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Nanomechanics with electron beam: detection and control of motion 

by 

Toji Thomas 

The study of nanomechanics using an electron beam has developed into an area of research, with 
recent works reporting on Brownian and ballistic motion detection[1, 2], dynamic backaction[3, 
4],visualisation of sub-nm motion[5] and mass sensing[6]. It is important because the electron 
beam offers a platform for real-time observations of dynamics exhibited by nano- and microscale 
objects, with sub-nm scale displacement sensitivity and MHz bandwidth, as well as for 
controlling and characterising mechanical properties. In this study, I report the following yet 
unexplored aspects: 

• I have introduced a new technique for detecting and mapping the periodic motion of 
nano/microscale objects via cathodoluminescence, with nanometric displacement 
sensitivity and spatial resolution, and MHz bandwidth implemented in a modified 
scanning electron microscope. Its capability is demonstrated by detecting and mapping 
driven motion of nanomechanical cantilevers. The technique offers a noise equivalent 
displacement amplitude spectral density of 1 nm/√Hz. 
 

• I have observed the phenomenon of dependence of the frequency of oscillation of a 
cantilever on the presence of the electron beam. The repulsion between an electron beam 
and charge accumulated on a nanomechanical cantilever yields a stiffening that 
increases its resonance frequency, providing a mechanism for controlling resonators and 
sensing charge. For a cantilever of microscale length and nanoscale cross-section 
interacting with an electron beam, I observe a resonance shift on the order of 5% per 
nanocoulomb. The resonance frequency was expressed as a function of induced charge 
and electron beam parameters such as position, beam current and acceleration voltage. 
The model was tested experimentally by varying the current of an electron beam and its 
distance from the edge of grounded and isolated cantilevers. 
 

• Driving oscillations of a nanomechanical beam can lead to a bistable response related to 
the nonlinearity of the mechanical restoring force. I have observed for the first time that 
the nonlinear response of a nanowire and the regime of bistability can be controlled by 
the electron beam impinging on the oscillator. A nanowire that is fixed at both ends and 
driven to the nonlinear regime of bistable resonant oscillation was switched between its 
bistable states by changing the distance between a 10 kV, 1.3 nA electron beam and the 
nanowire. The control mechanism has been explained as a consequence of electron-
beam-induced heating, leading to thermal expansion that affects stress in the nanowire, 
which controls its resonance frequency. Therefore, the electron beam can shift the 
nanowire's bistable resonance relative to a fixed frequency of driven oscillation, enabling 
it to switch between the bistable states. 
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In summary this thesis reports on new ways for characterizing motion and controlling dynamics 

of nano- and microscale systems with electron beams. 
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Chapter 1 Introduction  

Anything that moves piques human curiosity. Such movements can be faster, slower, visible, or 

invisible to our naked eyes. Planetary motion, cosmological events[7], chemical reaction 

processes[8], atomic and molecular motion[9], electron transport[10], molecular vibration, 

rotational motion[11], phonon transport in crystals and 2D materials[12], protein folding[13], 

osmosis[14], radiative recombination[15], etc, are a few among them. Observing, questioning, 

understanding, and sometimes replicating such events are crucial for technological and 

scientific progress. 

When it comes to the research community, a special interest is shown for the dynamics of 

nanomechanical structures/systems, as they find application across different scientific 

disciplines[16]. The constant improvement in nanofabrication techniques has helped in building 

small-sized artificial structures such as nanotubes[17], nanoparticles[18], thin-film membranes 

[19], micro- and nanomechanical structures (nanowires, cantilevers, double clamped bridges, 

etc.) that can serve as components of micro-and nanoelectromechanical systems (MEMS and 

NEMS)[20-23]. These developments had a significant influence on the growth of research fields 

such as plasmonics[24], nano-optomechanics[25], metamaterials[26], and the recent field of 

photonic metamaterial time crystals[27]. 

In comparison to larger structures, nanomechanical structures have low mass (pg or less) and 

exhibit faster thermomechanical movements (kHz-GHz range) with nm to sub-nm motion 

amplitude at room temperature[26]. Having a small mass implies such structures can respond 

quickly to external stimuli, which could perturb their natural dynamics. This has been exploited 

for designing sensors for detecting mass, pressure, temperature, charge, and force. At the same 

time, detecting such fast dynamics implies that events happening at correspondingly small-time 

scales can also be visualised.  

Nanomechanical systems can be externally driven to achieve nano-picometer scale 

displacements with the help of piezoelectric driving, acoustic driving, capacitive actuation, 

optical excitation, electromagnetic influence, thermal force, etc[28-30]. The mechanical 

behaviour of such a driven systems (including thermomechanical systems) can then be tuned or 

controlled by a light or electron beam probe.   

Functionalities of nanomechanical systems are underpinned by their fast mechanical motion. 

Therefore, understanding the driven and thermo-mechanical oscillations of such systems is vital.  
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Many techniques are used in detecting and imaging such motions, but each has its advantages 

and disadvantages. Recently, a hyperspectral imaging metrology was introduced[5], which 

utilises the secondary electron gradient in the displacement direction of a nanostructure and the 

nanometric spatial resolution of a scanning electron microscope (SEM) to visualise and 

understand such nanomechanical motions with picometre displacement resolution. 

Using electron-induced secondary emissions for nanomechanical motion studies raised a few 

questions. Can other electron-induced emissions, such as light in the form of 

cathodoluminescence (CL), be used for nanomotion visualisation? How charging and heating by 

the electron beam influence nanomechanics, and how can such effects be utilised rather than 

avoiding them. The objective of this thesis is to address these questions. 

1.1 Nanomechanics  

The possibilities and potentials of constructing machines and devices by arranging atoms one by 

one were one of the thought-provoking topics put forward by Richard Feynman when he gave his 

famous 1959 lecture, "There is plenty of room at the bottom"[31]. His lecture later inspired the 

field of 'nanotechnology'. The term 'nanotechnology' was first used by Norio Taniguchi in his 1974 

paper[32] as a term for the process of separating, consolidating, and deforming materials at the 

atomic or molecular level. The name got public attention through K. Eric Drexler's book 'Engines 

of Creation: The Coming Era of Nanotechnology' in 1986[33]. Microelectromechanical systems 

(MEMS) gained popularity in the 1960s-1980s with the invention of the resonant gate transistor 

(RGT)[34] and later with the advancement of silicon microfabrication, which led to the 

development of integrated MEMS devices, such as pressure sensors, accelerometers, and 

micromechanical resonators[35]. The era of atomic-scale manipulation started with the 

invention of the scanning tunnelling microscope (STM) in 1981[36]. It made the visualisation of 

atoms and bonds possible. The discovery was awarded the Nobel Prize in Physics in 1986. The 

STM was followed by the invention of the atomic force microscope (AFM) in 1989[37]. AFMs use a 

flexible cantilever with a sharp probe that deflects under the forces between the tip of the probe 

and the surface atoms. The probe can respond to extremely small forces of about 10−18 N. 

Combining it with STM setup it enabled surface profiling with 3 nm lateral resolution and 0.1 nm 

vertical resolution[37]. This formed the foundation to nanomechanics.  

In 1991, carbon nanotubes (CNTs) were discovered[38], which was inspired by the C60  or 

Buckminsterfullerene discovered in 1985[39]. The CNTs are of 2 to 30 nm in diameter and up to 

1 μm in length. They are considered to be the first nanomechanical structure. By 1996 fabrication 

of silicon nanocantilevers and resonators gained momentum due to the advancements in top-

down lithography[40]. They had dimensions below 100 nm with MHz-GHz resonance frequencies. 
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By combining nanomechanical structures with electronics for sensing, signal processing and 

biological detection, the early 2000s marked the bloom of nanoelectromechanical systems 

(NEMS).  

1.1.1 Nanomechanical structures in technology and science. 

As the physical dimension of objects decrease, the influence of electromagnetic, thermal, optical 

and quantum fluctuation forces become stronger and they can compete with the elastic force of 

the nanomechanical structures[26]. The small size improves sensitivity as minute interactions 

can translate into noticeable changes in mechanical responses such as change in resonance 

frequency, amplitude of motion or bending[41, 42].   

1.1.1.1 Nanomechanical sensors 

The fundamental mechanical resonance frequency of a resonator is given by, 𝑓𝑜 =
1

2𝜋
√𝑘/𝑚𝑒𝑓𝑓 , 

where 𝑘 is the spring constant and 𝑚𝑒𝑓𝑓  is the effective mass (explained in Chapter 2). This tells 

that if mass increases the resonance frequency will shift (Δ𝑓)  and the change in mass (Δ𝑚𝑒𝑓𝑓) is 

then, Δ𝑚𝑒𝑓𝑓 = −2𝑚𝑒𝑓𝑓Δ𝑓/𝑓𝑜 if the relative mass change is small. This implies that the resonance 

frequency decreases for mass added to the resonator (most common geometries are cantilever 

or bridge beam). This concept has been adopted to make nanomechanical mass sensors. Mass 

sensing with zepto-yoctogram scale (10−21 − 10−24 g) is reported in [6, 43] (Figure1.1a). With 

additional features such as an adsorbent layer or use of multiple mechanical oscillation modes, 

nanomechanical resonators find  huge applications for real-time and label-free detection of 

biomolecules, chemicals, pathogens, antigens, DNA, monitoring growth process  of molecules 

in chemistry, biology and nanotechnology[44]. 

Pressure sensors mostly involve suspended nanomechanical structures (e.g. membranes) that 

will deflect under different pressure. This change in pressure makes the membrane stretch or 

compress and this changes the tension and results in resonance frequency shift. A nano-

optomechanical gold-graphene-based pressure sensor is reported in [45]. The authors attach a 

suspend reflective gold-graphene membrane to one end of a hollow-core fiber (HCF) with the 

other end of the HCF acting acts as another mirror forming a Fabry-Perot cavity. Based on the 

pressure difference inside and outside the cavity the membrane tension changes and using an 

optomechanical readout, the shift in resonance frequency is detected (Figure 1.1c). This sensor 

claims to detect pressure differences of ~1 × 10−7mbar across a wide range of pressure 

(7 × 10−6 mbar− 1000 mbar). The pressure sensitivity reported was up to 1.38 × 106 kHz/mbar.  

Thermal expansion or contraction in response to temperature change will alter the stress and 

stiffness of nanomechanical structures. This in turn affects their resonance frequencies[46].  
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Resonance frequency as a function of stress for ideal double clamped bridges with rectangular 

geometry is discussed in Chapter 2. The smallest detectable temperature variation is limited 

depending on the detection instrument and measurement noise. A room temperature silicon 

nitride membrane resonator with 15 μK thermometry resolution is reported in [47] (Figure 1.1b). 

Temperature sensors find applications in health monitoring based on temperature variations of 

wearable devices, improving performance and longevity of electronic device (e.g. mobile phones, 

laptops etc.) by thermal monitoring, energy harvesting, studying heat transport in nanoscale 

materials etc. 

The electrostatic force exerted by charges near a nanomechanical resonator can affect its 

mechanical resonance frequency and quality factor. These are often due to capacitive coupling. 

In[48], a charge-detecting nanomechanical resonator that can detect changes in charge down to 

a single electron is presented. The authors use a gold-silicon beam (width 80 nm and varying 

length) suspended between two gate contacts. The gate contacts couple capacitively with the 

resonator. The resonator is actuated into a nonlinear regime by passing a radiofrequency (RF) 

current through the gates in the presence of an in-plane static magnetic field. By varying the 

electrostatic potential of another nearby gate electrode, a change in resonator hysteresis 

response is detected. The charge sensitivity reported was about 0.1𝑒/√Hz  which is equivalent to 

1𝑒/ √100 Hz. 

The capability of a nanomechanical resonator for detecting electric potential is demonstrated 

in[49] using an optically levitated dielectric nanosphere suspended inside a vacuum cell. The 

nanosphere is charged using UV/photoemission or corona discharge. Having a net charge 𝑞, an 

applied external electric field (𝐸𝑒𝑥𝑡) exerts a force (𝐹 = 𝑞𝐸𝑒𝑥𝑡) on the particle and it caused 

measurable shifts in its mechanical response and position. These tiny fluctuations are detected 

using forward or back scattered light. The detection sensitivity of around 800 μV/√Hz was 

reported. Similarly, nanomechanical resonator mechanics can change in response to magnetic 

field (𝐵) through Lorentz force (𝐹 = 𝐼. 𝐿 × 𝐵) if the resonator is carrying any electrical current (𝐼). 

It can also be due to magneto strictive effect that will change the stiffness of the resonator by 

magnetically-induced deformation[50] (Figure 1.1d). 

An ultrasensitive force sensor with  force sensitivity at the 40 × 10−21N/√Hz is presented in[51]. 

It consists of a suspended silicon carbide nanowire acting as a mechanical probe and optical 

readout is performed at extremely low temperatures (down to 32 ± 2 mK). Low temperature 

reduces thermal noise and mechanical damping. This enhances the force sensitivity. The change 

in local magnetic or electric fields, or temperature affect the sensor tip. The optomechanical 

readout quantifies these feeble forces. Such ultra-low force detection finds application in 
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fundamental physics at very low temperatures like single quantum spin detection and quantum 

vacuum fluctuations. 

 

Figure 1.1: Examples of nanomechanical sensors.(a) Schematics of a mass sensor: A gas injection 

system sprays the precursor gas, and a focused electron beam induces deposition of nanoparticles on a 

carbon nanotube. The variations in secondary electron signals are monitored using a spectrum analyser 

over the deposition period and the observed frequency shift is corelated to the deposited mass[6]. (b) 

Schematics of a temperature sensor; The thermoelastic effect shifts the mechanical resonance of a silicon 

nitride membrane which is mapped at different points along the membrane using the optical readout 

system[47]. (c) Illustration of a pressure sensor; The multilayer graphene (MLG)/gold membrane and the 

single mode fiber (SMF) end facet separated by a hollow core fiber (HCF) forms a Fabry-Perot cavity. 

Therefore, the pressure difference between the outside (𝑃𝑜𝑢𝑡) and the inside (𝑃𝑖𝑛) of the cavity affects the 

tension of the membrane and hence modify the resonance frequency. The variation is studied using optical 

pump and probe method [45]. (d) Schematics of a magnetic sensor chip: A doubly clamped graphene beam 

was suspended on the surface of a cavity. The magnetostrictive effect of 𝐹𝑒83𝐺𝑎17 to an applied magnetic 

field (𝐵𝑥 , 𝐵𝑦 , 𝐵𝑧) deforms the substrate, causing the two constrained edges of the graphene to generate 

tensile stresses in opposite directions. This changes the resonance frequency of the graphene beam. The 

change in frequency can be detected and correlated to the applied magnetic field[50]. 

 

1.1.1.2 Nanomechanical metamaterials 

Photonic metamaterials are artificially engineered electromagnetic media that are structured on 

the sub-wavelength scale whose properties arise from the design of their metaatoms or 

metamolecules[52]. Some of them rely on resonance excitations such as localised plasmonic 

modes for engineering the electromagnetic response.  With the precise arrangements of 
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metamolecules, the effective electromagnetic properties of such metamaterial or metasurfaces 

can be controlled. Having a control over the effective electric permittivity, effective magnetic 

permeability, wavefront shaping of both reflected and transmitted light in terms of amplitude, 

phase, polarisation, wavevector and total angular momentum, metamaterials started to be used 

as miniaturised optical and photonic devices[53, 54]. 

Independently controlling individual metamolecules spatially and temporally at any instant 

opens ups possibilities such as phase and intensity modulation of light, active wavefront control, 

controlling near field electromagnetic radiation etc[26]. Spatially reconfigurable nanomembrane 

metamaterial addresses this challenge by taking advantage of the changing balance of forces at 

nanoscale to rearrange metamolecules supported by a flexible structure such as a membrane. 

Spatially reconfigurable nanomembrane metamaterials will respond to electromagnetic forces 

(Ampere, Lorentz, and Coulomb) (Figure 1.2a and b), optical signals and thermal stimulation to 

dynamically alter their optical properties[26]. For example, when the electromagnetic forces 

compete with the elastic forces this can alter the mutual arrangements of metamolecules or 

change the shape of individual metamolecules which will affect the optical properties. Photonic 

devices made of reconfigurable metamaterials achieve giant thermal (Figure 1.2c)-/electro-

/magneto-/acousto-optical[55-60],  phase change[61], electro-chiral[58] (Figure 1.2h) and 

nonlinear optical responses[62]. Devices and applications that have been demonstrated on this 

basis include dynamic wave plate[63] (Figure 1.2f), dynamic colour filtering and displays[64] 

(Figure 1.2e) and dynamic beam focusing[65, 66] (Figure 1.2d) etc.  

When a system (an ensemble of nanowire oscillators alternatingly decorated with dissimilar 

plasmonic nanoparticles) is kept in the presence of an electromagnetic field, nonreciprocal 

interaction forces can emerge between dissimilar objects. This happens due to the difference in 

the radiation pressure induced by fields incident on and scattered from the dissimilar plasmonic 

nanoparticles on each other[67, 68]. When such systems interact with light intensity above a 

certain threshold level, a spontaneous transition in the nanowire ensemble is observed. It 

changes from a state of unsynchronised stochastic thermal motion (demobilised state) to a 

synchronised, high amplitude periodic oscillation (mobilised state). This is reported as a  

photonic metamaterial analogue of a continuous time-crystal [27] (Figure 1.2g).  
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Figure 1.2: Reconfigurable nanomechanical photonic metamaterials. (a) An electrostatic force driven 

meta electro-optic modulator[69]. (b) Plasmonic nanomechanical metamaterial actuated by the Lorentz 

force[70]. (c) Thermally reconfigurable nanomechanical metamaterial. The difference in thermal expansion 

coefficients of gold and silicon nitride layers makes the structure bend in different directions depending on 

heating or cooling[55]. (d) Illustration of a tuneable plasmonic metasurface with gold nanoparticles 

oriented at different angles. Longitudinal profile of transmitted beam for unstretched structure (stretch 

ratio, 𝑠 =100%) and stretched cases (𝑠= 115% and 130%) are shown. The focal length, 𝑓 is indicated[66]. 

(e) MEMS- cantilever controlled plasmonic colours for optical displays. The different plasmonic nanohole 

arrays for red (R), green (G) and blue (B) are shown as inset[64]. (f) MEMS dynamic waveplate[63]. (g) 

Photonic metamaterial analogue of a continuous time-crystal. The nanowire pairs have 𝜋-shaped 

plasmonic metamolecules[27]. (h) Electrogyratory metamaterial suspended above an ITO-coated glass 

back-plane. Static electric field actuates the nanomechanical material, changing its chirality and optical 

activity[58]. Scale bars in a-c, h is 2 μm; e, 50 μm (inset 250 nm); f, 500 nm and g, 5 μm long. 
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All the above-mentioned nanomechanical structures are of micrometre length and nanoscopic 

cross-section. Their mechanical resonance frequency increases from MHz to GHz as the physical 

dimension reduces to the sub-micron scale. Such structures have an average thermal motion 

amplitude of 100s of picometers. For reference, a silicon atom has a van der Waals diameter of 

~220 pm. These vibrations often get lost in the noise floor of measurements and cannot be 

imaged directly using conventional frame-rate-limited and diffraction-limited cameras. To study 

and fully understand the functionalities of such nanomechanical structures and devices, their 

motion must be accurately detected and visualised. For example, accurate detection of 

thermomechanical motion is a key factor in metrology, as it can provide a reference for calibration 

of displacement sensitivity[5]. 

1.2 Nanomechanical motion detection techniques 

Different optical/electrical/scanning probe-based techniques are employed to detect and image 

nanomechanical motion. A few of them are summarized below. 

Optical nanomechanical motion detection techniques mainly use lasers to study the dynamics. 

Laser interferometry is a leading technique that comes under this. It works by splitting and 

recombining the coherent laser beams to generate interference patterns which are sensitive to 

tiny optical path changes that result from the displacement of nanomechanical structures[71]. It 

offers extreme displacement  sensitivity (~1.2 fm/√Hz [72]) enabling measurements down to the 

quantum limit in nanoscale devices. There are several interferometric modalities discussed in 

[71], like a simple two-path interferometer that uses modulation in the relative path length via 

nanomechanical motion to measure displacement (Figure 1.3a.1). Cavity-enhanced laser 

interferometry that uses either optical microcavities (Figure 1.3a.3) or whispering-gallery modes 

(Figure 1.3a.2) to enhance sensitivity. Laser Doppler vibrometry (LDV) is another technique that 

employs a laser for the detection and imaging of nanomechanical motion. It measures the 

Doppler frequency shift of the laser light reflected from a vibrating surface. This frequency shift is 

proportional to the velocity component of the oscillating surface, which is along the laser beam 

direction. A reference beam is frequency shifted and mixed with the Doppler-shifted scattered 

light. Using a heterodyne detection scheme, this signal is demodulated to extract the 

instantaneous velocity of the oscillating surface[73]. Both schemes have high sensitivity to 

optical path length change and are employed in nanomechanical imaging by raster scanning; 

however, the lateral spatial resolutions are diffraction-limited.  

Scanning probe microscopy (SPM), such as atomic force microscopy (AFM), and scanning 

tunnelling microscopy (STM), utilises scanning probe near-field methods in the local detection of 

mechanical vibrations of individual nanostructures[74]. A nanoscale sharp physical probe is 
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scanned across the surface, and the interaction between the surface and the sample is 

monitored to map the topography, mechanical, magnetic, electronic, and chemical properties at 

the atomic or molecular scale. In [74], an SPM-based near field method that offers displacement 

sensitivity of 0.45 pm/√Hz is presented (Figure 1.3b). A plasmonic probe tip of an AFM cantilever 

is placed in proximity of an externally driven double clamped nanomechanical beam resonator. 

The tip has line gratings on it, which act as a local source when a laser is shone on it. The 

generated localised surface plasmons are focused on the apex of the tip, creating a confined 

near-field spot. The localised plasmons are scattered into the far field due to the interaction 

between the tip and the moving surface and are detected using a photodetector. The variation in 

the detected intensity carries information about the mechanical oscillation. However, as 

scanning probe techniques rely on a probe, which typically has substantial mass compared to 

the nanomechanical object being studied, the observed dynamics may be perturbed by the 

presence of the probe. Furthermore, stiction can happen when raster scanning the mechanical 

probe due to van der Waals or electrostatic interaction. 

Capacitive detection[75] is another nanomechanical motion detection technique (Figure 1.3c) 

that utilises electronics in displacement detection in MEMS and NEMS. Here, a change in 

capacitance between a mechanical resonator and a fixed electrostatic gate is measured to 

detect small motions. They offer sub-nanometre displacement sensitivity, but parasitic 

capacitance from wiring and other electrons often affects the sensitivity, hence requiring careful 

impedance matching and shielding. It senses motion along one axis and has spatial resolution 

limited by electrode size and configuration. This makes detailed mode shape mapping 

challenging without complex designs[76]. 

Electron microscopy offers superior spatial and temporal resolution (as discussed in Chapter 2) 

compared to conventional optical microscopy. It has been used for nanomotion characterisation 

through a pump-probe scheme in ultrafast transmission electron microscopy (UTEM), also 

known as 4D electron microscopy[77]. A femtosecond laser pulse (pump) excites the specimen, 

triggering ultrafast processes and electron pulses generated by photoemission from the cathode 

act as probes. The time delay between pump and probe pulses is scanned using optical delay 

lines, allowing observation of sample dynamics over time. Electron pulses in short intervals 

contain a smaller number of electrons, resulting in a lower signal-to-noise ratio. To compensate 

for this, the same event must be observed multiple times with varying delays between the trigger 

(pump) and probe (stroboscopic methods). This limits it to observation of repeatable motion and 

prevents continuous, real-time observation, i.e., observation of random (e.g., thermal) motion. It 

requires additional optics to initiate a laser pulse (clocking) and a precisely timed packet of 

electrons for imaging. Figure1.3d shows how the spatial location of a freestanding copper (Cu) 
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crystal cantilever has changed relative to the reference image (𝑡𝑟𝑒𝑓 = −10 ns) as a function of the 

time delay using 4D electron microscopy[78]. 

 

Figure 1.3: Selected existing nanomechanical motion detection and imaging techniques. (a) Different 

laser interferometry configurations:(1) Simple two-path interferometer, involving reflection off the 

displacing (𝛿x(𝑡)) mechanical device. (2) Cavity-enhanced measurement, time-dependent amplitude (a(t)) 

of the optical field within the resonator (the intensity or energy stored in the optical cavity changes over time 

as a function of the mechanical displacement) interferes with the light through a closely placed fiber. (3) 

Using a Fabry–Perot configuration. Figures taken from[71]. (b) A scanning probe microscopy technique: An 

atomic force microscopy (AFM) cantilever that supports the plasmonic nano focusing probe. The inset 

shows a near-field optical image of the fundamental vertical bending mode shape of the nanomechanical 

resonator. Scale bar is 2 μm long[74]. (c) Capacitive readout: An SEM image of a nanomechanical doubly 

clamped beam resonator made of aluminium on a silicon nitride membrane kept close to an aluminium 

gate. The inset shows typical device biasing. The gap varies based on the motion of the nanowire, which 

changes the capacitance and, consequently, the resonance readout[75]. (d) 4D electron micrographs of a 

nanoscale cantilever: Reference image is taken before (𝑡𝑟𝑒𝑓 = −10 ns) the arrival of clocking pulses. 

Subsequent images show the spatial location of the Cu crystal that changed relative to the reference image 

as a function of the time delay. The black spots are intentionally added to the substrate of the reference 

image to make sure that any sample drift can be distinguished from cantilever motion. The scale bar is 200 

nm long[78].  
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1.2.1 Secondary electron signals for nanomechanical motion detection 

Avoiding all the complexity and expenses of a UTEM, subatomic motion detection and 

visualisation using an SEM is presented in[5, 79]. The method utilises the variation in secondary 

electron flux arising from the displacement of a nanomechanical structure (such as a cantilever 

shown in Figure 1.4a) relative to the electron beam position. This method is built on the fact that 

an electron beam kept at the edge of a sample will generate relatively more secondary electrons 

(SEs) than on the surface of the same, and no SEs are generated if the electron beam does not hit 

the sample. So, if the electron beam is to be placed at the edge of an oscillating structure, small 

motions can translate to significant changes in the secondary electron (SE) detector output signal 

amplitude. These changes are proportional to the displacement and the SE signal gradient in the 

displacement direction at the position of the electron beam impact (Figure 1.4b).  

Conventional imaging techniques create motion blur when imaging moving objects if the 

displacement time scales are shorter than the frame rate. To avoid this, the time-dependent SE 

current is recorded at each point on the sample rather than integrating the signal over a fixed dwell 

time. This removes the coupling between object motion and frame rate, but there are still trade-

offs: the signal is still sampled in discrete time steps, which constrains temporal resolution and 

the detectable frequency range. This can be further utilised for raster-scan imaging by detecting 

the SE signals on selected frequencies or by computing the Fourier spectrum at each point (Figure 

1.4c). This way, a complete hyperspectral image can be created. Images constructed in this 

manner carry spatially resolved information on the mechanical motion phase and displacement 

amplitude within the detected frequency range. This hyperspectral motion visualisation (HMV) 

technique utilises the SEM's nanometric spatial resolution for imaging.  

A major advantage of using electron beam instead of photons as a probe for motion detection is 

the high spatial resolution, i.e. along with detecting the motion of the object, the moving object 

can also be imaged with few nm of spatial resolution. If the requirement is only to detect motion 

and not give an importance to imaging at high spatial resolution, then it can be achieved optically 

if the motion modulates the measured observable, such as total intensity[80], phase, 

polarization, speckle pattern statistics[81] or refractive-index readout[82] in time. In that case, 

the dynamic information is carried by the temporal dependence of the light signal detected with 

sufficient bandwidth and signal-to-noise in the time domain. 

The thermomechanical displacement power spectral density of an oscillator according to 

Wiener-Khinchin theorem is given by[83], 𝑆(𝑓𝑟) = 𝑘𝐵𝑇𝑓𝑜/2𝜋3𝑚𝑒𝑓𝑓Q [(𝑓𝑜
2 − 𝑓𝑟

2)2 +

(
𝑓𝑟𝑓𝑜

Q
)
2
].Where 𝑘𝐵, 𝑇, 𝑓𝑜, and Q are Boltzmann constant, temperature, natural frequency, and 
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quality factor. The thermal motion amplitude 𝑥𝑡ℎ is given by 𝑥𝑡ℎ = √∫ 𝑆(𝑓𝑟)𝑑𝑓𝑟
∞

0
. This technique 

offered a minimum detectable displacement with unitary signal-to-noise ratio of about 1pm for 

an integration time of 1 second, which is orders of magnitude better than the static imaging 

resolution of an SEM (a few nm).   

This technique has been used in mass sensing[6], ballistic motion detection[1], study of Casimir 

effect[84], thermal imaging[85], etc. Chapters 4 and 5 rely on this nanomotion detection 

technique. 

 

 

Figure 1.4: Thermomechanical motion visualisation of a cantilever using secondary electron signal. 

Static secondary electron image (DC image) of a 100 nm thick, 500 nm wide, 22 μm long gold-coated silicon 

nitride cantilever. (b) Line scan profile along AB marked on the DC image. The DC secondary electron signal 

and its corresponding gradient are plotted. (c) SE signal modulation amplitude image, while the cantilever 

is mechanically driven at 739.0 kHz (second-order out-of-plane resonant frequency) by a piezoactuator. (d) 

Amplitude spectral density (ASD) of the secondary electron signal measured at the point * marked in a and 

b. The peaks correspond to the first out-of-plane oscillatory mode, the first in-plane oscillatory mode, and 

the second out-of-plane oscillatory mode of the cantilever (as denoted by the inset schematics), 

respectively. The values are calibrated to displacement amplitude spectral density (right-hand axis). The 

peaks match well with the theory. Respective quality factors (Q) are also indicated for each mode. The scale 

bar on a and c is 2 μm. Figures acquired from[5]. 
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When an electron beam interacts with a nanomechanical resonator, it not only detects motion 

but also exerts a force back on the resonator, known as dynamic backaction[4]. This backaction 

arises because the momentum and energ  of the electrons couple to the resonator’s vibrations. 

Depending on the timing of this feedback, the beam can either damp the motion, reducing 

thermal fluctuations (cooling) [3], or amplify the motion, enhancing vibration amplitudes[86]. 

Chapter 4 and 5 demonstrate on how electron beam induced charging and heating affect 

nanomechanical dynamics. 

1.3 Thesis outlook 

To summarise, the dynamics of nanomechanical structures like cantilevers and bridge beams are 

important. They are the building blocks of MEMS/NEMS and nanomechanical photonic 

reconfigurable metamaterials. The response of a nanomechanical structure to an external 

stimulus is often characterised by a shift in its resonance frequency and a change in mechanical 

motion amplitude. Hence, accurately detecting such nanomechanical motion becomes crucial. 

This thesis investigates the in-plane nanomechanical motion of externally driven 

nanomechanical structures (cantilevers and bridge beams (nanowires)) using a scanning 

electron microscope. The thesis addresses three questions: One, can nanomechanical motion 

visualising be achieved using cathodoluminescence? Two, what happens to the nanomechanical 

behaviour if the nanomechanical structure gets charged by an electron beam due to poor 

grounding? Finally, can the nonlinear behaviour of nanomechanical structures be controlled 

using electron beam-induced heating? 

Chapter 2 is the background and methodology, where a general analytical equation for the in-

plane and out-of-plane eigen frequencies for nanomechanical cantilevers and beam bridges is 

provided. How stress can affect such eigenfrequencies are addressed there. Forced oscillator 

dynamics of a linear oscillator are also discussed in detail, as the nanomechanical structures 

used throughout this thesis are externally driven. Electron beam-sample interactions and 

different cathodoluminescence emission processes are introduced here. A detailed analysis of 

how to utilise the cathodoluminescence process for nanomotion detection, along with an 

analytical equation for the noise equivalent displacement at a unity signal-to-noise ratio, is also 

derived. An equation that incorporates the electron beam position and electron beam diameter 

is also provided. These equations are tested using numerical simulations using a gold 

nanoparticle. The theory was tested using a spectrometer to determine if plasmonic material was 

a suitable choice for establishing the technique and to guide the selection of a brighter material 

(gallium nitride).  
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Chapter 3 reports the experimental demonstration of nanomotion detection and visualisation 

using cathodoluminescence. The stud  emplo s three e ternall  driven GaN/Au/Si₃N₄ 

nanocantilevers of differing lengths, all driven in-plane. Their mechanical motion amplitudes are 

detected using lock-in detection. Nanomechanical motion imaging is also demonstrated using 

one of the cantilevers driven at its detected in-plane mechanical resonance frequency. Its 

mechanical displacement amplitude image, phase image, and mode profile are also shown.  

Chapter 4 addresses how electron-induced charging affects nanomechanics. Here, the 

secondary electron detection scheme for nanomotion detection was utilized. Two identical 

cantilevers made with the same materials (GaN/Au/Si3N4) with one of them isolated by milling of 

the electrically conductive layer material at its anchor point, are externally driven to move in-

plane. By setting the electron beam in 'spot mode' and changing its spatial location relative to one 

edge of each cantilever, a shift in resonance frequency is observed. A simple mathematical 

model is introduced to explain such dynamics. The analytical model aligns with the experiment, 

and the equation connects the resonance frequency of the nanomechanical structures to charge 

and electron beam parameters, such as beam current and acceleration voltage. The mechanical 

behaviour is also tested by variation of the beam current. 

Chapter 5 looks into the nonlinear dynamics of a freestanding nanowire that is externally driven 

in-plane. Here, how electron beam-induced heating affects nonlinear behaviour is studied, such 

as the bistable resonant behaviour of a Duffing oscillator. The electron-beam-induced frequency 

shift in such behaviour is demonstrated in two ways: One, by fixing the electron beam at different 

locations from the edge of the nanowire and then doing a driving frequency sweep. Two, by fixing 

the frequency and doing an electron beam position sweep. A key finding is that the bistable 

mechanical states of a nanomechanical Duffing oscillator can be controlled and switched using 

an electron beam.  

Finally, in the last chapter, a summary of all chapters is provided, with an emphasis on the key 

takeaways and some future implications. 
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Chapter 2 Background and establishing methodology 

The scientific and technological importance of nanomechanical resonating structures were 

discussed in Chapter 1. With low mass and fast response times (kHz to GHz frequency), they are 

a potential candidate for many applications[43, 87, 88]. Progress in nanofabrication techniques 

has reduced the dimensions of such systems, making them more susceptible to external stimuli 

(e.g., pressure from colliding with air molecules, temperature, etc.). The functionalities of 

nanomechanical resonating structures depend on their movement, and perturbing noises can 

compromise their performance. Cantilevers, beams, strings, and membranes are the simplest 

and widely used forms of such resonators. These can be easily fabricated on commercially 

available, free-standing membranes. An advantage of such resonators is the wealth of analytical 

equations that connect their mechanics to their geometrical and material properties. These 

analytical models can also be used to predict how such resonators respond to external stimuli. 

The chapter begins by discussing the mathematics that describes the eigenfrequencies of 

flexural modes in resonating structures, such as cantilevers and bridges. These are the resonator 

structures which were used in the experimental parts of this thesis. The section concludes with 

an analytical expression for the resonance frequency as a function of tensile stress. Such fast-

oscillating low mass (~ pg) resonating structures are susceptible to perturbation due to external 

stimuli that can affect their mechanics, whether they are thermally driven or externally driven. All 

the works presented in this thesis utilise forced oscillations of such resonators. Hence, forced 

oscillator dynamics and their numerical simulations are addressed in Section 2.2.1. The third part 

addresses the benefit of the electron beam as a probe over the optical probe. This section will 

discuss cathodoluminescence and various forms of cathodoluminescence emission 

mechanisms. Chapter 3 addresses the use of cathodoluminescence for nanomechanical motion 

detection; hence, from Section 2.6 onwards, a detailed description of how this technique can be 

achieved will be provided. Towards the end of this chapter, the reason for using a brighter 

material, such as gallium nitride, over a plasmonic material like gold to establish the technique 

is addressed. The method of material deposition is also addressed in these sections. 

2.1 Mechanical eigenfrequencies of nanomechanical structures 

The Euler-Bernoulli beam model is used to describe the bending of narrow mechanical beams. A 

mechanical beam is said to be narrow when its length is much greater than its thickness (𝐿/ℎ > 

10). This model simplifies the problem by assuming that the beam does not experience shear 

deformation or rotational inertia. As explained in[83, 89], if the beam is made of a linear elastic 
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material and has the same cross-section along its length, its motion can be described by the 

following differential equation, 

𝜌𝐴
𝜕2𝑈(𝑥, 𝑡)

𝜕𝑡2
+

𝐸𝑀𝜕4𝑈(𝑥, 𝑡)

𝜕𝑥4
= 0 

2.1 

 Where 𝜌 denotes the material density, 𝐴 the cross-sectional area, 𝐸 the Young's modulus, 𝑀 the 

geometric moment of inertia, and 𝑈(𝑥, 𝑡), the displacement function. The solution can be 

expressed as the product of a spatially dependent and time-dependent function. 

𝑈(𝑥, 𝑡) = ∑ 𝜙𝑛(𝑥)𝑢𝑜,𝑛𝑐𝑜𝑠(𝜔𝑛𝑡)

∞

𝑛=1

 2.2 

where 𝜔𝑛 is the eigen frequency of the structure, 𝑛 indicates the vibrational mode number, 𝑢0 is 

the amplitude and 𝑡 is the time. The general solution to the mode shape function 𝜙𝑛(𝑥) is of the 

form, 

𝜙𝑛(𝑥) = 𝑎𝑛cos (𝛽𝑛𝑥) + 𝑏𝑛s n (𝛽𝑛𝑥) + 𝑐𝑛cosh (𝛽𝑛𝑥) + 𝑑𝑛s nh (𝛽𝑛𝑥) 2.3 

Here 𝛽𝑛 is the wavenumber of the nth mode (units: m-1), and the first two trigonometric terms in 

the above equation describe standing waves in the beam. The last two hyperbolic terms indicate 

the influence of the clamping on the vibration. The above equation tells that the beam oscillation 

has a specific vibrational mode, each with a unique spatial shape. Equation 2.1 then becomes, 

−𝜌𝐴𝜔𝑛
2𝑈(𝑥, 𝑡) + 𝐸𝑀𝛽𝑛

4𝑈(𝑥, 𝑡) = 0 2.4 

 This gives the equation for angular eigen frequencies as a function of wavenumber, 

𝜔𝑛 = 𝛽𝑛
2√

𝐸𝑀

𝜌𝐴
 

2.5 

When the mechanical beam is fixed at one end and the other end is free to oscillate (cantilever), 

the boundary conditions that describe such a system are as follows[89, 90], 

𝜙𝑛(0) =
𝜕𝜙𝑛(0)

𝜕𝑥
=

𝜕2𝜙𝑛(𝐿)

𝜕𝑥2
=

𝜕3𝜙𝑛(𝐿)

𝜕𝑥3
= 0 

2.6 

  Similarly, for a double clamped beam, the ends are fixed, hence the boundary conditions are, 

𝜙𝑛(0) =
𝜕𝜙𝑛(0)

𝜕𝑥
= 𝜙𝑛(𝐿) =

𝜕𝜙𝑛(𝐿)

𝜕𝑥
= 0 

2.7 

With  Λ𝑛 = 𝛽𝑛𝐿, and enforcing the boundary conditions, we can determine Λ𝑛 as well as 𝑎𝑛,

𝑏𝑛,  𝑐𝑛, 𝑎𝑛𝑑 𝑑𝑛 for the cantilever and a double clamped beam for 𝑛 = 1,2,3, 𝑛 > 3[89]. The values 

are provided in Table 2.1. 
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Table 2.1: Values of the mode-dependent parameter Λ𝑛 for cantilever and bridge 

Mode number (𝑛) 
Λ𝑛 

Cantilever Double-clamped beam (Bridge) 

1 1.8751 4.7300 

2 4.6941 7.8532 

3 7.8548 10.9955 

𝑛 > 3 (𝑛 − 1)𝜋 + 𝜋/2 𝑛𝜋 + 𝜋/ 2 

 

For a beam with rectangular cross-section, the moment of inertia while considering the in-plane 

motion (along the width, 𝑊) is 𝑀 = ℎ
𝑊3

12
 and for out-of-plane motion (along the 

thickness, ℎ ), 𝑀 = 𝑊
ℎ3

12
 . Therefore, with an area 𝐴 = 𝑊ℎ, the equation for the in-plane flexural 

mode (along the plane of the structure),  

𝑓𝑛 =
𝜔𝑛

2𝜋
=

Λn
2𝑊

2𝜋√12𝐿2
√

𝐸

𝜌
 

2.8 

 and for out-of-plane (along the thickness direction), 

𝑓𝑛 =
Λ𝑛

2 ℎ

2𝜋√12𝐿2
√

𝐸

𝜌
 

2.9 

The analytical formulas are verified with numerical simulations. A simple cantilever and a 

nanowire (double clamped beam) with rectangular cross-section is considered for that. Stress-

free silicon nitride (Si3N4  is used as the material with length 𝐿 = 25 μm, thickness ℎ = 50 nm, width 

W =  00 nm, Young’s modulus 𝐸 = 260 GPa, density 𝜌 = 3100 kg/m3. The simulations were done 

with the finite element method (FEM) modelling using COMSOL Multiphysics. Since all the 

oscillations considered in this thesis are in-plane, Equation 2.8 is used to calculate the analytical 

mechanical in-plane eigenfrequencies for the first three modes of the cantilever (nanowire). The 

estimated values were 473.41 kHz (3.01 MHz), 2.96 MHz (8.30 MHz), and 8.30 MHz (16.28 MHz), 

respectively. The values are in good agreement with the simulated values: 473.43 kHz (3.01 MHz), 

2.96 MHz (8.30 MHz), and 8.30 MHz (16.26 MHz), respectively. The simulated mode shape and its 

respective in-plane resonance frequencies are shown in Figure 2.1. 
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Figure 2.1: Simulated mode shapes and corresponding in-plane eigen frequencies of a stress-free 

silicon nitride nanoresonator with length L = 25 μm, thickness h = 50 nm, and width W = 200 nm. (a) The 

first three modes of a cantilever's in-plane oscillation. (b) The first three modes of a nanowire's in-plane 

oscillation.  

 

The simulation shows the position of the cantilever and the nanowire where maximum 

displacement is expected. Since only the first in-plane modes are considered throughout the 

thesis, keeping the probe  electron beam  ne t to the tip of a cantilever’s edge and near the middle 

of a nanowire’s edge will ensure good signal detection, as the amplitude of mechanical 

oscillation will be high at these locations. 

The case presented above considers a stress-free mechanical beam. However, due to the design 

or because of fabrication procedures, the thin films and membranes used for the fabrication of 

such nanomechanical structures are pre-stressed. High stress is favoured in free-standing 

membranes as it enhances the quality factor of the resonance frequencies. In mechanical 

beams, increasing tensile stress (𝜎) will increase the resonance frequencies. Following [89], the 

analytical expression  for the stress-dependent resonance frequency of a mechanical beam has 

the form, 

𝑓𝑛 =
Λ𝑛

2

2𝜋𝐿2
√

𝐸𝑀

𝜌𝐴
√1 +

𝜎𝐴𝐿2

𝐸𝑀𝜆𝑛
2  

2.10 

 a 

 b 

473.43 kHz  .    Hz  .30  Hz

3.01  Hz  .30  Hz 1 .    Hz
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 The additional stress-dependent term, √1 +
𝜎𝐴𝐿2

𝐸𝑀Λ𝑛
2   multiplied by the stress-free eigenfrequency 

term, Λ𝑛
2

2𝜋𝐿2 √
𝐸𝑀

𝜌𝐴
    tells that an increase in stress increases the resonance frequencies. A relevant 

example is tuning the strings of a guitar by adjusting their tension. Equation 2.10 shows that stress 

can act as a tuning parameter for nanomechanical resonance frequencies, and this idea was 

utilised to control the bistable response of a nanomechanical wire in Chapter 5. Figure 2.2 shows 

how the in-plane resonance frequency of the first mode changes as a function of stress. The same 

Si3N4  nanowire geometry used for numerical simulation in Figure 2.1b is used here.  

 

Figure 2.2: Fundamental in-plane resonance frequency as a function of stress of a silicon nitride 

nanowire. The simulated first mode is provided as an inset.  

2.2 Dynamics of nanomechanical structures 

The free vibration (eigen frequency) of mechanical resonators was discussed in Section 2.1 
without considering any dissipative forces; hence, the energy remained constant. In reality, 

mechanical vibrations of elastic elements like beams, strings, and membranes store potential 

energy as deformation energy like a spring. When such elements displace from their rest position, 

the restoring forces cause the system to accelerate back to its original position, provided the 

displacement force is within the elastic limit of the element. While restoring the original position, 

the physical system generates kinetic energy and traverses the equilibrium position and 

displaces to the opposite direction. This generates a new deformation energy. The dissipative 

forces prevent this periodic energy conversion from sustaining itself indefinately and dampen the 

periodic oscillation amplitude over time. In a real vibrational system, dissipation can occur in 

Stress,   pa 
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various ways, primarily based on the interaction with the medium surrounding the resonator, 

energy losses from the resonator's clamping location, and intrinsic losses within the bulk and 

surface of the resonator materials[89, 91-93]. 

When the nano resonator is in a gaseous medium, the damping is attributed to momentum 

transfer between gas molecules and the resonator, occurring at a rate proportional to their 

relative velocity. The ratio between the mean free path of the gas molecules and the physical 

length scale of the nanomechanical beam (Knudsen number 𝐾𝑛) determine what losses 

dominate for the damping mechanism[94]. When the 𝐾𝑛 < 0.01, the gas behaves like an 

incompressible viscous fluid, and the energy dissipation is due to the viscous flow of the fluid 

around the mechanical resonator.  

In all the experimental studies presented in this thesis, the nanomechanical resonators were kept 

in the high vacuum chamber of the SEM (~10−6 mbar). A low gas pressure means a high 𝐾𝑛 and 

for samples kept at such low pressures, 𝐾𝑛 can be way greater than 10.  In such cases, the 

intrinsic losses contribute to the dissipation. The phonon-phonon scattering, acoustic-thermal 

phonon scattering (thermoelastic damping), phonon-electron scattering, and surface losses are 

a few such intrinsic dissipation mechanisms[89, 91-93]. There will also be damping through the 

anchor sites of the resonator over which the vibrational energy is radiated into the environment. 

Overall, the dissipation factor is, 

Qtotal
−1 = ∑𝑄𝑖

−1 2.11 

 Where 𝑄𝑖
−1 is the contribution from each of the dissipation mechanisms. 

2.2.1 Forced oscillator dynamics 

The nanomechanical resonators used in the thesis (cantilevers and nanowires with rectangular 

cross-section) are under forced oscillation. Hence, their dynamics can be studied with the help 

of a 1D damped harmonic oscillator model under forced oscillation. Assuming the 

nanomechanical resonator is oscillating in the 𝑥 direction, following [83, 89, 91, 95-97], the 

dynamics of the nanomechanical resonator 𝑥(𝑡) with an effective mass 𝑚𝑒𝑓𝑓  are described as, 

𝑚𝑒𝑓𝑓𝑥̈(𝑡) + 𝑏𝑥̇(𝑡) + 𝑘𝑥(𝑡) = 𝐹𝑒𝑥𝑡(𝑡) + 𝜉(𝑡) 2.12 

 Where, 𝑥̈ is the acceleration, 𝑥̇ is the velocity, 𝑏  is the damping coefficient, 𝑘 is the spring 

constant, and 𝜉(𝑡) is the Langevin random thermal force. If the resonator experiences any 

electrostatic forces, they must also be included in Equation 2.12. This is shown in Chapter 4. 
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Assuming an external periodic sinusoidal driving force 𝐹𝑒𝑥𝑡(𝑡) = 𝐹𝑜cos (𝜔𝑑𝑡), where  𝜔𝑑 is the 

driving angular frequency, 𝐹𝑜 is the amplitude of the driving force, and considering that 𝐹𝑒𝑥𝑡(𝑡) >> 

𝜉(𝑡), the effect of the thermal force 𝜉(𝑡)  can be neglected in the following derivation. Equation 

2.12 becomes,  

𝑥̈(𝑡) + 𝛾𝑚 𝑥̇(𝑡) + 𝜔𝑚
2 𝑥(𝑡) =

𝐹𝑜𝑐𝑜𝑠 (𝜔𝑑𝑡)

𝑚𝑒𝑓𝑓
 2.13 

Where, 𝜔𝑚 = √𝑘/𝑚𝑒𝑓𝑓  is the undamped angular frequency, as discussed in Section 2.1. The 

dissipation factor is defined as  𝛾𝑚 =
𝑏

𝑚𝑒𝑓𝑓
= 2𝜁𝜔𝑚 , where  𝜁 = 𝑏/(2√𝑘𝑚𝑒𝑓𝑓) denotes the 

damping ratio. Following [89],  the steady state solution is derived by assuming a complex variable 

for the driving force 𝐹𝑒𝑥𝑡(𝑡) = 𝐹𝑜𝑒
𝑖𝜔𝑑𝑡 and a trial solution 𝑥(𝑡) = 𝐴𝑜𝑒

𝑖(𝜔𝑑𝑡−𝜑) where 𝐴𝑜 is the 

amplitude of mechanical oscillation and 𝜑 is the phase angle. Substituting the trial solution into 

Equation 2.13 and solving will give, 

(−𝜔𝑑
2 + 𝛾𝑚 𝑖𝜔𝑑 + 𝜔𝑚

2 ) 𝐴𝑜𝑒
𝑖(𝜔𝑑𝑡−𝜑)  =  

𝐹𝑜𝑒
𝑖𝜔𝑑𝑡

𝑚𝑒𝑓𝑓
 2.14 

 Which reduces to, 

(−𝜔𝑑
2 + 𝛾𝑚 𝑖𝜔𝑑 + 𝜔𝑚

2 ) 𝐴𝑜 =
𝐹𝑜𝑒

𝑖𝜑

𝑚𝑒𝑓𝑓
 2.15 

After expanding and separating real and imaginary parts, the amplitude as a function of driving 

frequency becomes, 

𝐴𝑜(𝜔𝑑) =

𝐹𝑜
𝑚𝑒𝑓𝑓

√(𝜔𝑚
2 − 𝜔𝑑

2)2 + (𝛾𝑚𝜔𝑑)2
 2.16 

 And the phase, 

𝜑(𝜔𝑑) = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝜔𝑑𝛾𝑚

𝜔𝑚
2 − 𝜔𝑑

2) 2.17 

Equations 2.16 and 2.17 can be qualitatively understood from Figure 2.3, where three different   

𝛾𝑚 are considered (units are ignored here). When  𝜔𝑑 nears 𝜔𝑚, the amplitude of a slightly 

damped resonator system attains maximum amplitude and a phase shift of 𝜋/2, That is, from 

Equations 2.16 and 2.17,  𝐴𝑜 = 𝐹𝑜/(𝑚𝑒𝑓𝑓𝜔𝑚𝛾𝑚)  and  𝜑 = 𝜋/2. The frequency at which the highest 

amplitude is achieved is called the resonance frequency 𝜔𝑜 and is found at 𝜕𝐴𝑜

𝜕𝜔𝑑
= 0, 
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𝜔𝑜 = √(𝜔𝑚
2 − 𝛾𝑚

2 /2 ) = 𝜔𝑚√1 − 2𝜁2 
2.18 

For all the nano resonators considered in the thesis  𝛾𝑚 ≪ 𝜔𝑚 hence, 𝜔𝑜 ≈ 𝜔𝑚. This can be seen 

in Figure 2.3a. As the damping rate decreases, the mechanical motion amplitude increases, and 

a sharp peak is observed. The slope of the corresponding phase response (Figure 2.3b) at 

resonance also becomes steeper with lower damping. Following [89], in the limit of a small 

damping rate (𝛾𝑚 ≪ 𝜔𝑚) the quality factor Q ≈ 1/2𝜁  is inversely affected by damping  factor 

 (𝛾𝑚 ≈ 𝜔𝑜/Q).  Under this condition the full width half maximum (FWHM) of the resonance 

amplitude curve becomes approximately equal to 𝛾𝑚. Quality factor is a dimensionless 

parameter that acts as the amplification factor of the vibration of a linear resonator at resonance.  

It quantifies the damping time (𝜏𝑑 = 𝛾𝑚
−1 = Q/𝜔𝑜) or how many cycles are needed for the 

nanomechanical resonator to lose its energy to the environment. It is also defined as, 

Q = 2𝜋 (
𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚

𝐸𝑛𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑡 𝑝𝑒𝑟 𝑐𝑦𝑙𝑐𝑒 𝑜𝑓 𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑖𝑜𝑛
 ) 2.19 

   

 

Figure 2.3: Mechanical motion amplitude (a) and phase (b) of mechanical oscillators as a function of 

driving frequency for different dissipation factors (𝛾𝑚). 
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In this section, instead of using the total geometrical mass 𝑚, the effective mass (𝑚𝑒𝑓𝑓) of the 

resonator was considered. This is because the displacement along the resonator is not uniform 

across its length, and a correction is required to capture how the displacement is along the 

structure. The effective mass provides this correction, allowing the amplitude of motion to remain 

unchanged while properly reflecting the displacement profile. For a resonator vibrating in its 𝑛𝑡ℎ 

mode, the effective mass can be derived from its potential energy. Following [83], if the resonator 

is divided into infinitesimal volume elements 𝑑𝑉 each with mass 𝑑𝑚 = 𝜌 𝑑𝑉, the potential energy 

of each element can be expressed as, 

1

2
 𝑑𝑚 𝜔𝑛

2 𝑼(𝒓, 𝑡)2 =
1

2
𝜌 𝑑𝑉 𝜔𝑛

2 |𝑥𝑛(𝑡)𝝓𝑛(𝒓)|
2 

2.20 

 Where 𝑥𝑛(𝑡) is determined from mapping each mechanical mode to a damped harmonic 

oscillator. 𝝓𝑛(𝒓)  is the normalised three-dimensional mode shape. Volume integral over the 

entire structure will give, 

1

2
𝜔𝑛

2|𝑥𝑛(𝑡)|
2 ∫𝜌 | 𝝓𝑛(𝒓)|2 𝑑𝑉 =

1

2
𝜔𝑛

2|𝑥𝑛(𝑡)|2𝑚𝑒𝑓𝑓,𝑛 
2.21 

Which implies that while considering one-dimensional motion of resonators with uniform cross-

section, such as the ones used in this thesis, the effective mass can be determined by, 

𝑚𝑒𝑓𝑓,𝑛 = 𝜌𝐴∫ | 𝜙𝑛(𝑥)|2 𝑑𝑥
𝐿

0

 
2.22 

For ideal geometries with uniform density distribution, a mode-independent value is obtained for 

the mass ratio (𝑚𝑒𝑓𝑓/𝑚)[83, 98]. That is for a single-material cantilever beam of uniform 

rectangular cross-section, 𝑚𝑒𝑓𝑓 = 0.25𝑚, while for a single-material bridge beam 𝑚𝑒𝑓𝑓 = 0.4𝑚. In 

general cases the volume integral can be numerically evaluated using methods like finite element 

modelling. 

Having discussed the mathematics of nanomechanical resonators’ motion in the preceding 

sections, the focus now shifts to the problem of detecting and visualising their motion. At smaller 

dimensions, the thermal (i.e., Brownian) motion of such objects under vacuum, which are driven 

"internally" by momentum transfer from the annihilation, creation, and interference of phonons 

[99], becomes important. The thermal motions have pico-nanometric displacement amplitudes 

for different eigenfrequencies. Observing the variation in that displacement can be used to sense 

anything that influences such motion, such as temperature, acceleration, pressure, etc. Hence, 

accurate detection of such motions becomes important. A few of the important methods were 

discussed in Chapter 1, which concluded with a technique that utilises an electron beam as a 

probe. 
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2.3 Electron as a probe 

Abbe's law of diffraction[100] restricts the resolution of conventional optical microscopy, 

because two points that are spaced less than half the free space wavelength (𝜆0) cannot be 

resolved by a conventional optical microscope. A beam of fast electrons could be used as an 

alternative source since an electron has a de Broglie wavelength which is many orders smaller 

than a photon of the same energy (e.g., a 2 eV electron's wavelength is 0.86 nm and a photon at 

the same energy has a wavelength of 620 nm)[101]. Increasing the electron's energy further 

reduces its de Broglie wavelength. For example, an electron with an energy of 10 kV (SEM 

acceleration voltage used throughout this thesis) has a de Broglie wavelength of approximately 

12 pm. This makes electrons a perfect source for imaging nano samples with high spatial 

resolution. The difference in using optical and electron-based techniques for studying a 

nanoscale object is shown in Figure 2.4. 

 

Figure 2.4: Difference between an optical probe and an electron probe. Bright-field transmission 

electron micrograph of a 125 nm long gold rod on a 𝑆𝑖3𝑁4 membrane, which acts as a nanoantenna and is 

resonant at 𝜆0 = 750 nm. The scale bar is 50 nm. The overlaid red circle represents a diffraction-limited spot 

for¸ 𝜆0  = 750 nm and a numerical aperture = 1. The small blue dot represents a 5 nm electron beam (to 

scale). The magnified image of the area enclosed by the grey dashed circle shows the higher spatial 

resolution of an electron beam. Image adapted from[101]. 

2.3.1 Electron beam-sample interaction 

When electron beams (typically 0.1 kV to 400 kV in energy/electron) interact with a sample inside 

an electron microscope, they can scatter off the sample elastically and inelastically[102-104]. 

Such a scattering process gives rise to many interaction products such as secondary electrons 

(SEs), backscattered electrons (BSE), X-radiation, Auger electrons (AE), cathodoluminescence 

(CL), transmitted electrons (for thin samples), absorbed specimen current and localised heating 
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(shown in Figure 2.5a). Most electrons of an incident electron beam (also referred to as the 

primary electron beam in this thesis) come to rest within a droplet-shaped volume known as the 

interaction volume. The size of the interaction volume increases with increasing acceleration 

voltage (V𝑒) and decreases with increasing atomic number (𝑍). The different types of interaction 

products typically arise from a certain depth of the material thickness when the electron beam is 

incident on the material (Figure 2.5b). 

 

Figure 2.5: Electron beam-specimen interaction.(a) Different secondary emissions resulting from 

electron beam interactions, along with their corresponding energy distributions. (b) Interaction volume and 

different parts where signals are emitted. Images are adapted from[103]. 

The primary electrons inelastically collide with the atoms on the surface of the sample, and the 

outermost electrons are detached from the atoms. These electrons, with low kinetic energy (< 50 

eV), are emitted into the vacuum as secondary electrons. Since the SE is formed at the surface of 

the specimen, it is used for high-resolution surface imaging in electron microscopes. Fewer SEs 

are emitted from a flat surface than from an oblique surface and edges because more surface is 

interacting with the primary electron beam in the latter cases. This is why the edges of samples 

imaged using an SEM look brighter. Backscattered electrons (BSE) are primary beam electrons 

that undergo elastic collisions with atoms in the sample and are deflected back out of the 

material. The higher the atomic number (𝑍), the greater the backscattering effect. This sensitivity 

to 𝑍, along with X-ray spectra, is used in analytical SEM to identify the bulk specimen material. 

Due to them (BSEs) emerging from deeper locations of the sample, they have lower resolution 

than SE when used for imaging. X-rays are formed when an incoming electron knocks an electron 

off the innermost shell of an atom, and that vacancy is filled by an electron from a higher atomic 

orbital. They are suitable for elemental identification using wavelength-dispersive or energy-

dispersive X-ray spectroscopy (WDX or EDX). Auger electrons are emitted along with the X-ray 

photons as a result of a secondary process. When the X-rays are emitted, some of them get 

reabsorbed, knocking out an electron from the upper shell. AE is used for elemental analysis of 
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the surface. The bombardment of primary electrons also generates light, known as 

cathodoluminescence (CL). 

The energy of the CL photons can vary from 1 eV to 5 eV (infrared, visible, and ultraviolet light) and 

is generated through different processes, which are covered in Section 2.5. After utilising the 

primary electron beam for all the above-mentioned processes, the remaining net electron current 

on the specimen is conducted to earth via a high-tension circuit. If not grounded properly or if the 

sample is a semiconductor or an insulator, the primary electron beam can build up negative 

charge on the sample. This can affect the imaging process; hence, thin conductive layers are 

added to avoid this. Chapter 4 discusses how electron-induced charging can impact 

nanomechanical response. The excess energy of the electrons remaining after all the ionisation 

and emission processes will be converted to heat. Chapter 5 discusses how such heating can be 

utilised to control the bistable behaviour of nanomechanical resonators. For thin samples, the 

primary electrons can penetrate through them. The energy of the transmitted electrons varies 

depending on the type of collisions the primary electrons undergo with the sample as they 

propagate through it. It can be elastically scattered electrons (zero to small energy loss), 

inelastically scattered electrons (varying amount) or unscattered electrons (no energy loss). They 

are used in elemental analysis using the electron energy loss spectrum (EELS).   

Recently, the secondary electron current gradient was used to study picometre movements of 

nanomechanical structures [5] (see Chapter 1). This led to the question of using other forms of 

emission signals, such as those mentioned above, for visualising nanomechanical motion. Light 

emission in the form of cathodoluminescence (CL) seems to be an excellent candidate. 

Cathodoluminescence nanoscopy has advanced over the last few decades[105]. The emitted 

light from the interaction of an electron beam with a material carries much information encoded 

in its spatial, temporal, angular, and spectral distribution, as well as its phase and intensity. This 

features finds applications in determining the polarisation of the light[106], nanoscale relative-

phase mapping[107], optical properties of nanostructures[108], the local density of optical states 

(LDOS)[109], resonant plasmonic modes of nanostructures[110], tomography[111], thermal 

properties of nanostructures[112] etc. Using a pulsed electron beam generated by a laser-driven 

photocathode[113] or through an electrostatic beam blanker[114] and a fast detector, the 

emission decay as a function of time can be tracked, allowing measurement of excited state 

lifetimes and carrier dynamics. This enables time-resolved cathodoluminescence 

measurements. This technique has been reported to be used in the study of exciton-carrier 

dynamics[115, 116] and ionisation radiation-induced excited states in DNA[117]. A hybrid 

measurement with continuous and pulsed electron beam, along with photon time correlation, is 

employed to study excitation and emission processes in a wide range of materials. The sample is 
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excited by a continuous electron beam, and the interval between detected photons emitted from 

the sample is measured using time-correlated single photon counting (TCSPC) or other 

correlation methods (𝑔(2)) to study the lifetimes of quantum emitters, such as point defects in 

hBN[118] and NV centres in diamond[119, 120]. 

Though CL shows the potential for detecting lifetime events, to the best of my knowledge, no 

nanomechanical motion detection technique has been demonstrated using 

cathodoluminescence. Emissions such as X-rays, AE, BSE, and transmitted electrons are beyond 

the scope of this thesis. 

2.4 Electromagnetic field of an electron moving in a vacuum 

An electron (a point charge) travelling in a vacuum with constant velocity does not radiate, since 

electron dispersion lies outside the light cone of free space [121]. Therefore, the electromagnetic 

(EM) fields associated with the electron decay exponentially away from its trajectory. The spatial, 

spectral dependence of the electric field (𝑬(𝒓𝒆, 𝜔𝑒)) and magnetic field (𝑯(𝒓𝒆, 𝜔𝑒)) (in Gaussian 

units) of an electron moving in a vacuum is given by[121-123], 

𝑬(𝒓𝑒 , 𝜔𝑒) =
2𝑒𝜔𝑒

𝑣𝑒
2𝛾𝑒𝜀𝑀

 𝑒
𝑖𝜔𝑒𝑧𝑒

𝑣𝑒  [
𝑖

𝛾𝑒
𝐾0 (

𝜔𝑒𝑅𝑒

𝑣𝑒𝛾𝑒
 ) 𝒛̂𝑒 − 𝐾1 (

𝜔𝑒𝑅𝑒

𝑣𝑒𝛾𝑒
 ) 𝑹̂𝑒] 

2.23 

𝑯(𝒓𝑒 , 𝜔𝑒) =
2𝑒𝜔𝑒

𝑣𝑒
2𝛾𝑒𝜀𝑀

 𝑒
𝑖𝜔𝑒𝑧𝑒

𝑣𝑒  𝐾1 (
𝜔𝑒𝑅𝑒

𝑣𝑒𝛾𝑒
 ) 𝝋̂𝑒 

2.24 

Were 𝛾𝑒 = 1/√1 − 𝑣𝑒
2/𝑐2 is the Lorentz contraction factor, 𝑣𝑒 is the electron velocity, 𝑐 is the 

velocity of light, 𝐾0 and 𝐾1 are the modified Bessel functions of the second kind, 𝜀𝑀 is the 

permittivity of the medium, and 𝒓𝒆 = (𝐑𝐞, 𝑧𝑒) is the position coordinate vector. The first term inside 

the bracket of Equation 2.23 is the field along the electron propagation direction (𝑧𝑒), and the 

second term is along the radial direction (𝐑𝐞 = (𝑥𝑒 , 𝑦𝑒)). The magnetic field along the azimuthal 

direction 𝜑𝑒   is given by Equation 2.24. The nature of these evanescent fields is studied by plotting 

the Bessel functions of Equations 2.23 and 2.24 with respect to their argument (𝜁) (Figure 2.6). 

The argument itself is a multivariable term. If we fix the angular frequency (𝜔𝑒) associated with 

electron and electron velocity (𝑣𝑒), the argument becomes directly proportional to the radial 

distance from the electron’s trajector   𝑅e), showing the radial dependence of the EM fields. 
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Figure 2.6: Evanescent character of the electromagnetic field produced by a fast electron. Transverse-

spatial direction dependence of the 𝑒𝑖𝜔𝑒(
𝑧𝑒
𝑣𝑒

)
 contribution to the electromagnetic field of an electron moving 

in a vacuum with velocity 𝑣𝑒  = 0.7c (𝛾𝑒 ≈ 1.4 and kinetic energy ≈ 200 kV) along the positive 𝑧𝑒-axis. The only 

nonvanishing components (𝑬𝑅𝑒
, 𝑬𝑧𝑒

 𝑎𝑛𝑑 𝑯𝜑𝑒
) decay exponentially at a large distance 𝑅𝑒  from the 

trajectory. The inset shows the orientation of these components relative to the electron velocity vector (𝒗𝑒). 

The small-R limit is dominated by the 1/𝑅𝑒  divergence of 𝑬𝑅𝑒
 and 𝑯𝜑𝑒

. The figure is taken from[121]. 

Figure 2.6. shows that the electric field diverges at the origin, implying that the field strengths 

change rapidly with distance from the trajectory. Techniques like CL rely on the interaction 

between the electron’s field and the sample. Since the field is tightly localised around the 

trajectory (confined to a few nanometers to picometers) of the electron, an electron can 

selectively excite small regions of the sample. This localisation is the reason for the high 

excitation resolution of electron beam spectroscopies. The field amplitude decays with 

increasing distance from the trajectory. The electromagnetic field extends to a characteristic 

radial distance of ~𝑣𝑒𝛾𝑒/𝜔𝑒.  

2.5 Cathodoluminescence 

Cathodoluminescence is far-field optical radiation resulting from the interaction of high-energy 

free electrons and polarisable materials. It was first observed as a glow in vacuum tubes used for 

cathode ray studies[124, 125]. Initially, CL was widely used in mineralogy for studying spatial 

compositional variations and spectroscopic properties of minerals, semiconductors, and other 

luminescent solids, as well as biological specimens[126-128]. The progress in photonics and 

plasmonics in recent decades has led to further advances in CL.  Electrons moving in a vacuum 

can be considered an evanescent supercontinuum light source with broadband frequency 

components spanning the UV to infrared spectral regimes[129]. This gives CL a broadband 

character which is suitable to be used for studying different materials and structures. There are 
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several mechanisms through which light is emitted, and they are classified as coherent and in-

coherent cathodoluminescence.  

2.5.1 Coherent and incoherent cathodoluminescence 

The electron's evanescent field makes light emission possible when an electron hits or passes 

near a polarisable material (e.g., gold). The field polarises the material, causing the excited 

modes to oscillate, possibly leading to far-field radiation[119, 130]. They can be localised on the 

surface of metal nanoparticles[131] and can undergo radiative decay, contributing to CL. Some 

plasmons can propagate on a surface, known as surface plasmon polaritons (SPP)[132]. For a 

coherent CL, the generated light will have a fixed phase relation with the electron's evanescent 

field[121]. Different types of coherent emissions exist, such as Cherenkov radiation (CR), 

diffraction radiation, transition radiation (TR), and plasmon generation. These emissions can 

interfere with each other. The CL emission probability is low in these processes ~10−4 

photons/electron[121, 125].  

Cherenkov radiation occurs when electrons travel faster than the speed of light in a medium[133]. 

Diffraction radiation occurs when an electron passes near a structured surface without actually 

hitting it[134]. The electromagnetic field of the electron can scatter off the boundary of an object 

into the far field as light. It is known as Smith-Purcell radiation when an electron moves parallel 

to a grating or row of nanoparticles[135]. The last two types of coherent CL (TR and plasmon 

generation) are the most common processes when an electron bombards the metal surface. 

Transition radiation is an aftereffect observed when charged particles (protons, electrons, etc.) 

pass through the interface between different dielectric media. The media near the interface get 

polarised by the moving charge, creating surface currents and charges that radiate to the far field. 

Another description for TR is that when a fast-charged particle approaches a metal surface, it 

forms an image charge, and the sudden annihilation of its image acts like an induced dipole that 

produces radiation[121]. It has a broad spectrum extending from microwave to X-ray frequencies. 

Since the TR resembles a time-varying dipole radiating into the far field, it has a toroidal emission 

pattern (Figure 2.7a). The highly localised excitations of electrons can also generate surface 

plasmon polaritons at the metal interface. These can scatter off to the far field in the presence of 

coupling structures or from the edges of materials[132, 136]. When an electron beam hits the 

surface of a material such as gold, it creates perturbations in the density of conduction electrons, 

and the effective dipole oscillation is the source of CL. The dipoles can decay by emitting into the 

far field as TR or by exciting surface plasmons[137, 138]. The emission spectrum from a flat gold 

surface when a 10 kV electron beam is bombarded onto it is given in Figure 2.16a. 
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Incoherent CL is dominant in semiconductor materials and is similar to photoluminescence 

except that it uses electrons instead of light to induce electronic excitation[139]. Having large 

momentum and being a supercontinuum source of evanescent light, electrons can excite 

multiple transitions simultaneously.  In contrast to coherent CL, incoherent CL is spontaneous 

and without a fixed phase relation between the incoming electron's field and the photons 

generated field[125]. Incoherent CL emissions cannot produce interference with coherent 

CL[121]. The emission probability can be significantly higher in this case, as high-energy electron 

can have a large interaction volume and thus multiple paths for electron-hole radiative 

recombination. This emission from incoherent CL follows a Lambertian distribution rather than a 

dipole-like distribution (as in TR) when an electron bombards the surface (Figure 2.7b). Compared 

to coherent CL, incoherent CL is unpolarised [121, 140]. 

 

Figure 2.7: Coherent and incoherent CL emission patterns for a normal incidence of an electron 

beam.(a) A cylindrically symmetric toroidal pattern of transition radiation (TR) emitted from a metal plate. 

Here, the image charge and the electron act as a dipole to produce the TR, and the incoming electrons also 

generate surface plasmon polaritons (SPP) that propagate along the surface of the material. (b) Incoherent 

emission from a semiconductor material has a Lambertian emission distribution. The electron-hole 

recombination emits light randomly inside the bulk of the material. Images were adapted and modified 

from[140]. 

If an electron beam is scanned across the edge of a structure onto a flat metallic surface, the 

nature of the photon yield at each point of electron impact will be as shown in Figure 2.8. As the 

electron beam approaches the edge, we can see light due to diffraction radiation, even before the 

electron beam impacts on the material. This could be visualised as how a sea waves from a boat 

hit and scatter off a coastal wall. As the boat gets closer, the splash will be more. Similarly, 

photon emission increases until the electron physically collides with the material. When the 

electron beam is at the edge of the metal, the interaction volume is truncated and asymmetrically 

confined. A significant fraction of the electron energy is therefore deposited very close to the 

surface rather than spread into the bulk in a symmetric teardrop-shaped interaction volume (the 
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case when the electron beam falls on the surface). Since at the edge the material suddenly ends, 

the electrons in the metal cannot move beyond that boundary. This sudden “stop” forces the 

charges to oscillate more strongly in the confined space, which increases the local electric field 

and create a hotspot for plasmons that radiates into far field as light. From the moment the 

electrons hit the material, both surface plasmon polaritons (SPP) and transition radiations are 

generated. The SPP will scatter off the edge of the structure into the far-field as light, and this 

process continues until the electron beam is moved a few 100s of nm onto the structure[132]. 

After this, transition radiation dominates. This is why we observe a photon yield peak near the 

edge of the structure. When the electron beam irradiates a point on the surface of the material, 

the CL emission is not just from that point, but from a finite interaction volume around where the 

electrons enter the material. High-energy energy electrons penetrate the material and scatter 

both elastically and inelastically. The inelastic scattering will excite electrons, plasmons, or 

electron-hole pairs in the interaction volume. The depth and volume of the interaction region 

increase with high beam current, low material density and geometry. For metals like gold the 

surface plasmon can propagate and scatter off to far field from edges, corners or surface 

roughness few 100s of nanometres away from the point of origin.  Along with the other CL 

emission process like the transition radiation the total CL signal what is detected is the CL signal 

averaged over the entire geometry. For an ideal rectangular geometric cross section (like the 

nanomechanical resonator cross section used in this thesis), we expect a symmetric CL emission 

yield as a function of electron beam impact location on its opposite side. For concept purposes, 

the emission yield from one side is shown in Figure 2.8. 
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Figure 2.8: Expected photon yield as a function of electron beam impact position near the edge of a 

metallic structure kept in a vacuum. Three regions of the emission process can be seen. The diffraction 

radiation due to the evanescent field of the approaching electron beam is seen until it nears the edge of the 

structure. When it is on the edge, transition radiation starts along with surface plasmons that scatter off the 

edge and couple to far-field emission. The combination of both surface plasmon polaritons scattering off 

the edge and transition radiations produces photons from the edge towards the middle of the material. TR 

dominates for electron beam impact further from edges and other scattering features, as the SPPs die out 

before they could be scattered. A peak in the emission rate around the edge of the structure is due to the 

combined contributions of all these emissions. 

If the structure displaces, and a fluctuation in this photon yield should be observed, it means that 

the information about the displacement is contained in the photon rate change. This can be 

developed to study motions of nanomechanical structures using electron-induced light 

emission. 

2.6 Noise equivalent displacement at unitary SNR 

An important aspect of this thesis is to investigate the cathodoluminescence-based noise 

equivalent displacement in nanomechanical systems. An analytical expression for estimating the 

noise equivalent displacement at a unitary signal-to-noise ratio (SNR) is derived. Figure 2.9 shows 

an illustration of the total photon yield (𝐼𝑝𝑛(𝑥)) at each position as an electron beam makes a line 

scan across the edge (𝑥1) of a structure. The line scan can be performed in two ways; moving the 

electron beam relative to the fixed structure or moving the structure relative to a fixed electron 
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beam position 𝑥𝑜. Either approach will yield the same results. First, the former method is used to 

evaluate the total photon yield as a function of electron beam impact position, as shown in Figure 

2.8. Due to the combined contributions from diffraction radiation, surface plasmon polaritons, 

and transition radiation (explained in Section 2.5.1), a peak in CL photon yield is seen at the edge 

of the structure when the electron beam crosses it. After that, the electron beam is fixed at a 

position (𝑥𝑜  and the edge of the structure is displaced b  a small amount ‘𝑎’ in either direction 
relative to its initial position 𝑥1 (Figure 2.9). When the edge of the structure displaces to the left, 

the electron beam is closer to the structure, and when the edge of the structure displaces in the 

opposite direction, the electron beam is further away from the structure. 

 

Figure 2.9: Illustration of the concept of detecting nanomotion by the detection of electron-induced 

photon emission.CL photon yield (𝐼𝑝𝑛(𝑥)) as a function of impact position from some distance away from 

the edge of the structure, across the edge of the structure 𝑥1 (black dashed line) is shown. The structure 

oscillates with the edge displaced by a small amount ′𝑎′ back and forth about 𝑥1.  When the electron beam 

is kept at 𝑥0, the slight change in the structure’s edge position is equivalent to a slight change in the electron 

beam position ∆𝑥. This small change causes a change in the photon yield (𝛥𝐼𝑝𝑛). The continuous oscillation 

of the structure at a frequency 𝜔𝑑  (purple wave with the amplitude corresponding to the 

displacement) yields a corresponding change in photon yield (green wave) at the same 𝜔𝑑  frequency. 

 

It is the same as saying that there is a slight change in the position of an electron beam about 𝑥0, 

(∆𝑥), which is equivalent to the slight change in the position of the edge of the structure about 𝑥1. 

This small change (∆𝑥) would result in a change in the total CL photon yield detected (∆𝐼𝑝𝑛) around 

𝑥𝑜. This change in the CL photon yield per small change in position i.e., ∆𝐼𝑝𝑛/∆𝑥  (slope of the 

curve) is the gradient of CL photon yield (∇𝐼𝑝𝑛) at 𝑥𝑜. The change in the number of photons 

detected in a time interval 𝜏 due to displacement of the structure b  an infinitesimal distance ‘𝑎’ 

is, 
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𝛥𝑁𝐶𝐿 = 𝑎 ∗ (∆𝐼𝑝𝑛/∆𝑥) ∗ 𝜏 2.25 

In practice, the CL photon count variation can be detected by a photodetector and generate a 

variation in photon current or voltage that corresponds to the displacement of the structure. This 

is demonstrated in Chapter 3. 

In the case of using secondary electrons for nanomotion detection[5], the noise equivalent 

displacement (NED) level in SEM is determined by the Poisson statistics of electrons incident on 

the secondary electron (SE) detector. The standard deviation of shot noise is √𝑁𝑆𝐸 = √(𝐼𝑆𝐸/𝑒)𝜏 

where  𝑁𝑆𝐸  is the total number of secondary electrons detected in the time interval 𝜏, 𝐼𝑆𝐸  is the 

secondary electron current, and 𝑒 is the charge of an electron. The total number of electrons per 

unit time in a given SE current is 𝐼𝑆𝐸/𝑒.   

Following the same convention in the CL case, the NED level can be determined by the Poisson 

statistics of photons detected on the photodetector. The standard deviation of shot noise then 

would be √𝑁𝐶𝐿 = √𝐼𝑝𝑛(𝑥)𝜏, where 𝑁𝐶𝐿 is the total number of CL photons detected by a 

photodetector, and here, instead of SE current (𝐼𝑆𝐸), the CL photon yield 𝐼𝑝𝑛(𝑥)  is considered. 

Substituting Equation 2.25 and rearranging for the noise equivalent detectable displacement 𝑎 

for unitary signal-to-noise ratio (Δ𝑁𝐶𝐿/√𝑁𝐶𝐿 =1), 

𝑎 =
∆𝑥

∆𝐼𝑝𝑛

√
𝐼𝑝𝑛(𝑥)

𝜏
 

2.26 

𝑎√𝜏 =
∆𝑥

∆𝐼𝑝𝑛
√𝐼𝑝𝑛(𝑥) 2.27 

Equation 2.26 tells that the displacement that can be detected is equal to the inverse of the 

product of the CL photon yield gradient ( ∆𝑥

∆𝐼𝑝𝑛
) and the square root of the total photon yield per 

integration time. Photon yield and integration time are independent; hence, Equation 2.26 can be 

rewritten as Equation 2.27. Since the gradient is proportional to the photon yield, if the electron 

current is doubled, the gradient and the photon yield will also be doubled. This makes the benefit 

from the higher gradient bigger than the penalty from the higher photon yield. Therefore, at a 

position 𝑥0 with a higher CL photon yield gradient, and a higher CL photon yield (as it makes the 

gradient bigger) would result in a smaller minimum detectable displacement with unitary signal 

to noise ratio. 
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2.7 CL emission probability as a function of electron beam position 

and electron beam diameter 

To study the CL generated from an object of interest inside a SEM, an analytical formula for the 

CL emission probability as a function of electron beam position (𝑥𝑜)  and beam diameter (𝐷) was 

to be derived. A one-dimensional cross-section of a structure with an arbitrarily shaped edge 

located at 𝑥 = 0, represented by 𝑓(𝑥), is considered in Figure 2.10. The electron beam is assumed 

to be a cylindrically symmetric Gaussian beam, 𝐺(𝑥, 𝑦), at a position 𝑥𝑜 with the full width half 

maxima (FWHM) considered as the diameter. 

 

Figure 2.10: Electron beam near an arbitrary edge. An 𝑥 − 𝑧 cross-section of a structure with an arbitrary-

shaped edge ( 𝑓(𝑥) ) is considered. A one-dimensional Gaussian electron beam, 𝐺(𝑥), with FWHM, as the 

diameter (D) of the electron beam, is kept at a position 𝑥𝑜. 

 

The probability distribution of finding an electron at coordinates 𝑥, 𝑦, 

𝐺(𝑥, 𝑦) =
1

2𝜋𝜎𝑒
2 𝑒𝑥𝑝(−(

(𝑥 − 𝑥𝑜)
2

2𝜎𝑒𝑥
2

+
(𝑦 − 𝑦𝑜)

2

2𝜎𝑒𝑦
2 )) 2.28 

Being cylindrically symmetric, the standard deviation, 𝜎𝑒𝑥
= 𝜎𝑒𝑦 

= 𝜎𝑒. The FWHM and standard 

deviation are connected as, 𝜎𝑒 = FWHM/2.355 = D/2.355 . 

The probability that an electron will fall on the surface (𝑃𝑒) will be the integration of 𝐺(𝑥, 𝑦) over 

the surface area of the structure.  

  H 
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𝑃𝑒 = ∬𝐺(𝑥, 𝑦)𝑑𝑥𝑑𝑦

= ∫ ∫
1

2𝜋𝜎𝑒
2 𝑒𝑥𝑝 (−(

(𝑥 − 𝑥𝑜)
2

2𝜎𝑒
2 +

(𝑦 − 𝑦𝑜)
2

2𝜎𝑒
2 ))𝑑𝑥𝑑𝑦

∞

0

∞

−∞

 

2.29 

Assuming translational symmetry along the 𝑦-axis, Equation 2.29 reduces to a one-dimensional 

case, 

𝑃𝑒 =
1

√2𝜋𝜎𝑒

∫ 𝑒𝑥𝑝(−
(𝑥 − 𝑥o)

2

2𝜎𝑒
2 )𝑑𝑥

∞

0

 2.30 

 Where the probability distribution of finding an electron in the 𝑥 direction is, 

𝑝𝑒 =
1

√2𝜋𝜎𝑒

𝑒𝑥𝑝(−
(𝑥 − 𝑥o)

2

2𝜎𝑒
2 ) 2.31 

The photons are generated even before the electrons hit the structure. A factor Γ𝐶𝐿 (𝑥) is 

introduced, which determines the CL emission probability per electron impact at a given position.  

This factor depends on many other parameters such as the material properties (𝜀(𝜔)), the 

evanescent field associated with the electron (function of acceleration voltage), the geometry of 

the structure (𝑓(𝑥)), the slope of the structure(𝑓′(𝑥)), solid angle of emission (𝛺), and photon 

frequency range (𝜔). Formulating a general equation would be difficult. 

In[121], the author introduces a multivariable function that gives the number of photons emitted 

per incoming electron as a function of solid angle of emission, and photon frequency range 𝜔 for 

coherent CL emission, 

𝛾𝐶𝐿(𝛺,𝜔) =
1

4𝜋2ℏ 𝑘𝜔

|𝑭(𝛺)|2 2.32 

 Where 𝑭 is the far-field amplitude expressed in terms of boundary currents on the interface of 

the structure’s material near the vacuum side, 𝑘𝜔  is the free-space light wave vector (𝑘𝜔 = 𝜔/𝑐), 

and ℏ is the reduced  lanck’s constant. 𝛾𝐶𝐿(𝛺,𝜔) can take different forms based on different CL 

emission processes[121] and incorporate all the parameters that affect photon emission. For 

plasmonic materials (like gold), this can be evaluated numerically. 

Γ𝐶𝐿(𝑥), considered in the following derivation is an integral of Equation 2.32 with respect to the 

photon frequency range and the solid angle. Therefore, the CL emission probability as a function 

of electron beam position and electron beam diameter takes a general form, 
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𝑃𝐶𝐿(𝑥𝑜, 𝜎𝑒) =
1

√2𝜋𝜎𝑒

∫ 𝛤𝐶𝐿(𝑥) ∗ 𝑒𝑥𝑝(−
(𝑥 − 𝑥𝑜)

2

2𝜎𝑒
2 )𝑑𝑥

∞

−∞

 2.33 

 A direct analytical formula for Γ𝐶𝐿(𝑥) is difficult, so a numerical approach has been adopted. 

2.8 Numerical simulations of cathodoluminescence 

Metallic nanoparticle boundary element method (MNPBEM17) is a MATLAB toolkit developed by 

Ulrich Hohenester[141] utilising the boundary element method (BEM) to solve  a well’s 

equations for a dielectric environment where abrupt interfaces separate geometries with 

homogeneous and isotropic dielectric functions. The BEM derives the CL radiation spectrum from 

the surface charges and currents calculated using Green’s function developed b   .J.G. 

Abajo[121]. It has been widely used in the electron optics community for studying electron energy 

loss spectroscopy (EELS) and CL[130]. A single electron, described as a point charge, is 

considered in the simulation as it moves in a vacuum with a specified acceleration voltage and 

impact position. This makes the simulation results devoid of the electron beam diameter. The 

results are calculated for the full 4π collection range b  default. Though the simulation tool 

provides the freedom of choosing any size of the metallic structure, the computational time limits 

the material dimensions in practice. The dielectric model (Drude model) of the materials is 

used[142, 143]. 

A square block with sharp edges, a side length of 300 nm, and a thickness of 50 nm was 

considered for the study. Gold, as described by the Drude model[143], was chosen as the 

material. The electron trajectory was set at a point 100 nm away from the edge of the structure 

with an acceleration voltage of 10 kV. It was programmed to scan across the structure with a step 

size of 1 nm, through the centre to 100 nm away from the other edge (illustrated in the inset of 

Figure 2.11). At each impact position (𝑥o), the CL emission probability was evaluated for the 

photon energy (wavelength) range of 1.24 eV (1000 nm) to 6.19 eV (200 nm). This photon energy 

(wavelength) range is chosen to match the spectral range of the available spectrometer (Figure 

2.16a). The spectrum at each impact position is integrated with respect to the photon energy 

range and the CL emission probability as a function of the impact position ΓCL(𝑥) is plotted in 

Figure 2.11. 
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Figure 2.11: CL emission probability per electron as a function of impact position. An illustration of 

electron impact during a line scan on a 300 * 300 * 50 nm gold (Au) structure in vacuum. The spectrum from 

each impact position (Figure 2.16b shows an emission spectrum from the middle of the structure) is 

integrated with respect to the photon energy (wavelength) range from 1.24 eV (1000 nm) to 6.19 eV (200 nm) 

to calculate the CL emission probability per electron as a function of impact position. The black dashed 

lines represent the edges of the structure. 

 

From Figure 2.11, we can see that the probability of photon emission becomes significant when 

the electron passes near the structure as it strongly excites edge plasmons. Far away the electron 

barel  ‘feels’ the gold and ver  little C  photons are e pected mostl  due to evanescent field 

decay. Just near the edge (±162), a dip in CL emission probability is observed (also observed in 

Figure 2.14a). This is assumed to be arising because electron at that position can excite both the 

edge localized mode (radiating) and interior slab modes (poorly radiating and could be lost as 

heat). These could destructively interfere and the measured CL emission probability could drop 

briefly. The probability of photon emission in coherent CL is typically of the order 

10−4 photons/electron[121, 125], which is comparable to the simulation results. This means that 

the light emission from plasmonic materials is poor, and to obtain a good emission, a high 

electron beam current should be used. The Γ𝐶𝐿(𝑥) obtained from the simulation has data points 

spaced by 1 nm. Following Equation 2.33, Γ𝐶𝐿(𝑥) was multiplied with a Gaussian electron 

distribution with a diameter (FWHM) and integrated to evaluate  𝑃𝐶𝐿(𝑥o, 𝜎𝑒). The inset of Figure 

2.12 shows electron distributions for Gaussian beams with different diameters, and Figure 2.12 
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shows how 𝑃𝐶𝐿(𝑥o, 𝜎𝑒) varies for different electron beam diameters at an acceleration voltage of 

10 kV.   

 

Figure 2.12: CL photon emission probability per electron as a function of impact position for different 

electron beam diameters, 𝑃𝐶𝐿(𝑥𝑜 , 𝜎𝑒) compared with 𝛤𝐶𝐿(𝑥) evaluated for the nanostructure of Figure 2.11 

at 10 kV. A normal distribution of Gaussian beams (representing electron beams) with different diameters 

(D) with a mean position at zero is shown in the inset. The black dashed lines represent the edges of the 

structure. 

 

As illustrated in Figure 2.12, there is a shift in the CL peak positions from the edges towards the 

centre of the nanostructure as the electron beam size increases. The photon emission probability 

broadens, and the magnitude of the peak also decreases. The tail part also widens as the beam 

size increases. This can also be expected in the real experiment. When the beam current is 

increased, the electron beam's spot size increases, resulting in the peak being seen away from 

the edge of the structure. An electron beam of 1 nm diameter does not make much difference 

compared to the Γ𝐶𝐿(𝑥) values, except that the top of the peak is smoothed. Further calculations 

are based on this plot. 

An experimental test (Section 2.9) was performed using a high beam current of 18 nA, due to the 

low emission probability of plasmonic materials. This beam current corresponds to 11.2 *1010 

electrons per second and was multiplied with 𝑃𝐶𝐿(𝑥𝑜, 𝜎𝑒) to predict the total CL photon yield, 

𝐼𝑝𝑛(𝑥),  at each electron beam centre impact position. A typical SEM beam current (fraction of a 
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nA to a few nA) corresponds to an order to magnitude of 109 electrons per second, which would 

result in 105 photons/electrons /second. 

 

Figure 2.13: Estimating noise equivalent displacement.(a) The black solid curve (red dashed curve) 

represents the total photon yield (gradient of photon yield) as a function of impact position for a 10 kV,18 

nA electron beam incident on the plasmonic nanostructure of Figure 2.11. (b) Corresponding noise 

equivalent displacement at unitary SNR as a function of impact position. The edges of the structure are 

marked with a black dashed line. The green horizontal line corresponds to 1 pm/√Hz. 

 

Figure 2.13a shows the total photon yield (𝐼𝑝𝑛(𝑥)) and the corresponding gradient as a function 

of impact position. The calculation assumes 18 nA beam current and 10 kV acceleration voltage. 

Plugging the values in Equation 2.26, the noise equivalent displacement at unitary signal-to-noise 

ratio is evaluated as a function of electron beam centre impact position (Figure 2.13b). The 

minimum value of displacement is observed at the position with the maximum gradient. The CL 

photon yield gradient at the centre is zero, which makes the detectable displacement at the 

centre of the particle go to infinity. It means that placing an electron beam at the centre does not 

help in detecting an  variation of the structure’s position, as there is no variation in the C  photon 

yield. At the particle’s edge, the gradient also crosses zero, resulting in a spike in the detectable 

displacement (because of limited resolution in computing, the sharp spike is not seen at the 

edge). From the edge towards the centre of the particle, the photon yield is reducing, and the 

gradient is approaching zero. This causes an increase in the detectable displacement, and the 
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step size of the simulation results in a wavy of the curve. The sharp peaks near the centre are due 

to the proximity of the gradient to zero. Towards the tail ends, the photon yield and corresponding 

gradient approach zero. The detectable displacement values rise because there is only a small 

probability of photon emission (very close to zero).  

Following the same approach, the total photon yield and noise equivalent displacement at unitary 

signal-to-noise ratio as a function of impact position for different acceleration voltages (10 kV to 

20 kV in a step size of 5 kV) are calculated and shown in Figures 2.14a and b, respectively. To have 

a clear understanding of the detected displacement, the displacement values from the particle’s 

edge (𝑥0 =150 nm) and from the point where the gradient is maximum (𝑥𝑜 =153 nm) are plotted 

against the acceleration voltages in Figure 2.14c. 

 

Figure 2.14: Noise equivalent displacement at unitary SNR for different acceleration voltages. (a) Total 

CL photon yield for acceleration voltages from 10 kV to 20 kV in a step of 5 kV. (b) Corresponding noise 

equivalent displacement for unitary SNR. The black dashed line represents the edges of the structure. (c) 

Noise equivalent displacement for unitary SNR values from the edge (𝑥𝑜  = 150 nm) and at the position of 

maximum gradient (𝑥𝑜  = 153 nm) are plotted as a function of the acceleration voltage.  
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The simulation results provide a promising noise equivalent displacement amplitude spectral 

density of ≤1 pm/√Hz at a position, a few nm away from the edge of the structure. This 

demonstrates that sub-nanometre motion detection using cathodoluminescence is feasible.  

2.9 Cathodoluminescence measurements on gold nanostructures 

To verify if we could achieve a comparable level of noise equivalent displacement, a test was 

conducted by scanning the electron beam across an edge of a 50 nm silicon nitride membrane 

with 50 nm gold thermally coated on top of it. A focused ion beam (FIB) dual beam system was 

used to cut a small square area on the free-standing Au/Si3N4 membrane. The experiment is 

conducted using an SEM and a UV-visible spectrometer (Horiba). An illustration of the preliminary 

experimental setup is shown in Figure 2.15. 

 

Figure 2.15: Illustration of the initial experimental setup. A modified SEM with a light-collecting parabolic 

mirror is shown. The CL emission process happens inside the SEM chamber, where the sample is irradiated 

by the electron beam and kept at the focus of a parabolic mirror to enable CL collection. The light generated 

is reflected off the parabolic mirror and channelled outside into a UV-Visible spectrometer. The sample 

used for the test is shown. The inset shows the material's cross-section. The scale bar is 500 nm long. 

 

The sample is mounted on an aluminium stub and loaded inside the SEM chamber. The height of 

the stage is adjusted to keep the sample at the focus of the parabolic mirror. The acceleration 
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voltage was initially set to 10 kV, and the beam current used was 18 nA. The poor CL emission 

yield of plasmonic materials, as discussed in Section 2.5.1, was the reason to use a high beam 

current. The choice of selecting 18 nA as the beam current was arbitrary; it was simply the 

maximum current the SEM could provide during the test. The parabolic mirror position was 

optimised by maximising the spectral output using the spectrometer. For the optimization, a flat 

portion of gold on the sample was selected (inset of Figure 2.16) by adjusting the SEM stage 

position. The CL emission generated from the flat surface of the gold sample is reflected off the 

parabolic mirror. This light travels outside of the SEM through a beam tube and into the 

spectrometer. The light is resolved as photon counts per wavelength bin per second. The pitch 

and yaw of the parabolic mirror, and the stage height, are adjusted until the spectrum is 

maximised. The emission spectrum after optimisation is shown in Figure 2.16a. The spectrum 

shows a dominant peak around 517 nm wavelength, which is close to the surface plasmon 

resonance of gold[138, 142, 144]. The simulation results (Figure 2.16 b) show a peak at 519 nm, 

which is close to what we observed in the experiment. The simulation spectrum is taken from the 

centre of the Au nanoparticle and normalised. All experimental peaks can be identified within the 

gold-only simulation. The Si3N4 substrate was not considered for the simulation. 

 

Figure 2.16: CL emission spectrum from a flat gold surface for an incident 10 kV,18 nA electron 

beam.(a) The inset shows the position of the sample used to take the CL spectrum (blue dot). (b) 

Normalised CL probability from MNPBEM simulation. The spectrum is obtained from the centre of a 300 nm 

* 300 nm * 50 nm Au nanoparticle (inset). 

 

An important aspect of this project is to determine the extent of displacement that could be 

measured by the method proposed in Section 2.7. The experiment begins by looking into the 

photon yield at each impact position of the electron beam during a line scan. The edge of the cut 

was chosen for this. The selected portion was zoomed in to a level where a line scan can be 

performed (inset of Figure 2.17 b) using the spot mode of the SEM. When spot mode is activated, 
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the SEM captures and freezes an image of the set position. A spot-by-spot movement of the 

electron beam is then possible. The spot is set at one end and manually moved with a step of 7.4 

nm throughout the line scan. At each impact position, the emission spectrum is recorded using 

the spectrometer. A single spectrum took around 20 to 25 seconds to measure, and a single line 

scan took about half an hour. Sample drift was observed due to prolong exposure to high beam 

current. Such high beam current can result in thermal expansion of the sample, stub or the stage 

to cause small movements. Other factors such as local charging of the sample by high beam 

current exposure and not so perfect grounding, the floor vibrations, vibrations from the vacuum 

pump placed next to the SEM or the instability of the old sample stage inside the SEM chamber 

could have also contributed to the sample drift. The edge shifted frequently and had to be 

readjusted. The edge of the cut was aligned with the central line of the grid lines (option available 

in the SEM software) overlayed on the image. After each measurement the alignment is 

readjusted. The same procedure has been used throughout the thesis to rectify drift. The beam 

current did not remain constant; instead, it fluctuated, and sometimes it dropped. After taking 

each spectrum, the changes were compensated for. The emission spectrum at each impact point 

is integrated with respect to the wavelength bin range, and the total photon yield per second is 

obtained. This process is repeated for all the spectra at different electron beam positions and 

plotted as a function of impact position for 10 kV and 15 kV acceleration voltage in Figure 2.17. 
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Figure 2.17: CL emission yield during line scan across a gold edge. The CL photon emission yield is 

plotted as a function of impact position for an electron beam of 10 kV and 15 kV acceleration voltage with 

18 nA beam current. The experimental data points are fitted with a polynomial of degree 8 (solid lines). The 

black dashed line denotes the edge of the cantilever. The inset shows the portion of the edge used for line 

scan. The scale bar is 500 nm long. The spot mode step size was 7.4 nm. 

 

Compared to the simulation, the experiment reports a total photon yield two orders of magnitude 

lower. There are several reasons for this: In the simulation, the photon yields are reported for the 

full 4π collection range. In the e periment, the parabolic mirror captures part of the light from 

above the sample, and it could be about one-fourth of the total photons emitted from the sample. 

The light reflected from the parabolic mirror would be roughly 1cm in diameter, and the 

completely open slit of the spectrometer is 2 mm wide. If the beam is centred on the slit, about 

one-fifth of the light could enter the spectrometer. Further losses due to grating efficiency and 

detection within the spectrometer could reduce the number of photons even more. 

When an acceleration voltage of 15 kV or higher was used, sample drift became significant, 

making it difficult to take measurements at known positions relative to the sample edge. This may 

have been caused by charging and/or heating associated with the high current of energetic 

electrons. Going below 10 kV made the images noisy, making it difficult to identify the sample 

edge reliably. The image's contrast and brightness were too low and adjusting them did not 

improve the situation. 
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The experimental data showed that the photon yield is higher for a beam of higher-energy 

electrons, as predicted by the numerical simulation reported in Figure 2.14. Using a high 

acceleration voltage makes the electrons penetrate deeper and scatter over a larger volume 

(interaction volume). This makes more CL photons to emit from deeper and wider region hence it 

excites plasmons across more of the particle volume. In case of semiconductor materials (the 

ones used in Chapter 3, 4, and 5), the high energy electrons can excite more valence electrons 

into conduction bands and increase the number of radiative recombination hence more CL 

photons will be generated. The peak is seen shifted from the edge of the cut. This could be 

because a high beam current can increase the electron beam spot size. Another reason could be 

that the position considered here as the edge of the cut could not have been the edge. This is 

because the features become blurred from a zoomed-in portion of the cut while using a high beam 

current. The shift and broadening of the peak, observed when large beam spot sizes are used, 

were also noted in the numerical studies (Figure 2.12). This is one of the reasons that the photon 

counts are still observed even at a few hundred nanometers away from the edge. When the 

electron beam gets farther away from one edge of the cut, it gets closer to the opposite edge of 

the membrane, and hence, photons could be generated from there.  

The data is subjected to human errors for a few reasons; the spot movement was manual, and 

frequent delays in adjusting the edge positions and beam current sometimes delay taking a 

spectrum. Keeping the electron beam at a position on the sample for too long will cause carbon 

deposition, which reduces the spectral output. The data were fitted with a polynomial of degree 

8 so that the discrepancies in the data could be avoided. The gradient of the polynomial fit was 

taken to avoid experimental noise.  

With the CL gradient evaluated, the noise equivalent displacement for a unitary signal-to-noise 

ratio was estimated using Equation 2.26 for 1 second integration time. The result is plotted as a 

function of electron beam impact position for 10 kV and 15 kV electron beams in Figure 2.18. 
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Figure 2.18: Experimental results for estimating the noise equivalent displacement at unitary SNR. (a) 

Polynomial fit corresponding to the total photon yield (solid line) and its gradient (dashed line) as a function 

of impact position is plotted for 10 kV and 15 kV electron beams at 18 nA. (b) Based on the total photon yield 

and the gradient, the noise equivalent displacement for unitary SNR as a function of impact position is 

plotted. The black dashed line indicates the edge position of the cut, and the green horizontal line indicates 

12 pm/√Hz. 

 

Similar to the simulation result presented in Figure 2.14a, b, at the edge of the cut, a 10 kV 

electron beam yields a smaller minimum detectable displacement than 15 kV. The results 

presented in Figure 2.18b are evaluated based on the gradient value from the polynomial fit. The 

best sensitivity is observed at the edge, where the gradient is high but not the highest. Both photon 

yield and gradient of photon yield matter, i.e., the optimal point is slightly shifted from the highest 

gradient towards a low photon yield. Sharp peaks are observed at positions where the gradient is 

near zero. Some distance away from the edge, there will be a photon contribution from the 

neighbouring gold-coated Si3N4 membrane; hence, only the results from near the edge of the cut 

were only considered to understand the method's practical efficiency. A noise equivalent 

displacement of ≥12 pm/√Hz has been calculated at the edge of the cut for an 18 nA, 10 kV 

electron beam. 

The cathodoluminescence measurements with the help of a spectrometer indicate a good 

displacement resolution. However, a spectrometer cannot resolve fast motion that happens in a 
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short interval of time (typical mechanical resonance frequencies of nanostructures vary from kHz 

to GHz). As discussed previously, similar to using SE current variation for displacement detection, 

the temporal variation in photocurrent (𝐼𝐶𝐿) from the photons detected by a photodetector could 

be used for displacement detection. The variation in secondary photon current (∆𝐼𝐶𝐿 (𝑡)𝑥𝑜
) at a 

position 𝑥0 in response to a displacement, ∆𝑥 is, 

∆𝐼𝐶𝐿(𝑡)𝑥𝑜
≈ (

𝜕𝐼𝐶𝐿(𝑥)

𝜕𝑥
)

𝑥𝑜

× ∆𝑥(𝑡) 2.34 

This variation in photocurrent shall be observable as a peak at the nanostructure’s vibrating 

frequency using a spectrum analyser. 

2.10 Choosing the cathodoluminescence material 

Though gold has been used for the initial evaluation, the poor photon yield of plasmonic materials 

(typically 10−4 photons/electron) can make establishing the technique of nanomechanical 

motion detection using CL difficult. Having a poor photon yield means that a higher beam current 

than the typical SEM operating beam current (a few hundred pA to a few nA) should be used to 

extract more photons from the sample. This is also necessary due to the nature of my 

experimental setup, i.e., the CL photons are collected using a parabolic mirror that only collects 

light from the top region, and the detectors are located outside the SEM chamber; this can lead 

to a loss of photons and a lack of focusing onto the detector. Using a high beam current comes 

with certain risks, such as compromising the sample integrity through electron-induced heating, 

carbon deposition, and charging. The samples used in this thesis are nanomechanical wires and 

cantilevers, so a high beam current can perturb the dynamics of the nanomechanical structure, 

bend the structure, and introduce significant drift. It will also reduce the SEM imaging resolution 

as the electron beam spot size increases with beam current, and knowing the exact location of 

the structure's edge is crucial for the experiment. It would be beneficial to use a material that 

emits more photons in response to interaction with fewer electrons. 

To establish the method in my experimental setup, evaluating the signal-to-noise ratio (SNR) 

based on experimental data was a more suitable selection procedure for the material to be used 

than simulations. A test was conducted using a 50 nm gold film deposited on top of a 50 nm 

silicon nitride membrane, a Phosphor (ZnS:Ag) sample of a few micrometres thick, and a single-

crystal gallium nitride (GaN) sample (a few micrometres thick) grown on sapphire. Figure 2.19 

shows the CL emission spectra of the materials. All the samples were kept on the same substrate, 

and their emission spectra were evaluated using a spectrometer with all measurement 

conditions set to a 1 second exposure time, a 2 mm slit width, and a grating of 100 grooves/mm. 
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The beam currents were adjusted when each light spectrum saturated on the spectrometer, but 

the acceleration voltage was kept at 10 kV. While taking spectra from each sample, the height of 

the stage was slightly adjusted to maximise the spectrometer reading, thereby compensating for 

the slight thickness difference between the samples. 

The characteristic peaks of gold, phosphor (ZnS:Ag), and GaN align with the respective coherent 

and Incoherent CL emission processes. From Figure 2.19, ZnS:Ag was the brightest sample of all 

three, and its total photon emission power was estimated using a power meter [ThorLabs 

PM160T], which was about 1.1nW/nA. This output power and the spectrum from the ZnS:Ag was 

used as a reference to evaluate other materials' photon emission power. The gold spectrum 

indicates it has 22 times fewer photons of 10% lower energy at 3000 times more current in 

comparison with ZnS:Ag implying that the emission from gold is about 73000 times weaker than 

from the ZnS:Ag. The output power can be evaluated by dividing the output power of ZnS:Ag 

emission by how much the gold emission is weaker, i.e, about 15 fW/nA for gold. Finally, for the 

Gallium nitrate sample the spectra taken show that it is approximately 300 times weaker than the 

ZnS:Ag, with 6 times fewer photons at 40% higher energy (violet peak) and 72 times more current. 

In comparison with gold, it is 240 times better. The output power from GaN was evaluated to be 

3.6 pW/nA. These data were used to estimate the signal-to-noise ratio that could be expected 

from the experimental setup. These are quantified in Table2.2. 
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Figure 2.19: CL emission spectra of Au in comparison with brighter materials. The CL emission spectra 

of phosphor (ZnS:Ag) and a single-crystal gallium nitride grown on sapphire are compared with gold 

thermally evaporated on a silicon nitride membrane. A beam current value less than the value required to 

saturate the spectrometer is used. For gold, the beam current was the maximum value that could be set at 

the time of the experiment. The gold spectrum is enhanced 10 times for visibility. The characteristic peak 

wavelength as well as the total emission rate are indicated. 

 

When evaluating SNR for nanomechanics, the performance of the instruments that are being 

used for the experiments is to be considered, where SNR can be assessed using, 

𝑆𝑁𝑅 = √
𝑇𝑍𝐼

𝑇1:1
=

𝑃𝑜𝑝𝑡√𝑇𝑍𝐼

𝑁𝐸𝑃
 

2.35 

Where 𝑇1:1  is the measurement duration of the avalanche photodetector (APD) for unitary SNR, 

which is given by, 

𝑇1:1 = (
𝑁𝐸𝑃

𝑃𝑜𝑝𝑡
)

2

 
2.36 

 Where NEP is the noise equivalent power and 𝑃𝑜𝑝𝑡  is the output optical power evaluated at 10 nA 

beam current (the choice of a higher beam current here was to assess what to expect at a beam 
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current that can produce sufficient photons from a gold sample). The output voltage of the APD 

is given by, 

𝑉𝑜𝑢𝑡 = 𝑃𝑜𝑝𝑡 ∗ ℜ𝑀(𝜆) ∗ 𝐺 2.37 

 Where ℜ𝑀(𝜆)  is the detector's responsivity at the wavelength of interest, which in this case is 16, 

21, and 8 A/W, respectively, for the peak wavelengths of 460 nm, 517 nm, and 324 nm. 𝐺 is the 

gain, which is set to a maximum of 250 k𝑉/A. The APD NEP is 90 𝑓𝑊/√𝐻𝑧 (the values are taken 

from the operating manual). 

Table 2.2: Quantifying the signal-to-noise ratio for nanomechanics 

Parameters 
Phosphor 

(ZnS:Ag) 
Gold (Au) 

Gallium Nitride    

(GaN) 

Output power (𝑃𝑜𝑝𝑡) 1.1 nW/nA 15 fW/nA 3.6 pW/nA 

At 10 nA                                   

(APD voltage) 

11 nW                      

(44 mV) 

150 fW             

(0.8 𝜇𝑉) 

36 pW                     

(72 𝜇𝑉) 

Measurement duration 

(𝑇1:1) for unitary SNR 
67 ps 360 ms 6 𝜇𝑠 

SNR for nanomechanics 

(18.6 ms measurement 

duration) 

17000 0.23 55 

 

To detect 1 MHz oscillation, a sampling rate greater than 2 MHz is needed, and the oscilloscope 

used offered maximum measurement duration (𝑇𝑍𝐼) of 18.6 ms at a 3.5 MHz sampling rate. 

Hence, the SNRs that can be expected if different materials were used for nanomechanical 

motion detection are evaluated. From Table 2.2, it is evident that gold is not an ideal material for 

nanomechanical structures used in nanomotion detection with CL under the current setup; 

however, a longer measurement duration would improve its performance. The other two 

materials illustrate that the brighter the material (more photon yield), the better the SNR. This led 

me to use a brighter material-coated nanomechanical resonator instead of a gold-coated one to 

establish the technique. 
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2.10.1 Brighter material deposition 

Gallium nitride was chosen as the material for making the nanomechanical resonators. It was 

decided because of two reasons: 1) The availability of the RF sputtering machine (AJA Orion) and 

a commercially available GaN sputtering target (Testbourne Ltd). 2) GaN finds a vast application 

in the photonics and optoelectronics community [145-148]. 50 nm of GaN was sputtered on top 

of a 50 nm Si3N4 Membrane in an argon (Ar) and nitrogen ( 2) environment with 30 minutes of 

sputtering time and 5 mTorr pressure. Initially, the Ar:  2 ratio was set at 20:5 SCCM. 

The CL spectrum from sputtered GaN came out to have a lower photon yield than expected. The 

RF-sputtered GaN is reported to have more non-radiative recombination centres, such as point 

defects and line defects, due to the energetic impact of the plasma, and it has lower crystalline 

quality than GaN grown via metal-organic chemical vapour deposition (MOCVD)[149]. In RF-

sputtered GaN, the CL emission shows a prominent deep-level (yellow) band due to the defects, 

and a weaker near-band-edge ultraviolet emission. Later, an improvement in photon yield was 

observed, as the amount of  2  was increased, i.e., Ar:  2 was set at 15:10 SCCM then, to 10:15 

SCCM, respectively. Increasing nitrogen enhances crystallinity and reduces non-radiative 

recombination centres, which improves the CL emission[150, 151]. Since GaN is a 

semiconductor material, it was getting charged inside the SEM. To avoid charging, a thin layer of 

Au was used. To know which combination would produce more photons and less charging, three 

combinations were considered: GaN/Si3N4/Au, GaN/Au/Si3N4, and Au/GaN/Si3N4, respectively.  

The latter one had only 2 nm of gold deposited on top. Initially, the Ar:  2 ratio for GaN deposited 

was at 20:5 and later changed to 10:15. Figure 2.20 shows all the combinations of the materials 

that were made and tested for CL emissions. All the samples were kept on the same stub and 

each time the CL emission spectrum is taken from each sample, the stage is slightly adjusted up 

or down to maximize the spectrometer output. The total emission rate, which is obtained by 

integrating the spectrum over its wavelength range of the spectrometer (200 nm – 1000 nm), is 

shown in the Figure 2.20. The CL spectra were captured using the spectrometer. All 

measurements were performed at a 1s integration time, a 2mm slit width, and 100 g/mm grating 

settings, using an electron beam with an acceleration voltage of 10 kV and a beam current of 11 

nA. 
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Figure 2.20: Total CL photon emission rate from different material combinations. The combinations of 

materials and their thickness are illustrated. 

The data suggested that having a thin layer of Au on top of GaN can quench the emission rate, as 

the photons generated from the GaN will often be reflected back from the top metal layers. In the 

case with an Au layer in between, it maintains contact, hence avoiding charging, and the 

secondary electrons generated from the middle Au layer will aid in extracting more photons from 

the GaN layer on top. Au underneath the Si3N4  will create a loose contact. GaN deposited in a 

nitrogen-rich environment produced more photons. Hence, for making the nanomechanical 

resonators used in the thesis, the combination GaN-Au-  3 4 is used, where GaN is sputtered in 

Ar:  2=10:15 SCCM. This has a photon emission two orders of magnitude higher than from the 

thermally evaporated gold film on top of Si3N4. 

2.11 Summary 

In this chapter, the basic theory behind nanomechanical resonating structures were introduced. 

The chapter began with the general analytical expression for determining the eigenfrequency of 

structures such as cantilevers and nanowires (double-clamped beams) for various mechanical 

modes, as well as how stress can impact their eigenfrequency. From there, forced oscillator 

dynamics were discussed. This is important since all the nanomechanical resonators used in this 

thesis are externally driven using a piezoactuator. In Chapter 4, how electron-induced charging 

affects the nanomechanical response will be discussed in detail. There, the externally driven 
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damped 1D harmonic oscillator model will be modified to include a Coulomb force term. This will 

provide an analytical expression for the modified resonance frequency, which incorporates the 

electron beam parameters and a term for charge. 

The forced oscillator discussed in this chapter exhibits linear motion whereas Chapter 5 

examines the influence of electron beam on nanomechanical bistability. Bistability is a 

consequence of nonlinearity, which will be discussed in that chapter. In Chapter 5, the stress 

dependence of the mechanical eigen frequency is utilised for controlling the bistability.  

Later the nature of the electromagnetic field associated with an electron travelling in a vacuum 

and different electron-matter interactions, with a major emphasis on cathodoluminescence were 

discussed. Here different coherent and incoherent CL emissions were addressed. A detailed 

explanation on how to use cathodoluminescence for detecting nanomotion and have also derived 

an analytical expression for noise equivalent displacement at unitary SNR were provided. 

Additionally, the influence of electron beam size on the method has been investigated. Numerical 

simulation and initial experimental results show that the poor photon yield of plasmonic 

materials like gold makes them a poor choice for developing this method. The choice of gallium 

nitride and the combination of materials used for making the nanoresonators used in this thesis 

were also discussed. All the nanoresonators used from now onwards in this thesis are made of  

GaN/Au/  3 4 layers.  

The next chapter (Chapter 3) demonstrates nanomechanical motion detection and imaging using 

cathodoluminescence with externally driven nanomechanical cantilevers, where most of the 

aspects discussed in this chapter are applied. 
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Chapter 3  anomechanical motion detection and 

visualisation through cathodoluminescence 

Chapter 1 discusses why the detection and analysis of nanomechanical motion are areas of 

growing technological importance and scientific inquiry. Techniques involving electron 

microscopy have long been instrumental in imaging nanoscale structures, and recent 

advancements have extended their application to the study of dynamic processes[1, 5]. Time-

resolved ultrafast electron microscopy, for instance, employs femtosecond laser-driven electron 

pulses in combination with high-speed detection systems such as streak cameras or time-

correlated photon counting to investigate transient phenomena[78]. These methods, operating in 

pump-probe and stroboscopic configurations, provide both high spatial and temporal resolution, 

making them powerful tools for capturing ultrafast events in materials. However, these systems 

are highly specialised and often rely on complex optical setups, strict timing synchronisation, and 

expensive infrastructure. Other techniques utilising the secondary electron signal modulation 

offer a promising alternative[5]; they require direct interaction between the electron beam and 

the sample to generate secondary electrons. It is an inherently an invasive process that can alter 

or damage sensitive nanostructures. Cathodoluminescence, as discussed in Chapter 2, has 

shown potential for studying dynamic events [115], yet a technique for nanomechanical motion 

detection and imaging has not been demonstrated. Importantly, as light can be generated by 

electrons passing within a few nm of an object  b  scattering the moving electron’s evanescent 

field, c.f. Smith-Purcell radiation), as well as by direct impact, this approach offers the possibility 

of minimally perturbative measurements, i.e. involving energy exchange at the eV level of photons 

as opposed to the keV levels of secondary electrons, and potential means to probe/distinguish 

different mechanisms of free-electron interaction with nanostructures. 

In Chapter 2, the theoretical considerations and experimental requirements necessary for the 

implementation of nanomotion detection via cathodoluminescence was outlined. In this 

chapter, a practical demonstration of the method by detecting the resonance frequencies of 

three driven nanomechanical cantilevers with varying lengths is presented. This chapter also 

demonstrates a hyperspectral motion visualisation using cathodoluminescence. This provides 

for point measurements of motion with nanometric sensitivity and oscillatory mode mapping with 

spatial resolution of a few nanometers. 
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3.1 Experimental schematics for nanomechanical motion detection 

and imaging using CL 

The schematics for establishing nanomotion visualisation through cathodoluminescence are 

shown in Figure 3.1. The setup consists mainly of a modified SEM, which has a parabolic mirror 

inside and external scan control, a fast photodetector, and a lock-in detection and data 

acquisition module. 

 

Figure 3.1: Schematics for nanomotion visualisation using cathodoluminescence.(a) An SEM having a 

parabolic mirror to reflect the generated cathodoluminescence out of the high vacuum chamber to a fast 

photodetector with the help of a focusing lens. (b) The scan coils of the SEM are being controlled externally 

by a dual-channel arbitrary function generator generating sawtooth signals at different frequencies for 

raster scanning. (c) The photodetector output signal (the input signal for the lock-in amplifier) and the 

sinusoidal signal driving forced oscillations via a piezo actuator acting as a reference signal are being used 

to perform lock-in detection. Here the input signal (𝑉𝑠(𝑡)) is multiplied by the reference signal (𝑉𝑟(𝑡)) in the 

mixer. The signal from the mixer is low pass filtered, and a complex demodulated signal is generated (𝑋 

(real) and 𝑌 (imaginary)) which is polar coordinate transformed to extract the amplitude (𝑅) and phase (𝜃) 

information. (d) To determine mechanical resonances, the SEM is operated in spot mode, and the lock-in 

measurement as a function of driving frequency reveals peaks in the CL signal at mechanical resonance 

frequency(s). For imaging mode, the lock-in is then referenced to the clock frequency (internal oscillator 

frequency) to demodulate the output signal of the photodetector pixel by pixel while raster scanning, 

building CL signal amplitude and phase maps of the object’s movements at the frequency of interest. 
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The experiment was conducted using a CamScan3600 SEM with a field emission gun. The 

electron beam is controlled externally using a dual-channel arbitrary function generator (Tti 

TGF4242), which generates sawtooth waves: one to control the horizontal fast scanning and the 

other to control the vertical slow scanning. These signals can be switched to switch the direction 

of raster scanning. The sample was mounted on a shear piezoelectric stack (Thorlabs PL5FBP3). 

The sinusoidal driving voltage signal to the piezo-actuator is provided from the signal output of a 

Zurich Instruments UHFLI 600 MHz lock-in amplifier. The internal clock generator is used to adjust 

the driving frequency according to the experimental requirements. The sample is kept at the focus 

of the parabolic mirror inside the SEM chamber, which is under a pressure of < 3 x 10-6 mbar. The 

position of the sample can be adjusted using the motorised stage. The foci of the parabolic mirror 

and electron beam should be well aligned to have a good light collection efficiency. An optimal 

position can be achieved by adjusting the pitch and yaw of the parabolic mirror until a position is 

reached where maximum light is detected by either a spectrometer output (as discussed in 

Chapter 2) or the photodetector output. The CL that is generated is reflected off the parabolic 

mirror and channelled outside the SEM chamber and is focused onto an avalanche photodetector 

(Thorlabs APD440A2, set to maximum gain) using a plano-convex lens (focal distance of 2.5 cm). 

The photodetector output serves as the input signal to the lock-in amplifier, referenced to the 

driving frequency, to demodulate the CL signal from the photodetector and retrieve the amplitude 

and phase information of the motion.  

 or driven motion detection, the SE  is operated in ‘spot mode’, where the electron beam is fi ed 

at a particular location (or at a single pixel) of the sample (near to the edge of the oscillating 

sample) and utilising the frequency sweep option of the lock-in amplifier, the amplitude and 

phase information from that location is determined. 

For imaging, the data acquisition module of the Zurich Instruments UHFLI 600 MHz lock-in 

amplifier can be utilised, where the sample is driven at a particular frequency and the electron 

beam is raster scanned pixel-by-pi el to map the object’s movements at the set frequency. 

Simultaneously, the DC component of the signal is also mapped utilising the multi-frequency 

option of the instrument. Based on the sampling rate and the integration time for lock-in 

detection, the raster scanning speed can be adjusted. 

3.2 Detecting nanomechanical motion using cathodoluminescence  

The detection of nanomechanical motion is demonstrated with the help of a series of 

nanomechanical cantilevers that are set in motion with the help of an external sinusoidal driving 

signal with 1.5 V𝑝𝑝 driving voltage applied to the piezo actuator that the sample is mounted on. 

The SEM image of the cantilevers used in this study is shown in Figure 3.2a, the lengths (𝐿𝑖) of the 
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cantilevers are 27 μm, 25 μm, and 23 μm, respectively, for cantilevers 𝑖= 1,2,3. The width (𝑊) was 

800 nm. The overall thickness was 150 nm. The inset shows the cross-section of the 

nanomechanical cantilevers, providing details of the materials used to make them and their 

respective thicknesses. The cantilevers were made using focused ion beam milling (Chapter 4). 

All the cantilevers are driven to oscillate parallel to the field of view (in-plane motion) as indicated 

by a white double-headed arrow. The acceleration voltage of the electron beam was 10 kV, and 

the beam current was 3 nA. It was set to spot mode and was kept ~ 100 nm away from the edge of 

each resonator, as indicated by the coloured dots. The movement of the structure will create a 

fluctuation in the generated light, which is then used for the lock-in measurement. 

 

Figure 3.2: Nanomechanical motion detection using cathodoluminescence.(a) The SEM image of the 

nanomechanical cantilevers used to demonstrate the technique. The inset shows the cross-sectional 

thickness and materials used. The electron beam parameters, electron beam spot mode position for each 

cantilever while the measurement is taken (coloured dots), and the externally driven in-plane oscillation 

direction (white double-headed arrow) are indicated on the image. The scale bar is 2 μm long. (b) 

Nanomechanical motion detected using the cathodoluminescence signal from each cantilever. The peaks 

indicate the CL signal modulation amplitude at the fundamental in-plane resonance frequency of each 

cantilever with respect to its base. 

Figure 3.2b shows the detected CL modulation amplitude as a function of driving frequency for 

each cantilever. (The background has been subtracted in order to characterize the motion of the 

cantilever tips relative to their driven bases.) It reveals the fundamental in-plane resonance 

frequency (𝑓𝑜𝑖
) of each cantilever. For this, the frequency sweeper option of the Zurich instrument 

was used, where the frequency was varied from 500 kHz to 1 MHz with 6000 data points in 

between. In the modulation amplitude as a function of driving frequency plot, the resonance 

frequency appears as a sharp peak. Each plot is offset from its neighbouring plot by 5 μV for clear 

visibility. The data show that as the length decreases, the resonance frequency increases (as 
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described by Equation 2.8). The experimentally observed 𝑓𝑜1
, 𝑓𝑜2

, and 𝑓𝑜3
 matches close to the 

numerically evaluated in-plane resonance frequencies of 545 kHz, 745 kHz, and 814 kHz, 

respectivel .  actors such as fabrication errors, Young’s modulus values used in numerical 

calculations, and slight bending of the cantilevers due to prolonged exposure to the electron 

beam during experiments could account for the differences between simulated and experimental 

results. Charging of the cantilever due to the presence of electron beam can also affect 

resonance frequencies as demonstrated in Chapter 4. 

3.2.1 Mechanical displacement amplitude and quality factor 

With the mechanical resonance frequency detected, the quality factor of the cantilever is 

analysed. For this, the resonance frequency of the middle cantilever from Figure 3.2b (𝑓𝑜2
=

837.4 kHz) was selected. The reason for selecting the middle cantilever response was that it was 

at an optimal and convenient position for imaging (next section). Figure 3.3 shows the calibrated 

mechanical displacement amplitude around the cantilever's fundamental in-plane resonance 

frequency with respect to the base of the cantilever. The calibration process of converting from 

voltages to distance will be explained in the imaging section. The driving frequency range was 

narrowed down to 5 kHz (835 kHz to 840 kHz), and the number of points was reduced to 4000 with 

an integration time of 40 ms per frequency step. The data was fitted using the amplitude response 

function (Equation 2.16) where the numerator (amplitude scaling factor) and the quality factor 

were used as fitting parameters. The value of quality factor Q was determined to be 1790.    

 

Figure 3.3: Mechanical displacement amplitude and quality factor. The CL signal modulation amplitude 

of the middle cantilever (highlighted by the red-dotted box in Figure 3.2a) is calibrated to obtain the 

mechanical displacement amplitude as a function of the driving frequency. The data is fitted using Equation 

2.16  with quality factor Q as the fitting parameter. The average noise floor is about 5 nm per 40 ms of 

acquisition time per frequency  (indicated by the violet line). 
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As described in Chapter 2, the motion characterization technique relies upon the gradient 

∆𝐼𝑝𝑛/∆𝑥 of the photon detection rate at the sharp edges of an object, yielding a value of noise 

equivalent displacement (with unitary signal-to-noise ratio) ~ ∆𝑥

∆𝐼𝑝𝑛
√

𝐼𝑝𝑛(𝑥)

𝜏
. Thus, assuming that 

shot noise is the dominant noise contribution, the signal-to-noise ratio improves proportionally 

to the square root of the integration time. If the integration time increases to 1s, that is 25 times 

the current integration time per frequency step,, 5 times improvement in displacement sensitivity 

may be expected. From Figure 3.3, the noise floor is around 5 nm according to the non-resonant 

part of the spectrum. A 5-fold sensitivity improvement for an integration time of 1 s implies a noise 

equivalent displacement amplitude spectral density of 1 nm/√Hz under typical conditions of 

beam current and photon yield per electron. Each electron delivers a momentum  (𝑝𝑒) to the 

cantilever. The momentum 𝑝𝑒 = 𝑚𝑒𝑣𝑒 = 𝑚𝑒 √2𝑒V𝑒/𝑚𝑒 , where 𝑚𝑒  is the mass of an electron,𝑣𝑒 

is the velocity of the electron (here non-relativistic velocity is considered), V𝑒   the acceleration 

voltage. For an upper bound estimate, if the entire electron beam of beam current (𝐼𝑒) falls on the 

cantilever, the maximum force the electron beam as a probe can impart is, 𝐹𝑒𝑝𝑟𝑜𝑏𝑒
=

𝐼𝑒

𝑒
𝑝𝑒 =

𝐼𝑒

𝑒
√2𝑒V𝑒𝑚𝑒. For 10 kV, 3 nA electron beam this amount to ~1 pN. Considering the cantilever used 

in Figure 3.3, with  𝑚𝑒𝑓𝑓 ~ 7 pg, and  𝑘~ 2 N/m, the displacement (𝑥𝑠𝑡𝑎𝑡𝑖𝑐) due to the force 

excreted  by the probe on the cantilever is  𝑥𝑠𝑡𝑎𝑡𝑖𝑐 =
𝐹𝑒𝑝𝑟𝑜𝑏𝑒

𝑘
 = 5 pm. This is negligible compared 

to the 10s of nm displacement detected. 

3.3 Nanomechanical motion imaging using cathodoluminescence 

The technique of detecting the motion of nanoscale objects using cathodoluminescence was 

demonstrated by observing their fundamental in-plane resonance frequency. With that, the next 

step is to image motion. Before proceeding, the photodetector output signal corresponding to the 

movement of the nanomechanical cantilever needs to be calibrated to its mechanical 

displacement amplitude.     

3.3.1 Calibrating cantilever displacement to driving voltages      

The following process is followed to understand how much the cantilever displaces in response 

to the driving voltage sent into the piezo actuator. The middle cantilever, marked by a red dot-

dashed rectangular box in Figure 3.2a, was selected for this purpose. The tip was zoomed in 

without any external driving signal, and an SEM image was taken (Figure 3.4a). Then, at the same 

zoomed-in condition, the cantilever was set to oscillate at a non-resonant frequency of 200 kHz 
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at varying driving voltages from 0.1, 0.25, 0.5, 0.75, 1, 1.25, and 1.5 V𝑝𝑝. At each driving voltage, 

an SEM image was captured. From the acquired images, a region is selected (indicated by a navy-

blue box in Figure 3.4a), and the pixel values along the vertical direction in each column were 

averaged, which provided an averaged line scan value for each driven and static case, with the 

horizontal axis corresponding to the horizontal scale of the SEM image. The top and bottom limits 

of the line scan data are assigned by plotting a straight line that goes through the average of the 

last 100 points at the top and the average of the first 100 points at the bottom. Then, another 

straight line, 5 % less than the top line, and another line equally as far from the bottom line were 

set. Then the distance between the points where those latter lines intersect the line scan is 

calculated. This distance D shows how much the cantilever has displaced. This procedure was 

done for all the images. Figure 3.4b shows the case for the SEM static image shown in Figure 3.4a. 

The displacement to driving voltage is estimated as half the difference between the D values of 

the driven case and the static case. 

The non-resonance driving calibration curve is shown in Figure 3.4c, where the estimated 

amplitude of mechanical displacement from the SEM images for each driving voltage sent to the 

piezo actuator is plotted. The data points are fitted using   = 𝑎𝑜V𝑝𝑝
2 , where the fit parameter  𝑎𝑜 = 

10.80 nm/V  is taken as the calibration factor. The SEM images taken are with respect to the 

laboratory frame of reference. The calibration factor is needed to convert the voltage signals to 

mechanical oscillation amplitudes. 
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Figure 3.4: Calibration curve for displacement as a function of driving voltage.(a) The SEM image of the 

tip of the cantilever (marked with a red-dotted box in Figure 3.2a) when not driven. The scale bar is 100 nm 

long.  The region indicated by the navy-blue box is where the pixel intensities are averaged vertically at each 

horizontal position. (b) Indicates the line scan (navy-blue line) that resulted from averaging the pixels 

vertically at each 𝑥 position in a. The top (green line) and bottom limit (red line) indicate the average 

grayscale value on the cantilever and the vacuum, respectively. A green dashed line, 5 % less than the top 

limit, and a red dashed line, which is at an equal distance above the bottom limit, are assigned. The distance 

between the points on the line scan where the dashed lines intersect is indicated as D. (c) The displacement 

of the cantilever as a function of driving voltage is indicated. These data points are fitted using a fit function 

( = 𝑎𝑜V𝑝𝑝
2 ). 

3.3.2 Mode mapping of driven motion using cathodoluminescence 

Imaging was performed with the assistance of the data acquisition module (DAQ) of the Zurich 

Instruments lock-in amplifier. An external signal generator was used to set up two positive ramp 

signals for controlling both 𝑥 and 𝑦 scanning of the electron beam. For horizontal fast scan 

direction (𝑦 direction), the ramp frequency is set to 100 mHz and amplitude to 10 V𝑝𝑝. For vertical 

slow scan (𝑥 direction), the ramp signal frequency was 1.205 mHz with an amplitude of 8 V𝑝𝑝. The 

horizontal scan signal is used as the trigger for data acquisition. The total imaging time took about 

14 minutes for one frame. 

At the time of the experiment, the middle cantilever (indicated by a red-dashed box in Figure 3.2a) 

was positioned at the focal point of the parabolic mirror and the electron beam. This was the 
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reason to choose that cantilever for performing imaging (Figure 3.5a). The cantilever is then driven 

to oscillate in-plane using the piezo actuator. A sinusoidal driving frequency of 837.4 kHz (the 

detected resonance frequency presented in Figure 3.2b) with a driving voltage of 1.5 Vpp is sent 

to the piezo actuator from the internal oscillator output of the lock-in amplifier. The electron beam 

is then externally scanned across the set field of view. It spends approximately 40 ms per pixel, 

and the cathodoluminescence generated as a result of the interaction between the electron 

beam and the spatial position on the cantilever is used for lock-in detection at the driving 

frequency (which acts as the reference frequency). The lock-in detection of oscillation amplitude 

and phase information per pixel for a fixed driving frequency across the entire cantilever is 

collected and stitched together to form the images (Figure 3.5c, d). The phase and amplitude 

information are with respect to the laboratory frame of reference. Figure 3.5b shows the static CL 

image, i.e. the DC component of CL that is generated per electron impact position. 

A few factors were considered during the imaging process: One, due to external scanning and the 

line-by-line construction of the image, a random drift can occur between rows of pixels, 

necessitating correction. Two, the oscillation amplitudes were in units of voltage (the CL signal 

variation amplitude), which should be calibrated to the mechanical displacement amplitude in 

meters. 

 

Figure 3.5: Mechanical mode mapping using cathodoluminescence.  (a) The SEM image of the cantilever 

that was used for imaging the driven in-plane mechanical mode. (b) Static (DC) cathodoluminescence 

image. (c) The calibrated in-plane mechanical motion amplitude image of the cantilever with respect to the 

laboratory frame of reference at a driven oscillation frequency of 837.4 kHz. (d) Corresponding phase image 

at 837.4 kHz.  
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The 𝑥-drift correction in the images was performed as follows: first, the driven signal amplitude 

image was divided into four sections, each comprising an edge of the membrane or the edge of 

the cantilever. Find the 𝑥-position that has the highest average lock-in voltage reading at the 

driving frequency and that has the highest pixel intensity distribution. Then, identify the 𝑥-position 

with the highest detected voltage from oscillation in each row. Calculate the offset. Repeat this 

process for all rows. This will tell how much each row is shifted. This procedure was repeated for 

all four sections. After this, the shift values from all four sections were averaged for each row and 

then fitted with a polynomial (to the nearest integer). These fit values per row were used for 

shifting each row. Hence, the 𝑥-drift was got corrected. The same 𝑥-drift correction was applied 

to all images collected simultaneously during the imaging process. 

To convert the measured lock-in voltages to displacement amplitudes in units of length, first, the 

gradient image was calculated from the DC image. With the CL signal oscillation amplitude 

image, the gradient of the static image and the calibration factor (discussed above), the 

mechanical displacement amplitude in units of length was determined as, 

C  signal oscillation amplitude   V 

 C gradient (Vm)
× Calibration factor 3.1 

 The calibration factor was determined by considering that, according to the calibration curve for 

the non-resonance case (Figure 3.4c), the non-resonance part of the image (the edges of the 

membrane) oscillates with an amplitude of approximately 24 nm. Here, displacements are 

relative to the lab frame, i.e. including the motion of the driven cantilever base. In contrast, in 

Figure 3.3c, displacements are shown relative to the cantilever base, i.e. excluding the base 

motion, resulting in smaller off-resonant values. 

This technique, as discussed in Chapter 2 relies upon a high photon yield (and its gradient), hence 

a brighter material with sufficient fluorescence will help in improving the technique's 

displacement sensitivity. Limitations such as poor signal-to-noise ratio while imaging can be 

overcome by increasing the integration time. Though increasing the integration time will increase 

the overall time taken for imaging. This could affect the nanomechanical behaviour as well as the 

structure under investigation due to prolonged impact of the electron beam. The SNR can also be 

improved by collecting more of the photons that are generated and using a photodetector with 

higher sensitivity. A limitation observed with the setup was the recurring difficulty in maintaining 

the parabolic mirror and electron beam in proper focus, as they frequently drifted out of 

alignment.   
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3.4 Possibility of detecting thermal motion 

Establishing the technique for detecting and imaging driven motion led to the question: Is it 

feasible to detect sub-nm displacement? This would make thermal oscillations in 

nanomechanical structures accessible, as their amplitudes are typically in a few hundred 

picometers. A simple way to check the possibility is to drive the sample with a low driving voltage 

such that the mechanical displacement will be in the sub-nm range. From Figure 3.4c, a driving 

voltage of 100 mV𝑝𝑝 produces a displacement of approximately 1 nm. Reducing the driving 

voltage by a factor of four therefore implies that the cantilever is driven in the sub-nm 

displacement regime. Extrapolation of the fitted calibration curve yields an estimated 

displacement of approximately 7 pm at 25 mV𝑝𝑝; however this value should be regarded as highly 

approximate. At lower driving voltages, the measured data deviate significantly from the fitted 

response, as expected due to intrinsic piezoelectric nonlinearity. The piezoelectric materials 

exhibit hysteresis and creep, which becomes increasingly pronounced at small actuation 

amplitudes. At such low displacements, the detected signals approach the sensitivity limit of the 

measurement system, where noise drift, and calibration uncertainty can dominate, leading to a 

reduced accuracy of displacement measurement. Nevertheless, the measurements reveal 

detection of the << 1 nm displacement when driving the cantilever at 200 kHz with a driving 

voltage of 25 mV𝑝𝑝. The power spectral density of the signal was collected using the scope 

function of the Zurich Instruments lock-in amplifier. Since the scope function does not perform 

lock-in detection, this is similar to thermal motion detection. The bandwidth of 1.75 MHz with a 

higher integration time of 1.5 s was set. The number of data points was 2,636,718, and the average 

was set to 40, resulting in an overall measurement duration of 60 s. The result is shown in Figure 

3.6, where the dominant peak at 82.8 kHz and its higher overtones are observed. This was verified 

to be coming from the photodetector (reason unknown). The inset shows a zoomed in region of 

the spectra where the driven frequency is detected. This tells that with a higher integration time 

thermal motion detection should be possible. It should be noted that the detection of the 

oscillations at 25 mV𝑝𝑝 in 60 s is better than what might be expected from the noise level of about 

1 nm/√Hz  observed around 835 kHz in Section 3.2.1. The reason is apparent from Figure 3.5, the 

noise level at 200 kHz is significantly lower, enabling the driven motion peak to rise above the 

noise. 
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Figure 3.6: Detecting sub-nm motion:  The cantilever is driven at 200 kHz with 25 mVpp.The inset shows 

the driving frequency is detected.  

3.5 Summary 

In summary, the motion of nano/microscale objects can be detected and mapped via 

cathodoluminescence, with nanometric displacement sensitivity and spatial resolution, and 

MHz bandwidth is demonstrated. This was demonstrated by detecting the in-plane resonance 

frequencies of externally driven cantilevers of varying lengths. The resonance frequencies were 

of 100s of kHz. The procedure for converting the detected CL signal modulation amplitude into 

mechanical displacement amplitude is discussed. The capability of using this technique for 

hyperspectral motion imaging is demonstrated by mode mapping the amplitude and phase of a 

driven cantilever at its detected resonance frequency as at zero (DC) frequency. The observed 

noise equivalent displacement amplitude spectral density is 1 nm/√Hz under typical conditions 

of beam current and photon yield per electron at around 835 kHz and lower at lower frequencies. 

Indeed, driven oscillations with an amplitude << 1 nm at 200 kHz have been detected with a 

measurement time of one minute. Cathodoluminescence-based nanomotion detection as 

demonstrated here could serve as a valuable extension to time-resolved cathodoluminescence 

techniques. 
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Chapter 4 Electrostatic control of nanomechanical 

resonances by an electron beam 

In the previous chapters electron-beam probe techniques developed to detect and image fast, 

small-scale motion with high motion sensitivity and spatial and temporal resolution were 

discussed. Scanning electron microscopy (SEM) [5, 152] and transmission electron microscopy 

(TEM)[78] can provide sub-nanometre displacement sensitivity with nanoscale spatial resolution. 

When combined with time-resolved or stroboscopic methods, they can achieve temporal 

resolutions of microseconds, even down to nanoseconds or femtoseconds [153]. However, 

electron beam-sample interaction introduces challenges, such as electron beam-induced 

carbon contamination [154, 155], electron-induced heating [156], and charging [157, 158]. The 

imbalance of incident and emitted electrons leads to either negative surface charging. Negative 

charging occurs when electrons from the incident beam accumulate on or within a sample, 

typically in non-conductive or poorly grounded materials, because the electrons cannot easily 

escape[158]. It introduces imaging artefacts [159, 160], distorts the beam trajectory [161], and, 

most importantly for this study, perturbs the mechanical behaviour of the resonator itself. The 

mechanical behaviour of charged micro- and nanomechanical resonators has been studied in 

the context of AFM-based techniques [162-164], where the accumulated charge on the surface 

of the sample can modify its local electrostatic environment, causing a resonance frequency shift 

of the probing cantilever due to electrostatic repulsion or attraction of the conductive tip. Such 

capacitive coupling has been used [48, 165-168] to adjust resonance frequencies by modulating 

an applied voltage, exploiting the associated electrostatic spring softening or stiffening effect 

[169, 170]. However, in focused electron beam techniques, such charging effects are usually 

avoided using metallic conductive coatings [171] and grounding schemes[172-174]. 

 While steps are normally taken in electron microscopy to eliminate or at least minimise charging, 

this chapter examines the ways in which it can be utilized. A systematic investigation is 

conducted to examine how electron beam-induced charging affects the resonant behaviour of 

nanoscale mechanical resonators (Figure 4.1) and explore its potential for tuning mechanical 

resonances and detecting charged particle beams. The mechanical response of an isolated 

externally driven cantilever is examined using secondary electron nanomotion metrology [5] for 

different electron beam positions and currents. An electron-beam-induced blue shift of the 

resonator’s mechanical resonance is observed, attributed to an electrostatic stiffening effect 

arising from the Coulomb interaction between the electron beam and the charge deposited on 

the cantilever. A simple analytical model is derived to describe the dependence of the resonant 

characteristics of a charged mechanical oscillator on a nearby charged particle beam. 



Chapter 4 

84 

 

Figure 4.1: Illustration of the concept of charging affecting a nanomechanical resonance. An isolated 

mechanical resonator will be charged by a nearby electron beam, causing a Coulomb force between the 

electron beam and the resonator, which stiffens the resonator. Moving the electron beam closer to (away 

from) the resonator will blue-shift (red-shift) its mechanical resonances. 

4.1 Experiment 

The motion of cantilevers cut from a silicon nitride membrane coated with gold and gallium nitride 

layers, with and without patterning around their base for electrical isolation (Figure 4.2a) is 

studied.  The silicon nitride membrane of 50 nm thickness supported by a 200-μm-thick silicon 

frame (NORCADA), was coated with 50 nm of gold using a BOC Edwards resistance evaporator 

and then 50 nm of gallium nitride (GaN) by sputtering using an AJA Orion sputtering machine. The 

nanomechanical cantilevers were fabricated by focused ion beam milling using a Helios Nanolab 

600 SEM-FIB dual beam system. The cantilevers were designed using Design CAD Express 16, 

and milling was controlled using NPGS software. The magnification was fixed at 2500x, centre-

to-centre distance, and line spacing were set as 10 nm. The ion beam current used was 52.9 pA, 

and the area dosage was 50 mC/cm2. Then, one of the otherwise identical cantilevers was 

isolated by FIB milling through the electrically conductive gold layer around its base, which is 

supported b  the membrane’s silicon frame, while the other cantilever remained grounded. The 

sample was mounted on a piezo actuator that is used to drive in-plane oscillations of the 

cantilevers using a sinusoidal driving voltage of 500 mVpp. The SEM is then operated in 'spot 

mode,' where the electron beam with 1.5 nA current and 10 kV acceleration voltage is positioned 

(blue dots in Figure 4.2a) at different distances from the edge of the structure. Cantilever motion 

with respect to the electron beam modulates the rate of electron impact on the cantilever and 

thus also the resulting rate of secondary electron generation and the output signal of the electron 
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microscope’s secondar  electron detector. The experimental setup is the same as illustrated in 

Figures 3.1a and c, except that instead of using the signal from the avalanche photodetector, The 

secondary electron signals from the Everhart-Thornley secondary electron detector is used. 

(Later in this chapter, both signals are used simultaneously.) For a fixed electron beam position 

and small amplitudes of nanomechanical oscillation, the secondary electron signal modulation 

is proportional to the oscillation amplitude and measured in my experiments by lock-in detection 

at the driving frequency. Reference measurements are taken with the electron beam positioned 

𝑑 = 300 nm away from the cantilever edge, a sufficient distance for a negligible influence of the 

electron beam on the cantilever. The fundamental in-plane resonance frequencies at 332.68 kHz 

for the isolated cantilever (Figure 4.2b) and 407.69 kHz for the grounded cantilever (Figure 4.2c), 

with similar resonance quality factors Q of 600 and 630, respectively are observed. A difference 

in resonance frequency and quality factor for the isolated and grounded, otherwise identical 

cantilevers is expected. The resonance frequency (𝑓𝑜 =
1

2𝜋
√𝑘/𝑚𝑒𝑓𝑓 ) is proportional to the 

square root of the spring constant and milling near the anchor reduces the spring constant 

significantly, which will lower the resonance frequency. Removing mass near the anchor 

produces only small change to the effective mass as it is distributed along the length of the 

cantilever. With materials removed near the anchor point, the clamping loss can increase, hence 

can lower the Q. Resonance frequencies and quality factors were determined by fitting Equation 

4.10 to the experimental data. Measurements are taken at electron beam distances 𝑑 from 200 

nm to 20 nm from the cantilever edge in 20 nm steps. As the electron beam approaches the edge 

of the isolated cantilever, its resonance frequency blue-shifts significantly and continuously 

(Figure 4.2b). In case of the grounded cantilever, a blue shift is also detectable, but it is much 

smaller and seen only at smaller distances 𝑑 (Figure 4.2c). For example, the blue-shift arising 

from positioning the electron beam 100 nm from the cantilever edge is 490 Hz for the isolated 

cantilever and only 30 Hz for the grounded cantilever, a difference of more than an order of 

magnitude. For closer proximity of the electron beam to the cantilever edge, the blue-shift 

continues to increase for both cantilevers, reaching 1170 and 270 Hz at 𝑑 = 20 nm, respectively. 

The much larger frequency shift that occurs for the isolated cantilever compared to the grounded 

one suggests that the blue shift may be caused by charging.  
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Figure 4.2: Mechanical resonances detected at different electron beam injection points for isolated 

and grounded cantilevers. (a) SEM image of the cantilevers, which are nominally identical with the same 

layers (inset) and dimensions: 3  μm in length, 800 nm in width, and 150 nm in thickness. The conductive 

gold layer at the base of one cantilever has been milled away to isolate it electrically (red), while the other 

remains grounded (green). The motion of the cantilevers is probed by positioning the electron beam (blue 

dots) at different distances d from the edge (white line) of each cantilever near its tip, as indicated in the 

enlarged SEM image. Lateral oscillations (indicated by the white double-headed arrow) of the cantilevers 

are driven by a piezo actuator. (b & c) Oscillation amplitude as a function of driving frequency for the isolated 

(red) and grounded (green) cantilevers with fits (dashed) according to Equation 4.10. As the electron beam 

injection position approaches the cantilevers, a blue shift of their resonance frequencies (𝑓𝑜) is observed, 

which is much larger for the isolated cantilever. 
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4.2 Analytical model 

Experimental evidence (Figures 4.2b and c) suggests that the resonance frequency shift is due to 

the charge buildup on the cantilever and its interaction with the electron beam. The observed 

blue-shift of the in-plane resonance implies an increase of the cantilever’s effective spring 

constant, i.e. an additional force arising from the charge-electron beam interaction and acting 

against in-plane (𝑥) displacement of the cantilever. The interaction may be understood by 

considering the force acting on a point charge (the charged cantilever) placed in the vicinity of a 

line of moving charges (the electron beam). Being essentially a line charge and line current (along 

𝑧), the electron beam generates a radial electric and azimuthal magnetic field[175]. Any 

contributions from the magnetic Lorentz force due to charge motion (due to in-plane cantilever 

oscillations or charge flow along the cantilever) can be excluded as the interaction of such charge 

motion in the 𝑥𝑦-plane with the magnetic field in the 𝑥𝑦-plane can only yield a Lorentz force along 

𝑧. However, the charged cantilever within the radial electric field of the electron beam will 

experience a Coulomb force along the direction of its in-plane oscillations (𝑥). Indeed, 

stronger/weaker repulsion for cantilever displacement towards/away from the electron beam 

may be expected to yield a stiffening effect and thus a blue-shift of the cantilever’s in-plane 

resonance. Here, we will evaluate how the mechanical resonance is affected by the electric force 

𝐹𝑒⃗⃗  ⃗ on a point charge 𝑞  representing the charge on the cantilever  located in the electron beam’s 

radial electric field 𝐸𝑒
⃗⃗⃗⃗ . 

 

Approximating the electron beam as a cylindrical wire of infinite length and infinitesimal radius 

carrying a positive current 𝐼𝑒, Gauss's Law gives the electric field outside the cylindrical charged 

wire as ∮𝐸𝑒
⃗⃗⃗⃗ ∙ 𝑑𝐴 = 𝑄enc/𝜀0. For a cylindrical surface of radius 𝑅 and length 𝐿 around the electron 

beam, the enclosed charge is 𝑄enc = (𝑑𝑄enc/𝑑𝐿)𝐿 = (−𝐼𝑒/𝑣𝑒)𝐿, where 𝑣𝑒 is the electron velocity 

that is determined by the acceleration voltage 𝑉𝑒  and given by  𝑣𝑒 = √(2𝑒𝑉𝑒/𝑚𝑒) in the non-

relativistic regime that I consider here (𝑉𝑒 = 10 kV). 𝑑𝑄enc/𝑑𝐿 is the charge per unit length, 𝜀𝑜 is 

the permittivity of free space, 𝑒 charge of an electron, and 𝑚𝑒  mass of an electron. Since the field 

is cylindrically symmetric, 𝐸𝑒
⃗⃗⃗⃗ (2𝜋𝑅𝐿) = −𝐼𝑒𝐿/(𝑣𝑒𝜀0)𝑒̂𝑟 , rearranging for 𝐸𝑒

⃗⃗⃗⃗ , 

𝐸𝑒
⃗⃗⃗⃗ =

−𝐼𝑒
2𝜋𝑅𝑣𝑒𝜀0

𝑒̂𝑟 4.1 

The electric force on a charge 𝑞 in the radial electric field is  

𝐹𝑒⃗⃗  ⃗ = 𝑞𝐸𝑒
⃗⃗⃗⃗ =

−𝑞𝐼𝑒
2𝜋𝑅𝑣𝑒𝜀0

𝑒̂𝑟 4.2 
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Considering the negative charge 𝑞 of the cantilever, the electric force between the electron beam 

and the cantilever is repulsive. To determine the effect of this repulsive force on the cantilever’s 

fundamental resonance of in-plane oscillation, I take it into account in its equation of motion. The 

cantilever is treated as a damped harmonic oscillator with mass 𝑚𝑒𝑓𝑓  oscillating about 𝑥𝑜 in 

response to an oscillating driving force and the electric force acting on its charge 𝑞 within the 

electric field of the electron beam at a distance 𝑅(𝑡) = 𝑅0 + Δ𝑥(𝑡) (Figure 4.3). Where 𝑅0 is the 

equilibrium distance between the charge and the electron beam, and Δ𝑥(𝑡) is the displacement 

of the cantilever from its equilibrium position 𝑥𝑜. The cantilever’s position is 𝑥(𝑡) = 𝑥𝑜 + Δ𝑥(𝑡) and 

without electric force 𝑥𝑜 shall be 0. 

 

Figure 4.3: A simple model for understand how electron-beam-induced charging affects 

nanomechanics. A charged and driven mechanical oscillator in the presence of an electron beam can be 

approximated as a charged mass on a spring under forced vibration within the electric field of an 

infinitesimally thin cylindrical wire carrying a line charge. The Coulomb electrostatic force alters the 

effective spring constant, leading to a change in the mechanical resonance frequency. 

 

The equation of motion of the driven and damped, charged oscillator experiencing a Coulomb 

force (𝐹𝑒) is 

𝑚𝑒𝑓𝑓𝑥̈ + 𝑏𝑥̇ + 𝑘𝑥 = 𝐹𝑒 + 𝐹𝑜𝑐𝑜𝑠 (𝜔𝑡), 4.3 

Where 𝑘 is the spring constant,  𝑚𝑒𝑓𝑓  is the effective mass, b is the damping coefficient, 𝐹𝑜 and 

𝜔 are the amplitude and angular frequency of the driving force, and 𝑡 is the time. Substituting 

Equation 4.2 in Equation 4.3, 

 

𝑚𝑒𝑓𝑓𝑥̈ + 𝑏𝑥̇ + 𝑘𝑥 =
−𝑞𝐼𝑒

2𝜋𝜀𝑜𝑣𝑒
(

1

𝑅𝑜  +  𝛥𝑥
) + 𝐹𝑜𝑐𝑜𝑠 (𝜔𝑡) 4.4 

Electron beam
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If |Δ | ≪ 𝑅𝑜, the electrostatic term can be approximated using a Taylor expansion 1

𝑅𝑜+Δ𝑥
=

1

𝑅𝑜
−

Δx

𝑅𝑜
2 +

Δx2

𝑅𝑜
3 − ⋯. Ignoring higher orders, 

𝑚𝑒𝑓𝑓𝑥̈ + 𝑏𝑥̇ + 𝑘𝑥 ≈
−𝑞𝐼𝑒

2𝜋𝜀𝑜𝑣𝑒𝑅𝑜
+

𝑞𝐼𝑒

2𝜋𝜀𝑜𝑣𝑒𝑅𝑜
2 𝛥𝑥 + 𝐹𝑜𝑐𝑜𝑠 (𝜔𝑡) 4.5 

 Here, 𝐹𝑒𝑜 =
−𝑞𝐼𝑒

2𝜋𝜀𝑜𝑣𝑒𝑅𝑜
 is the electrostatic force acting on the oscillator at its (new) equilibrium 

position, i.e. it shifts the equilibrium position from 0 to 𝑥𝑜 ≈ 𝐹𝑒𝑜/𝑘. Considering this, substituting 

𝑥(𝑡) = 𝑥𝑜 + Δ𝑥(𝑡) and rearranging, Equation 4.5 simplifies to the equation of motion for the 

displacement Δ𝑥 relative to the new equilibrium position  

𝛥𝑥̈ +
𝑏

𝑚𝑒𝑓𝑓
𝛥𝑥̇ +

(𝑘 −
𝑞𝐼𝑒

2𝜋𝜀𝑜𝑣𝑒𝑅𝑜
2)

𝑚𝑒𝑓𝑓
𝛥𝑥 =

𝐹𝑜
𝑚𝑒𝑓𝑓

𝑐𝑜𝑠 (𝜔𝑡) 
4.6 

Equation 4.6 has the same form as the equation of motion of a forced oscillator (Section 2.2.1) 

[176], 

𝑥̈ + 𝛾𝑥̇ + 𝜔𝑜
2𝑥 =

𝐹𝑜
𝑚𝑒𝑓𝑓

𝑐𝑜𝑠 (𝜔𝑡) 4.7 

 Comparing coefficients of Equation 4.6 and Equation 4.7 gives the modified natural frequency, 

𝜔𝑜
′ = 2𝜋𝑓𝑜

′ =
√

(𝑘 −
𝑞𝐼𝑒

2𝜋𝜀𝑜𝑣𝑒𝑅𝑜
2)

𝑚𝑒𝑓𝑓
≈ 𝜔𝑜 (1 −

𝑞𝐼𝑒

4𝜋𝜀𝑜𝑣𝑒𝑅𝑜
2𝑘

) 
4.8 

 (where the approximation holds for small relative frequency shifts), modified spring constant,  

𝑘′ = 𝑘 −
𝑞𝐼𝑒

2𝜋𝜀𝑜𝑣𝑒𝑅𝑜
2 4.9 

 and amplitude as a function of driving frequency, 

𝐴(𝜔) =
𝐹𝑜/𝑚𝑒𝑓𝑓

√[𝜔𝑜
′ 2

 − 𝜔2]
2
+ (

𝜔𝑜
′𝜔
𝑄 )

2

 4.10 

  

Equation 4.8 and Equation 4.9 imply that the electrostatic force stiffens the spring as the distance 

between the negative charge and the electron beam decreases, thus increasing the resonance 

frequency. Equation 4.10 was used to fit the experimental data. 
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4.3 Evaluating the charge on a cantilever 

The analytical expression for the modified resonance frequency, Equation 4.8, can be used to 

estimate the charge 𝑞 on the cantilevers in our experiments (Figure 4.2b, c) 

𝑞 =
−2𝜋𝜀𝑜𝑣𝑒𝑅𝑜

2𝑘

𝐼𝑒
((

𝑓𝑜
′

𝑓𝑜
)

2

− 1), 4.11 

where, for small relative frequency shifts |𝑓𝑜
′

𝑓𝑜
− 1| ≪ 1 as observed here, (𝑓𝑜

′

𝑓𝑜
)
2

− 1 ≈ 2(
𝑓𝑜

′

𝑓𝑜
− 1), 

implying that the accumulated charge is proportional to the relative frequency shift. Figure 4.4a shows 

the relative frequency shift as a function of the distance between electron beam and cantilever edge 

for the isolated (red) and grounded (green) cantilevers, illustrating the much larger electron-beam-

induced blue-shift observed for the isolated oscillator. To estimate the charge on the conductive 

cantilevers, it is treated as a point charge located in the middle of the cantilever, i.e. 𝑅𝑜 = 𝑑 +

𝑊/2, where 𝑊 is the cantilever width. The effective mass 𝑚eff is calculated from the geometrical 

and material parameters of the cantilever, which is about 5.7 pg. The spring constant 𝑘 was 

evaluated for both cases at the electron beam position that least affects the resonance frequency 

(𝑑 = 300 𝑛𝑚), which were, 𝑘 = (2𝜋𝑓𝑜)
2𝑚eff = 0.0249 N/m for isolated cantilever and 0.0373 

N/m for  grounded cantilever. For 10 kV acceleration voltage, 𝑣𝑒 is about 5.93 x 107 m/s and the 

beam current 𝐼𝑒 is 1.5 nA. Figure 4.4b shows the calculated charge as a function of the distance 

of the electron beam from the cantilever edge. Notably, it indicates that some charging also 

occurs in the grounded case (green line), which may be expected as some charge will accumulate 

in the cantilever’s non-conductive layers. From the data, a resonance shift of approximately 5% 

per nanocoulomb in the Isolated cantilever is observed. 

The charge 𝑞  estimated when the electron beam is 20 nm away from the edge of the isolated 

cantilever is −68 pC, which corresponds to 4 x 108 electrons and may be compared to the 8 x 1010 

gold atoms on the cantilever, implying that the charge corresponds to about 1 electron for every 

200 gold atoms. To assess whether the estimated charge is of a realistic order or magnitude, the 

corresponding potential difference between the cantilever and the surrounding membrane may 

be estimated. The system consists of a charged planar strip next to two grounded planes. To 

estimate the structure's capacitance, it was approximated as two wire pairs, each representing 

one side of the cantilever and the adjacent ground plane. With a gap 𝑔 ~ 500 nm and the 

cantilever considered as two touching wires of same charge, with each wire having a width of 

𝑊/2, vacuum permittivity 𝜀𝑜, and length L, the capacitance[177] 𝐶 = 2𝜋𝜀𝑜𝐿/( 𝑎𝑟𝑐𝑜𝑠ℎ(𝑔 +

𝑊

2
/(

𝑊

2
)) ~  1.23 fF, implying a potential difference of about 𝑉 = 𝑞/𝐶 ~ 54 kV. This is within a factor 

of a few of the electron beam acceleration voltage (10 kV), that may be expected to be the 
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maximum achievable potential difference. Given the scale of approximations in both the 

electrostatic model used to estimate the charge and the capacitance estimation of the cantilever, 

agreement with respect to the order of magnitude is all that can reasonably be expected, 

indicating that the model captures the main physical mechanism. Better quantitative agreement 

may be expected from a model that takes the actual charge distribution on the cantilever into 

account and from a precise calculation of the capacitance of the actual sample geometry, 

including the irregular insulation cut around its base.  

 

Figure 4.4: Relative frequency shift and charge estimation. (a) Relative frequency shift as a function of 

distance 𝑑 between the electron beam and the cantilever edge for both grounded and isolated cantilevers. 

(b) Charge implied by the observed frequency shift according to Equation 4.11. 

4.4 The effect of electron beam current on a cantilever’s resonance 

The analytical expression for the modified resonance frequency (Equation 4.8) depends on 

experimental parameters that can be controlled, such as the electron beam acceleration voltage, 

which controls 𝑣𝑒, beam current (𝐼𝑒) and the electron beam position. This gives me control over 

the resonance frequency of the isolated cantilever. Here, the acceleration voltage is fixed to 10 

kV and the electron beam injection position at 𝑑 = 100 nm. Under these conditions, the beam 

current was varied from 500 pA to 3 nA in 500 pA steps. To demonstrate the simultaneous 

detection of mechanical motion with secondary electron beam signals and 

cathodoluminescence signal (as described in Chapter 3), both the signals collected at the same 

time for lock-in measurements are used and are presented here. The resonance frequency was 
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observed to increase superlinearly with the beam current (Figure 4.5). Given that the charge 

accumulated on the cantilever may be expected to be proportional to the electron beam current 

(𝑞~𝐼𝑒), a quadratic dependence of the resonance frequency shift on the electron beam current 

should be expected according to the approximate form of Equation 4.8. If the fact that an 

increased size of the electron beam for larger currents further contributes to charging is 

considered, the resonance should be expected to shift faster than quadratically with electron 

beam current, and indeed, the observed resonance shift is best fitted by ∆𝑓𝑜~𝐼𝑒
3.4.  

 

 

Figure 4.5: Beam current dependence of the resonance of an isolated cantilever simultaneously 

observed using the SE and CL signal. Oscillation amplitude of cathodoluminescence (CL) and secondary 

electron (SE) signal as a function of driving frequency for the isolated cantilever for different currents (𝐼𝑒) of 

an electron beam placed at a distance of 𝑑 = 100 nm from the cantilever edge. The cantilever’s mechanical 

resonance blue-shifts with increasing beam current. 

 

The oscillation amplitudes determined from cathodoluminescence (blue dots) reproduce those 

determined from secondary electron detection [red dots, with black fit according to Equation 

4.10] at currents of at least 1 nA. When the beam current was reduced to 500 pA, the photon 
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emission was too low, and due to the limited photon collection efficiency, the signal-to-noise 

ratio reduced to a state where the photon signals couldn’t be resolved. In case of the SE signal, 

the secondary electron detector is close to the sample and even the fewer SEs  that are generated 

for the lower primary electron beam current can be detected. 

The dependence of mechanical resonance frequencies on the charge of the resonator and the 

presence of nearby charges or charged particle beams provides an opportunity for sensing. For 

example, resonance shifts of a mechanical resonator with a known charge may be measured to 

detect nearby charges or the charge of a particle beam. Or the charge of a mechanical resonator 

may be determined from resonance shifts in the presence of a known nearby charged particle 

beam, as illustrated above. 

 

4.5 Summary  

In summary, the work shows experimentally how the in-plane resonance frequency of a charged 

nanomechanical resonator depends on its distance from and the current of a nearby electron 

beam. A blue shift of the mechanical resonance was observed and explained by an analytical 

model as a consequence of how the Coulomb electrostatic force modifies the effective spring 

constant of the resonator. The model fits the experimental data and provides an analytical 

estimate of the charge. For a cantilever of microscale length and nanoscale cross-section 

interacting with the electron beam of a scanning electron microscope, a resonance shift on the 

order of 5% per nanocoulomb is observed. This effect may be exploited for sensing of charges and 

control of mechanical resonances in nanomechanical systems as well as detection of the charge 

of charged particle beams.  
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Chapter 5 Electron beam controlled volatile 

nanomechanical bistability 

Systems that can exhibit two distinct output states in response to the same input, depending on 

the history of previous inputs, are known as bistable. Bistability is a feature of nonlinear systems, 

and many systems become nonlinear upon sufficiently strong excitation. Consider a typical 

harmonic oscillator, a doubly-clamped nanowire. Increasing lateral displacement will stretch the 

nanowire increasingly rapidly, causing a stiffening effect that gives rise to a cubic nonlinearity and 

bistability. The bistable states correspond to different amplitudes of oscillation, and the input 

may be an external vibration driving its oscillation or any other physical parameter that the 

vibration depends on. Bistable states can serve as memory and a high-contrast transition 

between nanomechanical bistable states in response to small changes provides opportunities 

for highly sensitive detection, e.g. of forces, charges and masses [178-180]. Nanomechanical 

bistable states can be driven or affected by external and internal factors such as external 

force[181], capacitance[182], magnetic field[183], stochastic noise[184] or optomechanical 

coupling[185]. In analogy to optical bistability, which enables ultrafast all-optical switching [186], 

memory elements[187], pulse shaping and regeneration[188], logic gates[185], transistors and 

amplifiers[189] etc, all-mechanical bistable signal processing functionalities may also be 

envisaged, e.g. in the context of the emerging areas of time crystals[27] and timetronics[190]. 

Exploiting that optical heating can shift nanomechanical resonances[191], the concepts of 

optical and mechanical bistabilities have been combined to realize a mechanical bistability 

controlled by light, using nanowires decorated with plasmonic metamolecules[29].  

 

Here, a particular case is demonstrated, in which an electron microscope provides a versatile 

environment that enables not only the passive imaging of nanomechanical structures and 

characterization of their motion[5], but also active control over their mechanical behaviour. This 

chapter reports that the bistable mechanical states of a nanowire, a fundamental and nonlinear 

building block of NEMS, MEMS and photonic metamaterials[25, 27, 192],  may be controlled by 

an electron beam. As introduced above, when driven into the resonant and nonlinear regime of 

mechanical oscillation, a nanowire can support two different amplitudes of oscillation under 

identical conditions. Excitation of and switching between the bistable states may be controlled 

b  changing the fre uenc  of e ternal vibration relative to the nanowire’s fi ed resonance 

fre uenc , or b  changing the nanowire’s resonance fre uenc  relative to a fi ed fre uenc  of 

external vibration. The latter can be achieved with an electron beam as follows. Energy transfer 
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from electron impact on the nanowire raises its temperature, and the associated thermal 

e pansion reduces the nanowire’s stress, decreasing its mechanical resonance fre uencies.  or 

a nanowire that is mechanically driven into the bistable regime of oscillation, the electron-beam-

induced resonance frequency changes can be used to cycle through the hysteresis loop of 

bistable oscillation, i.e. to switch between the bistable states of high and low amplitude 

oscillation, which are stable under identical conditions (Figure 5.1). This may be achieved by 

varying the proximity of the electron beam from the edge of the nanowire, or by modulating the 

electron beam current. As the electron beam can be used to control the nanowire’s resonance 

frequency, it also provides control over the frequency of mechanical oscillation at which 

bistability occurs. 

 

Figure 5.1: A free-standing nanowire is driven to its bistable regime of in-plane mechanical oscillation. 

The nanowire oscillation and switching between its bistable states of oscillation may be controlled by 

moving an electron beam relative to the nanowire, as illustrated by the hysteresis loop. Based on the history 

of the electron beam position the nanowire attains a high or low amplitude of stable mechanical oscillation 

under identical conditions. 

 

Section 5.1 provides a fundamental description of nonlinearity in a nanomechanical resonator (a 

double-clamped beam) and progresses toward mechanical bistability. Section 5.2 provides the 

experimental results on detecting the nanomechanical bistability using electron beam. Once the 

bistability is detected, the bistability response change with respect to electron beam position is 

demonstrated (Section 5.3). Section 5.4 will demonstrate how an electron beam scanning across 

a nanowire driven into the nonlinear regime of oscillation can be used for controlled switching 

between bistable states. 

Electron 
beam 

A
 

 

Electron beam position   

 
sc

ill
at

io
n 

am
pl

it
ud

e



Chapter 5 

96 

5.1 Non-linearity and bistabilty in a nanowire 

In Chapters 3 and 4, the nanomechanical resonators exhibited linear behaviour. The underlying 

physics of this linear resonance response was discussed in Chapter 2. In such a regime, the 

frequency response curve shows a characteristic Lorentzian peak at the resonance frequency. 

Importantly, increasing the driving amplitude does not alter the resonance frequency in the linear 

regime. However, reality deviates significantly from this simplified perspective, as nonlinearities 

often appears in  such systems [89, 193]. 

 

Figure 5.2: Schematic illustration of a displaced double clamped beam. Width (𝑊), length (𝐿) 

and mode shape along the length (𝜙 (𝑦)) are indicated. Figure adapted from [89]. 

 

Consider a typical example of a resonator structure that is clamped at both ends as shown in 

Figure 5.2. When the structure oscillates with large transverse deflections from its equilibrium 

position, the length of the resonator elongates, as the arc length of the deformed shape becomes 

slightly longer than its original, undeformed length 𝐿. This introduces additional longitudinal 

stress along with the initial tensile force (𝑁𝑜 = 𝜎𝐴) within the beam. Hence the total tensile force 

following [89] is, 

𝑁 = 𝑁𝑜 + 𝐸𝐴𝜀 = 𝜎𝐴 + 𝐸𝐴
1

2𝐿
∫ (

𝜕𝑈(𝑦, 𝑡)

𝜕𝑦
)

2

𝑑𝑦
𝐿

0

 
5.1 

 Where, 𝐸 is the Youngs modulus, 𝐴 is the crossectional area of the beam and  𝜀 is the ratio of 

change in length to original length (longitudinal strain) of the beam. Incorporating the total tensile 

force into Equation 2.1, The equation of motion can be written as, 

𝜌𝐴
𝜕2𝑈(𝑦, 𝑡)

𝜕𝑡2
+

𝐸𝑀𝜕4𝑈(𝑦, 𝑡)

𝜕𝑦4
− 𝑁

𝜕2𝑈(𝑦, 𝑡)

𝜕𝑦2
= 0 

5.2 

 Adding damping  𝑏 and driving force 𝐹𝑒𝑥𝑡 along with Equation 5.2, 

 

L
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𝜌𝐴
𝜕2𝑈(𝑦, 𝑡)

𝜕𝑡2
+ 𝑏

𝜕𝑈(𝑦, 𝑡)

𝜕𝑡
+

𝐸𝑀𝜕4𝑈(𝑦, 𝑡)

𝜕𝑦4
 

    −[𝜎𝐴 + 𝐸𝐴
1

2𝐿
∫ (

𝜕𝑈(𝑦,𝑡)

𝜕𝑦
)
2
𝑑𝑥

𝐿

0
]
𝜕2𝑈(𝑦,𝑡)

𝜕𝑦2 = 𝐹𝑒𝑥𝑡(𝑦, 𝑡) 

5.3 

  

The second term inside the square bracket in Equation 5.3 accounts for the nonlinearity since this 

differential equation is no longer a linear function of 𝑈(𝑦, 𝑡). 

Assuming that the beam is oscillating in one vibrational mode (𝑛 = 1), 𝑈(𝑦, 𝑡) =

𝑦𝑛(𝑡)𝜙𝑛(𝑦) (Following Equation 2.2 and dropping the subindex 𝑛 in this case), with  𝜙(𝑦)  being 

the mode shape along the length. For simplicity, the intrinsic tensile stress is taken to be zero. 

E uation 5.3  is then solved using Galerkin’s method found in [89, 193], which will result in a 

lumped model equation that is along the displacement direction (in this case along 𝑥 axis), 

𝑥̈(𝑡) +
𝑏𝑒𝑓𝑓

𝑚𝑒𝑓𝑓
𝑥̇(𝑡) +

𝑘𝑒𝑓𝑓

𝑚𝑒𝑓𝑓
𝑥(𝑡) +

𝛼𝑐𝑒𝑓𝑓

𝑚𝑒𝑓𝑓
𝑥3(𝑡) =

𝐹𝑒𝑥𝑡(𝑡)

𝑚𝑒𝑓𝑓
 5.4 

 Which simplifies to, 

𝑥̈(𝑡) + 𝛾𝑥̇(𝑡) + 𝜔𝑜
2𝑥(𝑡) + 𝛼𝑥3(𝑡) =

𝐹𝑒𝑥𝑡(𝑡)

𝑚𝑒𝑓𝑓
 5.5 

 Where 𝛾 = 𝑏𝑒𝑓𝑓/𝑚𝑒𝑓𝑓  is the damping parameter, 𝜔𝑜 = √𝑘𝑒𝑓𝑓/𝑚𝑒𝑓𝑓  is the resonance frequency  

𝛼 = 𝛼𝑐𝑒𝑓𝑓
/𝑚𝑒𝑓𝑓 is the coefficient of cubic nonlinearity (nonlinear stiffness) and 𝐹𝑒𝑥𝑡(𝑡) =

𝐹𝑜cos (𝜔𝑑𝑡). 

Equation 5.5 can be solved by treating the nonlinearity as a small perturbation to the linear case; 

a detailed derivation is provided in [193]. Solving for amplitude of motion as a function of driving 

frequency (𝜔𝑑), 

𝐴𝑜(𝜔𝑑) =

(
𝐹𝑜

2𝑚𝑒𝑓𝑓𝜔𝑜
)
2

(
𝜔𝑑 − 𝜔𝑜

𝜔𝑜
 −

3
8

𝛼
𝜔𝑜

2 𝐴𝑜
2)

2

+ (
1
2Q)

2

 

 5.6 

Equation 5.6 tells that for small amplitude of motion; the mechanical motion amplitude response 

follows a Lorentzian shape as described by Equation 2.16. Asymmetric resonance curves will 

appear as the mechanical motion amplitude increases. The amplitude at which the behaviour 

starts to change from linear to nonlinear is the critical amplitude 𝐴𝑐, which is found by imposing 

𝑑2𝜔𝑑

(𝑑𝐴𝑜
2)

2 = 0. Which leads to, 
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𝐴𝑐 = √
8

3√3

1

√Q
√

𝑚𝑒𝑓𝑓𝜔𝑜
2

𝛼𝑐𝑒𝑓𝑓

 
5.7 

From Equation 5.7 it can be seen that, for a high-quality factor and low mass resonator, the 

nonlinear regime can be accessed easily. For the first mode of a double clamped beam moving 

in-plane, the geometric nonlinearity  regime is entered at a critical amplitude value of ≈

1.46 𝑊/√Q [89]. In order to operate in the linear regime, the resonator amplitude of motion 

should be less than the critical amplitude. 

The frequency at which the maximum amplitude response occurs is found by setting the 

derivative of the amplitude with respect to the driving frequency to zero, i.e., 𝑑𝐴𝑜(𝜔𝑑)

𝑑𝜔𝑑
= 0, which 

gives, 

𝜔𝑚𝑎𝑥 = 𝜔𝑜 +
3

8
((

𝛼

𝜔𝑜
) 𝐴𝑜

2
𝑚𝑎𝑥
     ) 5.8 

If 𝛼 is positive (negative), the effective stiffness increases (decrease) with amplitude of motion, 

which will make the resonance peaks to bend towards higher frequencies (lower frequencies). 

Such tilting is the typical behaviour of Duffing resonators.  

Bistability is characteristic of Duffing resonators and gives rise to hysteresis in the resonator 

response during a frequency sweep; the final response depends on whether the sweep is 

performed from low to high frequency or vice versa. The resonance behavior is expected to 

transition from a stable to an unstable solution, which in practice corresponds to the vertical 

jumps in the amplitude response, and those can be calculated by imposing 𝑑𝜔𝑑

𝑑𝐴𝑜
2  = 0. This results 

in two distinct families of points, each corresponding to the transition associated with the 

direction of the frequency sweep. 

5.2 Observation of bistability using an electron beam 

The nanowire used here has 47 μm length (L), 400 nm width (W) and a thickness (H) of 150 nm 

(Figure 5.3a). It was fabricated by focused ion beam milling (FEI Helios Nanolab 600) of a 50 nm 

thick silicon nitride membrane supported b  a  00 μm thick silicon frame  NO CA A  that was 

coated with a 50 nm of thermally evaporated (BOC Edwards) gold and then 50 nm of sputtered 

(AJA Orion) gallium nitride (GaN). The nanowire is anchored to the silicon frame at both ends. The 

entire sample is mounted on a shear piezoelectric stack (Thorlabs PL5FBP3) to drive in-plane 

displacements along 𝑥 (Figure 5.3a). Piezo displacements are driven by a sinusoidal voltage with 

swept (or fixed) frequency from the signal output of a lock-in amplifier (Zurich Instruments UHFLI 
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600 MHz). The experiment was conducted using an SEM (CamScan3600). The sample is kept 

inside the SEM chamber in vacuum with 3 μbar pressure. Lock-in detection of the modulation of 

the secondary electron signal arising from nanowire motion relative to the electron beam position 

was used to stud  the nanowire’s mechanical response[5, 152, 194]. The SEM is operated in 'spot 

mode,' where the electron beam with 1.3 nA current (𝐼𝑒) and 10 kV acceleration voltage (𝑉𝑒) is 

positioned (blue dot in Figure 5.3a) near the centre of the nanowire (along 𝑦) at a distance (d) away 

from its edge (along 𝑥). The secondary electron signal is collected using an Everhart-Thornley 

secondary electron detector and fed into the signal input channel of the lock-in amplifier for 

detection, using the driving signal as the reference. 

 

Figure 5.3: The nanowire and its transition from linear to non-linear oscillation. (a) SEM image of the 

nanowire. In-plane displacement along 𝑥 is driven piezoelectrically using a sinusoidal voltage and detected 

as modulation of secondary electron generation with a fixed electron beam impact position (blue dot) about 

d = 150 nm from the nanowire edge. The scale bar is 5 μm long. (b) Amplitude of nanowire oscillation as a 

function of increasing (red) and decreasing (black) driving frequency for different driving voltage amplitudes. 

The nanowire transitions from linear to non-linear and bistable oscillation with increasing driving amplitude. 
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Figure 5.3b shows how the nanowire transitions from linear to nonlinear and bistable oscillation 

when being shaken with increasing amplitude. The oscillations are driven via the piezo using 

bidirectional frequency sweeps at different fixed voltage amplitudes from 500 m𝑉𝑝𝑝 to 1.5 𝑉𝑝𝑝. The 

electron beam passes at a distance d = 150 nm from the nanowire edge and the oscillation of the 

nanowire’s centre is monitored b  detecting the resulting modulation of the secondar  electron 

signal. To show the nanowire’s amplitude of oscillation relative to its driven anchor points, the 

anchor point oscillations given by the average non-resonant measurement background were 

subtracted. The curves are normalized to the overall maximum oscillation amplitude occurring 

for 1.5 𝑉𝑝𝑝. The bidirectional frequency sweeps at a low driving voltage (500 m𝑉𝑝𝑝) reveal 

Lorentzian bell shapes at the same frequency. This characteristic resonance peak of a harmonic 

oscillator evolves into an asymmetric resonance peak with a sharp high frequency foldover 

wing[195] and hysteresis as the amplitude of flexural oscillations increases at larger driving 

voltages. This leads to bistability: The shape of the curve depends on the frequency sweep 

direction, and the non-linear resonator can have a large or small amplitude of oscillation under 

identical conditions depending on the history previous driving frequencies. For example, at a 

driving voltage amplitude of 1.5 𝑉𝑝𝑝, the oscillation amplitude is 18 times larger when the 

oscillation frequency is increased to 1414 kHz than when it is decreased to 1414 kHz. 

As discussed in Section 5.1, the bistabilit  occurs due to the nanowire’s mechanical nonlinearit , 

also known as geometric nonlinearity, which arises from the nanowire stiffening due to being 

stretched by significant lateral displacement as its anchor points remain fixed. The resulting 

motion can be described by the nonlinear Duffing equation[89] (Equation 5.5) ), 𝑥̈ +  𝛾𝑥̇  + 𝜔𝑜
2𝑥 +

𝛼𝑥3  =
𝐹𝑜

𝑚eff
cos(𝜔𝑑𝑡) . Here, 𝛾, 𝜔𝑜,𝑚eff are the damping parameter, in-plane resonance frequency 

and effective mass of the nanowire. 𝐹𝑜  is the amplitude of the external driving force that is 

oscillating at driving frequency 𝜔𝑑. Stiffening of the nanowire due to stretching increases its 

spring constant at larger displacements, which is accounted for by the cubic term, where 𝛼 is the 

nonlinear stiffness coefficient. This Duffing nonlinearity becomes significant as the in-plane 

displacement 𝑥 approaches the nanowire’s width. 

5.3 Effect of the electron beam on the bistable resonance 

Energy dissipated as the electron beam interacts with the nanowire by inelastic scattering of 

electrons increases the nanowire’s temperature, leading to thermal e pansion and associated 

changes in stress and resonance frequency. To investigate how the electron beam position 

relative to the nanowire affects the bistable response, the nanowire oscillation is characterized 

in response to increasing and decreasing driving frequencies at a fixed driving voltage of 1.5 𝑉𝑝𝑝  

for different distances d between electron beam and nanowire edge (Figure 5.4). The oscillation 
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amplitude signals are normalized to the maximum obtained at each electron beam location. The 

data show that the nanowire’s resonance and associated bistable response red-shift as the 

electron beam is positioned closer to the nanowire edge. Such a shift may be expected to arise 

from electron-beam-induced heating of the nanowire, which will cause thermal expansion and 

an associated stress reduction, which will reduce the nanowire’s natural fre uenc . The closer 

the electron beam is to the oscillating nanowire the more electrons will interact with the nanowire 

and the bigger temperature increase, stress reduction and red-shift. Qualitatively similar 

behaviour has been reported for optical heating of mechanical resonators[29]. For electron-

beam-induced heating, the effect depends on the geometry, electron beam parameters and 

effective thermal conductivity, 𝜅 of the nanowire. The average temperature change above 

ambient temperature of the nanowire can be estimated as Δ𝑇 ≈ 𝜉𝑃′L/(8𝜅WH)[89], where 𝑃′ is 

the amount of electron beam power falling on the nanowire and 𝜉 being the fraction of that power 

absorbed by the nanowire materials that will contribute to the heat production. To provide an 

upper limit, It is assumed that all incident power (𝑃′ = 𝐼𝑒 𝑒) is converted to heat (𝜉 = 1). With 𝜅 ≈

  156 Wm−1K−1, the electron beam carries enough power to heat the nanowire by Δ𝑇 ≤  8 K. 

Following [89], the cooling time is  Θ = L2𝐶𝑣/8𝜅 ≈ 4.5 μs where 𝐶𝑣 =2.54 x 106 𝐽𝑚−3𝐾−1 is the 

effective volume heat capacity of the nanowire. 

This can be compared with an estimate of the temperature increase required to explain the 

observed frequency shift based on bulk material parameters. The nanowire’s resonance 

frequency according to Euler–Bernoulli beam[83, 196] theory is given by 𝑓𝑜(𝜎) =

1.03 (
 
  
)√

𝐸

𝜌
√1 +

𝜎 2

3.4𝐸 2, with effective density 𝜌 ≈ 9490 kg m−3, effective Young’s modulus 𝐸 ≈ 

205 GPa, tensile stress 𝜎 = 𝜎0 − 𝛼eff𝐸Δ𝑇, initial stress 𝜎0 and effective thermal expansion 

coefficient 𝛼eff ≈ 4.1 x 10−6 K−1 of the nanowire. Table 5.1 shows the materials and associated 

material properties that are used in this thesis[5, 29, 197, 198]. 

Considering a resonance frequency 𝑓𝑜 = 1416.2 kHz at d = 200 nm (Figure 5.4), where the 

nanowire is least thermally affected by the electron beam, the initial stress 𝜎0 is estimated to be 

84.3 MPa. The resonance shift of -4.4 kHz to 1411.8 kHz that is observed as the electron beam is 

moved much closer to the nanowire edge (d = 50 nm) implies a stress reduction by about 0.8 MPa 

and an electron-beam-induced increase of the nanowire’s temperature b  Δ𝑇 ≈ 1 K , which is 

consistent with the heating the electron beam can provide. 
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Figure 5.4: Effect of the electron beam position on the nanowire’s bistable resonance. Nanowire 

oscillation amplitude as a function of increasing and decreasing driving frequency for a fixed driving voltage 

(1.5 𝑉𝑝𝑝) and different distances d of the electron beam from the nanowire edge. The data for each distance 

is normalized to its own maximum. The black dashed arrow indicates a red-shift of the bistable resonance 

as the electron beam is positioned closer to the edge of the oscillating nanowire. 

 

Table 5.1: Materials used for making the nanomechanical resonators and their mechanical and 

thermal properties. 

Material 
Density, 𝜌 

(kg m-3) 

Young’s 

modulus, 𝐸 

(Pa) 

Thermal 

expansion 

coefficient, 𝛼 

(K-1) 

Thermal 

conductivity, 

𝜅 

(Wm-1K-1) 

Volume heat 

capacity, 𝐶𝑣 

(Jm-3K-1) 

  3 4 3100 250 ∗ 109 2.3 ∗ 10−6 20 2.1 ∗ 106 

Au 19300 70 ∗ 109 14.2 ∗ 10−6 317 2.5 ∗ 106 

GaN 6070 296 ∗ 109 3.2 ∗ 10−6 130 3 ∗ 106 
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5.4 Electron-beam-controlled switching between bistable states  

Given that the spectral position of the bistable resonance depends on the position of the electron 

beam with respect to the nanowire, one may expect that switching between the bistable states 

can be achieved by modulating the electron beam position instead of the driving frequency. 

Figure 5.6 shows the nanowire’s oscillation amplitude as a function of decreasing and increasing 

distance d between electron beam and nanowire for selected fixed driving frequencies.                                             

To achieve this, the magnification is adjusted to a field of view of 3.0 µm × 2.4 µm, which was 

sufficient to keep the nanowire centred while simultaneously capturing both edges of the 

membrane (inset of Figure 5.5a). The nanowire was then driven at a fixed frequency, for example, 

1408 kHz at 1.5 𝑉𝑝𝑝.  

Once the nanowire was driven at the chosen frequency, a triangular ramp signal with a 50:50 duty 

cycle, a time period of 10 s (100 mHz), and an amplitude of 10 𝑉𝑝𝑝   was applied from an external 

dual-channel arbitrary signal generator to control the horizontal scan coil (𝑥-axis) of the SEM. No 

signal was applied to the vertical scan coil, resulting in a bidirectional horizontal line scan across 

the middle of the field of view (5 s per direction). The SEM was operated in external scan mode. 

During the line scan, lock-in detection was performed at the driving frequency using the 

secondary electron signal, while the DC signal was collected simultaneously. The acquired 

secondary electron signal modulation amplitudes were subsequently spliced and overlaid to 

reveal the hysteresis behaviour (inner peaks, Figure 5.5b). The peaks observed at the membrane 

edges served as alignment markers (outer peaks, Figure 5.5b). Finally, the data were overlaid with 

the DC signal gradient to relate the spatial positions at which bistability behaviour was observed 

to the edges of the nanostructure. Hysteresis is observed at both the edges of the nanowire 

(Figure 5.5b and c). 
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Figure 5.5: Experimental procedure to detect and characterize the bistability response.(a) A triangle 

ramp signal of 10 s period is used to do a bidirectional scan across the middle of the SEM image provided 

as inset (scale bar is 400 nm long). The secondary electron signal from a lock-in measurement to a fixed 

driving frequency (1408 kHz at 1.5 𝑉𝑝𝑝) is collected during the bidirectional scan. (b) The bidirectional scan 

data are spliced and overlapped to compare both 5s directional scans. The peaks in signals from the 

membrane edges were used to align both scans. The data is overlayed with the DC signal (linescan). (c) 

Secondary electron modulation amplitude as the electron beam is scanned across one nanowire edge. The 

SE modulation amplitude peaks in the bistable region and also at the nanowire edge. The data is overlayed 

with the DC signal gradient to make sure the additional bump observed in the collected signal is due the the 

sensitivity of SE detection technique at positions of high DC SE signal gradient. (d) The nanowire oscillation 

amplitude is calculated by dividing the SE modulation amplitude by the DC SE gradient. The time scale is 

converted to the length scale of the SEM image, assigning the position of highest DC SE gradient to the edge 

of the nanowire. 

 

Bidirectional line scans were performed using the electron beam across the nanowire edge, 

identifying the edge (d = 0) as the maximum gradient of the DC secondary electron signal (which 

is equivalent to finding the edge on an SEM image). Since the secondary electron signal 

modulation M at the driving fre uenc  is proportional to both the nanowire’s oscillation 

amplitude A* and the local gradient G of the DC secondary electron signal in the direction of 

movement[5], the nanowire’s oscillation amplitude was determined as the ratio M/G (Figure 5.5d 

and Figure 5.6). Bistability is indeed observed of the nanowire’s oscillation amplitude as the 

electron beam is moved relative to the nanowire edge, with the oscillation amplitude following 

the upper (lower) branch of the hysteresis loop when the electron beam moves towards (away 
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from) the nanowire. At lower (higher) driving frequencies, the bistability is observed for electron 

beam positions that are closer to (further from) the nanowire (Figure 5.6). 

 

Figure 5.6: Switching between bistable states using an electron beam. Nanowire oscillation amplitude 

as a function of decreasing (solid) and increasing (dashed) distance between electron beam and nanowire 

for selected driving frequencies. The nanowire edge is located at d = 0. A hysteresis loop can be seen, were, 

for the same electron beam position, the nanowire can oscillate at very different amplitudes, depending on 

the history of previous electron beam positions. 

The results are interpreted as follows: As illustrated by Figure 5.4 and discussed above, the 

nanowire’s mechanical resonance fre uenc  depends on the distance between electron beam 

and nanowire, as any electrons impacting on the nanowire will raise its temperature, resulting in 

thermal expansion that lowers its tension and thus also its natural frequency. Therefore, as the 

electron beam approaches (moves away from) the nanowire, heating from more (cooling from 

fewer) electrons impacting on the nanowire shifts its mechanical resonance to lower (higher) 

frequencies. In Figure 5.6, as the resonance is red-shifted (blue-shifted) past the fixed driving 

frequency, the oscillation amplitude follows the upper (lower) branch of the hysteresis loop.  
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Figure 5.7: Mechanism of electron beam control of nanomechanical bistability. The nanowire is driven 

externally by sinusoidal vibration to a highly nonlinear regime in which hysteresis of its oscillation amplitude 

can be observed at resonance. (a) The external driving frequency is set (blue dot) below the mechanical 

resonance while a distant electron beam provides little heating (thermometer). (b) By moving the electron 

beam closer to the nanowire, more electrons impact on and deposit energy in the nanowire, raising its 

temperature. Thermal expansion reduces the stress in the nanowire and the resonance shifts (green arrow) 

towards lower frequencies. The nanowire’s oscillation amplitude follows the upper branch of the hysteresis 

loop. (c) With further electron-beam-induced temperature increase, the hysteresis cliff shifts beyond the 

fixed driving frequency: the nanowire switches to low amplitude oscillation. (d) As the electron beam moves 

away from the resonator, less electron beam power is deposited in the nanowire, allowing it to cool and the 

resonance shifts towards higher frequencies. The nanowire oscillation amplitude follows the lower branch 

of the hysteresis loop, returning to situation (a). 

 

Figure 5.7 illustrates this step-by-step, starting with the electron beam far from the nanowire that 

is resonant above the fixed driving frequency (low temperature, Figure 5.7a). As the electron beam 

approaches the nanowire (rising temperature), the resonance red-shifts leading to resonant 

driving of the nanowire with the oscillation amplitude following the upper branch of the hysteresis 

loop that is characterized by large nanowire oscillations (Figure 5.7b). As the electron beam 

approaches the nanowire even more (highest temperatures) the resonance red-shifts past the 
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driving frequency and the oscillation amplitudes drops to its low non-resonant level (Figure 5.7c). 

When the electron beam moves away from the nanowire (falling temperature), the resonance 

blue-shifts and the nanowire’s oscillation amplitude follows the lower branch of the h steresis 

loop (Figure 5.7d), until it the resonance frequency is above the fixed driving frequency (Figure 

5.7a).  

This model also explains how the fixed driving frequency controls the electron beam position at 

which the bistability can be observed. The bistable states can be observed when the driving 

fre uenc  matches the nanonwire’s resonance fre uenc . The lower the driving frequency, the 

more electron-beam-induced red-shift of the nanowire’s natural fre uenc  is re uired to achieve 

this (i.e. to go from Figure 5.7a to Figure 5.7b), and a bigger red-shift occurs when the electron 

beam is positioned closer to the nanowire. Therefore, at the lowest driving frequency the 

bistability is observed when the electron beam is closest to the nanowire or indeed positioned on 

the nanowire (Figure 5.6). As electron-beam-induced heating will be most sensitive to the 

electron beam position around the nanowire’s edge, it ma  be e pected that the nanowire’s 

temperature and resonance frequency will most strongly depend on the electron beam position 

around d = 0. It follows that the hysteresis loop as a function of electron beam position should be 

particularly narrow near the nanowire edge and indeed, this is what is observed when driving the 

nanowire at 1415 kHz. 

Being dependent on the power carried by the electron beam, it can be expected that the 

temperature increase Δ𝑇 can also be controlled by the electron beam current and acceleration 

voltage. Indeed, a similar red-shift of the bistable resonance can be observed when increasing 

the beam current (Figure 5.8), which can be explained by similar analytical arguments to those 

presented above, but is complicated by the effect of beam current and acceleration voltage on 

electron beam spot size. A wider nanowire had to be used since the narrow nanowire used 

throughout this chapter was experiencing large drift as the beam current was increased.  
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Figure 5.8: Effect of the electron beam currant on the nanowire’s bistable resonance. Nanowire 

oscillation amplitude as a function of increasing and decreasing driving frequency for a fixed driving voltage 

(1.5 𝑉𝑝𝑝) and different currants 𝐼𝑒  of the electron beam positioned at a distance d = 100 nm from the edge of 

a different nanowire with width W = 570 nm and otherwise the same dimensions as in earlier figures of this 

chapter. The data for each currant is normalized to its own maximum.  

5.5 Summary 

In conclusion, the results demonstrate how the bistable oscillation of a nonlinear 

nanomechanical resonator – a nanowire – can be controlled, switched and read by an electron 

beam. Electron-beam-induced temperature change is used to control the bistable states arising 

from the mechanical nonlinearity of the nanowire. Based on the incident electron beam position 

and the frequency of driven nanowire oscillation, the nanowire can be switched between its 

bistable states. These results illustrate how an electron microscope provides a versatile platform 

not just for characterization of nanomechanical structures, but also for their active control. 
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Chapter 6 Conclusion 

6.1 Summary  

This thesis is devoted to a series of experimental investigations aimed at detecting, visualising, 

and controlling driven nanomechanical dynamic responses using electron beam interaction. Fast 

electronics were utilized instead of the ultrafast pump-probe techniques routinely employed in 

electron and optical tools to achieve high temporal resolution. The thesis demonstrated 

nanomotion metrology and imaging using cathodoluminescence, that offers nanometer 

displacement sensitivity and spatial resolution combined with MHz bandwidth (Chapter 3). 

Complementing  time-resolved cathodoluminescence techniques[115, 119, 120, 199], which rely 

on electron pulses and photon correlation methods, this approach offers a valuable extension for 

CL-based nanomotion detection and imaging. In contrast to secondary-electron-based 

nanomotion detection[5], detection of photons provides potential access to additional 

information through detection of the propagation direction, polarization and spectrum of the 

emitted light. 

This technique is suitable for the characterisation of NEMS and MEMS devices, particularly in 

regimes where conventional optical interferometry is limited by diffraction. The ability to co-

localize readout of motion with electron microscopy imaging enables direct mapping of 

vibrational modes and resonance behaviour, implying that CL-based detection could be used as 

a calibration and diagnostic tool for high-frequency nanomechanical systems. Beyond simple 

device characterization, the simultaneous interrogation of structure and mechanical response 

offered by the technique may also be used to study device degradation and failure, e.g. due to 

exposure to extreme environments or conditions, such as radiation-rich environments, large-

amplitude oscillation or endurance testing[200, 201]. With the realization of on-chip electron 

emitters and field emitter arrays[202-205] which could realise focused electron beams, in pulsed 

or continuous wave from few 100s of eV to few 10s of keV and development of vacuum packaging 

techniques[206], the integration of  CL-active nanostructures with on-chip mechanical 

resonators raises the possibility of localized, chip-scale sensors with CL readout. In order to 

establish these techniques as a robust metrological tool, however, several, challenges must be 

addressed, including quantitative calibration of displacement sensitivity, careful assessment of 

the electron-beam induced perturbations, optimization of photon collection efficiency, and 

evaluation of long-term stability and any damage/degradation arising from sustained electron 

beam exposure. Addressing these considerations will be essential for translating CL-based 
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nanomechanical motion detection from laboratory-scale demonstration to a broadly applicable 

tool in nanoscale science and engineering.  

Chapter 4 and Chapter 5 present experimental evidence demonstrating how electron-beam-

induced charging and heating, respectively, influence and control nanomechanical resonances. 

The dependence of the mechanical resonance on the velocity (acceleration voltage), beam 

current and position of the electron beam opens up possibilities for detecting charged particles 

in vacuum. In principle, such a detection scheme could be relevant for applications in particle 

accelerators, where non-contact, localized sensing of charged particle flux and energy is of 

interest[207, 208]. With the emerging research interest in reconfigurable metamaterials and 

photonic metamaterial continuous time-crystals[27, 68], the charging and heating-based 

resonance shifts offer a mechanism for electron-driven mechanical actuation and control. The 

results within this thesis illustrate that an electron microscope offers a versatile platform not only 

for characterising nanomechanical structures but also for their active control and study of their 

motion. 

6.2 Outlook 

The future work will focus on addressing the challenges faced while performing the proof-of-

concept experiments reported throughout my thesis and improving the results. To begin with, all 

experiments were conducted with the assistance of an SEM, which encountered several 

technical difficulties, including precise and automated control of beam current, acceleration 

voltage, astigmatism, and a stepper motor-controlled 𝑥 - 𝑦 sample stage with manually 

controlled rotation, tilt, and 𝑧-stage movement. The field emission gun is controlled separately 

using a separate software, and then the apertures of the SEM are manually adjusted for beam 

current selection. Later, the SEM software is used to adjust the focus. This process will prolong 

the experimental time, and the experimental conditions will be affected during this time. This is 

why only a single acceleration voltage (10 kV) was used throughout the thesis (except for the 

preliminary experiment with gold in Chapter 2). Hence, a better SEM environment will significantly 

improve the experimental data.  

Nanomechanical motion detection and visualisation using cathodoluminescence (CL) requires 

precise alignment of the sample at the focal point of both the parabolic mirror and the electron 

beam. In practice, the parabolic mirror is mechanically adjusted to achieve this alignment; 

however, external mechanical disturbances frequently disrupt the stability of the mirror control 

system. Such disturbances may arise from seemingly minor events, including the forceful 

opening or closing of the laboratory door, the opening of the scanning electron microscope (SEM) 

sample chamber, adjustments to the photodetector, or vibrations originating from the vacuum 
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pump. These sources of interference often lead to a loss of focus, necessitating repeated 

realignment during experiments. For this reason, as described in Chapter 3, imaging was 

restricted to a single cantilever located at the centre of the sample. A potential solution would 

involve integrating a piezo-controlled stage, which would allow the focal alignment of the 

parabolic mirror and electron beam to be fixed while enabling sample scanning at that optimised 

position. 

Another challenge is collecting as many photons as possible from the sample onto the 

photodetector. In the experimental setup, the photodetector is positioned far away from the 

sample, and only CL light from the top surface of the sample is collected. The implementation of 

an improved CL setup in conjunction with a faster, more sensitive photodetector placed closer to 

the sample could substantially enhance the signal-to-noise ratio (SNR). Such advancements 

would not only improve the detection sensitivity but also extend the applicability of this approach 

to plasmonic materials. This, in turn, could open new avenues for nanomechanical dynamic 

studies employing CL in plasmonic systems. 

During static cathodoluminescence imaging of the nanomechanical cantilever (Figure 3.5b), a 

gradual variation in the cathodoluminescence (CL) signal along the surface of the nanowire, 

extending over its length is observed. This spatial variation suggests that the CL intensity depends 

on the sample coordinate perpendicular to the imaging plane (i.e., the 𝑧 direction). A systematic 

investigation of CL intensity as a function of out-of-plane spatial position could therefore enable 

simultaneous detection of both out-of-plane and in-plane motion without mechanically tilting the 

sample, which is commonly done in electron-based nanomechanical measurement 

techniques[5]. The thesis briefly discussed the potential of detecting sub-nm nanomechanical 

displacements using CL by increasing the integration time. Another direction to consider is 

improving the mechanical motion detection with the help of fast cameras and artificial 

intelligence. First, integrating fast cameras with CL detection would enable time-resolved 

imaging of scattered light. When combined with external mechanical actuation, such an 

approach could facilitate real-time tracking of nanomechanical motion. Incorporating artificial 

intelligence (AI)- based analysis could further enhance sensitivity, allowing for the detection of 

subtle signal fluctuations and pattern recognition in complex datasets. A similar approach was 

recently used in [209]. Perhaps a wavelength-selective filtering of CL emission could be employed 

in such a technique to isolate spectral regions of interest, thereby enabling targeted studies of 

specific excitations or dynamic processes. 

In Chapter 4, the effect of electron beam-induced charging on nanomechanical dynamics could 

be further enhanced by systematically investigating the nanomechanical dynamics in relation to 

the acceleration voltage. Such data would provide insight into how charging phenomena might 
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be exploited for detecting charge particle position or velocity in charge-sensing applications. An 

idea is to charge a nanomechanical resonator with a known amount of charge and monitor the 

changes in its resonance as a charged particle passes nearby; the resulting shifts could then 

serve as a measure of the particle's properties, analogous to methods reported in [48]. A key 

limitation of the current model is that it does not account for the actual spatial distribution of 

charge on the material surface, nor the perturbations arising from momentum transfer to the 

nanowire by the electron beam[3]. Developing an improved analytical model that incorporates 

these factors could yield a more accurate and predictive framework for electron beam-induced 

charge detection using nanomechanical resonators. 

In Chapter 5, the bistable response of a driven nanowire was controlled, switched and read by an 

electron beam. Perhaps by controlling the position of the transition point of the bistability 

response using electron beams, small external perturbations could snap the signal amplitude 

from high to low. This could enable electron beam-controlled nanomechanical bistability to 

underpin demonstrations of proof-of-concept sensors, signal amplifiers, volatile memory, and 

logic operations similar to their optical counterparts reported in [29, 61, 210, 211].  
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Appendix A Experimental  etup 

The actual experiment setup used to conduct all the experiments presented in this thesis is 

shown in Figure A1a and b. 

 

Figure A. 1: Actual experimental setup. (a) and (b) shows the front view of the scanning electron microscope 

and the other instruments used, kept behind the SEM. Important components are numbered. From 1 to 15, 

they are the field emission electron gun, Secondary electron detector, SEM sample chamber, electron gun 

control computer, Beam current monitoring ammeter, SEM imaging computer, Spectrometer control 

computer, parabolic mirror adjustment unit, beam tube, three-way switch mirror, spectrometer, lens, 

avalanche photodetector, Zurich Instruments UHFLI 600 MHz lock-in amplifier, and arbitrary signal-

generator. 
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Appendix B Publications 

Articles 

1. Electron-beam-controlled volatile nanomechanical bistability 

T. Thomas, K. F. MacDonald, and E. Plum 

arXiv.org, 2509.20564 (2025) 

2. Control of nanomechanical resonances by an electron beam 

T. Thomas, K. F. MacDonald, and E. Plum 

arXiv.org, 2509.10302 (2025) 

Conference contributions 

1. Nanomotion visualization through cathodoluminescence 

T. Thomas, E. Plum, N. I. Zheludev, and K. F. MacDonald 

CLEO/Europe-EQEC 2025, Munich, Germany, 23 - 27 June 2025 

2. (poster) Nanomotion detection using cathodoluminescence 

T. Thomas, E. Plum, K. F. MacDonald, N. I. Zheludev 

Oxford-Southampton Exchange 2025, University of Oxford, Oxford, UK, 29 April 2025 

3. (poster) Nanomotion detection using cathodoluminescence 

T. Thomas, E. Plum, K. F. MacDonald, N. I. Zheludev 

Research Poster Showcase, University of Southampton, Southampton, UK, 10 Dec 2024 

4. (poster) Nanomotion visualization with electrons and photons 

T. Thomas, E. Plum, K. F. MacDonald, J. Y. Ou, N. I. Zheludev 

EBEAM2022 Summer School, Island of Porquerolles, Hyeres, France, 11 - 16 Sept, 2022 
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