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A typical scanning electron microscope image of 2-D monolayer array of
silica particles with a diameter of 800nm assembled on a silicon wafer.

Schematic of the experimental setup for near-field heating and temperature
probing (not to scale). A sample that is set on a 3-D piezo-actuated nano-
stage is located under the focused laser beam from a Raman spectrometer.
The sample is a monolayer of silica particles formed on a silicon substrate.
The incident laser, which is used as both temperature probing and heating
source, is focused on the substrate by the particles. The spot size of the
incident laser is about 2 x4 pum? in the x-y plane on the sample. The substrate
is heated by the laser in a sub-wavelength region (» ~ 200 nm) right beneath
the particles. During the experiment, the laser beam is fixed, and the sample
moves vertically in the z direction controlled by the 3-D nano-stage
electrically without any touch of the sample and other equipment. The step of
movement is 0.53 um in a range of about 10 um, covering the laser focal
depth. The temperature rise inside the substrate achieves the highest value at
the focal spot.

Figure 2.3 Variations of (a) linewidth, (b) wavenumber, and (c¢) Raman intensity for bare

silicon under laser irradiation along the z direction location around the laser
focal spot. The laser is incident at room temperature with an energy flux of
8.6 x 10° W/m’.

Figure 2.4 Calibration for wavenumber and linewidth of silicon against temperature. (a)

The slope of the linear fitting for wavenumber against temperature is -0.022
cm'/K. For linewidth against temperature, it is 0.0082 cm'/K. (b) A
comparison of Raman spectra between bare silicon and silicon under silica
particles. The diameter of silica particle is 1210 nm. The solid curves are the
Gaussian fittings for the experimental Raman data. The difference of the two
straight lines shows that the Raman peak shifts due to temperature rise in
near-field heating.

Figure 2.5 The relationship between temperature rise in silicon against (a) energy flux of

incident laser and (b) diameter of silica particle. The upper figures show the
temperature rise assessed based on the linewidth, and the lower figures are
based on the wavenumber method.

Figure 2.6 Electric field distribution inside the substrates and particles of (a) 400, (b) 800

and (c) 1210 nm diameter. In figures (a), (b) and (c), the upper figures are top
view of the substrates beneath the particles, and the lower figures are central
cross-section view of the particles and substrates. The amplitude is equal to
the enhancement factor.
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Figure 2.7 Electric field profile inside the substrates. (a) Electric field inside silicon in the
r direction (along the magnetic field direction). (b) Electric field inside silicon
in the z direction. At points A, B and C, the amplitude of electric field drops
to ¢!. The z-axis values of A, B and C are 878, 1094 and 1013 nm,
respectively.

Figure 2.8 Temperature distributions inside silicon substrates under particles of (a) 400,
(b) 800 and (c) 1210 nm diameter. In figures (a), (b) and (c), the upper figures
are top view of the substrates beneath the particles, and the lower figures are
central cross-section view of the substrates. (d) Temperature profile inside
silicon in the radial direction. (e¢) Temperature profile inside silicon in the
vertical direction. The initial temperature of the substrates is 300 K.

Figure 3.1 SEM images of 2-D monolayer array of silica particles assembled on a silicon
wafer. The average diameter of the particles is about 1120 nm.

Figure 3.2 Schematic of experimental setup for far-field nanoscale imaging (not to scale).
(a) A sample is located under an objective-focused laser beam from a Raman
spectrometer. The movement of sample in the x direction is controlled by a
piezo-actuated nano-stage. The focal level of the laser on the sample in the z
direction is controlled by a motorized micro-stage. (b) The sample consists of
a silicon substrate and a monolayer of silica particles. The spot size of the
incident laser is about 0.5 um2 in the x-y plane on a silicon substrate. (c) The
Raman spectrum shifts to left due to the near-field laser heating, stress, and
the out-of-focus effect. (d) The silicon substrate is heated in a sub-wavelength
region (r ~ 200 nm) right beneath the particles.

Figure 3.3 Movements of sample relative to the incident laser in the x direction. During
the experiment, the position of the laser beam is fixed, and the sample moves
along the x direction controlled by the nano-stage electrically without any
touch of the sample and other equipment.

Figure 3.4 Nanoscale mapping for near-field heating under 1210 nm particles. The x
direction variation of (a) Raman intensity /, (b) wavenumber @, and (c)
linewidth 7~ for silicon under particles of 1210 nm diameter with laser
irradiation. (d) The relative position of a silica particle and the laser beam to
explain the observed Raman variation in space.

Figure 3.5 Temperature rise and thermal stress inside silicon under particle-focused laser
irradiation. (a) How Raman intensity of silicon under 1210 nm silica particles

(Isi0,) and that of pure silicon (/) vary with energy percentage (£/Egn). (b)
Normalized Raman intensity ratio ( [I sio, /1 } / [ISioz / ISi]E:O ) and (¢)

temperature rise (A7) versus energy percentage. The inset in figure (b) shows
the linear relation between normalized Raman intensity of silicon (//1;) and
temperature with a slope of -0.00249 K. Iy is the intensity of silicon at 292.0
K. (d) Linewidth and (e) wavenumber of silicon under particles and their
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differences with those of pure silicon. (f) Wavenumber and linewidth
differences due to temperature rise. (g) Wavenumber and linewidth
differences due to out-of-focus effect. (h) Thermal stress (o) and wavenumber
difference induced by stress under different laser energies.

Figure 3.6 Nanoscale mapping for different sizes of particles. The Raman intensity /,
wavenumber @, and linewidth /" for silicon under particles of (a) 800 nm and
(b) 400 nm diameters with laser irradiation. (c) SEM images of 200 nm

particles on a substrate. The average diameter of the particles is about 160 nm.

(d) The Raman intensity of silicon under particles of 200 nm diameter along
the x direction.

Figure 3.7 The variation of maximum intensity ratio in silicon with particle size under
four laser energy fluxes.

Figure 3.8 HFSS modeling of a plane wave passing through a 1.21 um silica sphere (&=
2.13 + 0i) in air above a silicon substrate (= 17.22 + 0.428i). The amplitude
of electric field is equal to the enhancement factor. (a) The particle center is
under the laser spot center. (b) The particle center is at the fringe of the laser
Spot area.

Figure 3.9 Temperature profile inside a silicon substrate beneath a 1210-nm silica particle
under laser irradiation. The inset shows the temperature distribution on the
top of the substrate.

Figure 3.10 Illustration of the difference between experimental and modeling results. (a)
How the collected Raman signal varies with distance between the center of
objective lens and laser focusing point in silicon. Position 1 represents the
coincidence of the focusing point and the lens center, and position 2 shows a
distance between them. (b) The variation of silicon Raman intensity with the
laser focal level in the vertical direction.

Figure 4.1 Schematic of experimental setup for near-field thermal probing (not to scale).
(a) A sample is located under an objective-focused laser beam from a Raman
spectrometer. The movement of sample in the x direction is controlled by a
piezo-actuated nano-stage. The focal level of the laser on the sample in the z
direction is controlled by a motorized micro-stage. (b) The sample consists of
a silicon substrate and a monolayer of silica particles. The spot size of the
incident laser is about 0.5 gm in the x-y plane on a silicon substrate.

Figure 4.2 Movements of sample relative to the incident laser in the x direction. During
the experiment, the position of the laser beam is fixed, and the sample moves
along the x direction controlled by the nano-stage electrically without any
touch of the sample and other equipment.

Figure 4.3 Raman mapping inside silicon under single-particle-focused laser irradiation.
(a) The x direction variation of Raman intensity /, wavenumber w, and

42

45

47

49

52

52

54

56



vii

linewidth 7~ for silicon under particles of 1210 nm diameter with laser
irradiation. (b) The relative position of a silica particle and the laser beam to
explain the observed Raman variation in space.

Figure 4.4 Thermal probing inside silicon under single-particle-focused laser irradiation.
(a) How Raman data of silicon under 1210 nm silica particle and that of pure
silicon vary with energy percentage. (b) Temperature rise and thermal stress
in silicon under different laser energies.

Figure 4.5 Raman mapping inside silicon under single-fiber-focused laser irradiation. (a)
SEM images of microfiber and Raman spectra and Raman intensity variation
in the imaging direction. (b) The x direction variation of Raman intensity 7,
wavenumber @, and linewidth /7 for silicon under microfiber with laser
irradiation.

Figure 4.6 Thermal probing inside silicon under single-fiber-focused laser irradiation. (a)
How Raman data of silicon under glass fiber and that of pure silicon vary
with energy percentage. (b) Temperature rise and thermal stress in silicon
under different laser energies.

Figure 4.7 Intensity of light distribution inside the silicon substrate. The amplitude
indicates the optical intensity enhancement relative to the incident wave. (a)
The top view of the substrate. (b) The vertical planes (side-view) in silicon
under the particle center.

Figure 4.8 Temperature distribution inside the silicon substrate. The initial temperature in
silicon is 300 K. (a) The top view of the substrate. (b) The vertical planes
(side-view) in silicon under the particle center.

Figure 4.9 The thermal stress distribution induced by temperature rise inside the silicon
substrate. (a) The top view of the substrate. (b) The vertical planes (side-view)
in silicon under the particle center.

Figure 5.1 Schematic of experimental setup for thermal characterization of SLG-Si
interface. (a) A SLG-Si sample is heated up by a laser from above with an

incident angle of 60°. Raman signals of SLG and Si are excited by a Raman

laser and collected with a Raman spectrometer. The position of the sample is
controlled by a 3-D nano-stage with a high resolution of 5 nm. (b) The
graphene layer absorbs laser energy and dissipates heat to the Si substrate. (¢)
The laser propagation path and the accumulated energy passing the graphene.
(d) Temperatures of both SLG and Si materials can be determined
simultaneously by Raman spectrum. (e) The heating laser power is varied
from 0.1-1.6 W and the spot size on the sample is 2.30x 1.25 mm®.

Figure 5.2 Experimental results of interfacial thermal resistance (Ry.) at SLG-Si interface.
Ry 1s determined as 5.46x107° K-m*>W! according to linewidth broadening.
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The inset shows the calibration results of the temperature dependence of
linewidth for Si and G-band of SLG.

Figure 5.3 Variation of interfacial thermal resistance with separation distance o based on
MD simulation. Atomic configuration of the system is shown in the inset. The
thermal resistance increases rapidly with & and reach a magnitude of 107
Km*W™' when §=0.7 nm.

Figure 5.4 Interfacial thermal resistance at SLG-Si interface obtained by wavenumber
softening. The inset shows the fitting slopes of wavenumber against
temperature for SLG and Si.

Figure 5.5 Interfacial thermal resistance at SLG-Si interface obtained by intensity
decreasing. The inset shows the fitting slopes of normalized intensity against
temperature for SLG and Si.

Figure 5.6 Raman intensity enhancement factor ' of SLG increases with the thickness of
air layer o. The inset delineates that d., 1s larger than & due to the thermal
expansion mismatch of SLG and Si in the experiment.

Figure 5.7 AFM images of SLG on Si sample (upper) and pure Si (lower). The right two
figures show the height variations of the Red lines in the left figures. The
ranges of height variations are 8.7 and 0.5 nm for SLG-Si and pure Si
respectively.

Figure 5.8 Schematic of experimental setup for thermal characterization of TLG-SiC
interface. (a) A TLG-SiC sample is heated up by a laser from below with an

incident angle of 60°. (b) The laser propagation path and the accumulated

energy passing the graphene. (c) Raman spectra for both TLG and SiC layers.
Their temperatures can be determined simultaneously by Raman thermometry.

Figure 5.9 Experimental results of interfacial thermal resistance (R,) at TLG-SiC
interface. (a) Ry is determined as 2.27x10™ according to linewidth
broadening. The inset shows the temperature dependence of linewidth for
TLG and SiC. (b) Ry based on wavenumber softening. The inset shows the
temperature dependence of wavenumber for TLG and SiC respectively.
—a—: TLG; —e—: SiC.

Figure 5.10 Experimental results of interfacial thermal resistance and rough contact at
TLG-SiC interface. (a) Interfacial thermal resistances are determined as
1.42x107° Km*W™ according to intensity variation. The left inset shows the
temperature dependence of intensity for TLG and SiC respectively. The
relationship of intensity enhancement factor (F) and the thickness of air layer
obetween TLG and SiC is shown in the right inset. (b) AFM images of TLG
on SiC sample (top left) and pure SiC (bottom left). The right two figures
show the height variations of the Red lines in AFM images. The variation
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ranges of height are 5.5 and 0.5 nm for TLG-SiC and pure Si samples
respectively. —a—: TLG; —e—: SiC.

Figure 5.11 Experimental results of interfacial thermal resistance and rough contact at

SLG-glass interface. (a) Heat dissipation from SLG to glass substrate. Glass
is treated as a semi-infinite plate. The area of SLG is shown in the right panel.
(b) The fitting slopes for linewidth, wavenumber, and normalized intensity of
SLG against temperature are 0.01791 cm™/K, -0.02471 cm™/K, and -0.00239
/K, respectively. (c) The fitting slopes of experimental temperature rise
against laser heat flux are 4.21x 10'3, 4.70x 10'3, and 2.21x107° Km’W™ for
linewidth, wavenumber, and intensity of SLG, respectively. A heat transfer
model is employed to calculate the temperature rise of the glass substrate
heated up by graphene. The slope of temperature rise of glass with heat flux is
4.54x10* Km*W™". Interfacial thermal resistance is determined as 3.76x 107
Km’W™ according to the slope difference between linewidth of SLG and
glass.
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ABSTRACT

Micro/nanoparticle induced near-field laser ultra-focusing and heating has been widely
used in laser-assisted nanopatterning and nanolithography to pattern nanoscale features on a
large-area substrate. Probing of the temperature, stress, and optical fields induced by the
nanoscale near-field laser heating remains a great challenge since the heating area is very
small (~100 nm or less) and not immediately accessible for sensing. Raman scattering

method is a promising tool for noncontact temperature and thermal stress measurements.

In this work, the first experimental study is reported on nanoscale mapping and thermal
probing of particle- and fiber-induced thermal, stress, and optical fields by using a single
laser for both near-field excitation and Raman probing. The mapping results based on Raman
intensity variation, wavenumber shift, and linewidth broadening all give consistent
conjugated thermal, stress, and near-field focusing effects with an accuracy of 20 nm (< 4/26,
A= 532 nm). Nanoscale mapping of near-field effects of monolayer microparticles, a single
microparticle, and a single microfiber demonstrates the strong capacity of such technique. A
new strategy has been developed to de-conjugate the effects of temperature, stress, and near-
field focusing from Raman mapping. The temperature rise and stress in the nanoscale heating
region is evaluated at different particle diameters and laser energy levels. For stronger laser
fluence and larger particle size, the corresponding temperature and stress are higher. With a
laser fluence of 3.9x10° W/m?” and for a single 1.21 pm silica particle induced laser heating,
the maximum temperature rise and local stress are 58.5 K and 160 MPa, respectively.

Experimental results are explained and consistent with three-dimensional high-fidelity
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optical, thermal, and stress field simulations.

Graphene has attracted great research interests owing to its unique mechanical and
electronic properties. In its application, graphene is of high possibility to be supported by a
bulk substrate in 3-D devices. The knowledge of the interfacial phonon coupling and the
energy exchange capacity at graphene/substrate interfaces is critical in the heat dissipation of
graphene-based devices. In this work, the interfacial thermal characterization at CVD
graphene/Si, epitaxial graphene/SiC, and CVD graphene/glass interfaces are explored.
Temperature differences of graphene layers and the adjacent substrates under laser heating
are distinguished at the nanoscale simultaneously by Raman spectroscopy. Linewidth
broadening yields interfacial thermal resistances of graphene/Si, graphene/SiC, and
graphene/glass as 5.46x107, 2.27x107, and 3.76x10° Km*W™, respectively. The
experimental results are much higher than the molecular dynamics simulation results. The
high thermal contact resistances indicate poor contact at the interfaces. The wavenumber
method reveals consistent results with the linewidth method, suggesting little stress
experienced in the graphene. The thermal resistances obtained by intensity methods are
significantly smaller than that based on linewidth and wavenumber methods. Light
interference at the air layer between graphene and substrate interprets the small thermal
resistance values based on intensity, which further proves the rough contact. Strategies are
developed to evaluate the increments of separation distances between graphene and
substrates after laser heating. AFM images are taken to verify the corrugation of graphene on

substrates and the increments of separation distances after heating.



1

CHAPTER 1. INTRODUCTION

Micro/nanoscale particles play an important role in many fields due to their characteristic
optical properties, large surface to volume ratio and large surface energy. Bar et al. reported
that the microstructure of monolayer particles is a significant factor determining the optical
properties of dendrimer-modified silicon oxide surfaces [1]. The reflectivity of glasses is
reduced without sacrificing other optical properties due to monolayers of small silica
particles [2]. Natural opal skeleton can be achieved from 3-D ordered small silica particles
[3]. Artificially produced opals can be used to study photonic band gap phenomena [4].
Uniform nanoparticles have novel optical properties [5], and can be used to synthesize
opaline materials which exhibit photonic band gaps effect in the visible range [6].
Nanoparticles can be used to produce nanotextured surfaces with enhanced physical and/or
chemical properties, known as nanotexturing. Nanotexturing can also make substrates
superhydrophobic or superhydrophilic, depending on the surface chemistry [7, 8]. Metal
nanoparticles are suitable materials for fabricating conductive features such as electrodes,
conductive lines, and conductive patterns, due to their low temperature melting ability [9].
Monolayer layer of nanoparticles are attractive due to the generation of surface textures [10].
Surface textures used in optically enhanced solar cells and high-resolution x-ray detectors
have all been produced using self-assembly. It is known that spherical particles can act as
spherical lens and heat the substrates under laser irradiation [11]. A laser beam can be
focused in a small area of sub-wavelength in dimension by micro/nano particles. Particles-
induced damage in the irradiated surface area has been reported [12]. Laser-assisted

nanopatterning and nanoimprinting lithography has been proved to be able to pattern sub-10
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nm features on a large-area substrate [13-19]. Large-area fabrication of nanoscale photonic
structures using laser-assisted nanoimprinting of self-assembled particles has been reported
[13]. Pit arrays have been created on metallic surfaces using particle-enhanced laser

irradiation [20].

1.1. Near-field Laser Focusing

Due to the wide application of particles, theoretical studies about optical field
enhancement by micro/nano particles have been reported. Analytical calculations [21, 22] of
a dielectric sphere under laser irradiation has been performed by using the Mie scattering
theory [23]. Li et al. employed HFSS software to simulate the optical field distribution of a
model [14, 15], in which an 800 nm silica particle was placed on an aluminum film under
normally irradiated laser beam (4 = 248 nm). Due to the laser focusing by the silica particle,
the magnitude of electric field increased 6-7 times. McLeod et al. developed a finite-
difference time-domain (FDTD) model for light (1= 355 nm) passing through a 760 nm
polystyrene particle in water on a polyimide substrate [16]. It is reported that the intensity of
light increased by about 14 times relative to the incident wave. Another method was also
developed to solve the “particle-on-substrate” problem: a silica particle (D = 950 nm) on an
aluminum surface under a laser beam (4= 248 nm) [20, 24], which showed that the laser
fluence at the contacting point between particle and substrate was greatly enhanced with an
optical enhancement of 14. Only a few articles reported the temperature calculation inside a
substrate beneath particles under laser irradiation. Simulation of laser interaction with
materials (SLIM) was used to theoretically calculate the temperature of a substrate beneath

particles with laser irradiation [15, 20]. To our knowledge, no experiment about temperature
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measurement inside a substrate under micro/nano particles has been reported. Such
measurement is very challenging since the near-field heating area in the substrate is quite
small, usually around 200 nm or even smaller. In addition, this area is just below the particle,
so retrieving the thermal information of this region is really difficult. As there is a research
gap in near-field heating and thermal probing using the laser method, it is of great importance
to conduct symmetric experimental and simulation research regarding temperature inside a

substrate-particle system.

1.2. Nanoscale Surface Thermal and Stress Imaging

The conventional optical microscope is diffraction-limited in imaging resolution to about
half of the illuminating wavelengths. Some near-field techniques can help to improve the
resolution, which is achieved by placing the detector very close to the object. Scanning probe
microscopy (SPM) without light probe has been invented and developed in 1980’s. Scanning
tunneling microscopy (STM) and atomic force microscopy (AFM), utilizing a tunneling
current and force between the tip and the sample respectively, can image surfaces at the
atomic level. With light probe, near-field scanning optical microscopy (NSOM) is capable of
breaking the optical resolution limit by extensively employing the properties of evanescent
waves. NSOM can achieve an image resolution smaller than 100 nm, substantially lower than
the wavelength of light. It has been improved down to 25 nm by using a tip-on-aperture
probe [25]. More recently, optical imaging at 1 nm scale resolution was achieved using
interferometric apertureless NSOM [26]. However, NSOM has slow scanning speed and low
imaging depth and the probe must be very close to the object. Taubner et al. improved

subwavelength imaging of buried objects by using a silicon carbide superlens based near-
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field microscopy [27]. Another superlens used a silver slab with periodic corrugations to
enhance the evanescent waves of an object and convert them into propagating waves, so that
the object could be imaged in the far-field [28]. The superlens was physically placed in the
near-field of an object, however. An imaging technique called stochastic optical
reconstruction microscopy (STORM) provided a high imaging resolution of approximately
20 nm by controlling the fluorescence emission from a single molecule, limited only by the

number of photons emitted per switch cycle [29].

Whereas these techniques are nearsighted, FSLs capable of imaging beyond the
diffraction limit in the far field were developed. A FSL wused optically transparent
microspheres to overcome the diffraction limit with a resolution between A/8 and A/14 [30].
A spherical hyperlens was designed to project 2-D near-field optical images with hyperbolic
dispersion and reached a 160 nm resolution (4/2.6) [31]. A magnifying superlens based on a
multilayer photonic metamaterial consisting of alternating layers of positive and negative
refractive index was demonstrated with a resolution of 70 nm (4/7) [32]. A magnifying
optical cylindrical hyperlens consisting of a curved periodic stack deposited on a half-
cylindrical cavity was capable of sub-diffraction-limited imaging at a resolution of 130 nm
(4/2.8) [33]. Nanoscale solid immersion lenses (nSILs) were developed for high-quality
imaging which can resolve 220 nm line objects (4/2.2) [34]. However, it is hard to resolve

objects below 50 nm with visible light.

Regarding nanoscale surface thermal and stress imaging, scanning thermal microscopy
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(SThM) has been reported as an established technique to measure nanoscale temperature
distributions by attaching a temperature sensor on the apex of a tiny tip. The imaging of
phonon temperature distribution for electrically heated carbon nanotube circuits was reported
with a spatial resolution of ~50 nm [35]. A near-field SThM (NSThM) operating in ultrahigh
vacuum was developed to provide thermal imaging for a sample with a resolution of a few
nanometers [36]. In thermometry, apertureless NSOM has been proposed by using AFM tip
or nanoparticle. Temperature probing of silicon under AFM tip focused laser heating at a
sub-10 nm scale was conducted via apertureless NSOM based on Raman thermometry [37].
Nanoscale thermal probing of graphene on 4H-SiC in the thickness direction was reported
using Raman spectrometer with a resolution down to 1 nm [38]. The temperatures of
graphene (1 nm thickness) and SiC (a few microns) were measured and distinguished by
studying their distinct Raman peaks. Surface stress mapping in a doped polysilicon
microheater and a silicon microcantilever has been reported using Raman spectroscopy [39,
40]. Recently, Reserbat-Plantey et al. developed a non-invasive optical probe to provide
stress mapping at nanoscale within a nanoelectromechanical system by combining Raman
spectroscopy with Fizeau interferometry [41]. Raman spectroscopy is employed in this work

as it is a unique far-field technique sensitive to both temperature and stress fields [39, 40].

1.3. Interfacial Thermal Characterization between Graphene and Substrate
As a two dimensional material, graphene exhibits unique physical properties, which gives
the opportunity for broad potential applications [42-45]. Measurements of thermal
conductivity of graphene revealed a high value from 630-5300 Wm'K™' in a temperature

range of 300-600 K [46-49]. Molecular dynamics simulations determined an even higher
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thermal conductivity from 8,000-10,000 W m™ K™ at room temperature for graphene sheets
[50]. Balandin reviewed the thermal properties of graphene and indicated the prospects of
applications of graphene for thermal design of electronics [51]. The ultra-high thermal
conductivity of graphene prompts potential applications for heat removal in semiconductor
devices [46, 52-54]. It is possible for this two dimensional material to effectively dissipate
heat in the next generation 3-D electronics. In its application, graphene is either supported by
a bulk substrate or embedded in a 3-D structure, for a two dimensional material cannot exist
in the free-standing state. Heat dissipation in the in-plane direction would be greatly impeded
due to the thin thickness of graphene (0.35 nm for a single layer) [46, 47]. The thermal
transport to the adjacent materials plays the major role in heat dissipation on graphene based
electronic devices. Therefore, the knowledge of energy coupling at the interface is important

to evaluate this out-of-plane heat dissipation.

To this end, very little research has been done on thermal transport at the interface
between graphene and its substrate [38, 55-58]. The first work by Chen et al. used a second
metal coating (Au) on a sandwiched graphene between two SiO, layers to facilitate the
measurement with the 3w technique [55]. Koh et al. and Hopkins et al. reported the thermal
conductance at Au/Ti/graphene/SiO, and Al/graphene/SiO, interfaces [56, 57]. In these
ways, the graphene was sandwiched between structures, and the flexural phonon behavior
was strongly constrained. Also the graphene-substrate contact can be significantly altered
during this sandwiched structure preparation. The thermal conductance of the graphene/SiO,
interface was determined varying from 2,000 to 11,000 Wem ™K™' by Mak ez al. in 2010 [58].

The large dispersion reflected the relatively poorly defined nature of interface between
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exfoliated graphene and Si0,. Work by Yue ef al. reported a anomalous interfacial thermal
resistance as 5.30x107° Km?W™' between epitaxial graphene and SiC [38]. The reason was
speculated to be the delamination of graphene and SiC at the interface under heating. The
contact condition at the graphene and substrate interface is a main factor in determining the
interfacial phonon coupling and energy exchange. In the study of free-standing graphene, it
has been demonstrated that ripples are an intrinsic feature of graphene sheets [59]. Intrinsic
and extrinsic corrugation of graphene on SiO, was later examined and confirmed [60]. It was
found that graphene is partly bonded with its substrate and to some extent freely suspended
on the substrate. Further research is necessary in simultaneously exploring the interfacial
contact and energy coupling between graphene and its substrate, and such research has been

very rare to date.

1.4. Raman Scattering and Thermometry

To measure the temperature and stress of a substrate-particle system, the Raman
scattering method is employed. Many researchers selected the Raman scattering method to
study the temperature of materials [61-63]. Stokes and anti-Stokes Raman signals are
generated during the interaction of the photon and molecules. It is defined as Stokes shift
when the emitted photon shifts to a low wavenumber while as anti-Stokes when it has a high
shift. Due to the different transition of energy level of molecule, the Stokes signal is much
stronger than the anti-Stokes signal. Thus the Stokes signal is often used in the Raman
analysis. Stokes Raman signal is strongly dependent on temperature and thermal stress. In
Raman thermometry, the temperature of materials can be determined by using the Raman

intensity, wavenumber and linewidth (FWHM: full width at half maximum) of the Raman
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signals [64]. As the temperature of the material increases, the intensity and wavenumber of
the Raman peak decreases [65, 66], and the linewidth of the peak broadens [67]. The peak
intensity and wavenumber are of the high sensitivity to the temperature and stress, while the
linewidth is of low sensitivity. To define the peak position precisely, a Raman spectrometer
with considerably high resolution and a sharp peak are required. The sensitivity of the
intensity based approach is much higher than that of wavenumber or linewidth based
methods. The shortage of intensity based method is the result is often disturbed by the focal
level of lens in the spectrometer. Yue ef al. discussed how to select these methods based on

the intrinsic characteristics of the material [37, 68].

In this work, all the three Raman parameters, i.e., intensity, wavenumber, and linewidth
are employed in temperature and stress determination. The sharp Raman peaks of silicon,
graphene, and silicon carbide and the small focal spot of the probing laser are important to
the success of the Raman measurement. The laser focal level, which is critical to the
experimental results, is fixed during the thermal probing experiment in order to obtain high
accuracy and precision of Raman signal. Moreover, a new strategy based on Raman intensity
is developed for physical analysis. The laser focal level is taken into account, and the effects
of temperature, stress, and near-field focusing from Raman mapping are de-conjugated. The

temperature rise and stress in the nanoscale heating region are both evaluated.

1.5. Scope of Present Work
Understanding the thermal response of a substrate under microparticle or microfiber

induced laser focusing is the main purpose of this work. The near-field focusing under self-
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assembled particles is investigated in Chapter 2. Chapter 3 explores the nanoscale mapping
of self-assembled particles induced thermal, stress, and optical fields by using a single laser
for both near-field excitation and Raman probing. A new strategy is developed to de-
conjugate the effects of temperature, stress, and near-field focusing from Raman mapping.
Thermal probing of a single microparticle and microfiber induced near-field focusing on a
substrate with laser light is conducted in Chapter 4, as well as the nanoscale Raman mapping
of conjugated optical, thermal, and stress effects. For all the experiments, the effects of
particle size and laser energy level on temperature rise in the substrate are examined. The
electric field, temperature field, and stress distributions are simulated using the finite element
method to compare with and interpret the measurement results. In Chapter 5, the interfacial
thermal characterization at CVD graphene-Si, epitaxial graphene-SiC, and CVD graphene-
glass interfaces are explored using Raman spectroscopy while the graphene is under a second
well-defined laser heating. Phonon coupling and energy exchange capacity at the graphene-
substrate interfaces is investigated. Chapter 6 summarizes the conclusions and presents the
future work, which is about the characterization of the ripples of graphene and the technique

to smooth its wrinkle.
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CHAPTER 2. SUB-WAVELENGTH TEMPERATURE PROBING IN NEAR-FIELD

LASER HEATING BY PARTICLES

In this chapter, symmetric experimental and simulation research regarding temperature
measurement inside a substrate under micro/nano particles is reported. To determine the
temperature, both the wavenumber method and the linewidth method are employed mainly
due to the sharp Raman peak of silicon and the small focal spot of probing laser. The
relationships between wavenumber and linewidth of silicon and temperature are calibrated
first. The thermal response of a silicon substrate beneath silica particles under laser
irradiation is measured by using the Raman thermometry for the first time. The electric field
distribution and temperature distribution are simulated using the finite element method to

compare with and interpret the measurement results.

2.1. Experiment Setup and Details

2.1.1 Sample preparation

Samples are prepared by laying monolayer silica particles on silicon wafers, where the
near-field heating is generated because of the particle-focused laser illumination. A close-
packed monolayer can be achieved on silicon, aluminum or glass substrates by using many
methods. As is well-known, the production of a latex particle monolayer film is usually
achieved by evaporation of particle solutions on a substrate. Iler reported an approach to
ordering amorphous monolayers of silica particles with diameters from 15 - 200 nm on a
black glass in 1972 [69]. Fischer et al. reported a method to form monolayer colloidal

particles in 1981 [70]. After that, many researchers showed their interests in this research
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topic. Deckman et al. developed two different colloidal coating techniques [71]. Dimitrov et
al. [72], Denkov et al. [73], Hulteen et al. [74], and Micheletto et al. [75] reported their
approaches to forming monolayer of nanoparticles. To date, more techniques, such as spin-
coating [76-79], dip coating [80, 81], Langmuir-Blodgett deposition [81, 82], wire-wound

rod coating [83], and tilting technique [77] have been developed.

In this work, the tilting method is adopted to prepare samples. Surfactant (triton-X:
methanol = 1:400 by volume) is mixed with monodisperse silica particle suspensions. The
surfactant is used to assist in wetting the surfaces of silicon substrates [76]. The suspensions
have silica particles with a solid percentage of 10 % suspended in water. Silica spheres with
diameters of 400 nm (Polysciences, Inc), 800 nm, and 1210 nm (Bangs Laboratories, Inc) are
used in the experiment without any surface treatment. All these three different particles are
prepared on silicon wafers in the same way. The quality of the monolayer films depends
strongly on the properties of the substrates, so great efforts are taken in cleaning the
substrates. Three pieces of silicon (100) wafers (University Wafer) are cleaned in acetone
and then deionized water for one hour with ultrasonic agitation. These wafers are placed on
tilted glass slides with an angle of about 10° [77]. The mixture is dispersed onto substrates
using syringes and left to dry for about a half hour in the air. The evaporation of mixture
started from the top of sample to the bottom until it is completely dry. Two-dimensional
monolayer particles are formed on the substrates, and the underlying mechanism is the
hydrodynamic pressure due to the water flux from the bulk suspension towards the drying
array, and the lateral capillary immersion forces which will attract the particles to each other

[84]. Large areas of monolayer particles can be found with a scanning electron microscope
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(SEM, FEI Quanta 250). Figure 2.1 shows a typical SEM image of two-dimensional
monolayer array of silica particles (800 nm) assembled on a silicon wafer via the tilting
technique. As shown in Figure 2.1, some good areas of monolayer particles assembled close
together on the sample. There are also some loose areas where particles are separated, and
some bilayer or several layers of particles. The excellent packing in good areas can extend
over a large area, up to 1 cm’, which is much larger than the laser spot size used in our

experiments (8 pm?).

Good area

Loose area

Figure 2.1 A typical scanning electron microscope image of 2-D monolayer array of
silica particles with a diameter of 800nm assembled on a silicon wafer.

2.1.2 Experimental method for near-field focusing and temperature probing

Figure 2.2 shows schematic of the experimental setup for near-field heating and sub-
wavelength temperature measurement. The Raman scattering system consists of a confocal
Raman spectrometer (Voyage ™, B&W Tek, Inc.) and a microscope (Olympus BX51).
Raman spectra are taken at room temperature by using a 532 nm laser line at a power of 4 to
16 mW. The laser beam is focused by a 50 xobjective lens (LMPLFLN 50x, NA = 0.50).

The spot size of the incident light is about 8 um? on the sample. The sample is placed on a 3-
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Figure 2.2 Schematic of the experimental setup for near-field heating and temperature
probing (not to scale). A sample that is set on a 3-D piezo-actuated nano-stage is
located under the focused laser beam from a Raman spectrometer. The sample is a
monolayer of silica particles formed on a silicon substrate. The incident laser, which is
used as both temperature probing and heating source, is focused on the substrate by
the particles. The spot size of the incident laser is about 2 x4 pm? in the x-y plane on
the sample. The substrate is heated by the laser in a sub-wavelength region (r ~ 200
nm) right beneath the particles. During the experiment, the laser beamis fixed, and the
sample moves vertically in the z direction controlled by the 3-D nano-stage electrically
without any touch of the sample and other equipment. The step of movement is 0.53
pm in a range of about 10 um, covering the laser focal depth. The temperature rise
inside the substrate achieves the highest value at the focal spot.
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D piezo-actuated nano-stage (ThorLabs MAX312). The travel range of the 3-D nano-stage is
20 pm in each direction, with a resolution of 20 nm. The nano-stage is aligned to make sure
that the laser is incident vertically from the top of the sample. The incident laser, used as both
Raman probing and heating source, is focused by the objective lens on the silica particles at
first. Due to the effect of particle, the laser beam is further focused on the silicon substrate
and heat up the substrate. The excited Raman scattering signal and Rayleigh scattering signal

are collected through the same objective. The whole experimental setup is placed in the air.

The level of temperature rise inside the silicon substrate is affected by factors including
the particle diameter, energy flux and focal level of laser. The particle size and laser energy
flux can be determined before conducting the experiments. In the experiments, it is critical to
pay attention to the laser focal level in order to obtain high accuracy and precision of Raman
signal. Figure 2.3 shows how wavenumber, linewidth and intensity for a bare silicon wafer
vary with the focal level of the incident laser. Four groups of Raman spectra for bare silicon
are obtained at room temperature at different times. The 3-D nano-stage is adjusted along the
z-axis (vertical direction) to change the position of the sample around the laser focal spot. For
each data group, the focal level is adjusted near the focal spot in a range from about -6 to +3
um, with a step of 0.53 um. The focusing situation is monitored by using a CCD camera to
ensure the reliability and repeatability. Raman spectra are obtained at each focal level, and
the background signal is subtracted to obtain sound Raman signal of silicon. Each Raman
spectrum is measured 3 times automatically and averaged. The integration time for group 1
& 2 is 4 s, while for group 3 & 4 is 3 s. When moving the sample from below the focal spot

to approaching the focal spot, the laser spot size decreases. For group 1 & 2, the linewidth
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decreases from about 12.0 cm™ to 6.5 cm'l, the wavenumber increases from about 525.8 cm’!
to 530.1 cm™, and the Raman intensity increases from about 11,000 to 45,000. For group 3 &
4, the linewidth decreases from about 11.0 cem’ to 6.7 cm'l, the wavenumber increases from
about 525.9 cm™ to 529.5 cm'l, and the Raman intensity increases from about 10,000 to
33,000. Reversely, after the sample moves across the focal spot to an even higher position,
the laser spot becomes larger, the Raman intensity and linewidth start to decrease, and the
wavenumber shifts to a lower value. The maximums of wavenumber and the minimums of
linewidth appear at the same focal level, while the maximums of Raman intensities occur

about 0.5 um ahead. The reason may be due to the beam deflection caused by thermal
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Figure 2.3 Variations of (a) linewidth, (b) wavenumber, and (¢) Raman intensity for
bare silicon under laser irradiation along the 7 direction location around the laser focal
spot. The laser is incident at room temperature with an energy flux of 8.6 x 10° W/m>.
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expansion. The local silicon is heated by the laser beam and expands. The heated silicon
surface is no longer perpendicular to the propagation direction of the laser, which causes
beam deflection. The beam deflection influences the Raman intensity. Each group of data
indicates that wavenumber, linewidth and intensity are affected by the focal level while other
environmental situations are kept the same. So, for each Raman spectrum used later in this
work, a group of Raman spectra are obtained respectively. The spectrum with the highest

wavenumber and smallest linewidth in each group is selected to represent the result.

The differences among the four data groups in Figure 2.3 indicate a system error. These
differences relate to different environmental situations. Change of room temperature, slight
shift of objective, and a small change of wavelength of the incident laser, all these
environmental factors could lead to a Raman spectrum difference. The maximum system
induced error could be about 0.8 cm™ in wavenumber and 0.2 cm™ in LINEWIDTH. In order
to determine Raman signal difference between the two situations of bare silicon and silicon
with particles, the Raman spectra are obtained under the same environmental experimental
situation for both bare silicon and silicon with particles. The following experimental process
is employed to eliminate the system error. First, a sample is fixed onto the 3-D nano-stage
under a Raman spectrometer and a microscope. The sample consists of a round silicon
substrate and some monolayers of silica particles in the center of the substrate. At the edge of
sample is bare silicon. A group data of Raman spectra for silicon with silica particles are
obtained under laser irradiation. To obtain the Raman spectra of bare silicon under the same
environmental situations with that of silicon with particles, the round sample is moved to its

margin, where bare silicon is located. The movement is controlled remotely without any
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touch of the sample, stage, Raman spectrometer, microscope and other related equipment that
would affect the quality of Raman signal. The bare silicon is then adjusted under the laser
focal spot, and a group data of Raman spectra for bare silicon are obtained immediately. The
integration time and averaged measurement times are the same for both situations. By using
this method, the variation in environment and system between bare silicon and silicon with

particles is suppressed to a negligible level.

2.2. Calibration Result

Raman spectra of silicon for situations of bare silicon substrate and silicon substrate with
silica particles are obtained and fitted using Gaussian function. Selected Raman spectra for
bare silicon and silicon with silica particles (1210 nm) on the top are shown in Figure 2.4(b).
The wavenumber of bare silicon is higher than that of silicon with silica particles. This means
the temperature of silicon beneath particles is higher than that of bare silicon. The solid
curves are fitted results for the experimental Raman data using Gaussian function. They show
good agreement between the experimental data and fitting. In order to determine the thermal
response of the silicon substrate under laser irradiation by using Raman thermometry, the
relationships between wavenumber and linewidth and temperature for silicon are needed.
Researchers have studied the temperature dependences of wavenumber [37, 39, 61, 63, 64,
85-88] and linewidth [39, 61, 62, 64, 89, 90] for silicon. Balkanski et al. presented two
theoretical models of the wavenumber and linewidth changing with temperature from 5 to
1400 K, and indicated that the relationships were both linear at low temperatures [61]. The

linear fitting slope of wavenumber against temperature reported in literatures varies from
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Figure 2.4 Calibration for wavenumber and linewidth of silicon against temperature.
(a) The slope of the linear fitting for wavenumber against temperature is -0.022 em’ /K.
For linewidth against temperature, it is 0.0082 em /K. (b) A comparison of Raman
spectra between bare silicon and silicon under silica particles. The diameter of silica
particle is 1210 nm. The solid curves are the Gaussian fittings for the experimental
Raman data. The difference of the two straight lines shows that the Raman peak shifts
due to temperature rise in near-field heating.

-0.02 to -0.03 ¢cm™'/K within temperatures of 300 - 600 K [39, 61, 64, 88, 91, 92]. The slope
of the linear fit for the linewidth and temperature is 0.01 em’/K [40]. In this work, the
calibrations for wavenumber and linewidth of silicon against temperature are conducted
before the sub-wavelength thermal sensing experiment. The sample, a silicon wafer, is
cleaned in acetone for about one hour. A round electric heater with a controlled power is
used to heat the silicon sample from room temperature to 160 °C, with an increasing step of
10 °C. A T-type thermocouple is attached on the sample near the laser spot to measure the
temperature. The incident laser energy flux is 8.6 x 10° W/m®. The integration time is 1
second and two rounds of measurements are averaged for each Raman spectrum. Each

temperature point is measured three times and their average value is adopted. As shown in
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Figure 2.4(a), the slope of the linear fitting for the wavenumber and temperature is -0.022
cm'/K and the slope for the linewidth vs. temperature is 0.0082 cm™/K in a temperature

range from 20 - 160 °C, which agree well with the literature values.

2.3. Thermal Probing of Silicon under Silica Particles

In the experiments, the focal level, particle size and laser energy are important factors for
determining the near-field heating. The spot size of the laser is about 2 x4 um?” which is
determined using a blade method. The laser spot widths covering 90 % of the laser energy
are chosen to represent the spot size. The diameters of particles are 0.4, 0.8, and 1.21 um,
respectively. Silicon substrates with these three silica particles on the top are used in the
experiments to study the effect of particle size on sub-wavelength heating. In order to
investigate the near-field heating effect caused by laser irradiation, Raman scattering is

performed with four laser powers of 2.0, 3.0, 5.5 and 6.9 mW, corresponding to energy

fluxes of 2.5x10°, 3.8x10%, 6.9x10° and 8.6x10° W/m?, respectively.

During the experiments, the group for silica particles with diameter of 1210 nm under

laser energy flux of 8.6x10° W/m? is first conducted. To assure accuracy, the experimental
methods explained in Section 2.2 are employed. Two groups of Raman spectra for bare
silicon and silicon with 1210 nm diameter silica particles on the top are obtained, with
integration time of 1 s. The Raman linewidth, wavenumber and intensity follow the trends
shown in Figure 2.3. The linewidth for bare silicon and silicon with particles are 6.31 cm™

and 6.77 cm™', respectively. It indicates a temperature rise of 55.8 K based on the broadening
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of linewidth (0.46 cm™). The wavenumber shifts for bare silicon and silicon with particles are
529.70 cm™ and 529.06 cm™', respectively. Based on the wavenumber method, the
wavenumber difference (0.64 cm™) between the two values gives a temperature rise of 29.3
K. As shown in Figure 2.5, the temperature rises assessed based on the wavenumber are
lower than those based on the linewidth method. The differences between the two methods
are mainly due to the temperature gradient and compressive stress around the laser-heated
spot [39, 40, 92]. As the temperature increases, the number of phonons rises and the lifetime
decreases. The increase of linewidth indicates the temperature rise inside silicon, as linewidth
is little influenced by thermal stress. The wavenumber is affected by both temperature
difference and thermal stress. The laser beam heats up the sample within an extremely

focusing area. The heated area tends to expand and raise pressure to the nearby
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Figure 2.5 The relationship between temperature rise in silicon against (a) energy flux
of incident laser and (b) diameter of silica particle. The upper figures show the
temperature rise assessed based on the linewidth, and the lower figures are based on
the wavenumber method.
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cold silicon substrate. The local pressure causes a distortion of the crystal lattice and the
equilibrium positions of the atoms are changed, which causes lattice variation. An additional
shift is added in wavenumber due to the stress besides temperature rise. The stress effect
induced by particle-focused laser heating drags the Raman peak to the higher wavenumber
(lower temperature) direction. Therefore, the temperature rise obtained based on the
wavenumber method is lower than that based on the linewidth method. The combined use of
these two methods gives comprehensive understanding of how high the sample can be heated

up and whether there exists any thermal stress.

The same experimental method is employed to measure the temperature rise for the

situation of silica particles with 1210 nm diameter under three other laser energy fluxes of

2.5x10°%, 3.8x10%, and 6.9x10° W/m® All the experimental procedures for silica particles
with 800 and 400 nm diameters under four different laser energy fluxes are the same with
that of 1210 nm particles. Figure 2.5(a) shows how the temperature rise changes against the
laser energy. Based on the linewidth broadening, the temperature rise increases almost
linearly from 34.8 to 55.8 K, as the laser energy flux increases from 2.5 x 10° to 8.6x 10°
W/m?. While for silica particles of 800 nm, the temperature rise increases from 9.0 to 16.2 K,
and for silica particles of 400 nm, it increases from 3.2 to 11.1 K. As expected, when the
energy flux of the incident laser increases, more energy will be focused on silicon and
absorbed. As a result, the temperature inside the silicon increases more. Figure 2.5(b) shows
the relationship between temperature rise of silicon and silica particle size. With the increase

of particle size, the incident laser is more focused on the silicon substrate, and the

temperature rise is higher. Under energy flux of 8.6x10° W/m?, the temperature rise is 11.1
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K for silica particles of 400 nm diameter, 16.2 K for those of 800 nm, and 55.8 K for those of
1210 nm, according to the linewidth method. As the particle size increases from 400 to 800
nm, the temperature rise increases by about 45%. When the particle size increases to 1210
nm, the temperature rise goes up to 5 times that for 400 nm particles. Similar trends for
temperature rise can be found in the results for other laser energy fluxes. All the curves
conclude that the temperature rise increases exponentially with silica particle diameter in the

range from 400 to 1210 nm.

2.4. Physics behind Experimental Observation

2.4.1. Electrical field distribution inside particle and substrate

In order to explore the mechanism of the temperature rise in the silicon substrate under
silica particles, numerical simulation of the electric field enhancement is conducted with the
finite element method (FEM) [30, 59]. The modeling is performed by using HFSS V13
(ANSYS, Inc.), a full-wave high-frequency 3D finite element modeler of Maxwell’s
equations. Due to the different sizes of silica particles, different models are employed in the
simulation. For the particle of 400 nm diameter, as the laser spot size is about 2x4 um® a
total of 45 particles are considered to be covered under the laser spot. The whole
computational domain consists of 45 silica particles on a silicon substrate in the air. For
consideration of computational cost and mesh density for HFSS, the domain is set
symmetrical in both electric and magnetic directions. Thus, a reduced domain is needed in
the simulation. Maxwell’s equations are solved across a reduced rectangular computational
domain with dimensions of 400 nm x 348 nm x 2800 nm: containing a half and two quarters

of silica particles, a silicon substrate under the particles, and the air around the particles. A
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plane wave with a wavelength of 4 =532 nm is incident normally from the top of the
domain. Perfect £ and perfect H symmetry boundaries are adopted at the symmetrical planes
perpendicular and parallel to the electric field direction, respectively. Absorbing (radiation)
boundaries are applied for the other boundary planes in the domain. The distance from the
absorbing boundary to the nearest particle is set to 400 nm, which is much greater than 1/4
(= 133 nm). The application of absorbing boundary in the simulation is satisfied. The whole
domain is divided into tetrahedral grids with a maximum length of 58 nm, which is less than
A/4 . The electric field amplitude of the incident wave is set to 1 V/m. Therefore, the near-
field enhancement value, the ratio of scattered to incident electric field amplitude, is the same

as the electric field amplitude of the scattered light.

At an incident wavelength of 532 nm, the dielectric permittivities of silica and silicon are

£=2.13+0i and £ =17.22+0.428i, respectively [93]. The electric conductivities of silica

and silicon are 0 and 1.34x10° S/m, respectively. The simulation is performed on a platform
consisting of a 3.72 GHz AMD x 6 processor and 16 GB RAM. The computational results
converge and a total of 13 passes are finished for the 400 nm-particle case. A similar size-
reduced computational domain is also adopted to calculate the electric field distribution for
the 800 nm-particle case. About 15 particles of 800 nm diameter are considered to be covered
under the laser beam. The reduced computational domain for 800 nm-particle case is set at
800 nm x 696 nm x 3200 nm, which is much larger than that for 400 nm. The completed
total number of computational passes is reduced to 10 and the maximum grid length in the

particle and substrate is 82 nm. As the silica particle of 1210 nm diameter is very large, the
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laser beam can only cover about 6 - 7 particles. We need to reduce the amount of calculation
to improve the quantity of mesh in modeling. The reduced domain used for the 1210 nm
particle case is simpler than those for 400 and 800 nm. In the computation, only one silica
particle of 1210 nm on a silicon substrate is considered. Perfect £ and perfect H symmetry
boundaries are also applied in the domain. Thus, only a quarter of silica particle is computed,
which reduces the amount of computation a lot. The reduced domain is set at 605 nm x 605
nm x 3810 nm. Absorbing (radiation) boundaries are applied for the other boundary planes.
The distance from the absorbing boundary to the nearest particle is 600 nm, greater than 1/4.
The completed total number of computational passes is reduced to 4. The maximum grid

length in the particle and substrate is 95 nm, still less than 1/4 .

Figure 2.6 shows the electric field distributions inside a particle and the substrate beneath
the particle for all the three particle diameters. Symmetric electric field distributions are
observed. The electric field is enhanced mainly inside and under the particles in varying
degrees for different diameters. In Figure 2.6(a), for the 400 nm-particle case, the strongest
electric field is 1.6 V/m inside the silica particle. The electric fields are enhanced both in the
upper and lower parts of the particle. Inside the silicon substrate, the strongest electric field is
about 0.5 V/m, which appears mostly right beneath the particle. The shape of the electric
field enhancements on the top of the substrate is elliptical, with an about 200 nm diameter in
the magnetic field direction (» direction) and a 150 nm diameter in electric field direction.
The length of enhanced electromagnetic field along the magnetic field direction is longer
than that along the electric direction. At skin depth, the electric field amplitude drops to ¢ of

that on the surface. The laser energy is mostly absorbed within a small elliptical cone with a



25

skin depth of about 878 nm near the surface of silicon under the particle, and attenuates from
the surface to the inside. Observed from Figure 2.6(b), for the 800 nm-particle case, the
strongest electric field enhancements factor is about 3.1 inside the silica particle, which is
twice of that for the 400 nm-particle case. The electric fields are enhanced both in the upper
and lower parts of the particle, but more in the lower part, near the contacting point between
the particle and substrate. The center of the electric field enhancement in the particle moves
downwards towards the substrate when the particle size increases. The strongest electric field
is 1.2 V/m on the top of the silicon substrate, and it forms an ellipse shape with a 220 nm
diameter in the magnetic field direction and 180 nm in the electric field direction. The
electric field impinges into the substrate with a skin depth of about 1094 nm.
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Figure 2.6 Electric field distribution inside the substrates and particles of (a) 400, (b)
800 and (c) 1210 nm diameter. In figures (a), (b) and (c), the upper figures are top view
of the substrates beneath the particles, and the lower figures are central cross-section
view of the particles and substrates. The amplitude is equal to the enhancement factor.
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It is noticed from Figure 2.6(c) that, for the 1210 nm-particle case, the strongest electric
field inside the silica particle is 6.4 V/m. The electric field is enhanced mostly in the lower
part of the particle, close to the contacting point between particle and substrate. The center of
the electric field enhancement inside the particle is about 100 nm away from the contacting
point. It moves towards the substrate when the particle size increases from 400 to 1210 nm.
While inside the silicon substrate, the value of the strongest electric field enhancements is
2.8, due to high absorption of laser for silicon. Most of the laser energy is absorbed inside the
silicon substrate normally beneath the particle. The strongest enhanced area on the top of the
substrate is about 180 x 150 nm”. The skin depth inside the substrate is about 1013 nm. As
shown in Figure 2.7(a), the electric field intensity is the highest in the center of the region
and attenuates along the surface of silicon. As a laser beam propagates, the intensity of the
optical field decays with the square of the electric field. The laser focal spot sizes under each
particle, i.e. the distances for the optical intensity to decay by a factor of ¢ along the radial
direction of the particle, are about 200, 150 and 130 nm for the 400, 800 and 1210 nm-
particle cases, respectively. The regions within the focal spot sizes are the main source of the
Raman signal, which basically represent the probing resolution of temperature. The skin

depth for electric field is & = 1/ (27x), where « is the extinction coefficient. At 1= 532 nm,

k= 0.0516 for silicon, and the theoretical skin depth is 6= 1.64 um. In Figure 2.7(b), the
skin depths in silicon are 878, 1094 and 1013 nm for the 400, 800 and 1210 nm-particle
cases, respectively. They are a little smaller than the theoretical value since the particle-
focused light is not incident normally to the silicon surface. Considering the optical field, the
skin depths are 513, 620 and 584 nm for the 400, 800 and 1210 nm-particle cases,

respectively.
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Figure 2.7 Electric field profile inside the substrates. (a) Electric field inside silicon in
the r direction (along the magnetic field direction). (b) Electric field inside silicon in the
z direction. At points A, B and C, the amplitude of electric field drops to ¢". The z-axis
values of A, B and C are 878, 1094 and 1013 nm, respectively.

2.4.2. Temperature distribution inside silicon substrate

The temperature distribution inside the silicon substrate can be simulated using ANSYS
FLUENT (V12, Ansys, Inc) with the knowledge of the electric field distribution. As the
temperature distribution inside the substrate is symmetric, a quarter-cylinder computational
domain with a radius of 15 um and a height of 20 um is employed in the simulation. The
thermal conductivity of silicon is 148 W m ™' K' at 300 K. The heat transferred through the
surrounding air by convection and heat transferred by radiation to the environment can be
neglected for the high thermal conductivity of silicon. So it is reasonable to set the top end
surface of silicon as adiabatic. Both vertical cross-sections use symmetric boundary
conditions. The peripheral and foot end surfaces of the domain are set to 300 K. The initial
temperature of the substrate is 300 K. The heat source is distributed in the center of the
cylinder within a small volume of less than 0.5 x 0.7 x 2.0 um3 following the laser

illumination situation calculated by HFSS. The numbers of particles considered to be covered
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under the laser spot are 45, 15 and 7 for the 400, 800 and 1210 nm-particle cases,

respectively. The heat generation rate per unit volume can be calculated from g =1/,
where [/ is the laser intensity inside the silicon substrate, f = 4zx/A is the absorption

coefficient, x is the extinction coefficient, and A the wavelength of incident laser in free

space. The laser intensity inside the substrate equals the Poynting vector,

1=P=O.56$011E2 . Here ¢=3x10° m/s is the light speed in free space,

£, =8.854x10""?F/m is the vacuum permittivity, n =4.15 is the refractive index of

silicon, and £ (V/m) the time-average intensity of the electric field, which is calculated using

HFSS.

As the temperature rise inside the substrate increases nearly linearly with the incident
laser energy, for all the four energy flux cases used in our experiments, we only study the
cases with the maximum energy flux, 5.6 x 10> W/m”. Other cases with different energy
fluxes can be scaled proportionally. The steady state temperature distributions inside the
silicon substrates are shown in Figure 2.8. Symmetric temperature field distributions are
observed in Figure 2.8(a) to Figure 2.8(c). The heat conduction in the silicon substrate is very
quick due to its high thermal conductivity. From Figure 2.8(d) we can see that the highest
temperature rises are located under the center of particles. In Figure 2.8(e), the calculated
maximum temperature rises inside the silicon are 2.8, 4.0 and 9.0 K for 400, 800 and 1210

nm-particle cases, respectively.
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Figure 2.8 Temperature distributions inside silicon substrates under particles of (a)
400, (b) 800 and (c) 1210 nm diameter. In figures (a), (b) and (c), the upper figures are
top view of the substrates beneath the particles, and the lower figures are central cross-
section view of the substrates. (d) Temperature profile inside silicon in the radial
direction. (e¢) Temperature profile inside silicon in the vertical direction. The initial
temperature of the substrates is 300 K.

The calculated values are smaller than the results based on the wavenumber method, and
are even much smaller than linewidth temperature values. From Figure 2.4(a) we know that
the linewidth method has lower temperature sensitivity than the wavenumber method. In
addition, while fitting Raman spectra using the Gaussian function, the effect of the subtracted
baseline on linewidth is more than that on the wavenumber shift. However, the linewidth
temperatures are closer to reality as they are less affected by the thermal stress. Both the

calculated and measured temperature rises increase exponentially with the increase of the
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particle size. The difference between them could be due to three main factors. First, the
incident laser employed in the electric field simulation is a uniform plane wave, while in the
experiments the laser is focused by a 50x objective lens before it irradiates the sample. The
focal length is about 25 mm, and the angle of incidence is about 20°. More laser energy
should be focused on the particle-substrate sample due to the already focused light. Second,
during the simulation of electromagnetic field by HFSS, the dimensions of the computational
domain increase as the diameter of particle increases. As a result, the mesh density drops and
the length of the mesh grids increases. Due to the drop of the mesh quality, the precision of
the computational results for bigger particles is less accurate than that for smaller particles.
So, the difference between the computational and experimental results for bigger particles is
larger than those for smaller particles. Therefore, the temperature acquired in the model is
underestimated to some extent. Third, a part of the Raman signal came from the silicon wafer
from the spacing among particles. As the laser beam was pre-focused on the particles by the
objective lens, the focal level for the silicon beneath the particles was at a higher position
than the focal spot. From Figure 2.3 we know that the wavenumber of the silicon shifted to a
lower value, and the linewidth broadened. As a result, the obtained experimental
temperatures are higher. However, as the spacing among particles only accounted for about
10 % of the total area, and the laser was not directly focused on the silicon, which leads to a
low Raman intensity, so the contribution from this part of silicon to the total Raman signal

was not significant.
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CHAPTER 3. NANOSCALE PROBING OF THERMAL, STRESS, AND OPTICAL

FIELDS UNDER NEAR-FIELD LASER HEATING

In this chapter, far-field nanoscale mapping of conjugated thermal, stress, and near-field
focusing effects in a silicon substrate beneath silica particles under laser irradiation is
conducted for the first time using Raman spectroscopy at a 20 nm lateral resolution (< 4/26).
Methodologies are developed to separate the optical, thermal, and stress effects and evaluate
the temperature rise and local stress in particle-induced near-field focusing. The
electromagnetic and temperature fields inside the substrate-particle system are simulated to

interpret the measurement results.

3.1. Experiment Setup and Details

3.1.1 Sample preparation

Silica particles are patterned on silicon wafers in a monolayer using a tilting technique
[77]. Surfactant (triton-X: methanol = 1:400 by volume) is mixed with monodisperse silica
particle suspensions [94]. The suspensions have silica particles with a solid percentage of 10
% suspended in water. As-received silica spheres of 200 nm (Corpuscular), 400 nm
(Polysciences), 800 nm, and 1210 nm (Bangs Laboratories) diameters are used without any
surface treatment. Silicon (100) wafers (University Wafer) are cleaned in acetone and then
deionized water for an hour with ultrasonic agitation. These wafers are placed on glass slides,
which are tilted on a table with an angle of about 10° [77]. The mixture is dispensed onto
substrates using a syringe and left to dry for about a half hour in the air. Then a 2-D

monolayer of particles is formed on the substrate. Large areas of monolayer particles can be
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identified under scanning electron microscope (SEM). Figure 3.1 shows typical SEM images
of silica monolayer of 1210 nm diameter assembled on silicon wafers. The compact
assembled area can extend over a large area, up to 1 mm? which is much larger than the laser
spot area used in our experiments (~0.5 um?). The average diameter of the particles shown in
Figure 3.1(b) is about 1120 nm, a little smaller than the nominal diameter reported by the

company.

1158 nm
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Figure 3.1 SEM images of 2-D monolayer array of silica particles assembled on a
silicon wafer. The average diameter of the particles is about 1120 nm.

3.1.2 Nanoscale Mapping

Figure 3.2 shows schematic of the experimental setup for the nanoscale structural
imaging. The Raman scattering system consists of a confocal Raman spectrometer
(Voyage™, B&W Tek) and a microscope (Olympus BX51). Raman spectra are taken at
room temperature by using a 532 nm laser line at variable power from 1.2 - 4.7 mW. The
laser beam is focused by a 100x objective lens (NA = 0.80). The movements of the sample
are controlled by a piezo-actuated nano-stage (ThorLabs NFL5DP20) in the x direction

(imaging direction) and a motorized translation stage (ThorLabs MT1-Z8) in the z direction.
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Figure 3.2 Schematic of experimental setup for far-field nanoscale imaging (not to
scale). (a) A sample is located under an objective-focused laser beam from a Raman
spectrometer. The movement of sample in the x direction is controlled by a piezo-
actuated nano-stage. The focal level of the laser on the sample in the 7 direction is
controlled by a motorized micro-stage. (b) The sample consists of a silicon substrate
and a monolayer of silica particles. The spot size of the incident laser is about 0.5 um2
in the x-y plane on a silicon substrate. (c) The Raman spectrum shifts to left due to the
near-field laser heating, stress, and the out-of-focus effect. (d) The silicon substrate is
heated in a sub-wavelength region (r ~200 nm) right beneath the particles.

These two stages are vertically assembled together. The piezo-actuated range of the nano-
stage is 20 um with a resolution of 20 nm. The sample position in the z direction is adjusted
by the motorized stage to change the focal level of the incident laser within a range of 12 mm
and a location accuracy of £0.1 um. The incident laser used as both Raman probing and

heating source is focused on the silica particles by the objective lens. Due to the effect of
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particles, the laser beam is further focused on the silicon substrate under the particles and
heats up the substrate. The excited Raman scattering signals and Rayleigh scattering signals
are collected by using the same objective. Raman spectra of silicon substrate with silica
particles on the top at different positions in the x direction are obtained and fitted using the

Gaussian functions.

The near-field heating and thermal stress inside the silicon substrate is affected by factors
including the particle diameter, energy flux and focal level of the laser. The particle diameter
and laser energy flux can be determined precisely before the experiments. In the experiments,
it 1s critical to pay attention to the laser focal level in order to obtain high accuracy and
repeatability of Raman signals. The position of the sample is adjusted near the focal plane
within a distance of about 6 um. Raman spectra are obtained at each level and the
background noise is subtracted to obtain sound Raman signal. Wavenumber, linewidth and
intensity are affected by the focal level when other environmental factors are fixed.
Wavenumber and intensity decrease, and linewidth broadens when the sample moves away

from the focal plane in the z direction [95].

A group of Raman spectra are obtained in the z direction before imaging in order to
determine the focal level. The focal level is selected with the highest Raman intensity in the
group. The sample is then fixed to the focal level without vertical shift. Environmental
factors such as the change of room temperature and movement of the objective would lead to
a Raman spectrum difference. Therefore, the imaging process is followed immediately to

minimize the effect of environmental factors. The sample is scanned along the x direction in
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a maximum range of 4.0 um with a step of 27 or 53 nm, as shown in Figure 3.3. The
movement is controlled electrically without any touch of the sample, stage, Raman
spectrometer, microscope and other related equipment that would affect the quality of Raman
signal. The Raman spectra change with the nanoscale movement of the sample is finally
obtained. The highest energy flux is first used in the experiment, following by 79 %, 50 %,

and 25 % of the maximum energy.

Laserlcenter Laserlcenter Laser center

Figure 3.3 Movements of sample relative to the incident laser in the x direction. During
the experiment, the position of the laser beam is fixed, and the sample moves along the
x direction controlled by the nano-stage electrically without any touch of the sample
and other equipment.

3.1.3 De-Conjugation of Thermal, Stress, and Optical Fields

In order to investigate the temperature rise and thermal stress caused by particle near-
field focusing, experiments on silicon with particles on the surface and bare silicon are both
conducted. The incident laser is first focused on the particles of the sample. The Raman
spectra for silicon under monolayer silica particles are taken under four energy fluxes. Bare
silicon is located around the particles in the margin of the sample. Without any movement of
Raman spectrometer, the margin of the sample is moved to the laser center to obtain the
Raman spectra for bare silicon. The laser is then adjusted to focus on the silicon and four

energy fluxes are used as well. The integration time and measurement average are the same
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for those for silicon with particles. A group data of Raman spectra at different focal levels
around the focal plane are obtained for each case. The Raman spectrum with the highest
intensity is selected to represent each result. By using this method, the differences between
the environmental situations for both bare silicon and silicon with particles are suppressed to

the minimal level.

3.2. Result and Discussion

3.2.1 Nanoscale mapping for near-field heating under 1210 nm particles

Four laser energy percentages of 25 %, 50 %, 79 %, and 100 % are used in our
experiments, with the highest energy flux of 3.9 x 10° W/m?. The Raman intensity increases
with the energy flux. The highest Raman intensities (Imax) are 1.30 x 10%, 2.08 x 10%, 3.83 x
10* and 4.67 x 10" for energy percentages of 25 %, 50 %, 79 %, and 100 %, respectively. As
the variation trends of the structure are the same for different energy fluxes, here we only
analyze the case for 3.1 x 10° W/m?, of which the energy percentage is 79 %. Other cases
can be treated similarly. The Raman intensity /, wavenumber @ and linewidth /" of silicon
vary periodically along the x direction and are shown in Figure 3.4. About three periods are
observed within the travel range in the figure. The period length decreases from the left to the
right. The difference may due to the diameter difference, the interspace among particles, and
the backlash of the stage while moving. For the first 3/4 period, half of the period length is
906 nm, much longer than the average particle radius (560 nm). For the second and third
period, the period lengths are 1226 and 1013 nm, respectively, close to the average particle
diameter (1120 nm). In the second period, the intensity difference between I,x and Iy, 1S

2.37 x 104, with a maximum intensity ratio (/ymax/Imin) Of 2.58. As shown in the inset of
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Figure 3.4(a)], within a distance of 20 nm in the sample moving direction, there is a Raman
intensity difference of about 3000, and the intensity ratio within this distance is 1.12. The
difference can be distinguished at this scale in our experiment. As the intensity is the raw
datum without any further processing, it is the best quality to specify the imaging resolution.
It is conclusive that the imaging resolution based on the Raman intensity difference can be

down to 20 nm, although the step length in the experiments is 53 nm.
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Figure 3.4 Nanoscale mapping for near-field heating under 1210 nm particles. The x
direction variation of (a) Raman intensity /, (b) wavenumber @, and (c) linewidth /" for
silicon under particles of 1210 nm diameter with laser irradiation. (d) The relative
position of a silica particle and the laser beam to explain the observed Raman variation
in space.

In the period, @ changes in a range from 518.2 - 519.6 cm™, with a maximum shift of 1.4
cm™. At position II in Figure 3.4(b), @ is about 519.0 cm™, where I, is located. @ increases

to the maximum at position III with a distance of 374 nm, then decreases to the minimum
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within 426 nm, and finally rises to 519.0 cm™ again. /" changes from 6.0 to 7.7 cm™, with a
maximum difference of 1.7 cm™. The variation of /7is contrary to that of w. It first decreases
from 6.4 to 6.0 cm™, then increases to 7.7 cm™, and finally decreases to 6.4 cm™ again. The
total increasing and total decreasing distances are not equal in a period for both @ and 7,
separately. There are three main reasons that can account for the difference. First, the focal
spot of the excitation laser and the focal spot of the Raman spectrometer are off a little (not
exactly confocal). The transverse distances between the most excited Raman signal point and
the Raman spectrometer center are shown in Figure 3.4(d). The Raman signal point is the
same as the laser focusing point, while the Raman spectrometer center represents the center
of the Raman signal collecting system. When the sample moves relative to the laser, the
variations of the @ and 7/ curves are not symmetric. However, if the laser beam focal center is
coincident with the Raman spectrometer focal center, the @ and 7" curves would be

symmetric.

As the laser spot size is more or less the same with the particle diameter, it can cover
about only one particle. Figure 3.4(d) illustrates four relative positions of a particle to the
laser, corresponding to the four positions marked in Figure 3.4(b). The red center line shows
the center of the laser beam, and the blue dash line represents the signal collecting center of
the Raman spectrometer. When the particle is at position I, the laser irradiates the right part
of the particle. The laser is focused on the substrate by the particle. As the laser center is of
distance from the signal collecting center line, the Raman scattering signal, which comes

back to the objective, is not at the laser focal plane. This out-of-focus effect leads to the
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variation of Raman signal. It would decrease the wavenumber and increase the linewidth as
discussed before. At position II, the laser focal spot through the particle is coincident with the
laser beam center. Raman scattering signals are most excited. The Raman intensity reaches
maximum. The laser focal point is near the Raman spectrometer center line but not
coincident. As a result, the out-of-focus effect still exists. The wavenumber keeps increasing
and linewidth continues decreasing when the particle moves towards position III. At position
I, the laser focal spot is at the Raman spectrometer center line. Raman scattering signals are
well collected by the spectrometer. Wavenumber and linewidth are at their extreme values
because the collected Raman signals are from the focal plane of the Raman collecting optical
path. There is no out-of-focus effect at position III. The Raman intensity is not quite high
because part of the particle is outside of the laser beam. From position III to IV, the collected
Raman signals become more out of focus. Thus, the wavenumber reduces and the linewidth
rises. In addition, the laser is focused only by part of the particle, so the Raman intensity is
becoming weaker. Based on this analysis and the distance between the intensity peak and @
peak [Figure 3.4(b)] we conclude that the laser focal center and the focal center of the Raman
collecting optical path is off by about 374 nm under the 1210 nm particle near-field focusing.
Under 400 nm silica particle focusing, the distance between these two focal centers becomes

smaller, around 159 nm.

The second reason is that part of the Raman signals come from the silicon wafer under
the spacing among particles. As the laser beam is pre-focused on the particles by the
objective lens, the focal level for the silicon beneath the particles is at a higher position than

the focal plane. This affects the wavenumber and linewidth of silicon. The third reason may
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be due to the beam deflection caused by thermal expansion. The local silicon under the
particle center is heated by the laser beam and expands. The heated silicon surface is no
longer perpendicular to the propagation direction of the laser, which causes beam deflection.

The beam deflection affects the Raman signal of silicon.

3.2.2 De-conjugation of thermal, stress, and optical effects

For the nanoscale imaging (Figure 3.4) based on Raman intensity, wavenumber, and
linewidth, their variation against location reflects a combined effect of near-field optical
heating, local stress, and optical field variation in space. Physically, it is possible to de-
conjugate these three effects and obtain quantitative information about the nanoscale local
stress and temperature. To do this, the Raman spectra for silicon under monolayer silica
particles and for bare silicon are compared under four energy fluxes, respectively. The
highest energy flux is 3.9 x 10° W/m?, and the four energy percentages are 25 %, 50 %, 79
%, and 100 %. The integration time is 2 s. The Raman spectra at various sample positions
and focal levels are obtained, and position II, as shown in Figure 3.4, is selected to determine

the thermal response in silicon. At this position, Raman intensity reaches its maximum value.

First of all, by studying the Raman intensity variation against laser energy, the

temperature rise under near-field heating is evaluated. The Raman intensity for silicon under

silica particles ( /g, ) and that for bare silicon (g, ) are shown in Figure 3.5(a). I, 1s higher
than [ for each energy percentage because of the particle focusing. The normalized

intensity ratio I, /I decreases linearly with the energy. From the decreasing trend, the
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temperature rise information can be extracted. The physics is as follows. There are three

main factors that would affect the Raman intensity. Thus the Raman intensity can be

expressed as I =f f,f;(AT) where f; denotes the intensity change due to the system

alignment; f, represents the laser energy effect; and f3(AT) is the intensity variation induced

by the temperature rise. For silicon with silica particles, we have Iyo. = f,/5/-(AT) - But for
bare silicon, Ii=f\f,, as the temperature rise is negligible here because of the large thermal

conductivity of silicon. s; is acquired immediately after I, , 50 fi and f; are the same for

both Is0, and I5 separately. Thus, the intensity ratio is only relative to temperature rise:
Igo, /I = f;(AT) . The Raman intensity of silicon reduces with the increase of temperature.

This is because high temperature, which is caused by particle induced heating, changes the
band structure in silicon, and it restricts the photon interactions necessary to generate Raman
signals. The state density and energy of phonons increase as temperature rises, leading to a
reduction of Raman intensity. In order to determine the thermal response inside silicon under
laser irradiation, the temperature dependence of Raman intensity is needed. In our
calibration, shown in the inset of Figure 3.5(b), the normalized intensity ///, for bare silicon
decreases with temperature, where /j is the intensity of silicon at 292.0 K. The attained linear
fitting slope for normalized Raman intensity against temperature is -0.00249 K' at

temperatures from 290 to 440 K. Figure 3.5(b) shows that the normalized intensity ratio

([[ sio, ! L ] / [15102 / ]Si:IE—O) reduces when energy flux increases. Based on the assumption

that the decreasing trend of normalized intensity ratio with temperature in the experiments is

the same with that in the calibration, the temperature rise inside silicon due to particle
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focused laser heating is obtained. Figure 3.5(c) illustrates that AT increases from 10.0 to 56.1

K when the energy percentage goes up from 25 % to 100%. The uncertainty of temperature

rise can evaluated according to the uncertainty of intensity ratio at zero laser energy, which is

about +£7.0 K.
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Figure 3.5 Temperature rise and thermal stress inside silicon under particle-focused
laser irradiation. (a) How Raman intensity of silicon under 1210 nm silica particles

(ISio2 ) and that of pure silicon (/) vary with energy percentage (E/Egm). (b)
Normalized Raman intensity ratio ([l sio, ! Lsi } / [ sio, / Isl} ) and (c¢) temperature rise

(A7) versus energy percentage. The inset in figure (b) shows the linear relation between
normalized Raman intensity of silicon (//1y) and temperature with a slope of -0.00249
K. I is the intensity of silicon at 292.0 K. (d) Linewidth and (e¢) wavenumber of silicon
under particles and their differences with those of pure silicon. (f) Wavenumber and
linewidth differences due to temperature rise. (g0 Wavenumber and linewidth
differences due to out-of-focus effect. (h) Thermal stress (o) and wavenumber
difference induced by stress under different laser energies.
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In order to determine the thermal stress o inside silicon, combined use of wavenumber
o and linewidth /”is necessary. When the temperature of the material increases, @ decreases
and / broadens [64]. /"has lower temperature sensitivity than @. /s stress insensitive to the
first order, while stress causes a shift in @ [39, 96]. Considering the temperature rise and out-
of-focus effect for silicon, the experimental linewidth difference can be expressed as Al ¢y, =
Alr + Alfoews, Where Al is the Raman linewidth difference between silicon under
particles and bare silicon; A/,7 is the linewidth difference due to temperature rise; and
Al joeus 18 the linewidth difference because of the out-of-focus effect. For the experimental
wavenumber difference, Awey = Awar + AWrocus + Ay, Where Aweyp, 1s the wavenumber
difference between silicon under particles and bare silicon; Aw,r is the difference due to
temperature rise; Awrocus 1S the difference because of the out-of-focus effect; and Aw, denotes
the wavenumber induced by thermal stress. Figure 3.5(d) and (e) show the experimental
linewidth and wavenumber of silicon under particles and their differences from those of bare
silicon. The standard deviations for linewidth and wavenumber in the data fitting are 0.06
and 0.02 cm™, respectively. From our previous results, the Raman linewidth of silicon
increases linearly with temperature and the slope is 0.0082 cm™/K, and the slope for the
wavenumber against temperature is -0.022 cm'/K [95]. Based on the temperature rise (A7)
calculated from intensity [Figure 3.5(c)], A/ 4y and Aw,r can be obtained according to the
slopes [Figure 3.5(f)]. So the Raman linewidth difference due to focus effect is achieved by
Al focus = Al exp - Al ur. Awrocus needs to be calculated from Al%,cus. The experiments to
determine the relation between wavenumber and linewidth at different focal levels has been

conducted in our lab [95]. The experimental data give a relation of Awgyeys = -0.21055 -
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0.76742 Al tocus- Thus, the wavenumber difference due to focus effect is obtained and shown
in Figure 3.5(g). The wavenumber induced by stress is given by Aws =Awexp - A®ar - Adrocus.
A relation between the shift of wavenumber Aw, and the stress oinside silicon has been
developed with a proportionality constant of -3.6 cm™/GPa [39]. Finally, the thermal stress o
inside silicon is acquired according to the relation. In Figure 3.5(h), o increases from 140 to
370 MPa as energy percentage of laser goes up from 25 % to 100%. The uncertainty of
thermal stress is about £40 MPa, calculated from the uncertainty of Aw,. Comparing Figure
3.5(c) and (h), thermal stress goes up as local temperature rise increases, because the
developing thermal stress is induced by the temperature gradient. The particle-focused laser
beam heats up the silicon under the particle within a small area around 200 nm in radius. The
localized heating of the beam causes thermal expansion in the heated area which is
constrained by the nearby cold silicon. This constraint places a compressive stress on the

heated region.

3.2.3 Nanoscale mapping for near-field heating under 800, 400 and 200 nm particles

The experimental method for the 1210 nm case is employed to attain nanoscale imaging
for the 800, 400 and 200 nm cases. The results for the 800 nm case are illustrated in Figure
3.6(a). The total travel range along the x direction is 1.8 um with a step of 53 nm. More than
two periods are measured. The Inay is 2.24 x 10%, 2.82 x 10, 4.18 x 10* and 5.96 x 10* for
the four energy percentages of 25 %, 50 %, 79%, and 100 %, respectively. For the 79 % case
with energy flux of 3.1 x 10° W/m?, the second intensity period is 853 nm. The intensity

difference and ratio of .« and I, are 2.27 x 10* and 2.24, respectively. Within a distance
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Figure 3.6 Nanoscale mapping for different sizes of particles. The Raman intensity /,
wavenumber @, and linewidth 7" for silicon under particles of (a) 800 nm and (b) 400
nm diameters with laser irradiation. (c¢) SEM images of 200 nm particles on a
substrate. The average diameter of the particles is about 160 nm. (d) The Raman
intensity of silicon under particles of 200 nm diameter along the x direction.
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of 30 nm in the x direction, the intensity difference and ratio are 3400 and 1.10, respectively,
as shown in Figure 3.6(a). It indicates that the resolution can be reached at about 30 nm in
this case. In this period, o varies from 518.5 to 519.5 cm'l, with a maximum shift of 1.0 cm™.
["varies in a range of 6.5 - 7.3 cm’', with a maximum difference of 0.8 cm™. The variation
curves of w and 7 along the x direction are not symmetric, and the reasons are similar with

those for the 1210 nm case.

Figure 3.6(b) shows the variation of silicon Raman intensity along the x direction for the
400 nm case. The total travel range in the x direction is 1.2 um with a step of 27 nm. The /i«
is 1.40 x 10*, 1.95 x 10*,3.36 x 10* and 4.32 x 10" for the four energy percentages of 25 %,
50 %, 79 %, and 100%, respectively. In the case of 3.1 x 10° W/m?, of which the energy
percentage is 79 %, the intensity period lengths are 506 and 453 nm. In the first period, the
intensity difference between I, and Iy, 1s 1.09 x 104, with a ratio of 1.49. Within a distance
change of 30 nm in the x direction, the intensity difference and ratio are 1300 and 1.05,
respectively, as shown in Figure 3.6(b). In the period, / varies in a range from 6.5 - 6.9 cm™.

o changes from 519.2 t0 519.6 cm™. The /"and @ curves are not symmetric, either.

To explore the particle diameter limit of the far-field nanoscale imaging, 200 nm particles
are used in the experiments. Figure 3.6(c) shows large areas of 200 nm monolayer particles
on silicon. The average diameter of the particles shown in the SEM image is about 160 nm.
Nanoscale imaging experiment is conducted along the x direction within a travel range of 500

nm with a step of 27 nm. The travel range covers about 3 particles. The laser energy flux is
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3.9 x 10° W/m® (100 %). The variation of the Raman intensity with x is shown in Figure
3.6(d). The two distances between the highest intensities are both 160 nm, which agree well
with the particle diameter observed under SEM. I« is about 3.64 x 10* with a Tnax/Imin of
about 1.08 for the first period. The intensity change is about 1400 in a quarter of a period,
which is of 40 nm distance, and the intensity ratio is about 1.04 within this distance. For this
imaging, it is conclusive the imaging resolution can reach 40 nm. Figure 3.7 shows how the
maximum Raman intensity ratio (Ina/Imin) varies with particle diameter under different
energy fluxes. Imax/Imin drops exponentially with the decrease of the particle size, and
increases with the energy flux. As the particle size decreases from 1120 to 160 nm, Iiax/Iin
reduces from about 4.8 to 1.1. With the decreasing trend, when the diameter of particles
drops to 140 nm, it would be hard to tell the intensity difference within a period. And the
resolution improves with the increase of the particle size. The best resolution is about 20 nm

when the particle diameter is 1120 nm in our experiments.
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Figure 3.7 The variation of maximum Raman intensity ratio of silicon with particle size
under four laser energy fluxes.
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3.3. Physics behind Nanoscale Mapping

When a uniform laser beam interacts with a particle-substrate system, the laser is focused
by the microparticle in a near-field region near the contacting point of the particle and the
substrate. As the silica particle is transparent to green light, the particle absorbs little laser
energy. Strong energy absorption occurs in the silicon substrate under the particle within a
tiny elliptical cone near the surface. The amplitude of electric field in silicon at the contacting
point is the highest, and it attenuates from the surface to the inside of the substrate. The
photon’s energy is converted into vibrations of the molecules called phonons in the substrate,
which produces thermal energy. The temperature rises in the laser focusing and heating
region and it causes thermal expansion. The thermal expansion of heated silicon is
constrained by the nearby cold silicon, which places a compressive stress in the local region.
To understand the mechanism of temperature and stress rise in the particle-substrate system,
electromagnetic simulation is conducted with finite element analysis using the high
frequency structure simulator (HFSS V14, ANSYS). Only the 1210 nm case is studied. Other
cases can be treated similarly. In consideration of the amount of calculation and mesh density
in HFSS, a quarter of the original model is employed. The remaining model is set to be
symmetrical in both electric and magnetic directions. A plane wave (4 = 532 nm) is incident
normally from the top. In the experiment, the laser spot area is about the diameter size; only
the particles in the spot area are under irradiation; no light irradiates the particles outside that
area. To meet the experimental condition, only the parts of particles inside the laser spot area
remain in the model. Other parts of particles outside the area are cut off to avoid receiving
the plane wave. Perfect H and Perfect £ symmetry boundaries are adopted at symmetrical

planes. Absorbing (radiation) boundaries are applied for other boundary planes in the
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domain. The electric field amplitude of the incident wave is set to 1 V/m. Therefore, the
near-field enhancement value is the same as the electric field amplitude of the scattered light.
Two typical cases regarding to different laser-particle positions in an imaging period are
simulated. Figure 3.8 shows the electric field distributions inside the substrate-particle
system for the two cases. In the left case, the particle center is under the laser spot center,
where the maximum enhancement is achieved in an imaging period. In the right case, the
particle center is at the fringe of the laser spot, and the enhancement is the minimum in a
period. The highest enhancement values for the two cases are 2.8 and 1.6 inside the substrate,
and 6.4 and 4.8 inside the substrate-particle system. The maximum enhancement ratio of
light intensity in the simulation is only 3.1, smaller than the maximum Raman intensity ratio
in the experiments (4.8). The reasons for the difference will be discussed later. The laser
focusing areas in silicon are right beneath the particles which are under laser irradiation, with

a radius of about 200 nm.
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Figure 3.8 HFSS modeling of a plane wave passing through a 1.21 um silica sphere (¢=
2.13 + 0i) in air above a silicon substrate (£= 17.22 + 0.428i). The amplitude of electric
field is equal to the enhancement factor. (a) The particle center is under the laser spot
center. (b) The particle center is at the fringe of the laser spot area.
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The temperature distribution inside the silicon substrate is simulated using FLUENT
(V12.0.1, ANSYS) based on the electric field distribution. The 1210 nm case with the highest
energy and electric field enhancement is simulated in this work. As the temperature
distribution inside silicon is symmetric, a quarter-cylinder computational domain with a
radius of 5 um and a height of 10 um is employed in the simulation. The top end surface of
silicon is set as adiabatic. Both vertical cross-sections use symmetric boundary conditions.
The peripheral and foot end surfaces of the domain and the initial temperature of the
substrate are set at 300 K. The heat source is imported from the HFSS calculation results.

The heat generation rate per unit volume can be calculated from g = I3, where =47/ A is

the absorption coefficient, x is the extinction coefficient, 4 is the wavelength of incident
laser, and I = P = 0.5cgnE” is the laser intensity inside the silicon substrate, which is equal
to the Poynting vector. The light speed in free space ¢ = 3 x 10® m/s, the vacuum permittivity
& = 8.854 x 10™'? F/m, the refractive index of silicon n = 4.15, and E (V/m) the time-average
intensity of the electric field, which is acquired using HFSS. Other details of the temperature
simulation can be found elsewhere [95]. Figure 3.9 shows the temperature profile inside
silicon from the surface to the bottom under the particle. The inset illustrates the steady state
symmetric temperature distribution on the surface of the silicon substrate. The calculated

maximum temperature rise inside the silicon is 50.9 K, which is close to the experimental

value (56.1 K).

For the 1210 nm particle case, the maximum enhancement ratio of light intensity in the

simulation is only 3.1, smaller than the maximum Raman intensity ratio in the experiments
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(4.8). There are four main factors considered leading to the differences between experiments
and simulation. The first factor is the relationship between the collected Raman signal and
the distance between the objective lens and the focusing point, as shown in Figure 3.10(a).
The collected Raman signal is the strongest when the focusing point inside silicon is at the
center of the objective lens; see position 1 in the figure. The signal decreases with the
increase of the distance between focusing location and the lens center during the scanning
process. Position 2 represents a situation that some Raman signals do not come into the lens
through the particle. Instead, they are missed by the Raman spectrometer. So the amount of
collected Raman signals reduces. As a result, the collected Raman intensity ratio between
position 1 and 2 rises. Second, Raman intensity of silicon varies with focal level in the
vertical direction, as shown in Figure 3.10(b). The Raman intensity reaches maximum at the
focal plane, and decreases with the distance between the sample and laser focal plane
position in the z direction. So the maximum Raman intensity at the focal plane is much
higher than that at an out-of-focus status. Third, the incident laser employed in the electric
field simulation is a uniform plane wave, while in the experiments the laser is focused by a
100x objective lens before it irradiates the sample. Although the laser is still uniformly
distributed in space, the direction of propagation has been changed. The laser should be
focused in an even smaller region by the particles, which brings in higher temperature rise in
the focused region. Finally, during the simulation of electromagnetic field by HFSS, the
dimensions of the computational domain are quite large. The grid is not fine enough, so the

precision of the computational results may drop to a certain extent.
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Figure 3.9 Temperature profile inside a silicon substrate beneath a 1210-nm silica
particle under laser irradiation. The inset shows the temperature distribution on the
top of the substrate.
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Figure 3.10 Illustration of the difference between experimental and modeling results.
(a) How the collected Raman signal varies with distance between the center of objective
lens and laser focusing point in silicon. Position 1 represents the coincidence of the
focusing point and the lens center, and position 2 shows a distance between them. (b)
The variation of silicon Raman intensity with the laser focal level in the vertical
direction.
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CHAPTER 4. THERMAL PROBING IN SINGLE MICROPARTICLE AND

MICROFIBER INDUCED NEAR-FIELD LASER FOCUSING

In this chapter, far-field nanoscale mapping of conjugated structural, thermal, and stress
effects in silicon beneath a single microparticle and microfiber is conducted for the first time
using Raman spectroscopy. The structural, thermal, and stress effects are de-conjugated from
the Raman mapping. The thermal response of a silicon substrate beneath single silica particle
and glass fiber with laser irradiation is performed. The intensity, temperature, and stress

fields inside silicon are simulated to interpret the measurement results.

4.1. Experimental Setup and Details

Figure 4.1(a) shows schematic of the experimental setup for the near-field focusing. The
Raman scattering system consists of a confocal Raman spectrometer (Voyage'™, B& W Tek)
and a microscope (Olympus BX51). The laser beam (4 = 532 nm) is focused by a 100x
objective lens (NA = 0.80). The movements of the sample are controlled by a piezo-actuated
nano-stage (ThorLabs NFL5DP20) in the x direction and a motorized micro-stage (ThorLabs
MT1-Z8) in the z direction. The piezo-actuated range of the nano-stage is 20 um with a
resolution of 20 nm. The control range of the micro-stage is 12 mm with a resolution of £0.1
um. With a locking screw, the micro-stage can remain at a desired vertical position without
drift during the experiment. The incident laser used as both Raman probing and heating
source is focused on a single silica particle by the objective lens. Due to the focusing effect
of the particle, the laser beam is further focused on the silicon substrate and heats it up. The

sample consists of several single 1.21 um silica particles (Bangs Laboratories) and a silicon
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(100) substrate (University Wafer). Single particles are patterned on a wafer using a tilting
technique [77]. Monodisperse particle suspensions mixed with surfactant (triton-X: methanol
= 1:400 by volume) are dispensed onto a wafer using a syringe and left to dry for 0.5 h in the
air. The wafer is tilted on a table with an angle of about 10° to help in the flow of the
mixture solution on the wafer. Figure 4.1(b) shows scanning electron microscope (SEM)
images of single silica particles on a silicon wafer. The diameter of the particles is about 1.20
pm, while the laser spot size is about 0.5 pm under 100 x magnification. The laser spot size
is determined using a blade method. By moving a blade along two perpendicular directions to
shade the laser beam, the laser energy is found decreasing linearly with the moving distance.

The laser spot length covering 90 % of the laser energy is chosen to represent the spot size.
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(a) Experimental setup (b) Single silica particle on a silicon substrate

Figure 4.1 Schematic of experimental setup for near-field thermal probing (not to
scale). (a) A sample is located under an objective-focused laser beam from a Raman
spectrometer. The movement of sample in the x direction is controlled by a piezo-
actuated nano-stage. The focal level of the laser on the sample in the z direction is
controlled by a motorized micro-stage. (b) The sample consists of a silicon substrate
and a monolayer of silica particles. The spot size of the incident laser is about 0.5 zm in
the x-y plane on a silicon substrate.
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To conduct the Raman mapping experiments, a microparticle is identified under the
microscope. The Raman intensity reaches its maximum value where the laser beam is
focused on the particle center. A 3-D scanning process is employed to determine this
focusing position. The sample is scanned along the y direction covering the particle center
with a step of 53 nm. Raman spectra are obtained at all these positions and compared. The
sample is moved back to the position where the maximum Raman intensity in the y direction
is located. There is no sample movement in the y direction in the following process. A similar
process is taken to determine the focusing position in the x direction. The scanning process in
the z direction is followed in order to determine the focal level. Raman spectrum is affected
by the focal level even other environmental factors are fixed. Wavenumber and intensity
decrease, and linewidth broadens when the sample moves away from the focal plane in the z
direction [95]. Raman intensity would decrease by at least 5 % when the sample position is
of 533 nm distance from the laser focal position. In the experiments, the position of the
sample is adjusted near the focal plane and Raman spectra are obtained at each focal level.
The focal level is selected with the highest Raman intensity in the z direction. Now the
sample is located where maximum intensity exists in all the three dimensions. The position
of the sample in the y and z directions is then fixed. The sample is moved away from the
center of the particle in the x direction to start the mapping experiment. The sample is
scanned along the x direction, as shown in Figure 4.2. The movement is controlled
electrically without any touch of the sample, stage, Raman spectrometer, microscope and
other related equipment that would affect the quality of Raman signal. The variation of

Raman spectra with the sample location is achieved at the nanoscale.
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Figure 4.2 Movements of sample relative to the incident laser in the x direction. During
the experiment, the position of the laser beam is fixed, and the sample moves along the
x direction controlled by the nano-stage electrically without any touch of the sample
and other equipment.

To evaluate the temperature rise and thermal stress in the particle-induced near-field laser
focusing, experiments on silicon with single particles on the surface and bare silicon with no
particles are both performed. A 3-D scanning process as mentioned above is also carried out
to determine the focusing position. The incident laser is first focused on one single particle
on the Si substrate, and the Raman spectra are taken under four energy levels. Bare silicon is
located around the particle. Raman spectra of bare silicon are obtained under four energy
levels after shifting the particle away to allow direct laser irradiation on bare silicon. The
integration time and measurement average are all the same (detailed later). A group of data
for Raman spectra at different focal levels around the focal plane is obtained for each case.
The Raman spectrum with the highest intensity is selected to represent each result. The
environmental differences among those cases are extremely minimized, and the temperature

rise and local stress are determined.

4.2. Results and Discussion
4.2.1 Near-field focusing under a single microparticle

A single silica particle is found under the confocal microscope. Raman mapping for
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silicon beneath the single particle is obtained under laser irradiation of 3.7 x 10° W/m? with
an integration time of 2 s. The Gaussian function is employed to fit the experimental Raman
data. The particle is moved relative to the laser along the x direction within a range of 3 um
with a step of 53 nm. The Raman intensity / of silicon first increases and then decreases with
the movement of sample [Figure 4.3(a)]. The difference between the highest (/ax) and lowest
(Imin) Raman intensities is 8000, with an intensity ratio (/max/Imin) of 3.86. The distance from
Inax decreasing to Iy, 1S 692 nm. 1/32 of the distance is about 22 nm with an intensity
difference and intensity ratio of about 400 and 1.08, respectively. As the intensity is the raw
datum without any further processing, it is the best quality to specify the imaging resolution.
It is conclusive that the imaging resolution based on the Raman intensity difference can be
down to 22 nm, although the step length in the experiments is 53 nm. During the imaging
process, wavenumber o first increases from 519.1 to 520.0 cm™, and then keeps constant. At
position I in Figure 4.3(a), as part of the particle is under laser irradiation, @ starts to
increase. At position II, / reaches its maximum /., where @ is about 520.2 eml. @
continues increasing to its maximum (520.5 cm™) at position III within a distance of 319 nm,
and then decreases to its minimum. Linewidth /" changes in a range from 6.3 to 8.0 cm™, with
a maximum difference of 1.7 cm™. The variation tendency of /”is contrary to that of . It

first decreases and then increases.

The increasing and decreasing distances for / and @ are not equal, and the positions of
their maximums are not coincident. Figure 4.3(b) illustrates the mechanism behind these

differences. The focal spot center of the excitation laser (black line) and the signal collecting
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center of the Raman spectrometer (red line) are off a little (not exactly confocal). The Raman
spectrometer, excitation laser, and microscope are designed to be confocal. However, due to
the accuracy of the assembling process and the vibration during the transportation of the
equipment, misalignment at a scale of a few nanometers occurs and it is difficult to avoid.
For a regular sample with flat surface, the effect of the misalignment is not significant.
However, the sample used in our experiment is a substrate with a focusing element
(microparticle) on the surface. In addition, the diameter of the particle is comparable with the
scale of the misalignment. Thus, the misalignment becomes an important factor in obtaining
high measurement accuracy. In our experiments, when the sample moves relative to the
laser, the variations of Raman curves are not symmetric. The four relative positions of the
particle to the laser are corresponding to the same marks in Figure 4.3(a). At position I, the
laser irradiates the right part of the particle and is focused on the substrate. As the laser center
is of distance from the signal collecting central line, the Raman scattering signal, which
comes back to the objective, is not at the focal plane. This out-of-focus effect leads to the
variation of Raman signal. It would decrease / and w. At position II, the laser focal spot
through the particle is coincident with the laser beam center. Raman scattering signals are
most excited and /.« exists. The laser focal point is near the Raman spectrometer central line
but not coincident. As a result, the out-of-focus effect still exists. @ keeps increasing and /
continues decreasing when the particle moves towards position III. At position III, the laser
focal spot is at the Raman spectrometer central line. Raman scattering signals are well
collected by the spectrometer. There is no out-of-focus effect at position IIl. @ reaches its
maximum because the collected Raman signals from the focal plane of the Raman collecting

optical path. 7 is not quite high as part of the particle is outside of the laser beam. From
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position III to IV, the collected Raman signal becomes more out of focus, so / and o go
down. In addition, / becomes weaker as the particle moves out of the laser beam. Based on
this analysis and the distance between I,x and @m., We conclude that the laser beam axis
and the Raman signal collecting optical path is off by about 319 nm under the 1210 nm
particle near-field focusing. For different focusing elements, such as a microfiber, and
diameters, the focusing conditions are different due to the geometry difference. The offset of
the two axes on the sample would be different, which will be demonstrated in the next
section.

12

\O

1(10° a.n.)

[®)}

5205

519.8}

W (cm'l)

5191

x ()

Figure 4.3 Raman mapping inside silicon under single-particle-focused laser
irradiation. (a) The x direction variation of Raman intensity /, wavenumber @, and
linewidth 7" for silicon under particles of 1210 nm diameter with laser irradiation. (b)
The relative position of a silica particle and the laser beam to explain the observed
Raman variation in space.
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For the nanoscale imaging based on Raman intensity, wavenumber, and linewidth, their
variation against location reflects combined effects of near-field optical heating, local stress,
and structural variation in space. These three effects are de-conjugated in this section to
obtain quantitative information about the nanoscale local stress and temperature. To do this,
the Raman spectra for silicon under a silica particle and those for bare silicon are compared.
Four laser energy levels of 25 %, 50 %, 79 %, and 100 % are used in our experiments, with a
full energy flux (Eg) of 3.9 x 10° W/m®. The temperature rise is first evaluated based on the
Raman intensity ratio. The Raman spectra at various focal levels are obtained, and position
I1, as shown in Figure 4.3(a), is selected to determine the thermal response in silicon. At this

focal level, Raman intensity reaches its maximum value. The Raman intensity for silicon

under a silica particle ([, ) is higher than that for bare silicon (I,) due to the near-field

focusing, as shown in Figure 4.4(a). Raman intensity can be expressed as I = f, f, /;(AT),
where f; denotes the effect of the system optical alignment; f, represents the laser energy
effect; and f3(AT) is the intensity variation induced by the temperature rise. For silicon with
silica particles, Iy, =f/,/;(AT) . But for bare silicon, we have [ =ff, , as the
temperature rise is negligible here because of the large thermal conductivity of silicon. /g is

acquired immediately after /g, , so fi and f, are the same for both /; and I, . Thus, the

intensity ratio is only relative to temperature rise: g, /I;=f,(AT). The Raman intensity of

silicon reduces with the increase of temperature for the reason that high temperature changes
the band structure in silicon, and it restricts the photon interactions necessary to generate
Raman signals. The temperature dependence of Raman intensity has been calibrated in our

previous work [95]. The normalized Raman intensity of silicon decreases with temperature at
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a slope of -0.00249 K' within a temperature range of 290 - 440 K. In this experiment, the

intensity ratios (/g /I;) at different energy levels are shown in the first panel of Figure
4.4(b). First of all, we obtain the original intensity ratio: Iy, /I, then based on this ratio
change against the last energy, extrapolation is conducted to determine the ratio at zero laser

energy [ISiOZ /g ]E:O . To eliminate the effect of particle-induced laser focusing condition, the

normalized intensity ratio is introduced as [151-02 / ISJ / [ISioz /ISJE—O' The normalized

intensity ratio is only dependent on the temperature rise, and is shown in the first panel of
Figure 4.4(b). The percentage of intensity decrease in particle induced near-field heating
determines the amount of temperature rise in silicon. According to the calibrated slope, the
temperature rise (A7) increases from 13.8 to 58.5 K when the energy level goes up from 25
% to 100%. The uncertainty of temperature rise can evaluated according to the uncertainty of
intensity ratio at zero laser energy, which is 0.01167. Based on the relationship between
intensity ratio and temperature change (-0.00249 K™), the error level of temperature rise is

+4.7K.

In order to determine the thermal stress o inside silicon, combined use of wavenumber
o and linewidth /7is necessary. When the temperature of the material increases, @ decreases
and / broadens [64]. [is stress insensitive to the first order, while stress causes a shift in @
[39, 96]. Considering the temperature rise and out-of-focus effect for silicon, the
experimental linewidth difference between silicon under particles and bare silicon can be

expressed as Al oy = Al ur + Alfocus, Where Al 47 1s due to temperature rise; and A7 fyeys 1S
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because of the out-of-focus effect. For the experimental wavenumber difference, Awey, =
Awar + Atoeus + Awg, where Aw 7 is due to temperature rise; Awrocys 18 because of the out-of-
focus effect; and Aw, is induced by thermal stress. Raman linewidth of silicon increases
linearly with temperature and the slope is 0.0082 cm™/K, and the slope for the wavenumber
against temperature is -0.022 cm/K [95]. Based on the temperature rise (A7) calculated
from intensity ratio, Al 4y and Aw,r can be obtained according to the slope, and the results
are shown in the second panel of Figure 4.4(b). So Al focus = Al exp - Al 41, and the result is

shown in the third panel of Figure 4.4(b). Awseus needs to be calculated from A7 focys.
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Figure 4.4 Thermal probing inside silicon under single-particle-focused laser
irradiation. (a) How Raman data of silicon under 1210 nm silica particle and that of
pure silicon vary with energy percentage. (b) Temperature rise and thermal stress in
silicon under different laser energies.
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The experiments to determine the relation between wavenumber and linewidth at different
focal levels has been conducted in our group [95]. The experimental data give a relation of
AWroeys = -0.21055 - 0.76742 AT tocus, and the result is also included in the third panel of Figure
4.4(b). The wavenumber induced by stress is given by Ay =A@exp - AT - AWrocys, and the
values are shown in the fourth panel of Figure 4.4(b). A relation between the shift of
wavenumber Aw,and the stress oinside silicon has been developed with a proportionality
constant of -3.6 cm/GPa [39]. Finally, the thermal stress o inside silicon is acquired
according to the relation, and is shown in the fourth panel of Figure 4.4(b). In Figure 4.4(b),
o increases from 10 to 160 MPa as energy level goes up from 25 % to 100%. The uncertainty

of o can be calculated from that of Aw,, which is Aw, =Aw, -Aw,, -Aw,,, . The

experimental error of AT is £4.7 K. Based on the relationship between wavenumber and

temperature (-0.022 cm™/K), the uncertainty of Aw,, is +0.10 cm™. The experimental error
of Aw,,, is £0.02 cm’'. Here the error of Aw,,,, is pretty small, which can be negligible.
Thus, the combined standard uncertainty of Aw,_ is determined as about +0.10 cm™. & is

proportional to Aw_ with a slope of -3.6 cm™'/GPa, so the uncertainty of thermal stress is

+ 28 MPa. The thermal stress goes up as local temperature increases, because the developing
thermal stress is induced by the temperature gradient in space. The particle-focused laser
beam heats up the silicon under the particle within a very small area around 200 nm in radius
(detailed in the modeling section). The localized heating by the laser beam causes thermal
expansion in the heated area which is constrained by the nearby cold silicon. This constraint

places a compressive stress on the heated region.
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4.2.2 Near-field focusing by a single silica microfiber

To explore the near-field effect in silicon beneath single microfiber under laser focusing,
the mapping and thermal probing experiments are conducted with a 6 um glass fiber. Figure
4.5(a) shows SEM images of a glass fiber (Mo-Sci Corp.) on a silicon wafer. The average
diameter of the glass fiber is 6.24 um. A 3-D scanning process is employed to ensure the
laser focusing position. Raman mapping experiments are carried out twice for silicon beneath
a single glass fiber under laser irradiation of 3.1 x 10° W/m”. The laser is focused on glass
fiber. The sample moves relative to the laser along the x direction in a range of 16 um with a
step of 267 nm. The integration time is 4 s. Figure 4.5(b) illustrates the variations of /, @, and
I"with x for the first imaging experiment. In this experiment, we see little difference between
the two imaging experiments, so only the first one is analyzed in detail. When the laser beam
approaches the glass fiber, / first decreases to Inin, and @ increases to @max. This is because
only a small portion of the laser beam is focused by the glass fiber at a position of about 2-3
um away from the objective center in the x direction, and the Raman signal is mostly missed
by the collecting system. At position I as shown in Figure 4.5(b), the fiber center moves
closer to the laser center; both / and o increase. When the laser focal center and the fiber
center are coincident (position II, black line), / reaches I.x, but @ would continue rising a
little bit due to the out-of-focus effect. At position 11, the laser focal center meets the Raman
spectrometer central line (red line). / is a little smaller than /;,,x and @ reaches @pax. There is
no out-of-focus effect at this situation. Then the fiber moves away from the laser center, and

the variations of / and o are reverse to the situation of that the fiber approaches the laser
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Figure 4.5 Raman mapping inside silicon under single-fiber-focused laser irradiation.
(a) SEM images of microfiber and Raman spectra and Raman intensity variation in the
imaging direction. (b) The x direction variation of Raman intensity /, wavenumber ,
and linewidth 7/ for silicon under microfiber with laser irradiation.

beam. The maximum intensity difference (Imax-Imin) 1S 10600, with an intensity ratio
(Imax/Imin) of 3.56. The distance between the two Inips is 6.132 pum, close to the fiber diameter
(6.240 pm). @ changes in a range from 518.6 - 520.8 cm™, and / varies from 8.1 - 10.6 cm™.
The variation of 7 is contrary to that of @. As shown in Figure 4.5(b), we see more
complicated variation of @ and /" against the location than that for the single particle

discussed in the last section. This is largely due the geometry complication induced by the

large size of the fiber.
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Raman spectra for silicon under glass fiber and those for bare silicon are compared
[Figure 4.6(a)] to de-conjugate the combined effect of near-field optical heating, temperature,
and stress variation in space. Four laser energy percentages of 25 %, 50 %, 79 %, and 100 %
are used with the highest energy flux of 3.9 x 10° W/m®. Raman spectra for both cases are
taken at different focal levels near focal spot to find the highest Raman intensities. The
Raman spectra are chosen for analysis at position II as shown in Figure 4.5(b), where
intensity reaches its maximum. Figure 4.6(a) shows the Raman intensity for silicon under
glass fiber (Igr) and that for bare silicon (/s;). Also shown in Figure 4.6(a) are the related
wavenumber, and linewidth. The integration time for /gy and Is; i1s 8s and 4s, respectively.
The experimental wavenumber and linewidth for both cases, and their differences Aw., and
Al are also obtained and shown in Figure 4.6(a). The wavenumber and linewidth
differences due to the heating (A7 4y and Aw,r), and the focusing effects (A7 focus and A@rocus)

are achieved following the same process for single silica particle. When the laser energy

changes from 25 % to 100%, [ /I ]/[1er / Is],., in Figure 4.6(b) reduces from 0.98 to

E=0
0.92, AT increases from 7.6 to 33.0 K, and Aw, increases from 0.5 to 0.8 cm’'. The stress o
which is directly computed from A, increases from 137 to 230 MPa while E increases from
25 % to 100 %. Through extrapolation, the calculated stress is 110 MPa at £ = 0. However, it
should be zero when the laser is off. There might be some reason that causes the calculated
non-zero stress at zero laser energy. To make o= 0 at E = 0, all the calculated stresses are
subtracted by 110 MPa. The real compressive stress is obtained and shown in the last panel
of Figure 4.6(b). o varies from 27 to 120 MPa as E goes up from 25 % to 100 %. The

uncertainty of temperature rise in this case is £ 1.9 K, according to the experimental error of
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Figure 4.6 Thermal probing inside silicon under single-fiber-focused laser irradiation.
(a) How Raman data of silicon under glass fiber and that of pure silicon vary with
energy percentage. (b) Temperature rise and thermal stress in silicon under different
laser energies.

intensity ratio at zero energy (0.00462). The uncertainties of Aw,,, and Aw,,, are + 0.04cm™

and +0.02 cm™, respectively. The combined standard uncertainty of Aw,_ is determined as

+0.045 cm™, and the uncertainty of thermal stress is + 13 MPa. The thermal stress for the
silicon under the glass fiber is higher than that under the silica particle at the same
temperature-rise situation. The experimental wavenumber and linewidth in the fiber case
vary more linearly with the laser energy than those in the particle case. These phenomena are

owing to the diameter difference and focusing effect. When the size of the focusing element
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is larger, the laser is less focused on the substrate. While changing the laser energy filter in
the experiment, there is a little change in the optical alignment, as well as the laser focusing
condition. The diameter of glass fiber (6.24 um) is five time that of silica particle (1.21 pum).
So the focusing effect in the glass fiber is smaller, and it is less sensitive to the alignment

change and out-of-focus effect. For the fiber case, Aw,, and A, = vary more linearly with

the laser energy and the changing trends of Awy . and Al . are better than the particle

focus

casc.

4.3. Physics Interpretation of Near-Field Focusing and Heating

To understand the mechanism of temperature and stress rise in the silicon substrate under
near-field focusing, simulation is performed to obtain the optical, thermal, and stress
information. The simulation process and results for the microparticle induced laser heating
with the highest energy flux are outlined below. Optical field simulation for microparticle-
induced laser focusing is conducted using the high frequency structure simulator (HFSS
V14). The model consists of a silicon substrate (¢= 17.22 + 0.428i) and a quarter of a 1.21
um silica particle (¢= 2.13 + 0i) in the air. Perfect H and Perfect £ symmetry boundaries are
set at symmetrical planes, and radiation boundaries are applied for the other boundary planes.
A plane wave (4= 532 nm) with an amplitude of 1 V/m is incident normally from the top.
Other details of the optical field simulation can be found in Chap. 2 [95]. [ = 0.50"3011E2 1S
the intensity inside the silicon substrate, where ¢ = 3 x 10® m/s, & = 8.854 X 10" F/m, n =
4.15, and £ (V/m) the magnitude of the electric field. Figure 4.7 shows the light intensity

distribution inside the silicon substrate. In the figure, /i/ly indicates the optical intensity
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Figure 4.7 Intensity of light distribution inside the silicon substrate. The amplitude
indicates the optical intensity enhancement relative to the incident wave. (a) The top
view of the substrate. (b) The vertical planes (side-view) in silicon under the particle
center.

enhancement in silicon relative to the incident wave. The photon energy is confined to a tiny
region near the contacting point between the particle and the substrate with a radius of about

200 nm.

The temperature field distribution inside the silicon substrate is simulated using FLUENT
V12. A quarter of cylinder model with a radius of 5 zm and a height of 10 gm is employed in
the simulation. The top end surface of silicon is set as adiabatic. Both vertical cross-sections
use symmetric boundary conditions. The peripheral and foot end surfaces of the domain and
the initial temperature of the substrate are set at 300 K. The heat source is imported from the

HFSS calculation results. The heat generation rate is ¢ = I3, where [ is the laser intensity,

and f is the absorption coefficient. Other details of the temperature simulation can be found
in ref. [95]. Figure 4.8 shows the temperature distribution in the silicon substrate. The
calculated maximum temperature rise inside the silicon is 51.0 K, agreeing well with the

experimental result (58.5 K).
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Figure 4.8 Temperature distribution inside the silicon substrate. The initial
temperature in silicon is 300 K. (a) The top view of the substrate. (b) The vertical
planes (side-view) in silicon under the particle center.

The thermal stress distribution inside the silicon substrate is simulated using ANSYS
V14. The model as well as the temperature distribution is imported from the FLUENT
calculation. The peripheral and foot end surfaces of the model are fixed. The top boundary is
not constrained. Both vertical cross-sections are symmetric. The properties of silicon
employed in both temperature and stress modeling are listed in Table 4.1 [97]. Figure 4.9
shows the thermal stress distribution in silicon. The maximum thermal stress observed in the
simulation is 30 MPa, quite different from the experimental value of 160 MPa. There are four
main factors that could lead to the differences between experiments and simulation. First, the
incident laser employed in the optical field simulation is a uniform plane wave, while in the
experiments the laser is focused by a 100x objective lens before it irradiates the sample. As a
result, the focal size in the experiments could be smaller, and the temperature gradient is
larger. Therefore, the thermal stress can be much higher than the simulation results. Second,
the physical properties of silicon are assumed constant in the simulation. In fact, the
properties vary with the temperature. The difference of properties in the temperature gradient
regions would lead to a higher stress. Third, while calculating the experimental stress, the
linewidth is assumed entirely stress independent. However, stress may have some effects on

the linewidth [98]. Finally, the experimental relationship between wavenumber and linewidth
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for out-of-focus status is achieved by moving pure silicon around the laser focal spot, which
assumes that the out-of-focus status of silicon within the laser spot is all the same. However,
while in the mapping and thermal probing experiments, both silicon signals from in-focus
and out-of-focus statuses are collected, and only a small part of the sample is out of focus. In
this case, the wavenumber and linewidth in the Gaussian function are actually summations of
the two effects. These are different from the wavenumber and linewidth in the Gaussian
function used in the relationship calibration, where only out-of-focus status is considered. It
leads to some uncertainty in evaluating the out-of-focus effect, which could finally affect the
stress calculation.

Table 4.1 Physical properties of silicon wafer in the modeling

Densit Soecific heat Thermal Young’s  Thermal expansion Poisson’s
Y p conductivity  modulus coefficient ratio
[kgm®] ['Kg'K'] [Wm'K'] [GPa] (K]
2329 705 148 117.4 2.62x107° 0.262
o (MPa)

w w 0.00

Figure 4.9 The thermal stress distribution induced by temperature rise inside the
silicon substrate. (a) The top view of the substrate. (b) The vertical planes (side-view)
in silicon under the particle center.
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CHAPTER 5. NANOSCALE WEAK CONTACT AT GRAPHENE/SUBSTRATE

INTERFACES: UNCOVERED BY PHOTON EXCITATION AND PROBING

Previous work is focused on the Raman mapping and thermal probing of silicon under
particles and fibers at the nanoscale. The resolution for thermal probing is about 200 nm in
both horizontal and vertical directions, while for Raman mapping it is down to 20 nm in the
horizontal direction. To explore the resolution limit in the vertical direction, the next work
will move to the study of thermal characterization of graphene/substrate interfaces. As a two
dimensional material, graphene exhibits great electronic quality, which gives the opportunity
for broad potential applications in the future [42-45]. Its excellent thermophysical properties
prompt potential applications in semiconductor devices [46, 52-54]. In its applications, a
graphene sheet is often attached to a substrate. Heat dissipation in the in-plane direction
would be greatly impeded due to the thin thickness of graphene (0.35 nm for a single layer).
The thermal transport to the adjacent materials plays the major role in heat dissipation on
graphene based electronic devices. Therefore, the knowledge of energy coupling at the
interface is important to evaluate this out-of-plane heat dissipation. Very little research has

been done on thermal transport at the interface of graphene/substrate [38, 55, 99].

In this chapter, the temperature difference of graphene and its substrate is distinguished
and probed at the atomic level simultaneously using Raman spectroscopy while the graphene
is under a second well-defined laser heating. The thermal contact resistances at CVD
graphene/Si, CVD graphene/glass, and epitaxial graphene/SiC interfaces are evaluated with

laser heating experiments and molecular dynamics simulations. Stress information of
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graphene on substrate is obtained by comparison of Raman wavenumber and linewidth
methods in temperature determination. The nanoscale weak contact between graphene and
substrate under laser heating is characterized in four aspects: the anomalous interface

resistance, comparison of linewidth and intensity methods, light interference theory, and

AFM images.

5.1. Experimental Details

Figure 5.1 shows schematic of the experimental setup for interfacial energy coupling
characterization between graphene and Si substrate. The substrate is Si, which the heating
laser (1550 nm) cannot go through from its rough back surface. For transparent substrates
like SiC and glass, a slightly different experiment is designed and will be detailed later. A
single layer graphene (SLG) on silicon sample (ACS Material) is set on a 3-D nano-stage
(MAX311D, Thorlabs). The piezoelectric actuator of the nano-stage is controlled in a
feedback mode. The stability is significantly improved and the positioning resolution is down
to 5 nm. The high resolution and stability of the stage reduces the possible noise to the
Raman spectra to a great degree, which is critical to the success of our measurements. A
probing laser (4 = 532 nm) from a confocal Raman system irradiates the sample from the top.
The Raman spectrometer (Voyage, B&W Tek) is confocal with a microscope (Olympus
BX51). The spot size of the Raman laser focused through a 50 objective lens is 2x4 pm?,
which is determined by using a blade method. The Raman laser power is small (6.9 mW) that
the temperature rise induced by the Raman laser is negligible. Mainly, the sample is heated

up by a second (heating) laser (4 = 1550 nm) with a continuous energy power tuning up to 2

W. The laser propagation direction is 60° to the vertical direction (a = 60° as shown in
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Figure 5.1) from above the sample, while the graphene is in the horizontal plane.
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Figure 5.1 Schematic of experimental setup for thermal characterization of SLG-Si
interface. (a) A SLG-Si sample is heated up by a laser from above with an incident
angle of 60°. Raman signals of SLG and Si are excited by a Raman laser and collected

with a Raman spectrometer. The position of the sample is controlled by a 3-D nano-
stage with a high resolution of 5 nm. (b) The graphene layer absorbs laser energy and
dissipates heat to the Si substrate. (¢) The laser propagation path and the accumulated
energy passing the graphene. (d) Temperatures of both SLG and Si materials can be
determined simultaneously by Raman spectrum. (e) The heating laser power is varied
from 0.1-1.6 W and the spot size on the sample is 2.30x1.25 mm’.

The heating laser is focused by an optical lens before it reaches the sample, and the final
focal spot size is 2.30x 1.25 mm?®. Within the spot size, 90 % of the laser energy is covered.

The light absorption in graphene can be calculated from Dirac fermions. For a single layer,
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2.3 % of laser light is absorbed [100]. After reaching the surface of the graphene, the laser
light is refracted and reflected multiple times at the air-SLG and SLG-Si interfaces. The
refractive indices of SLG and Si are 2.69 and 3.47 respectively. About 1.85 % of the laser
energy is absorbed in the graphene layer. The detailed path and absorbing percentage of the
laser light is depicted in Figure 5.1. Little laser energy is absorbed in the silicon substrate. At
A = 1550 nm, the heating photon energy is less than the bandgap of silicon, so the absorption
in silicon is very small. The graphene layer is heated up by the heating laser and dissipates
heat in three directions: one part crosses the plane to the interface, the second part dissipates
along the graphene layer in the lateral direction, and the third part to the adjacent air via
convection and radiation. In our experiment, the laser heating area is very large (1~2 mm)
and the thermal probing area is very small (2~4 um) and is in the middle of the heating
region. Little temperature gradient exists in the in-plane direction in the um central region.
Heat is dissipated across the interface to the substrate. The temperature of the substrate
would then increase. As the graphene layer is bonded with the substrate via van der Waals
force (vdW), which is a loose contact, there would be large thermal contact resistance
between them. To determine the thermal resistance across this weak contact, Raman spectra
of graphene and silicon substrate are obtained during laser heating. The graphene is
confirmed to be single layer according to the Raman intensity ratio of 2D peak and G peak
shown in Figure 5.1 [101]. The Raman integration times for the silicon and graphene are 2 s
and 40 s respectively. Based on the Raman signals of graphene and silicon, the temperatures

of both layers are determined under different laser energies.

The Rama spectra are affected by factors including power of heating laser, focal level of
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Raman laser, stability of sample and other related equipment factors. In the measurement, the
focal level of Raman laser is first determined. When the Raman laser is focused on the
graphene layer, the intensity of G peak is strong. A group of Raman spectra are obtained at
several focal levels in the vertical direction. The background signal is subtracted to achieve
sound Raman spectrum. The sample is fixed at the focal level that gives the highest graphene
G peak intensity. While heating the sample, only the power of the heating laser is increased,
no equipment is touched or changed. The effects of environmental changes are eliminated. It
ensures the maximum measurement accuracy. In the measurement, the Raman laser also
heats up the graphene and substrate. The heat induced by the Raman laser does not affect the
results, however. First, all the results are obtained without changing the power of the Raman
laser. The temperature rise changed observed versus the heating laser power variation is only
induced by the heating laser while the effect of Raman laser is subtracted in the linear fitting
process (detailed later). Second, the power of the Raman laser (6.9 mW) is much smaller than
that of the heating laser (0.1-1.6 W). Thus, the temperature rise induced by the Raman laser

is negligible.

5.2. Measurement of CVD Graphene on Si
5.2.1 Poor interface reflected by weak interfacial phonon coupling
Single layer graphene on silicon substrate (ACS Material) is used in the experiments. The
graphene is fabricated on copper first by using the CVD method, and transferred to a silicon
substrate. Raman intensity, wavenumber, and linewidth all can be employed to probe the
temperature of materials. For graphene and silicon, the Raman intensity and wavenumber

decrease, and linewidth broadens as their temperatures rise. Since linewidth is of closely
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relevance with phonon lifetime, it is strongly affected by temperature with negligible effect
from stress. Therefore, the linewidth method can be used to determine the temperature of
both materials, and then to evaluate the thermal contact resistance. For wavenumber,
previous research indicates that it is also dependent on the local stress in the materials.
Therefore, the temperature based on wavenumber is different from that based on linewidth if
a local stress exists. For Raman intensity, the light interference at the graphene-substrate
interface (if local spacing exists) is an influence factor in addition to temperature.

Interference at the interface enhances the Raman intensity.

The temperature coefficients of graphene and silicon Raman spectrum need to be
calibrated in order to determine the local temperature during experiment. The G peak (~1580
cm™) of graphene is employed for temperature determination. The Raman spectrum of
graphene is fitted with a Lorentz function to determine precise Raman parameters. The
Raman peak (~518 cm™) of silicon is used for temperature determination. The calibration
results for linewidth against are shown in the inset of Figure 5.2. The relationship between
temperature and linewidth can be treated as linear within a small temperature range. The

temperature coefficients of SLG and Si for linewidth are determined as 0.0255 and 0.00913

cm'/K respectively in a range from room temperature to 180 °C. Yue ef al. obtained a

temperature coefficient of tri-layer graphene as 0.0127 cm™/K [38]. The temperature of
coefficient varies with the number of graphene. Tang et al. measured the temperature
coefficient of Si and obtained a slope of 0.0082 cm™/K [95, 102]. The work by Bauer et al.

obtained a slope for temperature against linewidth as 0.01 cm™'/K [40]. Therefore, our
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calibration results are in good agreement with the literature, considering the variation of

experimental environments and samples.

120 i~
L T T F 00255 em K 75
g : % 21 SLG ~a., cs
[ —é 9 G
g8 " o1
% =R 5.4
© . 0 50 100 150 200
§ - Temperature (°C)
= L
!
S R =5.46X10° Km'W'
C
0 o b M TR
0.0 0.4 0.8 1.2
Energy Flux (10° W/nt)

Figure 5.2 Experimental results of interfacial thermal resistance (R() at SLG-Si
interface. Ry is determined as 5.46x10~> K-m*W" according to linewidth broadening.
The inset shows the calibration results of the temperature dependence of linewidth for
Si and G-band of SLG.

The thermal resistance at the SLG-Si interface is determined as R, =Ty, —T15)/q",

where T, and T, are temperatures of SLG and Si, and ¢" the heat flux. Since the

determination of resistance from a single point is of high uncertainty, six laser energy fluxes
are used in the experiments to improve the accuracy. The temperature rise in Figure 5.2 is the
value relative to room temperature. The effect of the Raman laser heating is subtracted since
the Raman spectrum with Raman laser heating is used as the base to evaluate the linewidth
change when the heating laser is applied. The temperature rise has a positive linear
relationship with the energy flux. The fitted slopes for SLG and Si are 6.41 x 10~ and

9.50 x 10 Km*W™! respectively. Then the interfacial resistance can be calculated as

R, =(Ty,—T), where Ty . and T, are fitting slopes of temperature against heat flux for
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SLG and Si respectively. For SLG-Si interface, the thermal resistance is determined as
5.46x 10° Km*W™'. The uncertainty of thermal resistance measurement can be analyzed
according to the standard error of the linear fitting, which is 2.9x 10* Km*W™. In the
measurement, the temperature of Si is an average temperature within the skin depth of the
Raman probing laser. It is not the temperature immediately next to the surface of Si. The skin

depth of the Raman laser in silicon is 7 =A/(4zx), where A is the wavelength of the laser

and x is the extinction coefficient. At A =532nm , x=0.0516 for silicon, and then
7 =820 nm . The thermal conductivity of Si is £ = 148 Wm'K™'. As the laser is focused on
the surface of Si, the measured temperature of Si can be estimated at the half skin depth.
Thus the heat conduction resistance within the Si is evaluated as 5.54x10” Km*W™'. The
thermal resistance in Si is much smaller than the measured interfacial thermal resistance of
5.46x 10~ Km*W™'. The little thermal resistance of Si region has negligible effect on the total

interface thermal resistance.

The measured thermal resistance at the SLG-Si interface is extremely large. For a normal
full-contact interface with van der Waals force bond, a thermal resistance in the order of 10®
Km?W™ is expected. Our measured thermal resistance indicates very poor localized energy
coupling. We speculate that a lot of areas at the graphene/Si substrate have poor contact, like
some separation exists. To further elucidate the interfacial thermal resistance changes against
the separation distance, molecular dynamics (MD) simulation is carried out. A silicon layer
with dimensions of 5.8x20.0x5.4 nm® (xxyxz) is built and the supported graphene nanoribbon
(GNR) is 4.1x18.3 nm® (xxy). The second generation of Brenner potential [103], reactive

empirical bond-order (REBO), based on the Tersoff potential [104, 105] with interactions



80
between C-C bonds is employed to model the graphene system. It has been proposed that the
interactions between carbon atoms and the substrate are primarily short-range van der Waals

type (vdW) [106, 107]. Therefore, the C-Si couplings is modeled as vdW interactions using

the Lennard-Jones (LJ) potential V(r)=4&[(c/r)? —(c/r)°], where o is the distance

parameter, ¢ is the energy parameter and r the interatomic distance. In this work, ¢ and o are
set as 8.909 meV and 0.3326 nm respectively [108]. The LJ potential is truncated at a cut-off
distance of r. = 3.50. The step for time integration is 0.5 fs (1 fs = 107" s). All MD
simulations are performed using the large-scale atomic/molecular massively parallel
simulator (LAMMPS) package [109]. Periodic boundary conditions are applied to the x and y
directions (lateral direction) and free boundary condition to the z direction. The bottom layer
of silicon substrate is fixed in position to avoid any vertical movement of the system. The
two boundary layers of graphene in the y direction are fixed to maintain the distance between
graphene and Si substrate. Four cases with separation distances (0) of 0.4, 0.6, 0.65 and 0.7
nm are calculated and the thermal resistance results are shown in Figure 5.3. Take the 0.4 nm
case as an example, after 300 ps canonical ensemble (NVT) and 100 ps microcanonical
ensemble (NVE) calculations, the system reaches thermal equilibrium at temperature 300 K.
Then a thermal impulse with g¢;, equals 6.04x10™* W is added to the graphene system for 50
fs. After 150 ps thermal relaxation process, the thermal resistance is calculated at 7.31x10™®

Km’W™ by fitting the thermal relaxation process of graphene using this equation:
E =E,+(R/ A)-I; (Ty,yr —T,)dt . Here A is the graphene area, E graphene energy, and R the

interfacial thermal resistance. As described by the LJ potential, when the separation distance

between graphene and Si substrate increases, the interatomic forces between these two
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materials decrease quickly. As a result, the thermal energy transport from graphene to Si
system becomes slower and eventually leads to a larger thermal resistance value. For 6 equals
0.6, 0.65, and 0.7 nm, the interfacial thermal resistance are 2.25x107, 1.37><1076, and
4.53x107° Km*W™', respectively. Such results strongly demonstrate that the interfacial
thermal resistance increase rapidly with the separation distance. We expect in many areas the
distance between SLG and Si will be beyond Waals force interaction, resulting in a local high
thermal resistance. The measured thermal resistance is an average over the whole probed
region: tight contact and loose contact regions. In another word, many ripples exist in the
SLG, leading to a rough contact with the Si substrate. Such loose contact will give the
graphene a lot of flexibility to thermally expand/contract without inducing strong stress in

graphene. This point is analyzed below in detail.
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Figure 5.3 Variation of interfacial thermal resistance with separation distance 6 based
on MD simulation. Atomic configuration of the system is shown in the inset. The
thermal resistance increases rapidly with & and reach a magnitude of 107 Km*W!
when 6= 0.7 nm.
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5.2.2 Poor interface coupling revealed by negligible stress in graphene upon laser heating

To verify the rough contact at the SLG-Si interface, the wavenumber method is employed
to evaluate the temperature. As mentioned above, the wavenumber is related to both
temperature and thermal stress, and it is more sensitive to temperature than linewidth.
Thermal stress can be reflected based on the difference between wavenumber temperature
and linewidth temperature. Thermal expansion of SLG and Si should be considered in
explaining the thermal stress. The thermal expansion coefficient of graphene was reported in
a range from negative values to 1 x 10° K [110]. At room temperature, the thermal
expansion coefficient of Si is about 2.6x 10° K' [111]. There is a significant difference
between thermal expansion coefficients of graphene and Si. During laser heating, the degrees
of expansion of graphene and Si are different. If perfect bonding exists between them, then a
large thermal stresses would arise due to the mismatch in thermal expansion. Otherwise, a

loose contact would lead to small stress.

The relationships of wavenumber temperature rise against heat flux for graphene and
silicon are depicted in Figure 5.4 along with their temperature coefficients of wavenumber.
The wavenumber decreases with slopes of -0.0240 and -0.0201 cm™'/K for G-band of SLG
and Si respectively. Yue ef al. obtained a temperature coefficient of -0.025 cm™/K for triple
layer graphene (TLG) [38]. Others’ work reported the slope of temperature against
wavenumber in a range from -0.015 to -0.038 cm™/K for single and bilayer graphene [112-
114]. The temperature coefficient varies with the number of graphene layers, the wavelength
of probing lasers, and the temperature range in the calibration. Calizo et al. pointed out that

the temperature coefficient decreases with the number of layers [113]. The linear fitting slope
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of wavenumber against temperature for Si was reported as -0.022 cm™/K [39, 95]. Therefore,

the calibration results agree well with literature values.

With the knowledge of temperature coefficients against wavenumber for both SLG and
Si, the relationships of temperature rise and laser heating flux are obtained. Figure 5.4 shows
the slopes for SLG and Si as 6.74x 10 and 8.40x 10 Km*W™' respectively. Their difference
gives an interfacial thermal resistance for SLG-Si as 5.90 x 10* Km*W™' based on
wavenumber, with an uncertainty of 2.84 x 10* Km?W™. This result is very close to the
linewidth-method value of 5.46x 10 Km?W™'. The similar results strongly conclude that the
thermal stress in the sample is not significant. It points out that the graphene placed on the Si
substrate is very loose and flexible. Graphene expands freely above the Si surface to a large
degree during laser heating. The contacting area between graphene and Si only counts a
small part of the total graphene area. We feel confident the separation of graphene and Si
substrate is the main factor causing the large thermal contact resistance at the interface.
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Figure 5.4 Interfacial thermal resistance at SLG-Si interface obtained by wavenumber

softening. The inset shows the fitting slopes of wavenumber against temperature for
SLG and Si.
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5.2.3 SLG/Si separation revealed by Raman variation and AFM surface morphology

Raman intensity is further processed to explain the rough contact between SLG and Si.
More importantly, with the help of laser light interference between SLG and Si, it can, for the
first time, determine the mismatch distance of these two layers using Raman intensity. It has
been proved that Raman intensity drops with the increase of temperature. High temperature
has an effect on the band structure, which imposes restrictions on the photon interactions
necessary to produce Raman scattering signals. Usage of absolute intensity difference is hard
to determine the temperature rise, as intensity is sensitive to environmental factors, focal
level of probing laser, and change of Raman system. To improve the measurement accuracy,
normalized intensity is employed to determine temperature. Raman intensities of SLG and Si
are calibrated at temperatures from 25 to 180 °C. Extrapolation is carried out to get the
intensity value at 0 "C. The normalized intensity is the intensity at a certain temperature to

that at 0 "C. The inset in Figure 5.5 shows that the normalized intensity decreases with
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Figure 5.5 Interfacial thermal resistance at SLG-Si interface obtained by intensity
decreasing. The inset shows the fitting slopes of normalized intensity against
temperature for SLG and Si.
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temperature. The fitting slopes for G-band of SLG and Si are -0.00219 and -0.00235 /K
respectively. The coefficient of normalized intensity against temperature for Si is reported as
-0.00249 K™ [102, 115]. To our best knowledge, no literature has reported the temperature

coefficient for normalized intensity of graphene.

The slopes for temperature rise of SLG and Si with energy flux are 4.85 x10” Km*W'
and 1.32 x 10 Km?W™' respectively. The thermal contact resistance based on intensity is
determined as 3.53x 10 Km*W™', as shown in Figure 5.5, with an uncertainty of 2.02x10™
Km?W™. The thermal contact resistance obtained based on the Raman intensity is smaller
than that based on linewidth and wavenumber. There are three factors combined together
leading to the difference: deviated thermal expansion conditions for experiment and
calibration, the air layer between SiC and Si, and light interference at the interface. The
thermal expansion of SLG and Si should be first considered in explaining the intensity
difference. The thermal expansion coefficient of graphene was reported in a range from
negative values to 1x 10 K™ [110]. At room temperature, the thermal expansion coefficient
of Si is about 2.6x 10 K™ [111]. There is a significant difference between thermal expansion
coefficients of graphene and Si. In addition, the thermal expansion conditions for experiment
and calibration are different, as shown in Figure 5.6. We take a case of graphene at 90 °C for
the analysis. In the calibration, the sample is heated up by a round heater which is glued
under Si with silver paste. The temperatures of SLG and Si are the same and uniformly
distributed within the Raman probing area (~8 um?). In calibration, the distance between
SLG and Si is &, and the probed intensity is /.. In the laser heating experiment, the

temperature distribution is different. Assume the temperature of SLG reaches the same level:
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90 °C, the temperature of Si would be around 30 °C according to linewidth method. Si
shrinks relative to the temperature of 90 °C scenario in the calibration. Consequently, the

height of the ripple of SLG on Si is enlarged, which means J__ > 6

exp cal ?

and Iy, >1,- The
Raman intensity enhancement factor (/) increases with the thickness (J) of the separation
between SLG and Si if ¢ is not too large. The incident laser passes through the graphene
flake since it only has one atomic layer. Raman scattering signal is generated because of the
excitation of the incident laser. Both incident and Raman scattering lights are reflected
multiple times on the SLG-air and air-Si interfaces. The interference effect of the Raman
scattering signals enhances the Raman intensity. Considering the absorption and scattering of
each layer, the normalized enhancement factor is calculated with optical constants of all
layers according to literatures [116, 117]. The net absorption term (F,p) is expressed as

_ (+nne e+ (A e )e AP .
ab — tl 2ip, 2if, (5' )

1+ e +(r, +re”" e
where t, =2n,/(n,+n,) , n=m—-n)/ (n,+n) , n=@m~-n)/(n+n,) , and
r, =(n,—n,)/(n,+n,) are the Fresnel transmittance and reflection coefficients for the
interfaces involving air (0), SLG (1), air (2), and Si (3). n,, #,, #,, and 7, are the refractive
indices for air, SLG, air, and Si, respectively. B =2zxn /A , B =2rxdn /A , and

B, =2nd,n,/ A, x is the depth of the point where the interaction occurs, A is the wavelength

of incident laser, and d; and d, are the thickness of graphene layer and the in-between air

layer, respectively. The net scattering term (FY.) is described as

=2ify\ ,~iPs =2if N ,=12Bi=p)
:t.(1+r2r3e e+ (ry + e )e
2ifoN .. 2if

sc 1 (5-2)

1+nne™ +(r, +re>)re
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where ¢, =27, / (ii, +n,) and A is the wavelength of the G band of graphene. Thus, the total

enhancement factor (F) is given by
d, 2
F=N[|F,F,|dx (5-3)

where N is a normalized factor, which is a reciprocal number of the total enhancement factor
for a SLG layer on a Si substrate without the air layer between them, obtained by setting the
thickness of the in-between air layer to be 0. In the calculation, the refractive index of
graphene is 2.6—1.3i . The refractive indices of Si are 4.15+0.05/ and 3.99+0.03; for
incident laser and Raman scattering respectively. Figure 5.6 shows how the enhancement
factor varies against the separation distance. When ¢ increases to 8 nm, F enhances

exponentially to over 1.2.
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Figure 5.6 Raman intensity enhancement factor F of SLG increases with the thickness
of air layer 6. The inset delineates that &, is larger than J.., due to the thermal
expansion mismatch of SLG and Si in the experiment.

According to the Raman intensity enhancement in the experiment, the thickness

increment of air layer at the SLG-Si interface after laser heating can be calculated. The
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temperature rises based on the intensity method (A7, ) and the linewidth method A7 are
described as the following equations:

AT, =(-1,,/1)/ x, (5-4)

AT =(1-1./1))/ x, (5-5)
where [, is collected Raman intensity during laser heating, /; is the intensity at room
temperature, y, is the temperature coefficient of intensity, and /. the predicted intensity
without extra enhancement. Due to the intensity enhancement, /. is higher than /., and
their relationship is:

I, =FI

exp r

(5-6)
where F is the enhancement factor. From the above results, while the absorbed energy flux in
SLG is 1.0x10* Wm™, AT, =51.8 K, AT =69.1 K, and y, =—0.00219 /K . By solving the

above equations, the enhancement factor for laser heating is determined as F=1.045.

Assume the original distance between SLG and Si is 6, =2.9nm , which will be
demonstrated by AFM results later, the original enhancement would be F, =1.019. After
intensity enhancement by laser heating, the final enhancement factor is £, = F F =1.065.
The final separation distance is 6, =4.7 nm after laser heating. The separation increment of

air layer is then obtained as Ad =6, —J, =1.8 nm according to Figure 5.6. The AFM images

in Figure 5.7 show the height of surface variations for the SLG-Si and pure Si samples. Only
a small portion of the SLG is in contact with the Si substrate. Ripples of SLG can be found in

the image. The height of the red line in the SLG image varies from 2.1 to 10.8 nm, an
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average height of 2.9 nm. For the AFM images for pure Si, the height variation is mainly
concentrated in a range from 0.7-1.3 nm, with an average height of 0.3 nm. The calculated
thickness increment of air layer at the SLG-Si interface (1.8 nm) after laser heating is
reasonable according to the AFM results. The MD simulation gives an interfacial thermal
resistance from 7.31x107® to 4.53x107° K-m?W™ while the separation distance increases
from 0.4 to 0.7 nm. Based on the surface morphology revealed in Figure 5.7, we can
conclude that only a small portion of the graphene has sound contact and phonon coupling

with the substrate, while large areas are separated from the Si surface.
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Figure 5.7 AFM images of SLG on Si sample (upper) and pure Si (lower). The right
two figures show the height variations of the Red lines in the left figures. The ranges of
height variations are 8.7 and 0.5 nm for SLG-Si and pure Si respectively.

From the above discussions, we conclude with great confidence that the contact between
CVD graphene and Si substrate is poor. A separation layer exists at the interface with an
increase during laser heating. The rough contact can be explained by the preparation method
of the SLG-Sisample. In synthesis, copper foil based monolayer graphene was first prepared

by the CVD method. PMMA was then deposited on the graphene layer and cured. An etching
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process was taken to remove the copper foil. PMMA-SLG was washed in water and
deposited onto Si substrate. After curing, PMMA was removed with acetone from the
graphene layer. During this process, some residual atoms might stay between SLG and Si,
which would reduce their contact significantly. As the contact is loose, during laser heating,

little stress rises and ripples emerge strongly in the graphene layer.

5.3. Interface between Epitaxial Graphene and SiC
In this section, the rough contact and phonon coupling across epitaxial graphene-SiC

interface is investigated. The graphene-SiC sample is obtained from Graphene Works.

Epitaxial graphene is grown on the C-face of 4H-SiC by heating the sample up to 1300 °C in

vacuum. Uniform triple layer graphene can be found on the SiC substrate. The experimental
setup for the thermal resistance measurement of TLG-SiC interface, as shown in Figure 5.8,
is similar to that for the SLG-Si interface. The difference lies in the propagation direction of
the heating laser. In this experiment, the laser irradiates from under the TLG-SiC sample with
an angle of 60° to the vertical direction. About 80 % of the laser energy passes through the
SiC layer and reaches the TLG layer. A tri-layer graphene absorbs 6.9 % of the laser energy
that passing through it [100]. After multiple times of reflection and absorption, the TLG layer
absorbs 6.98 % of the incident laser energy. The detailed laser light path and energy
absorption percentage in the TLG layer is delineated in Figure 5.8. The refractive indices for
TLG and SiC are 2.27 and 2.56 respectively. At 4 = 1550 nm, the heating photon energy is
less than the bandgap of SiC, so little energy absorption occurs in the SiC layer. The

graphene layer is heated up by the heating laser and dissipates heat crosses the interface to
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the SiC substrate. To determine the thermal contact resistance across the TLG-SiC interface,
Raman spectra of both materials are obtained. The graphene layer is confirmed to be triple-
layered according to the Raman intensity ratio of 2D peak to G peak, as shown in Figure 5.8
[101]. The Raman integration times for the SiC and TLG are 4 s and 40 s respectively. The
E, peak (~775 em™) of SiC is chosen for temperature determination due to its high intensity.
The second order £, mode of SiC is weak and partly overlaps with the G-band of graphene.
Double peak fitting is used to resolve the G peak of graphene from the second order E, peak
of SiC. Based on the Raman spectra, the temperatures of both TLG and SiC layers are

obtained under different laser energies.
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Figure 5.8 Schematic of experimental setup for thermal characterization of TLG-SiC
interface. (a) A TLG-SiC sample is heated up by a laser from below with an incident

angle of 60°. (b) The laser propagation path and the accumulated energy passing the

graphene. (c) Raman spectra for both TLG and SiC layers. Their temperatures can be
determined simultaneously by Raman thermometry.
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Linewidth broadening is first employed to determine the thermal contact resistance at the

TLG-SiC interface. The temperature coefficients of TLG and SiC for linewidth are calibrated

as 0.0187 and 0.0141 cm™'/K respectively from room temperature to 180 °C, as shown in

Figure 5.9(a). Yue ef al. obtained fitting slopes for TLG and SiC as 0.0127 and 0.0087 cm”
!/K respectively [38]. The temperature of sample rises as the laser energy flux increases. The
fitted slopes of temperature rise against heat flux for TLG and SiC are 2.57 x 10~ and
3.00 x 10" Km?W™ respectively. The thermal resistance at the TLG-SiC interface is
calculated as 2.27 x 10° Km*W™', with an uncertainty of 7.9 x 10° Km*W™. In the
measurement, the temperature of SiC is an average temperature within the skin depth of the
Raman probing laser, which is not the surface temperature. At 4 =532 nm, x =0.001 for

SiC. Then skin depth 7 =42 pm. The thermal conductivity of 4H-SiC is 390 Wm'K™". The

heat conduction resistance within the SiC is 5.38x 107 KmZW'I, which is estimated at half of
the skin depth. The thermal conduction resistance in SiC is much smaller than the measured
interfacial thermal resistance of 2.27x10” Km*W™. The effect of thermal resistance of SiC
region is negligible to the total interface thermal resistance. In the work by Yue et al., the
thermal contact resistance is reported as 5.30x 10° Km?W™' [38], which is much lower than
our measurement result. The difference could be attributed to sample to sample difference,
and effect of different heating conditions. MD simulation in ref. [38] reported a TLG-SiC
thermal resistance as 7.01 x 107" Km*W™'. The simulation result is much lower than our
measurement value. A detailed discussion is provided in the following to interpret the

difference.



93

B0r ~28¢ 00157 eni 10 2187 soigrant 7777
=) LG 8 (a) 21585 SiC (b)
< RIS o 2 153 L
3 .36 o4 E

O e <«SiC =2 =] nG—> 773

21200 224P oouran'k 3, 2120¢ gijé Q0B K Ao

o [ 7 0t 0 % = 0750100 150 200

% L Tenperature (°C) E L Tenperature (°C)

2 60| !

5 Eo
0-...|....|....|.... O —
0 1 2 . ; 4 0 1 2 3 4

Energy Flux (10" W) Energy Flux (10* W)

Figure 5.9 Experimental results of interfacial thermal resistance (R,) at TLG-SiC
interface. (a) R is determined as 2.27x107° according to linewidth broadening. The
inset shows the temperature dependence of linewidth for TLG and SiC. (b) R based
on wavenumber softening. The inset shows the temperature dependence of
wavenumber for TLG and SiC respectively. —a—: TLG; —e—: SiC.

The thermal contact resistance is obtained by using the wavenumber method to prove the
loose contact and high thermal resistance at the TLG-SiC interface. Figure 5.9(b) shows
temperature coefficients of wavenumber for TLG and SiC. Wavenumber decreases with
slopes of -0.0243 and -0.0187 cm™'/K for G-band of TLG and SiC respectively. The fitting
slopes of temperature rise against heat flux for TLG and SiC are 2.77x10™ and 5.05x10™
Km*W™! respectively. Thus, the interfacial thermal resistance at TLG-SiC interface is
determined as 2.26x 10 Km*W™ based on wavenumber, with an uncertainty of 7.21x 107
Km?W™. This result is nearly the same with the thermal resistance obtained by the linewidth-
method (2.27x10° Km?W™). Therefore, it is conclusive that the graphene experiences little
stress during laser heating, and poor contact exists at the TLG-SiC interface. Graphene can
expand on the SiC surface with large degree of freedom during laser heating. The TLG layer

on the SiC substrate is very loose. The separation of TLG and SiC causes large thermal

contact resistance at the interface.
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Raman intensities of TLG and SiC are analyzed to explain the roughness of the sample

and the thickness of air layer between TLG and SiC layers. In the calibration, Raman

intensities are obtained at temperatures from 25 to 180 °C. Extrapolation is carried out to get

the intensities for TLG and SiC at 0 °C. Normalized intensity, which is the ratio of the
intensity at a certain temperature to that at 0 °C, decreases as the temperature increases. The
inset in Figure 5.10(a) shows fitting slopes for G-band of TLG and E; mode of SiC as -
0.00131 and -0.00237 K respectively. The slopes for temperature rise of TLG and SiC with
heat flux are 2.06 x10° KmPW™ and 6.43 x10* Kn?W™ respectively. The interfacial

thermal resistance based on Raman intensity is determined as 1.42 x 10 Km*W™ with an
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Figure 5.10 Experimental results of interfacial thermal resistance and rough contact at
TLG-SiC interface. (a) Interfacial thermal resistances are determined as 1.42x107°
Km?W?! according to intensity variation. The left inset shows the temperature
dependence of intensity for TLG and SiC respectively. The relationship of intensity
enhancement factor (F) and the thickness of air layer 6 between TLG and SiC is shown
in the right inset. (b) AFM images of TLG on SiC sample (top left) and pure SiC
(bottom left). The right two figures show the height variations of the Red lines in AFM
images. The variation ranges of height are 5.5 and 0.5 nm for TLG-SiC and pure Si
samples respectively. —a—: TLG; —e—: SiC.
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uncertainty of 9.32x 10> Km?W™'. This result is smaller than the results based on linewidth
and wavenumber methods. Like the SLG-Si interface, here three factors leading to the
difference: various thermal expansion conditions for experiment and calibration, the air layer
between SiC and Si, and light interference at the interface. The thermal expansion coefficient
of graphene was reported in a range from negative values to 1x 10 K™, while the coefficient
of SiC is about 4.5x10° K™ [110, 118]. The difference between them causes mismatch
during laser heating. In addition, the thermal expansion conditions for experiment and
calibration are different as discussed in the above section. The mismatch distance between
the TLG on SiC is increased during laser heating experiment. The interference effect of the
Raman scattering signals at the interface enhances the Raman intensity. The normalized
enhancement factor (F) increases exponentially with the thickness (o) of the air layer
between TLG and SiC, as shown in Figure 5.10(a) [116, 117]. When a nonpolarized light
enters SiC at a nonzero acute angle to the optical axis, the light will split into two linearly
polarized beams. One beam that parallel to the optical axis has refractive index of n.. The
other beam that perpendicular to the optical axis has refractive index of n,. For the parallel
beam (n.), the refractive indices of SiC are 2.74+0i and 2.72+0i for incident laser and
Raman scattering respectively. For the perpendicular beam (#,), the refractive indices of SiC
are 2.68+0i and 2.66+0i for incident laser and Raman scattering respectively. The
reference thickness of the air layer is set as 0. The normalized enhancement factor F
increases to 1.47 as orises to 15 nm. The average separation distance increment at the TLG-
SiC interface is obtained based on the Raman intensity enhancement. According to equations

(5-1) to (5-3) and Figures 5.9-5.10, while the absorbed energy flux in TLG is 3.8x 10* Wm™,
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AT, =89.1K , AT.=1143K , and y,=-0.00131/K . The enhancement factor is

determined as F =1.039. Assume the original separation distance at the TLG-SiC interface
is 2.1 nm (detailed later with AFM images), F, would be 1.015. After intensity enhancement
by laser heating, Fy, would be 1.055. Therefore, the final separation distance after laser
heating is 4.7 nm for both parallel- and perpendicular-beam cases. The calculated thickness
increment of air layer between TLG and SiC is 2.6 nm and verified with AFM results. The
surface height variations for the TLG-SiC and pure SiC samples are shown in Figure 5.10(b).
Many ripples of TLG can be found in the AFM image. The height of the red line in the TLG
image varies from 0.8 to 6.3 nm, with an average height of 2.1 nm. The height variation of

pure Si is mainly concentrated in a range from 0.7-1.3 nm, with an average height of 0.3 nm.

From the above discussion, we can conclude a separation layer exists at the TLG-SiC
interface, causing poor contact between epitaxial graphene and SiC substrate. The rough

contact can be explained by the synthesis method of the TLG-SiC sample. During synthesis,

the temperature is over 1300 °C, and the graphene and SiC has perfect match. When the

sample is taken out of the oven, it cools down to room temperature. Graphene and SiC has
different thermal expansion coefficients, so they will have different contraction, leading to

interface delamination. Therefore, the interface resistance can be quite high.

5.4. Single Temperature Probing: CVD Graphene on Glass
Graphene has important application in electronics and semiconductor devices when it is

attached on glass substrate. The contact condition and heat dissipation across the graphene-
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glass interface is critical to the stability and safety of devices. In this section, the rough
contact and phonon coupling at CVD graphene-glass interface is characterized. The SLG-
glass sample is obtained from ACS Material. In synthesis, monolayer graphene is first
fabricated on copper foil using the CVD method. PMMA is then deposited on SLG and
cured. Etching process is taken to remove the copper foil. Finally, the SLG is transferred to
glass and the PMMA is removed with acetone. The bonding between the SLG layer and glass
substrate is van der Waals force, leading to a weak contact and large interfacial thermal

resistance.

The experimental setup for the thermal resistance measurement of SLG-glass interface is
the same with that for the TLG-SiC interface. The heating laser reaches the glass layer from
below with an angle of 60° to the vertical direction. The refractive indices for SLG and glass
are 2.69 and 1.44 respectively. About 92.4 % of the laser energy passes through the glass and
reaches the SLG layer. The percentages of laser energy passing through the graphene are
83.6 %, 26.8 %, 2.9 %, and 0.9 % for the first four reflection process of light, respectively.
The accumulated passing energy percentage is 114.2 %. A total of 2.63 % of incident laser
energy can be absorbed in SLG during the light propagation. At the wavelength (4 = 1550
nm) of the heating laser, little laser energy is absorbed in the glass. The graphene layer is
heated up by the heating laser and dissipates heat crosses the interface to the glass substrate.
A long integration time of 40 s is taken to collect strong Raman signals. The graphene layer
is identified as monolayer according to the intensity ratio of 2D-band and G-band. The G-
band of graphene is preferred for temperature probing of SLG layer. Since there is no Raman

peak to characterize glass, the temperature of glass cannot be determined precisely. Here a
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heat conduction model is employed to calculate the surface temperature of glass. Figure
5.11(a) shows the heat transfer model and the area of the graphene layer. Heat transfers from
a graphene flake to a semi-infinite glass plate. The heat transfer rate, g, is expressed in the

following equation: [119]

q= é/q:skglassAsAT/Lc (5-7)
where ¢ =0.023pA4, /A, laser power p=(0.1-1.6) W , laser spot size 4=2.88x10° m’,
¢ =0.5 for a semi-infinite plate, graphene surface area 4 =2wL , w=1.74x10" m ,

L=156x10"m , characteristic length I =(4,/4r)"> , thermal conductivity

k

dass = 14 Wm ™K™', dimensionless conduction heat rate ¢, =0.932, and AT is the
temperature rise of the glass surface. Under a laser power of 1.58 W, the temperature of glass

increases by 6.6 K. The temperature rises of glass under different heat fluxes are calculated

and shown in Fig. 5(c).

To determine the temperature rise of graphene, Raman linewidth, wavenumber, and
intensity are employed. Calibration results for temperature coefficients of G-band of SLG are
illustrated in Fig. 5(b). The temperature coefficients are 0.01791 cm™/K, -0.02471 cm™/K,
and -0.00239 /K for linewidth, wavenumber, and normalized intensity, respectively.
Temperature rises of graphene under different laser heat fluxes are probed and shown in Fig.
5(c). The fitting slopes of temperature rise against heat flux are 4.21x 107, 4.70x107, and
2.21x10° Km?*W™' based on linewidth, wavenumber, and intensity, respectively. The
calculated slope of temperature rise of glass against heat flux is 4.54x 10 Km?W™'. Thus, the

thermal resistances at the graphene-glass interface are determined as 3.76x 107, 4.25x 107,
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and 1.76x10” Km’W™', with uncertainties of 1.47x10™, 1.23x 10, and 1.13x10™* Km*W',
from the linewidth, wavenumber, and intensity methods, respectively. The large thermal
resistance at the SLG-glass interface indicates rough contact between the two materials. A
separation layer exists at the interface, which significantly slows the heat dissipation from
graphene to glass. The thermal resistances calculated by wavenumber and linewidth agree
well with each other. The difference of temperature obtained by wavenumber and linewidth
lies in some heat induced thermal stress in graphene. The small difference illustrates that
graphene experiences little stress. The bonding between graphene and glass is weak, and the

graphene is loose. The thermal resistance based on intensity method is only 47 % of that
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Figure 5.11 Experimental results of interfacial thermal resistance and rough contact at
SLG-glass interface. (a) Heat dissipation from SLG to glass substrate. Glass is treated
as a semi-infinite plate. The area of SLG is shown in the right panel. (b) The fitting
slopes for linewidth, wavenumber, and normalized intensity of SLG against
temperature are 0.01791 em’'/K, -0.02471 em™'/K, and -0.00239 /K, respectively. (¢) The
fitting slopes of experimental temperature rise against laser heat flux are 4.21x107,
4.70x107, and 2.21x107° Km*W™ for linewidth, wavenumber, and intensity of SLG,
respectively. A heat transfer model is employed to calculate the temperature rise of the
glass substrate heated up by graphene. The slope of temperature rise of glass with heat
flux is 4.54x10* Km’W™. Interfacial thermal resistance is determined as 3.76x 107
Km’W! according to the slope difference between linewidth of SLG and glass.
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based on linewidth, which further proves the rough contact at the interface as discussed for
the SLG-Si, and TLG-SiC interfaces. The thermal expansion coefficient of glass is about
5.5x 107 K, significantly different from that of graphene. The thermal expansion difference
leads to mismatch in the laser heating. Light interference happens due to the existence of the
separation layer between graphene and glass. The interference effect of the Raman signals at
the SLG-air-glass interface enhances the Raman intensity. The intensity enhancement
decreases the calculated temperature rise of graphene. Consequently, the thermal contact
resistance based on intensity is smaller than that based on linewidth and wavenumber.
According to the foregoing discussions, the contact between CVD monolayer graphene and
glass substrate is poor. The separation of graphene and glass causes large thermal contact

resistance at the interface.

The thermal contact resistances between CVD SLG/Si, epitaxial TLG/SiC, and CVD
SLG/glass based on linewidth, wavenumber, and intensity methods are listed in Table 5.1. As
linewidth is mainly dependent on temperature, the thermal resistances obtained by linewidth
are close to reality. The results based on wavenumber agree qualitatively with the linewidth
method, which indicates that little stress is experienced in graphene. The contact between
graphene and substrate is rough. Raman intensity yielded smaller interfacial thermal
resistances than linewidth and wavenumber, which further proves that air layer do exist
between graphene and its substrate. The interfacial thermal resistances for CVD graphene-
substrate are larger than that for epitaxial graphene/substrate. The original ripples of CVD
graphene on substrate are deeper than that of epitaxial graphene. The bonding between CVD

graphene and substrate is through a weak van der Waals force, while for epitaxial graphene,
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it is a strong covalent bonding. The covalent bonding is more effectively for phonon
transport due to its semimetallic or semiconducting characteristics [120]. After the same
incident laser irradiation, the separation distance at the epitaxial-graphene/SiC interface is as
large as that at the CVD-graphene/Si interface. The number of graphene layers is a main
factor. The tri-layer graphene absorbs more laser energy than monolayer graphene, which
leading to more temperature difference between the graphene and substrate. The increase in
thermal expansion mismatch thus causes larger layer separation at the interface.

Table 5.1 Interfacial thermal resistances for graphene/substrate with linewidth,
wavenumber, and intensity methods

Thermal contact resistance [K'mz'W'l]
Linewidth ~ Wavenumber Intensity

CVD SLG/Si 5.46x1073 5.90x1073 3.53x107°
Epitaxial TLG/SiC ~ 2.27x107°  2.26x107° 1.42x107°
CVD SLG/Glass 3.76x107 4.25%x107 1.76x107

Sample
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK

6.1. Conclusions

Thermal response of a silicon substrate beneath silica particles under laser irradiation was
probed based on Raman spectroscopy. The laser energy was focused within sub-wavelength
areas inside the substrate by particles. Silica particles of three diameters (400, 800 and 1210
nm) under incident laser of four energy fluxes (2.5 x 10°, 3.8 x 10%, 6.9 x 10® and 8.6 x 10°
W/m?) were used in the experiment. The results indicated that, the temperature rise increased
as the particle size of silica increased. The incident laser intensity also had a positive effect
on the near-field heating. Stronger laser irradiation resulted in a higher temperature rise in the
substrate. The measurement was interpreted by optical and thermal field simulations. The
highest electric field enhancement factors were 2.8 inside the silicon substrate and 6.0 inside
the silica particle. The calculated highest temperature rise was 9.0 K inside the substrate
under particles of 1210 nm diameter with an incident laser of 8.6 x 10° W/m?, while the
corresponding measured temperature rise was 55.8 K based on the Raman linewidth method,
and 29.3 K based on the wavenumber method. For the effect of particle size, the modeling
results agreed with the measurement qualitatively. The difference could be due to the pre-
focused laser beam by the objective lens in the experiment, poor mesh quality in the HFSS

simulation, and Raman signal from not-focused silicon wafer regions among particles.

Far-field nanoscale imaging of near-field focusing, thermal and stress fields in a silicon
substrate beneath silica particles and glass fiber was conducted for the first time using Raman

spectroscopy. Imaging based on Raman intensity decrease, wavenumber shift, and linewidth



103
broadening all reflected conjugated near-field focusing, thermal, and stress effects.
Difference in the imaging based on these three parameters was largely induced by the non-
coincidence between the laser focal center and the focal center of the Raman spectrometer
backscattering path. Our detailed analysis revealed that such imaging can achieve a
resolution better than 20 nm (< A/26). The nanoscale imaging capacity was fully
demonstrated by studying the near-field focus under silica particles from 1210 nm down to
160 nm. Physical methodologies were developed to separate the near-field focusing, thermal,
and stress effects and evaluate the temperature rise and local stress in near-field focusing.
Under 1210 nm monolayer silica particles, the temperature rise in the near-field focusing
region in silicon substrate reaches 56.1 K under a laser fluence of 3.9 x 10° W/m?, and the
local stress is 370 MPa. The temperature rise and thermal stress in silicon under a 6.24 pm
glass fiber induced laser heating are 33.0 K and 230 MPa, respectively. Our study under
different energy levels revealed that the temperature rise and local stress increased almost
linearly with the energy fluence. The electromagnetic and temperature fields inside the
substrate-particle system were simulated to interpret the measured temperature rise with

sound agreement.

The interfacial thermal characterization of graphene on substrates was carried out under
laser heating by using Raman linewidth method. Energy coupling at the graphene-substrate
interfaces was explored. The contacts were proved to be rough at the interfaces, and the
average distances between graphene and substrate layers were calculated. The thermal
contact resistances between CVD graphene/Si, epitaxial graphene/SiC, and CVD

graphene/glass were probed as high as 5.46 x 107, 2.27 x 10>, 3.76 x 10° Km*W™,
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respectively. Lower thermal resistances in the molecule dynamics simulations predicted large
separation distances between graphene and substrates. The thermal contact resistances based
on wavenumber shift agreed qualitatively with the linewidth method. Little stress was
experienced in graphene, and the graphene layer was loose on the substrates. Raman intensity
yielded smaller interfacial thermal resistances than linewidth and wavenumber. It further
proved that air layer did exist between graphene and substrates. Strategies were developed to
calculate the thickness increment of the air layer between graphene and substrates based on
light interference at the interface. AFM images were taken to verify the obtained thicknesses

of air layers at both interfaces of graphene/Si and graphene/SiC.

6.2. Future Work

This research examines the Raman mapping and thermal characterization in the near-field
laser heating. As an optical characterization method, Raman thermometry is capable of
probing both temperature and stress of materials simultaneously. It has been broadly applied
in thermal characterization of carbon nanotube, graphene, bismuth telluride, and other
materials and micro-devices. Raman thermometry can also be used in time-resolved thermal
characterization besides steady-state temperature and stress measurements. Transient
temperature evolution of materials under joule heating can be probed by a modulated pulsed
laser, as long as the pulsed probing laser can overcome the integration time required in
collecting the Raman signals. In this case, the temporal resolution can be improved to the
duration time of the modulated pulsed laser, which is on the order of several hundred
microseconds. The transient thermal characterization would be a promising direction for the

future work.
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The interfacial thermal characterization examines the energy coupling capacity between
graphene and its substrate. For three-layer nanomaterials, such as graphene/Bi,Tes/GaAs and
graphene/BN/SiC, the work to characterize the thermal transport across their interfaces is
valuable in their applications. The surface contact features at the graphene/substrate
interfaces are examined in this work. Rough contact has been demonstrated and the
separation distance between the graphene and substrate increases while it is under heating.
Large thermal resistances impede the heat dissipation from graphene-based devices to a large
extent. A new technique to smooth ripples of graphene on substrates is promising in speeding
heat dissipation and improving electronic properties of graphene-based devices. It is also of
great importance to develop new methods to characterize the surface variation of graphene at
nano- and subnano-scale. Once ripples can be controlled and diminished to the minimum, the
thermal contact resistance at the graphene/substrate interface would be reduced to a
magnitude of 10° Km*W™'. The temperature differences between graphene and its substrate
under heating would be pretty small. In this case, Raman thermometry is not preferred in
thermal characterization across graphene/substrate interfaces. A new technique development

to characterize the interfacial thermal transport is promising for the future research.
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