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Abstract

This report appraises the custom wet etching technique using Hydrofluoric acid and
potassium hydroxide as etchant on silica on silicon chip to prepare Atom Probe
Tomography tips. In addition, the report includes how different novel techniques
can be used for evaluating the wet etched APT specimen’s potential to be adapted
for protein analysis, such as Atom Probe Tomography (APT) and Quartz Crystal
Microbalance-Dissipation (QCM-D).

Furthermore, it explains the procedure of fabricating Atom probe tips using elec-
tropolishing of Nickel and Tungsten wires along with sputter coating of different
metals such as Gold and Chromium on the surface for analysis in the Atom Probe
Tomography. Subsequently, it presents several images of electropolished tips which
were captured using a Scanning Electron Microscope to determine the thickness of
the sputtered metal (Au/Cr).

It also describes in detail, the usage of K-Layout software for designing an array of
circles with different diameters. This design was used as a pattern during the expo-
sure in the Electron Beam Lithography. It also appraises the different instruments
used such as electropolishing, sputter coater, cleanroom facility, Electron Beam
Lithography, and Scanning Electron Microscope, which was used to fabricate and
image the samples fabricated, during the project and its principle for understanding
the reason of methodology.

Keywords: Atom Probe Tomography, Wet etching, Quartz Crystal Microbalance-
Dissipation, Electropolishing, Sputter coating, Scanning Electron Microscope.
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Below is the list of acronyms that have been used throughout this thesis listed in
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Abbreviation Fullform
AH Aluminium Holder
APT Atom Probe Tomography
EBL Electron Beam Lithography
EP Electropolishing
QCMD Quartz Crystal Microbalance -Dissipation
ROI Region of Interest
SEM Scanning Electron Microscope
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1

Introduction

1.1 Background

Proteins are complex macromolecules that build up most of life. A chain of amino
acids constructs them, and many of these sequences are known. The chain-folds form
a specific 3D structure which distinctly determines the protein’s physical properties,
interactions and functionality. Determination of the 3D structure of the protein
molecule is vital as the protein function depends on its 3D structure. Some em-
pirical methods determine the 3D structure of proteins, such as Nuclear Magnetic
Resonance (NMR) and X-Ray Diffraction (XRD). Novel methods include the use of
cryo-electron microscopy (Cryo-EM) [1]. These methods have their advantages and
limitations. Therefore other proteins have been approximated by calculation. Still,
this remains an unsolved and critical problem [2].

Large proteins are traditionally examined by X-ray crystallography which requires
crystallisation of the protein. The crystallisation is a complicated process, and it
usually takes months to years to find appropriate conditions for a specific protein.
Smaller proteins are typically determined with nuclear magnetic resonance com-
bined with existing sequence information. Therefore, this method does not require
crystallisation and is more favourable in time consumption. The issue is that larger
molecules can not be examined due to technical limitations while using the NMR
technique [2].

Atom Probe Tomography (APT) is an analysis technique used to analyse the 3D
structure of the sample as well as its chemical composition measurements near-
atomic scale. It has a resolution of approximately 0.1-0.3nm in-depth, and 0.3-0.5nm
laterally [2]. The sample to be analysed in the APT must be in the form of a tip
whose apex of the tip is sub 100 nanometers in diameter. The tip is placed on a
"holder" inside the APT chamber. A high field is applied across the end of the sam-
ple tip. It runs on two modes which are pulsed voltage mode and laser mode. The
field evaporation can be achieved by either laser pulsing through thermal assistance
or voltage pulsing through field assistance. The reason for pulsing is to achieve field
evaporation to occur at only set time points to measure the time of field correctly. In
laser pulsing mode, the atoms undergo field evaporation when the laser excites the
particular atom under the applied field’s influence, just below its threshold of field
evaporation. The specimen will temporarily be pushed above this threshold due to
energy from the laser. Subsequently, in the voltage pulsing method, the applied field
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is increased by a set percentage. This field puts the specimen above the threshold
for making field evaporation of the atoms likely enough to get a good evaporation
rate. These ions travel to the detector. The time of flight and the location of the ion
detection event on the position-sensitive detector are determined. This data is later
reconstructed for its 3D configuration, and ions are analysed in the mass spectrum
detected on the detector[3].

The size limitation holds well for analysing protein using Atom Probe Tomography.
The average size of a protein molecule is 149 nm, with a standard deviation of 56.5
nm [4]. The sample tip used for analysis must be in the sub 100 nm range. Hence
various methods of fabricating the tip have to be studied. Focused Ion Beam Scan-
ning Electron Microscopy (FIBSEM) is one of the techniques used widely to prepare
APT sample specimen tips. However, this technique is suspected of having caused
damage to the sample specimen, due to which FIB-free techniques are of interest in
preparing the APT sample specimen.

1.2 Purpose

This project introduces a new fabricating method for APT tips with protein em-
bedded in the tip. The protein present in the sample tip gets detected in the APT
for further protein analysis. The protein is encapsulated in a silica matrix due to
its hydrophobic nature [5]. It also provides the needle-shaped specimen with suffi-
cient mechanical integrity to permit atom probe analysis. Due to the low electrical
conductivity of silica, the tips are sputtered with metal which is more conductive
and thus can transport the applied potential to the apex of the tip, making the field
evaporation easier. Studies were also conducted on the effect of field evaporation
due to different sputtering materials on different metal tips.

The project focused on structuring the methodology for preparing good silica on
silicon APT tips without embedded proteins, using wet etching techniques. It was
achieved using Electron Beam Lithography (EBL) to etch the pattern, which was
designed using K Layout software. Successful APT metal tips were fabricated using
Electro Polishing(EP) technique. The APT metal tips fabricated using EP and
the sputter-coated APT metal tips were analysed in the APT to analyse the field
evaporation of metal and sputter-coated metal in the APT.



2

Theory

2.1 Electropolishing

One of the most common methods is fabricating the needle-shaped tips from metallic
wires. However, each material has different electropolishing conditions, including
composition, temperature and viscosity of the electrolyte and the voltage-current
parameters applied to the cell[2]. Figure 2.1 shows a voltage/current density curve
for a typical electropolishing solution.

POLISHING

PLATEAU PITTING

ETCHING

ANODE CURRENT DENSITY

SPECIMEN VOLTAGE

Figure 2.1: The voltage/current density curve for a typical electropolishing solu-
tion. Electropolishing is typically performed within the plateau (BC) region of the
curve.

The electropolishing process is generally a two-step process. In the first step, the
electrolyte is used along with inert fluid. This inert fluid helps terminate the elec-
tropolishing process and is used to create a V-shape to have a uniform etching in
the electrolyte solution. The second step is usually performed in a simple bath of
electrolyte instead of inert fluid for uniform electropolishing in the electrolyte so-
lution. A schematic image of the electropolishing process is shown in the figure
2.6 The curve has been divided into three sections from the schematic diagram,
i.e. Low voltage region AB, Polishing plateau BC, and High voltage region CD.In
the AB region, the more reactive points on the surface of the needle are favourably
attacked. The AB etch region is accepted for not producing a good shiny surface
finish. Subsequently, the BC region is known for fabricating the desired smooth,

3
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Figure 2.2: Schematic image of electropolishing process

shiny surface finish. In addition, the polishing plateau during electropolishing forms
two films on the surface of the specimen tips. A thin solid film of approximately
1 to 10 nm thick is formed on the specimen tips. This film is continuously being
dissolved and reformed, and it is the first film. The second film is thicker than the
first, approximately a micron thick, that holds a high concentration of ions. This
viscous film is visible in the clear electrolyte solutions in the form of a coloured trail
from the sample. The majority of the sample tips are polished in this region. Conse-
quently, the CD region is well known for continuing the polishing process along with
high current density, partially due to the evolution of gas at the anode during the
electropolishing process. This evolved gas caused pits’ formation due to the thick
film’s disruption[2].

2.2 Sputter coating

A Sputter coater is mainly used for producing homogeneous and conductive metal
coatings for electron microscopy analysis. The LEICA EM ACE200 was used for
performing any sputtering activities. The instrument had an inbuilt option for us-
ing the thickness required to be sputtered in the manual or automatic mode. The
instrument uses a Quartz crystal to measure the thickness sputtered on the sample
tip in the automatic mode. In the manual mode, the current and time parameters
have to be set by the operator.

Sputter coating of a sample is a simple process in which an energetic particle bom-
bards a target surface with sufficient energy to eject one or more atoms from the
target. The aspects of sputtering that may lead to significant effects on film depo-
sition are reflected, energetic neutrals, and negative ions [6]. Figure 2.3 represents
the schematic image of sputter-coating process.

The instrument measures the thickness sputtered in the automatic mode based on
the Quartz Crystal Measurement. The sputter coating process undergoes pumping,
purging, pre sputter pressure, sputtering, post-correction and venting. Argon gas

4
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Figure 2.3: Schematic image of sputter-coating

was used for sputtering. Once the desired pressure is achieved, each step is followed
in the mentioned manner. The advantage of using this instrument was that the
stage tilt option was available. The stage tilt angle was set at -30°, which ensured
the uniform sputter coating of Au and Cr on the sample as it was perpendicular to
the source. The image of the sputter coating instrument is shown in figure 2.4

Figure 2.4: Image of Leica sputter coater
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2.3 Scanning Electron Microscope

Scanning Electron Microscopy (SEM) is one of the types of Electron microscopy
techniques, with the other being Transmission Electron Microscope (TEM). The
SEM used in the experiment is Zeiss Ultra 55 SEM and is shown in figure 2.5

clectron gun

lluminating |
lens system

scan coils

final lens

-

specimen detector ‘J:l/
Figure 2.5: Image of Zeiss Ultra 55 SEM Figure 2.6: Schematic of SEM

SEM uses an electron beam to image the samples with very high resolution down to
the nanometer scale. The schematic image of an SEM is shown in figure 2.6. In the
electron gun, the filament in the SEM emits electrons either by a thermal emission
source, such as a heated tungsten filament or by a field emission cathode. These
electrons align with the help of a condenser lens. The condenser lens defines the
resolution by defining the size of the electron beam. Subsequently, the electrons pass
through the scan coils. The function of the scan coil is to control the position of the
electron beam above the objective lens. The coils allow the beam to scan across the
surface of the sample. These electrons pass through an objective lens which focuses
the beam onto the sample.

The SEM uses secondary electrons (SE) and back scattered electrons (BSE) for
image formation. SE that get detected are primarily from the sample’s surface,
whereas the BSE that get detected are penetrated through the sample’s surface.
The SE generally gives topographical contrast, while BSE gives more information on
the chemical contrast of the sample. The BSE are reflected after elastic interactions
between the beam and the sample. The SE are originated from the atoms of the
sample on the surface. They result from inelastic interaction between the electron
beam and the sample. The SEM X-ray detector also collects characteristics of X-
rays generated by electron matter interactions and provides chemical information
about the sample. The contrast in a SEM image is due to electron beam-induced
current (EBIC) [7]. The amount of electrons detected for each location the electron
beam is on is measured and gives a relative contrast to the other measured amounts.

6
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2.4 Atom Probe Tomography

Atom Probe Tomography (APT) is a microscopy technique that provides 3D atom-
by-atom imaging of materials and a combination of spatial and chemical resolution.
It runs on two modes which are pulsed voltage mode and laser mode. A wide
range of materials can be analyzed in the laser pulse mode, including metals, alloys,
intermetallics, semiconductors, thin films and oxide scales [2]. The sensitivity is
the same for all elements (except for hydrogen), including the light elements like
C, O and N. The principle of the APT technique is based on field evaporation of
ions from a very sharp needle-shaped sample [3]. Electropolishing is applied to
fabricate suitable samples in this project. The volume of analyzed material is about
60 x 60x 200 nm?, enabling the instrument to detect and chemically identify several
million ions. The chemical identification is carried out based on the time of flight
calculation. It is analyzed with the help of the mass to charge ratio mass spectrum

obtained during image reconstruction. The image of the instrument is shown in
figure 2.7

Figure 2.7: Image of Atom Probe Tomograph instrument

The aspect ratio of the APT tips is maintained to be high to achieve high field
evaporation[2]. The sample is placed on a holder and is aligned before the analysis.
During analysis, an electric field is applied below the threshold of ionisation of atoms.
In the laser mode, the laser excites the atoms such that it crosses the threshold of
field evaporation and hit the detector. It also scouts for the surface with high
field evaporation. The time of flight for the ion to get detected is measured. Its
corresponding data is shown in the mass spectrum.

2.5 Quartz Crystal Microbalance-Dissipation
Quartz Crystal Microbalance-Dissipation (QCMD) is a real-time, surface-sensitive

technique for analyzing surface-interaction phenomena, thin-film formation and layer
properties of the sample. It has dedicated sensor slots for the QCM sensors, which

7
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detect mass changes at the sensor surface based on changes in frequency due to ad-
sorption of mass on the sensors, whose sensitivity lies in the range of ng / cm?. This
instrument is used to detect small mass molecule surface interaction (as molecules
are adsorbed and desorbed). The sensors oscillate at a 5 MHz frequency as it can
optimize sensitivity, sensing depth, and the ability to perform viscoelastic mod-
elling. Figure 2.8 represents the image of the QCM-D instrument used during the
experiment|[8].

Figure 2.8: Image of QCMD instrument

2.6 Electron Beam Lithography

Electron Beam Lithography (EBL) is utilized to focus a beam of electrons. It is
scanned across the sample substrate covered with resist (electron sensitive material)
that changes its solubility properties according to the energy deposited by the elec-
tron beam. This energy deposited is defined as the dosage of the beam. Dosage is
directly proportional to the energy deposited by the electron beam. EBL schematic
is very similar to that of an SEM. The electron gun is the source where the filament
emits electrons either by a thermal emission source, such as a heated tungsten fila-
ment or a field emission cathode. This value is much higher in EBL than in SEM,
and hence EBL has a higher etching rate of the substrate if the dosage is increased.
The source value in the case of SEM is in the range of 1.2keV - 20keV. Whereas in
the case of EBL, the range starts from 50keV. These electrons align with the help
of a condenser lens. The condenser lens defines the resolution by defining the size
of the electron beam. Subsequently, the electrons pass through the scan coils. The
function of the scan coil is to control the position of the electron beam above the
objective lens. The coils allow the beam to scan across the surface of the sample.
These electrons pass through an objective lens which focuses the beam onto the sam-

8
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ple [9]. The sample must be placed perfectly on the cassette and aligned perfectly
in nanometer precision. It also requires a .gdsii file with the pattern/design to be
etched on the sample surface. The image of the EBL used during the experiment is
shown in figure 2.9

Figure 2.9: Image of EBL JEOL JBX 9300FS

2.7 Cleanroom facility

A cleanroom facility is used while fabricating structures and devices in the range of
107 %m to 107m. As the sample size decreases, the fabricating environment must
have more facilities for protecting the sample. This protection decreases the prob-
ability of contaminants like particles and vibrations harming the steps of processes
and the end-product performance.

The design and operation of the cleanroom are such that the introduction, generation
and retention of particles are minimised. The addition of particles to the cleanroom
environment is limited in many ways. By using filtering air intake, which determines
the lowest achievable particle concentrations. By dressing in proper cleanroom gar-
ments such as wearing a coverall, hood, mask, gloves and boots, entering through
airlocks, and thoroughly cleaning items to be taken into the cleanroom. Table 2.1
represents the simplified ISO classes which show the maximum level of particles/m3.

Simplified ISO classes (maximum level of particles /m?

ISO Class 1 2 3 4 5 6 7 8
Corresponding Fed Std - - 1 10 100 1,000 10,000 100,000
No. of particles (>0.5 pm) - 4 32 352 3,250 32,500 325,000 3,250,000

No. of particles (>0.1 gm) 10 100 1,000 10,000 100,000 1,000,000 - -

Table 2.1: Simplified ISO classes (maximum level of particles /m?)
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3

Methods

3.1 Electropolishing

The metal wire samples used for electropolishing were Iron (Fe), Nickel (Ni) and
Tungsten (W). The electrolyte needed for electropolishing Fe and Ni was the same.
It consisted of 2 steps of electropolishing. The first step is 10% Perchloric acid
(70%),20% glycerol in ethanol and the second step requires 2% perchloric acid in
2-butoxyethanol. The voltage and current parameters for electropolishing were 20
V DC and 0.150 mA. In the first step, the electrolyte is used along with inert,
high-performance, fluorinated fluids-Galden. This inert fluid helps terminate the
electropolishing process and is used to create a V-shape to have a uniform etching
in electropolishing using 2% perchloric acid in 2-butoxyethanol[2].

The electrolyte needed for electropolishing of W wires is 5% NaOH solution and
1-5 V AC. Unlike Fe and Ni, it is a single step electropolishing process. Additional
care was taken during the electropolishing process as the supply needed was AC[2].
Figure 3.1 represents the setup of the electropolishing technique.

Figure 3.1: Electropolishing setup with AC supply

11



3. Methods

The procedure for fabricating above mentioned tips is briefed. A short wire (15 mm)
was taken and placed on an Aluminium holder (AH). Crocodile clips were used in
order to hold the wire in the setup. A clean Platinum (Pt) strip is used as a cathode.
After finishing the necessary connections to the DC supply, the electropolishing
process was carried out. The stage was moved up and down on which the electrolyte
was placed during the process. Only the tip submerged in the electrolyte solution
gets etched to ensure uniformity in the formation of the first layer and a good V-
shape. In the next stage, the specimen was subjected to electropolishing using 2%
perchloric acid in a 2-butoxyethanol electrolyte[2]. It etches the submerged tips
in all directions. The second step, electropolishing, is plodding due to the low
concentration of the electrolyte. However, it is necessary to have a slow etching
process as it has to achieve no distortions before going to the next step[10].

After the preparation of sample tips, it was observed under an optical microscope
for any distortion at the apex of the sample tip. Figure 3.2, and 3.3 show the sam-
ple tip prepared using the electropolishing technique. If there were no distortions,
this sample was subjected to sputtering of Gold (Au) or Chromium (Cr). It was
performed to understand how field evaporation occurs between two different field
evaporation rate materials when the sample tip is placed inside the field evaporation
chamber in the Atom Probe.

Figure 3.2: Nickel tip Figure 3.3: Tungsten tip

3.2 Sputter coater

The Leica sputtering instrument sputtered Au and Cr on the Ni and W tips. The
instrument is vented, and the Argon valve for sputtering was opened. The required
options are fed to the instrument, such as the metal to be sputtered, base vacuum,
sample height, stage tilt angle, speed of rotation and thickness of sputtering. The
base vacuum value, i.e. conditions where no gas is deliberately flowing into the
system, was at 1.3 * 1072 mbar, sample height was set to 15 mm, stage tilt angle
was set to -30°and was set to rotate at speed number 5 (varies from 1-5).

The instrument had an inbuilt option for using the thickness required to be sputtered
in the manual or automatic mode. The instrument uses a Quartz crystal to measure
the thickness sputtered on the sample tip in the automatic mode. The current
and time parameters must be fed in manual mode as the instrument does not use
the quartz crystal measurements for the same. In addition, the sputtering rate in
the manual mode is three times slower than in the automatic mode. The manual

12
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mode sputter-coated the sample for different time ranges. The correlation between
the shown thickness value to the actual sputtered thickness, in the manual mode,
was plotted in excel, and the thickness-time curve is shown in figure 3.4. This curve
helped choose the time value to be fed to the instrument to achieve the corresponding
thickness.

y=0.1058x - 0.2909

Thickness vs time R = 0.9996

Figure 3.4: Time versus thickness plot

3.3 Fabrication of Silica chip

This step was performed in the cleanroom facility at the MC2 department in Chalmers.
Before fabricating the silica tips, the silicon chip must undergo a few cleaning pro-
cedures and spin coating of silica on the silicon chip.

The silicon chip was cleaned using the Piranha solution. It is a mixture of Water,
Ammonia and Peroxide in a 5:1:1 ratio. The cleaning was carried out at 80°C to
prevent the boiling of water during cleaning. The Si chips were placed in a UV
ozone cleaner for 30 minutes to remove any impurities on the surface. It was rinsed
thoroughly in milli-q water and dried using nitrogen gas. Once the surface was
cleaned using the above method, SiOy was spin-coated on its surface. The thickness
of spin-coated SiOy was approximately 200 nm. The silica on silicon chips was placed
in a hot oven at 37°C temperature to dry the silica film. Sodium silicate solution was
prepared by mixing the stock solution in milli-q water in 1:3 ratio. It was later run
through an ion exchange column to adjust the pH. Solid silica was prepared using the
alkoxide tetraethyl orthosilicate (TEOS) and sodium silicate (water glass) as silica
precursor. Silicon alkoxides spontaneously hydrolyze when in contact with water.
It condenses to form an amorphous polymer network of silicon and oxygen. The
reaction is catalyzed both by acidic and basic conditions and is foremost dependent
on the organic moieties of the alkoxide, pH, concentration, and temperature. The
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formed solid’s gelling time and physical properties such as porosity can be controlled
by varying these parameters.

For fabricating the design on the silica on silicon chip, Electron Beam Lithography
(EBL) was used. The input for the design in the EBL must be in the .gdsii file.
The circle array, which was exported in a .gdsii file, was designed using K Layout
software. The image of the design is shown in figure 3.5

Figure 3.5: Design of pattern in K Layout

The silica on silicon chip has to undergo a few more procedures, including the spin
coating of negative photoresist, MAN-2403 at 3krpm for 60 seconds which coated
300 nm on the surface. The chip was cleaned using Reactive lon Etching/ Oxygen
Plasma for 1 minute at 100W|[11]. The chip was subjected to baking on a hot
plate at 130°C for 2 minutes. The next step involved spin coating of Ti Prime at
3000krpm|[12]. It is a primer used to improve the resist adhesion on the surface. It
was also used because Ti prime can be etched by Hydrofluoric acid (HF)[13]. The
sample was soft baked on a hot plate at 90°C for 2 minutes. The next step involved
exposure in EBL, where the design was loaded as a .gdsii file. The next step involved
the development of the sample in MF24A for 60 seconds and rinsing thoroughly in
water[12]. The image of the silica on silicon chip before the HF and KOH etching
is shown in figure 3.6
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Figure 3.6: Image of silica on silicon chip after EBL array design

3.3.1 Hydrofluoric acid etching of silica

Hydrofluoric acid (HF) etching of silica was carried out in the cleanroom. A thorough
risk assessment was carried out, and protection gears such as chemical gloves, HF
protection gloves, chemical apron and visor were worn. HF protection gel was made
sure to be within hand reach. A test sample was used to determine the etching time
required for the silica layer. Since the different dosage of the array was patterned,
the time required for etching dosage-450 was determined. However, due to the non-
uniform layer of silica on the surface, uneven etching of silica was observed. Hence,
Buffered oxide etch (BOE) was used as it has a uniform etch rate of 80 nm per
minute. BOE is prepared by mixing 6:1 volume ratio of 40% NH4F in water to 49%
HF in water. The silica on silicon chip was etched in BOE for 1 minute, even though
the thickness of the silica layer was 200 nm.

3.3.2 Potassium Hydroxide etching of silicon

Potassium Hydroxide (KOH) etching of Si was also carried out in a heated water
bath in the cleanroom. The concentration of KOH used was 35%. The temperature
maintained in the water bath was 85 °C in order to maintain 80 °C in the KOH
solution. The etching rate of Si by KOH was found to be 1.25 micrometres per
minute and 1.875 micrometres at 80 °C for <100> Si and <110> Si orientation,
respectively. KOH also etches the silica at a meagre rate of 6.6 nm per minute,
which further etches the silica layer after HF etching [14].

3.4 QCMD

Quartz Crystal Microbalance-Dissipation (QCMD) was used to analyse the binding
property of the protein on different surfaces such as Gold, Chromium and Gold
Nanoparticles (GNP) on a chromium sensor. Beneath the sensor is a thin quartz
crystal disk with electrodes deposited on each side. This oscillating unit, via ap-
plied voltage, oscillates at the resonance frequency. The instrument performs the
measurements based on the quartz crystal’s oscillating frequency and the dissipation
frequency when mass is detected on the sensors[8]. The QCMD sensors were coated
with the materials mentioned above.
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The first step involved cleaning the sensors. The sensors were cleaned using the
Piranha solution. It is a mixture of Water, Ammonia and Peroxide in a 5:1:1 ratio.
The cleaning was carried out at 80°C. It was to ensure the water did not escape
from the mixture. The sensors were subjected to ultrasonication while immersed
in a beaker with 2% sodium dodecyl sulfate (SDS) solution for 20 minutes. It
was rinsed thoroughly in milli q water and again subjected to ultrasonication while
immersed in milli q water for 20 minutes. The sensors were rinsed thoroughly and
dried using nitrogen gas.

The QCMD instrument is connected to a pump which can maintain a constant flow
rate at a very slow rate. The flow rate at which the experiments were conducted was
90 microlitres per minute. Once the clean sensors were placed in their respective
locations, the inlet and outlet for liquid were connected accordingly. Firstly, water
was made to flow through the sensors. The changes in frequency and the time of
inlet of solution were noted down when no further changes were ensured. Next,
Phosphate-buffered saline (PBS) was introduced at the same flow rate, and the
changes were observed. Succeeding this step is the inlet of protein solution diluted
in PBS buffer. The changes in frequency were observed, and the inlet time was
noted. This point was the end of the experiment, but the cleaning of the tubes and
sensors was pending. The cleaning protocol was followed, and the frequency changes
were observed to go back to the initial state.

3.5 Atom Probe Tomography

The Atom Probe Tomography (APT) tips were placed on a coupon, which was placed
in the loading chamber. The next step involved the coupon transfer into the APT
chamber for analysis. There are two modes for APT analysis: Pulsed voltage and
laser voltage[15]. The sample has to be aligned to the detector. Once the experiment
was ready to be commenced, the voltage pulse was increased gradually—the sample
experiences high field evaporation. Every material had a field curve when its voltage
and temperature were plotted[2]. Below the field curve, field evaporation is unlikely
to occur. Upon varying the temperature or voltage, field evaporation can occur.
The voltage pulse was increased until no more field evaporation took place in the
APT chamber. The temperature parameter set during the experiment was 50 K.
After the APT analysis, the data acquired was used to perform the sample’s image
reconstruction.

There were seven instruction steps for carrying out the image reconstruction of
sample tips. The software had to be calibrated to determine the radius of the tip in
the ROI. It was carried out with the help of an SEM image of the analysed sample.
The results analysed are discussed in the results section.
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Results

4.1 Electropolishing and sputter coating

After analyzing the SEM images of the electropolished tips, the operating procedure
was improved to consistently get sharper tips during electropolishing[2]. These
electropolished tips were sputter-coated with different thicknesses (in manual mode)
to find a correlation between time and thickness of sputter coating. The parameters
for which set thickness and measured thickness were equal at 1.3 * 1072 mbar pre
sputter vacuum—this analysis aided in predicting how the APT reconstruction of
the sample would appear.

Due to external factors such as mishandling of sample, contaminants, and high air
pressure change, to name a few, the sample was distorted slightly[10]. It affected
the APT analysis and the reconstruction of image. It will be discussed in the later
section of the report. Figure 3.4 was used as the reference for analyzing the Region
of Interest (ROT), which will be discussed in the later section of this report.

4.2 Wet etching of silica on silicon chip
The SEM images of the etched silica on silicon chip are shown in figure below.

Due to appearance of unknown entities on the surface, some images are shown in
Appendix A.
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Figure 4.1: Image of surface after HF and KOH etching

4.3 Imaging of samples

The SEM images of electropolished tips and its corresponding gold sputter-coated
tips are shown in figure 4.7,4.8, 4.9, 4.10, 4.11 and 4.12. The images captured aided
in analysing the thickness of the material sputter coated. Using the data obtained
from Figure 3.4, the set thickness value was set to its corresponding time value. For
example, in figure 4.7 and 4.8, the sputter coater had different parameters. The base
vacuum pressure was maintained at 1 * 107® mbar, and the current was set at 60
mA. The required sputter coat thickness was 35 nm. From figure 3.4, it was inferred
that 96 seconds sputter-coated 10 nm thick film on the surface. Hence for 35 nm,
336 seconds was set as the time value. However, in figure 4.11 and 4.12 the sputter
coater had different parameters. The base vacuum pressure was maintained at 1 *
102 mbar, and the current was set at 30 mA. The required sputter coat thickness
was 35 nm. Nevertheless, upon measuring the sputtered thickness, the value was
found to be 100 nm of gold-sputtered near the apex of the W tip.

SEM images of Si chip after EBL lithography are shown in Appendix A. It was cap-
tured to judge the appropriate dosage, which has to be set for etching on the actual
Si Chip sample[16]. Different dosage etches different depth circles, affecting HF and
KOH etching time. Thus, it was essential to identify the appropriate dosage value
for etching the Si chip sample. However, not all doses were completely patterned
with the non-uniform spin coating of SiOs on the Si chip. The patterned images
where the circles of different diameters were imaged were where SiO, was present.
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Figure 4.2: Image of 110 nanometers etched on the surface

4.4 Atom Probe Tomography

The software used for the reconstruction of the APT sample tips was IVAS Standard
3.6.14. The samples considered for analysis were Ni tip, Au sputtered Ni tip (Ni-
Au), W tip, and Cr sputtered Nickel tip (Ni-Cr).Due to distortion at the apex of
the Ni-Cr tips, it was challenging to align it near the detector. Subsequently, the
major problem with the Cr-coated specimen was that the Cr layer was oxidized,
making it very difficult to run in voltage mode. In addition, due to the large size
of W tips(225 nm), it was difficult to analyze in the APT, and the tip underwent a
fracture during analysis. It was due to the large size at the W tip, high field was
required to achieve field evaporation. This high potential might have caused stress
at the apex of the tip, causing it to damage and fracture [2].

A smaller section of the reconstructed image is analyzed. Figure 4.13 shows the
spatial distribution of the ROI of the Ni-Au tip.. It means that each count which
was detected is an atom or molecule of several atoms. Figure 4.15 shows the image
of the 2D contour of the oxide layer formed in the ROI. The cross sectional image
of the Ni-AU tip is shown in figure 4.16. The mass spectrum data obtained during
the APT analysis was plotted on a logarithmic scale. The raw data received from
APT was plotted on excel without a logarithmic scale to identify other elements
detected with significant counts. The non-logarithmic scale is rarely used as it gives
very little information. However, since the total ions detected were a few hundred
thousand, the less significant count, compared to Ni atoms, was identified. Figure

19



4. Results
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Figure 4.3: Image of 110 nanometers etched on the surface at 30 °

4.17 and 4.18 represent the mass spectrum with and without the logarithmic scale,
respectively. The elements identified on the mass spectrum along with the possibility
of its detection are Hydrogen, Carbon, Nitrogen, Oxygen, Nickel, oxides of Nickel,
Chlorine and Aluminium. During the image reconstruction of tips, it was observed
that field evaporation took place only on one side of the tip. It was believed to occur
due to the distortion of the tip. In addition, the ROI of the Ni-Au tip does not show
any gold atoms. It can also be due to the possibility of out-of-field evaporation due
to the small detector size. In addition, the distorted tip and imperfect alignment
decreased the probability of detecting the gold atoms. The observed area detected
in the APT of the Ni-Au tip is different from the actual area that was supposed to
be detected [2]. The Au atoms might have achieved field evaporation. However, it
did not get detected due to the involvement of the field area of the detector.

A smaller section of the reconstructed image is analyzed. Figure 4.13 shows the spa-
tial distribution of the ROI of the Ni-Au tip. Figure 4.14 represents the legend for
the detected ions in the mass spectrum during image reconstruction. The legend can
be used as a reference for identification of the detected ions which are correspond-
ingly colour coded. It means that each count which was detected is an atom.image
Figure 4.15 shows the image of the 2D contour of the oxide layer formed in the ROI.
The cross sectional image of the Ni-AU tip is shown in figure 4.16. Upon analysing
the cross-sectional image, comparison of detected atoms versus actual atom present
was carried out[2].The mass spectrum data obtained during the APT analysis was
plotted on a logarithmic scale. The raw data received from APT was plotted on
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Figure 4.4: Image of 110 nanometers etched on surface at 30 “and 10kX zoom

excel without a logarithmic scale to identify other elements detected with significant
counts. The non-logarithmic scale is rarely used as it gives very little information.
However, since the total ions detected were a few hundred thousand, the less signifi-
cant count, compared to Ni atoms, was identified. Figure 4.17 and 4.18 represent the
mass spectrum with and without the logarithmic scale, respectively. The elements
identified on the mass spectrum along with the possibility of its detection are Hydro-
gen, Carbon, Nitrogen, Oxygen, Nickel, oxides of Nickel, Chlorine and Aluminium.
During the image reconstruction of tips, it was observed that field evaporation took
place only on one side of the tip. It was believed to occur due to the distortion of
the tip. The side with less detected ions is the side where oxides were present. The
oxide phase can have a higher field, which leads to less evaporation at the operated
settings. In addition, the ROI of the Ni-Au tip does not show any gold atoms. It
can also be due to the possibility of out-of-field evaporation due to the small de-
tector size. Subsequently, the distorted tip and imperfect alignment decreased the
probability of detecting the gold atoms. The observed area detected in the APT
of the Ni-Au tip is different from the actual area that was supposed to be detected
[2]. The Au atoms might have achieved field evaporation. However, it did not get
detected due to the involvement of the field area of the detector.
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Figure 4.5: Image of the angle formed of 110 nanometers etched on the surface at
30 °
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Figure 4.6: Image of etched height of 110 nanometers etched on the surface at 30°

PaR1

300 nm EHT =10.00 kV Signal A = SE2 Date :11 May 2022
WD = 7.3mm Mag = 2516 KX Time :8:25:40

Figure 4.7: Nickel tip
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Figure 4.8: Gold sputtered Nickel tip

Pa1=4146 nm

Pb1=900°

200 nm EHT = 10.00 kV Signal A = SE2 Date :11 May 2022
WD= 7.2mm Mag = 2424 KX Time :8:32:03

Figure 4.9: Nickel tip
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EHT = 10.00 kV Signal A= SE2 Datfe 118 May 2022
WD = 7.5 mm Mag= 2424 KX Time :14:30:48

Figure 4.10: Gold sputtered Nickel tip

Pa1=1246nm

Pb1=880°

EHT =10.00 kV Signal A = SE2 Date 11 May 2022
WD = 82mm Mag= 2510KX Time :8:44:28

Figure 4.11: Tungsten tip
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EHT = 10.00 kV Signal A= SE2 Date :18 May 2022
WD= 84 mm Mag= 2513KX Time :14:03.46

Figure 4.12: Gold sputtered Tungsten tip

Figure 4.13: Spatial distribution in ROI of Ni-Au tip
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Figure 4.15: 2D contour of the oxide layer in Ni-Au tip ROI
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Figure 4.16: Cross sectional image of Ni Au tip
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Conclusion

The detection of Hydrogen, Carbon, Nitrogen and Oxygen was likely due to the
atmospheric exposure of the tip. The detection of Nickel is self-explanatory. How-
ever, the detection of oxides of Nickel was almost certainly due to the atmospheric
exposure or oxidation of Nickel during sputter coating [17]. The detection of Chlo-
rine atoms was likely due to the usage of 10% and 2% Perchloric acid as electrolytes
during electropolishing. The detection of Aluminium was most likely due to the
presence of Al on the Ni tip surface.. The detection of Hydrogen, Carbon, Nitrogen
and other elements maybe because of residues on the surface during transfer of the
sample. The low detection count of H,C N, CI and Al had low count because, in the
bulk composition Ni is dominating.

The standard operating procedures for electropolishing were improved to produce
identical tips. It helped in developing the sputter coating thickness vs time plot.
Subsequently, the appropriate sputter coating parameters were set and saved in the
instrument. Due to external factors such as mishandling of sample, contaminants,
and high air pressure change, to name a few, the sample was distorted slightly|[2].

It affected the APT analysis and the image reconstruction of ROI. The atom probe
instrument has an out-of-field view within which no detection occurs. The field
view of the instrument is about 30°. When the tip is distorted, the out-of-field view
increases|2]. It loses more data in during detection. The out-of-field view might be
the reason for not detecting gold atoms during the APT analysis. The oxide can,
as discussed, be due to the sputter coating, meaning that that region is close to the
gold interface. Gold also has a higher field than Ni, which can explain the lack of
detected gold.

The QCMD experiment involved the study of the binding of the thiol protein on the
surface of gold, chromium and GNP on chromium surface. However, due to fault in
piping, the correct data was not achieved and hence not published in this report.

After the patterning of the design in the EBL, the Si chips had the exact dimensions
as the design due to selecting the accurate dosage (dosage 450) during the etching
process|16].

After the etching of silica on silicon chip with HF and KOH, the 110 nanometers
text was observed in the SEM. After tilting the SEM stage to 30 °, the height of the
etched surface was observed and measured. The angle formed due to the anisotropic
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etching was also observed to be 54.7°, and it agrees with the reference paper [14].
Upon magnifying to 60kX, the patterned circle was observed near the 110 nm text.
However, upon measuring the diameter, it was confirmed that the circle was not of
the 110 nm diameter as its diameter was measured to be 400nm. Appendix A also
represents other images, which were not identified yet interesting to see, which were
observed on the silica on silicon surface.

5.1 Future Work

The scope for performing APT analysis on sputter-coated metal tips without any
distortions can be studied. The formation of the oxide layer during the sputter
coating and means of reducing the oxidation on the surface can be investigated.

Fabrication of silica on silicon tips using wet etching to achieve the desired tips for
APT analysis can be studied in detail. Techniques to embed the proteins to be
analysed can be studied to overcome obstacles such as soft baking of chip during
fabrication and the KOH wet etching, performed at 80°C.

Comparison of sputter-coating different materials on silica on silicon tips and the
APT analysis of the tips can be examined.
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A. Appendix 1

EHT =10.00 kV Signal A = SE2 Date :23 Feb 2022
WD =11.8mm Mag= 301X Time :15:25:34

Figure A.1: 301X Magnification with measurement for 210 nm diameter pattern

EHT = 10.00 kV Signal A = SE2 Date :23 Feb 2022
WD =11.8 mm Mag = 433X Time :15:26:13

Figure A.2: 433X Magnification with measurement for 210 nm diameter pattern
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A. Appendix 1

EHT =10.00 kV Signal A = SE2 Date :23 Feb 2022
WD =11.8mm Mag = 30.10KX Time :15:08:08

Figure A.3: 30KX Magnification with measurement for 210 nm diameter pattern

EHT =10.00 kV Signal A = SE2 Date :23 Feb 2022
WD =11.8mm Mag = 30.10KX Time :15:08:08

Figure A.4: 30KX Magnification with measurement for 210 nm diameter pattern
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A. Appendix 1

EHT=10.00kV Signal A= SE2 Date :31 Mar 2022
WD= 9.2mm Mag= 2293KX Time :11:45:03

Figure A.5: 22KX Magnification with measurement for 250 nm diameter pattern
at 550 dosage

WD= 4.5 mm :
Stageat 7= 0.0° MEGE H00KX Date 7 Jun 2022 w
ENT = 10,00 kV Time :16:02:20

Figure A.6: Image of surface of silica on silicon chip after HF and KOH etching

WD = 10.5mm Mag= 63.72KX Date :7 Jun 2022

EHT= 2.00 kV Signal A= SE2 Time :13:36:44 ﬁ

Figure A.7: Image of 400 nm etched circle near 110 nm text
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