
 
 
 
 
 
 
 
 

ABSTRACT 
 

Tip and Substrate Preparation for Tip-Enhanced Raman Spectroscopy 
 

Mary M. Hamilton 
 

Director: Zhenrong Zhang, Ph.D. 
 
 

Tip-enhanced Raman spectroscopy (TERS) combines scanning tunneling microscopy 
with Raman spectroscopy to obtain both the morphology and the chemical composition 
of molecules on a surface.  A sharp noble metal tip acts as a Raman active sensor for 
Raman scattering while the material and morphology of the substrate affects the Raman 
signal enhancement.  This research approaches the application of TERS from both the tip 
and the substrate aspects.  Electrochemical fabrication procedures are investigated to etch 
sharp gold and silver tips.  Molybdenum disulfide (MoS2) substrates are prepared using 
molecular exfoliation and studied using TERS for the employment of semiconductor 
Raman active substrates.  Gold tips were successfully etched at voltages ranging from 1.5 
to 4.0 V.  After analysis with a scanning electron microscope, tips etched at 3.5 V show 
the best combination of shape and sharpness.  A cutoff circuit was integrated into the 
etching setup in an attempt to increase tip sharpness by reducing cutoff time.  Analysis of 
silver tips etched with the cutoff circuit showed blunter tips than those etched without the 
circuit.  MoS2 multilayer samples visualized with an optical microscope showed flakes of 
varying thicknesses.  Atomic Force Microscopy revealed that the flakes are composed of 
bulk MoS2 as opposed to monolayers.  Raman mapping, used to measure signal intensity 
of materials, showed greater signal intensity for regions of thinner MoS2. 
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Introduction 
 
 

Scanning Tunneling Microscopy 
 

Scanning Tunneling Microscopy is used to determine surface characterization at high 

resolution.  Electron tunneling occurs between two conductors; the surface material and 

the tip (Figure 1.1).  The tunneling current is confined to a small filament between the 

apex of the tip and the surface.1  The electron tunneling provides a three-dimensional 

variation of the charge density.  When the gap between the tip and the surface is small 

and there is low voltage, a 1 angstrom change in the gap distance produces an order of 

magnitude change in the tunneling current.  This feedback system can be used to map 

surface structures as the tip is scanned laterally across the surface and changes in the 

voltage are measured.2  A good resolution is considered to be 0.1 nm laterally and 0.01 

nm in depth.3  Due to the high resolution of the tunneling current, it is possible to 

visualize atomically flat terraces with monolayer steps.  It is also possible to obtain real 

time images of the surface to document dynamic changes occurring between molecules or 

in biological process.3  Through tip-sample interactions, STM can be used for 

modification or manipulation of atoms and molecules on a surface.3 
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Figure 1.1: Schematic view of a Scanning Tunneling Microscope. 
https://drb-chemistry.wikispaces.com/-+Defining+the+Atom 

 
 

The tips determine the spatial resolution and image quality of STM images.4  The 

structure of the tip is important in achieving high resolution and measuring the electronic 

structure of the surface (Figure 1.2).  The tip needs to have a single sharp tip that 

approaches the surface that is stable and well supported.3  Tungsten is generally used for 

tip fabrication because of its high mechanical strength and high melting point.5  In 

addition, it is easily etched through simple electrochemical methods.  Sharp tips are 

required to image surfaces at the atomic level.  Typically, tips have a radius of less than 

30 nm.4   

 

 
 

Figure 1.2: Tip radius impacts resolution of STM image. A sharper tip provides a higher resolution. 
https://drb-chemistry.wikispaces.com/-+Defining+the+Atom 
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Tip-Enhanced Raman Spectroscopy 
 
 Raman spectroscopy is one method to determine the composition of surfaces by 

analyzing the shift in wavelength of light scattered by the surface material.  Raman 

spectroscopy uses a single frequency to irradiate a sample and detect the radiation 

scattered from the molecule that is one vibrational unit of energy different.6  There are 

three different types of scattering; Rayleigh and Raman scattering, with Raman scattering 

consisting of Stokes and Anti-Stokes (Figure 1.3).  Rayleigh is elastic scattering where 

only the electron cloud distortion is involved.  The molecule is raised to a virtual energy 

state but returns to its original state after releasing another photon.7  It is an elastic 

process because the energy of the photon is conserved.  Raman scattering is inelastic 

because the energy is transferred between the incident photon and the molecule which 

changes the energy of the scattered photon.6  Stokes Raman scattering occurs when the 

final energy state of the molecule is greater than the original ground state because energy 

was transferred from the photon to the molecule.  Anti-Stokes Raman scattering happens 

when the photon gains energy and the molecule’s final state is lower than its original 

ground state.7  In both types of Raman scattering, the energy changes and vibrations of 

molecules are specific to the target material.  Different types of materials have different 

frequency shifts which allows for the identification of the material based on Raman 

spectra.7   
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Figure 1.3: Three types of Raman Scattering. 
 http://www.doitpoms.ac.uk/tlplib/raman/raman_scattering.php 

 
 

The spatial resolution of Raman spectroscopy is limited by the optical systems used 

to deliver the exciting light and to collect the scattered light.  This is primarily determined 

by the laser wavelength and microscope objective.8  In addition, the resolution is limited 

by diffraction effects of the light used to illuminate the sample.  The Abbe barrier limits 

the optical resolution to about half the wavelength of the penetrating light. This is 

described in the formula dmin=λ/[2sin(α)] , where dmin is the minimum resolvable 

distance, λ is the wavelength of light, and α is the half aperture angle of the microscope’s 

objective.9  From this equation, it can be seen that lower wavelength lasers offer higher 

spatial resolution, as do larger aperture angles.  Near field optical microscopy like Raman 

spectroscopy can be used to circumvent the optical diffraction limit.  When combined 

with a probe for near-field microscopy, a higher resolution is achieved, allowing finer 

details to be resolved.9  This spatial resolution is a function of both the diameter of the 

probe and the distance from the sample.8 

Tip-enhanced Raman spectroscopy uses a sharp metal tip to scan a surface and 

determine the composition of the surface.  This imaging method combines scanning 
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tunneling microscopy with Raman spectroscopy.  Raman scattering is typically weak and 

only offers limited enhancement.  TERS increases the enhancement only when the tip is 

in contact with the sample within the laser illuminated area (Figure 1.4).  The sharp metal 

tip acts as an exclusive active site for Raman scattering with the resolution limited to the 

size of the tip.10  The increase in Raman signal is due to electromagnetic field 

enhancement related to localized surface plasmon resonance excitation.11  The incident 

laser beam that illuminates the tip and sample excite the surface plasmons and produce 

enhanced near-fields in the vicinity of the tip apex.12  The tip acts as an optical antenna to 

excite electrons in both the incident laser beam and the emitted magnetic field.12  From 

electrochemical etching, the tip radius is usually 30 nm which allows for enhancement of 

a 30 nm region as opposed to the entire beam region on the surface.  The sample 

morphology observed via STM and the optical data from the Raman spectroscopy 

correlate to show detailed and specific information about the sample.13   

 

 
 

Figure 1.4: Tip-enhanced Raman Spectroscopy (TERS) principle. 
http://www.engr.ucsb.edu/~mjgordon/research/spm.html 

 
 

TERS operates on all substrate configurations including rough or smooth substrates, 

metal or semiconducting surfaces, or adsorbates which may not be in optical resonance 
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with the exciting laser.12  However, TERS requires the tip material to have surface 

resonance in order to detect Raman scattering. For this reason, the materials used for tips 

are limited to gold and silver.  The tip acts as an electrostatic lightning rod for the Raman 

laser and the resonance of the tip correlates to the wavelength of the excitation source.10   

 
Tip Etching 

 
The easiest and cheapest method of creating tips is by mechanical cutting, however 

this method has poor reproducibility.4  Tips need to be reproducibly sharp for application 

in both STM and TERS.  The standard technique for the fabrication of tips is the “drop-

off” method which can be adapted for use with different types of metal tips, including 

tungsten, silver and gold.  In all cases, the wire to be etched acts as the anode and is 

placed inside of a wire loop which serves as the cathode.  The electrolyte used varies 

based on the tip material and the stability of the air/electrolyte interface.5  This project 

focuses on the production of gold tips for use in TERS.  In the setup for gold tips, both 

the anode and cathode are gold wires with the electrolyte made of 1:1 HCl(37%):Ethanol.  

The tip is etched according to the following reactions: 

Au + 4Cl- → AuCl4
-  + 3e- , E0 = 1.002 V, 

Au + 2Cl- → AuCl2
- + e- , E0 = 1.154 V, 

AuCl2
- + 2Cl- → AuCl4

- + 2e- , E0 = 0.926 V 

2H+ + 2e- → H2 (gas), E0 = 0 V. 

A power supply provides constant voltage to the circuit.  As the wire tip is etched, there 

is a necking in effect at the air/electrolyte interface as illustrated in Figure 1.5.  When the 

narrowest part of the wire can no longer support the submerged portion, the wire breaks 

and a tip forms at the surface of the electrolyte. 
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Figure 1.5: Schematic illustration of the etching mechanism. Adapted from Ibe et al. 
 
 

Tip sharpness is impacted by a number of parameters including the etching voltage 

and the length of wire submerged in the electrolyte.  The amount of wire below the 

etching point influences the aspect ratio of tip length to wire diameter.14  If more wire is 

submerged in the electrolyte, the added weight of the wire can lead to the formation of a 

longer tip.  The tip may also have a larger radius of curvature because the weight from a 

longer submerged wire causes the tip to break prematurely when less of the wire is etched 

away.15  When etching a tip, the goal is to produce a sharp metal tip with a low aspect 

ratio.  This type of tip is more stable because it minimizes flexural vibrations.15  

Theoretically, the tip should be atomically sharp to provide a high resolution in images.  

In reality, it is difficult to create atomically sharp tips using electrochemical etching.  

Instead, the goal is to create sharp tips free of deformation that can be used for high 

resolution STM.15   

Tips can be etched using both alternating and direct current.  The ac etched tips have 

a conical shape with larger cone angles.  In contrast, dc etched tips have a hyperboloid 

shape and a sharper tip which is preferred for high resolution STM imaging.15  However, 

dc voltages can impact the shape of the tip.  Higher voltages lead to faster reaction rates 
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but also increased side reactions.4  A faster reaction leads to more concentrated etching at 

the air/electrolyte interface which causes a shorter tip with a risk of a rougher surface 

caused by the side reactions.  The optimal etching process should combine parameters to 

create a sharp and stable tip. 

 
Cutoff Circuits 

 
The sharpness of a tip can greatly affect the resolution of STM images.  When using 

electrochemical etching, the cutoff time has the most significance on the sharpness of a 

tip, where a faster cutoff time results in a sharper tip.16  After the bottom portion of the 

wire drops off, current is still able to flow through the tip and into the electrolyte due to 

the applied potential.15  Any excess current in the setup can affect the radius of curvature 

which results in a duller tip.  After the circuit is cutoff, the flow of current stops and the 

sharpness of the tip is preserved. 

Integration of a cutoff circuit like the one in Figure 1.6 can yield a reproducibly sharp 

tip with a consistent cutoff time.  The circuit uses a differentiator and a comparator to 

detect differences in the etching current as opposed to setting a reference level for cutoff.  

After a sharp drop in the current occurs, one switch shuts off the voltage from the power 

supply while two other switches shunt the electrodes of the cell.16  This results in the 

current being stopped soon after the wire breaks and the tip forms, preventing excessive 

etching and dulling of the tip. 
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Figure 1.6: Circuit controlling termination of etching.16 
 
 

Molecular Exfoliation 
 

Molecular exfoliation is a process to create nanoflakes of layered materials for use in 

Raman spectroscopy.  The simplest method for mechanical exfoliation is by using scotch 

tape and natural MoS2 crystals.  A typical MoS2 sample will contain multiple features 

including single layer, bilayer, trilayer, multilayer and bulk regions.17   

MoS2 is semiconducting and less polar than other two-dimensional layered materials 

such as graphene and h-BN.18  It is widely applied in transistors, gas sensors, lithium ion 

batteries and hydrogen production because of its electronic, optical and mechanical 

properties.17  Due to its structure, both charge transfer and dipole-dipole coupling may 

occur as enhancement mechanisms for Raman spectroscopy.18  In addition, perturbations 

on the surface lead to strong interactions between MoS2 and detected molecules.17  These 

features allow for Raman enhancement of materials such as CuPc when evaporated on 

MoS2 nanoparticles.   
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Atomic Force Microscopy 

Atomic force microscopy is a high-resolution type of scanning probe microscopy 

used for imaging, measuring, and manipulating matter at the nanoscale level.  Similar to 

the STM, the AFM creates topographic images of a surface, however the tunneling 

current in the STM tip is replaced with a force-sensing cantilever.19  By measuring 

interatomic forces, AFM can be used to investigate the surfaces of both conductors and 

insulators.20  When the sharp tip of the cantilever interacts with the sample, short-range 

chemical forces and long-range forces including van der Waals, electrostatic, and 

magnetic forces contribute to the imaging signal.  These forces act on a cantilever with 

diving-board geometry, and the deflection is measured using a laser spot reflected from 

the cantilever to an array of photodiodes.19   

 

 

Figure 1.7: Schematic operation of the AFM. 
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Three different imaging modes can be used to measure the topography of the surface.  

Contact or static mode uses a feedback signal to keep the cantilever at a constant position.  

Tapping mode requires the cantilever to oscillate up and down and measures the forces 

that interact with the cantilever when it is close to the surface.  In non-contact mode, the 

tip does not contact the surface but oscillates above the surface.  Forces between the tip 

and the sample change the frequency of the oscillations and are used to construct a 

topographical map based on the distance between the tip and sample.19 
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Materials and Methods 
 
 

Tip Etching 
 
 

Etching Setup 

 The setup for tip etching is based on a commonly used configuration as seen in Figure 

2.1.  Figure 2.2 illustrates the actual setup used in this research.  A gold ring of about 8 

mm diameter made from 1 mm gold wire is placed on the surface of the etching solution.  

About ¾ of the ring height is immersed in the solution.  A gold wire of 0.25 mm diameter 

is immersed in the center of the ring.  The immersed length is normally 2-3 mm.  The 

etching solution was prepared of equal parts fuming hydrochloric acid (37%) and ethanol 

(100%).4  The dc voltage was supplied by a power supply attached to the gold wire and 

gold ring. 

 

 

Figure 2.1 Schematic diagram of the setup for tip etching.4 
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Figure 2.2 Tip etching setup based on schematic diagram. 
 
 
Variable voltage 

 The voltage used to etch the wire was varied in order to determine the best recipe for 

a reproducibly sharp and stable tip.  The etching potential determines the size of the 

meniscus region at the electrolyte-air interface which affects the overall shape of the tip.  

Higher voltages typically result in a faster etching time due to a faster reaction rate and a 

delocalized reaction within the meniscus region at the surface.  Lower voltages cause a 

more pronounced necking-in effect from a more uniform electrolytic attack, which results 

in a longer tip length.21  

 Previous research found that stable current oscillations in gold tip etching occur only 

when the voltage is more positive that 1.4 V.  At a high rate, the reaction between the 

gold wire and etching solution consume and deplete the Cl- ions near the tip-solution 

interface, resulting in the formation of gold oxides and a decrease in the reaction current.  

The resupply of Cl- dissolves the gold oxides and increases the reaction current.  

Evidence for the regular depletion and resupply of chloride ions was observed as a 
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periodic change in reaction current.4  However, the voltage used must balance a faster 

reaction rate with side reactions including the evolution of H2, Cl2 and O2 at higher 

voltages.  The formation of H2 and Cl2, along with the presence of O2 can cause intense 

bubbling in the solution, especially with voltages higher than 2.5 V.  The presence of 

ethanol in the etching solution acts as a quencher which hinders the bubbling effect.22   

 Tips were etched at potentials of 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 V to determine the 

optimal etching potential.  During each etching procedure, the time of formation was 

recorded, the oscillating current was monitored to determine the range of oscillation, and 

the amount of bubbling was qualitatively recorded to determine the extent of side 

reactions.   

 
Cutoff Circuit 

 The cutoff time after tip formation has the most significance on the sharpness of a tip, 

where a faster cutoff time results in a sharper tip.16  After the bottom portion of the wire 

drops off, current is still able to flow through the tip and into the electrolyte due to the 

applied potential.15  Any excess current in the setup can affect the radius of curvature 

which results in a duller tip, however, the flow of current stops once the circuit is cut off.  

Previously, a manual shutoff was used to turn off the power supply once a tip was 

formed.  When the tip drops, there is a noticeable drop in etching current which was used 

as a signal to turn off the circuit.  A cutoff circuit was integrated into the etching setup in 

order to more accurately shut off the circuit once the tip formed (Figure 2.3).  The circuit 

uses a differentiator and a comparator to detect differences in the etching current as 

opposed to setting a reference level for cutoff (Figure 2.4).  After a sharp drop in current 

occurs, one switch shuts off the voltage from the power supply while two other switches 
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shunt the electrodes of the cell.16  This results in the current being stopped very soon after 

the wire breaks and preserves the sharpness of the tip. 

 

 

Figure 2.3: External view of cutoff circuit. 
 
 

 

Figure 2.4: Schematic of cutoff circuit. 
 
 
 To test the circuit effectiveness, silver tips were etched at varying etching currents.  

The sharpness and smoothness of the tips when using the circuit were compared to tips 
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etched with a manual shutoff.  Tips were etched at 10.0, 20.0, 30.0 and 40.0 mA.  Due to 

constraints of the circuit, the minimum possible etching current was 21.8 mA.  When 

using the cutoff circuit, tips were etched at 21.8, 30.0 and 40.0 mA.  Tips etched at 

constant currents were compared to the standard etching procedure for silver tips at a 

constant voltage of 4.0 V.  Tips were analyzed using SEM imaging. 

 In addition to varying the current, the amount of etching solution was varied to 

investigate if the amount of electrolyte available influenced the surface geometry of the 

tips.  During the etching process, the chloride ions in the meniscus region create a 

gradient due to the reaction with the silver wire.  As the electrolyte in the meniscus 

region is depleted and replenished, the rate of reaction and its location relative to the tip 

apex may fluctuate which could change the shape or smoothness of the tip.  Etching was 

carried out using 15 mL and 80 mL of etching solution. 

 
SEM Imaging 

 Scanning Electron Microscopy is used to image the topography and structure of 

various surfaces.  An electron gun emits a beam of electrons that is directed through a 

system of lenses and magnetic fields to focus on the image plane.  The beam interacts 

with the surface and produces secondary electrons that are detected and converted into an 

image based on their intensity distribution.  The brightness of the image depends on the 

number of secondary electrons reaching the detector.  Surface topography determines 

how the secondary electrons are scattered.  A perpendicular surface creates an activated 

region that is uniform with few escaping electrons.  As the angle of incidence between 

the electron beam and the sample increases, more electrons escape from within the 
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sample and more secondary electrons are emitted.  Steep surfaces and edges tend to be 

brighter resulting in well-defined images with a three-dimensional appearance.23   

 The shape of the tip was examined using a JEOL JSM-5410 Scanning Electron 

Microscope (Figure 2.5) operated at an accelerating voltage of 30 kV with a resolution of 

4nm.  The tips were imaged using a working distance of 10 mm for the apex of the tip 

and 10-20 mm for images of the entire etched surface.   

 

 

Figure 2.5 JEOL JSM-5410 SEM 
 
 

MoS2 Monolayer 
 
 

Mechanical Exfoliation 

 This experiment utilized the method of mechanical exfoliation performed on a 

fragment of MoS2, which is composed of many stacked layers of molecules.  Glass 

squares of approximately 1 cm2 were used as substrates.  A tungsten scribe was used to 
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etch a grid pattern on the back of each piece of glass to track the location of monolayer 

flakes on the substrate (Figure 2.6).  

 

 

Figure 2.6 Glass samples with etched grid. 
 
 
 A fresh piece of tape was removed from a mount and pressed firmly adhesive-side 

down on the MoS2 fragment for about ten seconds.  The tape was gently peeled away 

with thick, shiny layers of MoS2 stuck to it.  Next, the part of the tape with layers of 

MoS2 was refolded upon a clean section of the same piece of tape.  The layers were 

pressed firmly together for several seconds then gently unfolded to reveal two mirrored 

areas of MoS2.  This process was repeated until a large portion was no longer shiny, but a 

dull grey (Figure 2.7).  It was preferable that the area contained more MoS2 than bare 

tape to increase the amount of MoS2 transferred to the substrate and reduce areas of glue 

residue on the glass.  A glass sample was placed smooth side down on the dull area of the 

tape with a pair of tweezers.  The glass and tape were pressed firmly for several seconds 

before the glass substrate was gently removed and placed in a labeled sample box.  The 

same dull MoS2 area, and its mirror image on the tape, was used for the production of 
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several different glass substrates.  After visualizing flakes from the first set of data, the 

process was repeated with extended tape folding in an attempt to create more potential 

areas of monolayer MoS2. 

 

 

Figure 2.7 Adhesive “Scotch” tape after being pressed to the MoS2 and folded over several times upon 
itself. 

 
 
Imaging of Monolayers 

 Each sample was individually placed underneath a Zeiss Axioskop Fluorescent 

Microscope using transmitted light only.  At a magnification of 40x, the samples were 

methodically searched for MoS2 flakes thin enough to possibly be one layer thick.  Thin 

flakes were identified by their particularly faint regions, indicating that few MoS2 layers 

were present.  Once a likely flake was located, it was photographed using an Olympus 

DP70 camera attached to the microscope and saved using DP controller software. 
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Results 
 
 

Gold Tip Etching 
 
 

Variable Voltage 
 

For the study of the influence of the etching potential on tip morphology, tips were 

etched at 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 V.  SEM images shown in Figure 3.1 and Figure 

3.2 were used to analyze the overall morphology, sharpness and length-to-diameter ratio 

of each tip. 

The overall morphology shows a tip that gradually increases in sharpness from its 

base to the point, as expected.  However, tips etched at 2.0 V (Figure 3.1b and Figure 

3.2b) have a tiered structure that is not seen at other etching potentials.   

The aspect ratio of the tip is the ratio of the tip length to wire diameter.  This ratio 

helps to determine the stability of the tip when used for STM.  Since the diameter of the 

tips at the wire base is the same, 0.25 mm, the tip length can be used as the determining 

factor of the aspect ratio.  In first set, the tip etched at 1.5 V (Figure 3.1a) had the longest 

length of 530 μm while the tips etched at 2.5 and 3.0 V (Figure 3.1c,d) had the shortest 

lengths of 400 μm.  In the second set, the longest tip was etched at 2.5 V with a length of 

515 μm (Figure 3.2c) and the other five tips were relatively the same length, ranging from 

440 to 470 μm. Based on this data, there is no clear trend between tip length and etching 

voltage. 
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Figure 3.1 :  Au tips, set #1.  Tips were etched in a HCl:ethanol (1:1) solution at potentials indicated to the 
left of the figure.  Images a-f show morphology of the entire etched surface.  From these images, we can 
measure the tip length from the base of the un-etched wire to the furthest point of the tip.  Images a’-f’ 
show a close up of the tip which is used to measure the tip radius in μm. 
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Figure 3.2:  Au tips, set #2.  Tips were etched in a HCl:ethanol (1:1) solution at potentials indicated to the 
left of the figure.  Images a-f show morphology of the entire etched surface.  From these images, we can 
measure the tip length from the base of the un-etched wire to the furthest point of the tip.  Images a’-f’ 
show a close up of the tip which is used to measure the tip radius in μm. 
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The surface roughness of all tips is similar in that the surfaces are textured by small 

deviations from an ideally flat texture.  Similar to the overall morphology, the two tips 

etched at 2.0 V stand out due to the polished appearance of the surface near the tip 

(Figure 3.3).  The bottom portion of the etched surface shows the same grainy surface, 

but the top portion appears polished. 

 

 
 

Figure 3.3:  Au tips.  The tip etched at 2.0V shows a polished surface near the tip while the tip etched at 
1.5V has a rough surface along its entire length. 
 
 

The tip radius determines the resolution of STM images.  Ideally, the radius is less 

than 30 nm.4  As shown in Figure 3.1 and Figure 3.2, the etched tips had radii that ranged 

from 0.078 μm to 0.500 μm. The tip with the closest radius to the ideal of 0.078 μm was 

etched at 2.0 V (Figure 3.1b’), and the tip with the largest radius of 0.500 μm was etched 

at 1.5 V (Figure 3.1a’).  Similar to the tip length measurements, there is no clear trend 

between the tip radius and the etching voltage. 

The vertex angle was measured as a ratio of the tip length to wire diameter at the 

location of the first tier or base.  Since the tips varied in overall geometry, the vertex 

angle is a more accurate measurement of the aspect ratio for the apex of the tip.  For the 
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gold tips, there was not a correlation between vertex angle and etching voltage (Figure 

3.1 and Figure 3.2). 

 
Tip Curling 

Some of the tips appeared curled or bent (Figure 3.1c and Figure 3.2a, b).  This is 

from the alignment of the wire or the immersion depth of the wire in the solution.  If the 

wire is not very well vertically aligned, the tip can have a bent apex as shown in Figure 

3.4.   

 

 

Figure 3.4:  Vertical alignment of wire impacts tip apex.  In part A, the wire is vertically aligned and the 
resulting tip comes to a sharp point. In part B, the wire enters the etching solution at an angle.  The weight 
of the immersed wire causes the resulting tip to bend as it forms. 
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 Plastic deformation of the tip can occur during the drop-off etching procedure due to 

the weight of the lower section.21  This type of deformation is irreversible due to the large 

deformation range of metals including silver and gold.  Previous research on tungsten tips 

demonstrated that an immersion depth of 3 mm resulted in tips with bent points, but 

immersion depths less than 3 mm had sharp tips.24  In this experiment, tips were 

immersed approximately 2 mm in the etching solution.  In addition, a number of tips have 

surface flaws that can be avoided in the future by consistently rinsing each tip with 

ethanol and nitrogen gas after the etching procedure. 

 
Reaction Rate and Current Oscillations 

 Under optimal conditions, an Au tip can be reproducibly etched in 6 to 7 minutes.4  

However, the time of formation depends on the etching voltage and rate of reaction 

between the wire and the solution.   

 
Table 3.1:  Time of Formation, presence of current oscillations in Au tip sets 1 and 2. 

 

Voltage Time of Formation Current 
Oscillations 

1.5 V 15 min ± 1 min No 

2.0 V 5.5 min ± 1 min No 

2.5 V 5 min ± 1 min Yes 

3.0 V 7 min ± 1 min Yes 

3.5 V 5.5 min ± 1 min No 

4.0 V 4.5 min ± 1 min No 

 
 
 As seen in Table 3.1, the time of formation decreases with increasing voltage.  This is 

related to the rate of reaction increasing with increasing etching voltage.  At 2.5 V and 

3.0 V, large current oscillations are observed.  This is due to the accumulation of AuCl2
- 
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and the depletion of Cl- near the electrolyte-wire interface.  As the side products 

accumulate near the wire, the current drops.  Once the side products diffuse in the 

solution, the current returns toward the maximum current.4  At all other etching voltages, 

the current steadily decreases from the maximum current until it drops sharply to almost 

0A when the tip forms. 

Table 3.2:  Presence of side reactions as demonstrated by bubbling effect in Au tip set #3. 
 

Voltage Bubbling Effect 

1.5 V Few small bubbles on ring 

2.0 V Small bubbles on ring 

2.5 V Small/medium bubbles on ring 
Intermittent bubbles on wire 

3.0 V Lots of bubbles on ring 
Constant bubbling from wire 

 

The amount of bubbling is used to determine the extent of side reactions at the tip-

electrolyte-air interface.  As the tip forms, O2, H2, and Cl2 are released causing bubbles to 

form near both the ring and the immersed wire.  As seen in Table 3.2, bubbles were 

present at all etching potentials, verifying that a reaction was occurring at the tip-

electrolyte interface.  Higher voltages result in a faster reaction rate and more severe 

bubbling which can lead to a rough surface structure.4  Bubbling intensely shakes the 

submerged wire which can cause early detachment and blunt tips.22  As expected, the 

amount of bubbling increased directly with the etching potential.  Lots of bubbling was 

observed at 2.5 and 3.0 V, indicating that more side reactions are occurring at these 

etching potentials.  The bubbling resulting from current oscillations and side reactions did 
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not cause the tiered structure seen in the tips etched at 2.0 V (Figure 3.1b and Figure 

3.2b), since there was little bubbling observed at this voltage. 

 
Silver Tip Etching 

 
 
Constant Voltage 
 
 Previously, silver tips were etched at a constant voltage.  In order to reproduce 

previous results, silver tips were etched at 4.0 V.  These tips were used as a comparison 

for the tips etched at constant current and tips etched with a cutoff circuit. Tip 

morphology was analyzed based on the tip length and radius. 

 

 
 

Figure 3.5:  Ag tip etched at 4.0 V in a HClO4:ethanol (1:4) solution.  Image a shows the morphology of the 
entire etched surface.  The tip length is measured in this image from the base of the un-etched wire to the 
furthest point of the tip.  Image b shows a close up of the tip which is used to measure the tip radius in μm. 
 
 

Figure 3.5 shows a SEM image of a tip fabricated using a constant voltage of 4.0 V.  

This tip shows a single shoulder-like feature which deviates from the expected tip 

geometry.  However, the tip is smooth, with an overall gradual decline in radius to form a 
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sharp tip.  The tip radius is greater than the ideal of 30 nm, however, it corresponds with 

the sharpest Au tips etched without using the cutoff circuit (Figure 3.1 and Figure 3.2). 

 
Constant Current 

 Silver tips were etched at constant currents of 10.0, 20.0, 30.0 and 40.0 mA to 

determine the effect of etching current on tip morphology and sharpness.  SEM images 

were used to analyze the tips. 

 

 
 
Figure 3.6:  Ag tips.  Tips were etched in a HClO4:ethanol (1:4) solution at constant currents indicated to 
the left of the figure without using the cutoff circuit.  Images a-d show morphology of the entire etched 
surface.  From these images, we can measure the tip length from the base of the un-etched wire to the 
furthest point of the tip.  Images a’-d’ show a close up of the tip which is used to measure the tip radius in 
μm. 



29 
 

 
 

When silver tips were etched at constant currents, SEM images reveal sharp tips but 

uneven surface geometry (Figure 3.6).  The wire surface is polished and free of 

impurities, however tips etched at 20.0, 30.0, and 40.0 mA (Figure 3.6b-d) reveal a tiered 

structure like that seen in the gold tips etched at 2.0 V (Figure 3.1b and Figure 3.2b).  The 

tiered structure is less apparent in the tips etched at 20.0 mA and 40.0 mA, but neither tip 

is smooth as expected. 

There is no clear trend in tip length as a result of varying the etching current.  The 

shortest tip was etched at 30.0 mA with a length of 405 μm (Figure 3.6c) while the 

longest tip was etched at 10.0 mA with a length of 510 μm (Figure 3.6a).  Similarly, there 

is no clear trend in tip radius in relation to etching current.  The sharpest tips were etched 

at 10.0 and 20.0 mA, with radii of 0.460 μm and 0.475 μm respectively (Figure 3.6a and 

b), whereas the bluntest tip was etched at 30.0 mA with a radius of 1.055 μm (Figure 

3.6c).  There was a trend between the vertex angle and the etching current, which is a 

measure of the aspect ratio of the tip at its apex.  As the current increased, the vertex 

angle also increased. 

 In contrast to the Au tips etched in the previous section, none of the tips appeared 

curled or bent.  This implies that the silver wire was vertically aligned for all of the 

etching procedures and no plastic deformation occurred due to excess lengths of 

immerged wire. 

 
Cutoff Circuit Integration 

 A cutoff circuit was added to the etching setup to decrease the time between tip 

formation and when the circuit is turned off.  Based on the schematics of the circuit 
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(Figure 2.4), silver tips were etched with a constant current.  At each current setting, tips 

etched using the cutoff circuit were compared to tips etched with manual power supply 

shutoff.   

 An interesting phenomenon occurred when the cutoff circuit was integrated into the 

setup.  As the tips etched, neither the current nor the voltage stayed constant.  Once the 

circuit was turned on, the etching current decreased from the set value to 0 A and the 

voltage increased from a minimum value to 12.91 V, the maximum voltage flowing 

through the circuit when it is open.  Since neither variables were held constant during the 

etching process, there could be a flaw in the circuit.  These concurrent changes in both 

current and voltage may have impacted the overall morphology of the tips by changing 

the height of the meniscus in relation to the tip which affects the location of the etching 

reaction.   
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Figure 3.7:  Ag tips.  Tips were etched in a HClO4:ethanol (1:4) solution at constant currents indicated to 
the left of the figure using the cutoff circuit.  Images a-e show morphology of the entire etched surface.  
From these images, we can measure the tip length from the base of the un-etched wire to the furthest point 
of the tip.  Images a’-e’ show a close up of the tip which is used to measure the tip radius in μm. 
 
 

Tips etched with the circuit (Figure 3.7) showed the same tiered structure as the gold 

tips etched at 2.0 V (Figure 3.1b and Figure 3.2b) and the silver tips etched at voltages 

greater than 20.0 mA (Figure 3.6b-d).  This geometry was not consistent among tips 

etched at the same current setting.  Of the three tips etched at 21.8 mA, only the first and 
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third tip show striking layers (Figure 3.7a-c).  The tiered structure becomes less 

prominent as the etching voltage increased to 40.0 mA (Figure 3.7e).  In general, the tips 

are smoother than the Au tips, with a less rough or more polished surface (Figure 3.7b-d).  

The solution used for the tip etched at 40 mA (Figure 3.7e) was not fresh, which may 

have led to the contamination of the tip surface, even after the finished tip was washed 

with ethanol and nitrogen gas. 

Similar to the Au tips, the tip length varied without a clear trend.  The two shortest 

tips were both etched at 21.8 mA with lengths of 380 and 385 μm (Figure 3.7b and d 

respectively).  The longest tip was 440 μm and was etched at 30.0mA, however it is not 

much longer than the 430 μm tip etched at 40.0 mA (Figure 3.7d and e).  Majority of the 

tips were blunter than those etched without the circuit, where 4 of the 5 tips have a radius 

greater than 2 μm (Figure 3.7a’,b’,d’ and e’). However, the radius of one of the tips 

etched at 21.8 A (figure 3.7c’) is comparable to the sharpness of the Au tips (Figure 3.1 

and Figure 3.2).  Similar to the gold tips, there was no clear trend between the etching 

current and the vertex angle.  The blunt tips may be a result of a malfunctioning circuit.  

After the tip formed, the light signaling cutoff did not illuminate, indicating that the 

circuit was not efficiently shutting off when the tip formed.  Overall, the integration of 

the cutoff circuit does not appear to increase the sharpness of the etched tips. 

 
Depth of Etching Solution 

 In order to determine the cause of the tiered geometry seen in the silver tips, the 

etching process was repeated in a deeper solution.  Previous tips were etched in 15 mL of 

the HClO4:ethanol solution, which may have limited the diffusion of ions and side 
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products during the reaction.  New tips were etched in 80 mL of solution to allow for 

better redistribution of ions during the etching procedure. 

 

 

Figure 3.8:  Ag tips etched in 80 mL solution.  Tips were etched in a HClO4:ethanol (1:4) solution at 
constant currents indicated to the left of the figure without using the cutoff circuit.  Images a-d show 
morphology of the entire etched surface.  From these images, we can measure the tip length from the base 
of the un-etched wire to the furthest point of the tip.  Images a’-d’ show a close up of the tip which is used 
to measure the tip radius in μm. 
 
 
 As seen in Figure 3.8, the tips etched in a deeper solution of HClO4:ethanol do not 

have a tiered structure like that seen in silver tips etched with the cutoff circuit (Figure 

3.7).  Similar to previously etched tips, there is not a trend in the tip radius or vertex 

angle in relation to the etching current.  A general trend is seen between tip length and 
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etching current.  As the current increases the tip length decreases, as is expected based on 

the relative rates of reaction at each etching current.  The tip etched at 20.0 mA (Figure 

3.8b) does not follow this trend, however other tips from this trial (not pictured) did 

follow the trend with an average tip length of 530 μm. 

 While the overall geometry of the tip was smoother when tips were etched in a deeper 

solution, there was only a 30% success rate in etching good tips.   

 

 

Figure 3.9:  Ag tips etched in 80 mL solution.  Tips were etched in a HClO4:ethanol (1:4) solution at 
constant currents indicated to the left of the figure without using the cutoff circuit. 
 
 
 As seen in the SEM images (Figure 3.9), the tips started out with a smooth geometry, 

but something occurred near the end of the etching process that interrupted the ideal tip 

shape.  The tip etched at 10.0 mA shows a distinct double tip, the tip etched at 20.0 mA 

has a single tier near the top and a curved structure, and the tip etched at 30.0 mA appears 

to be the result of a double necking-in effect.  It is possible that the location of the wire 

and ring changed in relation to the level of the etching solution from vibrations of the 

setup or evaporation of the etching solution.  For the tips etched at 20.0 and 30.0 mA, the 

meniscus most likely shifted in relation to the wire leading to a second area of focus for 

the etching reaction. 
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MoS2 Molecular Exfoliation 
 
 
Optical Microscope Analysis 
 
 Two sets of MoS2 multilayer samples created using molecular exfoliation were 

visualized with an optical microscope to attempt to discover any thin flakes that may 

contain monolayers of MoS2.  Bright-field microscopy uses a field of view that is always 

light and the objects to be studied appear as colored pictures or shadows on a white 

background.  Contrast in the sample is caused by absorbance of light by the sample.25  

Thicker objects absorb more light than thin objects, therefore they appear darker in color 

under a bright-field microscope.  For the MoS2 samples, potential monolayers would 

allow more light to pass through the substrate resulting in less color contrast compared to 

the glass background.  Bulky regions of MoS2 will appear darker because they absorb 

more light. 

 

 

Figure 3.10:  MoS2 multi-layer sample 2, folded 10 times, 40X 
 
 
 The images from the optical microscope (Figure 3.10 and Figure 3.11) showed flakes 

of varying sizes and thicknesses.  In some of the larger flakes, multiple layers could be 

500 μm 
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seen based on the detectable color changes associated with additional layers.  In Figure 

3.10 the flake in the top half of the image shows multiple layers based on the different 

levels of contrast from transmitted light.  The darkest area is the thickest part of the flake.  

The narrow flake near the bottom of the image is thinner than the bulk area due to its 

lighter color.   

 

 

Figure 3.11:  MoS2 multi-layer sample 3, folded 10 times, 40X 
 
 
 When comparing flakes of different sizes in the same sample as seen in Figure 3.11, 

larger flakes appear to contain more areas of bulk MoS2, and smaller flakes tend to be 

lighter in color indicating potential monolayers. 

 

500 μm 
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Figure 3.12:  MoS2 multi-layer sample 6, folded 16 times, 40X 
 
 

 

Figure 3.13:  MoS2 multi-layer sample 5, folded 16 times, 40X 
 
 
 When the molecular exfoliation process is extended so that the scotch tape is folded 

twice as many times before transferring to the glass sample, there appeared to be more 

flakes that were smaller in size (Figure 3.12).  When flakes with a significant surface area 

were visualized, these flakes appeared fainter than previously imaged large flakes (Figure 

3.13).  This indicates that the larger flakes subjected to more mechanical exfoliation are 

more likely to be monolayers than bulk layers. 

 

500 μm 

500 μm 
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Surface-Enhanced Raman Analysis 

 Raman data for clean MoS2 substrates was collected to investigate the enhancement 

properties of flakes with varying thicknesses.  Accurate thickness information and 

characterization range is important for the thin multilayers of MoS2.  Optical images and 

AFM images with line profiles are used to determine thickness of multi-layer flakes.  

Raman mapping is used to determine the Raman signal from the substrate. 

 In contrast with bright-field microscopy, dark-field microscopy uses a field that is 

dark so that the objects in the field of view appear to be emitting the light by which they 

are seen.  None of the light from outside sources passes directly into the microscope.25  In 

this experiment, the objects are deflecting the light from an outside source into the 

microscope.  A requirement of dark-field microscopy is that the objects are scattered over 

the field.  If there is no intervening space between samples in the field of view, the entire 

field would appear bright.  A field without samples would appear completely dark.25 

 

 

Figure 3.14:  Dark-field optical images of MoS2 micro-flakes, folded 10 times. 
 
 
 Dark-field optical images in Figure 3.14 show scattered flakes of MoS2.  It is more 

difficult to determine the thickness since all of the flakes are reflecting light into the 

microscope.  These images were used to align the sample for AFM and Raman analysis. 
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 The structure of MoS2 is illustrated in Figure 3.15, in which one cation (Mo4+) is 

sandwiched between two anion (S-) planes. The layered structure arises from stacking 

hexagonal sheets in sequence. 26  A monolayer of MoS2 is expected to be 0.7 nm thick.   

 

 

Figure 3.15:  Side view and top view of single layer MoS2. 
 
 
 AFM was used to create a topographic image of the surface and determine the 

thickness of the sample.  In this experiment, tapping mode was used to analyze the 

surface. 
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Figure 3.16:  AFM images and line profile of MoS2 micro-flakes.  (a) AFM image of an exfoliated MoS2 
flake. (b) Topographical scan of the surface in a. (c) Line profile of two different MoS2 flakes. 

 
 

 

Figure 3.17:  AFM image and line profile of MoS2 micro-flake.  (a) AFM image of an exfoliated MoS2 
flake. (b) Two line profiles of a MoS2 flake. 
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 AFM of a sample that had been folded 10 times revealed that the flakes are composed 

of bulk MoS2 as opposed to monolayers.  The topographical scan (Figure 3.16b) reveals 

multiple areas of bulk MoS2 and surface impurities on the glass slide.  The line profile 

(Figure 3.16c and Figure 3.17b) shows that the flakes range in thickness from 30 nm to 

120 nm, far from the known monolayer thickness of 0.7 nm.  Changes in MoS2 thickness 

appear to correspond to color changes in the flakes as seen in Figure 3.16a.  Based on 

previous optical images of this sample, it was expected that there would be more bulk 

layers than potential monolayers. 

 Raman spectroscopy was used to analyze the MoS2 multilayer samples and look for 

signal intensity based on substrate thickness.  Two sharp Raman modes are observed for 

clean MoS2 based on the different vibrations within the MoS2 molecule (Figure 3.18).  

The E2g
1 mode is the intraplane motion, and its peak occurs at about 380 cm-1.  The A1g 

mode is interplane motion and its peak occurs at about 410cm-1.  These two peaks vary 

based on the thickness of the MoS2 thickness, with the E2g
1 frequency decreasing and the 

frequency of the A1g increasing with thickness.27   

 

 

Figure 3.18:  Vibrations of atoms in the MoS2 molecule.7 
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 Raman mapping combines physical or chemical properties with a two-dimensional 

color plot to provide high-contrast images of the material being studied.  The complete 

Raman spectrum is acquired at each pixel of the image, and the final image is then 

colored based on the intensity of the Raman peaks at each point.28 

 

 

Figure 3.19:  Raman analysis of MoS2 micro-flakes. (a-c) Raman spectrum of three points on map. (d) 
Raman map using 532 nm laser, red = highest intensity, blue = lowest intensity. 
 
 
  From the Raman map (Figure 3.19d), we see that the intensity of the E2g

1 and A1g 

peaks differs with the thickness of the sample.  The spectrum seen in Figure 3.19a is for 

the glass background.  As expected, there is no MoS2 signal in this area.  According to 

the line profiles (Figure 3.16c), the spectrum mapped in Figure 3.19b is a flake that is 

bulky, on average 65 nm thick, which corresponds to 90 layers of MoS2.  This scan 
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shows intermediate intensity in the green region of the scale bar.  The spectrum in Figure 

3.19c corresponds to the line profiles for the flake in Figure 3.17.  This flake is 30 nm or 

40 layers thick and has high intensity values in the red region of the intensity scale. Based 

on the topographical scan (Figure 3.16b), we see that this entire red area is from a 

relatively thin flake of MoS2.  From this Raman analysis, we see that the thinner areas of 

MoS2 have a more intense Raman signal than the bulky regions.  The ratio of intensity of 

A1g to that of E2g
1 also increased when the thickness of the film decreased.  This indicates 

that the interplane mode A1g is more affected by substrate thickness than the intraplane 

mode E2g
1. 

 

 

Figure 3.20:  Thickness dependence of MoS2 on SiO2/Si substrate. The x-axis shows the number of layers 
of MoS2 and the y-axis shows the relative intensity of the Raman modes.26 
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 According to previous research, MoS2 has two peaks for Raman intensity related to 

the thickness of the substrate26.  More research has been done on MoS2 thickness between 

one and thirty layers thick.  This region shows a peak in Raman signal when the MoS2 is 

less than 10 layers thick (Figure 3.20).  When only looking at this region, we see a trend 

where signal intensity increases for the first four layers, then decreases as the number of 

layers increase.  However, Li et al. found a second peak of Raman intensity at 85 layers.  

The results were simulated via the optical interference between the excitation laser and 

the emitted Raman radiation at the air, MoS2, SiO2 and Si interface.26  Based on this data, 

we would expect the 90 layer sample to have a greater intensity than the 40 layer sample.  

As seen in Figure 3.19, this was not the case.  Data in this experiment showed that the 

thinner region of MoS2 had a greater signal intensity than the thicker region on a glass 

substrate.  This indicates that the substrate plays an important role on the interference 

between the excitation laser and the sample. 
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Conclusion 
 
 

Tip Etching 
 
 Silver and gold tips are suitable for TERS due to their surface plasmon resonance.  

Furthermore, the shape and sharpness of tips determine the special resolution of both the 

morphology image and Raman mapping image.  In this research, gold tips were 

successfully etched at voltages ranging from 1.5 V to 4.0 V.  The overall morphology of 

the tips showed a gradual slope from base to point.  There was not an observable trend 

between aspect ratio and etching voltage.  Ideally the tips should have a radius less than 

30 nm.  None of the tips etched in this research had a radius less than 30 nm, however 

this could be due to limitations of the SEM resolution.  Many of the etched tips had a 

radius close to 100 nm, which is acceptable for TERS or light emission studies.  For the 

gold tips, the best combination of shape and sharpness was seen at 3.5 V. 

 The vertical alignment and immersion depth of the wire were determined to be key 

factors in avoiding tips that were curled or bent.  Sharp tips were reproducibly etched 

when the wire was vertical and immersed less than 3 mm in the solution.  The time of 

formation was related to the etching potential.  As expected, as the voltage increased the 

rate of reaction between the gold wire and the etching solution, the time of formation 

decreased.  Similarly, higher voltages resulted in a greater amount of bubbling, indicating 

that a faster reaction rate allowed for the production of more side products including O2, 

H2, and Cl2 gases. 



46 
 

 A better control of the end of the electrochemical etching can be realized by 

designing a current detection device that can cut off the circuit when a sharp drop in the 

current is detected.  Silver tips etched at constant currents were compared to tips etched 

with the circuit.  In both situations, Ag tips were successfully etched at all attempted 

etching currents.  Without the circuit, there was no clear trend in tip length or tip radius.  

The vertex angle, a measure of the aspect ratio, increased with increasing etching current.  

With the cutoff circuit integrated in the etching procedure, the silver tips were blunter 

with larger radii than those etched without the cutoff circuit.  Similar to previously etched 

tips, neither the tip length or vertex angle appeared to change with the etching current.  

The use of a cutoff circuit was not shown to increase the sharpness of silver tips.   

 For silver tips etched with and without the cutoff circuit, an interesting phenomenon 

occurred with the overall tip geometry.  At voltages greater than 20.0 mA, the tips had a 

tiered structure.  This geometry was determined to be a result of the depth of the etching 

solution.  When more etching solution was used, there was a better redistribution of ions 

in the solution which allowed for the tips to have a smoother overall geometry.  The 

sharpest and smoothest silver tips were etched in a deeper solution without the use of the 

cutoff circuit. 

 Sharp and stable tips produced in this experiment can be used for STM or TERS 

studies.  In addition, the chemical inertness of Au allows the tip to be used for several 

sets of experiments as opposed to Ag tips which oxidize fairly quickly. 

 
MoS2 Monolayer 

 
 In this study, techniques to create MoS2 monolayers from fragments of MoS2 were 

investigated.  It was found that molecular exfoliation can be used to create multi-layer 
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flakes.  The thickness and size of flakes is dependent on the number of times the tape was 

refolded, where more exfoliation leads to smaller flakes and more potential monolayers.  

From the Raman analysis, thinner regions of MoS2 identified by the AFM line scan 

showed greater signal intensity.  In addition, the interplane mode A1g is more affected by 

substrate thickness than the intraplane mode E2g
1. 

 
Future Plan 

 Future research would systematically study the effect of the amount of solution, the 

position of the gold ring in relation to the surface of the etching solution, and the cutoff 

circuit on overall tip geometry.  MoS2 multilayers can be used to detect the TERS signal 

from a molecule-decorated tip.  In addition, molecules such as CuPc can be evaporated 

onto the MoS2 multilayers to investigate thickness dependence on SERS. 
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