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Abstract

Growth and Characterization of Silicon Carbide Thin Films and Nanowires
by
Lunet Estefany Luna
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley

Professor Roya Maboudian, Chair

Silicon carbide (SiC) based electronics and sensors hold promise for pushing past the limits of
current technology to achieve small, durable devices that can function in high-temperature, high-
voltage, corrosive, and biological environments. SiC is an ideal material for such conditions due
to its high mechanical strength, excellent chemical stability, and its biocompatibility.
Consequently, SiC thin films and nanowires have attracted interest in applications such as micro-
and nano-electromechanical systems, biological sensors, field emission cathodes, and energy
storage devices.

In terms of high-temperature microdevices, maintaining low-resistance electrical contact
between metal and SiC remains a challenge. Although SiC itself maintains structural and
electrical stability at high temperatures, the metallization schemes on SiC can suffer from silicide
formation and oxidation when exposed to air. The second chapter presents efforts to develop
stable metallization schemes to SiC. A stack consisting of Ni-induced solid-state graphitization
of SiC and an atomic layer deposited layer of alumina is shown to yield low contact resistivity of
Pt/Ti to polycrystalline n-type 3C-SiC films that is stable in air at 450 °C for 500 hours.

The subsequent chapters focus on the growth and structural characterization of SiC nanowires. In
addition to its structural stability in harsh-environments, there is interest in controlling SiC
crystal structure or polytype formation. Over 200 different polytypes have been reported for SiC,
with the most common being 3C, 4H, and 2H. In terms of SiC nanowire growth, the 3C or cubic
phase is the most prevalent. However, as the stacking fault energy for SiC is on the order of a
few meV, it is common to have a high density of stacking faults within a given SiC crystal
structure. Thus, to enable reliable performance of SiC nanowires, a growth method that can
promote a specific polytype or reduce stacking faults is of importance. Ni-catalyzed chemical
vapor deposition method is employed for the growth of the nanowires. The effects of substrate
structure and quality as well as the various growth parameters such as temperature, pressure, and



post-deposition annealing are investigated. Most significant has been the growth and
characterization of vertically aligned hexagonal phase (or 4H-like) SiC nanowires grown on
commercially available 4H-SiC (0001).

The studies presented in this thesis tackle issues in SiC metallization and nanowire growth in
efforts to expand the versatility of SiC as a material platform for novel devices.
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1. Introduction

1.1. A brief history of silicon carbide (SiC)

SiC is a chemically inert and mechanically stable wide-band gap semiconductor that is well
known for its ability to withstand extreme conditions, wherein widely used silicon (Si) would fail
[1,2]. SiC can form over 200 different crystal structures, all of which are formed by a basis
combination of the 100% hexagonal crystal structure (wurtzite, 2H-SiC) and the 0% hexagonal
crystal structure (zinc-blende, 3C-SiC). A number followed by a letter denotes the crystal
structure: the number indicates the number of SiC bilayers required to reproduce the crystal
pattern, and the letter indicates the symmetry of the crystal lattice (hexagonal, H or cubic, C).
Polytypes are also commonly distinguished with an ABC stacking classification (Figure 1.1).
With the ABC nomenclature, cubic and hexagonal crystal structures are described as ABC and
AB stacking, respectively (Figure 1.2). Two striking differences between cubic and hexagonal
SiC are the frequencies of the dominant transverse optical phonon mode (796 cm™ for cubic, 776
cm’ for hexagonal) and band gap energies (2.3 eV for cubic, 3.3 eV for hexagonal).

Figure 1.1. Schematic of ABC stacking depicted by close-packed spheres. Different pattern
combinations of A, B, and C stacking layers determine different polytypes.
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Figure 1.2. Atomic resolution micrographs of common SiC polytypes (3C, 4H, and 2H). For
each polytype, the percent hexagonality and corresponding ABC stacking pattern is shown.

As Si is a mature technology and serves as the basis for most devices today, materials that can
leverage Si fabrication techniques are desirable. The fact that Si and SiC share the same native
oxide (silicon dioxide, SiO,) places SiC in an opportune position to provide device durability and
to take advantage of existing Si technology. Unlike Si, SiC widens device applicability into the
harsh environment regime through its excellent intrinsic properties (Table 1.1). SiC’s wider band
gap, higher young’s modulus, higher breakdown field, and higher thermal conductivity than Si
allows for higher temperature operation, mechanical stability, higher voltage operation, and
better heat dissipation, respectively.

Research has been conducted with various forms of SiC including amorphous, poly-, or single-
crystalline films and single-crystalline wafers. The amorphous films provide flexible, resistive
films for biomedical applications [3]. Also, compared to Si, single-crystalline SiC films induce
low immune responses when placed in biological fluid [4]. Polycrystalline SiC films possess
higher fracture stress than Si [5] and can withstand corrosive solutions [2], mechanical actuation
[1,5], and high temperature [6]. Additionally, polycrystalline SiC can be doped to tailor its
electrical properties for microdevices [7]. High quality, single-crystalline 4H-SiC (50%
hexagonality) wafers are commercially available and have been used to facilitate substrate
induced epitaxial growth of cubic [8] and hexagonal phase [9] SiC nanowires. Recent
advancements in the minimization of defects in SiC wafer production have sparked interest in the
development of SiC-based optical devices [10].
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Table 1.1. Comparison of Si and SiC properties [11-13].

Si [ 3C-SiC | 4H-SiC
Band gap (eV) 1.1 23 33
Young’s modulus (GPa) 185 | 392-694" 547
Breakdown electric field (kV/cm) 300 1,000 2,200
Thermal conductivity (W/cm-K) 1.49 3.6 3.7

“Experimental value depends on dopant level [14].

1.2. Exploring 1D and 2D SiC nanomaterials

A strong research interest in harsh-environment semiconductors is vital for pushing past the
limits of current technology to achieve small, durable devices that can function in high-
temperature, high-voltage, corrosive, and biological environments. SiC is an ideal material for
such environments due to its high mechanical strength, excellent chemical stability, and
biocompatibility. The research thrust towards smaller, more efficient, technologies has prompted
the study of one (1D)- and two-dimensional (2D) SiC structures with dimensions in the
nanometer regime. Such structures include nanowires [15,16] and thin films [17]. Particularly,
SiC nanowires have attracted interest in applications such as biological sensors [18], field
emission cathodes [19,20], and energy storage devices [21-23].

One of the main challenges with SiC technology addressed in this work includes stable, low
contact resistivity metallization for high-temperature operation. The need for low contact
resistivity metallization is evidenced by a growing interest in sensors that can operate under
harsh environments. Sensing within these environments necessitates a robust semiconductor
platform, different from those employed in traditional Si-based micro- and nano-
electromechanical systems (M/NEMS). A robust material such as SiC provides compelling
advantages not achievable with Si-based devices. However, although SiC performs well in harsh
environments, its metallization scheme must also be able to perform well without oxidizing,
delamination, or reacting to form resistive contacts.

An additional processing challenge addressed in this work includes polytype control of cubic and
hexagonal growth of SiC nanomaterials. As SiC is characterized by extreme polytypism, the
ability to control polytype serves as a way to target specific optical and electronic characteristics.
One effective method to characterize SiC polytype is by Raman spectroscopy. As shown in
Figure 1.3, SiC generates a rich Raman spectrum of induced phonon modes (atomic lattice
vibrations) when subjected to incident visible light. The most dominant phonon modes are out-
of-phase or optical lattice vibrations described as the transverse (TO) and longitudinal optical
(LO) modes. The TO in particular is commonly used to identify the polytype of SiC. For 3C-SiC,
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the TO and LO peak positions are centered at 796 and 964 cm™. On the other hand for 4H-SiC,
the primary TO and LO peak positions are centered at 776 and 972 cm’.

TO
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Figure 1.3. Raman spectrum of bare 4H-SiC (0001) substrate shows the different phonon modes
available for this polytype. The transverse optical mode (TO) is the dominant signal.
Nomenclature: Transverse acoustic (TA), Longitudinal acoustic (LA), and Longitudinal optical
(LO). The unlabeled peaks around 1500 and 1700 cm™ are due to second-order scattering,
indicative of good crystallinity.

In the following chapters, SiC nanowires are grown using chemical vapor deposition (CVD).
This growth mode presents opportunities to tailor nanowire properties such as diameter, length,
doping, and polytype during nanowire growth on the wafer or die-level scale. The details of the
nanowire growth process are important not only from a fundamental standpoint, but from an
application standpoint as well. The growth mode dictates nanowire crystal structure, dimensions,
doping, and the distribution on the substrate, all of which play a role in nanowire morphology
and electrical properties. Controlling nanowire properties helps to tailor them for specific
applications. For example, nanowire shape can be tailored to concentrate high electric fields in
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field emission cathodes, dopant incorporation can be tailored to achieve desired conductivity in
electronic devices, and crystal structure polytype and orientation can be tailored to obtain
nanowires with specific band gaps for optoelectronics. Given that SiC polytypism is a challenge
for bulk and nanomaterials, this dissertation also reports the effects of nanowire growth
parameters on SiC polytype as well as morphology and orientation.

1.3. Outline of this work

Due to its unique intrinsic properties, SiC thin films and nanowires have attracted interest in
applications such as M/NEMS, biological sensors, field emission cathodes, and energy storage
devices. This dissertation first addresses the need for stable SiC metallization by presenting a
metallization stack that incorporates solid-state graphitization of SiC and an atomic layer
deposition of alumina (Chapter 2). The designed stack achieves low contact resistivity of Pt/Ti
to polycrystalline n-type 3C-SiC films, which remains stable in air at 450 °C for over 500 hours.
Chapter 3 describes Ni-catalyzed chemical vapor deposition of SiC nanowires and reports the
effects of growth temperature on nanowire morphology and crystallinity, identifies the primary
catalyst for nanowire growth as Ni,Si, and shows the effects of substrate surface on nanowire
growth. Chapter 4 introduces vertically aligned, hexagonal phase SiC nanowires grown on
commercially available 4H-SiC (0001) and explores the band gap variations across hexagonal
phase SiC nanowires. Lastly, Chapter 5 delves further into the evolution of nickel silicide
clusters present during nanowire growth.



2. Stable metallization of n-type
polycrystalline 3C silicon carbide'

Stable metal contacts for devices based on silicon carbide (SiC) are required for high temperature
microelectronics and microsensor devices. Ni-induced nanocrystalline graphitic carbon (NCG) is
introduced between Pt/Ti and n-type polycrystalline 3C-SiC (polySiC) as a means of forming
contacts that are stable at high temperature. With the addition of an alumina protection layer, this
metallization scheme is further improved and can maintain low contact resistivity after 500 h at
450 °C in air. The role of the graphitic layer in both the formation and long-term stability of the
contact is investigated. Although the formation of an ohmic contact between Pt/Ti and
polycrystalline 3C-SiC does not require the graphitic carbon, this interfacial layer is necessary
for maintaining low contact resistivity during long-term exposure to elevated temperature.

2.1. Status of SiC metallization

Micro-electricalmechanical systems (MEMS) technology enables a wide range of physical and
chemical-sensing applications employed in consumer electronics, navigation systems,
entertainment electronics, and bioengineered devices. While traditional Si-based MEMS are well
developed and can undertake sensing tasks under ambient conditions, these devices fail when
exposed to harsh environments due to the intrinsic material and surface properties of Si. Sensing
in harsh environments, especially at high temperature (>400 °C), is drawing increasing attention,
with potential applications in the energy sector (e.g., power plants, geothermal energy systems,
and concentrated photovoltaics). The motivation is that enhanced pressure, temperature, and

L A modified version of this work was publish in S. Chen*, L.E. Luna*, Z. You, C. Carraro, R.
Maboudian. “Ni-induced graphitization for enhanced long-term stability of ohmic contact to
polycrystalline 3C-SiC.” J. Vac. Sci. Technol. A 33 (2015) 031507. DOI: 10.1116/1.4916578. *Equal
author contribution.
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chemical sensing will allow more efficient operation. Thus, an intrinsically robust material such
as silicon carbide is an ideal material to fabricate electronics and sensors capable of operation in
harsh environments. Particularly, its mechanical and electrical stability and its chemical inertness
make SiC well suited for designing devices for applications in high temperature and corrosive
environments [17,24-27].

The introduction of SiC-based sensors for stable operation in harsh environments necessitates
both a manufacturing process that is practical for large-scale production and reliable metal
contacts [25]. While most of the reported stability testing are done in inert ambient (such as Ar or
vacuum) [28,29], several studies have reported on the long-term stability of metal contacts to SiC
upon exposure to elevated temperatures in air [30—34], which better mimics the environment of
many practical harsh environment applications. Additionally, most of these contact studies have
been conducted on single-crystalline SiC (4H, 6H) substrates. However to further advance
MEMS designs, a more versatile and practical platform such as polycrystalline SiC is needed.
MEMS devices can be manufactured from deposited polycrystalline SiC films on silicon nitride
on Si [35], silicon dioxide on Si [36], or aluminum nitride (AIN) on Si for better lattice matching
[37]. Through the use of SiC thin films, a larger adaptation of harsh environment devices comes
closer to fruition. Several as-deposited metals on polycrystalline 3C-SiC (polySiC) films result in
ohmic contacts [38] and show potential for high temperature operation [39-43]. However, the
metal contact stability at elevated temperatures in air still remains a problem. A SiC
metallization scheme for testing in air was established through the addition of a graphitized layer
between Pt/Ti contacts and n-type polySiC. This scheme lowered the contact resistivity and
maintained its low value after exposure to 550 °C in air; the authors reported that the
nanocrystalline graphitic (NCG) layer served as a reaction barrier to silicide formation [44]. The
NCG layer was formed at high temperature (1300 °C) and in ultrahigh vacuum (10 Torr). These
temperature and pressure values significantly constrain the scale-up of the process to high
volume production.

In this work, the high thermal and pressure budget associated with the formation of NCG in
previous work is attenuated through use of an alternative graphitization method, namely Ni-
induced graphitization. The Ni-induced graphitization approach is shown to increase the long-
term reliability of Pt/Ti/SiC contacts to n-type polySiC in high temperature environments. We
show that the Ni-induced NCG is a key factor for maintaining a robust interlayer between the
metal and the semiconductor, hindering solid-state diffusion, and in obtaining long-term stability
at 450 °C. The metallization scheme described in this chapter proves advantageous in the long-
term testing performance, which comes from a thicker NCG layer with fewer defects.

2.2. Contact characterization

Contact between a metal and semiconductor can form linear (non-rectifying, ohmic) or non-
linear (rectifying, schottky) contacts. The contact behavior depends on the magnitude of the
Schottky barrier height (@) and is described by the Schottky-Mott model, as shown in equation
2.1:
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DO = Dpetal - Asemiconductors (eq 21)

In equation 2.1, @year is the metal work function and ¥semiconductor 1S the semiconductor electron
affinity. In general, a large ®@p leads to schottky contacts. Previous work identify metal contacts
to single-crystalline and polycrystalline SiC as schottky and ohmic, respectively [44—46]. The
ohmic behavior observed with polySiC is attributed to defects and film characteristics such as
roughness [2,47].

In this work, the as-deposited metal on polySiC forms an ohmic contact. The resistance of the
contact depends on the contact resistivity and contact area. However, measuring contact
resistance can be convoluted with semiconductor voltage drops across the contact area and
parasitic resistance from probes. Implementation of circular transmission line method (CTLM)
structures not only mitigates the above concerns, but also simplifies fabrication. The circular
geometries require only one metal layer and avoid patterning of current-confining structures in
SiC as would be necessary for rectangular geometries [48].

The layout and geometry of the CTLM structures have been reported previously [10, 14]. In
general, circles with set radius (rp) and varying gap thickness (d) serve as structures for contact
resistivity measurements (Figure 2.1). The contact resistivity (p.) can be experimentally
determined by modeling resistance obtained from CTLM structures for d << ry using:

R = Ry/27r X 1o In(1+d/rp) + (Rs/nrp) L, (eq. 2.2)

where R; is the sheet resistance and Lt = \/(pC/Rs) [48].
PY/Ti
SiC
d

Figure 2.1. Schematic of CTLM structures and identification of materials and dimensions used
for CTLM measurements.
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2.3. Experimental section

Circular transmission line method is employed to study three different metallization stacks: (a)
Pt(25 nm)/Ti(5 nm)/SiC, (b) Pt(25 nm)/Ti(5 nm)/NCG/SiC, and (c) AlLO;(10
nm)/Pt(25nm)/Ti(5nm)/NCG/SiC (Fig. 2.2). Stack (a) is prepared as a reference and contains as-
deposited n-type polySiC with Pt/Ti electrodes on top. Stack (b) contains NCG, and stack (c)
contains NCG and an additional top layer of alumina protection.

2.3.1. Polycrystalline n-type 3C-SiC deposition

In all cases, the substrates are Si (100) with 2 um AIN, deposited via reactive sputtering [37,49].
Aluminum nitride is a good substrate for growing high quality polySiC films due to its low
lattice-mismatch (1%) and similar thermal expansion coefficient with SiC [37]. In addition, AIN
serves as an insulating layer to reduce leakage current between the SiC film and the Si wafer at
high temperatures. Polycrystalline 3C-SiC is deposited onto AIN/Si substrates using low-
pressure chemical vapor deposition (Thermo Electron Corporation, Lindberg BlueM,
HTF55122A) with 7 sccm methyltrichlorosilane (MTS, Sigma-Aldrich, 99%), 70 sccm hydrogen
(Hz, Praxair, 99.99%), and 0.015 sccm ammonia (NHs, 5% in hydrogen) as the precursor, carrier,
and n-type dopant gases, respectively. All polySiC films are grown for 30 min at 1200 °C and
1.4 Torr to yield a deposited SiC film ~300 nm in thickness with a film resistivity of 0.015 Q-
cm.
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Figure 2.2 Three different contact stacks investigated: (a) Pt(25 nm)/Ti(5 nm)/SiC, (b) Pt(25
nm)/Ti(5 nm)/NCG/SiC, and (¢) ALLO3(10 nm)/Pt(25 nm)/Ti(5 nm)/NCG/SiC. (d) Testing setup.
For stack (c), probes penetrate through the Al,Os layer.

2.3.2. Ni-induced graphitization

SiC/AIN/Si samples are dipped in hydrofluoric acid (HF) to remove surface oxide, followed by a
quick water rinse. For stacks (b) and (c), a 20 nm thick layer of Ni is evaporated (VE100,
Themionics Lab Corporation) onto SiC. The Ni/SiC/AIN/Si samples are then annealed to
1100 °C in H; at 4.3 Torr for 10 min using a horizontal hot-wall tube furnace (Thermo Electron
Corporation, Lindberg BlueM, HTF55122A). After annealing, the samples are cooled quickly
(~200 °C/min) to form NCG and nickel silicide. The nickel silicide and residual unreacted nickel
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are removed by successive dips in HF/HNO; (1:3 in volume) and aqua regia. The presence of
SiC, NCG, as well as the removal of nickel silicide is confirmed by Raman spectroscopy (JY
HORIBA Labram, 632.817 nm excitation).

2.3.3. Fabrication of circular transmission line method structures

A standard lift-off process is used to pattern the CTL electrodes, which consist of an evaporated
stack of Ti (5 nm) adhesion layer and Pt (25 nm). The NCG between the electrodes is removed
with oxygen plasma (Plasma-Therm PK-12) created with 80 sccm O, at 80 W for 20 min.

The layout and geometry of the CTL have been reported previously [34,44]. Circles with a set
radius (ro = 250 pm) and varying gap thicknesses (d = 5, 10, 15, 20 um) are fabricated and serve
as structures for contact resistivity measurements.

2.3.4. Alumina deposition

For stack (c), an alumina layer of 10 nm in thickness is deposited on top of the CTL structures
via atomic layer deposition, ALD (Oxford FlexAl-Plasma Enhanced) at 300 °C and using
trimethylaluminum and water as precursors. Figure 2.1d shows the I-V measurement setup, using
tungsten probes and a source meter (Keithley 2400). The tungsten probe tips are able to penetrate
the alumina layer in stack (c), eliminating the need for another photolithographic step to open up
regions of the alumina layer. In addition, in penetrating the CTL pad, the alumina in the gap of
the CTL structure is not disturbed, which is of key importance to protecting the NCG from
oxidation.

2.3.5. Long-term stability testing

For the long-term stability tests, samples from the three stacks are exposed to 450 °C for a given
time duration. All thermal exposures are done in a horizontal hot-wall tube furnace (Thermo
Electron Corporation, Lindberg BlueM, HTF55122A) with both ends of the quartz tube open to
air. After thermal exposure, samples are removed from the tube furnace for CTL measurements
at room temperature. The measurements are repeated until contact resistivity dramatically
increases or the sample reaches a thermal exposure time of 500 h.

2.4. Effect of nickel-induced nanocrystalline graphitic (NCGQG) interlayer
formation on Pt/T1 contact to n-type 3C-SiC

Typical Raman spectra of Ni-induced NCG grown for stacks (b) and (c) show the characteristic
graphitic carbon peaks, namely, D peak at 1330 cm™, G peak at 1580 cm™, and 2D peak at 2650
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cm™ (Figure 2.3). The ratio of the D to G peak intensities (Ip/Ig) provides an estimate of the
average grain size [50]. The Ip/Ig ratio of the Ni-induced NCG is ~0.8. For comparison, the
graphitic peaks of previously reported NCG obtained by UHV annealing of SiC is also shown in
Figure 2.3 and has an Ip/Ig ratio of ~2.2 [34]. A larger Ip/Ig ratio corresponds to smaller average
grain size, which in turn is an indication of increased structural defects. In addition, the positions
of the D, G, and 2D Raman peaks of the Ni-induced NCG match well with the values reported in
Pimenta et al. [51], and do not exhibit the stress-induced blue shifts typical of thinner UHV-
produced NCG [34,52].

Ni-induced
NCG

intensity (arb. unit)

1000 1500 2000 2500 3000

Raman shift (cm'1)

Figure 2.3. Raman spectra of UHV graphitized and Ni-induced graphitized poly-SiC. The UHV
annealed NCG is obtained by the same method reported in Vincent et al. [34].

2.5. Effect of Ni-induced NCG and Al,O; overlayer for a stable low
resistivity contact between Pt/Ti and n-type 3C-SiC

The contact resistivity is calculated from the current-voltage (I-V) characteristics obtained from
the CTL devices with varied gap distances [48]. All stacks, as fabricated, show ohmic contact
behavior. The initial contact resistivity for all three stacks prior to thermal treatments is on the
order of 10 Q-cm®. After exposing the stacks to 450 °C, stack (a) proved least reliable, whereas
stack (c) was the most reliable (Figure 2.4). The contact resistivity of stack (a) degrades within
the first 10 h, after which a contact resistivity could not be extracted due to electrical property
degradation of the contact.

Stack (b), Pt/Ti/NCG/SiC, maintains low contact resistivity for a longer period than stack (a).
The stability improvement seen in stack (b) is attributed to the introduction of NCG, which
prevents Pt silicide formation, as has been reported previously being essential in maintaining the
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contact stability [34,44]. The enhanced contact property of stack (b) is evident through
comparison; stack (b) has a contact resistivity that is consistently below 0.01 Q-cm” for the first
80 h, while with the equivalent structure obtained with UHV annealed NCG has a contact
resistivity that exceeds 0.01 Q-cm” after only 5 h of testing [34]. This difference is likely due to
decreased structural defects (as evidenced by larger Ip/I ratio) and increased thickness, which in
turn serves as a more efficient reaction barrier between the metal and SiC.

As for stack (c), which is protected from oxidation with an alumina layer, its contact resistivity
remains on the order of 10™ Q-cm? for the entire duration of the test (500 h). The degradation of
stack (b) during the testing is likely due to the oxidation of the entire stack, especially within the
NCG layer. The structural integrity of Ni-induced NCG before and after testing with metal layers
removed is characterized by Raman spectroscopy (Figure 2.5). After long-term testing, stack (b)
no longer shows the presence of any NCG, which is in accordance with results concerning UHV-
graphitized contacts, and can be attributed to its oxidation during the high temperature exposure
to air [34]. On the other hand, the 10 nm alumina layer used in stack (c) preserves the NCG
layer, maintaining a stable contact.



CHAPTER 2. STABLE METALLIZATION OF POLYCRYSTALLINE 3C-SiC

14

SiC

Substrate (AIN/Si)

Ni-induced — i

Substrate

Passivation layer
(10 nm AlLO;) —

: 7— ‘23.“.““.'.“.*“. 1S 7Py s s )
PY/Ti -
Ninauces — MG - -7

NCG SiC

Substrate

7.0

N

/

2

2

I
(10°Q-cm )/

contact resistivityI

0

O pysic
0-

0

© + Ni-induced G

165 mQ-cm?

1 0.3 mQ-cm?

-

5.0
404 |
3.04 |
2.0 |

|

contact resistivity ( 10? Q-cm?)

ol ]
;.2]&%‘2“‘-1&-—"""—_&
o 20 a4

40 60

time at 450°C in air (hours)

(b)

100 200 300 400 500
time at 450°C in air (hours)

%)

Q-cm

-4

contact resistivity ( 10

(a)

g
(=)

o
o

g
o

2.0 l/hé%*%ﬁxﬁ%_é(/g l

A

N4 |

0

100 200 300 400 500
time at 450°C in air (hours)

(c)

Figure 2.4. Contact resistivity as a function of time exposed to 450 °C in air for stack a (square),
stack b (circle), and stack c (triangle). (a) Five hundred hours of thermal exposure with
schematic of different stacks. Numbers on the secondary y axis correspond to averaged contact
resistivity measured for stack b in orange and stack c¢ in green; (b) zoomed-in data from the first
60 h of thermal exposure; and (c) zoomed-in data obtained from stack c after 500 h of thermal

exposure.
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Figure 2.5. Raman spectra of the CTL devices designed with Ni-induced graphitized poly-SiC
after removal of all metal layers. For reference, NCG obtained from Ni-induced graphitization
without heat treatment is shown. NCG of stack (b) is completely removed after 150 h at 450 °C.
NCG of stack (c) is intact after 500 h at 450 °C.

2.6. Summary

A Ni-induced nanocrystalline graphitic layer is used as a reaction barrier between Pt/Ti and SiC
to maintain low contact stability at elevated temperatures in air. The Ni-induced NCG is thicker,
has a lower compressive strain [52], and has fewer defects compared to previously published
NCG obtained by UHV annealing of SiC. The Pt/Ti/NCG/SiC contact is further protected with
an ALD alumina layer to prevent oxidation of the graphitic layer, and shows improved stability
after 500 h of testing at 450 °C. In this metallization scheme, the graphitic layer plays a key role
in maintaining low contact resistivity and the fabrication process presented here offers the
advantage of easier manufacturability with respect to previously reported annealing in ultrahigh
vacuum.
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3. Nickel-induced silicon carbide nanowire
growth on silicon carbide

The growth of silicon carbide (SiC) nanowires on 4H-SiC (0001) substrates via metal-catalyzed
chemical vapor deposition is investigated. The process employs a 2-nm Ni film and
methyltrichlorosilane (MTS) precursor in hydrogen carrier gas. Silicon carbide growth is
observed at temperatures as low as 900 °C. Growth at 950 °C yields vertically aligned nanowires
with 4H-like crystal structure and high aspect ratios. Higher growth temperatures result in
decreased nanowire aspect ratio and reduced crystalline disorder.

Focusing on the growth at 950 °C, annealing a 2 nm nickel film in hydrogen gas and in the
absence of MTS leads to the formation of embedded, hexagonally shaped Ni,Si clusters
surrounded by excess carbon. These Ni,Si clusters, present prior to the introduction of MTS
precursor, alone catalyze the nanowire growth and its 4H-like crystal structure. Without these
clusters present, growth yields a 3C-SiC thin film. The key findings discussed shed light on the
role of temperature and catalytic activity of Ni,Si towards tailored nanowire morphologies and
targeted crystallinity for device applications.

3.1. Introduction to metal-catalyzed semiconductor nanowire growth

Identifying the growth mechanism of CVD-grown semiconductors enables better control of
nanowire growth and resulting properties for use in academia and industry. However,
identification of the growth mechanism requires advanced microscopy to monitor the nanowire
growth in-situ. For the SiC nanowires grown in this work, the corrosive gaseous precursors and
high nanowire growth temperature (950 °C) prevent implementation of common in-situ methods,
as the growth process would damage the equipment. Nonetheless, studies have shown that in
general semiconducting nanowires are most commonly grown via vapor-liquid-solid (VLS)
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mechanism, and possibly via vapor-solid-solid (VSS) depending on growth conditions [53]. VLS
growth involves heating a deposited metal catalyst film on a substrate to form liquid droplets.
Heating above the eutectic temperature allows alloy droplets to form. Upon precursor gas
introduction the droplets become supersaturated with components from the vapor phase,
precipitating out a single-crystalline wire [54]. Examples of semiconductor/catalyst nanowire
systems utilizing this method include Si/Au [54], GaAs/Au [55], Ge/AuGa and Si/AuGa [56]. To
confirm the VLS mechanism, the liquid droplet is visible on the nanowire tip during and after
nanowire growth via in-situ transmission electron microscopy (TEM) [57]. VSS follows the
same general process of VLS except the alloy catalyst is solid instead of liquid or nanowire
growth occurs below the eutectic temperature. As Kodambaka et al. pointed out, there are several
semiconductor/catalyst nanowire systems that can grow below its eutectic temperature, such that
the alloy remains solid during nanowire growth. Examples of such nanowire/catalyst systems
include Si/Al [58], Si/Ti [59], Ge/Au [53,60], and InAs/Au [61,62]; researchers have ruled out
eutectic point depression [63] and affirmed that the catalyst is solid [64].

3.2. SiC nanowires on SiC substrates

The intrinsic physicochemical stability of SiC enables a robust material platform for the
realization of devices that can operate in extreme environments, where more conventional
semiconductor materials, such as Si, would fail. The added high surface area advantage of SiC
nanowires provides a robust platform for biological sensors [18,65,66], field emission cathodes
[19,20], and energy storage devices [22,23,67].

For such nanowire-based devices, the nanowires must either be transferred or grown directly on
the device substrate. A common substrate for growth of SiC nanowires is single-crystalline Si
[68—72]. However for harsh-environment devices, growth directly on substrates compatible with
harsh-environment operating conditions eases fabrication by eliminating a transfer step. For a
robust monolithic platform, SiC nanowires can be grown on single-crystalline 4H-SiC (0001)
substrates to uniformly produce either cubic [8,73] or hexagonal SiC nanowires [9]. Although
4H-SiC is the industry standard for SiC substrates, a few studies show growth of SiC nanowires
on 6H-SiC [74,75]. Aside from choosing a robust substrate, an additional interest is for vertical
nanowire arrays that can guide cells [76] and electrons [77], function as vertical field effect
transistors [78], and facilitate low-power electronics [79].

Here we report the effect of growth temperature on Ni-catalyzed chemical vapor deposition of
SiC nanowires on 4H-SiC (0001) substrate. The growth temperature is identified as a way to
optimize the morphology and crystallinity of the nanowires. The growth of vertically aligned 4H-
like silicon carbide nanowire array is demonstrated. Additionally, we report on the role of Ni on
SiC polytype deposition and discuss the morphology of nickel silicide clusters formed upon
annealing Ni on SiC prior to the initiation of SiC growth. The results of this study serve to
accelerate the adoption of SiC nanowires as a material platform for harsh-environment
applications by addressing the role of temperature and catalyst in nanowire growth.
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3.3. Experimental section

A general process flow for nickel-induced SiC nanowire growth studied in this dissertation is
shown in Figure 3.1.
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Figure 3.1. Chemical vapor deposition (CVD) metal-assisted nanowire growth. (a) A thin Ni
film (~2 nm) is deposited via electron beam evaporation. A metal alloy is formed upon annealing
to nanowire growth temperature. Nanowire growth begins upon introduction of the gaseous
precursor methyltrichlorosilane (MTS). (b) MTS has a 1:1 ratio of Si and C atoms. MTS
decomposes at the catalytic site, injecting Si and C atoms that supersaturate the catalyst, leading
to the precipitation of solid SiC nanowire.

3.3.1. As-received 4H-SiC (0001) substrates

SiC nanowires were grown on research-grade n-type 4H-SiC (0001) substrates with 4° off-axis
cut towards <1120> (Cree Research). The as-purchased SiC wafer was diced into 10 mm x 10
mm coupons. Prior to use, substrates were sonicated for 5 min in separate baths of acetone and
isopropanol, and cleaned for 5 min in an ultra-violet ozone cleaner, followed by 10 s rinses in
hydrofluoric (HF) acid and distilled water, and dried with N, gas.

As the substrate surface may play a role in epitaxial growth, the roughness and doping
concentration were quantified. The as-received substrate has root mean squared roughness of 0.8
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nm =+ 0.2 nm and has scratches on the surface from chemical mechanical polishing (Figure 3.2a).
To evaluate the doping concentration, the longitudinal optical phonon plasmon coupled (LOPC)
signal was acquired with Raman spectroscopy from cleaned, bare substrates with no heat
treatment. Following Harima et al. [80], the doping concentration is calculated to be 1.8x10'®
cm” (Figure 3.2b and Table 3.1). This is further confirmed with the linear empirical relationship
between carrier concentration, n, and the LOPC mode, as shown in equation 3.1:

n=125x10" cm> x Ao, (eq. 3.1)

where Ao is the difference between the LOPC mode and bare LO phonon frequency in 4H-SiC
[81]. This relationship yields a value of 1.3x10'® cm™ for carrier concentration. In Section 3.8,
this estimated doping concentration will be compared to another commercially available 4H-SiC
(0001) substrate (SiCrystalAG).

b O  Observed
— Model

n~1.8x10"%cm®

Intensity (a.u.)
| 1 1 1 | 1 1 1 | 1 1 1 | 1
I 1 1 1 I 1 1 1 I 1 1 1 I 1
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Figure 3.2. 4H-SiC (0001) substrate as received. (a) Atomic force micrograph of as-received
4H-SiC(0001) substrates. The z-scale ranges from -4 nm (black) to 4 nm (gold). Negative z value
represents depth into the substrate. (b) Doping concentration of substrate estimated by LOPC
Raman line shape.
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Table 3.1. Fitted and calculated parameters from LOPC line shape shown in Figure 3.2.

4H-SiC (0001)
substrate (Cree)
Plasmon frequency,
o (i) 271
Fitted Plasmon dampi_rllg 312
parameters constant, y (em™)
Phonon damping
constants, 11.4
[ (cm™)
Calculated Doping concentration, 1.8 x10'
parameter | n (cm”) '

3.3.2. Nanowire synthesis and characterization

Thin nickel films (~2.6 nm) were deposited onto SiC substrates via electron beam evaporation
(Thermionics VE-700 Vacuum Evaporator) of a nickel source (Alfa Aesar, 99.995%) at an
operating pressure of 2 x 10 Torr. Substrates with evaporated nickel were sealed in a hot-wall
chemical vapor deposition (CVD) tube furnace (Thermo Scientific Lindberg Blue M) and heated
to growth temperature at a rate of 44 °C/min at 5 Torr under 10 sccm H, (Praxair, 99.99%). For
the analysis of the surface prior to the initiation of the nanowire growth, the samples were
maintained for 10 min at high temperature and then cooled to room temperature at a rate of 22
°C/min under H, ambient. For SiC nanowire growth, once the furnace reached growth
temperature, 0.5 sccm methyltrichlorosilane (MTS, Sigma-Aldrich, 99%) was introduced for a
specific length of time, after which the MTS was turned off and samples were cooled to room
temperature at a rate of 22 °C/min under 10 sccm Ho.

Hydrogen annealing Ni-on-SiC produces nickel silicide and carbon at the surface of the SiC
substrate. To assess the effect of carbon produced, it was removed with a 10 min oxygen plasma
treatment. The oxygen plasma was generated with 50 W radio frequency at approximately 200
mTorr. To assess the role of nickel silicide formed during annealing, it was removed through two
5-second rinses in a 3:1 volume ratio of nitric acid (HNOs3) to hydrofluoric acid (HF) and a 3:1
volume ratio of HNOjs to hydrochloric acid (HCI). The etch procedures were tested for selectivity
using Raman spectroscopy and it was found that the silicide etch did not remove carbon and the
carbon etch did not remove silicide.

Samples were characterized by scanning electron microscopy (SEM, Zeiss Gemini Ultra-55,
accelerating voltage set to 2kV), tapping mode atomic force microscopy (AFM, Digital
Instruments Nanoscope I1la), Raman spectroscopy (Horiba Jobin Yvon LabRam, excitation line
provided by a HeNe laser at 632.8 nm, through a 100X objective with 0.8 numerical aperture),
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and X-ray diffraction (Bruker, AXS D8 Discover GADDS, operated at 40 kV and 20mA at the
wavelength of Cu Ka).

High-resolution compositional analysis on NWs was performed by Dr. Burak Ozdol by means of
energy dispersive X-ray spectroscopy (EDS) using FEI Titan 60-300 transmission electron
microscope (TEM) equipped with a field emission electron source and four-quadrant silicon-drift
detectors (Super-X, high collection efficiency < 0.9 sr solid angle). Simultaneous high-angle
annular dark-field scanning TEM (STEM) images were acquired using 1 nm probe size at 200
kV acceleration voltage. Elemental maps were derived using Bruker’s ESPRIT software.

3.4. Effect of growth temperature

Growth temperature is used to target SiC nanowire dimensions and crystallinity. Figures 3.3a-e
are representative cross-sectional SEM images of SiC structures obtained at 900, 950, 1050, and
1150 °C after 64 minutes of growth time. The average nanowire diameters and lengths at these
growth temperatures are plotted in Figure 3.3f. At low growth temperatures (900 °C and 950 °C)
minimal deposition occurs on the nanowire sidewall, resulting in nanowire length to diameter
ratio (aspect ratio) close to 100. Increasing temperature to 1050, 1100, and 1150 °C drastically
decreases the aspect ratio to 62, 19, and 4, respectively. At higher growth temperatures, such as
1150 °C, the vapor-solid (VS) deposition of SiC on the sidewall dominates and produces SiC
structures with smaller aspect ratios (Figure 3.3e).

Increasing the growth temperature from 900 to 1150 °C increases nanowire crystallinity, as
evidenced by the reduction in the disorder-induced longitudinal optical (LO) phonon band
between 835 and 970 cm™ [82]. Additionally, the transverse optical (TO) phonon peaks at 764,
780, and 796 cm™ (Figure 3.3g) become sharper; the peak location is very close to the position of
the dominant TO peak in the 2H, 4H, and 3C polytypes, respectively. As the temperature
approaches 1200 °C, higher quality 3C-SiC or 4H-SiC is expected [37,83]. Accordingly,
nanowires grown at 1150 °C exhibit more distinct phases that encompass such hexagonal and
cubic stacking patterns. Regardless of growth temperature, all SiC nanowires exhibit
predominantly a 4H-like crystal structure, elaborated in Chapter 4.

In targeting specific crystalline or morphological properties, temperature must be optimized to
strike a balance between nanowire aspect ratio and crystalline disorder (Figure 3.3f,g). Given the
aspect ratio of 100 and the sharpness of the Raman signal, nanowires grown at 950 °C are of
interest. To understand growth at 950 °C, catalyst evolution, crystallinity and morphology is also
studied.
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Figure 3.3. Growth temperature affects nanowire morphology and crystallinity. (a-e) Cross-
sectional SEM images of nanowires grown at 900, 950, 1050, 1100, and 1150 °C for 64 min
growth. (f) Averaged nanowire length and diameter vs. growth temperature. (g) Raman spectra
obtained on samples grown at various temperatures.

3.5. Catalyst composition

Characterization of nanowires as a function of growth time is used to shed light on the growth
mechanism. Figure 3.4 shows representative SEM images of the nanowires after 2 and 64
minutes of growth. After short growth times (2 min), the catalytic clusters are clearly visible at
nanowire tips. Energy dispersive x-ray spectroscopy analysis performed on the catalyst at a
nanowire tip yields a composition of 66.3 = 2.5 at% Ni and 33.7 + 0.3 at% Si, indicative of Ni,Si
(Figure 3.4c,d). After longer growth times (64 min), the cluster is no longer visible, likely due to
etching by hydrochloric acid, a byproduct of the MTS decomposition reaction (Figure 3.4b). The
reduction of cluster size due to hydrochloric acid, along with slow sidewall deposition, may be
responsible for the nanowires tapering with longer growth times.

Prior to MTS introduction, as the temperature is raised, agglomerated nickel silicide clusters
form and serve as catalytic sites for nanowire growth. AFM of annealed samples reveal clusters
across the 4H-SiC surface. Figure 3.5 shows the clusters located across five different areas of 5
pum X 5 um. Raman spectrum of Ni-on-SiC samples annealed at 950 °C in hydrogen show the
presence of nickel silicide, specifically Ni,Si (137 cm™), and carbon (1330 cm™) signals (Figure
3.6a). The Raman laser spot size is ~1 pm and collects data from an area spanning several
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clusters. Although the Ni/SiC samples were annealed in hydrogen ambient (5 Torr) with 2 nm Ni
film on SiC substrate, our findings are consistent with the literature, where Ni,Si formation and
carbon precipitation is seen after vacuum annealing of thicker Ni films (>50 nm) on SiC [84-86].

The hexagonal-shaped clusters visible after annealing Ni-on-SiC samples at 950 °C are identified
as Ni,Si through a series of etch steps (Figure 3.6a,b). First, the annealed Ni/4H-SiC was treated
with oxygen plasma for 10 min, which is known to be an effective means for removing carbon
[87]. Inspection of the Raman spectrum after plasma confirmed removal of the C footprint, while
preserving the Ni,Si signal at 137 cm™. Correspondingly, the hexagonal-like clusters were still
visible with SEM; upon closer inspection, oxygen plasma removes wave-like features likely
from C, resulting in a crisper micrograph (Figure 3.6b).

Second, the annealed Ni/4H-SiC treated with oxygen plasma was placed in acid baths of
HNO;:HF and HNO3:HCI for 5 seconds etch to remove nickel silicide (Figure 3.7). Both rinses
are oxidizing acid mixtures that have been shown experimentally to remove nickel silicides
[84,88]. Inspection of the Raman spectrum after the acid etch confirmed removal of Ni,Si,
leaving behind bare SiC. Micrographs of acid-treated samples show structured hexagonal pits
within the SiC substrate. The substrate pitting occurs from Si atoms in the SiC substrate reacting
to form Ni,Si with the deposited Ni thin film; this surface interaction results in Ni,Si clusters
with a mean equivalent disc radius of ~50 nm and a mean height of ~9 nm (Figures 3.6c,d). The
shape of the pit depends on Si atom arrangement within the plane exposed to the Ni thin film. In
this work, the hexagonal (0001) closed-packed plane, equivalent to the cubic (111) closed-
packed plane, has Si atoms arranged in hexagons relative to each other. Thus, in agreement with
the orientation of exposed Si atoms in the SiC substrate, we observe hexagonal pitting on the 4H-
SiC (0001) surface.
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66.3 at% Ni
33.7 at% Si

Figure 3.4. 4H-like SiC nanowires grown on 4H-SiC (0001) at 950 °C. (a) Cross-sectional SEM
after 2 min of growth. (b) Cross-sectional SEM after 64 min of growth. (c) STEM image of
nanowire grown for 30 min. (d) EDS of nanowire shown in c reveals Ni,Si at nanowire tip.
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Figure 3.5. Representative AFM image of nickel silicide clusters formed after annealing 2 nm Ni
on 4H-SiC for 10 min at 950 °C at 5 Torr (z range of 16 nm).
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Figure 3.6. Characterization of nickel silicide clusters on 4H-SiC (0001). (a) Raman spectra of
Ni/ 4H-SiC after annealing in H, for 10 min at 950 °C (top), with a subsequent oxygen plasma
treatment (middle) and acid etch (bottom). (b) SEM images of annealed Ni/4H-SiC, annealed
Ni/4H-SiC after subsequent C removal, and annealed Ni/4H-SiC after C and Ni,Si removal. (c)
Distribution of equivalent disc radii of Ni,Si clusters. (d) Distribution of Ni,Si cluster height.
The bar graphs correspond to the frequency counts shown on left y-axis. The circles correspond
to the cumulative frequency % shown on the right y-axis. All scale bars are 200 nm. Height of
Ni,Si clusters are estimated using AFM images before and after removal of C and Ni,Si shown
in Figures 3.5 and 3.7.
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Figure 3.7. Representative AFM image of 4H-SiC (0001) after removing nickel silicide clusters
(z range of 10 nm). Nickel silicide was removed with rinses in HCI:HNO; and HF:HNOj. Nickel
silicide clusters formed after annealing 2 nm Ni on 4H-SiC for 10 min at 950 °C at 5 Torr.

To characterize the nickel silicide formation on SiC further, a Ni volume analysis using the
density and molecular weight of Ni, and the lattice parameters [89-91] of Ni,Siin combination
with topography information obtained with AFM was used to approximate the number of Ni
atoms within the formed Ni,Si clusters across a substrate area of 1.25 x 10® nm?, based on five
distinct 5 um x 5 um AFM images (Figures 3.5 and 3.7). The approximate number of Ni atoms
within Ni,Si clusters formed is 4.4 x 10'°. This compares well to the estimated number of
deposited Ni atoms (3.0 x 10'’) within 2.6 nm of evaporated Ni film across the same substrate
area and suggests that all nickel is consumed to form Ni,Si during hydrogen anneal to 950 °C.

3.6. Effects of catalyst composition on SiC nanowire growth

Although Ni,Si particles and excess C are both present before MTS introduction, Ni,Si is
identified as the primary site for nanowire growth. Selective etching of Ni,Si clusters, leaving
behind only C, results in no significant nanowire growth after 2 min (Figure 3.8a,b). On the other
hand, removing excess C to leave behind only Ni,Si (as shown in Figure 3.8a, middle spectrum)
results in significant nanowire growth after 2 and 64 min (Figure 3.8c,d). The resulting nanowire
arrays are very similar to the case without removing the excess carbon.
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Figure 3.8. Ni,Si is the primary site for nanowire growth. (a) Raman spectrum of annealed
Ni/4H-SiC after an acid etch to remove NiySi. (b) No nanowire growth with only C present
before MTS introduction. (¢, d) Cross-sectional SEM images of 2 and 64 min of growth with
only Ni,Si present before MTS introduction, respectively.

3.7. Catalyzed vs. uncatalyzed SiC growth

The growth conditions employed in this work show that Ni,Si yields both nanowire and film
growth, albeit at different rates. For example, a 2-um thick film and 8-um tall nanowires are
grown simultaneously within 64 min (Figure 3.4b). This continuous film growth is attributed to
catalyzed growth, since without deposition of a 2 nm Ni film, only sparse SiC clusters with
diameters of ~200 nm are observed under the same conditions (Figure 3.9a,b). To characterize
the polytype of the uncatalyzed film, Raman mapping in the z-direction is employed (Figure
3.9d). A scan from -15 ym to +15 um, where z = 0 um corresponds to the uncatalyzed film
surface, reveals a region with increased signal from the 3C-SiC TO phonon mode (796 cm™)
near z = 0 um, suggesting that the film grown in the absence of Ni catalyst is predominantly
cubic in structure. 3C-SiC heteroepitaxy on 4H-SiC has been attributed to the low temperature
growth (800 °C) [83], but also shown at much higher growth temperatures as well (>1600 °C)
[92]. In contrast, Ni-induced nanowire growth detailed in Chapter 4 results in predominantly
hexagonal SiC, attributed to high supersaturation within the Ni,Si catalyst. Without Ni present to
form Ni,Si clusters with low C solubility, a highly supersaturated state is not achieved, and cubic
film growth ensues, according to established kinetic models [93].
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Figure 3.9. Effect of Ni on SiC deposition and polytype. (a) Top-view SEM image of 64 min
growth without evaporated Ni thin film. (b) Cross-sectional, zoomed-in SEM image of clusters
shown in (a). (¢) Raman spectroscopy comparing uncatalyzed SiC film grown on 4H-SiC (0001)
under nanowire conditions without Ni (top) and bare 4H-SiC (0001) substrate (bottom). (d-e)
Raman z-maps of TO phonon modes positioned at 776 (triangles) and 796 cm™ (circles) for bare
substrate 4H-SiC (black, filled symbols) and 6 hr SiC film (magenta, open symbols). The
positive z-direction corresponds to movement into the 4H-SiC (0001) substrate, with the film
surface located at z = 0 um.
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3.8. Effect of substrate

The growth method employed here produces SiC nanowires on SiC substrates with crystal
structures similar to the 4H polytype. Details concerning the 4H-like crystal structure
classification are elaborated in Chapter 4. Comparison between two commercially available 4H-
SiC (0001) substrates highlights differences in catalyst agglomeration and nanowire orientation.
The following sections detail the effects of 4H-SiC substrates purchased from Cree Research and
SiCrystalAG on nanowire growth. The two substrates will be distinguished by their surface
roughness: smooth (purchased from Cree) and rough (purchased from SiCrystalAG). Nanowires
grown on smooth and rough substrates produce 4H-like SiC growth (Figure 3.10).
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Figure 3.10. SiC nanowires grown on smooth (solid line, purchased from Cree Research) and
rough (dashed line, purchased from SiCrystalAG) 4H-SiC (0001) substrates.

The smooth 4H-SiC(0001) substrates have a root mean squared roughness of 0.8 nm + 0.2 nm
and yield vertically aligned nanowires, evident at both at short and long growth times (Figure
3.4a,b). The same growth method and experimental set-up produces different wire orientations,
depending on substrate. Contrary to the smooth substrates, the rough 4H-SiC (0001) substrates
with a root mean squared roughness of 2.4 nm + 0.2 nm yield nanowires that display 60° azimuth
angles after short times and dense non-vertical growth after long times (Figure 3.11). This
orientation difference underlines the importance of the substrate’s surface quality. In addition to
surface roughness, salient differences between these two substrates include doping concentration
and catalyst agglomeration, determined by the line shape of the LO phonon plasmon coupled
(LOPC) mode and microscopy, respectively.
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Figure 3.11. Microscopy of SiC nanowires grown on rough substrates. (a) AFM image of as-
received substrate. Top-view (b) and cross-sectional SEM images (c) of nanowires grown for 2
min. (d) Cross-sectional SEM image of nanowires grown for 64 min.

As described Section 3.3.1, LOPC Raman signals were used to compare the doping
concentrations of the smooth and rough 4H-SiC (0001) substrates. Following Harima et al. [80],
the rough substrate is calculated to have a carrier concentration two times greater than the
smooth substrate with values of 3.6x10'® and 1.8x10'® ¢cm™, respectively (Figure 3.12a and
Table 3.2). This is further confirmed with the linear empirical relationship between carrier
concentration and the LOPC mode (1.25x10" c¢m™ x Aw), which estimates 2.9x10'® and
1.3x10" ¢m™ for the rough and smooth substrates, also yielding a multiplicative factor of
approximately two [81]. Increased carrier concentration follows from increased nitrogen
concentration in nitrogen-doped 4H-SiC crystals and contracts lattice constants in the magnitude
of 10 A [94]. Furthermore, Sasaki et al., showed the presence of lattice contraction by heavy
nitrogen doping at temperatures above 800 °C and calculated the lattice mismatch between
lightly-doped epitaxial layer on heavily doped 4H-SiC (0001) as 1.7x10™ at 1100 °C [95,96].
Lattice mismatch between substrate and epitaxial growth of 4H-like SiC nanowires at 950 °C
could explain the discrepancy between vertical and non-vertical growth seen on 4H-SiC (0001).
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Figure 3.12. Comparison of Ni,Si agglomeration on smooth and rough substrates. (a) Raman
spectra highlighting LOPC mode and fitted to calculate substrate doping concentration (b) SEM
images of 2 nm Ni/4H-SiC annealed to 950°C with 10 sccm H; for 10 min at 5 Torr, and after
subsequent C removal and Ni,Si removal. Ni,Si clusters formed on smooth substrates show
similar equivalent disc radii (c¢) with smaller heights in the z-direction (d) compared to Ni,Si
clusters formed on rough substrates. The bar graphs correspond to the frequency counts shown
on left y-axis. The circles correspond to the cumulative frequency % shown on the right y-axis.
Magenta = smooth substrate. Green = rough substrate.
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Table 3.2. Fitted and calculated parameters from LOPC line shape shown in Figure 3.12.

Smooth 4H-SiC Rough 4H-SiC
substrate (Cree) | substrate (SiCrystalAG)
Plasmon frequency,
271 384
wp (cm™)
Fitted Plasmon damping 312 482
parameters constant, y (cm™)
Phonon damping
COl’lStantS, 11.4 253
I (cm™)
Doping concentration,
Calcula‘ied 1.8 x 10'8 36x 108
parameter n (em™)

Catalyst agglomeration, induced by surface roughness may also contribute to different nanowire
orientations. The nickel silicide formed on both smooth and rough 4H-SiC(0001) substrates
during hydrogen anneal to 950 °C (prior to precursor introduction) is crystalline Ni,Si (Figure
3.13). NiySi clusters formed on smooth substrates show a smaller equivalent disc radius (a) and
a larger mean height (b) compared to Ni,Si clusters formed on rough substrates (Figure 3.12¢,d).
A Ni volume analysis using the density and molecular weight of Ni, and the lattice parameters of
NipSi [89-91] in combination with topography information obtained with AFM were used to
approximate the number of Ni atoms within the formed Ni,Si clusters across a substrate area of
1.25 x 10° nm®. The approximate number of Ni atoms within Ni,Si clusters formed on smooth
and rough substrates are 4.37 x 10'® and 4.58x 10'°, respectively. This compares well to the
estimated number of deposited Ni atoms (2.97 x 10'%) within 2.6 nm of evaporated Ni film
across the same substrate area and suggests that all nickel is consumed during anneal to 950 °C
for both substrate types.
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Figure 3.13. Raman spectra of thin Ni film annealed on 4H-SiC (0001) substrates (black) with
subsequent oxygen plasma treatment (blue) and acid etch (red). (a) Smooth 4H-SiC (0001)
substrate. (b) Rough 4H-SiC (0001) substrate.

Although the formation of Ni,Si and C is similar on smooth and rough 4H-SiC (0001) surfaces,
the same growth process yields vertical and non-vertical nanowire alignment, respectively. As
received, the rough substrates lead to nanowire growth with 60° azimuthal angles. This
orientation is visible with top-view SEM images of 2 min nanowires (Figure 3.14a.). The cross-
sectional SEM image confirms that these nanowires do not grow vertical (Figure 3.14c).
However removal of C and thus exposure of the Ni,Si clusters before MTS introduction proved
promising in achieving more vertical growth on rough substrates (Figure 3.14b,d). The C was
removed by oxygen plasma as described in Section 3.3.2. During the high temperature treatment
of Ni-on-SiC, C precipitates out and diffuses to the surface of the nickel silicide for Ni thickness
ranging from 3 and 6 nm [97]. Cao et al. showed that if thicker Ni films are used (17 and 50 nm),
the surface profile of carbon becomes more complex and may peak within the silicide in addition
to its surface. In this work, approximately 2 nm of Ni is annealed on SiC. Thus it is expected that
carbon is primarily located on the surface of the silicide. When carbon is removed after silicide
cluster formation, but before MTS introduction, there is no longer a top layer of carbon hindering
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potential nanowire growth. Another advantage of removing the carbon is that the less dense
growth enables a closer examination at the nanowire base. The area of the nanowire base is
smaller than the area of the original Ni,Si cluster (Figure 3.15).

Figure 3.14. Non-vertical growth on rough 4H-SiC (0001) substrates. (a) Top-view SEM image
of 2 min SiC nanowires. The nanowires show a 60° azimuthal relationship. (b) Top-view SEM
image of 2 min SiC nanowires grown with Ni,Si only. C was removed with oxygen plasma after
Ni,Si formation. (c,d) Cross-sectional SEM images corresponding to a and b, respectively.
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Figure 3.15. SiC growth from hexagonal pit. Zoom in of Figure 3.14b showing that the nanowire
stems from a hexagonal pit formed by Ni,Si formation on SiC.

3.9. Summary

Full understanding of a reproducible, controlled nanowire growth process can accelerate the
adoption of SiC nanowires grown on SiC substrates as a robust monolithic platform and thus
enable the use of SiC nanowires for biomedical, energy, nanoelectromechanical, optical, and
sensor devices that can reliably operate in harsh environments. The nanowire growth process
investigated here yields vertically aligned 4H-like SiC nanowires on 4H-SiC (0001). This study
reveals that hexagonally shaped Ni,Si clusters are formed on 4H-SiC (0001) at 950 °C. These
clusters, formed prior to gaseous MTS precursor introduction, serve as the primary catalyst for
SiC nanowire growth and play a role in the polytype of deposited SiC. The absence and presence
of Ni under nanowire growth conditions lead to cubic and hexagonal phase SiC deposition,
respectively. Moreover, growth temperature is identified as a facile way to target specific
nanowire aspect ratios and crystallinity.

Preliminary surface studies indicate distinct differences in surface roughness and doping
concentration between the 4H-SiC (0001) substrates that grow vertical SiC nanowires and those
that grow non-vertical. Both of which may in turn affect catalyst agglomeration prior to
nanowire growth, and thus nanowire orientation.
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4. Demonstration of 4H-like SiC nanowires
with vertical alignment”

In Chapter 3, the optimum growth temperature for Ni-assisted silicon carbide (SiC) nanowires
with methyltrichlorosilane (MTS) was identified as 950 °C. At this temperature, the nanowire
aspect ratio is approximately 100 and good nanowire crystallinity is observed with Raman
spectroscopy. Continued efforts to push forward SiC nanowire based electronics necessitates a
growth method that allows strict control of nanowire crystal structure and orientation for reliable
production and performance. Towards such efforts, this chapter details the growth of hexagonal
phase SiC nanowire arrays grown with vertical alignment on commercially available single
crystalline SiC substrates. The nanowire hexagonality, confirmed with Raman spectroscopy and
atomic resolution microscopy, displays a polytypic distribution of predominantly 2H and 4H.
Employing a theoretical growth model, the polytypic distribution of hexagonal phase nanowires
is accurately predicted in the regime of high supersaturation. Additionally, the reduction of
disorder-induced phonon density of states is achieved while maintaining nanowire morphology
through a post-growth anneal. The results of this work expand the repertoire of SiC nanowires by
implementing a low-temperature method that promotes polytypes outside the well-studied cubic
phase and introduces uniform, vertical alignment on device-ready SiC substrates.

4.1. SiC nanowire orientation on SiC substrates

SiC nanostructures provide the resiliency for pushing past the limits of current technology to
achieve small, durable, efficient devices that can function in high temperature, high power,
reactive, or biological environments [17,98]. In particular, SiC nanowires attract interest as

2 A modified version of this work was published in L.E. Luna, C. Ophus, J. Johansson, R. Maboudian, C.
Carraro. “Demonstration of hexagonal phase silicon carbide nanowire arrays with vertical alignment.”
Cryst. Growth Des. 16 (2016) 2887-2892. DOI: 10.1021/acs.cgd.6b00203.
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biological sensors [18], field emission cathodes [99,100], nanoelectromechanical switches [101],
optical circuits [102], and energy storage devices [23,67,103]. Further advancement of SiC-based
nanotechnology requires growth on industry standard 4H-SiC (0001) substrates and manipulation
of electrical and optical properties through polytype control. Yet non-vertical, non-aligned, cubic
3C-SiC nanowires constitute the only report of uniform growth of a single-polytype nanowire
array, wherein all nanowires display similar polytype across the surface of this substrate [8,104].
In addition to polytype control, the robust nature of SiC presents difficulties for SiC
nanofabrication and it highlights the important issue of developing feasible, large-scale
nanofabrication of SiC materials for next generation nanodevices. This work addresses both of
these issues through demonstration of vertically aligned arrays of hexagonal phase silicon
carbide nanowires, grown uniformly across the industry standard 4H-SiC (0001) surface. The
isolation of hexagonal phase SiC nanowire growth on 4H-SiC (0001) taps into the polytypic
nature of SiC to present a facile fabrication method for hexagonal, vertically aligned SiC
nanowire arrays, assembled as a monolithic structure for robust nanoelectronics.

SiC is characterized by extreme polytypism, consisting of over two hundred different polytypes
that differ only in the atomic stacking of Si-C bilayers [105]. These SiC polytypes have different
electronic properties (such as band gap and mobility), which if controlled, would facilitate
heteropolytype [106] and superlattice quantum structures [107] capable of operating in harsh
environments. To understand SiC polytypism, Cheng et al. applied the axial next nearest
neighbor Ising (ANNNI) model to describe the interlayer interactions and constructed phase
diagrams detailing the lowest energy structures based on interaction parameter J; [108]. Building
on this earlier work, polytypism in a different system, namely III-V nanowires [109], was
modeled with ANNNI and nucleation theory to identify key growth parameters (such as
supersaturation and impurities) that affect wurtzite (hexagonal) or zinc-blende (cubic) nucleation
[110,111].

In the case of SiC nanowires, choice of substrate and growth method hold promise for
controlling SiC nanowire polytypism. The use of single-crystalline SiC substrates can affect
nanowire polytype and growth orientation through epitaxial lattice matching (Figure 4.1).
Krishnan et al. showed that SiC nanowires could be grown with well-defined epitaxial relation
on the 4H-SiC (0001) surface [104] but the nanowires were predominately cubic 3C-SiC, with
their axes inclined at 70° with respect to the [0001] direction perpendicular to the surface and
oriented azimuthally along six directions at 60° with respect to each other, while very few
nanowires grew vertically with axes parallel to the [0001] direction (Figure 4.1b). The authors
proposed that the few vertically aligned nanowires were 4H-SiC. A later study achieved vapor-
liquid-solid growth of aligned, but non-vertical cubic 3C-SiC nanowires grown on 4H-SiC faces
that were exposed by reactive ion etching of 4H-SiC (0001) substrates to form mesas [8].

In this chapter, vertically aligned arrays of hexagonal phase SiC nanowires are grown directly on
the device-ready 4H-SiC (0001) substrate and an ANNNI/nucleation theory model is employed
to predict SiC polytypism. The growth procedure utilizes Ni thin films as the catalyst, MTS as
the single precursor, and a growth temperature of 950 °C. Experimental evidence presented in
this dissertation suggests that nickel silicide clusters catalyze growth. Due to low solubility and
low diffusion coefficient of carbon in nickel silicide [112], a low growth rate and a high
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supersaturation are expected to promote the formation of hexagonal polytypes. The observation
of the hexagonal phase with Raman spectroscopy and high-resolution scanning transmission
electron microscopy (STEM) is in agreement with the predictions of a growth model based on
the ANNNI model and classical nucleation theory, developed originally to explain polytypism in
ITI-V nanowires [113] and adapted here to describe SiC nanowire growth.
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Figure 4.1. Characteristic differences between common SiC polytypes. (a) STEM micrographs
of selected regions of SiC nanowires with local 2H (100% hexagonality, h=1), 3C (0%
hexagonality, h=0, 100% cubic), and 4H (50% hexagonality, h=0.5) crystal structures. Local
cubic sites consist of a translation of subsequent layer, whereas local hexagonal sites consist of
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both a translation and rotation of subsequent layer. Local cubic and hexagonal Si-C units are
indicated in orange and blue, respectively. (b) 4H-SiC and 3C-SiC nanowire alignment on 4H-
SiC (0001). TEM insets show that the stacking faults are parallel to the [0001] substrate direction
for 3C- and 4H-SiC nanowires. (¢) Raman spectrum of cubic 3C-SiC nanowire (top, Fréchette et
al. [114]) and hexagonal SiC nanowire (bottom). Inset shows the Raman scattering geometry

where  is the momentum and € is the polarization of the light.

4.2. Experimental Section

SiC nanowires were grown on research-grade n-type 4H-SiC (0001) substrates with 4° off-axis
cut towards <1120>, low micropipe density (< 15 micropipes/cm?), and 0.015-0.028 Q-cm
resistivity range (Cree Research). Prior to use, substrates were sonicated for 5 minutes in
separate baths of acetone and isopropanol, and cleaned for 5 minutes in an ultra-violet ozone
cleaner, followed by 10 s rinses in hydrofluoric acid (HF) and distilled water, and dried with N,
gas.

Thin nickel films (~2.6 nm) were deposited onto SiC substrates via electron beam evaporation
(Thermionics VE-700 Vacuum Evaporator) of a nickel source (Alfa Aesar, 99.995%). Substrates
were then transported to and sealed in a hot-wall chemical vapor deposition (CVD) tube furnace
(Thermo Scientific Lindberg Blue M) to a base pressure of 20 x 10~ Torr, wherein they were
heated to 950°C at a rate of 44°C/min at 5 Torr under 10 sccm flow of H; (Praxair, 99.99%). For
SiC nanowire growth, once the furnace reached 950°C, MTS (Sigma-Aldrich, 99%) at a flow
rate of 0.5 sccm was introduced for a specific length of time, ranging between 2 and 64 min,
after which the MTS was turned off and samples were cooled to room temperature at a rate of
~22°C/min under 10 sccm Ho.

Samples were characterized by scanning electron microscopy (SEM, Zeiss Gemini Ultra-55,
accelerating voltage set to 2 kV), scanning transmission electron microscopy (STEM with high-
angle annular dark field detector, FEI/Titan transmission electron aberration-corrected
microscope, at 300 kV), and Raman spectroscopy (Horiba Jobin Yvon LabRam, excitation line
provided by a HeNe laser at 632.8 nm, through a 100X objective with 0.8 numerical aperture).
For single nanowire Raman spectroscopy, substrates with nanowires were sonicated in 3 mL
ethanol for 10 s and 3-5 pL of sonicated solution was pipetted onto a Au substrate.

For STEM analysis, nanowires were sonicated in 250 puL of ethanol for 1-3 minutes. A low
volume of ethanol is used to deposit a large enough concentration of nanowires for easier
viewing in the microscope. Below are three possible ways to place nanowires on TEM grid
(ultra-thin carbon film on holey support) with little to no carbon contamination. All approaches
require pre-heating a hotplate to 100 °C and cleaning a glass slide (for example, using a UVO
cleaner for 3 min).
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First, the nanowires can be drop casted (3-5 pL) from the sonicated solution onto a suspended
TEM grid gripped by self-closing TEM tweezers. Placing the TEM grid, while gripped by self-
closing tweezers, above the pre-heated hot plate will ensure that residual ethanol quickly
evaporates and thus reduce the amount of carbon contamination during imaging. If the nanowires
are on the order of several microns long, then the optical microscope can be used to verify that
nanowires are secured on the grid. It might be necessary to continue drop casting (1-3 more
times) until a sufficient number of nanowires have been drop casted. Increasing the number of
drops increases the likelihood of carbon contamination within the microscope.

Second, the nanowires can be scooped onto a TEM from the sonicated solution. With this
approach, the TEM grid is dipped into the sonicated solution with self-closing tweezers. Still
gripped by self-closing tweezers, the TEM grid is placed on the pre-heated hotplate for at least
10 min.

The first and second approaches involve ethanol, which makes the TEM grid prone to carbon
contamination. After drying grid on the pre-heated hotplate, placing the grid on a cleaned glass
slide within a UVO chamber and cleaning for 2 min gets rid of residual carbon.

The third approach does not involve ethanol. It involves taking a TEM grid and dragging it
across the sample/nanowire surface. If the TEM grid has a film on one side, then its preferable to
drag the grid on the non-film side as the dragging motion will rip the film.

4.3. Raman spectroscopy characterization

Figure 4.1c shows the Raman spectrum of a single SiC nanowire grown in this work, with the
scattering geometry indicated in the inset. Although the longitudinal optical (LO) mode is
forbidden in backscattering configuration at 90° from the c-axis, disorder-induced LO density of
states is usually visible [82]. The transverse optical (TO) mode of A; symmetry is the most
prominent in the spectrum. For comparison, the spectrum of a cubic 3C-SiC nanowire is also
shown [114]. The most striking difference between the two spectra is the shift in the TO phonon
peak position form 797 cm™ for the 3C wires to 780 cm™ with a standard deviation of + 2 cm™
for the wires grown in this work. This shift arises due to local bonding environment of Si and C
atoms, which is different in a cubic site versus a hexagonal site and is apparent in Raman
scattering. Specifically, hexagonal symmetry lifts the degeneracy between the planar and axial
optical phonons, so that in hexagonal polytypes, the frequency of TO phonons with A;
symmetry, w(A ), is redshifted with respect to the frequency of the E symmetry phonons, w(E,),
by an amount proportional to the fraction of hexagonal sites, 4. By comparing the spectra of
numerous SiC polytypes, Nakashima and coworkers [115] derived the following empirical
relation for /:

w(E,)-w(A,)=294h, (eq. 4.1)
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with frequencies given in cm™. Here, o(E;) =~ 797 cm™ is constant, regardless of polytype. From
equation 4.1, the fraction of hexagonal sites for nanowires presented here is 58%; this is slightly
larger than expected for the 4H polytype (50%), but less than expected for the 2H polytype
(100%).

4.4. Atomic resolution transmission electron microscopy (TEM)
characterization

The high hexagonality content of these wires is further confirmed with atomically resolved
transmission electron microscopy. The low resolution STEM (Figure 4.2a) reveals the high
density of stacking faults that are perpendicular to the nanowire growth axis. This finding agrees
with the stacking fault orientation observed previously in 4H-SiC nanowires [104]. Figure 4.2b
shows a high-resolution STEM image of a typical nanowire from which further analysis was
done to investigate its polytypic nature. Classification of the stacking sequence as either
hexagonal or cubic (as explained in Figure 4.1) revealed that 61% of 645 Si-C units reside in
hexagonal sites (Figure 4.2c). More specifically, polytype color maps show that Si-C units form
instances of isolated and sometimes overlapping stacking patterns corresponding to the 3C, 2H,
and 4H polytypes (Figure 4.2d-f).

The identification of 3C, 2H and 4H polytypes within single SiC nanowires was done by Dr.
Colin Ophus using a custom MATLAB processing routine. In this routine, a mean unit cell
along the wire growth direction was calculated using lattice fitting (averaged perpendicular to the
growth direction) from the scanning electron micrographs of SiC nanowires shown in Figure
4.3. Each plane was identified as A, B or C based on an in-plane offset of 0, 1/3 or 2/3
respectively, and was assigned either a hexagonal or cubic identity based on its neighboring
plane. The entire set of planes was compared to all permutations of ABC (3C), AB (2H), and
ABCB (4H) stacking. Each cluster of planes of length 4 or greater were assigned the appropriate
polytype, after removing the 2 terminating planes, to prevent ambiguities such as hexagonal
terminating planes on the 3C polytype. In other words, polytype differentiation was obtained
from electron micrograph analysis, with the minimum length of a polytype as four Si-C bilayers.
Note that a small number of stacking clusters could be classified into these three categories, and
that some configurations allow neighboring polytypes to share a single plane. The tabulated
results of polytype classification are reported in Table 4.1.

Although a polytypic mixture is expected due to the high stacking fault density, combined
statistics over 645 Si-C layers identify the 2H and 4H polytypes as most prevalent with an
overall distribution of 47% as 2H, 39% as 4H, and 16% as 3C. Since the hexagonality values
obtained both by equation 4.1 and Figure 4.2 are closest to the 4H polytype (50%), these
nanowires are referred to as 4H-like.
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Figure 4.2. Existence of polytypic mixture within nanowire confirmed by high resolution
STEM. (a) Low resolution STEM micrograph shows stacking faults are perpendicular to
nanowire axis, indicated by the black arrow. Scale bar is 20 nm. (b) High resolution STEM
micrograph shows good atomic resolution for stacking fault analysis. Scale bar is 2 nm. (c)
Hexagonality maps of 4 different nanowire segments highlighting local cubic (orange) and
hexagonal (blue) Si-C units along the nanowire axis. (d-f) Polytype maps of nanowire segments
shown in (c), highlighting instances of 3C, 2H, and 4H, respectively (red) along nanowire axis.
The percentages listed to the right of c-f are combined statistics across 645 Si-C units. The sum
of percent polytype appearance is slightly larger than 100% due to overlapping or shared layers.
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Figure 4.3. Unaltered atomic resolution by high-resolution STEM micrographs used to
characterize polytype mixture of different nanowire regions. Different magnifications are used,
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but all result in atomic resolution of the SiC nanowire. All images were taken close to nanowire
edge, as the nanowire edge tends to be thinner, thus better for atomic resolution (a-f). The
combined statistics over 645 Si-C units in Figure 4.2 were obtained from these micrographs. All
scale bars are 2 nm.

Table 4.1. Identification of polytypes and local hexagonal planes.

Panel in Total No. No. of 3C No. of 2H No. of 4H No. of locally
Figure 4.3 of planes planes planes planes hexagonal
: planes
a 172 31 78 70 104
b 128 13 52 67 77
¢ 64 13 21 29 35
d 92 17 40 23 54
€ 65 10 49 19 43
f 124 21 64 44 79
Cpmblned 645 105 304 )5 102
statistic (sum)
Coml?1r}ed - 16.3 % 47.1 % 39.1 % 60.8 %
statistic

4.5. Structure modeled by axial next nearest neighbor Ising and
nucleation models

To understand polytypism in nanowires, Johansson et al. developed a theoretical model based on
the axial next nearest neighbor Ising model and classical nucleation theory [113]. The model
defines a sequence of four stacked bilayers as 2H, 4H, or 3C and accurately predicts polytypes
seen in GaAs and Sb-containing III-V nanowires as a function of supersaturation. The following
SiC parameters were used to adapt the model to SiC nanowire growth: nanowire growth
temperature, twin plane energy o, cubic 3C step energy ysc, and interaction range parameter 1.
The SiC twin plane energy is approximated as half the stacking fault energy [116,117], yielding
6. = 17.5 mJ/m’. Due to a lack of step energy data for SiC, the step energy for 3C-SiC is
approximated as 245 mJ/cm’, the average step energy between silicon [116] and diamond (Table
4.2). The step energies of hexagonal polytypes are approximated as you = 0.3y3c, yarr = 0.6y3c,
Yam = V3¢, adapted from Johansson et al. [113]. The two values for the 4H polytype arise because
in 4H, every other layer is hexagonally stacked (4H’) and every other layer is cubically stacked
(4H”’). The interaction range parameter n equals -J;/J, where J; is the interaction energy between
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the i neighboring layers, with J;> 0 and J,< 0. A value of nj = 2.8 represents our experimental
data well and agrees with a previous study that reports SiC is characterized by J; = -2J,[108].

The adapted model predicts SiC polytype formation probability as a function of the
supersaturation, measured as the ratio of chemical potential difference (Ap) and atomic site area
(s) (Figure 4.4a). Similar to III-V nanowires, SiC polytype formation probability shows that the
3C, 4H, and 2H polytype dominate at relatively low supersaturation, intermediate
supersaturation, and high supersaturation, respectively. For comparison, the combined statistics
of polytype assignments from analyzed STEM images are shown in dashed lines in Figure 4.4a.
The model and experimental data begin to converge in the regime of high supersaturation for all
displayed polytypes.

Table 4.2. Estimated step energy for SiC.

Equation Diamond Si’ SiC
Lattice constant, ) 3.57x10° i i
a cm
Density, p - 3.515 g/em’ - -
Molecular

weight, MW - 12.01 g/mol - -

: : 3
Atomic density, 0 X N/ MW 1.76 ><_310 i i

q cm

Heat of fusion, i 120 kJ/mol ) )

AH 199 %107
erg/atom i i

Melting
temperature, T, - 4100 K - -
Tt

Excess energy of 13

interfacial bond, 0.45 x AH 896 x 10 i i
erg/atom
w
Step energy , 15242 K—ksTm In|1+2exp -W 402.62 87.6 ) 245 )
Y3c 3 o erg/cm erg/cm” | erg/cm

" See Hurle et al. [116].

" The step energy for diamond was calculated using equation given in Hurle et al. [116], adapted
from Voronkov et al. [118].

""Taken as the average value of diamond and Si.

" Heat of fusion of diamond is estimated as graphite’s heat of fusion, measured by Heremans et al.
[119].

" Melting temperature of diamond is estimated as the diamond/graphite/liquid triple point at 125
kbar, given in Bundy et al. [120,121].



CHAPTER 4. DEMONSTRATION OF 4H-LIKE SiC NANOWIRES 47

The appearance of the 2H polytype induced by high supersaturation in III-V nanowire systems
has been reported previously [93]. In these systems, the change from high to low supersaturation
may be controlled by the presence of impurities that either decrease or increase the equilibrium
concentration of the group III species within the catalytic cluster of III-V nanowires [93,122].
For the 4H-like IV-IV SiC nanowires produced in this work, we believe instead that high
supersaturation is enabled by the low solubility of carbon within the nickel silicide catalytic
cluster. Ex-situ room temperature Raman measurements suggest that nickel-rich silicide, Ni,Si,
is present upon annealing to 950 °C and after short nanowire growth times (Fig. 4.4b). The
presence of Ni,Si before and after MTS precursor introduction strongly suggests that Ni,Si is the
catalyst during nanowire growth.
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Figure 4.4. Hexagonal SiC nanowire growth is explained by high supersaturation within the
catalytic cluster during growth. (a) Polytype formation probability as a function of
supersaturation. Above 600 mJ/m>, a polytypic mixture ranging from 71% to 66% is predicted.
(b) Raman reveals Ni,Si as catalyst. As the Raman laser has a penetration depth of ~1 um, for
short growth times (4 min), the 4H-SiC substrate signal is strong, but weakens with longer
growth times (32 min) while the Raman scattering of the SiC nanowires is strengthened. The
evolution of a TO phonon shoulder and broad peaks between 835-960 cm™ is also apparent and
likely due to nanowire disorder. (c) Nanowire length (filled black circles) and uncatalyzed film
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thickness (filled magenta circles) as a function of growth time at 950 °C. For each growth time,
wire length is obtained from an average of 30 nanowires. Error bars show one standard
deviation.

4.6. Substrate induced vertical growth

The growth rate of the 4H-like SiC nanowires is approximately 8.6 um/h (Figure 4.4c). This is
much slower than the nanowire growth rate of 40 um/h or greater reported elsewhere for vapor-
liquid-solid growth process [104]. However, our measured growth rate is comparable to the
vapor-solid growth rate of 5-6 pm/h for low-temperature SiC epitaxial layers [123], perhaps not
surprisingly, given the low carbon solubility and diffusion in nickel and nickel silicide [112].
Nevertheless, in this system, the vapor-solid or uncatalyzed film growth at 950 °C results in even
slower growth rate (Figure 4.4c). It is proposed that the low carbon solubility and diffusion
through the catalytic Ni,Si clusters affords the large degree of supersaturation necessary for the
growth of hexagonal polytype. In our high-supersaturated system, the low growth rates likely
arise from the lower growth temperature (compared to 1100 °C and higher [73,104] combined
with low precursor diffusion rate within the nickel silicide catalyst.

Given the 4H-like structure of the nanowire, vertical alignment is expected on 4H-SiC substrates
for epitaxial growth (Figure 4.1b). This expectation is borne out in our SEM analysis,
demonstrating vertical SiC nanowire growth (Figure 4.5a,b). Vertical SiC nanowire growth on
the 4H-SiC (0001) face, enabled by the high supersaturation growth regime as demonstrated here,
opens a new avenue for efficient fabrication and processing of SiC nanostructures that takes
advantage of a monolithic structure with low lattice mismatch. Moreover, residual crystal defects
can be reduced by post-growth annealing without affecting nanowire alignment (Figure 4.5c¢).
The results of a 3-minute anneal at 1700 °C under inert gas include a dramatic decrease in the
disorder-induced LO phonon density of states, evidenced by the significantly reduced signal
within 835-960 cm™ (Figure 4.5d). The post-growth anneal also transforms the broad TO signal
(780 cm'l) into a triplet with peaks at 764 cm’, 780 cm™, 797 cm™, indicative of 2H-, 4H-like,
and 3C-SiC regions, respectively. However, the 780 cm™ 4H-like signal still dominates as in
before heat treatment. The ability to improve SiC hexagonality through minimization of 3C
layers is still underway.

Although nanowire alignment is maintained after the 1700 °C post-anneal, it is evident the
physical appearance of the nanowires is altered (Figure 4.5c,d). The nanowires transform from
the originally densely packed tapered nanowires with sharp tips to bulkier nanowires with blunt
tips. This transformation is likely due to sintering of nanowires during the 3 min anneal at
1700 °C, as well as during the 1 hour ramp time to 1700 °C, as reported under similar conditions
[124]. A closer look at the treated nanowires reveals junctions formed at nanowire tips (Figure
4.6). The Si-C units formed at the junction maintain high hexagonality of 63%, similar to
original 4H-like nanowires grown at 950 °C. Thus, the nanowires maintain alignment and
hexagonality, while reducing disorder when exposed to 1700 °C for 3 min.
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Figure 4.5. Orientation and crystalline integrity of SiC nanowire array grown on high-quality
4H-SiC (0001). (a) Cross-sectional SEM micrograph of nanowires grown for 2 min. Scale bar is
200 nm. (b) Cross-sectional SEM micrograph of nanowires grown for 64 min. Scale bar is 2 pm.
(c) Raman spectra highlighting crystalline repair of SiC nanowires with 3-minute post-growth
anneal at 1700 °C under inert Argon gas. Single crystalline 4H-SiC (0001) is shown for
reference. Raman scattering was collected from nanowire array with incident light parallel to
nanowire axis. (d) Cross-sectional SEM image of SiC nanowires heat-treated to 1700 °C retain
vertical alignment and nanowire morphology. Scale bar is 2 um.
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63% hexagonality

c axis

Figure 4.6. Microscopy of nanowires heat-treated to 1700 °C. (a) Top-view SEM shows
nanowire tips bundle together. (b) STEM image showing bundled nanowires. (c,d) Junction of
bundled nanowires. (e) Identification of locally hexagonal (blue) and cubic (orange) Si-C units
after 1700 °C treatment. Panel e is a magnified version of d, rotated 90° counterclockwise.
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4.7. Nanowire morphology

Low resolution scanning transmission microscopy micrographs reveals nanowire tapering and
that stacking faults are perpendicular to nanowire axis (Figure 4.7) [9,104]. The stacking faults
are more clearly visible in Figure 4.7b obtained with high resolution TEM.

SiC generates a rich Raman spectrum of induced phonon modes (atomic lattice vibrations) when
subjected to incident visible light. The most dominant phonon modes are out-of-phase or optical
lattice vibrations described as the transverse (TO) and longitudinal optical (LO) modes. The TO
mode in particular is commonly used to identify the polytypes of SiC. For 3C-SiC, the TO and
LO peak positions are centered at 796 and 964 cm™. On the other hand for 4H-SiC, the primary
TO and LO peak positions are centered at 776 and 972 cm™'. The 4H-like SiC nanowires display
a TO peak positioned at 780 cm™ and a broad LO signal ranging from (Figure 4.8a). Comparing
TO peak position, hexagonality can be estimated [115]. The 780 cm™ is 4 cm™ away from 4H
and 16 cm™ away from 3C and thus is expected to be more 4H-like than 3C-like. The appearance
of second-order SiC signals at approximately 1510 cm™ and 1710 cm™ indicate good
crystallinity.

Figure 4.7. Morphology and atomic stacking of SiC nanowires. (a) Low resolution STEM image
of SiC nanowires on TEM grid. (b) High resolution TEM image of SiC nanowire lattice planes.

4.8. Electronic characterization

Structural characterization via Raman spectroscopy and atomic resolution microscopy identify
that the hexagonal phase SiC nanowires grown on 4H-SiC resemble that of the 4H polytype,
hence the name 4H-like (Sections 4.1-4.6). For nanowire-based devices that rely on optical and
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electronic performance, structural characterization is only part of the picture. The full picture
needs to include electronic characterization. As the energy band gap is an important electronic
characteristic, the following sections report band gap measurements on the 4H-like SiC
nanowires via electron energy loss spectroscopy. In this section, it is shown that although the
4H-like nanowires include cubic 3C-SiC stacking faults, the band gap across a nanowire is
effectively that of hexagonal phase SiC, as opposed to cubic.

4.8.1. Sample preparation for electron energy loss spectroscopy (EELS)

Nanowires characterized in this work are grown on 4H-SiC (0001) substrates (Cree Research).
Substrates are cleaned with acetone, isopropanol, hydrofluoric acid (HF), distilled water, finally
and dried with nitrogen gas. Electron beam evaporation (Thermionics VE-700 Vacuum
Evaporator) is used to deposit 2 nm of nickel source (Alfa Aesar, 99.995%) onto clean
substrates. The Ni-on-SiC sample is heated to 950 °C under 10 sccm hydrogen gas (Praxair,
99.99%) in a hot-wall chemical vapor deposition (CVD) quartz tube furnace (Thermo Scientific
Lindberg Blue M). Once at 950 °C, 0.5 sccm of methyltrichlorosilane (MTS, Sigma-Aldrich,
99%), single-source precursor, is introduced to begin nanowire growth. After 64 min of nanowire
growth, MTS is turned off and tube furnace cooled to room temperature at ~22 °C/min.

4.8.2. Nanowire EELS analysis

TEAM 0.5 at the National Center for Electron Microscopy (NCEM) was used to obtain EEL
spectrum of single SiC nanowires. EEL spectra were obtained by Dr. Velimir Radmilovi¢. The
measurement involves exposing the sample to an electron beam with a narrow energy range. The
electrons can scatter elastically or inelastically. The zero-loss (ZL) peak is a result of elastic
scattering and the energy loss spectra is a result of inelastic scattering. For SiC band gap
determination, the low energy loss spectra (<5 eV) is important, thus the ZL peak which occurs
at 0 eV is removed from raw EEL spectrum by the subtraction or deconvolution method. The
deconvolution is done using Thermo GRAMS Electronic Structure Tools (EST, version G9)
software with multiple-scattering correction. Both the subtracted and deconvoluted valence
EELS spectrum is fitted to equation 4.2:

Y = Yo+ A(x — x0)", (eq.4.2)

where (X, yo) are the band gap coordinates, A is the fitting parameter, and P is set for either
direct or indirect band gap semiconductors.

An alternative to ZL removal is the Auger electron spectroscopy — reflective EELS (AES-EELS)
linear fit method applied to STEM-EELS. With the linear fit method, the band gap is estimated
without data manipulation by the intersection of two straight lines, one originating from the
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background level and the other from the loss spectrum [125]. Park et al. showed that the linear fit
method proved reliable for SiO,, but not for SiNy samples.

The ability to estimate nanowire band gaps and correlate it with structural information such as
polytype is essential for designing state-of-the-art nanowire-based electronic devices. However,
there are several artifacts in EELS imaging and analysis that render band gap determination
difficult, such as beam size, sample thickness, delocalization phenomena, zero-loss
deconvolution, and Cerenkov loss [125—127]. In addition, as mentioned earlier there are several
methods to interpret EELS: ZL subtraction, ZL deconvolution, and linear fit model. Each method
may result in a different band gap estimate, so it is vital to reaffirm a good fit with statistical data.

Nonetheless, attempts at band gap determination for SiC nanowires have been made. Minella et
al. showed that cubic SiC nanowires with diameters 10 — 15 nm displayed band gap broadening.
The SiC nanowire band gap was measured to be 5.5 eV, 0.9 eV higher than the experimental
value of 4.6 eV obtained from bulk SiC [128]. Here, preliminary results show that the 4H-like
SiC nanowires perform as hexagonal SiC, despite having few stacking faults that correspond to
the cubic 3C polytype. Comparison is made between two ZL removal processes: subtraction and
deconvolution.

Figure 4.8b shows the band gap fit to subtracted valence EEL spectrum. The fit parameters are A
=31.5, P =1.5 (as SiC is an indirect band gap material) and yield a band gap of xo = 3.2 eV. This
energy is higher than cubic (2.3 eV), but very close to that of hexagonal SiC (3.3 eV). Measuring
valence EELS spectrum across 2 additional nanowires also yield band gap energies higher than
the cubic polytype (Figure 4.9). The residual between the subtracted EEL spectrum and its
corresponding band gap fit is also shown in Figures 4.8 and 4.9.

For this system, the ZL subtraction is more reliable than the ZL deconvolution method using
GRAMS Al software. Comparison of the ZL removal methods of subtraction and deconvolution
and the band gap fits are shown in Figure 4.10. Although the band fits of the deconvoluted data
look plausible, the corresponding residual plots prove the fit unreliable in that there is a linear
relationship in the residual plot near the band gap energy. No such pattern is seen with the band
gap fits to the subtracted data.
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Figure 4.8. SiC structural and electronic hexagonality. (a) Raman spectrum of SiC nanowires
with laser parallel to nanowire axis. (b) Raw EELS and valence EELS with ZL peak removed
for nanowire #1. Band gap is estimated as 3.2 eV. (c) Corresponding residual plot between ZL
subtracted data and model fit shown in b.
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Figure 4.9. Band gap energy measurements on two distinct SiC nanowires. (a) Raw and ZL
subtracted valence EELS spectra taken from SiC nanowire #2. Band gap fit to subtracted
spectrum shown in green. Fit parameters are A = 28, P = 1.5, and xo = 3.2 eV. (b) Residual plot
between ZL subtracted data and band gap fit shown in a. (¢) Raw and ZL subtracted valence
EELS spectra taken from SiC nanowire #3. Band gap fit to subtracted spectrum shown in green.
Fit parameters are A =40, P = 1.5, and xo = 3.7 eV. (d) Residual plot between ZL subtracted data
and band gap fit shown in c.
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Figure 4.10. Comparison between ZL removal methods: subtraction and deconvolution.
Superimposed residual plots from subtracted and deconvoluted data show that the subtraction
method gives more reliable data, as the residual plot is random. (a-b) EELS spectra and residual
plots from SiC nanowire #1. (b-c) EELS spectra and residual plots from SiC nanowire #2. (d-e)
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EELS spectra and residual plots from SiC nanowire #3. *Note: SiC nanowire #1, 2, and 3
correspond to NW4, 3, and 8 in raw data files.

4.9. Summary

SiC nanowires grown in this work exhibit a hexagonal crystal structure that lies between the 4H
and 2H polytypes. EEL spectra indicate that the 4H-like SiC nanowires perform as hexagonal
SiC, despite having few stacking faults that correspond to the cubic 3C polytype. Strong
experimental and theoretical evidence suggests that Ni,Si clusters catalyze the growth, and that
high supersaturation within the cluster promotes the hexagonal phase. Vertical alignment,
induced by substrate, is achieved uniformly across the surface of high quality 4H-SiC (0001)
substrates. These results demonstrate that substrate and precursor supersaturation within the
catalyst affect SiC nanowire alignment and crystal structure, respectively. The connection
between growth supersaturation, nanowire polytype, and substrate shown in this work serves as
an additional stepping-stone towards targeting specific SiC nanowire polytype and alignment in
efforts to expand the use of SiC nanostructures for robust electronics.
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5. Catalyst cluster formation

5.1. Introduction

The state of the catalyst determines the growth mechanism as either vapor-liquid-solid (VLS) or
vapor-solid-solid (VSS) (see Section 3.1). Previous chapters addressed investigative questions
concerning Ni-assisted SiC nanowire growth with MTS. Chapter 3 described the growth of
vertically aligned SiC nanowires on single crystalline 4H-SiC substrates. Chapter 4 used
spectroscopy, microscopy, and modeling to elucidate that Ni,Si catalytic cluster enables
hexagonal phase SiC nanowire growth. The low C solubility within Ni,Si supports the high-
supersaturated state that is hypothesized to promote hexagonal SiC growth. However, still
unanswered is the state of the catalyst, in particular whether it is a liquid or a solid. The primary
nanowire growth temperature within this body of work is 950 °C, which was chosen based on
nanowire crystallinity and aspect ratio (Section 3.4). Although there is no available Ni-Si-C
phase diagram at this particular temperature, there are bulk phase diagrams that bracket 950 °C.
These available phase diagrams are calculated for 900 and 1150 °C. The phase diagram at
900 °C shows no liquid phase, while the 1150 °C diagram shows one liquid phase with ~10% C
solubility, but not for Ni,Si (Figure 5.1).

The difference between bulk and nano-sized nickel silicide on SiC is also unclear. Bulk Ni,Si
melts at 1239 °C, thus it is expected to be solid during our growth process at 950 °C. In this work,
after 4 min of nanowire growth, the Ni,Si clusters are approximately 20 nm or less in diameter
(Figure 5.2). Previous studies modeled the melting of small particle systems and showed
significant melting temperature depression for indium and gold with radius less than 20 nm [129].
In systems alloys such as Cu-Pb and Cu-Bi, the melting temperature depression is signification
for diameters of 40, 20, and 10 nm [130]. Lee et al. point out that since the substrate plays a role
in interface and surface tension, the effect of substrates should be taken into account explicitly to
fully understand changes in melting temperature [63]. The following sections investigate the
state of the catalyst and its relationship with the substrate via ex-situ and in-situ studies.
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Figure 5.1. Phase diagram for Ni-Si-C ternary system at 900 and 1150 °C, reprinted by
copyright permission from ASM International [131,132].

> Contactangle: 129°
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Figure 5.2. TEM image of SiC nanowire grown for 4 min on 4H-SiC (0001), purchased from

Cree. The nanowire was sonicated in ethanol and drop casted onto TEM grid. The contact angle
between nanowire and catalyst is 129° with a contact length of 14 nm.
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5.2. Ex-situ studies of Ni1-on-SiC

As shown in Chapter 3, upon heating a 2-nm Ni film on SiC (0001) at 950 °C, Ni,Si clusters and
excess C are evident. Below, the effects of temperature, pressure, and polytype are investigated
using scanning transmission microscopy (SEM) and Raman spectroscopy.

5.2.1. Varying temperature

The transformation of the ~2 nm Ni film on SiC into Ni,Si clusters is surveyed through a series
of lower temperature anneals, starting from 150 °C. Raman spectrum after heat treatment at 150,
250, 350, 550, and 750 °C do not show significant differences from bare 4H-SiC until 550 °C
(Figure 5.3). At 550 °C, there is a slight presence of C around 1310 cm™ with no recognizable
silicide signal. At 750 °C, both Ni,Si and C signals are present. Top-view SEM images of
annealed Ni-on-SiC samples show an island-like morphology as a result of film agglomeration.
The formation of small circular islands occurs at temperatures much lower than the growth
temperature and at temperatures that show no nickel silicide or C present via Raman (Figure 5.4).
The islands get bigger as the temperature is increased to 350, 550, and 750 °C. This island
formation below the melting point of thin metal films on a substrate is a result of surface energy
minimization [133—135] and is well documented in thin metal films including Ni [136], Au [137],
and Pt [138,139]. The phenomena of island formation or dewetting has also been used to
transition patterned Au films to patterned arrays of nanoparticles on SiC [140]. At 550 and
750 °C, there are areas which are hypothesized to be the onset of Ni,Si formation. Representative
areas are highlighted in yellow. Increasing magnification reveals that the particles begin to
disrupt SiC surface, comparable to the hexagonal pit formation discussed in Sections 3.5 and 3.8
(Figure 5.4f).
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Figure 5.3. Raman spectra of ~2 nm Ni annealed on 4H-SiC (0001) for 10 min under 10 sccm
H, at 5 Torr.
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Figure 5.4. Top-view SEM images of ~2 nm Ni annealed on 4H-SiC (0001) for 10 min under 10
sccm Hj at 5 Torr. The yellow highlights regions where circular particles are proposed to have
begun reacting with the SiC to form Ni,Si.

For a full temperature profile of Ni-on-SiC, temperatures above 950 °C were also explored.
Based on the ternary Ni-Si-C phase diagrams, a liquid phase is present at 1150 °C (Figure 5.1).
Ni-on-SiC samples were annealed to 1170 and 1200 °C to investigate if there is evidence of
melting. Both of these samples do not show Ni,Si Raman signals at 137 cm™, but preserve the C
footprint at ~1310 and 1600 cm™ (Figure 5.5a). The morphology of the surface at 1170 and
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1200 °C differ from samples annealed to 950 °C (Figures 5.5 and 5.6). The SiC surface outside
of the hexagonal-like features look more rough for the 1170 °C sample than the 950 °C sample
(Figure 5.5 and 5.6). This roughening is likely from the increased production of C through solid-
state graphitization of SiC and etching of SiC in H, at 1200 °C.
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Figure 5.5. (a) Raman spectra of Ni-on-SiC annealed to 950, 1170, and 1200 °C for 10 min in 10
sccm Hy at 5 Torr. (b-d) Corresponding top-view SEM images of annealed Ni-on-SiC.

Although surface roughness may affect cluster size and morphology, there is no observed pattern
that would indicate Ni,Si clusters prefer to nucleate at or away from the scratches at these
conditions. Due to the increased C and possible decreased Ni content from evaporation at
1170 °C, microscopy imaging proves more difficult with charging of the substrate (Figure 5.6c-
d). The 4H-SiC substrate charges under the electron beam as well, even though they are nitrogen
doped. To overcome challenges with charging and avoid using additional metal film deposition
to distribute charge on the samples, SEM at 1 - 2 keV accelerating voltage is used with fast
acquisition scanning rates.
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Figure 5.6. SEM of Ni,Si clusters on 4H-SiC (0001) substrates. (a) Clusters formed after heating
2 nm Ni on SiC for 10 min at 950 °C under 10 sccm H, at 5 Torr. (b) Zoomed-in image of a. (c)
Morphology formed after heating 2 nm Ni on SiC for 10 min at 1170 °C under 10 sccm Hat 5
Torr. The striations at the bottom of panel ¢ are a result of the dicing process with a diamond
cutter. (d) Zoomed-in image of c.

Rinses in acid baths of HF:HNO; and HCI:HNOj; expose structured pits within the SiC. For the
Ni-on-SiC samples heat-treated to 950 °C, a closer, angled look at the pits reveal that the bottom
of the pits are flat with sharp boundaries (Figure 5.7). Likewise, the Ni-on-SiC samples heat-
treated to 1170 °C also show a pits with flat bottom surfaces. Etching of anisotropic (triangular)
pits on n-type 4H-SiC (without the wuse of nickel film) has been reported via
photoelectrochemical methods, wherein crystallographic planes terminated with silicon atoms
are more resistant to electrolytic attack than the planes terminated with carbon and mixed silicon-
carbon atoms [141]. In addition to distinctive Raman spectra (Figure 5.5a), the 1170 °C samples
have less sharp pit boundaries (Figure 5.7b,d). One possible explanation could be continued
nickel silicide reaction with SiC, wherein the nickel silicide is melted, thus reacting more
isotropically with the SiC planes perpendicular to the basal plane. The dark shadows visible in
Figure 5.7 are due to charging of the surface as mentioned above.
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Figure 5.7. SEM of pits within 4H-SiC (0001) substrates. (a) Clusters formed after heating 2 nm
Ni on SiC for 10 min at 950 °C under 10 sccm H; at 5 Torr were removed with 3:1 volume ratio
of HF:HNO; and HCI:HNO:s. (b) Zoomed-in image of a. (c) Clusters formed after heating 2 nm
Ni on SiC for 10 min at 1170 °C under 10 sccm H; were removed with 3:1 volume ratio of
HF:HNO3s and HCI:HNO:s. (d) Zoomed-in image of c.

5.2.2. Varying pressure

The system pressure within the CVD quartz tube furnace is varied to examine the effect of
pressure on NipSi cluster size. Backed by an Edwards 12 rotary mechanical pump, the base
pressure of the furnace without gases flowing is approximately ~10 mTorr. The base pressure
can be reached when the quartz tube is properly installed, such that the inlet is connected to
desired gas lines and outlet is connected to the pump inlet. For the experiments in this
dissertation, the base pressure is maintained at ~10 mTorr. In the event a good base pressure is
not readily attainable, troubleshooting can be performed until ~10 mTorr is reached. Primary
reasons for an inadequate pressure include: 1) Previous user routed the tube outlet to exhaust into
the hood without using the pump, 2) The pump is low on oil, 3) The pump requires an oil change.
The use of chlorinated precursor MTS is hard on the pump and thus frequent MTS use requires
more regular oil changes to prevent pump from underperforming and overheating. 4) Less likely
is that the convectron gauge needs to be recalibrated. All of the above can be addressed to
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reached a base pressure of ~10 mTorr. 5) The pump may require extensive cleaning. This
procedure includes: emptying used oil from pump, disassembling pump to expose oil-containing
unit, using paper towels and acetone (on non plastic pieces) to wipe up the materials built-up
within the pump. If a good pressure is not attainable even after pump cleaning, a rebuild kit
wherein all rotary vanes, o-rings, gaskets, etc are replaced might be necessary.

Before ramping to 950 °C under 10 sccm Hy, the speed valve located between the tube outlet and
pump inlet is closed until convectron pressure gauge reads stable desired pressure. In previous
chapters, all experimental set-ups used 5 Torr for nanowire growth and cluster analysis. To
investigate the effect of pressure on cluster size, 1 and 12 Torr were chosen as they bracket 5
Torr (Figure 5.8). From these preliminary experiments, there is a clear increase in cluster size
with increased pressure. This trend has been reported previously for thin nickel films annealed in
hydrogen at 600 °C at 2.5 and 20 Torr [142]. Thus, pressure could be used to control nanowire
density as long as MTS decomposition is not negatively affected with increased pressure.
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1.2 Torr

Figure 5.8. SEM of Ni,Si clusters on 4H-SiC (0001) substrates. (a) Clusters formed after heating
2 nm Ni on SiC for 10 min at 950 °C under 10 sccm H; at 1.2 Torr. (b) Clusters formed after
heating 2 nm Ni on SiC for 10 min at 950 °C under 10 sccm H at 12.6 Torr.
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5.2.3. Polytype

Substrate pitting occurs from Si atoms in the SiC substrate reacting to form Ni,Si with the
deposited Ni thin film. The shape of the pit depends on Si atom arrangement within the plane
exposed to the Ni thin film. The cubic (100) plane, similar to the cubic (001) plane in terms of
atomic arrangement, has Si atoms arranged in squares relative to each other [143]. The
hexagonal (0001) closed-packed plane, equivalent to the cubic (111) closed-packed plane, has Si
atoms arranged in hexagons relative to each other [143]. In agreement with the orientation of
exposed Si atoms in the SiC substrate, we observed hexagonal pitting in the hexagonal (4H-SiC
(0001)) as shown in Figures 5.5 - 5.8 and rectangular pitting in the cubic (3C-SiC (100))
substrate as shown in Figure 5.9.

Figure 5.9. Substrate’s crystal structure affects pit shape. (a) AFM of annealed Ni on 3C-SiC
(100) results in rectangular-like Ni,Si clusters (b) Pits revealed with silicide removal of sample
shown in a. (c-d) High magnification SEM images show clearer rectangular silicide and pits,
respectively.
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5.2.4. Preliminary cross-sectional TEM

SEM images of NiSi clusters on SiC substrates shown so far are limited to morphological
characterization. Using cross-sectional TEM, the crystalline relationship between cluster and SiC
can be identified. Preparation of a cross-sectional Ni,Si/SiC TEM sample requires several
mechanical processing steps. The primary goal of the mechanical processing is shown in Figure
5.10 as a simplified schematic. A detailed process flow to create a cross-sectional electron
transparent sample is described in Appendix A.

Cross-section view

Counter/
Blank

Sample

T

Stack with epoxy

Figure 5.10. Simplified schematic showing the overall idea of cross-sectional TEM sample
preparation.

Sandwiching the Ni,Si clusters / 4H-SiC (0001) with a 4H-SiC (0001) counter coupon increased
the time needed to ion mill a hole in the center of the stack (Figure 5.10, Appendix A). Longer
etch time for SiC also equates to longer etch time for the epoxy/glue line. Etching through two
SiC substrates etched most of the glue and left the surface of interest vulnerable to contamination
or redeposition of Si or SiC (Figure 5.11). To remove redeposition, additional ion milling is used.
Future experiments with a Si counter may be more effective at maintaining a good glue line
during the ion milling process. Also, since Si ion mills at a faster rate than SiC, one could etch
from the SiC side to prevent etching away too much Si.

Figure 5.12 shows the lattice plane resolution of a nickel silicide cluster on 4H-SiC (0001). The
dark bands visible between the catalyst and substrate could be overlapping crystal structures.
More analysis is needed to determine the crystalline relationship between the cluster and
substrate.
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Figure 5.11. TEM micrographs showing no glue coverage around cluster. The smaller
crystalline spherical particles on cluster are indicative of contamination of redeposition.

36.37 nm x 36.37 nm

Figure 5.12. TEM micrographs showing glue surrounding cluster. No contamination or
redeposition is seen.
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5.3. Preliminary low energy electron microscopy (LEEM) studies of
Ni-on-SiC

Broadly speaking, microscopy techniques (SEM and TEM) serve different purposes and thus
have different operating conditions. In this work, SEM operating at 1 - 2 kV provides
morphological information, while TEM operating at 200 - 300 kV elucidates crystalline
relationships. A remaining question concerning this SiC nanowire growth system is whether the
nickel silicide clusters are liquid or solid during nanowire growth. To answer this question, an in-
situ technique is necessary to monitor the crystalline phases or lack thereof during anneal and
growth. Two in-situ techniques include TEM [53] and low-energy electron microscopy (LEEM)
[144]. LEEM is a surface technique that uses very low accelerating voltages (0 - 20 V) compared
to SEM and TEM to investigate various surface dynamics [145]. This section describes
preliminary heating studies of Ni-on-SiC within a LEEM chamber.

5.3.1. Temperature calibration

For in-situ heating, the sample temperature must be known and controlled. Si has been studied
extensively in LEEM chambers and has identifiable transitions that can serve to calibrate the
temperature at the sample surface [144]. A Si (111) substrate is used to calibrate the temperature
at the sample surface (Figure 5.13). The sample of interest for these experiments is Ni-on-SiC.
The use of epitaxial 3C-SiC on Si (111) would enable better estimate of surface temperature
based on the well-known temperature controlled Si (111) phase transitions. However, for these
preliminary studies, off-axis 4H-SiC is used instead of the epitaxial 3C-SiC for comparison with
the near atmosphere tube furnace experiments described in previous chapters.

2 nm Ni
Epitaxial 3C-SiC 1 3-5 um Epitaxial 3C-SiC

Si (111) on-axis 375 um Si (111) on-axis

Si (111) on-axis

Figure 5.13. Temperature calibration using well-studied Si (111). The assumption here is the Ts;
= Tsic = Tni.



CHAPTER 5. CATALYST CLUSTER FORMATION 72

5.3.2. Mimicking ex-situ experiments with in-situ LEEM

In previous chapters, the standard substrate was 4H-SiC (0001) with a 4° off-axis cut towards
<1120>. The high angle off-axis cut poses a problem for LEEM. For good imaging, the substrate
needs to be positioned to maximize electron reflection close to 0 V and is easily attainable with
on-axis samples. The LEEM sample holder does have the ability to tilt to overcome an off-axis
cut, but not enough for ideal imaging with 4° off-axis substrate. Given this drawback, the
intensity profile of electron reflection as a function of starting voltage was not obtained. Instead,
LEEM was used to identify morphological and contrast changes due to temperature.

LEEM requires ultra-high vacuum (UHV) and extremely clean surfaces to image well with low
accelerating voltages (0 - 20 V). Thus, the tube furnace experiments described in Chapter 4 can
only be reproduced in principal, but not in exactness. The base pressure in the LEEM chamber is
1 x 10" Torr, whereas the base pressure in the hot-wall CVD quartz tube furnace is 20 x 107
Torr. Another difference is that hydrogen was not introduced into the LEEM chamber, contrary
to the 10 sccm of hydrogen used in the tube furnace. To achieve a clean surface, 10 mm % 10 mm
SiC coupons were loaded in a UHV cleaning chamber connected to the LEEM chamber and
heated to 500 - 600° for 10 min with 500 V. A more aggressive cleaning was avoided to prevent
graphitic carbon on the surface [146]. Once cleaned, the sample was transferred to the LEEM
chamber for Ni evaporation (28 W) and subsequent heating experiments.

The LEEM projector lens gives a circular screen view of radius ~12 um, which makes it difficult
to view the expected high density of nanometer-sized nickel silicide clusters with good
resolution (Figure 3.6). After deposition of 2 nm Ni and subsequent annealing to 950 °C in the
LEEM, small clusters formed (~100-200 nm in diameter), but they can not be imaged clearly due
to the resolution limitations of the microscope. Another 3 nm Ni was added to this sample and
annealed again to 950 °C in hopes to produce larger clusters. Although the nickel silicide
particles were larger, the 2 nm + 3 nm sample showed a morphology vastly different from the 2
nm furnace-annealed samples (Figure 3.6, 5.14a). Due to these morphological differences and
the low resolution of the LEEM, new samples were fabricated in attempt to make larger nickel
silicide clusters with increased Ni thickness of 3 and 7 nm. The 3 and 7 nm Ni on SiC samples
annealed in UHV do not exhibit a hexagonal-like shape and prefer to aggregate at the surface
scratches from industrial chemical mechanical polishing (Figure 5.14). This is in contrast to the
furnace-annealed samples that form hexagonal-like shaped nickel silicide clusters that do not
show a preference for aggregation at the scratches (Figures 5.6a-b, 5.8). Overall, larger clusters
were achieved with increased Ni thickness.

To isolate a single nickel silicide cluster that is large enough to resolve in the LEEM, spherical
Ni powder (diameter range from 80-150 nm) is used. The idea here is to monitor the interaction
of a single Ni particle and the SiC substrate. Such studies could indicate how SiC in contact and
not in contact with the Ni differ upon heat treatment. The Ni was dispersed on clean 4H-SiC
substrates with nitrogen gas in the fume hood (Figure 5.15a). Heating the Ni-on-SiC to
approximately 950 °C in the LEEM chamber resulted in a halo formation with bright contrast
surrounding the Ni/Ni silicide cluster (Figure 5.15b).
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Figure 5.14. SEM of nickel silicide morphology on 4H-SiC (0001) annealed in UHV. Samples
were annealed in UHV LEEM chamber to 950 °C.
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Figure 5.15. Large Ni particles can be imaged clearly in the LEEM. (a) Spherical Ni powder was
used to deposit particles of Ni onto SiC in the fume hood. (b) Halo formation on SiC as a result
of heating Ni-on-SiC to ~ 950 °C.

The halo formation occurred at a temperature possibly lower than 950 °C. The uncertainty of
temperature stems from the thermocouple readout error and the fact that the temperature
calibration was done with Si (111), instead of 4H-SiC (0001). A time series was taken to capture
halo growth around the Ni particle when heated in the LEEM (Figure 5.16). The sample
temperature was stabilized to ~ 850 °C for 20 min, corresponding to t = 0 s. The sample surface
at room temperature and 850 °C look similar. Time t > 0 s marks the onset of additional heating
to ~855 °C. From the time snapshots in Figure 5.16, it is evident that there are two types of halo
formation: 1) A bright contrast halo immediately surrounding Ni/Ni silicide, 2) A dark contrast
halo surrounding the bright halo (Figure 5.16b). Additionally, the halo growth is affected by the
larger SiC surface scratches and lasts approximately 22 s.
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Figure 5.16. Time series of LEEM images. Time t = 0 s corresponds to ~850 °C and t > 0 s
shows heating to ~855 °C. The major axis in all images is 12 pm.

Raman x-y mapping reveal that the bright contrast halo consists of nickel silicide and C, just like
the cluster itself (Figure 5.17). The bright or dark contrast halos could be a result of a SiC surface
reconstruction (Appendix B). Further studies are needed to identify the mechanism of halo
growth and its implications on nickel silicide cluster formation on 4H-SiC (0001).
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Figure 5.17. Raman x-y mapping of spherical Ni powder annealed on SiC to ~ 855 °C in UHV.
(a) Optical micrograph annealed Ni-on-SiC. Equivalent radius of particle is 3 um. The bright
green square indicates laser alignment. (b-e) Color intensity maps of Ni,Si, C (D peak), C (G

peak) and C (2D peak) with respect to the primary 4H-SiC signal. Red, yellow, and green
indicate high, intermediate, and low intensity ratios.
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5.4. Summary

Control of the cluster formation, size, shape, and distribution of Ni annealed on SiC is essential
for patterned SiC nanowire growth. Ex-situ studies of Ni-on-SiC reveal several findings that
affect Ni-induced silicon carbide nanowire growth on SiC substrates. Annealing thin Ni films on
SiC in hydrogen at the nanowire growth pressure of 5 Torr shows evidence of cluster formation
below the bulk Ni and Ni,Si melting temperature (1455 °C and 1239 °C) and below the expected
bulk Ni,Si formation (~500 °C). Additionally, during the anneal, the system pressure can be used
to change the size of the clusters formed on SiC, whereas SiC substrate polytype can be used to
dictate the shape of the clusters.

Preliminary in-situ LEEM studies give a different perspective of the Ni-on-SiC system. As
LEEM is surface sensitive, utilizing low accelerating voltages (0 - 20 eV), the interaction
between the Ni and SiC at elevated temperatures is identified by spreading fronts in the form of
halos surrounding the original Ni particle. Time snapshots during heating show that the surface
scratches on SiC affect the spreading or halo formation. Ex-situ Raman confirms that the inner
halo is composed of Ni,Si. The outer halo is only visible in the LEEM and could be the result of
another surface phenomena, such as SiC reconstruction.



78

6. Conclusions and future work

Silicon carbide (SiC) has great potential for innovative harsh-environment devices, but faces
challenges in terms SiC film stability when in contact with metals at high temperatures and
polytype control for SiC nanomaterials. This dissertation presents efforts to address these
challenges by way of introducing a SiC metallization scheme that can withstand prolonged
exposure to high temperature in air, and by introducing methods to achieve vertically aligned
4H-like SiC nanowires. The growth of 4H-like SiC nanowires is further investigated by
analyzing the effect of growth parameters on the catalyst formation prior to nanowire growth.
Electronic characterization of the 4H-like SiC nanowires is also discussed.

Nanowire placement relies on the ability to control nickel silicide cluster agglomeration on SiC
substrates prior to nanowire growth, not yet established using the chemical vapor deposition
growth method employed in this work. Control of the cluster formation, size, shape, and
distribution of nickel annealed on SiC is essential for patterned SiC nanowire growth. Thus,
expansion on the nanowire vertical alignment to incorporate periodic or user-defined nanowire
placement on industry standard SiC substrate remains an area of interest. Further areas of study
include in-depth in-situ heating studies of Ni-on-SiC to identify the state of the nickel silicide
catalyst at the nanowire growth temperature. The catalyst state informs the nanowire growth
mechanism which affects nanowire morphology, dopant concentration, and polytype. Continued
research efforts to understand and characterize SiC nanomaterials will expand the possibilities
towards applications in electrical, mechanical, biomedical, and optical nanodevices.
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Appendix A. Cross-sectional TEM sample
preparation

Introduction

The following procedure was conducted at the Molecular Foundry in the National Center of
Microscopy (NCEM) sample preparation room. A special thank you to scientific engineering
associate Marissa Libbee at NCEM for training and guidance during sample preparation.

Step 1. Cuta 5 mm x 5 mm stack from 10 mm % 10 mm coupons

In this work, the starting coupons are double side polished 10 mm x 10 mm squares. Since the
side corresponding to the surface of interest cannot be readily distinguish from the other side, it
will be difficult to identify surface of interest after the various mechanical processing steps. To
avoid confusion, roughen the side you are not interested in with diamond sand paper. Scratches
should be visible by naked eye.

Mount a glass slide on a rectangular metal block with Crystalbond. For Crystalbond to melt, it
has to be heated to ~180 °C on the designated hot plate.

Add Crystalbond in an amount comparable to the size of your sample on a heated glass slide.
Make sure to add enough Crystalbond so that the edges of your sample are also protected with
Crystalbond.

Mount surface of interest with Crystalbond onto a glass slide. This means the surface of interest
is in contact with Crystalbond. Make sure to add enough Crystalbond so that the entire surface is
covered. Use Model 650 low speed diamond wheel saw (South Bay Technology) to cut stack.
Low concentration diamond blade can be used to cut silicon carbide samples. Add water mixed
with yellow lubricant fluid to tray so that water level just touches the blade. Water should appear
a light yellow color. Cut sample into 5 mm x 5 mm squares. Need to cut a counter substrate also
into 5 mm X 5 mm squares.
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Step 2. Make 5 mm X% 5 mm stack with 2 coupons:
4H-SiC (0001) / Ni,Si on 4H-SiC (0001)

Two same size coupons/samples are necessary to begin. If you are starting with coupons larger
than 5 mm x 5 mm squares, follow Step 1 to make two 5 mm % 5 mm. One or both can contain a
surface of interest. This part will describe the steps assuming there is only 1 coupon with a
surface of interest. As such, a counter or blank substrate of the same size will be used to protect
the surface of interest during mechanical processing.

Take out epoxy from refrigerator and let it stabilize at room temperature for a few minutes. Set
the hot plate to 250 °C (thermometer should read 160 °C). Prepare aluminum foil to serve as a
container for curing epoxy in the vice. In the hood, mount two substrates (with surface of interest
facing inside) with epoxy from fridge. Place within aluminum foil in vice and fold the foil edges
to prevent epoxy from spilling out. Cure in vice on hot plate (sample facing hot plate) for 90
minutes to minimize glue/epoxy line (Figure A.1). Store epoxy back in refrigerator. The goal of
the vice is to establish the thinnest glue/epoxy line possible.

l Stack with epoxy

Cross-section view
Sample Counter

Cure in vice for 90 min

J_|_|_|_I_IJ Sample Counter I[[[[[[

Figure A.1. Schematic of initial 5 mm % 5 mm stack with surface of interest facing the counter
substrate. The surface of interest is in contact with epoxy that is cured for 90 min. A very thin
glue line is ideal. Aluminum foil described in procedure is not shown here.
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Step 3. Sandwich 5 mm x 5 mm stack with Si coupons:
Si/ Si /4H-SiC (0001) / Ni,Si on 4H-SiC (0001) / Si/ Si

Take epoxy out of refrigerator. Cut Si dummy pieces into 5 mm x 5 mm following Step 1.
Gently knick Si with diamond cutter, place glass slide under cut and press down to break Si
along the knick. Use epoxy to sandwich 2 Si coupons on each side of the already cured sample
from Step 2. Place and center sandwiched stacking with Si coupons within an Al foil cage within
vice. Tighten the vice and fold Al foil edges over each other to prevent epoxy leakage onto vice.

Place sample side face down on hot plate and let cure in vice for 90 min. Use tongs to let vice

cool on chill plate. Now we have the following 5 mm x 5 mm stack:  Si/Si/4H-
SiC(0001)/clusters on 4H-SiC(0001)/Si/Si (Figure A.2).

Cross-section view

Si Si Sample Counter Si Si

360 um

Figure A.2. Schematic of 5 mm x 5 mm stack sandwiched with Si coupons. A very thin glue
line is ideal between all coupons. However, the most critical glue line is that at the interface of
interest. A thin glue line at interface of interest improves imaging.

Step 4. Cut 5 mm x 5 mm stack into 1 mm thick slabs

Use Model 650 low speed diamond wheel saw (South Bay Technology) to cut stack into 1 mm
thick slabs. Mount stack onto saw platform such that the blade cut lines and are perpendicular to
the interface of interest. Discard first edge slice. Using the center slice is the ideal TEM sample,
but other slices can also be used. Use Model 360 rotary disc cutter with silicon carbide slurry to
cut out a 3 mm disk (the TEM sample holder holds 3 mm disks). Polishing with abrasive papers,
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dimpling with Dimpler, and etching a hole with ion milling (PIPS 2) are the final steps to achieve
an electron transparent region in the 3 mm disk.

c 3mm
a Blade cut lines b € >
/7 /7 /7 d
/7 /7 /7 /7
|// |// |// |// 11 mm
[ PR T 9
T /(3'\75\‘
1 1 (N ,‘o\,\\
T 1 T 1 / GV
ISi 11
: : : : jcy Polish, dimple, then
R o ion mill to etch hole
i Counter; | pg _— s O
oL 1 Take 1 slice
HOHO-O- A
o T /
: Sa:mple: : Hole
T T 1 X d /
o o VA
oSt iz
1 1 1 1
o o N/l |
1 aSi 11
1o 1o
> - 4@
N 5 mm i’

Figure A.3. Flow diagram of sample thinning. (a) Cut 1 mm slices using wheel saw. (b) Isolate
1 slice, preferably center slice. (¢) Cut 3 mm disk out of 1 mm slice using rotary cutter. (d) After
polishing, dimpling, and ion milling, the 3 mm disk will have a hole in the middle of the
interface of interest. Electron transparent regions surround hole.

Step 5. Polish (Multiprep) and Dimple (Dimpler)

Use Multiprep to polish TEM side 1. Use varying roughness of diamond paper: 30, 6, 3, 1, 0.1
(or 0.25) um. Use Dimpler to dimple the same side such that the thickness at the dimple is ~ 10
um. Start with brass, flat polishing wheel and 6-pm slurry. Then switch to stainless steel (ss)
polishing wheel with 3-um slurry. Finish with, ss, texmet polishing wheel with 3-pm slurry. Use
optical microscope to check for scratch density.
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Step 6. Ion Mill (PIPS 2) to electron transparency.

PIPS 2 Quick Overview:
A) Align stage to center of its rotation
B) Align right beam to A (with macor stud)
C) Align left bottom gun to A (with transparent glass slide)
D) Align sample to where beam is aligned

A) Align stage to center of its rotation.

Place stage straight down, put cap on

Lower stage

Click “Camera”-> live view. Move camera over micrometer to move alignment screen in
view.

Track a feature using Lasso Tool in Digital Micrograph to approximate center of rotation.
Click “Alignment” = home

Select Line Tool in Digital Micrograph.

Draw a line from the feature to the center of rotation.

Go “home” again to see if the center of rotation is a good estimate.

Lift camera up manually and lift sample up on touch screen.

Vent

Focus camera, reduce illumination

Move reference line (that we drew earlier) so that one end begins at the feature again.
Use tool to move hole so its center is aligned with the center of rotation

Place cap on, put sample down (it pumps down automatically)

Focus camera and check rotation.

Remove camera and rotate

B) Align beam to A

Milling: start beam at SkeV

Camera, turn OFF bottom illumination

Move beam to 10°, no modulation

Align beam to have uniform cross beam

Set Left beam to 4° and Right beam to 5°. The Right beam is most important.

Raise sample, Vent

Change holder with glass/dummy sample, lower.

Align Left beam. Move to - 4°. Adjust beam on glass.

Raise and put in sample with interface parallel to desk edge, with cluster side closest to
your body. Lower sample.

D) Align sample to where beam is aligned

Want to align sample to center of rotation of lasso circle.
Enter live view with camera all the way at the left hard stop.
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Lower sample

Follow debris on sample with Lasso Tool.

Go home.

Mark center with a cross. Draw a line for another particle to the center of the cross.
Bring sample up, raise camera with big black knobs, and remove cap. Use micrometers
on stage to manually move sample to the new center.

Take a picture.

Add liquid nitrogen. Wait for coldfinger to reach -172 °C.

Make sure both beams are on.

Start ion milling in increments of 20 min.

Camera - red illumination - black/red image to see thickness fringes.

When done, stop beam, raise sample. Wait ~20 min for sample to heat up.

If someone is coming after you, enable “cold stage heater” with 23 C set point.

If you are the last one or the person next to you is using LN2, enable “dewar heater”

When hole growth is approaching glue line, reduce voltage to 1keV for at least 10 min.
Afterwards, reduce to 0.5 keV for 5 min.

Then 0.1 keV for 1 min.

Raise the sample and let warm up for 20 min.
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Appendix B. Common surface
reconstructions

p = primitive
¢ = center

Surface atoms
superimposed on bulk
« Surface unit cell is 2
times that of the bulk
in both directions
* Therefore, the surface
has a p(2 x 2)
reconstruction

. . . G a Bulk atoms
90 0cCo
90000

00000
9000

Figure B.1. Surface reconstructions of a square lattice.
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Figure B.2. Surface reconstructions of a square lattice.

L JOX 1O _

Figure B.3. Surface reconstructions of a hexagonal lattice.

Surface atoms
O O O O O superimposed on bulk
* Surface unit cell is 2
Q Q times that of the bulk
in both directions
» Surface unit cell has
additional atom in the

the surface

has a c(2 x 2)
reconstruction

The ¢(2 % 2) reconstruction can also be
called (V2 x "2)R45°

R45° is defined as a 45° CCW rotation from
the unit cell axes (blue arrows)

1
Recall the 45°-45°-90° triangle: \/% 1
-0

1

p = primitive
¢ = center

Surface atoms
superimposed on bulk

» Surface unit cell skips
a row of bulk atoms in
one direction

* Therefore, the surface
has a p(2 x 1)
reconstruction

Bulk atoms
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p = primitive
c = center

Surface atoms

superimposed on

bulk

» Surface has a
(V3 x V3)R30°
reconstruction

Recall:

sin 60° = x/2a = V3/2
so (x/2a) x 2a = \3a
x =+3a

Figure B.4. Surface reconstructions of a hexagonal lattice.





