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Chapter 1

Figure 1.1 : (a) Au-nanoparticles of different sizes show change in its color appearance, (b)
the absorption maxima shifts to higher wavelength as the diameter of the Au-nanoparticles is
increased.

Figure 1.2 : Absolute extinction cross-section, oeyq, Spectra of different (a) Gold nanorods
with aspect ratios of 2.5, 3, and 4 (with increasing SPR wavelength) for light polarized along
their main axis (the dotted line shows the absorption spectrum of the NRs solution) and (b) A
single gold nanorod for light polarized along its long and short axis (long axis of 20.5 nm and
aspect ratio of 2). Inset: e polarization dependence measured at 630 nm. [5]

Figure 1.3 : (a)-(c) A typical micrograph of a single plain silica NW, single Au-NPs silica
NW and single Au-filled silica NW, respectively. Scale bar = lum. (d)—(f) The corresponding
photoresponses under the wavelength of 532 and 808nm excitations, respectively [6]

Figure 1.4 : (a) Measured thermal conductivity of different diameter Si nanowires. The
number beside each curve denotes the corresponding wire diameter. (b) Low temperature
experimental data on a logarithmic scale. Also shown are T3, T2 and T curves for
comparison.[7]

Figure 1.5 : (a) SEM images of ultrafast-laser-induced micro/nano structured silicon surface,
inset shows optical photograph of laser-treated silicon surface that looks black, (b) Specular
light reflection from polished bare silicon and laser micro/nano structured silicon surface
shown in (a).

Figure 1.6 : Schematic diagram of the interband luminescence process in (a) direct band gap
semiconductor and in (b) indirect band gap semiconductor : the transition must involve
emission or absorption of phonon to conserve the momentum. The shading indicates that the
states are occupied by electrons. The filled states at the bottom of conduction band and empty
states at the top of valence band are created by injecting electrons and holes into the
semiconductor. (Eq : band gap, hw : energy of the emitted photon).

Figure 1.7 : Schematic diagram of the processes occurring during photo-luminescence in
direct gap semiconductor after excitation at frequency v.. The electrons and holes rapidly
relax to the bottom of their bands by phonon emission before recombining by emitting photon

Figure 1.8 : Electronic DOS for a bulk 3D crystalline material, a 2D QW, a 1D NW or NT,
and a OD QD. The insets report a cartoon showing the corresponding spatial confinement:
confinement directions are defined by arrows[15].

Figure 1.9 : Size-tunable fluorescence spectra of CdSe quantum dots (A), and illustration of
the relative particle sizes (B). From left to right, the particle diameters are 2.1 nm, 2.5 nm,
2.9nm, 4.7 nm, and 7.5 nm.



Figure 1.10: (a) Schematic of semiconducting QW with band gap EgQW sandwiched in
between two thicker semiconducting layers of band gap E,*" > E,°". (b) HR-STEM image of
InGaN as QW and GaN as barrier. (c)-(i) Potential profile and confined electron and hole
energy wavefunctions within a rectangular quantum well of a given composition and
thickness. Change in the composition (c)-(ii) and thickness (c)-(iii) of the QW results change
in the energy of states and the main radiative recombination respectively.

Figure 1.11 : Spectral performance of an ideal selective solar absorber

Figure 1.12 : Schematic designs of six types of coatings and surface treatments for selective
absorption of energy.

Figure 1.13: XRD and SEM characterization of Au-Al,O; films on stainless steel (SS)
substrate. The unindexed peaks correspond to the substrate. The XRD and adjacent SEM
image correspond to same sample.

Figure 1.14 : Cross-sectional SEM image of the 850°C annealed Au-Al,O; specimen

Figure 1.15 : (a) TEM image of Au-TiO, nanorod, Au nano-clusters seen in dark contrast, (b)
Au-TiO2 nanorod before annular milling and (c) after milling, the final atom probe tip.

Figure 1.16 : (a) SEM image of Au-Fe,O; film, tiny bright spots correspond to Au-NPs, (b)
XRD pattern showing existence of Au-NPs, all unindexed peaks correspond to a-Fe,03 phase,
(c) cross-sectional SEM image of the film deposited on Si-Substrate, tiny bright spots inside
the film are due to the Au-NPs

Figure 1.17 : (a) Cross-sectional SEM image of Au-Ag bimetallic NPs sandwiched in SiO,
layers, (b) an atom probe tip prepared from (a) along the thin film direction.

Figure 1.18 : (a) HR-TEM image from ref.[21], (b) STEM image of the Au-SiO; tip, absence
of Au NPs in the tip

Figure 1.19 : (a) Cross-sectional STEM image of Au-MgO specimen showing formation of
highly dense Au-NPs inside the MgO matrix, (b) magnified view of the top low dense Au-NP
region of shown in (a)

Figure 1.20 : ITO/Au/ITO sample preparation during (a) initial stage of annular milling and
(b) just before final stage of annular milling.

Figure 1.21 : HAADF-STEM image of (a) Au-MgO tip and (b) Au Fe,0Os tip

Figure 1.22 : STEM (a) and HR-STEM (b) images from an atom probe tip sample prepared
from InGaN/GaN multi quantum wells. The bright contrasted stripes are InGaN OW'’s and
the thicker barrier between them is GaN.

Chapter 2

Figure 2.1 : Schematic view of a field ion microscope. (a) Only the atoms from the very last
shell (in green) of the tip surface can be imaged, as seen in the example of a pure W field ion



micrograph (on phosphor screen) after [11], (b) field ion micrograph of Au-tip and that of (c)
Silicon tip (showing (111) pole) (Image Courtesy F. Vurpillot)

Figure 2.2 : Schematic showing the principle of atom probe tomography. (Blue and red
circles represented as atoms)

Figure 2.3 : (a) The field evaporation process. The ad-atom is depicted in grey and the ion in
black. (b) Atomic and ionic potential energy diagram with and without electric field. V is the
potential, L is the sublimation energy, n is the degree of ionization, I; is the i" jonisation
energy and ¢, is the work function of the surface emitting the ion, Qo and Q(F) are the energy
barrier without and with electric field respectively. From [11].

Figure 2.4 : Variation of the temperature after the laser pulse for a laser polarized along the
tip axis, (Intensity of laser =15 mJ/cm?). The temperature decay is fitted by the formula,

T(0,t) = Tg + Tprise/ |[1 + 2(Dt/a?)] With, To =40 K, Tnax=160 K, and o =1.5 um

Figure 2.5 : Evaporation rate as a function of time obtained (a) from an aluminum tip & (b)
from a stainless-steel tip, for different wavelengths in axial polarization

Figure 2.6 : Normalized absorption density profile along the tip axis computed for A =360 nm
blue, 2 =515 nm green, 2 =800 nm red, and 4 =1200 nm brown. Inset: zoom of absorption
profiles at the end of the tip for =360 nm blue and for =515 nm green.

Figure 2.7 : Experimental (thin line) and theoretical (thick line) evaporation rate of a
metallic glass tip analyzed at A = 360 nm [red (black)], A = 500 nm [green (half-gray)], and A
= 1200 nm [violet (gray)]

Figure 2.8 : SEM image of a Si specimen irradiated with 20mW average-power (a) IR pulses,
holes indicative of locally enhanced absorption are observed only along the shank of the
specimen, i.e. far from the apex and (b) green pulses, trenches indicative of locally enhanced
absorption are observed in proximity to the apex region

Figure 2.9 : Normalized evaporation rate as function of time obtained from an Si tip (a) for
IR laser, using the laser intensities bottom to top 1= 0.2 GW/cm? , I= 1.2 GW/cm? , 1= 2.2
GW/cm?, and 1= 5.7 GW/ cm?, respectively; (b) Green laser light 9.1 J/m?

Figure 2.10 : (a) 3D reconstructed volume of Fe/MgO/Fe tunnel barrier, (b) ToF spectra of
Fe ions from the first and last layers (blue and black line, respectively) and Mg ions (pink
line)

Figure 2.11 : Schematic diagram illustrates the various signals generated inside a scanning
transmission electron microscope that can be used to form high-resolution images, nano-
diffraction patterns or spectra of the region-of-interest. X-ray energy dispersive spectroscopy
(XEDS); Auger electron spectroscopy (AES) and scanning Auger microscopy (SAM);
secondary electron spectroscopy (SES) and secondary electron microscopy (SEM); annular
dark-field (ADF) and high-angle annular dark-field (HAADF); coherent electron nano-
diffraction (CEND); parallel electron energy-loss spectroscopy (PEELS); bright-field (BF)
and dark-field (DF), After [41].



Figure 2.12 : HAADF-STEM of the Au-nanoparticle. The Au-NP is protruding from the
surface of the atom probe tip specimen of Au-NPs embedded in MgO matrix. (Image courtesy:
W. Lefebvre)

Figure 2.13 : Experimental set-up for micro-photoluminescence Spectroscopy (PL signal
observed with the camera is shown in the right bottom corner of the figure)

Figure 2.14 : The uPL signal recorded by camera from three different regions of same
InGaN/GaN microwire. (From left to right) PL signal emitted when the base, middle and, top
region of the microwire is illuminated by the laser light.

Figure 2.15 : (a) Schematics of SMS, laser beam is illuminated through 100X objective on the
nano-object, while the spatial position is modulated along Y-direction. The light transmitted
is collected using another 100X objective and the signal is recorded using lock-in amplifier,
(b) Position of particle during modulation, (c) normalized change in transmission induced by
single nanoparticle at modulation frequency of ‘f” and (d) at modulation frequency of “2f

Chapter 3

Figure 3.1 : Cross-sectional STEM image of the Au-NPs embedded in MgO matrix, (a) Band
of Au-NPs formed nearly 200nm from the surface of the MgO, (b) high resolution image from
the less dense region of Au in (a) showing the variation in size distribution of Au-NPs

Figure 3.2 : Bulk Optical absorption spectra for pure MgO and Au-NP'’s embedded in MgO

Figure 3.3 : Sample preparation for atom probe experiments, tip shaped samples prepared
from bulk sample using FIB based protocol.

Figure 3.4 : (a) HAADF-STEM image of the tip, the bright contrasted spots are Au-NPs
covering the apex region, (b) Expected temperature profile when the tip shown in (a) is
illuminated by laser light of wavelength 515 nm, T, : maximum temperature rise due to
absorption of Au-NP’s, T, : Base temperature (¢) ToF spectrum obtained after analyzing the
tip shown in (a), displays the delayed evaporation as a hump in ToF spectrum. The red solid
line corresponds to the temperature evolution at the apex of the tip corresponding to the
temperature profile shown in (b).

Figure 3.5 : Absorption map in the incident plane (y, z) at A=515 nm calculated by Lumerical
or Au-NP’s embedded in MgO matrix. The Au-NP’s are present only in near apex region (The
dotted white line is drawn to guide the eye).

Figure 3.6 : ToF spectra obtained from Au-MgO tip at laser wavelength of (a) 570nm and (b)
650nm and 750nm

Figure 3.7 : Absorption map in the incident plane (v, z) at =515 nm calculated by Lumerical
for Au-NP’s embedded in MgO matrix with W-pretip support. The Au-NP’s are present only
in near apex region.

Figure 3.8 : Comparison of the length of the tip, SEM image of Au-MgO tip (a) 4.2um long
and (b) 1.5um long tip. The length is defined as the distance between the tip apex and the
interface of tip/W-pretip support, the slanted black line represents the tip/W-pretip interface



Figure 3.9 : Comparison of time of flight (ToF) spectra obtained for short tip (black curve)
and long tip (red curve) at A=515nm.

Figure 3.10 : Temperature evolution at the tip apex (a) and associated number of evaporated
ions per pulse Njons (b) for an absorption located at the apex (blue line) and far from the apex
(red line).

Figure 3.11 : SEM image of the sample, (b) Absorption map in the incident plane (y, z). The
color bar corresponds to the power absorption density for an incoming intensity of 1 W/m?.
(c) Absorption density profile along the tip computed from absorption map shown in (c) and
(d) Schematic representation of the two Gaussian heated zones along the tip axis (z).

Figure 3.12 : Log of the normalized number of detected ions Nj,s @s a function of ToF at
515nm wavelength for the 1.5um length sample. The origin of ToF corresponds to the ToF of
Mg?" ions. Black, green, blue and yellow lines correspond to the evolution of Log (Niens) from
Eq.(3.1) and Eq.(3.3) with: w; = w, = 100 nm, A;=1, A,=1.5, D=7x10%cm?/s, Q=0.1eV, T =
450K and zo = 1 um. Red line is obtained by the sum of blue and yellow line.

Figure 3.13 : Log of the normalized number of detected ions Ns as a function of ToF at
515nm wavelength for the 4.2um length sample. The origin of ToF corresponds to the ToF of
Mg?" ions. Black, green, blue and yellow lines correspond to the evolution of Log (Niens) from
Eq.(3.1) and Eq.(3.3) with: w; = w, = 100 nm, A;=1, A,=1.5, D=7x10%cm?/s, Q=0.1eV, T =
450K and zp = 4 um.

Figure 3.14 : Comparison of ToF spectra of 1.5um long tip and 4.2um long tip obtained after
atom probe analysis carried out at (a) UV (343nm) and (b) IR (1030nm) wavelength. All
analyses were carried out in high density Au-NPs region and the experimental conditions
were similar. The laser power used for UV analyses was around 1.4mW and that of for IR
analyses was 30mW.

Figure 3.15 : (a) 3D reconstructed volume obtained from the data acquired after atom probe
experiment; only 5% of Mg®" ions are shown for clarity, (b) corresponding 1D concentration
profile; purple dotted rectangle shows the concentration profile for 3D reconstructed volume
shown in (a) as well as the volume analyzed by atom probe highlighted by yellow dots in (c),
(c) HAADF-STEM image of the Au-MgO tip. The laser efficiency (L.E.) of Green laser
(515nm) as a function depth is shown by Red data points in (b).

Figure 3.16 : (a) HAADF-STEM image of the tip, (b) Schematic representation of the
temperature along the tip after illuminated by Green light and (c) corresponding tip apex
temperature evolution; Blue dotted curve : temperature due to near apex absorption, Red
dotted curve : temperature due to Au-NP’s absorption, Green solid curve : Resultant
variation of temperature with respect to time, t.

Figure 3.17 : ToF spectra obtained after analyzing the pure MgO region before Au-NP's.
Black dotted curve is for the analysis carried out at ImW laser power and the blue solid curve
is at 0.2mW laser power. The red and green lines correspond to the evolution of Log (Niens)
from Eq. 3.1 and Eq. 3.3 with: w; = w, = 100nm, A; = 1, D=7x10?cm?s, Q = 0.1eV, T =
170K, 2,=330 nm and A, = 1.5 (for red line) and A, = 1 (for green line).
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Figure 3.18 : Comparison of ToF spectra obtained at different spatial regions for A=343nm
along the depth of the tip as represented by different colored circles in HAADF-STEM image
of the tip. The 2D detection hit maps shown above represents the Au-atoms (black dots)
distribution in these respective regions with indication of Au concentration in at.%

Figure 3.19 : Comparison of ToF spectra obtained at different spatial regions for A=515nm
along the depth of the tip as represented by different colored circles in HAADF-STEM image
of the tip. The 2D detection hit maps shown above represents the Au-atoms (black dots)
distribution in these respective regions with indication of Au concentration in at.%

Figure 3.20 : Comparison of ToF spectra obtained at two different spatial regions for
A=1030nm along the depth of the tip as represented by different colored circles in HAADF-
STEM image of the tip.

Figure 3.21 : Au concentration obtained from atom probe analysis, in atomic % and in
volume fraction

Figure 3.22 : (a)Real, n and (b) imaginary, k part of complex refractive index calculated for
Au-NPs embedded in MgO matrix with Au volume fractions of 0.1%, 0.25% and 0.5%.

Figure 3.23 : Absorption maps (left) calculated for tip of radius R=50nm and cone angle of
5.5deg at wavelength of 343nm, 515nm and 1030nm. The Au volume fraction used to
calculate these maps is 0.5% and the direction of laser incidence is into the paper. The
absorption density profile (right) plotted from the absorption maps obtained for Au-fraction
of 0.5% (top curves in the graph) and 0.1% (bottom curves in the graph, except the red curve
which corresponds to 0.5% of Au fraction)

Figure 3.24: Relative change in the transmitted light as a function of the laser spot position
along the tip axis. X=10 wm corresponds to the tip apex. The SEM image of the analyzed tip is
also shown.

Figure 3.25: Comparison of ToF spectra obtained for pure MgO (red curve) and Au-MgO
(black curve) at wavelength of (a) 515 nm and (b) 343 nm. The field conditions are
comparable in these analyses.

Figure 3.26 : Absorption maps calculated for Pure MgO tip with R=50 nm and cone angle of
5.5deg. at wavelength of (a) 343 nm and (b) 515 nm

Figure 3.27 : (a) 2D representation of Au-atoms (black dots) distribution for UV and Green
wavelength analyses with different laser powers for Green analyses, (b) Cumulated Erosion
composition profile measured for the single Au-NP highlighted by square in (a), and (c)
Schematic showing the composition measurement using erosion protocol.

Figure 3.28 : 3D reconstructed data obtained after analysis carried out Green wavelength
and 5.0mW of laser power. (Top) Distribution of Au and Mg™ ions in (X,Y) plane and in (Y,2)
plane shown in middle. Distribution of Mg;0,** and Mg,0," ions in (Y,Z) plane (bottom)

Figure 3.29 : (a) 2D Spatial distribution of Au and Mg" ions obtained from UV wavelength
analysis at 5mW and 10mW of laser power, (b) 3D atomic distribution of Mg™ , Mg3022+ and
Mg,0," ions in the vicinity of Au-NP highlighted by yellow square in (a). The Au-NP here is
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represented by the 5 at.% iso-surface. (c) 2D atomic distribution maps of Au obtained at
different laser powers.

Chapter 4

Figure 4.1: Characterization of Au-Fe,O; film (a) Top-down SEM image showing the
surface of the film deposited on Si-substrate, the bright tiny spots corresponds to the Au-NCs,
(b) XRD pattern recorded for the same film deposited on Quartz substrate, Au-peaks are
indexed and all other unindexed peaks corresponds to the a-Fe,05 phase, (c) Cross-sectional
SEM image showing the presence of Au-NCs inside the Fe,O3 matrix.

Figure 4.2 : Absorption spectra obtained from thin film of Au-Fe,O; deposited on Quartz

Figure 4.3: (a) Cross-sectional SEM image of Au-Fe,Os; showing film and Si-substrate,
yellow highlighted tip shaped area shows the region from which tip is prepared, (b) Final
atom probe tip prepared from (a), high magnification image is shown in (c), the interface
between and film and substrate is denoted by white arrow, also the bright contrast Au-NCs
are clearly visible, and (d) 3D tomographic reconstruction obtained by analyzing the tip
shown in (b)-(c).

Figure 4.4 : (a) Cross-sectional SEM image of the Au-Fe,Os film, yellow highlighted tip
shaped area shows the region from which tip is prepared, (b) SEM image during the initial
stage of annular milling (c) final atom probe tip

Figure 4.5: HAADF-STEM image of Au-Fe,O; tip prepared along the thin film : Low
magnification image showing Au-NCs are distributed all over the tip, the length of the tip is
nearly 4um (left) and magnified view from the near apex region (right).

Figure 4.6 : Typical mass spectra obtained from the Au-Fe,Os tip prepared along the thin
film (top) and direct correlation of the 3D tomographic reconstruction of atom probe data to
HAADF-STEM image (bottom)

Figure 4.7 : 3D tomographic reconstruction and 10% Au concentration isosurfaces

Figure 4.8 : Structural and chemical characterization of single Au-NC in 3D : 10% Au
isosurface (right) and corresponding erosion profile (left)

Figure 4.9 : Voltage curve (b) measured for the 3D reconstruction shown in (a) and
corresponding number density of atoms inside and outside Au-NC (c)

Figure 4.10 : Calculated optical absorption spectra for Au-NCs of different aspect ratios (see
text) embedded in Fe,Os; matrix compared with the experimentally measured absorption
spectra obtained from bulk thin-film sample.

Figure 4.11 : (a) Absorption maps calculated for A=343nm illumination using FDTD method
for Pure Fe,O; and Au-Fe,O3; nanotips and (b) corresponding absorption profiles obtained
from (a)
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Figure 4.12 : a) Absorption maps calculated for A=515nm illumination using FDTD method
for Pure Fe,O3; and Au-Fe,O3; nanotips and (b) corresponding absorption profiles obtained
from (a)

Figure 4.13 : Comparaison of Au-Fe,0O3 and Pure Fe,O; nanotips : Low magnification SEM
image (Left) and high magnified view of the near apex region (right)

Figure 4.14 : Time of flight (ToF) spectra comparison of Pure Fe,O3 and Au- Fe,O; nanotips

obtained at A=343nm and laser power of 2mW in log time scale (a) and magnified view of the
Fe”* peak (b)

Figure 4.15 : Experimental and simulated evaporation rate as a function of time for a Pure
Fe,O; and Au-Fe,O; specimen in APT. Fit parameters: D=2.5x10?cm%s and T,e= 50K
(orange line), D=6x10%cm?/s and Ty= 50K (green line)and D=2.5x10%cm%s and T =
100K (black solid line).

Figure 4.16 : Comparison of Mass-spectra from two different volumes one with Au-NC in it
and one without Au-NCs

Figure 4.17 : Time of flight (ToF) spectra comparison of Pure Fe,O3; and Au- Fe,O; hanotips
obtained at A=515nm and laser power of 3mWat long time scale in (a) and at short time scale

in (b)

Chapter 5

Figure 5.1 : (a) Scanning electron micrograph of a GaN wire containing an InGaN/GaN
multi-QW system. (b) Schematic illustration of the heterostructure geometry, with the
guantum well system depicted in Green and GaN barriers and core in Blue. (c) Pictorial
representation of the nanowire from lateral and top view

Figure 5.2 : Schematic depicting the Si-layer deposition on InGaN/GaN micro-wires
extracted on substrate (Si-deposition is represented by red color)

Figure 5.3 : Schematic and corresponding SEM image of x-manipulation of microwires, (a)
Welding #-manipulator to the microwire using Pt-C deposition, (b) Lift-off process

Figure 5.4 : Welding the microwire on W-post; (1) Aligning the microwire on top of the W-
post, (2) Making groove for Pt-deposition by cutting the base of microwire using Ga ions, (3)
FIB assisted Pt-deposition to weld the microwire on W-post, (4) Making a cut through
microwire using Ga ions, (5) & (6) Repeating the steps (3 & 4) to prepare another couple of
samples from the same microwire.

Figure 5.5 : SEM images (top view) of the steps (1), (4) and (6) shown in fig. 5.4. (The u-
manipulator attached to the microwire is not shown here)

Figure 5.6 : Process of annular milling, (a) First step of high current milling, (b) cut-out
cylinder ready for 4PL measurements, (c) tip sample ready for STEM and APT analysis (Si :



Silicon protective layer, QW's : region of set of InGaN/GaN QW'’s, Pt : Platinum deposition
used for welding)

Figure 5.7 : Total fraction of Ga and N as a function of Laser energy at constant flux.

Figure 5.8 : Total Ga and N fractions as a function of (a) applied voltage (V4) at constant
laser energy (0.7nJ and 2.0nJ) and (b) laser energy at constant applied voltage (V4.=5.4kV).
From [15].

Figure 5.9 : Total Fraction of atoms as a function of Ga charge state ratio (Ga’*/Ga*). The
data acquired at constant flux (fig. 5.7) and constant laser energies (fig. 5.8) were used. The
effective field is calculated after Kingham [16]

Figure 5.10 : Concentration maps recorded from the detector at constant flux and laser
energy of 0.7nJ for (a) Ga*, (c) Ga** and for laser energy of 2.0nJ for (b) Ga* (The direction
of laser incidence is shown at the bottom right of the figure)

Figure 5.11 : Effect of high field conditions on the data acquired, 3D reconstructed volume
showing only Ga atom distribution in (a), Ga and In atom distribution in (b) and (c)
corresponding Ga charge state ratio measured along the depth of the 3D volume shown in
(ab)

Figure 5.12 : Effect of high field conditions on the data acquired, (a) 3D reconstructed
volume showing only In atom distribution, (b) Sub-volume extracted from (a) showing only
Ga" ions and (c) linear concentration profile of sub-volume shown in (b) in the direction
shown by Yellow arrow

Figure 5.13 : Mass Spectrum acquired from InGaN/GaN QW'’s sample

Figure 5.14 : 3D reconstructed volume and the corresponding composition profile obtained.
A sub-volume along the dotted black line drawn on 3D reconstruction used to calculate the
composition. The Ga charge state ratio along the analysis depth is also shown (top)

Figure 5.15 : (a) SEM image of one of the analyzed microwires; (b) SEM image of analyzed
cut-out cylinder; (c) Optical microscopic image of the PL (highlighted by the arrow) emitted
by cut-out cylinder mounted on a tungsten tip under excitation with a 244 nm cw laser at 4K.
(d) pPL spectra of two whole microwires A and B mounted on a tungsten tip (Red and blue
curve, upper part of the graph) and of cut-out cylinder which have been subsequently
analyzed by STEM and APT.

Figure 5.16 : (a) STEM-HAADF micrograph of a portion of the atom probe tip prepared
from cut-out cylinder. (b) HAADF contrast profile extracted from the red dashed line in a).
(c) High-resolution image from QW#3, showing the details of the quantum well interface and
the atomic columns observed along the [1120] zone axis of the GaN wurtzite crystal. (d)
Schematic representation of the crystal structure as observed in c).

Figure 5.17 : 3D reconstruction of the data obtained, (b) reconstructed volume oriented as
observed in STEM image shown in (a), (c) and (d) reconstructed volume shown from different
orientations. (showing only distribution of In atoms for clarity)



Figure 5.18 : (a) One-dimensional profiles of the InN fraction obtained through the analysis
of boxes with their z-axis perpendicular to the QW interfaces. (b) Profile through the whole
QW system; (c-d-e) Selected profiles across QWSs #4, #12 and #17, respectively. (f) HR-STEM
image of QW#3 and corresponding APT reconstructed image showing the interface geometry
of QW.

Figure 5.19 : (a) Measurement of quantum well thickness taking into account the FWHM of
the STEM HAADF contrast profile (red empty squares) and from the APT 1D InN fraction
profiles, and as the FWHM of the InN-rich region (black empty triangles). (b) Maximum InN
fraction obtained from the 1D APT composition profiles.

Figure 5.20 : (a) 3D In distribution within the QW#4, #12 and #17 (The red and blue arrow
shows the propagation of stripe-like feature from well-to-well) (b) InN fraction maps
calculated within the 1 nm thick slices of QW #12 shown in the upper part of the figure

Figure 5.21 : Dependence on InN fraction of the InGaN bandgap (blue line) and of the
InGaN/GaN PL transition energies calculated for rectangular quantum wells of different
thickness tow=2nm (filled squares), and tow=4nm (open triangles). The red shaded region
corresponds to the interval in which the PL narrow lines have been observed in the analyzed
cut-out cylinder; the pPL spectrum is also reported on the left-hand side axis (black line).



INTRODUCTION

The modern human life is surrounded by number of devices, there is no doubt
these devices are making life easier and one could not imagine the life without these
appliances. The main challenge in front of the researchers today is to make new devices
or improve the existing ones in order to have better performance in all aspects.
Requirement of efficient, cost-effectiveness and longevity at the same time makes this
goal even more challenging. On the other hand, the problem of new energy sources is
increasing every day. The fossil fuels will not be able to serve the increasing demand of
energy in near future. The renewable energy sources can fulfill these requirements, but
the difficulties to achieve desired efficiency and storage of energy are the decisive factors
affecting the use of these sources of energy. Fortunately, in recent times, researchers are
giving more attention to utilize the renewable energy sources as a potential source of
energy, which reflects in the scientific literature as well. One way to overcome these
problems is to understand the materials properties at atomic scale. The ultimate
performance of any electronic device or the materials used for energy is dependent on the
fundamental electro-optical properties at atomic scale dimensions.

Atom Probe Tomography has already proven its abilities to study the structural
and chemical properties of material at near atomic resolution and in three dimensions.
With the use ultra-fast laser pulses, since last decade, it is possible to analyze the
technologically important materials based on semiconductor and insulators. Certainly, the
technique is primarily used to study the structural properties only, but considering the
nanoscale specimen and the use of ultra-fast laser pulses in the technique, it is possible to
understand the complex behavior of light interaction at nanoscale. This will not only leads
to improve our understanding of the material, but also the optical properties of the
material can be understood and hence its electrical properties.
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In this regard, the prime objective of this thesis is to study the feasibility of Laser
assisted Atom Probe Tomography (LaAPT) as a tool to investigate the spectroscopic
properties of the nanoscale material with particular emphasis on materials for energy like
METallic CERamics (CERMET). Although with the use of ultra-fast laser pulses, the use
of LaAPT is questionable to particular class of materials due to the complex laser-nanotip
interaction. The fate of the data obtained is strongly dependent on how the laser energy is
absorbed by the material under study taking into account the nanometric shape of the
sample in LaAPT. Having said that, the La-APT can be utilized as an opportunity to
understand their absorption properties. In this regard, attempts have been made in this
thesis to understand the optical absorption properties of nanotips of Au-nanoparticles
embedded in MgO and Fe,O3; matrix. Moreover, the temperature induced by the laser
absorption will also be discussed. Apart from understanding the optical absorption
properties of nanotips, study of understanding the optical emission properties of quantum
confined system of InGaN/GaN quantum wells is also performed. A novel correlative
approach to study the direct correlation between structural and optical emission properties
is introduced using LaAPT, Scanning Transmission Electron Microscopy (STEM) and
micro-photoluminescence (u-PL) spectroscopy.

At the outset, in chapter 1, a brief review of optical absorption at nanoscale is
introduced with few examples from the available literature along with the fundamentals
of optical emission properties of the solids. In addition, the change in thermal properties
upon nano-structuring is also incorporated. At the end of the chapter, the samples
analysed during the course of this thesis are listed with discussion on their failure either
during sample preparation or LaAPT analysis with possible reasons.

In chapter 2, the experimental methods used during this work are introduced. Use
of LaAPT as spectroscopic tool to study the absorption and thermal properties is in itself
a subject of new aspect, so that it is inevitable to introduce the approach with which most
of the analysis is carried out in this thesis. The atom probe tomography technique, its
basic operating principle and the theory of field evaporation are briefly summarized.
More attention is given to explain how the analysis of time of flight (ToF) spectra leads to
the absorption behavior of the sample under study. The discussion begins with the case of
metallic emitters and the framework to understand the temperature evolution at the tip
surface using 1D thermal model is introduced. The description of evaporation behavior
with respect to different wavelengths used to trigger the field evaporation is explained

using the reports available in literature. The importance of numerical calculations to aid
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the experimental observations is also highlighted. Subsequently, relatively complex case
of semiconductors and insulators is incorporated to complete the discussion. In addition,
other techniques used to understand the structural and optical properties of the tip shaped
materials like STEM, p-PL and Spatial Modulation Microscopy (SMS) are presented
briefly, at the end of the chapter.

The chapter 3 is chiefly related to the effect of optical absorption of Au-
nanoparticles (Au-NPs) embedded in MgO matrix on the results obtained with LaAPT.
The system of Au-NPs in MgO is interesting due to its resonant absorption when
illuminated with Green wavelength. After introducing the structural and bulk optical
properties, the influence of laser wavelength on the results obtained with LaAPT by
analyzing the ToF spectra are shown. Considering the changes in Au concentration along
the depth of the sample, to understand the effect of the Au concentration on the ToF
spectra various experiments were carried out in different regions of Au-NPs with UV,
Green and IR wavelength. Moreover to have an idea on the thermal properties, the ToF
spectra obtained at UV and Green wavelength, with and without Au inclusions are
compared. In the last section of the chapter, structural analysis of single Au-nanoparticles
using 3D reconstruction of the data obtained from LaAPT analysis is presented.

The chapter 4 deals with the optical and thermal investigation of Au-nanoclusters
embedded in Fe,O; matrix using LaAPT. This material has a potential to be used as a
light harvesting material and with the inclusion of Au-NCs the absorption efficiency is
expected to increase as reported in the literature. The synthesis and structural
characterization of the material is followed by the optical absorption properties of the
bulk sample. A good correlation between the STEM analysis of Au-NPs and the 3D
reconstructed data from LaAPT is shown. In addition, the structural and chemical
composition characterization of individual Au-NCs is performed to understand the size as
well as chemistry of the particles, both being the decisive parameters for the optical
absorption. The optical absorption spectra are calculated using the size parameters
obtained from the LaAPT analysis and are compared with the experimental bulk
absorption spectra. In the last section of the chapter, the ToF spectra obtained from Au-
Fe,O3 and that of Pure Fe,O3 is compared and analyzed using the methodology described
in chapter 2. The experiments and the analysis performed thereafter at UV (343 nm) and
Green (515 nm) wavelength supports the hypothesis that, the inclusion of Au-NCs

increases the temperature owing to the larger absorption of laser energy.
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In chapter 5, the optical emission properties of InGaN/GaN quantum well system
is studied and correlation between the structural properties and optical emission for the
single nano-object is performed. For structural characterization of the quantum wells,
LaAPT and STEM analysis were performed while for optical emission study p-PL
spectroscopy is used. The sample preparation protocol for LaAPT experiments is
discussed in detail and more attention is given to the optimization of experimental
parameters for LaAPT analysis, which will result in the accurate measurement of
elemental composition. At the end of the chapter, correlative analysis performed on the
same nano-object is presented and a good correlation between local variations in
composition of In inside quantum wells is found with the emission lines observed in p-PL
spectra.

Finally conclusion and perspectives for this work are presented.
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Chapter 1

Overview

1.1 Introduction

Light interacts with matter in many different ways. Metals are shiny but water is
transparent. Stained glass and gemstones transmit some colors, but absorb others. Other
materials such as milk appear white because they scatter the incoming light in all
directions. This interaction of light with matter is govern by different optical phenomena
and can be categorized roughly as reflection, diffraction and transmission of light through
the optical medium. These processes are correlated to each other and their interplay will
decide the appearance of the matter to be colored or transparent to the incident radiation
[1]. The phenomenon of propagation of light through the medium is further classified in
optical processes like reflection, refraction, absorption, luminescence and scattering.
Understanding these optical processes has been a subject of interest since long time. The
optical properties are governed by the electronic structure of the material and hence
studying these processes will not only give the information on the optical behavior of the
material but also one can figure out the electronic properties as well.

Optical properties of solids have always been a fascinating to researchers since
long time due to their numerous applications in various technologies ranging from space
based applications to medical sciences. With the advent of nanotechnology in last few
decades and with number of methods to prepare the materials smaller and smaller down
to nano-metric scale, it is now possible to manufacture the devices with reduced size and
more efficient in every sense. Due to these remarkable advances, in the last few decades
the society has watched in astonishment how the science has become a fundamental part
of the daily life due to the everyday more efficient, fast, safe and cheap technological
devices. This advance has been mainly thanks to the modern tools and the available

experimental techniques which have reached the ability to control the size, composition
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and functionality of matter and also to perform a complete and more accurate
characterization of its physical and chemical properties.

Although these technological improvements made the life easier, understanding
the optical properties of materials at nanoscale is not as straightforward as their bulk
counterparts. The electronic structure of materials substantially changes with its size and
shape and hence its optical properties also, especially when we are dealing with micro-
nano regime, so it is crucial to study the optical properties of materials at nanoscale. Thus
with the increasing importance of nanostructured and nanoscale functional materials in
the domain of photonics and optoelectronics, more and more attention is dedicated to the
problem of determining the relationship between structural and optical properties of these
materials.

In this context, if one is able to understand the optical behavior of the nano-
structures in correlation to their structural properties then it will be of great importance to
scientific community studying nanostructures and their applications. We believe that the
Laser assisted Atom probe tomography (LaAPT) is capable to carry out this kind of
analysis on different types of materials, analyzing their structural and chemical properties
at near atomic resolution along with the optical and thermal behavior simultaneously.

This chapter is dedicated to the absorption and luminescence properties of the
material in relation to their structural properties. In addition, absorption of laser light in
solids is well known to result in heating of the absorbing material; this heating has strong
consequences on the LaAPT analysis and the rate of diffusion of this heat is dependent on
the size, shape and the intrinsic thermal properties of the material. This gives us a unique
opportunity to study the thermal behavior of the nanoscale material as well. So in this
chapter more attention is given to the absorption, luminescence as well as the thermal
properties of the nanoscale material which can be analyzed by LaAPT.

Moreover, the numbers of specimens studied during the course of this thesis are
introduced at the end of this chapter. The possible reasons for the failure of specimens
analyzing with LaAPT are also mentioned which can also be helpful for future studies on

similar kind of materials.

1.2 Optical Properties of Materials

Optical properties of materials as a whole can be a topic of discussion for another

new thesis itself. Considering the vast number of optical processes and their physical
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mechanisms, it is not possible and also inappropriate to incorporate all of them in this
thesis. But as the requirement of the thesis it is essential to introduce the optical properties
which are going to be integral part of this work.

In this regard, a brief introduction to the optical absorption properties of
nanoscaled materials is given along with the discussion on thermal properties induced by
the absorption of light. Instead of reproducing the fundamental mechanisms involved in
these processes, the effect of nanostructuring on the absorption and thermal properties of
the materials are explained on the basis of examples available in the literature.

In addition, optical emission from solids is also introduced along with the factors
affecting on the emission properties. A general remark on the Quantum Well (QW)
structures is presented and more attention is given to the photo-luminescence (PL)
spectroscopy and dependence of the PL signal on the structural and chemical properties
of QW’s.

1.2.1 Optical Absorption and Thermal Properties at Nanoscale

Light or Electromagnetic waves absorption by the material and the thermal
processes involved thereafter is very well known phenomenon, extensively studied and is
thoroughly presented in almost every graduate level texts on Solid State Physics [2,3].
The absorption of the laser energy takes place through photon interaction with bound and
free electrons in the material structure, which raises them to the higher energy levels.
Energy conversion takes place through various collision processes involving electrons,
lattice phonons, ionized impurities and defect structures.

It is fundamental to remember that only the amount of energy absorbed by the
material can contribute to processes like heating and/or melting. In semiconductors, the
absorption of photons leads to the creation of electron-hole pairs with a certain amount of
kinetic energy. These "hot" carriers thermalize amongst each other forming plasma. Once
a common carrier temperature is reached, they transfer their kinetic energy to the lattice
via recombination and phonon generation, leading to lattice heating. The characteristic
time scale for these processes is on the order of few 100’s of femto-second (fs) to 100’s

of pico-second (ps) and hence studying these processes are always been challenging.
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Figure 1.1 : (a) Au-nanoparticles of different sizes show change in its color appearance, (b) the
absorption maxima shifts to higher wavelength as the diameter of the Au-nanoparticles is
increased.

But when the material is in nanoform, i.e. when at least one of its physical
dimensions is reduced to nanometric scale then its electronic as well as optical properties
are changing substantially. This is due to the number of atoms on the surface are
comparable to its volume and this surface to volume ratio increases to few orders of
magnitude compare to its bulk counterpart. This effect plays the decisive role in the
fascinating properties of nanomaterials. For example, the bulk gold appears shiny bright
yellow whereas the suspension of Au-nanoparticles (NP’s) can show almost every color
in the visible range of electromagnetic spectrum. As shown in fig. 1.1(a) changing the
size (diameter) of the Au-NPs its color appearance is changing, this is related to its optical
absorption, and how this absorption is dependent on the size is shown in fig.1.1 (b)

This resonant absorption is related to the phenomena known as Surface Plasmon
Resonance (SPR) and is strongly dependent on the size, shape, and dielectric environment
of the NPs [4]. Varying these physical properties one can tune the optical absorption of
the NPs system.

In case of Au-Nanorods (NRs) this resonant absorption is dependent on the aspect
ratio (Length/diameter) as well as on the polarization of the incident electromagnetic
radiation. In addition the optical response of these nanostructures is also dependent on the
number of neighbors they have, i.e. measurement of optical absorption of ensemble of
NPs or NRs will not be the same as that of single isolated NP or NR. But measuring the
optical absorption at single nano-object level is highly challenging due to the

complexities involved in the measurement of weak electrical signal.
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Recently, Crut et.al [5] has reviewed the different techniques to measure the
optical absorption and scattering of single nano-objects. The technique known as spatial
modulation spectroscopy (SMS) is able to measure the absolute extinction (absorption +
scattering) cross-section of single NP as small as 5nm. The technique is based on the
modulating the position of the single nano-object inside the light beam and detecting the
induced modulation of the transmitted power using lock-in amplifier. The absolute
extinction cross-section spectra of individual Au NRs of different aspect ratios measured
by SMS is shown in figure 1.2 (a) and is compared with the spectra of randomly oriented
solution of NRs, the difference is clearly visible. Also the effect of polarization on the

extinction spectra of single nanorod is shown in figure 1.2 (b).

() (b)
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Figure 1.2 : Absolute extinction cross-section, oey, Spectra of different (a) Gold nanorods with
aspect ratios of 2.5, 3, and 4 (with increasing SPR wavelength) for light polarized along their
main axis (the dotted line shows the absorption spectrum of the NRs solution) and (b) A single
gold nanorod for light polarized along its long and short axis (long axis of 20.5 nm and aspect
ratio of 2). Inset: ey polarization dependence measured at 630 nm. [5]

But combination of optical and structural characterization of the same nano-object
constitutes a major advance for fundamental investigations and is being explored

nowadays with different techniques [5].
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Figure 1.3 : (a)—(c) A typical micrograph of a single plain silica NW, single Au-NPs silica
NW and single Au-filled silica NW, respectively. Scale bar = 1um. (d)—(f) The corresponding
photoresponses under the wavelength of 532 and 808nm excitations, respectively [6]

Similarly, inorganic nanowires have already shown tremendous potential to be
integrated in modern electronic devices due to their exciting electrical and optical
properties. Nanowires are being used as gas sensors, photo diodes, light emitting diodes
(LEDs), and in numerous other applications. With the advent of various techniques like
molecular beam epitaxy, MOCVD it is possible to synthesize the nanowires very
efficiently, but studying their properties as a single nano-object is always challenging.
The flexibility to alter the electronic and optical properties by functionalization, hetero-
structuring, and/or doping is the key advantage when working with inorganic nanowires.
An example of how these properties can be enhanced is shown in fig. 1.3. As shown in
this figure inclusion of Au inside the Silica NW changes its optical response.
Measurement of photocurrent shows that, optical response can be selectively tune by
changing the form of Au nanostructure inside the Silica NW [6].

Due to their long dimensions along the axis of nanowires and various device
fabrication techniques available using electron microscopes and standard lithography, it is
now routine job to measure the electrical and optical properties of single nanowires as
shown in figure 1.3. But correlation of these properties with their structural and chemical
properties and that too at nanoscale resolution is yet to be explored thoroughly.

Along with optical properties, thermal properties will also get altered with the
nanostructuring. It is found that the thermal conductivity of individual Si nanowire is
reduced to two orders of magnitude than the bulk Si [7] and is found to be dependent on

the diameter of the nanowire. These measurements were carried out at cryogenic
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temperatures and the variation of thermal conductivity with temperature is shown in
figure 1.4(a) and (b).
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Figure 1.4 : (a) Measured thermal conductivity of different diameter Si nanowires. The
number beside each curve denotes the corresponding wire diameter. (b) Low temperature
experimental data on a logarithmic scale. Also shown are T°, T2 and T curves for
comparison.[7]

Due to this reduced thermal conductivity upon nanostructuring, nanowires were
efficiently used to improve the thermoelectric performance [8,9] enhancing the figure of
merit closed to 2. The ability of a given material to efficiently produce thermoelectric
power is related to its dimensionless figure of merit and is given (ZT = 0S2T/K), where
‘o’ 1s electrical conductivity, ‘S’ is Seebeck coefficient and ‘K’ is thermal conductivity.
By varying the nanowire size and impurity doping levels, figure of merit values
representing an approximately 100-fold improvement over bulk Si are achieved over a
broad temperature range.

In addition to single nanowire analysis, a vast number of reports are available in
the literature utilizing the properties of bunch or ensemble of nanowires grown on the
substrate for various applications. Surface structuring is being used since long time to
increase the light absorption efficiency compare to their planar thin film counterparts. In
case of planar thin films, their optical absorption is limited by the short optical path length
and minority carrier diffusion length and to improve the absorption efficiency one needs a
material with high absorption coefficient or excellent light trapping. Light trapping can be
achieved by creating the nano-structured surfaces or by growing the array of nanowires
on the substrate. With the numerous techniques available to synthesize the nanowires
array or structured surfaces researchers were able to increase the optical absorption
efficiency in such kind of structures and the methods were successfully employed to
improve the device performance. One such example of preparing the nano-structured

surface from crystalline-Si (c-Si) using ultra-fast laser machining is shown in figure
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1.5(a) [10]. c-Si is the building block for the solar photovoltaics industry and the photon
conversion efficiency over the wide range of wavelengths and incidence angles can be
enhanced by increasing the absorption efficiency by nanostructuring. Inset in figure 1.5(a)
shows the optical image of c-Si, where ultrafast-laser-treated area looks completely black.
This is confirmed by the results, shown in Figure 1.5(b), which shows that the specular
reflection is virtually negligible in the visible range from an ultrafast-laser-treated Si
surface [10].

(b)

304

20+ —a— Polished Silicon
—o— Laser Textured Silicon

Reflectance (%)
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Figure 1.5 : (a) SEM images of ultrafast-laser-induced micro/nano structured silicon surface,
inset shows optical photograph of laser-treated silicon surface that looks black, (b) Specular light
reflection from polished bare silicon and laser micro/nano structured silicon surface shown in

().

Similar kind of study has also been performed on the Silicon nanowire arrays
prepared by deep reactive ion etching, the absorption efficiency owing to the light
trapping can be varied by changing the length of the nanowires [11]. Because of this
behavior most of the commercial solar cells use surface texturing to achieve reduction in
front surface reflection to enhance the light trapping.

Along with this light trapping behavior, the large surface area provided by the
array of nanowires/nanorods is being utilized by various applications like photocatalytic
activity [12], photo-detectors [13] and many more. Although, these structures are easy to
fabricate in large scale, cost effective and, efficient as well; their performance is limited
by the response of individual nanostructure upon light illumination. And studying the
optical properties of individual nanowire/nanorod will be beneficial to improve the
characteristic properties of this array of nanostructures. We believe that the laser assisted
atom probe tomography can fulfill this requirement by analyzing the individual
nanowire/nanorod structurally and chemically in 3D with near atomic resolution and by

correlating their structural properties with optical and thermal properties.
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In laser assisted atom probe tomography (LaAPT) the specimen is in the form of
nano-needle with diameter less than 100nm. The quality of data obtained in LaAPT
experiment is significantly dependent on the optical absorption of the needle shaped
specimen upon laser illumination and the thermal diffusivity (conductivity) of the
specimen. So the data obtained in LaAPT experiment can be utilized to understand the
absorption and thermal properties of material at nanoscale and moreover it can be
correlated to its 3D structure as well. Since LaAPT is based on evaporation of the atoms
located at the very apex of the specimen, the ability of the specimen to absorb
electromagnetic energy close to this region upon nanostructuring, which depends on the
type of the material and wavelength of the incident radiation can be utilized to understand
the optical and thermal behavior down to surface level which is defined by few atomic

layers.

1.2.2 Optical Emission at nanoscale

Another important and relatively complex phenomena than absorption in solids is
the optical emission. The physical mechanism responsible for light emission varies
considerably from material to material. Atoms emit light by spontaneous emission when
electrons in excited state drop down to lower level by radiative transition. In solids, the
radiative emission process is called “Luminescence”. Luminescence can occur by number
of mechanisms, e.g. electroluminescence: the emission of light by passing the electric
current through the material, cathodoluminescence: the emission of light when struck by
electrons and many other types as well [1]. However, in this chapter and thesis more
attention is given to the process of light emission after absorbing a photon of higher
energy; called Photoluminescence (PL).

The emission of photons upon absorbing a high energy photon has great
importance in the field of devices based on this principle. A number of semiconducting
materials shows the PL characteristics, but the probability of the radiative transitions
depends on various factors such as the type of semiconductor (direct or indirect), amount
of doping and defects etc. In direct band gap semiconductors, the optical transition from
valence to conduction band after absorption of photon can occur without absorbing and/or
emitting phonon (lattice vibrations) while on the other hand in indirect band
semiconductors, phonon must be absorbed or emitted to absorb the photon. Similarly, the
emission of photon in these semiconductors is also governed by the process which is

opposite to the absorption of photon, i.e. emission of photon without absorbing or
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emitting phonon in direct band gap semiconductors and a phonon must be either emitted
or absorbed when the photon is emitted in indirect band gap semiconductors. These
processes are called as interband transitions where the lowest occupied level in
conduction band and highest un-occupied level in valence band are involved in the

transitions. This behavior of luminescence is schematically depicted in figure 1.6.

(a)  conduction band (b) conduction band

E

electrons

E VW fio

holes

valence band
k=0
valence band

Figure 1.6 : Schematic diagram of the interband luminescence process in (a) direct band gap
semiconductor and in (b) indirect band gap semiconductor : the transition must involve emission
or absorption of phonon to conserve the momentum. The shading indicates that the states are
occupied by electrons. The filled states at the bottom of conduction band and empty states at the
top of valence band are created by injecting electrons and holes into the semiconductor. (Eq :
band gap, hw : energy of the emitted photon).

A band diagram for bulk direct and indirect band gap and SC is shown in fig.
1.6(a) and (b) respectively. The figure shows only luminescence behavior, i.e. the
excitation of electrons from valence to conduction band by any means (e.g. photon,
electron etc.) is not shown, but already considered to be in excited state. The band are
represented by approximately parabolas and the shading indicates that states are occupied
by electrons. In case of indirect band gap semiconductors, the requirement of emitting
both phonon and photon during the transition makes it a three-body process and hence
less likely and weaker when compared to the two-body process in direct band gap
semiconductor. For this reason indirect gap materials are generally bad light emitters e.g.
Si, Ge, SiC. As can be seen from the fig. 1.6 that the luminescence is characteristic of
band gap of the semiconductor, i.e. the energy of the emitted photon depends on the band
gap of the material and the band gap depends on the composition and crystal symmetry of

the material. So that, it is possible to change the energy of the emitted photon (and hence
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its wavelength) as per the requirement by just changing the band gap of material. This
gave rise to the concept of band gap engineering or band gap tuning where tuning the
band gap of material by changing the composition and/or crystal symmetry is achieved. It
also means that the bandgap can be continuously tuned by controlling the chemical
composition of binary, ternary or quaternary alloys (e.g. SixGeix, InxGaixAs, InyGay.x-
yAlyAs) during the synthesis of the material.

The processes involved during photo-luminescence (PL) are explained with the
help of band diagram shown in fig. 1.7. This is a more detailed version of diagram
already given in fig. 1.6 (a). Photons are absorbed from excitation source such as laser or
lamp, and this injects electrons into the conduction band and holes into valence band.
This will be possible if the frequency v, of the source is chosen so that hv is greater than
Eq, the band gap of the material. It is apparent from fig. 1.7 that the electrons are initially
created in states high up in the conduction band. The electrons do not remain in these
initial states for very long time, because they can lose their energy very rapidly by
emitting phonon. This process is indicated by cascade of transitions within the conduction
band shown in fig. 1.7. Each step corresponds to the emission of phonon with the correct
energy and momentum to satisfy the conservation laws. The electron-phonon coupling in
most solids is very strong and these scattering events take place on time scales as short
as ~100fs [3]. The same conditions apply to the relaxation of holes in the valence band.
After the electrons and holes are relaxed, they can recombine radiatively to emit the

photon with energy /v < Eg.
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conduction band

hvy

Figure 1.7 : Schematic diagram of the processes occurring during photo-luminescence in direct
gap semiconductor after excitation at frequency v.. The electrons and holes rapidly relax to the
bottom of their bands by phonon emission before recombining by emitting photon

Along with the interband emission, other emission mechanisms may arise due the
defect induced electronic states within the band gap. Some of these levels may yield
radiative recombination. These defect levels can be intrinsic or created intentionally to
tune the luminescence properties of the material. The PL measurements can yield a good
amount of information to understand the emission properties of material which will be
helpful to develop the electroluminescent devices such as light emitting diode and lasers.

As mentioned earlier, tuning the band gap of the material one can tune the optical
emission from the material. This idea of band gap engineering is further elevated by
preparing heterostructures. In semiconductor heterostructures, semiconductors with
different bandgap are arranged in order to occupy different spatial regions. The primary
goal of this approach is the possibility of designing semiconductor systems with specific
electronic properties, which constitute the functional building block of electronic and
optoelectronic devices such as high electron mobility transistors, light-emitting diodes,
laser diodes, single photon emitters or photodetectors. In many cases these specific
properties can be achieved by confining the charge carriers (electrons and/or holes) by
reducing at least one of the dimensions of the material to nanometric scale. This
mechanism of confining the charge carriers, also known as “quantum confinement” can

be observed when one of the dimensions of the material is of the order of de Broglie
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wavelength of the electron wave function [14]. In a bulk material, electrons behaves as if
it was free when the confining dimension is large compared to the de Broglie wavelength.
During this state, the bandgap remains at its original energy due to a continuous energy
state. However, as the confining dimension decreases and reaches a certain limit,
typically in nanoscale, the energy spectrum becomes discrete. As a result, the bandgap
becomes size-dependent. The 2-dimensional (2D) solids (1D confinement) are called as
quantum wells, similarly 1D solids (2D confinement) as quantum wire (e.g. nanowire,
nanorods, nanotubes etc.) and zero-dimensional solids (3D confinement) as quantum dots.
The density of states (DOS); i.e. the allowed number of allowed electron or hole states
per volume at given energy can be derived using basic quantum mechanics [2,3] for 3D
(bulk) solids and also for 2D, 1D and OD solids by applying the spatial boundary
conditions. A comparison of DOS is shown in figure 1.8.
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Figure 1.8 : Electronic DOS for a bulk 3D crystalline material, a 2D QW, a 1D NW or NT, and a
0D QD. The insets report a cartoon showing the corresponding spatial confinement: confinement
directions are defined by arrows[15].

As shown in fig. 1.8, a bulk material exhibits a square root energy (E'?)
dependence of the DOS, while the DOS of a 2D system is described by a step function
(E® dependence for the single quantized state), the 1D systems show a E 2 dependence
for each quantized state and the QD DOS is a J-function since the electron is confined in

all three spatial dimensions and all available states exist only at discrete energies [15].

Ph.D. Thesis — Deodatta SHINDE Université de Rouen



18 | Chapter 1

This change in electronic properties upon confining the carriers will have substantial
effect on the optical emission properties of the semiconductors at nanoscale. An example

of size dependent emission from CdSe QD’s is presented in fig. 1.9 [16].
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Figure 1.9 : Size-tunable fluorescence spectra of CdSe quantum dots (A), and illustration of the
relative particle sizes (B). From left to right, the particle diameters are 2.1 nm, 2.5 nm, 2.9 nm,
4.7 nm, and 7.5 nm.

Due to its exciting features quantum confined solids have been considered as
potential candidate for various application ranging from bio imaging to optoelectronics.
Although it is possible to synthesize these materials using different techniques including
chemical as well as physical (e.g. MOVPE, MOCVD etc.), it is not straightforward to
understand the physical mechanisms behind the optical processes involved in these solids
particularly at single emitter level.

In this regard, in this thesis an attempt have been made to understand the
correlation between optical emission and structural properties of InGaN/GaN multi
quantum well’s system. As mentioned before quantum well (QW) is a 2D solid, i.e. the
carriers are confined in one dimension. The simplest way to explain QW is schematically
shown in fig. 1.10 (a) where a thin layer of semiconductor with band gap E@,QW and
thickness tow is synthesized between two thicker semiconductors with band gap Egba"' >
E,2". An example of InGaN/GaN quantum well observed by high-resolution scanning

electron transmission microscopy (HR-STEM) is also reported in fig. 1.10 (b)
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Figure 1.10 : (a) Schematic of semiconducting QW with band gap EgQW sandwiched in between
two thicker semiconducting layers of band gap E,”" > E,2". (b) HR-STEM image of InGaN as
QW and GaN as barrier. (c)-(i) Potential profile and confined electron and hole energy
wavefunctions within a rectangular quantum well of a given composition and thickness. Change
in the composition (c)-(ii) and thickness (c)-(iii) of the QW results change in the energy of states
and the main radiative recombination respectively.

The resultant potential profile after aligning the bands of different phases of
semiconductor is shown in fig. 1.10(c)-(i). The effect of quantum confinement is that both
electron and hole ground states are not at the bottom of conduction or valence bands of
the QW phase material but are lifted by certain amount and is called as “confinement
energy”’. This energy can be approximated by considering the infinite potential barrier
and solving the Schrodinger’s equation [17] and this energy for electron/hole state can be

expressed

En(e’h)zhf"izznz n=1,23..
Me ptow

where, m*, 1 is the electron/hole effective mass.
Change in the QW composition and/or QW thickness has strong impact on the
energy of the electron/hole states as well as on the main radiative recombination as shown
in figure 1.10(c)-(ii) and (iii). These two parameters govern the optical emission

performance of the QW based devices and understanding the relation between these
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structural properties and its effect on the optical emission is being the key topic for many
researchers around the globe. But direct or one-to-one correlation between structural and
optical properties is yet not explored thoroughly due to the limitations of analyzing
nanoscale material using both structural and optical characterization tools available.

Laser assisted Atom Probe Tomography (LaAPT) is known to be a powerful
technique to analyze the sharp needle shaped nanoscale samples structurally and
chemically in 3-dimension. LaAPT will be useful to study the elemental composition of
QW’s as well as will give the information on the structural and compositional anomalies
within the QW samples, if any. Along with LaAPT, Scanning transmission electron
microscopy (STEM) can also be effectively used to complement and support the results
obtained with LaAPT. Both these technique will give unprecedented information on the
structural properties of the QW samples. To study the optical emission properties of
QW’s p-photoluminescence (u-PL) spectroscopy can be utilized, which will give the
information on the radiative recombination processes. To draw the direct correlation
between optical and structural properties of a nanoscaled material, there is need to
perform the experiments on same nano-object instead of analyzing it separately by
different techniques and correlating the results (or comparative approach). In this regards,
in this thesis we have performed the p-PL spectroscopy, LaAPT and STEM on the same
nano-object to have insights on the relation between optical and structural properties

down to sub-nanometric scale.

1.3 Choice of Material

To demonstrate the ability of LaAPT to investigate the optical absorption and
thermal properties of nano materials, we chose CERMET as material. CERMET; an
acronym for METallic CERamics are group of materials widely used as solar selective
coating in solar thermal power plants owing to their high solar absorptance and low
thermal emittance properties. Various types of CERMETSs are being studied since long
time [18,19] and there optical absorption as well as thermal properties are widely studied
owing to their applications in concentrating solar power (CSP) systems. CSP systems use
solar absorbers to convert sunlight to thermal electric power. To have more efficient CSP
systems, more efficient selective coatings are needed that have both high solar

absorptance and low thermal emittance at higher operational temperature. A high
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absorptance at wavelengths (A)<3um and a low absorptance at A> 3um characterize

spectrally selective surfaces, as shown in Fig 1.11
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Figure 1.11 : Spectral performance of an ideal selective solar absorber

The CERMETS are good candidate to prove the capacity of LaAPT to investigate
the optical absorption and thermal behavior of materials at nanoscale. Please note that,
even though the optical and thermal properties of CERMETSs are widely studied, these
properties are subjected to change with the nanostructuring as explained in the previous
section of this chapter. And hence studying the optical and thermal behavior of
CERMETSs at nanoscale has its own importance. With LaAPT analysis one might be able
to have new information which can be used further to improve the performance of solar
selective coatings and this method in general can be utilized to characterized
nanostructured materials especially 1D nanomaterials like nanowires, nanorods etc.

For studying the optical emission properties and its correlation to their structural
properties using LaAPT, the ideal material will be quantum confined solids like quantum
wells (QW), self-assembled quantum dots (QD) or embedded in nanowires. As explained
in the previous section the optical emission properties of these solids are strongly
dependent on the variation in elemental composition as well as the on the structural
deformations within the QW or QD systems. Due to these reasons we decided to work on
the InGaN/GaN QW system.

1.3.1 Types of Absorbers
Selective absorber surface coatings can be categorized into six distinct types: a)

intrinsic, b) semiconductor-metal tandems, ¢) multilayer absorbers, d) multi-dielectric
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composite coatings, e) textured surfaces, and f) selectively solar-transmitting coating on a
blackbody-like absorber. Intrinsic absorbers use a material having intrinsic properties that
result in the desired spectral selectivity. Semiconductor-metal tandems absorb short
wavelength radiation because of the semiconductor bandgap and have low thermal
emittance as a result of the metal layer. Multilayer absorbers use multiple reflections
between layers to absorb light and can be tailored to be efficient selective absorbers.
Metal-dielectric composites - CERMETS - consist of fine metal particles in a dielectric or
ceramic host material. Textured surfaces can produce high solar absorptance by multiple
reflections among needle-like, dendritic, or porous microstructure. Additionally,
selectively solar-transmitting coatings on a blackbody-like absorber are also used but are
typically used in low-temperature applications. These constructions are shown

schematically in Figures 1.12(a)-(f), respectively [20]
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Figure 1.12 : Schematic designs of six types of coatings and surface treatments for selective
absorption of energy.

All these types are discussed in great detail by Kennedy et. al. in his review of
mid- to high-temperature solar selective absorber materials [20]. Since we are more
interested in CERMETS i.e. metal-dielectric composites selective absorbers, henceforth
will discuss the same in more details.

The highly absorbing metal-dielectric composite, or cermet, consists of fine metal
particles in a dielectric or ceramic matrix, or a porous oxide impregnated with metal.
These films are transparent in the thermal IR region, while they are strongly absorbing in
the solar region because of interband transitions in the metal and the small particle
resonance. The absorbing cermet layer can have either a uniform or graded metal content.
The metal-dielectric concept offers a high degree of flexibility, and the absorption

selectivity can be optimized by proper choice of constituents, particle concentration, size,
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shape, and orientation. A variety of techniques, such as electroplating, anodization,
Chemical Vapor Deposition (CVD), and co-deposition of metal and insulator materials by
physical vapor deposition (PVD) like sputtering and pulsed laser deposition, can produce
the CERMET coatings.

In cermets, solar absorptance is mainly determined by the response of the
absorbing particles. There is a shift of the absorption and scattering cutoffs to higher
wavelengths when the particle radius, r, increases. This effect is accompanied by a
reduction in the maximum of the scattering and absorption efficiencies roughly
proportional to 1/r [21]. Alumina is well known as a ceramic, stable at high temperature,
but SiO, and AIN have also been used [22]. In addition, ZrO2 films could find
applications as the dielectric medium in cermets, as multilayer solar-selective absorbers,
or as anti-reflection (AR) coatings because of its high refractive index, high dielectric
constant, low thermal conductivity, and corrosion-resistant properties [23].

In this thesis we have used Gold nanoparticles (Au-NPs) as a metallic inclusion in
different dielectric matrices. Along with the properties mentioned earlier the system of
Au-NPs embedded in dielectric matrix have generated considerable interest in the field of
opto-electronics and non-linear optics [24] due to their strong coupling to incident
electromagnetic radiation and therefore will be a good candidate for this study. It was
decided to begin with the simple system with inclusion of low dense Au-NPs ranging in
diameters from 10-15 nm uniformly distributed in the matrix so as to avoid the
complications involved in the sample preparation for LaAPT experiments. Considering
the volume analyzed in the LaAPT experiment, i.e. roughly 50x50x100nm?, the specimen
should be prepared in such a way that the presence of Au-NPs should be evident in this
volume. The details regarding the specimens analyzed in this study and the problems

encountered therein are summarized in the following section.

1.3.2 Specimens analyzed to study the absorption and thermal behavior of
nanostructured materials (CERMETS) by LaAPT
In the course of this work various samples of Au-NPs embedded in
dielectric/ceramic matrices were studied. As explained in previous section sample should
be compatible with the techniques used to prepare the LaAPT samples as well as it should
be successfully analyzed in LaAPT without any damaged to the specimen during analysis.

Although metallic nano-objects embedded in dielectric matrix are one of the building
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blocks of optoelectronics and plasmonics, there are very few reports in the literature
concerning the LaAPT analysis, owing to the complexities involved therein. So studying
these materials thoroughly will be helpful to resolve the problems arise during the LaAPT
analysis.

We were collaborating with different laboratories in and out of France for
synthesizing Au NPs embedded in different matrices. A comprehensive list of materials
analyzed during the course of this thesis along with the difficulties encountered is given
below. Though the list includes unsuccessful attempts more than the effective one, the

experience gain was efficiently utilized further.

(a) Au-Al,O3::

The Au-NPs embedded in alumina matrix were the first specimen analyzed in this
list. The specimens were synthesized at National Chemical Laboratory (NCL), Pune,
INDIA. Thin films of Au-Al,O3; were deposited using co-sputtering technique with targets
of Aluminum (Al) and Gold (Au). Various deposition parameters like deposition
temperature, time, Ar and O, flux, and RF & DC power were varied to get the required
uniform size distribution of Au-NPs in the matrix. Annealing the samples at 500°C and
850°C after deposition was also performed. To confirm the phase and structure all the
samples were characterize by X-ray diffraction (XRD) and Scanning Electron microscopy
(SEM) and are shown in fig. 1.13.
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Figure 1.13: XRD and SEM characterization of Au-Al,O; films on stainless steel (SS)

substrate. The unindexed peaks correspond to the substrate. The XRD and adjacent SEM
image correspond to same sample.

In figure 1.13, the XRD pattern obtained from as synthesized, annealed at 550°C
and 850°C are shown and the SEM images adjacent to these XRD patterns correspond to
the same sample. All Au peaks are indexed while all unindexed peaks correspond to the
substrate SS. As shown in this figure, the XRD pattern of as synthesized specimen shows
a broad Au-peak, but very less in intensity, corresponding SEM image for as synthesized
specimen shows a uniform surface morphology with no sign of Au NPs on the surface.
But once the specimen is annealed to the elevated temperatures, the XRD pattern shows
strong and sharp Au-peaks. The SEM image of these samples shows odd sized
particulates on the surface of the film. Looking at the bright contrast of these particles
they are probably the Au-particles. But their size is in the range of 250-500nm which is
not suitable for LaAPT analysis. In addition, there is no evidence of alumina observed in
any of the XRD pattern; it is probably due to the amorphous nature of the Al,O3. The
cross-sectional SEM image of the 850°C annealed film is shown fig. 1.14.
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Figure 1.14 : Cross-sectional SEM image of the 850°C annealed Au-Al,O; specimen

The film surface is quite rough, and the interface between substrate and the film is
visible. Several attempts were made to prepare the LaAPT sample from this specimen but

all of them were ended up with the failure.

(b) Au-TiO,:

This is second specimen we received from NCL, Pune INDIA. Au-nanoclusters
embedded in TiO, nanorods were synthesized by chemical route. The transmission
electron microscope (TEM) image of the single isolated nanorods is shown figure 1.15(a).
The sample was in powder form, so method using optical microscope manipulation was
used to prepare the atom probe tip. Attempts were made to pick up the single nanorods
under the optical microscope and once succeeded, and then with the use of focused ion
beam (FIB) annular milling final atom probe tip was prepared. The SEM image before
and after annular milling is shown in figure 1.15(b) and (c) respectively.
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Figure 1.15 : (a) TEM image of Au-TiO, nanorod, Au nano-clusters seen in dark contrast,
(b) Au-TiO2 nanorod before annular milling and (c) after milling, the final atom probe

tip.

Although we succeeded to prepare atom probe tips from this specimen, analyzing
the same in atom probe was real challenge. The analysis used to begin normally but all
of the tips were damaged or flashed without giving sufficient data for analysis. This can
be due to the differences in field of evaporation of the Au and TiO,, also the specimen is
prepared via chemical route, so the adhesion or the contact between Au-nanoclusters
and TiO, matrix will not be strong enough to withstand the stress generated by the high

electrostatic field applied in the LaAPT experiment.

(c) Au-Fe,0Oq:

This is the third specimen we have received from NCL, Pune, INDIA. The
specimen was prepared by using pulsed laser deposition (PLD) technique. The targets
were prepared by mixing the commercially available Au powder in the a-Fe,O3 powder in

different proportions (e.g. 5 and 10 at.% Au). Deposition parameters were varied to get

Ph.D. Thesis — Deodatta SHINDE Université de Rouen



28 | Chapter 1

the uniformed film with formation of Au-NPs inside the matrix. From different samples
prepared at different conditions, the sample prepared at 500°C deposition temperature
with 10 at.% Au shown commendable results. The SEM image and XRD pattern from
this specimen is shown in figure 1.16(a) and (b) respectively. The cross-sectional SEM
image showing the formation of Au-NPs inside the a-Fe,O3 matrix is shown in figure
1.16(c).

. (b)

5 Au(111)
Au(200)

Intensity (a.u)

h : - T T T T T T T T
EHT = 5.00kV Signal A= InLens Date :16 Sep 2013 30 40 50 60 70 80 90 100 110 120
WD = 5.0mm FIEMag= 353K X Mag = 165.81 K X 20 (deg)

200 nm EHT = 5.00 kV Signal A = InLens Date :7 Feb 2014 w

WD = 5.0mm FIBMag= 258KX Mag = 56.08 KX

Figure 1.16 : (a) SEM image of Au-Fe,O; film, tiny bright spots correspond to Au-NPs, (b)
XRD pattern showing existence of Au-NPs, all unindexed peaks correspond to a-Fe,03
phase, (c) cross-sectional SEM image of the film deposited on Si-Substrate, tiny bright
spots inside the film are due to the Au-NPs

This specimen is one of the successfully analyzed specimens in this thesis; there
was not any difficulty to prepare the atom probe tip from this specimen. The tips were
prepared across the thin film as well as along the thin film which gives advantage to
analyze more Au-NPs.
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(d) Au@Ag-SiO,:

This bimetallic alloy NPs embedded in SiO, matrix was provided by Dr. Etienne
Talbot and synthesized by his collaborators. A layer of SiO, is deposited on Si substrate,
then the chemically prepared Au@Ag NPs were dispersed on this SiO, layer using spin
coating and finally another layer of SiO, is deposited on top of it to sandwich the
bimetallic alloy NPs in SiO, matrix. The cross-sectional SEM image in figure 1.17(a)
clearly shows the evidence of these bimetallic NPs sandwiched in SiO, matrix. An atom
probe tip prepared from this specimen along the thin film direction is shown in figure

1.17(h).

F-g,; Ty

<—— AuAg NPs

Si-Substrate

Figure 1.17 : (a) Cross-sectional SEM image of Au-Ag bimetallic NPs sandwiched in
SiO; layers, (b) an atom probe tip prepared from (a) along the thin film direction.

So that, many attempts were made to prepare the atom probe tip in this case, but
unfortunately none of the successfully prepared tip were able to produce commendable

LaAPT analysis. The reason can be a poor contact between the SiO, film and NPs.

(e) Au-SiO; :

This Silica Photonic crystal fiber doped with Au-NPs was received from
COmplexe de Recherche Interprofessionnel en Aérothermochimie (CORIA), a laboratory
situated in Rouen, France. This sample was synthesized by sol-gel route with capillaries
drawn from commercially available silica tubes [25]. The high resolution (HR) TEM
image from Ref.[25] is shown along with the Scanning transmission electron microscope
(STEM) image of the tip prepared from this sample in figure 1.18 (a) and (b) respectively.
Even though the Au-NP is visible in HR-TEM image shown in fig. 1.18(a), the
observation of Au-NP’s inside the atom probe tip was not evident owing to the less

density of NPs in bulk sample.
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Figure 1.18 : (a) HR-TEM image from ref.[21], (b) STEM image of the Au-SiO, tip, absence
of Au NPs in the tip

In addition, it was quite difficult to analyze the tip in electron microscope; strange
behavior of bending upon imaging with electron beam was observed and is shown in fig.
1.18(b). Although the samples were successfully analyzed in atom probe but never
observed the existence of Au-NPs, only ionic species related to matrix were observed.

() Au-MgO :

This sample was received from Pacific Northwest National Laboratory (PNNL),
Washington, USA. Specimen with Au nanoparticles embedded in MgO matrix were
synthesized by ion beam implantation of 2MeV Au?* ions on single crystalline MgO
substrate followed by annealing at 1275°K for 10 hours. A band of cubic Au-
nanoparticles with sizes ranging from 3-8nm with Gaussian density distribution in depth
is formed nearly 200nm from the MgO surface [26]. After Au-Fe,O; this is the second
sample which was analyzed successfully, though preparing atom probe samples was
challenging due to the highly insulating MgO matrix. The structural characterization
using LaAPT has already been carried-out on this sample by the researchers from PNNL
and is published in [27,28]. The cross-sectional STEM image of the specimen is shown in
figure 1.19 (a) showing the highly dense Au NPs inside the matrix. Magnified view from

the low dense Au NPs region is shown in figure 1.19 (b).
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Top Surface

Figure 1.19 : (a) Cross-sectional STEM image of Au-MgO specimen showing formation of
highly dense Au-NPs inside the MgO matrix, (b) magnified view of the top low dense Au-NP
region of shown in (a)

() ITO/AU/ITO
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Figure 1.20 : ITO/Au/ITO sample preparation during (a) initial stage of annular milling
and (b) just before final stage of annular milling.

Apart from all other samples where Au-NPs are embedded in dielectric matrices,
we also tried to study the layered sample. In this sample a thin layer of Au (20-50nm) is
sandwiched in between Indium tin oxide (ITO) layers. The layers were deposited on the
Si-microposts, these microposts then glued to the W-pretip under the optical microscope
and then annular milling using FIB was performed to prepare the final atom probe
sample. Although tip preparation is easy in this case compare to other samples, the
successful analysis from atom probe is challenging. Most of the tips were flashed during

the analysis. This might be related to the adhesion between the layers which is not good
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enough to sustain the high dc electrostatic field applied in LaAPT experiment. The SEM
image during initial stage of annular milling of the Si-micropost and during the final stage
is shown in figure 1.20 (a) and (b) respectively, the bright contrast layer corresponds to
Au-layer.

All these samples were studied during the tenure of this Ph.D. work, however only
two samples, viz. Au-Fe;O; and Au-MgO have shown possibility to be analyzed in
LaAPT with good repeatability and reproducibility of results. So we decided to
concentrate on these two specimens. Considering the different optical properties of these
materials, we believe that these samples will give complimentary experimental data
sufficient enough to draw some solid conclusions on the possibility to study the optical

and thermal properties of these materials by LaAPT.

Figure 1.21 : HAADF-STEM image of (a) Au-MgO tip and (b) Au Fe,Os tip

The differences in the properties of both matrices can be effectively use to
compare the findings therein. The MgO matrix is transparent to the laser wavelengths
used in the standard LaAPT experiment, viz UV (343nm), Green (515nm) and IR
(2030nm), while on the other hand Fe,O3 matrix is opaque to UV and Green wavelength.
So it will be interesting to see how the optical properties will change with the inclusion of

Au-NPs in these matrices. In addition, the thermal diffusivity of bulk MgO is superior (10
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times) to that of Fe,Os3, this gives us an opportunity to compare their thermal behavior as
well. Along with this, the size and density of Au-NPs is different in both the samples, this
aspect can also be used to understand the optical and thermal properties in both the cases.
The High angle Annular Dark Field (HAADF)-STEM image of Au-MgO and Au-Fe;O3
tip is shown in figure 1.21 (a) and (b) respectively for comparison.

The results obtained with these two specimens are presented in Chapter 3 (Au-
MgO) and Chapter 4 (Au-Fe,03) of this thesis. To study the effect of Au-NPs inclusion,
samples without Au NPs were also prepared for both the samples (i.e. Pure Fe,O3 and
Pure MgO tips).

1.3.3 Specimen analyzed to study the correlation between optical emission
and structural properties

As explained in the previous section of this chapter, the optical emission
properties of quantum well system depends essentially on the elemental composition and
the thickness of the quantum well. To draw one to one correlation between optical
emission and structural properties of quantum well system it is decided to characterize the
same nano-object containing a system of quantum wells by up-photoluminescence
spectroscopy, STEM, and LaAPT.

In this regard, system of InGaN/GaN multi-quantum wells (MQW?’s) has been
analyzed during the course of this thesis. The InGaN/GaN MQW’s were radially
deposited on self-assembled GaN microwires grown by Metalorganic Vapor Phase
Epitaxy (MOVPE) method at CEA/CNRS/Universite Joseph Fourier, Grenoble, France.

The STEM image of the atom probe sample prepared from this specimen is shown
in figure 1.22 (a) along with the HR-STEM image in fig. 1.22(b). The bright contrasted
stripes in these images are InGaN quantum wells separated by relatively dark and thicker
GaN barrier. The thick Si- capping layer on top shown in fig.1.22 (a) was deposited to

protect the sample from Ga-ion beam damage during sample preparation.
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Figure 1.22 : STEM (a) and HR-STEM (b) images from an atom probe tip sample prepared from
InGaN/GaN multi guantum wells. The bright contrasted stripes are InGaN QW's and the thicker
barrier between them is GaN.

A number of samples were analyzed individually by each technique (i.e. p-PL,
STEM and APT) before analyzing the same nano-object by these techniques for
correlation analysis. A rich set of data were obtained after performing the analysis on
single nano-object and the correlation between optical emission and structural properties
have been drawn from the results obtained. The detailed results and analysis carried out
on this sample are presented in chapter 5 of this thesis.

As compared to the specimens analyzed to understand the relation between
absorption and thermal properties of nanoscale material by LaAPT, we have analyzed
only one specimen to understand the correlation between optical emission and structural
properties. This is due to the limitation to finish the work in stipulated time of three years
of the thesis. In the beginning of the thesis it was decided to work on both type of
specimens which will give insights on optical absorption and emission by LaAPT
analysis. But at the middle of the thesis we realized that, it is not possible to finish all the
tasks involved in given time constraint. As a result, we decided to concentrate more on
the absorption and thermal properties instead of optical emission and its correlation to the
structural properties. Because of this reason, the samples analyzed to understand optical
absorption and thermal properties by LaAPT are more in number in this thesis.
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1.4 Conclusions

In this chapter more attention is given to the optical processes triggered upon
illuminated by Light. Special emphasize was given to the optical absorption and emission
properties of the materials.

In the first section of the chapter, after introducing the optical properties in
general; how the absorption and thermal properties are subjected to change upon
nanostructuring are described with some examples available in the literature. The
importance of measuring these properties at single nano-object level is mentioned along
with the challenges and limitations to do so.

Along with the optical absorption properties, optical emission properties of the
materials are also introduced in the sub-sequent section. The dependence of optical
emission on the elemental composition and on the electronic properties of the materials
was explained. The emission properties of the quantum confined solids like quantum
wells is then explained and how these properties can be modified with the thickness and
composition of quantum well are introduced.

In the last section, the materials analyzed during the thesis are introduced and a
decision to study the CERMET materials for absorption and thermal properties is made.
With the introduction of different types of CERMET materials, the materials analyzed
during the course of this thesis work were shortly introduced with the challenges and
limitations encounter therein. At the end, decided to work on two successfully analyzed
samples viz, Au-Fe,O3 and Au-MgO, which we believe are sufficient enough to draw the
solid conclusions about feasibility of LaAPT to use as a tool to investigate the absorption
and thermal properties of the material at nanoscale. The results obtained and conclusions
therein are presented in the further chapters of this thesis. In addition, to study the
correlation between optical emission and structural properties; InGaN/GaN multi
quantum well sample was analyzed and it was introduced at the end of the chapter. The
results and discussion related to this sample are thoroughly described in chapter 5 of the

thesis.
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Chapter 2
Experimental Methods

2.1. Introduction

The study of applicability of LaAPT as a spectroscopic tool involves lot of
experiments, and comparison of these experimental results with numerical data. The
experiments performed during the tenure of this thesis are integral and essential part of
the thesis. Various experimental methods were used during this study to understand and
correlate the structural and optical properties of nanometric tip shaped samples. The
methods which are extensively used are introduced in this chapter.

The most frequently used experimental tool in this work is LaAPT. The LaAPT
technique in general is introduced in the beginning of the chapter followed by the basic
principle behind the technique. The LaAPT technique is usually used as a powerful tool
to characterize the materials structural properties at near atomic resolution with parts per
million (ppm) chemical sensitivity. But the subject of utilizing LaAPT as a spectroscopic
tool is in itself a novel approach towards understanding the correlation between optical,
thermal and, structural properties of material at nanoscale dimensions. Though this
approach is new, there is number of reports available in the literature showing the effect
of intrinsic optical properties of the material on the results obtained with LaAPT. With
the help of these results an attempt have been made in this chapter to explain how the
optical and thermal properties can also be deduced from the results obtained with LaAPT.
The examples from existing literature for metals, semiconductors and insulators are
included to cover the wide range of materials which can be analyzed by this method.

Another powerful tool which has been consistently used during this work is

Scanning Transmission Electron Microscopy (STEM). As explained in the previous
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chapter that the optical properties of solids at nanoscale are strongly dependent on their
structural properties. In case of metallic nanoparticles (NP’s) embedded in dielectric
matrices, the size, shape, density and, dielectric environment of the NP’s can substantially
alter the optical absorption properties. On the other hand, the thickness and interface
geometry of quantum wells is decisive parameter to characterize the optical emission
from quantum wells. Owing to these facts, it is essential to perform the ultimate structural
characterization before correlating the same to its optical properties. STEM analysis will
provide the complementary information to the LaAPT analysis. In addition, the STEM
imaging of the tip shaped samples will serve as an input parameter for the reliable and
better 3D reconstruction of the data obtained with LaAPT. It is even possible to perform
direct one-to one correlation between optical and structural properties with the results
obtained with LaAPT and STEM together. Due to these reasons, using STEM for imaging
is necessity of this work and is used almost for every successful sample analyzed in this
thesis. Thus, a brief introduction to STEM and High angle annular dark field (HAADF)
imaging is also incorporated in this chapter.

Along with the structural characterization tools like STEM and LaAPT, to
understand the optical properties of the solids at nanoscale two different techniques were
used. For studying the optical emission properties, micro-photoluminescence (uPL)
spectroscopy were used, in which a small part of the sample (few microns) is excited by
the laser light and the luminescence signal is recorded using the spectrometer. While for
studying the optical absorption of nanoscale tip shaped samples, we have used the
technique called as Spatial Modulation spectroscopy (SMS). The technique have been
successfully employed to analyzed the absolute absorption spectra of single isolated
metallic nanoparticle (as small as 5nm in diameter) [1] and semiconducting single wall
carbon nanotube [2]. We have used this technique for the first time to investigate the
absorption properties of the tip shaped samples used in LaAPT . Although we have not
came to definitive conclusions on the results obtained with this technique up till now, the
primary analysis obtained on different samples are discussed in the thesis along with the
difficulties to understand the same. Both the techniques, i.e. puPL and SMS are concisely
introduced in this chapter along with the reports available in the existing literature for

more detailed discussions.
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2.2. Atom Probe Tomography : State of the art

Atom Probe Tomography (APT) is a unique technique to analyze the material
structurally and chemically in 3-dimensions (3D) at near atomic scale. Right from its
invention APT has witnessed considerable improvements in its instrumental design,
reconstruction protocols, detection system etc. to push the technique to its limit. One of
the very important advances APT has ever seen is the application of ultrafast laser pulses
to trigger the field evaporation process (or removal of atoms from the surface of the
material). So the APT became the Laser-assisted APT (LaAPT) and open up the new era
to study the materials (e.g. semiconductors and insulators) at near atomic resolution. The
technique became very popular amongst semiconductor and nano-electronics researchers
due to its unique and unmatched qualities to probe the material to near atomic resolution
in real space and that too in 3D. In this section a short introduction to the APT technique
is given with the fundamental mechanisms of field evaporation and applications of this

technique in various fields.

2.2.1 History

The atom probe tomography is an outcome of the vast research carried out in
high-field Physics from late 1920’s to 1950’s. The predecessors of APT are the field
emission microscope and the field ion microscope. Field emission microscopy (FEM) is
based on the extraction of electrons from metal tip by applying a very high negative
potential which generates an intense electric field (few V/um) at the surface of the tip.
In short, when a sufficiently strong electric field is present around a metal tip, electrons
will quantum mechanically tunnel through the metal/vacuum barrier. The theoretical
framework for this phenomenon were extensively discussed by J. R. Oppenheimer [3] and
Fowler and Nordhiem [4] in 1928. In 1936, Erwin Muller has experimentally shown the
evidence of electron emission from solids under high electric field [5]. The electron
emission sources based on the field emission are now used very frequently in electron
microscopes. On the other hand, in field ion microscopy (FIM), by applying the high
positive potential on the field emitter used in FEM, Muller was able to achieve the
emission of positive ions from the surface of the metal tip in 1941 [6]. As the signal from
the positive ions evaporated from the surface was very weak, trace hydrogen was
introduced into the vacuum chamber. The ionization of gas atoms on the surface

increased the number of ions emitted from the surface significantly. After cooling the
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field emitter to liquid nitrogen temperature and using Helium gas for imaging, Bahadur
and Muller in 1955 [7] were able to produce the first ever atomically resolved image of
the tungsten surface using FIM. With the technological improvements in next decade it
was possible to amplify the signal using microchannel plate which further enhanced the
signal on the Phosphor screen of FIM. Later in 1968 [8], Muller and his co-workers
developed a One-dimensional atom probe (1D-AP) or an Atom Probe Field lon
Microscope (AP-FIM), in which they combine the FIM with Time of flight (ToF) mass
spectrometry. This was the first step towards simultaneously imaging and identifying the
individual atom from the material. With the developments in detection system, fast
electronic digitizers [9] and, reconstruction protocol [10], it is now possible to determine
the position of atoms in 3D with sub-nanometer resolution. The technique was limited to
only metallic and highly doped semiconducting samples for long time. This is due to the
inability to transmit the electrical pulses to the apex of the samples in non-conducting
materials. But this difficulty is also resolved by using ultra-fast laser pulses to trigger the
process of field evaporation [2] since last decade. With the application of ultra-fast laser
pulses, it is possible to analyze any material including insulating materials as well. This
fact makes the laser assisted atom probe tomography (LaAPT) as a unique tool to analyze
any kind of material structurally and chemically in 3D with near atomic resolution. The
basic principle of the technique and underlying mechanism are explained in the
subsequent sections of this chapter.

2.2.2 Basic Principle of APT

As explained in the previous section the atom probe is combination of FIM with
ToF mass spectrometry. So before going to discuss the details regarding atom probe, it is
inevitable to have discussion on FIM. In FIM, the sharp needle shaped specimen with end
radius in the range of 50 nm to 100 nm is placed at cryogenic temperature (10K-80K) and
in ultra-high vacuum conditions. The electric field at the apex of the specimen is applied
and is of the order of 10'® V/m. A rare gas (He, Ne, Ar), called the imaging-gas, is
introduced in the vicinity of this positively charged sharp needle. Gas atoms are ionized
very close to the tip surface and subsequently accelerated away by the intense electric
field. The image that is formed by the impact of these gas ions onto a phosphor screen
maps the distribution of the electric field at the surface, which is intrinsically related to
the local topography of the tip. The cryogenic temperature is to optimize the spatial

resolution, which is high enough to provide direct imaging of individual surface atoms.
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The schematic of the FIM is presented in fig. 2.1(a) along with the experimentally

observed field ion micrographs on gold tip and Si-tip.
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Figure 2.1 : Schematic view of a field ion microscope. (a) Only the atoms from the very last shell
(in green) of the tip surface can be imaged, as seen in the example of a pure W field ion
micrograph (on phosphor screen) after [11], (b) field ion micrograph of Au-tip and that of (c)
Silicon tip (showing (111) pole) (Image Courtesy F. Vurpillot)

The very high spatial resolution and high contrast for features on the atomic scale
arises from the fact that the electric field is enhanced in the vicinity of the surface atoms
because of the higher local curvature (shown in green color). Resolution of the order of
1A (atomic resolution) can be achieved by FIM. It is the first step in visualizing the single
atoms on the surface of the material before APT analysis. It can be used basically to study
dynamics of surfaces and behavior of ad-atoms on the surface of sample [12].

In APT, in order to find the chemical identity of the atoms (ions) evaporated from
the tip surface, ToF mass spectrometry is introduced. Unlike the FIM, instead of phosphor
screen a detector with single ion sensitivity is placed in front of the tip specimen which
will record the spatial (X,Y) positions of the detected atom [9]. The schematic of atom

probe is shown in fig. 2.2.
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V pulse ﬂ Jk K
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Figure 2.2 : Schematic showing the principle of atom probe tomography. (Blue and red circles
represented as atoms)

The basic principle of atom probe tomography is as follow: the surface atoms of
the needle shaped specimen are field evaporated by applying additional voltage (electric
mode APT) in form of series of high voltage pulses with nano second rise-time or by
applying ultra-fast laser pulses with sub-femtosecond duration to trigger the field
evaporation process (LaAPT). lons created at surface follow trajectories of electric field
lines established between detector and specimen where they are chemically identified by
time-of-flight mass spectrometry (TOF-MS). The information from the detected atom is
obtained from its mass-to-charge ratio (m/n). m/n is calculated from the equivalence
between the potential energy of the atom on the specimen surface at the voltage V to the
Kinetic energy that ion acquires to a grounded counter electrode positioned immediately

in front of the specimen. This relation is given by,

2
neV = %mi—z (2.1)
m t2
; = 2el/ L_z (2.2)

where, L is the distance covered by ions from specimen surface to detector, e is
elementary charge and t is the flight time of the ion over that distance.
Once the chemical identity and the (X, Y) spatial positions of the atom are

recorded, with the help of reconstruction protocol based on the back projection law [10]
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and the sequence of atom hits on the detector can be used to deduce the Z-position (depth)
of atoms. Thus the three dimensional reconstruction of the data obtained is a combination

of two-dimensional hit positions and sequence of field evaporation.

2.2.3 Theory of field evaporation

Field evaporation is the term used for field-induced removal of an atom from the
surface of the material. It involves a combination of ionisation and desorption of an atom
from a surface that is subjected to a very intense electric field. The electric field causes
polarization of the surface atoms. When the electric field is sufficiently intense, the atom
can be removed from the surface while one of its electrons is drained into the surface,
inducing ionization of the atom. The created positive ion is accelerated by the
surrounding field away from the surface. The field evaporation process is schematically
shown in fig. 2.3 along with the atomic and ionic potential energy diagrams with and

without the application of electric field.
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Figure 2.3 : (a) The field evaporation process. The ad-atom is depicted in grey and the ion in
black. (b) Atomic and ionic potential energy diagram with and without electric field. V is the
potential, L is the sublimation energy, n is the degree of ionization, I; is the i" ionisation energy
and ¢, is the work function of the surface emitting the ion, Qo and Q(F) are the energy barrier
without and with electric field respectively. From [11].

The field evaporation process is thermally activated process, where ion will leave
the surface of the material by crossing the lowered potential barrier (due to electric field)

with thermal activation. This transition from an atomic to an ionic state is schematically
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depicted in fig. 2.3(b), which shows the atomic and ionic potential energies as a function
of the distance from the surface, x.
The number atoms evaporated per second, i.e. evaporation rate follows the

Arrhenius law as given by,

—Q(F
Kevap = Yatom exp( IQC; )) (2-3)

where, 9ai0m 1S the surface atom vibration frequency, Q(F) is the height of the barrier as a
function of the applied electric field F, T is the absolute temperature and k is the
Boltzmann constant. For electric field values close to the evaporation field (Fevap), the

height of the energy barrier can be considered as varying linearly with the field:

Fevap Fevap

Q(F)=Qo<1— G )z 0(1-:) (2.4)

where, Qo is the barrier without application of electric field as shown in fig. 2.3. This

behavior was observed experimentally as well.

2.3 LaAPT to analyze the optical absorption and thermal properties of

nanoscale material

Laser assisted atom probe tomography has been widely used to characterize the
structural and chemical nature of the materials with near atomic resolution. Various
material ranging from metals, semiconductors and even insulators are being studied
successfully [11,12,13]. But the quality of data obtained is strongly influenced by the
operating conditions of laser, like laser intensity and wavelength. To get the best results
one has to tune these parameters according to the material being analyzed, in addition the
geometrical parameters like shape, size and length of the tip play crucial role in this
analysis. This dependency is possibly due to the change in optical and thermal properties
of the tip shaped samples analyzed in LaAPT. And this dependency gives us an
opportunity to study the optical and thermal properties of the material by using LaAPT.
The behavior in the case of metallic samples is explained in the beginning to form a
framework for this discussion. Later relatively complex case of semiconductor and
insulators is incorporated for the sake of covering the wide range of materials which can

be analyzed by this technique.
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2.3.1 METALS

The specific laser’s contribution to the field evaporation can directly be
introduced in the Arrhenius equation that is used to model the evaporation process. The
rate of evaporation is given by Arrhenius law as quoted in eg. (2.3). Reformulation

of equation (2.3) gives,

ten _Q F
Nevap = f ¢ <N0 Yatom €Xp (kTEt)))> dt (2.5)

tstart

where, Nevap IS the number of field evaporated ions during the time interval [tsar, tend],
Jaom 1S the surface atom vibration frequency, Q(F) is the height of the barrier as a
function of the applied electric field F, T(t) is the temperature of the sample as a function
of time and k is the Boltzmann constant and Ny number of kink site atoms. From this
equation, field evaporation can be triggered by an increase of the electric field as well as
by an increase of the temperature. The laser wave as an electromagnetic wave has an
intrinsic electric field and the absorption of laser light in solids is well known to result in
heating the absorbing material. Hence, the laser pulse may cause field evaporation via the
temperature rise and experimental evidence of this behavior is reported in [14-16].

After the temperature rise induced by laser absorption, the cooling process has
also significant consequences on the LaAPT analysis. Here the intrinsic thermal
properties like thermal diffusivity and the specific heat capacity comes in the picture. It is
possible to deduce the thermal diffusivity of the tip shaped specimen using thermal pulse
model (TPM). Detailed study on thermal pulse model (TPM) was carried out by F.
Vurpillot et. al. [15,17]. The rise in temperature due to laser illumination is proportional
to the laser pulse energy (Ep), T=To+aEp, where Ty is base (cryogenic) temperature, o is
absorption coefficient [17]. Considering this proportionality, the evaporation rate can be

rewritten (from equation 2.3) as,

—Q(F
Kevap = Ygtom €XP <#> (2.6)

k(T0+aEp)
Once the energy of the laser is deposited on the needle shaped specimen, the
kinetic of temperature simply follows the diffusion equation of the heat conduction,

T  ~o2m _
o~ DV?T =0 2.7)

where, D is the thermal diffusivity of the material, T is the temperature and t is the time.
The thermal diffusivity can be expressed as thermal conductivity (k) divided by the

volumetric heat capacity cp, and the density of the material p.
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=X (2.8)

PCp

These parameters are considered to be independent of temperature, although this
is not strictly correct. Since the actual absorption is not known as a function of the
position inside the sample, the temperature distribution is assumed to follow a Gaussian
law centered on the tip apex along the z (along the tip) axis just after the laser
illumination. Then, the solution to equation (2.7) with the tip approximated as cylinder or

wire is given by [15]

T(t) = T(0,t) =T, + J%ﬂ (2.9)
with T, the base temperature, Tiise the maximum temperature rise and o the size of the
heated zone. The cooling time constant is given by ¢*/D. This expression relates the
temperature evolution at the apex with physical constants of the material and the size of
the heated area. The temperature evolution after laser illumination on the Tungsten tip
was studied by Vurpillot et al. [15] and the fig. 2.4 gives temperature profile vs. time

during the cooling process.
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Figure 2.4 : Variation of the temperature after the laser pulse for a laser polarized along the tip
axis, (Intensity of laser =15 mJ/cm?). The temperature decay is fitted by the formula, T(0,¢) =

To + Trise/ |[1 + 2(Dt/a?)] With, To =40 K, Tnax=160 K, and 6 =1.5 um

Many authors have tried to measure the temperature rise during laser irradiation in
APT [15,18-21]. The variation in temperature on the tip apex can be scanned as a
function of time by measuring Kevap(t)=exp.(-Q/kT(t)). Due to the exponential decay of
the evaporation rate Keyvap(t), most of the atoms are evaporated in the very first moments
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of the cooling process. The evaporation time (tevap) IS defined as the time necessary to

divide by 10 the maximum value of Keyap(t), the expression for tevap Can be written as [22]

2

k Trise 2
Tevap = In(10) X %—n N % =0.1 % = 0.1T,001ing (2.10)

Thus the key factors controlling the cooling time (tcooing) are the thermal
diffusivity (D) of the material and the size of the heated zone (o). It was shown by
Houard et al. [22] that in the case of the metallic samples the extent of the area where the
absorption takes place can be chosen by adjusting the wavelength and the direction of the
electric field of the laser pulse.

The evaporation rate as a function of time i.e. Keyap(t), as measured for aluminum
and stainless-steel specimens, is shown in Fig. 2.5 (a) and (b) respectively, for different
laser wavelengths [22]. The field evaporation-rate measurement is derived from the ion
ToF spectra. For aluminum specimen analyzed at A=1600 nm, Tevap IS 2.5 ns while for all
other wavelengths it is 1.5 ns (Fig. 2.5 (a)). On the other hand, for steel with shorter
wavelength (320 nm) the evaporation time is shorter (tevap ~2 NS) and for longer
wavelength (4 = 1200 nm) it is longer (measured up to 20 ns) (Fig. 2.5 (b)). The heated
zone (o) which is estimated from equation (2.10), is found to be 300 nm for wavelength

of 320 nm and up to 1pm for A = 1200 nm.
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Figure 2.5 : Evaporation rate as a function of time obtained (a) from an aluminum tip & (b) from
a stainless-steel tip, for different wavelengths in axial polarization
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Houard et al. [22] also calculated the absorption density along the tip axis by
solving the Maxwell equations using finite difference time domain (FDTD) method.
Profiles are shown in Fig. 2.6 for different wavelengths. From Fig. 2.6, it can be seen that
absorption is maximum at the end of the tip and the absorption density rapidly decays to
zero few micrometers away from apex. For shorter wavelengths, the first absorption
maxima are closer to the apex of the tip. Moreover, the heated area (calculated as the
width of the first peak at 1/e*?) is smaller at shorter wavelength. Consequently shorter
evaporation times and better the mass resolution in shorter wavelengths (typically in UV

range) are expected.
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Figure 2.6 : Normalized absorption density profile along the tip axis computed for A =360 nm
blue, A =515 nm green, A =800 nm red, and 2 =1200 nm brown. Inset: zoom of absorption
profiles at the end of the tip for =360 nm blue and for =515 nm green.

These results shows that, in the case of metallic samples it is possible to deduce
the optical absorption properties by the absorption distribution at different wavelengths
and analyzing the ToF spectrum obtained from the LaAPT analysis. The numerically
calculated absorption maps using FDTD can be used to understand qualitatively the
magnitude of this absorption at different wavelengths. The information obtained with
these calculations will serve as input parameters to calculate the thermal diffusivity of the
nanometric samples using thermal pulse model (TPM). An example is shown in fig. 2.7,
where the experimental data obtained from metallic glass sample at different wavelength

is fitted using only changing one parameter, i.e. thermal diffusivity [23]
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Figure 2.7 : Experimental (thin line) and theoretical (thick line) evaporation rate of a metallic
glass tip analyzed at A = 360 nm [red (black)], 2 = 500 nm [green (half-gray)], and 1 = 1200 nm

[violet (gray)]

2.3.2 SEMICONDUCTORS AND INSULATORS

To understand the absorption behavior in case of semiconductors and insulators it
is even more challenging. This is mainly due to the difference of electronic structures
between semiconductors, oxides and metals. In a metal, there is no energy gap in the
excitation spectrum of electrons; most of the electronic process involves electrons whose
energy is very close to the Fermi energy. In a semiconductor however, the presence of a
gap between the conduction band and the valence band leads to electronic process (such
as excitation) involving electrons, from valence band to conduction band. This
complicates the treatment of field ionization and field evaporation process in poor
conducting materials. All these interactions of ultra-fast laser with the nanometric tip and
the difficulties to understand the same are reviewed in [24,25]

The optical properties of semiconductors are related to their band structure
[25,26]. In the case of direct-band-gap semiconductors, the absorption of photons with
energy (Epn) lower than the band gap (Epn < E,™) is negligible, and it becomes very
strong for (Epn > Eo""). In this latter case, the penetration depth of the light is a few
nanometers and all the photon energy is absorbed at the surface by valence electrons
promoted to the conduction band which creates an electron—hole pair [26,27]. For indirect

indirect

band gap semiconductors, the absorption of photons with (Epn > Eq4 ) is assisted by
phonons and it is very low when the photon energy is close to the band gap energy (Epn~

Eg"""). In this case the penetration depth can be large, up to 1 mm [28]. Therefore for
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APT specimens, light can pass through the specimen readily and absorption takes place in
the entire illuminated volume.

Because the band structure of semiconductors strongly depends on doping and
defects, the value of the photon energy threshold for absorption changes with the doping
level and the defect density. When a specimen is heavily absorbing, such as
semiconductors for photon energies above their band gap, there is little penetration of the
laser beam inside the specimen. However, this general behavior of the optical properties
of materials should be reconsidered when a semiconductor is shaped at the nanometric
scale, as in the case of APT specimens. It was recently reported, both experimentally and
theoretically, that in the case of semiconductor nanowires, the optical properties strongly
depend on the ratio (MR) with A the laser wavelength and R the radius of the nanowire
[29]. This behavior is due to the excitation of resonant modes inside the nanostructure
(which can only happen if surface absorption is not strong). Furthermore, the optical
properties of bulk semiconductors can also be affected by the presence of a strong static
electric field [30,31]. This field modifies the band structure of the materials, changing the
band gap [32] or bending the bands [33,34]. By increasing the value of the external
electric field, sub-band gap absorption (Epn < Eg) becomes possible.

Bogdanowicz et. al. [30] has developed a simplified light-absorption theory for
conical nanoparticles based on the assumption that the conical shaped tip is a stack of
cylinders with varying radius. This theory predict that, the light couples and is therefore
absorbed in these objects at specific locations, where the local radius corresponds to a
resonance of the Mie theory developed for cylindrical particles. To prove this hypothesis
they have irradiated a Si-tip with high power IR laser in an atom probe set-up, and the
SEM image after irradiation is shown in figure 2.8 (a). It is clear that, regions of
preferential absorption are located on the shank and, more specifically, in the cross
sections where the local radius allows for constructive interference between the multiple
internal reflections. But when similar experiment is carried out in Green wavelength [35]
the regions of preferential absorption are absent and only near apex region of the tip is
affected as shown in figure 2.8 (b). It can indeed be shown that, while resonant coupling
of green light into a sub-100-nm apex is possible, only very little IR light can be coupled
into such a small apex [30]. In other words, during an APT experiment on a Si specimen,
the contribution of the apex to green light absorption can be significant (Fig. 2.8(b)),

whereas the absorption of IR light will occur far from the tip apex along the tip shank.
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Figure 2.8 : SEM image of a Si specimen irradiated with 20mW average-power (a) IR pulses,
holes indicative of locally enhanced absorption are observed only along the shank of the
specimen, i.e. far from the apex and (b) green pulses, trenches indicative of locally enhanced
absorption are observed in proximity to the apex region

Mazumder et al. [36] analyzed the Silicon tips in LaAPT as function of laser
intensity. The n-doped silicon tip was subjected to the infra-red (IR) laser pulse (A = 1030
nm) with laser intensity from 0.53 J/m? to 12.6 J/m?. The time-of-flight spectra of silicon
at 14 Da (Si?") is shown in Fig.2.9 (a). It can be seen that the ToF spectra obtained for
lower laser energies are very different than for higher laser energies. With increasing laser
energy, there is a broad peak appearing after the main peak of Si and thereby covering the
locations of isotopes at 14.5 and 15 Da. Also observed, the delay of about 10 ns between
the first Si peak (fast peak) and the second broad peak (hump). Such a behavior was not
observed during analyses under UV (Euv=3.6 e€V) and green laser (Egreen=2.4 €V) as
shown fig. 2.9 (b) for green laser.

This hump (delayed evaporation) in IR has been attributed to the resonant
absorption far from the apex in IR wavelength as observed in figure 2.8 (a) and predicted
by Bogdanowicz [30]. The two peaks (one narrow and the other broad) can correspond to
two cooling process related to two heated zones. The first zone is very small and located
at the apex of the tip. The absorption is localized in this small zone due to the band
bending which is stronger at the apex due to the electrostatic field applied. The second
zone is larger and localized at a distance far from the apex. The cooling process related to

the small heated zone is very rapid and hence the evaporation process is very short (which
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corresponds to a narrow peak in the TOF spectrum). Concerning the cooling process
related to the absorption far from the apex, the related ToF peak presents a long rise time
due to the heat propagation from the center of the heated zone to the tip apex. The
absence of this hump in case of Green wavelength analysis (fig. 2.9(b)) can be explained
on the basis of the absorption localized in near apex region unlike the case of IR light as
observed in fig. 2.8(b). The heated zone created at the near apex region will try to cool
down along the axis of the tip and hence decaying tail is observed in the ToF spectra of
Green analysis (see fig. 2.9(b)).
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Figure 2.9 : Normalized evaporation rate as function of time obtained from an Si tip (a) for IR
laser, using the laser intensities bottom to top 1= 0.2 GW/cm? , 1= 1.2 GW/cm? , I= 2.2 GW/cm?
and |= 5.7 GW/ cm?, respectively; (b) Green laser light 9.1 J/m?

These studies clearly demonstrate the correlation between the wavelengths of laser
and the absorption properties of the material. Also studying the delayed evaporation i.e
the position of the hump on time scale with respect to the laser power used one can
deduce the thermal properties as well.

In case of bulk insulating oxide layer sandwiched in metallic layers, the
evaporation conditions change drastically from a metal layer to an oxide layer [37]. To
obtain the 3D image of a tunnel barrier (Fe/ MgO/ Fe), as reported in Fig 2.10(a), the
laser power and the static field applied to the tip had to be carefully modified during the
analysis. Looking at the different shapes of the time of flight spectra obtained for Mg ions
and Fe ions as shown in Fig 2.10(b), we can observe that the rise time of the Mg peak is
10 times faster than the Fe peak. This rapid evaporation is related to a confinement and an
enhancement of the light absorption at the tip apex as shown previously in case of

aluminium tips.

Ph.D. Thesis — Deodatta SHINDE Université de Rouen



Chapter 2 | 55

(b)

0.1

0.014

No of atoms/Pulse

1E-3

Figure 2.10 : (a) 3D reconstructed volume of Fe/MgO/Fe tunnel barrier, (b) ToF spectra of Fe
ions from the first and last layers (blue and black line, respectively) and Mg ions (pink line)

The change of optical absorption properties in the oxides layer can be ascribed to
the band bending effect under the high electric field at the tip apex [33]. Consequently,
the surface electronic states can change completely from bulk states. This confinement of
the absorption thus leads to drastic consequences on the field evaporation.

Since the photon energy is not uniformly absorbed at the tip apex, the evaporation
is spatially inhomogeneous [38]. This changes the tip shape during the evaporation and
induces aberrations in the image reconstruction. For instance, such problems are visible
in Fig 2.10(a), where an oxide FeO layer is observed at the second interface. In fact, this
layer does not exist; it is due to surface oxygen atoms migration under the field gradient
during the analysis related to the uncontrolled tip shape evolution during the evaporation.

In addition, the analysis of bulk MgO can illustrate the complexity of light
absorption processes in La-APT. Indeed, the MgO is a large band gap oxide (Eg= 7.8 eV)
but could be analysed in La-APT using photon energy of 3.6 eV, 2.4 eV and, 1.2 eV
(which are smaller than the energy gap Eg). The absorption of the light can thus only be
explained taking into account the presence of oxygen defects which create some
electronic levels inside the band gap [36]. Recently, Silaeva et. al. [39] have shown that
the high electrostatic field of the order of 0.1V/A inside a dielectric nanostructure
strongly enhances its laser absorption up to the value typical for metals and found to be in
good agreement with their first-principle DFT calculations for atomic clusters of MgO

crystal.
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In summary, semiconductors and insulators or the materials with energy band gap
shows two types of evaporation behaviour. We can separate these evaporation processes
as fast and slow evaporation. The fast evaporation process evidenced by the sharp narrow
peak in ToF spectrum can give the information on the surface absorption under high DC
field. The slow evaporation process is due to the absorption of laser light far from the
apex. The presence of this absorption can be verified by second peak or hump observed
few 10’s to 100’s of nanosecond after fast peak in ToF Spectrum. By analysing the
position (on time scale) and magnitude of the hump or delayed evaporation on ToF
spectrum acquired from LaAPT analysis, it is possible to obtain the essential information
on the absorption map far from the tip apex. On the other hand, studying the effect of
change in laser parameters (and field conditions) on the delayed evaporation process;
qualitative estimates of the thermal diffusivity of the analysed material at nanoscale
dimensions also can be calculated with the help of numerical calculations based on
thermal pulse model.

These results from the existing literature and the discussion given in this section
shows that La-APT can be used not only to image materials in 3D at near atomic
resolution but can also give the information on absorption and thermal properties of the
materials as well. By combining these two aspects of the technique i.e. understanding
structural and optical properties at the same time and correlation between these properties

can be the ultimate characterization tool for nanoscale materials in near future.

2.4 Scanning Transmission Electron Microscopy (STEM)

The scanning transmission electron microscope (STEM) is an invaluable tool for
the characterization of nanostructures, providing a range of different imaging modes with
the ability to provide information on elemental composition and electronic structure at the
ultimate sensitivity, that of a single atom. The STEM works on the principle of
combination of normal scanning electron microscope (SEM) and transmission electron
microscope (TEM), by forming a focused beam of electrons that is scanned over the
sample while some desired signal is collected to form an image [40]. The difference with
SEM is that thin specimens are used so that electron beam can be transmitted through the
sample.

When an electron nanoprobe interacts with a specimen inside a STEM instrument,

a variety of electron, electromagnetic and other signals can be generated. Figure 2.11
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shows a schematic diagram illustrating the common signals that are used in a dedicated
STEM instrument. All these signals can be used to form images or diffraction patterns of
the specimen or can be analyzed to provide spectroscopic information. For example, by
collecting high-angle scattered electrons with an annular detector, high-angle annular
dark-field (HAADF) images (also called Z-contrast images) can be formed to provide
information about structural variations across the sample on an atomic level. Electron
energy-loss spectroscopy (EELS), which is based on the energy analysis of the
inelastically scattered electrons, can provide information on the electronic structure,
oxidation states, and chemical composition on an atomic or subnanometer scale. X-ray
energy dispersive spectroscopy (XEDS) can give quantitative data describing changes of
elemental composition associated with inhomogeneous structures of the sample. The
combination of XEDS and EELS with HAADF imaging technique can provide detailed
information on the composition, chemistry, and electronic and crystal structure of

nanoscale systems with atomic resolution and sensitivity [41]
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Figure 2.11 : Schematic diagram illustrates the various signals generated inside a scanning
transmission electron microscope that can be used to form high-resolution images,
nanodiffraction patterns or spectra of the region-of-interest. X-ray energy dispersive
spectroscopy (XEDS); Auger electron spectroscopy (AES) and scanning Auger microscopy
(SAM); secondary electron spectroscopy (SES) and secondary electron microscopy (SEM);
annular dark-field (ADF) and high-angle annular dark-field (HAADF); coherent electron nano-
diffraction (CEND); parallel electron energy-loss spectroscopy (PEELS); bright-field (BF) and
dark-field (DF), After [41].
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2.4.1 High Angle Annular Dark Field (HAADF) imaging

The STEM also offers significant benefits in dark field operation with a unique
imaging mode, High Angle Annular Dark Field (HAADF) imaging. In this mode, the
inner angle of the annular dark field detector is made so large that no Bragg diffracted
electrons are collected. The images therefore come from elastically scattered electrons
which have passed very close to the atomic nuclei in the sample. Single atom column
resolution is possible with no unwanted diffraction contrast which can mask structural
information. The HAADF signal is directly proportional to the density and thickness of
the specimen and proportional to Z¥? where Z is the atomic number. Thus it is possible to
produce images which shows contrast due to the mass-thickness (i.e. the signal is
proportional to the number of atoms) or Z contrast images (where the signal is
proportional to the atomic number of the sample). Due to these reasons we have
employed HAADF-STEM imaging mode to image our samples. An example of
protruding Au-nano-particle from the atom probe tip specimen of Au-NPs in MgO matrix
is presented in fig. 2.12 where single atoms from an Au-NP can be visualized.

Figure 2.12 : HAADF-STEM of the Au-nanoparticle. The Au-NP is protruding from the surface of
the atom probe tip specimen of Au-NPs embedded in MgO matrix. (Image courtesy: W. Lefebvre)

2.5 Micro-photoluminescence (p-PL) Spectroscopy
The pPL studies were carried out at the Institut d’Electronique Fondamentale,
University Paris Sud, Orsay, France. The schematic of the pPL experimental set-up is

shown in fig. 2.13.
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Figure 2.13 : Experimental set-up for micro-photoluminescence Spectroscopy (PL signal
observed with the camera is shown in the right bottom corner of the figure)

The sample placed at cryogenic temperature (4°K) is illuminated by the excitation
laser (A=244nm) with beam waist size of 2um and focused to diffraction limit and with
incident power of around 50uW. The emitted signal can be recorded by the visualization
camera or sent to the spectrometer to record the characteristic properties of emitted light.
The PL signal was analyzed in a 460 mm focal length grating spectrometer, with a
spectral resolution roughly equal to 1 nm. An example of the emitted PL signal recorded
by the camera is also shown in fig. 2.13. The emitted light passes through the polarizer
before recorded by the spectrometer, which gives the information about the polarization
of emitted light from the sample. The samples analyzed were attached to the Tungsten
(W) microposts and were prepared by using Focused lon beam (FIB) sample preparation
method and also by manipulating and welding the micro-wire samples under the optical
microscopes. The luminescence spectrum corresponding to different regions can be
obtained by illuminating the different regions of the single microwire. An example of one
such measurement is given in figure 2.14, where a puPL signal recorded by camera from

an InGaN/GaN microwire (nearly 18-20um in length) attached to the W-post is shown.
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The spectrums were recorded from three different regions viz. base, middle and top of the
microwire. This spatial selectivity of analyzing the sample is helpful to understand and
distinguish the emission properties of quantum confined structures to that of bulk emitter
within the same sample e.g. base of the InGaN/GaN microwire contains only GaN and
hence the PL signal obtained at the base and at top region will have different emission
characteristics.

4

Figure 2.14 : The uPL signal recorded by camera from three different regions of same
InGaN/GaN microwire. (From left to right) PL signal emitted when the base, middle and, top
region of the microwire is illuminated by the laser light.

2.6 Spatial Modulation Spectroscopy (SMS)

The study of understanding the optical absorption properties of nanotips using
LaAPT is in itself novel way. In order to compare the information obtained on the optical
absorption using LaAPT, we have decided to use a method known as Spatial Modulation
Spectroscopy (SMS). SMS is far field optical technique based on modulating the spatial
position of the nano-object under illumination and measuring the change in modulated
transmitted optical signal. The modulated signal along with lock-in detection helps to
measure the extinction cross-sections of the order of few nm? [1] for single isolated nano-
object. The schematic of SMS technique for measuring extinction cross-section of
nanoparticle is shown in fig. 2.15.
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Figure 2.15: (a) Schematics of SMS, laser beam is illuminated through 100X objective on the
nano-object, while the spatial position is modulated along Y-direction. The light transmitted is
collected using another 100X objective and the signal is recorded using lock-in amplifier, (b)
Position of particle during modulation, (c) normalized change in transmission induced by single
nanoparticle at modulation frequency of ‘f” and (d) at modulation frequency of “2f

As shown in fig. 2.15, the laser beam is incident on single nanoparticle, while its
position is modulated along Y-axis with amplitude of dy. The laser beam is incident on a

nanoparticle at the position (Xo, Yo), then the transmitted power is given by,
P = P, = Oexel (o, ¥0) (2.11)

Where, 1(xo,Yo) is the intensity spatial profile. Due to modulation of particle position at

frequency f along y direction, it also modulates the transmitted signal,

P, = P; — Gopt I[x0, Y0 + 8y Sin(2mft)] (2.12)

Pe % Pi = 0xel (X0, Y0) = xSV I' (X0, Yo) sin(2ef ) — (725) ()21 (o, yo)sin? (2nft)  (2.13)

From eq. (2.13), it is seen that the normalized transmission change A?P = %
l

contains components at f and 2f proportional to the first, I, and second, I", derivative of
I(Xo, Yo) relative to the y variable, respectively. The signal measured at f as a function of
the particle position (i.e., scanning x and y), is thus zero when the particle is at the beam
center and exhibits two extrema in the y direction (Fig. 2.15(c)). In contrast, for 2f
detection it is maximum, when the particle is in the center of the laser beam (Fig.
2.15(d)). This change in transmission by varying the laser wavelength will result in the
absolute extinction spectra of the nanoparticle under observation. Moreover, the change

in transmission can also be studied as function of polarization of laser light. We have used
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the SMS technique to understand the optical absorption in case of tip shaped samples

used in atom probe experiments. The results are given in chapter 3.

2.7 Conclusion

In conclusion, this chapter introduces different experimental methods used during
the course of this thesis. Basic principle of atom probe tomography is given in the
beginning of the chapter and more attention is given to explain the methodology to use
the data obtained from LaAPT experiment to deduce the optical absorption and thermal
properties of the material at nanoscale. This approach is further used in chapter 3 and 4 to
have the information on absorption and thermal properties of Au-MgO and Au-Fe,O3
samples respectively. Furthermore, short introduction to the other techniques like STEM,
u-PL-spectroscopy and spatial modulation spectroscopy (SMS) are incorporated at the

end of the chapter.
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Chapter 3

Au-nanoparticles in MgO matrix :
Understanding optical absorption
using LaAPT

3.1 Introduction

Gold nanoparticles and their unique optical properties have been of interest to
scientists and artists for many centuries. History documents their earliest applications to
the early 17™ century, where their brilliant colors made them ideal for pigments in
chinaware [1] and in stained glasses [2]. For last few decades the system of metal
nanoparticles embedded in a dielectric matrix are widely studied due to their potential
application in opto-electronics, plasmonics, nonlinear optics etc. owing to their strong
coupling to an incident electromagnetic radiation [3-5]. The nanoparticles absorb
electromagnetic radiation strongly around their surface plasma resonant wavelength. This
resonant absorption depends on various parameters like size, shape, density and dielectric
environment of the nanoparticles and with the advent of various synthesis techniques one
can tune this resonant absorption as per requirement. A consequence of this strong
absorption of radiation associated with the surface plasma resonance (SPR) is heat
generation in nanoparticles and there subsequent thermalization (or cooling) to the
surroundings. Many efforts has been made to study the interplay between the optical and
thermal properties of metal nanoparticles in liquids [6], polymers [7] as well as in solid
matrix [8,9].
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Although, APT can provide 3D chemical analysis at near atomic spatial resolution
for various materials, analyzing heterogeneous materials is always been challenging due
to application of high DC electrostatic field in APT. The evaporation field, i.e. electric
field required to remove the surface atom from APT specimen is different for different
materials. The trajectories of ions field evaporated from the surface of APT specimen will
depend on the evaporation field of the sample’s constituents, in our case it is nanoparticle
and dielectric matrix. This change in evaporation field will change the surface
morphology which further results in change in ion trajectories of the evaporated species.
This effect is commonly known as local magnification effect [10,11]. Because of this
effect, the ion trajectories of the matrix and precipitate will overlap which will give rise to
the incorrect measurement of the precipitate/nanoparticle composition. Devaraj et. al.
thoroughly studied this effect in case of Au nanoparticles embedded in MgO matrix [12],
the maximum Au concentration observed in the core of the nanoparticles in this study
were 22 at.% and the deficit is attributed to the differences in evaporation field of Au
(High field particle) and MgO (Low field matrix). Despite local magnification effects the
core composition of the precipitate/particle is expected to be pure, but this is not the case
when analyzing Au nanoparticles in MgO matrix. This discrepancy in the measurement of
composition hinders the use of APT to analyze metallic nanoparticles embedded in
dielectric matrix, which also reflects in APT literature with just handful number of reports
on these technologically important types of material [12—14]. To overcome this difficulty
one has to understand the underlying physical mechanism of this behavior apart from
local magnification effects, which is possible to some extent by studying these structures
with respect to the wavelength of laser light used to trigger the field evaporation. In
addition, this analysis will also shed some light on the complex laser-tip interactions
involve in the APT experiment.

In this regard, this chapter is making an attempt to understand the effect of the
wavelength used to trigger the field evaporation process on the evaporation dynamics,
studied using Time of flight (ToF) spectra obtained after APT analysis of Au-NPs
embedded in MgO matrix. More attention is given to the optical absorption of Au-NPs
and its consequences on the evaporation dynamics with temporal evolution of
temperature induced by absorption of the laser light of different wavelengths. To support
the experimental results, numerical calculations based on the model available in literature
are also used along with the absorption computation of tip-shaped samples using finite

difference time domain (FDTD) calculations.
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3.2 Materials and Characterization

The sample with Au-nanoparticles (Au-NPs) embedded in MgO matrix was
received from the Dr. Arun Devaraj from Pacific Northwest National Laboratory
(PNNL), Washington, US. As explained in chapter 1, this specimen was synthesized by
ion beam implantation of 2MeV Au®* ions on single crystalline MgO substrate followed
by annealing at 1275°K for 10 hours. A band of cubic Au-nanoparticles with sizes
ranging from 3-8nm Gaussian density distribution in depth is formed nearly 200nm from
the MgO surface. The cross-sectional STEM image showing the distribution of Au-NPs
along the depth of the sample is represented in fig. 3.1(a), also the size and shape of the
NPs in high resolution (HR) image in (b)

Surface

Figure 3.1 : Cross-sectional STEM image of the Au-NPs embedded in MgO matrix, (a) Band of
Au-NPs formed nearly 200nm from the surface of the MgO, (b) high resolution image from the
less dense region of Au in (a) showing the variation in size distribution of Au-NPs

3.2.1 Bulk optical absorption

The absorption spectra for bulk sample is measured by illuminating the Au
irradiated region of the specimen. By measuring the transmitted signal the absorbance is
calculated and plotted in fig. 3.2. In addition, the spectrum is also measured from non-

irradiated region of the sample, i.e. pure MgO for comparison.

Ph.D. Thesis — Deodatta SHINDE Université de Rouen



68 | Chapter 3

Wavelength (nm)

1000900 800 700 600 500 400
1,2 I L ' LI I T T L} I T T T I T T T ' T T T I
Au-MgO
1.0 1 Pure MgO |
0,8 - .
Q
&)
c
®©
£ 064 i
o
%)
Q
<
0,4 - -
0,2 - -

12 14 16 18 20 22 24 26 28 30 32
Photon Energy (eV)

Figure 3.2 : Bulk Optical absorption spectra for pure MgO and Au-NP'’s embedded in MgO

The pure MgO is nearly transparent to the wavelengths used to measure the
absorption (400nm — 1000nm) which is expected considering the electrical insulating
properties of MgO. But when the Au irradiated region is illuminated, a broad absorption
band with absorption maximum situated around 570nm is observed. This strong
absorption in the green region is due to the resonant absorption of Au-NPs due to
plasmon resonance. The broadness of the absorption peak can be related to the non-
uniform size and density distribution of the Au-NPs in the sample [15].

3.2.2 Sample preparation for APT

To prepare the tip shaped samples for atom probe experiments standard focused
ion beam (FIB) based method [16] were employed. The detailed sample preparation
protocol is similar to described in Chapter 4 and 5. The tip shaped samples were prepared

from the bulk sample as shown in fig. 3.3.
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Figure 3.3 : Sample preparation for atom probe experiments, tip shaped samples prepared from
bulk sample using FIB based protocol.

3.3 Influence of the Laser Wavelength

The tip with high concentration of Au-NPs near apex region was analyzed by
LaAPT using Green wavelength (A=515 nm). The Au-NPs region further extends to
nearly 200nm from the tip apex with decrease in concentration. The STEM-HAADF
image of the tip is shown in fig 3.4. In this analysis we have observed the delayed

evaporation behavior.
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Figure 3.4 : (a) HAADF-STEM image of the tip, the bright contrasted spots are Au-NPs covering
the apex region, (b) Expected temperature profile when the tip shown in (a) is illuminated by
laser light of wavelength 515 nm, T : maximum temperature rise due to absorption of Au-NP’s,
To : Base temperature (c) ToF spectrum obtained after analyzing the tip shown in (a), displays the
delayed evaporation as a hump in ToF spectrum. The red solid line corresponds to the
temperature evolution at the apex of the tip corresponding to the temperature profile shown in

(b).
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The HAADF-STEM image of the tip in fig. 3.4(a) clearly shows the apex of the
tip is fully covered with high dense Au-NP’s. The tip is analyzed by LaAPT at constant
flux of 0.005-0.009 at./pulse and at constant laser energy of 1.5mW (15nJ/pulse). Due to
non-zero shank angle, the voltage on the tip is gradually increased to keep the evaporation
flux constant. The voltage used was in the range of 9.9kV-10.2 kV. Nearly one million
atoms were collected during the analysis and the ToF spectrum was plotted and is
represented in fig. 3.4(c). The ToF spectrum clearly shows the evidence of delayed
evaporation (or hump) several nanoseconds (100ns) after the fast evaporation peak. The
presence of delayed evaporation degrades the quality of data obtained in LaAPT by
decreasing the signal to noise (S/N) ratio. The existence of this slow evaporation process
as explained in the chapter 2 is due to the thermal absorption inside the atom probe
sample under laser illumination. This delayed evaporation is more evident if the
absorption far from the tip apex is higher in magnitude compared to that of near apex
region. This behavior was already reported in case of Si-emitter when illuminated with
high power Infrared (IR) Laser [17]. Most of the light is expected to be absorbed by Au
NPs region, creating a hot zone at the apex and cooling of this hot zone along the tip axis
should give rise to decaying tail of evaporation rate with respect to time. This heating and
cooling mechanism is depicted schematically in fig. 3.4(b), where the tip apex
temperature increases (Tmax ) due to the absorption of Au-NP’s and thermalizes to the base
temperature (To) along the tip axis. The expected consequence of this process on the
nature of ToF spectrum is shown by the red curve in fig. 3.4(c). But this is not the case,
which means either there is still resonant absorption far from the apex which is
comparable to the strong absorption due to the Au NP’s or some other mechanism which
causes this delayed evaporation. To understand this, we have performed the finite
difference time domain (FDTD) numerical calculations on Au-NP’s embedded in MgO

tip. The absorption maps obtained are represented in fig. 3.5
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Figure 3.5 : Absorption map in the incident plane (y, z) at A2=515 nm calculated by Lumerical or
AU-NP’s embedded in MgO matrix. The Au-NP’s are present only in near apex region (The dotted
white line is drawn to guide the eye).

To consider the actual tip geometry, tip is represented by a cone terminated by
hemispheric cap. The radius (75 nm) and cone angle (5.5 deg.) measured from the
HAADF-STEM image (fig. 3.4(a)) was used as input parameters. Spherical Au-NP’s of
size ranging from 3-8nm in diameter with random distribution was placed near apex of
the tip. This geometry is placed in simulated space and surrounded by perfectly matched
layers (PML), avoiding any field reduction. For A=515nm, the optical constants for Au,
MgO and W were taken from Palik [18]. The computation of divergence of Poynting
vector leads to the absorption map shown in fig. 3.5. The length of the tip, i.e. the
distance from apex of the tip to the interface between MgO/W-pretip is nearly 1.5um in
this case and hence used this length to simulate the absorption. The absorption map
shown in fig. 3.5 clearly reveals the strong absorption at near apex region due to the Au-
NP’s absorption which is expected and clearly understood considering the tendency of
Au-NP’s absorption at green wavelength. Also, the absorption far from the apex is
negligible when compared to the absorption at near apex region, which rules out the
possibility of assigning the delayed evaporation to the resonant absorption far from the
apex. This absorption map can be directly correlated to the schematic of temperature
profile shown in fig. 3.4(b) and its implication on the ToF spectrum shown by red curve
in fig. 3.4(c). But these calculations are not able to explain the delayed evaporation
observed in the experimental ToF spectrum shown in fig. 3.4(c). Moreover our numerical
calculations don’t take into account non-linear effects which can be induced in the high-
field regions inside the MgO matrix. These non-linear effects are able to explain the

delayed evaporation reported in case Si emitters using IR light [19].
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Figure 3.6 : ToF spectra obtained from Au-MgO tip at laser wavelength of (a) 570nm and (b)
650nm and 750nm

To understand if the non-linear absorption in MgO matrix is the physical origin of
the delayed evaporation or not, we changed the laser wavelength. Considering the bulk
absorption spectra obtained (see fig. 3.2), we decided to conduct the LaAPT experiment
at plasmon resonance wavelength (Aspg = 570nm). For a laser illumination closed to the
plasmonic resonance, we expect a strong absorption of the tip apex (where NPs are
located) which will completely mask the delayed evaporation. Hence changing the laser
wavelength to plasmonic resonance we expect to improve the S/N ratio of our APT
analysis and hence the detectability of the instrument. However, looking at the ToF
spectra reported in fig. 3.6(a) obtained at Aspr (570nm), we can note that the delayed
evaporation is still observable and its amplitude is found to be increased as the
illumination wavelength is further increased as observed for the wavelength of 650nm
and 750nm (fig. 3.6(b)).

These experimental results are proof that the delayed evaporation is not due to the
hot field spots inside the MgO matrix and even the change of the laser wavelength to
plasmon resonance of Au-NPs cannot suppress this delayed evaporation. New physical

origin/s has to be determined in order to diminish this long-time emission process.

3.4 Influence of the length of the tip and tip support

In the previous section we did not consider the contribution of W-pretip support.
Considering the laser beam waist size in our atom probe experiment (60um), the W-pretip
is also illuminated by laser which will absorb the green light efficiently. In this regard we
have performed another simulation with Au-MgO tip attached to the W-pretip support.

The absorption map obtained is presented in fig. 3.7 and shows similar behavior of
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absorption in near apex region as calculated without W-pretip support (fig. 3.5). But the
interesting feature in this calculation is the significant absorption of metallic W-pretip.
This strong absorption will create another hot zone nearly 1.5um from the apex which
corresponds to the distance from apex to the tip/W-pretip interface and could be the

reason for the delayed evaporation observed.
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Figure 3.7 : Absorption map in the incident plane (y, z) at A=515 nm calculated by Lumerical for
Au-NP’s embedded in MgO matrix with W-pretip support. The Au-NP'’s are present only in near
apex region.

Moreover, the absorption maxima of W are not changed when the similar
calculations were carried out at 570nm, 650nm and 750nm wavelength (not shown here).
This can explain why the delayed evaporation is visible experimentally at these

wavelengths.

3.4.1 Experimental Results and discussion

The one way to prove this hypothesis experimentally is to shift the tip/W-pretip
interface farther from the apex and observe the evaporation rate with respect to the ToF.
In order to perform this analysis we prepared another tip of Au-MgO with length up to
4.2-43um and carried out the atom probe experiment with similar experimental
conditions as that of the previous experiment carried out on the tip with length of 1.5 um.
In addition, the data was collected from nearly the same region of interest of Au
concentration as that of the previous analysis. To compare the length of the both tips an
SEM image is shown in Fig. 3.8(a) and (b). The interface between metallic W-pretip and
the MgO is represented by slanted black line for clarity.
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Figure 3.8 : Comparison of the length of the tip, SEM image of Au-MgO tip (a) 4.2um long and
(b) 1.5um long tip. The length is defined as the distance between the tip apex and the interface of
tip/W-pretip support, the slanted black line represents the tip/W-pretip interface.

After collecting one million atoms, the data obtained is optimized and the ToF
spectrum is plotted and compared with ToF spectrum obtained with previous analysis

with length of 1.5 um. The comparison is shown in fig. 3.9.
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Figure 3.9 : Comparison of time of flight (ToF) spectra obtained for short tip (black curve) and
long tip (red curve) at A=515nm.
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Fig. 3.9 prominently demonstrates the suppression of delayed evaporation for
longer tip. The 4.2 um long tip doesn’t show any sign of hump or delayed evaporation as
observed in short tip. In addition, in case of long tip the evaporation rate decreases rapidly
after the fast evaporation peak, this is because the long tip cools down faster to the base
temperature which also results in improved signal to noise ratio. This clearly suggests
that, there is significant contribution of absorption due to the metallic W-pretip which
gives rise to the delayed evaporation in case of short tip. So the presence of delayed
evaporation strongly depends on how far is the tip/W-pretip interface. When this interface
is nearly 1.5-1.8um far from apex, the interaction of two cooling processes, one from
apex to the tip axis and another from tip/W-pretip interface towards apex will raise the
temperature of the tip as a whole above base temperature (70K). This elevated
temperature 1.5 um away from the tip apex will take its time to reach the tip surface to
increase its temperature and this will result in increased evaporation rate but delayed in
time.

In order to compare these experimental findings with the numerical calculations,
we have used the one dimensional thermal model as discussed in chapter 2 [20]. Using
this model the temperature evolution at the tip apex can be predicted and further using
this temperature evolution as an input parameter it is possible to understand the
evaporation rate as a function of time and can be correlated to the experimental ToF

spectra. More details are explained in next section.

3.4.2 Numerical calculations of temperature evolution

As explained earlier in chapter 1, the field evaporation of oxides (and more
generally of non-metallic samples) is a complex physical process which led to a long
debate in the APT community for over a decade. As it was recently reviewed in
Refs.[19,21] two Kkinds of evaporation behaviors are experimentally reported during the
analysis of non-metallic samples: a fast evaporation and a long (and sometimes delayed)
evaporation. The physical origin of the fast evaporation is under discussion and photo-
ionization [22,23], optical field process and non-equilibrium thermal process are proposed
[24-26]. However, the long and delayed evaporation is thermally activated evaporation
after the interaction with the laser. This explanation is also widely accepted in atom probe
community [19,21]. In this regard, the total number of ions evaporated with respect to

time (Nions(t)) follows an Arrhenius law [27] :
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Nions(t) = K exp(=Q/kpT (1)) 3.1)

where, x depends on the number of kink site atoms at the tip surface, surface atom
vibration frequency, DC field, duration of the evaporation during each pulse and detector
efficiency; Q is the field-dependent activation energy and T(t) the temporal evolution of
the apex temperature. From eq. (3.1), if the temperature at the tip surface decreases
slowly a long evaporation process is experimentally reported. A schematic representation
of the temperature evolution and the related evaporation rate is reported in fig. 3.10(a)
and (b) respectively. The blue curve represents the heating and cooling process when the

absorption is localized near tip apex, while the red curve is for absorption located far from

the tip apex.
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Figure 3.10 : Temperature evolution at the tip apex (a) and associated number of evaporated ions
per pulse Nins (b) for an absorption located at the apex (blue line) and far from the apex (red
line).

From fig. 3.4(c), we can note that the maximum of the delayed evaporation is
observed about 100ns after the fast evaporation process (narrow peaks in ToF spectrum)
for each peak. Owing to the heating of the sample due to Au-NP’s absorption we
considered that the sample is heated to around 400K, the thermal diffusivity of the MgO
at this temperature is reported as D = 8x10 cm?s [28]. Considering the tip as nanowire
[20], if the sample is heated in a region at a distance z, from the apex, the time required
to reach this heat at the tip apex and, hence, induce the evaporation of surface atoms is:

_z
T=7 (3.2)

From eq. (3.2), considering t =100 ns, the value of z, obtained is around Ipm.

This value is quite close to the length of the tip shown in fig. 3.8(b), i.e. 1.5 um. This
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again signifies that the delayed evaporation observed in case of shorter tip (fig. 3.4(c)),
can be due to the contribution of second heating zone situated far from the apex due to

absorption of metallic W-pretip.

To evaluate the temperature evolution at the tip apex due to these two heating
regions, we use a 1D model, considering the tip as a nanowire. The two heated zone are
described by two Gaussian functions with amplitude A; and A,, and width w; and w,,
respectively, as schematically shown in Fig. 3.11(d). The first Gaussian function is
centered on the tip apex, the second on a distance equal to z,. These variables can be
deduced from the absorption maps obtained with the FDTD calculations as shown in fig.
3.7.
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Figure 3.11 : SEM image of the sample, (b) Absorption map in the incident plane (y, z). The color
bar corresponds to the power absorption density for an incoming intensity of 1 W/m% (c)
Absorption density profile along the tip computed from absorption map shown in (c) and (d)
Schematic representation of the two Gaussian heated zones along the tip axis (z).
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By solving analytically the heat diffusion equation the temperature evolution at

the tip apex can be obtained as [20] :

2
T(t) = Tgx ﬁ + \/%;_% exp (— M;ﬁ) (3.3)
With, Tyax = To + Trise , the maximum temperature equal to the sum of the base
temperature T, =70K and the increase of the temperature due to the laser heating: Ty ;se.
This temperature evolution is introduced in Eq. (3.1) to calculate the number of atoms
evaporated for each laser pulse. The comparison between the experimental TOF spectra
and the theoretical prediction of N;,,s(t) is reported in Fig. 3.12.

Figure 3.12 : Log of the normalized number of detected ions Njos @s a function of ToF at 515nm
wavelength for the 1.5um length sample. The origin of ToF corresponds to the ToF of Mg?" ions.
Black, green, blue and yellow lines correspond to the evolution of Log (Njens) from Eg.(3.1) and
Eq.(3.3) with: @, = w, = 100 nm, A,;=1, A,=1.5, D=7x10?cm?s, Q=0.1eV, T = 450K and z, = 1
wm. Red line is obtained by the sum of blue and yellow line.

The value of the width of first heating zone w, is fixed to 100 nm considering the
Au concentration profile along the depth as can be seen from HAADF-STEM image and
1D concentration profile obtained by APT analysis reported in Fig 3.15. The value of
width of second heating zone, w, is obtained from the numerical absorption-density
profile (see Fig. 3.11(c)), considering that the absorption map of Fig. 3.11(b) corresponds

to the heated map for free carriers (electrons in the case of W pretip) and taking into
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account the electron diffusion depth L. = 70nm for an electronic temperature lower than

2500K [29], an increase of the size of the second heated zone up to 100 nm is estimated.
As can be seen from fig. 3.12, a good qualitative agreement between the

experimental TOF spectra and the prediction of the N;,, evolution by the thermal model,

is obtained using, as adjustable parameters, the diffusivity D = 7x10 cm?/s and the ratio

(%). The value of the thermal diffusivity is in good agreement with the values reported
Blo

in the literature for MgO at T=450K [28]. Hence, using Tmax= 450K, a value of Q=0.1eV,
the activation energy, is obtained which is expected for the high field condition fixed
during the analysis, which can be characterize by the charge state ratio of the Mg ions
(Mg /Mg =5 %)[30].

On long time scales (more than 200 ns after each TOF peak) the theoretical model
predicts a faster decrease of the number of evaporated ions than what is experimentally
reported. However, adding the contributions of each peak to the long evaporation process,
a better agreement is also reported at long time scales, as shown in Fig 3.12 with a red
curve.

On the other hand for the 4.2um long tip, as observed experimentally by pushing
the second heating zone far from the apex we have observed the suppression in delayed
evaporation and improved S/N ratio (see fig. 3.9). Similarly, the calculations of Njons as a
function of ToF are carried out. Since the experimental conditions were comparable in
both the cases (for 1.5um and 4.2um long tip), all the parameters used previously (Q, w1,
w2, A1, Az, D, and Tpax) kept similar except changing the value of z, from Ipm to 4pm.
Only changing z,, a good qualitative agreement is reported between experimental ToF
spectra and the prediction of 1D thermal model and is presented in fig. 3.13. The
calculations does not show any sign of delayed evaporation in this case, the calculated
evaporation rate decreases with respect to time as observed for the experimental ToF

spectra.
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Figure 3.13 : Log of the normalized number of detected ions Nj.ns as a function of ToF at 515nm
wavelength for the 4.2um length sample. The origin of ToF corresponds to the ToF of Mg?* ions.
Black, green, blue and yellow lines correspond to the evolution of Log (Njos) from Eq.(3.1) and
Eq.(3.3) with: @, = w, = 100 nm, A;=1, A,=1.5, D=7x10?cm?s, Q=0.1eV, T = 450K and z, = 4
um.

Both these experimental as well as numerical calculations support the idea that
keeping the second heating zone farther from the apex is a good solution to improve the
S/N ratio by suppressing the delayed evaporation. This analysis also suggests that, the
contribution of W-pretip support cannot be neglected, particularly when the length of the
tip is shorter than 2um.

This analysis shows that, the optimal length for which delayed evaporation is not
expected can also be qualitatively determined before performing the actual atom probe
experiment using one dimensional thermal model along with FDTD calculations and
taking into account the intrinsic optical and thermal properties of the material. These
results are very important to improve the sensitivity of the APT for this technologically

important class of metal-dielectric composite materials.

3.4.3 Long and delayed evaporation at 343nm and 1030nm

Considering the different wavelengths used in an atom probe experiment, it will
be interesting to see the effect of wavelength on this long and delayed evaporation. In this
regard, the atom probe experiments were performed at A=343nm and A=1030nm. The
analyses conducted on short (1.5um) and long (4.0um) tips are compared. The ToF
spectra obtained with UV and IR analyses are shown in fig. 3.14(a) and (b) respectively.
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Figure 3.14 : Comparison of ToF spectra of 1.5um long tip and 4.2um long tip obtained after
atom probe analysis carried out at (a) UV (343nm) and (b) IR (1030nm) wavelength. All analyses
were carried out in high density Au-NPs region and the experimental conditions were similar.
The laser power used for UV analyses was around 1.4mW and that of for IR analyses was 30mW.

In case of IR analysis, ideally both MgO as well as Au NPs are transparent to the
incident radiation but not the W-pretip support. Thus most of the laser light is absorbed
by the W-pretip which creates a strong heating zone at the W/MgO interface only. When
the W/MgO interface is quite close to the tip apex (1.5um) the magnitude of this delayed
evaporation is found to be increased which further signifies the increased magnitude of
temperature rise. While on the other hand, when this interface is far from the apex
(4.2um), magnitude of this delayed evaporation is decreased by factor of 15-20, i.e.
improved signal to noise ratio. Both situations are shown in fig. 3.14(b) for short (black
curve) as well as long tip (red curve). The striking feature of this analysis is the position
of hump or delayed evaporation on time scale is strongly dependent on the distance of
W/MgO interface from the tip apex. For short tip it is closer to the fast evaporation peak
(300ns) than for the long tip (approximately 900ns). This time-delay also corresponds to
the ratio between length of the short and long tip, which further verifies the significance
of contribution of W-pretip absorption. In view of the lower absorption of IR wavelength
the laser power used to achieve the desired evaporation rate as that of used in UV and
Green wavelength analysis is 30 times higher (30mW).

However, in case of UV analysis as shown in fig. 3.14(a), both short as well as
long tip doesn’t show any sign of delayed evaporation apart from the fact that the signal
to noise ratio is improved in longer tip as in the case of Green and IR analysis. In
addition, at longer time scales (afterwards 200ns); the evaporation rate decreases
relatively faster in short tip than the long tip. This is due to the higher thermal diffusivity
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of W-pretip support compare to the MgO. This behavior of ToF observed in case of UV
analysis corresponds to the temperature profile schematically shown in fig. 3.4(b), where
strong absorption in near apex region creates temperature rise in this region which further
decreases along the tip apex creating the decaying tail in ToF spectra. This can be due to
the magnitude of second heating zone (W-absorption) is less than that of at the apex.
Though this behavior is difficult to understand only on the basis of ToF spectra, but
qualitative conclusion can be drawn. The detail explanation can be given using the
absorption density profiles calculated using FDTD at this wavelength and are explained in

further section of this chapter (section 3.5.2.2).

3.5 Influence of the analysis depth

As we know from the STEM images, the distribution and density of Au-NPs along
the depth of the sample is not uniform. To study the effect of analysis depth on the field
evaporation rate with respect to ToF of evaporated ions, we have carried out several
experiments at different regions of Au-concentration along the depth. The results are

presented in this section.

3.5.1 Region before Au-NPs

The delayed evaporation was also reported when optically strong absorptive
material is only few 100’s of nm away from the tip apex. In this regard, a tip of Au-NP’s
embedded in MgO matrix is prepared with length of around 4pum. But this time the high
density Au-NP’s region is sandwiched between the dielectric MgO matrix and the highest
concentration of Au-NP’s is observed around 330nm from the apex. This suggest that the
distance between two heating zone, z,, is 330nm. The value of z, is estimated from the
HAADF-STEM image as well as the 1D concentration profile plotted after the 3D
reconstruction of the data obtained from atom probe analysis as shown in fig. 3.15.

In order to understand the temperature evolution at the tip apex in this case, a
schematic diagram of the tip along with the HAADF-STEM image is represented in fig.
3.16. In this figure the expected temperature profile with respect to time is also presented
schematically for better understanding. The absorption at near apex region due to the
strong DC field [31] and the absorption due to Au-NP’s far from the apex create heated

zones in these two regions. Due to these two heated zones the resultant temperature at the
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apex of the tip will not show a decreasing trend with respect to time rather an increase in

temperature after few nanoseconds (ns) as schematically shown in fig. 3.16(c).
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Figure 3.15 : (a) 3D reconstructed volume obtained from the data acquired after atom probe
experiment; only 5% of Mg®" ions are shown for clarity, (b) corresponding 1D concentration
profile; purple dotted rectangle shows the concentration profile for 3D reconstructed volume
shown in (a) as well as the volume analyzed by atom probe highlighted by yellow dots in (c), (c)
HAADF-STEM image of the Au-MgO tip. The laser efficiency (L.E.) of Green laser (515nm) as a
function depth is shown by Red data points in (b).

t

Figure 3.16 : (a) HAADF-STEM image of the tip, (b) Schematic representation of the
temperature along the tip after illuminated by Green light and (c) corresponding tip apex
temperature evolution; Blue dotted curve : temperature due to near apex absorption, Red dotted
curve : temperature due to Au-NP’s absorption, Green solid curve : Resultant variation of
temperature with respect to time, t.
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The atom probe analysis was carried out on this tip with Green wavelength. The
experimental conditions used were similar to previous analysis performed, i.e. constant
flux of 0.005-0.009 at./pulse, base temperature of 70K. Two sets of measurements were
carried out, one at laser power of 1ImW and other at 0.2mW and to do so, the applied
voltage was increased from 7.2kV to 9.3kV to keep the detection rate constant. The ToF
spectrum is then plotted after collecting nearly 1.5 million atoms for each data set and is

presented in fig. 3.17.
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Figure 3.17 : ToF spectra obtained after analyzing the pure MgO region before Au-NP'’s. Black
dotted curve is for the analysis carried out at ImW laser power and the blue solid curve is at
0.2mW laser power. The red and green lines correspond to the evolution of Log (Njens) from Eq.
3.1 and Eq. 3.3 with: w1 = w, = 100nm, A; = 1, D=7x102cm?s, Q =0.1eV, T = 170K, z,=330
nm and A, = 1.5 (for red line) and A, = 1 (for green line).

As reported in TOF spectrum obtained at 1ImW laser power (black dots), the
delayed evaporation happens a few ns after the fast evaporation and it is due to the strong
absorption of Au NPs located 330nm far from the apex. Using the 1D thermal model, the
TOF spectra can be adjusted changing the distance z,=330 nm and the Ty=170K. In
fact, the laser power used (1mW) is slightly lower than the laser intensity used in previous
analysis (1.5mW) reported in Fig. 3.9. Moreover, we measure experimentally the laser
efficiency (L.E.) in 5 different regions along the sample, having different concentrations
of Au. The laser efficiency is calculated by analyzing the variation of applied voltage
with the laser power at constant detection flux [32]. As shown in Fig. 3.15(b), the L.E.
follows the Au concentration profile. The L.E. in the top-most region of analysis is

decreased by factor of 4 when compare to the high density Au region analysis. This
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decrease of the L.E. is the reason to use the Tnax of 170K for the analysis of the region
without Au and Tnax, Of 450K for the analysis of high density Au region.

On the other hand, when the ToF spectrum is obtained at 0.2mW of laser power
(blue solid curve) the absence of delayed evaporation is observed. The suppression of
delayed evaporation in this case is due to the increased contribution of first heated zone
compared to the contribution of Au-NPs region (second heated zone). It was recently
reported that the absorption of the laser energy at the apex of oxides is enhanced by the
DC field [31]. The increase of the DC field (applied voltage increased to 9.3kV from
7.2kV) induces a decrease of the laser power from 1mW to 0.2mW, in order to work at
constant evaporation rate. This increase of the static field allows the suppression of the
delayed evaporation. A good agreement between the experimental TOF spectrum (blue
line) and the prediction of the 1D thermal model (green line) is obtained by decreasing
the value of the amplitude of the second heating zone A,, from 1.5 to 1, due to the lower
contribution of the second heated zone compared to the first one.

In summary, when the pure MgO located before the Au-NPs implanted region is
analyzed, we have showed experimentally and numerically that the physical origin of the
delayed evaporation is due to the absorption of the Au NPs illuminated by the laser beam.
Even if laser beams of a few microns can be focused on the samples, this beam-size
reduction is not enough to always suppress the delayed evaporation. Eventually, the
absorption of all the illuminated phases (metallic, non-metallic) has to be taken into
account, with a particular attention at high absorption phases such as metallic NPs or
metal/oxide interfaces. We show that the increase of the DC field enhances the apex
absorption reducing the thermal noise due to delayed evaporation, even when absorbing
phases are located a few hundreds of nm away from the apex.

3.5.2 Inside the Au-NPs region

In order to perform this study, an atom probe analyses were carried out at different
Au concentrations along the depth of the tip. The analyses were carried out in three
different wavelengths available in the LaWATAP (UV-343 nm, Green-515 nm and IR-
1030 nm) to see the effect of wavelength. The experimental conditions for all the analyses
were similar with constant detection rate of 0.005-0.009 at./pulse, base temperature of
70K. The experimental procedure employed in this case is as follows. Every analysis
performed in different regions begin with UV light and laser power of 1.0mW, once the
desired detection rate is achieved, at least one million atoms are collected. After this
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analysis, the wavelength of the analysis is changed to Green by keeping the applied
voltage same as that of the end of the previous analysis in UV and adjusted the laser
power in order to have the desired detection rate. Similarly, after collecting nearly one
million atoms the wavelength is switched to IR and adjusted the laser power. The data
collected is then plotted as function of ToF of evaporated ions and compared with the
analyses carried out in different spatial regions along the depth. For UV and Green
analyses it was possible to reconstruct the data in 3D as well for different regions of Au
concentration.

The ToF spectra obtained for UV (A=343nm) wavelength at different spatial
positions along the depth are compared and presented in fig. 3.18. The results obtained at
Au concentrations of 0.3, 1.0, 2.5 and 0.5 in at.% are compared, where 2.5 at.% is the
maximum Au concentration observed in the analysis (see fig. 3.15). The distribution of
Au-atoms after reconstruction is also shown for the respective regions. It is possible to
distinguish between the individual nanoparticles only when the density of nanoparticles is
less, like the one showed for 1 at.% Au concentration in fig. 3.18. As shown in high
resolution cross-sectional STEM image (see fig. 3.1(b)), in high concentration region the
distance between two Au-NPs is small and due to this reason, during evaporation the
trajectories of evaporated Au-ions intermix with each other owing to the local
magnification effect as explained earlier. The current reconstruction protocol doesn’t take
into account this artefact which leads to the poor spatial resolution in case of high dense
Au-region and therefore it is difficult to distinguish between individual Au-NPs in this
region.

As far as ToF spectra are concern, the evaporation rate decreases successively
with respect to time, from topmost analysis to the last analysis. In case of last analysis
(Green curve), the amount of Au-NPs below the tip apex is very less, while for the
topmost analysis (black curve) the whole layer of Au-NPs is existing below the tip apex.
So that when the tip is illuminated with UV light, this whole Au-NPs layer will absorb the
light more efficiently than the pure MgO which is close to the tip apex for the analysis
shown by green curve. Hence, the heated zone will be larger (around 400 nm) for the
analysis in the topmost region and smaller (around 100 nm) for the botton analysis
(reported with a green line in Fig. 3.18). Therefore, the apex tip temperature will cool
down faster in case of last analysis compare to the topmost analysis. This eventually
results in the decrease in the TOF-peak width as the Au-NPs region is progressively

removed along the depth.
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Figure 3.18 : Comparison of ToF spectra obtained at different spatial regions for A=343nm
along the depth of the tip as represented by different colored circles in HAADF-STEM image of
the tip. The 2D detection hit maps shown above represents the Au-atoms (black dots) distribution
in these respective regions with indication of Au concentration in at.%

In similar way, the analysis is carried out in Green (A=515 nm) wavelength, the
ToF spectra and the 2D detection maps of Au-atoms in different regions are presented in
fig. 3.19. In this case also the Au-NPs in low dense region (1.0 at.% of Au) can be
visualized after 3D reconstruction of the data obtained. Considering the ToF spectra
plotted for different regions, the change in the topmost analyzed region (black curve) and

the last analysis (green curve) is more significant when compare to the UV analysis.
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Figure 3.19 : Comparison of ToF spectra obtained at different spatial regions for A=515nm
along the depth of the tip as represented by different colored circles in HAADF-STEM image of
the tip. The 2D detection hit maps shown above represents the Au-atoms (black dots) distribution
in these respective regions with indication of Au concentration in at.%

The explanation for this significant change can be given on the basis of analysis
carried out in the previous section of this chapter, i.e. the two heating zone model. In the
very first analysis (black curve), the second heating zone created by the highest Au-
concentration is nearly 200 nm away from the tip apex, this distance is quite close to see a
well separated second peak in ToF spectrum due to delayed evaporation as observed in
fig. 3.17, when the distance between two heating zones were 330nm. Although, it is
difficult to separate the contribution of second heating zone, the slow decrease in
evaporation rate is consequence of the contribution of this second heating zone. Due to
this reason the analysis carried out before the highest Au-concentration region (2.5 at.%)
shows (black and red curve) the slow decrease in evaporation rate owing to slow cooling
of the tip apex temperature. When the analysis is carried out at highest Au-concentration
or below (blue and green curve respectively), due to absence of second heating zone the
evaporation rate decreases faster owing to the faster cooling of the tip apex temperature.
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On the other hand, when using the IR (A=1030nm) wavelength, there is no
significant change in the ToF spectra whether you carry out the analysis before or at the
highest Au-region as reported by red and blue curve respectively in fig. 3.20. This is
mainly due to the low absorption of the sample at this wavelength as will be discussed in

the next section.

100

2=1030nm

—30.5mW
—30.5mW

10 4

Relative number of atoms
1

0.1

0,01 ¥ ———

LN S S B Sy B S R R

| LN
6 9 12 15 18 21 24 27 30
Relative ToF(ns)

Figure 3.20 : Comparison of ToF spectra obtained at two different spatial regions for A=1030nm
along the depth of the tip as represented by different colored circles in HAADF-STEM image of
the tip.

As mentioned earlier in this section, each analysis begins with UV wavelength
and laser power of 1.0mW (10nJ/pulse). During switching the wavelength from UV to
Green and Green to IR, the applied voltage is kept constant as that of the last analysis so
as to have similar field conditions. Then the laser power is adjusted in order to achieve
the desired evaporation conditions. With this approach, in every region the change in
laser power required to achieve the similar evaporation conditions as that of 1.0mwW UV
analysis are reported in the respective figures. In the case of Green analysis one needs
slightly higher laser power than that of UV analysis, which is contradictory to the
consideration that the Green wavelength gets absorbed more efficiently than UV owing to
Au-NPs plasmonic excitation near this wavelength. To understand this behavior we have
performed absorption computation on Au-MgO tip using FDTD method as reported
previously in this chapter. But instead of using Au-NPs geometry in the simulation, the

effective refractive indices were calculated using Maxwell-Garnett effective medium
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theory [33]. The calculations of volume fraction and the effective refractive indices were
performed by Nicolas Guth, Julien Cardin and co-workers from CiMAP, Caen, France.
The volume fraction of Au were calculated from the Au-concentration (in at.%) obtained
from the atom probe analysis and is reported in fig. 3.21.
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Figure 3.21 : Au concentration obtained from atom probe analysis, in atomic % and in volume
fraction

From fig. 3.21, the maximum Au concentration corresponds to the 0.5% of
volume fraction. Using the calculated values of volume fraction, the effective refractive
indices at 0.1%, 0.25% and 0.5% of Au volume fractions were calculated and are
presented in fig. 3.22
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Figure 3.22 : (a)Real, n and (b) imaginary, k part of complex refractive index calculated for Au-
NPs embedded in MgO matrix with Au volume fractions of 0.1%, 0.25% and 0.5%.

Taking into account these optical constants the absorption maps and
corresponding absorption density profiles of tip shaped samples were calculated using
FDTD method and are shown in fig. 3.23.
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Figure 3.23 : Absorption maps (left) calculated for tip of radius R=50nm and cone angle of
5.5deg at wavelength of 343nm, 515nm and 1030nm. The Au volume fraction used to calculate
these maps is 0.5% and the direction of laser incidence is into the paper. The absorption density
profile (right) plotted from the absorption maps obtained for Au-fraction of 0.5% (top curves in
the graph) and 0.1% (bottom curves in the graph, except the red curve which corresponds to
0.5% of Au fraction)

As shown in the absorption maps and profiles, although the magnitude of
absorption is higher in case of Green wavelength, the absorption maximum is more close
to the tip apex for UV wavelength. i.e. absorption maxima is observed around 120nm far
from the apex for UV while around 250nm for Green wavelength. In addition, the
absorption zone is narrower in case of UV illumination. The behavior is similar for Au
volume fraction of 0.5% and 0.1% except magnitude of the absorption is increased for
0.5% of Au volume fraction.

Considering the case of topmost analysis where Au-NPs region (400nm of Au-
region) is below the tip apex (case of 0.5% Au volume fraction), the maximum absorption
far from the apex in Green (250nm) raises the temperature far from the apex creating
second heating zone. Hence, the ToF spectra obtained from this analysis show large TOF
peaks, due to the convolution of the evaporation process induced by the first and second
heated zone. However, in case of UV analysis, owing to the absorption near to the apex,
the first and second heated are close to the apex and they will be merged.

The consequence of this spatial location of absorption for UV and Green
wavelength is the reason to use less laser power in case of UV, even though Green light
has higher absorption maximum due to Au-NPs absorption. Hence, also if the Green light

Ph.D. Thesis — Deodatta SHINDE Université de Rouen



92 | Chapter 3

is close to the plasmonic resonance, the efficiency of this wavelength on the evaporation
will be lower than in the case of UV light due to the spatial distribution of the absorption
maxima along the tip axis. In the case of UV light, the maximum of absorption
corresponds with the maximum of Au NPs concentration profile, however, for Green
light, for all the analysis reported in fig. 3.19, the maximum of the absorption is away
from the region of high Au NPs concentration. Therefore, Green light becomes less
efficient than UV light and high laser power has to be used in experimental analysis with
Green light. So that, it is a matter of where the absorption takes place instead of how
strong the absorption is.

Now we know that in case of UV wavelength the absorption is located near apex
region, it is possible to explain why we have not observed the delayed evaporation in case
of short tip (fig. 3.14(a)). The strong absorption near the apex reduces the absorption of
W-post and hence instead of observing delayed evaporation we have observed the
decaying tail of evaporation rate with respect to time.

In case of IR, the absorption is low and even farther (nearly 600nm) from the
apex, far away from the region containing Au NPS, for both the analyses reported in fig
3.20. This is the reason why the ToF spectra of fig. 3.20 show no change in for the two
different positions in depth.

In summary, the study of ToF spectra at different depths inside the Au-NPs region
show that the optical properties of the Au-NPs layer are well described using the
Maxwell-Garnett effective medium theory, however to explain the APT results the
nanometric geometry of the sample have to be taken into account. Only the coupling
between the absorption profile along the tip axis with the change of the refractive index
according to the Au content, can explain the behavior reported in ToF spectra at different

wavelength and different depths inside the Au NPs layer.

3.6 From optical properties to thermal properties

As explained in chapter 2, when the absorption maps of the sample are established
and hence the size of the heated zones are well determined, then the TOF spectra obtained
for different wavelength can give information on the thermal diffusivity of the sample, or
the temperature rise due to the interaction with the laser.
As we will discuss in details in the next chapter, the change in the thermal diffusivity of
oxides matrix adding metallic nanoparticle, is generally of a few % when the
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nanoparticles are well separated or when the layer of interconnected NPs is thin compared
to the oxide thickness (as in the case of our Au-MgO sample). Hence we can consider the
thermal diffusivity of our sample unchanged compared to the case of pure MgO (we
already did this assumption in section 3.4 and 3.5). In this case the comparison of ToF
spectra obtained under similar experimental conditions (same tip shape, same field and
laser conditions) can give information on the enhancement on the absorption and heating
at nano-scale, as we will show in the next chapter for Au NPs in Fe,O3 matrix. However,
to do that the absorption maps of pure MgO and Au-MgO samples, under high field, have
to be well known.

For Au-MgO nanotips we know now how to model the Au NPs layer and its
absorption, however, in the case of pure MgO, its absorption under high field is still not
well known. Are the maxima located away from the apex strong enough to increase the
heated zone? In fact, we know that, at the surface, the dc field enhances the absorption on
a thin layer of only a few nanometers.

In order to answer this question, we tried to measure the absorption of a 1pum long
pure MgO tip, by SMS (spatial modulation spectroscopy) technique, introduced in
chapter 2, in the framework of the collaboration with the team of Natalia Del Fatti at the

“Institut lumiére matiére” in Lyon.
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Figure 3.24: Relative change in the transmitted light as a function of the laser spot position along
the tip axis. X=10 um corresponds to the tip apex. The SEM image of the analyzed tip is also
shown.
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As shown in fig. 3.24, the relative variation in the transmitted signal (which is
combination of the absorption and scattering), have almost the same behavior on the first
micron (between x=9 to x=10 um in fig. 3.24), region where the MgO layer is located.
We can note that the Ium MgO tip is attached to a W pre-tip, and the signal reported in
fig 3.24 is dominated by the optical response of the W-pretip that is too close to the MgO
tip. Further analysis is scheduled on longer MgO tips, in order to have more clear

information on absorption maps of pure oxides samples.
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Figure 3.25: Comparison of ToF spectra obtained for pure MgO (red curve) and Au-MgO (black
curve) at wavelength of (a) 515 nm and (b) 343 nm. The field conditions are comparable in these
analyses.

Looking at the ToF spectra of pure MgO and Au-MgO (fig. 3.25) nanotips of 4um
length, we can note that the inclusion of Au decreases the evaporation time (both for UV
and for Green light), increasing the sensibility of the APT analysis. A similar trend is
observed in case of Au-Fe,O3 sample and will be presented in next chapter.

However, we cannot conclude on the enhancement of the tip heating due to the
inclusion of Au-NPs because, even if the field conditions were similar for all the analyses,
the size of the heated zone is certainly different between pure MgO and Au-MgO
samples. In fact, as shown in fig 3.26, the absorption maps are strongly non-uniform
along the tip axis and the maxima of absorption are located around 500 nm from the apex
for Green light and 250 nm for UV. When compared to the case of Au-MgO sample as
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reported in fig. 3.23 earlier, we note the absorption zones should be larger for pure MgO,
hence the ToF spectra cannot be adjusted using similar cooling time (as we did for Fe,;O3
samples). For this reason we are not able, at the moment, to draw conclusion on the
thermal properties of the Au-MgO sample.
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Figure 3.26 : Absorption maps calculated for Pure MgO tip with R=50 nm and cone angle of
5.5deg. at wavelength of (a) 343 nm and (b) 515 nm

3.7 Analyzing single Au-Nanoparticle

As mentioned earlier the structural characterizations using LaAPT on this sample
have been already carried out [12,13] and the composition of Au-NPs in these studies
were found to be diluted or impure and attributed the local magnification effect owing to
the differences in evaporation field of Au and MgO. Considering the availability of
different wavelengths in our atom probe set-up, to understand the effect of the wavelength
on the Au-NPs composition we have analyzed the low dense region of Au-NP’s using UV
and Green wavelength. The results obtained are compared and presented in this section.

The first analysis commenced at UV wavelength, with 1.0mW of laser power.
Then keeping the applied voltage same, wavelength changed to Green and the laser power
is increased to 1.6mW. After this analysis the laser power in Green is increased to 3.0mwW
and 5.0mW. Please note that this increase in laser power is compensated by decrease in
applied voltage and hence the overall macroscopic field to keep the detection flux

constant. The acquired data is then reconstructed in 3D and the composition of Au inside
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individual Au-NP is measured using erosion composition profile measurement protocol
[34] and are shown in fig. 3.27.
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Figure 3.27 : (a) 2D representation of Au-atoms (black dots) distribution for UV and Green
wavelength analyses with different laser powers for Green analyses, (b) Cumulated Erosion
composition profile measured for the single Au-NP highlighted by square in (a), and (c)
Schematic showing the composition measurement using erosion protocol.

The erosion profile shown in fig. 3.27(b) represents the concentration of Au inside
particular Au-NP. The concentration is measured from the interface between NP and
matrix in all 3D and is plotted as function of distance from the interface. The schematic of
composition measurement using erosion is also shown in fig. 3.27(c). For UV (1.0mW)
analysis, the maximum concentration of Au observed at the core of NP is around 20 at.%
which is consistent with the analysis carried out by Devaraj et. al. [12] in UV wavelength
(355nm). When the laser wavelength is changed to Green, at 1.6mW of laser power the
3D reconstruction displays that the Au-NPs are more well define than that observed in
UV analysis. Moreover, measurement of composition in this case yielded a higher value
of Au-concentration (37 at.%). Further increasing the laser power in Green (3.0mW)
increases the Au-concentration to the value of 63 at.%. After increasing the laser power to
5.0mW decrease in Au-concentration is evident but higher than that of as observed in
1.6mW analysis. Please note that the size of the Au-NPs analyzed in case of 5.0mW

analysis is smaller when compared to the other analyses, this is due to the absence bigger
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Au-NPs comparable to the previous analyses in the analyzed volume. The decrease in Au-
concentration in case of 5.0mW analysis can be due to this lower size of Au-NPs as
previously observed by [13] using UV wavelength. In addition, it is also possible that due
to the use high laser power Au-NPs are deformed during evaporation and induces
formation of small clusters in 3D reconstruction of atom probe data and can be observed
by the increased number of smaller clusters compared to the analyses carried out at
1.6mW and 3.0mW (see fig. 3.27(a)). From this analysis, it is obvious that by increasing
the laser power, the Au-concentration inside the NP increases. The explanation for this
behavior can be given as follows: As explained in the chapter 2, the field evaporation
process depends mainly on two parameters applied electric field and temperature. The
dilute composition of Au-NPs is attributed to the local magnification effect which
depends on the magnitude of the differences between evaporation field for Au and MgO.
When the laser power is increased, it is possible that the local temperature of the
individual Au-NP will also increase. At the same time, owing to the lower thermal
diffusivity of MgO matrix, the matrix temperature is not raised as high as local Au-NP
temperature. To compensate for the high local temperature around Au-NP, the electric
field around the NP surface during evaporation will be getting reduced. This will lower
the difference between evaporation field of Au and MgO, and eventually the less effect of
local magnification.

To support this hypothesis, data obtained from Green wavelength (5.0mW) is used
and shown in fig. 3.28. The figure shows the spatial position of Au-NPs is highly
correlated with the distribution of Mg" ions. The Mg charge state is the low field charge
state than Mg?*, which means at relatively low fields the probability of evaporation of
Mg" increases. When looking from another orientation, Mg" ions are found to be in high
concentration just above the NP (middle image in fig. 3.28(b)). In addition, during this
analysis, two mass peaks, one at 52amu and another at 80amu were observed. The
presence of these peaks is seen only when using the high laser power. The peaks were
attributed to the Mgs0,*" and Mg,0," respectively. The spatial distribution of these ionic

species are also shown in fig. 3.28(bottom).
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Figure 3.28 : 3D reconstructed data obtained after analysis carried out Green wavelength and
5.0mW of laser power. (Top) Distribution of Au and Mg™ ions in (X,Y) plane and in (Y,Z) plane
shown in middle. Distribution of Mgs0,%* and Mg,0," ions in (Y,Z) plane (bottom)

The Mgs0,** and Mg,0-" are found only at the top of the NP, the evaporation of
these ionic species from matrix has not been observed. The formation of cluster ions at
higher laser intensities (lower field) is observed in case of GaSb [35]. It is possible that,
the enhanced surface migration of Mg and O atoms at higher temperatures leads to the
formation of cluster ions. So that in our case, if the temperature rise is higher the
probability of forming a cluster ion is more, which makes sense with the absent of these
molecular species at low laser powers.

In order to understand this behavior in UV wavelength, data from another tip from
the low dense region of Au-NPs with increasing laser power is studied and is shown in
fig. 3.29. A similar trend is observed in this case as well. At high laser powers, the spatial
distribution of Au-NPs and high density of Mg" ions is correlated like in the case of
Green wavelength. The spatial 2D maps recorded at 5SmW and 10mW of laser power are

presented in fig. 3.29(a).
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Figure 3.29 : (a) 2D Spatial distribution of Au and Mg™ ions obtained from UV wavelength
analysis at 5mW and 10mW of laser power, (b) 3D atomic distribution of Mg* , Mg;0,** and
Mg,O," ions in the vicinity of Au-NP highlighted by yellow square in (a). The Au-NP here is
represented by the 5 at.% iso-surface. (c) 2D atomic distribution maps of Au obtained at different
laser powers.

The 3D distribution of Mg*, Mgs0,** and Mg,0," ions in the vicinity of the Au-
NP from the 10mW data set (fig. 3.29(b)), also displays the similar behavior as observed
in green analysis, i.e. the number density of these ionic species is found to be increased
above the NP surface. In addition, when the analysis is performed with the low laser
power (0.3mW), it is difficult to see the clustering of Au-atoms (fig. 3.29(c)) at all. In this
case the field evaporation process is field dominant and hence the effect of local
magnification as explained earlier is high in magnitude. While progressively increasing
the laser power (and hence decreasing the applied field) leads to the occurrence of Au-
atom clustering.

With these analyses down to single nanoparticles, it is clear that the absorption of
laser can strongly influence the appearance and composition of the Au-NP. The behavior
observed at high laser powers is quite interesting and at the same time useful to
understand the evaporation behavior of metal-dielectric composites owing to the localized

absorption of metal nanoparticles. However, observation of similar trend in case of UV
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and Green wavelength illumination is the key findings of this analysis, although a
quantitative description of laser efficiency is not possible at the moment owing to the

differences in size of the nanoparticles analyzed in both the analysis.

3.8 Conclusion

In conclusion, in this chapter the effect of optical absorption properties of Au-NPs
embedded in MgO matrix are studied using data obtained from LaAPT analysis. After
introducing the bulk structural and optical absorption properties, the nanotips with high
dense Au-NPs region at the apex of the tip are studied using different wavelengths. It is
observed that, when analyzing the high dense Au-NPs region even at the Aspr (570nm),
obtained from bulk absorption spectra, the presence of delayed evaporation is evident. In
the subsequent section it is proved that, this delayed evaporation is due to the geometry of
the tip and absorption from the W-pretip support is the reason behind this observation.
Shifting the W-pretip support farther from the tip apex by increasing the length of the tip
suppresses this delayed evaporation. A good qualitative agreement between the
experimental and calculated evaporation behavior using 1D thermal model is presented to
support the hypothesis that, the metallic W-pretip absorption leads to the delayed
evaporation.

During analyzing the Au-regions of different concentrations in depth, laser power
required to achieve the similar evaporation conditions in Green is slightly more in every
analysis, even though the absorption efficiency of Au-NPs is more in Green wavelength
compared to the UV. To explain this behavior, FDTD numerical simulations of
absorption measurements were performed using the effective refractive indices obtained
from Maxwell-Garnett effective medium theory. The results of this simulation provided
fruitful information on the absorption properties and with the help of these results it is
possible to comment that, owing to the diffraction effects the absorption maxima in case
of Green wavelength illumination is far from the tip apex when compare to that of in UV.
This absorption far from the apex is attributed to the use of higher laser power in Green
wavelength with underlining that the spatial position of absorption will matter more
instead of the magnitude (or efficiency) of the absorption.

To have an idea on the thermal properties, the ToF spectra obtained at UV and

Green wavelength, with and without Au inclusions are compared. But due to difficulty in
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understanding the heated zone in case of Pure MgO, it is not feasible to comment on the
change in thermal properties due to Au-NPs presence.

In the last section of the chapter structural analysis of single Au-nanoparticles
using 3D reconstruction of the data obtained from LaAPT analysis is presented. With the
increase in laser power, the Au-concentration inside Au-NP is found to be increased. By
analyzing the 3D distribution of molecular ions and Mg" ions around the Au-NP surface,
the behavior is ascribed to the local temperature rise around the Au-NP due to laser
absorption and subsequent reduction in local field causing the change in trajectories of Au
ions evaporated from the Au-NP. This behavior is observed in both case i.e. in UV as

well as in Green wavelength analysis.
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Chapter 4

Au-nanoclusters in Fe,O; matrix:
Optical and thermal Investigations
using LaAPT

4.1 Introduction

Iron oxides have widespread relevance to many areas of science and technology.
Recently, there has been a renewed interest in iron oxides for their potential as light
harvesting materials. Their low cost, abundance, processability, optical absorption, and
minimal environmental foot-print makes oxides of iron a promising candidate [1]. There
are many different types of iron oxides with different phases and crystal properties. Their
structural properties and applications in various different fields are summarized in great
details in [2]. Out of all the iron oxides, hematite (a-Fe203) constitutes one of the most
promising semiconductor materials for the conversion of sunlight into chemical fuels by
water splitting. Its inherent drawbacks related to the long penetration depth of light and
poor charge carrier conductivity are being progressively overcome by employing
nanostructuring strategies and improved catalysts [3,4]. Photoelectrochemical (PEC)
water splitting using semiconductor photoelectrodes provides a promising technology for
storing solar energy as hydrogen, which is regarded as a green energy carrier of the
future. But relatively low absorption coefficient for visible light is one of the key
drawbacks using a-Fe,O3 as a photoanode. To improve the light absorption efficiency,
various researchers has integrated the plasmonic metal nanostructures with the a-Fe;O3
nanostructures. Thimsen et.al. [5] studied the effect of bare spherical Au particles on the

photoactivity performance of Fe,O3 electrodes with the Au nanoparticles (NPs) embedded
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in the hematite layer and on its surface. The embedded Au NPs were found to have no
effect on hematite performance whereas the configuration of the surface coating on
hematite nano-plates provided a spectroscopic effect on the photocurrent response. So the
effect is improved upon nanostructuring the Fe,O3. Similar kind of analyses was carried
out on hematite nanoflakes decorated by Au-nanoparticles [6] and layer of hematite
deposited on Au-nanopillars [7]. In both the cases, significant improvement in the
photocurrent is evidenced owing to the inclusion of Au-nanostructures. Interestingly, all
these progresses are studied in relatively recent times and this gives us motivation to
analyze the Au-Fe,Os system using Laser assisted atom probe tomography (LaAPT).
With LaAPT, it is an advantage to analyze the material at nanoscale itself and hence the
structural, chemical, optical, and thermal properties deduced from LaAPT analysis will be
beneficial to understand and improve the properties of Au-Fe,O3 system as a whole.

In this context, this chapter will be devoted to the analysis of Au-Fe,O3 system
using LaAPT. In addition the analysis with pure Fe,O3 is carried out to compare the
results obtained with Au-Fe;Os;. The main motivation is to understand whether the
inclusion of Au-nanoparticles will change the optical and thermal behavior of the Fe,;O3
system or not at nanometric scale. As explained in the previous chapter (Chapter 2), the
methodologies used to investigate the optical and thermal behavior using LaAPT will be
applied to the data obtained with Au-Fe,O3; sample and are correlated to their 3D
structural and chemical properties obtained after tomographic reconstruction and
Scanning transmission electron microscopic (STEM) analysis.

The chapter will first introduce the method used to synthesize the Au-Fe,O3
composite and then to confirm the formation of Au-nanoclusters in Fe,O3 matrix
characterization techniques based on X-ray diffraction and electron microscopy were
employed. In the next section the sample preparation for LaAPT analysis is introduced
along with the 3D tomographic reconstruction of data analyzed. The 3D reconstruction

results are compared and correlated with the STEM analysis.

4.2 Materials and characterization

4.2.1 Synthesis of Au-Fe,O; films
As introduced in the Chapter 1, the Au-Fe,O3 composites were synthesized by
using Pulsed Laser deposition (PLD) technique. The target was prepared by mixing the

commercially available Au- and Fe,O3z-powder with different concentration of Au in at.%
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(e.g. 5 at.% and 10 at% Au). The films were deposited on Si substrate as well as on

transparent substrate like quartz for optical and structural characterization.

4.2.2 Structural Characterization of Bulk samples

To confirm the presence of Au-nanocluster formation, all thin films were analyzed
using X-ray diffraction (XRD) and scanning electron microscopy (SEM). The film
deposited with 10 at.% Au concentration and at 500°C deposition temperature showed
commendable results. The formation of Au-nanoclusters (NCs) is evident from both the

analysis and shown in figure 4.1.
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Figure 4.1 : Characterization of Au-Fe,Os film (a) Top-down SEM image showing the surface of
the film deposited on Si-substrate, the bright tiny spots corresponds to the Au-NCs, (b) XRD
pattern recorded for the same film deposited on Quartz substrate, Au-peaks are indexed and all
other unindexed peaks corresponds to the a-Fe,Oz phase, (c) Cross-sectional SEM image
showing the presence of Au-NCs inside the Fe,O; matrix.

The top-down view of the Au-Fe,O3 film deposited on Si-substrate is shown in
fig. 4.1(a), the SEM image shows several bright contrast tiny spots spread all over the
surface of the film. These bright contrast (termed as Z-contrast) spots are due to the high
Z (atomic number) of Au compare to the matrix, which signifies that the Au-NCs are
spread all over the surface. To make sure the formation of NCs inside the film, a small

portion of the film was milled using the focused ion beam (FIB) of Ga ions and then
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imaged 54° with respect to the electron beam and is shown in fig.4.1 (c). The cross-
sectional SEM image shows dark contrast Si-Substrate and nearly 250nm thick Au-Fe,O3
film deposited on it. The smooth surface in this image is due to the Pt-deposition, to
prevent the Ga ion beam damage to the film. As shown in fig. 4(c), even inside the film
the presence of bright spots, as observed on the surface of the film is clearly visible which
confirms the formation of Au NCs inside the film as well. To understand the
crystallographic nature of the film and to confirm that the bright spots observed in SEM
images are nothing but the Au-NCs, we have performed XRD analysis on the films
deposited on quartz substrate. As shown in fig. 4.1(b), the XRD pattern shows several
sharp peaks, all unindexed peaks in this pattern corresponds to the a-Fe,O3 phase of iron
oxide. The several peaks observed confirm the polycrystalline nature of the film. The
formation of Au-NCs is also confirmed by the XRD, peaks indexed by Au(111) and
Au(200) in this pattern corresponds to the Au-NCs.

4.2.3 Optical Characterization of bulk sample

The optical absorption measurements were carried out on the films deposited on
transparent quartz substrate. Measurements were carried out in JASCO UV-VIS-NIR
Spectrophotometer with double beam and Deuterium lamp as a light source. To eliminate
the contribution of quartz substrate (even though it is transparent in visible region), signal
obtained from pure quartz substrate was subtracted from the thin film spectra. The
absorption spectra obtained in the UV-visible-NIR range is shown in fig. 4.2.
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Figure 4.2 : Absorption spectra obtained from thin film of Au-Fe,O; deposited on Quartz
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As shown in fig. 4.2, the absorption spectrum is recorded in the photon energy
range of 1.24eV to 3.64e¢V. Two absorption maxima’s are seen in this spectrum, one at
nearly 750nm (1.65eV) and another one at 570nm (2.17eV). These absorption maxima
can be due to the plasmonic absorption of Au-NCs. It is very well known that for odd
shaped plasmonic nanostructures the absorption signatures in near IR region of the
spectrum can be expected along with the absorption in visible range and their relative
magnitude depends on the angle of polarization of incident light. The wavelengths used
for the atom probe experiments in this study also shown by vertical Green (515nm) and
Violet (343nm) lines.

4.3 Sample Preparation for LaAPT

As the requirement of the LaAPT experiment, the specimen should be in the form
of sharp needle shape or usually termed as a tip with apex diameter less than 100nm. As
the sample in our study is in the form of thin film deposited on flat substrate the
conventional method to prepare the atom probe sample is focused ion beam (FIB) based
lift-out method followed by annular milling. The general protocol for atom probe sample
preparation is described in [8]. In general, to prepare the atom probe specimen from bulk
specimen we have used the standard focused lon Beam based lift-out method followed by
annular milling using NVISION-40 ZEISS dual beam microscope. To prevent the Ga ion
beam damage, 100nm thick Pt layer was deposited using GIS. The lamella was prepared
and mounted on the W-pretip with flat end. Then the annular milling with 30kV
accelerating voltage in the beginning and with 2kV for final stages was employed to
prepare the tip shaped specimen for atom probe analysis

The general approach is summarized in figure 4.3. As shown in fig. 4.3(a), the tip
is prepared across the thin film, the highlighted tip shaped area in this image shows the
demonstrative area from which the tip has been prepared. The final atom probe tip
prepared after annular milling is shown fig. 4.3(b), where, Si and W denotes the Si-
substrate and W-pretip respectively. The magnified view of the near apex region of the tip
is shown in fig. 4.3(c). The diameter of the tip is nearly 40nm. Few bright contrast spots
observed in the tip corresponds to the Au-NCs and the interface between the film and the
substrate is denoted by white arrow. In similar manner several tips were prepared and
analyzed in the LaAPT. Although the sample preparation was effective, analyzing these

tips in LaAPT was unfortunately quite tricky and most of the tips were fractured or
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flashed in the very beginning of the analysis. The success rate was very less, one out of

five tips were successfully analyzed.
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x (d)

Figure 4.3 : (a) Cross-sectional SEM image of Au-Fe,03; showing film and Si-substrate, yellow
highlighted tip shaped area shows the region from which tip is prepared, (b) Final atom probe tip
prepared from (a), high magnification image is shown in (c), the interface between and film and
substrate is denoted by white arrow, also the bright contrast Au-NCs are clearly visible, and (d)
3D tomographic reconstruction obtained by analyzing the tip shown in (b)-(c).

The 3D tomographic reconstruction obtained from one of the successful
analysis is shown in fig. 4.3(d). The Au atoms are represented by Green dots and Fe,O3
matrix by blue dots. This analysis was also followed by the tip fracture; a closer look at
the bottom of the 3D reconstruction shown in fig 4.3(d) shows an abrupt change or a
discontinuity from the matrix, similar abrupt changes were also observed in the voltage
curve of this analysis. From this observation we concluded that, it is quite possible that
the adhesion between the film and the substrate is not good enough to sustain the stress
generated by the strong electrostatic field applied in LaAPT experiment and could be the

reason for low success rate in atom probe analysis. To overcome this difficulty we
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decided to prepare the atom probe sample along the thin film instead of across the thin
film as shown in fig. 4.3. The idea here is not to have the interface between film and Si-
substrate anywhere in the tip. For this a thick layer (nearly 1pum) Si was deposited on the
thin film, i.e. the film is now sandwiched between Si layer and Si-substrate. This
geometry is then lifted out and glued to the W-pretip horizontally instead of conventional
way of gluing the lamella perpendicular to the W-pretip. The general method is shown in
fig. 4.4.

D Au-Fe,0, Deposition

EHT = 5.00 kV Signal A = InLens Date :7 Feb 2014 ZEISS
WD = 50mm FIBMag= 258K X Mag = 56.08 K X

Figure 4.4 : (a) Cross-sectional SEM image of the Au-Fe,O; film, yellow highlighted tip shaped
area shows the region from which tip is prepared, (b) SEM image during the initial stage of
annular milling (c) final atom probe tip

The region of interest for tip preparation along the thin film is shown yellow
highlighted region in fig. 4.4(a). Fig. 4.4(b) shows the initial stage of annular milling,
where bright contrast Au-Fe,O5 film sandwiched between Si can be clearly seen, the film
is now parallel to the axis of the W-pretip unlike the previous case. A 100nm thick Pt is
deposited to prevent Ga ion beam damage during the annular milling process. The annular
milling is followed in such a way that both the Si-layer should be milled out thoroughly
and only Au-Fe,O3 film should exist during the final stages of the milling. Following this
procedure, the final atom probe tip prepared by this method is shown in fig. 4.4(c). To
have better understanding of the size and density distribution of the Au-NCs, high angle
annular dark field - scanning transmission electron microscopy (HAADF-STEM) was
employed to the tips prepared by this method. HAADF-STEM images of the tip are
shown in fig. 4.5.
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Figure 4.5: HAADF-STEM image of Au-Fe,Os; tip prepared along the thin film : Low
magnification image showing Au-NCs are distributed all over the tip, the length of the tip is
nearly 4um (left) and magnified view from the near apex region (right).

As shown in fig 4.5, the whole tip is decorated with the Au-NCs, considering the
lower sputtering yield of Au compare to Fe,O3 for Ga ion milling; it is quite possible that
some of the Au-NCs are on the surface of the tip. The Au-NCs are uniformly distributed
and are oddly shaped. The high magnified image on the right shows that the size
distribution of Au-NCs, the average size is in the range 10-13nm and is in good
agreement with the particle size calculated using the XRD pattern.

Tips prepared with this geometry are then analyzed in the LaAPT and the success
rate of analysis in this case is quite excellent unlike the previous case, almost every single
tip analyzed in this geometry has produced successful atom probe results. The mass
spectrum obtained from one of the successful analysis is shown in fig. 4.6 (top). In this
spectra several peaks related to ionic species of Fe and O are observed along with Au
mass peak at 197amu, most of the peaks are indexed. As far as 3D tomographic
reconstruction is concern, excellent correlation with the HAADF-STEM image is
obtained and also shown in fig. 4.6 (bottom). Au atoms are represented in Green while the

Fe,O3; matrix in Blue.
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Figure 4.6 : Typical mass spectra obtained from the Au-Fe,Os tip prepared along the thin film
(top) and direct correlation of the 3D tomographic reconstruction of atom probe data to HAADF-
STEM image (bottom)

4.4 Structural Characterization of Single Nanoparticles

The optical properties of Au-nanoparticles are strongly dependent on the size,
shape, composition and their dielectric environment [9]. Analyzing these properties using
atom probe has advantage over other techniques owing to its unmatched qualities to probe
the material structurally and chemically in 3 dimensions at near atomic scale. In this study
the nanoparticle size distribution estimated from XRD analysis and HAADF-STEM
analysis is quite consistent with the atom probe analysis as well. To have an idea on the

size and shape of the nanoparticles we have used concentration isosurfaces [10]. By
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constructing a 10% Au concentration isosurfaces, the size and shape of the Au-NCs is
clearly revealed and are shown in fig 4.7. The threshold of 10 at.% is chosen to avoid the
statistical variations in lesser concentrations and the higher threshold will underestimate
the size of the Au-NCs. Two Au-NCs from the analyzed volume were characterized by
isosurfaces. The 10% Au isosurfaces of Au-NCs highlighted by red and black rectangle in
3D tomographic reconstruction are shown in fig. 4.7. The NC highlighted in red rectangle
is completely embedded in the matrix and hence the complete structure of NC can be
revealed while on the other hand NC highlighted in black rectangle shows partial
structure, this is because other half part of the NC was not in the field of view of atom

probe detector. The shape of both Au-NCs are not spherical, they are bit oval in shape.

3nm

6nm

Figure 4.7 : 3D tomographic reconstruction and 10% Au concentration isosurfaces.

The composition of Au-NCs inside the cluster is measured using the erosion
profile [10]. A typical erosion profile measured from the atom probe data of Au-NCs
shown in fig. 4.7 are shown in figure 4.8. As shown in this figure, the composition is
measured around and inside the Au-NCs. The interface between the Au-NC and Fe,0O;
matrix is represented on the X-axis of the figure 4.8. The interface is defined by the
threshold concentration of 10at.% Au, like the isosurfaces analysis. It is clearly evident
that the Au-NCs are generally composed of Au atoms only, particularly the core of NCs

shows highly pure Au fraction.
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Figure 4.8 : Structural and chemical characterization of single Au-NC in 3D : 10% Au isosurface
(right) and corresponding erosion profile (left)

The dilute concentration or the depletion of Au content near the interface is
related to the artefact of 3D reconstruction protocol used in atom probe analysis. This
artefact usually termed as local magnification effect [11] and arises due to the differences
in evaporation field of atomic species, in this case Au has high evaporation field
(54V/nm) compared to that of Fe,O3 matrix. Owing to this effect, during evaporation;
changes in local radius causes Au ion to change their trajectories in radially outward
direction and hence depletion in the overall Au concentration near the interface region.
The local magnification effect or the trajectory aberration has already been observed in
the atom probe analysis of various multi-phase binary materials [12] and the effect is
found to be enhanced when the differences in evaporation fields is larger. The
evaporation field for Fe,O3 is not known, but considering the observed trend in voltage
curve during the evaporation one can figure out that the field of evaporation of Au NCs is
high compared to the Fe,O3 matrix. When the Au-NC is on the surface, more voltage is
required to keep the detection flux constant than the matrix. This behavior is consistently
observed throughout the experiments and is shown in fig. 4.9.
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Figure 4.9: Voltage curve (b) measured for the 3D reconstruction shown in (a) and
corresponding number density of atoms inside and outside Au-NC (c)

As shown in fig. 4.9(a) a sub-volume from the 3D reconstructed data is taken
which contains uniform matrix and an Au-NC at the bottom. The volume is then divided
in blocs along the Z-direction with each bloc containing 100 atoms. The voltage curve
shown in fig. 4.9(b) is obtained from the evaporation sequence of 3D sub-volume shown
in fig. 4.9(a). The voltage curve shows steady increase when the matrix is evaporating
owing to the tip size evolution. But when the Au-NC arrives on the surface of the tip to
evaporate, sudden increase in the slope of voltage curve is observed. This abrupt increase
is due to the high field of evaporation of Au, and to keep the detection flux constant
voltage is raised. When the Au-NC evaporates completely, the evaporation of matrix

shows similar trend of voltage evolution as before. The slope of the curve before and after
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evaporation of Au-NC is found similar, while it is increased by factor of 5 when Au-NC
begins to evaporate. This behavior suggests that the field required to evaporate Au is 5
times higher than the field of evaporation of Fe,O3 matrix. But the change in local radius
around the nanoparticle due to the dissimilar evaporation field will also contribute to this
effect. The consequence of this dissimilar field of evaporation is the change in the density
of atoms inside the cluster. It is reported by Vurpillot et. al. [11] that for high field cluster
the density of atoms inside the cluster should be decrease owing to the trajectory overlaps
and local magnification effect. In this context the measured density of atoms inside the
Au-NC shown in fig. 4.9(a) is plotted in fig. 4.9(c) along with the Au-concentration. It is
clearly evident that the total number of atoms is reduced to almost zero inside the Au-NC.
Similar behavior was also observed by Devaraj et. al. [13] for Au NCs in MgO matrix.
Their simulated data matches quite well with our experimental results and comparing the
analysis reported in [11,13] to our data the evaporation field for Fe,O3 matrix can be
qualitatively estimated with respect to evaporation field of Au. The ratio of evaporation
field of Fe,O3 to Au is estimated around 1:2. Hence the change in the slope of fig. 4.9(b)
during the evaporation of Au-NCs is combine effect of increase of factor 2 of change in
evaporation field as well as decrease of local radius of around factor of 3.

The composition of each ionic species is measured from the interface to the core
of NCs in all the three dimensions using erosion profile [10]. Consequently it is possible
to measure the size of the Au-NCs with near atomic resolution. The size of Au-NCs
measured from 3D reconstructed atom probe data is in the range of 3nm to 6nm in radius
as also observed in the HAADF-STEM image of the tip as shown in fig. 4.6. The shape of
the Au-NCs in this study is mixed; some of the Au-NCs particularly the one which are
smaller in size are near spherical in shape and the bigger NCs are either oval or odd
shaped. This might be related to processes involved in the formation of bigger NCs from
smaller ones, like coalesces for example. Due to the local magnification effect it is
possible to observe the spherical NCs oval in shape, but size and shape of the Au-NCs
observed in the HAADF-STEM is quite consistent with the atom probe reconstruction,
which explains the odd shape is not due to reconstruction artefact. To have an idea about
real size and shape of the Au-NCs, we have measured the radii of different Au-NCs
obtained from atom probe 3D reconstruction in three directions viz. X, Y and Z. The
measured radii along with the aspect ratio for different Au-NCs are summarized in Table
4.1. The measured values along X and Y axes as represented below found to be nearly

similar and hence representing it as Ry=Ry,
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Au Aspect Ratio
Rx:Ry (nm)
1 3.2 4.6 1.43

2 1.9 3.1 1.63
3 3.0 5.2 173
4 4.7 5.3 1.12
5 2.7 3.3 1.22
6 1.9 3.0 1.57
7 2.5 3.8 1.52
8 1.6 2.3 143
Average 2.7 3.8 1.5

Table 4.1 : Measured radii for different Au-NCs and their aspect ratio. (Image on the left is
shown to represent the axes of measurements)

The average aspect ratio obtained from these measurements is nearly 1.5. This
shows that the Au-NCs are not spherical in shape. For these measurements only Au-NCs
completely embedded in matrix are considered, however the Au-NCs bigger than the
average size are also present in the matrix. An example is the Au-NC shown in fig. 4.8
whose R; is nearly 7nm, which was analyzed partially due to the limited field of view of
atom probe detector. The STEM observation also supports this observation. In addition,
closer look at the STEM image shown in fig. 4.6 (see the right edge of the tip) shows
number of smaller Au-NCs which were not analyzed by atom probe due to the limited
field of view of the instrument. But the information obtained on size and shape of the Au-
NCs using both the techniques (STEM and LaAPT) balances each other’s drawbacks and
completes the picture. The measurement of size and shape of Au-NCs realized from
HAADF-STEM and atom probe analyses are comparable and this information will play
an important role to understand the optical and thermal properties of Au-Fe,O3; nanotips
by using LaAPT.

4.5 Optical characterization of nano-objects

In this section the optical absorption of Au-NCs in Fe,O; matrix is calculated
using the size and shape of Au-NCs obtained from the atom probe analysis as well as
STEM observations. In addition, the absorption maps for the tip shaped samples are also

calculated using FDTD method.
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4.5.1 Optical absorption of Au-NCs

With the information obtained in the previous section on the size and shape of the
Au-NCs, we have calculated the optical absorption response of ellipsoidal Au-NC in
Fe,O3 matrix. The values of dielectric constants were taken from [14] for Au and from
[15] for Fe,O3. The absorption of single isolated ellipsoidal Au-NC embedded in Fe,;O3
matrix is calculated using the analytical treatment in the electrostatic approximation of an

ellipsoid with semi-axes a; < a, < as, specified by,

X y? oz
a_%+a_§+__1 (4.1)

a3
as given by Maier [16]. A treatment of scattering problem in ellipsoidal coordinate leads

to the following expression of polarizabilities along the principal axes (i = 1, 2, 3)

e(w)—€m
+3Li(e(w)—€m)

a; = 4rna,a,a; 4.2)
3€m

where, €(w) is frequency dependent dielectric constant for Au-NPs, €, is the dielectric
constant of the matrix (Fe,Os3) and L; is the geometrical factor which satisfies ), L; = 1,
and for sphere L; = L, = L3= 1/3. The absorption cross-sections were then calculated by
substituting the value of «; in following expression,

The calculations are performed with a; = a, < az as observed from the atom probe results.
The values of a;, a,, and as are chosen from the average values obtained from Table 4.1
as well as from the STEM observations. The parameters (aj, @z, as) in nm’s used for
NP#1, #2, #3 and #4 are (2.7, 2.7, 3.8), (3.0, 3.0, 7.0), (2.0, 2.0, 4.0) and (3.0, 3.0, 6.0)
respectively. The NP#1 represents the average size obtained from Table 4.1; NP#2
represents the Au-NC partially analyzed by LaAPT as shown in fig. 4.6 and NP#3 and #4
representing the STEM observed Au-NCs. The experimental bulk absorption spectra and

the calculated one are compared in fig. 4.10.
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Figure 4.10 : Calculated optical absorption spectra for Au-NCs of different aspect ratios (see

text) embedded in Fe,O; matrix compared with the experimentally measured absorption spectra
obtained from bulk thin-film sample.

As shown in the fig. 4.10 the calculated absorption cross-section strongly depends
on the size parameters used, but for all the NP’s two SPR peaks are observed. For larger
NPs (NP#2) SPR peak in IR region is around 775nm and that of in Green region is around
530nm. By decreasing the aspect ratio, the SPR peak in IR region is found to be blue
shifted and that of in Green region is red shifted. The measured bulk absorption spectrum
envelops all the calculated spectra quite well which clearly suggest the ensemble effect on
the bulk absorption spectra. Moreover, spectra calculated for NP#2 and #4 suggest that
most of the Au-NPs belong to the size range between these NPs, i.e. a; = a, ~ 3nm and a3
smaller than 7nm but bigger than 4 nm. The STEM image of the tip reported in fig. 4.5
also supports this observation. It is clear now that both the absorption maxima (570nm
and 750nm) are related to the plasmonic absorption due to the Au-NCs. The reason to
observe the two absorption maxima is due to the elongated shape of the nanoparticles
which gives rise to plasmonic excitations along the major and minor axes of the

nanoparticles.
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4.5.2 Optical absorption of nanotips using FDTD method

Before analyzing the tips in atom probe, their absorption behavior upon
illumination of laser light is simulated using finite difference time domain (FDTD)
method. For these calculations commercial software of Lumerical is used [17]. To
consider the actual tip geometry, tip is represented by a cone terminated by hemispheric
cap with radius 20nm and shank angle of 5.5°. For Au-Fe,Os tip, spherical Au NP’s of
size ranging from 3-6nm in radius with random distribution was placed all over the tip.
The density of the nanoparticles in the simulation geometry was considered from the
observed density in the HAADF-STEM images. This geometry is placed in simulated
space and surrounded by perfectly matched layers, avoiding any field reflection. The
optical constants for Au and Fe,O3; were taken from [14,15] respectively. The
computation of divergence of Poynting vector leads to the 3D absorption maps shown in
fig. 4.11(a). Absorption profiles are obtained from the absorption maps by averaging the

power absorbed over volume along the tip axis and are plotted in fig. 4.11(b).

60

Diameter (nm)

8x10*

(b)

7x10* 4
6x10*

5x10*

4x10* A

Heated Zone ‘™
250nm

Power Absobed (W/m®)

3x10*

2x10*

———
0 100 200 300 400 500 600 700 800
Z (nm)

Figure 4.11 : (a) Absorption maps calculated for A=343nm illumination using FDTD method for
Pure Fe,O3; and Au-Fe,0; nanotips and (b) corresponding absorption profiles obtained from (a)
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As shown in fig. 4.11(a), the absorption map for Pure Fe,O3 and Au- Fe,O3 shows
similar absorption distribution inside the tip upon UV (A=343nm) light illumination
except the enhancement of the absorption by the Au-NCs which are in the penetration
depth of UV light in the sample. The absorption profiles shown in fig. 4.11(b) clearly
indicate that the absorption behavior for both the tips is nearly similar. In both the cases
the absorption maxima observed is nearly 100nm from the tip apex. According to our
calculation of Aspr, the wavelength used for this analysis (i.e. A=343nm) does not belong
to Aspr and due to this reason the difference reported in the absorption maps for Pure
Fe O3 and Au- Fe,O3 nanotips is not more than 15%. However we believe that, this
increase in the absorption is underestimated due to the mesh size used to perform the
calculations (3nm). Using the smaller mesh size requires powerful computational
resources as well as more time. From these absorption profiles we can estimate the size of
the zone where the laser energy is absorbed. The absorption maximum is nearly at 200nm
from the apex. The heating zone can be estimated from this absorption profile by
measuring the width of the peak at 2/3 of the maximum absorption as reported by Houard
et. al. [18]. The heated zone obtained in this case is around 250nm.

Similarly, the absorption maps upon illumination of Green light are simulated

using FDTD method and are shown in fig. 4.12.
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Figure 4.12: a) Absorption maps calculated for 2=515nm illumination using FDTD method for
Pure Fe,O3; and Au-Fe,03 nanotips and (b) corresponding absorption profiles obtained from (a)

The absorption maps for Pure Fe,O3 and Au-Fe,O3 nanotips are shown in fig.
4.12(a) which displays similar nature of absorption as in the case of UV illumination. But,
the position of absorption maxima relative to the tip apex is farther (250nm) and in
addition the width of the absorption zone or heated zone as explained earlier is increased
to 350nm in this case. The Green wavelength used (515nm) is near to one of the
plasmonic absorption peaks observed (570nm). Owing to this fact the absorption of Au-
Fe,O3 tip shows enhanced absorption due to the Au-NCs unlike the case in UV
illumination. This increased absorption can be seen in the absorption maps as well as in
the absorption profiles shown in fig. 4.12(b). Again, we are not confident of the absolute
value of the absorption in the case of Au-Fe,O3; sample; due to the large spatial meshes (3
nm) used for the calculations. However, the trend of the absorption profiles along the tip
axis, showed in Fig 4.12(b), will probably be unaffected by this mesh size choice The

increased absorption by factor of 2 is reported in presence of Au-NCs due to the
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plasmonic resonance. The absorption far from the apex will have its consequences on the

ToF spectra measurements.

4.6 Analyzing Time of Flight (ToF) Spectra

As explained in the previous chapter, the ToF spectra obtained from the LaAPT
experiment is able to provide the good amount of information that can be utilized to
understand the optical and thermal properties of the nanotips. The ToF spectra gives
understanding on the evaporation dynamics, it is nothing but the total number of atoms
evaporated (rate of evaporation) plotted against the time of flight of evaporated ions. The
rate of evaporation is governed by the electrostatic field applied and the temperature,
which further depends on the efficiency of the laser absorption. The cooling of
temperature raised due to laser absorption along the axis of nanotip will have an effect on
the nature of ToF spectra and this behavior is used to deduce the thermal diffusivity of the
nanotips. To study the optical and thermal properties of nanotips using LaAPT, a rigorous
set of experimental protocol is designed and employed. More details of this experimental

protocol are explained in next section.

4.6.1 Experimental Methods used in LaAPT

The geometry of the nanotip affects a lot in LaAPT experiment, the effect of tip
radius and/or shank angle on the quality of data is already reported [19]. Along with this,
the laser parameters (e.g. wavelength, laser intensity) and field conditions used to conduct
the experiment has strong consequences on the data collected [20,21]. In this context, the
experiments are designed in such a way that the tip shape effects will have minimal
influence, if not completely avoidable.

The first task was sample preparation, as explained in the section 4.3 of this
chapter the Au-Fe,O3 nanotips were prepared by using FIB based sample preparation
method along the Au-Fe,Oj3 thin film. Moreover nanotips without Au-NCs (Pure Fe,O3)
are prepared using the same protocol. The pure Fe,Oj3 thin films were also prepared by
using PLD technique on Si-substrate. Special care was taken during sample preparation,
in order to have identical size and shape of the nanotips with and without Au. Hence the
effect of geometry on the data obtained by APT on the two samples will be minimized.
The SEM images of the two nanotips are shown in fig. 4.13 for comparison.
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Figure 4.13 : Comparaison of Au-Fe,O; and Pure Fe,O; nanotips : Low magnification SEM
image (Left) and high magnified view of the near apex region (right)

As can be seen from fig. 4.13 the length of both the nanotips is around 4pum and
the high magnified view shows that the shape and size is nearly similar if not completely
identical. The radius and cone angle (half shank angle) are 20nm and 5.5° for Au-Fe203
tip, and 15nm and 5.2° for Pure Fe,Oj3 respectively. The cone angles are measured taking
into account the whole length of the tip instead of measuring near apex region.

The next task is to set the parameters for atom probe experiment. The atom probe
used in this study is Laser assisted Wide Angle Tomographic Atom Probe (LaWaTAP), a
linear atom probe which has a 10cm flight length and equipped with an amplified laser
operating at 100kHz, generating pulses of 500fs with tunable energy and wavelength. The
experiments in both the cases were carried out at 70K base temperature. The evaporation
rate of the ions (ion flux) used was 0.004-0.009 ions/pulse.

For experiments carried out in UV (343nm) wavelength, the laser power used in
both the case was 2mW (20nJ/pulse). As far as field conditions are concerned, the voltage
is applied to generate nearly same magnitude of macroscopic field (E=V/kR). Where, K is
the field factor which depends on the shape of the tip. Considering the measured radius
and cone angle from SEM and/or STEM images, the initial voltage applied in case of Au-
Fe,O3 nanotip was around 4kV and for pure Fe,Oj3 it was around 3kV; which creates a

macroscopic field of nearly 21V/nm in both the cases. This equivalence of electrostatic
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field conditions is further confirmed qualitatively by comparing the charge state ratio of
Fe?*/Fe* for both analyses as explained by Kingham [22] using post-ionization theory.

To plot the ToF spectra 500,000 atoms were collected for each data set and similar
methods of mass spectra optimization were employed to both the data sets so as to avoid

the statistical errors.

4.6.2 Time of flight (ToF) Spectra at A=343nm

The ToF spectra obtained from Pure Fe,O3 and Au- Fe,O3 nanotips are shown in
fig. 4.14. As explained in the previous section the experimental protocol employed for
both the nanotips is similar which gives us opportunity to compare the ToF spectra of
Pure Fe,O3 and Au- Fe,O3 nanotips and draw the conclusions therein.

The ToF is plotted relative to the ToF of Fe** peak and to compare the
evaporation dynamics at long as well short time scale the ToF is plotted in long time scale
(upto 850ns) in fig. 4.14(a) and in short time scale (upto 80ns) in fig. 4.14(b). Different
information can be acquired from both these plots at different time scale.

As shown in fig. 4.14(b), the width of the Fe** peak at half and tenth maximum is
nearly similar for both the analyses. The sharp peaks are related to the fast evaporation
process, where the atoms are evaporated in first few nanoseconds (ns) after laser pulse
irradiate the tip. Most of the atoms on the surface of the tip are evaporated during the fast
evaporation process and contribute to the sharp peaks observed in the ToF spectra. The
existence of this peak is related to the field assisted evaporation, while the width of the
peak at 1/10th of the maximum is dependent on the absorption zone (or heated zone),
bigger the heated zone; bigger is the width of the peak. As can be understood from the
absorption maps and profiles shown in fig. 4.11(a) and (b) the heated zone is nearly
similar for both the analyses which reflects in the ToF spectra showing similar width of

the peak for Pure Fe,O3 and Au- Fe,O3 nanotips.
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Figure 4.14 : Time of flight (ToF) spectra comparison of Pure Fe,O; and Au- Fe,O; nanotips
obtained at 2=343nm and laser power of 2mW in log time scale (a) and magnified view of the
Fe?* peak (b)

On the other hand, the Tof spectra at long time scale show different signal to noise
(S/N) ratio (fig. 4.14(a)). This S/N ratio is related to the cooling dynamics of the tip [19].
The absorption of laser light raises the temperature of the tip apex, this temperature tries
to cool down along the axis of the tip and give rise to the thermal tail in ToF spectra. In
case of Pure Fe,Os3, evaporation rate decreases very slowly as compare to Au-Fe;Os.
Which means the cooling rate is quite fast in case of Au- Fe,O3 nanotip. As far as the
experimental conditions are concern, we have nearly similar geometry, the field
conditions are comparable, and the nature of absorption of light is also identical in both
the analyses. So the fast cooling process in case of Au-Fe,O3 can be related to the intrinsic
property of the material. Inclusion of the Au-NCs can change the thermal diffusivity of
the nanotips which give rise to the fast cooling process.

To understand this behavior, the experimental ToF spectra at long time scale are
fitted with the calculated one by using the Arrhenius equation of field evaporation [23]

—Q(F)

(4.4)

where,
Knorm(t) is the normalized evaporation rate given by Keyap(t) / Kevap(to)
Q(F) : Height of the barrier as a function of the applied electric field
Kg : Boltzmann’s Constant, and
T(t) = T(O,t) : apex temperature as a function of time and is given by,
T(£) =T(0,t) = To + === (4.5)

1+0'_2
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where,
To : Base temperature of the tip : 70K
Trise : temperature rise
D : thermal diffusivity
t : time, and
o : Heated Zone : 250nm (from absorption profiles)

The thermal diffusivity of Fe,O3 was fixed to D= 2.5x10%cm?/s as reported in ref.
[24]. Then, two free parameters Q(F) and Tise Were used to fit the experimental data. The
base temperature used in the analysis and heated zone obtained from absorption profiles
are same for both the analyses. As explained earlier, the field conditions are comparable
in both the cases, the value of activation barrier Q(F) can be fixed to nearly 0.09eV. The
change in thermal diffusivity (D) and temperature rise (Tyise) Will decide the nature of the
thermal tail. First the ToF spectra for Pure Fe,O3 nanotip was fitted and then keeping all
other parameters similar (owing to similar experimental conditions) except thermal
diffusivity or temperature rise, the ToF spectra for Au-Fe,O3 is fitted. The experimental

and fitted data is presented in figure 4.15.
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Figure 4.15 : Experimental and simulated evaporation rate as a function of time for a Pure Fe,0;

and Au-Fe,0; specimen in APT. Fit parameters: D=2.5x10%cm?/s and T,i,= 50K (orange line),

D=6x10?cm?s and T.s= 50K (green line)and D=2.5%10%cm%s and Ts = 100K (black solid
line).
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The parameters used to fit the ToF spectrum of pure Fe,O3 are Q(F) = 0.09 eV and
Tise : 50°K. Keeping the same values for the barrier and the temperature rise, the ToF
spectrum of Au-Fe,0s is fitted adjusting the value of the thermal to 6x102cm?/s, showing
more than factor of two increase in thermal diffusivity (the fit is showed by a green line in
Fig. 4.15).

An increase of the thermal diffusivity of the sample due to the inclusion of Au
NPs is expected for cermet composites [25]. However, when the NPs are well separated
(such as in our case) the increase of the thermal conductivity is expected to a few percent,

as we can calculate using the formula given in [26]

kmc[1+2Vrd(1_Q)(2Q+1)_1
k.=

1-Vyra(1-Q)(Q+1)72 (4.6)

where, Q is the ratio of kyc and kg4, Kk the thermal conductivity, V the volume fraction and
the subscripts ‘mc’ and ‘rd’ refer to the matrix and dispersed particles, respectively.
Hence the large increase of the thermal diffusivity reported experimentally can be
related to Au atoms distributed in all the volume. To have information on the Au atoms
distribution inside the oxide matrix, we collected the data from different parts of the 3D
reconstructed volume. In one volume the presence of Au-NCs is clearly visible, while the
other volume doesn’t contain any Au-NC. Then the mass-spectra for both the volumes are
plotted and are shown in fig. 4.16. As shown in fig. 4.16, the mass spectra obtained from
the volume containing Au-NCs in it clearly shows the presence of Au® peak (197amu),
which is expected. But, the mass-spectra obtained from the volume without containing
any Au-NC also shows the Au® mass peak; this clearly signifies the presence of Au in

non-clustered form in the matrix.
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Figure 4.16 : Comparison of Mass-spectra from two different volumes one with Au-NC in it and
one without Au-NCs

This matrix “doping” with metallic Au atoms, can change the diffusivity of the
materials increasing the number of phonon frequency modes. Moreover the Au doping
can induce network topological effects such as rigidity percolation, chemical ordering,
etc. In many glassy systems such as AsxTejo0—x, GexTei00—x, etc., it has been observed that
thermal diffusivity increases with the addition of higher coordinated atoms which
increase the network connectivity and rigidity [27]. In the case of Mg doped p-type
BiCuSeO oxiselenides an increase of 30% in the diffusivity is reported for a Mg doping
fraction of 5% [28]. However, this increase of the thermal diffusivity is always lower than
the increase reported in our case. Connected Au NPs can also strongly increase the
diffusivity due to the Au contribution [29]. However, from TEM and APT images, no

connections are visible between large or small Au NPs.

Ph.D. Thesis — Deodatta SHINDE Université de Rouen



Chapter 4 | 131

All these considerations are supporting the idea that the TOF spectrum obtained
on Au-Fe,O3; sample cannot be adjusted changing the thermal diffusivity. Instead the
value of the temperature rise can be adjusted.

Hence, we kept the value of the diffusivity as 2.5x10%cm?/s, as used for pure
Fe,O3 sample and we fit the data with the variable parameter: the temperature rise. As
shown in Fig.4.15 with the back line, the fit follows well the experimental behavior also
at long time scale, better than the previous fit (green line), for a value of T = 100K.

Hence, the analysis of the TOF spectra allows the direct measure of the
temperature rise at the apex of the sample after the interaction with the laser pulse.
Moreover, the comparison between pure Fe,O3 samples and samples containing Au NPs,
is a good way to directly determine the enhancement of the heating of the material due to
the Au NPs inclusion. In our case an enhancement of a factor two is reported.

Looking at the absorption map, calculated numerically and reported in Fig. 4.11,
an enhancement of a factor 1.2 is expected. However, we want to stress that these
calculations were done with a mesh size in space too large compared to the NPs
dimensions. Due to this we are not confident about the absolute value of the absorption
calculated for Au-Fe203 sample. This value can be strongly underestimated due to the

large mesh size used. More accurate calculations are scheduled.

4.6.3 Time of flight (ToF) Spectra at A=515nm

The atom probe experiments with Green wavelength (515nm) were also
performed. The experimental protocol, specimen tips and general methods of analysis
used were similar to the UV analysis and are explained in the previous sections of this
chapter.

The ToF spectra obtained for Pure Fe,O3 and Au-Fe,O3 nanotips are shown in fig.
4.17. Note that the experimental conditions viz electrostatic field, base temperature,
evaporation rate were similar in both the analyses like the previous analysis in UV, except
the laser power used in this case was around 3mW (30nJ/pulse).
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Figure 4.17 : Time of flight (ToF) spectra comparison of Pure Fe,O; and Au- Fe,Os; nanotips
obtained at A=515nm and laser power of 3mWat long time scale in (a) and at short time scale in

(b)

As explained in the previous section the width of the sharp peaks at half and tenth
maximum depends on the size of heated zone, the absorption maps and profiles shown in
fig. 4.12 confirms that the size of heated zone is nearly same for pure Fe,O3 and Au-
Fe,O3 nanotips. Hence the width of the fast peak is identical for Pure Fe,O3 and Au-Fe;03
nanotips as shown in fig. 4.17(b). The ToF spectra at long time scale in fig. 4.17(a) shows
that the relative number of atoms decreases three times faster for Au-Fe,O3 nanotips than
pure Fe,;0Os, as highlighted in Fig 4.17(a) by the orange and green lines. Following these
lines, we can observe that the number of detected ions is divided of a factor ten after 100
ns, for the sample with Au NPs, and after 300 ns, for the sample without Au NPs. This
behavior is related to the different rise temperature, which should be three times higher
for the Au-Fe,O3 nanotip compared to pure Fe,Os tip. These results confirm the behavior
observed experimentally during the analysis using UV wavelength. The decreased S/N
ratio in case of pure-Fe,O3 nanotip is due to the slow cooling rate of the temperature
raised due to the lower laser absorption, and, hence, the lower gradient of the temperature
between the apex and the base of the sample.

The striking feature in the analysis of ToF spectra obtained with Green
wavelength analysis is the presence of delayed evaporation in pure as well as Au-Fe;O3
nanotip. The delayed evaporation can be identified as a hump next to the fast evaporation
peak in ToF spectra shown in fig. 4.17(b). The black and red arrows in this figure show
the presence of delayed evaporation for respective curves. The discussion on delayed
evaporation is thoroughly explained in chapter 3 and how it can be controlled using
geometry of the tip as well as electric field conditions. In this case, as understood from

the absorption maps and profiles, the absorption maxima are around 250nm from the tip
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apex in both the cases (fig. 4.12). This absorption far from the apex will create the second
heating zone around 250nm from the apex and will gives rise to the evaporation events
delayed in time after the fast evaporation process. Although, we have observed the
delayed evaporation in both the nanotips, the position on the time scale is different. For
Au-Fe,03 the hump is closer to the fast evaporation peak than the pure-Fe,O3 (about 13 ns
after). Quantitatively, the peak position of the hump in Au-Fe,O3 is around 4 ns and in
case of pure-Fe,O3 is around 13 ns from the fast peak. This difference is due to the
difference in the temperature rise. Again, if the temperature rise for sample with Au-NPs
is three times higher than for pure Fe,O3 sample, the temperature gradient between the
heated region at 250 nm from the apex and the apex region will be three times stronger.
This will give rise to a three-time faster heat diffusion process and a three time shorter
delay for the delayed evaporation (second peak, highlighted by an arrow in Fig. 4.17Db).
This explains the data obtained with the analysis in Green wavelength is
supporting our findings acquired with the UV wavelength analysis. In both the analyses
i.e. UV and Green analysis it is evidenced that the higher absorption of Au NPs in Au-
Fe,O3 nanotip is found to increase by factor 2 (for UV) or 3 (for green) the local

temperature rise when compare to pure-Fe,O3 nanotips.

4.7 Conclusion

In conclusion LaAPT is used to deduce optical properties of the material at
nanoscale and the following temperature rise, using Au-nanoclusters embedded in Fe,O3
matrix as a material under study. The results were compared with the pure Fe,Ogs. It is
found that at the wavelength of A=343nm or A=515nm, the absorption profile along the tip
axis are nearly similar for both the materials, but the enhancement of absorption in case of
Au-Fe,03 nanotip (due to the presence of NPs) is the key findings of this work. The two
(three) fold increase in the value of temperature rise can be attributed to the inclusion of
Au-NCs as predicted by the calculation of absorption spectra for elongated Au NPs.
These results support the use of La-APT as a new and original set-up to measure the

temperature increase at nanometric scale after the interaction with a laser pulse.
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Chapter 5

InGaN/GaN guantum wells :
Correlation between structural and
optical emission properties

5.1 Introduction

As mentioned in Chapter 1, the optical properties of solids are strongly dependent
on their structural properties like size, shape, and chemical composition. The optical
properties of solids at nanoscale changes drastically in comparison to their bulk
counterparts owing to their changes in the electronic structure upon nanostructuring.
Various attempts have already been made in last few years in order to understand the
optical properties of nanostructures and further correlate them with their structural
properties [1-3]. However most of the efforts were based on the complementary use of
Transmission Electron Microscopy (TEM) correlated with different optical spectroscopy
techniques. In this approach, the optical properties and the structural properties are
studied on different portions of a materials sample. So the one-to-one correlation between
structural and optical properties of nanoscaled material is not accomplished thoroughly,
although a good amount of information is made available from these studies. In the quest
of one-to-one correlation of structural and optical properties Lim et. al. [4] and Zagonel
et.al. [5] have studied single nanowire heterostructures using an in-situ approach instead
of ex-situ like the reports mentioned above. They have reported the cathodoluminescence
(CL) studies along with the structural characterization studied by TEM on the same
object. These reports and others clearly show that, with the increasing importance of

nanostructured and nanoscale functional materials in the domain of photonics and
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optoelectronics, more and more attention is dedicated to the problem of determining the
relationship between structural and optical properties of these systems.

As the local variations in elemental chemical composition can strongly influence
the optical properties of materials, having knowledge of it will have a strong impact on
the study of correlation between structural and optical properties. Atom probe
Tomography (APT), with its ability to extract the elemental chemical composition of
material in 3-dimensions (3D) at nearly atomic resolution along with the structural
information will play a crucial role in this correlative approach.

In this regard, this chapter is dedicated to the study of correlation between
structural and optical properties of single nanoscale object containing a set of InGaN/GaN
multiple-quantum wells (QWSs). The InGaN/GaN QWs have been analyzed by micro-
photoluminescence spectroscopy (UPL), high-resolution scanning transmission electron
microscopy (HR-STEM) and atom probe tomography (APT). The correlated
measurements constitute a rich and coherent set of information which will be presented in
subsequent sections in this chapter. The prime objective of this work is to perform the
structural and optical characterization on same nanoscale object so as to obtain the direct
one-to-one correlation between structural and optical properties. The work presented in
this chapter is published in ACS Nano Letters [6].

Several tasks were involved in this work, from sample preparation to analyzing
the samples by each technique (i.e. pPL, STEM and APT) individually in the beginning
and later on the same nano-object. Although | was involved in every aspect of this work,
considering my thorough contribution to the APT analysis, more attention will be given to
the APT analysis in this chapter. Numbers of attempts were made to analyze the sample
using APT until good experimental parameters which results in an accurate composition
measurement are encountered. The results obtained with these trial APT experiments are
quite interesting and are useful to understand the impact of experimental parameters on
the quality of data obtained. Working with incorrect conditions leads to inaccuracy to
compositional measurement as well as on the 3D reconstruction of the data. The detailed

analysis and the explanations are incorporated in this chapter.
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5.2 Materials and methods

5.2.1 Synthesis of microwires

The InGaN/GaN multi-QW system were synthesized at CEA/CNRS/Universite
Joseph Fourier, Grenoble, France and are extracted by FIB milling from self-assembled
GaN microwires grown by MOVPE on c-sapphire substrates [7]. Previous studies
assessed that these wires present a diameter in the range of 0.7 — 3 um and are oriented
along the c-axis and have m-plane lateral facets [8,9]. The base of the wires is grown at
1040°C using trimethylgallium (TMG) and ammonia precursors as well as silane addition
to get n++-doping and to promote the wire geometry. The silane addition is switched off
after about 15 pm length to grow an unintentionally-doped GaN part (about 10 pum long)
at the top of the wires. The GaN wires are coated at their top with twenty unintentionally
doped radial InGaN/GaN quantum wells grown at 750°C (GaN barriers are grown at
870°C). The scanning electron microscopy (SEM) image in fig. 5.1(a) shows a typical as-
grown wire. The heterostructure scheme in a longitudinal and transversal cross section is

illustrated in fig. 5.1(b) on the SEM image itself and the pictorial representation of the

whole nanowire from lateral and top view is shown fig. 5.1(c).

@

(c)

| E—
GaN - bulk and barriers

In,Ga, N — quantum wells

Figure 5.1 : (a) Scanning electron micrograph of a GaN wire containing an InGaN/GaN multi-
QW system. (b) Schematic illustration of the heterostructure geometry, with the quantum well
system depicted in Green and GaN barriers and core in Blue. (c) Pictorial representation of the
nanowire from lateral and top view
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5.2.2 Microphotoluminescence (nPL) and Scanning Transmission Electron
Microscopy (STEM)

Micro-photoluminescence spectroscopy was performed at liquid helium
temperatures (T=4K). The excitation of the sample was provided by a Ultra-Violet (UV)
laser of wavelength 244 nm, with diffraction limited focused beam-waist of the order of 1
pm. The incident power used was around 50 pW. The photoluminescence was analyzed
in a 460 mm focal length grating spectrometer, with a spectral resolution roughly equal to
1 nm. The detail experimental set-up is explained in the chapter 2.

High angle annular dark field (HAADF) STEM observations were performed on a
JEOL ARM 200F microscope equipped with a Schottky field emitter operating at 200 kV.
This instrument is equipped with a spherical aberration Cs-probe corrector correcting the
third order spherical aberration. High resolution-STEM (HR-STEM) measurements were
also performed to identify the crystallographic orientation and interface geometry of the

quantum wells.3

5.2.3 Sample Preparation for pPL and Atom Probe tomography

A non-negligible aspect in the correlative analysis is the sample preparation,
because the sample used for pPL measurements and electron microscopy analysis is
going to be used for atom probe analysis as well and hence various precautions must be
taken. For uPL measurements, the as-prepared microwire as shown in fig. 5.1 can be
directly used. But for one-to-one correlation of luminescence signal to the STEM and
atom probe results, the geometrical parameters of samples analysed like size and shape
should be comparable, if not identical in all the analyses. The whole microwire is too
large to draw a representative correlation with an atom probe tip and also it is not suitable
to perform the APT and STEM analyses. The differences in uPL signal obtained on as-
prepared microwire sample and sample prepared for correlative analysis is thoroughly
explained in the section 5.3.1 of this chapter. The sample preparation protocol is designed
and developed for the correlative analysis of InGaN/GaN QW’s which can be further
used to analyse the optically active materials with this approach.

As we have used the focused ion beam (FIB) based sample preparation method,
the first and foremost concern was the degradation of luminescence signal due to the
energetic Ga' ion beam used in FIB. It is already reported in case of ZnO micro-wires

that the luminescence signal is significantly degraded due to the intentionally implanted
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regions with different Ga" ion beam doses [10]. To avoid this Ga" beam damage, the
extracted microwires were coated with a 400-500nm thick layer of Si using a physical
evaporation based deposition method. This Si layer will act as a protective layer and will
prevent Ga' ions to penetrate into the samples. The process is schematically shown in fig.

52

Physical vapor deposition of 400-500nm thick Si layer

A A A A X A A

Figure 5.2 : Schematic depicting the Si-layer deposition on InGaN/GaN micro-wires extracted on
substrate (Si-deposition is represented by red color)

The next step is the Lift-off process, which literally means lifting the microwires
from the substrate using the u-manipulator available in SEM-FIB dual beam system. The
w-manipulator is moved towards the microwire until it touches the microwire, then it is
glued using the FIB assisted Pt-C deposition using gas injection system (GIS). Once the
deposition is complete and confirmed using SEM imaging, the microwire is lifted-off for
further processing. The schematic as well as the SEM image of this process is illustrated
in fig. 5.3 (a) and (b)
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(a)
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Figure 5.3 : Schematic and corresponding SEM image of u-manipulation of microwires, (a)
Welding g#-manipulator to the microwire using Pt-C deposition, (b) Lift-off process

Once the microwire is lifted-off from the substrate, the next step is to weld it on

flat top Tungsten (W) microposts. For that a series of pre-sharpened W-posts were

introduced inside the SEM-FIB chamber which later were flattened by using Ga-beam

milling in FIB so as to create a firm base for the lifted-off microwire. The process is

described using a series of schematics as shown in figure 5.4. At least three good tip

specimens can be prepared from a single microwire. Along with the schematics, SEM

images of the few steps shown in fig. 5.4 are presented in figure 5.5. The electron beam in

these images is parallel to the axis of W-post and hence giving a top view.
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Figure 5.4 : Welding the microwire on W-post; (1) Aligning the microwire on top of the W-post,
(2) Making groove for Pt-deposition by cutting the base of microwire using Ga ions, (3) FIB
assisted Pt-deposition to weld the microwire on W-post, (4) Making a cut through microwire
using Ga ions, (5) & (6) Repeating the steps (3 & 4) to prepare another couple of samples from
the same microwire.
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Ga*lons

Figure 5.5: SEM images (top view) of the steps (1), (4) and (6) shown in fig. 5.4. (The w-
manipulator attached to the microwire is not shown here)

The last step in the sample preparation is annular milling. The sub-portions of
microwire previously welded to the W-post are now kept under the ion beam. This time
the W-post axis is aligned with the ion beam. The FIB annular milling is performed in
two steps. In a first step, performed at ion beam currents in the range 1 nA — 200 pA and
beam energy of 30 keV, the volume of the wire section is reduced to a small cylinder
whose diameter is of the order of 500-400 nm. This step also eliminates the multi-QWs
present on the lateral sides of the wire section from the active volume, leaving intact only
the multi-QW system at the top, immediately under the Si coating, as visualized in fig.
5.6(b). The volume, on the other hand, is large enough to preserve the optical properties
of the multi-QW system. The nano-object obtained, to which we refer to as “cut-out
cylinder” is then ready for the uPL experiment. After performing puPL spectroscopy, a
second annular milling step is carried out. In fact, the object volume must be further
reduced in order to obtain a sufficiently thin tip to be transparent to electron illumination
in the HR-STEM (axial diameter lower than 100-150 nm) and for analysis in the atom
probe (apex radius lower than 50-75 nm). This milling step is performed at ion beam
current of 50 pA and beam energy of 30 kV. The milling is then concluded with a
cleaning step at ion beam current of 50 pA and 2 kV energy in order to obtain a sharp tip
and to eliminate the external layer amorphised at 30 keV. The obtained field-emission tip
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is visualized in fig. 5.6(c). The schematics and corresponding SEM images of annular

milling process is shown in fig. 5.6.

30kV, 1nA - 200pA 2kV, 50pA

Sample for pPL Sample for STEM & APT

Figure 5.6 : Process of annular milling, (a) First step of high current milling, (b) cut-out cylinder
ready for uPL measurements, (c) tip sample ready for STEM and APT analysis (Si : Silicon
protective layer, OW’s : region of set of InGaN/GaN QW's, Pt : Platinum deposition used for
welding)

5.2.4 Atom probe tomography of InGaN/GaN QW’s

Analyzing InGaN/GaN QW’s by Laser assisted atom probe tomography (LaAPT)
is one of the crucial tasks involved in this work. Even though it is now possible to analyze
the semiconducting as well as dielectric materials using LaAPT, finding the experimental
parameters which results in an accurate measurement of the elemental composition is a
real task. And hence before performing the correlative analysis on same nano-object
several attempts were made to analyze the InGaN/GaN QW’s tips in LaAPT so as to
obtain the good experimental conditions for an accurate measurement. The measurement
of composition is accurate only if all atomic species present in the analyzed specimen are
field evaporated and detected with the same rate: unfortunately, this hypothesis does not
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generally hold in the case of nonmetallic compounds. Due to different physical
mechanisms, compound semiconductors and dielectrics exhibit a complex field
evaporation behavior, translating into phenomena such as the detection of molecular ions
and ion clusters in the mass spectra [11,12] or the dissociation of molecular ions after
evaporation [13]. These complex mechanisms, which are not fully understood yet, can
also lead to an erroneous measurement of the elemental composition of the sample. In
addition to this, the inhomogeneous geometric or crystallographic properties of the tip
surface will also contribute to the inaccurate measurement in composition [14].

The quantum well thickness and elemental composition of InN alloy fraction are
the decisive parameters for correlation between pPL signal and the structural properties.
An inaccurate measurement of composition would result in misleading conclusions at the
end and hence it is important to know how the system of InGaN/GaN QW’s behaves in
the context of LaAPT experimental condition. In this regard, in the beginning we have
analyzed samples without quantum wells (GaN tips) to understand the compositional
biases in Laser assisted Wide angle Tomographic Atom Probe (LaWaTAP).

All the experiments were performed using UV wavelength (343nm). The base
temperature, atom flux (atoms/pulse), applied voltage (V4) and Laser energy has been
optimized to get the stoichiometric elemental composition of Ga and N as (1:1). The
effect of laser energy on the total fraction of Ga and N is studied and the results are
shown in fig. 5.7

65
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Figure 5.7 : Total fraction of Ga and N as a function of Laser energy at constant flux.
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The fig. 5.7 is obtained by keeping the evaporation rate constant (0.0022at./pulse)
and the laser energy is varied to observe the trend of Ga and N fraction. Please note that
when changing the laser energy, voltage applied to the tip is also changed and hence the
effective electric field on the tip surface to keep the evaporation rate constant. From fig.
5.7, it is clear that it is possible to achieve reliable 1:1 Ga-N fraction at relatively low
laser energies, but it is due to the effect of low laser energy or the higher field created at
the surface of the tip due to increase in tip voltage to keep the flux constant or the
combination of both. Due to this reason we believe that, analyzing the fraction of Ga and
N as a function of laser energy is not a good way to figure out the optimal experimental
conditions resulting in accurate measurement of composition. Although qualitative
information can be deduced from the plot shown in fig. 5.7, i.e. at low field conditions (at
high laser energy) the composition is Ga rich and to obtain good stoichiometry relatively
low laser energies (or high field) can be used.

To understand the effective contribution of electric field and/or laser energy on the
total fraction of Ga and N, we have performed two different experiments by varying laser
energy (applied voltage) and keeping the applied voltage (Laser energy) constant. The
trend observed is plotted and presented in figure 5.8

80 62

PO i T=40K, (a) =— Total N fraction T=40K V,=54kV 7 (b)
o 0.7nJ 20nJ E_, 601 —=— Total Ga fraction
. o . 4 s
o N . — Total N fraction %8 AR // s
"X —=— —o— Total Ga fraction| . 56 vl + _.\\l
—_ o
& 60 LS g sl | i %.
= o,
2 L s T £ 52 |
o la CURRENE= St k=
S 50 B Bk & 50
- e <t Y O 48
S .- - ‘
c §= .- 7{+\ ‘5 L )
£ 40+ RE T ; L2 46 15 B
5} @y ® T -
© 44 4 -
™ Dashed finés correspond w
7 o the values obtained under 42 L i ¥
30 - @ ' the hypohtesis that the " -
- peak at 14 amu is N' 40
PO g =20n)=imE_=07n) 38
20 ¥ T % T y T T T X T o T ¥ T T .2 T T T T T T T T T T T T T
46 48 50 52 54 56 58 60 62 64 66 04 06 08 1,0 12 14 16 18 20 22 24 26 28 3,0 32
V. Bias (kV) Laser Energy (nJ)

Figure 5.8 : Total Ga and N fractions as a function of (a) applied voltage (V) at constant laser
energy (0.7nJ and 2.0nJ) and (b) laser energy at constant applied voltage (V4.=5.4kV). From

[15].

For constant laser energy measurements two sets of measurements were carried
out. Considering the analysis at constant flux (fig. 5.7), the laser energy from two
extremities viz. low (0.7nJ) and high laser (2.0nJ) energy were chosen to observe the
tendency. The applied voltage was then increased in steps and collected nearly 20,000 to

30,000 atoms per data set. The mass spectrum then optimized with similar parameters of
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optimization for all data sets and the mass ranges used were also similar. To measure the
total Ga and N fractions, special care was taken to consider the total number of atoms as
sum of all individual atomic species that were evaporated as ionic species and molecular
ions (e.g. GaN?*, GaNs*, N,*). In addition, the fractions are plotted by considering the
peak at 14amu both as N* and N,?* ions in order to observe the difference. As shown in
fig. 5.8(a) at constant laser energy of 2.0nJ, the increased in voltage results in the trend
towards stoichiometric composition. At low applied voltage (4.7kV) the composition is
Ga rich and excess of Ga fraction decreases with the increased in V. Although
stoichiometric composition was not observed in this case, but the overall trend suggests
that further increase in V4. will result in accurate measurements. Similarly, at constant
laser energy of 0.7nJ, the composition is Ga rich at high V4. and decrease in total Ga
fraction with increased Vqc is evident. But, in this case at certain Vy (6.1kV), the
stoichiometry of 1:1 Ga-N fractions is observed. Further increase in the V. results in Ga
depleted (N rich) composition and overall stoichiometry is disturbed. The solid line in the
plot of fig. 5.8(a) is with the consideration that the peak at 14amu in the mass spectrum is
due to the evaporation of N,** ions. The composition calculated by assigning this peak to
N* ions is shown by the dashed line. With this consideration slight change in the overall
measured composition is observed but doesn’t change the overall tendency of decrease in
Ga fraction with the increase in V. Both these analyses at constant laser energy suggest
a strong dependence of the measurement of total Ga and N fractions on Vyc.

On the other hand, measurements carried out at constant Vg are shown in fig.
5.8(b). In this case the applied voltage kept was constant (5.4kV) and the laser energy is
increased in steps. The measured total Ga and N fractions as a function of laser energy is
plotted and as can be seen from this plot there is no specific trend observed as the laser
energy is increased. The amount of Ga and N is barely dependent on the laser energy
unlike the case when laser energy is kept constant and applied voltage is varied (fig.
5.8(a)). This analysis clearly shows that the measured composition is highly dependent on
the voltage applied or in other words it is more function of applied electric field than the
laser energy.

Although it is difficult to calculate the microscopic electric field experienced by
the individual atomic species evaporated, an estimate of effective electric field can be
made using the charge state ratio of the metallic constituent atoms as described by
Kingham [16]. The charge state ratio is an easily measurable quantity in an atom probe

experiment and can be directly related to the effective electric field applied. In addition, it
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could be a universal parameter to compare the results obtained with different
experimental environments (e.g. atom probes, base temp. etc.). In this regard, we have
plotted the fraction of atoms as a function of Ga charge state ratio (Ga**/Ga") for the data
sets acquired at constant flux (fig. 5.7) and at constant laser energies (fig. 5.8) and are
reported in fig. 5.9.
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Figure 5.9 : Total Fraction of atoms as a function of Ga charge state ratio (Ga**/Ga"). The data
acquired at constant flux (fig. 5.7) and constant laser energies (fig. 5.8) were used. The effective
field is calculated after Kingham [16]

As shown in fig. 5.9, when the data obtained at constant flux and laser energy is
plotted as a function of Ga charge state ratio, it is possible to quantify the experimental
condition in terms of charge state ratio (and hence as effective electric field) where the
desired stoichiometry is achieved. From fig. 5.9, it is evident that the 1:1 Ga-N ratio is
achieved when the Ga®*/Ga* charge state ratio is around 0.1, which corresponds to the
effective field of nearly 24.3 V/nm calculated after Kingham [16]. The trend is quite
similar for both data sets, which again confirms the dependence of applied electric field
on the total measured fractions of the Ga and N. As this charge state ratio is further
increased (decreased) from 0.1, which signifies the further increase (decrease) in field
conditions, the overall composition becomes N rich (Ga rich). This dependency of charge
state ratio (or field conditions) on the total Ga and N fractions will be used to characterize
the optimal condition which will result in accurate measurement of composition.

In nutshell, from these measurements it is clear that the composition of binary

compounds like GaN is strongly dependent on the field conditions used during the atom
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probe experiment. The field conditions can be qualitatively represented as a function of
charge state ratio of Ga. We found that, when Ga®*/Ga* ratio is around 0.1, the desired
stoichiometric composition can be obtained in case of GaN. To further verify this
hypothesis we have studied another binary (AIN, MgO, ZnO) and ternary (InGaN, InAIN)
compounds with this approach. The results are published in [15] and suggests that, the
surface electric field is the dominant parameter to attain the accurate measurement of
composition in these compounds.

Although the composition measurement is predominantly field dependent, one
cannot ignore the contribution of asymmetric laser absorption on the variations in
composition measurement from laser illuminated side of the tip to the dark side. To
observe this effect, data sets at constant flux and laser energies of 0.7nJ and 2.0nJ were
selected and concentration maps of Ga* and Ga®" on the detector are recorded and

represented in fig. 5.10.

Figure 5.10 : Concentration maps recorded from the detector at constant flux and laser energy of
0.7nd for (a) Ga*, (c) Ga?" and for laser energy of 2.0nJ for (b) Ga* (The direction of laser
incidence is shown at the bottom right of the figure)

As shown in fig. 5.10, at low laser energy (0.7nJ), the distribution of Ga™ is fairly
uniform with slight increase from the laser illuminated side, also evaporation of Ga** ions
is more evident from the dark side (fig. 5.10(c)). While on the other hand at higher laser
energy (2.0nJ) most of the Ga evaporates as Ga™ ions and that too from the laser
illuminated side (fig. 5.10(b)). The concentration of Ga®* in this case is below the

threshold limit used (1%) to calculate the concentration maps and hence not reported.
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Considering the zero barrier evaporation field [17] for Ga* (15 V/nm) and Ga** (39
V/nm), this behavior can be explained as follows. During the analysis, the electric field
can be more intense on the dark side of the tip than on the illuminated side; this is due the
tip side that is illuminated by the laser is heated more than the dark side which results in
more rapid evaporation on the illuminated side. Because of this the evaporation of Ga**
ions is more evident from the dark side even at lower laser energy. A Similar behavior
was also observed in the case of Si tips when illuminated with UV laser [18]. The
behavior is attributed to the deformations of the tip shape due to an inhomogeneous
temperature distribution induced by the laser which results in evaporation of large
fraction of singly charged ions from the illuminated side. An equilibrium situation and
uniform evaporation is established when the tip radius of the illuminated side becomes
sufficiently larger than the dark side. Thus, the electric field on the surface of the tip of
the illuminated side is lower than the dark side. However, the effect could not be
completely rectified but can be minimized by using minimal laser energies in case of
materials which has strong absorption coefficient at the wavelengths used during atom
probe experiment. This effect also depends on the intrinsic thermal properties of the
material like thermal diffusivity (conductivity).

With these analyses we have learnt that the optimal conditions which results in
accurate measurement of composition during LaAPT experiment can be attained by
governing the surface field conditions using charge state ratio of metallic ions. But it will
be quite interesting to see the effect of bad experimental conditions on the data obtained
with LaAPT analysis. An example of using very high electric field is given in figure 5.11.
The data were collected at constant flux and constant laser energy of 1.6nJ, but the
applied voltage was in the range of 11-12.5kV, which creates a very high electric field at
the surface of the tip. The Ga®*/Ga* ratio was on the order of 0.4-0.25 throughout the
analysis (fig. 5.11(c)), which corresponds to the field of nearly 26 V/nm. This value of
electric field is larger compared to the field (24.3 VV/nm) at which accurate measurement
of composition is expected. Due to this very high field a strange behavior was observed
during the evaporation and is reported in fig. 5.11(a, b) using 3D reconstructed volume of
the data obtained.
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Figure 5.11 : Effect of high field conditions on the data acquired, 3D reconstructed volume
showing only Ga atom distribution in (a), Ga and In atom distribution in (b) and (c)
corresponding Ga charge state ratio measured along the depth of the 3D volume shown in (a,b)

The 3D reconstruction showed in fig. 5.11(a) displays a helical structure
throughout the analysis, though the reason behind this behavior was not clear. The
distribution of all atomic species follows the similar behavior as shown for Ga in this
figure. The In QW was nearly parallel to the axis of the tip in this analysis as can be seen
from fig. 5.11(b). Looking at the 3D distribution of Ga atoms in fig. 5.11(a) and
comparing to that of In atomic distribution in 5.11(b), it is evident that the Ga
concentration is found to be increased inside the In QW, which is absolutely erroneous
conclusion. A Similar trend was observed in another experiment when working with high
electric field. In this case the 3D reconstruction of the data analyzed is significantly better
than the analysis shown in 5.11. The Ga charge state ratio was in the range of 0.4-0.2
(corresponds to high field conditions). The 3D reconstructed volume and the analysis
therein are presented in fig. 5.12.
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Figure 5.12 : Effect of high field conditions on the data acquired, (a) 3D reconstructed volume
showing only In atom distribution, (b) Sub-volume extracted from (a) showing only Ga™ ions and
(c) linear concentration profile of sub-volume shown in (b) in the direction shown by Yellow
arrow.

The 3D reconstruction displayed in fig. 5.12(a) shows the distribution of In atoms.
Total 7 QW’s were observed in this analysis of which first five QW’s are found to be
very well defined and the orientation of QW’s is tilted with respect to the axis of the tip.
To study the local composition of the QW, a sub-volume from one of the QW’s is
selected and is shown in fig. 5.12(b). The linear concentration profile is measured from
this volume and is reported in fig. 5.12(c). As can be seen in fig. 5.12(b) and measured in
fig. 5.12(c) the concentration of Ga" ions is increased inside the QW, which is completely
misleading. This behavior is surprising and difficult to explain its existence, but probably
occurring due to the artefact of the APT technique known as trajectory aberration [19].
Considering the relatively lower field of evaporation for In (12 VV/nm), during evaporation
the interface between GaN (barrier) and InGaN (QW) is not smooth, which changes the
trajectories of Ga ions and intermix with the In ions evaporated from QW. Taking into
account the high field conditions in both the analyses presented above, this effect can be
further magnified. Though this explanation is quite vague, but can be studied thoroughly

to understand the field evaporation behavior of multiphase materials.
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With all these trail LaAPT experiments on GaN and InGaN/GaN samples, we are
now capable to produce the reliable data set which gives accurate measurement of the
composition. So we performed another APT experiment on InGaN/GaN sample with long
run collecting nearly 30M atoms with constant laser energy of 0.4nJ, constant flux of
0.05-0.09 at./pulse and at constant base temperature of 20K. Special care was taken to
maintain the Ga charge state ratio near to 0.1. In this analysis we were able to analyze the
10 QW’s out of 20. The mass spectrum acquired is shown in fig. 5.13. Most of the peaks
are indexed. The mass spectrum shows the peaks corresponding to the expected
components: Ga*, Ga**, Ga>, In*, In**, N* (N,?*), N**. The presence of molecular species
is also noted, more of N,"at 32amu, but other species such as GaN®*, GaNs** and N3* are
also present. There is no any parasitic or unknown peak observed. The presence of H” is

due to the hydrogen present in the analysis chamber.

1000000 =
: 2 Ga'

100000 -

10000 -

Number of atoms

1000

100 -

0O 10 20 30 40 50 60 70 80 90 100 110 120
Mass/charge (amu)

Figure 5.13 : Mass Spectrum acquired from InGaN/GaN QW'’s sample

The 3D reconstruction of the data acquired is reported in fig. 5.14 and clearly
shows 10 out of 20 QW’s. QW’s observed are slightly tilted with respect to the analysis
direction. This may be due to the inclination of the wire during the analysis, or to the
intrinsic tilt of QW’s with respect to the axis of W-post. Most of the QWs are well
defined except two QW’s in the middle. It is possible that these QW’s have structural
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defect/s which results in thicker QW’s. The composition profile, plotted from the 3D
reconstructed volume is also shown in fig. 5.14. A sub-volume perpendicular to the QW

planes is taken for these calculations.
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Figure 5.14 : 3D reconstructed volume and the corresponding composition profile obtained. A
sub-volume along the dotted black line drawn on 3D reconstruction used to calculate the
composition. The Ga charge state ratio along the analysis depth is also shown (top)

The increased in total Ga concentration along the depth of analyzed volume as
shown in fig. 5.14 is a consequence of the tip evolution during analysis. The atom flux
throughout the experiment was constant (0.005-0.009 at./pulse). The total flux is
proportional to the tip apex surface area which is function of apex tip radius. During the
analysis due to the non-zero cone angle of the tip the tip apex radius increases with the
analyzed depth and a lower field is needed in order to keep the total flux constant when
the tip radius increases. This decrease in field conditions results in increase of overall Ga
concentration, which has also been observed during analysis of Ga/N ratio as function of
laser energy (fig. 5.7), where increase in laser energy (i.e. decrease in field conditions)
gives rise to increase in Ga concentration. In addition, the increase in Ga concentration
along the depth can be due to the orientation of sub-volume selected for the measurement

(shown by dotted black line on 3D reconstruction). As described previously the
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composition is Ga rich on the laser illuminated side than the dark side and to keep the
sub-volume perpendicular to the QW’s we moved from dark side to the laser illuminated
side. The Ga charge state ratio (Ga**/Ga") is also plotted along the depth of the analysis to
display the field conditions. As can be seen from this plot, the Ga charge state ratio is
around 0.1 at the beginning of the analysis and decreases slowly representing the decrease
in field conditions due to tip evolution as explained earlier. This plot again validates our
observation that, when charge state ratio is around 0.1, the stoichiometric conditions can
be achieved.

As far as the In fraction in the QW’s is concerned, from fig. 5.14 it is seen that it
is independent of the stoichiometry of Ga-N or in other words has not affected due to the
lowering of field conditions owing to the evolution of tip radius. The overall In
concentration for all analyzed QW’s is nearly comparable except for the QW number 3
and 5 (thicker QW’s). This non-correlating behavior of In with respect to change in field
distribution was also reported by our results published in [15]. In addition, Riley et. al.
[20] has performed APT analysis on InGa;«N QW’s with different crystal orientations to
examine the influence of surface structure and polarity on the In mole fraction extracted
from 3-D APT reconstructions. While the apparent N stoichiometry and the detection
probability of group-111 ions varied with the polarity of the evaporation surface and the In
content, the In mole fraction within QW’s was constant throughout the reconstruction.
This demonstrates that the compositional inhomogeneity within the In QW’s is
independent of the crystal structure and polarity of the nanowires as well. For our
correlative approach this behavior is very significant as the pPL signal is strongly
dependent on the structural and compositional inhomogeneity in the In-QW’s.

The analysis conditions used in LaAPT experiment and its consequences on the
structural as well as stoichiometry are summarized in Table 5.1 for a quick review of the

discussion presented in this section.
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Moderate 0.07—0.12 good reconstruction, Ga s
depletion inside QW’s Y
Change in local radius of
Low 0.02 —0.04 the tip from illuminated Garich

side
Table 5.1 : Summary of the analysis conditions and its consequences on the data obtained
With all these aspects and the analyses carried out on different InGaN/GaN QW’s
tips, we have identified the good experimental conditions which can give a reliable atom
probe data. The information acquired during these analyses gave us confidence to
successfully perform the correlative analysis of uPL, STEM and APT on the same nano-

object. The results and analysis are presented in the next section of this chapter.

5.3 Correlation of pPL Spectroscopy, STEM and APT on single nano-
object
To perform the correlative analysis the sample was prepared as explained in the

section 5.2.3 of this chapter. The analysis initiated by analyzing the sample by pPL

spectroscopy.

5.3.1 Micro-Photoluminescence (nPL)

The pPL study performed on whole as synthesized microwires as well as on the
sample prepared by FIB processing as explained in section 5.2.3 (fig. 5.6(b)). The FIB
processed sample is like a cylinder of reduced dimensions ¢ 500nm in diameter) and

hence we called it cut-out cylinder. The results of this study are described in fig. 5.15.
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Figure 5.15 : (a) SEM image of one of the analyzed microwires; (b) SEM image of analyzed cut-
out cylinder; (c) Optical microscopic image of the PL (highlighted by the arrow) emitted by cut-
out cylinder mounted on a tungsten tip under excitation with a 244 nm cw laser at 4K. (d) pPL
spectra of two whole microwires A and B mounted on a tungsten tip (Red and blue curve, upper
part of the graph) and of cut-out cylinder which have been subsequently analyzed by STEM and
APT.

The as synthesized whole microwire and the cut-out cylinder prepared from the
microwire are shown in fig. 5.15 (a) and (b) respectively. Fig. 5.15(d) reports the uPL
spectra recorded under 244 nm cw laser excitation at 4K. The spectra displayed in the
upper part of the fig. 5.15(d) were collected from whole microwires like the one shown in
fig. 5.15(a), while the spectra in the lower part were issued by the cut-out cylinder as
shown in SEM image of fig. 5.15(b). The PL spot emitted by cut-out cylinder is also
visualized in the microscopic image of fig. 5.15(c).

The spectra obtained with whole microwires consist of widespread band with two
main components or maxima’s. On the other hand when analyzing cut-out cylinder, the
spectra obtained shows a number of narrow lines dispersed in the interval of photon
energy of 2.9 - 3.3 eV unlike the whole microwires where no fine structure was observed.
This behavior suggests that the cut-out cylinder is composed of the emitters with well-
defined energy which gives rise to the narrow emission lines as observed in PL spectrum.
Although the laser beam is tightly focused to spot of~ lum size, in case of whole
microwires the laser still illuminates much larger volume compared to the cut-out

cylinder. In addition, the pPL may effectively probe a much larger volume in the case of
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a whole wire, due to carrier diffusion and light scattering inside the wire. The PL spectra
obtained with cut-out cylinder also follows the broad emission band observed in the PL
spectra of whole wire, but with multiple narrow emission lines within this narrow band.
This is probably due to the localization phenomena, i.e. the excited charge carriers
(electrons in conduction band and holes in valence) form electron-hole pairs which
further recombines in the local potential minima which results in the well-defined energy
for the emitted photons. Moreover, the energy dispersion, as explained in chapter 1, can
originate from the non-uniformity in thickness and compositional fluctuations within the
QW and/or from one well to another.

After analyzing the cut-out cylinder by puPL spectroscopy, the second annular
milling process by FIB is carried out so as to prepare a tip shaped sample with diameter
less than 100nm for further analysis in STEM followed by APT. The process is explained
in section 5.2.3 (fig. 5.6(c)). The next step in this correlative study is STEM analysis.

5.3.3 Scanning Transmission Electron Microscopy (STEM)

After the second milling step, high angle annular dark field (HAADF) STEM
observations were performed on a JEOL ARM 200F microscope equipped with a
Schottky field emitter operating at 200 kV. This instrument is equipped with a spherical
aberration Cs-probe corrector correcting the third order spherical aberration.

Electron beam can strongly induced the clustering of In atoms, which could
significantly influence the interpretation of the correlated pPL and APT measurements
[21,22]. Due to this reason only one portion of one quantum well was observed in high
resolution to visualize the crystallographic orientation and to study of quantum well
interface definition. In addition, to see the effect of electron beam exposure on the
distribution of In atoms in atom probe, six innermost QW’s were intentionally not imaged

with the STEM and hence are not exposed to electron beam at all.
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Figure 5.16 : (a) STEM-HAADF micrograph of a portion of the atom probe tip prepared from
cut-out cylinder. (b) HAADF contrast profile extracted from the red dashed line in a). (c) High-
resolution image from QW#3, showing the details of the quantum well interface and the atomic
columns observed along the [1120] zone axis of the GaN wurtzite crystal. (d) Schematic
representation of the crystal structure as observed in c).

Figure 5.16(a) shows a HAADF-STEM image of the atom probe tip, only first 14
QW’s are imaged and the last six QW’s (innermost) were not exposed to the electron
beam at all. In this image, the InGaN QW’s can be clearly seen as bright contrast stripes
nearly perpendicular to the axis of the tip. The slight tilt of the QW’s is due to the
misalignment of the tip axis with respect to FIB gun during the annular milling process.
The HAADF-intensity profile reported in fig. 5.16(b) is extracted from the 20nm wide
line along the red dashed (perpendicular to the quantum well planes) line shown in fig.
5.16(a). The QW thickness is measured as the FWHM of the HAADF-profile and is
plotted in fig. 5.19(b). The QW’s are numbered from top to bottom as observed in atom
probe tip (i.e. in the reverse order of the growth of the QW’s). As can be seen, except
QWH#11 - #13 all the QW’s are thin and are somehow well-defined. Please note that the
QWH#1 was too close to the tip apex and hence not analyzed.

A closer look at Figure 5.16(a) also reveals the presence of another brighter

contrast stripes perpendicular to the QW planes and are highlighted by arrows. The
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existence of theses stripes was already reported when the micro-wires are grown by this
method [8] and are attributed to the stacking faults formed at heterostructure interfaces.
As these features are perpendicular to the QW planes and not to the tip axis; the
possibility of their appearance due to the FIB processing is ruled-out.

The high-resolution HAADF image of QW #3 is presented in fig. 5.16(c). The
brighter contrast region corresponds to the InGaN QW. As seen from this image that the
upper and lower interface of the QW are not equivalent. The interface on the core side is
more abrupt than one on the surface side. This behavior is related to the growth
mechanism and is due to the different temperatures used during deposition to deposit the
QW’s and GaN barrier [8]. In this image, the atomic columns are also identified which
further implies the hexagonal GaN crystal observed along the [1120] zone axis. The
schematics of the atomic column arrangement as seen in high resolution STEM image is
shown in fig. 5.16(d). The polar c-axis of the crystal is aligned with the quantum well

planes, and the non-polar m-axis is perpendicular to the QW’s plane.

5.3.3 Atom Probe tomography (APT)

After STEM analysis the tip is transferred to the atom probe chamber for further
analysis using atom probe. The experiment was performed in the LaWATAP whose
details are given in chapter 2. The analysis was carried out at constant detection flux of
0.005-0.01 at./pulse and at constant energy in the range of 1.0-1.8 nJ/pulse, while the tip
is kept at cryogenic temperature of 20K. The DC voltage applied to the tip was varied
from 6.2 kV to 10.2 kV to keep the detection flux constant. These parameters, especially
the relatively low laser energy used which corresponds to the high surface field, are used
to have the correct measurement of the composition as explained earlier in this chapter.
The mass spectrum obtained doesn’t show any sign of unknown peak and was similar to
shown in fig. 5.8 and hence not shown here again.

The data obtained is then optimized and the 3D volume is reconstructed using
cone angle-tip radius protocol [23]. The distribution of individual In atoms is presented in
fig. 5.17.
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Figure 5.17 : 3D reconstruction of the data obtained, (b) reconstructed volume oriented as
observed in STEM image shown in (a), (c) and (d) reconstructed volume shown from different
orientations. (showing only distribution of In atoms for clarity)

The reconstructed volume shown in fig. 5.17(b) is oriented as observed during
STEM imaging of the tip, i.e. along the [1120] direction, and is shown in fig. 5.17(a)
again for comparison. In fig. 5.17(c) and (d) the volume is oriented in another
perspective, in order to show the planar nature of QW’s and non-uniform In distribution
within the different QW planes respectively.

Total 16 QW’s were analyzed during the atom probe experiment and after 3D
reconstruction the InGaN QW’s are observed as the flat discs which contains high density
of In and depletion of Ga when compare to the barrier regions. Taking into account the
higher cone angle of the tip topmost region (see fig. 5.17(a)), the QW’s analyzed in this
region i.e. QWH#2 - #4 appear slightly distorted and also the distance between two QW’s
is lower when compare to QW’s analyzed from the lower part of the tip. The
concentration of In atoms (< 0.1%) observed in the barrier region could be due to the
residual In present in the barriers but also due to the background noise. The direct
correspondence between 3D reconstruction and STEM image as shown in fig. 5.17(a) and
(b) is clearly visible. The 3D reconstruction also shows that, except for QW#11 - #13 all

other QW’s are well defined and narrower. Visualizing these QW’s in another orientation
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in 3D reconstructed volume reveals that the QW’s are little bit curved or they present a
sort of smooth step. This information obtained is the advantage of this approach where
the information obtained in one method is complementing to the other. The presence of
three QW’s showing step like feature is not clear, but can be due to the anomaly occurred
during the deposition or growth process.

To understand the interface geometry and the individual QW properties, 1D
profiles of the InN fraction along the QW system were plotted. The 1D profile were
plotted by averaging the concentration in thin slices of material parallel to the QW’s plane
having cross section of 10 nm? as shown in fig. 5.18(a). The 1D profile showing the InN
fraction along the whole QW system is shown in fig. 5.18(b). This profile supports the
STEM observation that the QW’s have abrupt interface on core side than the surface side,
this behavior is more clearly observed when the profiles of QW#4, #12 and #17 are
magnified and reported in fig. 5.18(c,d,e) respectively. The QW#12 is one of the thicker
QW’s observe and hence showing relatively thicker and smoother profile, probably due to
the misalignment of the box with the local QW interface. In addition, 3D reconstructed
data showing the QW interface of QW#3 along with its HR-STEM image (see fig.

5.18(f)) are in good agreement with each other.
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Figure 5.18 : (a) One-dimensional profiles of the InN fraction obtained through the analysis of
boxes with their z-axis perpendicular to the QW interfaces. (b) Profile through the whole QW
system; (c-d-e) Selected profiles across QWSs #4, #12 and #17, respectively. (f) HR-STEM image
of QW#3 and corresponding APT reconstructed image showing the interface geometry of QW.
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5.3.4 Correlating the data obtained

The quantum well thicknesses obtained from STEM-HAADF and APT and peak
InN fractions obtained from the 1D composition profile are reported in the fig. 5.19(a)
and (b), respectively. The thickness measured as the FWHM of InN rich regions from
APT data are in good agreement but slightly lower than those calculated from HAADF-
STEM profile. This is because the thickness measurement using HAADF contrast is
based on the projection over the whole tip thickness, which may overestimate the
measured value of thickness. Due to this reason, the thickness values measured for

QWH#11 - #13 from APT measurements are more reliable than the HAADF-STEM.
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Figure 5.19 : (a) Measurement of quantum well thickness taking into account the FWHM of the
STEM HAADF contrast profile (red empty squares) and from the APT 1D InN fraction profiles,
and as the FWHM of the InN-rich region (black empty triangles). (b) Maximum InN fraction
obtained from the 1D APT composition profiles.

In order to find the relation between radiative transitions observed in the PL
spectra and the structural properties of QW, it is necessary to understand the local
variations in composition within the individual QWs. In this regard, 3D distribution of
InN within the QWs is analyzed and the concentration maps obtained for QW#4, #12 and
#17 are shown fig. 5.20(a). These concentration maps clearly show that, the In
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distribution within the QW’s is not uniform particularly for QW#12 and #17. Moreover
the 3D reconstructed volume and these concentration maps show that there are several
stripe-like In-rich regions and are propagating from one QW to other as highlighted by
the red and blue arrows in the image. Considering the slight tilt of the QW system with
respect to the axis of the tip, this stripe-like feature progressively shifts outside the
analyzed volume by APT and hence not observed in case of QW#4. This also points out
that, this feature and hence the In-rich regions are intrinsically present there and are not
due to the experimental conditions used to carry out the APT experiment, e.g. laser
induced In segregation. Although, the origin of these In-rich regions is out of the scope of
this study, but their presence could be related to the specific MOVPE growth conditions,
where two different temperatures are used to deposit the QW’s and barrier. This
observation is also in agreement with the bright contrast stripes observed perpendicular to
the QW planes in STEM observation (see fig. 5.16(a)). These stacking faults when
crossing the QW planes may induce different strain states within the QW and In atoms
may have gathered in higher density in the regions with more favorable strain states. In
this way, it is possible that the In-rich patterns propagate throughout the multi-QW
system, with a strain-driven correlation mechanism similar to that which drives the
growth of self-assembled Stranski-Krastanov quantum dot superlattices in classical 111-V
[24] and I1I-nitride systems [25].

QW #4

20%

InN concentration [mol.%]

2
3

Figure 5.20 : (a) 3D In distribution within the QW#4, #12 and #17 (The red and blue arrow
shows the propagation of stripe-like feature from well-to-well) (b) InN fraction maps calculated
within the 1 nm thick slices of QW #12 shown in the upper part of the figure.
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In fig. 5.20(b) the 2D concentration maps are obtained by analyzing 1 nm thick
slices across the volume occupied by QW #12. This calculation within regions thinner
than the QW thickness allows quantitatively to define the InN fraction. As can be seen
from this maps the InN fraction reaches to maximum of 20% in some regions which is
almost twice high as observed and as reported in the composition profile of fig. 5.19(b).
The shape and the size of these In-rich regions shows a clustering behavior rather than
random alloy fluctuations — which can themselves induce carrier localization [26]. The
observed In-rich regions strongly support the hypothesis that the radiative recombination
take place through the energy minima localized in In-rich regions.

In addition, the InN distribution measured from the QW’s which are not exposed
to the electron beam at all (QW#16 and #17) shows qualitatively similar behavior as that
of the exposed ones, so it is clear that the InN distribution observed is not biased by the
previous STEM observations.

All information described above allows thus for a consistent interpretation of the
relationship between structural and optical properties of the nanoscale object analyzed.
The main conclusions could be drawn by considering the plot in fig. 5.21, which reports
on the ordinates the PL emission energy (with the pPL spectrum of cut-out cylinder
superimposed) and on the abscissa the InNN composition. The different curves represent
the calculation of the PL energy of interband transitions taking place in relaxed m-plane
non-polar rectangular QWs of different thickness as a function of the InN fraction. The
bandgap of bulk InGaN is also reported as a reference. In the plot are also highlighted the
InN fractions found by 1D profiling (up to 13%) of APT data and by 3D measurement (up
to 20%).
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Figure 5.21: Dependence on InN fraction of the InGaN bandgap (blue line) and of the
InGaN/GaN PL transition energies calculated for rectangular quantum wells of different
thickness tow=2nm (filled squares), and tow=4nm (open triangles). The red shaded region
corresponds to the interval in which the PL narrow lines have been observed in the analyzed cut-
out cylinder; the uPL spectrum is also reported on the left-hand side axis (black line).

The conclusions that could be drawn on the basis of these calculations are
summarized here. The multiple peaks correspond to regions where InN segregation
creates local potential wells in which both electrons and holes localize, in a quantum dot-
like confining system. The dispersion in the peak energies correspond to the different In
content in these regions. The 3D measurement of InN fraction can account for all
recorded PL energies, while the lowest energies could not be explained by a simpler 1D

profiling.

5.4 Conclusion and Perspectives

Since this correlative approach is quite novel, the measures required to carry-out
such kind of measurements were introduced in the first half of the chapter. Before
conducting the experiments on single nano-object, various samples were analyzed by
each technique individually so as to know the good experimental conditions and their
implications on the results obtained thereafter. These trial experiments were essential for
this correlative approach because the analysis carried out in one technique can
significantly alter the conclusions obtained with another technique. In this regard, special
care was taken during the sample preparations using FIB based method and its

implications on the luminescence signal are mentioned. Along with this a number of
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attempts have been made with APT measurements to understand the compositional biases
during APT analysis. The elemental composition is found to be strongly dependent on the
applied field. Using bad experimental conditions can lead to the erroneous measurement
of the composition as shown by few examples in this chapter. In addition to that, the
evolution of geometry of the tip shaped sample during the analysis can also influence the
final results. Considering all these effects and others, optimal experimental condition for
APT measurements which can give a reliable data are obtained and are explained in this
chapter.

Once the optimal parameters for each technique and the effects of analysis of one
technique on the other are known, the correlative analysis has been performed on the
single nano-object containing a set of InGaN/GaN multi QW’s. The results and analysis
are incorporated in the second half of the chapter.

In summary, in this chapter it is shown that a correlative set of measurements of
optical spectroscopy (MPL) and structural characterization (HR-STEM and APT) on the
same nano-object, a set of InGaN-GaN multiple quantum wells, gives a very rich set of
information. This study, based on the development of a novel nano-analysis technique
and its application to the model system of InGaN/GaN quantum wells is motivating and
shows a strong aptitude towards correlating the optical and structural properties of the
same nano-object. Various other optically active materials like self-assembled quantum
dots, quantum dots in nanowires, quantum discs can also be studied using this approach to

understand the exceptional correlation between optical and structural properties.
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Conclusion and Perspectives

This thesis is making a serious attempt to understand the possibility of using
Laser assisted Atom Probe Tomography (LaAPT) as a spectroscopic tool to unveil the
optical absorption properties of the material at nanoscale. The metal-dielectric
composites have a potential to be used as a materials for renewable energy, owing to
their improved efficiency towards light absorption. In this regard, the samples with
Au-nanoparticles embedded in MgO and Fe,O3 matrix are studied to understand the
effect of nanostructuring on their optical absorption characteristics using LaAPT.

The results obtained with Au-MgO samples are quite commendable and
displays the new findings on the absorption properties of nanotip shaped samples.
Taking into account the resonant absorption for bulk samples in Green wavelength, it
was expected that the results obtained with near resonance wavelength (515 nm) and
at the resonance wavelength (570 nm) will be far superior to that of UV (343 nm)
wavelength. But, due to nanoscale geometry of the sample, owing to the diffraction
effects, it is found that the UV wavelength is more efficient. Although our numerical
results shows higher magnitude of absorption for Green wavelength, when it comes to
the LaAPT analysis more importance is given to the spatial position of absorption
instead of its magnitude. In fact, in case of UV wavelength, the maximum absorption
is located in the region of high Au NPs concentration (near the apex), however, in the
case of Green, the maximum of absorption is far from the maximum of Au NPs
concentration, reducing the absorption efficiency of Green light. In addition, when
analysing the structure and elemental composition of Au-NPs by varying the laser
power, a similar trend is observed at both wavelengths.

In case of Au-Fe,O; samples, it is even possible to comment on the

temperature rise due to inclusion of Au-NPs when illuminated with UV and Green
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wavelength. These results will be helpful to probe the temperature of the nanoscale
objects, especially one dimensional, upon illumination of light.

We sincerely believe that, these results have shown that, LaAPT technique can
be used as a potential tool to better understand the optical absorption properties of
nanoscale material. But, the results and analysis presented in this thesis are more
qualitative than quantitative. Using la-APT we can measure the increase of the
absorption and of the temperature of the sample containing Au NPs only by
comparison with the sample without Au NPs. However, the absolute value of the
absorption cross-section or the absolute value of the maximum temperature cannot be
measured. To realize this goal, there is need to couple the La-APT with the optical
absorption set-up like SMS.

As Dbriefly presented in this thesis, first encouraging results of SMS
spectroscopy on nanometric tip have been obtained in the framework of the
collaboration with the team of Natalia Del Fatti in Lyon. These results show the
possibility to access to the absorption cross section along the tip apex. Now, by the
combination of the La-APT and the SMS measurement, in-situ, it will be not only
possible to have direct correlation between structural and optical absorption properties
but will also provide quantitative information on the absorption and heating.
Moreover, the high DC field applied in the atom probe experiment can substantially
change the optical absorption properties of the material. Hence, measuring the
absorption properties of tip shaped samples in the condition of APT analysis (with the
application of the strong electric field) will open to a new research topic, concerning
the optical properties of materials under high external DC field. The walk towards this
goal is in progress and this thesis will serve as a first few steps towards it.

The correlative approach to understand the relation between optical emission
to the structural and compositional changes, as shown in the case of InGaN/GaN
quantum wells, is another example showing that the coupling of La-APT with optical
emission spectroscopy will strongly improve our knowledge on the nano-materials for
light emission. Also in this case, the possibility to make optical and structural analysis
on the same sample, in the same chamber (in-situ) and under high electric dc field,
will gives access to new information on the optical emission properties as a function
of surface dc field, and, during the APT analysis, as a function of the local structural

composition.
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To summarize, in the quest of understanding the ultimate relation between
structural and optical properties of the nanoscale material using Laser assisted Atom

Probe Tomography this thesis will act like a guideline.
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Abstract

Laser assisted atom probe tomography (LaAPT) is a powerful technique for the
structural and chemical analysis of materials at near atomic resolution and in 3-dimensions.
Considering the nanoscale specimen and the use of ultra-fast laser pulses in the technique,
this instrument can also be used to study light-matter interaction at the nanoscale. Hence the
technique will not only give structural and chemical characterization at atomic scale of

materials but also new insight on the optical and electrical properties at nano-scale.

In this regard, the prime objective of this thesis is to study the feasibility of LaAPT as
a versatile tool to investigate structural and optical properties of the nanoscale material with
particular emphasis on materials for solar-energy plant, like METallic CERamics
(CERMET), and for light emission, like InGaN/GaN quantum wells. The optical absorption
properties of nanotips of Au-nanoparticles embedded in MgO and Fe,O3; matrix, have been
studied coupling LaAPT analysis with optical and electron microscopy. Moreover, the
heating process induced by the laser-energy absorption was also discussed. In the case of
InGaN/GaN quantum wells, a novel correlative approach was introduced to study the direct
correlation between structural and optical emission properties using LaAPT, Scanning
Transmission Electron Microscopy (STEM) and micro-photoluminescence (u-PL)

spectroscopy.



Résumé

La sonde atomique tomographique assistée par laser (LaAPT) est une technique tres
performante pour la caractérisation structurale et chimique des matériaux a I’échelle
atomique en trois dimensions. Considérées les dimensions nanométriques des échantillons
analysés en La-APT, la La-APT est aussi un instrument de choix pour 1’étude de I’interaction

lumiére-matiére a 1’échelle nanométrique.

Le premier objectif de ce travail de thése a été de montrer la possibilité d’utiliser la
La-APT comme une techniques trés versatile pour 1’étude des propriétés structurales et
optiques des matériaux, avec un regard particulier vers les matériaux pour les centrales a
énergie solaire, comme les céramiques métalliques (CERMETS), et les matériaux pour
I’émission de lumiere, comme les puits quantiques InGaN/GaN. Les propriétés optiques
d’absorption des nano-pointes de MgO et Fe,O3 avec des inclusions (nano-particules) d’or
ont été étudiées en couplant les analyses de sonde atomique assistée par laser aux mesures de
microscopie optique et électronique. De plus, le processus d’échauffement induit par
I’absorption de 1’énergie laser a été discuté. Dans le cas des puis quantiques de InGaN/GaN
un nouvel approche a été introduit pour étudier la corrélation directe entre les propriétés
structurales et d’émission de lumiere en utilisant la LaAPT, la microscopie électronique a

transmission (STEM) et la spectroscopie de micro-photoluminescence (u-PL).
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