any buffer
layers such as GaN. The bulk electron mobility of M@&wn InN can be
> 2000cn/Vs for both polaties [28], [29] at various temperatures, providing
exceptionally fast carrier transport even with the large number of electrons.

While some research has focused on the semipolar and nonpoldBtfcése
polar faces of InN are the (0001 }isce and the (0@ N-face, as seen in Figuigé7. A
polarization vector forms along tleeaxis, causing an intrinsic electric field. Some of the
properties affected by the polarity along the <000Z%edtions will be discussed later.
From an applications point of viewfdce InN is considered more promising due to the
higher growth temperatureshich suggests higher thermal stabilitthan Inface InN

[28].
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Figure 1i 7. The polar faces of InN, as seen frartlc10) projection. The larger circles

are In atomsand the smaller circles are N atomMdade inPowderCell[22].

InN is not as chemically or thermally robust as SiC. Decompositiom\b&tarts
around 500C, limiting its reliable use to lower temperatuf2€]. InN can be both dry
etched and wegtched using more commonplace chemicals, incluldyaiyochloric acid
(HCI). From the aforementioned sensitivity, though, InN is thought to have promise for
H, gas sensors, as well as optoelectronic applicatodls as photovoltaics, fiber optics,

and LEDs.
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Chapter 2

Methods and Techniques

This chapter serves to describe the theory, background, and methodology for
fabrication and characterization equipment. Specific work and materials details will be
further discesed in subsequent chapters as they relate to the resulisielfssv inthe
NASA Space Technology Research FellowgNSTRF)program, part of this research
was carried out at NASA Glenn Research Center (GRC). Indication will be made in

describing spefic systems as to their location at PSU or GRC.

2.1 Sample Fabrication Techniques

2.11 Physicalvapor deposition

The heart of this dissertation is an exploration of me&hiconductor interfaces.
While the semiconductor substratexd epilayersvereobtained commercially or from
other researchers, the formation of thin filmsS@ and InNwas an integral part of this
work. All thin films were deposited using physical vapor deposition (PVD) techniques.
The source materials for the films amallpdlets or target disks of the desired
materiab. These solid materials are temporarily transformed into gaseous species
without chemical reaction in order to transport the material to the sarfaeece, the

name physical vapor deposition. Evaporation gmdtering are two PVD techniques
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which are performed inside vacuum systems. Samples underwent appropriate surface
preparation to remove surface contaminants that would alter the interface formed in
deposition, such as organic particles, trace metalspxdds. After appropriate surface
treatment, the samples are placed inaidacuum chamberThese chambersnthenbe
pumped down from atmospheric pressure to high vacuum using two stages of pumping.
The base pressure inside the chamber i§%-10 ° Torr before deposition. At this low
pressure, the length atoms can travel before a collision is very long. This mean free path
(amfp) allows atoms from theourcematerial to travel to theamplesurface. The
evaporated or sputtered atoms théheaae to the surface as well as the parts and walls
inside the chambgB1].

Metal thin films can be evaporated from pellets or chunks of the target materials
placed inside a crucibléSamples are screwed onto iavertedplatesusp@ded from the
top of the vacuum chamber. The wateoled crucibles reside lower in the chamber.
Electrons are produced from heating a filament, and then the electrons are steered using a
magnetic field to arc up into the crucible. The electron beamdheses local melting of
the metal, which evaporates into a gas. These atoms then spread out within the chamber,
coating the sample and other items within line ghsirom the source. The low
chambeipressure limits reacti@with any residual gasesesen{31], [32].

Refractory materials, alloys, amdmmetals are all more complicated to melt;
hence, these materials are not commonly deposited by evaporation. Instead, the
technique of sputtering utilizes a plastoaemove atoms from circular targets for
depositing thin films. The sputtering targets are disks with diameters pbi26 B,

providing an abundance of source material. In magnetron sputtering systems, these disks
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are placd up against watecooledsputtering guswith circular magnets in plade
improve deposition ratesThe material will be sputtered away from the tarigat
wearing will be preferentiah a ring adjacent to the location of the magnet.

After reaching the desired base presstime vacuum system is backfilled with
argon(Ar) gas to reackhedesired operating pressorgypically in the mTorr range. A
negative bias is applied to the target through the sputtering gun. The magiseh&eep
electrons in proximity to the target, wehiinturn sustaintheions (Ar®) in the plasma that
are attracted to the negative target bias. The physical collisions of the ions send energetic
atoms out of the target to cover the sample and chamber. In DC sputtering, the negative
bias results in stable yield for metals. For naretals, the less conductive nature of the
target can cause charge build. An AC bias oscillating at radio frequencies (RF) helps
dissipate the charge in RF sputtering, resulting in no net current through th¢3ajget
[33]. Sputtering results in better conformal coverage than evaporation, as collisions with

the Ar gas result iatoms depositing fromandomdirectionson the substratg32].

2.12 Preparation of Indium Nitridesamples

The indium nitride (INN) samples used in tHissertatiorwere provided by the
U. S. Army Research Laboratory (E. D. Readinger and M. Wraback). The indiura nitrid
films were grown by plasmassisted molecular beam epitaxy (RMBE) on gallium
nitride (GaN)template layers upon sapphire {B%) substrates. The GaN templates were
grown 2um thick by metal organic chemical vapor deposition (MOCVD) for thiate

(0001) samples. The GaN templates for théabe (00@) samples were grown (.5
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1 pm thick by PAMBE on lowtemperature GaN buffer layd®4]. The GaN templates

were solvent cleaned with acetone, methanol, isopropanol, and deionized (DI) Tveger.
templates were dipped in dilute 1:1 hydrochloric acid (HCI) prior to loading into the
reactor. Prior to the Hace growth, the GaN surface was cleamesitu with a 2min Ga
flash.

The received InN surfaces were degreased before metal dep@mittomin in
acetone, Inin in isopropanol, and &in in DI water. The samples were then soaked for
2 min in dilute HCI, mixed by volume to be 1:i&tio of HCI to water. This
concentration had been shown not to significantly etch away or roughenfieeafr
InN. The samples were then rinsed fani in DI water before being blown dry with
nitrogen N) gas The samples were loaded into an Edw#at® 306Vacuum System
at PSUseea in Figure2i 1(a) for electron beam (beam) evaporationNickel (Ni) films
were deposited atrate of 1A/s after reaching a base pressure of 2Torr. Additional
Ni films for higher temperatures and longer durations were dep@dife8Uin a Denton
502A DC Magnetron Sputtering System seeffrigure2i 1(b). These films were

sputtered at 5. Torr at 1.2A/s after reaching a base pressure ¥ Torr.
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Figure 2i 1. (a) The interior of the-beam evaporation system for evaporating metals
from the crucibles at the bottom to the samples on top (behind the sh(li)éFhe
interior of the spudring system for depositing metals from the targets up top (behind the

shutters) to the sample stage below.

2.1.3Preparation ofSilicon Carbidesamples

Fourp-type 4HSIC epilayers withdifferent doping levels were fabricated into
transfer length measement (TLM) structures with varying W:Ni alloys according to the
following methodsat GRC Variations are included at the end fetype samples as well
as additionap-type samplethat werefabricated with only ohmialloy compositions
All samples cosisted of doped epilayers grown on sénsulating (SI) SiC substrates

obtained commercially from Cree, Inc.

2.13.1 Mesaformation
Quarter wafers were diced insguares-1 cn’ using a watecooled dicing saw.
Due to the transparent nature of SiCrenf voltage tests were performed on the

surface of the diced pieces to confirm tdeped epilayelocation. These samples were
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cleaned in acetone and isopropanol before being blowwitinyN,. The samples were
then loaded into a-th sputtering systerseen inFigure2i 2 built from Materials
Research Corporation parts. The@argets allow for large uniformity in the films
deposited over many small samples at once. After reaching a base pressulé of 210
x 10 ° Torr, the system was used to dsp@pm of aluminum (Al) as a sacrificial layer.

The operating pressure wasmgorr, sputtering at 100/ over ~5h.

Figure 2i 2. A Materials Research Corporatiofirésputtering systerwvas usedor

deposiing sacrificial Al films.

Each Alcoatedpiecewas placed on a photoresist spinner and covered in 1
2 drops of hexamethyldisilane (HMDS) as an adhesion promoter. These samples were
then spun at 300pm for ~20s. The samples were then coverediia @opsof Shipley
S1813 positive photoresist before being satB000rpm for 40s. The samples were
then placed in &etridish and hard baked at 9C for 5min in a N oven. The resist was
then patterned using contact photolithography. The maskdanesa layers was placed
in the Karl Stiss MJB3 Aligner seenkigure2i 3. This mask was aligned to each

sample on a vacuum chuck before being eepdn contact for 18 at 8mWem 2. The
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exposed samples were all placed in-B® developer for thin before a &nin DI water

rinse and being blown dry withJ\as.

Figure 2i 3. A Karl Stiss MJB3 Alignewas usedor patterning and expogy photoresist.

A beakerof phosphoric acid (kPO,) was placed on top of Teflon bubbling balls
in a water bath. The phosphoric acid was heated in this arrangemeriQpviith the
temperature regulated Ilyethermocoupleseen inFigure2i 4(a) plugged into the hot
plate The hardened photoresistetas a mask for etching the Al sacrificial layer. The
samples were each etchadhe HPO, for 51 9 min until the hydrogen gas bubbles
ceasedormingaround the sample. The solution was only used winéemperature
was stable, between 484 °C, in order to not vary the etch rate significantly. giéces
were rinsed in DI water and blown dry with §fas. The photoresist was examined in a
filtered optical microscope to ensure fidelity of the lithaglic transfer. The photoresist
was then stripped in acetone.

The samples were then loaded into the reactive ion etcher (RIE) Jegurna2i
44 b) and (c). This syst e mMTor.sThepionepseydsofo ut t o
25sccm Ar and 15cecm Sk at 25mTorr was then introduced into the chamber. A RF

power supphformeda plasma within the chambfom theprocessing gas. The ionized
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gas is even more reactive in etching the Al and SiC. The showerhead formation seen in
Figure2i 4(c) causes the gas to be highly directional into the sangidsyinimizes the

side etching of the SiC areas protected by the Al. RIE etching was condtudtdiVgr

for ~1 h to etch mesas +8n into the SiC. Currenvoltage probes applied to adjacent
mesas proved the junction isolation by the lack of measurable current flow. The
remaining Al sacrificial layer was then etched in another hBQdbath unti all

hydrogen bubbléormationhad ceased.

(b)
Figure 2i 4. (a) A H3PO, solution in a water batwasheated on a hot plate for wet
etching the Al layersThe RIE chambefb) exterior andc) interiorwas usedor

directional dry etching of SiC and the metal layers.

2.13.2 Contactformation

The SiC surfaces were once again degreastbdacetone and isopropanol before
being blown dry with Ngas. These surfaces then underwelpiranta cleai®to remove
organic contaminants. The piranha solution used here consistddlofolume ratio of
sulfuric acid (9598% HSQ,) and 30% hydrogen peroxide{Bh). The steps below
were used to prepardl50mL of piranha solution, sufficient for mbsmall pieces.
Appropriate personal protective equipment for all acid work included Trionic® gloves,

an acid apron, and face shield. The arrangestewnin Figure2i 5(a) for piranha
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solution limitsany lab damage frotte exothermic reaction as wedl )i @duces the

difficulty in retrieving the samples.

1. Pour 75 mL of HO; into a 400 mL beaker. Rest the beaker on top of an inverted
Petridish in the acid hood so the exothermic reaction does not damage the hood
surface.

2. Pour 75mL of H,SOy into a secod 400mL beaker.

3. Place the SiC sample(s) in a Teflon basket.

4. Pour the HSO, into the HO, beaker. Then rinse the empty acid beaker.

5. Lower the Teflon basket into the piranha solution fomis. Use Teflon
tweezersif necessaryto help prevent samplesom floating.

6. Lift the Teflon basket into thBI water tub rinse with active water flow for
10+ min after piranha clean. Blothesamples dry with hgas.

7. Allow the piranha solution to be fully spent before collecting the waste in a bottle

with a perfoated cap for offyassing.

(a) (b)
Figure 2i 5. (a) A Teflon sample basket in a beaker of 1:1 piranha solution on top of a

Petridish. (b)A Teflon sample basket in a beaker of 2:1 aqua regia on @petfidish.
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The dried samples then underwent a&Ds dip in 49% hydrofluoric acid (HF) in

a Teflon beaker. The H&tcheal away any silicon dioxide (SKpformed on the surface
of the SiC. The samples then underwent a 10 DI tub rinse. After beig blown dry
with N gas, the samples were then loaded into a sputtering system.
Acustomtwec hamber O0Gemini &8 RF/ DC magnetron
targets) was used for contact metallization. Thedhamber system was pumped to a
base pressure ofld % 10 " Torr. The system then underwent b hakeout at 300°C
before cooling for another hour. Titanium (Ti) was-B@uttered in the right hand
chamber of the system seen in FigLiré @s an active getter of oxygen from the gas in
the chamber. Thisolation valve between the two chambees halfclosed during
deposition to limit the movement of Ti atoms. The-leihd chamber in Figurd 8 has
two guns oriented opposite one anotlath themountfor thesample in between the
guns in place of dwitter. After Smin of Ti sputtering, the W or W:Ni target was pre
sputtered for Bnin at 10.2mTorr. This pressure was selected to minimize film stress
from analysis done during process development. The RF sputtering power and time were
kept constanté&tween all th&V/W:Ni metal targets at 200/rrand ~18min 5s. The
resultant filmthicknesss werecloser to 16001800A ratherthan the goal 020004, as
measured from both etdback samples and along the cresstion of a wafer. The
poweii time condiions were maintained for consistency in all deposited sampiier
extinguishing the plasma around the metal taagetigniting the other RF guthe
sample mount was reoriented to deposit/Sthin Si cap (~7®) was deposited for
1 min 42s at 200Wrrand 4.5mTorr. The chamber was allowed to cool to room

temperature before extracting the samples.
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Figure 2i 6. The wo-chamber sputtering systeras used fodepositing Si/W:Ni layers

in the left handchamber, and sputtering Ti as an oxygen getter in the right hand chamber

Anotherlayer of 3 um of Al was deposited in theif sputtering system upon the
metallized mesas. This sacrificial layer was patterned according to the same
photolithography proedure as the mesaghe contact mask was aligned to the marks
from the mesa layer before exposure. After development, anothesP©4 bath etched
the Al layer and the photoresist wésenstripped. The RIE plasma consisted of
140sccm Ar and ScemSHks with a chamber pressure of BBlorr powered at 30WV/ge
This combination etched the Si/W:Ni lagavithout considerable etching of the SiC over
times varying from 2i737 min. The RIE etch was performed incrementally until the
area between the mesand those betweethe contactsvereclearedof metals After an
isolation check, the Al was stripped in a final hgPBy bath. The samples of SiC

(~1 cm?) were then diced into smaller pieces for annealing.

2.13.3 Variations for the ftype samples
Then-type samples ansbmep-type sample$Na = 1 x 10°° cm' ) underwent a

piranhaclean,followed by a deliberate oxidation before initial dicing to protect the
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surface from the adhesive and metal contaminants. These samples were first thermally
oxidized in a tubéurnacefor 3h at 115¢FC. However, the chemat robustness of SiC
creates only a very thin Sj@ilm, around 40nm. Further SiQwas deposited by using
tetraethyl orthosilicate (TEOS), which sedécomposes into Spvithout additional
consumption of the SiC layer. The TE@®ceduras an automateprocessesulting in
growth of ~1um from a full day run After dicing, the SiO, wasthen stripped for 3tnin
in 6:1 buffered oxide etchant (BOE).

These surfaces were cleaned véthiranha cleananéqua regiéclean, andn
HF dip before Al deposiin for mesa formation. Thedaqua regia clean seen in Figure
2i 5(b) was performed to remove any trace metal contaminants. The aqua regia was
mixed as a 2:1 solution of hydrochloric and nitric acHICI:HNO3s;. The HNQ was
added to the HCI, and thersples were lowered in the Teflon basket for 1®min. The
samples were rinsed in the DI tub rinse for biix before the HF dip. The aqua regia
solution was allowed to be fully spent before collecting the waste in a bottle with a
perforated cap for offjassing.

The photolithography spinner was replaced, with the new spin settings at
6000rpm for 60s after application of the HMDS, followed by adn bake at 90C in
air. The photoresist was spun at 30pM for 60s before being baked at 9C. After
mesa formation, these samples underwent another piranha clean and HF dip before a dry
oxidation for 1.5h at 1150°C to clean the surfaceThis dry oxide was stripped before

loading the twechamber sputtering system for contact metallization.
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2.1.4 Annaling

After fabrication, all samples underwent annealing for ohmic contact formation
(SiC) and/or thermal stability5{C and InN. Annealing for ohmic contact formation on
SiC occurred in a dedicated Thermcratft, Itireestage tube furnace at GRC séen
Figure 2 7(a). The SiC samples were placed on a carrier sled in the cetagef2.
Samples were loaded at 180 under Sslpm of ultrahigh purity Ar gas.Ti slugson
separate boat(s) werpstream of the samples for additional oxygen getteririgeoAr
gas. Reaching peak annealing temperatures of AD0D100°C, 1150°C, and 1200C
consisted of 0.78L h of ramp time before 05 at peak temperature. The samples were
extracted from the furnaed 150 °C after cooling for several hours, withcrossover to

N2 gas below 600C.

(@) L'

Figure 21 7. (a) The treestage tube furnacgas usedor ohmic contact formation on
SiC, and (b)thetube furnace withhe gettering furnace (on leftyasusedfor aging InN

and SiC samples.

The InN and SiC samples were aged in a Lindberg tube furnace at PSU seen in

Figure 2 7(b). This tube furnace has a gettering furnace upstream of the samples to
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remove oxygen from the ulttaigh purity Ar or N gas. For the shorterunsaging the
InN samplesthe tube was loaded into the furnace after reaching peak temperature and
extracted upon completion. The longensagingthe SiC samples began and ended with
the tube already inside the furnace.

Additional layes on SiC were studied using an-&®e rapid thermal annealing
(RTA) systemat GRCshown in Figure 8. Samples are placed on a car8eC wafer.
This system has a roughing pump attached to achieve a vacuum imdheramge
beforea gas purge with Plor Ar. The system can them ramp to temperature in minutes
with the heating lamps. This computamtrolled system has temperature feedback from
the system pyrometer as well as monitonghe gas flow and pressure. The system is

both water and gascooled to return to room temperature.

Figure 2i 8. The AS-One rapid thermal annealing system with heating lamps g@heve

carrier wafemwas used in the diffusion barrier study

2.2 Electrical Characterizaion

While many electrical measurements camaele the simultaneous ohmic

contact studyvas focused specifically on the specific contact resistance. Forming ohmic
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contacts to SiCédms been a difficult proposition ,aguite often, metals form rectifying

contactg[9], [10].

2.2.1 Transferlengthmeasurementstructure

Linear transfer length measurement (TLM) test structures were used to evaluate
the electrical properties of the ohmic contacts to SiC. The TLM electrical structure
consised of six rectangular pads gted at different distances apas seen ifrigure 4 9.
These contacts reside on a raised mesa of the doped eplay¢he mesas are
electrically isolated from each other. The TLM mask had three different sets of
dimensions focontactspacing anddngth, withfive mesas in each seh the mask The
first gap @12) in the TLM patterns had nominal spacing of 35, 30, anel 85, wi t h
subsequent gaps spaced &t 3 x, 4 %, and 5x d;,. The nominal contact lengthk)(
were 50,45, and4 m, al ong wi t @)onl@0smmmnal TWwedehsa(ues
summarized in Tablei4 for the three dimensions. After completed samples dieed,
an ideal sample had 15 TLM me@afive of each sizeset The actual number of TLM
structures on pieces utilized for characterization varied fio2d.8 The gap spacings and
contact dimensions were measured in fietdission scanning electron noscopes
(FESEMS) to ensure accurate fits, even with process variatiirieastthree

measurements for each dimension per sample vedlezted and then averaged.
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Figure 21 9. The TLM structurs consisteé of six contacts on top of a raised mesa.
Dimensions are marked with their labet®esawidth (W), contact width Z), contact

length (), and gap spacingd)( Adapted fronj14].

Table 2i 1. Nominal dimensions of the TLM gap
spacings for constant width @f= 100um.

L=40pum | L=45pum | L=50pum
di2 35 um 30 um 25 um
das 70 pm 60 pum 50 pm
dss 105 pm 90 um 75 pm
dss 140 pm 120 pum 100 pm
ds6 175 pm 150 pm 125 pm

Current voltage measrements were obtained between two consecutive contacts
in order to obtain the resistand®’ , p er (EQ. @ H).sThdsameasurements
were collected using a foyprobe configuration, with the current sourcing conditions
limited to + 0.01A. In orde to minimize any artifacts due to the metal sheet resistance
[35], the probes were placed as close to collinear as possible. The voltage probes were
closes to the gap, and the current probes were platthe far ends of the contact
lengths, as seen in the idealized schematic of Figur&&). Nonlinear measurements

were not strictly rectifying, but exhibited curvature in both current directions, as seen in
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Figure 2 10(b). These nonlinear measuremendésdé not been quantified in this
dissertatioror any journal.Resistances were obtained only from linear measurements
with good fits & > 0.99), as seen in Figuré(c). For curreritvoltage measurements
from thep-SiC samples, the currénbltage measements showed minor deviations

from linearity, especially at higher currents. These deviations can come from artifacts
and vibrations in the measurementigpt For these conditions, thRe valueswere

extracted from + 0.002 within the full current voltagerangewith strict adherence to

good fits.
Y IO (2i 1)
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- E I, /’_1 - 1 2 |' T v) T 1
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! 1
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(a) (b) Voltage (V) (c) Voltage (V)

Figure 2i 10. (a) The deal configuration of four probes fourrent voltage
measuementsn order to extract the specific contaesistance valueCurrent voltage
measurements to W50:Ni$B5iC were(b) nonlinear asdeposited an¢c) ohmic after

annealing at 115€C.
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2.2.2Specific contact resistancexgaction

The resistance valuegere plotted against gap spacingr(vs.d) as seen in Figure
2i 11. A linear fit (% > 0.99) resulted in the extraction of the transfer lenigth4nd
sheet resistanc&y, according to EgZi 2; and from these parameters and &A@, the
specific contact resistancg; was calculatefil4]. Thesemiconductosheet resistance
Rsh, OF resistivity divided by thicknessjasextracted from the slopelhe sizedependent
value of the contact resistand&)(was extracted from theaxis intercept.The transér
lengthLy, or length through the contacherethe current flows between the metal and
thesemiconductonwasextracted from the-axis intercepfl4]. Thejis a size
independent measure of the contact resistance, which is importantriparingvalues
from different test structuresnd studies

Y —Q ¢Y —Q ¢d (2i 2)

) Y O (2r3)

Figure 2i 11. The £hematic modelfoa TLM fit for Ry vs.d asshown inEgs. 22 and 2

3. Adapted fronj14].
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These equations are valid as long as the length of the contacts is much greater
than the transfer length O  1.7). 3When thel is not much greater thdr, the .
calculated by Eq.i3 must be multiplied by tanbfLy) to account for the length ratio no
longerresulting in the hyperbolic tangenéing near unity. The lowest detectajle
according to theiear TLM method is detailed by Eq.4£ being limited by the

thickness ) of the epilayer and the sheet resistance (e.g., doping) of saidl4dyer

” ™Y 0 (21 4)

Any linear fits withR? < 0.99 were not included thereported data. Some fits
andj ; extractions were performed with orflyur points instead dive due to damage,
debris, and strong visible displacement fronedrity. Another irregular situation
occurred whelt values were very close to or below zero, even for data that exhibited a
good linear fit R > 0.99). The quantityr cannot physically be negative, nor gan In
these cases, the linear fitting paeters used in the regressions modeled in Figute 2
were used with their uncertainties to obtain the maximuwalue. Linear regression is
strongest with the more known variable as the dependent variable; hence, therdata
re-plotted agd vs. Rr. The uncertaintyg, ands,) in the least squares fitting parameters
from Eq. 25 was obtained from the LINEST extraction in Microsoft Excel. The
uncertainties were subtracted from the fit parameters (elgsy) to find the maximum
} ¢ that could be condiently reported from the measurements with a poditjyeven if

the actual . was lower.

a —AITR — (2i 5)
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2.3 Materials Characterization Techniques

The materials characterization techniques used in these stunledepa variety
of information in different ways. The methods and their benefits (and limitations) will be
discussed in the context of the information they provide: struchomhology and

composition

2.3.1 Xray diffraction

X-ray diffraction (XRD)is a nondestructive technique used for phase
identification based on crystal structure. Crystals have a repeating arrangement of atoms
(a unit cell) in threadimensional space. This lomgngeorder can be defined not only by
the geometrical shape (thagtice) use to define the unit cell but also the symmetry found
in the arrangement of atoms. The lattice parameters include the lengths of the unit cell
vectors(a, b, andc) as well as the angular relationship between the treetrs(U, b,
ando). The various twalimensional sheets of atoms inside the lattice are termed crystal
planes. Miller indiceshkl) are used to name each crystal plane by the reciprocals of the
planetell vectorintersections. A specific plane is namadly, while the familyof
planes that are integpermutations and negativeeach other is termedhkl}. The
interplanarspacing or distancdoetween each plane in a family termedd (dik). XRD
detects the peak locationsdi-space corresponding to-pays diffractingoff crystal

planes according to the symmetrytioé structurg36]. Thed can be calculated from
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the latticeparameterse.g., usingegs. 2 6 and 2 7 for orthorhombic and hexagonal

structuresrespectively

orthorhombic— — — — (2i 6)

hexagonab— - —— — (217)

The fundament al princi pl gEqo2f8). Kdédent c o me s
X-rays (1 and 2)nterac with planes of atoms, resulting idiffractedX-rays ( 1 gatand 2 q
the same angle relative ¢achplane of atoms, as seen in Figurd2 The parallel
planes belonging to the sari@nily { hkl} result in theX-raysin position 2 traveling
further tharthose in position lwith a path spacing ofd®in(d) as showrby the line of
blue squares. Constructive interferebeéween the diffracted-¥Xaysoccurs when
2dsin(d) is equal to an integer number of wavelength®(The integer wavelength
conditonrs ul ts in a diffraction peak or o&érefl e
arecommonly plottedvith 2d on thex-axis,basdon the receiving geometry angle being
2d from the incident directioasseen in Figurei2l3. The ntensity of a peak for
randonty oriented samples is related to the square of the structure Fagtawhich is
calculatedn Eq. 2 9 from the position of each atom in thait cell (uvw) [36].

¢ _ ¢Q OE+H (2i 8)

O B MmQ (219
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Figure2i12A vi sual depiction of Brnoahgguifaxaré aw: Cr
spaced atl, andhave asurface normal bisecting therdy path(shown as the dasiot

redvectol). X-rays inciden{l and 2)at the Bragg angld arediffracted( 1 a dromd 2 q)
these crystal planes at the same adgl&he path dierence between thé-raysis the

line of square dots, equal tdsin(d). Adapted Froni36], [37].
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Figure 2i 13. Visual depiction of theli 2d symmetry of the incident and diffracted X

rays. Adapted fom [36].

For all experiments performed here, theayswere generatetrom a copper
source. The detectors aressitive to Xxray collection for both angular positiodd) and
intensity () data collection. Researchers have expanded the available types and

configurations of sources, optics, and detectors used in XRdfferent sample types
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andthe information acquiredThree configurations of XRD available at P&té

discussed below.

2.3.1.1 BraggBrentano Xray diffraction
Conventional powder XRD uses the BraBgentano geometry, modeledter

Braggos | aw pile tTherXeagsexitthe Gt sogroandpas®through
Sollerdlits, which are thin parallebils spaced at 0.0dadto help limit the spread of the
beam. The X-rays then pass throughe programmable divergent slit (PD#)e beam
mask(5 or 10mm), andthe fixed antiscattering slit@.5° or1°). The Soller slits and
beam mask limit the axialivergence of the beam on the sample. The PDS and the anti
scatter slit limit the beam spread on the sample in the direction perpendicular to the beam
axis The X-rays arghenincident upon the sample at an incident andjeaid reflected
at the samergle ). The receiving angle between the sample and the detectdous
the angle between the incidefwray and the detector &, as seen ifrigure 2 13. The
diffracted X-rayspassthroughreceivingoptics consisting o programmable anscatter
slit, a secondet of0.04rad Soller slits, and 8.02mm Ni filter before entering linear
PIXcel 1Ddetectof38]. The Ni filter minimizes thantensitiesof anyC u  #effections
before the detector digitally records the intensitiethe diffracted Xrays.

For Bragg Brentano geometry, a PANalyticaliXert Pro MultiPurpose
Diffractometer (MPD) was usd@Figure 2 14(a)). The generator settings used for G
radiationare45kV and 40mA. The MPD gener aaod,ligegiwiths Cu KU
wavelengths of 1.54058 and 1.54443, respectively. In this theitéheta fi d) system,

the incident beam (and optics) moves upward along a fixed arc, the goniometer circle
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Consequently, the detector (and receiving optics) also moves along the goniometer circle

at the same speed addngles to collect any diffracted-bays from the incident angles.

The goniometer circle remainsef®i bedwieensi h
source, sample, and detector does decrease in size at inctkasglgs. The thin film
samplesvereplaced on &inglecrystalquartz(6° off thec-axis)low-background holder

(~1in?, which does nosignificantlycontributefurther to he pattern The height of the

sample (and stage) must jpeciselyadjustedwith a dial gaugdefore an XRD scan in

order tofulfill the geometrical requirements of XRD.

(b)
Figure 21 14. ThePANalytical X6 &t Pro MPDdi d systemcan be useth (a) Bragg

Brentano configuration and (b) grazing incidence configuration (GIXRD).

2.3.1.2 Grazingncidence Xray diffraction

Thin film specimen®ftenallow for X-ray penetration deep into the sample,
which resultsn the subBate peaks being much larger thhose from dhin film.
Bragg Brentano geometrglsoonly allows for the detection of planes which are parallel
to the sample surfadd7], [38]. In a powder sample, one expects >ffrticles for
random orientation and signd&8]. In thin films, often with preferred orientation, not

enough grains have planes oriented parallel to the surface for detbatiam
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asymmetric diffraction arrangement caetett these plang39]. The same MPD system
also haopticsseen in Figurei2l4(b) which can be used for Grazing Iderce X-ray
Diffraction (GIXRD). As seen in Figureid5, GIXRD allows for diffraction from planes
not oriented parallel to the surface. In GIXRD geometrygtreerateX-raysare
diffracted bya parabolic mirror with multilayer graded coatings. The miarada 0.5°
divergence slit shape therdys intonearlyparallel beams incident upon the sample at a
fixed, incident angleX). The shallow (< 5% angles allow the Xays to pass laterally
through the filngs) for longer distances, resulting in smaller penetration depths into the
sample.A 0.27mm parallelplate collimato(PPQ) is placed before thBIXcel 1D

detectoy and his configuratiorcan then be swept through teécollection arc taecord
X-ray intensitiesrom a variety of planesThe sample heightpon the lowbackground

holdermust still be set precisely in GIXRD in order to fulfill the necessary geometry.

—_7
~
4

. .
e
.

Figure 2i 15. GIXRD orientation: The incident Xay enters at a fixed ang¥e and
diffracted Xrays from offaxis planes are detected at tiellangles. The red datash
vectorsrepresent the plane normalvhich are bisectors of the incident and diffracted

beams.Adapted fronj39].
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2.3.1.3 Microdiffraction

Another XRD configuration is microdiffraction, perforchen this study with the
Rigaku DMAX-Rapid Il microdiffractometer seen in FigurelB(a). The
microdiffractometegeneratoconditions forCu radiation ee 50kV and 40mA. The X
raysemitted fromthe Cu source pass through a monochromator and a caltitmsfbore
reaching the samplelhe resultant Xaysfrom the Rigakware considered to have a
wavel ength avemraadgde(K34i84)t The ¥rays ¢olimated 6 a
small spot size (0.81m), arethusfocused on a small area of the samglin film
samples are mounted orsalow-background holder dotted with dish soap. The sample
holder forms a fixedsy angle of 45° between the vertical axis of tyéndrical image
plateand the normal of the samfitelder During an XRD scan, he sample can be
fixed, rotated around its own axi8)( or rocked left and right around the verti¢a) axis
past the collimated beaf0]. The angle configuratiocan be seen in Figuré 25(b).

Using a camera, the sample position is adjusted relative to the collimatirtiee
sample to the detector distance before an XRD s¢ha.adjustments result in the
convergence ahe samplethe ¥ rotation axisthe (i rotationaxis and the beam to avoid
large sample movements during angular rotaf@oeucentric poing41]. Usingy¥
angular oscillation, the sampling statistics can be improved for very small samples by
increasing the area exposed to the bptih The SiC samples were typically oscillated
on they -axis through B10° withafixed G for 210min. The experimentally determined
outerbounddsfor ¥ oscillation werel2° and37°, with typically two scans collected
within these limits A faster scan was collected(at 90° fromtheinitial mounting to

confirmthatno phase was missed due to geomeimjtditions.
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Figure 21 16. (a) TheRigaku DMAX-Rapid Il microdiffractometeis shownwith
schematic®f (b) the angle configuratiarelative to the area detector and (c) the

Cartesiargolarcoordinates of the detectdb) and (c)adaptedfrom[40].

The detector for the DMAX Rapid Il consists of a curved image plate forming
210° of a vertical cylinder, as seen in Figuré&a)and (b)[42]. Lineardetectors in
most diffractometers only colleatthin slice of the diffracted Debye cone ofa§s. The
large-area detector on the microdiffractometer allows for collecting arcs or complete
ringsby intersectinghe whole Debye cor{d0], [41]. The rings may appear as brief arcs
for low intensityreflections aninsufficient number of sampled grajrs preferred
orientation[37], [39]. The mentioned cases althanethe value of the large area
detector. The Xays reacimg the detector interact with the BaFBr:Eu phosphor coating,
and the intensity detection from the whole plate is read out in a rastering pattern by a
laser at the end of the scg®], [43]. A beam stop is in place during the scan to limit the
directX-ray beam permanently imprinting on the detector.

Points on the flat oOounrol |l eddxy)) mage
positions or (&, 6) in polar coordinates as seen in Figuir@6{c). Thereflectionarc

intensitiescan then be integratgdO], [44] from 2 dnax/min toc max/min angles on the
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plate to obtain vs. 2d plots. The AreaMax 2.0 software limits areas from the reflection
geometryand a 0.02° step size is used. The reflection geometry with the cylindrical
detector undergoes a defocusing effelstoly can cause a loss in resolution at higteer
angleq40].

Phase identification from all XRDvs. 2d patterns was performed using
Jad@010Analysissoftwareby MDI of Livermore CA, as well as the International
Centre for Diffraction Data (ICDD) PDF 4+ database #rednorganic Crystabtructure
Database (ICSD). Additional diffraction patterns and crystal variations were also

explored using Powder Cell for Windows v. 222].

2.3.2 Electronmicroscopy

Electron microscopy involves probing a sample with keglergy electrons and
collecting the peurbed electrons that have interacted with the sample. This interaction
can take place over exposed surfaces, as in scanning electron microsdppgassing

through a thinned samplas in transmission electron microscopy.

2.3.2.1 Scanninglectronmicroscopy

With the ever diminishing size of samples and their features, use of a scanning
electron microscope (SEM) has become imperative for imaging. Imaging using an SEM
is a nondestructive technique, but the sample must be vacuum compatible. hiaside t
SEM, electrons aremittedfrom a source and then accelerated to high voltagés (~1

10kV) under high vacuums. These electrons are strongly collimated and shifted with
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magnetic lenses before reaching the sample surface. With thégnthe electros

will not have other interactions before reaching the sample and taiegedby the

detector. Secondary electrons are emitted strictly from the surface, less tianrb0
depth[14]. Images formed by secondary electrons provide gesalution of the
morphology and for measuring features. Backscattered electrons originate from deeper
into the surface of the sample but provide a visual contrast from different elements. Both
SEMs used at PSU have fieddnission (FE) sources for exceiteesolution. Thin film
samples are mounted in the SEM under copper tape or upon carbon tape for the LEO
1530 FESEM and the FEI Nova NanoSEM 630, respectively. The LEO has automatic
beam deceleration, whereas this feature can be manually employed\Namt®EM xT
microscope control software when necessary. The NanoSEM seen in Rigjucag

also be backfilled with water vapor to a lsscuum mode to help prevent drift from

charging samples.

Figure 2i 17. (a) The eterior ofthe FEI NanoSEM 63@sedfor imaging withthe X-ray

energy dispersive spectroscopy attachmerthefar left; and (b) the intericof the same
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2.3.2.2 Xray energydispersivespectroscopy

The NanoSEM can also be used foray energy dispersive spectroscopy
(XEDS) usingAZtec Software. XEDS involves accelerated electejastingcore
electrons. In order to relax, anotleectronfrom a higher energy level drops into place
and a characteristic-kay is emitted. The trangn shown in Figurei218 resulted in a
Ka X-ray due to the energyansitionbetween the L and K energy levels. Twminant
transition studied varies with the elemefi® and La X-rays and so forth The
accelerated electremust have enough energyexcite the atom and cause the
characteristic Xray emissiod e.g., the electrons have higher energies than the
characteristic Xays. From these-Xays, theelementactomposition present can be
determined in a qualitative manner or a more quantitativenaramith prepared
standards. For some compositions, theysspectral linesrom the elements will
overlap, making an accurate (seyguantification of their presence impossible. The X
rays originate from depths up to microns inside the sample, deygeowlithe incident
energy and the sample material; thus, XEDS is not a ststatstive technique. XEDS
can be performed in point or area mode, as well as elemental mapping. XEDS can also

be performed in a transmission electron microscope, with gigzdéal cerinty [14].
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Figure 27 18. Emission of a k& X-ray for XEDS: After the K electron is displacetthe Ly
electron replaces the K electrdeaving the energy difference for the enossof a ka

X-ray. Adapted fronj14].

2.3.2.3 Transmissiodectronmicroscopy

A transmission electron microscope (TEM) can provide information about
structure, composition, and morphology for thin, electransparent crossections of
samples.Preparing samples for the TEMunfortunately both destructive and often
time-consuming ashe samplesnust be prepared by mechanical polishanglor using a
focused ion beam (FIB) in order to be sufficiently thill3Onm). In mechanical
polishing, two thin pieces are cut from the sample using a diamond saw. These slices are
then mated together (or one specimen piece to a slice of Si) and adhered with silver
epoxy. After the epoxy has cured, the samples are mounted on a polishing triséd or d
apparatus with wax. These samples are then polished on a rotating wheel with diamond
papergSouth Bay Technologyf varying grit sizes. Starting with the roughest papers,
material is removed from the sample in a lapping motitime damond paperssed
ranged from 30 to 0.fm. Polishing progresses from higher to lower grit specifications

as the sample thinthusprodudng a wellpolished sample surface. The sample is then
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attached with epoxio a TEM grid 3 mm in diameter The grids arenade & Mo to

avoid strayCu peaks in XEDS. The sample and grid are reattached to the wiffod
wax for polishing the other side to a small thickness|{r) with a smooth surface. The
very thin samplend gridcan then be placed in an ion mill. The samplesthen chilled
and bombarded with Ar ions to produce a small finite hole. In the area around the hole,
the sample will be electron transparent for study in the TEM.

Alternatively, when site specific cresgctions are desired, the cr@estion can
be obtained using a FIB, such as the FEI Quanta 200 3D Dual Beam at PSU. A
protective material (C or Pt) is deposited over the area of interest. The ion beam
(normally Ga) is then used to sputter away the material around the area of interest.
Ultimately, the sample is tilted to cut out the thinned cyesstion with the ion beamAn
Omniprobe can then be used to lift the cresstion and attach it to a TEM grid with the
Pt. Whether mechanical polishing or using the FIB, one must be aware of the damage
being caused to thexactsampleunder examinatian Mechanical polishing with
progressively finer papers can remove much of the damage caused by rougher papers;
however, the ion beam damage from the FIB is harder to remove and may cause
amorphization or ther undesired effects in samples.

After sample preparation, the TEM gigloaded into the TEM in stages in order
to not disrupt the ultrhigh vacuum level. Similar tan SEM, the ultrdoigh vacuum
offers freedom from contamination and a ldng, for electrons to interact with the
sample. The TEMisedin thiswork was the JEOL 2010F at PSU shown in Figur&a?
with a minimum resolution of A. Electrons from a fielemission gun are accelerated

through 20kV before encountering multiple magnetia$es and apertures. The beam
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must be focused on the electron transparent part of the sample with the sample height
adjusted to find the eucentric point. Aligning the electrons to form a parallel beam
produces images with diffraction contrast and seleated electron diffractio(GAD)
patterns. Through the use of various apertures and lens strength, the direct beam that
passed through the sample with minimal interaction and the other electrons diffracted
from the sample forra SAD pattern in reciprocapace. Inimaging mode, an aperture
selects one of the beams from 8®D pattern. Selecting the direct beam forms a bright
field (BF) image, while selecting one of the diffracted beams forms afigéal( DF)

image[45].

Figure 21 19. TheJEOL 2010F TEMwvas usedor examining INN samplesUsed with

permission from Debangshu Mudiee

The beam can also be tilted while still parallel to the aptisin order to use
scanning transmission electron microscopy (STEM) mode. Images collected in STEM
mode can be more sensitiveda@ontrast (elemental) alone using higihgle annulia
darkfield (HAADF) mode. The scanning nature of STEM also provides the best
possibility for atomic resolution. As previously stat¥&DS can also be used in a TEM;

specifically, in STEM modeXEDS can be collected at a specific point or through a
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scaming line on imaged areas with a smaller beam size. The 2010F TEM automatically
corrects for drift with a reference image during the XEDS scans. The 2010F has a
minimum nominal probe size ofrim for STEM mode. As samples are both extremely
thin andbeing probed in crossection the question of origin depth for XEDS signals can

be eliminated im TEM.

2.3.3 Auger electron spectroscopy

Auger electron spectroscopy (AES) is a destructive, sudansitive technique
used to study atomic composition. AESolvesbombarding a sample with an electron
beam that displaces ceséell electrons in the sample up tprh deep. Eachresulting
coreshell hole ighen filledby the transition ofnother electron talower band and the
atom emitsa third (Auger) &ctron from a higher energy lewelth the energy difference
(Figure 2 20). The transitions are named according to the energy shells of the three
electrons involved (the displaced electron, the replacement electron, and the Auger
electron), such as KLLrd_-MM. The quantifiable kinetic energy of the emitted Auger
electrons can be linked to specific elements. The incident electrons also allow for
imaging the samplby secondary electrons order tofind an area of interest. The Auger
electrons come stiily from the surface (~Bm) of the samplesince only the electrons

that can escape without energy loss or inelastic scattering can be m¢as|jrigd].
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Figure 21 20. Emission of &LL Auger electronAfter the K electron is displaced, the L
electron replaces the K electron, leaving the energy diffefen¢kee emission ofthe

Auger electron.Adapted fom [14].

Once loaded into the chamber, the samples are tilted 30° towards the Ar ion gun.
The incident accelerated electrons and the anafyedioth located verticallpbove the
sample. After locating the@a of interest on the sample using a low beattage the
electron beamvoltageis thenincreasediepending on what elemental energies need to be
detected Sample current is then used to determine the area of analimigerasample
current results i smaller beam size, but also the need for more data collection scans. A
survey scan can provide irdition of the elements presestanning from 32030eV
with increments of 0.8V/step. An electron energy analyzer collects the Auger electrons
accordng to the intensity signaN(E)) at each kinetic energysince Auger peaks are
small peaks superimposed on a large background of other energydranshe spectra
are usuallydifferentiated to show the prominent Auger peakBd(s!(E))/dE vs.E.

AESwas performedvith the RBD Instrumentsinc.,refurbished PHI 660

scanning Auger microprobe at GRC seen in Figu2l@). The area of interest was
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placed underneath the sunburst holder shown in Fig@#1?). For the TLM samples, a

finger of the sunbist must be in contact with the TLM mesa which will be investigated
by AES, as seen in Figuré21(b). After the samples kabeen grounded and mounted,
they were placed in a load lock before insertion inbe tultrahigh vacuum chamber

(~10° Torr).

Figure 2i 21. (a) The PHI 660 scanning Auger microprobe used for AES analysis along

with (b) the sunburst sample holder which must ground the area of interest (inset).

Alternating between electnocollection and surface sputtering wéth ion beam
depth profiles of the atomic compositions are constructed. For the PHI system, the
samples were sputtereding a 3keV Ar beamfor 60s at a constant rate, corresponding
to ~100A being removedor each cycle. The incident electrons (1KeV) from a LaB
filamentthendisplae coreshell electronso create Auger electron®uring depth
profiles,only the elemental regionef interest ar@nalyzed Combining the peato-peak
signal of the differentigd peak$d(N(E))/dE) aswell as the sensitivity factor of the
elements can provide tledementatoncentrations of the samplEor some elements, the
shape or shift of the peaks da@ used to describe the character of the chemical bonding,

such as fotheC (KLL) peaksseen in Figurei22. Auger analysis involves tradwsfs
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between time, accuracy, area, and intensity. Thus, AES is best used as a semi
guantitativetechniquedue to preferential sputtering atige mixing of various elements
[46], [47]. The software used faontrol and analysisonsisted oAugerScan and

AugerMap, both from RBD Instruments.

d(N(EH/dE l(a.u.)

r{(]\’(E) VdE (n.u.)

245 255 265 775 285 795 245 255 265 275 285 295
(a) Kinetic Energy (eV) (b) Kinetic Energy (eV)

Figure 2i 22. DifferentiatedAES scans of the C (KLL) peak show tiistinct peak

shapeghat reflecthe differencein bondingbetween(a) a metal carbide and (b) ron

carbidicC.

In addition to pure W as a control, three metal combinations were chosen from
Ni-rich W:Ni compositions The W90:Ni10 and W50:Ni50 targets had been previously
obtained from Kurt J. Lesker Gpany. The W51:Ni49 target previously obtained from
Angstrom Sciences was originally believed to be W75:Ni25. This unintentional mistake
can be attributed to multiple confusions, including various targets ordered in the same
time frame as well as repadkag of all targets for cleanroom cleanliness. Realizing the
correct compositions came later in the experimental process. Thin films were sent for
independent characterization byrXy energy dispersive spectroscopy (XEDS) and

Rutherford Backscatteringp®ctroscopy (RBS). RBS involves destructive analysis by
































































































































































































































































































