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Resumen  

Los tratamientos clínicos basados en la estimulación eléctrica de células excitables han 

sido eficaces y ampliamente utilizados para una variedad de enfermedades. Sin 

embargo, estos dispositivos a menudo están limitados por su volumen, la necesidad de 

electrodos con cableado externo y la incapacidad de actuar en células específicas. Los 

dispositivos implantables que pueden convertir la energía óptica o magnética en 

estímulos localizados eléctricos o térmicos para activar las células, son alternativas 

prometedoras debido a su mínima invasividad, capacidad para estimular células de 

forma inalámbrica con alta resolución espacial y temporal. 

Este proyecto de Tesis se ha centrado en el diseño racional y la fabricación de 

nanomateriales opto-eléctricos y magneto-opto-eléctricos de alto rendimiento para la 

estimulación celular inalámbrica. Actualmente, los estimuladores opto-eléctricos 

generalmente requieren luz visible de baja penetración en los tejido y altas intensidades, 

lo que limita su aplicación a implantes muy superficiales, y que incluso podrían causar 

daño tisular debido al calentamiento térmico excesivo. Por lo tanto, todavía es necesario 

aumentar drásticamente la eficiencia de actuación de los dispositivos implantables 

actuando en las ventanas biológicas del infrarrojo cercano (NIR) para lograr una 

actuación maximizada y segura en tejidos más profundos. Por otro lado, aunque el 

campo magnético puede penetrar a través de los tejidos sin atenuación, los 

estimuladores magnético-eléctricos generalmente proporcionan una pobre precisión 

espacial y temporal de las actividades celulares inducidas. Por lo tanto, es necesario 

conseguir estimuladores magneto-eléctricos con una resolución espacial más alta, más 

eficiente, y con una actuación de respuesta más rápida. En esta Tesis, se han 

desarrollado dos tipos de nanomateriales opto-eléctricos y magneto-opto eléctricos para 

superar estos desafíos. 

El primer nanomaterial que fue estudiado y desarrollado está basado nanoestructuras 

de Si/Au para conseguir estimulación opto-eléctrica en la primera y segunda ventanas 

biológicas con intensidades de luz ultra-bajas. Comenzamos con el diseño racional y el 

análisis de las propiedades ópticas y electrónicas de las nanoestructuras de Si/Au a 

través de la combinación de simulaciones de diferencias finitas en el dominio temporal 

(FDTD) e ingeniería de banda de semiconductores, con el objetivo de maximizar la 

eficiencia de captura de luz, la separación de cargas fotogeneradas y la inyección de 
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carga en la solución electrolítica. Las simulaciones de FDTD predijeron que los 

nanopilares de Si cubiertos por nanodiscos de Au presentan una amplificación de un 

factor 6 en la absorción de luz en comparación con la oblea de Si, para una longitud de 

onda alrededor de 800 nm, esto es, dentro de la primera ventana biológica (650-900 

nm). Este aumento se debe a la excitación de unas nuevas resonancias híbridas de 

metal/dieléctrico que permiten un gran aumento de la intensidad de campo 

electromagnético en la interfaz Si/Au y dentro del nanopilar Si. Cabe resaltar que el 

incremento del diámetro de los nanopilares permite un corrimiento hacia el rojo de las 

resonancias, lo que permite amplificar la absorción también en la segunda ventana 

óptica (950-1100 nm).  

A continuación, se realizó un exhaustivo análisis de la respuesta opto-electro-química 

de nanoestructuras comparando nanodiscos de Au, nanopilares cortos (altura 350 nm) 

de Si/Au, nanopilares largos (altura 1 µm) de Si/Au sobre uniones p-n, con respecto a 

la oblea de Si con unión p-n. Se utilizó iluminación de luz pulsada y sinusoidal de 808 

nm de longitud de onda en presencia de una solución salina similar a las condiciones 

fisiológicas. Los nanopilares cortos de Si/Au que solo exponen la región n al electrolito 

dieron el mayor rendimiento opto-eléctrico, logrando un fotovoltaje de 80 mV a una 

intensidad de luz ultrabaja de 0.44 µW/mm2, que fue 11 veces mayor que la oblea de 

Si con unión p-n. Cabe destacar que esta intensidad de luz es casi 3 órdenes de magnitud 

menor que la intensidad más pequeña reportada para la estimulación celular, que 

normalmente requiere voltajes alrededor de los 70-100 mV. La fotocorriente promedio 

en el nanopilar corto de Si/Au también mostró una mejora sustancial de un factor 2.5 

con respecto a la oblea de Si, mostrando una combinación de fotocorriente capacitiva 

y Faradaica que se pueden sintonizar con la densidad de los nanopilares de Si/Au. En 

contraste, a pesar de que los nanopilares largos de Si/Au presentaban la mayor 

absorción óptica teórica, estos mostraron la peor respuesta opto-eléctrica, debido 

principalmente a la rápida recombinación de carga causada por el cortocircuito de la 

unión p-n expuesta al electrolito conductor, y al mayor número de defectos 

superficiales. Además, los nanopilares cortos de Si/Au también proporcionaron el 

mayor voltaje y fotocorriente para el rango de frecuencia de 1 a 50 kHz, mostrando una 

ventana de frecuencia de 50-200 Hz para maximizar el voltaje y la fotocorriente para la 

estimulación celular eficiente.  
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Los nanopilares cortos de Si/Au presentaron una amplificación aún mayor de la 

respuesta opto-eléctrica en la segunda ventana biológica con láser de longitud de onda 

de 1064 nm, logrando una fotovoltaje de 90 mV a una intensidad tan baja como 0.45 

µW/mm2, que fue 40 veces mayor que la de la oblea de Si con unión p-n. 

Finalmente, la biocompatibilidad de las nanoestructuras de Si/Au fue validada por los 

ensayos de viabilidad celular. Estos resultados sugieren el potencial de los dispositivos 

nanoestructurados de Si/Au como una alternativa terapéutica prometedora para la 

actuación opto-eléctrica eficiente en tejidos más profundos con luz infrarroja.  

En segundo gran bloque de este trabajo presentamos un nuevo material 

nanoestructurado de FeGa/ZnO que permita responder simultáneamente a señales 

ópticas y magnéticas, para convertir la energía entregada en estímulos eléctricos locales 

y rápidos, con el objetivo de mejorar la versatilidad y la intensidad de actuación remota 

“wireless”. El nanomaterial de FeGa/ZnO está compuesto por matrices de nanocúpulas 

huecas de FeGa/ZnO integradas en capas elastoméricas flexibles y biocompatibles. El 

principio de operación propuesto para la estimulación magneto-eléctrica se basa en la 

magnetostricción de la capa de FeGa para generar una deformación mecánica por un 

campo magnético externo al cambiar la dirección de la imanación. Esta deformación se 

transfiere inmediatamente a la capa piezoeléctrica de ZnO para inducir un cambio de 

voltaje a través de sus propiedades piezoeléctricas. Además, para la estimulación opto-

eléctrica, se propone aprovechar la intensa absorción de luz NIR a través de la capa de 

FeGa para permitir generar un aumento de temperatura local que se transfiere a la capa 

de ZnO. Este aumento de temperatura del ZnO podría inducir una respuesta 

piroeléctrica para generar la estimulación eléctrica. En primer lugar, realizamos una 

optimización del comportamiento magnético de las nanocúpulas de ZnO/FeGa/ZnO 

con diferentes diámetros y distribución. Los resultados revelaron que las matrices 

hexagonales compactas de ZnO/FeGa/ZnO con nanocúpulas de 400 nm de diámetro 

proporcionaron el campo magnético de saturación más bajo y una remanencia mínima, 

lo cual es esencial para permitir una actuación simple con campos magnéticos pulsados. 

Además, mostramos que el ataque con SF6 no afectó el comportamiento magnético de 

la capa de FeGa, por lo que la capa superior de ZnO se eliminó para proporcionar una 

menor rigidez a las nanoestructuras que permita una mayor deformación 

magnetostrictiva. El análisis de las propiedades fototérmicas de las nanoestructuras de 

FeGa/ZnO optimizadas magnéticamente mostró un intenso calentamiento óptico para 
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ambas longitudes de onda de luz de 808 nm y 1064 nm, lo que está de acuerdo con la 

estimación teórica de FDTD de la absorción de luz con alto ancho de banda. 

Finalmente, se probó la biocompatibilidad de las nanocúpulas de FeGa/ZnO integradas 

en la película PDMS mediante la evaluación de la viabilidad en células de hueso Saos-

2 cultivadas en las muestras. Por lo tanto, las matrices de nanocúpulas de FeGa/ZnO 

son nanomateriales prometedores para fusionar propiedades magnéticas, ópticas y 

piezo/piroeléctricas para generar cambios de voltaje local mediante campos magnéticos 

externos y luz NIR pulsados. 

En conclusión, los actuadores celulares nanoestructurados de Si/Au y FeGa/ZnO 

constituyen nuevas plataformas para la modulación electrofisiológica inalámbrica 

mediante luz NIR y campo magnético. Mirando hacia el futuro, son prometedores como 

nanoactuadores inyectables e implantables in vivo debido a las posibles optimizaciones, 

como la fabricación en sustratos flexibles y la funcionalización de su superficie para su 

unión a tipos celulares específicos, que podrían ser ampliamente aplicables tanto a los 

estudios biológicos fundamentales como a terapias clínicas. 
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Abstract 

Clinical treatments based on electrical stimulation of excitable cells have been 

efficacious and widely used for a variety of diseases. However, these devices are often 

limited by their bulkiness, need for wiring electrodes and inability to target specific 

cells. Implantable devices that can directly convert optical or magnetic energy to 

localized secondary stimulus such as electrical or thermal output to actuate cells are 

promising alternatives, due to their minimal invasiveness, capacity to stimulate targeted 

cells wirelessly with high spatial resolution, and flexible signal control with high 

temporal resolution. 

This Thesis project has been focused on the rational design and fabrication of high 

performance opto-electric and magneto-opto-electric nanomaterials for wireless cell 

stimulation. Currently, the opto-electric stimulators usually require visible light with 

low penetration in tissues and high light intensities, which limit their application to very 

superficial implants and might even cause tissue damage due to excessive thermal 

heating. Therefore, there is still need to drastically increase the actuation efficiency of 

implantable devices in the near infrared (NIR) biological windows for achieving safe 

and maximized actuation in deeper tissues. On the other hand, although the magnetic 

field can penetrate through the tissues without attenuation, the magnetic-electric 

stimulators usually provide poor spatial and temporal precision of induced cell 

activities. Therefore, higher spatial resolution and faster response actuation of the 

stimulators are needed. In this Thesis, two new types of opto-electric and magneto-

opto-electric nanomaterials have been developed to overcome these challenges. 

The first nanomaterial under study and development was based on Si/Au nanostructures 

on Si wafers with p-n junction to achieve opto-electric stimulation in the first and 

second NIR biological windows with ultralow light intensities.  We started with the 

rational design and analysis of the optical and electronic properties of Si/Au 

nanostructures by combining finite-difference time-domain (FDTD) simulations and 

semiconductor band engineering, with the aim of maximizing the light trapping 

efficiency, the photogenerated charges separation and the charge injection into 

electrolyte solution. The FDTD simulations predicted that arrays of Si nanopillars 

capped by Au nanodiscs exhibited 6-fold enhancement of the light absorption compared 

with the plain Si wafer, for wavelength around 800 nm within the first biological 
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window. Such enhancement is due to the excitation of novel hybrid metal/dielectric 

resonances enabling a large enhancement of the electromagnetic field intensity at the 

Si/Au interface and inside the Si nanopillar. Interestingly, these resonances red-shifted 

as the diameter of the pillars increased, thus enhancing the light trapping also in the 

second biological window where the monocrystalline silicon is almost transparent. 

Next, we performed an exhaustive experimental opto-electro-chemical analysis of 

Si/Au nanostructures to compare the properties of Au discs, short Si/Au nanopillars 

(height 350 nm), long Si/Au nanopillars (height 1 µm) on Si p-n wafer with respect to 

the plain Si p-n wafer, with pulsed and sinusoidal light illumination of 808 nm 

wavelength, in an electrolyte solution mimicking the physiological conditions. The 

short Si/Au nanopillars that only exposed the n-region to the electrolyte gave the highest 

opto-electric performance, achieving a photovoltage of 80 mV at ultralow light 

intensity of 0.44 µW/mm2, which was 11-fold higher than the plain p-n Si wafer. 

Remarkably, this light intensity is almost 3 orders of magnitude lower than the smallest 

intensity reported for cell stimulation, which usually requires voltages in the 70-100 

mV range. The photocurrent in the short Si/Au nanopillar also showed a substantial 2.5-

fold enhancement with respect to the plain Si wafer, showing a combination of light-

induced capacitive and Faradaic currents that can be tuned with the density of Si/Au 

nanopillars. In contrast, although the long Si/Au nanopillars theoretically showed the 

highest absorption, their opto-electric performance was worse. This was attributed to 

the fast charge recombination caused by the short-cut of the p-n junction exposed to the 

conductive electrolyte, and the increased number of surface defects. Besides, the short 

Si/Au nanopillars also provided the largest photovoltage and photocurrent for the 

frequency range of 1 to 50 kHz, showing a frequency window of 50-200 Hz to 

maximize the photovoltage and photocurrent for efficient cell stimulation. The short 

Si/Au nanopillars presented even higher amplification of the opto-electric response in 

the second biological window with 1064 nm wavelength laser, achieving a 

photovoltage of 90 mV at an intensity as low as 0.45 µW/mm2, which was 40-fold 

higher than that in the plain p-n Si wafer.  

Finally, the biocompatibility of the Si/Au nanostructures was validated by the cell 

viability assays. These results suggest the potential of the Si/Au nanostructured devices 

as promising therapeutic alternative for the efficient opto-electric actuation in deeper 

tissue with safe NIR light. 
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In the second main block of this work, we presented a novel FeGa/ZnO nanostructured 

material with the aim of responding to both optical and magnetic signals 

simultaneously, to generate local and fast electric stimulus that improve the wireless 

actuation versatility and strength. The FeGa/ZnO nanomaterial was composed of arrays 

of hollow FeGa/ZnO nanodomes integrated onto soft, flexible and biocompatible 

elastomeric films. The proposed magneto-electric stimulation is based on the 

magnetostriction of the FeGa layer to generate mechanical strain by a magnetic field 

that is immediately transferred to the piezoelectric ZnO layer to induce a voltage change 

by exploiting its piezoelectric properties. Moreover, the opto-electric stimulation is 

based on the intense NIR light absorption of the FeGa layer for generating a local 

temperature increase that is transferred to the ZnO layer. The temperature rise of the 

ZnO can then be translated into a pyroelectric response, leading to the electrical 

stimulation. We first optimized the magnetic behaviour of ZnO/FeGa/ZnO nanodomes 

with different diameters and distribution. The results revealed that the hexagonal-close-

packed arrays of ZnO/FeGa/ZnO with 400 nm diameter nanodomes provided the lowest 

saturation magnetic field and minimal remanence, which is essential to enable simple 

magnetic pulse excitation. In addition, we showed that SF6 RIE did not affect the 

magnetic behaviour of the FeGa layer, thus the top ZnO layer was eliminated to provide 

lower stiffness for larger magnetostrictive deformation. The photothermal test of the 

magnetically optimized FeGa/ZnO showed intense optical heating for light 

wavelengths of 808 nm and 1064 nm, which is in accordance with the FDTD theoretical 

estimation of the broadband light absorption. Finally, we proved the biocompatibility 

of the FeGa/ZnO nanodomes integrated onto PDMS film by evaluating the bone Saos-

2 cells viability cultured on the samples. Therefore, the arrays of FeGa/ZnO nanodomes 

are promising nanomaterials to merge magnetic, optical and piezo/pyro-electric 

properties for generating local voltage change by external magnetic fields and NIR light 

pulses. 

In conclusion, the Si/Au and FeGa/ZnO nanostructured cell actuators present new 

platforms for wireless electrophysiological modulation through NIR light and magnetic 

field. Looking forward, they are promising as implantable and injectable nanoactuators 

in vivo due to the possible optimizations such as fabrication on flexible substrates and 

surface functionalization for binding to specific cell types, which may be broadly 

applicable to both fundamental biological studies and clinical therapeutics.  



Chapter 1 

 

 1 

1 Introduction 

Electrical activity is ubiquitous in our bodies and it is necessary to keep the homeostasis 

of several tissues. The basic sources of the physiological electrical activity are 

electrically excitable cells, which regulate organs and normal activities in our bodies 

through electrical impulses1. For example, motor neurons can be electrically coupled to 

promote the rhythmic activity of different muscles by the transmission of electrical 

impulses to skeletal muscle fibers. This provides the mean to control the motor network 

in our body2,3. Malfunction of the excitable cells may lead to a variety of diseases such 

as neurological diseases (Alzheimer´s disease, Parkinson´s disease, paralysis)4, and 

cardiac diseases (bradycardia, tachycardia)5. 

Medical treatments based on the modulation of these electrical impulses have been 

widely studied and used for repairing lost functions and restoring health. Although 

effective, current electrotherapeutics have several significant drawbacks as they 

generally require invasive surgery, wired electrodes, and do not target specific cells, 

thus encouraging the research of wireless devices capable of converting optical or 

magnetic energy into electrical signals. Micro- and nanodevices based on opto-electric 

and magneto-electric materials are becoming promising alternatives due to their 

minimal invasiveness, reduced size enabling the stimulation at single cell level, and 

capacity to be remotely powered and to generate the electrical stimulation. In particular, 

the advances in nanotechnologies and materials science, such as the matured 

nanofabrication techniques and advanced nanomaterials synthesis, have enabled the 

development of several types of materials including metallic, semiconductor and 

organic polymers showing the ability to wirelessly actuate cells and tissues. 

In this introduction, the types, signaling mechanism and function of excitable cells are 

first described. Next, the main diseases associated to the malfunction of excitable cells 

and current clinical treatments are introduced, stressing their main limitations. Finally, 

the advantages and problems that should be solved in the emerging optical and magnetic 

cell stimulation technologies are reviewed. 
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1.1 Excitable cells  

The electrical activity in our body is performed by excitable cells, which can be 

electrically excited to generate action potentials6. Typical excitable cells include 

neurons, muscle cells (e.g. myocardial cells), and some endocrine cells (e.g. pancreatic 

β cell). These cells have highly sophisticated electrical signaling mechanisms, allowing 

electrical impulses travelling across the body through the propagation of action 

potentials. 

1.1.1. Action potential 

In nearly all the cell types, the intracellular and extracellular fluids separated by the cell 

membranes have different ions concentrations. The cell membrane is mainly a 

phospholipid bilayer across which selective ion pumps work to generate the different 

ionic concentration, whose typical intra- and extracellular values are given in Table 17. 

 

Table 1.  Ion concentrations in the intracellular and extracellular fluids of a 

mammalian cell.7 

ion Intracellular concentration / 

mM 

Extracellular concentration / 

mM 

K+ 125 5 

Na+ 12 120 

Cl- 5 125 

Ca2+ 1*10-4 2 

 

Such differences in the ions concentration lead to a voltage difference called 

membrane potential, as shown in the simplified structure of a neuron cell membrane 

in Fig. 1.18.  The membrane potential of excitable cells in the baseline state is held at a 

relatively stable value, denoted as resting membrane potential, which typically is in the 

-60 mV to -90 mV range.  
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Figure. 1.1. Schematic of the phospholipid bilayer cell membrane, ionic charges 

and an ion channel.8 Figure obtained from Ref. 8.  

 

The action potential is the main electrical communication mechanism of excitable cells 

in the body, and consists of a rapid change of the cell membrane potential due to the 

fast transfer of ions through its integrated ion channels. At the resting membrane 

potential specific types of ion channels are closed (Fig. 1.2 step 1), but they rapidly 

open when a stimulus (e.g. changes in the surrounding charges, mechanical stress, 

signaling molecules)9  induces a potential increase over a threshold value, thus 

triggering the action potential. A schematic example of an action potential in a neuron 

is depicted in Fig. 1.2.  

 

Figure 1.2. Schematic of action potential in a neuron10. Figure obtained from Ref. 

10. 
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In more detail, a membrane potential rise over the threshold voltage triggers the 

membrane depolarization (Fig. 1.2 step 2) by opening voltage-dependent sodium 

channels, which results in a large influx of sodium ions. At the peak of the action 

potential, the sodium permeability is maximized. Then the sodium channels are rapidly 

closed and the voltage-gated potassium channels are activated. The large efflux of 

potassium ions results in the membrane repolarization (Fig. 1.2 step 3). However, 

some of these voltage-gated potassium channels do not close when the membrane 

potential returns to the resting potential, thus generating a more negative membrane 

potential than the resting potential. This process is called hyperpolarization (Fig. 1.2 

step 4) and persists until the potassium permeability returns to its usual value and 

restores the membrane potential to its resting state11,12.  

The action potentials have two main functions. In neurons they provide the means by 

which electrical excitation propagates along neuronal axons toward presynaptic 

terminal for enabling the communication with neighboring neurons. In contrast, in 

muscle cells or some endocrine cells, the action potentials trigger a rapid influx of 

calcium ions into these cells for triggering cellular responses such as muscle contraction 

or hormones release7.  

1.1.2. Function of excitable cells 

Excitable cells are very important for the normal function and health of human body. 

In the nervous system, the electrical impulses travel within and between the neurons, 

transmitting information towards other parts of the brain and body1. These electrical 

impulses can trigger the muscle contractions in muscle cells, facilitate the control of 

organs by releasing hormones from various endocrine cells, etc. The main types of 

excitable cells are neurons, myocytes and endocrine cells.  

Neurons have three essential parts: soma, axon, and dendrites. The axons allow neurons 

transmitting information to other cells, and the dendrites are responsible for receiving 

the input signals. Neuron-to-neuron communication usually occurs at the synapse, 

which is a specialized gap structure that permits neurons to pass either electrical or 

chemical signals to other neurons13. Typical structure of chemical and electrical 

synapses are shown in Figure 1.314.  In the case of the chemical synapse, when the 

action potential arrives at the axon terminal, it triggers the release of neurotransmitters, 

which move across the synapse cleft and bind the receptors at the postsynaptic terminal, 
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thus exciting or inhibiting the postsynaptic neuron15. On the other hand, at the electrical 

synapse, an ionic current is directly transferred through the gap junctions that connect 

the interior of two adjacent cells, enabling synchronization of spiking activity among 

neurons16. 

 

Figure 1.3. Schematic of chemical synapse and electrical synapse. (a) Chemical 

transmission at a chemical synapse. An action potential activates the voltage-gated 

calcium channels, leading to neurotransmitter release at the presynaptic terminal, 

the receptors at the postsynaptic terminal detect and translate the neurotransmitters 

into various postsynaptic events, ranging from changes in membrane potential to 

gene expression, etc.  (b) Electrical transmission at an electrical synapse, which is 

mediated by gap junctions that connect the interior of two adjacent cells, thereby 

directly enable the bidirectional passage of electrical currents by ions.14 Figure 

obtained from Ref. 14. 

 

Neurons are typically classified into three different types based on their function: 

sensory neurons, motor neurons and interneurons17. Sensory neurons respond to 

stimulus such as touch, sound or heat that affect the sensory organs, and convey that 

information to the central nervous system18,19. Motor neurons get information from 

the brain and spinal cord and pass these signals to the effector muscles and glands all 

over the body. Interneurons are neural intermediaries located exclusively in the central 

nervous system that enable the communication between neurons (sensory neurons, 
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motor neurons  or other interneurons), thereby forming simple reflex circuits that help 

reacting to external stimulus and more complex networks in the brain20. 

Myocytes (also known as muscle cells) are the cells found in muscle tissue. There are 

various specialized forms of myocytes with distinct properties: cardiac, skeletal, and 

smooth muscle cells21.  

Cardiac muscle cells (also known as cardiomyocytes) are found in the heart. They are 

responsible for generating sequential contractile force to ensure the rhythmic beating 

of the heart to efficiently pump blood to other parts of the body22. Its mechanical activity 

is controlled by electrical impulses with action potential durations as long as 300 ms, 

which are coordinated by the sequential opening and closing of ion channels23. Skeletal 

muscle cells are the building block of the muscle tissues attached to bones and allow 

the movement and balance control of the body. The skeletal muscle cells can be 

activated by the acetylcholine neurotransmitter released from motor neurons, which 

results in membrane depolarization and Ca2+ influx. The Ca2+ concentration increase 

activates the endoplasmic reticulum, thus allowing myosins binding to actin filaments 

to generate the cells and mucscle contraction24. Smooth muscle cells are found in the 

digestive system and blood vessels. They obtain the signals from the autonomous 

nervous system and are responsible for the involuntary contraction of organs such as 

the stomach and bladder25. 

The endocrine system includes eight major glands that produce and release a wide 

variety of hormones, which travel through our bloodstream to tissues and organs to 

regulate the body functions26. For example, pancreatic β-cells secrete insulin to control 

blood glucose levels. The electrical activity in these cells is induced by the detection of 

an increase of the circulating glucose concentration. This opens the voltage-gated Ca2+ 

channels and generates the action potential24. On the other hand, thyroid gland cells 

synthesize thyroid hormones that regulate the body´s metabolism, growth and 

development. They also help to maintain normal blood pressure, heart rate, and 

digestion27. The adrenal gland cells produce corticosteroids, which regulate the balance 

of salt and water in the body and the immune system, etc.28 
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1.1.3. Diseases associated to the malfunction of excitable cells 

Excitable cells play an important role in the normal electrical activity and the 

pathophysiology of various biological processes. Therefore, the dysfunction of the 

excitable cells may lead to a variety of diseases.  

The impair of neurons activity may lead to many neurodegenerative diseases. For 

example, the dendritic integrity of specific neurons is damaged in patients with 

Alzheimer’s disease. Moreover, the abnormal changes of dendritic morphology might 

also have implications in the neuronal network malfunction and result in 

neurodegenerative diseases29. In addition, the atrophy of astrocytes is involved in a 

variety of neurological diseases such as amyotrophic lateral sclerosis, Parkinson´s 

disease, Alzheimer´s disease, and dementia4. Some biochemical processes, as the 

ablation of ferroptosis inhibitor Gpx4 in neurons, can cause rapid motor neuron 

degeneration leading to paralysis30. The overactive voltage-gated ion channels in  

excitable cells have been associated with the malignant trend in cancer, and play a vital 

role in the evolution of diseases including congenital myotonia, hyperkalemia, and 

cardiac arrhythmias31. 

In the case of cardiomyocytes, sodium channels dysfunction that results in slightly 

shortened action potential duration and slower conduction velocity can induce cardiac 

arrhythmia. When the heartbeat is too slow (bradycardia) or too rapid (tachycardia), the 

blood pressure cannot be maintained, which can lead to loss of consciousness, syncope 

and death5. Heartbeats are orchestrated by the coordinated contraction of some 

specialized cardiomyocytes termed the sinoatrial node (SAN). Sinus node dysfunction 

may induce many diseases including sinus bradycardia, sinus arrest, etc.32 

Endocrine diseases occur if the hormone level is too high or too low, or if the body does 

not respond to the hormones release in a normal way. For example, diabetes is a 

common endocrine disease, in which the blood glucose level is too high due to the 

abnormal secretion of insulin hormone. This is caused by the slower glucose-induced 

oscillatory electrical activity of pancreatic β cells, and by the generation of continuous 

or intermittent action potentials that are independent of the glucose level33. On the other 

hand, hyperthyroidism is associated to the abnormal electrical cell depolarization in 

response to thyroid hormones34. In addition,  adrenal insufficiency occurs when the 



Introduction 

 

 8 

adrenal gland releases insufficient cortisol or aldosterone hormone, and the typical 

symptoms include fatigue, anorexia and dehydration35.  

1.2. Electrical stimulation for therapies  

In order to treat the diseases related to the malfunction of excitable cells, electrical 

therapies to stimulate excitable cells have been intensely researched and used. 

Treatments based on electrical stimulation have been proved to be effective for various 

neurological disorder diseases and cardiac diseases. Therefore, it is important to 

understand how artificial electric stimulation can be induced in excitable cells. 

1.2.1. Mechanism of electrical cell stimulation 

The excitable cells can be artificially stimulated by electrical signals to generate action 

potentials. This voltage or current signals can be delivered from electrodes attached to 

the cell membrane. The electrical characteristics of the cell-electrode interface can be 

described as an equivalent electrical circuit (Fig. 1.4). In the point-contact model, the 

cell-electrode interface is simplified to a single point at the cell-electrode cleft. The cell 

membrane can be represented according to the Hodgkin-Huxley model by a resistance 

Rm and a capacitance Cm connected in parallel. This electrode model also considers the 

electrode-electrolyte impedance, which includes the interface capacitance ZCPA and a 

charge transfer resistance Rct
36,37. The other elements are described in the figure caption. 
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Figure 1.4. Point-contact model of the cell-electrode interface (not to scale). 

The attached membrane consists of a resistance Rm in parallel with a capacitance 

Cm. Chd represents double layer capacitance at the cell membrane/electrolyte 

interface. Rseal represents the sealing resistance between the cleft and the 

surrounding solution. The electrode consists of an interface capacitance ZCPA, in 

parallel with a charge transfer resistance Rct. Rspread represents the spreading 

resistance for the current spreading from the electrode to the counter electrode. Zload 

represents the load impedance of the cell-electrode interface system36. Figure 

obtained from Ref. 36. 

 

Under electrical actuation, the charge reactions at the cell-electrode interface can be 

capacitive or Faradaic, depending on the properties of the electrode material, as can 

be observed in the schematic illustration of Fig. 1.5. Capacitive reactions involve 

charging and discharging of the electric double layer at the electrode-electrolyte 

interface, which is caused by the redistribution of ionic charges in the electrolyte. In 

contrast, Faradaic reactions involve the transfer of electrons between the electrode 

and the electrolyte due to the oxidation or reduction of some charged species. The real 

electrode-electrolyte interface usually exhibits both capacitive and Faradaic reactions, 

which are highly dependent on the material and applied voltages38. 
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Figure 1.5. Charge injection mechanisms at electrode-electrolyte interface. (a) 

Schematic illustration of capacitive charge injection mechanism, which includes 

redistribution of charges at the electrode-electrolyte interface. (b) Schematic 

illustration of faradic charge injection mechanism, which includes transfer of 

electrons. (c) Two element circuit model for mechanisms of charge transfer at  the 

electrode-electrolyte interface38. Figure obtained from Ref. 38. 

1.2.2. Wired electrical stimulation 

Clinical electrical stimulation treatments have been efficacious and widely used to treat 

the diseases associated with the malfunction of excitable cells. For example, 

implantable cardiac rhythm management devices like defibrillators and pacemakers 

save millions of lives every year (figure 1.6a)39, and deep brain stimulation is an 

increasingly utilized therapy for Parkinson´s disease40 and epilepsy41. Functional 

electrical stimulation can also activate paralyzed muscles to restore volitional 

movements (figure 1.6b) 42. On the other hand, spinal cord stimulation (SCS) is a 

clinical tool for pain relief (figure 1.6c)43. Other examples include retinal prostheses 

(figure 1.6d)44,45 or cochlear implants (figure 1.6e) 46 that can help to restore auditory 

or visual sensations47, respectively.  
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Figure 1.6. Clinical treatments based on electrical stimulation. (a) The modular 

cardiac rhythm management system (S-ICD: subcutaneous implantable 

cardioverter–defibrillator, LCP: leadless cardiac pacemaker)39. Figure obtained 

from Ref. 39. (b) Brain-controlled functional electrical stimulation (FES) of muscle 

during peripheral nerve block42. Figure obtained from Ref. 42. (c) Neurostimulator 

and lead systems used for spinal cord stimulation to treat chronic pain (Medtronic, 

Inc.) 43. Figure obtained from Ref. 43. (d) The subretinal visual implant alpha-IMS 

(Retina Implant AG, Germany)44. Figure obtained from Ref. 44. (e) Cochlear 

implant delivers sound signals directly to the auditory nerve. Figure obtained from 

“MayoClinic.org”. 
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The subretinal visual implant alpha-IMS is a representative example related to this 

thesis to show the complexity of current stimulation treatments. As shown in Fig. 1.6d, 

a subretinal chip with 1500 pixels is surgically implanted beneath the fovea, and it is 

connected with the subdermal coil behind the ear via a subdermal cable and a thin 

intraocular foil. The chip is composed of independent microphotodiode-amplifier-

electrode elements, which are able to convert light into electrical signals to stimulate 

the neurons48.  The subdermal coil receives power and control signals from the 

transmitter coil (placed above the subdermal coil) via transdermal magnetic induction. 

The external transmitter coil is powered by a small battery pack in the handheld control 

unit, by which the patients can turn on/off the device and adjust brightness and contrast 

sensitivity manually44.  

Although effective, these electronic medical devices are often limited by their 

bulkiness, the need for wiring electrodes and battery-driven power supply, as well as 

the inability to target specific cells and to generate precise electrical impulses. Firstly, 

their implantation or use usually require invasive surgeries, which may induce bacterial 

infection and severe inflammation49. In addition, current electrical devices usually 

excite or inhibit cells in the tissue indiscriminately, which complicate the clinical effects 

and may lead to diverse side effects. Lastly, in the neural network, specific neurons 

generate sets of precise electrical impulses forming the neural circuits, but the neural 

stimulation devices typically work with simple waveforms, rather than inducing precise 

modulations at the millisecond timescale50. 

1.2.3. Wireless cell stimulation 

To solve some of the problems related to the invasiveness, researchers have been 

looking for new technologies to realize electrical cell stimulation in a wireless and 

noninvasive manner. Wireless cell stimulation techniques that directly convert optical, 

magnetic or acoustic energy to localized secondary stimulus such as electrical or 

thermal output signals to stimulate cells or tissues provide promising therapeutic 

alternatives51,52,53.  

A very relevant wireless optical stimulation method that has been developed in the last 

decades is optogenetics, which uses genetically modified light-activatable ion channels 

to realize controlled optical modulation of the electrical cell activity at the millisecond 

timescale. Although effective and non-invasive, its clinical implementation can be 
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hampered due to the need for genetic transfection54,55. On the other hand, implantable 

nanodevices that can be remotely powered by light or magnetic field are promising to 

solve aforementioned problems of wired actuators due to their minimal invasiveness, 

capacity to wirelessly stimulate specific cells with high spatial resolution, and their 

versatile external actuation control with high temporal resolution56,57. 

1.3. Wireless optical stimulation  

Optical cell stimulation has several unique advantages, such as easy light manipulation 

to target one or more interested cells by finely focused beams, and accurate light power 

and actuation duration tunability. Emerging studies based on silicon (Si), organic 

semiconductors and gold (Au) nanostructures have shown significant progress towards 

implantable and injectable optical cell stimulation devices, exploiting opto-electric or 

photothermal effects.  

In the opto-electric stimulation, light signals are converted by the opto-electric device 

into electrical outputs to modulate the ions redistribution or the redox state of the 

chemical species at the cell membrane for eliciting the biological electrical response. 

The opto-electric stimulation can be accomplished by different effects, such us 

photovoltaic or photothermal effects.   

The photovoltaic actuation in a semiconductor is triggered by the induced photovoltage 

upon light illumination. The photovoltages can generate photocapacitive or 

photoelectrochemical actuation, depending on the nature of the materials and the light 

illumination conditions. The photogenerated charge carriers accumulate near the 

semiconductor/electrolyte interface, which triggers the migration of electrolyte 

counterions to the electrode surface forming a Helmholtz double layer. If there is no 

charge injection, the optical stimulation leads to a transient capacitive current. In 

contrast, if charges are injected into the electrolyte, light-induced electrons or holes 

cause redox reactions in the electrolyte species. In both cases, the local cell membrane 

potential or the local concentration of ions can be altered58. 

On the other hand, in the photothermal stimulation the photon energy is absorbed by 

the materials and dissipated via a non-radiative recombination process, to generate local 

transient heat58. The rapid temperature change can alter the capacitance of the plasma 

membrane and induce transient capacitive currents to excite the cells59. 
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To emphasize recent advances towards wireless optical cell stimulation via opto-

electric or photothermal transduction devices, below we discuss the different advanced 

cell actuators according to the representative materials, which include silicon, organic 

semiconductors, gold, graphene and quantum dots. 

1.3.1. Optical electrostimulation based on silicon  

Silicon (Si) has been widely exploited for biophysical research and biomedical 

applications, due to its low bandgap enabling light absorption over a broad spectral 

range, highly tunable optical and electrical properties, natural abundance and 

biocompatibility60. Moreover, silicon-based devices can be easily fabricated into 

various sizes and geometries at the nanometer scale, matching the size of subcellular 

structures and biological molecules.  

Keith and co-workers reported a subretinal prosthesis composed of silicon photodiode 

arrays, which elicited neural spikes in degenerate rat retina (Fig. 1.7a)57,61. They 

induced the photovoltaic stimulation through near-infrared light pulses (905 nm, pulse 

length 0.5-4 ms), with low irradiances of 200-1000 µW/mm2.   

Jiang et al. used lipid-supported mesoporous silicon as bioelectric interface to permit 

optical modulation of the electrophysiology dynamics and elicitation of action 

potentials in a single neuron. The actuation process was based on fast photothermal 

effects, using visible light of 532 nm wavelength with intensity of 6.7·107 µW/mm2. 

The fast response was crucial for the capacitive current generation at the phospholipid 

bilayer62. 

In addition, Si nanomaterials with various structures such as nanowires, nanoparticles 

and nanoarrays, have been studied for neural stimulation, tissue actuation, retinal 

prosthesis, etc.  

Si nanowires offer unique advantages given their attractive properties, including one-

dimensional structure with high surface-to-volume ratio, well-controlled doping profile 

during fabrication or synthesis, and fast signal responses63,64. They can be well-aligned 

into arrays for implantation or applied in a drug-like fashion. Coaxial p-type/ intrinsic/ 

n-type Si nanowires have been proved to be effective to generate photocurrents through 

a photoelectrochemical process and extracellularly elicit action potentials in DRG 

neurons in a drug-like manner, using visible light (532 nm) with intensity of 8.6·105 
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µW/mm2 60. Textured intrinsic Si nanowires have been used to build synapse-like 

interfaces with cell membranes and to elicit intracellular and intercellular calcium wave 

propagations via photothermal modulation in a variety of cell types including glial cells, 

neurons, and cancer cells (Fig. 1.7b), the photothermal effect can be achieved by light 

illumination of 592 nm wavelength (2.8·106 µW/mm2 intensity) 65. The Si nanowires 

could also be internalized by glial cells to trigger optical stimulation of intracellular 

calcium dynamics, which lead to subsequent intercellular calcium wave propagations 

to the neighboring glial cells and neurons, using visible light (514 nm, 3·106 µW/mm2)66.  

 

Figure 1.7. Wireless optical stimulation by Si-based devices. (a) Subretinal 

photodiode array (left), and infrared pulse and excited spikes of neurons (right) 57. 

Figure obtained from Ref. 57. (b) Optical stimulation of cells by Si nanowires can 

elicit intracellular calcium wave propagation and subsequent intercellular 

propagation65. Figure obtained from Ref. 65. (c) Schematic of in vivo photo-

stimulation test on a head-fixed anaesthetized mouse brain with silicon mesh(left), 

example traces of neural response in a single light stimulation marked by a light 

blue band (right)66. Figure obtained from Ref. 66.  
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In addition to the single cell level, Si-based devices can also be in tight contact with the 

biological organ by van der Waals forces and realize the optical stimulation at the organ 

level. Gold decorated p-i-n Si mesh on a holey PDMS membrane could be attached to 

the mouse brain cortex with sufficient adhesion, enable effective light-controlled 

modulation of mouse brain activity in vivo, triggering forelimb movements of the 

mouse, using visible light (473 nm, 1.3·105 µW/mm2). This optical modulation 

technique exploits the light-induced large photocurrent generated by the p-i-n Si diode 

junction, in which the Au-decorated surface was useful to further increase the capacitive 

and Faradaic currents (Fig. 1.7c)66. On the other hand, polymer-supported Si nanowires 

mesh allowed for optical stimulation of cultured cardiomyocytes by means of a focused 

green laser (514 nm, 3·106 µW/mm2)  which was scanned along the sample,  enabling 

the ex vivo heart stimulation beating at a higher frequency67. 

1.3.2. Optical stimulation by organic semiconductors 

The biomedical application of organic semiconductor materials is related to their easier 

solution processability and mechanical compatibility with biological tissues, showing 

high stretchability and flexibility68. Light absorption in organic semiconductors results 

in excitons generation, rather than free electron-hole pairs. The excitons are confined 

in a tiny volume and they are not able to dissociate into free charges due to the large 

coulombic barrier in organic materials. To achieve efficient photocurrent generation, 

the organic semiconductor devices usually rely on a heterojunction between two 

different materials (electron-donor and electron-acceptor)69,70.  

As example, a photovoltaic device based on the organic blend poly (3-hexylthiophene-

2, 5-diyl) (P3HT) and phenyl-C61-butyric-acid-methyl ester (PCBM) could trigger 

action potentials of neurons by short pulses of visible light (532 nm, 104 µW/mm2) with 

high temporal resolution and spatial selectivity. At the heterojunction, the PCBM and 

P3HT  acted as electron acceptor and donor, respectively, thus ensuring high charge 

generation efficiency71. Ghezzi and collaborators used a single-component organic film 

of P3HT to replace the photoreceptor cell layer in a rat retinal explant, and demonstrated 

that the P3HT film was able to trigger neuronal action potentials upon light illumination 

(532 nm, 1.5·104 µW/mm2) and to restore light sensitivity of the rat retinal explant with 

photoreceptor cells degeneration. The effective charge dissociation in the P3HT film 

was ensured by the interface with the conductive indium tin oxide (ITO) film (Fig. 1.8a) 
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72, in a similar manner as the P3HT/PCBM heterojunction71. The use of a single P3HT 

component may help to reduce material toxicity during light illumination, as fullerenes 

photo-excitation can produce reactive oxygen species (ROS)73. In addition, Maya-

Vvetencourt et al. reported a fully organic subretinal prosthetic device composed of 

three layers (P3HT/ PEDOT: PSS/ silk), which was implanted in a rat eye (Fig. 1.8b). 

The photovoltaic retinal prosthesis was able to recover light sensitivity and visual acuity 

in the rat that persisted up to 6-10 months after surgery74. 
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Figure 1.8. Organic semiconductor devices for wireless optical stimulation. (a) 

Schematic illustration of the retinal structure (left) and the degenerate retina with 

photoreceptor layer replaced by the organic polymer device72. Figure obtained from 

Ref. 72. (b) cross-section SEM image of the fully organic prosthetic device (top) 

and sample confocal scanning laser ophthalmoscopy image of the surgical 

prosthesis placement in the eye fundus of a dystrophic RCS rat (bottom)74. Figure 

obtained from Ref. 74. (c) The mechanism of OEPC devices rely on photoinduced 

charges transfer between H2Pc (as electron donor) and PTCDI (as electron 

acceptor), the conducting ITO layer plays a role in storing positive charge and 

serving as the return electrode in solution 75. Figure obtained from Ref. 75. 
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In addition, organic semiconductor materials such as H2Pc (phthalocyanine) (p-type) 

and PTCDI (N, N’-demethyl-3,4,9,10-perrlenetetracarboxylic) (n-type) were also 

widely studied and showed excellent performance. Rand and co-workers reported a 

device comprising a thin trilayer of Cr/Au, H2Pc and PTCDI, achieving effective 

photostimulation of neurons and light-insensitive embryonic chicken retinas, via a 

photocapacitive process. They used 660 nm light wavelength, which is at the edge of 

the  first biological tissue transparency window, and pulsed light whose intensity and 

duration were 4800 µW/mm2 and 5 ms, respectively76,57. The same group presented an 

optimized organic electrolytic photocapacitor (OEPC) device, consisting of a 

transparent conducting ITO layer with H2Pc (p-type) layer as the electron donor and 

PTCDI (n-type) layer as the electron acceptor (Fig. 1.8c). They found that the OEPC 

with catalytically-active gold layer photochemically produced hydrogen peroxide as 

result of oxygen reduction on the PTCDI layer, while the ITO-based OEPC did not, 

thus yielding a truly photocapacitive actuation. They demonstrated that the OEPC 

device was able to effectively depolarize the cell membrane by measuring photo-

induced opening of potassium channels, and change the membrane potential in the 

range of 20 to 110 mV on Xenopus laevis oocytes cells, using visible light of 660 nm 

wavelength with 6·103 µW/mm2 intensity75. 

A major disadvantage of organic semiconductor materials is that their conductivity may 

deteriorate upon exposure to light due to light-induced chemical changes, as well as 

swelling or shrinkage caused by repeated charging and discharging processes77, 69.  

1.3.3. Optical stimulation by gold nanostructures  

Gold nanomaterials are attractive for photothermal therapeutics due to their high 

biocompatibility, large surface to volume area, easy surface functionalization, and high 

absorption in the visible-near infrared (NIR) range based on the excitation of  the 

localized surface plasmon resonances (LSPR)78. The LSPR occurs when Au 

nanostructures are stimulated by the electromagnetic field of an incident light beam, 

and results in the collective coherent oscillation of conduction electrons with respect to 

a positive metallic lattice, thus enhancing the light to heat generation efficiency of Au 

nanostructures. When the cells are attached with the Au nanostructures and under light 

illumination, the generated heat can induce local temperature increase at cell membrane 



Introduction 

 

 20 

and change the membrane capacitance, leading to membrane depolarization and elicit 

the action potentials. 

The main light absorbers of visible and infrared light in biological tissues are 

hemoglobin and water respectively. However, they have their lowest absorption 

coefficient in the near-infrared region around 650-900 nm, which is the region typically 

used in photothermal actuation to maximizing tissue penetration and avoiding thermal 

damage due to tissue absorption79.  

Eom and collaborators demonstrated the optical stimulation of rat sciatic nerve in vivo, 

based on photothermal effect of Au nanorods (Fig 1.9a), using a pulsed NIR light (980 

nm, 1.56·106 µW/mm2)80. Similarly, Yong et al. presented a photothermal modulation 

strategy for cultured auditory neurons, by means of silica-coated gold nanorods as 

extrinsic absorbers and a pulsed NIR laser (780nm,  1.15·107 µW/mm2) at the LSPR 

wavelength81. 

 

Figure 1.9. optical stimulation by Au nanomaterials. (a) TEM image of rat sciatic 

nerve with gold nanorods located near the plasma membrane (top); stimulated nerve 

action potentials recorded for 12 different laser powers (bottom)80. Figure obtained 

from Ref. 80. (b) Comparison of a retina and nanowire arrays interfaced blind retina 

that lacks photoreceptors(top); light responses to near UV light stimulation in NW 

arrays interfaced blind retina (bottom)82. Figure obtained from Ref. 82. 
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A significant drawback of free injected Au nanorods is their necessity to be extremely 

close to the selected cells in order to induce photothermal effect with the lowest 

delivered energy. However, most of the injected nanorods are often located around the 

cells rather than attached to them. Carvalho and co-workers reported a new 

photothermal approach with ligands-conjugated gold nanoparticles (Au NPs) targeting 

dorsal root ganglion (DRG) neurons, and green light millisecond pulses (532 nm, 

3.1·108 µW/mm2). Interestingly, they proved that these Au NPs can be highly resistant 

to convective washout, which is very important for long term application83. 

Furthermore, Cardinal and colleagues showed the optical stimulation of hippocampal 

neurons via local activation of Ca2+ transients by means of plasmonic excitation of Au 

NPs targeted on neuronal membranes, using NIR light (800 nm, 2.7·109 µW/mm2)84. 

In addition to the photothermal effects, Au NPs can also be used in combination with 

semiconductor materials to enable more efficient photo absorption and charge 

separation, thus improving the generation of photocurrent or photovoltage upon light 

illumination through photovoltaic effects. For example, Tang et al. developed vertically 

oriented Au-TiO2 nanowires arrays as artificial photoreceptors in retina (Fig. 1.9b), 

which triggered spiking activities in the retinal ganglion cells and restored green, blue, 

and near UV light responses with the spatial resolution approaching 50 μm. Moreover, 

they implanted the Au-TiO2 NW arrays into blind mice with degenerated 

photoreceptors, and demonstrated the functional and behavioral restoration of the light 

sensitivity82. 

1.3.4. Optical stimulation by quantum dots 

Quantum dots (QDs) are semiconductor nanocrystals with diameter of 2-10 nm  whose 

optical and electronic properties change as a function of size, composition, and 

structure85,86. Under illumination they are able to emit light with various colors 

depending on their sizes, making them attractive for bioimaging and biosensing87. 

Besides, they can be implemented as light-harvesting sites for photovoltaic conversion 

and photocurrent generation due to the tunable absorption spectrum and high light 

extinction coefficients, which make them promising for opto-electric cell stimulation 

applications88.  
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In this contexrt, Pappas and co-workers prepared thin films of semiconductor HgTe 

quantum dots produced by the layer by layer assembly on ITO substrate. Under laser 

illumination (532 nm, 8·103 µW/mm2), the photogenerated electrons in HgTe QDs were 

injected into the solution, inducing a photocurrent flow across the cell membrane. This 

resulted in the depolarization of cell membrane and the excitation of action potentials 

in neurons56. Besides, by integrating CdTe QDs films with prostate cancer cells or CdSe 

QD films with cortical neurons, the fields produced by the photogenerated dipoles from 

the QDs could perturb the cell membrane potential and activate the voltage-gated ion 

channels, thus generating action potentials and enabling the communication among 

cells89. 

However, QDs toxicity is crucial to establish a biocompatible photoactive QDs-cell 

interface. Toxic effects of QDs include apoptotic biochemical changes, increased 

concentrations of reactive oxygen species, suppressed metabolic activity and reduction 

in cell viability. Although some treatments like ZnS coating is demonstrated to be able 

to effectively reduce QD cytotoxicity, more investigation and other treatment methods 

are still needed, and potential safety risks for using QD should be under 

consideration90,91. 

1.3.5. Optical stimulation by graphene 

Graphene, a two-dimensional single layer of carbon atoms densely packed into a 

benzene-ring structure, has many intriguing properties, including electrical 

conductivity, optoelectronic conversion of light into electricity, high surface area and 

biocompatibility92,93, which make it promising for opto-electric cell stimulation.  

Savchenko et al. demonstrated that graphene-based biointerface both in substrate or 

dispersible configurations could optically stimulate cardiomyocytes, and the efficiency 

of stimulation was independent of light wavelength. They also performed optical 

modulation (610nm, 1·103 µW/mm2) of the heart activity in zebrafish embryos in vivo 

using dispersible graphene biointerface51. Besides, Kim and co-workers presented a 

stretchable and transparent cell-sheet-graphene hybrid implanted on the hind limb 

muscle of mouse in vivo, for effectively optical activation (470 nm, 464 µW/mm2) of 

muscle cells94. 
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1.3.6. Limitation of current optical stimulators 

Taken together the optical stimulation devices described above, they have been 

versatile to stimulate excitable cells in vitro and in vivo, at targeted single cells or 

tissues. However, these optical stimulators usually require low penetration visible light 

and high light intensities (table 2), which limit their application to very superficial 

implants and might even cause tissue damage due to excessive thermal heating95,96. 

Moreover, the employed light intensities are much higher than the ocular safety limit 

for continuous exposure to visible light ( for example, 107 W/mm2 at 532 nm)61,72, 

thus hampering their application for retinal prosthesis. Besides, some nanostructured 

materials like the QDs may be internalized by cells, causing damage or malfunction of 

the cells. Therefore, there is still need to drastically increase the actuation efficiency of 

implantable devices in the NIR biological windows for achieving safe and maximized 

actuation in deeper tissues.  

 

 

 

 

  



Introduction 

 

 24 

 

Table 2. Optical cell stimulation materials and employed light conditions 

Materials Wavelength 

(nm) 

Intensity 

(µW/mm2) 

Stimulated 

cells or tissues 

Ref

s 

Lipid-supported 

mesoporous Si 

532 6.7·107 DRG neuron 62 

Coaxial p-i-n Si 

nanowires 

532 8.6·105 DRG neuron 60 

Au-decorated p-i-n Si 

mesh 

473 1.3·105 Mouse brain in 

vivo 

66 

Textured i-Si nanowires 592 2.8·106 Neuron, glial 

cell 

65 

Supported p-i-n Si 

nanowires 

514 3·106 Cardiomyocyte 67 

Si photodiode array 905 800 Rat retina 57 

Si photodiode array 915 550 Rat retina in 

vivo 

97 

Hybrid organic film rr-

P3HT: PCBM 

532 104 neuron 71 

P3HT film 532 1.5·104 Neuron 72 

Metal/ H2Pc/ PTCDI/ film 
600 4.8·103 neuron 76 

PTCDI/ H2Pc/ITO 660 6·103 Xenopus laevis 

oocytes 

75 

Au nanorods 980 1.59·106 neuron 80 

Silica-coated Au 

nanorods 

780 1.15·107 neuron 81 

Au nanoparticle (20 nm) 532 3.1·108 DRG neuron 83 

Au nanoparticle (100nm) 800 2.7·109 neuron 84 

Au nanoparticle 532 8·103 cardiomyocyte 98 

Au-decorated TiO2 

nanowires array 

546 470 Blind rat retina 82 
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1.4. Wireless magnetic stimulation 

Wireless magnetic stimulation can be induced in the tissue by externally controlled 

alternating magnetic field, which can penetrate through the tissues without 

attenuation8,52. The commonly used non-invasive brain stimulation methods based on 

direct magnetic stimulation is transcranial magnetic stimulation (TMS)99. Although 

non-invasive, the actuation devices have some drawbacks, such as poor spatial 

selectivity and high peak power consumption8. In TMS, high intensity magnetic fields 

are required for functional stimulation of deep brain regions. However, such a high 

intensity magnetic fields may stimulate cortical regions and facial nerves over the 

standard limit, which may lead to cervical muscle contraction, facial pain or other 

unexpected side effects100. Magneto-electric or magneto-thermal nanomaterials are 

promising alternative to solve these problems, as they are able to locally convert 

magnetic energy into electric energy or heat, to locally stimulate cells or tissues with 

nanoscale spatial resolution, molecular-level selectivity and remote controllability. 

1.4.1. Magneto-electric stimulation  

Remotely controlled magnetic fields can actuate on magneto-electric (ME) 

nanomaterials to induce local electric charge oscillations that can directly interact with 

cells for generating localized and targeted cell stimulation101. ME nanomaterials are 

generally made of multiferroic materials, i.e. materials that simultaneously show 

ferroelectricity and ferromagnetism. The magnetic to electric energy conversion in 

these materials exploits the properties from two different phases of the material, that 

combine the magnetostrictive property in the ferromagnetic phase with the piezoelectric 

property in the ferroelectric phase. Thus, when an external magnetic field is applied, 

the magnetostrictive stress generated in the ferromagnetic phase is transferred to the 

ferroelectric phase, which changes its polarization and the associated electric field due 

to the piezoelectric effect102. The schematic magnetic-elastic-electric couplings in 

multiferroic materials is shown in Fig. 1.10. 
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Figure 1.10. Schematic illustrating magnetic-elastic-electric couplings in 

multiferroic materials103. Here, M is magnetization, S is mechanical strain, P is 

dielectric polarization. Figure obtained from Ref. 103. 

 

The multiferroic nanocomposites can be in different forms such as spherical core-shell 

nanoparticles with a magnetostrictive core and a piezoelectric shell, magnetostrictive 

rod with a piezoelectric coating, and composite spheres of piezoelectric ceramics with 

embedded magnetic nanoparticles104 (Fig. 1.11). These structures are expected to 

exhibit excellent magnetoelectric performance due to: i) good mechanical contact at 

interface of the two ferroic phases (which is an issue for laminar composites bonded by 

gluing or pressing); ii) the magnetostrictive stress can be efficiently transferred to the 

piezoelectric phase due to the very thin piezoelectric shell; and iii) the absence of 

substrate clamping effect that restricts magnetostrictive strains in some film 

structures104. 
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Figure 1.11. Three types of magnetoelectric nanomaterials structure. (a) 

spherical core-shell nanoparticles with a magnetostrictive core and piezoelectric 

shell, (b) magnetostrictive rod with a piezoelectric coating, (c) spheres of 

piezoelectric ceramics with embedded magnetic nanoparticles104. Figure obtained 

from Ref. 104. 

 

The magnetic actuation is translated by ME composite nanoparticles (NPs) into a local 

electric field that induce a redistribution of charges at the surface, which is able to 

trigger biochemical processes105,106.  If the ME NPs are placed near the cell membranes, 

the ion channels can open accordingly, thus leading to the membrane depolarization 

and generation of action potentials. By varying the conditions of the applied alternating 

magnetic field, such as strength and duration, a tight control over the ion channel gating 

can be achieved104. In addition, ME nanoparticles can be synthesized to be smaller than 

20 nm in diameter, which is essential to penetrate the blood-brain barrier, to effectively 

and non-invasively penetrate into the brain101. 

The concept illustration of using ME nanoparticles for noninvasive electric stimulation 

of deep brain regions is shown in Fig. 1.12. Guduru and collaborators fabricated 

CoFe2O4-BaTiO3 Core-shell ME NPs (30 nm). Approximately 10 µg of these ME NPs 

were injected in the blood stream through the tail vein of a mouse, and forced to cross 

the blood-brain barrier via a d.c. field gradient of 3000 Oe/cm. The ME NPs 

administered in the brain can generate local electric field upon exposure to an external 

magnetic field. Through a surgically attached two-channel electroencephalography 

(EEG) headmount, the in vivo test showed that the ME NPs could modulate the electric 

waveforms deep in the brain via an external 100 Oe a.c. magnetic field in a frequency 

of 0 - 20 Hz52.  
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Figure 1.12.   Concept illustration of using ME NPs for noninvasive electric 

field stimulation of selected regions deep in the brain. (A) ME NPs are forced 

into the brain via application of a d.c. magnetic field gradient. (B) ME NPs are 

distributed over the brain via spatially varying d.c. magnetic field gradient. (C) 

Stimulation of selected regions deep in the brain52. Figure obtained from Ref. 52. 

 

On the other hand, the typical neural stimulators that are used to treat many neurological 

disorder diseases usually operate safely and effectively in the high frequency 

“therapeutic band” between 100 and 200 Hz. Thus, Wickens and collabrators fabricated 

ME neural stimulators by boding a magnetostrictive layer (Metglas) to a piezoelectric 

layer polyvinydine fluoride (PVDF), which can convert a.c. magnetic fields into a 

voltage. The magnetically-powered enabled the stimulation of neurons in ex vivo brain 

slices, effective deep brain stimulation in a freely moving rat (Fig. 1.13), as well as 

operation in the therapeutic band (100-200 Hz). In addition, as the voltage produced by 

the film depended on the thickness of the piezoelectric layer rather than the film area, 

even smaller film could serve as effective stimulators107.  
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Figure 1.13. Magnetoelectric stimulator on a freely moving rat for deep brain 

stimulation. (a) Diagram of the ME stimulator. Insert shows the operating principle 

of the ME stimulator. (b) a rat implanted with ME stimulator in a circular enclosure 

wrapped with magnet wire. (c) Voltage generated by the ME device in rat brain and 

the current applied to the brain on/off resonance107. Figure obtained from Ref.107. 

 

It is worth mentioning that polymer-based ME materials can be more suitable for bone 

tissue engineering, which typically requires lightweight, versatile, flexible and 

biocompatible biomaterials. Ribeiro and collaborators fabricated TD/P(VDF-TrFE) 

(Terfenol-D/ poly (vinylidene fluoride-co-trifluoroethylene)) composite film, in which 

Terfenol-D has high magnetostrictive coefficient and biocompatibility, and P(VDF-

TrFE) shows high piezoelectric coefficient. They proved that the ME composites were 

able to provide mechanical (up to 110 ppm) and electrical stimuli (up to 0.115 mV) to 
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MC3T3-E1 pre-osteoblast cells cultured under dynamic magnetic stimulation (0 Oe - 

230 Oe). The stimulation enhanced cell proliferation by 25%, which can be a promising 

approach for tissue engineering108. 

1.4.2. Magneto-thermal stimulation 

Thermal modulation of cells activity can be achieved through the heating induced 

transmembrane capacitance change and the non-uniform conductance change of 

various ion channels8. Magnetic nanoparticles (MNPs) that can convert alternating 

magnetic field (AMF) energy into heat have received a great attention as a unique 

platform to achieve magnetothermal modulation of cellular activities.  

Figure 1.13. Magnetic heating as a versatile platform for biomedical 

applications. (a) MNPs as mediators to convert AMF energy into heat. (b) The 

magnetic heating efficiency can be tuned by the parameters including size, 

anisotropy, saturation magnetization, and coercivity. (c) characteristic features of 

magnetic heating. (d) Magnetic heating can be applied for magnetic hyperthermia, 

magneto-thermally triggered drug delivery, and magnetothermal control of cells 

activities109.  Figure obtained from Ref. 109. 



Chapter 1 

 

 31 

 

Fig. 1.13 illustrates the magnetic parameters that control the heating efficiency, the 

characteristics of magnetic heating, as well as its emerging biomedical applications109. 

The magnetic heating efficiency can be tuned by the parameters including particle size, 

anisotropy, saturation magnetization, and coercivity. Moreover, the magnetic heating 

through MNPs has many advantages like no penetration depth limit, nanoscale spatial 

resolution, and molecular-level selectivity. 

The capsaicin receptor TRPV1 is a heat-sensitive ion channel that can be activated 

when temperature increases above 43C110. Magnetic nanoparticles MnFe2O4 (d=6 nm) 

111 and Fe3O4 (d=22 nm) 112 could both convert magnetic field into heat to activate the 

ion channels TRPV1 and cause an influx of calcium ions (Fig. 1.14), thereby eliciting 

action potentials in neurons. In particular, the Fe3O4 nanoparticles have been 

demonstrated to be effective for in vivo magnetothermal stimulation of neurons in the 

targeted deep brain region of mice112. 

 

 

Figure 1.14. Magnetic nanoparticles heating induces opening of TRPV1 and influx 

of calcium ions. Figure obtained from Ref. 112. 

 

In addition, activation of the temperature sensitive ion channel TRPV1 can stimulate 

synthesis and release of bioengineered insulin driven by a calcium-sensitive promoter. 
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Stanley et.al. used iron oxide nanoparticles binding to TRPV1 channels, which were 

heated in a radio-frequency magnetic field for stimulating insulin release and 

controlling glucose homeostasis in mice113. 

However, there are still several aspects to be optimized for magnetic cell stimulation 

by the nanomaterials, such as reduce stimulation latency, extend their residential 

lifetime at the cell interface, and target nanomaterials into specific locations114. 

 

1.5 Objectives 

Given current limitations of the optical and magnetic cell stimulation methods, 

including the necessity of high light intensity and low penetration visible light, or the 

low spatial/temporal precision of the magnetic actuation, the aim of this thesis has been 

developing new nanomaterials that can be wirelessly controlled to electrically stimulate 

excitable cells with high spatiotemporal resolution, combining the cost-effective 

colloidal lithography techniques at the wafer scale. 

In particular, two types of nanomaterials have been developed: 1) Si/Au nanostructures 

for wireless opto-electric actuation of excitable cells, with ultralow light intensity in the 

NIR biological window; 2) FeGa/ZnO nanoactuators on flexible elastomer for wireless 

magneto-opto-electric actuation of excitable cells. To progress towards these goals, the 

following specific objectives were defined: 

i) Theoretical design of Si/Au nanostructure combined with p-n junctions, and 

optical analysis of their absorption efficiency by Finite-Difference Time-

Domain (FDTD) simulations. 

ii) Fabrication and opto-electric characterization and optimization of Si/Au 

nanostructured with high penetration NIR light. 

iii) Demonstration of cells viability on the Si/Au nanostructured devices. 

iv) Design, fabrication and magneto-opto-electric characterization of 

FeGa/ZnO nanoactuators on flexible elastomers. 

v) Prove that FeGa/ZnO nanoactuators on flexible elastomer are not cytotoxic 

and do not disturb the cell viability. 
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vi) The final objectives were the experimental demonstration in vitro of the 

optical and combined magnetic/optic stimulation of excitable cells with the 

Si/Au and FeGa/ZnO nanomaterials through patch-clamp experiments. 

However, the COVID lock-down impeded carrying out these final 

experiments and including them in the Thesis manuscript.     

 

In the following parts of the Thesis manuscript, we first introduce the experimental 

materials and methods used in this work in Chapter 2. In particular, it includes the 

detailed description of the nanofabrication of opto-electric and magneto-opto-electric 

nanomaterials with tunable lengths, shapes and densities at the wafer scale.  

Then in Chapter 3 we present the work related to the Si/Au nanostructures for opto-

electric stimulation in the near infrared biological window with ultralow light 

intensities.  

In Chapter 4 we show novel FeGa/ZnO nanostructures for the generation of electrical 

actuation under optical and magnetic signals simultaneously, with the aim of improving 

the wireless actuation versatility and strength. 

Finally, the main conclusions of this Thesis are discussed in Chapter 5, and some 

perspectives for future work are presented in Chapter 6. 
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2 Experimental materials and methods 

 

Abstract: 

In this chapter we first describe the method for theoretical absorption analysis of Si/Au 

nanostructures through Finite-Difference Time-Domain (FDTD) stimulation, following 

by the description of nanofabrication process of Si/Au nanostructures, which presents 

the result of each step. We fabricated Si/Au nanopillars with tunable lengths, diameters 

and densities at the wafer scale through the cost-effective colloidal lithography 

techniques. Next, we present the nanofabrication process of FeGa/ZnO nanodomes 

integrated in PDMS film.  

Then, the main analysis methods are introduced, including scanning electron 

microscopy, opto-electric test system for Si/Au nanostructures, vibrating sample 

magnetometer for testing magnetic properties of FeGa/ZnO nanodomes, and 

photothermal efficiency evaluation method for FeGa/ZnO nanodomes.  

Finally, to prove the biocompatibility of the Si/Au and FeGa/ZnO nanostructures, we 

present the cell culture protocols and cell viability assay procedures. In particular, we 

used HEK 293 cells for Si/Au nanostructures, tested cell morphology cultured on Si/Au 

nanostructures by SEM, evaluated cell viability by cell tracker assay and cell 

proliferation assay. On the other hand, we used Osteosarcoma Saos-2 cells for 

FeGa/ZnO nanostructures, and checked the biocompatibility by SEM and cell tracker 

assay. 
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2.1 FDTD stimulation of the Si/Au nanostructures 

Finite-Difference Time-Domain (FDTD) is a numerical analysis technique used for 

modelling computational electrodynamics, which solves Maxwell’s equations in the 

time domain using finite-difference approximations115. We used FDTD stimulation 

(Lumerical software) to compare absorption spectrums of various Si/Au nanostructures, 

for the design, analysis and optimization of Si/Au nanostructures.  

Firstly, to maximize the light trapping efficiency, we performed FDTD stimulation for 

the following system: i) the plain Si wafer, ii) Au nanodiscs (diameter D=230 nm, 

thickness T=50 nm) on Si wafer, iii) short Si nanopillar (length L=350 nm, D=230 nm), 

iv) short Si nanopillar with Au disc (L=350nm, D=230 nm), v) long Si nanopillar with 

Au disc (L=800nm, D=230 nm). To model the response of an array of nanostructures 

we used periodic boundary conditions with a cross section area of 500 nm x 500 nm, as 

illustrated in Fig. 2.1. We employed an incident broadband plane wave (650 nm to 2200 

nm) incident on the array of nanostructures and we assumed that the incident medium 

is water (refractive index ni = 1.33). A fine mesh of 2 nm was employed around the Au 

nanostructures to ensure the accuracy of the calculations. In these models we used two 

power monitors to calculate the reflected (R) light by the structures and transmitted (T) 

light through a plane located 1 µm inside the Si substrate. Therefore, the absorbed light 

in the first micron of sample is calculated as A = 1-T-R. We also incorporate a monitor 

to extract the electromagnetic field distribution inside and around the nanostructures. 

In particular we focus on the electric field in the direction of the plane wave 

polarization, i.e. Ex.  
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Figure 2.1. Three dimensional views (XY view, XZ view, YZ view) of FDTD 

stimulation for short Si/Au nanopillar. 

 

To model the effect of nanopillar diameter, we tuned the diameters from 200 nm to 350 

nm, for the short Si/Au nanopillar (L=350nm). In addition, to model the effect of the 

nanostructures density we varied the periodicity of the structures from 500 nm to 300 

nm, also for the short Si/Au nanopillar (L=350nm, D=230 nm).  

 

2.2 Fabrication of the Si/Au nanostructured system 

Based on the theoretical analysis, and in order to fully understand and maximize the 

opto-electric response of the Si/Au nanostructures, we fabricated different Si/Au 

nanostructured surfaces on Si wafer with p-n junction (p-n Si), including:  Au 

nanodiscs, and Si/Au nanopillars with different lengths and densities. We employed a 

cost-effective, scalable and highly tunable process based on colloidal lithography 

nanofabrication. 

The fabrication process of Si/Au nanopillars mainly includes the following 5 steps, as 

illustrated in Fig. 2.2: 
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Step 1 (Figure 2.2a): n-dopant implantation on a 4-inch p-type silicon wafer, up to a 

depth of 560 nm  10 nm, to form the p-n junction.  

Step 2 (Figure 2.2b): deposition of Ti/Au films of 1 nm/75 nm thick by Electron Beam 

Evaporation. 

Step 3 (Figure 2.2c): colloidal self-assembly of polystyrene nanospheres on the Au 

surface, leading to a randomly ordered but homogeneous, or hexagonal closed-packed 

distributions of colloids on the whole wafer. 

Step 4 (Figure 2.2d): Au discs production by inductively coupled plasma - reactive ion 

etching (ICP- RIE) with argon (Ar) gas, using the nanospheres as masks.  

Step 5 (Figure 2.2e): Si/Au nanopillars fabrication by deep reactive ion etching (DRIE) 

via Bosch process, using Au discs as masks. The Bosch process alternates repeatedly 

between an isotropic etching with SF6 gas and creation of a passivation layer by C4F8 

gas. It is very important to fine tune the time of the etching and passivation steps to 

obtain Si/Au nanopillars with vertical side-walls. 

 

 

 

Figure 2.2. Schematic fabrication process of Si/Au nanostructures. (a) n-doping on 

p-type Si wafer. (b) Au film deposition. (c) colloidal self-assembly of nanospheres. 

(d) ICP-RIE to define Au discs. (e) Bosch process to produce long Si/Au 

nanopillars. (f) Bosch process to produce short Si/Au nanopillars. 



Experimental materials and methods 

 

 38 

 

2.2.1 Ion implantation to form p-n junction in Si wafer 

Ion implantation is a low temperature process in which ions of one element are 

accelerated by an electrical field into a solid target. If the ions differ in composition 

from the target, they will alter the elemental composition of the target and possibly 

change the chemical, physical or electrical properties of the target116. Ion implantation 

was established as a technique for producing the p-n junction of photovoltaic devices 

in the early 1980s. When implanted into the silicon, the p-type dopant boron atoms can 

create an excess of holes, and the n-type phosphorus dopant atoms can generate the 

excess of electrons.  

We used the Ion Implanter IBS IMC 210RD to introduce phosphorus dopants into a 4-

inch p-type silicon wafer. The ion implantation was performed with the implanted dose 

of 4·1015 ions/ cm2 and energy of 50 KeV, followed by annealing at 950 C for 10 

minutes in Annealsys ASMaster-2000 RTCVD furnace. 

2.2.2 Electron beam evaporation  

Electron beam evaporation is a physical vapor deposition (PVD) technique in which 

the target material is bombarded with an intense electron beam from a filament, and 

vaporize the material for deposition on the substrate in a high vacuum environment. 

The E-beam evaporation technique has several advantages. Firstly, it permits the direct 

transfer of electron beam energy to the target evaporated material, leading to the 

formation of higher density films with increased adhesion to the substrate. Secondly, 

several thin films from different target materials with the highest purity can be obtained 

by using a multiple crucible E-beam evaporator without breaking the vacuum, thus 

avoiding interlayer contamination. 

In our case, a titanium/ gold layer of 1nm/ 75nm was deposited on the Si wafer by 

electron beam evaporation (model: ATC-8E Orion, AJA International Inc.). We used 

10 kV HV source (Telemark). The deposition rates of Ti and Au were 0.05 nm and 0.2 

nm per second separately. The vacuum range of the cryopumped main chamber was up 

to 1·10-8 mbar, and the turbopumped loadlock chamber was around to 2·10-6 mbar. 
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2.2.3 Colloidal self-assembly  

Colloidal lithography is an unconventional lithographic technique for patterning and 

fabrication of various nanostructures on planar substrates and non-planar substrates. It 

allows low cost, fast, large patterning area, and a broad choice of microspheres sizes. 

The microspheres can self-assemble into two-dimensional extended periodic arrays, 

short-range ordered distribution, to be used as masks for etching and deposition. Many 

different micro/ nanostructures such as pillars, cones, rings, and holes have been 

developed by colloidal lithography117. 

Hexagonal closed packed nanospheres 

To achieve periodic colloidal self-assembly nanospheres on Au coated silicon wafers 

we first self-assembled a monolayer of colloids at a water/air interface, as illustrated in 

Fig. 2.3. The carboxylate modified latex beads (4% w/v), of 300 nm in diameter (or 

D500 nm nanospheres for fabrication of D350 nm nanopillars) were purchased from 

Thermo Fisher scientific. The as-received polystyrene nanospheres were diluted by 

ethanol at a ratio of 1:1. The mixture was sonicated for 5 minutes, and then it was 

continuously injected onto the water/air interface through a precisely controlled syringe 

pump system at a rate of 4 µL/min. The needle tip was positioned to exactly contact the 

water surface.  

 

Figure 2.3 Schematic illustration of the formation of close packed nanospheres on 

water surface. 
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When the hexagonal close packed monolayer was formed on the whole water surface, 

the water was drained from the bottom of the Teflon bath and ultimately the 

nanospheres monolayer was transferred onto the silicon wafer underneath. One SEM 

image of the close packed nanospheres is shown in Fig. 2.4. 

 

 

Figure 2.4.  SEM image of the close packed nanospheres of 300 nm in diameter. 

 

 

Separated nanospheres by electrostatic colloidal self-assembly  

The electrostatic colloidal self-assembly method permits the attachment of charged 

particles from dilute aqueous solutions onto oppositely charged substrates. The driving 

force is primarily due to the electrostatic attraction with the substrate and repulsion 

between spheres118. The process is much easier and faster than the hexagonal close-

packed self-assembly, as illustrated in Fig. 2.5.  
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Figure 2.5 Schematic illustration of the electrostatic colloidal self-assembly 

 

Firstly, the silicon wafer with Au film was treated by O2 RIE for 2 minutes, to remove 

surface contaminants and activate surface by introducing negative surface charges. 

Then the positively charged Amidine latex beads (Thermo Fisher Scientific, 4% w/v, 

diameter 200 nm) was diluted to 0.1% w/v in Milli-Q water, sonicated for 5 minutes, 

and dropped on the wafer surface. After 5 minutes, the wafer was rinsed with Milli-Q 

water to remove extra nanoparticles and blown dry by N2 gas. The process results in a 

randomly ordered but homogeneous distribution of nanospheres on the whole wafer. 

One SEM image of the separated nanospheres is shown in Fig. 2.6. 

 

 

Figure 2.6 SEM image of separated nanospheres of 200 nm in diameter 
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2.2.4 Inductively coupled plasma - reactive ion etching  

Inductively coupled plasma -reactive ion etching (ICP-RIE) is an anisotropic dry-

etching process during which material can be removed by the chemically reactive 

plasma under a low pressure (1- 100 mTorr). The ICP-RIE can be used for rapid etching 

of a wide range of materials including semiconductors, dielectrics, metals, and 

polymers. The etching conditions can be adjusted and optimized by tuning the process 

parameters such as radio frequency (RF) power, pressure, and gas flows. ICP-RIE is a 

popular dry-etching technique because of its possibility for high etch rates, great 

selectivity and reduced ion bombardment damage. 

We used the ICP-RIE machine (Oxford Instruments, model: PlasmaPro Cobra 100) for 

two different etching processes: i) O2 RIE to reduce the size of polystyrene 

nanospheres, and ii) Ar RIE to produce Au nanodiscs using the nanospheres as masks. 

Through the O2 RIE we could reduce the size of the close packed nanospheres from a 

diameter of 300 nm to around 220 nm, by using HF power of 100W, pressure of 80 

mTorr, gas flow of 30 sccm (standard cubic centimeters per minute), and a duration of 

25 seconds. One SEM image of the close packed nanospheres after O2 RIE is shown in 

figure 2.7. 

 

 

 

Figure 2.7. SEM image of the close packed nanospheres D300 nm after O2 RIE 
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By Ar ICP-RIE we could remove the Au film deposited on Si wafer, using nanospheres 

as masks to produce the Au nanodiscs. We employed HF power of 40 W, ICP power 

of 1000W, pressure of 8 mTorr, gas flow of 20 sccm and duration of 2.5 minutes. An 

SEM image of the close packed Au nanodics obtained by O2 and Ar RIE is shown in 

Fig. 2.8. 

 

 
 

Figure 2.8. SEM image of the close packed Au nanodics obtained by O2 and Ar 

RIE 

 

In order to produce the Si nanopillars, we used the instrument ALCATEL AMS 110 

DE for generating deep reactive ion etching (DRIE). Deep reactive-ion etching is a 

highly anisotropic etching process used to create deep, steep-sided holes and trenches 

in wafers, typically with high aspect ratios. One of the main technologies of high rate 

DRIE for deep-vertical etching of silicon is Bosch process.  

The Bosch process alternates repeatedly between two etching and passivation modes to 

achieve nearly vertical structures. The etching step is a standard isotropic plasma etch 

with sulfur hexafluoride (SF6) ions, which attack the Si wafer quite isotropically. The 

second step creates a passivation layer by octafluorocyclobutane (C4F8) source gas. The 

passivation layer protects the vertical side walls from chemical attack and prevents 

further etching.  During the next etching process, the directional ions will attack the 

passivation layer at the bottom of the trench, but not along the sides, thus exposing only 

the bottom substrate to the chemical etchant. These etching/passivation steps are 
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repeated several times, thereby resulting in etching steps taking place only at the bottom 

of the etched pits and leading to deep vertical structures. 

In our case, the conditions for Bosch process were: source power 500W, RF power 

30W, SF6 gas flow 150 sccm with step time 1.1 seconds, C4F8 gas flow 100 sccm with 

step time 3.5 seconds. An etching duration of 6 minutes using the Au discs as masks 

enabled obtaining Si/Au nanopillars with around 230 nm in diameter and 1 µm in 

length. Typical HR-SEM images of the Si/Au nanopillars are shown in Fig. 2.9. 

 

Figure 2.9. HR-SEM images of the Si/Au nanopillars. (a) top-view, (b) sectional 

view. Scale bar: 500 nm. 

The lengths of the Si/Au nanopillars can be tuned by varying the Bosch process 

conditions. For example, using SF6 for 1.1s, C4F8 for 3.5s, duration 2 mins we could 

fabricate Si/Au nanopillars with length (L) of 350 nm. Changing the parameters to SF6 

for 1.1s, C4F8 for 4 s, duration 7 mins and SF6 for 1.1s, C4F8 for 10s, duration 18 mins, 

lead to lengths of 1 µm and 2 µm, respectively. In all the cases the diameter (D) was 

kept approximately constant around 230 nm (Fig. 2.10).  

 

Figure 2.10.  Tunable lengths of Si/Au nanopillars. (a) D ≈ 230nm, L ≈ 350 nm; (b) 

D ≈ 230nm, L ≈ 1 µm; (c) D ≈ 230nm, L ≈ 2 µm. Scale bar: 500 nm. 
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2.2.5 Tunable densities of Si/Au nanopillars 

By controlling the concentration of nanospheres in the electrostatic colloidal self-

assembly from 0.005%, 0.02% to 0.1% w/v (Fig. 2.11 a, b, c, respectively), we could 

produce Si/Au nanopillars with different densities, while keeping the same diameter of 

around 230 nm and lengths of around 1 µm. 

 

Figure 2.11. Tunable densities of Si/Au nanopillars. (a) (b) (c) SEM images from 

top view, (d) (e) (f) HR-SEM images from sectional view. Scale bar: 1 𝜇m. 

 

 

2.3 Fabrication of the FeGa/ZnO nanodomes 

In order to fabricate the arrays of FeGa/ZnO nanodomes integrated in a flexible and 

biocompatible PMDS films in a cost-effective and scalable manner, we employed the 

colloidal self-assembled monolayers as transferrable supports, combined with 

sputtering deposition to deposit the FeGa/ZnO layers and SF6 RIE to liberate these 

layers (Fig. 2.14). 
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Figure 2.14. Schematic illustration of fabrication process of FeGa/ZnO nanodomes 

integrated in PDMS film. 

 

This fabrication process started with colloidal self-assembly of carboxylate modified 

latex beads (4% w/v, 400 nm in diameter) on a 4-inch silicon wafer for preparing close 

packed arrays of nanospheres as previously described. The silicon wafer was pre-

treated by oxygen plasma using PVA Tepla PS-210 microwave plasma etcher for 5 

minutes at power of 400W, to remove surface contaminants and to leave a very 

hydrophilic surface.  

On the other hand, to prepare the isolated FeGa/ZnO nanodomes, we used O2 RIE for 

25 seconds (HF power 100W, pressure 80 mTorr, gas flow 30 sccm) to reduce the size 

of nanospheres to around 320 nm.  

The second step was sputtering the FeGa (40 nm) and ZnO (20 nm) layers on the close 

packed nanospheres. The FeGa and ZnO coatings were deposited by magnetron 

sputtering using an ATC Orion 5 from AJA International equipment (N. Scituate, MA, 

USA). Magnetron sputtering is a plasma-based coating method where positively 

charged energetic ions from a magnetically confined plasma collide with a negatively 
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charged target material. The sputtered atoms from the target are then deposited onto a 

substrate119. We used magnetron sputtering for deposition of FeGa/ZnO layers because 

reactive O2 atmosphere is necessary for ZnO deposition, while it is not available by E-

beam evaporation at ICN2. Firstly, FeGa was sputtered using an individual Fe80Ga20 

(at %) target at 150W DC to achieve a final thickness of 40 nm. Then, ZnO was 

sputtered from a Zn target at 100 W DC up to a final thickness of 20 nm under reactive 

O2 atmosphere. 

The third step consisted on pouring liquid PDMS elastomer film of 1 mm in thickness 

on the wafer with nanospheres covered with FeGa/ZnO layers, and curing for its 

solidification. The SYLGARD 184 silicone elastomer kit was used as received. First, 

the liquid silicone and the curing agent were mixed with ratio of 10:1. The mixture was 

then poured to cover the whole patterned wafer. The bubbles inside the elastomer were 

removed in low vacuum for half an hour. Then the sample was put on a hot plate for 

one hour at temperature of 60 degree to fully cure the polymer. Finally, the PDMS film 

was peeled off from the silicon wafer, thus transferring the nanospheres with FeGa/ZnO 

inside the PDMS film.  

The fourth step consisted on removing the polystyrene nanospheres to free the 

FeGa/ZnO layers by SF6 RIE, using HF power 30 W, ICP power 1000W, pressure 12 

mTorr, SF6 gas flow 40 sccm, and a duration of 2.5 minutes. 

Since the PDMS film is insulating, for checking scanning electron microscopy (SEM) 

clearly, the samples were firstly sputtered with a platinum (Pt) layer of 5 nm thickness 

by a high vacuum sputter coater Leica EM ACE600, to improve the surface 

conductivity. 

In addition, in order to optimize the nanostructure for the maximum magnetization of 

FeGa layer, we fabricated ZnO/FeGa/ZnO (20nm/ 40nm/ 20nm) nanodomes with 

different diameters and densities, including D200 nm separated nanodomes, D400 nm 

separated nanodomes, D400 nm patterned nanodomes, and D500 nm patterned 

nanodomes. The separated nanospheres were prepared with electrostatic colloidal self-

assembly, and the patterned nanospheres were prepared with hexagonal close-packed 

self-assembly. 
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2.4 Characterization techniques 

2.4.1 Scanning electron microscopy  

We used the scanning electron microscopy (SEM) with energy-dispersive x-ray 

spectroscopy (EDX) to perform morphological analysis and to make sure that the Au 

films were totally removed in the etching processes. In the SEM, the sample is scanned 

with a focused beam of electrons, the incident electrons interact with the atoms in the 

sample and emit secondary electrons that contain information about the topography of 

the sample, generating an image of the surface.  

Energy-dispersive x-ray spectroscopy (EDX) is a surface analytical technique used for 

the elemental analysis of a sample. It applies electron beam to excite the atoms on the 

surface, then detects and analyzes the specific X-ray emissions from different atoms. 

The X-ray emissions of various atoms are different depending on the atomic structure 

of the elements.  

The SEM images have been obtained using FEI Quanta 650F ESEM, with the Oxford 

Instruments Ultim Extreme EDX detector system integrated on it, operating at 20 kV. 

Through this instrument, we can get the SEM images from top view, and analyse the 

elements information of the sample. At the same time, we use the FEI Magellan 400L 

XRSEM to take high resolution SEM images from cross section view.  

2.4.2 Opto-electric tests for Si/Au nanostructures 

We tested the light induced photocurrents and photovoltages generated by Si/Au 

nanostructured system under continuous, pulsed and sinusoidal laser signals with 808 

nm wavelength. The different samples included: Si wafer with p-n junction (Si p-n), 

Au discs on Si p-n wafer, Si/Au nanopillars with two different lengths, and short Si/Au 

nanopillars with different densities. The samples were pre-treated by several steps 

before being mounted on a homemade holder for opto-electric tests. Firstly, we 

employed SF6 RIE for 30 seconds to remove the silica layer on the wafer backside by 

using the following conditions: pressure 6 mTorr, gas flow 40 sccm, ICP power 500W, 

HF power 30W. Then, Ti of 1 nm and Au of 50 nm were deposited on the backside 

with the edges covered by kapton tape to avoid Au deposition at the wafer edges.  

We tested the light induced photovoltages and photocurrents by pulsed laser 

illumination, as well as photocurrents and photovoltages versus frequency with 
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sinusoidal laser illumination. Through a homemade LabView program, we could 

synchronize the laser signal and data acquisition. The testing system is illustrated in 

figure 2.13. The waveform generator (SIGLENT SDG1025) was connected to the 

computer to be manipulated by the LabView software, and was used to control the laser 

signal. The laser controller (THORLABS, ITC4005) was used for tuning the laser 

intensity by varying the driving currents through the signal generator. A photodiode 

amplifier (THORLABS, PDA200C) was used for amplifying the current signal. The 

voltages and current were acquired and transferred to the computer with a data 

acquisition (DAQ) (NATIONAL INSTRUMENTS, NI USB-6361).  

 

 

Figure 2.13. Schematic of opto-electric testing system with LabView programs, 

amplifier (AMP) and data acquisition (DAQ). The intensity of 808 nm laser can be 

controlled by a laser diode current driver and various neutral density (ND) filters, 

with programmed signals from waveform generator manipulated by LabView 

programs. 

 

The pulsed laser signal was modulated with square signal frequency of 50 Hz, i.e. pulse 

width of 10 ms, with intensities ranging from 0.44 µW/mm2 up to 68 µW/mm2, and 
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then the photovoltages and photocurrents response of the Si/Au nanostructures to the 

laser signals were recorded. 

The sinusoidal laser signal had a peak to peak amplitude from 1.2 to 7.5 µW/mm2, the 

frequency was varied from 1 Hz to 50k Hz, and we recorded the light induced 

photovoltages and photocurrents versus frequency. 

2.4.3 Vibrating sample magnetometer  

Vibrating sample magnetometer (VSM) was used to characterize the magnetic 

properties of materials as a function of magnetic field amplitude. The samples were 

mounted onto a sample holder of the VSM device (Micro Sence. LOT-Quantum 

Design. Darmstadt, Germany), parallel or perpendicular to the applied magnetic field 

as the magnetization loops were tested in plane and out of plane respectively. The 

sample was located between two electromagnets and between 4 pick up coils, once the 

electromagnets were powered, the applied magnetic field was variated from -20000 to 

20000 Oe, while the samples were continuously vibrating. The induced voltages 

originated on the pick-up coils were processed by a software and related to the magnetic 

moment of the sample as a function of the applied magnetic field, thus obtaining the 

magnetization loops. 

In order to evaluate the magnetic properties of ZnO/GaFe/ZnO (20nm/40nm/20nm) 

nanodomes with different diameters and densities integrated in PDMS film, to find the 

nanostructure with the lowest magnetic field to saturate the magnetization, we 

performed VSM in these samples to obtain the magnetization loops, including separated 

D200nm/ D400nm nanodomes, patterned D400nm/ D500nm nanodomes, and patterned 

D500nm nanodomes with GaFe layer of 30nm in thickness.  

2.4.4 Photothermal efficiency evaluation 

In order to evaluate the heating efficiency of the patterned D400nm FeGa/ZnO 

nanodomes integrated in PDMS film, we tested its photothermal efficiency by 

measuring the temperature increase as a function of the laser intensities, using 808 nm 

and 1064 nm wavelength laser illumination (B1-808-1500-15A Laser Components, 

KA64FAMFA-5.000W), which are within the first and second NIR biological window, 

respectively. 
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When the FeGa/ZnO nanodomes sample was illuminated, the temperature was detected 

and analyzed with a thermal infrared thermopile detector (MLX90614, Melexis). 

Various measurements were done with different laser intensities for the 808 nm and 

1064 nm laser. Finally, the temperature increase (i.e. the rise of temperature with 

respect to the initial temperature without illumination) as a function of the laser 

intensities was plotted. 

2.5 Cell culture 

2.5.1 Human embryonic kidney cells 

Human embryonic kidney (HEK) 293 cells are a specific cell line originally derived 

from human embryonic cells grown in tissue culture. In 1977, HEK 293 cells were 

generated by transfection of normal human embryonic kidney cells with sheared 

fragments of adenovirus type 5 DNA120. The HEK 293 cells used in this work are a 

derivative of the HEK 293 cells, they express a single type of voltage-gated K+ shaker 

channels. 

Cell culture chemicals 

HEK 293 cell culture medium: DMEM (Dulbecco's Modified Eagle Medium), with 

high glucose and glutamin, purchased from ThermoFisher. Cell medium is mixed with 

10% of fetal bovine serum (Gibco) and 200 μg/ml of hygromycin B solution (Sigma-

Aldrich). 

Dulbecco´s phosphate buffered saline (DPBS), without calcium chloride and 

magnesium chloride, was purchased from Sigma-Aldrich. 

Cell culture protocols 

 DMEM was removed from petri dish with pipette. 

 3 ml Ca/Mg free PBS was put in the dish and removed afterwards. 

 Further 3 ml Ca/Mg free PBS was put in the dish and the dish was placed in the 

incubator for 5 minutes. In a Ca/Mg free PBS the cells will detach from the 

bottom of the dish. 

 PBS containing the dissolved cells was pipetted in 2 ml Eppendorf and 

centrifuged for 5 minutes at 2000 rpm. 
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 Remove the PBS, putting 5 ml DMEM into the Eppendorf, the pellet was 

detached from the wall and mixed with the medium. 

 The cells in DMEM were then diluted depending on the amount of cells and on 

the further use of the cells, distributing them over several petri dishes. 

 The dishes were placed into the incubator at 37 ℃ and 5% CO2. 

 

HEK293 cells on Si/Au nanopillars  

To culture the cells on top of the Si nanopillars, the same protocol was followed. The 

Si nanopillars samples were sterilized with a bath of 70% ethanol for 2 hours, then the 

cells were plated at about 10% to 15% confluence. After plating, the cells on the 

electrodes were incubated for 24 hours with the normal cell medium, to let them attach 

to the electrode surface. 

2.5.2 Cell morphology analysis  

In order to make sure that the HEK293 cells can grow well on the Si nanopillars, we 

checked the SEM after seeding the cells on the samples for 48 hours. The Si/Au NPs 

samples are sterilized in 70% ethanol for 2 hours, and covered with 0.8 mg/ml of Poly-

L-Lysine for 1 hour. Then the cells were introduced into a 4-multiwell plate at density 

of 3*105 cells/ 2ml in each well, and cultured at 37 ℃ and 5% CO2. After 48 hours, 

cultured cells were rinsed in 0.1M Cacodylate buffer, and fixed in 2.5% Glutaraldehyde 

in PBS for 45 minutes. Cell dehydration was performed by 8 minutes washes in a series 

of ethanol: 50%, 70%, 90% and twice 100%. Finally, samples were dried using 

hexamethyldisilazane (HMDS, Electron Microscopy Sciences) for 15 mins, analysed 

by SEM (FEI Quanta 650F ESEM). 

2.5.3 Cell Tracker Green CMFDA Dye assay 

At the same time, after seeding the cells for 48 hours, we checked the status of the cells 

by fluorescence microscope using cell tracker Green CMFDA (Invitrogen).  This cell 

tracker is a fluorescent probe that can easily penetrate cell membranes. When enters the 

alive cells, a glutathione S-transferase-mediated reaction takes place and makes the cell 

tracker impermeant, thus only living cells will retain the cell tracker and be able to be 

viewed on the confocal microscope. 
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Firstly, the medium was replaced with fresh cell medium (1ml) containing 1µl of cell 

tracker, incubate them at 37 ℃ and 5% CO2 for 30 minutes. Then the media was 

replaced with 1ml of fresh media. The cells were analyzed with fluorescence 

microscope using green emission (492/517 nm).  

2.5.4 Cell proliferation assay 

We performed Alamar Blue assay to test the cells proliferation over 1, 2, and 3 days 

after seeding. We chose the Alamar Blue cell viability reagent (Invitrogen) because it 

is not toxic to cells and allowed reusing the same cells and materials during the 3 days 

assay. Firstly, 50000 cells were seeded into each well of a 4-multiwell plate containing 

Si/Au NPs MD, Si/Au NPs LD and control glass coverslip. After 24 hours, the medium 

was replaced by fresh medium with 10% Alamar Blue, and kept in standard conditions 

(37 ℃ and 5% CO2) for 5 hours. Then the media were replaced with fresh media. 

Immediately, the fluorescence of the extracted medium was quantified using Cary 

Eclipse Fluorescence Spectrophotometer (Agilent. Santa Clara, California, USA), with 

an excitation at 560 nm and emission range between 570 and 600 nm. The assay was 

repeated after 2 days and 3 days. Experiments were performed in triplicate.  

2.5.5 Osteosarcoma cells 

The human osteosarcoma cell line Saos-2 (American Type Culture Collection, USA) 

was cultured in Dulbecco’s modified Eagle medium (DMEM; ThermoFisher Scientific, 

UK) with 10 % fetal bovine serum (FBS; Life Technologies, UK) under standard 

conditions (37 ℃ and 5% CO2).  

We tested the Saos-2 cells viability cultured on the samples, including patterned 

FeGa/ZnO nanodomes, isolated FeGa/ZnO nanodomes, and patterned ZnO nanodomes 

integrated in PDMS film.  

This part of work was done in collaboration with Carme Nogués’s research group in 

Universitat Autònoma de Barcelona (UAB). I fabricated the FeGa/ZnO nanodomes 

integrated onto PDMS film samples, and the students in UAB performed the 

experiments with Saos-2 cells, including the cell culture, cell morphology test by SEM, 

and cell tracker green CMFDA dye assay. 
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Saos-2 cells culture protocol on FeGa/ZnO nanodomes  

Prior to culture cells on the FeGa/ZnO nanodomes, the samples were sterilized with a 

bath of 70% ethanol for 30 minutes, then let them dry inside the biosafety cabinet for 

another 30 minutes. The samples with 5 mm x 5 mm size were put inside a 24-multiwell 

plate. All the samples were tested in triplicate. Then 150.000 Saos-2 cells were cultured 

in each well, as well as in control wells (i.e. the wells without any samples), following 

the protocol below: 

 Cell medium (DMEM with 10 % FBS) was removed from petri dish. 

 8 ml Ca/Mg free Hank’s Balanced Salt Solution (HBSS) was put in the dish and 

removed afterwards. 

 2 ml trypsin was put in the dish and placed in the incubator for 5 minutes.  

 8 ml of fresh cell medium was added in order to stop the action of trypsin, and 

the cells detached from the bottom of the dish. 

 The cells were counted in the Neubauer chamber and the concentration of cells 

could be calculated, as well as the volume containing 150.000 cells. 

 In our case, we put 500 µL cells in each well and added 500 µL cell medium. 

 The dishes were placed into the incubator at 37 ℃ and 5% CO2. 

 

2.5.6 Characterization of Saos-2 cells on FeGa/ZnO nanodomes 

We evaluated the Saos-2 cells viability cultured on FeGa/ZnO nanodomes by SEM to 

check cell morphology, and cell tracker green CMFDA dye assay to check the live cells.  

 

Cell morphology analysis 

We checked the SEM after seeding the cells on the samples for 24 hours. Samples with 

cells were rinsed with phosphate buffered saline (PBS), then the cells were fixed in 4 % 

paraformaldehyde (PFA) in PBS for 15 minutes. Cell dehydration process was 

performed by 8 minutes washes in a series of ethanol: 50%, 70%, 90% and twice 100%. 

Finally, samples were dried using hexamethyldisilane (HMDS, Electron Microscopy 

Sciences) for 15 mins.  
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The samples with dried cells were mounted on the SEM stubs and sputtered with Pt of 

5 nm thickness, then analysed by SEM (Zeiss Company, Oberkochen, Germany). 

 

Cell tracker green CMFDA dye assay 

We performed the cell tracker green CMFDA dye (Eugene, Oregon, USA) assay after 

3 days of cell culture. Firstly, the cell medium was replaced with fresh cell medium 

(1ml) with 1µl of cell tracker for all the samples, and incubated in standard conditions 

(37 ℃ and 5% CO2) for 15 minutes. Then the medium was replaced with 1ml of fresh 

cell medium. Finally, the cells were checked with fluorescence microscope using green 

emission (492/517 nm).  
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3 Si/Au Nanostructures for wireless opto-

electric cell stimulation in the NIR 

biomedical windows 

 

TOC Figure. (a) SEM image of short Si/Au nanopillars (D ≈ 230nm, L ≈ 350 nm) 

on the p-n Si wafer. (b) Photovoltage and photocurrent under square laser pulses at 

22 µW/mm2, pulse width 10 ms. (c) HEK 293 cells cultured on Si/Au nanopillars. 

 

Abstract: 

In this Chapter we first theoretically analyzed the electronic and light absorption 

features of the Si/Au nanostructures on wafers with p-n junctions, with the objective of 

maximizing the photon trapping efficiency, the photogenerated charges separation and 

the charge injection in the electrolyte solution. We show that Si/Au nanopillars 

(diameter around 200 nm) exhibit hybrid metal/dielectric resonances within the first 

NIR biological window enabling a large enhancement of the electromagnetic field 
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distribution at the Si/Au interface and inside the Si nanostructures, within the active p-

n junction region. This leads to a 4- to 6-fold enhancement of the light absorption within 

the first micron depth, for wavelengths in the first biological window (ca. 800 nm). We 

exploited the simple, robust, tunable and scalable strategy for the nanofabrication of 

Si/Au nanostructured surfaces described in Chapter 2. Next, we studied the opto-

electric performance of the Si/Au nanostructures by evaluating their photovoltage and 

photocurrent response to pulsed light and sinusoidal light of 808 nm wavelength. We 

found that the short Si/Au nanopillars presented the highest opto-electric performance, 

achieving photovoltage of 80 mV at ultralow light intensity of 0.44 µW/mm2, which is 

11-fold higher than the plain p-n Si wafer, and photocurrent of 37 µA at irradiance of 

20 W/mm2, showing a behaviour of combination of light-induced capacitive and 

Faradaic currents. We then probed the opto-electric performance of short Si/Au 

nanopillars with different densities to find the optimized nanostructure. In addition, we 

presented the opto-electric performance of short Si/Au nanopillars with p-type Si 

exposed, which showed reversed photovoltage and photocurrent, indicating the applied 

potential for hyperpolarization of cell membrane. We also studied the opto-electric 

performance of short Si/Au NP D350 nm/ D230 nm under pulsed illumination with 

1064 nm and 808 nm laser, for exploring their opto-electric property in the second 

biological window. Finally, we validated the cell viability cultured on the Si/Au 

nanostructured devices. 
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Considering the need to drastically increase the opto-electric actuation efficiency of 

implantable devices in the near-infrared (NIR) biomedical windows for reducing the 

required light intensity and achieving safe actuation in deeper tissues, three main steps 

must be carefully designed and optimized: i) the efficient photon absorption, ii) the 

correct separation of the photogenerated carriers, and iii) the efficient charge injection 

into the electrolyte solution.  

To fulfil these conditions with NIR light in the first biological window, we selected a 

system formed by a monocrystalline Si wafer with p-n junction whose surface is 

nanostructured by Si nanopillars capped by Au nanodiscs (Fig. 3.1).  The low band-gap 

of monocrystalline Si enables NIR opto-excitation, and robust control of the doping 

levels and band structure via standard microelectronic techniques to form tailored p-n 

junction, for separating the photocarriers. On the other hand, Au nanostructures in direct 

contact to the Si form a Schottky junction to efficiently trap the photoelectrons, thus 

acting as electron concentrators and reduction centers for injecting the electrons into 

the electrolyte solution. 

 

3.1 Design of Si/Au nanostructures for efficient 

opto-electric stimulation  

We started with the rational design of the geometric, optical and electronic properties 

of the Si/Au nanostructured surfaces to maximize the light trapping efficiency, the 

photogenerated carriers separation and the charge injection in the electrolyte solution 

by combining: i) semiconductor band engineering, ii) semiconductor/metal junctions, 

and iii) surface nanostructuration via scalable and cost-effective colloidal lithography 

techniques.  
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Figure 3.1. Schematic band diagram of the p-Si/n-Si/Au nanostructured system. 

 

Considering the schematic band diagram of the p-Si/n-Si/Au nanostructure shown in 

Fig. 3.1, the absorbed photons generate electron-hole pairs, and the photogenerated 

electrons within the p-n junction are pushed towards the Au interface by the built-in 

electric field in the depletion region of the junction. The induced electric potential by 

such field can help photoelectrons overcoming the Schottky barrier formed at the n-

Si/Au interface. Thus, photogenerated electrons can be efficiently trapped at the Au 

structures and then injected into the electrolyte solution for producing the 

photocurrent121,58,122.  

To achieve efficient opto-electric effects at ultralow light levels, a very efficient photon 

absorption in the active region is necessary. However, monocrystalline silicon is a poor 

optical absorber in the NIR due to its very low absorption coefficient in this spectral 

region. In fact, the light absorption percentage during the first 1.2 µm of the Si wafer, 

which is the region in which photogenerated carriers efficiently generate photovoltages 

due to the p-n junction, drops from 20% at 650 nm to 1.75% at 900 nm wavelength 

(Fig. 3.2a) and 0.53% at 1000 nm. Such absorption efficiency reduction imposes a large 

increase of the photon flux to achieve similar photovoltages. 
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The modification of the Si wafer surface with Au nanodiscs or Si nanopillars do not 

generate a noticeable increase in the NIR light absorption within the active p-n junction 

region (Fig. 3.2 a). The Au nanodiscs on the flat Si wafer generate a plasmonic 

resonance located around 1800 nm (Fig. 3.2b), i.e. far from the Si bandgap energy 

threshold. In addition, a very small resonance peak located around 830 nm is observed, 

which shows a weak electromagnetic field confinement at the Si/Au interface (Fig. 

3.2d). On the other hand, the dielectric Mie resonances of short/ long Si nanopillars 

(NP) on a Si wafer are drastically damped due to the high refractive index Si substrate.  

 

Figure 3.2. (a) Absorption spectra after 1 µm light penetration inside the Si wafer, 

for the plain Si wafer with p-n junction, Au discs on the Si wafer, Si nanopillars of 

350 nm (short) and 800 nm (long) in length, by Finite-difference time-domain 

(FDTD) simulation. (b) Absorption spectrum of Au discs on Si wafer in NIR range. 

(c) Absorption spectra of short Si nanopillar with Au disc, long Si nanopillar with 

Au disc, and the plain Si p-n wafer. (d) Electric field (Abs [Ex]) distributions for 

Au nanodiscs, short and long Si/Au nanopillar at the resonances located at 832 nm, 

808 nm and 826 nm wavelength, respectively. 
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In contrast, the combination of Au and Si nanostructures, i.e. Si nanopillars capped with 

Au discs, gives rise to strong hybrid metal/dielectric resonances, which lead to large 

amplification of the absorbed light in the p-n region (Fig. 3.2c). By properly adjusting 

the diameter and length of the Au/Si nanostructures, it is possible to generate strong 

hybrid resonances in the first biological spectral window. These resonances generate 

an intense electromagnetic field enhancement both at the Si nanopillar and, particularly, 

at the Si/Au interface (Fig. 3.2d). Therefore, the hybrid metal/dielectric structures 

enable enhancing the photon absorption at the active opto-electronic regions, i.e. the p-

n and Schottky junctions. For long Si/Au nanopillars (diameter D = 230 nm, length L 

= 800 nm) the hybrid resonances lead to 6-fold enhancement of the absorbed light at 

800 nm and 826 nm wavelengths. The amplification is 2-fold and 4-fold in shorter 

Si/Au nanopillars (D = 230 nm, L = 350 nm) for the hybrid resonances located at 710 

nm and 808 nm wavelengths, respectively.  

For larger diameters, the hybrid resonances are red-shifted (Fig. 3.3a). This feature 

enables controlling the light color sensitivity of the nanopillars through the tunable 

diameters. Remarkably, D = 350 nm Si/Au nanopillars showed a resonance near 1 m, 

which provides the possibility to actuate the Si/Au nanopillars in the second NIR 

biological window and above the bandgap threshold, i.e. in the range from 1000 nm to 

1100 nm. The reduction of the Si/Au nanopillars diameters can also enable tuning the 

resonances within the visible spectrum to provide color-dependent enhancement in 

ultrathin Si films.  
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Figure 3.3. (a) FDTD absorption spectra of short Si/Au nanopillar arrays with 

diameters from 200 nm to 350 nm. (b) FDTD absorption spectra of short Si/Au 

nanopillar arrays with different densities by changing the array pitch from 500 nm 

to 300 nm. 

 

Besides, the density of nanopillars can also affect the light absorption. As shown in the 

calculations of Fig. 3.3b that vary the pitch from 300 nm to 500 nm keeping a constant 

diameter, the short Si/Au nanopillars with 400 nm pitch show the highest absorption, 

thereby suggesting the optimal separation distance for diameter of 230 nm nanopillars. 

In conclusion, based on the theoretical analysis, we proposed that the Si nanopillars 

capped by Au disc structure could: i) achieve efficient light absorption in the p-n region 

and at the Si/Au interface due to the strong hybrid metal/dielectric resonances, ii) 

improve charge trapping and injection through the Au disc, and iii) ensure fast light-

generated charges separation through the p-Si/n-Si band engineering. In addition, the 

light absorption efficiency is related to the length, diameter and density of the Si/Au 

nanopillars.  

 

3.2 Fabrication of Si/Au nanostructured system 

To prove these hypotheses, we fabricated the opto-electrically active Si/Au 

nanostructures following the cost-effective and scalable process described in Chapter 

2, for the opto-electric analysis and optical cell stimulation study, including (Fig. 3.4): 
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a) Si p-n wafer, b) Au nanodiscs on Si p-n wafer, c) short and d) long Si/Au nanopillars 

with different densities and diameters. The fabrication process started with the n-dopant 

implantation on 4-inch p-type silicon wafer, up to a depth of 560 nm  10 nm. Next, a 

75 nm Au layer was deposited, which was followed by electrostatic colloidal self-

assembly of polystyrene nanospheres (diameter ca. 200 nm) on the Au surface, leading 

to a randomly ordered but homogeneous distribution of colloids on the whole wafer. 

The nanospheres were used as masks to produce the Au discs by Ar ICP-RIE. Finally, 

the Au discs were used as masks to obtain Si/Au nanopillars (NP) with tunable lengths 

by deep reactive ion etching via Bosch process.  

 

 

Figure 3.4. Schematics and corresponding SEM images of the different samples 

used for the opto-electric analysis: (a) Si wafer with p-n junction depth at 560± 10 

nm; (b) Au discs on the p-n Si wafer; (c) Short Si/Au NP (D ≈ 230nm, L ≈ 350 nm), 

and (d) Long Si/Au NP, (D ≈ 230nm, L ≈ 1 µm) on the p-n Si wafer. Scale bar: 500 

nm. 

3.3 Opto-electric performance of Si/Au 

nanostructures 

The action potential of excitable cells can be triggered by applying either voltage 

changes or currents (e.g., 70 mV pulses123 or 0.5 nA current pulses of 15 ms in 

neuron124) to activate the cellular ion channels and raise the membrane potential above 

the threshold value to generate the membrane depolarization. This process usually 

happens in a time range of several to tens of milliseconds.  
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Opto-electric tests with square light pulses 

To assess the potential of the Si/Au nanostructures for efficient wireless and power free 

(i.e., without the need to apply a bias voltage) cell stimulation with high penetration 

and safe NIR light, we first studied the photovoltage and photocurrent response of the 

Si/Au nanostructures to square light pulses (10 ms) with 808 nm wavelength (i.e., 

within the first NIR biological window) and under physiological conditions (phosphate 

buffered saline 1X, pH 7.4). In these measurements we used a metal contact at the back 

of the Si wafer as working electrode and a Pt wire electrode in the electrolyte solution 

as counter electrode, as described in Chapter 2.  

As can be observed in Fig. 3.5a and b, square light pulses of 10 ms length induced 

square-shaped photovoltages, with a slower decay when the light pulse finishes. At a 

light intensity as low as 8.7 µW/mm2 (Fig. 3.5a), the p-n Si wafer showed the lowest 

photovoltage (80 mV), which reflects its low absorption efficiency at the NIR. The 

incorporation of the Au nanodiscs provides a substantial photovoltage enhancement 

(200 mV), which is a result of the improved photocarrier separation by the Si/Au 

Schottky junction. Interestingly, the short Si/Au NP exhibited the largest photovoltage 

(280 mV), i.e. 3.5-fold larger than the plain p-n Si wafer. Such a high photovoltage 

amplification is due to the synergistic combination of increased photon absorption by 

the hybrid metal-dielectric resonance induced by the Si/Au nanostructure and the 

enhanced carrier separation of the Si/Au Schottky junction. In contrast, the long Si/Au 

NP shows a drastically lower photovoltage than the short Si/Au NP, despite it has the 

highest theoretical photon absorption. In this case, the p-n junction is completely 

exposed to the conductive electrolyte solution, which results in the short-cut of the 

junction, thus hampering the photocarriers separation. This effect can also be observed 

as a deformation of the square-shaped photovoltage, showing a slow decay during the 

constant light illumination period due to the rearrangement of the electrolyte double 

layer ions, whose dynamics is slower than that of the photocarriers.  These results 

clearly point out that both the efficient optical absorption and the adequate photocarrier 

separation are key to amplify the photovoltages at low light levels.  
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Figure 3.5.  Photovoltage and photocurrent induced by laser illumination. (a) 

Photovoltage and photocurrent under square laser pulses at 8.7 µW/mm2, pulse 

width 10 ms, (b) at 22 µW/mm2. (c) Photovoltage and average photocurrent 

dependence on laser intensity. 

 

The increase of the light intensity at the higher light intensity of 22 µW/mm2 (Fig. 3.5b) 

produced a non-linear photovoltage rise for all the samples, keeping similar shapes as 

for low light intensity. This non-linear behavior can be seen in Fig. 3.5c, which displays 

the photovoltage as a function of light intensity. In the whole range (0-68 µW/mm2) the 

short Si/Au NP sample presented the highest photovoltage with clear signs of saturation 

after 20 µW/mm2 light intensity, where the photovoltage reached 329 mV. The p-n 

junction short-cut was even more evident at larger light intensities by the weak 

photovoltage increase in the long Si/Au NP sample. Another interesting parameter to 

analyze is the voltage responsivity at ultra-low light intensity, which can be defined as 

 = dV/dIlight, where V is the induced photovoltage and Ilight is the light intensity. At the 

lowest measured intensity of 0.44 W/mm2, the voltage responsivity was 15, 133, 167 

and 74 mV·mm2/µW for the plain p-n wafer, the Au nanodiscs and the Si/Au short and 

long nanopillars, respectively (Fig. 3.6). At this light intensity range, the short Si/Au 

NP achieves a 11-fold amplification of the photovoltage with respect to the plain p-n 
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Si wafer. The extremely high responsivity of the short Si/Au NP indicates that light 

intensities as low as 0.44 µW/mm2 might be used to elicit action potentials, which is 

almost 3 orders of magnitude lower than the smallest intensity reported for cell 

stimulation (Table 2). 

 

Figure 3.6. Comparison of (a) photovoltages and (b) photocurrents at ultralow laser 

intensity of 0.44 W/mm2. 

 

As previously mentioned, excitable cells can also be fired by applying a current. The 

photocurrents show that Si wafer and long Si/Au NP present a sharp increase in current, 

followed by a fast decay to zero (Fig. 3.5a). This rapid decay is characteristic of a 

capacitive current, coming from accumulation of electrolyte ions near the solid surface 

to balance light generated excessive charge carriers. In the particular case of the long 

Si/Au NP, the faster decay also reflects its higher carrier recombination rate, which is 

due to the combination of p-n junction shortcut (i.e. less efficient carrier separation) 

and the increase number of defects at the lateral surface of the nanopillar.  

In contrast, Au discs and short Si/Au NP showed a fast initial increase and sustained 

current afterwards, instead of returning to zero quickly during the 10 ms actuation, thus 

suggesting the combination of light-induced capacitive and Faradic currents66. This 

behavior is promoted by the Au cap, which can improve the photo-electrons trapping 

and injection into the solution at the solid-liquid interface for enhancing the reduction 

reactions. Notably, the photocurrents reverse to positive when light is off, indicating a 
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discharging process, and possibly the reversibility of the redox reaction at the Si/Au 

interface.   

To show the evolution of the current with respect to the light intensity, we measured 

the photocurrent at different laser intensity points, and calculated the average peak-to-

peak current amplitude in the 20 ms pulse period, by calculating the integral of the 

absolute value of the current over the 20 ms period, then divided by the period (Fig 

3.5c). Likewise the photovoltage, the average photocurrent amplitude of short Si/Au 

NP is the highest of all the samples, reaching 37 A at an irradiance of 20 W/mm2, 

which is 2.5-fold enhancement with respect to the plain Si wafer. 

At ultralow light intensity of 0.44 W/mm2 (Fig. 3.6b), the photocurrent of Au discs 

followed the square light pulse shape, showing a Faradaic behavior, and when the light 

was off, there was no discharging current. The short Si/Au NP also presented a square 

photocurrent shape, showing the largest photocurrent, with a small reversed current 

when light was off. In contrast, the Si wafer and long Si/Au NP showed clear 

combination of capacitive and Faradaic current, with a small discharging current when 

light was off.   

 

Opto-electric tests with sinusoidal light pulses 

Apart from the power and duration of the applied voltage or current, the shape and 

frequency of the actuation signals can also play an important role for efficient cell 

stimulation. For example, the percentage of successful action potential spikes in 

cultured neurons may be different with varying stimulation frequency72. This effect has 

been observed by Parameswaran et. al. in neurons cultured with Si nanowires60, the 

cells were able to generate trains of action potentials with injected current at 10 and 20 

Hz, but failed to respond to every pulse at 40 Hz. In contrast, DRG neurons cultured 

with Au nanoparticles were able to generate action potentials at a stimulation rate of at 

least 40 Hz83. 

The different behavior with respect to the pulse shape and frequency is related to the 

photo-electro-chemical properties of the structures. This is due to the fact that both the 

diode response and the impedance of the electrode-electrolyte interface are very 

dependent on the frequency. According to the equivalent circuit model of electrode-
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electrolyte interface shown in Fig. 3.7, the interface impedance can be calculated by the 

equation:  

𝑍 =
1

1
𝑅𝑑𝑙

+  Cdl

+ 𝑅𝑒𝑙 

where Z represents the interface impedance, Rdl represents the charge transfer 

resistance,  represents the angular frequency, Cdl represents the double layer 

capacitance, Rel represents the electrolyte resistance at the interface. 

At high frequencies, Cdl  1/Rdl ( = 2f), the equivalent resistance of the Cdl and Rdl 

in parallel (
1

1

𝑅𝑑𝑙
+ Cdl

) is near the value of the capacitive reactance ( 
1

Cdl
 ), which is 

approximately 0. Thus, the interface impedance is constant and approximately equal to 

Rel. At very low frequencies, Cdl  1/Rdl, the equivalent resistance of the Cdl and Rdl 

in parallel (
1

1

𝑅𝑑𝑙
+ Cdl

) is near the value of Rdl , as a result, the interface impedance is 

approximately equal to (Rdl + Rel)
125. 

 

 

Figure 3.7. Equivalent circuit model of electrode-electrolyte interface. Cdl 

represents the double layer capacitance, Rdl represents the charge transfer 

resistance, Rel represents the electrolyte resistance at the interface. 

 

Therefore, we further studied the effect of frequency on photovoltage and photocurrent 

of the Si/Au nanostructures, using sinusoidal light actuation, with small modulation 

amplitude from 1.2 to 7.5 µW/mm2 (i.e. peak-to-peak intensity modulation of 6.3 

µW/mm2), taking the photovoltage and photocurrent as a function of the actuation 
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frequency for extracting the relevant electric parameters at the Si/Au/electrolyte 

interfaces. 

As can be observed in Fig. 3.8 (a), the short Si/Au NP presented the largest 

photovoltage response. Besides, all the samples showed a photovoltage drop which 

gave the bandwidth for efficient photovoltage generation. The short Si/Au NP exhibited 

higher cut-off frequency (i.e. peak of the imaginary part, 650 Hz) than the Si p-n wafer 

and Au discs, which were both around 250 Hz. Interestingly, although the photovoltage 

of long Si/Au NP was lower, its response can be faster due to the cut-off frequency was 

around 10 kHz. 

 

Figure 3.8. (a) Photovoltage and (b) photocurrent peak to peak amplitude generated 

by sinusoidal light modulation as a function of the frequency. (c) Impedance as a 

function of the frequency. Black line (r): real part. Red line (i): imaginary part. 
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The photocurrents for all the samples were low at very low frequencies (< 20 Hz) (Fig. 

3.8b), due to their strong impedance at this frequency range imposed by the high 

capacitance.  The high capacitance could also be observed in the impedance curves 

(Fig. 3.8c), which showed that the imaginary impedance (capacitive impedance) was 

larger than the real impedance for all the samples. Notably, the Au discs presented the 

highest photocurrent and lowest imaginary impedance in this range, which confirmed 

its lowest capacitance due to the higher Au/Si surface ratio.  

The photocurrents then increased, and the short Si/Au NP presented the largest 

photocurrent, showing the maximum photocurrent in the range of 50-1500 Hz. In 

addition, for the Si p-n wafer, Au discs and long Si/Au NP, the photocurrents were 

maximized around 430 Hz, 50-900 Hz, and 10 kHz, respectively. 

Despite the photovoltage drop in all the samples, the photocurrent could be maintained 

at higher frequencies due to the decrease of the capacitive impedance. However, there 

was also a current drop in all the samples, that took place at higher frequencies than the 

photovoltage drop. The short Si/Au NP also exhibited higher cut-off frequency (8 kHz) 

than Si p-n wafer (4 kHz) and Au discs (7 kHz). In particular, for the long Si/Au NP 

the photocurrent decay took place at much higher frequency, i.e. larger than 50 kHz. 

Therefore, the short Si/Au NP gave the largest photovoltage and photocurrent response 

compared with the other samples, especially at ultra-low light intensities, thus being the 

most promising for cell stimulation. To maximize both the photovoltage and 

photocurrent in this sample, the frequency analysis suggests a range between 50 Hz and 

200 Hz (i.e. 2.5 - 10 ms pulses) for efficient cell stimulation. 

3.4 Effect of density in the opto-electric 

performance of short Si/Au nanopillars  

As demonstrated above, the short Si/Au nanopillars presented the highest opto-electric 

performance compared to the plain p-n Si wafer, Au discs on Si p-n wafer, long Si/Au 

nanopillars. Taking account that the nanopillars density may also affect their light 

absorption efficiency (Fig. 3.3b) and the amount of Au nanostructures the electron 

injection dynamics, we next studied the opto-electric performance of the short Si/Au 

nanopillars with different densities. We compared short Si/Au NP with pitch of 300 nm 
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(high density – HD, 111 NPs per 10 µm2), and short Si/Au NP with average center-to-

center separations around 800 nm (middle density – MD, 16 NPs per 10 µm2) and 5 m 

(low density – LD, 0.4 NPs per 10 µm2), as illustrated in Fig. 3.9. 

 
 

Figure 3.9. Schematic of short Si/Au nanopillars with high density (HD), middle 

density (MD), and low density (LD). 

 

As can be observed in Fig. 3.10, under square light pulses, the photovoltages of the 

short Si/Au NP for all the densities follow the square shape, with a slower decay when 

the light pulse finishes. All the samples showed a non-linear photovoltage response 

with respect to the light intensity. In the whole light intensity range (0-68 µW/mm2), 

the short Si/Au NP MD sample presented the highest photovoltage, compared to the 

short Si/Au NP LD and HD samples. This result confirms that the density of hybrid 

nanostructures is an important parameter to optimize the light absorption efficiency for 

maximizing the induced photovoltages.  

However, the photocurrents behaviour showed a different tendency. The first 

interesting observation is that the HD sample shows smaller initial current peaks, but a 

remarkably slower current decay with respect to the LD, and MD samples, which are 

clearly observed in the Figs. 3.10 a-b for the 10 ms light pulse at 8.7 µW/mm2 and 22 

µW/mm2 illumination intensity. Moreover, the LD sample showed the fastest current 

decay. This behavior highlights the importance of the density of Au nanostructures to 

change the current behavior from very capacitive (LD sample) to more Faradaic (HD 

sample). This different current behavior is even more pronounced at higher light 

intensities. The photocurrents of the three samples all present non-linear increase of the 

average current with the light intensity. Notably, although from 1.2 to 28 µW/mm2, the 

short Si/Au NP MD gave the highest photocurrent, above 28 µW/mm2, the short Si/Au 

NP HD clearly outperforms the average current amplitude. This further proved the 
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importance of the Au discs as electron collector sources to amplify the current response 

of the nanostructured Si/Au surface.  

 

 

Figure 3.10.  Photovoltages and photocurrents of short Si/Au NP with different 

densities. (a) Photovoltage and photocurrent under square laser pulses at 8.7 

µW/mm2, pulse width 10 ms, (b) at 22 µW/mm2. (c) Photovoltage and average 

photocurrent dependence on laser intensity. 

 

Therefore, taking all the results together, the short Si/Au NP MD showed the most 

interesting opto-electric features for wireless optical cell stimulation under ultra-low 

light intensities, both in terms of generated photovoltages of photocurrents. However, 

the higher density of Si/Au nanostructures can be a relevant parameter to tune the 

photocurrent of the system from a more capacitive to more Faradaic response. 

 

3.5 Effect of p-n junction polarity  

Extracellular electrical stimulation can cause depolarization or hyperpolarization of 

excitable cells depending on the polarity of the electrical stimulator126. The electrical 

stimulation that makes the outside surface of cell membrane more negative, results in a 
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more positive intracellular potential, which can depolarize the cell membrane and, 

consequently, trigger action potentials127. The Si/Au NP showed above were fabricated 

on Si p-n wafer with n-type Si on top, inducing a negative photovoltage and a cathodic 

process at the electrode/electrolyte surface, which can be utilized for depolarization of 

cells. To explore the ability of the short Si/Au NP for hyperpolarization of the cell 

membrane, we next studied the effect of the polarity in the Si/Au NP by reversing the 

p-n junction direction (i.e. p-type Si on top of the wafer). We compared the light 

induced photovoltages and photocurrents generated by the short Si/Au NP on Si np (n 

on top) or pn (p on top) wafers, together with the response of the short Si/Au NP on p-

type wafer (without p-n junction), keeping the same nanopillars density and diameter 

of 230nm. 

As shown in Fig. 3.11a, the short Si/Au NP pn presented positive photovoltage under 

pulsed laser illumination, with very similar shape and absolute value as that of the short 

Si/Au NP np sample. The photovoltage increased with larger laser intensities, and the 

values were very close to the np counterpart for the whole intensity range. On the other 

hand, the short Si/Au NP p sample did not show photovoltage and photocurrent 

response to laser illumination, which confirmed the effect of p-n junction for efficiently 

separate the photoinduced charge carriers, and the negligible effect of the Au/Si 

Schottky contact.  

In addition, the induced photocurrent of the short Si/Au NP pn also presented opposite 

polarity to the short Si/Au NP np (Fig. 3.11c), indicating an anodic process at the 

electrode/electrolyte surface. The photocurrent increased with larger laser intensities, 

showing similar values with short Si/Au NP np at intensities in the 0.44 to 20 µW/mm2 

range, and became larger than that in the short Si/Au NP np at intensities above 20 

µW/mm2.  

These results suggested the possibility to efficiently induce the hyperpolarization of the 

cell membrane through light activation by reversing the polarity in the arrays of short 

Si/Au NP. 
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Figure 3.11. (a) Photovoltage and (c) photocurrent of the short Si/Au NP np, short 

Si/Au NP pn and short Si/Au NP p samples under square laser pulses at 8.7 

µW/mm2, pulse width 10 ms. (b) Photovoltage and (d) photocurrent dependence on 

laser intensity. 

 

3.6 Opto-electric performance in the second 

biological window 

The second NIR biological window (1000 nm–1350 nm) can provide deeper 

penetration depth into tissues, reduced phototoxicity128, and higher maximum permitted 

light exposures compared to the first biological window. It is worth noting that at 1064 

nm the monocrystalline Si is almost transparent, showing an absorption lower than 1% 
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in the first micron of a flat Si wafer, thus achieving an efficient stimulating at this 

wavelength is more challenging. 

Considering that the FDTD simulations showed a red-shift the hybrid resonances by 

increasing the diameter of short Si/Au NP (Fig. 3.3a), we selected NP with 350 nm 

diameter and expected resonance around 1000 nm wavelength to maximize the light 

absorption efficiency in the range. We compared the opto-electric response of the short 

Si/Au NP with dimeters of 350 nm and 230 nm and the plain np-wafer under pulsed 

illumination with 808 nm and 1064 nm lasers, i.e. in the first and second biological 

window, respectively. However, due to the lack of 350 nm polystyrene spheres to carry 

out the electrostatic colloidal self-assembly, we employed the hexagonal closed packed 

self-assembly with diameter of 500 nm, thus yielding much higher density of 

nanopillars.   

As presented in Fig. 3.12a, under square laser pulses of 22 µW/mm2, all the samples 

gave larger photovoltages at 808 nm than at 1064 nm, which is consistent with the lower 

absorption of Si at longer wavelengths. The photovoltage drop was especially 

significant for the plain np-wafer, being 4-fold lower at 1064 nm. The decay was lower 

for the 350 nm diameter NPs （1-fold), and remarkably, was minimal for the D230 nm 

NP (0.17-fold). Therefore, at this intensity with the 1064 nm laser, the short Si/Au with 

350 nm and 230 nm diameter achieved a 4-fold and 12-fold amplification of induced 

photovoltage respect to the Si wafer. 

The photovoltage for all the samples presented a non-linear behaviour with increasing 

laser intensity (Fig. 3.12b), with a much lower response for the n-p wafer. Notably, with 

the 1064 nm laser, at ultralow intensity of 0.45 µW/mm2, it was possible to achieve 90 

mV photovoltage pulses for the 230 nm NP samples, whereas the response of the Si 

wafer barely detectable (2.2 mV), thereby being at least 40-fold larger. 

The photocurrent, were also lower for the 1064 nm laser, but the decays were 

substantially smaller in the nanostructured samples. The D230 nm and D350 nm NP 

samples exhibited 8-fold and 4-fold amplification with respect to the Si wafer for the 

1064 nm laser at 22 µW/mm2.  The lower energy of the photo-carriers also can influence 

in the charge injection, and the current peaks showed a more Faradaic shape at this 

wavelength compared to 808 nm. At ultralow light levels of 2.4 µW/mm2 the 
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amplification with respect to the Si wafer reached 3.6-fold and 1.6-fold for the D230 

nm and D350 nm NP samples respectively. 

The D350 nm sample was expected to give better opto-electric performance than the 

D230 nm sample with 1064 nm laser, due to its higher photo absorption around 1000 

nm wavelength. However, the results showed lower response which may be caused by 

its too high density. As we showed before, the highest density of nanopillars (fabricated 

through hexagonal closed packed self-assembly) resulted in lower opto-electric 

performance than the middle density sample. Moreover, to properly match the hybrid-

resonances to the 1064 nm laser, slightly larger diameter nanopillar (ca. 400 nm) would 

be needed. Therefore, higher opto-electric efficiency would be expected in Si/Au NPs 

fabricated by electrostatic colloidal self-assembly with 400 nm particles.  

In conclusion, the short Si/Au NP D230 nm presented highly efficient photovoltage and 

photocurrent response, both for 1064 nm and 808 nm laser, thus exhibiting excellent 

opto-electric performance in the first and second biological windows at ultralow light 

intensities. 
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Figure 3.12. Photovoltage and photocurrent of Si wafer, short Si/Au NP D350 nm/ 

D230 nm, with 1064 nm and 808 nm laser. (a, c) under square laser pulses at 22 

µW/mm2. (b, d) Photovoltage and photocurrent dependence on laser intensity. 
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3.7 Cells culture on the arrays of Si/Au 

nanopillars 

Having demonstrated the interesting opto-electronic response of the arrays of Si/Au 

NPs, we next further studied the cell interaction and proliferation capability on these 

substrates. We used HEK 293 cells for SEM and Alamar Blue assay to assess whether 

cells could properly adhere and proliferate on the Si/Au nanostructured surfaces. We 

used the HEK 293 cells due to their low maintenance, easy handing and the possibility 

to freeze them for storing. The HEK 293 cells used in this work are a derivative of the 

HEK 293 cells, which express a single type of voltage-gated K+ shaker channels. 

 

Figure 3.13. HEK 293 cells interaction with Si/Au NPs. (a) SEM image of 

HEK293 cells growing on middle density Si/Au NPs and (c) on low density Si/Au 

NPs. (b, d) zoom in images showing the cell and Si/Au NPs LD interface. 

 

After 48 hours culture, the SEM images showed that cells perfectly grow on both the 

Si/Au NPs arrays with low and medium densities, and presented a flat and spread 

morphology. Interestingly, cells grew on the surface of NPs (Fig. 3.13a) in the medium 

density sample without touching the bottom Si substrate. In contrast, on low density 



Chapter 3 

 

 79 

sample, cells could adapt to the NPs morphology and adhere simultaneously to the top 

of nanopillars and Si substrate (Fig. 3.13 b, c). This different adhesion could have 

important implications on the cell stimulation efficiency. 

The fluorescence live/dead assay images confirmed that the HEK 293 cells could grow 

well on Si/Au NPs. After 48 hours seeding, no significant difference was observed 

when compared with the cells control grown on glass coverslip (Fig. 3.14 a, b, c). The 

capacity of cell proliferation was assessed by Alamar Blue. The results were similar 

between Si/Au NPs MD, Si/Au NPs LD and control glass at all time points analyzed, 

which further indicates the biocompatibility of the Si/Au nanopillar arrays (Fig. 3.14d). 

 

Figure 3.14. Viability of HEK 293 cells grown on Si/Au NPs. (a) Live/dead 

fluorescence microscope images of cells after 48 hours in culture for the control 

glass coverslip, (b) middle density Si/Au NPs, (c) low density Si/Au NPs. (d) Cell 

proliferation on glass control, middle density nanopillars, low density nanopillars 

by the Alamar Blue assay at days 1, 2 and 3. 
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3.8 Conclusions 

We presented an exhaustive opto-electron-chemical analysis of Si/Au nanostructured 

surfaces under pulsed and sinusoidal NIR light illumination conditions. The theoretical 

study showed that Si nanopillar capped by Au disc on Si p-n wafer exhibited 4-fold 

enhancement of the light absorption at 808 nm wavelength within the first biological 

window, due to the excitation hybrid metal/dielectric resonances that generated an 

intense electromagnetic field enhancement at the p-n junction region and the Si/Au 

interface. The opto-electric tests proved that the short Si/Au nanopillars with middle 

density achieved the highest photovoltage and photocurrent at ultralow light intensities, 

exhibiting photovoltage of 80 mV under square laser pulses at ultralow intensity of 0.44 

µW/mm2, which was 11-fold amplified to the plain Si p-n wafer. And average 

photocurrent of 37 µA under square laser pulses at 20 µW/mm2, which is 2.5-fold 

amplified to the plain Si p-n wafer. This excellent performance is due to its higher light 

absorption, more efficient photogenerated charge separation and injection. In contrast, 

the long Si/Au nanopillars showed the worst opto-electric performance mainly due to 

the fast charge recombination caused by the short-cut of the p-n junction exposed to the 

conductive electrolyte, and the increased number surface defects. Besides, the short 

Si/Au NP also gave the largest photovoltage and photocurrent for the frequency range 

of 1 to 5 kHz, and to maximize the photovoltage and photocurrent for efficient cell 

stimulation, the frequency range of 50-200 Hz could be considered. 

In addition, the photocurrent of short Si/Au nanopillars with high density presented 

more faradaic behavior, highlighting the importance of the density of Au nanodiscs to 

change the current behavior from capacitive to more Faradaic. Furthermore, the 

direction of photovoltage can be reversed by changing the p-n junction polarity, 

suggesting the applicable potential of Si/Au nanopillars for hyperpolarization of cell 

membrane. The short Si/Au nanopillars also presented excellent opto-electric property 

in the second biological window, achieving photovoltage of 300 mV at intensity of 22 

µW/mm2 with 1064 nm wavelength laser, which was 11-fold higher than the Si wafer. 

Finally, we demonstrated the biocompatibility of the Si/Au nanopillars with HEK 293 

cells. Therefore, the short Si/Au nanopillars with p-n junction are promising for the 
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efficient opto-electric actuation of excitable cells in deeper tissue, by employing NIR 

light within the first and second biological window and ultralow light intensities. 
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4 FeGa/ZnO nanostructures for magneto-

opto-electrical cell stimulation  

 

 
 

TOC Figure. (a) Patterned hollow FeGa/ZnO nanodomes integrated in PDMS film. 

(b) Schematic of cell stimulation with pulsed light (L) or magnetic field (H) on 

FeGa/ZnO nanodomes integrated in PDMS film. 

 

Abstract: 

In this chapter we present a novel nanomaterial with the aim of achieving both magnetic 

and optical wireless cell stimulation, based on FeGa/ZnO nanostructures. We first 

described the actuation principle for magneto-opto-electrical cell stimulation by arrays 

of FeGa/ZnO nanodomes. These arrays combine magnetostriction and efficient NIR 

light absorption in the FeGa layer with the piezoelectricity and pyroelectricity in the 

ZnO layer for generating local electric potential changes with external magnetic fields 

and/or NIR light pulses. Next, we analysed and optimized the magnetic behaviour of 

hollow ZnO/FeGa/ZnO nanodomes with different diameter and distribution, and found 

that the patterned D400 nm ZnO/FeGa/ZnO (20nm/40nm/20nm) nanodomes provide 

the best magnetization features, i.e. lowest saturation field and minimal remanence. 

Besides, the photothermal efficiency of the patterned D400 nm FeGa/ZnO nanodomes 

was tested with light illumination of 808 nm and 1064 nm wavelengths, which 

presented a linear temperature increase following the increase of light intensity. 
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In addition, we proved that the SF6 RIE did not affect magnetic behavior of the FeGa 

layer, thus we removed the top ZnO layer to provide lower stiffness for larger 

magnetostrictive deformations. We also fabricated patterned but isolated FeGa/ZnO 

nanodomes enabling some degree of mechanical movement to mimic a softer 

extracellular matrix. Finally, we proved the biocompatibility of the FeGa/ZnO 

nanodomes integrated in PDMS film, by evaluating the Saos-2 cells viability cultured 

on the samples, including patterned FeGa/ZnO nanodomes, isolated FeGa/ZnO 

nanodomes, and patterned ZnO nanodomes.  
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Wireless magnetic stimulation is another promising non-invasive cell actuation method, 

which is based on the use of magneto-electric or magneto-thermal materials to remotely 

convert magnetic energy into electric energy to stimulate the cells. The main advantage 

of magnetic stimulation over optical stimulation is that the magnetic field can penetrate 

through the tissues without attenuation. However, there are also some significant 

drawbacks including poor spatial resolution of applied magnetic field and low temporal 

precision of the induced cell activity. Nanostructured magneto-electric or magneto-

thermal devices can provide nanoscale spatial resolution for the local stimulation by 

magnetic field.  

However, to provide more actuation versatility, strength and the possibility to design 

complex actuation patterns, the combination of magnetic and optic stimulation could 

be an interesting alternative. To achieve the magneto-opto-electric actuation, the 

composition and nanostructuration of the material should enable responding to optical 

and magnetic signals simultaneously, and transferring the delivered energy to local and 

quick electric stimuli.   

4.1 Principle of the magneto-opto-electric cell 

stimulation 

To attain efficient combined wireless magnetic and optical stimulation of excitable 

cells, we proposed a novel hybrid magneto-opto-electric nanomaterial, composed of 

arrays of FeGa/ZnO nanodomes (i.e., semi-shells) on soft, flexible and biocompatible 

substrates (Fig. 4.1). The magnetic-optic-electric energy conversion exploits the strong 

magnetostriction and high NIR light absorption properties of the FeGa, and the 

piezoelectric and pyroelectric properties of the ZnO. Therefore, this nanocomposite 

merges magnetic, optical and piezo/pyro-electric properties for generating local electric 

potential changes with external magnetic fields and NIR light pulses. 

 

Figure 4.1. Schematic of FeGa/ZnO nanodomes integrated in PDMS film. 
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The magneto-electric stimulation is based on the combination of: i) the 

magnetostriction of the FeGa layer, to generate mechanical strain by the change of 

magnetization state, and ii) the piezoelectricity of the ZnO layer, to generate a voltage 

change by the mechanical deformation transferred from the FeGa layer. We have 

designed the magnetostrictive FeGa to present a magnetic vortex configuration in the 

absence of magnetic field. This feature is important to enable generating the magneto-

mechanical strain when the magnetic state is transformed from the vortex to the single 

domain configuration. The magnetic vortex configuration is crucial to enable highly 

isotropic magneto-electric stimulation, as magnetic fields in any direction can break the 

magnetic vortex to induce the necessary mechanical strain. Moreover, once the external 

magnetic field is removed, the nanostructures automatically return to the vortex 

configuration, thus inducing another mechanical deformation and a voltage change in 

ZnO layer. This magnetic behaviour also permits the use of magnetic fields in only one 

direction (only positive or negative), thereby substantially simplifying the driving 

electronics. 

 

 

Figure 4.2. Schematic of cell stimulation with pulsed light (L) or magnetic field 

(H) on FeGa/ZnO nanodomes integrated in PDMS film. 

 

On the other hand, the opto-electric stimulation is based on the broadband light 

absorption of FeGa layer in the NIR range, which can be used to generate a local 

temperature increase. This temperature increase in the nanostructures can induce a 
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mechanical stress between the FeGa and ZnO layers due to their different thermal 

expansion coefficients (i.e., bimetallic effect), which can trigger the piezo-electric 

actuation of the ZnO. Besides, the temperature rise of the ZnO can also induce the 

pyroelectric response of ZnO layer to generate the electrical actuation. 

Therefore, the FeGa/ZnO nanodomes integrated in PDMS film have the potential to act 

as efficient implantable magneto-opto-electric actuators of excitable cells, for 

generating stimulation with pulsed light or magnetic field as shown in Fig. 4.2. When 

applying magnetic(H) or light (L) pulses, the FeGa/ZnO nanodomes can accordingly 

induce voltage change to change the cell membrane potential (Vcell) for the cell 

excitation. 

4.2 Fabrication of FeGa/ZnO nanodomes 

integrated in PDMS film 

To analyse the capacity to combine magnetic and optical electric cell stimulation, we 

first fabricated ZnO/FeGa/ZnO nanodomes with different diameters and densities 

integrated in PDMS film. Our first goal is achieving a magnetic vortex configuration in 

which the necessary amplitude of magnetic field to break the vortex and saturate the 

magnetization of the sample is minimized. Therefore, we fabricated ZnO/FeGa/ZnO 

nanodomes arrays of different diameters, geometric distribution and FeGa thickness.   

As shown in Fig. 4.3, the fabrication process started from the self-assembly of 

nanospheres. We employed the electrostatic colloidal self-assembly method to prepare 

the separated D200 nm and D400 nm polystyrene nanospheres on Si wafer, with 

randomly ordered but homogeneous distribution on the whole wafer. On the other hand, 

the patterned D400 nm and D500 nm nanospheres arrays were prepared by the 

hexagonal close-packed self-assembly technique, as described in Chapter 2. Then the 

ZnO/FeGa/ZnO layers of 20/40/20 nm in thickness were sequentially sputtered on the 

wafer with nanospheres. The configuration with double ZnO layer was also selected to 

protect the FeGa layer during the RIE etching. Next, liquid PDMS was deposited and 

cured on the wafer, to fully transfer the sputtered nanosphere array to the PDMS. The 

PDMS film with integrated nanospheres was then peeled off.  

Finally, to offer cells direct contact to the active ZnO/FeGa/ZnO structures and to 

enable their free magneto/opto-mechanical deformation, we generated hollow 
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ZnO/FeGa/ZnO nanodomes structures by SF6 RIE to simultaneously remove the 

polymer nanospheres and part of the PDMS. This process exploits the extremely low 

etching rate of ZnO under SF6 RIE. Therefore, this etching step yields hollow 

ZnO/FeGa/ZnO structures on PDMS nanoposts (Fig. 4.3). 

 

 

Figure 4.3. SEM images showing the fabrication process of the hollow 

ZnO/FeGa/ZnO nanodomes integrated in PDMS film with different diameters and 

densities. (a) D200 nm separated nanodomes. (b) D400 nm separated nanodomes. 

(c) D400 nm patterned nanodomes. (d) D500 nm patterned nanodomes. Scale bar: 

500 nm. 

 



FeGa/ZnO nanostructures for magneto-opto-electrical cell stimulation 

 

 88 

4.3 Magnetic characterization and optimization 

We tested the magnetic properties of the different ZnO/FeGa/ZnO (20nm/40nm/20nm) 

nanodomes arrays integrated in the PDMS film by VSM, including separated D200nm 

and D400nm nanodomes, patterned D400nm and D500nm nanodomes, and patterned 

D500nm nanodomes in which the FeGa layer thickness was reduced to 30nm.  

 

Figure 4.4. Vibrating sample magnetometer magnetization loops of 

ZnO/FeGa/ZnO nanodomes arrays with different diameters and densities integrated 

in PDMS film, for in-plane and out-of-plane applied fields. (a, b) ZnO/FeGa/ZnO 

of 20nm/40nm/20nm in thickness. (c) D500nm patterned nanodomes with 

ZnO/FeGa/ZnO layers of 20nm/40nm/20nm and 20nm/30nm/20nm in thickness. 

(d) Magnetization loops for out-of-plane applied fields. 

 

As can be observed in Fig. 4.4a, the in-plane loops all the samples with 40 nm thick 

FeGa layer showed a vortex-shape magnetization reversal loop. Particularly, the 



Chapter 4 

 

 89 

patterned D400 nm nanodomes needed the lowest magnetic field (around 500 Oe) to 

saturate the magnetization, followed by the separated D400 nm nanodomes. In contrast, 

the separated D200 nm nanodomes presented a much more tilted loop, thereby needing 

the highest magnetic field (around 1500 Oe) to saturate the magnetization. The 

patterned D500nm nanodomes showed similar magnetization reversal loop with respect 

to the patterned D400nm nanodomes (Fig. 4.4b). 

In contrast, the patterned D500nm ZnO/FeGa/ZnO (20nm/30nm/20nm) nanodomes 

showed a single domain loop with substantial remanence (Fig. 4.4c). Therefore, the 

thickness of FeGa layer should be larger than 30 nm to achieve a vortex magnetic state 

in this range of nanospheres diameters. For all the samples, the magnetic fields required 

to saturate the magnetization out of plane were much higher than those in plane (Fig. 

4.4d). Therefore, the magnetization in all the samples was preferentially in plane.  

In conclusion, the patterned D400 nm and D500 nm ZnO/FeGa/ZnO 

(20nm/40nm/20nm) nanodomes provided the best magnetization features, i.e. lowest 

saturation field and minimal remanence. This enables the magnetic stimulation with 

just positive (or negative) magnetic pulses of moderate intensity, which greatly 

simplifies the driving electronics. Which motivated focusing on these D400 nm 

nanodomes arrays for the magneto-opto-electric assays and cell stimulation.  

4.4 Optimization of the FeGa/ZnO fabrication  

To simplify the fabrication and provide nanostructures with lower stiffness for enabling 

larger magnetostrictive deformations, we also tried to eliminate one of the ZnO layers. 

To ensure the integrity of the FeGa layer, we studied the effect of SF6 RIE on the 

magnetization reversal loops before and after removal of the polystyrene spheres by 

SF6 RIE. The VSM results gave almost identical magnetization loops (Fig. 4.5), thus 

the SF6 RIE did not significantly etch and affect the magnetic behaviour of the FeGa 

layer.  
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Figure 4.5. Magnetization reversal loops of patterned D400 nm FeGa/ZnO 

nanodomes before and after removal of the polystyrene spheres by SF6 RIE. 

 

Representative images of the fabrication process of patterned D400 nm FeGa/ZnO 40 

nm/20 nm nanodomes are presented in Fig. 4.6 (a-d). The combination of the patterned 

hexagonal close-packed self-assembly and the low directionality of the sputtering 

deposition gave rise to peculiar features in the hollow structures. In the case of seperated 

particles, the sputtering yielded a very uniform coverage on the nanosphere, in which 

almost the whole sphere was covered by material, except the region that was in direct 

contact to the wafer (see Fig. 4.3 a-b). In contrast, when the particles are touching each 

other, there are regions of the spheres that are inaccessible to the sputtered material (as 

schematized in Fig. 4.6e.), which resulted in opening points (as marked with the red 

circle in Fig. 4.6c) between the close-packed hollow FeGa/ZnO nanodomes after 

removing the nanospheres by SF6 RIE.  
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Figure 4.6. (a-d) SEM images showing the fabrication process of patterned 

D400nm FeGa/ZnO nanodomes. Scale bar: 500 nm. (e) Schematic of sputtered 

FeGa/ZnO layers structure on the connected nanospheres and disconnected 

nanospheres. (f) SEM image of the disconnected nanospheres with sputtered 

FeGa/ZnO layers. 

 

Another interesting point of the sputtered FeGa/ZnO layers over the nanospheres was 

to assess if the deposited layer is continuous, which could be helpful for the magneto-

opto-electric characterization of the layer. In order to prove this, we performed EDX 
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mapping for the sample (Fig. 4.7). As the carbon C signal mapping shown, it is clear 

that the polystyrene nanospheres were close-packed and touching each other. 

Consequently, the FeGa and ZnO layers were continuous at the touching points of the 

nanospheres. Besides, the Si signal mapping showed the gaps between the disconnected 

nanospheres after sputtering FeGa/ZnO layers, which allowed the SF6 RIE of PDMS 

nanoposts. 

 
 

Figure 4.7. Energy dispersive X-ray (EDX) mapping images for C, Si, Ga, Fe, Zn, 

O signals of FeGa/ZnO layers over patterned nanospheres on Si wafer. 

 

In order to achieve a more homogeneous coverage and to enable some degree of 

mechanical movement to mimic a softer extracellular matrix, we also fabricated 

patterned but isolated FeGa/ZnO nanodomes integrated in PDMS film. The fabrication 

process is shown in Fig. 4.8. We first used O2 RIE to reduce the size of the close-packed 

nanospheres from D400 nm to around D330 nm, then sputtered the FeGa/ZnO layers 

of 40 nm/20 nm on the disconnected nanosphere array. As schematized in Fig. 4.7a, the 

FeGa/ZnO layers could reach the sidewalls of all the nanospheres, leading to a more 

homogeneous coverage over the nanospheres. Furthermore, PDMS nanoposts could be 

produced by SF6 RIE through the gaps between nanospheres. 
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Figure 4.8. SEM images showing the fabrication process of isolated FeGa/ZnO 

40nm/20nm nanodomes integrated in PDMS film. Scale bar: 500 nm. 

 

In addition, as the piezoelectricity of the ZnO layer may also be triggered by the self-

moving cells, we also fabricated patterned D400 nm ZnO nanodomes integrated in 

PDMS film as the control sample (Fig. 4.9). Due to the sputtered ZnO layer thickness 

was only 20 nm, it was quite fragile, especially the part at the sidewalls of nanospheres. 

As a result, after the SF6 RIE, only halfsphere-shaped ZnO nanodomes were left. 
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Figure 4.9. SEM image of patterned D400 nm ZnO nanodomes integrated in 

PDMS film. Scale bar: 500 nm. 

 

4.5 Photothermal effect of FeGa/ZnO nanodomes  

Taking advantage of the NIR absorption ability of FeGa layer and the pyroelectricity 

of ZnO layer, FeGa/ZnO nanodomes integrated in PDMS film can also be promising to 

achieve efficient opto-electric actuation with NIR light pulses.  

We first carried out FDTD simulations to analyze the absorption spectrum of the 

FeGa/ZnO nanodomes before and after removal of the polystyrene spheres and 

surrounding PDMS. We assumed that the metal is Fe, due to the lack of good optical 

constants for the FeGa alloy, and a constant refractive index in the ZnO layer of 1.95 

in the 600 nm to 1100 nm range. The thickness of the Fe and ZnO layers were the same 

as the experiments, i.e. 40 and 20 nm, respectively. Interestingly, only 40 nm of the 

nanostructured metal provides a very intense and broadband absorption. The arrays of 

D400nm Fe/ZnO nanodomes with polystyrene nanospheres showed absorption of about 

80% in the range from 600 nm to 1100 nm (Fig. 4.11a). After removal the nanospheres, 

the light absorption decreased from 87% at 600 nm wavelength, but exhibited a steeper 

reduction up to 75% at 1100 nm wavelength.  

To prove this broadband absorption, we studied the heating efficiency of the patterned 

hollow D400nm FeGa/ZnO nanodomes integrated in PDMS film, using 808 nm and 

1064 nm wavelength laser illumination, by checking the temperature increase as a 

function of the laser intensities. We chose the NIR light wavelengths within the first 

and second biological windows, for achieving higher penetration depth in tissues. 
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Particularly, for the longer wavelength 1064 nm light, a higher intensity is allowed for 

keeping safe irradiation. As can be observed in Fig. 4.11b, the temperature increase 

showed a linear behavior following the laser intensity increase. Besides, at the same 

laser intensity, the temperature increase with 808 nm laser was a bit higher than that 

with 1064 nm laser, due to the slightly higher absorption at 808 nm wavelength than 

that at 1064 nm, as expected from the FDTD simulations. 

 

 
 

Figure 4.11. (a) FDTD absorption spectra of D400nm Fe/ZnO nanodome arrays 

with/without nanospheres (before/after SF6 etching).  (b)Temperature increase of 

patterned D400nm FeGa/ZnO nanodomes integrated in PDMS film as a function of 

laser intensities of 808 nm and 1064 nm wavelength laser. 

 

4.6 Saos-2 cells interaction with FeGa/ZnO 

nanodomes  

In order to prove the biocompatibility of the FeGa/ZnO nanodomes integrated in PDMS 

films, we evaluated the Saos-2 cells (human osteosarcoma cell line) viability cultured 

on the samples, including patterned FeGa/ZnO nanodomes, patterned-isolated 

FeGa/ZnO nanodomes, and patterned ZnO nanodomes integrated in PDMS film. 

As initial experiment, we did the SF6 RIE for 3 minutes to remove the polystyrene 

nanospheres on the FeGa/ZnO nanodomes, and we found that the adhesion of 
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FeGa/ZnO nanodomes on PDMS film was not good, as the nanodomes detached from 

the substrate during the cell culture procedures. As shown in the EDX analysis in Fig. 

4.12-b, clear Ga, Fe, and Zn peaks on the EDX spectrum were present before the cell 

culture. However, the peaks disappeared after seeding the cell (Fig. 4.12-d). This 

indicated that the FeGa/ZnO nanodomes had already detached from PDMS film during 

the steps of cell seeding. This might be due to the overetching of the PDMS nanopost 

below the nanodomes, which was thinner and longer with SF6 RIE for 3 minutes, thus 

leading to weak adhesion of the FeGa/ZnO nanodomes to the PDMS nanoposts. 

Therefore, we reduced the SF6 RIE time to 2.5 minutes.   

We checked the adhesion of the FeGa/ZnO nanodomes again after cell culture by EDX, 

and the results clearly showed the Ga, Fe, and Zn peaks (Fig. 4.12-f). Therefore, small 

reduction of the SF6 etching time enabled the FeGa/ZnO nanodomes becoming stable 

with good adhesion to the PDMS film. 
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Figure 4.12. SEM images of FeGa/ZnO nanodomes on PDMS film and 

corresponding EDX spectrums, for SF6 RIE of 3 mins sample before cell culture (a, 

b) and after cell culture (c, d), and SF6 RIE of 2.5 mins sample after cell culture (e, 

f).  

 

Next, we evaluated the Saos-2 cells viability cultured on patterned FeGa/ZnO 

nanodomes, isolated FeGa/ZnO nanodomes, and patterned ZnO nanodomes integrated 

in PDMS film. We used cell tracker green CMFDA dye assay to check the live cells, 

SEM to check cell morphology, and Alamar Blue assay to test cell proliferation.  
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Figure 4.13. SEM images and fluorescence microscope images of Saos-2 cells after 

48 hours in culture on patterned FeGa/ZnO nanodomes (a, d), isolated FeGa/ZnO 

nanodomes (b, e), and patterned ZnO nanodomes (c, f) integrated in PDMS film. 

Scale bar: 5 m. 

 

As shown in Fig. 4.13, after 48 hours in culture, the Saos-2 cells on the patterned 

FeGa/ZnO nanodomes and patterned ZnO nanodomes presented a flat and extended 

topography (Fig. 4.13 a, c)., indicating good adhesion to the substrate. The cells could 

grow well on these two samples as can be observed from the fluorescence microscope 

images (Fig. 4.13 d, f). In contrast, the cells cultured on the isolated FeGa/ZnO 

nanodomes showed round shape (Fig. 4.13 b, e), which means they could not attach 

well to the substrate. The bad adhesion may affect the cell metabolic activity and the 

efficiency of electric actuation by FeGa/ZnO nanodomes. This may be due to the very 

thin and fragile sputtered FeGa/ZnO layers at the rims of the hollow structured after the 

SF6 RIE. This sharp structure might be fractured, detached and internalized by the cells, 

which may affect their viability. 
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5. Conclusions 

This thesis presented two types of nanomaterials for enabling wireless cell stimulation 

based on opto-electric and magneto-opto-electric nanostructures, to achieve effective 

energy conversion from optical or magnetic signals to electrical outputs. In the optical 

excitation we focused in lights within the NIR biological windows that can penetrate 

deeper in tissues. These nanomaterials are promising for advanced therapeutic 

approaches based on electrically stimulation of excitable cells. The main results and 

conclusions reached are described below. 

We proposed a simple, robust and cost-effective strategy for the fabrication of Si/Au 

nanostructured system for wireless opto-electric stimulation. The rational design and 

theoretical optical analysis of Si/Au nanostructures showed that the Si nanopillars 

capped by Au discs on Si wafer exhibit remarkably enhanced light absorption in the 

NIR, due to the excitation of hybrid metal/dielectric resonances, enabling large 

amplification of the electromagnetic fields at the Si/Au interface and at the Si 

nanopillars.  

The experimental opto-electric analysis of the Si/Au nanostructures showed that the 

short Si/Au nanopillars, which only expose the n-region to the electrolyte, provided the 

highest photovoltage of 80 mV at ultralow light intensity of 0.44 µW/mm2 using 808 

nm light illumination, which is 11-fold higher than the plain p-n Si wafer. This intensity 

is almost 3 orders of magnitude lower than the smallest intensity reported for cell 

stimulation. At ultra-low light level, the short Si/Au nanopillars also exhibited the 

highest photocurrents, ca. 2.5-fold higher than the plain Si p-n wafer. This excellent 

performance is mainly due to the higher light absorption, more efficient photogenerated 

charge separation and injection into the electrolyte. In contrast, although the long Si/Au 

nanopillars showed theoretically the highest absorption, they presented the worst opto-

electric performance. This reduction is attributed to the fast charge recombination 

caused by the p-n junction short-cut exposed to the conductive electrolyte, and the 

increased number of surface defects. In addition, the short Si/Au nanopillars with higher 

density presented more faradaic photocurrents, thus highlighting the contribution of the 

Au discs to change the current behavior from capacitive to faradaic. 



Conclusions 

 

 100 

By reversing the direction of the p-n junction, the photovoltage polarity could be 

inverted accordingly, keeping similar photovoltages and photocurrents for short Si/Au 

NPs, thus indicating their potential also for cell membrane hyperpolarization. 

The frequency analysis with sinusoidal light showed that the short Si/Au nanopillars 

provided the largest photovoltage and photocurrent in the frequency range of 1 to 50 

kHz. To maximize the photovoltage and photocurrent for efficient cell stimulation, the 

frequency range of 50-200 Hz could be utilized. 

The short Si/Au nanopillars also presented excellent opto-electric response in the 

second biological window with 1064 nm wavelength laser, achieving photovoltage of 

90 mV at an ultra-low intensity of 0.45 µW/mm2, which was 40-fold higher than that 

in the plain Si wafer.  

Finally, the cell viability assays demonstrated the biocompatibility of the Si/Au 

nanopillars. Therefore, the Si/Au nanopillar devices are promising for efficient opto-

electric cell stimulation with ultralow light intensity within the first and second NIR 

biological window.  

The second main block of this thesis was devoted to the development of FeGa/ZnO 

nanostructures on elastomeric substrates for magneto-opto-electrical cell stimulation. 

We proposed and fabricated patterned hollow FeGa/ZnO nanodomes structure 

integrated in soft, flexible and biocompatible PDMS film. This hybrid nanomaterial 

enables combining the magnetostriction and efficient NIR light absorption in the 

nanostructured FeGa layer with the piezoelectricity and pyroelectricity in the ZnO layer 

for generating local electric potential changes by external magnetic fields and/or NIR 

light pulses simultaneously. The magnetic characterization revealed that the the 

patterned D400 nm ZnO/FeGa/ZnO (20nm/40nm/20nm) nanodomes provided the best 

magnetization features, i.e. lowest saturation field and minimal remanence. This 

enables the magnetic stimulation with just positive (or negative) magnetic pulses of 

moderate intensity, which greatly simplifies the driving electronics. In addition, the SF6 

RIE did not affect the magnetic behavior of the FeGa layer, thus allowing the removal 

of the top ZnO layer to provide nanostructures with lower stiffness for larger 

magnetostrictive deformations.  

The FDTD simulations predicted an intense broadband absorption over 80% with just 

40 nm of metal. In particular, light absorption of the simulated arrays of D400 nm 
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Fe/ZnO nanodomes at 808 nm wavelength was approximately only 10% higher than 

that at 1064 nm wavelength. Confirming these results, the FeGa/ZnO layers exhibited 

high photothermal efficiency that was only slightly higher at 808 nm than at 1064 nm 

laser illumination. Finally, we demonstrated the cell viability cultured on the FeGa/ZnO 

nanodomes integrated in PDMS film. As the illumination in the second biological 

window enables the use of higher intensities, these nanostructures have a high potential 

for opto-electric stimulation in relatively deeper tissue. 
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6. Future work 

In the future, there is still much work to be completed to fully demonstrate the opto-

electric and magneto-opto-electric cell nanostimulation in vitro and in vivo. The in vitro 

demonstrations were planned during the first semester of 2020, but they had to be 

stopped by the COVID lock-down. In this section we first describe the short-term 

research tasks that were planned, and will try to be done after deposition of this thesis 

manuscript, together with the main progress so far. Then the long-term perspectives of 

these technologies are presented, which are mainly related to show the capacity of this 

or related nanomaterials for cell stimulation in vivo. 

 

6.1 short-term work plan 

The next activities are planned: 

1.  Demonstration of the short Si/Au nanopillars opto-electrical actuation on HEK 

293 cells in vitro, by the patch clamp system integrated with the 808/1064 nm laser 

controller.  

For this demonstration, we have already manufactured a special holder (Fig. 1) for cell 

culture on the Si/Au nanopillars adapted to the patch clamp, and we proved that cells 

can grow well on it. With this configuration, we will try to stimulate the HEK 293 cells 

and detect the light induced cell membrane potential change by the patch-clamp system. 

 

 

Fig. 6.1. Schematic of the holder for cell culture. 
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In addition, we have optimized the parameters to make the glass micropipettes 

necessary for patch-clamp assays, by a DMZ-Universal-Electrode-Puller. The tip of the 

micropipette is well controlled, with a diameter around 2 m and smooth edges (as 

shown in Fig. 6.2). This is critical for forming the giga-seal when touching and 

clamping the cell membrane. We have been able to position the micropipette precisely 

to touch cell membrane by the patch clamp micromanipulator.  

 

 

Fig. 6.2. SEM image of the tip of micropipette. 

 

We have also prepared the intracellular and extracellular solutions required for patch-

clamp test, the concentration of each compound is shown below. Both solutions were 

dissolved in milli-Q water and adjusted to pH 7.4 using NaOH and HCl. The osmolarity 

was adjusted to 355 mOsmol/kg for the intracellular solution, and 335 mOsmol/kg for 

the extracellular solution using D-Glucose. 
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In addition, we have integrated the laser controller in the patch-clamp system (as shown 

in Fig. 6.3). Our next objective is demonstrating the stimulation of cells grown on the 

short-Si/Au nanostructures, and detect the cell membrane potential change induced by 

ultra-low NIR light pulses by the patch-clamp system, to prove that the Si/Au 

nanostructures are effective for wireless opto-electric cell stimulation in vitro. 

 

 

Fig. 6.3. Photographs of the laser controller integrated in the patch-clamp system. 

 

2.   Magneto-electric performance tests for FeGa/ZnO nanodomes.  

We have fabricated the FeGa/ZnO nanodomes on Al substrate (Fig. 6.4) instead of the 

PDMS film, to provide a conductive substrate for recording the magneto- and photo-

generated voltages/currents.  
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Fig. 6.4. SEM image of FeGa/ZnO nanodomes on Al substrate. 

 

Besides, in collaboration with the company BlackHand Dynamics we have developed 

a magnetic pulse generator, based on a high permeability ferrite transformer with 26 

turns and a gap of 1 cm. The amplitude of the magnetic pulses that can be achieved 

with this set up is 50 mT, with a frequency of 100 Hz and a duty cycle of 50%, which 

would be sufficient for the saturation of the FeGa layer on the nanodomes. A schematic 

of the system is shown below (Fig. 6.5). 

 

 

Fig. 6.5. Photographs of the magnetic pulse generator set up. 
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The Al substrate sample will be put inside a PMMA pool, which is positioned in the 

gap, so the magnetic field is parallel to the nanostructure, for the aim of actuating the 

in-plane magnetization. The PMMA pool will be filled with saline solution, together 

with a Pt wire and the Al substrate as reference and working electrodes, respectively. 

We have edited the Labview scripts for recording the amplitude of the generated 

voltages.  

 

3. Demonstration of the magneto-opto-electrical actuation of the FeGa/ZnO 

nanodomes in PDMS film on Saos-2 cells in vitro, by detecting the intracellular 

calcium peaks generated by the opening of voltage-gated calcium channels.  

We will first integrate the magnetic field pulse generator and the NIR laser controllers 

in a fluorescence microscope to image the Ca2+ peaks.  

 

4.  Analysis of ZnO/FeGa nanoleaves for magneto-opto-electrical cell stimulation 

We are considering these nanostructures as an alternative to the FeGa/ZnO nanodomes, 

for maximizing the piezo/pyro-electric response by improving the crystalline structure 

in the ZnO layer. We have synthesized monocrystalline ZnO nanoleaves on Al/Au (200 

nm/50 nm) films through hydrothermal synthesis method, as shown in Fig. 6.6. We 

have sputtered FeGa layer of 40 nm and 80 nm on the ZnO nanoleaves.  

 

 

Fig. 6.6. SEM image of ZnO nanoleaves on Al/Au films. 
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We will first study the magnetization reversal loops by VSM, the optical absorption 

and the photothermal response. Finally, we will study the magneto-opto-electrical 

performance. If the results are successful, we will demonstrate the for wireless cell 

stimulation on Saos-2 cells by the detection of the Ca2+ peaks. 

 

6.2 Long-term work plan 

In order to apply these nanostructures for cell stimulation in vivo, it is necessary to 

fabricate the Si/Au nanostructured layer on flexible substrates for implantation or free 

colloidal nanostructures for injection in vivo. Besides, surface modification of these 

nanostructures should be performed for targeted cell stimulation. Furthermore, we need 

to explore and build the physiological recording systems for in vivo cell or tissue 

activities, with the aim of checking the stimulation efficiency of these nanostructures. 

The main steps are briefly described below. 

 

1. Fabrication of implantable and injectable Si/Au nanostructured layer for 

wireless opto-electric cell stimulation in the first or second NIR biological window 

with ultralow light intensity, and demonstrate their functionality in vitro and in 

vivo.  

The implantable nanostructures should be integrated on flexible biocompatible 

substrates (e.g., PDMS or hydrogels). On the other hand, the injectable nanostructures 

should match the cellular size, show colloidal stability and capacity to targete specific 

cells. To achieve these structures, two different strategies could be followed: 

a. Instead of using standard Si wafers of 525 m in thickness, the short Si/Au 

nanostructures could be fabricated on silicon on insulator (SOI) wafers, for enabling 

easy and flexible removal of the active Si/Au nanostructured layer. The device layer 

(top Si layer) of the SOI wafers, which can be manufactured to be ~1 m in 

thickness, can be used for the implantation to form the p-n junction, and the 

fabrication of the Si/Au nanostructures. After the nanofabrication steps, the wafer 

can be cut into desired sizes, then the buried oxide layer (insulation SiO2 layer) can 
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be removed by buffered hydrofluoric acid (BHF) wet etching, to release the active 

Si/Au nanostructured layer. At the same time, the very thin Si/Au nanostructured 

layer could be transferred onto a biocompatible elastomer like PDMS film for 

implantation. On the other hand, the released Si/Au nanostructured layer with 

micrometer scale size could be applied for injection. 

b. To further improve the opto-electric performance, the implantable and 

injectable Si/Au nanostructured layer could be fabricated on amorphous Si with p-i-

n junctions. Amorphous Si has higher light absorption than monocrystalline Si, and 

it is promising to generate higher photovoltages due to its direct and wider bandgap. 

Besides, it has lower manufacturing cost and can be deposited on flexible substrates. 

 

2. In vivo targeted cell stimulation by the injectable Si/Au nanostructures 

with ultralow intensity NIR light illumination.  

To achieve this goal, it would be necessary to first perform surface modification of the 

injectable Si/Au nanostructures for targeting specific cells. The Si/Au nanostructures 

could then be injected or implanted into a rat, and probe the light-induced cell activity 

through in vivo whole-cell patch-clamp recording techniques. 

 

3. In vivo tissue stimulation by implantable Si/Au nanostructures with 

ultralow intensity NIR light illumination.  

The Si/Au nanostructures could be implanted surgically in the brain or heart of a mouse, 

then the light-induced brain or heart activities could be recorded through 

electrophysiology apparatus, e.g. silicon probes of 32-channel linear microelectrode 

arrays (model A132-6mm-50-177, NeuroNexus) for electrophysiological recordings. 

 

4. In vivo targeted cell stimulation by the FeGa/ZnO nanostructures with 

pulsed light and magnetic field.  

To achieve this goal, we would need to perform first surface modification of the 

FeGa/ZnO nanostructures for specific cell targeting. Then we should probe the induced 

cell activity through in vivo whole-cell patch-clamp recording techniques. 
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5. Exploring the polyvinylidene fluoride (PVDF) as alternatives to ZnO layer. 

This polymer is interesting due to its efficient piezoelectric and pyroelectric properties 

after poling. In addition, it is a polymer that exhibits more flexibility, high mechanical 

strength, good general chemical corrosion resistance, with more compliance for 

structural integration and lower cost. 
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