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Abstract 

Silicon-based materials and devices represent a unique platform for interrogating 

fundamental biophysical processes. Recent advances in device designs and fabrications have 

enabled a wide variety of new silicon-based electronic and optoelectronic systems, which display 

multi-functional modalities that could be exploited for interfacing with various biological 

organizations. Besides the top-down fabrication which involves conventional lithographical 

processes, the bottom-up synthesis represents an alternative yet equally important method for the 

construction of silicon structures. In particular, the geometry and composition of the final construct 

can be tuned precisely during the materials growth, promising novel functions or applications 

beyond those offered by traditional platforms. In this thesis, I will report the design of a spectrum 

of silicon structures for the enhanced mechanical, electrical, and thermal biointerfaces, with targets 

spanning multiple length scales from nanoscopic organelles, microscopic single cells up to 

macroscopic tissues or organs. I will also focus on the study of fundamental aspects during the 

bottom-up synthesis to elucidate the underlying physicochemical processes that shape the silicon 

structures and properties. 

First, I will introduce a biocompatible and degradable mesostructured form of amorphous 

silicon with multiscale structural and chemical heterogeneities. I will also show that the 

heterogeneous silicon mesostructures can be used to design a lipid-bilayer-supported bioelectric 

interface that is remotely controlled and temporally transient, and that permits non-genetic and 

subcellular optical modulation of the electrophysiology dynamics in single dorsal root ganglia 

neurons.  
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Secondly, I will demonstrate a biology-guided rational design principle for establishing 

intra-, inter- and extracellular silicon-based interfaces, where silicon and biological targets have 

matched properties. I will then demonstrate the utility of these interfaces by showing light-

controlled non-genetic modulations of intracellular calcium dynamics, cytoskeleton-based 

transport and structures, cellular excitability, neural transmitter release from brain slices, and brain 

activities in vivo. 

Then, I will demonstrate an atomic-gold enabled three-dimensional (3-D) lithography for 

silicon mesostructures, by showing one example where iterated deposition-diffusion-incorporation 

of gold over silicon nanowires can produce mesostructured silicon spicules. In addition, I will 

show the anisotropic spicule has a strong interfacial interaction with the extracellular matrix, 

suggesting enhanced mechanical biointegrations. 

Finally, I will demonstrate that a liquid gold-silicon alloy established in classical vapor-

liquid-solid growth can deposit ordered and three-dimensional rings of isolated gold atoms over 

silicon nanowire sidewalls. I will show that the single atomic gold-catalyzed chemical etching of 

silicon can lead to massive and ordered 3-D grooves on Si surfaces, which can serve as self-

labelled and ex situ markers to resolve several complex silicon growths. 
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Chapter 1 

Introduction 

1.1 Historic overview of bioelectricity 

Bioelectricity, that biological systems can generate and respond to electrical signals, is a 

fundamental process that is involved in many vital biological functions across all kinds of species. 

The initial discovery of the bioelectricity is widely credited to an Italian physicist Luigi Galvani. 

In the late 18th century, Galvani performed several epic works on frogs, which clearly 

demonstrated the electrical aspect of physiological activities1,2. In these experiments, electrical 

discharges from various sources, including lightning rods and static electricity generators were 

found to activate nerve conductions and cause muscle twitching. Galvani also noticed that the cut 

end of a frog sciatic nerve could stimulate contractions when it touched the muscles of the opposite 

leg.  

Since the discovery of bioelectricity, scientists have numerous tools to investigate the 

nature of the bioelectric activities. What Galvani initially observed is now known due to the 

excitation and propagation of action potentials of neurons and muscle cells, whose features were 

systematically modeled by British biophysicists Alan Hodgkin and Andrew Huxley in their 

seminal paper published in 19523. Both Hodgkin and Huxley were later awarded the Nobel Prize 

in Physiology or Medicine in 1963.  

1.2 Resting potential of plasma membranes 

The concept of an action potential can be better understood with the basic picture of a 

membrane potential. To take neurons as the example, at the resting state, there is an uneven 
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distribution of ions between the cytosol and the extracellular fluid, which gives rise to an electrical 

potential difference across the cell membrane, called the resting membrane potential (Vm). For Vm, 

the reference point is conventionally assigned to the extracellular space and therefore the 

membrane potential is defined as Vm=Vin-Vout. For a typical neuron, the membrane potential usually 

falls into the range between -50 mV and -70 mV. To quantitatively calculate the resting membrane 

potential Vm, one apparent factor is the ion concentration gradients across the cell membrane. In 

neurons and their surrounding fluid, the most abundant permeable ions are sodium (Na+), 

potassium (K+), chloride (Cl-). In most neurons, K+ is at a higher concentration in the cytosol than 

in the extracellular fluid. In contrast, Na+ and Cl- are usually rich outside the cell.  

Ion 
Intracellular 

concentration (mM) 

Extracellular 

concentration (mM) 

Potassium (K+) 100 5 

Sodium (Na+) 15 150 

Chloride (Cl-) 13 150 

 

Table 1-1. Approximate ion concentrations on either side of a mammalian neuronal membrane.  Reproduced 

from Ref. 4.   

Importantly, besides the ion concentration gradients, another important parameter namely, 

the membrane permeability of ions, also contribute significantly to the resting potential of a neuron. 

To fully appreciate the contribution of both factors, one can start with a simple case where only 

one ion (e.g., K+ ions) is allowed to move across the cell membrane. In the resting state, K+ ions 

are present at a high concentration inside the cell and if the cell membrane is exclusively permeable 

to them, K+ ions will tend to diffuse from the inside to the outside of the cell driven by the chemical 

gradient, through the so-called leak K+ ion channels, which are open even in resting neurons. With 
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the K+ diffusions, the outside of the membrane will gradually accumulate more positive charges 

due to the excessive K+ ions while the inside is more negative. The charge separation due to the 

diffusion of K+ will build up an electrical potential with the outside being more positive. As a 

result, K+ ions will experience a new force driven by the electrical field that is pointing from the 

outside to the inside of the cell membrane, limiting further diffusion of K+ ions. An equilibrium 

will be established eventually with the electrical driving force balancing the chemical driving force. 

This electrical potential is then called the potassium equilibrium potential, EK. The equilibrium 

potential for any ion X can be calculated from the Nernst equation that 

out
X

in

[X]
ln

z [X]

RT
E

F
  ,    (1-1) 

where R is the ideal gas constant, T is the absolute temperature, z is the valence of the ion, F is the 

Faraday constant, and [X]out and [X]in are the concentrations of the ion outside and inside of the 

cell. Taken the intra- and extracellular concentrations of K+ ions from Table 1-1, one can calculate 

the potassium equilibrium potential EK as -80 mV. However, electrophysiological recordings show 

that the resting membrane potential of a neuron is always higher than the value of -80 mV since 

there was only one ion being considered in the Nernst equation. In reality, all physiologically 

relevant ions need to be accounted for the resting potential and their relative contributions can be 

weighted by the ion permeabilities. David Goldman, Alan Hodgkin and Bernard Katz proposed 

the GHK equation5,6 to better describe the membrane potential Vm as  

+ + -

+ + -

+ + -

out out inK Na Cl

+ + -

in in outK Na Cl

[K ] [Na ] [Cl ]
ln

[K ] [Na ] [Cl ]
m

P P PRT
V

F P P P

 


 
,  (1-2) 

where PK
+, PNa

+, and PCl
- represent the permeability of K+, Na+, and Cl- ions, respectively. For a 

neuron under its resting condition, the permeability ratios follow PK
+ : PNa

+ : PCl
- = 1.0 : 0.04 : 0.45. 
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Using the concentration values in Table 1-1, one can calculate the resting membrane potential as 

-61 mV. From the equation, it states that the higher the concentration of an ionic species and the 

greater its permeability, the larger its contribution in determining the membrane potential. In the 

extreme case when the permeability of one ion is extremely high, the GHK equation reduces to 

the Nernst equation for that ion.  

Additionally, due to the potential difference across the cell membrane, the membrane is 

said to be polarized. If the membrane potential becomes more positive than it is at the resting 

potential, the membrane is said to be depolarized. Correspondingly, hyperpolarization refers to the 

case that the membrane potential becomes more negative than the resting potential.  

For a cell to maintain its steady resting potential, passive diffusion itself is not sufficient 

for the task. As stated in the previous section, the real membrane potential is not the same as the 

equilibrium potential of any ion, which means that ions have the tendency to flow through the leak 

channels even at the resting state of a cell. For example, the membrane potential Vm = -61 mV is 

less negative than EK = -80 mV, but less positive than ENa = 62 mV. Thus, there will be a steady 

leak of K+ out of the cell and of Na+ into the cell.  If no other mechanisms exist, the concentration 

gradients of K+ and Na+ will eventually run down. To maintain the ion concentration gradients, 

nature has evolved another mechanism named the Na+-K+ ATPase or Na+-K+ pump, which uses 

energy to move K+ and Na+ ions against their electrochemical gradients. The Na+-K+ ATPase is a 

large membrane-spanning protein with intracellular binding sites for Na+ and ATP and 

extracellular binding sites for K+. In one cycle of its operation, the pump uses the energy from the 

hydrolysis of one ATP molecule to extrude three Na+ ions out of the cell and pump two K+ ions 

into the cell. Because 3 Na+ are exported for 2 K+ brought into the cell, the pump itself is 

electrogenic by making the cytosol slightly more negative than it would otherwise be. The pump's 
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big contribution to the membrane potential, however, is indirect: It maintains steady Na+ and K+ 

gradients, which give rise to the membrane potential as both ions move down their respective 

concentration gradients through ion channels. Additionally, the pump also plays a crucial role in 

maintaining the osmotic balance of the cell. Due to the presence of non-permeable macromolecular 

anions such as proteins in the cytosol, the Donnan effect will cause a higher concentration of 

inorganic ions and correspondingly higher osmolarity inside the cell and cell will otherwise burst 

by the water flux. With the Na+-K+ pump actively extruding Na+, the cytosol can always have a 

lower total concentration of inorganic ions than the extracellular fluid, thereby compensating for 

the excess intracellular organic anions.  

1.3 Action potentials in excitable cells 

With the basic understanding of the resting membrane potential, the action potential can 

be regarded as rapid changes of the membrane potential on the time scale of several milliseconds. 

Typically, a neuron first needs to be stimulated by external signals such as electrical and chemical 

cues such that the membrane is depolarized. Only if the depolarized membrane passes a threshold 

will the action potential be fired, known as the all-or-none principle. After the threshold, the 

membrane potential undergoes a rapid depolarization to a positive value followed by a rapid 

repolarization until the potential is even lower than the resting potential. Another important feature 

of the action potential is that its shape remains the same even if the stimulus strength further 

increases. Although firing frequency increases with the stimulus strength, there is a limit to the 

rate at which a neuron can generate action potentials. The maximum firing frequency is about 1000 

Hz; once an action potential is initiated, it is impossible to initiate another for about 1 msec. This 

period of time is called the absolute refractory period. In addition, it can be relatively difficult to 

initiate another action potential for several milliseconds after the end of the absolute refractory 
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period. During this relative refractory period, the amount of current required to depolarize the 

neuron to action potential threshold is elevated above normal. Based on these basic features, 

Hodgkin and Huxley performed several elegant experiments and proposed that the action potential 

generation was related to the dynamics voltage-gated sodium and potassium ion channels. All the 

key features of an action potential can now be recapitulated on the molecular scale. For example, 

the threshold to fire an action potential is the membrane potential at which enough voltage-gated 

sodium channels open so that the relative ionic permeability of the membrane favors sodium over 

potassium (Threshold). After passing the threshold, since the inside of the membrane still has a 

negative electrical potential, there is a large driving force on Na+ ions. Therefore, Na+ ions rush 

into the cell through the open sodium channels, causing the membrane to rapidly depolarize 

(Rising phase). Because the relative permeability of the membrane greatly favors sodium, the 

membrane potential goes to a value close to ENa = 62 mV, which is greater than 0 mV (Overshoot). 

The behavior of two types of ion channels contributes to the subsequent falling phase. First, the 

voltage-gated sodium channels inactivate. Second, the delayed voltage-gated potassium channels 

finally open. Since there is a great driving force on K+ ions when the membrane is strongly 

depolarized. K+ ions rush out of the cell through the open channels, causing the membrane 

potential to become negative again (Falling phase). The opened voltage-gated potassium channels 

add to the resting potassium membrane permeability. Because there is very little sodium 

permeability, the membrane potential goes toward EK = -80 mV, causing a hyperpolarization 

relative to the resting membrane potential until the voltage gated potassium channels close again 

(Undershoot). The absolute refractory period is due to the inactivation of sodium channels when 

the membrane becomes strongly depolarized. They cannot be activated again, and another action 
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potential cannot be generated, until the membrane potential goes sufficiently negative to recover 

from the inactivation of the channels (Absolute refractory period). 

Besides the action potential generation, the propagation of action potentials along the axons 

is equally important as it passes the information encoded in the action potential patterns to other 

cells within the neural network. Aided by voltage-sensitive ion channels, action potentials 

propagate across neuronal membranes and trigger the release of neurotransmitters from 

presynaptic terminals into the synaptic cleft. Neurotransmitters can then bind to and activate 

receptors on the postsynaptic neuronal membrane, which results in signal transductions across the 

entire neural network. 

1.4 Recording devices to probe bioelectric activities 

Notably, the development of the basic neuroscience theories is largely limited by the 

available tools due to the extremely small sizes of single cells and the fast dynamics of action 

potentials. For example, During the 1950s, Hodgkin and Huxley were not able to perform 

intracellular recording of membrane potentials from mammalian cells, which typically have soma 

sizes of several microns. Instead, the H-H model was derived from neurons of invertebrates which 

can be 100-1000 times larger than the vertebrate ones7,8. Driven by the need to perform 

intracellular recordings of mammalian neurons, scientists finally developed a technique called the 

patch clamp in the 1970s9,10. German biophysicists Bert Sakmann and Erwin Neher, who invented 

the technique, received the Nobel Prize in Physiology or Medicine in 1991 for this important 

development. With the patch clamp technique, one can directly measure ionic currents either 

passing through single ion channels or the entire cell membrane, which is now the gold standard 

in electrophysiology.  



8 

 

Comparing to single cells, tissues or organs are much more difficult to study due to the 

extreme complexity of the system. For example, within the human brain, about 100 billion of 

neurons from thousands of genetically and structurally defined subtypes communicate with each 

other through an average of 10,000 synapses per cell11. Therefore, the motivation to answer 

fundamental questions in neuroscience has consistently inspired the invention of new technologies 

to understand neural activities on a large scale. In the late 1950s, stainless-steel wires were first 

introduced to animal brains to measure activities of single cells12. In the 1980s and 1990s, silicon 

based multielectrode arrays such as Utah arrays13, Michigan probes14, stereotrodes15, and tetrodes16 

were developed to investigate communications between groups of neurons. Further advances in 

semiconductor micro-fabrications driven by the Moore’s law have also enabled the 

implementation of miniaturized device designs with multiplexed modalities. Despite these 

progresses, traditional devices usually suffer from poor biointegrations mostly due to the foreign 

body responses of the soft tissues induced by the rigid electrode materials17. The elastic mismatch 

between the neural tissue (kilo- to megapascals) and the implanted probes (1–100 GPa), causes 

repeated injury to the tissue each time when the brain is displaced relative to the device18. To 

improve the biocompatibility of the devices for effective long-term operations, several strategies 

have been recently adopted in consideration of the mechanical, electrical and chemical properties 

of the tissue and the device. For example, soft polymer-based coating and substrate materials were 

used for the fabrication of the electrodes19. Alternatively, stiff materials can be made flexible by 

creating mesh- or serpentine-based open networks with reduced material thicknesses20-23. 

Additionally, low-modulus conductive materials such as conducting polymers can be used directly 

as the electrode materials24,25.  
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1.5 Modulation techniques to interrogate bioelectric activities 

1.5.1 Electrical  

So far, we have only focused on the fundamental studies of the neurological system, if one 

can utilize the knowledge gleaned from the neural recordings and manipulate the natural electrical 

activities, there could be significant benefit for clinical applications. As we discussed in the earlier 

sections, action potentials are elicited by the depolarization of the cell membrane, which lays the 

foundation to all of the electrical stimulation techniques26. Electrical stimulation is clinically 

approved to treat Parkinson disease27, and is a candidate for alleviating symptoms of major 

depression28. For other excitable tissues (e.g., heart), cardiac pacemakers are also commonly used 

in clinics to treat cardiac arrhythmias29. Platinum and platinum–iridium electrodes with low 

impedance (< 10 kΩ) are typically used for electrical stimulations30. For the similar reason as 

mentioned earlier for recording devices, bulk and rigid stimulation electrodes also suffer from the 

mechanical mismatches with the soft tissue that induce significant foreign body responses17,18. To 

improve the overall device biocompatibility, besides the previously mentioned strategies to reduce 

the device nominal rigidities19-23, a new direction emerged recently, which was to realize the 

neuromodulation with remotely-controlled external stimuli, such as light pulses, ultrasound waves, 

and magnetic fields. In electrical stimulations, even with the advanced materials and layout designs, 

wires are still required to deliver electrical signals, which will cause further inflammatory 

responses in the targeted tissue. Additionally, the geometry of the implanted device is fixed by its 

original design and therefore cannot be adapted in real-time to the actual morphology of the system 

under investigation.  
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1.5.2 Ultrasound 

On the other hand, remotely-controlled stimuli do not require additional electrical 

connections and can easily be positioned to arbitrary locations for high-resolution multi-site 

stimulations. Among all three potential wireless stimulation mechanisms, each of them have their 

unique features and limitations, which will be elaborated in details in the following section (Fig. 

1-1).  

Ultrasound waves can induce cavitation inside the nervous system and can trigger action 

potentials by activating either mechanosensitive ion channels31,32 or temperature-gated 

channels33,34. At low intensities for short exposure times when tissue heating does not occur, the 

mechanisms underlying the stimulation effects of ultrasound on neuronal activity are thought to 

mostly stem from the mechanical pressure effects on cellular membranes and ion channels35. In 

addition, acoustic waves can penetrate the tissue to a depth of several centimeter without 

significant attenuation in a frequency-dependent manner. Therefore, transcranial focused 

ultrasound at a low frequency of 0.5 MHz and with a small peak-to-peak amplitude of 0.12 MPa 

was shown to modulate the activities of primary somatosensory cortex in humans36. Although 

ultrasound with lower frequencies offer deeper tissue penetration depth, the spatial resolution, 

which is proportional to wavelength, is greatly compromised with lateral and axial spatial 

resolution of only 4.9 mm and 18 mm, respectively36.  

1.5.3 Magnetic 

Magnetic fields can access deep tissues with little attenuation owing to the low magnetic 

susceptibility of biological matter. For the magnetic stimulation, a high-current pulse is produced 

in a magnetic coil which can produce a magnetic field with lines of flux passing perpendicularly 

to the plane of the coil with up to ~ 2 T37. An electric field is induced perpendicularly to the 
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magnetic field can cause current to flow in loops parallel to the coil plane with the strongest current 

near the coil itself38. The current becomes weaker near the center of the coil with no current at the 

center point. The motor cortex that is immediately underneath the skull has been shown to be 

stimulated by transcranial magnetic stimulations37,38. Nevertheless, magnetic stimulation is largely 

limited by the coil geometry, e.g., round coils are relatively powerful; figure-eight-shaped coils 

are more focal with maximal current at the intersection of the two round components, and the 

spatial resolution is as low as the centimeter scale38.  

 

Figure 1-1. Tissue penetration by optical, ultrasonic and magnetic signals.  Electromagnetic waves in the visible 

and (near-)infrared optical spectrum offer superior spatial and temporal resolution but limited penetration depth (∼1–

1.5 mm)39. Ultrasound can access deeper brain regions (>50 mm) with a spatial resolution that is inversely proportional 

to the wavelength, which, in turn, scales inversely with the penetration depth (in general for ultrasound, spatial 

resolution is >1 mm3 and temporal precision is >10 ms)36. Alternating magnetic fields (AMFs) with low frequencies 

(<1 kHz) and high amplitudes (0.1–2 T) inductively couple to the upper 1–10 mm of tissue37. AMFs with amplitudes 

of ∼1–100 mT and frequencies in the low radiofrequency range (0.1–1 MHz) travel through tissue unaffected. 

Temporal precision of neural activity is dependent on the chosen magnetic scheme. Reproduced from Ref. 18.    

1.5.4 Optical 

Comparing to acoustic and magnetic stimuli, optical signals offer superior spatial and 

temporal resolution but they are limited to penetration depths of < 1 mm owing to the significant 
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tissue absorbance and scattering. Light pulses, therefore, are ideal for precise stimulations of the 

brain cortex with subcellular resolution. The nervous system, however, does not normally respond 

to light stimulus except for the retina. Photosensitization of neurons is therefore necessary for the 

realization of optical modulation. Optogenetics is emerging as a powerful toolkit for 

neuroscientists that relies on the expression of light-sensitive microbial ion channels and pumps 

called opsins in mammalian neurons through genetic engineering methods40,41. Opsins are 

transmembrane proteins with the chromophore retinal, which changes its conformation upon light 

illumination and thus drives the ion transport to change the membrane potentials42. One example 

of the excitatory opsin is the channelrhodopsin 2 (ChR2)43, which is a cation channel that mediates 

the membrane depolarization to initiate action potentials in response to light. Despite its 

widespread application in basic neuroscience studies, optogenetic interrogation of neural systems 

are mostly limited to small rodents where the genetic engineering techniques are relatively mature. 

It is currently technically challenging to achieve stable genetic manipulations on larger objects 

such as non-human primates or even human beings. The ethical issues related to the alteration of 

human genomes also need to be cleared before optogenetics could be applied in clinical trials. To 

circumvent these issues, an alternative strategy was proposed, that is to use materials-based photo-

transducer for the sensitization of neurons in a non-genetic fashion. 

1.6 Material candidates as photo-transducers 

For a material that can serve as the photo-transducer, it needs to be a good light absorber 

and can also convert the light energy into another form, i.e., thermal, electric, and mechanical 

energies which can directly impact the biological system.  
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1.6.1 Quantum dots 

Several material systems have been developed in the past, including quantum dots, gold 

nanoparticles, and conducting polymers. HgTe quantum dot films have been shown to stimulate 

cultured neuronal cells upon light illumination44. In this case, the photo-generated excitons in 

quantum-confined nanoparticles produce electrons and holes. The injection of electrons from the 

film to the cell culture medium results in photocurrents, which was able to depolarize the adjacent 

cell membrane. However, this stimulation platform can only work in the film geometry, 

photostimulation of neurons with colloidal quantum dot suspension has not yet been reported. 

Moreover, the cytotoxicity of quantum dots, which typically involves heavy metal in their 

compositions, is constantly under debate45.  

1.6.2 Gold nanoparticles 

Gold nanoparticles, on the other hand, exhibits strong photothermal efficacy due to the 

plasmonic heating effect when absorbing light its resonance wavelength46,47. Importantly, the 

photothermal effect can lead to both stimulation and inhibition of neural activities. It has been 

shown that the fast heating upon light illumination can transiently depolarize the cell membrane 

by increasing the membrane capacitance48 while prolonged illumination will gradually 

hyperpolarize the cell with reduced membrane resistance49. Nevertheless, gold nanoparticles do 

not have the photovoltaic property as displayed in semiconductors.  

1.6.3 Conducting polymers 

Finally, conducting polymer is an emerging class of material that has been applied for non-

genetic photostimulations. Poly(3-hexylthiophene) (P3HT) is a typical conducting polymer whose 

photophysical properties have been extensively studied50. In the presence of electron acceptors, 



14 

 

such as C61-butyric acid methyl ester (PCBM) and an electrode, such as indium tin oxide (ITO), 

photovoltage is built up at the P3HT/ITO interface upon light illumination, which is coupled to the 

P3HT/electrolyte interface to induce depolarization of nearby cells51-53. Additionally, the 

photothermal effect of P3HT can also yields similar inhibitory effect on cells54 like that from gold 

nanoparticles. Despite these promising progress, photo-responses from conducting polymers are 

usually complicated with relatively low energy-conversion efficiency. Furthermore, it is generally 

more difficult to tune the photovoltaic property and perform complicated device fabrications of 

conducting polymers comparing to inorganic semiconductors.  

1.6.4 Silicon 

1.6.4.1 Synthesis and fabrication of Si structures 

In our research, we focus on the development of inorganic semiconductor materials, 

especially Si, for non-genetic optically-controlled neuromodulations. Si is the most well-studied 

semiconductor material, with a bandgap of ~ 1.1 eV for single crystalline Si. After decades of 

development from the semiconductor industry, manufacturing of Si structures can be readily 

achieved by a variety of approaches, which can be broadly categorized as bottom-up synthesis and 

top-down fabrications. The most commonly used approach for the bottom-up synthesis of Si is the 

chemical vapor deposition (CVD) technique. In a typical synthesis, a gaseous silicon precursor, 

e.g., silane (SiH4), is introduced to a vacuum chamber and it decomposes into Si and H2 at a high 

temperature. The outcome of the synthesis can be either Si nanowires or Si films, depending on 

the detailed growth condition. For example, gold nanoparticles can serve as catalysts for the 

decomposition of silane by forming liquid alloy with Si (Fig. 1-2). Briefly, silane is absorbed by 

gold, decomposes at a lower temperature, and form liquid alloy droplets above the Si-Au eutectic 

temperature at ~ 363 oC. With further introduction of the Si content, Si will be supersaturated and 
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starts to precipitate in a directional manner resulting in the elongation of Si nanowires via the 

vapor-liquid-solid (VLS) mechanism55-57. Determined by the droplet size, the diameter of the Si 

nanowire can be tuned by various sizes of gold nanoparticles58. In the absence of catalysts, silane 

can still decompose at higher temperature and form films on the substrate via the vapor-solid (VS) 

mechanism59,60. During the synthesis, dopants can be introduced by flowing in additional gases 

such as diborane (B2H6) and phosphine (PH3) to achieve both p-type and n-type Si61,62. Top-down 

fabrications, on the other hand, involve a series of lithographically-patterning and subsequent 

etching processes to shape the Si structures in a deterministic manner. With the recent 

advancement in device designs, Si membrane-based fabrications can now lead to flexible forms of 

devices, which are critical to interface with the soft and curvilinear biological tissues20,21,63.  

 

Figure 1-2. Schematics of the VLS growth of Si nanowires. a, A liquid alloy droplet AuSi is first formed above the 

eutectic temperature (363 °C) of Au and Si. The continued feeding of Si in the vapor phase into the liquid alloy causes 

oversaturation of the liquid alloy, resulting in nucleation and directional nanowire growth. b, A binary phase diagram 

for Au and Si illustrating the thermodynamics of the VLS growth. Reproduced from Ref. 64.  
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1.6.4.2 Existing Si-based bioelectronic devices  

Due to the good biocompatibility and electrical properties of Si, there have been many 

recent reports of using Si-based electronic devices for probing electrical activities of biological 

systems from single cells65-67 to an entire organ20,63,68. For example, kinked and dopant-modulated 

Si nanowire-based field-effect transistors (FET) have been used to record intracellular action 

potentials from single cardiomyocytes65,67 (Figs. 1-3a, 1-3b). Si nanomembranes can also be 

fabricated into multiplexed FET sensor arrays to map brain20 and heart63 activities in flexible 

configurations (Figs. 1-3c, 1-3d). Although these electrically-addressable devices have proved 

their efficacy in probing bioelectric signal, free-standing and optically-controlled Si systems have 

yet been achieved. 

 

Figure 1-3. Si-based FETs for the recording of electrical signals from single cells to an entire organ. a, a SEM 

image of a device from a kinked and dopant modulated Si nanowire with two metal contacts. The stress release of the 
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Figure 1-3, continued. asymmetrical metal interconnects induced the 3D and free-standing configuration of the probe. 

The yellow arrow and pink star mark the nanoscale FET and SU-8, respectively. Scale bars, 5 μm. b, Electrical 

recording from beating cardiomyocytes: (I) extracellular recording, (II) transition from extracellular to intracellular 

recordings during cellular entrance, and (III) steady-state intracellular recording. Green and pink stars denote the peak 

positions of intracellular and extracellular signal components, respectively. Reproduced from Ref. 65. c, A flexible, 

high-density active electrode array was placed on the visual cortex of a feline model. Inset, the same electrode array 

was inserted into the interhemispheric fissure. d, 64-color maps, each showing the response (r.m.s. value of the zero-

meaned signal in the response window) of the entire 360-channel electrode array. The color maps are arranged in the 

same physical layout as the stimuli were presented on the monitor, that is, the image map in the upper left-hand corner 

of the figure represents the neural response across the entire array to a flashing box presented in the upper left-hand 

corner of the monitor. The color scale is constant over all 64 image maps and is saturated at the 1st and 99th percentile 

to improve the visual display. Reproduced from Ref. 20.  

1.6.4.3 Si for optically-controlled biointerfaces 

Even though Si is an in-direct bandgap semiconductor, it still exhibits important optical 

properties, which can be useful to optically-controlled neuromodulations. Combining both the 

bottom-up and the top-down approaches, the photo-response of Si can be further tailored by the 

control of the doping level and crystallinity. Unlike conducting polymer, the photophysical 

properties of Si is well-understood. For example, bulk p-n junctions of single crystalline Si have 

very high photovoltaic performances, which are commonly used for commercial solar cells69. p-i-

n junctions of amorphous Si has a much higher light absorptivity70 comparing to single crystalline 

Si at the same thickness, which is beneficial to the manufacturing of thin film solar cells71. Other 

than the photovoltaic property, the photothermal property of Si can also be promoted with the 

amorphous structure. All of these properties could be potentially integrated together for the 

construction of free-standing and optically-controlled biointerfaces. Additionally, Si can be 
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degraded by extracellular fluids through an oxidation and dissolution pathway involving silicate72 

and the biodegradability can be further exploited to form transient biointerfaces73.  

1.7 Thesis overview 

In this thesis, taking inspiration and guidance from biology, I will report the design of a 

spectrum of novel silicon (Si) structures for the enhanced mechanical, electrical, and thermal 

biointerfaces, spanning multiple length scales from nanoscopic organelles, microscopic single 

cells up to macroscopic tissues or organs. I will also focus on the study of fundamental aspects 

during the bottom-up synthesis to elucidate the underlying physicochemical processes that shape 

the Si structures and properties.  

In Chapter 2, I will introduce a biocompatible and degradable mesostructured form of 

silicon with multiscale structural and chemical heterogeneities. The material is synthesized using 

mesoporous silica as a template through a chemical-vapor-deposition process. It has an amorphous 

atomic structure, an ordered nanowire-based framework, and random sub-micrometer voids, and 

shows an average Young’s modulus that is 2-3 orders of magnitude smaller than that of single 

crystalline silicon. In addition, I will show that the heterogeneous silicon mesostructures can be 

used to design a lipid-bilayer-supported bioelectric interface that is remotely controlled and 

temporally transient, and that permits non-genetic and subcellular optical modulation of the 

electrophysiology dynamics in single dorsal root ganglia neurons.  

In Chapter 3, I will demonstrate a biology-guided rational design principle for establishing 

intra-, inter- and extracellular Si-based interfaces, where Si and biological targets have matched 

properties. In particular, I will focus on the light-induced processes at these interfaces, and develop 

a set of matrices to quantify and differentiate the capacitive, Faradaic and thermal outputs from ~ 

30 different Si materials in saline. Finally, I will demonstrate the utility of these interfaces by 
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showing light-controlled non-genetic modulations of intracellular calcium dynamics, 

cytoskeleton-based transport and structures, cellular excitability, neural transmitter release from 

brain slices, and brain activities in vivo. 

In Chapter 4, I will explore the atomic-gold enabled three-dimensional (3-D) mesoscale 

lithography, by showing one example where iterated deposition-diffusion-incorporation of gold 

over silicon nanowires forms etchant-resistant patterns. I will also show that this process is facet 

selective and can produce mesostructured silicon spicules with skeleton-like morphology, three-

dimensional tectonic motifs, and reduced symmetries. Atom-probe tomography, coupled with 

other quantitative measurements, indicates the existence and the role of individual gold atoms in 

forming 3-D lithographic resists. Finally, compared to other more uniform silicon structures, the 

anisotropic spicule requires greater force for detachment from collagen hydrogels, suggesting 

enhanced interfacial interactions at the mesoscale. 

In Chapter 5, I will demonstrate that a liquid gold-silicon alloy established in classical 

vapor-liquid-solid growth can deposit ordered and three-dimensional rings of isolated gold atoms 

over silicon nanowire sidewalls. I will show that ab initio molecular dynamics simulation unveils 

a surprising single atomic gold-catalyzed chemical etching of silicon. Additionally, I will show 

the experimental verification of the catalytic process in silicon nanowires and yield dopant-

dependent, massive and ordered 3D grooves with spacing down to ~ 5 nm. We can further use 

these grooves as self-labelled and ex situ markers and resolved several complex silicon growths, 

including the formation of nodes, kinks, scale-like interfaces, and curved backbones. Finally, the 

nanoscale topography on Si may be beneficial for potential interfaces with cytoskeleton for 

enhanced entanglements. 
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Chapter 2  

Heterogeneous silicon mesostructures for lipid-

supported bioelectric interfaces  

2.1 Introduction 

Silicon (Si) is a widely used material in biomedical research1-11 because it is biocompatible 

and biodegradable, and it exhibits a spectrum of important electrical, optical, thermal and 

mechanical properties. For example, Si-based systems can sense electrical activities of the brain 

in flexible and adhesive configurations12-14, deliver nucleic acids in vivo to induce angiogenesis7, 

and perform intra- and intercellular force dynamics measurement15. So far, most of the applications 

of Si as biomaterials have been focused on or originated from single crystalline structures or 

substrates, which is primarily due to the need for high quality and controllable electrical or other 

properties. New Si-based forms that are unique in composition, structure, and property have the 

potential to yield nontraditional applications for Si-based biomaterials and open up unexpected 

new avenues for research and device manufacturing. In this chapter, I will introduce a 

biocompatible and degradable mesostructured form of silicon with multiscale structural and 

chemical heterogeneities. The material is synthesized using mesoporous silica as a template 

through a chemical-vapor-deposition process. It has an amorphous atomic structure, an ordered 

nanowire-based framework, and random sub-micrometer voids, and shows an average Young’s 

modulus that is 2-3 orders of magnitude smaller than that of single crystalline silicon. In addition, 

I will show that the heterogeneous silicon mesostructures can be used to design a lipid-bilayer-
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supported bioelectric interface that is remotely controlled and temporally transient, and that 

permits non-genetic and subcellular optical modulation of the electrophysiology dynamics in 

single dorsal root ganglia neurons. Finally, our findings suggest that the biomimetic expansion of 

silicon into heterogeneous and deformable forms can open up opportunities in extracellular 

biomaterial or bioelectric systems. 

2.2 Results and Discussion 

2.2.1 Structural heterogeneity 

Natural biomaterials have remarkable diversity in structure and function and may guide the 

design16 of new Si forms17-22 for subcellular interfaces and biophysical modulation (Fig. 2-1a). 

Given this hypothesis, we first focused on the synthesis of three-dimensional (3D) Si-based 

biomaterials with an ordered and uni-directionally aligned fibril-based framework; we did so 

because this layout is fundamental to many natural biomaterials16,23 (e.g., bone16) and extracellular 

matrices (ECM)24. We employed a nano-casting approach17,25-28 with ordered hexagonal 

mesoporous silica (SiO2) SBA-1529 as the template, in which silane (SiH4) decomposition inside 

the channels and pores could provide the nanowire arrays with self-supporting micro-bridges25,26. 

While nano-casting synthesis of mesoporous solids is highly versatile and scalable, ordered and 

freestanding Si-based mesostructures with molecular-level principal feature sizes (i.e., < 10 nm) 

are still challenging to achieve17,18,27,30. We designed a chemical vapor deposition (CVD) apparatus 

with a double-quartz-tubing system in which the SiO2 template (SBA-15) was placed near the 

bottom of the inner tube (Fig. 2-1).  
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Figure 2-1. Home-built CVD system for bottom-up synthesis of mesostructured Si.  a, Overview of the 

experimental setup. Silicon precursor SiH4 and carrier gas H2 were pre-mixed and introduced to the tube furnace with 

temperature, flow rate and pressure controlled throughout the synthesis. Mass flow controllers, pneumatic valves, a 

pressure gauge, a tube furnace, and quartz tubes are labeled. An inner quartz tube with SiO2 template was placed at 

the center of an outer quartz tube, where Si would be subsequently deposited. b, Zoom-in view of the double-tubing 

system. White SiO2 template was placed near the bottom of the inner tube. 

We have identified an optimal growth temperature at 500 oC with a duration of 2 hours, 

when 200 mg of SBA-15 template was used. After CVD, subsequent wet chemical etching with 

hydrofluoric acid (HF) removed the SiO2 and yielded a brownish powder (Fig. 2-2a). The scanning 

electron microscopy (SEM) image shows wheat-like aggregates with individual grain width of ~2 

μm (Fig. 2-2b).  

 

Figure 2-2. Physical appearance of the mesostructured Si.  a, A double quartz-tubing system was used for nano-

casting synthesis, with a mesoporous SiO2 template placed near the bottom of the inner tube (left). After HF etching, 
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Figure 2-2, continued. the brownish product (right) can be yielded. Scale bars, 1 cm. b, SEM image of as-synthesized 

Si particles shows a morphology similar to that of SBA-15 template. Scale bar, 2 µm. 

Nano-computed tomography (nano-CT) from transmission X-ray microscopy (TXM) 

measurement reveals that individual particle aggregate contains random micron- and sub-micron 

scale inter- or intra- (blue) granular voids (Fig. 2-3), reminiscent of the cavities in spongy bones. 

The voids have a total volume fraction of 0.7% (intra-)/50.0% (inter-) and width of ~ 0.2-2 µm, 

likely formed through the diffusion-limited incomplete filling of Si inside mesoporous SiO2.  

 

Figure 2-3. TXM 3D dataset of mesostructured silicon. a, A representative region of mesostructured Si showing 

the inter-granular voids. b, A thin slice of the dataset (green lines) highlights the presence of both intra- (left) and 

inter-granular voids (right). Representing silicon as a semi-transparent matrix allows clearer visualization of the voids 

(upper right). Magenta, silicon; blue, intra-granular voids; open regions in the whole volume or thin slice, inter-

granular voids. 

A small angle X-ray scattering (SAXS) profile (Fig. 2-4a) exhibits diffraction peaks 

indexed as (100), (110) and (200) of a two-dimensional hexagonal structure (space group, p6mm), 

as expected from the SBA-15 template29. The lattice constant a calculated from SAXS was 11.1 

nm, which is consistent with that of the SiO2 template (11.0 nm) and suggests a faithful replication. 

The Brunauer-Emmett-Teller (BET) specific surface area and total pore volume as measured by 

N2 sorption were 462 m2/g and 0.53 cm3/g, respectively (Fig. 2-4b).  
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Figure 2-4. Mesostructured Si has an ordered porous structure. a, SAXS profile shows the mesoscale periodicity 

with a 2D hexagonal symmetry. b, Nitrogen adsorption/desorption isotherm shows a Type-IV characteristic. 

The high-resolution SEM shows assemblies of aligned nanowires within individual grains 

(Fig. 2-5a), as expected from the channel structures in SBA-15 template. The end-view 

transmission electron microscopy (TEM) image and the fast Fourier transform (FFT) 

diffractogram (Fig. 2-5b) confirm the hexagonally ordered packing of nanowires. Selected area 

electron diffraction (SAED) shows diffuse rings and indicates that Si is amorphous, a useful 

property for improving light absorption31 and reducing rigidity32 in Si.  

 

Figure 2-5. Mesostructured Si is consisting of aligned nanowire bundles packed in a hexagonal order. a, SEM 

image reveals periodic arrangement of Si nanowire assembly. Scale bar, 100 nm. b, TEM image (left) and its FFT 
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Figure 2-5, continued. diffractogram (lower right) indicate the hexagonal packing of Si nanowires (left panel). SAED 

pattern shows an amorphous atomic structure (upper right). Scale bar, 100 nm. 

2.2.2 Chemical heterogeneity 

The high-angle annular dark-field scanning transmission electron microscopy (HAADF 

STEM) image highlights individual nanowires (Fig. 2-6a), whose ordered packing suggests the 

existence of interconnecting micro-bridges25,26. Energy dispersive X-ray (EDX) mapping of one 

representative area shows an alternating distribution of oxygen (O) and Si (Fig. 2-6b). Because a 

long etching time (5-10 min in HF) was adopted to remove the SiO2 template, and given the large 

pore volume (i.e., 0.53 cm3/g) exhibited by the material, the O signals came primarily from the 

oxidized portions in the Si open framework instead of from the SiO2 template residuals.  

 

Figure 2-6. EDX mapping suggests heterogeneous oxygen distribution. a, HAADF STEM image of a free-standing 

Si mesostructure, showing ordered packing of individual nanowires. The structural integrity of the material suggests 

the existence of interconnecting micro-bridges which hold individual nanowires together. White dashed box marks 
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Figure 2-6, continued. the region for elemental mappings. b, EDX mapping of O (left, red), Si (middle, green) and 

the overlay of HAADF image and EDX maps (right) reveal alternating ordered spatial distribution of both elements. 

Scale bars, 200 nm (a) and 10 nm (b). 

To quantitatively determine the heterogeneous O distribution, we used atom probe 

tomography (APT) to obtain elemental distributions in a Si framework with sub-nanometer scale 

spatial resolution. A reconstructed 3D dataset (Fig. 2-7a), collected from one Si particle with an 

intact SiO2 template (i.e., without dissolving SiO2 by HF), displayed a hexagonal arrangement of 

nanowires with a lattice constant of 10.7 nm, consistent with the SAXS and TEM results. 

Additionally, individual micro-bridges can be readily visualized (Fig. 2-7b, yellow arrow), and 

the micro-bridge and its adjacent nanowires are quasi-orthogonal. Next, we studied the distribution 

of Si and O atoms with isoconcentration surface analysis. The results demonstrate that although 

the interconnecting micro-bridges are visible in the 60 at.% Si isoconcentration surface map (Fig. 

2-7b, upper panel), most of them no longer appear in the 75 at.% one (Fig. 2-7b, lower panel), 

indicating that the overall Si (O) concentration is less (more) in the micro-bridges.  
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Figure 2-7. APT analysis of mesostructured Si. a, APT of one as-deposited sample (i.e., without SiO2 removal) 

exhibits hexagonal packing of Si nanowires in SiO2 matrix. For clarity, only 5% of total Si (blue dots) and O (cyan 

dots) are displayed. Scale bar, 20 nm. b, 60 at.% (upper) and 75 at.% (lower) Si isoconcentration surfaces viewed 

from x (left) and z (right) directions. The presence of micro-bridges (yellow arrow) in 60 at.% surfaces (upper) and 

their absence in 75 at.% surfaces (lower) suggest that the overall Si concentration is less in micro-bridges than in Si 

nanowires. Scale bars, 10 nm. 

Given the quasi-orthogonal arrangement between nanowires and micro-bridges, we were 

able to isolate two components in orthogonal thin slices (Fig. 2-8a). We further analyzed the 

proximity histogram concentration profile averaged over the selected region (Fig. 2-8b). Because 

the micro-bridges have smaller diameters than nanowires (i.e., < 2 vs. ~7 nm), Si oxidation due to 

O incorporation from the SiO2 template or air places the Si concentration generally below 75 at.% 

in micro-bridges (Fig. 2-8b, thick pink line). Moreover, this Si concentration difference can be 

quantified using a concentration distribution histogram derived from isoconcentration surface 

analysis within the two slices (Fig. 2-8a), which displays distinct distributions in each domain (< 
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75 at.% for micro-bridges, < 95 at.% for nanowires) (Fig. 2-8c). Finally, the Si concentration in 

the template (i.e., SiO2 regions that are away from the Si/SiO2 interface) was ~43 at.% (Fig. 2-8b), 

higher than that in pure SiO2 (i.e., 33 at.%). This suggests that silane decomposition can also occur 

inside sub-nanometer cavities within the mesoporous SiO2 walls, confirming a domain previously 

proposed as microporous ‘corona’33. Taken together, the electron microscopy, EDX and APT 

demonstrate that the Si framework exhibits a chemical heterogeneity, where amorphous Si 

constitutes most of the nanowire-based component and the thinner micro-bridges have an overall 

higher O concentration and integrates the nanowires (Fig. 2-8d).  

 

Figure 2-8. Mesostructured Si has size-dependent chemical heterogeneity. a, Representative slices showing Si 

nanowires (left) and micro-bridges (right) separately, rendered as 65 at.% Si isoconcentration surfaces. Lines and 

numbers denote dimensions along x (red), y (green) and z (blue) axes. b,c, Proximity histogram concentration profiles 

(b) and Si concentration distribution histograms (c) confirm the size-dependent Si concentration in Si nanowires (green) 

and micro-bridges (pink and magenta). ‘d’ in b denotes the distance from the 60 at.% Si isoconcentration surfaces and 
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Figure 2-8, continued. a positive/negative value means that the point is inside/outside the enclosed isoconcentration 

surface. The curved pink and green thick lines estimate the decoupled Si distributions in micro-bridges and nanowires, 

respectively, given the different principal feature sizes in these two components (lines with arrows, magenta vs. green). 

d, End- (left) and side-view (right) schematics of mesostructured Si illustrate the graded Si/SiOx (green/pink) 

interfaces and the observed chemical heterogeneity between nanowires and micro-bridges. 

2.2.3 Deformable framework 

We then explored the physical properties related to the observed structural and chemical 

heterogeneities. Given their critical role in establishing minimally invasive biointerfaces3,34,35, we 

first studied the mechanical properties. In a dry state, the Si framework showed an average 

Young’s modulus of 1.84 GPa (Fig. 2-9a), which is ca. 2 and 1 orders of magnitude smaller than 

that for bulk Si (~180 GPa) and electrochemically etched porous Si with similar porosity (~20 

GPa)1, respectively. This significant reduction in modulus is likely a combined result of multi-

scale porosity, an amorphous framework, the molecular-level feature sizes of both nanowires and 

the micro-bridges, and the chemical heterogeneity as identified by APT.   

After being immersed in a phosphate-buffered saline (PBS) solution for ~2 hours, the 

average Si Young’s modulus decreased to 0.41 GPa (Fig. 2-9a), comparable to that of hydrated 

collagen fibers36 and only 1 order of magnitude larger than that of phospholipid bilayers37. This 

reduction of modulus may come from framework degradation in saline, especially through the O-

rich micro-bridges that maintain the framework integrity. However, in-situ and ex-situ SAXS (Fig. 

2-9b) show that ordered mesostructures dominate in the remaining insoluble material for at least 

two days at room temperature in both PBS and collagen hydrogel. Cross-sectional TEM also shows 

long-range order in the interior of these saline treated samples, although partially-degraded 

nanowire segments can be observed (Fig. 2-9c). Raman and ultraviolet-visible (UV-vis) spectra 

indicate that the remaining Si materials displayed marginal changes in their atomic structures (i.e., 
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the characteristic transverse optical Raman peak position and width, correlating with the spread in 

mean Si-Si-Si bond angle38, remain at ~480 cm-1 and ~59 cm-1) and optical properties (e.g., the 

optical band gap) after being immersed in PBS for 1 day (Figs. 2-9d, 2-9e). These results suggest 

that the interior of the Si mesostructures were preserved, and that the measured modulus reduction 

in saline is likely a result of degradation of particle surfaces.  

 

Figure. 2-9. Mesostructured Si has reduced rigidity on its surface. a, Box-and-whisker plot of Young’s moduli of 

mesostructured Si measured in air (blue) and in a PBS solution (red). Half of the data points are within the boxes, 80% 

are within the whiskers. Solid and dashed lines represent the medians and means, respectively. The dots mark the 

maximum and minimum values. n=138 for measurement in air, n=94 in PBS. The number above the bar is the p-value 

of the Mann-Whitney test. b, Ordered Si mesostructure can still be resolved after immersion in PBS for two days. In-

situ SAXS data (left) collected when mesostructured Si was placed in PBS over a time course of 12 h. Ex-situ SAXS 

data (right) taken from mesostructured Si after immersing in PBS for 0 d (black) and 2 d (red). No significant changes 

in peak position and width suggest the remaining Si material still has an ordered mesostructure network. c, Cross-

sectional TEM image of two free-standing mesostructured Si particles (left). The sample was immersed in Tyrode’s 

buffer overnight prior to the imaging preparation. The interior of the particles showed ordered nanowire packing, 

consistent with the results from SAXS, and suggests that there would be a mechanism to help preserve the particle’s 

internal ordered structures in saline. A segregated region with degraded fragments is observed (right). The fragments 
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Figure 2-9, continued. still maintained nanowire morphology (green arrows) and, together with the fact that the 

particle interior was still ordered, suggests a surface degradation mechanism. d,e, Raman (d) and UV-vis (e) spectra 

of mesostructured Si submerged in PBS for 0 h (blue) and 24 h (red). The dashed line in d marks the position of 

Transverse Optical peak, whose position and width reflect the distribution of bond angle (θ). Extrapolation from Tauc 

plots (e, right) of the UV-vis spectra yield band gaps. Raman and UV-vis spectra were collected in PBS and air, 

respectively. 

 Overall, this degradation pathway is surface-initiated, instead of being bulk degraded (as 

usually expected for water-permeable nanoporous materials). We attribute this behavior to the 

possible blockage of molecular-level pores by the partially-degraded products (i.e. gel-like 

SixOy(OH)z
4x-2y-z) over particle surfaces (Fig. 2-9), which may delay the disruption of the internal 

ordered framework in saline --- as seen in both SAXS and TEM (Fig. 2-9). Finally, mesostructured 

Si can completely degrade10,11 in saline over time and its behavior is dependent on multiple factors, 

such as initial Si/water ratio, solution exchange protocol, and temperature (Fig. 2-10).   

 

Figure 2-10. Mesostructured Si is degradable in vitro. a, Mesostructured Si degradation curves in 1 mL of 1× PBS 

at 37 °C over time. Half of the solutions were taken out for ICP-OES analysis at each time point and 500 μL of fresh 

1× PBS were added back each time. Different amount of initial mass of Si added are color coded as 50 μg (red); 100 

μg (olive); 300 μg (navy blue). In general, the solution exchange protocol, i.e., the frequency of solution exchange 

and the volume of solution being exchanged each time, can affect the degradation rate. Additionally, larger Si/H2O 

ratio yields slower degradation. Finally, the degradation rate drops significantly at the later stage in the tests of 300 



38 

 

Figure 2-10, continued. μg sample, although fresh solution was added at each exchange point (navy blue). This is 

likely due to the Si oxidation into gel-like SixOy(OH)z
4x-2y-z. b, Degradation curves under different temperatures. With 

the same amount of mesostructured Si added (100 μg), the sample degraded faster at higher temperature; red, 37 °C, 

blue, room temperature. For each group, n=5. The shaded areas denote the means ± 1 standard deviation. 

Close inspection at the Si/HUVEC interfaces reveals a minimum of ~ 30 nm wide space 

between the ordered domains of Si particle and the plasma membrane (Fig. 2-11a), likely filled 

with degraded Si that is more deformable and natural ECM. Additionally, we observed little 

correlation between the nanowire orientation and the cell surfaces, as shown in samples prepared 

with both freeze-substitution (Fig. 2-11a) and chemical fixation (Fig. 2-11b) methods, suggesting 

that nanoscale surface topography from Si particle may not be critical for establishing stable 

biointerfaces.  

 

Figure 2-11. The surface of mesostructured Si is deformable. a, Cross-sectional TEM image of a representative 

mesostructured Si/HUVEC interface after freeze-substitution and resin embedding. Blue dashed box marks the region 

for a zoom-in view on the right. The nanowires ends are marked with yellow dots. b, A mesostructured Si particle 
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Figure 2-11, continued. enclosed within a plasma membrane bounded cavity. The green dashed box marks a surface 

region for the zoom-in view on the right. The green arrows mark the degraded and fractured nanowire domains. 

2.2.4 Biocompatibility 

To evaluate the biological benefit of using mesostructured Si, we developed a single cell 

calcium-imaging assay in which fluorescence dynamics were recorded upon pressing vertically on 

a HUVEC cell-supported Si particle (size: ~ 5 µm) with a glass micropipette (Fig. 2-12a). 

Compared to grinded single crystalline Si particles, mesostructured Si yields statistically smaller 

values in both amplitude (∆F/F0) and slope ((dF/dt)/F0) in the mechanically-induced calcium 

dynamics curves (Fig. 2-12). These single cell studies confirm that deformable materials are less 

invasive to cellular components3. Finally, mesostructured Si yielded negligible cytotoxicity in 

several mammalian cell cultures (Fig. 2-13). And when tested in rats subcutaneously, the 

inflammatory response that was caused by injection and the materials decreased substantially from 

1-day to 3-week time points as mesostructured Si degraded (Fig. 2-14).  

 

Figure 2-12. Mesostructured Si can establish minimal invasive biointerfaces. a, A schematic diagram (upper left) 

of the single-cell calcium imaging assay, with relative amplitude (∆F/F0) and slope ((dF/dt)/F0) defined (lower left). 

A scattered plot (right) for the amplitude and slope values of the calcium dynamics, recorded from 

porous/mesostructured/amorphous (blue) and solid/single crystalline (red) particles. Insets display 2D distribution 

histograms associated with porous (upper left) and solid (lower right) samples. n = 44 for each group. b, Representative 
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Figure 2-12, continued. Fura-2 AM fluorescence recording from HUVECs before and after being mechanically 

perturbed by porous Si mesostructures (black) and solid Si particles (red). The particle sizes are ~ 5 µm. 

 

Figure 2-13. Mesostructured Si particles are biocompatible in vitro.  MTT assays show minimal cytotoxicity when 

co-culturing mesostructured Si with different cell lines for up to 7 days (a, red, HUVEC; b, blue, C2C12; c, olive, 

HASMC, 0.1 mg/mL Si in all cell culture media). Data points are mean ± standard deviation, n=8 for each group. 

 

Figure 2-14. Mesostructured Si is biocompatible and biodegradable in vivo. a, Photographs showing degradation 

of Si in the subcutaneous regions of adult male CD® IGS rats. No appreciable nodules were formed within the 3-week 
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Figure 2-14, continued. period. b-d, Hematoxylin and eosin (H&E) staining of the injection sites after 1 day (b), 1 

week (c) and 3 weeks (d) periods. Images from 1 day post-injection (b) show diffused immune cell distribution. The 

channel-like void was created by the injection needle. Samples from 1-week post-injection (c) have defined boundaries 

of inflammatory responses. The total amount and density of Si particles, shown as black dots in the zoom-in views, 

are in general less than those in the 1-day post-injection samples (b). Samples from 3-week post-injection (d) exhibit 

least amount of Si particles and smallest areas of inflammatory regions. The arrows in (d) highlight remaining Si 

particles. There was no significant injury to surrounding tissues (e.g., muscle, blood vessels). There were no 

appreciable nodules developed during the test period. The animals did not show difficulty in moving, and no animal 

death occurred. For each group, n=4. 

2.2.5 Bioelectric interfaces 

Altogether, this biocompatible and degradable form of Si has intrinsic (i.e., as grown,) and 

induced (e.g., by water) chemical and structural heterogeneities, despite its origin from a single Si 

precursor (i.e., SiH4). Given that these heterogeneities are spatially organized and seamlessly 

integrated, a single particle may exhibit multiple functions (Fig. 2-15), a scenario similar to that 

in natural biominerals16,39. For example, we expect good photothermal efficacy from the interior 

of the Si mesostructures due to enhanced intrinsic light absorptivity in amorphous Si31, and reduced 

thermal conductivity and capacity as previously demonstrated for porous Si1.  
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Figure 2-15. Intrinsic and induced chemical and structural heterogeneities enable multiple functions in 

mesostructured Si.  Freshly prepared mesostructured Si has intrinsic size-dependent chemical heterogeneity, where 

nanowires are rich in Si and micro-bridges contain more O. The porous structures, the chemical heterogeneity, as well 

as the amorphous nature of Si, together promote a good photothermal effect. The material interior retains its structures 

and optical properties in buffer solution within days, which functions as a ‘heater’ upon light illumination. Within the 

‘heater’, micro-bridges ‘support’ the Si-rich ‘heater filaments’, and the oxidized layers (SiOx, pink) over both the 

micro-bridges and nanowires slow down the reaction of Si with H2O. The surface of the particle is degraded and softer, 

which may ‘shield’ the interior by possibly blocking the nanoscale pores with the degraded species. This proposed 

shielding effect from the particle outer surface, as well as SiOx-enabled passivation of Si, may lead to the observed 

structure preservation in the particle interior. The interface between mesostructured Si particle and plasma membrane 

shows local fragmentation. The Si/cell interface thus behaves as a less invasive ‘cushion’. The 

degradation/fragmentation of Si surfaces by water and possibly extracellular forces represents induced heterogeneity.  

Taking advantage of the fact that a rapid temperature variation can induce transient 

capacitive currents in phospholipid bilayers40,41, we constructed a hybrid Si/phospholipid system 

as a remotely controlled bioelectric interface. A layer of grinded Si mesostructures (individual 
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particle size: ~ 1-2 µm) was supported over one side of a phospholipid bilayer, and its local 

junction with lipids was remotely actuated with 532 nm laser pulses (laser beam diameter: ~ 40 

µm; Fig. 2-16a). We measured the temperature change near the mesostructured Si layer using a 

calibrated micropipette resistance method40; we simultaneously assessed the electrical capacitance 

dynamics with the impedance method40 using a sinusoidal voltage (Fig. 2-16a). Next, we recorded 

membrane current dynamics under voltage-clamp mode. Experiments and finite element analysis 

simulation revealed a fast photothermal effect (Fig. 2-16b, upper panel; Fig. 2-17), and such a fast 

response is critical for capacitive current generation in lipid bilayer40. For example, one 11.2 µJ 

laser pulse causes a ~5.8 K increase of local temperature within 1.8 ms, followed by a decay to 

baseline with ~2.2 ms time constant (Fig. 2-16b, upper panel). With the same pulse, the estimated 

capacitance change accompanying the fast temperature rise peaks at ~0.6 % (Fig. 2-16b, lower 

panel). Because impedance correlates inversely to capacitance when there is no resistive 

component, a fast increase in bilayer capacitance due to laser pulses leads to a reduction of 

impedance, and correspondingly, a light-induced transient membrane current. Such a membrane 

current is capacitive and depolarizing (i.e., current flow tends to reduce the polarization in the 

phospholipid bilayer); its amplitude is tunable with either the laser input energy or a voltage drop 

across the bilayer (Fig. 2-16c). Because both the membrane current output and the local 

temperature variation are transient, this Si/bilayer platform may be adapted for minimally invasive 

and dynamic biomaterials or devices.  
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Figure 2-16. Mesostructure Si can be used for light actuated bioelectric interfaces. a, A planar and remotely 

controlled bioelectric interface made from densely packed Si mesostructures and an artificial lipid bilayer. 

Experimental setup (top) shows measurements of local solution temperature, bilayer electrical capacitance, and 

membrane current, upon localized laser illumination at the Si/lipid interface (top panel). The star marks a drilled hole 

at the bottom of top chamber, where lipid bilayer forms. Two independent circuits are shown. The first circuit uses A1 

and A2 as a patch clamp that measures membrane currents (Im) in response to a command voltage (Vcomm) clamped at 

Vlower, connected to the solution pool below the bilayer. Vcomm can be conventional voltage pulses or a sinusoidal 

voltage signal. Vupper connects the pool on top of the chamber to ground. The second circuit, using A3, records a voltage 

drop (Vtemp) between the pipette (Tprobe) and Vsensor, in response to a current applied between the pipette and Iout. Vtemp 

is proportional to the pipette resistance, which in turn is a function of the temperature (see details in the text). A zoom-

in side view of the setup (bottom) shows Si/lipid interface. b, Averaged local solution temperature (top) and bilayer 

capacitance (bottom) dynamics upon laser pulses with different input energies (laser power, 22.4 mW; black, 0.5 ms; 

red, 1.0 ms; blue, 1.5 ms; olive, 2.0 ms). n=50. c, Capacitive currents in response to laser pulses (44.8μJ), recorded in 

voltage-clamp mode. Red and blue traces indicate the currents when the potentials were clamped at -120 mV and 120 

mV, respectively. Black traces are recordings at intermediate potentials in increments of 20 mV. Green bar indicates 

when laser pulse was on. n=10. 

2.2.6 Theoretical analysis of the photothermal effect 

We simulated the laser-induced temperature dynamics in mesostructured silicon and buffer 

solution with COMSOL Multiphysics (COMSOL Inc., USA). In the lipid bilayer experiment, we 

applied mesostructured silicon particles into the upper buffer solution and let them settle down to 
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form a quasi-continuous layer of silicon particles. We then illuminated a circular area (diameter 

~40 µm) with 532 nm laser from the bottom of silicon film and probed the temperature profile 

using pipette resistance method from an adjacent point above the bilayer. For simulation, we 

adopted a three dimensional (3D) cylindrical geometry. Specifically, we simplified the 

mesostructured silicon particle layer as a thin slab of cylinder with a radius of 150 μm and a 

thickness of 15 μm (Fig. 2-17a). This layer was assumed to be packed compactly with 

mesostructured silicon particles with their internal channels/pores completely filled with water. 

On each side of the mesostructured silicon layer, we modeled the water phase as cylinders with a 

radius of 150 μm and a thickness of 200 μm.  

The laser energy can be absorbed by mesostructured silicon and the surrounding medium 

is subsequently heated up due to the heat conduction from silicon to solution. The spatiotemporal 

profiles for temperature within both silicon and buffer solution are governed by a time-dependent 

heat transfer equation (in cylindrical coordinates): 
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where T is the absolute temperature (K), and ρ, cp, κ, R and α are the density (kg/m3), specific heat 

(J/kg·K), thermal conductivity (W/m·K), reflectance and absorption coefficient (m-1) of 

mesostructured silicon (0 ≤ z ≤ 15) or water (z < 0 or z > 15). Since water is almost transparent at 

532 nm, its α value is set to 0. I0 is the light power density (W/m2). The surface of mesostructured 

silicon framework is oxygen rich and therefore hydrophilic. We consider a case in which water 

can wet completely the inner surfaces of the silicon mesostructures. In this scenario, heat 

conduction from silicon to water is facilitated due to the large interfacial area. We used weighted 

arithmetic means to estimate corresponding physical properties of porous silicon, respectively.  
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                       pSi Si water(1 )      ;    (2-2) 

            pSi pSi Si Si water water(1 )p p pc c c      ;  (2-3) 

            pSi Si water(1 )      ,   (2-4) 

where φ is the volumetric porosity, which is 55% in this specific case, as estimated from nitrogen 

adsorption/desorption result. 

Physical properties of amorphous silicon were taken from textbooks or literature as: 

ρSi=2330 kg/m3, cpSi=891 J/kg·K and κSi=1.61 W/m·K. The final input values were calculated as 

follows: ρpSi=1598.484 kg/m3, cppSi=2024.525 J/kg·K and κpSi=1.0545 W/m·K. Light absorption 

coefficient for mesostructured silicon is 203540 m-1 at 532 nm, which is estimated using the UV-

vis reflectance (R=0.068) and transmittance (T=0.015) recorded at the same wavelength,

2 2(1 ) exp( ) / 1 exp( 2 )T R d R d            , where film thickness d is ~20 μm measured using a 

profilometer. The input laser power was 22.4 mW, with a spot diameter of 40 μm. We used 15 μm, 

a size comparable to the silicon film thickness, for the estimated distance between silicon top 

surface and micropipette tip where local temperatures were recorded. Initial and boundary 

conditions are defined as below, with the interfacial thermal resistance Rs of 10-8 K·m2/W. 

                                                         ( , , , 0) 300 KT r z t   ,   (2-5) 

( 150 μm, , , ) 300 KT r z t  ,   (2-6) 

( , , 200 μm, ) 300 KT r z t    ;   (2-7) 

( , , 215 μm, ) 300 KT r z t   ,   (2-8) 
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By computing the Heat Transfer in COMSOL Multiphysics (Solids Module), we simulated 

the spatiotemporal temperature profiles in both porous silicon and surrounding medium (Fig. 2-

17b). The output results recapitulate the experimental results (Fig. 2-16b, upper).  

 

Figure 2-17. Photothermal simulation model. a, 3D geometry model used for photothermal simulation of 

mesostructured Si. Blue cylinders mark water layers on both sides of Si layer (diameter, 300 μm; height, 200 μm). 

Dark grey cylinder denotes mesostructured Si being illuminated by green laser (diameter, 40 μm; height, 15 μm; laser 

wavelength, 532 nm). Light grey ring is the rest of mesostructured Si that is not illuminated. The probe location is at 

(0, 0, 30 μm), where the temperature profile was simulated. b, Simulated temperature dynamics recapitulates the 

experimental data, supporting the controllability of the photothermal effect.  

To investigate this possibility, we proposed a dynamic hybrid Si/cell system (Fig. 2-18) 

where individual mesostructured Si particles attached to dorsal root ganglia (DRG) neurons, with 

532 nm laser pulses and intracellular electrical recordings as input and output, respectively. We 

prefer to use individual micron-scale and thermally stable Si mesostructures over ensembles of 

existing nanoparticles41 in order to achieve efficient and point-like localized extracellular control, 
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as well as to avoid material internalization by neurons42 or laser heating-induced particle change43. 

By varying the laser stimulation duration while fixing its wavelength and power (532 nm, 5.32 

mW, beam diameter: ~ 10 µm), we identified an average of 5.32 µJ (Fig. 2-19a) threshold energy 

for reliably eliciting single action potentials (AP) in DRG neurons with a singly attached Si particle 

(particle size: ~ 2 µm). This energy level is ~30× less than those used for a recently reported precise 

neuromodulation with Au nanoparticles41. Given the experiments on phospholipid bilayers (Fig. 

2-16) and the controls with mesoporous SiO2 (Fig. 2-20), under current-clamp conditions, the fast 

and transient photothermal effect from the Si framework (Fig. 2-18) induces depolarization that 

opens sodium channels thus triggering APs. Since neurons process information via spike trains, 

we mimicked this process by delivering trains of 5.32 µJ laser pulses with different frequencies. 

We demonstrated reproducible and precise optical stimulation up to 15 Hz (Fig. 2-18c, upper left). 

At higher frequencies, AP generation becomes less efficient, although a deterministic sub-

threshold depolarization remains evident (Fig. 2-19b). After reaching 20 Hz, e.g., at 25 Hz (Fig. 

2-18c, middle), the neural stimulation efficacy declined, response time (spike latency) and its 

standard deviations (trial-to-trial jitter and throughout train jitter) increased (Fig. 2-19c), all of 

which are most likely limited by the intrinsic ion channel kinetics (Fig. 2-18a) 40,44. Interestingly, 

at 30 Hz input, the real-time electrical recording trace shows a quasi-alternating pattern of APs 

and sub-threshold depolarization (Fig. 2-18c, lower left). Accordingly, fast Fourier transform of 

the time-dependent trace shows a splitting distribution in the frequency domain (Fig. 2-18c, lower 

right), one at half-input frequency (for APs) and the other at the original input frequency (for sub-

threshold depolarization). This emergent output behavior results from dynamic feedback44 among 

Si-induced thermal and ionic effects, ion channel activities and membrane potentials (Fig. 2-18a). 

A return map analysis (Figs. 2-18d, 2-21, An-An+1, An is the area of the nth induced neuronal 
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signal)44 shows frequency dependent 2-D patterns, being either focused (e.g., 15 Hz) or 

partitioned/diffused (e.g., 30 Hz), suggesting another mechanism for output recognition.  

 

Figure 2-18. Remotely actuated and lipid-supported bioelectric interface as a dynamic hybrid system. a, 

Schematics of a light actuated bioelectric interface (left), where transient capacitive currents across lipid bilayer (LB) 

are generated due to the photothermal effect of mesostructured Si. A hybrid Si/cell system (right) uses pulsed optical 

signals as the input (i) and yields local transient heating. The fast transient heating generates capacitive currents 

through LB (ii) which, together with the currents passing through ion channels (iv), determine the membrane potential. 

The ion channel activities can be affected by the membrane potential (v) which is the result of either ionic currents 

and/or of the change in membrane capacitance by transient heating but also by direct heating (iii). All these processes 

integrate together as a single dynamic hybrid system, generating output (vi) that is recognizable in time and frequency 

domains and as 2D maps. b, Experimental setup used to elicit action potentials in DRG neurons by illuminating a 

single Si particle attached to a cell. Neurons were patch clamped in the current-clamp whole-cell mode. AOM, 

acousto-optic modulator; ND, neutral density filters; DIC, dichroic mirror; OBJ, microscope objective; AMP, 

amplifier; LPF, low-pass filter; ADC, analog-to-digital converter. Inset shows that a portion of the cell membrane 

functions as a built-in bioelectric interface. c, Representative intracellular potential recordings of a DRG neuron to 

trains of laser pulses (5.32 μJ) at different frequencies, with corresponding FFTs (right). f and f0 are output and input 

frequencies, respectively. Green bars indicate when laser pulses were delivered. d, An area-based return map reveals 
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Figure 2-18, continued. an evolution of frequency-dependent 2-D patterns. Data points are analyzed from 20 spikes 

per trial, 4 trials per frequency. 

 

Figure 2-19. Mesostructured Si enables wireless control of the electrophysiology dynamics in DRG neurons. a, 

Peak voltage response (unit: mV) of a representative DRG neuron at different laser excitations indicates that laser 

pulses at 5.32 μJ can elicit reliable APs. Laser power was 5.32 mW with durations of 0.1 ms (black), 0.2 ms (red), 0.5 

ms (blue), or 1.0 ms (olive). b, At high spike train frequency (e.g., 25 Hz), action potential (blue arrows) generation 

becomes less efficient, although a deterministic subthreshold depolarization (black arrows) remains evident. Green 

bars indicate when laser pulses are delivered. c, Successful rate, spike latency, trial-to-trial jitter and throughout trial 

jitter were analyzed for different pulse train stimulations. At frequencies higher than 15 Hz, the stimulation efficacy 
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Figure 2-19, continued. decreased as indicated by the reduced successful rates, delayed spike latencies and elongated 

jitters. Data points are mean ± standard deviation, analyzed from 21 pulses per trial, 4 trials per frequency. 

 

Figure 2-20. Control experiments suggest the role of Si. a and b, Local temperature increases following laser 

illumination on single particles of both mesostructured Si (a) and SiO2 template (b). Color denotes different laser 

energies (black, 3.29 μJ (a), 10.92 μJ (b); red, 6.58 μJ (a), 110 μJ (b); blue, 16.45 μJ (a), 550 μJ (b); magenta, 1100 

μJ (b); olive, 32.9 μJ (a), 5500 μJ (b), objective lens, 40×). c, Comparison of temperature dynamics between 

mesostructured Si and SiO2 template when illuminating with similar laser energies (black, 9.87 μJ, Si; red, 10.92 μJ, 

SiO2). Negligible temperature change could be observed for SiO2.  
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Figure 2-21. Return maps reveal the evolution of cellular output patterns. a, Area-based return maps calculated 

at each input frequencies and the overlay show a gradual transition from focused to partitioned/diffused patterns. Areas 

were obtained by integrating the voltage with respect to time, t, from t of peak voltage -10 ms to t of peak voltage +10 

ms. b, Height-based return maps at each input frequency. Heights were calculated as the difference between the peak 

and the holding voltages. All return maps were analyzed from the 2nd to the 21st spike per trial, 4 trials per frequency. 

2.2.7 Outlook 

Future efforts include systematic control of the position and efficacy of Si/cell interfaces 

and demonstration of more complex dynamic behaviors in the hybrid system. These are feasible 
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given that individual mesostructured Si particles can be positioned in an arbitrary manner by a 

glass micropipette (Fig. 2-22), that Si particles can be patterned as a micro-pad array over 

centimeter-scale area by photolithography (Fig. 2-23), and that size- and shape-controlled 

preparation of Si particles is achievable (Figs. 2-24, 2-25, and 2-26). Additionally, tools such as 

light-emitting diode and calcium imaging can be explored for stimulation and recording of neural 

activities, which would be beneficial for in vivo studies.  

 

Figure 2-22. Glass micro-pipette can be used to manipulate individual mesostructured Si particles to form 

deterministic biointerfaces. HUVEC was used in this demonstration. Both particle position and number can be 

controlled in this way. Scale bars, 50 µm.  
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Figure 2-23. Mesostructured Si particles can be patterned over large areas. a, Fabrication schematics. b, A 

photograph of a patterned array where Si regions are black micro-pads with SU-8 interconnects. c and d, Optical 

micrographs showing the zoom-in views of the Si micro-pads before (c) and after (d) SU-8 interconnects were made, 

recorded from 3 different areas. Scale bars, 2 mm (b) and 200 µm (c and d).  
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Figure 2-24. SEM (a) and TEM (b) images of rod-like mesostructured Si. The rod-like materials were synthesized 

through a static aging step. The width and length distributions (c) suggest decent shape uniformity.  

 

Figure 2-25. SEM images (a) and diameter distribution (b) of sphere-like mesostructured Si. The spheres were 

synthesized using cetyltrimethylammonium bromide (CTAB) as a co-surfactant and ethanol as a co-solvent. 
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Figure 2-26. The synthesis of mesostructured Si is general. a, KIT-6 silica could be used as a template for 

mesostructured Si synthesis. SAXS profile of an as-casted Si shows a gyroidal lattice (space group, 3Ia d ; lattice 

constant, 23.0 nm) with (211), (220), and (332) peaks, in accordance with the structure of KIT-6 template. b, 

Representative TEM images of the Si casted from KIT-6 template, showing ordered mesostructures. 

Existing materials, such as particles of single crystalline silicon or carbon, may be 

configured into similar interfaces, although they do not currently exhibit the deformability or 

degradability desired for biomaterials. Hydrogels and polymers45,46 are softer and may form 

mechanically compliant interfaces for similar studies, however appropriate chemical designs are 

needed for achieving both degradability and fast photothermal dynamics (e.g., a few degrees of 

temperature increase within milliseconds). Regardless of exploring other materials, the current 

demonstrations of lipid bilayer-level integration of a bioelectric interface and the hybrid cellular 

system suggest that it may be possible to use amorphous Si, a much less exploited material in 

biomedical research, as a building block in establishing functional bio-interfaces13,35,47-49 and as a 

new bio-orthogonal and dynamic component for future synthetic biology50.  

2.3 Experimental  

Synthesis of mesostructured silicon (Si). Mesostructured Si materials were prepared by chemical 

vapor deposition (CVD) of Si inside mesoporous silica (SiO2), followed by hydrofluoric acid (HF) 
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etching to remove the template. Four types of mesoporous silica templates were adopted for the 

synthesis of mesostructured Si, including wheat-like SBA-15, rod-like SBA-15, sphere-like SBA-

15, and KIT-6. Mesostructured Si synthesized from wheat-like SBA-15 was used for all the 

characterizations and applications shown in the main figures.  

Wheat-like mesoporous silica SBA-15 was synthesized according to a previous report1. 

Briefly, Pluronic P123 (Sigma-Aldrich, USA) was dissolved in a hydrochloric acid (HCl) (Sigma-

Aldrich, USA) solution. Next, tetraethyl orthosilicate (TEOS) (Sigma-Aldrich, USA) was added 

and the mixture was stirred at 35 oC for 24 h. The chemical composition of the reaction mixture 

was 4 g P123: 0.04 mol TEOS: 0.24 mol HCl: 6.67 mol H2O. The mixture was then aged 

hydrothermally at 100 oC. Finally, the powders were filtered, dried and calcined at 500 oC for 6 h.  

Rod-like SBA-15 was synthesized following a previous report2. 4.0 g of P123 was first 

dissolved in a mixture of 30 g of deionized (DI) water and 120 g of 2 M hydrochloric acid (HCl) 

by stirring at 35 °C overnight. 8.5 g of TEOS was then added to the aqueous solution under 

vigorous stirring. The mixture was stirred for 5 min before being kept under static condition at 

35 °C for 20 h. The product was aged at 100 °C for another 24 h. After filtering and washing with 

water, the final product was dried and calcined at 550 °C for 6 h.  

Sphere-like SBA-15 template was made based on a previous report using 

cetyltrimethylammonium bromide (CTAB) as a co-surfactant and ethanol (EtOH) as a co-solvent3. 

In a typical synthesis, 3.0 g of P123 was dissolved in 60 mL of 1.5 M HCl while 0.6 g CTAB 

(Sigma-Aldrich, USA) was mixed with a separate 25 mL of water. After both surfactants have 

been dissolved, two solutions were mixed together and 20 mL of 100% EtOH (Thermo-Fisher 

Scientific, USA) was added to the mixture. 10 mL of TEOS was then added dropwise to the above 

mixture solution of surfactants under vigorous stirring (~500 rpm). After stirring at 35 °C for 45 
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min, the mixture was kept static under 75 °C for 10 h and aged at 100 °C for another 24 h. The 

product was filtered, washed, dried and calcined at 550 °C for 6 h.  

The synthesis of KIT-6 template followed a previous report using n-butanol (BuOH) as a 

co-solvent4. 6 g of P123 was dissolved in 217 g of DI water and 11.8 g of concentrated HCl (37%). 

6 g of BuOH (Sigma-Aldrich, USA) was added under stirring at 35 °C. After 1 h stirring, 12.9 g 

of TEOS was added at 35 °C  to make the molar ratio as TEOS : P123 : HCl : H2O : BuOH = 1 : 

0.017 : 1.83 : 195 : 1.31. The mixture was left under stirring for 24 h at 35 °C, and subsequently 

heated for 24 h at 100 °C under static conditions. The solid product obtained after hydrothermal 

treatment was filtered and dried at 100 °C without washing. The template was removed by 

calcination at 550 °C for 6 h. 

Next, the as-synthesized mesoporous SiO2 powder was loaded close to the bottom of a 

small quartz tube (diameter: ~1.5 cm), which serves as the inner reactor. The inner tube containing 

SiO2 template was then placed into the center of an outer quartz tube (diameter: ~2.5 cm) for CVD. 

Si was deposited at 500 oC and 40 Torr using silane (SiH4) as the Si precursor and hydrogen (H2) 

as the carrier gas. In a typical synthesis of mesostructured Si, we used 200 mg of SiO2 template, 

with flow rates of H2 and SiH4 set at 60 and 2 standard cubic centimeters per minute (sccm), and 

a total CVD duration of 120 min. Subsequent HF (Sigma-Aldrich, USA, 48%) etching for 5-10 

min was used to remove the template at room temperature. The etched samples were filtered, rinsed 

with DI water, isopropanol (IPA) and dried in air. The final product is in brownish powered form.  

Electron microscopy. Mesostructured Si was sonicated in IPA, and then dispersed onto Si wafers 

(Nova Electronic Materials, USA, p-type, 0.001 Ω·cm) for scanning electron microscopy (SEM) 

(Carl Zeiss, Germany, Merlin FE-SEM) and over copper grids (Ted Pella Inc., USA, Lacey 

Formvar/Carbon, 200 mesh) for transmission electron microscopy (TEM) (FEI, USA, Tecnai F30). 
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The high-angle annular dark field (HAADF) scanning transmission electron microscope (STEM) 

images were recorded using an aberration corrected STEM (JEOL, Japan, JEM-ARM200CF). The 

electron-dispersive X-ray spectroscopy (EDX) maps were collected simultaneously with HAADF 

images using the same microscope equipped with an Oxford X-MaxN 100TLE windowless SDD 

X-ray detector (Oxford Instruments, UK). For in-situ heating TEM study, samples were dispersed 

on molybdenum grids (Structure Probe Inc., USA, Holey Carbon, 200 mesh) and imaged using a 

JEOL JEM-3010 (JEOL, Japan) with a double-tilt heating stage (Gatan Inc., USA, Model 652). 

The temperature ramping was set as 50 oC/min from ambient to 900 oC. Images were taken at room 

temperature, and at 10 min, 30 min, 60 min, 90 min and 120 min time points at 900 oC. 

Nitrogen sorption measurements. Nitrogen sorption isotherms were collected on a 

Micromeritics ASAP 2020 (Micromeritics, USA) surface area and pore size analyzer at 77 K. Pore 

size distribution was calculated in the Micromeritics ASAP2020 software package (assuming slit 

pore geometry), using a non-linear density functional theory (NLDFT) model. All samples were 

degassed at 180 oC overnight prior to experiment. For all measurements, ultra high purity (UHP) 

grade helium (He) and nitrogen (N2) were used. 

Small angle X-ray scattering (SAXS). SAXS measurements were conducted at the 12ID-B 

station at the Advanced Photon Source (APS), Argonne National Laboratory (ANL). The 

wavelength of the X-ray beam was 0.8856 Å, and the beam size was 0.20(H) × 0.03(V) mm2. The 

detector for SAXS measurements was the Pilatus 2M (DECTRIS Ltd., Switzerland). The exposure 

time was set to 1 s for all measurements and the sample-to-detector distance was about 2 m, which 

allows covering scattering momentum transfer, q, up to 1.0 Å-1. The q value calibration was 

performed using silver behenate prior to measurements. The isotropic 2-D images were converted 

to 1-D scattering profiles using the Matlab software package developed at the beamline. For static 
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SAXS measurements, powder samples were sandwiched with kapton tapes and loaded onto the 

sample holder. For in-situ heating SAXS measurements, samples were first pelleted and loaded in 

a Linkam TS1500 heating stage (Linkam Scientific Instruments Ltd., UK). The sample chamber 

of the heating stage was sealed and purged with N2 during the whole heating process. The 

temperature ramping rate was set as 60 oC/min and the first temperature set point was 800 oC. 

After reaching the set point, the temperature was fixed at 800 oC for 20 min, 900 oC for 20 min 

and 1000 oC for 20 min, respectively. SAXS data were collected every 38 s. For in-situ stability 

assays in aqueous systems, 1× phosphate buffered saline solution (PBS) or 0.60 mg/mL collagen 

hydrogel were added into individual quartz capillary tubes (O.D.,1.5 mm), respectively. Powders 

were subsequently added into the tubes and mixed with solution or gel to form suspensions at room 

temperature. Data were collected every 30 min in the first 6 h and every 2 h in the last 6 h.  

Transmission X-ray microscopy (TXM). Absorption full-field nano-computed tomography 

(nano-CT) was performed on the new transmission X-ray microscope at sector 32-ID of APS in 

ANL. Mesostructured Si was first mounted onto a micromanipulator installed in a focused ion 

beam (FIB) system (FEI, USA, Nova 600 NanoLab). The micromanipulator was secured on a 

custom-built holder for data collection. Acquisition was conducted with a monochromatic beam 

tuned at 8 keV. The condenser and the objective lens used are diffracting optics developed in-

house. X-rays are focused to the sample thanks to a beam-shaping condenser (BSC), i.e., a mosaic 

of diffraction gratings organized in concentric rings. The round BSC can collect a large portion of 

the beam with its diameter of 1.6 mm. Gratings in each rings have spacing decreasing down to 60 

nm at the optic periphery. A 180 µm large Fresnel zone plate with 60 nm outer most zone width 

was used as a microscope objective lens in order to magnify radiographs of the sample placed on 

a high accuracy air-bearing rotary stage. With a distance CCD-sample set to 3.4 m, a magnification 
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of ~47 was obtained. The X-ray detection system corresponds to an assembly comprising a 

scintillator (LuAG), a 5× microscope objective, a 45o mirror and a low noise fast CCD cooled at -

40 oC. The voxel width obtained in this geometry was 27.6 nm and the field of view was about 70 

× 60 µm2 while the illumination coming from the BSC was a disk slightly larger than 70 µm. The 

true spatial resolution given by the zone plate is ~60 nm. 3D reconstructions were performed with 

the software Tomopy (http://www.aps.anl.gov/tomopy/), an open source Python based toolbox for 

the analysis of synchrotron tomographic data.   

The 3D iso-intensity surfaces were constructed and visualized using Amira 5.5 (FEI 

Visualization Sciences Group). Segmentation of intra- and inter-granular voids was carried out 

based on intensity. Inter-granular voids were assigned to intensity value less than -0.00015. Intra-

granular voids were determined manually by choosing low intensity regions within particles slice 

by slice using a magic wand tool. 

Atom-probe tomography (APT). Mesostructured Si particles were transferred onto Si microposts 

using a micromanipulator installed in a focused ion beam (FIB) system (FEI, USA, Nova 600 

NanoLab). Samples were then mounted and milled into needle-like microtip specimen for APT 

characterization. The APT was run in an ultraviolet (UV) laser-assisted local-electrode atom-probe 

(Cameca, USA, LEAP 400XSi). Surface atoms from a microtip were evaporated with an applied 

voltage of 1~6 kV and the assistance of a 30 pJ UV (wavelength λ=355 nm) laser pulsing at 250 

kHz frequency. The mass-to-charge (m/z) ratios of individual evaporated ions and their 

corresponding (x, y, z) coordinates in space were recorded with a position sensitive detector. The 

samples were held at 30 K and 2×10-11 Torr during APT experiments. The 3D reconstructions and 

data analyses were performed using Cameca’s Integrated Visualization and Analysis Software 

(IVAS) 3.4 code. Typical regions of both Si nanowires and micro-bridges were cropped from Fig. 

http://www.aps.anl.gov/tomopy/


62 

 

2-7a using a region-of-interest (ROI) tool in IVAS. A series of Si isoconcentration surface from 

50 at.% to higher concentrations were created for both regions, i.e., nanowires and micro-bridges 

until no isoconcentration surface with higher atomic concentration could be created. The proximity 

histograms (Fig. 2-8b) was calculated using the 60% Si isoconcentration surface of the dataset in 

Fig. 2-7a, and included information of both Si nanowires and inter-connecting micro-bridges. For 

histogram shown in Fig. 2-8c, the number of Si atoms per Si concentration interval was calculated 

by subtracting the total number Si atoms enclosed within one isoconcentration surface from the 

precedent isoconcentration surface. For example, the number of Si atoms that is 50~51 at.% is the 

difference between the total Si atoms enclosed in 50% isoconcentration surface and that in 51% 

at.%. The Si concentration distribution was plotted by calculating the relative frequency of the 

number of Si atoms per Si atomic concentration.  

Electrical measurements. Mesostructured Si particles were gently sonicated in IPA and dispersed 

onto Si substrates (Nova Electronic Materials, 600 nm oxide, p-type, 0.001 Ω·cm) with photo-

lithographically patterned gold electrodes. Electrical contacts onto individual Si particles were 

made with an FIB system (FEI, USA, Nova 600 NanoLab) by depositing platinum (Pt) wires with 

a built-in gas-injection system (GIS). The electrical conductance measurements were evaluated 

using a dual-channel source-meter (Keithley 2636A) and a probe station (Rucker & Kolls, Model 

680A). The particles were then removed from the interconnects by sonication and the conductance 

was subsequently measured as controls.  

Atomic force microscopy (AFM) measurements. Force curves were collected using an Asylum 

MFP-3D AFM (Asylum Research, USA) with ACTA (AppNano, USA, nominal spring constant 

40 N/m) probes in air and AC240 (Olympus, Japan, nominal spring constant 2 N/m) probes in 

liquid. Prior to measurements, the inverse optical lever sensitivity and cantilever spring constant 
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were calibrated following vendor’s standard procedures. For all measurements, mesostructured Si 

particles were first transferred onto Si substrates (Nova Electronic Materials, USA, p-type, 0.001 

Ω·cm). Prior to solution phase AFM experiments, samples were also soaked in 1× PBS solution at 

room temperature for ~2 h. Force curves were recorded by loading at a rate of 1μm/s up to an 

indentation depth of ~10 nm, followed by unloading at the same rate. For both measurements in 

air and in fluid, ten particles were chosen to take force curves by making indentations on random 

sites over the particle surfaces. The total number of data points is n=138 for the sample in air and 

n=94 for the sample in liquid. Asylum Research software was used for data collection and analysis. 

Oliver-Pharr method was used by fitting the range between 25% and 75% of maximum indentation 

of the retraction curve. The as-calculated value was reduced Young’s modulus Ec, which was 

comprised of the indenter and sample’s Young’s modulus (Ei for indenter, Es for sample) and 

Poisson ratio (vi for indenter, vs for sample) by 1/Ec=(1-vi
2)/Ei+(1-vs

2)/Es. The indenter’s Poisson’s 

ratio was 0.17 and its Young’s modulus was 150 GPa, for both Si cantilevers. The sample’s 

Poisson's ratio was chosen as 0.10 from literature5. Based on the equation, 1/Ec=(1-vi
2)/Ei+(1-

vs
2)/Es, it is noted that even an appreciable deviation in the Poisson’s ratio will not introduce 

significant error into the calculated sample modulus5.  

Ultraviolet-visible (UV-vis) spectroscopy. Prior to measurements, mesostructured Si powders 

were soaked in 1× PBS for 0 h, 2 h, 12 h and 24 h. After filtration and rinsing with DI water, 

samples were re-dispersed in IPA and drop casted over glass slides and air dried. The thickness of 

the Si films was ~20 μm, as determined by a profilometer (Bruker, USA, Dektak XT-S). Diffuse 

reflectance UV-Vis spectra were collected on a Cary 5000 UV-Vis-NIR spectrometer (Varian, 

USA) equipped with a diffuse reflectance accessory (DRA). The acquired diffuse reflectance 
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spectra were converted to Kubelka-Munk functions defined as F(R) = (1-R)2/2R, where R is 

reflectance. Tauc plots were then plotted to calculate band gap energies. 

Raman spectroscopy. Prior to measurements, mesostructured Si powders were soaked in 1× PBS 

for 0 h, 2 h, 12 h and 24 h. Raman spectra were recorded using a LabRAM HR evolution system 

(Horiba, Japan), with samples immersed in PBS solutions.  

Cell/Si interface imaging. 

A. High-pressure freezing and freeze-substitution. Human umbilical vein endothelial cells 

(HUVEC) were first seeded on a transwell with 96 permeable supports (Corning Inc., USA, 

polyester membrane, pore size, 1.0µm) and cultured in Medium 200 (Life Technologies, USA) 

until reaching confluency. Mesostructured Si particles (~0.01 mg) were added to the transwell, 

which settled down within 15 min. The polyester membrane was peeled off from the well and 

transferred to an aluminum planchet, with excess space filled with 1-hexadecene (Sigma-Aldrich, 

USA). Samples were frozen in a Baltec HPM 010 high-pressure freezer (Technotrade, USA) and 

then freeze-substituted in 0.25% glutaraldehyde (Electron Microscopy Sciences, USA) and 0.1% 

urinal acetate (Electron Microscopy Sciences, USA) dissolved in anhydrous acetone (Electron 

Microscopy Sciences, USA), using an automated freeze substitution machine (AFS2, Leica 

Microsystems, Germany). The temperature increased from -180 °C to -80 °C in 12 h and stayed at 

-80 °C for 72 h. The temperature was then ramped from -80 °C to -20 °C over 12 h. Samples were 

washed with anhydrous acetone three times at -20 °C, then transferred to 4 °C, held overnight, and 

warmed to room temperature. Samples were then infiltrated with increasing concentrations of 

epoxy resin in anhydrous acetone (low viscosity Spurr, Ted Pella Inc., USA, 20%, 25%, 33%, 50%, 

and 100%; v/v) and finally solidified at 60 °C for 24 h. Epoxy sections of ~100 nm were cut using 

a ultramicrotome (Ultracut E, Reichert-Jung, USA) collected on copper grids (Electron 
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Microscopy Sciences, USA, 200 mesh). Sections were stained with 2% (w/v) uranyl acetate and 

0.5% (w/v) lead citrate (Electron Microscopy Sciences, USA). Samples were imaged using a 

Tecnai F30 TEM (FEI, USA).  

B. Chemical fixation. HUVECs and mesostructured Si mixture were prepared in the same way 

for freeze substitution on transwell membranes. The samples were fixed with 2% glutaraldehyde 

and 4% paraformaldehyde (Electron Microscopy Sciences, USA) in 0.1 M sodium cacodylate 

buffers (Electron Microscopy Sciences, USA) overnight at 4 °C. The samples were then washed 

three times with sodium cacodylate buffers for 5 min each time. After replacing with 1% osmium 

tetroxide (Electron Microscopy Sciences, USA) in sodium cacodylate buffers and incubating for 

60 min, the samples were washed twice with sodium cacodylate buffers for 5 min each time. 

Maleate buffers (Electron Microscopy Sciences, USA, pH 5.1) were then used to rinse the samples 

for 5 min. The samples were subsequently stained with 1% uranyl acetate in maleate buffers for 

60 min. After the staining, the samples were washed three times with maleate buffers with 5 min 

each time. The following dehydration process involves a series of washing steps with increasing 

concentrations of acetone in maleate buffers (25% 2×5 min, 50% 2×5 min, 70% 2×5 min, 95% 

2×5 min, 100% 3×15 min; v/v). The infiltration process was performed in the same way as that 

used in freeze-substitution method (epoxy in anhydrous acetone, 20%, 25%, 33%, 50%, and 100%; 

v/v). The final epoxy resins were solidified at 60 °C for 24 h. Epoxy sections were cut, stained and 

imaged in the same way as those used for freeze substitution.  

In vitro Si degradation. A series of samples with 50 μg, 100 μg and 300 μg mesostructured Si in 

1 mL of 1× PBS solution were incubated at both room temperature and 37 °C. An aliquot of 0.5 

mL solution was removed at different time points from each tube and diluted with 4.5 mL 2% 

HNO3 and subjected to analysis by inductively coupled plasma optical emission spectroscopy (710 
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ICP-OES, Agilent Technologies, USA). 0.5 mL of fresh PBS solutions were added back each time 

to all tubes. For each group of samples, 5 independent tests were performed (i.e., n = 5).  

Calcium imaging. HUVECs were first cultured on petri dishes to reach a confluency of ~80% 

before experiments. Cells were stained with 1 μM Fura-2 AM (Life Technologies, USA) for 30 

min and washed three times with a HEPES-buffered Tyrode’s solution (119 mM NaCl, 5 mM KCl, 

25 mM HEPES, 2 mM CaCl2, 2 mM MgCl2, 6 g/L glucose, pH 7.4). Solid silicon particles were 

prepared by mechanically grinding of a silicon wafer (Silicon Quest, USA, p-type, 1-10 Ω cm). 

Both mesostructured and solid Si particles were immersed in HEPES-buffered Tyrode’s solutions 

overnight before applying to the stained cell cultures. About 0.01 mg of Si particles were delivered 

and allowed to settle down for about 5 min to form interfaces with cells. Glass pipettes with tip 

diameters of ~1.5 μm were pulled in a flaming/brown type micropipette puller (P-97, Sutter 

Instruments, USA). Micropipettes were filled with the same Tyrode’s solution as the bath and 

controlled with a motorized micromanipulator (PatchStar, Scientifica, UK). In general, only 

particles sitting on cell bodies, with lateral sizes of ~5 μm, were chosen. Glass pipettes were 

approached vertically using the micromanipulator and the pipette resistances were monitored in 

real time. The contact point was determined by the time where a transient or steady increase in the 

pipette resistance was observed. After making contact with the particles, pipettes were lowered by 

another 1 μm and held still for 20 s before retraction. During the whole process, fluorescence 

images were collected using an upright microscope (BX61WI, Olympus, Japan) equipped with an 

EM-CCD camera (C9100-13, Hamamatsu Photonics, Japan). Images from excitation wavelengths 

at 340 nm and 380 nm were taken every 1 s. Ratiometric information was obtained from the images 

collected at 340 nm and 380 nm, and was used for quantitative analysis in MetaFluor software 

(Molecular Devices, USA). The amplitude and the slope of the ratio changes after mechanical 
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perturbation were defined in Fig. 2-12a, and statistically compared between 

porous/mesostructured/amorphous and solid/single crystalline Si samples. The amplitude was 

calculated as a ratio between the peak ratiometric difference and the baseline. The slope was 

determined by linear fitting of the range between 25% and 75% of the maximum from baseline. 

Cytotoxicity assays. HUVEC (Life Technologies, USA), C2C12 cells (ATCC, USA) and human 

aortic smooth muscle cells (HASMC) (Life Technologies, USA) were seeded in 96-well plates 

and settled down for 1 d prior to applying mesostructured Si particles. The particles were added to 

make the final concentration as 0.1 mg/mL in each well. In the positive control groups, no particles 

were added. On days 1, 3, 5, 7 of the co-culture with Si particles, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) (Life Technologies, USA) were added and the mixtures were 

incubated for 4 h at 37 oC. Dimethyl sulfoxide (DMSO) (Thermo Fisher Scientific, USA) was 

added to dissolve the as-formed formazan after all the solutions were removed. After 10 min 

incubation at 37 oC, the absorbance of the DMSO solution in each well was recorded with a multi-

plate reader (Tecan Group Ltd., Switzerland, Infinite 200 PRO) at 570 nm. For each group, n=8.  

In vivo Si biocompatibility and degradability. The animal protocol used for this study was in 

accordance to the policies of the University of Chicago and were approved by the Institutional 

Animal Care and Use Committee (IACUC). Young adult male CD® IGS rats weighing 226~250 g 

were ordered from Charles River Laboratories (USA) and housed in pairs in a 6 AM–6 PM light 

dark cycle. Mesostructured Si and sodium carboxymethyl cellulose (CMC, MW ~250,000, Sigma-

Aldrich, USA) were sterilized by UV irradiation for 24 h. Si particles were suspended in 1% CMC 

solution of 1× PBS and sonicated for 1 h before being loaded into 1 mL syringes under sterile 

conditions. CMC was added as a stabilizing agent to prevent the aggregation and sedimentation of 

mesostructured Si particles in saline, and it is biocompatible. Anesthesia was induced briefly, prior 
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to injection, with isoflurane in 100% oxygen. Each rat received one subcutaneous injection of 5 

mg mesostructured Si in 0.5 mL of 1% CMC. 1 day, 7 days and 21 days after the injection, four 

rats were sacrificed at each time point for examination. Tissues retrieved from the necropsy were 

fixed in 10% neutral buffered formalin (Sigma-Aldrich, USA), embedded in paraffin, sectioned, 

and stained with hematoxylin and eosin for histological examination using standard techniques 

and then reviewed by a pathologist.  

Artificial lipid bilayer experiments.  

A. Experimental setup. An inverted microscope (Zeiss IM35, Germany) was used with a 

10×/0.25 NA and a 40×/0.55NA lens to deliver focused laser pulses with spot sizes in diameter of 

~40 μm and ~10 μm, respectively. The beam of the diode-pumped solid-state (DPSS) laser 

(UltraLaser, Canada) was modulated with an acousto-optic modulator (NEOS Technologies, USA), 

controlled by transistor-transistor logic (TTL) pulses, delivered individually or in trains of pulses 

at desired frequencies by a custom-made circuit board. Voltage- and current-clamp protocols were 

done by an Axopatch 200B amplifier (Molecular Devices, USA), controlled by a personal 

computer (PC) through a digital-to-analog converter (Innovative Integration SBC-6711-A4D4, 

USA) with an in-house program control. Analog data were low-pass filtered by an 8-pole Bessel 

filter (Frequency Devices 950L8L, Canada), converted into digital signal by the same board and 

acquired by a PC. Patch pipettes were pulled in a CO2 laser micropipette puller (Sutter Instruments 

P-2000, USA) and polished in a custom-made microforge for a final resistance of 2-4 M  when 

filled with adequate solution. For the temperature measuring experiments, the resistance of a 

positioned patch pipette was monitored and recorded by an OC-725A amplifier (Warner 

Instrument, USA). Experiments to measure capacitance change were carried out with a sinusoidal 

command voltage using a function generator (Krohn-Hite 1200A, USA).  
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B. Lipid bilayer formation. Asolectin lipids (25 mg/mL in chloroform, soybean polar lipid extract, 

Avanti Polar Lipids, USA) were smoothed in a test tube to form a thin film, and then dried inside 

a nitrogen desiccator for about an hour before use. The film was dissolved in n-decane (Thermo-

Fisher Scientific, USA) in order to produce a lipid mix with final concentration 25 mg/mL. A 

custom-made upper chamber containing a 300 μm diameter hole for planar lipid bilayer formation 

was used and placed in a glass-bottomed lower chamber. Typically, 1 μL of the lipids in n-decane 

was deposited on the upper chamber hole and let dry for about 15 minutes. Afterwards both 

chambers were filled with bilayer bath solution (in mM: KCl 90, HEPES 10; pH 7.4). Each 

chamber was then connected to the patch amplifier headstage through Ag/AgCl hemicells via salt 

bridges made with 1% ultrapure agar (USB Corp., USA) melted in a solution containing 1M N-

methyl-D-glucamine (NMG) (Sigma-Aldrich, USA) and 10 mM HEPES, pH 7.4. A lipid bilayer 

was painted with an air bubble held by a pipette tip. The formation of the lipid bilayer was 

monitored under voltage clamp by observing the current responses to a 1V/s voltage ramp. The 

recording electrode was connected to the lower chamber and the reference electrode was connected 

to the top chamber. Data was low-pass filtered at 50 kHz by the 8-pole Bessel filter and sampled 

at 200 kHz. 

The material was grinded and sonicated to roughly spherical shape of ~ 1-2 μm in diameter. 

Approximately 0.01 mg of mesostructured Si particles were delivered into the upper bath solution 

and allowed to settle down for about 5 min. Most of the particles sank to the bottom of the upper 

chamber and made contact with the bilayer. The laser power was adjusted by a set of neutral 

density filters manually. The laser pulse frequency and duration were controlled by the in-house 

software and external custom-made hardware. For these experiments we used the 10× objective 

lens which produced a laser spot size approximately 40 μm in diameter. 
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C. Capacitance measurements. Briefly, the current responses of the bilayer were recorded when 

a 5-kHz sinusoidal carrier voltage signal was concurrently used as the voltage command, while Si-

based film was illuminated by the laser pulses. When the sinusoidal signal passes through a RC 

circuit consisting of the lipid bilayer and series resistance, the in-phase current would be 

determined by the resistance, V/Iin-phase=R, while the 90o out-of-phase current would be determined 

by the capacitive reactance V/Iout-of-phase=Xc. The total impedance can be calculated as 

2 2

cZ R X  . Upon illumination, if the bilayer impedance was altered, the magnitude and the 

phase of the output current would change. Since the capacitive reactance (Xc) is inversely related 

to the capacitance (C) and the frequency (f), 
1

2
cX

fC
 , an increase in bilayer capacitance due 

to a temperature rise would lower the impedance, resulting in an increase of output current. After 

low-pass filtered at 20 kHz and sampled at 100 kHz, the sinusoidal current output signals were 

rectified, and low-pass filtered at a cutoff frequency of 2 kHz. Therefore, the difference of the out-

of-phase current outputs, with and without the laser stimulation, reflects the capacitance change in 

the bilayer. 

D. Local temperature measurements. During the bilayer stimulation experiment, a pipette 

electrode (2~4 MΩ) filled with bilayer bath solution was placed adjacent to the stimulation site. 

As the solution inside the pipette was the same as in the bath, the effect of liquid junction potential 

is diminished, i.e., no ionic gradient across the pipette tip. The resistance of this temperature-

monitoring electrode was recorded. After the stimulation experiment, the temperature-monitoring 

electrode was placed carefully into a chamber with bilayer bath solution pre-heated to about 50 oC. 

A thermocouple was positioned close to the pipette tip. A calibration curve was constructed, based 
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on the pipette resistances in the range of 50 to 20 oC. Subsequently, the calibration curve was used 

to estimate the temperature change from the pipette resistances values recorded earlier.  

E. Capacitive current recording. Capacitive currents were recorded in voltage-clamp mode. A 

laser pulse was delivered to the preparation 300 ms after the voltage was jumped from a holding 

potential of 0 mV to the desired voltage. The amplifier output was low-pass filtered at 50 kHz and 

sampled at 200 kHz. 

Dorsal root ganglia (DRG) neurons experiments. 

A. DRG culture. DRGs were extracted from decapitated P1-P3 Sprague-Dawley rats and were 

placed immediately in Dulbecco’s modified eagle medium (DMEM) (Life Technologies, USA) on 

ice. The ganglia were transferred to a 0.25% solution of trypsin (Worthington, USA) in Earle’s 

balanced salt solution (EBSS) (in mM: NaCl 132, KCl 5.3, HEPES 10, NaH2PO4 1, glucose 5.5; 

pH 7.4) and placed for 20 min in a 37 oC shaker. Afterwards, the cells were centrifuged and the 

supernatant was replaced with EBSS added with 10% fetal bovine serum (FBS) (ATCC, USA). 

After mechanically dispersing the cells with pipetting, they were centrifuged and the supernatant 

was replaced with DMEM containing 5% FBS. Next, cells were seeded into poly-L-lysine (PLL) 

(Sigma-Aldrich, USA) coated glass-bottom Petri dishes, and allowed 30 min for cell adhesion. 

Finally, the dishes were flooded with DMEM supplemented with 5% FBS, 100 U/ml penicillin 

(Sigma-Aldrich, USA), and 100 μg/ml streptomycin (Sigma-Aldrich, USA), and incubated at a 37 

oC chamber with 5% CO2 until used for experiments. The DRG neurons are ready for use in about 

3 hours and can be used for experiment for about a week. 

The animal protocol used in this step was in accordance to the policies of the University of 

Chicago and were approved by the Institutional Animal Care and Use Committee (IACUC). 
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B. Electrophysiology. Before the experiment, supplemented DMEM in the Petri dish with DRG 

neurons was rinsed three times with recording solution (in mM: NaCl 132, KCl 4, MgCl2 1.2, 

CaCl2 1.8, HEPES 10, glucose 5.5; pH 7.4). About 0.01 mg of mesostructured Si particles were 

delivered and settled for approximately 5 min. In general, we visually selected a DRG neuron with 

a single particle (size: ~ 2 µm) attached to the soma for patching. Desired neurons were patched 

with a ~2 MΩ pipette, filled with pipette solution (in mM: NaCl 10, KCl 150, MgCl2 4.5, EGTA 

9, HEPES 10; pH 7.3). Voltage recordings were made in current clamp mode. Every three seconds, 

a 1 ms suprathreshold amplitude current injection was delivered to the neuron to assess its 

excitability and followed by a 1 ms laser pulse, 300 ms later. We used the 40× objective lens for 

these experiments, therefore a 10 μm diameter laser spot was delivered to the preparation. Then 

we determined the minimal power enough to elicit action potentials (APs) and applied it in trains 

of laser pulses at different frequencies. Spike responses elicited by either individual pulses or pulse 

trains were low-pass filtered at 5 kHz and sampled at 20 kHz. 

C. Data analysis. Spike latency was calculated as the time between the onsets of the light pulses 

and the spike peaks. Jitter was calculated as the standard deviation (SD) of spike latencies, 

measured either across all the spikes throughout a spike train (throughout trial jitter), or for 

individual spike across different trials of trains (trial-to-trial jitter). Specifically, we collected 21 

spikes at each frequency, and repeated 4 times. To calculate ‘throughout trial jitter’, we took SDs 

of latencies throughout 21 spikes in a single trace, followed by averaging them over 4 trials, To 

calculate ‘trial-to-trial jitter’, we took SDs of latencies for one specific spike (e.g., the second spike 

in the train) in 4 independent trials, followed by averaging them throughout 21 spikes in a single 

trace. For all latency and jitter analyses, light pulses which failed to elicit a spike were ignored. 
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Fast Fourier transform was performed on representative traces for each frequency in 

OriginPro. Area-based return map, An-An+1 (An is the area of the nth induced neuronal signal)6, was 

obtained by plotting the integrated area for each signal (range: peak-10 ms ~ peak+10 ms) using a 

MATLAB code. Height-based return map was obtained using the amplitude values of each signal 

in MATLAB. At each frequency, 4 traces were analyzed. For each trace, analysis was performed 

for spikes from the 2nd to the 21st. 

Device fabrication. The device was fabricated on a Si substrate (n-type, 0.001~0.005 Ω·cm, Nova 

Electronic Materials, USA). The fabrication process consists of two steps of photolithography. The 

first step yields mesostructured Si-covered SU-8 micro-pads. The as-fabricated micro-pads were 

then connected by a second step of lithography. Briefly, one layer of SU-8 photoresist (SU-8 2002, 

MichroChem Corp., USA) was first spin-coated on the substrate, followed by baking at 65 °C for 

2 min and 95 °C for 4 min, respectively. The SU-8 coated substrate was then photolithographically 

patterned and post-exposure baked at 65 °C for 2 min and 95 °C for 4 min. Mesostructured Si 

suspension in IPA was drop casted on the SU-8 layer and dried before developing in the SU-8 

developer (MicroChem Corp., USA) for 4 min to reveal the micro-pad array. To connect the micro-

pads, the as-formed isolated array was covered with another SU-8 layer. The second layer was 

baked at 65 °C for 2 min and 95 °C for 4 min. A mask aligner (EVG 620, EVGroup, Austria) was 

used to make the interconnections between micro-pads followed by post-exposure baking at 65 °C 

for 2 min and 95 °C for 4 min. The second layer was next developed using the SU-8 developer for 

4 min. The final hard baking at 180 oC for 30 min is optional.  
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Chapter 3  

Rational design of silicon structures for multiscale and 

optically-controlled biointerfaces 

3.1 Introduction 

Silicon (Si)-based materials have a wide range of utilities in biophysical and biomedical 

research. Fundamental discoveries of new forms and properties in materials can lead to new 

designs of biophysical tools and biomedical devices1-15. For example, dopant modulated and 

kinked silicon (Si) nanowires allow for intracellular electrical recording from cardiomyocytes with 

a field effect transistor configuration2. Bendable integrated circuits, based on Si nanoscale 

membranes and their seamless interface with thermal oxide, open the way for long-lived 

bioelectronic implants for the heart6. Although the electrically registered device components have 

yielded impressive results, remotely-controlled and freestanding systems are rarely employed in 

biointerface studies16-23. This is largely due to our limited understanding of the physicochemical 

processes at the freestanding Si surfaces under physiological conditions. In particular, a 

quantitative understanding of the light-induced electrical, electrochemical, and thermal pathways 

across multiple length scales, if achieved, would likely promote future biointerface innovations. 

In this chapter, I will demonstrate a biology-guided rational design principle for establishing intra-

, inter- and extracellular Si-based interfaces, where Si and biological targets have matched 

properties. In particular, I will focus on the light-induced processes at these interfaces, and develop 

a set of matrices to quantify and differentiate the capacitive, Faradaic and thermal outputs from ~ 

30 different Si materials in saline. Finally, I will demonstrate the utility of these interfaces by 
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showing light-controlled non-genetic modulations of intracellular calcium dynamics, 

cytoskeleton-based transport and structures, cellular excitability, neural transmitter release from 

brain slices, and brain activities in vivo.  

3.2 Results and Discussion 

3.2.1 The principle of biology-guided biointerface design 

Si displays many size- and doping-dependent physicochemical processes. To efficiently 

leverage these processes in the context of biointerfaces, the Si-based materials or devices should 

be in tight contact (Fig. 3-1a, Selection I) with their biological counterparts. Such tight interfaces 

can be established by van der Waals forces at the organ level, by dynamic cellular focal adhesion 

at the single cell and tissue level, and by protein-associated tethering and active motions at the 

organelle level. To promote these forces, we focus our Si materials on flexible and distributed 

mesh (at the organ level)1, membrane with rough surfaces (at the cell and tissue level)24 and 

nanowire (at the organelle level) geometries25, where at least one dimension of the material 

properties can be tuned to promote tight interfaces (Fig. 3-1b). After the material/device structures 

are determined, we are next in a position to examine the effects of other orthogonal controls (e.g., 

size, doping, surface chemistry) to produce the desirable physicochemical processes (Fig. 3-1a, 

Selection II) at the biointerfaces. These two-step selections, guided by the need to form tight 

junctions (Selection I) and efficient signal transduction (Selection II) with the biological targets, 

would narrow the material options to those that are better suited for the targeted biophysical or 

biomedical questions.  
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Figure 3-1. The principle of biology-guided biointerface design. A schematic diagram illustrating the principle of 

biology-guided biointerface design. The intended biological targets place selection criteria for material structure (I) 

and function (II), so that the selected materials would display a better chance to establish functional biointerfaces.  

3.2.2 Selection I for material structures 

For example, to create a conformal interface with a mouse brain cortex, we explored a 

flexible device made of a distributed mesh of Si membrane (~ 2.3 μm in thickness) and a porous 

polydimethylsiloxane (PDMS) substrate (Figs. 3-2, 3-3). The holey structures in both Si and 

PDMS can mitigate the stress accumulated across a large device area (Fig. 3-4), and enhance the 

device mechanical compliance.  

 

Figure 3-2. A distributed Si mesh for organ-level biointerface. a, Distributed Si meshes are chosen after Selection 

I to form tight interfaces with organs. b, A flexible device composed of a stack of a distributed Si mesh and a holey 
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Figure 3-2, continued. PDMS membrane. The flexibility is demonstrated by optical (left) and scanning electron 

(lower right) micrographs and a photograph (upper right) taken from the same device under rolling or bending. 

 

Figure 3-3. Schematic diagrams illustrating the fabrication procedures of the flexible device made of PDMS 

and Si.  (1-6) Fabrication of the distributed Si mesh by a combination of photolithography, reactive ion etching, and 

wet etching processes. (I-VI) Fabrication of the holey PDMS membrane with the soft lithography technique. (7/VII) 

Transfer of the Si mesh onto the PDMS membrane for the final device.  

 

Figure 3-4. A distributed Si mesh mitigate stress over a large area. Finite element analysis of the von Mises stress 

distributions in a distributed Si mesh (left) and a solid Si membrane (right) upon indentation. The Si mesh with the 

holey structure shows a more uniform stress distribution across individual Si pads, suggesting a potentially more 

consistent optical stimulation performance in different locations. For the solid Si membrane, a large stress variation 
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Figure 3-4, continued. was observed, suggesting performance heterogeneity. Additionally, the relaxed stress in the 

distributed mesh suggests a better mechanical stability during the device assembly and operation.  

With this Si membrane alone, we can examine uniformly doped and dopant modulated 

configurations to identify the effect of doping. In particular, a p-type/intrinsic/n-type (p-i-n) Si 

heterojunction was synthesized by chemical vapor deposition (CVD) of intrinsic and n-type Si 

layers (~ 140 and ~ 190 nm in thickness, respectively) over a p-type Si semiconductor-on-insulator 

(SOI) substrate (p-type Si thickness, ~ 2 µm) (Fig. 3-5). Cross-sectional (scanning) transmission 

electron microscope (TEM) images taken at the interface between the SOI wafer and the as-

deposited layers indicate a columnar shell structure with a sharp and oxide-free interface (< 1 nm 

junction width) (Fig. 3-5b, upper right). While the p-type substrate is single crystalline, the i-/n- 

layers are nanocrystalline (Fig. 3-5b, lower right; Fig. 3-6), which is reminiscent of the Si 

nanostructures used for thin film solar cells. The surface of the nanocrystalline layer is rough, 

which would promote cellular focal adhesions24. Beyond doping control, we also prepared metal 

(i.e., gold, silver, and platinum) nanoparticle or nanomesh-covered Si heterojunctions by 

electroless deposition in order to expand the repertoire of Si-based biointerfaces (Fig. 3-7).  

 

Figure 3-5. A multilayered Si membrane for cell- and tissue-level biointerface. a, Multilayered Si membranes are 

chosen after Selection I to form tight interfaces with cells and tissues. b, A multilayered p-i-n Si heterojunction made 

by a CVD synthesis of intrinsic (magenta) and n-type (green) Si layers onto a p-type (cyan) Si SOI substrate. A cross-

sectional TEM image (left) shows the columnar structures of the intrinsic and n-type layers. A low-angle annular dark 
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Figure 3-5, continued. field scanning TEM (LAADF STEM) image (upper right) and a SAED (zone axis B = [011], 

lower right) pattern taken at the p-type (cyan)/intrinsic (magenta) interface both highlight the single crystalline p-type 

layer (isolated spots (blue) from SAED, periodic atomic columns from STEM) and the nanocrystalline intrinsic layer 

(concentric rings (magenta) from SAED, small crystal domains from STEM). A sharp and oxide free interface is 

evident from the STEM image with a junction width of < 1 nm. Orange dashed lines mark the intrinsic/n-type (left) 

and the p-type/intrinsic (upper right) interfaces. 

 

Figure 3-6. Cross-sectional views of the p-i-n Si heterojunction. a, A TEM image showing the columnar structure 

of the intrinsic and n-type layers grown on the p-type substrate. Colored boxes (green, n-type Si; red, p-type/intrinsic 

interface; blue, p-type Si) denote the regions for SAED in c. b, A SEM image showing the thicknesses of both the 

intrinsic (white) and n-type layers (green). The sample was prepared by the etching of a p-i-n heterojunction in a 20% 

(w/v) potassium hydroxide (KOH) aqueous solution at 60 oC for 10 s. The orange dashed line highlights the intrinsic/n-

type interface. c, SAED patterns taken from the [011] zone axis showing the transition of crystallinity from the [100]-

oriented single crystalline p-type substrate (isolated spots with blue labels) to the nanocrystalline intrinsic (concentric 

rings with white labels) and n-type (concentric rings with green labels) layers with grain boundaries roughly aligned 

with the [100] direction.  
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Figure 3-7. Structural characterizations of the gold-decorated p-i-n heterojunction. a, Top-view SEM images 

showing the interconnected meshes made of gold. The yellow box in the left image highlights the region for a zoom-

in view (right), and shows the coexistence of small nanoparticles together with the large meshes. b, A cross-sectional 

bright field TEM image (left) taken at the Au-Si interface where Au appears to be dark. A SAED pattern (right) shows 

the diffraction features from both Si and Au. c, A high-angle annular dark field (HAADF) STEM image (left) taken 

at the Au-Si interface where Au has a higher contrast than Si. A zoom-in view (middle) and its corresponding XEDS 

map (right, purple, Au M series; green, Si K series) highlights the sharp interface. The existence of small Au 

nanoparticles right at the interface allows potential charge transfer pathways between Si and Au to promote the 

photoelectric responses.  

To enable intracellular biointerfaces, we chose Si nanowires as recent studies showed that 

they can be internalized into mammalian cells through phagocytosis25 and, when inside, form 

active interfaces with cytoskeletal systems14. Additionally, to promote light absorption from single 

nanowire structures26, we deposited nanocrystalline Si shells over a thin, vapor-liquid-solid (VLS) 
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grown Si nanowire backbone (~ 50 nm in diameter) (Fig. 3-8b, left and upper right). Cross-

sectional and side-view TEM images reveal that > 95% of the total volume is nanocrystalline (Fig. 

3-8b, lower right).  

 

Figure 3-8. A Si nanowire for organelle-level biointerface. a, Coaxial Si nanowires are chosen after Selection I to 

form tight interfaces with organelles. b, An intrinsic-intrinsic coaxial Si nanowire is synthesized from the deposition 

of a thick shell over a thin VLS-grown nanowire backbone as shown in a side-view TEM image (left). A cross-

sectional TEM image (upper right) shows diameters of ~ 50 nm and ~ 270 nm for the core and shell, respectively. A 

corresponding SAED pattern (lower right) confirms the nanocrystalline structure. Orange dashed lines highlight the 

core/shell boundaries.  

3.2.3 Selection II for material functions 

Given that cellular physiology can be altered with a ~ pA level ionic current, we next 

utilized a high-precision electrochemical tool, i.e., a patch-clamp setup, to investigate the light-

induced and biointerface-relevant physicochemical processes (Fig. 3-1, Selection II) that 

originated from the freestanding Si surfaces27. Briefly, we immersed different types of Si materials 

(e.g., dopant-modulated, surface-treated and size-tuned nano-membranes, and nanocrystalline 

nanowires, as selected from the first step) into a phosphate-buffered saline solution, and positioned 

glass micropipette electrodes in close proximity to the Si surfaces (~ 2 µm) where ionic flows 
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across the pipette tips were measured in the voltage-clamp mode (Fig. 3-9, upper). Specifically, 

we delivered light pulses (530 nm light-emitting diode (LED) or 532 nm laser, 10 ms) through a 

microscope objective to illuminate Si and recorded the ionic current dynamics under different 

pipette holding potentials (Fig. 3-9, lower).  

 

Figure 3-9. Schematic diagrams illustrating the experimental setup for the photo-response measurements from 

Si structures.  Light pulses (530 nm LED or 532 nm laser) are delivered through a water-immersion objective to the 

Si submerged in a PBS solution. Light-induced currents are recorded at different pipette command potentials (Vp) 

using a voltage-clamp mode, from which capacitive, faradaic and thermal components can be either directly measured 

or derived by mathematic fitting. 

Using pulsed light illuminations, we developed a universal analysis and unambiguously 

identified and mostly importantly, decoupled two explicit and one implicit element of the photo-

responses. 

3.2.4 Analysis of the photo-response measurements.  

In a typical photo-response measurement, a glass micropipette, with the potential holding 

at a fixed level (Vp), was positioned near a Si material surface immersed in PBS, and a 10-ms long 
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light pulse was delivered to the material in the middle of the trial (Fig. 3-10). Therefore, the 

recorded current across the pipette tip can be divided into two parts, namely the baseline current 

I0 at the dark stage and the time-dependent light-generated current ΔIlight(t) at the light stage. 

During the light illumination period, two parallel processes originated from the Si material can 

contribute to ΔIlight(t).  

The first one is the photoelectric process where the light-generated excessive carriers will 

accumulate on the Si surface and change the local surface potential. Ions in the nearby medium 

will be attracted/repelled with respect to this photo-generated potential and create the ionic currents. 

Since the variation of the surface potential is only a function of the carrier dynamics on the Si 

surface, the photoelectrically-induced ionic current (ΔIelectric(t)) is therefore independent of the 

holding current level I0.  

Another process is related to the photothermal effect of Si where the recombination of 

light-generated carriers converts part of the input photon energy into the vibrational energy of the 

Si lattice, which dissipates heat through both Si and the surrounding electrolyte. For the electrolyte 

with an elevated temperature, mobilities of the ions will increase, resulting in a reduced pipette tip 

resistance R. Even under a fixed holding potential Vp, the current during the light illumination 

period will change due to the decrease of the pipette resistance. Therefore, the thermally-induced 

current (ΔIthermal(t)), is strongly related to the holding potential Vp and the baseline current I0 , 

where p 0 0=V I R , 
0R is the pipette resistance in dark. 
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Figure 3-10. A schematic diagram illustrating the equivalent circuit for the photo-response measurements from 

Si structures.   

Given the significantly different dependences on the holding current I0 for the electrically- 

(ΔIelectric(t)) and thermally-induced currents (ΔIthermal(t)), the total light-generated currents (ΔIlight(t) 

= ΔIelectric(t) + ΔIthermal(t)) can be potentially decoupled by analyzing current traces recorded at 

different holding levels.  

At a given time point t during the light illumination period, the recorded current, I0+ 

ΔIlight(t), excluding the photoelectrically-induced current part ΔIelectric(t), and the pipette tip 

resistance R(t) follow the Ohm’s law as long as the holding potential Vp is fixed.    

 p 0 0 0 light electric= = + ( ) ( ) ( )V I R I I t I t R t    .   (3-1) 

Rearranging Eq. 3-1 gives the relationship between the light-induced current ΔIlight(t) and 

the holding current I0 that 

          0
light 0 electric( ) 1 ( )

( )

R
I t I I t

R t

 
     

 
.   (3-2) 
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As shown in Eq. 3-2, the photoelectric effect is explicitly manifested as the intercept of the 

curve. A photocurrent plot can be generated by plotting the fitted intercept values over time as 

shown in Fig. 3-11. Two types of photoelectric responses, i.e., capacitive and Faradaic, are further 

identified based on the dynamics and the amplitude of the currents. Two spiky features at the onset 

and offset of the light illumination are capacitive currents corresponding to the capacitive 

charging/discharging processes at the Si/electrolyte interface. A long-lasting current with a lower 

amplitude is the Faradaic current due to the surface redox reactions.  

The photothermal effect, on the other hand, is implicitly embedded in the fitted slope as 

the pipette resistance is a function of temperature. To calculate the photothermally-induced 

temperature change of the surrounding medium, a calibration curve of the pipette resistance over 

temperature is needed, which typically follows an Arrhenius-type relationship54 that  

                 
1

ln R a c
T

   ,   (3-3)  

where a and c represent the slope and intercept values. 

In conjunction with the slope k(t) from the ΔIlight(t) - I0 plot that 

0( )
( ) 1
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R t

k t



,   (3-4)  

the final temperature of the surround medium heated from the photothermal effect is determined 

only by the slopes of the ΔIlight(t) - I0 and the lnR - 1/T curves that 
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.   (3-5)  
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Notably, since the photothermal effect is a function of the illumination duration, the slope 

of the ΔIlight(t) - I0 plot is also time dependent. The maximal temperature is reached after 10 ms of 

illumination so ΔIlight,10 ms - I0 plots were used to assess the photothermal responses of various Si 

materials. A temperature over time curve can also be generated using the fitted slope values from 

each time point as shown in Fig. 3-11.  

In summary, the ΔIlight,10 ms - I0 plot method can be applied to virtually all kinds of materials 

other than just Si to assess their photo-responses, which will fall into the following four categories.  

1) In one extreme case where the material has only the photothermal effect without any 

photoelectric effect, i.e., ΔIelectric = 0 at all time, Eq. 3-2 will be reduced to  

       0
light,10 ms 0

10 ms

1
R

I I
R

 
    

 
.   (3-6)  

The ΔIlight,10 ms - I0 plot will be a slanted line with a zero intercept.  

2) In another extreme scenario where the material has only the photoelectric effect without any 

photothermal effect, i.e., R0= R10 ms, Eq. 3-2 can be written as  

          light,10 ms electric,10 msI I   .   (3-7)  

The ΔIlight,10 ms - I0 plot will be a horizontal line with a non-zero intercept.  

3) If a material does not have any photo-responses, Eq. 3-2 will be  

light,10 ms 0I  .     (3-8)  

The ΔIlight,10 ms - I0 plot will be a horizontal line with a zero intercept.  

4) In any intermediate situations where both the photoelectric and the photothermal effects coexist, 

the original form of Eq. 3-2 applies that 
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            0
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. (3-9)  

The ΔIlight,10 ms - I0 plot will be a slanted line with a non-zero intercept.  

In a representative trial from an Au nanomesh-decorated p-i-n Si membrane (Fig. 3-11, 

upper), we first noticed two ‘spiky’ features under a LED light pulse (~ 12.05 mW, ~ 500 μm spot 

size) with a power density of ~ 6 W/cm2. The upward (~ 86 nA, with a transient peak current 

density at the pipette tip of ~ 2700 mA/cm2) and downward (~ -34 nA, transient current density of 

~ 1100 mA/cm2) components correspond to capacitive charging/discharging processes at the 

Si/electrolyte interface. The second photo-response element is manifested as a long-lasting current 

with a lower amplitude (e.g., ~ 2 nA for the same Au-decorated Si membrane) (Fig. 3-11, upper 

inset), which is indicative of a Faradaic current leading to redox reactions. Metal-free p-i-n Si 

membranes only display symmetrical capacitive current spikes, with negligible Faradaic 

components detected from the local patch-clamp electrode. The last photo-response element is 

implicit and it corresponds to the local temperature elevation of the solution due to the 

photothermal effect from Si. In this scenario, the recombination of carriers converts part of the 

input photon energy into the vibrational energy of the Si lattice, which dissipates heat through both 

Si and the surrounding electrolyte. Because the glass micropipette resistance is temperature-

dependent, we determined the thermal dynamics by fitting the recorded patch-clamp currents at 

various holding potentials. For example, we recorded a ~ 5.4 K peak temperature rise from a 

nanocrystalline Si nanowire upon laser illumination (~ 47.1 mW, ~ 5 μm spot size) at ~ 240 

kW/cm2 for 10 ms (Fig. 3-11, lower). 
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Figure 3-11. Representative Si photo-responses. Recorded data from an Au-decorated p-i-n Si heterojunction (top, 

from 1 mM HAuCl4, LED illumination, ~ 12.05 mW, ~ 500 μm spot size, ~ 6 W/cm2) and an i-i nanocrystalline 

nanowire (bottom, laser illumination, 47.1 mW, ~ 5 μm spot size, ~ 240 kW/cm2) showing three major types of the 

responses, i.e., capacitive (upper), Faradaic (upper inset), and thermal (lower). LED-induced capacitive and Faradaic 

currents are pronounced in the Au-decorated heterojunction. The capacitive current is defined as the maximal current 

amplitude reached after the light onset while the Faradaic current is defined as the current amplitude at the time point 

of 8.5 ms since illumination starts. The nanocrystalline nanowire generate significant heating of the surrounding PBS 

via its photothermal effect under laser illumination. Green shaded areas highlight the light illumination periods. The 

grey dashed box marks the region for the inset. Measurements from control surfaces without Si materials showed no 

photo-responses. 

To build quantitative matrices for these three photo-response elements, we screened a 

library of Si-based materials to evaluate the impact of doping, surface chemistry and size (Table 

3-1). We extracted the capacitive, Faradaic, and thermal components from the patch-clamp 

recordings of 16 representative Si samples (Table 3-1), and projected them onto three axes to 

decouple any individual contributions (Fig. 3-12). 
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Table 3-1. A summary of individual photo-responses from 16 selected Si structures. A p-i-n heterojunction 

promotes the capacitive current (Red) over a uniformly doped p-type Si. Metal decorations on the heterojunction 

further enhance the capacitive current (Red), and more importantly, increase the proportion of Faradaic component 

(Green). Laser illumination on Si materials with smaller dimensions yields stronger photothermal responses (Blue). 

The LED illumination condition: ~ 12.05 mW, ~ 500 μm spot size, ~ 6 W/cm2; the laser illumination condition: ~ 47.1 

mW, ~ 5 μm spot size, ~ 240 kW/cm2. Pipette-Si distance ~ 2 µm.  

 

Figure 3-12. Quantitative matrices of the three photo-responses. The impact of important materials parameters, 

e.g., doping (left), surface chemistry (middle), and size (right) were evaluated. Heterojunctions (left, p-i-n and n-i-p) 

show significantly enhanced capacitive currents versus uniformly doped SOI substrates (p-type and n-type). Au-

decorated p-i-n heterojunctions (middle) promote both capacitive and Faradaic currents. Si structures with smaller 

dimensions (right) show stronger photothermal responses. 
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We first considered the simplest single-crystalline p-type Si SOI substrate (device layer 

thickness: ~ 2 µm). A typical experiment (LED illumination, ~ 12.05 mW, ~ 500 μm spot size, ~ 

6 W/cm2) shows a small capacitive current of ~ 50 pA, and a transient peak current density of ~ 

1.6 mA/cm2 at the pipette tip. However, upon deposition of the intrinsic and n-type layers (i.e., 

forming a p-i-n heterojunction), the recorded capacitive current and transient peak current density 

were boosted to ~ 7400 pA and ~ 235 mA/cm2, respectively (Fig. 3-13). This significant 

enhancement in the capacitive component is likely due to the enhanced light absorption from the 

nanocrystalline layers and more efficient charge separation by the built-in electric fields across the 

p-i-n diode junction. The polarity of the capacitive currents (i.e., upward at the onset of light 

illumination; downward at offset) in both cases stays cathodic, although the dopant types of the 

electrolyte-interfacing layers are different (p- in p-type SOI device layer, and n- in p-i-n 

multilayers). This suggests that the primary light-generated carriers accumulated on the Si surfaces 

are electrons, which are the minority carriers in p-type SOI and the majority carriers in the p-i-n 

samples, respectively. With a reversed doping sequence, both n-type SOI substrate (~ - 48 pA) and 

the corresponding n-i-p (~ - 510 pA) heterojunction display the opposite capacitive current polarity, 

as expected. In these metal-free samples, the Faradaic and thermal components are negligible e.g., 

~ 7 pA and ~ 0 K as peak values for p-i-n multilayered sample (under ~ 6 W/cm2 LED illumination). 

Overall, the dominant photo-response element in metal-free Si membranes is the capacitive current.  
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Figure 3-13. Photo-responses of dopant modulated Si structures. a, Representative current traces recorded from a 

p-i-n heterojunction under LED pulses (530 nm, 10 ms, ~ 12.05 mW, ~ 500 μm spot size, ~ 6 W/cm2), showing strong 

capacitive currents and minimal Faradaic currents. I0 is defined as the baseline holding level before the light 

illumination. ΔIlgiht,10 ms is defined as the maximal relative current amplitude after 10 ms of light illumination with 

respect to I0. The light green shaded area marks the light illumination period. b, The ΔIlight,10 ms - I0 plot shows a 

negligible slope and a prominent intercept indicating strong photoelectric and weak photothermal responses. c, 

Statistical analyses of capacitive currents from different types of Si structures highlight the importance of dopant 

modulations. Both p-i-n and n-i-p heterojunctions show significantly enhanced capacitive currents comparing to 

uniformly doped p-type and n-type Si. The polarities of the capacitive currents are opposite for Si with reversed doping 

profiles. Error bars denote standard deviations. d, The amplitude for the capacitive current of a p-i-n heterojunction 

can be monotonically tuned by the light intensity. Error bars denote standard deviations.  

As shown in the Au nanomesh-decorated p-i-n Si membrane, the Faradaic current can reach 

~ 2 nA (Fig. 3-11, upper inset), suggesting a means of charge injection into the solution. We next 

explored multiple metals (e.g., Au, Ag, and Pt) by electroless deposition of 

nanoparticles/nanomeshes onto p-i-n Si surfaces (Fig. 3-14). In all experiments, the introduction 

of metal species promoted both the capacitive and the Faradaic elements (Figs. 3-15, 3-16), with 
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high stabilities over 1000 repetitive illuminations (Fig. 3-17), likely due to the fact that certain 

metals can more efficiently collect and solution-inject the photo-generated carriers (as opposed to 

carrier recombination in bulk Si). Thicker layers of metal, however, block light absorption by the 

buried Si layers, leading to reduced capacitive and Faradaic output (Fig. 3-16). Among all the 

conditions tested, Au nanomesh prepared by immersion of the p-i-n multilayered membrane in a 

1 mM HAuCl4 solution yielded the highest capacitive (~ 86 nA) and Faradaic (~ 2 nA) currents. 

The thermal components under ~ 6 W/cm2 LED illumination were negligible in all metal-decorated 

Si membranes.  

 

Figure 3-14. XPS depth profiles suggest the formation of Au-Si bonds at the interface. a, XPS spectra of Au taken 

at different depths from the surface of Au nanomeshes to the interface between Au and Si. Controlled Ar plasma 

etchings were employed to provide the depth profiles. The shift of binding energy peaks from metallic Au (84.0 eV 

of 4f 7/2 and 87.7 eV of 4f 5/2) to intermetallic Au (85.1 eV of 4f 7/2 and 88.7 eV of 4f 5/2) indicates the existence of 

Au-Si compound at the interface. b, XPS spectra of Si taken at different depths from the interface between Au and Si 

to the bulk Si. The facts that the Si4+ 2p peak at 103.6 eV diminishes and the Si0 2p peak shifts from 100 eV to 99.4 

eV as Si is being etched both suggest the existence of oxidized form of Si at the Au-Si interface.  
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Figure 3-15. Photo-responses of Au-decorated Si structures. a, Representative current traces recorded from an Au-

decorated p-i-n heterojunction (from 1 mM HAuCl4) under LED pulsed illuminations (530 nm, 10 ms, ~ 12.05 mW, 

~ 500 μm spot size, ~ 6 W/cm2) show strong capacitive and Faradaic currents. I0 is defined as the baseline holding 

level before the light illumination. ΔIlight,10 ms is defined as the maximal relative current amplitude after 10 ms of light 

illumination with respect to I0. The light green shaded area marks the light illumination period. b, The ΔIlight,10 ms - I0 

plot shows a negligible slope and a prominent intercept indicating strong photoelectric and weak photothermal 

responses, similar to that from a pristine p-i-n heterojunction. c, Statistical analyses of capacitive (left) and Faradaic 

currents (right) from p-i-n Si heterojunctions with surface Au decorations show that the maximum values of both 

currents are achieved with Au deposited from 1 mM HAuCl4. Error bars denote standard deviations. d, The amplitudes 

for both the capacitive (left) and Faradaic currents (right) of an Au-decorated p-i-n heterojunction can be 

monotonically tuned by the light intensity. Error bars denote standard deviations. 
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Figure 3-16. Metal-enabled promotions of photocurrents in p-i-n heterojunctions are general. Both Pt (a) and 

Ag (b) can be deposited to enhance the photoelectric responses of the p-i-n heterojunction. Maximal Faradaic currents 

are reached using 0.1 mM of K2PtCl4 or AgNO3 although the enhancements enabled by Pt and Ag are not as 

pronounced comparing to Au. 1 mM of metal-containing solutions lead to thicker metal coatings and retard the 

photocurrents by blocking the light being absorbed by the buried Si. Error bars denote standard deviations. 

 

Figure 3-17. Photoelectric responses of Au-decorated heterojunctions possess high stabilities. a, A cyclability 

test of the same Au-decorated heterojunction from 1 mM HAuCl4 with 1000 times of repetitive illuminations (530 nm, 

10 ms, ~ 12.05 mW, ~ 500 μm spot size, ~ 6 W/cm2) at a frequency of 2 Hz. Current traces between cycle number 1 
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Figure 3-17, continued. and 5 (green), 501 and 505 (purple), and 996-1000 (brown) are plotted. Green bars denote 

the 10-ms light illumination periods. b, Both the capacitive and Faradaic currents show high retentions after 1000 

cycles. Notably, the capacitive current has an even higher cyclability (~ 96% retention) versus the Faradaic current (~ 

70% retention), likely benefited from the reversible capacitive charging/discharging processes as oppose to the 

irreversible surface electrochemical reactions. 

Since single cell or subcellular studies require highly localized interrogation, we measured 

the laser-induced (~ 47.1 mW, ~ 5 μm spot size, ~ 240 kW/cm2) photo-responses of Si materials 

with variable lateral dimensions. We observed decreased electrical/enhanced thermal elements 

with reduced sizes of p-i-n Si membranes (Fig. 3-18). In the case of intrinsic nanocrystalline Si 

nanowire, the nano-confinement effect led to the highest photothermal response (~ 5.4 K peak 

temperature change) with negligible capacitive and Faradaic components.   

 

Figure 3-18. Photo-responses of Si structures with different sizes. a, Representative current traces recorded from 

an i-i nanocrystalline Si nanowire under laser pulses (532 nm, 10 ms, ~ 47.1 mW, ~ 5 μm spot size, ~ 240 kW/cm2) 
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Figure 3-18, continued. exhibit a strong dependence on the baseline holding level I0. ΔIlight,10 ms is defined as the 

maximal relative current amplitude after 10 ms of light illumination with respect to I0. The light green shaded area 

marks the light illumination period. b, The ΔIlight,10 ms - I0 plot shows a significant slope and a negligible intercept 

indicating strong photothermal and weak photoelectric responses. c, The pipette resistance over temperature curve 

calibrated from the same micropipette used for the photo-response measurements. The temperature increase of the 

PBS solution caused by the photothermal effect are calculated using both the ΔIlight,10 ms - I0 plot and the T-R calibration 

curve. Briefly, the resistance of the pipette will decrease after 10 ms of illumination on the Si material due to the 

photothermal heating of the local PBS solution. The current amplitude during the light illumination will change 

accordingly following the Ohm’s law. The relationship between the pipette resistances after 0 ms (R0) and 10 ms (R10 

ms) of illumination can then be linked by R10 ms=R0/(1+k), where k is the fitted slope value of the ΔIlight,10 ms - I0. The 

temperature increase of the solution can then be inferred using the T-R calibration curve. d, Statistical analyses of the 

thermal responses of Si structures with different sizes show that the photothermal effect becomes more pronounced 

with the reduction of the Si dimension. p-i-n heterojunctions with different sizes were created by a combination of e-

beam lithography and reactive ion etching processes. Error bars denote standard deviations. 

3.2.5 Recommended materials and devices for multi-scale biointerfaces 

Taken together, our physicochemical measurements highlight p-i-n heterojunction-

enhanced capacitive currents, metal-enhanced capacitive and Faradaic currents, and nano-

confinement-enabled thermal responses, all in freestanding configurations. For the present 

biointerface studies, most Si materials such as a simple p-type Si membrane or p-i-n Si multilayers 

with small lateral dimensions (< 500 μm), will not be considered given that their photo-response 

components are small (Table 3-1, with lower color intensity; Fig. 3-1, excluded materials from 

Selection II). We focused on the intrinsic nanocrystalline Si nanowires for intracellular and the 

related intercellular probing, and only used the photothermal effect. For single cell or small tissue 

level inter- and extracellular studies, we primarily explored a light-induced capacitive effect, i.e., 

we used a p-i-n Si multilayered membrane where the biological invasiveness from capacitive 
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electrochemical currents are usually minimal28. Finally, given that the biological organization at 

the organ level is very complex, we used the Au nanomesh-coated Si heterojunctions for in vivo 

studies (Fig. 3-19, right). Therefore, the modulation therein would benefit most from an efficient 

combination of capacitate and Faradaic currents, a situation similar to where standard metal 

electrodes are used for the stimulation of brains or other body parts28.  

 

Figure 3-19. A principle for the construction of biointerface. The physical origins (light blue block), the material 

developing pathways (light orange block), and the projected biointerfaces (light green block) are highlighted. 

Fundamental processes include the accumulation of ions to balance light-generated excessive carriers near Si surface 

(1, capacitive, C), the metal-mediated redox reactions (2, Faradaic, F), and the thermalization through phonon 

emission (3, thermal, T). Considering the size and mechanics match at the biointerfaces, these Si structures can be 

utilized to form optically-controlled intra- (Si nanowires), inter- (Si nanowires and p-i-n heterojunctions), and extra-

cellular (pristine and metal-decorated p-i-n heterojunctions) biointerfaces. 

3.2.6 Organelle level biointerfaces 

We first considered Si nanowires for intracellular stimulation biointerfaces because it is an 

unexplored domain that is beyond the previously studied intracellular sensing or delivery. In a 

primary culture of neonatal rat dorsal root ganglia (DRG) and associated satellite glia, we noticed 
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a cell-type-specific overlapping of nanocrystalline Si nanowires after ~ 24 hours of coculturing 

(Fig. 3-20a) Statistical analysis of the nanowire-cell colocalization revealed that ~ 87% of total 

nanowires overlapped with glial cells, ~ 3% with neurons, and ~ 10% stayed in the extracellular 

space (Fig. 3-20b). Perinucleus clustering, rather than random intracellular distributions, of the 

colocalized nanowires suggests the internalization of these nanowires14,25. Additionally, the 

presence of bent nanowires following the contours of a few glial cell membranes implies strong 

mechanical interactions between cells and nanowires14. As suggested by a recent study that label-

free nanowires can be internalized through a phagocytosis pathway25, the fact that glial cells 

(versus neurons) do have phagocytic activities supports the observed selective glial 

internalization29. 

 

Figure 3-20. Nanocrystalline Si nanowires display cell-type specific overlapping with glial cells. a, Confocal 

microscope images of the DRG-glia system show that nanowires (blue) mostly overlap with glial cells (red) versus 

neurons (green). The fact that the overlapping nanowires exhibit alignment with cellular protrusions and perinucleus 

clustering rather than random intracellular distributions suggests that nanowires are internalized by the glial cells. b, 

Statistical analysis of the nanowire-cell colocalization rate reveals that ~ 87% of total nanowires overlap with glial 

cells, ~ 3% with neurons, and ~ 10% stay in the extracellular space. Error bars denote standard deviations. 

As a result, we studied the control of glial activities with internalized nanocrystalline 

nanowires as the remotely-controlled stimulators. To this end, we illuminated an intracellularly-
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bounded nanowire with a laser pulse (592 nm, ~ 14.4 mW, ~ 237 nm spot size, 1 ms) in the middle 

of a time-lapse calcium imaging series (Fig. 3-21). Upon light illumination, the glial cell of interest, 

with the nanowire inside, experiences a fast calcium concentration increase followed by a slow 

decay. Since the cell is being stimulated intracellularly, the observed calcium dynamics are likely 

related to the release of calcium from internal storage organelles, e.g., endoplasmic reticulum (ER) 

and mitochondria, rather than the calcium influx through ion channels at the plasma membrane, 

and therefore may be extended to other non-excitable cells (Fig. 3-22). As evidenced by the patch-

clamp measurement, nanocrystalline nanowire exhibits a pronounced photothermal effect which 

results in a transient and localized temperature increase of surrounding cytosol and organelles 

following the laser pulse. This heating effect can either generate reactive oxygen species (ROS)30 

or transiently depolarize/perforate ER and mitochondrial membranes31, all of which can trigger the 

release of calcium from its reservoir to the cytosol. Nevertheless, the same glial cell calcium 

dynamics can still be modulated repetitively (Fig. 3-23), indicating the minimal invasiveness of 

the intracellular stimulation method. Moreover, we not only observed the induced intracellular 

calcium flux from the glia under direct stimulation, but also the intercellular calcium wave 

propagation to both neighboring glia and DRG cells (Fig. 3-21). The selective uptake of nanowires 

by glia and the existence of glia-glia/glia-neuron communication suggest possible remote cellular 

modulations through naturally-occurring intercellular junctions.  
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Figure 3-21. Si nanowire enables the intracellular stimulation of glial cells. Confocal microscope time series 

images (upper middle, lower left, and lower middle; green, calcium; blue, Si nanowires) show that a glial cell with an 

internalized nanowire can be optically stimulated to trigger intracellular calcium elevation and subsequent intercellular 

calcium wave propagations to both glial cells and neurons. A differential interference contrast (DIC) image (upper 

left) highlights the nanowire under stimulation (black arrow) and the morphologies of a neighboring glial cell (red 

arrow) and a neuron (blue arrow). The laser illumination (592 nm, ~ 14.4 mW) was on for 1 ms right before the time 

point of 2.830 s. Quantitative analysis of the fluorescence intensities over time (right) from three regions of interest 

show calcium dynamics in all cells (black, the glial cell being stimulated; red, a nearby glial cell; blue, a neighboring 

neuron). 
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Figure 3-22. Intracellular stimulation can be extended to multiple cell lines. A cancer cell line, U2OS (a), and an 

endothelial cell line, HUVEC (b), can both be stimulated intracellularly to elicit the calcium dynamics. Since the 

intracellular stimulation of calcium largely utilizes the internal calcium storage organelles rather than ion channels on 

the plasma membranes, this modulation method is general to a broad range of mammalian cells. The stimulation laser 

(592 nm, ~ 14.4 mW, ~ 237 nm spot size) was on for 1 ms right before the time point of 2.757 s. Green, calcium; blue, 

Si nanowires. The black arrow marks the nanowire under stimulation, the blue and red arrows mark two adjacent cells 

of interest in a. The white arrow marks the nanowire under stimulation in b.   
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Figure 3-23. Intracellular stimulation of calcium is minimal invasive to cells. a and b, The same glial cell with 

internalized Si nanowires (green, calcium; blue, Si nanowires) is stimulated repetitively without being damaged. In 

the second time of stimulation (b), the intracellular calcium conentration can still increase even it is not at its base 

level. The stimulation laser (592 nm, ~ 14.4 mW, ~ 237 nm spot size) was on for 1 ms right before the time point of 

2.749 s. White arrows mark the same nanowire under stimulation.  

Since Si nanowires can also display active transport along microtubules25, we next explored 

the possibility of using nanocrystalline Si nanowires as a dual-role intracellular biophysical tool, 

i.e., a calcium modulator and a marker for motor protein-microtubule interactions. We 

simultaneously tracked the location of a single nanowire (i.e., a transport marker) in a glial 

protrusion and monitored the nearby calcium dynamics, following a remote laser illumination of 

a different nanowire (i.e., a calcium modulator) to initiate a calcium flux within a network (Fig. 3-

24, first from left). The dynamics of local calcium concentration and the transverse distance of the 

nanowire, as well as the overlaid time series for both the calcium wave front and the nanowire 

center (Fig. 3-24, first from right), together suggest a calcium-triggered directional transport of 

intracellular cargo. Additionally, mean-squared displacement analysis reveals correlated nanowire 

transport modes with the local calcium dynamics, i.e., from random or restricted diffusions 

(diffusivity coefficient α ≤ 1) without elevated intracellular calcium, to an active transport (α ~ 2) 
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after the calcium wave front reached the original nanowire location (Fig. 3-24, first from right; 

Fig. 3-25). The nanowire transport along the glia protrusion is anterograde, i.e., kinesin-based. The 

motor protein kinetics are typically enhanced by increased adenosine triphosphate (ATP) 

activities32, which can be triggered by the elevation of intracellular calcium concentration33,34. Our 

results therefore support a mechanism where a cascade of calcium and ATP dynamics is involved 

for intracellular transport.  

 

Figure 3-24. Si nanowires can serve as a dual-role intracellular biophysical tool. Both calcium modulator and 

marker for motor protein-microtubule interactions can be implemented by Si nanowires. The location of a nanowire 

(i.e., a transport marker) in a glial protrusion is tracked while the nearby calcium dynamics is monitored 

simultaneously, following a remote laser illumination of a different nanowire (i.e., a calcium modulator) to initiate a 

calcium flux within the network (green, calcium; blue, Si nanowires; first one from left). The white dashed box marks 

the region of interest for the transport study. Time series images (second one from left, middle one, second one from 

right) show a calcium-correlated motion of the Si nanowire. MSD analysis further reveals a mode shift of the nanowire 

motion from random or restricted diffusions (diffusivity coefficient α ≤ 1) to an active transport (α ~2). 
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Figure 3-25. Correlated motions of calcium wave propagation and nanowire transport. a, Trajectories of the 

nanowire movement and the calcium wave-front propagation are overlaid, indicating that the nanowire is transported 

inside the cell protrusion. b, Mean-squared displacement analysis of the nanowire motion after the calcium wave-front 

reaches its original location shows a diffusivity coefficient α ~ 2, suggesting the active transport motion of the 

nanowire being triggered by the calcium wave. c, An additional image series (green, calcium; blue, Si nanowires) 

from a different example, showing the calcium-triggered nanowire transport phenomena. White arrows indicate the 

nanowire of interest serving as a transport marker. 

Besides serving as an intracellular calcium modulator and a transport marker, the 

photothermal properties of nanocrystalline Si nanowires may be explored to induce a 

photoacoustic effect for biomechanical manipulation at the subcellular level. To assess this, we 

chose human umbilical vein endothelial cells (HUVEC), which are active in the phagocytosis of 

silicon nanowires and have well-studied microtubule networks. Nanocrystalline Si nanowires are 

trapped in the microtubule meshes after coculturing with HUVEC for ~ 24 hours. When a laser 

pulse (592 nm, 1 ms, ~ 2.09 mW, ~ 211 nm spot size) was introduced to the nanowire, the 

surrounding microtubules were rapidly repelled and formed a void space near the nanowire (Figs. 

3-26a, 3-27), suggesting a shock-wave generation through a photoacoustic effect35. Besides 

intracellular microtubule networks, Si nanowires can also interface with intercellular conduits, 

where microtubules form compact bundles. Upon laser illumination of the entangled single 
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nanowire (592 nm, 1 ms, ~ 2.55 mW, ~ 211 nm spot size), the bundled microtubules are broken 

up immediately (Fig. 3-26b), possibly through a shock-wave-mediated, mechanically-induced 

microtubule depolymerization36. The optically-triggered, and nanowire-enabled mechanical 

manipulation of cytoskeletal structures may serve as a new tool for the study of intra- and 

intercellular dynamics where a remote structural manipulation of subcellular structures is desired.  

 

Figure 3-26. Si nanowires allows intracellular mechanical stimulations. a, Microtubule networks can be 

mechanically manipulated by laser illumination (592 nm, 1 ms, ~ 2.09 mW) of intracellular Si nanowires. Red, 

microtubules; blue, Si nanowires. The white star marks the illumination site. b, Intercellular conduits can also be 

manipulated (592 nm, 1 ms, ~ 2.55 mW). Red, microtubules; blue, Si nanowires. A kymograph (lower right) taken 

along the white dashed line (upper left) shows the evolution of the conduit length. The white star marks the 

illumination site. 

 

Figure 3-27. Microtubule networks can be remotely manipulated by intracellular stimulation of Si nanowires. 

a and b, Two live cell imaging series (red, microtubules; blue, Si nanowires) showing the repellant of microtubule 
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Figure 3-27, continued. networks by the laser illuminations (592 nm, ~ 2.09 mW, ~ 211 nm spot size) of internalized 

Si nanowires. The laser pulses were 1 ms long before the time point of 14.911 s. The facts that the nanowires can be 

moved and get entangled with other microtubules suggest that the cells are alive after the mechanical stimulations. 

Control experiments without nanowires did not yield any of these intra- or intercellular 

observations. Moreover, the importance of using silicon nanowires instead of other nanostructures 

(e.g., Au nanoparticles or nanorods) is due to the following: (1) silicon nanowires can be at least 

partially exposed in cytosol upon phagocytic cellular entrance25, (2) silicon has only a moderate 

photothermal effect (compared to, e.g., that of Au) such that the confocal imaging light source 

itself will not cause heating from the nanostructures, and (3) the high aspect ratio of silicon 

nanowires enables their axial alignment with respect to the cytoskeletal filaments.  

3.2.7 Single cell and small tissue level biointerfaces 

In addition to the nanowire-enabled intracellular biointerfaces, we also explored the 

possibility of implementing extracellular modulations with larger Si structures to match the sizes 

of cultured cellular assemblies and even small tissues. We first tested p-i-n Si heterojunctions 

because their significantly larger light-induced photocurrents (Fig. 3-13; Table 3-1) may be 

readily sensed by cells that are attached directly37-39. Patch clamp and calcium imaging studies 

show that DRGs cultured on Si heterojunctions can be stimulated with focused light pulses (Fig. 

3-28) individually or sequentially in a cellular assembly, with a high spatiotemporal resolution 

(Figs. 3-29, 3-30). 
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Figure 3-28. DRG neurons cultured on a p-i-n Si heterojunction can be optically stimulated. a, A schematic 

illustration of photostimulation of DRG neurons cultured on a Si heterojunction substrate. b, A 6 ms-long laser pulse 

(532 nm, ~ 47.1 mW, ~ 5 μm spot size) can elicit an action potential of the patched neuron. # marks the photoelectric 

artifact coinciding with the light onset55,56. 

 

Figure 3-29. p-i-n Si heterojunctions enable high spatiotemporal-resolution extracellular stimulations of 

calcium dynamics.  a-d, Laser illuminations (592 nm, ~ 14.4 mW) of different cells in a DRG culture (green: calcium) 

on a p-i-n Si heterojunction, showing stepwise cellular modulation. The illuminations induce localized and fast   
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Figure 3-29, continued. calcium elevations near the stimulation sites and subsequent calcium wave propagations both 

intra- and inter-cellularly. Laser stimulations were 1 ms long before the time point of 2.722 s. White arrows mark the 

laser stimulation sites.  

 

Figure 3-30. Extracellular stimulation of calcium is minimal invasive to cells. a and b, The same glial cell cultured 

on a p-i-n Si heterojunction (green, calcium) is stimulated extracellularly in two consecutive series without being 

damaged. As shown in the first time of stimulation (a), not only the cell body but also the protrusion can be stimulated 

to induce the cellular calcium dynamics. The stimulation laser (592 nm, ~ 14.4 mW) was on for 1 ms right before the 

time point of 3.782 s in each case. White arrows mark the laser stimulation sites.  

We next explored an in vitro test on a mouse cortical brain slice interfacing with a 

distributed p-i-n Si mesh to evaluate the feasibility of the optically-controlled neuromodulation of 

a small tissue (Fig. 3-31a, left). A whole-cell recording in voltage-clamp mode was made in a 

cortical pyramidal neuron located in the middle of the 300-μm thick slice while the Si mesh was 

in contact with the bottom face of the slice (Fig. 3-31a, lower right). Immediately after the laser 

illumination on the Si mesh (473 nm, 1 ms, ~ 2 mW, ~ 57 μm spot size) (Fig. 3-31a, upper right), 

there were two fast electrical artifacts with opposite polarities (Fig. 3-31b, marked by #), likely 

due to the capacitive charging and discharging of the Si/electrolyte/cell interfaces. Excitatory 

postsynaptic currents (EPSCs) (Fig. 3-31b, marked by stars) were then recorded arriving with 
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short latency and low jitter after the photoelectric artifacts. Additionally, these recordings indicate 

that laser illumination of the Si mesh evoked spikes not in the patched neuron but in at least one 

presynaptic neuron in the slice, that provides the excitatory synaptic input to the recorded 

postsynaptic neuron. That the patched cell is not triggered to spike may be due to a combined 

reason that the cell is far away from the Si under illumination (difference in depth of ~ 150 μm) 

and only the immediately neighboring cells may be substantially activated by the localized laser 

stimulation. The ability to photo-activate presynaptic neurons and detect synaptic inputs with little 

or no direct activation of the recorded postsynaptic neuron is advantageous for photostimulation 

mapping of neuronal circuits40,41. The Si mesh in conjunction with focused laser scans thus 

suggests the potential of this new methodology for ex vivo analysis of brain circuit organization. 

 

Figure 3-31. Photostimulation by Si meshes can elicit neurotransmitter release in brain slices. a, A schematic 

diagram of a photostimulation of a brain slice performed in a perfusion chamber (left). A pyramidal neuron in a cortex 

slice was held at -70 mV in the whole-cell voltage-clamp mode (lower right) while a distributed Si mesh was placed 

underneath the slice (upper right). Short laser pulses (473 nm, 1 ms, ~ 2 mW, ~ 57 μm spot size) were delivered to a 

spot on the Si mesh (marked by a blue star) to activate the nearby cells. b, Example traces from voltage clamp 

recordings of the patched pyramidal neuron over 5 trials (left) with 1-ms long laser stimulations (cyan bar). The grey 

dashed box marks the time frame for zoom-in views on the right. EPSCs are marked by stars following the 

illuminations of the Si mesh (right). The cyan shaded area marks the illumination period in each trial. # denotes the 

photoelectric artifact. 
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3.2.8 Organ level biointerfaces 

Finally, we interfaced an Au-decorated and Si mesh-based flexible membrane with a mouse 

brain to control the brain activities, e.g., the ability to sense, interpret, and act upon the environment. 

The bilayer device layout, consisting of the Au-decorated Si mesh and the holey PDMS membrane, 

allows the device’s conformal attachment to the brain cortex (Fig. 3-32) with sufficient adhesion 

(Fig. 3-33).  

 

Figure 3-32. Distributed Si mesh form conformal interfaces with the brain cortex. a, A photograph (upper) and 

its corresponding micro-CT image (lower) of a flexible device made of a Si mesh a PDMS layer. The surface 

decoration with Au also provides additional contrast under x-ray scans. b, The device can conformally coat on the 

mouse brain cortex as shown both by the photograph (middle) and the CT image (right).  

 

Figure 3-33. The flexible device made of Si and PDMS is adhesive to the brain tissue. a, Representative force-

extension curves recorded during the peelings of the device from the brain cortex yielding an average adhesion energy 
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Figure 3-33, continued. of 1.34 ± 0.63 J/m2. b, Snapshots of a typical peeling test showing the adhesion between the 

device and the brain when detaching.  

We chose an Au decorated surface due to its large capacitive and faradic current 

components. We performed the in vivo photostimulation experiment using an extracellular linear 

array to record neural activities following laser illuminations (473 nm, ~ 5 mW, 100 ms, ~ 216 μm 

spot size) of the silicon mesh attached to the somatosensory cortex of an intact mouse brain (Figs. 

3-34a, 3-35). In individual trials of the test, enhanced neural activities were evident during the 

illumination period—with significant photoelectric artifacts at the light onsets and offsets (Fig. 3-

34b). The detected spike-like events using criteria of a high pass filter of 800 Hz and a threshold 

of 5 times the noise level standard deviation (SD) exhibit waveforms typical of natural 

extracellular electrophysiological recordings (Fig. 3-34c)42-44. Peristimulus time histograms 

(PSTH) from 16 channels (Fig. 3-34d) (with the depths between 200 μm and 900 μm below the 

pia) clearly show the illumination-triggered neural responses, which are in the layers 2/3, 4, and 

5A of the somatosensory cortex45. Statistical analyses further revealed that the evoked responses 

have a significantly higher rate than the spontaneous ones (Fig. 3-35). In addition, stronger short-

latency activity was observed in more superficial neurons, which were closer to the silicon mesh 

and thus may be more easily activated. Over time, activity spreads to deeper layers (Fig. 3-34d), 

consistent with the propagation of signals through the local and long-range cortical circuits, similar 

to patterns observed with optogenetic photostimulation46. Moreover, parametric stimulations show 

a colligative behavior in that the activated neural response rate is correlated with the stimulation 

power (Figs. 3-34e, 3-36), which is essential to the predictive control of the Si mesh as a precise 

neuromodulator. 
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Figure 3-34. Flexible and distributed silicon mesh for optically-controlled extracellular neuromodulation. a, A 

schematic diagram illustrating the in vivo photostimulation test. A linear probe with 32 recording sites is guided into 

a head-fixed anesthetized mouse brain to sample the evoked neural activities by the illumination of an adjacent silicon 

mesh. b, Example traces of raw neural response data from four adjacent channels (Ch 6 to Ch 9) in a single trial of 

stimulation (473 nm, 100 ms, ~ 5 mW, ~216 μm spot size) marked by a light blue band. c, A mean neuron-firing 

waveform (orange) superposed on individual waveforms (black) of both spontaneous and stimulation-evoked 

activities. The maroon shaded area denotes SD. n=300 with 153 from stimulated and 147 from spontaneous. d, A heat 

map of PSTH for channels between 4 and 19 (left). The blue bar underneath indicates the period of laser stimulation. 

The mean spontaneous and evoked neural response rates across all trials for the same channels in the PSTH heat map. 

e, The evoked neural response rate is positively correlated with the stimulation laser intensity. Error bars represent the 

s.e.m from 50 trials in channel 9. 
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Figure 3-35. The recorded brain responses under illumination is due to the Si mesh. a, The experimental 

paradigm of an in vivo photostimulation test. A linear probe is inserted into the somatosensory cortex with an attached 

silicon mesh in the close proximity. The laser illumination site (473 nm, ~ 216 μm spot size) is marked by a blue star. 

b, The mean spontaneous response rate (~ 3.7 Hz) is significantly different from the evoked one (~ 37.9 Hz). Error 

bars represent the s.e.m from 50 trials. Wilcoxon rank sum test, p=5.5×10-8; paired t-test, p=4×10-6. Event rates were 

calculated from channel 9 with the 5-mW and 100-ms stimulation condition. c, Recordings from a control experiment 

without the Si mesh (right) did not yield significant signals under illumination. Cyan bars mark the illumination 

periods. 
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Figure 3-36. The stimulated neural response is controllable. Parametric stimulations with varied laser powers and 

durations (1~5 mW, 10 ms, 50 ms, 100 ms) show a positive correlation between the evoked event rate and the 

stimulation power, which is essential to the predictive control of the Si mesh as a precise neuromodulator. Cyan bars 

with different transparencies indicate illumination periods with different laser powers.  

Finally, based on the electrophysiology studies, we tested if the Si mesh-enabled 

photostimulations of the brain cortex can trigger movements of anesthetized mice. When we 

illuminated a Si mesh attached to the right side of the forelimb primary motor cortex, the 

contralateral left forelimb of the mouse showed a large, rapid up-and-down (flexion-extension) 

movement shortly after the stimulation (Figs. 3-37, 3-38). Conversely, photostimulation of the left 

forelimb motor cortex evoked movements of the contralateral right forelimb (Fig. 3-39). In some 

cases, small ipsilateral forelimb movements were also evoked (Fig. 3-37), possibly reflecting 

activation of uncrossed (ipsilateral) corticospinal projections. Overall, our observations of 

cortically evoked movements are consistent with the functional organization of the forelimb motor 

control system47. 
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Figure 3-37. Photostimulaiton of Si meshes can evoke forelimb movements. a, Snapshots of a forelimb movement 

study following photostimulations. The left limb (the limb on the right side of the photos) moves up and down 

following the laser illumination (473 nm, 50 ms, ~ 4 mW, ~ 216 μm spot size) on a Si mesh attached to the right side 

of the forelimb primary motor cortex. b, Time-dependent limb movements show a preferred motion of the left forelimb 

after the stimulation. The 0 ms time point represents the start of the light pulse. Shaded areas denote s.e.m of the data. 

n=15.  

 

Figure 3-38. Photostimulation of the Si mesh can trigger mouse forelimb movements. Another example showing 

the preferred left forelimb movement following the laser illumination (473 nm, 50 ms, ~ 4 mW, ~ 216 μm spot size) 

of a Si mesh attached to the right side of the forelimb primary motor cortex. The 0 ms time point denotes the light 

onset. 
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Figure 3-39. Photostimulation of the forelimb motor cortex triggers the contra side forelimb preferred 

movement. The right forelimb movement can be triggered by the laser illumination (473 nm, 100 ms, ~ 5 mW, ~ 216 

μm spot size) of a Si mesh attached to the left side of the forelimb primary motor cortex. The 0 ms time point denotes 

the light onset. 

Collectively, Si heterojunction-based materials are demonstrated as optically-controlled 

freestanding devices that can modulate brain activities and simple animal behaviors. Compared to 

traditional electrode-based neuromodulation, the current freestanding device configuration may 

have a higher flexibility to implement multiplexed and patterned stimulations on a large scale. 

Additionally, as an alternative to optogenetics, the non-genetic approach offers a unique 

opportunity to modulate brain activities in nonhuman primates or even human where genetic 

engineering on these subjects are currently challenging48-50. 

3.3 Experimental 

Synthesis of silicon-based materials. Silicon (Si) materials (p-type/intrinsic/n-type 

heterojunctions and intrinsic-intrinsic coaxial nanowires) were prepared using a chemical vapor 

deposition (CVD) method. In a typical synthesis of a p-i-n heterojunction, a silicon-on-insulator 

(SOI) wafer (Ultrasil, USA, device layer, p-type, (100), 0.001-0.005 Ω·cm, 2 μm; buried oxide 

layer, 1 μm; handle layer, p-type, (100), 1-20 Ω·cm, 650 μm) was used as the substrate for 

subsequent deposition of intrinsic and n-type layers. The native oxide on the SOI wafer was 

removed with hydrofluoric acid (HF, 49%, Sigma-Aldrich, USA) right before placing the substrate 

inside a quartz tube for evacuation. Each of the intrinsic and n-type Si layers was deposited under 



121 

 

650 oC and a chamber pressure of 15 Torr for 20 min. During the intrinsic layer deposition, the 

flow rates of hydrogen (H2) and silane (SiH4) were set as 60 and 0.3 standard cubic centimeters 

per minute (sccm), respectively. The n-type layer was deposited with the same flow rates of H2 

and SiH4 during the intrinsic layer growth plus a 1.5 sccm flow rate of the dopant gas, phosphine 

(PH3, 1000 ppm in H2).  

The nanocrystalline Si nanowire (intrinsic core/intrinsic shell) was synthesized from a two-

step process involving an initial growth of a thin intrinsic backbone and a subsequent deposition 

of a thick intrinsic shell. The core was grown with a gold (Au) nanocluster-catalyzed CVD process 

where Au colloidal nanoparticles (Ted Pella Inc., USA, 50 nm in diameter) were deposited onto a 

Si (100) substrate (Nova Electronic Materials, n-type, 0.001-0.005 Ω·cm) as the catalyst. The 

growth was maintained at 470 oC and 40 Torr for 20 min. The flow rates of H2 and SiH4 were 

controlled as 60 and 2 sccm, respectively. After the intrinsic nanowire core growth, the SiH4 flow 

was switched off and the chamber was kept under a H2 atmosphere (60 sccm, 15 Torr) until the 

temperature ramped up to 600 oC for the subsequent shell deposition. The H2 atmosphere was used 

to minimize Au diffusion. The intrinsic shell was deposited with flow rates of H2 and SiH4 at 0.3 

and 60, respectively, and a chamber pressure of 15 Torr for 40 min. 

The metal-decorated Si heterojunctions were prepared with an electroless deposition 

method. In general, the as-synthesized p-i-n heterojunctions were dipped into a mixture of metal-

containing solutions (chloroauric acid (HAuCl4), potassium tetrachloroplatinate(II) (K2PtCl4), 

silver nitrate (AgNO3); 0.01 mM, 0.1 mM, 1 mM) and 1% HF for 3 min at room temperature.   

Fabrication of Si-based flexible devices for in vivo experiments. The device fabrication process 

was divided into two parallel steps including the preparations of both distributed Si meshes and 

porous polydimethylsiloxane (PDMS, Corning, USA) membranes. The fabrication of distributed 



122 

 

Si meshes were performed with a combination of photolithography and etching techniques. In brief, 

a bilayer of undercut (MicroChem, USA, LOR-3A) and photoresist (MicroChem, USA, SU-8 2005) 

was spin-coated on the as-synthesized p-i-n heterojunction SOI wafer. A mesh structure of SU-8 

was patterned with a standard photolithography process consisting of ultraviolet (UV) light 

exposure (200 mJ/cm2) and developing (MicroChem, USA, SU-8 developer). The as-patterned 

SU-8 mesh served as an etch mask for the subsequent reactive ion etching (RIE) of Si. The 

unprotected p-i-n Si layers (~ 2.3 μm) were removed after 10 min of etching (radiofrequency (RF) 

power, 100W; inductive-coupled plasma (ICP) power, 400 W) with a gaseous mixture of 

tetrafluoromethane (CF4, 45 sccm) and argon (Ar, 5 sccm). The SU-8 protection layer was lift-off 

by dissolving the undercut LOR-3A layer in Remover-PG (MicroChem, USA). A final wet etching 

of the oxide layer with 49% HF was performed to release the as-patterned Si heterojunction.  

The PDMS membrane was prepared using a soft-lithography technique. In general, a SU-

8 pillar array (~ 120 μm in height) was patterned on a Si substrate with the standard 

photolithography process and served as the soft-lithography mold. A layer of PDMS (precursor: 

curing agent ratio = 10:1) was then spin-coated onto the SU-8 mold and cured at 80 oC overnight. 

The as-cased PDMS layer was finally released in hexane (Fisher Scientific, USA) to get the holey 

structure. The distributed Si mesh was then transferred onto the holey PDMS membrane to form 

the entire device. 

Finite element analysis (FEA) of stress distribution. The FEA was performed using COMSOL 

Multiphysics 5.3 (COMSOL Inc. USA). A 2D plate model in the structural mechanics module was 

set for the simulation. The von Mises stress distribution was calculated after a point displacement 

of 500 μm in the z direction at the device center while fixing four edge points.  
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Electron microscopy. A transmission electron microscope (TEM, JEOL, Japan, JEM-3010) and 

an aberration-corrected scanning transmission electron microscope (STEM, JEOL, Japan, JEM-

ARM200F) were used to image the cross-sectional structures of both the pristine p-i-n Si 

heterojunction and the gold-decorated one. X-ray energy dispersive spectroscopy (XEDS) maps 

were using the JEM-ARM200F, which was equipped with an Oxford X-MaxN 100TLE 

windowless SDD X-ray detector (Oxford Instruments, UK). Selected area electron diffraction 

(SAED) patterns were taken using the JEM-3010. TEM cross-sectional specimen preparations 

were carried out by controlled tripod polishing51,52 followed by liquid-nitrogen-cooled Ar ion 

millings using a Fischione 1050 TEM mill (Fischione Instruments, USA). A 4-kV ion milling was 

used to further thin the specimen and a final 0.5 kV milling was performed to remove surface 

damages. A scanning electron microscope (SEM, Carl Zeiss, Germany, Merlin) was used to image 

the top view of the gold-decorated Si heterojunction, the cross-sectional view of the heterojunction, 

and the flexible device made of the distributed Si mesh and the holey PDMS membrane. 

Nanocrystalline Si nanowires were sonicated in isopropanol (Sigma-Aldrich, USA) and then 

dispersed over copper grids (Ted Pella Inc., USA, Lacey Formvar/Carbon, 200 mesh) for side-

view imaging using a TEM (JEOL, Japan, JEM-3010). The cross-sections of the nanowires were 

prepared by ultramicrotomy. In general, Si nanowires were embedded in epoxy resins which were 

then solidified at 60 °C for 24 h. Thin epoxy sections of ~100 nm were cut using a ultramicrotome 

(Ultracut E, Reichert-Jung, USA), collected on lacey carbon grids (Ted Pella Inc., USA), and 

imaged using the same TEM. 

X-ray photoelectron spectroscopy (XPS). XPS data were collected using ESCALAB 250 Xi 

(Thermo Scientific, USA) with a monochromatic Al Kα (hν = 1486.6 eV) excitation. The diameter 

of the X-ray beam was 500 µm. The survey scans were performed with a pass energy of 160 and 
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a step size of 1 eV whereas the high-resolution scans were done with a pass energy of 50 and step 

size of 0.1 eV. The correction of the XPS spectra for charge accumulation was performed using 

the Si 2p peak (binding energy = 99.4 eV). The Si 2p peaks were fitted using a Shirley background 

with G/L 30% for Si0 and pure Gaussian for Si4+. Peak fitting for the Au 4f signal was determined 

with a linear background G/L 30%, asymmetric 0.9, and a height factor of 0.75. With these 

parameters the FWHM range for the gold was from 0.8 eV to 1.25 eV. 

Si photo-response measurements. For the photo-response measurements, a standard patch-clamp 

setup was employed. In particular, an upright microscope (Olympus, Japan, BX61WI) with a 

20×/0.5 NA water immersion objective was used to deliver light pulses from a light emitting diode 

(LED, M530L3, Thorlabs, USA, 530 nm, ~ 500 μm spot size) or a laser (Laserglow, Canada, 532 

nm, diode-pumped solid-state laser, ~ 5 μm spot size). The light pulses were controlled by 

transistor-transistor logic (TTL) signals (10 ms) delivered from a digitizer (Molecular Devices, 

USA, Digidata 1550). Voltage-clamp protocols were done by an Axopatch 200B amplifier 

(Molecular Devices, USA), controlled by pClamp software (Molecular Devices, USA). Glass 

pipettes were pulled in a flaming/brown type micropipette puller (Sutter Instrument, USA, P-97) 

for a final resistance of ~1 M  when filled with 1× phosphate buffered saline (PBS, Fisher 

Scientific, USA) solution. In a typical measurement, a Si material was immersed in the same PBS 

solution where the pipette tip was positioned in close proximity to the Si surface (~ 2 μm). The 

ionic currents across the pipette tip were recorded in the voltage-clamp mode where the holding 

levels of the pipette were adjusted using the pipette offset knob. The individual quantities of each 

photo-response, i.e., capacitive, Faradaic, and thermal, were calculated by fitting the plot of the 

light-induced current amplitude (ΔIlight) over the holding level (I0). At a given time point, the slope 

of the ΔIlight-I0 plot represents the photothermal response whereas the intercept of the plot is 
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contributed by the photoelectric responses. Within the photoelectric responses, the capacitive 

current is defined as the maximal current amplitude after the light onset while the Faradaic current 

is defined as the current amplitude at the time point of 8.5 ms since illumination starts. The 

amplitude of the photothermal-induced local temperature increase of the solution was calculated 

after the calibration of the pipette resistance. After the photo-response measurement, the same 

micropipette was placed into another dish of pre-heated PBS with an initial temperature of about 

50 oC. A thermocouple was positioned close to the pipette tip during the temperature measurement. 

A calibration curve was created, based on the pipette resistance changes in the range between 50 

oC and 20 oC, which was then used in conjunction with the ΔIlight-I0 curve to estimate the local 

temperature increase.  

Mammalian cell cultures. 

All animal protocols used were in accordance to the policies of the University of Chicago 

and were approved by the Institutional Animal Care and Use Committees (IACUC). 

a) Dorsal root ganglia (DRG) culture. DRGs were extracted from decapitated P1-P3 Sprague-

Dawley rats (Charles River Laboratories, USA) and were placed immediately in ice-cold 

Dulbecco’s modified eagle medium (DMEM/F12, Life Technologies, USA). The ganglia were 

then transferred to a 2.5 mg/mL trypsin solution (Worthington, USA) in Earle’s balanced salt 

solution (EBSS, Life Technologies, USA) and digested for 20 min in a 37 oC shaker with a speed 

of 144 rpm. Afterwards, the cells were centrifuged and the supernatant was replaced with EBSS 

supplemented with 10% fetal bovine serum (FBS) (ATCC, USA). After the mechanical trituration 

with pipetting, the cell suspension was centrifuged again and the supernatant was replaced with 

DMEM/F12 containing 5% FBS. Next, cells were seeded onto poly-L-lysine (PLL, Sigma-Aldrich, 

USA) coated substrates, e.g., glass-bottom Petri dishes, p-i-n heterojunction SOI wafers, and 
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allowed 30 min for cell adhesion. Finally, the dishes were filled with DMEM/F12 supplemented 

with 5% FBS, 100 U/ml penicillin (Sigma-Aldrich, USA), and 100 μg/ml streptomycin (Sigma-

Aldrich, USA), and cultured in a 37 oC incubator with 5% carbon dioxide (CO2) until used for 

experiments.  

2) Other cell lines. Human umbilical vein endothelial cells (HUVEC, Life Technologies, USA) 

and U2OS cells (ATCC, USA) were cultured on glass-bottomed Petri dishes and passaged 

following standard procedures from the vendors.  

3) Cellular internalization of Si nanowires. In all cell cultures, intrinsic nanocrystalline Si 

nanowires were introduced and allowed for coculturing for at least 24 hours. Specifically, 

nanowire suspensions in different cell culture media were prepared by extensively sonicating small 

pieces of nanowire growth substrates (~ 2 mm × 2 mm) in culture media for 2 min. The as-made 

nanowire suspensions were added to the cultures in a drug-like fashion (~ 10 μL of suspension per 

1 mL of medium). Before all experiments, cells were washed three times with fresh media.  

Immunofluorescence labeling of the DRG culture. DRG and nanowire cocultures were first 

fixed with 4% paraformaldehyde in PBS (Alfa Aesar, USA, with magnesium and ethylene glycol 

tetraacetic acid) for 10 min at room temperature. After rinsing in PBS, cells were then 

permeabilized with 0.1% Triton X-100 in PBS (Sigma Aldrich, USA) for another 10 min at room 

temperature. Following blocking with 1.5% bovine serum albumin (BSA, Sigma-Aldrich, USA) 

in PBS for 1 hour, the cells were incubated with primary antibodies (GFAP (GA5) Mouse mAb, 

1:300 in 1.5% BSA-PBS for glia; NeuN (D4G40) XP Rabbit mAb, 1:50 in 1.5% BSA-PBS for 

neuron, Cell Signaling, USA) at room temperature for 1 hour. After washing, secondary antibodies 

(Goat anti-Mouse IgG (H+L) Superclonal Secondary Antibody, Alexa Fluor 647, 1:1500 in 1.5% 

BSA-PBS for glia; Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor 488, 1:1500 in 
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1.5% BSA-PBS for neuron, Life Technologies, USA) were finally applied. After washing in PBS, 

the as-labelled cells were imaged using a confocal laser scanning microscope (Leica, Germany, 

SP5 II STED-CW) with Si nanowires being imaged simultaneously with the scattered light.  

Calcium imaging. Cells, either cocultured with intrinsic nanowires or cultured on p-i-n 

heterojunctions, were stained with 2 μM of Fluo-4 AM (Life Technologies, USA) for 30 min at 37 

oC and washed three times with dye-free culture media before imaging. The as-stained cells were 

imaged using the same Leica SP5 confocal microscope. In a typical experiment, a laser pulse (1 

ms, 592 nm) was delivered to the nanowire of interest in the middle of a calcium imaging time 

series. The cellular fluorescence intensity over time was then analyzed using ImageJ software 

(National Institutes of Health, USA). For the intracellular transport study, a custom-written 

program in Python was run to automatically track the nanowire and calcium wave-front locations 

in all 100 frames. Rolling diffusivity coefficient α values were calculated for every 5 frames with 

a window size of 9. 

Live cell microtubule dynamics. In a typical experiment, HUVEC cells with internalized Si 

nanowires were stained with 200 nM of SiR-tubulin (Cytoskeleton, USA) at 37 oC for 1 hour. 10 

μM of verapamil (Cytoskeleton, USA) was also added to inhibit the efflux of the SiR-tubulin. 

Three times of washing with the dye-free medium was applied before imaging. Under the same 

Leica SP5 confocal microscope, the Si nanowire of interest was illuminated with a 592 nm laser 

pulse (1 ms) and the subsequent microtubule dynamics were recorded. The as-recorded videos 

were processed and analyzed using ImageJ including the analysis of microtubule bounded areas 

and intercellular conduit lengths over time, and the generation of kymographs. 

Electrophysiology and photo-stimulation experiments. 
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All animal protocols used were in accordance to the policies of the University of Chicago 

and Northwestern University, approved by the Institutional Animal Care and Use Committees 

(IACUC), and followed the animal welfare guidelines of the Society for Neuroscience and 

National Institutes of Health. 

1) DRG culture on Si heterojunctions. Before the experiment, FBS supplemented DMEM/F12 

in the culture dish was rinsed three times with the extracellular recording solution (in mM: NaCl 

132, KCl 4, MgCl2 1.2, CaCl2 1.8, HEPES 10, glucose 5.5; pH 7.4). Desired neurons were patched 

with a ~2 M  pipette, filled with the intracellular pipette solution (in mM: NaCl 10, KCl 150, 

MgCl2 4.5, EGTA 9, HEPES 10; pH 7.3). Voltage recordings were made in current-clamp mode 

using the same setup for the photo-response measurements. Suprathreshold current injections were 

first delivered to the patched neuron to assess its excitability. Laser pulses (532 nm) with 

incremental durations were delivered subsequently to excite the cell.   

2) Brain slice with Si heterojunctions.  

Wild-type mice (C57BL/6, female and male; Jackson Laboratory, USA) were bred in-

house. Mice were 6-9 weeks old at the time of the slice experiments. 

a) Slice preparations. Mice were euthanized by anesthetic overdose and decapitation. Brain slices 

were made in a 4 oC cutting solution (in mM: 110 choline chloride, 11.6 sodium L-ascorbate, 3.1 

pyruvic acid, 25 NaHCO3, 25 D-glucose, 2.5 KCl, 7 MgCl2, 0.5 CaCl2, 1.25 NaH2PO4; aerated 

with 95% O2/5% CO2) using a vibratome (VT 1200S, Leica, Germany) to make 250 μm thick 

slices. The slices were transferred to an artificial cerebrospinal fluid (ACSF, composition in mM: 

127 NaCl, 25 NaHCO3, 25 D-glucose, 2.5 KCl, 1 MgCl2, 2 CaCl2, 1.25 NaH2PO4; aerated with 

95% O2/5% CO2) and maintained at 34 oC for 30 min. The slices were then returned to room 

temperature for at least 1 hour prior to the recordings.  
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b) Electrophysiology. Distributed Si meshes were placed in a recording chamber under an upright 

microscope (BX51WI; Olympus, Japan), which is equipped with a video camera (Retiga 2000R; 

QImaging, Canada). Brain slices were then transferred on top of the Si meshes to form contacts. 

Slices were visualized by bright-field gradient contrast microscopy using an infrared LED (850 

nm, M850L2, Thorlabs, USA) as the light source. A low-magnification objective lens (UPlanSApp 

4×/ NA 0.16, Olympus, Japan) was used to visualize and position the slices. A high-magnification 

water immersion lens (LUMPlanFLN 60×/ NA 1.00, Olympus, Japan) was used to identify 

neurons for whole-cell recordings.  

Borosilicate glass (inner diameter 0.86 mm, outer diameter 1.5 mm with filament, Warner 

Instruments, USA) was pulled using a P-97 micropipette puller (Sutter Instrument, USA) into 

patch pipettes with a tip resistance of 2~4 MΩ. Neurons targeted for whole-cell recordings were 

obtained using micromanipulators (MP-225, ROE-200, MPC-200, Sutter Instrument, USA) and a 

patch-clamp amplifier (Multiclamp 700B, Axon Instruments, USA). Pipettes containing 

potassium-based or cesium-based internal solutions were used for voltage-clamp recordings 

(composition of the internal solution, in mM: 128 potassium or cesium methanesulfonate, 10 

HEPES, 10 phosphocreatine, 4 MgCl2, 4 ATP, 0.4 GTP, 3 ascorbate, 1 EGTA, 1 QX-314, and 

0.05 Alexa Flour hydrazide, with 4 mg/ml biocytin, at 7.25 pH and 290-295 mOsm). All recordings 

were made in 34°C ACSF with the temperature controlled by an in-line feedback-controlled heater 

(TC 324B, Warner Instruments, USA). Recordings with series resistance > 40 MΩ were excluded. 

A command potential of -70 mV was applied to isolate excitatory (glutamatergic) post 

synaptic currents (EPSCs). To test for input to a neuron, blue-laser illuminations (1 ms long pulses, 

473 nm, ~ 2 mW, ~ 57 μm spot size; MLL-FN473, CNI Laser, China) were delivered onto a nearby 

spot of the Si mesh.  
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Multiple trials were sampled at an interstimulus interval of at least 30 s. Recorded currents 

were amplified, filtered at 4 kHz, and sampled at 40 kHz. Data were acquired using Ephus 

software53 and analyzed using routines written in MATLAB (MathWorks, USA).  

3) In vivo experiments with distributed Si meshes. 

Wild-type mice (C57BL/6, female and male; Jackson Laboratory, USA) were used, at an 

age of 6-9 weeks old at the time of the in vivo experiments. 

a) Pre-stimulation surgeries. The mouse was deeply anesthetized with ketamine-xylazine 

(ketamine 80~100 mg/kg, xylazine 5~15 mg/kg, injected intraperitoneally) before the placement 

of the cranial mounting hardware. A small skin incision was first made over the cerebellum to 

expose the skull. A stainless-steel set screw (single-ended #8-32, SS8S050, Thorlabs, USA), 

crimped with a spade terminal (non-insulated, 69145K438, McMaster-Carr, USA) was then 

affixed with dental cement to the skull. This set screw was later screwed into a tapped hole located 

at the top of a 1/2" optical post for the head fixation. 

After being head-fixed as described above, craniotomies were made over the motor and 

somatosensory cortices using a dental drill with large enough openings (~ 2.5 mm) to allow the 

attachment of a silicon mesh on the cortex and the passage of a linear probe. The dura was peeled 

for a full exposure of the cortex, which was important for a good signal transduction at the Si-brain 

interface. The mouse was then placed in the recording apparatus with the body temperature 

monitored with a rectal probe and maintained at ~ 37.0 °C via a feedback-controlled heating pad 

(FHC, Bowdoin, USA). During the subsequent recordings, ACSF was frequently applied to the 

exposed brain area to prevent the damage from dehydration. The level of anesthesia was 

continuously monitored based on whisker movements and paw-pinching/eye-blinking reflexes. 

Additional anesthetics with 50% of the induction dosage were given when required.  
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b) Photostimulation apparatus. A customized laser scanning apparatus with a blue laser source 

(LY473III-100, wavelength 473 nm, maximum power ~ 100 mW, beam diameter ~2 mm) mounted 

on a 3D linear stage was positioned above the mouse head. In the apparatus, the laser beam from 

the light source goes through an acousto-optic modulator (AOM) and an iris before being deflected 

by a pair of galvanometer scanners and focused to the Si mesh by a plano-convex spherical lens. 

The output laser power was controlled using a customized AOM driver modulated by 

signal waveforms delivered via a commercial multifunction (analog and digital) interface board 

(NI USB 6229, National Instruments, USA). A short pulse train was also sent to digitally encode 

the parameters of the light waveform such as the start point through the digital input port of the 

electrophysiology data acquisition (DAQ) board. Software tools (LabVIEW, National Instruments, 

USA) including a graphical user interface (GUI, GenWave) were developed to generate and 

transfer waveforms to the AOM driver. The system was calibrated using a power meter to 

determine the relationship between the driver input voltage and the laser scanner output power. 

c) Electrophysiology apparatus. Silicon probes of 32-channel linear microelectrode arrays with 

~1 MΩ impedances and 50-µm spacings (model A1 32-6mm-50-177, NeuroNexus, USA) were 

used for electrophysiological recordings. The probe was fixed to a motorized 4-axis 

micromanipulator, assembled by mounting a MTSA1 linear translator (Thorlabs, USA) onto a 

MP285 3-axis manipulator (Sutter Instrument, USA), and positioned under stereoscopic 

visualizations over a distributed silicon mesh which has been attached to the cortical surface (with 

the Si layer facing towards the tissue). The probe was tilted by ~ 30° off the vertical axis for a 

better collection of the neural signals under the silicon mesh. The probe was then slowly inserted 

into the cortex at a rate of 2 µm/s controlled by LabVIEW, until it reached a depth of 1600 µm 

from the pia, with the entry point adjacent to the edge of the silicon mesh. Laser pulses with various 
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powers (up to 5 mW, ~ 216 μm spot size) and durations (up to 100 ms) were delivered onto the Si 

mesh for the photostimulation of the brain.  

Signals were amplified using a RHD2132 amplifier board based on a RHD2132 digital 

electrophysiology interface chip (Intan Technologies, USA). The filter was set to an analog 

bandpass of 0.1 ~ 7.5 kHz with a digital filter cutoff of 1 Hz. The single channel sample rate was 

set to 30K SPS. 

For hardware control, we used a RHD2000 USB Interface Board (Intan Technologies, USA) 

for the communication with other digital devices and the streaming of all the neural-signal data 

from the RHD2000 amplifiers. The USB port of the module was linked with a USB cable to pipe 

the data stream in to and out of the computer. In this experiment, the digital ports included in the 

DAQ board were only used for the acquisition of the photostimulation parameters from the AOM 

controller. 

C++/Qt based experimental interface software (Intan Technologies, USA) was used for the 

amplifier configuration, online visualization, and data logging. 

d) Forelimb movement study apparatus. A Chameleon3 USB3 CMOS Mono camera (CM3-

U3-13Y3M-CS, FLIR Systems, USA) configured at 640 × 512 pixels (2 × 2 binning) was used to 

record the body movements following the laser stimulations. The video recording was triggered 

and synchronized by the laser scanning control board with the frame rate of 100 Hz. 50 frames 

were collected before the start of the stimulation and a total of 100 frames were recorded for a full 

trial. A fixed focal length lens (35 mm EFL, f/2.0, Navitar, USA) was mounted on the camera for 

the focusing. The centroids of the mouse claws were tracked in each frame to investigate the 

forelimb movements following the laser stimulations. The trajectories of the centroids were 

quantified to illustrate the movements in each trial. 
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e) Data analyses. The recorded data were stored as raw signals from the amplifiers and filtered by 

a 60 Hz notch filter. To reduce the contaminations of the probe recording signals due to the strong 

photovoltaic effect of the Si mesh, we used a digital high-pass filter (800 Hz cut-off, 2nd-order 

Butterworth), to shrink the photovoltaic artifact to the first 3 ms post-stimulus window.  

The following routines were performed to further analyze the data. First of all, a threshold 

detector was applied, with the threshold set to the 5 times of the standard deviation (5 SD) to detect 

the spikes. To mask the photovoltaic effect, spike counts of the first 3 ms window were then 

replaced by null values. Finally, neural response time stamps were determined for each detected 

spike and the response waveforms were plotted from -0.67 ms to 1.33 ms with respect to the 

detected spike time stamp, i.e., 20 points before and 40 points after the spike time stamp with a 

sampling rate of 30 kHz. The detected waveforms were sorted according to the similarity of the 

shapes, i.e., peak to valley amplitudes of the responses. All the analysis codes were written in 

Matlab (Mathworks, USA). 

The time stamps of all the spikes from each channel were used to generate the peristimulus 

time histogram and the heat maps, which represent the instantaneous firing rate, with 1-ms binning. 

Responses were averaged across all trials in each channel to yield a mean histogram.  

Micro computed tomography (microCT) of the Si/brain interface. MicroCT images of gold-

decorated Si meshes attached to dead mouse brains were performed on the XCUBE (Molecubes 

NV., Belgium) by the Integrated Small Animal Imaging Research Resource (iSAIRR) at the 

University of Chicago. Images were acquired with an x-ray source of 50 kVp and 200 µA in a 

single frame of 960 projections. Volumetric CT images were reconstructed in a 400 × 400 × 400 

format with voxel dimensions of 100 µm3. Images were analyzed using AMIRA 5.6 (Thermo 

Fisher Scientific, USA). 



134 

 

Device-brain peeling adhesion test. Adult C57BL/6 mice (Jackson Laboratory, USA) were 

sacrificed shortly before the mechanical test. Mouse brains were harvested from dead animals and 

placed inside PBS solutions prior to the adhesion tests by a tensile test machine (Zwick-Roell, 

Germany, zwickiLine Z0.5). Briefly, the brain was fixed on a glass slide using a tissue adhesive 

(Ted Pella, USA, Pelco Pro CA44) and the device was held tightly by a grip. After forming a 

conformal contact between the device and the brain cortex with an area of ~ 8 mm × 4 mm, a 

unidirectional tension was applied to peel the device off the brain while the force and the extension 

were recorded simultaneously. The loading rate was kept constant at 3 mm/min. The adhesion 

energy per area was calculated by the integration of the force-extension curves divided by the 

contact areas.  
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Chapter 4  

Atomic gold-enabled three-dimensional lithography 

for silicon mesostructures 

4.1 Introduction 

Semiconductors with three-dimensional (3-D) mesoscale features1-5 are an emerging class 

of materials, with promising applications from stretchable bioelectronics3 to alternative 

plasmonics and metamaterials6. However, progress in this area has been impeded by challenges in 

chemical synthesis5 and limitations in 3-D fabrication methods1,2,4,7. As a result, this area would 

benefit from new synthetic concepts or new components in lithography. One place to look for such 

inspiration is from biomaterial-based processes, which routinely assemble mesostructured 

materials. In the growth of natural hard biomaterials, trace amount of interfacial organic species 

represent a unique component8, yielding unusual 3-D biomaterial shapes and properties. The 

application of trace organic molecules as components (e.g., an etching resist) in semiconductor-

based lithography is hard to achieve, given semiconductor processing typically involves either 

high temperature gas-phase or harsh solution-phase preparations. However, inorganic species are 

much more stable and can be introduced as trace component into various semiconductors, as either 

impurities in the bulk volume9-11 or as diffused species near the surface12-16, with the latter holding 

great potential in 3-D semiconductor lithography given surface diffusion is versatile and more 

controllable. In this chapter, I will exploit the phenomena for 3-D mesoscale lithography, by 

showing one example where iterated deposition-diffusion-incorporation of gold over silicon 

nanowires forms etchant-resistant patterns. I will also show that this process is facet selective and 
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can produce mesostructured silicon spicules with skeleton-like morphology, three-dimensional 

tectonic motifs, and reduced symmetries. Atom-probe tomography, coupled with other 

quantitative measurements, indicates the existence and the role of individual gold atoms in forming 

3-D lithographic resists. Finally, compared to other more uniform silicon structures, the anisotropic 

spicule requires greater force for detachment from collagen hydrogels, suggesting enhanced 

interfacial interactions at the mesoscale.  

4.2 Results and Discussion 

4.2.1 Graded, anisotropic, three-dimensional spicules 

Three-dimensional (3-D) mesostructured semiconductors show promising properties and 

applications, however to date few methods exist to synthesize or fabricate such materials. Metal 

can diffuse along semiconductor surfaces, and even trace amount can change the surface behavior. 

Here, we focus on 3-D mesoscale lithography of Si nanowires with diffused gold (Au)13,14,17, where 

Au originates from the nanoparticle catalyst used for nanowire nucleation and elongation18 (Fig. 

4-1). Because Au diffusion over Si surfaces is pressure-dependent16, we first adopted periodic 

pressure-modulation during an Au-catalyzed Si nanowire synthesis to develop Au diffusion-

induced patterns along nanowire sidewalls (Fig. 4-2), where silane (SiH4) and diborane (B2H6) 

were used as a Si precursor and a p-type dopant, respectively.  

 

Figure 4-1. Chemical synthesis of Si spicules requires pressure modulation. a, Real total pressure changes during 

chemical growth. The color-coded traces represent pressure changes in five independent tests with 10, 15, 20, 25 or 
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Figure 4-1, continued. 30 s growth durations. The target pressure setting in MKS Model 250 Pressure Controller is 

40 Torr. Most experiments reported in this article used 15 s ramp duration (vertical dashed magenta line), which 

reached a final pressure of ~ 35 Torr (horizontal dashed magenta line) in a quasi-linear manner. b, Schematic pressure 

variation during synthesis of modulated silicon. The evacuation duration is typically 1 or 5 s, while the pressure ramp 

duration is 15 s. 

 

Figure 4-2. Structures of as-grown p-type Si nanowires. a, SEM images of two typical nanowires. The p-type Si 

nanowires were grown at 470 oC, and evacuated for 1 s in each pressure modulations. Scale bars: 500 nm. b, ‘Grey 

value’ profile along a straight line defined by the two green arrows. The region is selected from the lower SEM image 

(dashed red box) in a. The profile qualitatively suggests a step-wise diffusion of gold along Si nanowire sidewalls. c, 

TEM image (left) of an as-grown p-type Si nanowire, with pressure drop positions marked with arrows. Scale bar, 200 

nm. The diameter profile (right) suggests minimum tapering. The segment diameters are the widths measured at the 

middle of adjacent pressure drop points (marked with arrows). Error bars indicate ± 1 SD from the mean. d, Zoom-in 

views of the regions marked in c, showing nanowire surfaces near #2 and #6 pressure drop locations. Scale bars, 50 

nm. 

Next, we revealed the Au-based patterns with anisotropic wet chemical etching in KOH 

solutions (Fig. 4-3). The as-grown Si structures have rather uniform diameters except periodic 
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swells at the evacuation locations (Fig. 4-2). After etching, we identified two Si mesostructures 

from the same growth batch, Type I spicule with plate-like nodes and Type II spicule with triangle 

shaped nodes (Fig. 4-4a, 4-4b). Portions of nanowire surfaces remained after etching, suggesting 

the diffused Au acted as an etching resist. Both spicule structures show gradient, curved and 

anisotropic surface textures. These formations are reminiscent of other complex nanowire 

morphologies19-24, but are also similar to some naturally occurring hard materials, such as skeleton8.  

Transmission electron microscopy (TEM) images of p-type Si spicules (Fig. 4-4) show that 

Type I and Type II structures grow along the <111> and <112> directions, respectively. While 

Type I is a single crystal, Type II spicule has a {111} twin plane 11 which separates subunits α and 

β (Fig. 4-4f, TB marks the twin boundary), as determined by the two sets of diffraction spots (Fig. 

4-4f, magenta/white and blue/white dashed circles) in the selected area electron diffraction (SAED) 

pattern.  

 

Figure 4-3. SEM images of spicule structures prepared at different KOH concentrations. We tested etching in 5 

% (weight by volume, w/v) (a) 20 % (w/v) (b) and 50 % (w/v) (c) KOH solutions. The duration was 5 s and 

temperature was 60 oC. We chose a moderate concentration (20 %) in most part of our work. Scale bars, 500 nm. 
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Figure 4-4. Electron microscope images of Type I (a, c, d) and Type II (b, e, f) skeleton-like silicon spicules.  a 

and b, SEM images. The right columns are zoomed-in views of individual segments shown in the left columns. c-f, 

TEM and SAED patterns of Type I and Type II structures, viewed from [121]  (c), [110]  (d), [111]  (e) and 

[110] [110]   (f) zone axes. The numbers in SAED patterns are diffraction spots, which reveal [111] and 

[112] [112]  growth orientations for Type I and II structures. Red and blue colors in e and f highlight information 

from twinning subunit α and β, respectively. Scale bars, 200 nm.   

We used scanning transmission electron microscopy (STEM) for tomograms of 

mesostructured Si spicules18 (Fig. 4-5). In addition to the expected structural gradient and 

anisotropy, we reveal convex and concave components in both types of spicules. Combined with 

the faceted edges observed in TEM, we constructed curved anisotropic shells (magenta lines) and 

{111} facets-based polyhedron cores (Type I: octahedron; Type II: trigonal bipyramid, blue and 

green lines) as the coupled two principal ‘tectonic’ motifs for individual nodes (Fig. 4-6).  
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Figure 4-5. Mesostructured silicon spicules show defined motifs. a and b, STEM tomography of Type I (a) and II 

(b) spicules, with polyhedron-curved shell models shown on the right. The blue and brown arrows in the STEM 

tomography mark two different concave features. The magenta and green arrows in the models suggest 

‘morphogenesis’ orientations for the two ‘tectonic’ motifs. Scale bars, 200 nm. 

 

Figure 4-6. Two structural motifs (polyhedron and curved shell) can recover the complex features in 

mesostructured Si spicules. a, STEM tomography of a <111> Si spicule, viewed from different perspectives from 

those shown in Fig. 4-5. b, Polyhedron-curved shell models for segment II-VII of the sample shown in a. The        
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Figure 4-6, continued. octahedra evolve radially, while curved shells change axially. c, STEM tomography of a 

<112> Si spicule, viewed from different perspectives from those displayed in Fig. 4-5. d, Polyhedron-curved shell 

models for segment II-VII of the sample shown in c. The trigonal bipyramids do not change significantly for those 

segments, while curved shells evolve axially. The midplane of the bipyramids is a twin plane (marked with green 

lines).  

We analyzed the surfaces18 and mean curvatures (i.e. the average of the two principal 

curvatures) of individual segments (Fig. 4-7). We confirmed two groups of concave and highly 

curved patches in a Type I spicule segment (Segment IV, Fig. 4-7a, left) -- lower (brown arrows) 

and higher (blue arrows) sets -- consistent with the octahedron model (Fig. 4-8). They are arranged 

with a three-fold symmetry and were formed from selective etching of the left (Fig. 4-5a, brown 

arrow) and right (Fig. 4-5a, blue arrow) domains about the central plate, respectively (Fig. 4-8). 

In contrast, a Type II spicule segment (Segment VI, Fig. 4-7b, left) is capped with {111} planes, 

and only one {110} mirror plane is observed. 3-D mean curvature maps (Figs. 4-7a and 4-7b, right) 

confirm the concave (blue) and convex (red) surfaces, and show that large mean-curvatures 

concentrate at the coupling regions between lateral shells and polyhedron cores.  

The individual segment volumes and specific surface areas (i.e., surface area/volume) 

generally increase and decrease, respectively, from Segment I to VII in both structures (Figs. 4-7c 

and 4-7d, left). These facts suggest that etching of Si and the corresponding porosity, are more 

significant near the Au catalyst. The segment cross-sectional areas (Figs. 4-7c and 4-7d, right; Fig. 

4-9), {112} and {110} planes in Type I spicule and {110} and {111} planes in Type II spicule, all 

generally increase from Segment I to VII, suggesting a gradient in the pattern of etching resistance. 

Interestingly, the ratios of the two cross-sectional areas also change in different segments (Figs. 4-

7c and 4-7d, right), indicating non-uniform radial evolution of segment geometry.  
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Figure 4-7. Mesostructured silicon spicules show pronounced curvature, anisotropy, and gradient. a-d, Iso-

surfaces (a and b, left), 3-D curvature maps (a and b, right) and quantitative analysis of gradient (c and d) in Type I 

(a, c) and II (b, d) spicules. The numerical values in each segment are obtained using Amira 5.5 (FEI Visualization 

Sciences Group). Green and magenta colors in a mark the inside and outside surfaces, respectively. SSA stands for 

specific surface area. Scale bars in a and b represent 200 nm.  

 

Figure 4-8. A model displaying two concave regions in <111> Si spicules.  For simplicity, curved shells are replaced 

by regular struts (orange). Each octahedron (blue) has two of their {111} facets attached to adjacent strut discs. Dashed 

circles with different colors mark the two sets of concave regions. The three images display the same model viewed 

from different perspectives. It is noted that this simplified model does not recover the gradient in Si spicules.  
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Figure 4-9. Complete-tilt STEM tomograms utilized for surface area analysis. a, A series of tomograms of <112> 

Si spicules sectioned at {111} planes. The highlighted regions are individual segments I-VII, where {111} cross-

sectional areas in Fig. 4-7c were calculated. b, A series of tomograms of <111> Si spicules sectioned at {110} planes. 

The highlighted regions are individual segments I-VII, where {110} cross-sectional areas in Fig. 4-7d were calculated. 

Other cross-sectional areas were similarly analyzed. The tomograms were constructed and visualized using Amira 5.5 

(FEI Visualization Sciences Group). The bright spots are Au nanoparticles, which are used as fiducial markers.   

4.2.2 Atomic gold-based etch resist 

To understand the pattern formation mechanism, we used X-ray photoelectron 

spectroscopy (XPS) to characterize Si surfaces prior to wet chemical etching (Fig. 4-10). 

Deconvolution of Au 4f lines indicates the presence of two principle Au components in the 

detectable regime (< 10 nm), metallic Au and intermetallic silicide-like Au (Fig. 4-10, upper 

panel). For example, an Au 4f 7/2 peak at 84.0 eV with a full-width at half-maximum (FWHM) 

of 1.9 eV indicates metallic Au, while the one at 85.3 eV with a FWHM of 2.1 eV suggests the 
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intermetallic Au species 25. The fact that intermetallic Au yields a notable XPS signal (area ratio: 

intermetallic/metallic ~ 1.068) suggests significant Au diffusion and subsequent incorporation into Si 

sub-surface regions. To decouple the role of metallic Au from the intermetallic one in establishing 

the sculpted structure, we removed metallic Au with a standard gold etchant, as confirmed from 

XPS (Fig. 4-10, lower panel). Notably, the primary sculpted structures can still be achieved even 

after prior removal of metallic gold (Fig. 4-11), suggesting that intermetallic Au in Si sub-surface 

play a major role as an etching resist. 

 

Figure 4-10. Intermetallic gold exists on Si surfaces. XPS spectra of modulated structures prior to silicon etching. 

Upper panel: without metallic gold removal. Lower panel: with metallic gold removal. Insets show the binding energy 

and FWHM (in parenthesis) of deconvoluted peaks. 

 

Figure 4-11. SEM images of <112> Si spicules suggest that metallic gold is not critical as the etching resist. SEM 

images of two Si spicules without (a) and with (b) metallic Au removal prior to Si etching displaying similar structures. 
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Figure 4-11, continued. This fact suggests that Au atoms that are incorporated into Si surface serve as the key resist 

component, while metallic Au is primarily the Au reservoir.  

Utilizing a laser-assisted local-electrode atom-probe tomography (APT), we studied Au 

together with other elements with sub-nanometer spatial resolution. Proximity histogram (Fig. 4-

12a)18,26, plotted along the spicule radial direction and collected from an etching-resistive portion, 

indicates a gold enriched region localized at the Si/silica interface (i.e., Si sidewall). The width of 

this region is ~ 7 nm. Surprisingly, the Au peak concentration is ~ 370 atomic ppm, which is less 

than that of boron (B) (~ 1370 atomic ppm in Si) but is substantially greater than the equilibrium 

Au concentration in bulk Si27 and Si nanowires17. The enhanced concentration of Au in Si sub-

surface may be due to the kinetic trapping9 of Au by radially deposited Si upon SiH4 decomposition. 

Significantly, a 3-D, atom-by-atom chemical reconstruction from a 30 nm × 30 nm × 20 nm region 

(Fig. 4-12b) reveals that Au exists mostly as isolated atoms, instead of continuous Au films, which 

are routinely used as etch masks for Si. The incorporation of Au atoms in a Si matrix also explains 

the intermetallic Au feature in XPS.  

 

Figure 4-12. Atom-probe tomography analysis. a, Radial Si, B and Au concentration profiles. b, 3-D chemical 

reconstruction viewed from parallel (upper panel) and perpendicular (lower panel) directions to the sample axis, 
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Figure 4-12, continued. showing Si/SiO2 interface (5% of O iso-surface, blue/cyan), Si (blue dots, 50%), Au (red 

dots, 100%) and O atoms (cyan dots, 50%). 

Si wet chemical etching involves electron transfer at solid/liquid interface28. To answer 

how Au atoms induce an etch resist effect, we performed three-electrode electrochemical 

measurements (Fig. 4-13) using pressure modulated (black) and conventional non-modulated (red) 

p-type Si nanowires as the working electrodes (Fig. 4-13, inset), where bulk metallic Au (i.e., Au 

that is not incorporated in Si) was removed with a gold etchant. Representative current versus 

voltage scans recorded in 5 (w/v) % KOH at room temperature (Fig. 4-13) demonstrate that the 

open circuit potential (i.e., the potential difference between working and reference electrodes at 

open-circuit state, Vocp) shifts anodically (from -1.199 to -1.081 V) when pressure-induced Au 

diffusion was applied, suggesting more difficult etching. A passivation potential, ~ -0.595V, 

appears in both pressure modulated and non-modulated samples and can be attributed to a blocking 

oxide layer formation29. However, in the conventional Si nanowire sample (red), we identified a 

shoulder peak centered around -0.785 V, which is not apparent in Au incorporated Si sample (black) 

and can be ascribed to an etching process at Au-free Si nanowire surfaces. Since Au atoms are 

known to form recombination centers in Si, the random Au-based carrier traps effectively retard 

adjacent electron-based reactions28,29 over the Au incorporated nanowire shell region. This etching 

resist effect involves a shallow chemical reaction through individual atoms, and is different from 

that in traditional silicon nitride (SixNy) or Au film based etching masks, where physical blockage 

by chemically inert materials plays a key role.  



151 

 

 

Figure 4-13. Electrochemical characterizations.  Current-Voltage curves collected using pressure modulated (black) 

and pressure non-modulated (red) silicon structures as working electrodes. Metallic gold was removed with a gold 

etchant. Inset shows the device image, where the edge and back side of silicon wafer were passivated with epoxy. 

Two curves are normalized using the peak at -0.595 V. 

We studied the effect of a p-type dopant, diborane (B2H6), on the spicule morphologies. 

Results collected in <112> Si spicules (Fig. 4-14) demonstrate that as B2H6 feeding increases from 

1:4000 to 1:1000 (B:Si), the areas of Au-atom-decorated shells (enclosed in dashed yellow lines, 

Fig. 4-14) and the widths along the midline on the remaining {111} facets (dashed red lines, Fig. 

4-14, inset) increase. Additionally, the midline width versus segment plot (Fig. 4-14) exhibits 

typically zero values in the segments closer to Au catalysts (phase I), followed by a linear increase 

(phase II, see linear fittings, Fig. 4-14) and finally a plateau regime (phase III). The initial absence 

of Au protected {111} facets suggests that in <112> Si spicules, {113} facets are the major Au 

deposition zones, while {111} facets are primarily used for Au diffusion and incorporation which 

initiates at a later stage (Fig. 4-15). The linear advance of the interface (i.e., L t  or L n , where 

n is the segment index) in phase II suggests that the patterned resist formation is a Au/Si reaction 
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limited process 18, as a diffusive one is usually described by nonlinear power laws ( L t , 0.5  ) 

12. The plateau indicates the merging of Au incorporated patterns from adjacent segments, after 

which interconnection is achieved. The higher feeding ratio of B:Si, 1:1000 vs.1:4000, yields a 

larger slope (i.e., 37.6 nm/segment vs. 28.7 nm/segment) and an earlier onset (i.e., segment 5 vs. 

9) for the linear regions, suggesting that B2H6 can promote Au deposition, diffusion and 

incorporation. A similar behavior was observed in <111> silicon spicules, and we note that {112̅} 

facets are primary Au deposition zones (Fig. 4-16).  

 

Figure 4-14. The effect of diborane on spicule morphogenesis and Au diffusion profiles. Insets show SEM images 

of the 6th segment with 1:1000 (upper panel) and 1:4000 (lower panel) B:Si feeding ratios. Scale bars, 100 nm. 

4.2.3 Theoretical analysis of gold diffusion process 

The diffusion equation in cylindrical coordinates, r, θ, and z, is  

1C C D C C
rD rD

t r r r r z z 

            
        

            
.  (4-1) 



153 

 

For simplicity, we consider planar diffusion of Au on one facet of Si nanowires under the 

steady-state condition12, 34, 

0
d dC

L
dL dL

 
 

 
,      (4-2) 

where C is the atomic concentration of Au and L is the diffusion length. 

The following boundary conditions were employed: (i) the concentration of Au is C0 at the 

diffusion source (initial length L0); and (ii) CLt is the concentration at the length Lt, at time t.  

The solution to (2) is therefore: 
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The steady-state diffusion flux of Au atoms is given by Fick’s first law: 

diff Au   
dC

J D
dL

 ,    (4-4) 

where DAu is the diffusivity of Au atoms. The diffusion flux can also be expressed in terms of 

chemical potentials according to: 
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where μ(L) is the chemical potential of Au in a AuySi1-y liquid alloy, μϴ is the chemical potential 

of Au in the standard state, kB is Boltzmann’s constant, and T is the thermodynamic temperature. 

Then Au diffusion flux at the reaction front is given by: 
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where 
0  and 

tL are the chemical potentials of Au near the diffusion source and reaction front, 

respectively. 

The consumed Au flux for AuxSi1-x formation at reaction front is: 

   incorp    
tt L eqJ L M    ,   (4-7) 

where µeq is the equilibrium chemical potential of Au in solid AuxSi1-x, and M is a constant 

determined by how fast Au adatoms are incorporated into the AuxSi1-x/Si interface. 

Equating Jdiff and Jincorp at the reaction front yields: 
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Taylor expanding the exponentials to first order yields: 

 

 
Au 0 0

Au 0

ln

lnt

B t t eq

L

B t t

D Mk TL L L

D Mk TL L L








.   (4-9)      

Substituting 
tL into Eq. 4-7, the diffusion speed of the reaction front averaged over one 

cycle of pressure modulation is estimated to be: 

         incorp 0 0 Au  1 [ ln / ] /t t eq B t tdL dt J L M Mk TL L L D     . 

Herein, M and DAu are dependent on temperature, and partial pressures for silane and 

dopant gases. 

If  Au 0lnB t tD M k TL L L  the process is reaction-limited12, 34 and 
tdL dt  becomes a 

constant,  0  eqM   . This leads to the observed linear dependence of L on segment index in 

phase II (Fig. 4-14). However, we note that the real synthesis involves much more complicated 
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processes, e.g., radial incorporation of Si, and more boundary conditions due to crystal faceting, 

which are not considered in this estimation. 

 

Figure 4-15. A study of the protected surfaces in <112> Si spicules reveal distinct facets for Au deposition, 

diffusion and incorporation.  a, A plot showing midline widths (L) of the remaining surfaces in different segments. 

A linear evolution can be identified in part of both (111) and (11̅0) surface profiles, suggesting a reaction-limited Au 

diffusion/incorporation process. Additionally, the slopes are 37.6 nm/segment and 28.7 nm/segment for the width 

profiles on the (111) and (11̅0) surfaces, respectively, suggesting a larger Au diffusion/incorporation mobility over 

{111} facets. A very slow variation of widths on the (31̅1) surface suggests that {113} facets are primarily used for 

Au deposition, consistent with prior studies35. b, Schematic diagrams show that Au deposition and 

diffusion/incorporation take place on different facets, yielding patterned interfaces. This proposal is based on the 

results shown in a. 
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Figure 4-16. A study of the protected surfaces in <111> Si Spicules reveals distinct facets for Au deposition, 

diffusion and incorporation.  a, A plot showing midline widths (L) of the remaining surfaces in different segments. 

A linear evolution can be identified in part of ( 11̅0 ) surface profile, suggesting a reaction-limited Au 

diffusion/incorporation process. Very slow variations of widths for both the (21̅1̅) and (12̅1) surfaces suggest that 

{112} facets are primarily used for Au deposition. Additionally, (12̅1) surface displays generally larger midline widths 

than does the (21̅1̅) surface, suggesting that {112̅} facets are better in receiving Au deposition than the {1̅1̅2} facets, 

consistent with prior studies35. This property also contributes to the observed anisotropy. b, Schematic diagrams show 

that Au deposition and diffusion/incorporation take place at different locations, and explain the pattern formation. 

This mechanism is based on the results displayed in a. It should be noted that {110} facets are less defined given 

curved morphology in <111> spicules. 

We tested the effect of an n-type dopant, phosphine (PH3). STEM tomography (Fig. 4-17) 

displayed a mesostructure with less gradient. To achieve optimal growth, we identified an ~ 15 oC 

higher growth temperature than when B2H6 is used, consistent with the fact that PH3 and B2H6 can 

inhibit and enhance SiH4 decomposition30, respectively. Additionally, we needed to use an ~ 5 

times longer evacuation time to promote Au coverage, suggesting that PH3 is less effective than 

B2H6 in enabling the spreading of Au on silicon surfaces (Figs. 4-17, 4-18), and such spreading is 
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critical for both efficient Au deposition and diffusion. Finally, if neither B2H6 nor PH3 was added, 

i.e. intrinsic Si, we observed a larger number of isolated Au nanoparticles on the Si sidewalls (Fig. 

4-18d), which yielded less defined mesostructures upon etching (Figs. 4-19, 4-20).  

 

Figure 4-17. n-type Si spicules exhibit similar structures. a, SEM image of n-type Si spicules collected from their 

growth substrate, indicating a high yield. All spicules exhibit tilted views. b, STEM tomography of one n-type spicule 

viewed from different perspectives.  

 

Figure 4-18. Structures of as-grown n-type (a, b) and intrinsic (c, d) Si nanowires. a, TEM image (left) of an as-

grown n-type Si nanowire, with pressure drop positions marked with arrows. The n-type Si nanowires were grown at 
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Figure 4-18, continued. 485 oC, and evacuated for 5 s in each pressure modulations. Scale bar, 200 nm. The diameter 

profile (right) suggests minimum tapering. The segment diameters are the widths measured at the middle of adjacent 

pressure drop points (marked with arrows). Error bars indicate ± 1 SD from the mean. b, Zoom-in views of the regions 

marked in a, showing nanowire surfaces near the #3 and #6 pressure drop locations. Scale bars, 50 nm. c, TEM image 

(left) of an as-grown intrinsic Si nanowire, with pressure drop positions marked with arrows. The intrinsic Si 

nanowires were grown at 485 oC, and evacuated for 5 s in each pressure modulations. Scale bar, 200 nm. Likewise, 

the diameter profile (right) suggests minimum tapering. d, Zoom-in views of the regions marked in c, showing 

nanowire surfaces near the #3 and #6 pressure drop locations. Scale bars, 50 nm. 

 

Figure 4-19. Intrinsic Si nanowires grown with pressure modulations yield rough etching structures. a, SEM 

image of an etched intrinsic <112> Si nanowire grown without pressure modulations, showing uniform etching around 

sidewalls. b and c, SEM images of KOH-etched, modulated, intrinsic <112> Si nanowires, recorded on a flat substrate 

b and a growth substrate c. The modulated intrinsic Si nanowires were grown at 485 oC, and evacuated for 5 s in each 

pressure modulations. Results showed that although diffused Au over intrinsic Si can protect some of the Si surfaces, 

the etched structures have rough edges. Scale bars, 500 nm. 



159 

 

 

Figure 4-20. Intrinsic Si spicules show less defined 3D structures. a and b, TEM and SAED pattern, viewed from 

<111> (a) and <110> (b) zone axes. c-g, STEM tomography and quantitative analysis of an intrinsic Si spicule, with 

seven segments marked (c). Iso-surface map (segment I, d), 3D curvature map (segment I, e), and gradient analysis 

(f, g) of intrinsic Si spicule suggest less-defined structures, consistent with the SEM results in Fig. 4-19. The numerical 

values in each segment are obtained using Amira 5.5 (FEI Visualization Sciences Group). Green and magenta colors 

in d mark the inside and outside surfaces, respectively. SSA stands for specific surface area. Scale bars in a and b 

represent 200 nm. 

4.2.4 Gold deposition-diffusion-incorporation mechanism 

We propose a modular deposition-diffusion-incorporation mechanism for patterned-

interface formation. Initially, the Si structure follows vapor-liquid-solid axial growth (Fig. 4-21, 
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1). Upon evacuation, the growth stops (Fig. 4-21, 2), and catalyst instability at a low pressure (~ 

0.2 Torr) initiates Au deposition (Fig. 4-21, III, graded orange color band) and subsequent 

diffusion (Fig. 4-21, II, graded pink color band). During SiH4 pressure recovery in the ramp period, 

the Au deposition and diffusion ceases 13, while the Si growth rate increases (Fig. 4-21, I, graded 

blue color band) to form a new segment (Fig. 4-21, 3). Decomposition of SiH4 on the Si sidewalls 

assists robust incorporation of Au atoms into Si sub-surface. Iteration of this process (Fig. 4-21, 

4-6) generates the anisotropic and graded Au/Si interfaces. 

 

Figure 4-21. A schematic diagram illustrating the patterned interface formation. Graded color-bands denote Si 

axial elongation (I, blue), Au deposition (III, orange) and diffusion (II, pink). The numbers indicate different stages 

during a typical growth, and dashed lines mark the catalyst/Si interfaces at each stage.  
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This proposed mechanism is further corroborated by the fact that (1) B-doped nanowires 

grown without pressure modulation only yielded uniform etching structures (Fig. 4-22)19, (2) 

intentional gold diffusion only at the end of p-type nanowire synthesis also yield etch resist (Fig. 

4-23), (3) diffused Au did not recruit B which is known to affect Si etching, and (4) possible B 

incorporation directly from the gas phase is along the spicule radial direction, which is orthogonal 

to the direction for resist formation. Overall, we show dopant incorporation or nanowire initial 

morphology itself cannot yield the observed complex structures. The curvatures of the final 

spicules are defined by the shapes of patterned resists, curved catalyst-silicon interfaces, 

crystallographic orientations, and etching conditions. The initial, isolated Au nanoparticles play 

multiple roles, i.e., catalyzing silicon growth, defining edge curvature and supplying diffused gold 

atoms and clusters. Finally, we note that since metal diffusion along semiconductor surfaces is 

general, e.g., in GaP-Au15, GaAs-Au13,15, and Si-In/Sn10 systems, similar patterning and 

lithography approach may be applied in other semiconductors.  

 

Figure 4-22. KOH etching of p-Si nanowires grown without pressure modulation is not sensitive to starting 

facets. a, SEM images of two typical as-grown p-Si nanowires. No pressure modulation was used during the synthesis. 

b, SEM images of an etched <111> p-Si nanowire. The right panel shows a tilted view and suggests uniform etching 

from sidewalls. c, SEM images of an etched <112> p-Si nanowire. The right panel shows a tilted view and suggests 
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Figure 4-22, continued. KOH etching is not sensitive to its starting facets (two {111}, four {113} and two {110} in 

an ideal model). The etching insensitivity to starting facets can be explained by assuming that etchant can attack Si 

from many possible orientations, avoiding slow-etching facets (e.g., {111}). Scale bars: 500 nm. 

 

Figure 4-23. One-step diffused gold can serve as etch resist for Si nanowire etching. In this experiment, we first 

grew p-type Si nanowires using the same flow rates (60 sccm of H2, 2 sccm of SiH4 and 10 sccm of B2H6 (100 ppm 

in H2) as adopted in Si spicule synthesis. After the synthesis was complete, we kept the nanowires at base pressure (~ 

1.5 mTorr) and the growth temperature (465 oC) for 15 s, 30 s and 60 s. Then we quickly lowered the temperature and 

took out samples. Nanowires were etched in 20 % (w/v) KOH at 60 oC for 5 s. Upon etching, the nanowire tips have 

been partially protected. The edges are patterned and curved, and the axial lengths of the protected regions are 

evacuation-time dependent. Although these experiments used very different gold diffusion conditions, they eliminate 

the effects of gaseous dopants, and independently confirm the etch resist effect from diffused gold. Scale bars: 300 

nm.  

4.2.5 Interfacial interactions with extracellular matrices 

The anisotropic mesoscale texture of Si spicules suggests that they may have different 

interactions with surrounding matrices such as hydrogels or biological tissues, as compared to 

other more isotropic Si structures such as diameter-modulated nanowires18,19. To test this 
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possibility, we first mounted single mesostructured Si spicules (<112>-oriented, p-type) onto 

atomic force microscopy cantilever tips with a focused ion-beam system (Fig. 4-24a, inset). Next, 

by approaching/retracting the spicules to/from collagen Type-I hydrogel (Fig. 4-24b), we were 

able to monitor the force and work of the spicule-matrix interactions in both the forward and 

reverse directions. For each recording, we chose a fresh location over the hydrogel surface. To 

study the effects of probe geometry and surface, we performed control measurements (Fig. 4-25) 

with an un-etched silicon nanowire, a uniform diameter-modulated silicon nanowire18,19, and a 

nanoporous silicon nanowire18. A representative force-distance (F-D) curve recorded from the Si 

spicule probe exhibits a detachment force of ~ 3.9 nN, and a detachment work of ~ 15.6 fJ (Fig. 

4-24a). Statistical analyses of F-D measurements with the single Si spicule and different Si 

nanowire probes (Fig. 4-26, N=50) demonstrates that the unique anisotropic mesostructure, rather 

than surface area or nanoscale roughness, yield a major enhancement in detachment force and 

detachment work. The observation that anisotropic spicule requires the largest detachment force 

from collagen, is reminiscent of natural systems, such as a ‘bee’s stinger’ which can become rooted 

in skin. This suggests the potential of adopting mesostructured Si spicules for building tight 

junctions with other soft materials, such as in tissue-interfacing adhesives or bioelectronics.  

 

Figure 4-24. Mechanical interactions between Si spicules and collagen hydrogel. a, Representative force-distance 

(F-D) curves collected using individual silicon spicule as a probe. Insets displace the spicule-based AFM probe at 
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Figure 4-24, continued. different magnifications. b, A schematic diagram of the experiment, highlighting the 

interfaces between the Si spicule and individual collagen fibers. c, A schematic diagram illustrating detachment force 

and detachment work. 

 

Figure 4-25. Diameter-modulated (a) and nanoporous (b) Si nanowire probes. The left panels in a and b show 

SEM images of diameter-modulated (a) and nanoporous (b) Si nanowires, which are assembled onto the tips of AFM 

cantilevers with a micromanipulator and fixed with a dual-beam FIB system. The right panels in a and b show details 

of the as-made nanowire structures, i.e., SEM image of a diameter-modulated Si nanowire (a) and TEM image of a 

nanoporous Si nanowire (b). The pore size over nanoporous Si nanowire surface is 8.5 ± 4.4 nm (mean ± 1 SD, N=60). 

Metallic Au was removed with a standard Au etchant prior to mounting process. Scale bars: 1 µm in a and the left 

panel in b, 100 nm in the right panel of b. 
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Figure 4-26. Si spicules show enhanced interactions with collagen fibers. a and b, Box-and-whisker plots of forces 

(a) and work (b) required to detach silicon spicules (black), un-etched silicon nanowires (red), diameter-modulated 

silicon nanowires (blue), and nanoporous silicon nanowires (purple). Half of the data points are within the box and 

80% are within the whiskers. Solid and dashed lines mark median and mean, respectively. The dots represent 

maximum and minimum values. The means of detachment force are: 4.16 nN (mesostructured spicule), 0.455 nN (un-

etched nanowire), 1.03 nN (modulated nanowire), and 0.827 nN (nanoporous nanowire). The means of detachment 

work are: 20.0 fJ (mesostructured spicule), 1.39 fJ (un-etched nanowire), 2.86 fJ (modulated nanowire), and 2.15 fJ 

(nanoporous nanowire). N=50, and numbers above bars indicate the P-value of the Mann-Whitney test. c, 

Representative recording traces from mesostructured Si spicule, un-etched Si nanowire, uniform diameter-modulated 

Si nanowire and nanoporous Si nanowire. 
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4.3 Experiment 

Synthesis of silicon spicule. Silicon spicules were synthesized using a two-step, combined gas- 

and solution-phase process. The gas-phase growth utilized a nanocluster-catalyzed chemical vapor 

deposition (CVD) method. The citrate-stabilized gold (Au) colloidal nanoparticles (Ted Pella Inc., 

100, 150 or 200 nm diameter) were deposited onto Si (100) substrates (Nova Electronic Materials, 

p-type, 0.001 Ω cm) and used as catalysts. Prior to catalyst deposition, the native oxide on the Si 

substrates was removed with buffered hydrofluoric acid (BHF) (Alfa Aesar) to yield a hydrogen-

terminated surface. The gas phase synthesis part was performed at 465-485 oC using silane (SiH4) 

as the silicon reactant source, hydrogen (H2) as the carrier gas, and phosphine (PH3, 1000 ppm in 

H2) and diborane (B2H6, 100 ppm in H2) as the n- and p-type dopants. In a typical preparation for 

p-type Si spicules with a doping ratio of 1000:1, the flow rates of H2, SiH4 and B2H6 were 60, 2 

and 10 standard cubic centimeters per minute (sccm) in CVD synthesis, respectively. Periodic 

switches between 1 second of evacuation and 15 seconds of linear pressure ramp were used to 

generate patterned 3D interfaces over Si, following a growth of a base segment at constant pressure 

of 30-40 Torr for 7 min. The pressure dropped to ~0.2 Torr in the evacuation cycle and linearly 

increased to above ~35 Torr in 15 s during a growth cycle. Prior to the alkaline etching of 

modulated Si, the as-grown substrates were dipped into BHF to remove native oxide. After rinsing 

with deionized (DI) water, anisotropic etching was performed in 20% (w/v) potassium hydroxide 

(KOH) aqueous solution at 60 oC for 5-10 s. The etched samples were rinsed with DI water, 

isopropanol alcohol (IPA) and dried in air.  

Synthesis of un-etched, pressure modulated Si nanowires. The procedure was the same as that 

used for the gas phase preparation of Si spicules. No KOH-based etching was used. In a typical 

CVD synthesis of Si nanowires with a doping ratio of 1000:1, the flow rates of H2, SiH4 and B2H6 
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were 60, 2 and 10 sccm, respectively. Periodic switches between 1 second of evacuation and 15 

seconds of linear pressure ramp were used, following a growth of a base segment at constant 

pressure of 30-40 Torr for 7 min. These nanowires were used for XPS, APT, electrochemistry and 

AFM experiments in the main text.  

Synthesis of conventional Si nanowires without pressure modulation. In a typical CVD 

synthesis of Si nanowires with a doping ratio of 1000:1, the flow rates of H2, SiH4 and B2H6 were 

60, 2 and 10 sccm, respectively. Growth took place at a constant pressure of 30-40 Torr and at 465 

oC, for 20 min. No intentional gold diffusion was applied during the synthesis, and these nanowires 

were used for electrochemistry experiments in the main text.  

Synthesis of uniform, diameter-modulated Si nanowires. They were prepared by alkaline 

etching of Si nanowires with alternate n-type and undoped axial segments. The CVD synthesis 

was performed at 460 °C and a total pressure of 30-40 Torr, with alternate growths of n-type 

(PH3/SiH4 feeding ratio of 1:500) and undoped segments (10 s for each segment). Subsequent 

alkaline etching of the Si nanowires was conducted in a KOH/IPA solution (5 % (w/v) KOH in 

water; 1:1 v/v) for 2 min at 30 °C. The etched samples were rinsed with DI water, IPA, and dried 

in air. These nanowires were used for AFM experiments in the main text. 

Synthesis of nanoporous Si nanowires. They were prepared by metal-assisted chemical etching 

of n-type Si nanowires synthesized at 480 °C with PH3/SiH4 feeding ratio of 1:500. Silver (Ag) 

nanoparticles were electrolessly deposited on the nanowires in an aqueous solution of 0.04 mM 

AgNO3 and 0.4 % (v/v) HF for 10 s at room temperature. The Ag-assisted chemical etching was 

performed in a mixture of 1.5 % (v/v) H2O2 and 2 % (v/v) HF for 10 s at room temperature. The 

etched samples were rinsed with DI water, IPA, and dried in air. These nanowires were used for 

AFM experiments in the main text.  
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Electron microscopy and tomography. Si spicules were gently sonicated in IPA and dispersed 

onto silicon substrates (Nova Electronic Materials, p-type, 0.001 Ω cm) or lacey carbon grids (Ted 

Pella Inc.) for electron microscopy characterization. Scanning electron microscopy (SEM) (FEI 

Nova NanoSEM 200) and transmission electron microscopy (TEM) (FEI Tecnai F30 and Hitachi 

H-8100 TEM) were used to characterize the morphology and crystallography of Si spicules. For 

scanning transmission electron microscopy (STEM) tomography analyses, Si spicules from Si 

substrates were picked up and transferred with a micro-manipulator and attached to copper (Cu) 

tips with electron-beam-induced platinum (Pt)/carbon (C) deposition using a focused ion-beam 

(FIB) system (FEI Helios Nanolab 600 DualBeam FIB/SEM). The Cu tips were mounted on a 

Hitachi rotation holder, which permits rotary motion from 0 to 360°. The high-angle annular dark 

field (HAADF) STEM images of the samples were collected using a STEM (Hitachi HD-2300A) 

at tilt intervals of 2° from 0° up to 240°. The tilt series were aligned and reconstructed using a 

back-projection algorithm, in IMOD 4.5 (University of Colorado, Boulder) with 10 nm Au 

nanoparticles as fiducial marker. The tomograms and 3D iso-intensity surfaces were constructed 

and visualized using Amira 5.5 (FEI Visualization Sciences Group). Segmentation of the 

tomograms was carried out manually. The optimal threshold values in constructing 3D iso-

intensity surfaces are 1320 and 1540 for Type I and Type II spicules, respectively. 

X-ray photoelectron spectroscopy (XPS). The Si structures were gently sonicated in IPA and 

dispersed onto silicon substrates with a 100 nm thick titanium coating. XPS data were collected 

using ESCALAB 250 Xi (Thermo VG Scientific) with monochromatic Al Kα (hv = 1486.6 eV) 

excitation. The diameter of the X-ray beam was 900 µm and the scan step was 0.1 eV. The 

correction of the XPS spectra for charge accumulation was performed using the C 1s peak (binding 
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energy = 285.0 eV) of hydrocarbons. The XPS peaks were fitted using a Gaussian/Lorentzian peak 

shape after correcting background with the Shirley method. 

Atom-probe tomography (APT). The un-etched Si structures were transferred and mounted onto 

silicon microposts with a micromanipulator, pre-coated with nickel (Ni), post-coated and filled-in 

with platinum (Pt)/carbon (C) composites, and milled into needle-like microtip specimens using 

an FIB system (FEI Helios Nanolab 600 DualBeam FIB/SEM). The APT was performed using a 

ultraviolet (UV) laser-assisted local-electrode atom-probe (LEAP 4000XSi, Cameca, Madison). 

Laser-assisted evaporation of the surface atoms from a microtip was achieved using an applied 

voltage of 1∼6 kV direct current (dc) and 30 pJ UV (wavelength λ = 355 nm) laser at a pulse rate 

of 250 kHz. The mass-to-charge-state (m/z) ratios of individual evaporated ions, in addition to their 

(x, y, z) coordinates in direct space, were recorded employing a position sensitive detector. During 

APT analyses, the samples were held at 30 K at an ambient pressure of 2×10-11 Torr. The 3D 

reconstructions and data interpretations were performed utilizing Cameca’s IVAS3.4 code.  

For 3D rendering, data were created in Cameca Integrated Visualization and Analysis 

Software (IVAS, www.cameca.com/support/ivas.aspx). The delocalization parameters were 3 nm 

× 3 nm × 3 nm. Finally, proximity histograms were created with respect to 5% oxygen iso-

concentration surface. The displacement in oxide layer was assigned positive sign.  

Electrochemical measurements. The voltammograms were recorded using a potentiostat 

(Autolab, Eco Chemie BV) with a three-electrode system in 5% (w/v) KOH aqueous solution at 

room temperature (23 oC). Si structures with their growth substrates, Pt wire, and a Ag/AgCl 

electrode were used as the working electrode, counter electrode, and reference electrode, 

respectively. The electrical back contacts to the working electrodes were isolated from the solution 

http://www.cameca.com/support/ivas.aspx
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using an epoxy (Devcon) coating. The potential was scanned from -1.5 Vdc to 0 Vdc at a rate of 5 

mV/s. 

Atomic force microscopy (AFM) measurements. Si structures were micro-manipulated and 

mounted onto AFM cantilevers (ScanAsyst-Air, Bruker, nominal spring constant 0.4 N·m-1) with 

an FIB system (FEI Helios Nanolab 600 DualBeam FIB/SEM). The integrated probes were used 

to measure the force-distance (F-D) curves from collagen fibril networks. Collagen (Corning, 

Collagen I, Rat Tail, 4.04 mg/mL), phosphate buffered saline (PBS 10x), 1M NaOH, and DI water 

were mixed and adjusted to a pH of 7.4, and applied onto Petri dishes placed on ice. The collagen 

gels formed after subsequent incubation at 37 oC for 1 hour. The F-D curves were collected on the 

collagen gels immersed in 1x PBS solutions at room temperature (23 °C) using a MFP-3D-BIO 

AFM (Asylum Research), with an approaching and retracting speed of 1 μm·s-1 and a trigger force 

of 1 nN. Prior to the measurement, each AFM cantilever mounted with a Si spicule or nanowire 

was calibrated to determine the cantilever’s deflection sensitivity (nm·V-1) and then the spring 

constant (N·m-1) using the thermal tuning method. 50 force-distance curves were recorded from 

different points on the samples for statistical analyses of the detachment force and detachment 

work (integration of the adhesive forces over the distance traveled by the cantilever). The data sets 

were plotted using box-and-whisker diagrams in which the boxes and the whiskers contain 50% 

and 80% of the data points, respectively. The maximum, minimum, median and mean were also 

marked in the diagrams. In these experiments, the surfaces of silicon structures were not modified 

with biomolecules given chemical modification itself can significantly affect bio-interfaces. 
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Chapter 5  

Alloy-assisted deposition of three-dimensional arrays 

of atomic gold catalyst for crystal growth studies 

5.1 Introduction 

Large-scale assembly of individual atoms over smooth surfaces is difficult to achieve. A 

configuration of an atom reservoir, in which individual atoms can be readily extracted, may 

successfully address this challenge. In this chapter, I will demonstrate that a liquid gold-silicon 

alloy established in classical vapor-liquid-solid growth can deposit ordered and three-dimensional 

rings of isolated gold atoms over silicon nanowire sidewalls. I will show that ab initio molecular 

dynamics simulation unveils a surprising single atomic gold-catalyzed chemical etching of silicon. 

Additionally, I will show the experimental verification of the catalytic process in silicon nanowires 

and yield dopant-dependent, massive and ordered 3D grooves with spacing down to ~ 5 nm. 

Finally, we can use these grooves as self-labelled and ex situ markers and resolved several complex 

silicon growths, including the formation of nodes, kinks, scale-like interfaces, and curved 

backbones. 

Atom-by-atom manipulation by scanning probe microscope (SPM) is an effective method 

of assembling functional structures and devices on a solid substrate1-3, and has enabled numerous 

fundamental studies of chemical and physical processes (Fig. 5-1a). Despite its high precision, 

this technique suffers from low throughput due to its serial operation. Periodic assembly of 

individual atoms (e.g., aluminum and gallium) over step edges of a crystalline substrate is 
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possible4,5, especially when the bonding of adatoms at the step edges of the substrate is 

energetically more stable than that on the crystal terraces. However, the nanoscale features 

obtained this way are limited by the crystal lattice of the underlying substrates.  

High throughput, sequential and tunable printing of individual atoms over a large area has 

not been achieved, but if successful, it could impact fields other than quantum science2, surface 

chemistry4,5, or single molecule studies3. A configuration of an atom reservoir, in which individual 

atoms can be readily extracted, may successfully address this challenge.  

The liquid alloy established in classical vapor-liquid-solid (VLS) growth could be an 

option for the reservoir. Indeed, in VLS growth of silicon (Si) nanowires6-9, many metal species 

such as gold (Au)10-17, alunimum5,18, indium19, tin19, are able to incorporate over or into Si 

nanowires during the growth. Moreover, in a VLS process, alloy droplet instability or oscillatory 

motions can occur even under classical growth conditions20-24, and they have yielded periodic 

changes of crystal structure and morphology. 

Here we discover a new oscillatory motion of Au/Si alloy droplet, which enables a three-

dimensional (3D) patterning of atomic Au over Si nanowire sidewalls. The Au atoms catalyze an 

etching of Si nanowires, which subsequently forms massive grooves that are used for probing 

many crystal growth behaviors. 

5.2 Results and Discussion 

5.2.1 New concept for the parallel atom manipulation  

We hypothesize that a liquid silicon-metal alloy, a reservoir of mobile and dispersed atomic 

species, could be explored for the parallel printing of individual atoms (Fig. 5-1b). We test this 

possibility in Au catalyzed VLS growth of Si nanowires, because the catalysts during growth are 
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liquid alloy droplets and they can deposit both metal nanoparticles and atoms over Si sidewalls. 

Besides having an atom reservoir, another key factor in controllable atom patterning is the 

realization of a switch that allows atom deposition only during certain time points of a sequential 

process. These oscillations in Au-catalyzed VLS growth can potentially be utilized for such a 

switch in atom printing, especially given the classical coffee-ring effect25 that provides information 

on droplet instability-induced sequential patterning of a range of nano- and micro-particles. 

 

Figure 5-1. Liquid may be used for atom manipulation. Schematic illustrations of (a) single atom manipulation by 

SPM and (b) large scale and sequential manipulation of atom arrays with liquid alloy.  

5.2.2 Discovery of atomic Au-based line patterns 

Given that alloy droplet instability can occur under typical VLS conditions20-24, we 

extensively surveyed the surfaces of classical Si nanowires for the potential occurrence of atomic 

Au patterns over their sidewalls. We chose to focus our studies on nanowires with a diameter range 

of 100 nm ~ 1 µm, as this is a critical length scale that bridges traditional nanomaterials and 

micron-level objects but has surprisingly received very little attention. Additionally, it is known 

that larger diameter in Si nanowires favors Au deposition14,15. To enable high-resolution imaging 

of individual atoms from these relatively thick nanowires and to preserve the sample surface 

information, we microtomed samples for aberration-corrected scanning transmission electron 

microscope (STEM) imaging (thickness, ~ 70 nm), and used horizontally placed samples made by 

a focused ion beam system for laser-assisted local-electrode atom-probe tomography (APT).  
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Significantly, for Si nanowires synthesized with high phosphine doping (i.e., heavy n-type), 

we consistently found ordered line patterns over Si surface with a minimum line spacing of ~ 5 

nm (Figs. 5-2a, 5-3a). High-resolution STEM images and energy dispersive X-ray spectrum (EDS) 

indicated that the lines consisted of isolated gold atoms (Figs. 5-2c, 5-3b, and 5-3c). The fact that 

these gold atom lines do not align with planar defects (Fig. 5-3c) rules out the possibility of gold 

trapping by a superlattice10,23,24,26. Atomic force microscope (AFM) imaging of the Si nanowire 

showed smooth surfaces with a roughness less than 2 nm (Fig. 5-4), ruling out another gold 

trapping situation at the diameter-modulated sidewalls22,27,28.  

 

Figure 5-2. Order lined patterns are found on Si nanowire sidewalls. a, Aberration-corrected STEM image of 

ordered line patterns over Si surfaces. Scale bar, 10 nm. b, High-resolution STEM image for a zoom-in view from b 

(region labeled with blue dashed box). Scale bar, 5 nm. c, Isolated gold atoms images highlighted in the lines regions 

from c (marked by two green dashed boxes). Scale bars, 1 nm. 
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Figure 5-3. STEM and EDX studies of ordered line patterns on Si nanowire surfaces. a, Ordered line patterns 

recorded from a different Si nanowire sample. b, A STEM image and an EDX spectrum taken from the same Si 

nanowire used for Fig. 5-2. Characteristic x-ray peaks of Au were identified. The yellow cross on the STEM image 

(left) marks the spot where the EDX spectrum was collected. c, A high-resolution HAADF-STEM image (left) and its 

corresponding fast Fourier transform (FFT) diffractogram (middle) show a single crystalline characteristic when 

viewed from [011] zone. The fact that Au lines are not aligned with any {111} twin boundaries excludes the possibility 

that the line patterns are formed by trapped Au atoms in a twinning superlattice structure. A simulated FFT from a 

twinning superlattice (lower right panel) should show two sets of diffraction spots (red and blue), which are not 

identified in our case (middle and upper right panels). 

 

Figure 5-4. As-grown Si nanowires have smooth surfaces. TEM (a) and AFM (b) images show that the surfaces of 

n-type Si nanowires are smooth, without sawtooth sidewall faceting. A height profile taken along the nanowire axial 

direction (b, right) quantifies the observed surface smoothness.  
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A 3-D, atom-by-atom chemical reconstruction from a nanowire surface region (Fig. 5-5a, 

green, Ni; cyan, O; blue, Si) revealed the presence of mostly isolated Au atoms (Fig. 5-5b, orange 

spheres; Fig. 5-6), with a local peak volume concentration of 0.01 ~ 0.03 atoms nm-3, determined 

at a concentration sampling grid voxel size of 0.6 nm x 0.6 nm x 1.5 nm. Compared to STEM 

imaging, the APT chemical reconstruction showed less clear chain-like arrangement (dashed arrow, 

Fig. 5-5b), likely due to the limited spatial resolution and the destructive sample preparation in 

APT. A proximity histogram concentration profile with a direction normal to the Si/Ni interface 

revealed a gold enriched region (thickness, ~ 2 nm) localized at the Si sidewall surface (Fig. 5-5c), 

with an Au concentration as high as ~ 1120 atomic ppm. These results highlight the possibility of 

atom array patterning during a VLS process (Fig. 5-1). 

 

Figure 5-5. APT analysis. a, A 3-D atom-by-atom chemical reconstruction of a nanowire surface region. Atomic 

positions are represented by blue (Si, 2.5% shown), cyan (O, 100% shown), and green (Ni, 10% shown) dots. Scale 

bar, 20 nm. b, A 2-D color-coded map of gold atomic density exhibits a chain-like arrangement, indicated by a black 

dashed arrow (right panel). Orange spheres represent gold atoms. Scale bar, 10 nm. c, Proximity histogram 

concentration profile of Si and Au in the direction normal to the Si surface. 
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Figure 5-6. Gold atoms sit on the Si surface. a, An atom-by-atom 3-D reconstructed data set of the Si nanowire 

specimen (Si, blue dots, 4% shown) with the SiO2 (O, cyan dots, 75%) native surface oxide and the Ni (Ni, green dots, 

7.5%) capping layer (left). The pink dashed box marks the region for the enlarged cross-sectional view of the 

Si/SiO2/Ni interfaces (right). An 80 at% Si isoconcentration surface (blue) delineates the Si/SiO2 interface. 20% of 

total Si (blue dots), 100% of O (cyan dots), 75% of Ni (green dots), and 100% of Au (yellow spheres) atoms are 

displayed to highlight the enrichment of Au at the Si nanowire surface. b, Mass spectra of the interfacial region shows 

a distinct peak for the 197Au isotope, corroborating the EDX results that suggest the presence of Au atoms on the 

nanowire surface. 

5.2.3 Ab initio molecular dynamics simulations 

The parallel and ordered atom manipulation implies new opportunities in chemistry and 

applications for atomic metal-based interfaces. To explore this, we performed long-time ab initio 

molecular dynamics (AIMD) simulations of a model Si(111) surface with and without an isolated 

surface Au atom. Specifically, we wanted to assess the etching propensity of Si in an environment 

of hydrofluoric acid (HF), hydrogen peroxide (H2O2) and water (H2O) species. This chemical 
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process was chosen because it was relevant to the metal-assisted chemical etching (MACE) for 

porous Si29-32. These AIMD simulations were used to observe the dynamics of reactant molecules 

as well as the structural evolution of Si in the vicinity of the Au atom (Fig. 5-7). In general, the 

Si(111) surface without an Au atom maintained structural integrity (Fig.  5-8b), whereas the 

presence of a single Au atom showed pronounced disorder in the vicinity of the Au atom within 

the limited time scales accessible to AIMD (~50 ps) (Fig. 5-8a).  

To understand the role played by a single Au atom in driving the Si etching, we sampled 

several different configurations (Figs. 5-7a, 5-7c) from the long-time scale AIMD run and 

analyzed the evolving electronic structure of the Si substrate (in the vicinal regions as well as those 

beyond the influence of Au atoms). Au being more electronegative than Si, it draws electrons from 

the Si atoms with which it bonds, thereby rendering the Si atoms slightly electron-deficient (Fig. 

5-7a). A corresponding increase in the charge of Si bonded to Au was also seen in the distribution 

of Bader charges of Si atoms (Fig. 5-7b), where Si bonded to Au (bars in blue) had the highest 

positive charges in the system. In two representative configurations (Fig. 5-7a, Fig. 5-7c), the Au 

atom received a charge of ~0.97 e, with the relative amounts of charge depletion on the neighboring 

Si atoms varying with time depending on the instantaneous structure. These positively charged Si 

atoms serve as active etching sites for the chemical species in solution, preferentially attracting 

electron-rich oxidizing agents such as hydrogen fluoride (HF) and hydroxyl group (OH). Such 

charge transfer does not occur in a Si(111) substrate without Au (Fig. 5-8c). We note that the ease 

of etching Si in the presence of Au is also energetically favorable given that the Au-Si bond 

dissociation energy is 15 kJ/mol lower compared to that for Si-Si33. Square displacement (SD) of 

the Au atom (Fig. 5-7d) suggested its significant mobility with an average diffusivity of ~ 5 × 10-

10 m2s-1, which was significantly higher than that for passive Au diffusion in bulk Si (< ~ 10-20 m2s-
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1)34. Additionally, height analysis of the Au atom (Fig. 5-7d) revealed its transport into the sub-

surface (Figs. 5-7c, 5-8a) layers. This would enable continuation of the etching process after the 

removal of the surface Si atoms (beyond the timescales accessible to AIMD).  

 

Figure 5-7. Ab initio molecular dynamics simulation of the catalytic effect of atomic Au. a, A representative 

AIMD snapshot (left) and corresponding charge transfer between Au and Si atoms (right) at t = 5 ps. Atoms are 

represented as almond (Si), yellow (Au), red (O), cyan (F), and blue (H) spheres. Isosurfaces represent volumes where 

electron density decreases (blue) and increases (red) due to the influence of the Au atom. b, A histogram showing the 

distribution of charges on Si atoms bonded to Au (blue) and far-away bulk Si (red) atoms. Si atoms bonded to Au 

have the highest positive charges. c, An AIMD snapshot sampled at a later time point, i.e. t = 41.7 ps. In both sampled 

configurations, the first nearest neighbor Si atoms lose electrons to the more electronegative Au atom. This increase 

in electropositivity of adjacent Si atoms translates to higher reactivity in the presence of electron rich species such as 

OH and HF. d, Relative height and square displacement (SD) of the Au atom over the course of the simulation. Within 

the first 10 ps, the surface Au atom moved to the sub-surface. An enhanced in-plane mobility was observed in the 

subsequent 15 ps.  
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Figure 5-8. AIMD snapshots (10, 20 and 30 ps) in Si(111) with atomic gold and distribution of Si charges in 

pure Si(111) system. a, Single Au atom caused local disorder and showed significant mobility in Si. Atoms are 

represented as almond (Si), yellow (Au), red (O), cyan (F), and blue (H) spheres. b, The Si(111) surface without Au 

atom maintains its structural integrity. c, Charge histograms for Si atoms in the Si(111) substrate without Au atom, at 

5 ps (left panel) and 39.4 ps (right panel), respectively. Compared with Si atoms bonded to Au, Si atoms with large 

positive charges are not observed during the course of the AIMD simulations. 

5.2.4 Si nanowires with porous grooves 

The results from AIMD simulations suggest an atom-catalyzed etching to yield porous Si 

surfaces, an atomic version of classical MACE. We verified this process in wafer-scale and atomic 

Au-decorated Si nanowires for sub-10 nm27 and atom array-based catalytic lithography (i.e. atom 

deposition and catalytic etching). Transmission electron microscope (TEM) and scanning electron 
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microscope (SEM) images recorded from etched n-type Si nanowires revealed massive, ordered, 

3D and porous grooves over all of the nanowire surfaces (Fig. 5-9), reminiscent of ordered 

mesoporous materials35,36. Additionally, given only atomic scale Au was deposited, we did not 

observe obvious tapering of nanowires in our synthesis (Fig. 5-10). Upon etching, the yield of 

original atomic Au lines over n-type Si nanowires could be easily determined; they are ca. ~ 90 % 

and ~ 30 % for <112> and <111> growth orientations (growth condition: at ~ 470 oC, with an Si 

to P feeding ratio of ~ 500, and a diameter range of 120 ~ 480 nm) (Fig. 5-10). Given that <112> 

orientation takes ~ 80 % of the total nanowire population, the overall yield of Si nanowires that 

contained ordered atomic Au lines is ~ 78 %. Due to their high growth percentage and etching 

yield, <112> nanowires will be the focus of our subsequent discussion.  

 

Figure 5-9. Atomic Au-catalyzed etching on Si nanowires. a, TEM and SEM images showing ordered and 3D 

grooves over the entire n-type nanowire surfaces. Scale bars, 200 nm. b, An SEM image showing a Si nanowire picked 

up by a micromanipulator. c, The nanowire was mounted on a Cu tip. The green box marks the region of interest for 

the STEM tilting image series. d, HAADF-STEM images of the same nanowire imaged from six different 

perspectives. Relative tilting angles are marked in individual panels. Orange (top surface) and dashed yellow (bottom 

surface) lines mark the orientations of the etched grooves. The cyan ribbon highlights the shape of an intrinsic segment.  
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Figure 5-10. Si nanowires with ordered grooves display high yield and minimal tapering. a, A TEM overview of 

etched n-type Si nanowires. Numbers correspond to individual nanowires with zoom-in views. b, An etched Si 

nanowire with TEM images taken at multiple locations along its axial direction. Ordered grooves were observed on 

the entire nanowire with marginal differences. Minimal nanowire tapering was observed. c-l, TEM images of 

individual nanowires showing a high yield of ordered grooves. Among 11 nanowires, only #6 and #7 did not show 

ordered grooves. 

TEM images and selected area electron diffraction (SAED) patterns recorded at different 

zone axes of <112> nanowires define a secondary building unit (SBU) and highlighted several key 

structural features (Fig. 5-11). First, we observed that all the original atomic Au lines ran along 

<110> directions over the sidewalls (yellow dotted lines, Fig. 5-11a). Second, the etched porous 

grooves were placed on {110} facets if etching was initiated from the {113} sidewall, while the 

grooves sat on {112} facets if starting from the {111} sidewall (Fig. 5-11a). Third, the atomic Au 

lines and corresponding grooves from {111} sidewalls were perpendicular to the nanowire growth 

axis, while those from {113} the sidewalls were not (Fig. 5-11a). 
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Figure 5-11. Structures of etched grooves on <112> grown Si nanowires. a, Schematics of the structure model of 

gold line patterns and corresponding etched grooves on Si nanowire sidewall facets. Secondary building units before 

and after etching are highlighted. A twin plane is usually observed for <112> grown Si nanowires. b-d, TEM images 

and corresponding SAED patterns collected from the same color-coded viewing orientations as shown in a (11̅0, left; 

011̅, middle; 111̅, right). Groove orientations and nanowire sidewall facets are labelled in individual panels. 

Statistical imaging analysis with users’ script (Fig. 5-12) indicated that larger nanowire 

diameter (e.g., > 120 nm), moderate temperature (e.g., 460 ~ 480 oC), and a high phosphine 

concentration (e.g., Si/P feeding ratio < 1000) enabled high yield line and groove formation (Fig. 
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5-13). While nanowire diameter and growth temperature (Fig. 5-13) did not significantly affect 

the average groove spacing, the distribution became narrower under certain conditions (i.e., 360 ~ 

480 nm diameter and 470 oC). Phosphine concentration (Fig. 5-12), however, had a significant 

effect, with a Si/P feeding ratio > 2000 yielding no grooves or atomic Au lines, and an increased 

groove spacing and wider distribution when the Si/P feeding ratio varied from 500 to 250 (Fig. 5-

13). 

 

Figure 5-12. Spacing of grooves on Si nanowires. a and b, Statistical analysis of the groove spacing. a, A 

representative SEM image of an etched Si nanowire, showing prominent parallel grooves on its surface. The orange 

dashed box and the white arrow mark the region and the direction of analysis in b, respectively. b, A 1-D profile of 

the marked region highlights a periodic oscillation of the image grey value. Local minimal positions, marked by orange 

dashed lines, represent the centers of each groove. d represents the spacing value plotted in Fig. 5-13. c, TEM images 

of nanowires with different Si/P feeding ratios show the significant impact of doping levels on the groove formation. 

Intrinsic segments (smooth segments) were inserted in all cases to help visualize the interface shapes.  
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Figure 5-13. Statistical analyses of the groove spacing. The effects of the nanowire diameter (n = 36, 41, 43), growth 

temperature (n = 21, 11, 32, 11), and Si/P feeding ratio (n = 75, 92, 57) on the groove formation are examined. Boxes, 

error bars and dots represent standard errors, standard deviations, maximum and minimal values, respectively. Dashed 

and solid lines represent mean and median values, respectively. 

Different from n-type Si nanowires, intrinsic and p-type nanowires do not yield ordered 

grooves upon etching (Fig. 5-14). When n-type/intrinsic dopant modulation was employed, we 

observed a <10 nm sharp transition (Fig. 5-14) from parallel grooves (i.e., n-type Si) to smooth 

surface (i.e., intrinsic Si). These facts suggest that the alloy droplet dynamics are highly sensitive 

to their immediate chemical environment near the triple-phase boundary (TPB), which can be 

switched reversibly and quickly between multiple states.  

 

Figure 5-14. TEM and SEM images of etched dopant modulated nanowires. Only the n-type segments yielded 

the grooves upon etching while the intrinsic segments (cyan ribbons) remained smooth. Scale bars, 200 nm (d), 100 

nm (e). 
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5.2.5 Mechanistic understanding 

The easier imaging and enhanced clarity of etched grooves enable a mechanistic 

understanding of the underlying atomic Au pattern formation. Specifically, we sought to address 

the following questions. First, why do the <112>-oriented Si nanowires show much higher 

patterning yield than <111>-oriented ones, i.e., ~ 90 % versus ~ 30 %? Second, why do dopants 

exert a significant impact? And specifically, why does only phosphine yield the observed line 

patterns? Last, what is the built-in “switching” mechanism to regulate the Au deposition during an 

n-type Si nanowire growth?  

Regarding the orientation-dependent line pattern yield, we noted two structural differences 

between <112>- and <111>-oriented nanowires. In <112>-oriented nanowires, there are two 

exposed {111} facets and four exposed {113} that are known to promote wetting or accumulation 

of Au species11,14,37-39. Moreover, essentially all <112>-oriented Si nanowires display at least one 

{111} twin plane that runs parallel to the nanowire axis11; such a planar defect is known to 

accumulate gold species40. <111>-oriented nanowires, however, do not have {111} sidewall facets 

(unless it has a sawtooth geometry22,39 which was not the case under our growth condition) and 

only occasionally contain inclined {111} faults that occupy a small portion of nanowires37,38. 

These two factors together suggest that the sidewalls of <112>-oriented nanowires (that contain 

{111} and {113} facets and exposed twin plan edges) are more sticky to Au/Si alloy droplets and 

promote the droplet contact to the sidewall41 and subsequent atomic Au line patterning. <111>-

oriented nanowires do not have significant sticky features, giving lower yield or incoherent line 

patterns, or line patterns that are accumulated primarily around the inclined {111} faults (Fig. 5-

15). 
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Figure 5-15. TEM and SEM images of etched Si nanowires with <111> growth orientation. a, The <111>-

oriented nanowires do not show a high yield of parallel grooves after etching. b-d, The <111>-oriented nanowires 

show incoherent line patterns, and these lines are usually accumulated around the inclined {111} faults. 

Next, we only observed ordered Au lines in phosphorus-doped (i.e., n-type) Si nanowires, 

but not in boron-doped (i.e., p-type) or intrinsic Si nanowires. This can be understood by 

considering two criteria that must be satisfied simultaneously: (I) the as-deposited Au should be 

patterned, and (II) the as-deposited Au should be immobilized/stabilized so that the patterns won’t 

randomize during the later stage of synthesis.  

Without in situ imaging tools, we cannot rule out the possibility that the as-deposited 

atomic Au in intrinsic, boron-doped, and phosphorus-doped Si nanowires would all be ordered, i.e. 

criteria I may be satisfied for intrinsic and doped nanowires. However, for criteria II, different 
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surface chemistry can have drastic effects on the stability of as-deposited Au. The boron (i.e., a p-

type dopant) precursor was shown to promote Au diffusion along Si nanowire sidewalls11, which 

produced silicon spicules with graded gold coverage. This fact suggests that boron cannot 

immobilize atomic Au. For intrinsic Si nanowires, the sidewall was passivated with atomic 

hydrogen, which typically inhibited Au deposition. Even if Au atoms were deposited over the 

sidewall during the synthesis, they tended to quickly de-wet and form nanoparticle aggregates11. 

Finally, phosphorus, as decomposed from phosphine (PH3, an n-type dopant precursor), is known 

to interact strongly with both Si and Au16,33,42 and preferentially accumulate around the nanowire 

surfaces in n-type Si nanowires43. Indeed, previous results on n-type silicon spicules indicate 

minimum gold-based gradient along Si nanowire sidewalls11, confirming the immobilization role 

of phosphorus over Au. Overall, only phosphorus-doped Si nanowires can satisfy criteria II, i.e., 

stabilizing the as-deposited ordered atomic Au lines.  

Phosphorus exists in multiple phases of the nanowire system. The key question is, “Which 

part of phosphorus is critical?” The sharp pattern transition between phosphorus-doped and 

undoped segments (Fig. 5-14) suggests that the dopant reservoir effect44, which usually covers a 

characteristic length of ~ the nanowire diameter, would not impact the line patterning. Therefore, 

the phosphorus inside the liquid alloy droplet (to be used for doping) and the solid Si nanowire 

(already used for bulk or sub-surface doping) is not critical for the observed Au patterns. Instead, 

only phosphorus in the gas phase and over the silicon surfaces regulate the pattern formation.   

Finally, regarding the built-in switching mechanism for atom printing, it requires that the 

VLS growth system allow both the alloy-based nozzle positioning and atomic Au-based ink 

delivery. As shown below, we propose that a stick-slip motion and a chemical potential variation 

enable the positioning and the delivery (Fig. 5-16), respectively.   
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Figure 5-16. Schematic diagrams illustrating the mechanism for atomic Au line pattern formation. A model is 

proposed, combining a stick-slip motion and an Au deposition process.  

As stated earlier, phosphorus binds strongly with Au and Si nanowires16,33,42. Such a robust 

interaction would cause pinning of the alloy droplet at the Si sidewall with a pinning potential 

barrier (U), as well as the immobilization of as-deposited atomic Au so as to maintain the patterns. 

During nanowire growth, the alloy droplet contact angle (θ) decreases initially because the TPB is 

pinned at the sidewall (i.e., ‘Stick’). When the θ reaches its minimum (θmin), the potential barrier 

U can subsequently be overcome by the gain in Gibbs free energy (ΔG) upon snapping to the next 

equilibrium/quasi-equilibrium position with a contact angle θ0 (i.e., ‘Slip’)45. This droplet motion 

can position the droplet edge (the “nozzle”). 

Because Si supersaturation near the TPB is proportional to contact angle θ 21,46, a reduction 

of θ upon nanowire elongation caused a local drop of supersaturation, and correspondingly, a 

transfer of Au atoms (i.e. “ink”) from the liquid alloy to the solid Si surfaces near the TPB. This 

angle-dependent atom deposition is reminiscent of the coffee-ring effect25. However, unlike the 

traditional coffee-ring process where evaporation of the droplet causes θ reduction and capillary 

flow, the driving force for the θ dynamics and atomic Au deposition in our case was the elongation 
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of the Si nanowire and the corresponding chemical potential changes at TPB. Iterations of this θ 

variation then yielded the observed parallel atomic Au line patterns on Si nanowire sidewalls. 

5.2.6 Analysis of atomic gold deposition 

The formation of the parallel line pattern on silicon (Si) nanowires can be explained by a 

combination of a stick-slip motion that positions the liquid alloy droplet edge and a chemical 

potential variation that delivers Au.  

5.2.6.1 Stick-slip motion 

During the growth of an n-type Si nanowire, the dopant gas phosphine (PH3) decomposes 

into phosphorus (P) which bonds strongly to Si57-59. Additionally, P also interacts robustly with 

Au species42, leading to pinning of the droplet and an energy barrier for unpinning (U). During the 

nanowire growth, the alloy droplet contact angle is constantly decreasing because the triple-phase 

boundary (TPB) contact line is pinned at the equilibrium or quasi-equilibrium position. During the 

nanowire growth, the alloy droplet contact angle (θ) is initially decreasing because the TPB is 

pinned at the sidewall (i.e., ‘Stick’). When θ reaches its minimum (θmin), the potential barrier U 

can subsequently be overcome by the gain in Gibbs free energy (ΔG) upon snapping the TPB to 

the next equilibrium/quasi-equilibrium position with a contact angle θ0 (i.e., ‘Slip’). Because the 

Si chemical potential near the TPB is proportional to the contact angle, a reduction of θ upon 

nanowire elongation causes a local drop of μSi,l, and correspondingly a local elevation of Au 

concentration and Au atom deposition near the TPB. However, unlike traditional droplet stick-slip 

motions due to either evaporation-induced droplet shrinking or directional droplet movement by 

external manipulation, the driving force for the current TPB dynamics is the elongation of Si 

nanowire through a VLS mechanism.  
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Detailed analysis of the stick-slip motion45 can be performed based on an interfacial energy 

consideration. In most of the existing literature on VLS surface energetics, alloy droplet wetting 

over semiconductor sidewalls were not considered. However, our work revealed that this situation 

could occur. Specifically, when the TPB randomly shifts leftward and touches the solid sidewall, 

the droplet may get pinned if there is a strong ‘retention’ due to the presence of chemical species 

(in our case, phosphorus, P) over the semiconductor sidewalls (Phase I, Fig. 5-17a). 

At any given contact angle θ, the interfacial Gibbs free energy of the Au/Si alloy droplet 

can be described as  

lv lv sl sl sl svG A A A     ,    (5-1) 

where Alv and Asl represent the contact areas of liquid/vapor and solid/liquid interfaces, γlv, γsl and 

γsv are the line tensions at liquid/vapor, solid/liquid and solid/vapor interfaces, respectively.  

Under thermodynamic equilibrium, Young’s contact angle equation gives 

     
lv 0 sv slcos     ,   (5-2) 

where θ0 is the equilibrium contact angle. Combining Eqs. 5-1 and 5-2, the Gibbs free energy could 

be rewritten as  

lv lv sl lv 0cosG A A    .   (5-3) 

During nanowire growth, the TPB contact line is assumed to become pinned at its 

equilibrium/quasi-equilibrium position starting from a certain time point. When the nanowire 

continues to elongate for an extra length of L, this newly grown segment would cause an increase 

of the solid/liquid interfacial area by L×d, where d is a geometrical factor at the TPB. The 

corresponding contact angle of the alloy droplet decreases from θ0 to θ (Phase II, Fig. 5-17b). 
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The excess Gibbs free energy under the non-equilibrium state is 

      
0 0

0 lv lv lv sl sl lv 0

0

lv lv lv lv 0

( ) ( ) cos

                      = ( ) cos

G G G A A A A

A A Ld

  

  

      

 
.  (5-4) 

Besides θ, Alv is also a function of d from the geometrical analysis of the alloy droplet 

shape.  

When the excess Gibbs free energy reaches its maximum. 

,    (5-5) 

where U is the pinning energy due to the interaction between Au/Si liquid alloy and solid n-type 

Si nanowire sidewall, the droplet has enough driving force to overcome the pinning potential 

barrier so the TPB contact line can jump to its next equilibrium/quasi-equilibrium position (Phase 

III, Fig. 5-17c)60. In general, U should be highly dependent on the chemical environment during 

the VLS growth. In our case, the higher the PH3 feeding concentration, the higher the amplitude 

of U as it is related to the interaction between P and Au/Si. 

 

Figure 5-17. Three phases of SiNW growth (Phase I, II and III) during one cycle of stick-slip motion. 

DG
max

=U
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5.2.6.2 Chemical potential variation 

During the above stick-slip motion, Au atoms would be deposited on the Si nanowire 

sidewall due to contact-angle-dependent Au delivery. This process can be understood by a 

chemical potential argument. 

In a typical Si nanowire growth process, the Gibbs free energy change during the process 

of Si deposition at TPB can be described as21 

Si,s Si,lSi Si,s Si,l Si( sin )G G G N         ,  (5-6) 

where μSi,s and μSi,l are the chemical potentials of Si in the solid nanowire and liquid alloy, 

respectively, δ is a positive constant that is relevant to the geometry and energy at TPB and 

displaces a property of a δ-function, θ is the alloy droplet contact angle, NSi is the total number of 

Si under consideration. The contact angle dependence is introduced due to a force normal to the 

solid-liquid interface that induced a stress on the nanowire sidewall21. 

Since the nanowire has a uniform diameter, i.e., there is no radial deposition of Si atoms, 

therefore ΔGSi=0. Eq. 5-6 can be reorganized to21  

Si,l Si,s sin     .   (5-7) 

Within a single oscillation cycle, the contact angle is constantly decreasing from the initial 

pinning time point, due to the stretching of the liquid alloy droplet by the newly elongated segment. 

From Eq. 5-7, the chemical potential difference of Si  at TPB reaches its maximum at 

the minimum contact angle, which triggers Au deposition at the solid Si nanowire surface to 

counterbalance the change of . The extraction of Au atoms from the alloy droplet and 

their deposition at the TPB may also be facilitated by the strong interaction between P and Au. 

(m
Si,s

-m
Si,l

)

(m
Si,s

-m
Si,l

)
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Finally, since such a chemical potential variation follows a δ-function around the TPB, we 

therefore only expect Au deposition in the form of lines, instead of patches.  

5.2.7 Ex situ studies of complex crystal growths 

Since the grooves faithfully delineated the 3D TPB geometry, tracing these features can 

imply complex material growth dynamics, which are typically studied by in situ techniques20,21,47 

in a constrained environment. For these studies, we intentionally introduced narrow intrinsic 

segments (cyan bands, Figs. 5-18, 5-19), as their smooth surfaces upon etching can either mark 

the locations of growth perturbations (Fig. 5-18) or help evaluate the stability of structural 

evolution (Fig. 5-19).  

We first studied two complex building blocks, nodes and kinks48 (Fig. 5-18). We found 

that during node growth (Figs. 5-18a, 5-18c), the droplet edge first pinned heavily on one facet 

upon dopant switching (or growth perturbation) while the rest of the droplet continued to evolve 

(pink dashed lines). Subsequent unpinning (yellow dashed lines, Fig. 5-18a) recovered the original 

growth behavior, leaving a node behind (red dashed line in Figs. 5-18a, 5-18c). However, for a 

kinked unit (Figs. 5-18b, 5-18c), the pinned droplet edge remained attached to the Si sidewall 

(yellow arrow), while the growth orientation switched between two <112> (red arrows) by 

shrinking/enlarging the droplet/Si interfaces that are parallel to the original/new ones (i.e., 

highlighted in pink and green dashed lines, respectively). These observations are consistent with 

previous models37,48,49.  
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Figure 5-18. Atomic gold patterns enable the study of the growth dynamics of existing structures.  a, A SEM 

image of a nanowire with a node. Yellow and pink dashed lines mark the evolution of the alloy droplet during node 

formation. The yellow arrow marks the pinning edge of the droplet on an intrinsic segment (cyan ribbon). Red dashed 

lines highlight the node evolution. Scale bar, 100 nm. b, A TEM image of a kinked nanowire. Red arrows indicate the 

switches of the nanowire growth orientations. The yellow arrow marks the pinning edge of the droplet on the sidewall 

at an intrinsic segment (cyan ribbon). Pink and green dashed lines highlight the grooves in the original and the new 

arms, respectively. Scale bar, 100 nm. c, Schematics of the growth dynamics. A node is formed when the droplet edge 

first gets pinned heavily on one facet (blue arrow) while the rest of the droplet continues to evolve. Subsequent 

unpinning recovers the original growth behavior, leaving a node behind. In the formation of a kinked unit, the pinned 

droplet edge remains attached to the Si sidewall (blue arrow), while the growth orientation switches between two 

<112> directions by shrinking/enlarging the Au/Si alloy droplet/Si nanowire interfaces that are perpendicular to the 

original/new arm orientations. 

With this atom-enabled etching, we also discovered two new growth behaviors (Fig. 5-19). 

First, we found that a Si/Au alloy droplet crossing multiple twinning units (labelled as 1, 2, 3 and 

4) can gradually switch the growth orientation from <112> to <111> (Fig. 5-19), without involving 

a kinked unit. SAED from different portions (Fig. 5-19b) and dark field TEM images from selected 

SAED spots (Fig. 5-19c) showed the existence and size evolution for each unit. Zoom-in TEM 

images (Figs. 5-19d, 5-19e) revealed sharp twin boundaries (Fig. 5-19d) and the hierarchical 

nanoscale and atomic scale ordering (Fig. 5-19e). The TPB showed zigzag shapes (Fig. 5-19d), 

and the projected lengths for each TPB segment and the nanowire angular orientation changed 
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smoothly during the <112> to <111> transition (Fig. 5-19f). This observation highlights an 

unusual curvature formation mechanism, i.e., through the size evolution of multi-twinned units in 

crystalline materials (Fig. 5-19i, upper panel). Second, the scale-like TPB was observed when the 

phosphine concentration was high (100 < Si/P feeding ratio < 300), with a typical yield of < 15 %, 

together with a majority of parallel TPB patterns. The TPB oscillated between two wavy line 

shapes (red and blue lines in Fig. 5-19g, lower panel in Fig. 5-19i), and the spacing between 

adjacent TPB lines (d(i+1)-i) fluctuated (versus being mostly constant for parallel TPB patterns) and 

were location-dependent (Fig. 5-19h, recorded along black, brown and green dashed lines in Fig. 

5-19g). Finally, in both curvature-forming TPB (Fig. 5-19a) and scale-like TPB (Fig. 5-19g), the 

insertion of intrinsic segments (cyan bands) did not terminate the material growth behaviors.  
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Figure 5-19. Atomic gold patterns enable the discovery of new crystal growth behaviours. a, A BF TEM image 

of the nanowire with multiple twin units labelled by numbers. The growth orientation is shifted gradually from <112> 

to <111>. Cyan ribbons highlight the intrinsic segments. Scale bar, 200 nm. b, SAED patterns taken at upper, middle 

and lower portions of the nanowire in a. c, DF TEM images formed by selecting diffraction spots marked by yellow 

(DF1) and green (DF2) dashed circles in b. Scale bars, 100 nm. d and e, HRTEM images from different regions in a, 

marked by a white dashed box (d) and a blue arrow (e). Scale bars, 20 nm (d), 5 nm (e). f, Growth behavior analysis 

shows a smooth transition of the nanowire orientation from a <112> (marked by �⃑⃑�  in a) to a <111> direction. Projected 

lengths of individual twin units and the nanowire angular orientation are plotted along �⃑⃑� . g, A TEM image (with color 

inversion) of a nanowire with a scale-like TPB. Scale bar, 200 nm. h, The growth behavior is analyzed by tracking 

spacing d(i+1)-i between adjacent wavy lines (blue and pink lines) at three different locations (black, brown and green 

dashed lines in g). The white arrow in g indicates the direction of analysis. i, Schematics of the growth dynamics. A 
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Figure 5-19, continued. curved nanowire can be formed when it gradually switches the growth orientation from <112> 

to <111> (black arrows), without involving a kink unit. During the transition, the droplet crosses multiple twin 

boundaries, marked by black dashed lines. A scale-like alloy/Si interface is formed when the TPB oscillates between 

two wavy line shapes. The cyan ribbon in a and g marks an intrinsic segment. 

5.2.8 Outlook 

In this work, we demonstrated a new approach for parallel patterning/printing of individual 

atoms over smooth substrates. We revealed an atomic version of MACE, where single Au atoms 

can catalyze the etching of Si to create < 5 nm features. We also discovered an alloy droplet 

instability during the classical VLS growth which would promote a stick-slip motion along the 

nanowire sidewalls. Finally, using new atom patterning and atom-catalyzed etching, we revealed 

several complex crystal growth dynamics that are hard to probe in the past. 

In particular, the previous alloy droplet instabilities in VLS systems are all related to a 

configuration where the liquid is supported by the nanowire end facets20-24. In this work, the new 

droplet instability is relevant to droplet wetting over the nanowire sidewall41. This wetting 

configuration has received very little attention in the past, although theoretical analysis has 

predicted its existence41.  

There are several important experimental factors that contribute to a series of new 

observations in this work. First, the use of STEM imaging from thin nanowire sections (by 

microtoming) is important. Even under STEM, the atomic Au lines are only visible with a careful 

tilting of the sample. Traditional TEM cannot reveal such atomic Au lines unless chemical etching 

is used to amplify their original locations. Therefore, the phenomena revealed in this work may 

have existed for a very long time, but were overlooked due to non-ideal imaging techniques used 

before. Second, we only observed Au patterns in large diameter Si nanowires (>120 nm), which is 
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beyond the most studied diameter range of 5 ~ 100 nm. This fact is consistent with the prior studies 

that larger diameter Si nanowires tend to accumulate more Au14,15. Third, the nanowire orientation 

and doping type are both critical for the high yield deposition of Au lines, which are discussed in 

detail in the Results section. Most prior studies on Si nanowires have been focused on <111> 

orientation, instead of the <112> in the current work. Finally, the atomic scale MACE revealed in 

this work also facilitates the discovery and understanding of this new droplet instability. This 

atomic scale catalytic etching highlights the location of the original Au lines.  

With regards to potential applications, the atom-based self-labelling may be used to reveal 

the growth mechanisms for many other complex nanowire structures, such as epitaxial lateral 

nanowires50 and island-chain nanowires51. This labelling may be applied broadly to chemistry and 

materials science with a role analogous to the use of fluorescent molecules in probing biological 

dynamics. Additionally, the parallel atom deposition and etching over nanowire sidewalls may be 

extended to atom-based catalytic lithography over planar substrates.  

5.3 Experimental 

Synthesis of n-type silicon (Si) nanowires. Silicon nanowires were synthesized using a gold (Au) 

nanocluster-catalyzed chemical vapor deposition (CVD) method. The citrate-stabilized Au 

colloidal nanoparticles (Ted Pella, USA, 200 nm) were deposited onto Si (100) substrates (Nova 

Electronic Materials, USA, n-type, 0.001~0.005 Ω cm) as catalysts. Prior to the catalyst deposition, 

native oxide layers on the Si substrates were removed with hydrofluoric acid (HF) (Sigma-Aldrich, 

USA) to yield hydrogen-terminated surfaces. The growth of Si nanowires were effectuated at 

450~490 oC using silane (SiH4) as the silicon source, phosphine (PH3, 1000 ppm in H2) as the n-

type dopant, and hydrogen (H2) as the carrier gas. In a typical synthesis of n-type Si nanowires 

with a Si/P feeding ratio of 500:1, the flow rates of SiH4, PH3 and H2 were 2, 4 and 60 standard 
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cubic centimeters per minute (sccm), respectively. The growth chamber pressure was maintained 

at 40 Torr throughout the synthesis. The Si/P feeding ratio was varied by changing the flow rate 

of PH3 between 2 sccm and 8 sccm while fixing the SiH4 flow rate as 2 sccm to reach Si/P feeding 

ratios from 1000:1 to 250:1.  

Synthesis of doping and pressure modulated Si nanowires. In a typical growth, an n-type base 

segment was grown under 470 oC with a Si/P feeding ratio of 500:1 by setting the flow rates of 

SiH4, PH3 and H2 as 2, 4 and 60 sccm, respectively. The base segment was grown under a constant 

pressure of 40 Torr for 1 minute. Later on, periodic switches between 7 s of evacuation and 23 s 

of pressure ramping were performed to modulate the growth chamber pressure during the nanowire 

growth. During the 23 s of pressure ramping periods, the PH3 flow was turned off in the first 3 

seconds to modulate the doping level of the nanowires. The pressure switching cycles were iterated 

for 10 minutes after the base segment growth to yield doping and pressure modulated Si nanowires. 

Ab initio molecular dynamics simulations. We performed ab initio molecular dynamics (AIMD) 

simulations within the generalized gradient approximation (GGA) using the projector-augmented 

wave formalism as implemented in the Vienna Ab initio Simulation Package (VASP) 52. We used 

the empirical method of Grimme53 to account for vdW interactions. The exchange correlation was 

described by the Perdew-Burke-Ernzerhof (PBE) functional54, with the pseudopotentials supplied 

by VASP. The plane wave energy cut-off was set at 400 eV. The Brillouin zone was sampled at 

the -point only. The computational supercell (96 atoms) consisted of diamond cubic Si oriented 

such that X (1-10), Y (11-2) and Z (111). An Au atom was placed on an Si site in the initial 

structure. Periodic boundary conditions were employed along all directions. A vacuum of 20 Å 

was introduced in the Z direction to model the (111) surface. HF and H2O2 (10 molecules of each) 

were placed randomly on the (111) surface of Si. Subsequently, we performed AIMD simulations 
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in the canonical (NVT) ensemble at 600 K via the Nosé-Hoover thermostat55 as implemented in 

VASP, using a time step of 0.5 fs to update the atom positions.   

Etching of the Si nanowires. The parallel atomic gold-based line patterns on Si nanowires were 

revealed using an etching system consisting of HF and hydrogen peroxide (H2O2). In a typical 

etching experiment, the as-grown Si nanowire substrates were dipped into a 10.85 wt% H2O2 

(Fisher Scientific, USA) and 10.37 wt% HF aqueous mixture solution at 10 °C for 8~45 s. The 

etched samples were rinsed with deionized (DI) water, isopropyl alcohol (IPA) and blown dry by 

nitrogen (N2). 

Microscopy analysis. Unetched Si nanowires were sectioned using an epoxy resin-based 

ultramicrotome technique for the study of Au distribution on nanowire surfaces by STEM. 

Nanowires embedded with epoxy resin precursors (low viscosity Spurr, Ted Pella, USA) were first 

solidified at 60 °C for 24 h. Resin sections of ~70 nm were cut by an ultramicrotome (Ultracut E, 

Reichert-Jung, USA) and collected by lacey carbon copper grids (Ted Pella, USA, Lacey Carbon, 

200 mesh). The high-angle annular dark field (HAADF) STEM images of sectioned Si nanowires 

were taken on an aberration-corrected STEM operated at 200 keV (JEM-ARM200CF, JEOL, 

Japan). The electron-dispersive X-ray (EDX) spectra were obtained using an Oxford X-MaxN 

100TLE windowless SDD X-ray detector (Oxford Instruments, UK) on the same JEOL STEM 

while imaging. For electron microscopy of etched Si nanowires, they were gently sonicated in IPA 

and dispersed onto silicon substrates (Nova Electronic Materials, USA, n-type, 0.001~0.005 Ω cm) 

or lacey carbon copper grids. A Carl Zeiss SEM (Merlin FE-SEM, Carl Zeiss, Germany) and an 

FEI TEM (Tecnai F30, FEI, USA) were used to characterize the morphology of etched Si 

nanowires. Crystallography of the Si nanowires was studied by analyzing bright-field (BF) and 

dark-field (DF) TEM images and selected area electron diffraction (SAED) patterns taken by a 
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JEOL TEM operated at 300 keV (JEM-3010, JEOL, Japan). DF TEM images in Fig. 5-19c were 

formed by tilting the electron beam to position the corresponding diffracted beams in Fig. 5-19b, 

marked by DF1 and DF2, into the objective aperture to highlight individual twin units. A Hitachi 

HD-2300A STEM (Hitachi, Japan) was used to study the etched morphology in three-dimensions 

(3D) by collecting tilting STEM series. Au nanoparticles of 10 nm were applied on to Si nanowires 

as fiducial markers. Etched Si nanowires on Si substrates were first picked up and transferred with 

a micro-manipulator and attached to copper (Cu) tips with electron-beam-induced platinum 

(Pt)/carbon (C) deposition using a focused ion-beam (FIB) system (FEI, USA, Helios Nanolab 600 

DualBeam FIB/SEM). The HAADF-STEM images of the samples were collected at tilt intervals 

of 2° from 0° up to 210°. For atomic force microscopy (AFM), unetched Si nanowires were 

transferred to Si substrates (Nova Electronic Materials, USA, n-type, 0.001~0.005 Ω cm) and 

imaged using an Asylum Cypher AFM (Asylum Research, USA).  

Atom-probe tomography (APT). Unetched n-type Si nanowire surfaces were first protected with 

a 50 nm Ni capping layer deposited by an electron beam evaporator (AJA International, USA). 

The nanowires were then transferred horizontally onto silicon microposts using a 

micromanipulator, mounted with Pt/C deposition, and milled into needle-like microtip specimens 

using a FEI Helios Nanolab 600 FIB (FEI, USA) system. APT was performed using an ultraviolet 

(UV) laser-assisted local-electrode atom-probe (Cameca, USA, LEAP 4000X Si). Surface atoms 

from the microtips were field-evaporated with an applied voltage of 1~7 kV direct current (dc) 

assisted with a UV (wavelength λ = 355 nm) laser pulsing at 250 kHz with a pulse energy of 20 

pJ. The mass-to-charge (m/z) ratios of individual field-evaporated ions, in addition to their (x, y, z) 

coordinates in direct space, were recorded by a position sensitive time-of-flight detector. During 

the APT analyses, samples were held at a 30 K base temperature at an ambient pressure of ~2×10-
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11 Torr. The 3D reconstructions of the data sets were performed utilizing Cameca’s IVAS 3.6 code. 

In a typical analysis, a region-of-interest (ROI) selection tool was used to isolate a region that 

included the nickel (Ni) capping layer, the native surface silicon oxide layer (SiO2), and a layer of 

the Si nanowires. A 2D concentration map of Au was created by analyzing the number of Au atoms 

per unit volume and projecting the density map on the Si/SiO2/Ni interface plane. An 80 at% Si 

isoconcentration surface was created to delineate the region where the Si atomic concentration on 

one side was larger than 80 at%. A proximity histogram concentration profile56 was created by 

analyzing concentrations of individual atoms per unit length, beginning in the Ni layer and moving 

along the normal direction to the Si isoconcentration surface into the Si nanowire.  

X-ray photoelectron spectroscopy (XPS). Four planar Si substrates with different surface 

treatments were used for XPS analysis. A planar Si substrate (Nova Electronic Materials, USA, n-

type, 0.001~0.005 Ω cm) with only HF treating for native oxide removal was used as a control 

sample. The second sample was HF treated before dipping in an Au etchant for 4 minutes and a 

10.85 wt% H2O2 solution for another 15 s at 10 °C. On the third sample, 200 nm Au nanoparticles 

(Ted Pella, USA) were deposited on the HF-treated Si surface. The Au-deposited Si substrate was 

annealed in a CVD system under vacuum at 700 °C for 5 minutes. Finally, the fourth sample 

underwent the same processing condition with the third one for Au diffusion on Si. It was then 

dipped in an Au etchant for 4 minutes before transferred into a 10.85 wt% H2O2 solution for 15 s 

at 10 °C. A Kratos AXIS Nova system was used for XPS analysis (Kratos, UK) with a 

monochromatic Al Kα (hv = 1486.6 eV) source. The Al anode, for all measurements, was at 10 

mA and 15 kV. The analysis spot of the X-ray beam was 300 × 700 µm2. Samples were calibrated 

via the Si 2p peaks located at 99.8 eV. The C 1s peak at 285.5 eV was also used to support this 

calibration. Pt metal was added to the surface of a number of samples so the Pt 4f signal at 71.0 
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eV could verify the calibration. Surveys were collected at 160 eV pass energy and a step size of 1 

eV. The high-resolution spectra for Si 2p were collected at 20 eV pass energy, a step size of 0.1 

eV, 120s sweeps, and with 3 and 20 sweeps respectively. 
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Chapter 6 

Conclusion and Outlook 

In this thesis, I introduced the general phenomena of bioelectricity and summarized 

existing techniques for the interrogation of bioelectric activities. Besides traditional metal-based 

electrodes, Si-based materials and devices are emerging as a unique platform for bioelectric studies, 

mostly because Si is biocompatible, biodegradable and exhibits a spectrum of important physical 

properties, especially the semiconducting property (Chapter 1).  

In my Ph.D. research, I mainly focused on the design of remotely-controlled Si-based 

biointerfaces, with targets spanning multiple length scales from nanoscopic organelles, 

microscopic single cells up to macroscopic tissues or organs. Additionally, I also made substantial 

efforts to study the fundamental aspects of Si material synthesis, aiming to elucidate the underlying 

physicochemical processes that shape the Si structures and properties. 

When I started my Ph.D., advances in device designs and fabrications have enabled a wide 

range of new Si-based electronic systems, which display multi-functional modalities that could be 

exploited for interfacing with various biological organizations. Although these electrically 

registered device components have yielded impressive results, remotely-controlled and 

freestanding Si systems has yet been employed in biointerface studies before.  

Moreover, at the time, most of the applications using Si as biomaterials have been focused 

on or originated from single crystalline structures or substrates due to the excellent electrical 

conductivities. We believe, however, new forms of Si that are unique in composition, structure, 

and property have the potential to introduce new functionalities to the biointerfaces. For example, 

we hypothesized that amorphous porous Si, which was previously ignored for bioelectronic 

applications, may display a superior photothermal efficacy due to its enhanced light absorptivity 

and reduced thermal conductivity comparing to its solid single crystalline counterpart and 

therefore be applied for a remotely-controlled biointerface. To this end, we prepared a Si 

mesostructure with multiscale structural and chemical heterogeneities, using ordered mesoporous 

silica as a template through a chemical-vapor-deposition process. It has an amorphous atomic 
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structure, an ordered nanowire-based framework, and random sub-micrometer voids. It also shows 

an average Young’s modulus that is 2-3 orders of magnitude smaller than that of single crystalline 

Si, which is critical to minimal invasive biointerfaces. Finally, we proved that the heterogeneous 

Si mesostructure indeed showed a pronounced photothermal effect and permitted non-genetic 

optical modulation of the electrophysiology dynamics in single neurons, representing the first 

biodegradable platform for light-controlled neuromodulations (Chapter 2).  

With all kinds of Si materials being invented in the group, we realized that our 

understanding of the fundamental physicochemical processes at the freestanding Si surfaces under 

physiological conditions were rather limited, which significantly impeded further biointerface 

innovations. Additionally, biology also sets some other constraints on the materials properties that 

we need to consider for their designs. In particular, biological systems are hierarchical, with vastly 

different dimensions and mechanics, such that efficient signal transductions across the interfaces 

cannot be achieved only if Si materials and biological targets have matched properties. Following 

these selection rules, we systematically screened ~ 30 Si materials, with different scales, 

geometries, and electronic profiles, and developed a set of matrices to quantify and differentiate 

the light-induced capacitive, Faradaic and thermal outputs of Si in saline. Guided by the design 

principles, we were able to identify several key materials with unique structures and properties for 

efficient optically-controlled biointerfaces. Specifically, we demonstrated, for the first time, the 

intracellular modulation of calcium dynamics and cytoskeletal transport using phagocytosed Si 

nanowires. We could even scale up the biointerface to tissue and organ level and realized the first 

non-genetic photostimulation of mouse brain activities using a flexible device made of Si 

heterojunctions (Chapter 3).  

Semiconductors with three-dimensional (3-D) mesoscale feature are an emerging class of 

materials. However, progress in this area has been impeded by challenges in chemical synthesis 

and limitations in 3-D fabrication methods. As a result, this area would benefit from new synthetic 

concepts or new components in lithography.  

Taking inspiration from the natural biomineralization process where trace amount of 

organic species can significantly alter the mineral structures and properties, we exploited a similar 

phenomenon for 3-D lithography of Si, by showing one example where iterated deposition-

diffusion-incorporation of gold (Au) over Si nanowires forms etchant-resistant patterns. We also 
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showed that this process is facet selective and can produce mesostructured Si spicules with 

skeleton-like morphology and 3-D tectonic motifs. We further found that individual Au atoms 

played a crucial role in forming the lithographic resists by changing the local electrochemical 

potential. This chemical etch resist effect is fundamentally different from the traditional film-based 

etch mask in lithography, where a physical blockage is in the presence. Finally, we showed that 

the bee-stinger-like anisotropic spicule displayed enhanced interfacial interactions with 

extracellular matrices, promising future applications in bioelectronics where a tight junction is 

required at the biointerface (Chapter 4). 

In light of the critical role of single Au atoms in the Si morphogenesis, we argued that 

large-scale assembly of individual Au atoms over Si surfaces may provide unprecedented control 

of the Si structures. Taking advantage of the dynamic instabilities of liquid Au-Si alloy droplets 

established in the classical vapor-liquid-solid growth of Si nanowires, we were able to deposit 

ordered and 3-D rings of isolated Au atoms over Si nanowire sidewalls. Molecular dynamics 

simulations and subsequent experiments unveiled a surprising new chemistry that single Au atoms, 

not necessarily nanoparticles, are active enough to catalyze the chemical etching of Si. The 

catalytic etching of Si nanowires yielded dopant-dependent, massive and ordered 3-D grooves with 

spacing down to ~ 5 nm. Finally, we used these grooves as self-labelled and ex situ markers and 

resolved several complex Si growths, including the formation of nodes, kinks, scale-like interfaces, 

and curved backbones (Chapter 5). 

At this point, we have demonstrated some of our efforts on the precise synthesis of Si 

structures and potential applications using Si devices for non-genetic biomodulations. In particular, 

we explored the important role of Au atoms on the morphogenesis of 3-D Si mesostructures. 

Furthermore, we also demonstrated a number of examples showing the capability of Si-based 

devices for the modulation of neural activities on the single cell, tissue, and animal levels. Looking 

forward, there are a number of natural extensions of our current systems that we can pursue in the 

next stage. First of all, we can further explore the effects of dopants and/or impurities on the Si 

material properties, especially surface properties. If the impacts of these additives are well 

understood, interfacial chemical and electrochemical reactions occurring at the Si-biological 

interfaces may be better tuned for precise controls of more delicate biochemical activities, such as 

enzymatic metabolic pathways, redox balances and electron transport chains. Additionally, we can 

also extend our platform to more biological targets rather than just the nervous system. For 



214 

 

example, we can move on to the modulation of other excitable tissues such as the muscular system 

including cardiac and skeletal muscles. For non-excitable cells, our intracellular stimulation 

mechanism can still be applied to organelles, such as the endoplasmic reticulum, mitochondria and 

cytoskeletal filaments. Finally, we can go beyond anesthetized animals to work on freely-moving 

animals and demonstrate more delicate control of complex behaviors using physical stimuli. To 

this end, a number of current issues need to addressed, which can potentially bring up many new 

opportunities in materials synthesis, biophysics and biomedical applications. For example, we first 

need to design the right form of the device to be administered to the animal, such as using injectable 

nanomaterials or implantable multiplexed probes. One advantage of nanomaterials is that we may 

perform surface functionalization to realize cell-type specific targeting, which is critical to precise 

neuromodulations. For the implantable probes, they are easy to handle and register but the 

implantation method and long-term biocompatibility need to be considered. An ideal platform 

would be a transformable device which can switch from a rigid form upon implantable to a soft 

and flexible configuration over time. Secondly, we need to identify the right properties of the 

materials. In the past, we almost solely focused on the development of Si-based materials. A multi-

functional system can be constructed by incorporating many other candidates with unique 

electrical, optical, mechanical, magnetic, and chemical properties. For example, we may be able 

to perform imaging-guided device registration with optically-active materials and multimodal 

device activations with various contact-less fields. Next, we need to find out a proper way to 

fabricate the device. A number of elements can be borrowed from other fields, including directed 

self-assembly, 3-D printing to enrich the format and function of the device and we may be able to 

precisely position individual building blocks to form an organized matrix. Finally, we need to 

demonstrate the feasibility of the device for precise controls of animal behaviors. In this regard, 

targeting of the nanomaterials to circuit-specific neurons at the deep brain region can be extremely 

important. Additionally, the delivery method of the physical stimuli also needs to be designed 

based on the specific materials used. Ultimately, a close-loop adaptable system may be built when 

combining the readout of functional neural network signals with the physical modulation 

mechanisms.  

 

 


