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Abstract
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Rapid and reliable antibiotic susceptibility testing (AST) is urgently required to diagnose
bacterial infectious diseases and avoid antibiotic misuse, providing valuable information on the
efficacy of antibiotic agents and their dosages for treatment. However, the currently employed
phenotypic ASTs normally demand the growth of bacteria into colonies, which usually takes
more than two days. In this thesis, silicon nanowire field-effect transistors (SiNWFETs) are
emploied to realize rapid ASTs, and a novel suspended SiNW-net sensor is also developed as
a potential device platform for bacterial motility detection.

The thesis first introduces SiNWFET sensors for rapid ASTs. The extracellular pH change
generated by bacterial metabolism is an efficient indicator of bacterial activity, which is
monitored by our SiNWFET sensors. Rapid ASTs are achieved by using SiNWFET sensors
array with a total assay time of less than 30 minutes for different bacterial strains. As a follow-
up, the metabolic response of E. coli under ampicillin treatment is systematically studied. When
exposed to bactericidal antibiotics, the bacterial respiration rate will be accelerated, thereby
enhancing the lethality of the antibiotics. This work demonstrates the capabilities of SiNWFETs
for rapid ASTs and bacterial metabolism investigations.

To further improve the detection limit of SiNWFET, Schottky junction gated SiNWFET
(SJGFET) is developed, in which the noisy Si channel/gate oxide interface is replaced by a PtSi/
Si junction. Ultra-low low-frequency noise is demonstrated in SJGFETs fabricated on high-
quality bonded silicon-on-insulator (SOI) substrate. The best achieved Svg are 1.2 × 10−10 and
1.1 × 10−11 V2μm2/Hz at 1 Hz and 10 Hz, respectively. Then, a thorough investigation of low-
frequency noise (LFN) is performed using the CNF + CMF model specifically modified for
SJGFET structure on SOI substrate. The observed LFN dependence on substrate voltage and
channel width is mainly ascribed to the nonuniform energy distribution of interface traps.

For the purposes of bacterial mobility detection, we propose a novel SiNW-net-based
nanoelectromechanical sensor, with a 30-μm suspended SiNW-net and a metal Lorentz loop
stacked on top. The lock-in amplifier measurement setup is optimized to significantly reduce
the system noise. During rapid thermal processing in the device fabrication, lateral boron
autodoping is discovered, which happens via ambient diffusion limited by the redeposition step
at the interface. This technique enables shallow junction formation and will be integrated into
SiNW-net fabrication to form well-controlled piezoresistors.
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1. Introduction 

1.1 Development of antibiotics and emergency of 
antimicrobial resistance 
The antibiotic revolution was launched by Sir Alexander Fleming (1881-1955), 
who discovered penicillin on a contaminated Petri dish in 1928 [1]. Then, Ernst 
Chain and Howard Florey purified the first penicillin, penicillin G, in 1942 [2], 
and became widely available outside the Allied military in 1945. The history of 

 
Figure 1.1. Timeline showing the decade new classes of antibiotic reached 
the clinic. The antibiotics are colored per their source: green = actinomy-
cetes, blue = other bacteria, purple = fungi and orange = synthetic. Re-
printed with persimsion from [3]. Copyright (2019) Elsevier Current Opin-
ion in Microbiology. 
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antibiotics is illustrated in Fig. 1.1 [3]. Since the beginning of the antibiotic era, 
the average human life span increased from 47 years in 1900 to 76.4 years in 
2021, US [4]. There is no doubt that antibiotic is one of the most successful 
forms of chemotherapy in the history of medicine. 

However, with the massive usage of antibiotics, antibiotic resistance 
emerged and was becoming one of the biggest threats to global health [5], [6]. 
Antibiotic resistance, which is defined microbiologically as the presence of ge-
netically determined resistance mechanism, can be acquired by naturally sus-
ceptible bacteria via genetic mutation or transfer from other bacteria [7]. The 
antibiotic resistance genes carried by mobile genetic elements, such as plasmid 
and transposons, can be transferred by conjugation, transduction, or transfor-
mation [8]. Under the pressure of antibiotics, the antibiotic-resistant mutated 
strains become more competitive and have survival advantage in this selection. 
These mutated bacteria can pass on the antibiotic genes to other bacteria, lead-
ing to the spreading of antibiotic resistance. Worse still, the misuse of antibiot-
ics, like suboptimal dose treatment, further promotes the resistance selection 
and leads to the dominance of resistant strains. 

Nowadays, antibiotic resistance is becoming more and more challenging. In 
the early antibiotic era, new antibiotics could be easily developed to replace the 
resisted antibiotics. But now, multidrug-resistant organisms become increas-
ingly common, resulting in difficult-to-treat or even untreatable infections with 
conventional antimicrobials[9]. It is estimated that deaths from drug-resistant 
infections will increase from 0.7 to 10 million worldwide annually by 2050 
unless a global response is initiated [10]. The increasing prevalence of drug-
resistant bacteria in the community forces physicians to either risk treatment 
failure with older antibiotics or use effective last-resort antibiotics, which will 
rapidly drive resistance to these drugs. 

1.2 Development and status of rapid AST 

To diagnose bacterial infectious diseases and avoid antibiotic misuse, antimi-
crobial susceptibility testing (AST) is imperative, which can provide valuable 
information on the efficacy of antibiotic agents and their dosages for treatment 
[11]–[13]. Since early and effective treatment is crucial to avoid costly and per-
haps even lethal complications (such as septic infections) for most infectious 
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diseases, rapid ASTs are greatly desired for quick selection of effective drugs 
to treat infections at early stage. Since the discovery and utilization of antibiot-
ics, AST was also proposed and developed significantly until now, as summa-
rized in Fig. 1.2 [14].  

 
Figure 1.2. Summary and highlights of existed techniques for AST applications. 
Reprinted with permission from [14]. Copyright (2019) Elsevier Biosensors 
and Bioelectronics. 

The conventional AST methods can be categorized into phenotype and geno-
type. For phenotype AST methods, the disk diffusion method introduced by 
Bauer and Kirby [15] is the gold standard for determining the susceptibility of 
bacteria. In the diffusion method, the incubated bacterial suspension is inocu-
lated onto a solidified agar plate impregnated with antibiotics. After overnight 
incubation, the antibiotic will diffuse from the filter paper into the ager, and 
form inhibition zone around the paper disc. The size of the inhibition zone is a 
direct measurement of the susceptibility of the bacteria to the antibiotic [16]. 
The diffusion method has the advantages of low cost, simplicity, and 
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intuitiveness. However, it generally takes 16-24 hours to determine the suscep-
tibility and is haunted by inaccuracy from evaporation, sterilization, and cum-
brous operation. In addition, for many infectious diseases, retrieving bacterial 
samples of adequate amount for the tests is also a major challenge. This usually 
demands a pre-cultivation step for at least 1 day before starting the ASTs. 

Dilution using broth and agar is one of the oldest methods to determine the 
minimum inhibitory concentration (MIC) of antibiotic [17]. In the broth dilu-
tion method, the bacteria are incubated in micro-centrifuge tubes with two-fold 
diluted antibiotics overnight. The turbidity of the culture is examined to deter-
mine the MIC. Similarly, in the agar dilution method, a certain number of bac-
teria are incubated on an agar plate containing diluted concentrations of antibi-
otic. The antibiotic efficacy can be examined by counting the spots on plate 
after overnight incubation. The dilution method requires a large volume of re-
agents. In addition, tedious operation, cross-contamination, and long incubation 
time also limit its application.  

Epsilometer testing (Etest) that combines the principle of both diffusion and 
dilution methods was also developed to determine MIC [18]. In this procedure, 
plastic strips with pre-defined antibiotic concentrations are placed on streaked 
agar plate. After overnight incubation, the intersection of the growth inhibition 
ellipse zone and strip edge indicates the MIC of antibiotics [19]. This method 
is well-known for its sensitivity and simplicity, however, it’s expensive for 
large-scale ASTs and incompatible with certain antibiotics, such as Penicillin, 
ciprofloxacin, ofloxacin, and rifampicin [20].  

In contrast to phenotypic ASTs, genotypic ASTs are based on the direct de-
tection of specific genetic markers associated with resistance (resistance genes, 
mutations) using standard molecular biology tools such as Polymerase chain 
reaction (PCR)[21], DNA microarray and DNA chips [22], and loop-mediated 
isothermal amplification (LAMP) [23]. Genotypic methods can avoid overnight 
bacteria incubation and cross-contamination, thus improving the efficiency and 
sensitivity of susceptibility tests. However, there are several drawbacks that di-
minish the usage of genotypic methods [24]. For instance, the detected re-
sistance genes are not always associated with the actual resistance, due to coin-
cidental mutations which will lead to false positives. And those unidentified 
resistance genetic mechanisms are unable to be determined. In addition, geno-
typic methods require expensive reagents and instruments, demanding skilled 
operators. 
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To simplify the test procedure and achieve rapid AST, extensive efforts have 
been invested in developing rapid AST approaches, with many emerging tech-
niques generated in the last decade. Optical measurements have been involved 
in rapid ASTs. For instance, Raman spectroscopy, which measures molecular 
vibration and relies on inelastic scattered photons, can provide information on 
biomolecules and profile the phenotypic response of bacteria to antibiotics [25]. 
Laser tweezers combined with Raman spectroscopy, principal component anal-
ysis, and power spectrum density analysis were applied to trap single cells [26]. 
Then the morphological change can be evaluated to identify bacterial species 
and study metabolic activity. Other optical techniques, such as surface plasmon 
resonance (SPR) [27], optical path difference [28], photoluminescence (PL) 
[29], direct single-cell imaging [30], etc., were also investigated for rapid ASTs. 
Although these optical approaches have capabilities of high sensitivity, label-
free, and real-time detection, they still suffer from high costs and complicated 
optical systems. 

Electrical biosensing, featuring an accessible, rapid, label-free, and reliable 
technique, plays a more and more important role in emerging ASTs. Many of 
those techniques have been transplanted to ASTs, such as dielectrophoresis 
[31], impedance spectroscopy [32], amperometry biosensors [33], etc. In this 
work, we were utilizing silicon nanowire field-effect transistor (SiNWFET) to 
real-time monitor the metabolism of bacteria under the presence of different 
antibiotics, by measuring the metabolism induced pH change in the growth me-
dia. Since this method does not require the change of cell number or morphol-
ogy, it is significantly faster than the traditional cell culturing methods. Label-
free AST within 30 min has been demonstrated in this thesis work. Escherichia 
coli (E. coli) metabolic response under ampicillin treatment is also investigated 
using our SiNWFETs, attributing to its sensitivity and real-time monitoring ca-
pability. In addition, the nanoscale size of SiNWFETs could allow the analysis 
of extremely small volumes, via their integration with microscale culturing 
chambers (around 100 picoliters, assuming a chamber size of 50 µm × 50 µm 
× 50 µm). Even a single bacterial cell in such a small volume will make an 
effective cell concentration of 107/mL, which is sufficiently high to generate 
detectable pH signal for ASTs. This can potentially facilitate direct testing of 
the real UTI samples with no need for pre-cultivation.  

The motility of bacteria, as a phenotypic indicator, has been investigated for 
rapid AST using nanomechanical sensors as an emerging approach in the last 
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decade. Atomic Force Microscopy (AFM) cantilever was applied to study the 
micro-motions of bacteria [34]. The vibration from motile cells can be trans-
ferred to the amplitude of dynamic cantilever fluctuation with capability of real-
time measurement. Benefiting from the high sensitivity of AFM tips, the char-
acterization of motility of cells becomes reality, and the susceptibility of anti-
biotics can be determined within 10 minutes. However, this method relies on 
expensive instruments and lacks portability. 

In this thesis, a novel suspended silicon nanowire net (SiNW-net) based nano-
electromechanical sensor (NEMS) was developed for bacterial motility meas-
urements to achieve rapid ASTs. The CMOS-compatible SiNW-net can be in-
tegrated on chip, with low cost and high portability. The complicated optical 
detecting system in AFM is replaced by a piezoresistive Si resistor in a simple 
Wheatstone bridge designed for electrical measurement, which can simplify the 
signal processing and further reduce the cost for ASTs. 

1.3 Device introduction 

The advance of nanofabrication techniques has boosted enormous develop-
ments of nanoelectronics sensors, which feature their ability of label-free, rapid, 
and real-time sensing [35]–[37]. Additionally, the high-density integration with 
low production costs further promotes the wide application of nanoelectronics 
sensors. In this thesis, SiNWFET is applied to achieve rapid ASTs, and a novel 
suspended SiNW-net is also developed as a potential device platform to moni-
tor bacterial motility. These devices are introduced in the following sections. 

1.3.1 SiNWFET sensor 
A conventional metal-oxide-semiconductor field-effect transistor (MOSFET) 
fabricated on silicon-on-insulator (SOI) substrate is depicted in Fig. 1.3 (a) 
(top), with three terminals, source (S), drain (D), and gate (G). The gate termi-
nal is isolated from the channel with gate dielectric. The voltage bias applied to 
the metal gate (VG) can modulate the potential energy thus the density of the 
charged carriers in the channel between the source and drain. Therefore, the 
channel current from source to drain (IDS) driven by drain voltage (VD) can be 
efficiently modulated by VG as illustrated in Fig. 1.3(a). 
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By replacing the metal gate with an electrolyte and adding an ion sensing 
layer at the device/liquid interface, an ion-sensitive FET (ISFET) can be 
achieved, as shown in Fig. 1.3 (b) (bottom).  

 

Figure 1.3. (a) a typical IDS vs. VG curve of MOSFET. (b) Schematics of 
MOSFET and ISFET, and (c)electrical double layer. 

 
The VG on the liquid gate is normally applied by a reference electrode (RE), as 
illustrated in Fig. 1.3 (c). For pH sensing, the gate oxide can act as the sensing 
layer. The -OH group on the oxide surface can selectively interact with H+ ions 
in the liquid sample, via the following reversible surface reactions [38]–[40]: M − OH ↔  M − O +  H                            (1.1) M − OH  ↔  M − OH +  H                           (1.2) 
where HS

+ denotes the surface H+. Depending on the pH value, the surface re-
actions can move either forward or reverse, thus changing the total amount of 
net charge on the sensing surface. Therefore, the potential drop across the elec-
trical double layer (EDL) formed at the solid-liquid interface changes with pH, 
which generates the original signal in pH sensing, the change of the surface 
potential (∆φs). The pH signal on an ISFET sensor was well described with the 
side-binding model[39], where the dynamic equilibrium between the –OH 
group on the surface and H+ ions can buffer the pH change at the surface (pHs). 
This buffering effect is represented by the intrinsic buffer capacity (βint), which 
is an equivalent capacitance connected with EDL capacitance (CEDL) in series 
(see Fig. 1.3(c)). The change of bulk pH (pHb) will induce ∆φs across CEDL, 
described as [38], [41] = −2.3𝛼 , with𝛼 = . EDLint ,                    (1.3) 

where k is the Boltzmann constant, T is the temperature, and q is the elemental 
charge. For an ideal oxide surface with infinite βint, α equals 1, and equation (1.3) 
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is written as = −2.3 .                                       (1.4) 

The equation (1.4) indicates that one order of magnitude change of bulk H+ 
concentration can generate surface potential change of 2.3kT/q = 59.2 mV at 
room temperature, called as the Nernstian response limit [38]. 

For the bacteria tests using SiNWFET, E. coli cells are incubated in a con-
tainer on top of SiNWFET sensors with D-glucose as the carbon source. The 
cell metabolism transfers D-glucose to acetate via the glucose overflow mech-
anism[42], [43]. The released acetate changes bulk pH in the culturing media, 
which could be precisely monitored by the SiNWFET sensors. Therefore, SiN-
WFET sensors can be used to real-time monitor the metabolism of bacteria cells 
under the presence of the different antibiotics. 

1.3.2 Suspended SiNW-net based NEMS sensor 
Bacteria actively move around in liquid environments with the thrust generated 
by their powerful rotating flagellar motor [44], [45]. Despite the structural di-
versity of the flagella among bacterial species, those bacteria share a common 
rotary motor located at the base of the filament. The motor is fueled by an in-
ward-directed electrochemical gradient of protons or sodium ions across the 
cytoplasmic membrane[46] and can generate a maximum rotational speed of 
300 revolutions per second in E. coli and Salmonella and 1700 revolutions per 
second in a marine bacterium [47]. The rotational speed of the flagellar motor 
is much higher than that of a manufactured car engine such as the Formula one 
car. Rapid AST was recently demonstrated by determining bacterial viability 
(life or death) from their motions. 

NEMS based on suspended SiNWs represents the next stage in the minia-
turization of microelectromechanical systems (MEMS) sensors, with higher 
sensitivity and lower energy consumption [48]. The reported giant piezore-
sistancce effect  also highlig{Citation}hts the advantage of SiNW in potential 
applications in NEMS [49]. In this thesis, a fully suspended SiNW net NEMS 
is designed and demonstrated, aiming to detect bacterial motility based on the 
giant piezoresistive effect in the SiNW.  

The estimated force generated by a single E. coli cell is approximately at 
pN level [34], [50], [51]. To detect bacterial motility, the SiNW-net device must 
be engineered for extremely high force sensitivity. The piezoresistive signal 
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correlated to strain can be represented as [52] 
 ∆ = 𝐺 × 𝜖, with 𝐺 = 1 + 2𝜆 + ⁄  ,                (1.5) 

 
in which R and 𝜌 are the resistance and resistivity, and G, 𝜖, and 𝜆 are piezore-
sistance gauge factor, strain, and Poison’s ratio, respectively. In metal gauges, 
the first two terms (1 + 2𝜆), represent the dominant change in resistance due to 
dimensional changes. However, the resistivity variation term (the third term) is 
much larger than the dimensional term by about a factor of 50 in semiconductor 
gauges [52]. The resistivity piezo gauge factor is determined by the material 
lattice properties. The strain (𝜖) generated by loading force, depends on the 
mechanical property and the geometry structure of the device. Therefore, the 
signal output can be enhanced by increasing the strain via device's geometry 
optimization. Here, we take a suspended SiNW beam with fixed ends as an 
example to illustrate the strain dependence of beam dimension. 

Figure 1.4. Schematics of (a) double clamped SiNW beam under loading force 
(F), and (b) bending stress distribution on vertical cross-section at one of the 
fixed ends. 

 
As shown in Fig. 1.4, a suspended SiNW with length (L), width (w), and height 
(h) is loaded with force (F) at middle of the beam. The bending moment (M) at 
the fixed end and maximum deflection (∆ ) at center can be calculated with  𝑀 = × , and ∆ =  ∙ ∙ ,                           (1.6) 

where E is Young’s modules, and I is the second moment of area. The stress 
distributed in the vertical cross-section is presented in Fig. 1.4 (b), in which the 
stress is neutral at the middle plane and raises to the maximum value (σmax) at 
the top surface, whereas decreases to minimum value (σmin) at the bottom sur-
face. The maximum stress can be calculated with cross-section parameters via 
σ = M/Z, in which Z is the section modulus equals to wh2/6 for a rectangle cross-
section. Therefore, the σmax can be extracted from eq. (1.6) as  
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𝜎 = ∙ .                                         (1.7) 

Eq. (1.7) clearly expresses that the bending stress at fixed ends is determined 
by the dimension of SiNW. It is linearly proportional to length, but reversely 
proportional to width and square of height. Guided by these conclusions, we 
designed the SiNW-net as presented in Fig. 1.5. To improve the stress gain of 

piezoresistor, first of all, the piezoresistor is placed at the stress-concentrated 
region, top surface on SiNW at the fixed end. Secondly, the device is fabricated 
on an SOI substrate with 55 nm thickness of top silicon. The width of the SiNW 
is shrunk to 100 nm, and a 30-um-length SiNW-net is successfully suspended 
with our fabrication process. Considering the damping from liquid culture in 
real tests, the device is designed as a network, which might also capture live 
bacteria during measurement. 
 
 
 
 
 
 
 
 

 
Figure 1.5. Schematic of suspended SiNW-net and zoom-in view of piezoresistor 
on fixed end. 
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1.4 Thesis organization 

The main focus of this thesis is to explore rapid ASTs with SiNW-based sen-
sors. Chapter 2 demonstrates rapid AST results based on multiplexed SiN-
WFET array. In Chapter 3, the SiNWFET is optimized by replacing gate oxide 
with PtSi Schottky junction. The ultra-low low frequency noise is systemati-
cally analyzed with an optimized CNF+CMF model. Chapter 4 introduces a 
SiNW-based NEMS designed for bacterial motility tests. 

A brief summary of papers listed in this thesis is presented as following. In 
paper Ⅰ, we demonstrate rapid ASTs using SiNWFET sensors. Our sensors 
profile bacterial metabolic kinetics by monitoring the metabolism induced acid-
ification in the growth media with the absence and the presence of different 
antibiotics. Rapid AST results could be determined from the metabolic profiles 
with a total assay time less than 30 minutes. In paper ⅠI, with this powerful 
transistor array system, E. coli metabolic early response under ampicillin treat-
ment is studied. The possible mechanism of metabolism dependence on ampi-
cillin is investigated. In paper III and IV, ultra-low noise Schottky junction 
tri-gated SiNWFETs are achieved by replacing the noisy gate oxide/semicon-
ductor interface with Schottky junction and optimizing bottom BOX/silicon in-
terface to eliminate carrier trapping/detrapping processes at both interfaces. 
However, the LFN dependence on device width and substrate bias (Vsub) indi-
cates that the BOX/silicon interface is still the major noise source. Then, the 
low frequency noise (LFN) in SJGFETs fabricated on bonded SOI substrate is 
systematically analyzed with an optimized CNF+CMF model. Paper V pre-
sents a novel boron lateral autodoping in normal rapid thermal process (RTP) 
and used it to controllably form shallow junctions for device fabrication. The 
autodoping process is systematically characterized and simulated. It could po-
tentially be used to form the piezoelements in our suspended SiNW net based 
NEMS sensor to detect bacterial motility.  
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2. Antibiotic Susceptibility Test on Multiplexed 
Nano Transistor Array 

Under the threat posed by multidrug-resistant organisms with heightened le-
thality, rapid and reliable antibiotic susceptibility testing (AST) holds immense 
importance for selecting effective drug to treat infections at the early stage. The 
most widely used tests in clinical practice are traditional phenotypic ASTs. 
However, the currently employed phenotypic ASTs in clinics normally require 
the growth of bacteria into colonies on culture media in the presence of different 
antibiotics. This procedure needs at least 25 generations of growth and usually 
takes more than two days. In addition, for many infectious diseases, retrieving 
bacterial samples of adequate amounts for the tests is also a major challenge. 
This usually demands a precultivation step for at least one day before starting 
the ASTs. Even with the most recent modern rapid AST protocol, the traditional 
test still takes too long for patients to wait for therapy. In this chapter, a SiN-
WFET-based AST method is introduced with insight into its working principle 
and rapid AST demonstration. Benefit from the high sensitivity of the SiN-
WFET sensor, the early metabolic response of E. coli under ampicillin treat-
ment is carefully investigated, revealing some interesting aspects of the killing 
mechanism of ampicillin.  

2.1 pH change in the growth media induced by bacterial 
metabolism 
pH change in the growth media has been widely observed during bacterial in-
cubation. Depending on the species of carbon source, the direction of pH shift 
can be reversed. For instance, extracellular pH decreases if glucose, glycerol, 
or octanoate are used as carbon sources. However, the growth media becomes 
alkalinized with more oxidized carbon sources, such as citrate, 2-furoate, and 
2-oxoglutarate [53]. The carbon sources participate in cell metabolism includ-
ing respiration and anabolism, etc., and release organic acid, amines, or small 
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molecules like ammonia and protons. Therefore, extracellular pH change can 
serve as a real-time indicator of bacteria activity with specific carbon sources 
and is thus applied in ASTs.  

In our work, the pH response from E. coli MG1655 was monitored with 
abundant glucose as the carbon source. As a commonly used carbon source, D-
glucose metabolic pathways were well-understood [43]. In Fig. 2.1, the central 
metabolic pathway is presented. After the uptake of glucose by transporter pro-
tein, it is converted to pyruvate through glycolysis, experiencing phosphoe-
nolpyruvate (PEP). Subsequently, the pyruvate is transformed to acetyl-CoA 
through either pyruvate dehydrogenase (PDH) enzyme or pyruvate formate ly-
ase (PFL). Depending on the oxygen condition in the medium, the metabolic 
pathway will be altered. In an anaerobic environment, the lactate dehydrogen-
ase (LDH) pathway will be activated to generate lactate accompanied by PFL 
which forms acetyl-CoA and formate, so-called mixed acid fermentation. How-
ever, in the oxygen-rich condition, pyruvate will be converted to acetyl-CoA 
through PDH, then acetyl-CoA enters the tricarboxylic acid cycle (TCA) as cit-
rate [54]. The TCA cycle, also well-known as Krebs cycle and citric acid cycle, 
is the second stage of cellular respiration, by which acetyl-CoA is oxidized to 
CO2, generating ATP as energy fuel with the consumption of H2O and O2 [55]. 

Figure 2.1. Schematic of central metabolic pathways of E. coli. 

 
When specific glucose uptake exceeds its maximum respiration rate, the extra 
acetyl-CoA will be converted to acetate via phosphotransacetylase (PTA) and 
acetate kinase (ACK). This process is reversible and called the overflow mech-
anism, which takes around 9% of carbon of the glucose consumed [56]. There-
fore, the bacterial respiration and activity can be effectively reflected by over-
flow acetate concentration, and detected by means of pH monitoring on our 
SiNWFET. In this thesis work, we have successfully demonstrated real-time 
metabolism monitoring using a minimal amount of bacterial samples within the 
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testing container, demonstrating the reliability of our SiNWFET for rapid 
ASTs. 

2.2 SiNWFET fabrication and multiplexed sampling 
system 
Our SiNWFET array was fabricated on a silicon-on-insulator (SOI) substrate, 
using fully CMOS-compatible process. To realize real-time pH monitoring with 
high accuracy, both the device and signal readout system were specifically de-
signed.  

In the aspect of SiNWFET device, some features such as high pH response, 
low leakage current, and proper working voltage range are highly required. To 
satisfy these requirements, certain process steps are optimized as below. First, 
the gate oxide over the SiNW channel, which serves as H+ ions sensing layer 
and isolator, is one of the most critical parts of the device. HfO2 as a broadly 
used high-k dielectric material is selected as gate oxide coated via atomic layer 
deposition (ALD) ending with 5 nm thickness. The high relative constant (18 ~ 
25) results in greatly improved gate oxide capacitance (around five times higher 

 

Figure 2.2. (a) SEM image of SiNWFET (upper) and its zoom-in channel region 
(lower). (b) ΔVT vs. t curve for a SiNWFET measured in buffer solutions with pH 
changing from 10 to 4. Inset: SiNWFET sensitivity calibration curve, i.e., ΔVT 
vs. pH. Note that each data point is averaged from three independent measure-
ments and error bars representing standard deviations are also included in the 
inset. 
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than SiO2 with the same thickness), thus the voltage signal generated by pH 
change is less shared by gate capacitance (mostly couple to the channel). As an 
oxide layer, HfO2 also shows good pH sensitivity and linearity [57], [58], and 
it can also effectively suppress the leakage current down to 10-11 A. Second, the 
SiNW channel was downscaled to 100 nm width for a higher surface aspect 
ratio as shown in Fig. 2.2(a). Since the device is operated in the aqueous me-
dium with a reference electrode (RE), parasitic electrochemistry reactions such 
as water electrolysis on RE must be avoided. Therefore, the working gate volt-
age region is set below the water electrolysis voltage (1.23 V) by optimizing 
the channel and S/D dopants level. More detailed processing information can 
be found in Paper I. Finally, the threshold voltage (VT) of the SiNWFET shifts 
positively with decreasing pH, showing a near-Nernstian response with a sen-
sitivity of 59.0 ± 0.3 mV/pH (see Fig. 2.2(b)). 

The experimental setup is shown in Fig. 2.3(a). The SiNWFET chip is placed 
on a metal stage heated up to 37 °C and stabilized by a feedback temperature 
controller. A PDMS container on chips contains 150 uL of medium biased by 

an Ag/AgCl reference electrode. To measure several devices in parallel, a 
switch unit (Agilent 34970) is incorporated between SiNWFETs and the source 
measure units (SMU), as illustrated in the schematic in Fig. 2.3(b). During the 
measurement, all the chosen devices are connected in parallel and biased via 
SMU to ensure they remain in working condition. When a particular device is 
selectively read out, the switch unit will reroute the drain terminal of the device 
to the sampling channel. Since the bias conditions remain unchanged after 
switching, the transient charging current can be greatly reduced. By sweeping 
switches periodically, multiplexed sampling is executed on selected devices. 
To ensure measurement accuracy while maintaining an acceptable sweeping 

Figure 2.3. (a) photo image of experimental setup during bacteria culturing. 
(b) schematic of the multiplexed sampling system. 
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speed, four devices are monitored simultaneously in all of our measurements. 
The results are then averaged and plotted with standard error bars. 

All experimental runs are in the following protocol. Bacteria were cultured 
overnight in LB medium at 37 °C, with agitation at 200 rpm. The chip was 
connected to the measurement setup via a probe card, and the transfer charac-

teristics (Fig. 2.4(a)), as well as the ΔIDS vs. time (Fig. 2.4(b)), were recorded 
with only the culture medium (LB + 1wt% glucose, 80 μL) at 37°C until a stable 
baseline was established. Subsequently, 100 μL of the bacterial sample was 
centrifuged at 1950 g (relative centrifugal force) for 3 min and then re-sus-
pended in 20 μL of fresh culture medium. Next, 20 μL of the bacterial sample, 
either with or without antibiotics, was injected into the 80 μL culture medium, 
and the IDS vs. time curve was monitored. Because the transconductance varies 
over different devices, the current sampling results are then converted to thresh-
old voltage shifting (ΔVT) according to the corresponding transfer curves. The 
converted ∆VT signal aligns very well (see Fig. 2.4(c)) indicating that the me-
dium inside the container is uniform and the sensitivity of each device remains 
consistent. 

Figure 2.4. (a) Transfer curves of 4 SiNWFETs measured in the culture medium 
(LB + 1 wt. % glucose). (b) ΔIDS versus t, and (c) converted ΔVT versus t sam-
pling curves with initial E.coli density of 5×107 cfu/mL. 
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2.3 Rapid ASTs within 30 min using SiNWFETs 

2.3.1 Rapid AST for E. coli 
E. coli, a typical Gram-negative bacterial strain, normally lives in the intestines 
and gut of some animals. Some E. coli strains can cause diarrhea from contam-
inated food, and 75 to 95% of urinary tract infections. In this work, E. coli K12 
MG1655 is selected as the model pathogen due to its well-established model 
and well-characterized genetics. The susceptibility of E. coli to three antibiot-
ics, namely ampicillin (AMP), cefotaxime (CEF), and ciprofloxacin (CIP), was 
first investigated. The initial concentration of E. coli employed in this measure-
ment was 2.2×109 cfu/mL, as confirmed through parallel cell plating. Figs. 
2.5(a), (b), and (c) display ΔVT vs. t curves for the susceptible E. coli in response 
to 100 mg/L (33 × MIC) AMP, 20mg/L (22 × MIC) CEF, and 1mg/L (125 × 
MIC) CIP, respectively. The reference curves without antibiotics show contin-
uous growth, indicating decreased pH due to organic acid released from living 
E. coli. In contrast, the antibiotic treatment curves for susceptible E. coli sig-
nificantly deviate from reference results within 25 minutes, demonstrating the 

rapid AST capability of our SiNWFETs sensors. As anticipated, the deviations 
are absent in resistant E. coli ASTs as shown in Fig. 2.5(d), (e), and (f). These 

 
Figure 2.5. ΔVT as a function of t for susceptible E. coli treated with different 
antibiotics: (a) AMP (100 mg/L), (b) CEF (20mg/L), and (c) CIP (1mg/L). Re-
sistant E. coli ASTs with corresponding antibiotics: (d), (e) and (f). The shade 
area represents the standard deviation calculated from 3 biological replicates 
with each replicate being averaged with data from 3 to 4 sensors. The AST 
response time is marked with dashed lines in (a), (b), and (c). 
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results evidence that our SiNWFETs could clearly distinguish susceptible and 
resistant bacterial strains. 

In addition to susceptibility, Fig. 2.5 also exhibits distinct profiles for sus-
ceptible E. coli under different antibiotic treatments, which may indicate dif-
ferent killing mechanisms. AMP and CEF, belonging to β-lactam antibiotics, 
can disrupt bacterial cell wall synthesis by inhibiting the activity of Penicillin-
binding proteins (PBPs) [59], ultimately causing the bacteria to lose their struc-
tural integrity, and leading to bacterial cell death. The lysed E. coli under AMP 
and CEF treatment could release their cytoplasm, leading to alkalization of the 
medium. As a result, the increased pH was observed indicated by a decrease in 
ΔVT. Compared with CEF, AMP-treated susceptible E. coli shows faster onset 
of bactericidal action and a higher killing rate, which could be attributed to their 
different binding affinity to corresponding PBPs. Inspired by the distinct pat-
terns under antibiotic treatment, our SiNWFETs hold great promise for the in-
vestigation of bacterial metabolism and antibiotic killing mechanisms. The de-
tailed study will be introduced in the later section. 

2.3.2 AST for Gram-positive bacteria 
To demonstrate the universality of our SiNWFET-based AST method, Gram-
positive bacterial strains, i.e., S. aureus and S. saprophyticus, were also studied. 
The incubation curves without antibiotics are depicted in Fig. 2.6(a). In contrast 
to E. coli, S. aureus and S. saprophyticus behave in different ΔVT slopes, indi-
cating varying rates of acidification in the following order: E. coli > S. aureus 

> S. saprophyticus. Both S. aureus and S. saprohuticus were treated with CIP 
and AMP for ASTs, as shown in Fig. 2.6(b) and (c). Under CIP treatment, DNA 

 
Figure 2.6. (a) ΔVT vs. time curves of E. coli, S. aureus, and S. saprophyticus 
with corresponding initial concentration of 2.2 × 109, 2.5 × 109 and 3.6 × 109 
cfu/mL. CIP (4 mg/L) and AMP (100 mg/L) ASTs results for S. aureus and S. 
saprophyticus in (b) and (c) with reference measurement without antibiotic. 
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replication and reparation would be hindered as shown by the immediate ΔVT 
drop and slower acidification (red lines). However, no significant variations 
were detected between the reference (black lines) and AMP-treated samples 
(blue lines) in Fig. 2.6(b) and (c) within the measurement duration. In contrast 
to E. coli, the response of S. aureus and S. saprophyticus to AMP was delayed, 
which could be attributed to the thicker cell wall of Gram-positive bacteria re-
quiring longer lysis time. To verify this hypothesis, OD600 measurements were 
conducted, revealing that it took 70 and 125 min, respectively, for AMP to im-
pact the growth of S. aureus and S. saprophyticus (see Paper I).  

2.3.3 Analysis of E. coli metabolic dynamics during growth 
With our SiNWFET sensor, the real-time pH response from E. coli was pre-
cisely monitored. In this section, an analysis model of H+ concentration is de-
veloped to describe the metabolic kinetics during bacterial growth. 

The H+ concentration in the medium at time t, H(t) can be calculated through  𝐻 𝑡 =  𝐻 ∙ 10∆ ( )/ ,                                (2.1) 
in which H0 is the initial H+ concentration, 6 × 1016 H+/L for pH = 7.0, and S is 
the pH sensitivity. The calculated H(t) is plotted in Fig. 2.7.(b). By differentiate 
(2.1), the acidification rate can be derived as 𝑅 (𝑡) = ∙ ∆ ( )/ ∙ ∆ ( ).                            (2.2) 

RH(t) is also correlated with cell number (N(t)) and H+ production rate per cell 
(v) via 𝑅 (𝑡) = 𝑁(𝑡) ∙ 𝑣.                                 (2.3) 
For ASTs with the saturation cell density, 2 × 109 cfu/mL, the cell number 
remains constant during testing, whereas cells in log-growth phase with lower 
density can be described as 𝑁(𝑡) = 𝑁 ∙ 2 / .                                (2.4) 
Substituting (2.4) into (2.3), RH(t) can be reorganized as 𝑙𝑜𝑔 ( ) = ∙ 𝑡 + 𝑙𝑜𝑔 ∙ .                        (2.5) 
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The cell doubling time, τ, can be obtained by viable cell counting and the dou-
bling time of RH, τH, was extracted by linear fitting of log2

RH (t) versus t as shown 
in Fig. 2.7(c). Consequently, when v remains constant, τH should be equal to the 
cell doubling time τ. In other words, the H+ releasing rate per cell can be quali-
tatively evaluated by comparing τH and τ, depicted in Fig. 2.7(d). Obviously, 
the extracted τH are generally shorter than the measured τ, indicating that the H+ 
releasing rate per cell is boosted in higher cell density conditions, which has 
not been previously documented in literature as we know. Here we propose a 
plausible explanation. In high cell density condition (stationary phase), both 
cell growth and death could happen simultaneously, and the dead cell may func-
tion as metabolic adjuvants, stimulating cellular metabolism. Thus, raised v 
with t and cell density was observed. More discussion on kinetics can be found 
in Paper I. 

 

Figure 2.7. (a) ΔVT and (b) normalized H(t) vs. time with different initial bac-
terial concentrations. (c) RH(t) vs. t plotted in semi-log2 scale, in which dashed 
lines are linear fitting results and shaded lines are the raw data. (d) doubling 
time of H+ production (τH) and cell density (τ) extracted from model fitting and 
viable cell counting, respectively. 
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2.4 Metabolic response analysis under ampicillin 
treatment 

2.4.1 Metabolic response induced by antibiotics  
Over the past few decades, tremendous efforts have been invested into research 
on antibiotic-killing mechanisms and achieved remarkable success. Neverthe-
less, those studies have primarily focused on profiling their direct target, such 
as ampicillin’s interaction with penicillin-binding proteins (PBPs), resulting in 
a somewhat oversimplified view that antibiotic-induced cell death exclusively 
arises from the inhibition of specific targets [59]. The recently emerged high-
throughput technologies enabled the systematic study of bacterial response to 
antibiotic-induced stress. And it has been confirmed that bacterial metabolism 
is closely linked to antibiotic lethality via a complex, multifaceted process[60]–
[62]. The cell death mediated by antibiotics cannot be totally attributed to the 
interaction of antibiotics with their direct targets.  

The antibiotics can be sorted into bactericidal or bacteriostatic types, defined 
by their effect on bacteria that results in cell death or stasis respectively. It is 
accepted that bactericidal antibiotics trigger overflow mechanisms and accu-
mulation of reactive oxygen species (ROS), indicating accelerated respiration 
[63], [64], whereas bacteriostatic antibiotics can inhibit metabolism and thus 
effectively keep bacteria in the stationary phase of growth. Conversely, the bac-
terial metabolic state can also impact antibiotic lethality, as confirmed by com-
bined bacteriostatic and bactericidal treatment [63]. Therefore, understanding 
the dependency of bacterial metabolism on antibiotics is important for new an-
tibiotics development and improvement of therapeutic methodologies. 

Despite the great importance of metabolism response, the underlying mech-
anism has not been thoroughly understood. In section 2.3, we have demon-
strated the capabilities of our SiNWFET sensor, which enables rapid AST 
within 30 min. Furthermore, the mechanism of different antibiotics can be dis-
cerned based on tested profiles. The observed acidification of the medium can 
be attributed to acetate overflow that occurs once TCA respiration reaches its 
maximum rate. Consequently, pH shift serves as an indicator of the bacterial 
respiration state and was used to monitor cellular metabolic response during 
antibiotic treatment. In this section, we investigated the real-time and early met-
abolic response to ampicillin treatment on SiNWFET sensors. 
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2.4.2 Measurement procedure optimization 
The bacterial metabolism is highly sensitive to culturing environment, includ-
ing factors such as cell density, temperature, and oxygen concentration. To im-
prove experimental repeatability and precision, we further optimized the testing 
procedure. During metabolism monitoring, the bacteria were maintained at the 
stationary phase concentration to rule out the signal contribution of cell divi-
sion, and the medium was replaced by fresh LB broth right before bacterial 
injection. The detailed procedure is briefed as the following. After overnight E. 
coli culturing, 200 μL of bacterial suspension was first centrifuged at 4500 rpm. 
The supernatant was subsequently removed, and the precipitate was resus-
pended in fresh LB to a volume of V1. During measurement, the resuspended 
bacteria (V2) were pipette-injected into the container where certain amounts of 

background LB (V3) were already placed for baseline settlement. The final bac-
terial concentration in the container (V2+V3) was adjusted to saturated value by 
modulating the dilution ratio in this washing process. Since our stage cannot be 
shaken during testing, the medium must the effectively mixed during the injec-
tion step. Here, different initial conditions with various dilution parameters (V1, 
V2, and V3) along with their repeated test result are presented in Fig. 2.8(a).  

The incubation curves with the same amount of bacteria in the container are 
obviously dependent on the injected bacterial density as shown in Fig. 2.8(a). 
For higher injection concentration, such as Test-1, the measured ΔVT increases 
to saturated value more rapidly, which coincides with the previous results in 

 
Figure 2.8. Acidification curves, ΔVT vs. time (a) for repeated tests with differ-
ent dilution processes, (b) with a filter to isolate bacteria from chip surface. The 
final bacterial amount in the container is the same in all tests with a volume of 
150 μL, while the injected bacterial suspension is increasingly diluted from 
Test-1 to -2. 
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Fig. 2.5. But the sharp signal drop is often observed in repeated measurements. 
When the injected bacterial suspension gets diluted with higher V1 in Test-2, 
the slope of ΔVT vs. time decreases but reaches the same level as Test-1 after 
20 min with excellent repeatability. The only difference between the two tests 
was the initial cell density of the injected bacteria. When the high-density bac-
terial suspension (Test-1) was injected, over-condensed bacteria could settle to 
the surface of the sensor bottom, where cells could attach to the SiNW channel 
leading to a locally higher signal response. Additionally, the temperature gra-
dient in the container could also cause the signal dependence on location. To 
verify these hypotheses, both Test-1 and -2 were repeated with a filter paper of 
0.45 um pore size embedded in the container to isolate cells from the channel 
surface. As shown in Fig. 2.8(b), the acidification rate gap did still exist be-
tween the two tests, excluding the contribution from cell attachment. Another 
possible explanation could be the temperature gradient in the container. Since 
the heat source is under the metal stage, temperature decreases from the bottom 
Si chip surface to the top liquid-to-air interface due to the temperature gap be-
tween the stage and air. When the injected bacteria are condensed on the bottom 
interface, the metabolism could be accelerated by local higher temperature. 
Acidification profile dependence on temperature was characterized as shown in 
Fig. 2.9 (a). Obviously, the acidification was accelerated at a higher medium 
temperature. A plausible explanation is that increased kinetic energy of cellular 
components at higher temperatures could lead to an elevated overall metabolic 
rate[65], involving the acetate overflow reactions. Despite the observed tem-
perature dependence, rapid acidification as Test-1 did not appear even at 40 °C, 
implying that heated medium cannot sufficiently boost the acidification pro-
cess. As possible objective factors were ruled out, the variation of acidification 
curves in Test-1 most probably originated from the bacteria themselves. In our 
previous work, it has been observed that the H+ ion production rate per cell 
increases with cell density, which was ascribed to the metabolic adjuvant role 
of dead cells (cell growth and death could both take place when the cell density 
is high). Therefore, the metabolic rate of the locally condensed bacteria in Test-
1 could also be accelerated for the same reason, resulting in the measured rapid 
acidification. To guarantee the experimental repeatability, all the measurements 
in this work will follow Test-2. 



38 

In addition to temperature and mixing, the oxygen level is another critical pa-
rameter during culturing [66]. In the previous experiments, the fresh LB me-
dium was degassed by boiling for 5 min to avoid air bubble formation which 
could interrupt current sampling. However, it was accompanied by the elimi-
nation of dissolved oxygen and altered cellular metabolism. To relieve this con-
cern, the LB broth was shaken at 37° overnight before usage. As shown in Fig. 
2.9(b), the growth is clearly suppressed in a degassed LB medium, where less 
dissolved oxygen results in lower glucose uptake and even mixed acid fermen-
tation. To make sure that the acidification is dominated by acetate overflow, the 
degas step was replaced by overnight shaking in all subsequent experiments. 

2.4.3 Analysis of glucose metabolism using SiNWFETs 
Since our measurements were carried out in an LB medium containing tryp-
tones, it is crucial to identify the carbon source that determines acidification 
mechanisms. The correlation between acidification rate and glucose consump-
tion during testing should also be taken into consideration. Hence, a series of 
tests was conducted with varying initial glucose concentrations, as presented in 
Fig. 2.10(a). 

In pure LB medium without glucose, ΔVT increases slightly in the initial 10 
min and then decreases continually. The short increasing stage could be due to 
the trace amount of sugar in LB, and the continual alkalization origins from 
released ammonia in the amino acid metabolism process with tryptone as car-
bon source. When additional glucose was included in LB, a constant acidifica-
tion rate was observed regardless of initial glucose concentration as shown in 

 
Figure 2.9. ΔVT vs. t at different temperatures (a), and with or without degas 
process for LB broth. 
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Fig. 2.10(a). Interestingly, even with the lowest concentration of glucose (0.1 
g/L), the acidification rate, as indicated by ΔVT slope, remains at the same value 
as high concentration conditions before glucose is fully consumed as seen at 12 
min. This phenomenon has been observed in other published studies [67], 
providing evidence that acetate overflow is independent of glucose levels. In 
other words, the glucose uptake process is dominated by cellular absorption 
with the highest priority compared with other carbon sources in LB broth. It 
further highlights the advantages of glucose as a carbon source in our measure-
ments that the metabolic rate is independent of environmental glucose concen-
trations and solely relies on the respiration state. When glucose in the medium 
was completely consumed, ΔVT decreased as the released acetate could be re-
absorbed as a new carbon source [53]. More discussion can be found in Paper 
II. 

Furthermore, the ampicillin-treated tests are presented in Fig. 2.10(b). With 
0.1 g/L glucose, the acidification curve turns downward after 15 min when the 
glucose was fully depleted, consistent with the result from the untreated sample 
in Fig. 2.10(a). The other samples with higher glucose concentrations show the 
same deviation time of 20 min, indicating that the ampicillin-treated metabo-
lism cannot be affected by glucose levels, either. The contribution of glucose 
levels could thus be ruled out when analysing metabolic response under antibi-
otic treatment. Interestingly, the alkalization caused by AMP has the same de-
ceasing slope as the result of 0.1 g/L glucose, which might imply that the alka-
lization induced by AMP might also attribute to acetate reabsorption due to the 

 
Figure 2.10. ΔVT vs. t with different glucose concentrations without (a) and with (b) 
AMP treatment. 
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boosted respiration rate which occupies more acetyl-CoA from the acetate over-
flow pathway. 

To recognize the metabolic response under antibiotic treatment, the refer-
ence results without antibiotics, AMP treated, and gentamicin (GEN) treated 
results are illustrated parallelly in Fig. 2.11. Under AMP treatment, the acidifi-
cation curve starts to deviate from the reference after 20 min. Relative to un-
treated control, gentamicin induces an immediate acidification rate response, 
whereas the response of ampicillin is delayed. Both AMP and GEN belong to 
bactericidal antibiotics and the respiration rate was accelerated leading to an 
inhibited acidification rate as expected. These results indicate that different bac-
tericidal antibiotics stimulate varied respiration activities and thus display dis-
tinct acidification profiles. The delayed response of AMP and the immediate 
response of GEN are consistent with published results, in which the oxygen 
consumption rate (OCR) was monitored as an indicator of respiration rate, and 
immediately enhanced OCR was observed on GEN-treated sample while the 
AMP-treated sample responded after 30 min [64]. Based on these fine tests, our 
SiNWFET sensor is demonstrated to be capable of real-time metabolism mon-
itoring, and label-free and non-destructive measurements can be achieved on 
our sensors. 

 

Figure 2.11. ΔVT vs. t with different antibiotics treatment including AMP and 
GEN. 
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To further exploit the mechanism of metabolic response under antibiotic treat-
ment and investigate the link between metabolic state and antibiotic lethality, 
specific E. coli MG1655 mutants were prepared by genetically kicking out 
genes of targeted enzymes. In this work, three mutants coded as ΔatpA, ΔadhE, 
and ΔnuoG were tested under 100 μg/mL AMP treatment in LB with 1% glu-
cose. The results of ΔatpA are illustrated in Fig. 2.12. Both strains exhibited 
antibiotic susceptibility, while acidification rate was suppressed, and the AMP 
effect was clearly delayed in the ΔatpA mutant. The observed AMP lethality 
from the measured acidification curves coincided well with time-killing assay 
results as shown in Fig. 2.12(b), which count for the survival rate in samples 
measured parallelly with electrical tests. Interestingly, 60% ΔatpA bacteria sur-
vived after 1 h AMP treatment, significantly higher than that of wild-type with 
~8% survival rate. 

The distinct acidification profile of the ΔatpA mutant indicates a suppressed 
cellular metabolism, comparing to the wild-type. It is well known that ATP is 
required to convert glucose to glyceraldehyde-3-P in glycolysis steps 1-3. In 
the absence of atpA, the ATP/ADP ratio in the ΔatpA mutant is much lower 
than the wild-type after overnight culturing in LB. The shortage of ATP in the 
ΔatpA therefore suppressed cellular metabolism in the early period of the pro-
filing. However, with the proceeding of cellular metabolism, more ATP could 
be produced and gradually accumulated, which could further facilitate the gly-
colysis process and acetate release. This hypothesis is consistent with the ob-
served acidification curve as shown in Fig. 2.12(a) orange line, in which the 

 
Figure 2.12. (a) ΔVT vs. time curves, and (b) time-killing kinetics for wild-type 
E. coli and ΔatpA mutant, with 100 μg/mL AMP and initial cell density of 4×109 
cfu/mL. 
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slope of ΔatpA strain in the early 30 minutes is lower than wild-type but ap-
proaching subsequently. The suppressed cellular metabolism in the early period 
indeed leads to attenuation of AMP lethality, as evidenced by both the acidifi-
cation curves and the time-killing assay results.  

In addition to ΔatpA, ΔadhE, and ΔnuoG were also studied as shown in Fig. 
2.13. adhE gene encodes the protein that catalyzes the reduction of acetyl-CoA 
to ethanol, which is highly sensitive to oxygen levels in the medium. However, 
the regulation of adhE in aerobic conditions has not been fully clarified. The 
acetate excretion is apparently inhibited in ΔadhE strain in aerobic conditions, 
indicating suppressed metabolism which subsequently hinders the AMP lethal-
ity (see Fig. 2.13(a) blue line). In ΔnuoG mutant, the NADH-quinone oxidore-
ductase enzyme in the respiration electron transport chain is defunctionalized, 
which could result in the accumulation of NADH in the cell and inhibit metab-
olism. It is out of our expectation that the survival rate of ΔnuoG mutant is very 
close to the wild-type strain (Fig. 2.13(b)), which implies that the extra NADH 
might be depleted in other processes such as lactate fermentation to release the 
stress. Further investigations on the respiration state in ΔnuoG will be carried 
out soon, based on the oxygen consumption rate measured on the Seahorse XF 
analyzer. 

In this section, the early metabolic response of E. coli to ampicillin treatment 
was systematically investigated using SiNWFET sensors. The dependences of 
extracellular pH, as a proxy of glucose metabolism activity, on environmental 
factors, such as cell distribution, temperature, carbon source, and oxygen level, 
were carefully evaluated first. Our sensors detected early metabolic response 

 
Figure 2.13. (a) ΔVT vs. time curves, and (b) time-killing kinetics for wild-type 
E. coli, ΔadhE, and ΔnuoG mutants, with 100 μg/mL AMP and initial cell den-
sity of 4×109 cfu/mL. 
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indicated by medium alkalization before cell lysis, for the bacteria sample ex-
posed to near-MIC AMP. The detected early response was attributed to acetate 
uptake due to the accelerated TCA cycle induced by AMP. The sensors also 
revealed attenuated antibiotic lethality to gene-engineered mutant with sup-
pressed metabolism. These studies further highlight our SiNWFET sensor as a 
promising all-electrical and robust platform for investigating the interplay be-
tween the bacterial metabolism and antibiotic efficacy. 
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3. Upgrade from SiNWFET to SJGFET 

SiNWFET with HfO2 dielectric gate oxide has been demonstrated as a powerful 
tool for biosensing by pH monitoring in Chapter 2. Its capability of chemicals 
and biomolecular detection in electrolytes was also widely proven in many 
studies. As a sensor, the limit of detection (LOD) is one of the most critical 
parameters for extremely low concentration detection, and it’s ultimately deter-
mined by the sensitivity and noise floor of the whole system. In the case of our 
SiNWFET, the pH signal response was optimized to 58 mV/dec, close to the 
Nernstian limit. To further improve LOD or even achieve single molecular de-
tection, the noise of the system must be reduced. 

In our measurement system, the overall noise consists of external noise, such 
as environmental noise and read-out instrument noise, and internal noise, in-
cluding electrolyte/oxide sensing interface noise, thermal motion of ions, RE 
electrochemical processes, and intrinsic device noise, in which the intrinsic de-
vice noise has for long been considered as the dominant component [68], [69]. 
In MOS-type devices, the random carriers trapping/detrapping in the vicinity 
of gate oxide/Si channel interface is attributed to be the main noise source at 
low frequency [70], showing 1/f like power spectrum density (PSD). To elimi-
nate the noisy oxide/Si interface, Schottky junction gated SiNWFET (SJGFET) 
was proposed [69], [71], [72], emulating junction gated FET (JFET) The meas-
ured 1/f noise on SJGFETs fabricated on SIMOX (separated by implantation of 
oxygen) SOI substrate was greatly reduced compared to the MOSFET reference 
device, validating the superiority of the Schottky junction gate. However, the 
observed noise dependence on substrate bias (Vsub) indicates that the bottom 
interface between the Si channel and BOX becomes the dominant noise source 
as noise from the top oxide/Si interface is substantially eliminated.  

To explore the true potential of the Schottky junction gate, we designed and 
fabricated SJGFETs on bonded SOI wafers from SOITEC with well-known 
improved BOX/Si interface quality[73]. In this Chapter, the device fabrication, 
electrical characterization, and noise analysis are systematically discussed. 
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3.1 Schottky junction tri-gate SiNWFET 

The 3-dimensional (3D) schematic with its cross-section views of the channel 
is shown in Fig. 3.1(a). The BOX and top silicon thickness after PtSi formation 
are 145 and 35 nm respectively. To study the impact of channel dimension on 
device performance, the channel width is ranged from 90 to 500 nm with a fixed 
gate length of 900 nm. Both the top and two sidewall surfaces of the SiNW 
channel are wrapped with PtSi junction to eliminate the gate oxide/Si interface, 
called tri-gate structure. Source/drain terminals are heavily n-doped while the 
SiNW channel is moderately doped to ND, 6×1017 cm-3, via arsenic (As) im-

plantation. The working principle of SJGFET with cross-section sketches and 
energy band diagrams are displayed in Fig. 3.1(b). When the PtSi gate is posi-
tively biased, the channel is partially depleted and the SJGFET is at on-state. 
With the gate voltage (VG) turned to negative, the depletion region expands, and 
pinches off the whole channel, resulting in off-state. By further reducing VG, 
the carrier density and IDS decrease exponentially, defined as the subthreshold 
region which is commonly chosen as the working region in SiNWFETs sensors 
owing to its linear relationship between the logarithm of IDS and VG. In this 
thesis, most noise characterizations are carried out in the subthreshold region. 

 
Figure 3.1. (a) 3-D sketch and cross-sections of a SJGFET with the depletion 
layer marked as the cyan dotted region. (b) the working principle of a SJGFET 
illustrated with cross-sections and band diagrams. 
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3.2 Fabrication of SJGFETs 

The SJGFETs were fabricated on bonded SOI substrates using standard Si tech-
nology. The key process steps were sketched in Fig. 3.2. Starting from 100 mm 
SOI wafer with 45-nm-thick top silicon layer, the channel doping level was 
defined by universally moderate As implantation. Then S/D was heavily im-

planted with channel region masked by patterned photoresist. Device structure 
was defined by electron beam lithography (EBL) and reactive ion etching 
(RIE). The PtSi junction gate was formed by electron beam evaporation with 
lift-off process, followed by rapid thermal processing (RTP) at 500 ºC for 30 s 
in N2. To ensure a conformal Pt coverage on the sidewalls of the SiNW, the 
SOI wafer was tilted first clockwise and then anticlockwise for 60º during Pt 
evaporation. The device was metalized on the gate and source/drain contacts by 
100 nm Al with a 10-nm Ti as the adhesion layer. Finally, the device fabrication 
was completed with forming gas annealing (FGA) at 400 ºC for 30 min. 

3.3 DC and LFN characterization of SJGFET 

The transfer curves, ID vs. VG of SJGFETs with different channel width were 
characterized as shown in Fig. 3.3 (a). The on-to-off current ratio reaches 5 
orders of magnitude within 0.3 V VG on 500-nm-wide SJGFET (named as 
SJG500). The best achieved subthreshold swings (SS) is 66 mV/dec, close to 
an ideal value of 63 mV/dec, calculated with [74] 

 
Figure 3.2. Schematics of (a), (b) key fabrication steps for SJGFET, (c) two-
step Pt evaporation with substrate tilting to ensure conformal Pt coverage of 
the SiNW channel. 
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𝑆𝑆 = 2.3 1 + ,                                (3.1) 

where CBOX, CSi, and Cit are the capacitance of BOX, Si channel and interface 
traps at Si/BOX interface, respectively. 

The threshold voltage (Vth) of SJGFETs were designed lower than 0.2 V to 
avoid excessive gate leakage (IG) in forward-biased condition. In a wide chan-
nel, i.e., 500 nm, the depletion from the sidewall gate is negligible, thus, Vth can 
be calculated assuming a flat-band condition at Si/BOX interface as[69] 𝑉 = 𝑉 − 𝑞𝑁 𝑡 /2𝜀                             (3.2) 
in which Vbi is the build-in potential of PtSi/Si junction, tSi the height of the 
channel, and εSi the dielectric constant of silicon. In a shrunken channel, the 
depletion from the sidewall gate is evidently embodied as a positive I-V shift in 
Fig. 3.3(a). Similar Vth shifting is also observed in Fig. 3.3(b) by applying sub-
strate bias (Vth), which curves the energy band at Si/BOX interface, requiring 
extra VG for compensation. Detailed data analysis can be found in Paper III. 

Low-frequency noise (LFN) of SJGFETs was characterized using a Keysight 
E4727A advanced noise analyzer. During LFN measurements, VDS was con-
stantly biased at 0.1 V, while the VG was determined by noise analyzer depend-
ing on ID set value and measured transfer curve of the SJGFET. 

 
Figure 3.3. Transfer curves for SJGFETs with different channel widths (a), 
measured at Vsub = 0 V, and (b) for SJG500 measured at different Vsub, under 
VDS = 0.1 V. 
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The ID PSD, Sid, and gate-referred voltage noise, Svg, were systematically 
characterized on different devices under various working conditions. As shown 
in Fig. 3.4, the area normalized Sid, A×Sid, is plotted versus f, which exhibits 
typical 1/f noise spectrum in low frequency region. At higher ID, the measured 
A×Sid, increases due to more carrier number fluctuation from the trapping/de-
trapping process and more intensive mobility fluctuation from enhanced scat-
tering under a high density of carriers. 

Svg is a fictitious quantity derived for comparison between different devices, 
which is correlated with Sid by transconductance, gm, expressed as [75] 𝑆 = .                                               (3.3) 

 
Figure 3.4. Area normalized Sid spectrum measured under different ID. 

 

Table 3.1. Comparison of A×Svg for different FETs. All data are values repre-
senting the best noise performance and some data have been converted from the 
original work for comparison purpose.  

A×Svg 
(µm2V2/Hz) 

SOITEC-
SJGFET 

SIMOX- 
SJGFET [69] 

Ref [68] Ref [76] Ref [77] 

1 Hz 1.2×10-10 2.1×10-9 1.1×10-9  5×10-10 
10 Hz 1.1×10-11 1.3×10-10  8×10-11  
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Since Svg is inversely proportional to gate area, the measured Svg were normal-
ized by area, A×Svg, for comparison. The A×Svg, of SJG500 under 10 A ID are 
1.2×10-10 and 1.1×10-11μm2V2/Hz at 1 Hz and 10 Hz, respectively. To bench-
mark the LFN of SJGFETs, collected A×Svg from published literatures are listed 
in Table 3.1 for comparison. A×Svg of SJG500 is considerably lower than state-
of-the-art SiNWFET-based sensors [68], [76], [77] and one order of magnitude 
lower than SJGFETs on SIMOX-SOI substrate[69], which clearly evidences 
the advantages of Schottky junction gate for noise reduction, and confirms 
higher Si/BOX interface quality of SOI substrate from SOITEC than that of 
SIMOX. 

LFN dependence on channel dimension and Vsub was observed as shown in 
Fig. 3.5. In SJG500, A×Svg can be further reduced by applying positive Vsub, 
while it is increased under negative Vsub. A similar tendency also arises on de-
vices with different channel widths (see also Fig. 3.5). A narrower channel 
width will result in enhanced depletion from the sidewall gate, which could 
push the current path away from the bottom channel/BOX interface, similar to 
the effect under negative Vsub. More detailed discussion can be found in Paper 

 

Figure 3.5. A×Svg (10 Hz) versus ID for different SJGFETs at Vsub = 0 V. A×
Svg of SJG500 under different Vsub is also plotted (black lines). 

 



50 

III. This noise dependence, however, is opposite to previously observed results 
on SIMOX-SJGFETs, in which A×Svg can be lowered by up to 3 orders of mag-
nitude under negative Vsub, attributing to dramatically reduced Coulomb scat-
tering at channel/BOX interface [72]. Obviously, the channel/BOX interface is 
still a major noise source for SOITEC-SJGFETs, but its noise mechanism is 
clearly different from SIMOX-SJGFETs. To further improve the device perfor-
mance, noise mechanism has to be well understood. 

3.4 1/f noise modeling 

1/f noise, also called flicker noise, refers to the spectrum density, S(f), of a sto-
chastic process with a form as [78]  𝑆(𝑓) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡/𝑓 ,                                   (3.4) 
where f is the frequency with exponent α in the range 0.7-1.3. 1/f noise was first 
found by Johnson (1925), then wildly observed in various phenomenon. In 
MOSFETs, the 1/f noise can mainly be interpreted by two mechanisms, i.e., the 
carrier number fluctuation (CNF) model [79] and the Hooge mobility fluctua-
tion (HMF) model[80]. In the CNF model, the 1/f noise is explained by random 
trapping/detrapping of carriers to the traps in the vicinity of Si/SiO2 interface. 
Taking the correlated mobility fluctuation (CMF) into account, the CNF model 
is extended to include the CMF, describing Sid as [75], [81] 𝑆 (𝑓) = 𝑆 𝑔 1 + Ω ,                   (3.5) 

in which Svfb is the flat-band voltage PSD and Ω is the CMF noise term. The 
HMF model follows an empirical formula as  = ,                                   (3.6) 

where Ntotal is the total carrier number and αH is the Hooge parameter[80]. By 
plotting Sid/ID

2 vs. ID with fitting curves using Eq. (3.5), the noise origin is iden-
tified as the CNF+CMF mechanism, while the HMF cannot match the LFN data 
as Sid/ID

2 clearly deviates from reciprocal of ID (see Fig. 3.6). 
Since the carriers random trapping/detrapping process is attributed to the 

dominant noise source in SJGFETs, the noise spectrum can be derived based 
on CNF+CMF, ignoring the noise contribution from Schottky junction gate. To 
simplify the modeling, the SiNW channel is idealized as planar structure as 
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shown in Fig. 3.7(a), and the charges and traps distributed are illustrated in Fig, 
3.7(b). The Sid can be represented by [82], [83] 

𝑆 (𝑓) = 𝑁 𝐸 ( )( ) ± 𝛼 𝜇 𝑑𝑥,             (3.7) 

where kT is the thermal voltage, γ the attenuation coefficient of the electron 
wave function in oxide (~108 cm-1 for Si-SiO2 system), L the channel length, 
Nt(Efn) the trap density Nt at quasi-Fermi level Efn, n(x) the carrier density at 
position x. R(x) is the ratio of fluctuation in carrier number to fluctuation in 
occupied trap number, i.e., R = δΔN/δΔNt, where ΔN and ΔNt are carrier and 
trap numbers in a differential element at position x, with area of wΔx as illus-
trated in Fig. 3.7(a). To simplify the model, Nt(Efn) are assumed to be uniform 
along the x-axis in the SiNW channel channel at low VD = 0.1 V (see coordinate 
system in Fig. 3.7(a)). 

 
Figure 3.6. Sid/ID

2 versus ID for (a) SJGFETs with different channel widths at 
Vsub = 0 V, and (b) SJG500 at different Vsub. Solid lines represent model fitting 
results in both figures. 

 
Figure 3.7. (a) 3-D and (b) cross-section schematics of the SiNW channel with 
charges and traps illustrated. 
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To simplify the integration in Eq. (3.7), R(x)/n(x) must be extracted. Here, we 
assume that the trapping/detrapping of carriers at BOX/SiNW interface leads 
to fluctuations in surface potential (δΨs) and number of occupied traps (δΔNt(x)). 
The surface potential fluctuation will trigger the re-distribution of charges in 
whole system via capacitance coupling, including number of carriers (δΔN(x) 
= wΔxCch(x) ·δΨs) in channel, interface traps (δQit = wΔx Cit·δΨs), charges on 
gate (δQG = wΔx CSi·δΨs), and bottom side of BOX (δQBOX = wΔx CBOX·δΨs). 
Cch(x), CBOX, CSi, and Cit are area normalized channel carrier differential capac-
itance, BOX capacitance, SiNW channel geometric capacitance, and interface 
trap capacitance, respectively. To maintain the charge neutrality, the total 
charge fluctuation must equal to zero, resulting in qδΔNt(x) = 
qδΔN(x)+δQG+δQit+δQBOX [84]. Then R can be derived 𝑅 = ( )( ) .                              (3.8) 

In R(x)/n(x) term, the mobility fluctuation is ignored, which is reflected in the 
later αscμeff term. Since ID is proportional to n(x), we get ( )( ) = ( )( ) .                                    (3.9) 

Then, n(x) can be mathematically represented by ID(x) and transconductance 
gm(x) according to (3.9) 𝑛(x) = 𝐼 (𝑥) ∙ ( ) ( ) = 𝐼 (𝑥) ∙ ( ) ( ) ∙ ( )( )  = ( )( ) ( )∙∙( ( ) ).                (3.10) 

Substituting (3.8) and (3.10) into (3.7), the integration in (3.7) yields 𝑆 (𝑓) = ( 1 + Ω               (3.11) 

where Ω = αscµeff·CSi represents the total corelated carrier mobility fluctuation 
dominated by Coulomb scattering. With reference to the general expression for 
Sid, (3.5), according to the CNF+CMF model, Svfb of the SJGFETs on a SOI 
substrate can be derived, 𝑆 = ( .                                (3.12) 
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Nt of the BOX/SiNW channel interface can be calculated from Svfb in (3.12), 
which can be extracted from the slope of (Sid/ID

2)1/2 versus gm/ID curves accord-
ing to re-arranged (1) as / = 𝑆 / + Ω .                           (3.13) 

As seen in Fig. 3.8(a), (Sid/ID
2)1/2 shows good linear relationship with gm/ID for 

different SOITEC-SJGFETs at Vsub = 0 V. The extracted Svfb at 10 Hz are sum-
marized in Table 3.2. More information is available in Paper IV. 

In the model derivation, the SiNW is treated as an ideal planar structure and 
the modulation from sidewall gate is ignored. In reality, the carriers located at 
the corner of channel are depleted more by sidewall gate, resulting in narrower 
effective channel width (weff), and traps close to gate could be screened. The 
sidewall gate effect in narrow device must be quantified to extract accurate Nt. 
As shown in Fig. 3.9(a), the BOX/SiNW channel interface is divided into small 
segments with 2 nm in width. Area normalized geometric capacitance between 
each segment and the Schottky junction tri-gate, C’Si, as well as the noise con-
tribution from the traps in each segment, S’vfb, are individually calculated, plot-
ted in Fig. 3.9(b). The total Svfb can be calculated by the sum of S’vfb from all 
segments (see Paper IV for detailed calculation).  

Nt for SOITEC-SJGFETs extracted with weff using (3.12) are also summa-
rized in Table 3.2. Nt in SJG500 ranges from 7.9×1015 to 4.0×1016 cm-3eV-1, 
which is about 3 orders of magnitudes lower than the Nt values in SIMOX-

 

Figure 3.8. (Sid/ID
2)1/2 versus gm/ID (10 Hz) for (a) SOITEC-SJGFETs with dif-

ferent w at Vsub = 0 V and (b) SJG500 at different Vsub values. Linear fitting 
results are plotted as solid lines in both figures. 
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SJGFETs. The increase of Nt with a negative Vsub indicates a nonuniform energy 
distribution of interface traps, i.e., higher Nt when the BOX/SiNW channel in-
terface is under depletion. It is also observed that SOITEC-SJGFET with a 

smaller w has a higher Nt, despite the same Vsub = 0 V. This is expected as the 

Table 3.2 Extracted Svfb and Nt(Efn) for SJG500 under different Vsub and 
SJGFETs with different widths under Vsub = 0 V 

Vsub (V) 10 5 0 -5 -7 

Svfb (V2/Hz) 1.6×10-11 1.3×10-11 1.7×10-11 3.3×10-11 6.4×10-11 
Nt(Efn) of SJG500 

(cm-3eV-1) 1.0×1016 7.9×1015 1.0×1016 2.1×1016 4.0×1016 

w (nm) 500 200 150 120 90 
Svfb (V2/Hz) 1.7×10-11 1.9×10-10 4.0×10-10 1.2×10-9 2.0×10-9 

Nt(Efn) (cm-3eV-1) 1.0×1016 2.8×1016 4.8×1016 8.1×1016 6.7×1016 

 
Figure 3.9. (a) Sketch of the SiNW channel cross-section showing electron dis-
tribution in the channel, (b) calculated C’

Si and normalized S’vfb, S’vfb(x)/ 
S’vfb(0), for the segments in different positions. 
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two sidewall junction gates can also deplete the BOX/SiNW channel interface 
in the narrow channel, exhibiting a similar effect as applying a negative Vsub.  

Based on (3.11), the correlated mobility fluctuation can be quantified with 
reorganized formation as [75] / = 1 + Ω ∙ .                              (3.14) 

The CMF term, Ω, extracted from the slope of the (Svg/Svfb)1/2 versus ID/gm curve, 
generally describes the dependence of µeff on surface potential Ψs at the 
BOX/SiNW channel interface [86],  Ω = .                                             (11) 

μeff is dependent on both Coulomb scattering limited mobility (μc) and surface 
roughness scattering limited mobility (μsr) and can be calculated according to 
Matthiessen’s rule as μeff

-1= μc
-1 + μsr

-1 [74], [86]. μc and μsr fluctuations will 
both contribute to Ω. 

In Fig. 3.10, (Svg/Svfb)1/2 versus ID/gm
 curves for SJG500 at different Vsub is 

presented. The close proximity of Svg/Svfb to 1 suggests that the contribution of 
CMF near the BOX/SiNW channel is insignificant in SOITEC-SJGFETs. No-
tably, when the BOX/SiNW channel is under accumulation (Vsub = 5 V and 10 
V), the curves exhibit excellent linearity with a constant and positive slope. 
Because now current path is near the interface and closest to the traps, with Ω 

 
Figure 3.10. (Svg/Svfb)1/2 versus ID/gm measured at 10 Hz for SJG500 at different 
Vsub. 
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primarily attributed to Coulomb scattering [87], i.e., δµeff/δΨs ~ δµc/δΨs > 0. 
The extracted αsc is 4.2×104 V·s/C. In stark contrast, the extracted αsc value in 
SIMOX-SJGFETs is approximately 50 times larger [72], indicating a much 
more dominating CMF contribution to the overall LFN in the SIMOX-
SJGFETs which have considerably higher Nt and roughness at the BOX/SiNW 
channel interface. 

When the BOX/SiNW channel interface of our SJG500 is biased to depletion 
with Vsub stepped from 0 to -7 V, Ω gradually shifts to negative values, as shown 
in Fig. 3.10. Such shift could be attributed to a transition into surface roughness 
scattering dominant region where δµeff/δΨs ~ δµsr/δΨs < 0 [86]. To elucidate this 
phenomenon, a possible explanation is provided as follows. The negative Vsub 
effectively displaces the current path away from the BOX/SiNW channel inter-
face and deep into the channel bulk. Consequently, Coulomb scattering is sig-
nificantly reduced owing to the increased distance between the electron cen-
troid and interface traps. On the other hand, the PtSi/silicon interface is rough 
due to the relatively large PtSi grain size. The rough junction interface could 
lead to enhanced surface roughness scattering especially when the current path 
is brought closer to the trigate junction by the negative Vsub. The combination 
of the two effects therefore accounts for the observed transition of the scattering 
mechanisms. 
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4. A Piezoresistive Nanomechanical Sensor 
Based on Suspended SiNW-Net for Bacterial 
Motility Test 

In Chapter 2, we have demonstrated rapid ASTs achieved via monitoring ex-
tracellular pH with SiNWFET sensors. Besides extracellular pH, motility is an-
other phenotypic indicator for bacterial activity. As we know, bacteria can 
move actively in liquid medium with the thrust generated by their powerful 
flagellar motors. These flagellar motors act like screw propellers powered by 
inward-directed electrochemical gradient of protons or sodium ions across the 
cytoplasmic membrane. The rotational speed of flagellar can reach up to 300 
revolutions per second in E. coli and Salmonella, which is closely correlated 
with the metabolic activity of these bacteria. Recently, rapid ASTs based on 
bacterial motility detection were demonstrated by using AFM. In this Chapter, 
we proposed a novel piezoresistive nanomechanical sensor based on suspended 
SiNW-net to detect bacterial motility for rapid ASTs. This sensor does not in-
volve any sophisticated optical system, thus with the potential to avoid the re-
quirements of highly specialized laboratory or operator. The device design, fab-
rication, optimization, and characterization will be thoroughly introduced in 
this chapter. 

4.1 Piezoresistive effect in SiNW 

The property of a crystalline material is determined by both the constituent el-
ements and the lattice structure. An applied external force can change the mi-
croscopic lattice parameters and lead to macroscopic deformation in a crystal-
line material. Consequently, certain physical property also changes under mac-
roscopic deformation, which is called the piezo effect. In crystalline silicon, the 
deformation of the lattice structure leads to alterations in the energy band, re-
sulting in variation in both the density and effective mass of carriers [52]. This 
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is electrically manifested as the piezoresistive effect. As discussed in Chapter 
1 (1.5), the piezoresistive gauge factor of silicon is dominated by relative resis-
tivity variation instead of dimensional deformation. To estimate the piezoresis-
tive output, both the gauge factor and mechanical properties of silicon should 
be considered. 

The elasticity correlating stress (σ) to strain (ε) can be described by Hooke’s 
law with compliance S or stiffness C as [88] 

 𝜎 = 𝐶𝜀,𝑎𝑛𝑑 𝜀 = 𝑆𝜎.                                      (4.1) 
 

Both stress and strain are second-rank tensors containing shear and normal 
components as illustrated in Fig. 4.1 (a). To satisfy moment equilibrium, the 
symmetric off-diagonal terms, σzx, σzy, and σxy equal to σxz, σyz, and σyx accord-
ingly. Therefore, the 3×3 matrix tensor can be reorganized to (σxx, σyy, σzz, σyz, 
σzx, σxy) and denoted as (σ1, σ2, σ3, σ4, σ5, σ6). The same simplification rules are 
also applied to strain (ε) and resistivity afterward. In isotropic cases, stiffness 

 
Figure 4.1. Schematics of (a) stress tensors, (b) silicon lattice structure, (c) ori-
entation of a 100-mm diameter wafer with a flat cut of the (110) plane, and (d) 
direction and axes in a (100) wafer. 
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can be represented by a single scalar, Young’s modulus, to correlate σ and ε. 
However, in anisotropic cases like silicon, a 6×6 matrix is required to project ε 
to σ. Benefiting from the high symmetry of silicon lattice, which belongs to 
cubic 𝐹𝑑3𝑚 space group as shown in Fig. 4.1(b), the stiffness tensor can be 
simplified and specified with only three independent components 11, 12, and 
44 as: 
 

⎣⎢⎢
⎢⎢⎡
𝜎𝜎𝜎𝜎𝜎𝜎 ⎦⎥⎥
⎥⎥⎤ =

⎝⎜
⎜⎛
𝐶 𝐶 𝐶 0 0 0𝐶 𝐶 𝐶 0 0 0𝐶 𝐶 𝐶 0 0 00 0 0 𝐶 0 00 0 0 0 𝐶 00 0 0 0 0 𝐶 ⎠⎟

⎟⎞
⎣⎢⎢
⎢⎢⎡
𝜀𝜀𝜀𝜀𝜀𝜀 ⎦⎥⎥
⎥⎥⎤.        (4.2) 

 
The matrix in (4.2) is derived in the specific coordinate system of axes, where 
the x-axis, y-axis, and z-axis represent [100], [010], and [001] directions of the 
crystalline structure, respectively. However, our starting wafer has a (100) sur-
face and a flat cut of the (110) plane as shown in Fig. 4.1(c) and (d). Since the 
SiNW is aligned with [110] direction, the coordinate system has to be rotated 
by 45° in the (100) plane to fit our SiNW. Therefore, the stiffness matrix is also 
changed to [88] 
 

⎣⎢⎢
⎢⎢⎡
𝜎𝜎𝜎𝜎𝜎𝜎 ⎦⎥⎥
⎥⎥⎤ =

⎝⎜⎜
⎛194.5 35.7 64.1 0 0 035.7 194.5 64.1 0 0 064.1 64.1 165.7 0 0 00 0 0 79.6 0 00 0 0 0 79.6 00 0 0 0 0 50.9⎠⎟

⎟⎞ ⎣⎢⎢
⎢⎢⎡
𝜀𝜀𝜀𝜀𝜀𝜀 ⎦⎥⎥
⎥⎥⎤ 

(in GPa).       (4.3) 
 

This stiffness matrix was calculated based on measured data from bulk Si. We 
applied this matrix in our finite elements method (FEM) simulation operated in 
COMSOL. However, with Si beam downscaling, the surface-to-volume ratio 
increases dramatically, and the impact from defects on the surface cannot be 
ignored anymore [89]–[91]. In addition, the temperature rise due to thermal 
heating could also change the mechanical properties of SiNW. These factors 
are not considered during our simulation for simplicity. Therefore, the simu-
lated results should be carefully evaluated in real signal analysis. 
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The relationship between current density (𝚥) and electric field (𝐸) can be 
described with microscopic Ohm’s law as 

 𝐽 = 𝜎𝐸,𝑎𝑛𝑑 �⃗� = 𝜌𝐽,                                      (4.4) 
 

in which σ is conductivity and ρ is resistivity. In single crystal material, the σ 
and ρ are generally anisotropic. Therefore, they are second rank tensors relating 
vector 𝚥 and 𝐸, which can be formatted by a 3×3 matrix similar to strain. For 
silicon single crystal with cubic symmetry, the diagonal components equal to 
resistivity, ρxx = ρyy = ρzz = ρ0, while others equal to zero, ρxy = ρyz = ρzx = 0. 
When the symmetry of the silicon lattice deteriorates under stress, the resistivity 
sensor transforms into a symmetric matrix as 
 𝜌 𝜌 𝜌𝜌 𝜌 𝜌𝜌 𝜌 𝜌 = 𝜌 1 0 00 1 00 0 1 + 𝜌 ∆ ∆ ∆∆ ∆ ∆∆ ∆ ∆ ,          (4.5) 

 
where ∆  represents the relative change of cthe orresponding resistivity includ-
ing 6 components. Under stress, T, the relative change of resistivity can be cal-
culated through (∆) = (Π)(T). (Π) is the piezoresistive coefficient tensor repre-
sented as a 6×6 matrix. This complicated piezoresistive coefficient tensor can 
be simplified in the same way as stiffness tensor according to the symmetry of 
silicon lattice, then we can get [92] 
 

⎝⎜
⎜⎛
∆∆∆∆∆∆ ⎠⎟
⎟⎞ =

⎝⎜
⎜⎛
𝜋 𝜋 𝜋 0 0 0𝜋 𝜋 𝜋 0 0 0𝜋 𝜋 𝜋 0 0 00 0 0 𝜋 0 00 0 0 0 𝜋 00 0 0 0 0 𝜋 ⎠⎟

⎟⎞
⎣⎢⎢
⎢⎢⎡
𝑇𝑇𝑇𝑇𝑇𝑇 ⎦⎥⎥
⎥⎥⎤.       (4.6) 

 
There are only three independent components in (Π), which are 𝜋 , 𝜋 , and 𝜋 . These components were experimentally characterized by C. S. Smith [92] 
as listed in Table 4.1. Please note that this piezoresistive coefficient tensor was 
derived in the crystallographic coordinate system. In an arbitrary coordinate 
system, the tensors in (∆) = (Π)(T) need to be transformed with new base 
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vectors to (Δ’) = (Π’)(T’), in which (Δ’) and (T’) equal to (R) (Δ) and (R) (T) 
accordingly. With rotation matrix, (R), we can obtain 
 Π = 𝑅 ∙ Π ∙ 𝑅 .                                     (4.7) 

 
Since our devices were fabricated on p-type (100) wafer, as shown in Table 4.1, 
the shear piezoresistive coefficient, 𝜋 , is more significant than the 𝜋  and 𝜋 . To collect the highest piezoresistive gain, the SiNW was patterned along 
[110] direction parallel to the wafer flat cut, with the longitude piezoresistive 
gauge equals to (𝜋 +𝜋 +𝜋 )/2 [92]. 

The piezoresistive gauges in Table 4.1 are measured on high-resistivity bulk 
silicon material. However, it has been observed that the piezoresistive coeffi-
cient is relevant to the doped impurity level [52]. For p-type silicon at room 
temperature, the 𝜋  decreases from ~140×10-11 Pa-1 at 1015 cm-3 to ~50×10-11 
Pa-1 at 1018 cm-3. To maintain a decent piezoresistive coefficient, the piezore-
sistor in our device was moderately doped (instead of heavy doping) at about 
5×1018 cm-3. Another surprising phenomenon observed in SiNW is giant piezo-
resistance with dimension downscaling. In the [111] direction, the piezoresis-
tive coefficient of bottom-up growing p-type SiNW reaches -3550× 10-11 Pa-1 
in comparison with a bulk value of -94× 10-11 Pa-1[49]. A similar trend was also 
found in top-down fabricated SiNW [93], while the piezoresistive coefficient 
was strongly dependent on surface condition [94]. More careful studies are still 
needed to draw a solid conclusion on giant piezoresistance. In this thesis work, 
the piezoresistive effect of SiNW is conservatively treated as a bulk condition. 

Table 4.1. piezoresistive coefficient tensor components of silicon (unit in 10-11 Pa-1) 

 𝜋  𝜋  𝜋  
p-type 6.6 -1.1 138.1 
n-type -102.2 53.4 -13.6 
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4.2 Finite elements simulation on SiNW-net 

As discussed in Chapter 1.3.2, a nanoelectromechanical sensor based on a 
SiNW-net was designed to detect bacterial motility. To enhance the piezoresis-
tive gain, the piezoresistive element should be placed at the strain-concentrated 
region. By modulating the dimensional parameters of SiNW-net, the strain 
could also be enhanced. In this section, we performed FEM analysis using 
COMSOL to engineer the geometry of the device. 

In Fig. 4.2(a) the device model is illustrated with a loading force and boundary 
conditions. The fully suspended area in the device with a span length of 50 μm 
is composed of the SiNW-net region and supporting pads in which the edges 
are fixed during simulation. The loading force applied at the center of the 
SiNW-net is set to 10-11 N of the same magnitude as the force generated by E. 
coli. As discussed in section 4.1, both piezoresistive gauge and stiffness are 
fourth rank tensors with specific expressions in different coordinate systems. In 
this simulation, the device geometry is positioned within a global system where 
the SiNW follows either the x-axis or y-axis, while the material coordinate sys-
tem is rotated along the z-axis by 45°. Subsequently, the p-type SiNW is pat-
terned along [110] direction, which is the superior direction as calculated in the 
4.1 section. As a suspended net, it’s obvious that the stress will be concentrated 
at the supporting ends at the corner depicted in Fig. 4.2(b). Therefore, the pie-
zoelements are located adjacent to the ends of the SiNW-net as marked by 
dashed boxes in Fig. 4.2(b). Three geometric parameters are carefully evaluated 
during simulation, including the span of the suspended SiNW-net, the height, 
and width of the SiNW in supporting ends.  

 
Figure 4.2 (a) Device geometry of the model simulated in COMSOL. (b) Zoom-
in view of the piezoresistive element at the corner of the device. 
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The simulated stress distribution in a device of 30 μm (length) × 55 nm 
(height) × 100 nm (width) dimension is plotted in Fig. 4.3(a). As we expected, 
the stress is mainly concentrated on the top and bottom surfaces symmetrically. 
The stress tensor at the top of the slice cross-section is read as  

 

(𝑇) = 7.5 × 10 −3.8 × 10 1785.9−3.8 × 10 −6.4 × 10 1132.81785.9 1132.8 175.7  (in Pa). 

 
In the stress tensor, the components σxx and σxy are more dominant than others, 
thus the stress tensor is simplified to (7.5×105, 0, 0, 0, 0, -3.8×105) (in Pa). The 
simulated stress tensors are illustrated on a slice surface perpendicular to the 

SiNW, in which the length of arrows represents the relative value of tensors, as 
seen in Fig. 4.3(b). The stress σxx is dominant and plotted versus the z-position 
along the dashed cutting line. The nutrient surface is located in the middle with-
out any stress. σxx increases linearly to its maximum at the top surface and de-
creases negatively towards the bottom surface. In the following part, only stress 
at the top surface is taken into account for piezoresistance calculation.  

Since the material coordinate system is rotated by 45°, the piezoresistive co-
efficient tensor in global coordinate can be derived by multiplying the rotation 
matrix as (4.7), which is comprised of direction cosines (l, m, n) as 

 

Figure 4.3 (a) Simulated stress tensors distribution in sliced cross-section with 
color bar in units of Pa. (b) Schematic of stress tensor σxx in cross-section of 
SiNW and tensor component σxx versus z-position in the cutting line. 
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Figure 4.4 Simulated stress tensor σxx at top surface and maximum deformation 
of SiNW-net versus SiNW height with dashed line representing h-2 behavior. 
Device size: 30 μm span length and 100 nm width. 

 

(𝑅) = 𝑙 𝑚 𝑛𝑙 𝑚 𝑛𝑙 𝑚 𝑛 = √2 2⁄ √2 2⁄ 0−√2 2⁄ √2 2⁄ 00 0 1 . 

 
Then, the relative resistivity variation can be calculated by 
 ∆= 𝑅 ∙ Π ∙ 𝑅 ∙ 𝑇.                                          (4.8) 

 
Since the current in SiNW is forced along the x-axis, the relative change of re-
sistance equals Δxx as 
 ∆ = ∆ = 𝜎 𝜋 + 𝜎 𝜋 ,                               (4.9) 

in which  
 𝜋 =  𝜋 − 2(𝜋 − 𝜋 − 𝜋 )(𝑙 𝑚 + 𝑙 𝑛 + 𝑚 𝑛 ), 

and 𝜋 = (𝜋 − 𝜋 − 𝜋 )(𝑙 𝑙 + 𝑚 𝑚 + 𝑛 𝑛 ).            (4.10) 
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In this case, 𝜋 = (𝜋 + 𝜋 + 𝜋 )/2  and 𝜋 = 0 . Then the relative 
change of resistance, ΔR/R = (𝜋 +𝜋 +𝜋 )×σxx /2, is solely proportional to 
σxx. Finally, the piezoresistance signal can be easily calculated by simulating 
the σxx term individually. 

To enhance the piezoresistance signal, the geometry of the SiNW-net should 
be fastidiously optimized to amplify the stress collected by the piezoresistor at 
the top surface of the SiNW. Guided by Eq. (1.7), σmax=3FL/4wh2, the width, 
height, and span of SiNW-net are simulated. σxx and deformation dependence 
of height are plotted in Fig. 4.4. As SiNW gets thinner, both σxx and deformation 
increase roughly following the h-2 tendency (see the dashed line). This behavior 
coincides well with Eq. (1.7), indicating that we should reduce the thickness of 
SiNW. Even though sub-10-nm SiNW has been demonstrated in our Lab [95], 
it’s too challenging to precisely control the dopant distribution at the top sur-
face. Considering the mechanical strength and process feasibility, the SOI wa-

fer from SOITEC company with 55 nm top Si was chosen as the substrate. Be-
sides thickness, the width and span length of SiNW-net are optimized as shown 
in Fig. 4.5(a) and (b), respectively. When the supporting SiNW gets wider, the 
stress will be diluted and behave reversely proportional to the width. For our 
device, sub-100-nm SiNW can be easily achieved. As the span length of the 
SiNW-net increases, the torque sensed by piezoelement generated due to load-
ing force will be multiplied by the incremental length. This is supported by 
simulation results depicted in Fig. 4.5(b). Another anticipated benefit of en-
larged span length is the enhanced efficiency in capturing bacteria. And more 
captured bacteria could provide a larger loading force. However, a larger net 

 
Figure 4.5 Simulated stress tensor σxx at top surface and maximum deformation 
of SiNW-net versus (a) SiNW width with length of 30 μm and thickness of 55 nm, 
and (b) span length of SiNW-net with thickness of 55 nm and width of 100 nm. 
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could undergo more destructive force during fabrication, especially the suspen-
sion step. In the device fabrication section, this concern will be addressed 
through an optimized SiNW-net suspension process. 

4.3 SiNW-net fabrication 

According to the FEM simulation results, the fabrication process has been op-
timized to achieve dimensions of ~100 nm in width and ~50 μm in span length. 
The simplified process flow is illustrated in Fig. 4.6. The starting material is an 
SOI wafer with 55 nm top Si and 145 nm BOX from SOITEC. Then the S/D, 
piezoelements, and net region were selectively doped via photoresist-masked 
BF2 implantation. After resist stripping and dopants activation, the device struc-

ture was defined by combined UVN and HSQ exposure using electron beam 
lithography (EBL), followed by reactive ion etching (RIE) stopped by the BOX 
layer. Ni was deposited on the S/D area by electron beam evaporation and lift-
off process, then NiSi formed with rapid thermal process (RTP). After deposit-
ing Au on S/D with Cr as an adhesion layer, the metal contact was formed. In 
the next step, the SiNW-net was suspended by etching off the BOX layer un-
derneath. This was the most critical step in the fabrication flow. More detailed 
information can be found in the following sections. The last step is the surface 
passivation with HfO2 deposited via atomic layer deposition (ALD) ending with 
forming gas annealing (FGA). In the below sections, the key steps will be 

 

Figure 4.6. Schematic of simplified process flow. 
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introduced including structure patterning, wire suspension, and metal arm for-
mation on suspended SiNW-net. 

4.3.1 SiNW structure patterning 
To achieve a sub-100 nm SiNW-net with a span length of 50 μm, the HSQ resist 
was used to pattern the fine structure, while contact pads were exposed with 

UVN resist. Based on simulation results in section 4.2, the piezoresistor should 
be placed on supporting ends of SiNW, demanding high alignment accuracy. 
In our device fabrication, the supporting pad and SiNW-net were exposed sim-
ultaneously in the same layer to ensure alignment. However, the backscattering 
electrons from the huge supporting pads could subsequently expose the SiNW-
net [96], ultimately resulting in lithography failure, as illustrated in Fig. 4.7(a) 
and (b). To avoid cross exposure, we optimized the exposure step with a locally 
adjusted dose map. The supporting pad was exposed with low electron dose, 
whereas higher dose was used to expose the SiNW-net. Finally, the SiNW-net 
combined with supporting pads was successfully exposed in the same layer af-
ter developing as shown in Fig. 4.7(c). 

 

 
Figure 4.7. (a) Schematic of electron beam lithography with adjusted electron 
dose. (b) SEM of over exposed SiNW-net. (c) SEM of well-adjusted SiNW-net 
with supporting pads in HSQ. 
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4.3.2 SiNW-net suspension 
The conventional method to releasing SiNW is simply aqueous HF etching to 
remove the sacrifice layer and leave the SiNW suspended. It is feasible to sus-
pend short SiNW below 10 μm length. However, when the SiNW was further 
elongated, the collapsed SiNW was observed as shown in Fig. 4.8(a). There are 
a few factors that could destroy the suspended structure, such as gravity, built-
in stress, and capillary force in the drying step [97]. The calculated gravity force 
of a SiNW with a dimension of 100 nm × 100 nm × 10 μm (w*h*l) is only 
2×10-15 N. Comparing with the simulation results under 1×10-11 N, the gener-
ated stress at the fixed end is around 100 Pa under gravity, which could be 
ignored. If the built-in stress causes the collapse, both upward curvature and 
downward curvature are expected to be found, while we only saw downward 
curvature. The built-in stress is thus ruled out. Eventually, we attribute the col-
lapse to the capillary force between SiNW and bulk Si surface underneath after 
the aqueous HF etching, as illustrated in Fig. 4.8(a). The capillary force results 
in deformation up to 145 nm (BOX thickness) and permanent plastic defor-
mation. As the capillary force exists between two surfaces in close vicinity, 
naturally, a straightforward way to eliminate capillary force is to remove one 

 
Figure 4.8. Schematics of SiNW suspension process with corresponding SEM 
image of (a) top side HF etching, and (b) etching first from bottom side, fol-
lowed by top-side etching. 
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of the surfaces. Consequently, we optimized the etching step as follows. First, a 
trench in the substrate was formed by deep reactive ion etching (DRIE), followed 
by KOH wet etching stopped by the BOX layer. In this way, a freestanding mem-
brane comprised of top Si structures and a BOX layer was formed. Afterward, 
the membrane could be safely processed with aqueous HF, and a suspended 
SiNW-net was achieved without visible deformation as shown in Fig. 4.8(b). 

4.3.3 Metal arm formation on suspended SiNW-net 
To calibrate the sensitivity of our SiNW-net electromechanical sensor, we de-
signed and fabricated a metal Lorentz arm on top of the suspended SiNW-net. 
A desired Lorentz force could then be precisely generated on the SiNW-net by 
passing current through the metal Lorentz arm in a supplied magnetic field. 
However, the metal layer is not compatible with aqueous HF etching, while a 
suspended SiNW-net cannot sustain resist spin and lift-off process either. Then, 
we developed a metal deposition process by combining metal lift-off with va-
por-phase HF etching.  

After forming the freestanding membrane by KOH wet etching, the top surface 
was passivated with HfO2 via ALD to isolate the metal loop from the silicon 
structure. Then Cr and Au layers were deposited by evaporation and lift-off 
process. Vapor-phase HF was applied to etch the BOX layer, containing the 
vapor of HF and H2O. A trace amount of H2O vapor plays the role of catalyst, 
which only appears on the surface of SiO2, thus the metal will not be damaged 
in the absence of aqueous HF. The schematics of the process and SEM of the 
resulting device are presented in Fig. 4.9. 

 
Figure 4.9. (a) Schematics of SiNW releasing process with metal arm, (b) SEM 
of suspended SiNW-net with metal arm formed, and (c) zoom-in SEM of sup-
porting corner of SiNW-net. 
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The Lorentz loop can provide the desired loading force in magnetic field. 
However, the thick metal layer also shares the generated stress. To assess the 
stress applied to piezoelement, we conducted an FEM simulation using COM-
SOL as shown in Fig. 4.10(a). The force is uniformly loaded on the Lorentz 
loop and the stress could still be concentrated at the supporting corner. The 
strain and maximum displacement are plotted versus the thickness of the Au 
layer in Fig. 4.10(b). As Au gets thicker, the stress and displacement will be 
diluted by ten times when thickness reaches 150 nm. In order to strike a balance 
between conductivity and strain, the thickness is determined to be 50-60 nm.  

Figure 4.10. (a) Simulated Von Mises stress distribution on SiNW-net. (b) max-
imum displacement and strain on piezoresistor versus thickness of Au layer. 

 

 

Figure 4.11. (a) Diagram of Wheatstone bridge and (b) SEM of Wheatstone in 
device with reference resistor. 
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4.4 SiNW-net calibration actuated by Lorentz force 

As discussed in section 4.2, the simulated stress σxx reaches 7.5×105 Pa at the 
top surface of SiNW, and the estimated relative resistance change is 5.7×10-4 
under 1×10-11 N loading force. To detect such small resistance variation, we 
integrated the SiNW-net into a Wheatstone bridge with short SiNWs as refer-
ence resistors presented in Fig. 4.11. By measuring output voltage across the 
bridge, relative resistance change can be read out as  𝑉 = ∆ ∆ ∙ ≈ ∆ ∙  .                               (4.11) 

With Wheatstone bridge circuit design, the thermal heating effect and signal 
drift can be also eliminated, as they contribute to all resistors equally. There-
fore, the pseudo signal from the environment can be filtered out through the 
bridge. 

To accurately read out real-time signals, a lock-in amplifier was utilized 
which can also supply Lorentz current from reference AC output terminals as 
shown in Fig. 4.12. Here, the working principle of a lock-in amplifier is briefly 
introduced. Assume that the input signal 𝑠(𝑡), the reference signals 𝑟 (𝑡), and 𝑟 (𝑡) from the oscillator are  

 𝑠(𝑡) = √2𝑉 sin 2𝜋𝑓 𝑡 + 𝜃 ,  𝑟 (𝑡) = sin 2𝜋𝑓 𝑡 + 𝜃 ,𝑎𝑛𝑑 𝑟 (𝑡) = cos 2𝜋𝑓 𝑡 + 𝜃 ,  (4.12) 
 

where Vsig is the root mean square (RMS) amplitude, f denotes frequency, and θ 
is phase. The mixed signal 𝑉 (𝑡) and 𝑉 (𝑡) from signal mixer can be derived as 
 

𝑉 (𝑡) = (𝑉 /√2) cos 2𝜋 𝑓 − 𝑓 𝑡 + 𝜃 − 𝜃− cos 2𝜋 𝑓 + 𝑓 𝑡 + 𝜃 + 𝜃 , 

 And 𝑉 (𝑡) = (𝑉 /√2) sin 2𝜋 𝑓 − 𝑓 𝑡 + 𝜃 − 𝜃+ sin 2𝜋 𝑓 + 𝑓 𝑡 + 𝜃 + 𝜃 .  (4.13) 

 
Our low-pass filter (LPF) in the lock-in amplifier will eliminate the high-fre-
quency term (𝑓 + 𝑓 ) and will only allow the left term with (𝑓 − 𝑓 ) 
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limited around 0 by bandwidth. Therefore, the signal 𝑉  at frequency close to 
fref can be extracted from Vx and Vy as 
 𝑉 = 𝑉 + 𝑉 , 𝑎𝑛𝑑 𝜃 = 𝑡𝑎𝑛 (𝑉 /𝑉 ).                  (4.14) 

 
In our device measurement (see Fig. 4.12), the reference AC outputs from 

the amplified internal oscillator are connected to the Lorentz loop with a refer-
ence frequency, fref. Therefore, the piezoresistive signal stimulated by Lorentz 
force will be in the same frequency as fref. Thus, only the stimulated signal at 
fref could be measured by a lock-in amplifier, and the low-frequency noise 
would be filtered out. 

To reveal the piezoresistive signals, the signal detection limit could be im-
proved by enhancing the piezoresistive gain or suppressing noise. The piezore-
sistive gain has been discussed in the simulation and fabrication sections. Con-
sidering the noise suppression during measurement, there are two dominant 
noise sources, 1/f device noise and interference from the Lorentz loop via ca-
pacitance coupling. When reference frequency, fref, increases, the picked 1/f de-
vice noise will be reduced, whereas the interference from the Lorentz loop will 

 
Figure 4.12. Equivalent circuit diagram including Wheatstone bridge, Lorentz 
loop, and lock-in amplifier. 
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be enhanced due to lower capacitive reactance between the Lorentz loop and 
Wheatstone bridge. To minimize total noise, we set the frequency to 50 kHz.  

As illustrated in Fig. 4.12 (Lorentz loop module), the interference should be 
zero if the Lorentz loop is perfectly symmetrical relative to the piezoresistor, 
thus the interference from the positive port could neutralize that of the negative 
port. In fact, the interference always exists due to geometric asymmetry (see 

Fig. 4.11(b)). To overcome this issue, we designed a compensation circuit con-
nected to the Lorentz loop as depicted in Fig. 4.13(a). The RLoop mimics the 
resistance of the Lorentz loop (2 kΩ). R1 and R2 are modulated to control the 
current through a capacitor (C) and the voltage drop across RLoop, which could 
adjust the phase and amplitude of the effective stimulating signals (Vout1, Vout2) 
on the Lorentz loop as shown in Fig. 4.13(b). The asymmetric capacitive cou-
pling between the Lorentz loop and bridge could then be well compensated by 
adjusting the pre-built phase and amplitude shift of the stimulating signals. In-
deed, by altering R1 and R2, the interference from the Lorentz loop can be ef-
fectively suppressed from ~10 μV to 300 nV (see Fig. 4.13(c)).  

To supply a controllable magnetic field, we designed a homemade electro-
magnet as shown in Fig. 4.14(a) and (b). The core was made of ferrites N87, a 
kind of ceramic material containing MnZn, which is usually used in power 
transfer with high flux permeability. The coil is twined by copper wire with 1.5 

 
Figure 4.13. (a) Diagram of compensation circuit, (b) phase and amplitude map 
of (Vout1 + Vout2) versus R1 and R2, and (c) Lorentz interference noise optimiza-
tion by modulating R1 and R2. 
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Ω total resistance powered by a DC source. In Fig. 4.14(c), the magnetic flux 
density measured by a Hall sensor is plotted versus current showing that the 
flux density increases with more current supplied in coil, but it cannot raise 
linearly due to decreased permeability under higher flux density. When polar 
faces are separated, the flux will disperse into surrounding space, resulting in 
reduced flux density in front of the polar surface as shown in Fig. 4.14(d). Dur-
ing measurement, we got 50 mT flux density with a 2 cm gap distance which 
could provide 0.1 nN under a Lorentz current of 50 μA in a 50-μm suspended 
Lorentz loop. 

Currently, we achieved a 30-μm suspended SiNW-net with metal loop 
stacked on top. The lock-in measurement setup was optimized to effectively 
suppress interference from Lorentz current to ~300 nV. And 0.1 nN Lorentz 
force was loaded on a suspended net by an electromagnet. However, the piezo-
resistance signal has not been observed as we predicted. Most probably, the 
implanted dopants were not located correctly in the thin SiNW. And the traps 
induced by ion implantation might deplete carriers on the surface, thus inhibit-
ing piezoresistive signal. To further optimize the piezoresistor, the autodoping 

 

Figure 4.14. (a) Schematic of the electromagnet, (b) photo image of setup, (c) 
measured flux density vs. current with 5 mm polar distance, and (d) flux density 
vs. polar distance under 1 A coil current. 
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process observed during RTP) could offer a promising solution, which will be 
introduced in the next section. 

4.5 Shallow junction formation via lateral autodoping 

Autodoping is a well-known phenomenon of unwanted dopant transfer in the 
silicon epitaxy process [98]. However, in this thesis work, we discovered boron 
lateral autodoping in the normal rapid thermal process (RTP), and it could po-
tentially be used to form the shallow peizoelement at the SiNW surface.  

To evaluate the autodoping results, we prepared test samples on SOI wafers. 
The process started with thermal oxidation to form a 5-nm thick cap oxide. 
Then 8-mm long UVN negative resist strips with varying widths ranging from 
100 µm to 500 µm were exposed in repeating 1 cm × 1 cm chips on the wafer 
by electron beam lithography (EBL) as implantation mask. BF2

+ ions with 25 
keV energy and at a dose of 1×1015 cm-2 were implanted into the masked wafer. 
After the UVN photoresist removal, an array of 10 four-point probe test struc-
tures surrounded by 2 µm wide gaps at their boundaries were patterned by EBL 
in each of the unimplanted regions, as presented in Fig. 4.15(a). The gap was 
etched by reactive ion etching to completely separate the test structure from the 
implanted area. Right after the cap oxide stripping in 50:1 HF solution, the sam-
ples were loaded to a RTP furnace (RT600s system from Modular Process 
Technology Corporation) for annealing at 950 °C in 80 psi N2 ambient. The 
ramp rate of the RTP is about 45 °C/s.  

Then the autodoping result was confirmed by quick two-terminal tests be-
tween Vs (grounded) and Vd on the four-point test structure depicted in Fig. 
4.15(a). The Id vs Vd curves for samples under different process conditions are 
shown in Fig. 4.15(c). For the sample without cap oxide, the measured Id in-
creased linearly with increasing Vd and reached ~100 nA at 0.1 V Vd.  This 
measured conductivity indicates that the unimplanted area is doped by boron 
via the ambient since the solid-state diffusion to the test structure is blocked by 
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the isolation gap. Furthermore, the ohmic contact behavior to the test structure 
also implies high concentrations of surface dopants. The autodoping can be well 
blocked by a 5-nm cap oxide, as evidenced by the Id-Vd plot measured in an 
otherwise identical sample capped with 5 nm SiO2 (Fig. 4.15(c)). To further 
rule out possible dopant sources in the RTP furnace, a reference chip without 
any implanted area or cap oxide was annealed at the same annealing condition. 
The measured current is still in the pA range (Fig. 4.15(c)), which confirms that 
the implanted area is the source of dopants in the autodoping process. 

 

Figure 4.15. (a) Left: Optical image of a four-point test structure surrounded 
by a 2 µm wide isolation gap in the unimplanted area; right: zoom-in view of 
the isolation gap. (b) Schematic of boron autodoping process including boron 
evaporation from heavily implanted area (step 1), transport in gas phase (step 
2), redeposition to unimplanted surface (step 3) and solid phase diffusion (step 
4). (c) Two terminal Id vs. Vd test results on the test structure processed under 
different RTP conditions. 

 

Figure 4.16. (a) Boron ToF-SIMS depth profiles and their fitting curves of the 
center of the 100 μm wide unimplanted area on samples with different RTP an-
nealing times (10 s, 20 s, and 30 s). (b) Sheet resistance mapping unimplanted 
region with different Wwindow and annealing time at 950 °C on a single chip. 
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The sequence of the lateral boron autodoping process during the RTP is illus-
trated in Fig. 4.15(b): evaporation of boron from the implanted area to the gas 
phase (step 1); boron transport in the gas phase (step 2); boron redeposition to 
the surface of the unimplanted area (step 3); and boron diffusion from the sur-
face to the bulk of the unimplanted area (step 4). To further confirm and under-
stand boron autodoping in the unimplanted area, the implanted samples were 
annealed at 950 °C in RTP for different times after the removal of the cap oxide. 
Additionally, ToF-SIMS measurements were carried out in the center of the 
unimplanted area as shown in Fig. 4.16(a). No detectable fluorine signal was 
found in the unimplanted area, confirming this area was very well blocked by 
the photoresist mask during the BF2 implantation process. No boron signal was 
detected in the unimplanted area of a control sample before the RTP annealing 
either. In direct contrast, in the annealed samples boron concentration reaches 
1019 cm-3 at the surface of the unimplanted area and declines to 5×1017 cm-3 

(boron detection limit in the ToF-SIMS analysis) with increasing depth. The 
boron depth profiles also exhibit a clear dependence on the annealing time, 
which could be predicted by the diffusion equation as [99] 

 𝐶(𝑥, 𝑡) = 𝑘 𝐶 [𝑒𝑟𝑓𝑐 √ − 𝑒𝑟𝑓𝑐( √ + ℎ )],           (4.15) 

 
in which ke is the effective segregation coefficient, Cm is the boron gas phase 
concentration, D is the diffusivity, and h is the boron evaporation coefficient. 
The detailed equation derivation can be found in Paper V. As shown by the 
solid lines in Fig. 4.16(a), all three boron diffusion profiles from 10 s to 30 s 
RTP annealing can be fitted with Eq. (4.15). Furthermore, the average boron 
diffusivity, D, extracted from the fitting is 2.2±0.5×10-14 cm2/s, which is close 
to the reported values [100], [101]. The extracted evaporation coefficient, h, is 
2.8±0.3×10-9 cm/s.  

The sheet resistance distribution in 1 cm scale is shown in Fig. 4.16(b). The 
measured sheet resistance shows location dependence after 10 s processing. 
Since the width of the unimplanted area (100 μm to 500 μm) is significantly 
smaller than the dimension of the chip (1 cm), the chip center can be regarded 
as being fully surrounded by heavily implanted regions. Therefore, boron is 
readily supplied from the gas phase of the whole surrounding area. However, 
test structures close to the chip edge can only receive dopants from one side, 
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requiring longer time for the gas phase above to form balance with that on the 
heavily implanted area. This leads to less boron redeposition in the chip edge, 
resulting in higher measured sheet resistance. As the gas phase will be much 
more uniform with maximum boron concentration after the gas phase is bal-
anced with the heavily doped area, a slight extension of the annealing time un-
der this condition with uniform and higher boron redeposition rate could poten-
tially overwhelm nonuniformity generated at the initial stage of the RTP. In-
deed, after the annealing time was extended to 30 s, sheet resistance measured 
in different locations of the unimplanted areas decreased to 10 kΩ/sq and be-
came much more uniform as shown in Fig. 4.16(b). These results evidence that 
the use of the boron lateral self-doping process holds great promise to form 
uniform shallow junctions without the need for advanced doping facilities and 
high process cost. The damage from ion implantation can be avoided by using 
the diffusion method, which could potentially satisfy our desired piezoresistor 
at the top of SiNW. Please see Paper V for more discussion. 

In the next stage, the autodoping process will be applied to ensure surface 
shallow doping and proper sheet resistance of the piezoresistor. Once the pie-
zoresistive output gets calibrated, we will proceed with the bacterial motility 
test. 
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5. Conclusion and Future Perspectives 

The ultimate goal of my work is to realize rapid antibiotic susceptibility tests 
using SiNW-based electronic sensors. Both extracellular pH and bacterial mo-
tility have been selected as indicators of bacterial activity. The real-time moni-
toring of extracellular pH was achieved using a multiplexing SiNWFET array, 
demonstrating rapid AST capabilities within 30 minutes. Furthermore, the bac-
terial metabolic early response under ampicillin treatment was carefully stud-
ied. To further improve the detection limit of our SiNWFETs, SJGFETs with 
ultra-low device noise were developed, followed by systematic low-frequency 
noise analysis. For the purposes of bacterial motility detection, a novel nanoe-
lectromechanical sensor based on SiNW-net was introduced, including FEM 
simulation, device fabrication, and measurement setup build-up. The major 
achievements in this thesis are summarized as follows. 

1. Rapid antibiotic susceptibility test was achieved using SiNWFET sensors 
array with a total assay time of less than 30 minutes for different bacterial 
strains, i.e., E. coli, S. aureus, and S. saprophyticus. The sensors also showed 
the capabilities of distinguishing bactericidal mechanisms for different antibi-
otics and quantifying bacteria density in an unknown sample. Based on the 
monitored pH results, the acidification kinetic parameters can be quantitatively 
determined, revealing an accelerated H+ production rate at high cell density.  

2. The early metabolic response of E. coli to ampicillin treatment was sys-
tematically investigated using SiNWFET sensors. The dependences of extra-
cellular pH, as a proxy of glucose metabolism activity, on environmental fac-
tors, such as cell distribution, temperature, carbon source, and oxygen level, 
were carefully evaluated first. Our sensors detected early metabolic response 
indicated by medium alkalization before cell lysis, for the bacteria sample ex-
posed to near-MIC AMP. The detected early response was attributed to acetate 
uptake due to the accelerated TCA cycle induced by AMP. The sensors also 
revealed attenuated antibiotic lethality to gene-engineered mutant with sup-
pressed metabolism. 
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3. Ultra-low noise was demonstrated in SJGFETs on high-quality bonded 
SOI substrate, by replacing the gate oxide/Si interface of the SiNWFETs with 
a PtSi/Si Schottky junction. The best achieved Svg are 1.2 × 10−10 and 1.1 × 10−11 
V2μm2/Hz at 1 Hz and 10 Hz, respectively. These devices can greatly relieve 
the concern about intrinsic device noise in future biochemical sensing applica-
tions. 

4. A thorough investigation of LFN in SOITEC-SJGFETs has been per-
formed using the CNF + CMF model specifically modified for SJGFET struc-
ture on SOI substrate. It was found that CMF associated with the Coulomb scat-
tering near the BOX/SiNW channel interface plays an insignificant role in the 
SOITEC substrate. Therefore, confining the current path in the channel bulk 
brings limited gain in terms of LFN performance. The observed LFN depend-
ence on Vsub and w is mainly ascribed to the nonuniform energy distribution of 
Nt. Our experimental results also suggest a possible transition of mobility fluc-
tuation mechanism from Coulomb scattering to surface roughness scattering 
when the current path is pushed away from the BOX/SiNW channel interface 
to the channel bulk. 

5. A novel SiNW-net-based nanoelectromechanical sensor was developed 
for bacterial motility detection. Currently, we achieved a 30 μm suspended 
SiNW-net with a metal Lorentz loop stacked on top. The lock-in measurement 
setup was optimized to effectively suppress interference from Lorentz current 
to ~300 nV. And 0.1 nN Lorentz force was loaded on a suspended net by a 
homemade electromagnet. However, the piezoresistance signal has not been 
observed as we predicted. Most probably, the implanted dopants didn’t locate 
correctly in thin SiNW. The traps induced by ion implantation might deplete 
carriers on the surface, thus inhibiting piezoresistive signal. 

6. During the SiNW-net sensor fabrication process, we discovered boron lat-
eral autodoping in normal RTP and used it to form shallow junctions with good 
uniformity for device fabrication. The redeposition of the boron from the gas 
phase to the solid surface was identified to be the limiting step of the boron 
incorporation into the undoped silicon area in the RTP process. The autodoping 
could therefore be engineered by modulating the boron concentration in the gas 
phase or enhancing the boron transfer rate in the gas-solid interface. Moreover, 
the autodoping process also avoids the traps and defects induced by the implan-
tation process, which could be applied to form shallow-doped piezoresistors in 
SiNW-net sensors. 
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Through this work, extensive knowledge and techniques about bacterial me-
tabolism, antibiotic lethality, device noise, and SiNW sensors fabrication have 
been accumulated. More efforts should be invested to consummate our bacterial 
sensing system. 

1. An oxygen-sensitive electrode should be integrated into the SiNWFET 
sensor, thus the oxygen consumption rate can be monitored to directly evaluate 
the bacterial respiration activity, as compensation for the extracellular pH sig-
nal. 

2. The gate-all-around SJGFET is expected, which holds great promise to 
reach extremely low device noise. By optimizing the sensing layer, the detec-
tion limit could be vastly improved to meet the requirements of low cell density 
testing. 

3. Boron autodoping process will be involved in SiNW-net fabrication to 
achieve surface shallow doping for the piezoresistor. After device calibration, 
bacterial motility tests will be carried out. 
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Sammanfattning på Svenska 

Det finns ett omedelbart behov av snabb och tillförlitlig testning av antibiotika-
känslighet (AST) för att diagnostisera bakteriella infektionssjukdomar och und-
vika missbruk av antibiotika. Sådana tester kan ge värdefull information om 
effektiviteten av antibiotika och dosering. De nuvarande fenotypiska AST krä-
ver vanligtvis tillväxt av bakterier till kolonier, vilket ofta tar mer än två dygn. 
I denna avhandling används nanotrådsfälteffekttransistorer i kisel (SiNWFET) 
för att bygga snabba AST. En ny upphängd SiNW-nätsensor har också utveck-
lats som en potentiell plattform för bakteriell motilitetsdetektering. 

Avhandlingen ägnas först åt SiNWFET-sensorer för snabb AST. Den extra-
cellulära pH-förändringen som genereras av bakteriell metabolism är en effek-
tiv indikator på bakteriell aktivitet, övervakad av våra SiNWFET-sensorer. 
Snabb AST nås genom att använda SiNWFET-sensorer med en total analystid 
på mindre än 30 minuter för olika bakteriestammar. Som en fortsättning stude-
ras systematiskt det metabola svaret av bakterien E. coli under ampicillinbe-
handling. När den utsätts för bakteriedödande antibiotika kommer bakteriens 
andningshastighet att ökas, vilket ökar antibiotikans bakteriedödande förmåga. 
Detta arbete visar på SiNWFET möjlighet för snabb AST och undersökningar 
av bakteriell metabolism. 

För att ytterligare förbättra detektionsgränsen med SiNWFET föreslås en 
Schottky Junction-Gated SiNWFET (SJGFET), där det brusiga Si-kanal/gate-
oxidgränssnittet ersätts av en PtSi/Si-övergång. Ultralågt lågfrekvent brus de-
monstreras i SJGFET tillverkade på ett högkvalitativ kisel-på-isolator (silicon-
on-insulator, SOI) substrat. De bäst uppnådda Svg-värdena är 1,2 × 10−10 och 
1,1 × 10−11 V2μm2/Hz vid 1 Hz respektive 10 Hz. En grundlig undersökning av 
lågfrekvent brus (LFN) med användning av CNF + CMF-modellen, specifikt 
modifierad för SJGFET-struktur på SOI-substrat, har utförts. Det observerade 
LFN-beroendet av Vsub och w förklaras huvudsakligen av den olikformiga ener-
gifördelningen av Nt. 

För att detektera bakteriell mobilitet föreslås en ny SiNW-nätbaserad nano-
elektromekanisk sensor, med ett 30 μm upphängt SiNW-nät och en metallisk 
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Lorentz-ögla ovanpå. Mätning med en lock-in-förstärkare är optimerad för att 
avsevärt reducera bruset i systemet. Under snabb termisk aktivering (RTP) un-
der tillverkning av komponenten har borautodopning upptäckts, vilket tillskrivs 
diffusion från omgivningen, begränsad av återdeponering vid ytan. Denna tek-
nik möjliggör grunda övergångar och kommer att integreras i SiNW-nättill-
verkningen för att bilda välkontrollerade piezoresistorer. 
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