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Abstract

Piezoresistive e�ect (PRE) has been utilised as a dominant sensing principle in a wide

range of applications. Since its discovery, piezoresistive e�ect has attracted considerable

interest in developing sensors with higher sensitivity. However, a giant piezoresistive

e�ect in intrinsic semiconductors with reliability is still facing great challenges such as

the limited nature of piezoresistive materials and dynamic trapping of charge carriers at

surfaces of nanostructures under mechanical strain. Therefore, �nding a new strategy

and approach to enhance the PRE not only improves the performance of piezoresistive

sensors but also can open a new research direction. This research aims to discover and

demonstrate the opto-electronically enhanced piezoresistive e�ect, which signi�cantly

improves the performance of the PRE. This research also analyses the key parameters

contributing to this tuneable giant piezoresistive e�ect. In addition, a demonstration of

the unprecedented enhancement of sensitivity, tunability, stability, and the expansion

of detectable range in a pressure sensor by applying the opto-electronically enhanced

piezoresistive e�ect is investigated. A new technology for harvesting light energy to self-

power and simultaneously sense mechanical acceleration in a monolithic structure, which

is an expansion of application of the opto-electronically enhanced piezoresistive e�ect,

are developed in this research. Finally, the feasibility of integrating light source into

the sensors instead of using an external light source for the opto-electronically enhanced

piezoresistive e�ect is demonstrated. The discovery of the opto-electronically enhanced

piezoresistive e�ect and its demonstrated applications can pave the way for development

of ultrasensitive sensor technology and a new technology for harvesting light energy and

self-powering NEMS/MEMS sensors. The outstanding results of this research have been

demonstrated by papers reviewed and published in high quality journals such asNature

Communications (IF=11.878), Journal of Materials Chemistry C (IF=7.059),

and Nano Energy (IF=15.548). A part of these results is featured on the back cover

of Journal of Materials Chemistry C. In addition, parts of the results from this research

are under review second time atMaterials Horizons (IF=13.870) and have been

submitted to Small (IF=11.459).
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Chapter 1

Introduction

1.1 Motivation

Piezoresistive e�ect (PRE) has been utilised as one of the most dominant sensing prin-

ciples in a wide range of mechanical sensors such as pressure sensor [1{6], accelerometer

[7, 8], ow sensor, gyroscope [9,10], strain sensor, and tactile sensor. Thanks to its

advantages compared to other sensing technologies, piezoresistive sensors can be found

in disparate applications including robotics, medical instruments [11{13], automobile

industry [14], homeland security [15], energy harvesting [16], structural health monitor-

ing, smart city, environmental monitoring [15, 17] and so on. Though discovered more

than �ve decades ago, the PRE is still attracting a large amount of attention from re-

searchers. The demands for lower cost, higher performance and miniaturisation have

boosted advanced technologies related to the PRE.

Enhancing the PRE has been extensively investigated. The conventional strategies focus

on arranging piezoresistors in the highest piezoresistive coe�cient orientation [18,19],

optimising doping concentrations [20], and changing doping types, which, in essence,

improve the mobility changes of carriers under stress/strain. In terms of material, dis-

covering new materials with better piezoresistive e�ect is another approach. Silicon (Si)

has emerged as a suitable material for strain sensing, owing to its relatively high piezore-

sistive coe�cients [21]. However, due to small band gap, Si is not suitable to utilise in

harsh environment such as high temperature environment. Silicon carbide (SiC) has

emerged as a promising material for MEMS/NEMS (Micro/Nano Electro Mechanical

Systems) sensors in harsh environments (i.e., high temperature, high pressure, or cor-

rosive conditions) due to its large energy band gap, excellent mechanical and electrical

properties, superior chemical inertness and large Young's modulus [22,23]. Besides con-

ventional strategies for improving the PRE of semiconductors (Si, SiC, etc.), signi�cant

1
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enhancement of piezoresistance has been observed in Si nanoscale piezoresistors. In

addition, the availability of new materials, compounds, and mixtures (conductive com-

posites, nanoparticles, 2D materials, etc.) and new applications in exible, stretchable

and wearable electronics have required novel approaches and strategies for enhancing

the PRE of these new materials and structures, hence improving the performance of

piezoresistive sensors.

Recently, coupling of various physical e�ects such as piezoresistive e�ect, piezoelec-

tric e�ect, and electrical �eld has recently been utilised as an advanced and promising

approach to boost the performance of sensors and electronic devices. One of these ap-

proaches is the opening of new research direction on piezotronics devices [24], which

is the coupling between the piezoresistive e�ect and piezoelectric e�ect, and transistor

strain sensors, in which performance of strain sensors are controlled by electric �eld

generated by gate voltages [25]. Coupling of multiple physical e�ects in nanostructures

has also been employed to modulate electrical transport in logic circuits [26], enhance

the sensitivity and detection resolution of bio/chemical sensors [27,28], and improve

the photovoltaic performance of solar cells [29]. Therefore, �nding out a new strategy

or approach to coupling the PRE with other physical e�ects will not only enhance the

PRE, thus improving the performance of mechanical sensors, but it can also open a new

research direction.

1.2 Research objectives

This project aims to experimentally and theoretically investigate the opto-electronically

enhanced piezoresistive e�ect to develop and demonstrate its applications on mechan-

ical sensors. The opto-electronically enhanced piezoresistive e�ect is a photovoltaic-

electrical-mechanical property that reects a coupling between piezoresistive e�ect, lat-

eral photovoltaic e�ect, and a controlled hole current. In this e�ect, piezoresistive e�ect

is the main e�ect utilised to detect the applied strain, and the sensitivity is boosted by

regulating optimally and simultaneously both lateral photovoltaic e�ect and the electri-

cal current. The objectives of this research include:

(i) Reviewing methods, strategies and approaches to enhance the piezoresistive e�ect

in order to �nd out an e�ective strategy.

(ii) Investigating generally the performance of the opto-electronically enhanced piezore-

sistive e�ect in enhancement of the performance of the 3C-SiC/Si structure me-

chanical sensors. Finding explanations for the enhancement of the piezoresistive

e�ect by optoelectronic coupling.
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(iii) Demonstrating an application of the opto-electronically enhanced piezoresistive

e�ect to develop ultrasensitive pressure sensor.

(iv) Expanding application of the opto-electronically enhanced piezoresistive e�ect to

harvest light energy to self-power an accelerometer.

(v) Demonstrating integration capability of light source onto the opto-electronically

enhanced piezoresistive sensors.

1.3 Research methodology and dissertation outline

1.3.1 Research methodology

This research is conducted mainly based on the combination of experimental works

and theoretical research. The experimental works investigate performance of the opto-

electronically enhanced piezoresistive e�ect and its application toward ultra-sensitive

mechanical sensors. Theoretical research focuses on explaining new phenomena observed

from the experiment and designing sensors. In order to achieve all goals proposed in

the research objectives, the research methodology is conducted as a ow chart shown in

Figure 1.1.

1.3.2 Dissertation outline

This thesis is presented in the \thesis by publications" format which is a combination

of two traditional chapters with the other �ve chapters reformatted from the author's

published and unpublished journal papers. Overall, this thesis includes seven main

chapters as follow:

Chapter 1 presents an introduction ranging from the research motivation and the re-

search objectives to an overview of the research method and the dissertation outline.

Chapter 2 analyses methods, strategies and approaches proposed to enhance the piezore-

sistive e�ect, covering topics from conventional piezoresistive materials to novel materi-

als, and expanding from conventional to exible/stretchable/wearable applications. The

content of this chapter formed a review paper under review atMaterials Horizons

(IF=13.870).

Chapter 3 presents a discovery of the opto-electronically enhanced piezoresistive e�ect

and performance of the opto-electronically enhanced piezoresistive e�ect in a 3C-SiC/Si
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Results

Opto-Electronically Enhanced Piezoresistive Effect: 
towards Ultra-Sensitive Mechanical Sensors
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Design and fabricate of self-powered 
monolithic accelerometer

Design and fabricate 3C-SiC/Si 
heterostructure cantilever with a 
bonded LED
Intergrate ultrasmall LED on the 
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Parameters affected to the OPEEP 
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Piezoresistive effect of the 3C-SiC/Si 
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from the bonded LED

Performance of the pressure sensors
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(4) Methods, strategies, and approaches enhance the piezoresistive effect 

(3) Sensing mechanisms of the piezoresistive effect 

(5) Piezoresistive effect-based mechanical sensors

(1) Enhance the piezoresistive effect by coupling with the photovoltaic effect and tuning current 
(Opto-electronically enhanced piezoresistive effect) (OPEEP effect)

New research direction

(2) Develop mechanical sensors applying the opto-electronically enhanced piezoresistive effect

Dissertation

(1) A comprehensive review on enhancement of the piezoresistive effect

(2) Discovery of the opto-electronically enhanced piezoresistive effect

(3) Ultrasensitive presure sensor thanks to the opto-electronically 
     enhanced piezoresistive effect 
(4) A monolithic accelerometer powered and tuned by a photonic gate

(5) Giant piezoresistive effect enormously modulated by bonded 
      light emitting diodes

Journal papers

(1) Paper J4 submitted to Materials Horizons, (IF=13.87)

(2) Paper J1 published on Nature Communications (IF=11.878)

(3) Paper J2 published on Journal of Materials Chemistry C (IF=7.059)

(4) Paper J3 published on Nano Energy (IF=15.548)

(5) Paper J5 submitted to Small (IF=11.459)

Figure 1.1: Flow chart of the research methodology

heterojunction. All content of this chapter has been reviewed by experts in the �eld and

published on Nature Communication (IF=11.878).

Chapter 4 demonstrates an application of the opto-electronically enhanced piezoresistive

e�ect toward ultrasensitive pressure sensors. Design, fabrication process, and character-

isation of the 3C-SiC/Si heterojunction pressure sensor are described, and performance

of the 3C-SiC/Si heterojunction pressure sensor is analysed and discussed. The content

of this chapter has been reviewed and published onJournal of Materials Chemistry

C (IF=7.059).
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Chapter 5 illustrates research results on a self-powered monolithic accelerometer us-

ing a photonic gate, which have been peer-reviewed and published onNano Energy

(IF=15.548). This chapter develops a new technology for harvesting light energy to

self-power and simultaneously sense mechanical acceleration in a monolithic structure,

which is an application expanded from the idea of the opto-electronically enhanced

piezoresistive e�ect.

Chapter 6 demonstrates feasibility of using an integrated light source in the opto-

electronically enhanced piezoresistive e�ect. This chapter demonstrates integrating com-

mercial light emitting diodes (LED) on 3C-SiC/Si sensors, and investigates the opto-

electronically enhanced piezoresistive e�ect under light illumination from the bonded

LED. The content of this chapter has been submitted to Small (IF=11.459)

Chapter 7 summarizes research outputs and provides future works after this project.
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Chapter 2

Literature Review on

Enhancement of the

Piezoresistive E�ect

This chapter comprehensively reviews methods, approaches, and strategies proposed to

enhance the piezoresistive e�ect, which range from quantum physical e�ect, new materi-

als, nanoscopic to macroscopic structures, and from conventional to exible, stretchable

and wearable applications. In addition, this chapter summarises recently achieved re-

sults on applying the innovative sensing enhancement techniques in developing extremely

sensitive piezoresistive transducers.
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2.1 Abstract

Piezoresistive e�ect has been a dominant principle in a wide range of sensing applications.

This transducing concept still receives a great deal of attention because of its many

advantages in development of smaller, lower cost, and higher performance sensors. Many

researchers have extensively studied the methods to enhance the piezoresistive e�ect to

make sensors more and more sensitive, and many interesting phenomena and mechanisms

have been discovered. Numerous review papers on piezoresistive e�ect were published,

however, there is no comprehensive review article that thoroughly analyses methods and

approaches to enhance the piezoresistive e�ect. This article comprehensively reviews and

presents all the advanced enhancement methods ranging from quantum physical e�ect to

new materials, nanoscopic and macroscopic structures, and from conventional to exible,

stretchable and wearable applications. In addition, the paper summarises results recently

achieved on applying the above-mentioned innovative sensing enhancement techniques

in developing extremely sensitive piezoresistive transducers.

2.2 Introduction

Piezoresistive e�ect (PRE) is considered as one of the most prominent e�ects in semicon-

ductors beside thermal resistive e�ect [1{5], thermoelectric [6], photovoltaic e�ect [7, 8]

and piezoelectric e�ect [9]. The PRE has been widely utilised in mechanical sensing

technologies [10] and employed in a wide range of micro/nano electro-mechanical sys-

tems (MEMS/NEMS) such as strain gauges, force sensors [11{13], pressure and tactile

sensors [11,14{18], accelerometers [19,20], gyroscopes [21,22], ow sensors [23,24] and

bio sensors [25]. Because of its advantages including low power consumption, sensor

miniaturisation, good linearity, and simple readout circuit, piezoresistive sensors can

be found in diverse applications such as robotics, healthcare, industry, transportation

vehicles, energy harvesting [26], environmental monitoring [27], homeland security, and

space exploration.

Even though the e�ect has been discovered for more than �ve decades, the PRE in semi-

conductors still extensively attracts attentions from researchers and technology develop-

ers. The needs for smaller, lower cost, higher performance, and abilities of operating in

harsh environments (high temperature or corrosive environments) have driven advanced

technologies related to PRE. In addition, availability of new materials (CNT, graphene,

conductive composites, nanoparticles, 2D materials) and new applications such as exi-

ble, stretchable and wearable electronics have required novel approaches and strategies
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for enhancing the PRE of these new materials and structures, hence improving the per-

formance of piezoresistive sensors. Initially, conventional methods were introduced to

enhance the intrinsic performance of PRE in semiconductors such as organising piezore-

sistors in optimal crystal orientations [28{30], optimizing doping concentrations [31], or

concentrating stress at piezoresistor positions by taking advantages of novelty designs

[32]. Recently, novel fabrication technologies, advancements of material sciences, and

new applications led to various high piezoresistive performance materials, structures,

strategies, approaches and sensing mechanisms. More recently, together with develop-

ment of other physical e�ects, coupling methods that combine PRE with one or more

other physical e�ects have been introduced to modulate the e�ect.
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Figure 2.1: Enhancing the piezoresistive e�ect (PRE). Aligning piezoresistors
on the orientation with maximum piezoresistive coe�cient, reprinted with permission
from [30]. Changing majority carriers, reprinted with permission from [33]. Opti-
mizing doping concentration, reprinted with permission from [34]. Finding alternative
materials, reprinted with permission from [35]. Scaling down to nano�lms, reprinted
with permission from [36]. Scaling down to nanowires (NWs), reprinted with permis-
sion from [37]. Enhancing overlapping area change, reprinted with permission from
[38]. Enhancing crack propagation, reprinted with permission from [39]. Enhancing
tunnelling resistance change, reprinted with permission from [40]. Coupling with piezo-
electric e�ect, reprinted with permission from [41]. Coupling with external electric
�eld, reprinted with permission from [42]. Coupling with light excitation, reprinted

with permission from [10].

Several review papers related to PRE have been reported in the past [25,34, 43{46].

Barlian et al. [34] reviewed the PRE in semiconductors for microsystem. However, this
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paper focused on fundamental aspects of the PRE such as history, notation, piezoresis-

tive theory, piezoresistor fabrication, and some applications. Rowe [45] solely reported

the PRE in silicon (Si) and Si nanostructures. While Phan et al. [25] only focus on

silicon carbide (SiC) materials in their review papers, Chen and Yan [43] and Dinhet al.

[46] only summarized the progress of piezoresistive exible pressure sensors and advances

in stretchable respiration sensors, respectively. Other review papers [47{51] focused on

stretchable, exible, and wearable electronics where PRE was only partially mentioned.

A comprehensive overview on enhancing the PRE, the recent sensing mechanisms for

high-performance PRE and their applications in high-performance piezoresistive trans-

ducers has not been reported. A review that covers a broad range of topics from rigid

to exible, stretchable and wearable applications has not been available. Thus, our

present paper summarizes the methods, strategies, approaches and sensing mechanisms

for enhancing the performance of the PRE for high-performance piezoresistive trans-

ducers as shown in Figure 2.1. In the �rst section, we briey introduce sensing mecha-

nisms of PRE. This fundamental knowledge is important for understanding strategies,

methods, and approaches toward the enhancement of PRE. In the second section, a

detailed review on improving PRE including approaches based on band energy changes,

strategies of miniaturisation to nanoscale, optimization of macroscopic structure, and

coupling the PRE with other physical e�ects. In addition, smart designs proposed to

enhance the performance of piezoresistive sensors are also outlined in this section. The

third section summarizes application of advanced enhancement strategies in designing

high-performance piezoresistive transducers. The last section provides conclusions and

perspectives for high-performance piezoresistive sensors.

2.3 Piezoresistive sensing mechanisms

PRE is de�ned as change in the resistance of materials when stress or strain is applied.

The performance of PRE is determined by the magnitude of fractional change in elec-

trical resistance versus one unit applied strain, which is quanti�ed by the gauge factor

(GF):

GF =
�R
R0

1
"

(2.1)

where �R
R0

is the fractional change in electrical resistance,R0 is the resistance under

free-strain condition, and " is the applied strain.

For homogeneous structures, the fractional electrical resistance change is a function of

the geometric change (1 + 2� ) and the resistivity change (��=� 0) of the material [57]:
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Figure 2.2: Piezoresistive sensing mechanisms. (a) Energy bands of Si are a
function of half-internuclear distance. The curves are: I, s'=0; II, s/s'+2(p'/p+d'/d)=0;
III, s = 0; IV, (doubly degenerate) p'/p+d'/d=0; V,s/s'+2(p'/p+d'/d)=0; VI, (doubly
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Schematic of hole energy of Si subjected to uniaxial stress, reprinted with permission
from [54]. (d) Density of states in one band of a semiconductor as a function of dimen-
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crack-based mechanism.(e-1) and (e-2) Slits on leg joints of spider for detection of
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illustration for tunnelling mechanism, reprinted with permission from [40].
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�R
R0

= (1 + 2� )" +
��
� 0

(2.2)

where� is Poisson's ratio of material, �� and � 0 are absolute resistivity change and resis-

tivity under free-strain condition, respectively. Then the GF of homogeneous structures

is [58]:

GF =
�R
R0

1
"

= (1 + 2� ) +
��
� 0

1
"

(2.3)

From equation (2.2), the fractional electrical resistance change is contributed to the

resistance change due to the geometric change under strain (1 + 2�)" and the change

of resistivity � �=� 0. For almost all intrinsic metals, resistivities remain constant with

applied strain, so PRE of metals results from the geometric changes. Therefore, the GF

of metals are only about 2. For some intrinsic semiconductors such as Si, germanium

(Ge), SiC, gallium arsenide (GaAs) in certain directions, the change in resistivity is much

larger than the geometric term. Thus, the changes of geometry are usually ignored.

Because the Poisson's ratio and the resistivity of inhomogeneous structures are dis-

tributed throughout their volume, the fractional resistance change, in average, can be

determined via the change of voltage or current based on the Ohm's law. For example,

when the supplied current is constant, the fractional resistance change is proportional

with the fractional change of the measured voltage (�RR0
= �V

V0
), hence the GF can be

calculated as:

GF =
�R
R0

1
"

=
�V
V0

1
"

(2.4)

For �eld-e�ect transistor strain sensors operating in the \ON" state, the GF can also be

de�ned as [59]

GF =
�I
I 0

1
"

(2.5)

where �I is the current change due to strain andI is the current of the unstrained

sensor.

For single crystalline materials, beside using GF, piezoresistive coe�cients (� ) are utilised

to evaluate the PRE. When a uniaxial stress is applied, the GF and the piezoresistive

coe�cient can be related by Young's modulus of material (E ), GF = E� [25]. Gener-

ally, the piezoresistive coe�cients � is a four-rank tensor to connect a second-rank stress

tensor and a second-rank resistivity tensor. For conciseness, the four-rank tensor can be

collapsed to a second-rank piezoresistive coe�cient tensor, (e.g.,� 1111 to � 11, � 1122 to

� 12, � 2323 to � 44) [60].



Chapter II. Literature Review on Enhancement of the Piezoresistive E�ect 16

�� i

�
=

6X

i=1

� ij � j (2.6)

This section summarises the underlying physics for enhancing the PRE in semiconduc-

tors, soft electronic sensors, and nanoscale structures. The PRE in intrinsic semicon-

ductors mainly results from the changes in resistivity of materials, originating from

changes in energy bands versus the deformation of crystals. The PRE in soft electronic

sensors is usually associated with changes in macro-structures of the sensors including

generation and propagation of cracks, sliding between conductive components resulting

in changes in contact resistance, and the generation and disappearance of tunnelling

channels. Although there are still controversial debates around the PRE in nanoscale

structures (nanowires (NWs), nanobelts, and nano�lms), the physical theories of the

PRE in nanoscale structures, which is also called size-e�ects, are explained by the car-

rier con�nements and/or the formation of depletion layers on the surface of minimised

structures. Therefore, the size-e�ect mechanisms will be mentioned in this section. In

addition, the performance of the PRE is also a�ected by other physical e�ects, hence

coupling the PRE with other physical e�ects can enhance the performance of piezore-

sistive sensors.

2.3.1 Carrier mobility changes resulting from energy band change

The energy states or energy band structures of carriers in crystals, which are calcu-

lated based on the shape and the potential magnitude of crystals, are a useful tool for

understanding the physical properties of semiconductors. The PRE in intrinsic semi-

conductors is explained by the changes of mobilities and e�ective masses of the carriers,

which result from the shift, warp or bend of energy bands due to the deformation of

crystal lattices under applied strains and the redistribution of carriers in the shifted,

warped or bended energy bands. Several methods are available for calculating the en-

ergy bands under free-strain conditions and changes of energy bands to deformation

potentials. These methods are usually calculated in one-dimensional (1D) descriptions

of electron and hole transport in crystalline structures, which then can be extended to

three dimensions. Kimball [61], for instance, calculated the band structure of diamond,

which qualitatively showed the anticipation for variations of band structure with lattice

constant for crystalline materials such as silicon (Si) or germanium. Mullaney [52] de-

scribed structured energy bands of Si, (seeFigure 2.2-a). Bardeen and Shockley [62]

reported the gradual change in band structure and electrostatic potential resulting from

lattice distortions. Detailed information of the calculation of the energy bands and their

changes to applied strain can be �nd in references [63].
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The PRE theory for some n-type semiconductors such as Si, Ge and SiC have been fully

explained by Many-Valley model proposed by Herring [64]. Originally, this model was

used to explain the PRE of n-type Si, and subsequently the PRE of other semiconductors

having a similar primitive cell [65, 66]. In his model, the lowest conduction band ener-

gies called valleys in a relaxed Si crystal are aligned along<100> directions. Because

electrons tend to occupy the lower-energy levels, the conduction electrons imaginarily

occupy six equivalent energy ellipsoids near the energy minima in the conduction bands.

The rotation axis of these surfaces lies along the<100> directions. The mobility of

an electron in any single valley depends on the movement direction of the electron in

the valley. Electrons have the lowest mobility when they move parallel to the valley

directions, and the highest mobility when move perpendicularly with the rotation axes

of the ellipsoids. Because of the symmetry of unstress silicon crystal, the net conduc-

tivity, which is the sum of conductivity components of electrons along the three valley

orientations, is independent of direction.

The gradual changes in the band structure due to lattice distortion as calculated by

Bardeen and Shockley [62,64, 67] increase the band energies of the valley parallel to

a tensile strain, while that of valley parallel to a compressive strain reduces as shown

in Figure 2.2-b. The shifts of band energies in opposite ways redistribute electrons in

the conduction bands, where electrons transfer from the valleys parallel to the tensile

strain to the valleys parallel with compressive strain and break the symmetry of the

electron distribution in the crystal. Therefore, the average mobility becomes higher

in the direction of tension (longitudinal e�ect) and lower in the transverse directions

(transverse e�ect) [53].

Although most commercial piezoresistive sensors are p-type, because of the complexity

of the valence band structure, the understanding of p-type PRE has not been achieved

until recently due to advances in computation (numerical calculation) [54, 68, 69]. The

valance band structure of Si includes heavy holes, light holes, and spin-orbit split-o�

band [54,70]. Energy bands of both heavy and light holes are warping and degenerated

at momentum k = 0, as shown in Figure 2.2-c, under stress. Because carriers tend to

occupy at lower energies, majority of holes are located atk = 0. A uniaxial stress applied

to silicon results in lifts of sub-bands of heavy hole and light holes in opposite directions.

Consequently, the heavy holes and light holes atk=0 split into di�erent energy levels,

as shown inFigure 2.2-c, resulting in the repopulations of heavy holes and light holes

under stress. In other words, uniaxial stress results in changes in the number of heavy

holes and light holes. Because light holes have higher mobility than that of heavy hole,

the average mobility of holes changes as uniaxial stress is applied.
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2.3.2 Size-e�ect mechanisms

When the sizes of sensing elements are scaled down to the nano-meter levels, the move-

ment of electrons is restricted due to the quantum con�nement and results in signi�cant

change in electrical properties. In addition, when the sizes of sensors are scaled-down,

the number of atoms near the surface becomes more considerable compared to that of

atoms locating deep inside the sensor. Therefore, electromechanical properties at the

surface layers will contribute more signi�cantly in the scaled-down sensors.Figure 2.2-d

[55], for example, shows changes in the number of densities of electronic states in a

semiconductor as a sensor is scaled-down from bulk structure. The number of densities

of electronic states decreases signi�cantly as the sample changes from a bulk structure

to two-dimensional (2D), one-dimensional (1D), and nanocrystal (0D) structures. The

quantum con�nement squeezes electrons and holes in one dimension (2D or quantum

well), two dimensions (1D- quantum wires), or three dimensions (0D-quantum dots).

As such, the miniaturisation restricts electron energies being restricted to a discrete

set and enlarge the band gaps which result in changes in piezoresistive properties [71].

The miniaturisation of sensor also increases the surface-area-to-volume ratio so that the

atom number at or near the surface can be comparable with that in the body [72], hence

changes in surface properties of the materials caused by mechanical deformation can

primarily inuence the PRE.

2.3.3 Macro structure change mechanisms

For single crystalline semiconductors such as Si, Ge, GaAs, and SiC, the PRE results

from changes in material structures at the atomic level, which is the deformation of

crystalline lattice under applied stress or strain and the changes in the energy bands of

carriers. However, certain architectures, particularly ones applied in stretchable, wear-

able, and exible electronics, include conductive �llers such as metal NWs, carbon-based

materials (CNT, graphene), or nanoparticles supported by or embedded in stretchable,

wearable, and exible nonconductive substrates. In these architectures, the PRE, which

is the change in the resistance of whole sensors under strain/stress, primarily comes

from the changes in macro structure not from the atomic level. Although the resistance

changes of conductive �llers themselves under mechanical strain/stress are usually small,

the changes in macro structures can result in signi�cant changes in overall resistance of

sensors. Strategies, approaches or methods to enhance the PRE of these architectures

base on crack propagation, overlapping mechanism, tunnelling mechanisms or the com-

bination of these mechanisms.
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Crack propagation mechanism: For crack-based piezoresistive sensors, for example,

making of brittle nanomaterial thin �lms coated on top of exible substrate, nano/micro

cracks intend to initiate at the stress concentrated areas to release the accommodated

stress. By applying strains, nano/micro cracks in thin �lms are opened or enlarged,

which critically limits the electrical conduction, hence substantially increases resistance

of the thin �lms. The length, width, depth, density and position of cracks are critical

factors that inuence the �nal sensing performance and the working range of crack-

based sensors [49]. Practically, the crack propagation mechanism often accompanies by

the tunnelling mechanism because when the nano/micro cracks formed, some carriers

still can hop through adjacent points on the cracked walls as their distances are small

enough. Figure 2.2-e illustrates schematically the sensing mechanism based on cracks

formed in Pt �lms on polyurethane acrylate with ideas inspired by the spider sensory

system.

Overlapping mechanism: Overlapping-based piezoresistive sensors consist of a num-

ber of conductive components (�lms, sheets, wires, �bers, tubes, or bells), which are

loosely connected to each other and create overlapping areas as shown inFigure 2.2-f.

Therefore, the total electrical resistance is contributed by resistance of the conductive

components themselves and the resistance of the overlapping areas or the contact re-

sistance [48{50]. Stretching the sensor results in loss in the electrical connections or

decrease in the overlapping areas of adjacent components, hence increasing the contact

resistance [51]. In other words, the decreases in overlapping areas under stretching re-

sults from the slippage of conductive components because of the weak interfacial binding

between conductive components.

Tunnelling e�ect/mechanism: Tunnelling e�ect describes the crossing of electrons

through quantum tunnelling junctions or nonconductive barriers as an example shown

in Figure 2.2-g. It has been demonstrated that within a certain cut-o� distance between

nanomaterials, electrons can hop between closely spaced neighbouring nanomaterials

through nonconductive thin layers and form quantum tunnelling junctions [51]. The

tunnelling resistance between two neighbouring nanomaterials can be approximately

evaluated by Simmon's equation [50,73]:

Rtunnel =
V

AJ
=

h2d

Ae2
p

2m�
exp

�
4�d
h

p
2m�

�
(2.7)

whereV is the electrical potential di�erence, A is the cross-sectional area of the tunnel,J

is the tunnelling current density, h is Plank's constant, d is the shortest distance between

neighboring nanomaterials,e is the electron charge,m is the mass of an electron, and

� is the height of energy barrier. The cut-o� tunnelling distance depends on type of
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conductive materials, type of insulating media, and processing parameters. When an

external strain is applied, the shortest distance,d, between neighboring nanomaterials

changes and results in the change in tunnelling resistance [50,73].

2.3.4 Coupling mechanisms

When certain physical e�ects are acting concurrently, they inuence each other. For

example, coupling of multiple physical e�ects in nanostructures has been employed to

modulate electrical transport in logic circuit [74], enhance the sensitivity and detection

resolution of bio/chemical sensors [75{77], and improve the photovoltaic performance of

solar cells [78]. The PRE depends on conductivity properties such as carrier mobilities,

carrier concentration, and conductive channels. Thus, coupling mechanisms can be

viewed as e�ective approaches which employ various physical e�ects to interfere with

the conductivity properties, hence tuning the PRE behaviour.

Table 2.1: The crystal orientation with the highest longitudinal piezoresistive coe�-
cients

Material Plane Crystal orientation Ref.

Si n-type (100) <100> [79]

Si p-type (100) <110> [79]

Si n-type (110) <100> [79]

Si p-type (110) <11�1> [79]

Si n-type (211) <100> [79]

Si p-type (211) <1 �1�1> [79]

Ge n-type (111) <110> [80]

3C-SiC n-type (100) <100> [81]

3C-SiC p-type (100) <110> [30]

3C-SiC p-type (111) < �110> < �1�12> [58]

4H-SiC p-type (0001) isotropic [82]

6H-SiC (0001) isotropic [83]

2.4 Enhancing the piezoresistive e�ect

Strategies and approaches for enhancing the PRE originates from the sensing mech-

anisms. With di�erent sensing mechanisms, the strategies and approaches are often
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Table 2.2: Comparison of the PRE in p-type and n-type of some common single
crystalline semiconductors

Type Doping con-
centration
(cm�3 )

Resistivity
(
cm)

� l

[�10 �11 Pa�1 ]
� t

[�10 �11 Pa�1 ]
GF Ref.

n-Si (100) - 11.7 -102.2 53.4 - [84]

p-Si (100) - 7.8 6.6 -1.1 - [84]

n-Si (110) - 11.7 -31.2 - - [84]

p-Si (110) - 7.8 +71.8 - - [84]

n-Ge (100) - 16.6 -5.2 -5.5 - [84]

n-Ge (110) - 16.6 -74.7 +67.9 - [84]

p-Ge - 15.0 -10.6 5.0 - [84]

p-Ge - 1.1 -3.7 +3.2 - [84]

n-3C-SiC (100) 1016 to 1017 0.7 -9.6 5.8 -31.8 [81]

p-3C-SiC (100) 5� 1018 0.14 1.5 -1.4 30.3 [85]

n-4H-SiC 1:5� 1019 - - - 20.8 [86]

p-4H-SiC
(0001)

1018 - 6.43 -5.12 - [82]

n-6H-SiC
(0001)

3:8 � 1018 - - - -29.4 [87]

2 � 1019 - - - -22 [83]

p-6H-SiC
(0001)

2 � 1019 - - - 27 [83]

di�erent. The PRE behaviour can also result from a combination of sensing mecha-

nisms. This section outlines strategies and proposed solutions, achieved results, and

even existing debates raising around the proposed methods to enhance the PRE.

2.4.1 Enhancing e�ectiveness of band energy changes

The discovery of the PRE in semiconductors by Smith [84] in 1954, most of research

on the PRE in the next �ve decades focused onto �nding out explanations of the large

PRE, developing fabrication technologies, investigating the PRE in various intrinsic

semiconductors (Si, Ge, SiC,. . . ), crystalline forms (single crystalline, polycrystalline,

and amorphous), and optimizing strategies for the PRE. The PRE in intrinsic semicon-

ductors results from the band energy changes (wrap, shift, or bend) under the applied

stress/strain. Therefore, in order to enhance the PRE in a semiconductor, proposed

strategies, which comes in mind �rst, are all base on maximizing resistivity or conduc-

tivity changes with changes in band energies.
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Figure 2.3: Room temperature piezoresistive coe�cients in commonly semi-
conductors. (a) (100) n-type Si, (b) (100) p-type Si, (c) (110) n-type Si, (d) (110)
p-type Si, (e) (211) n-type Si, (f ) (211) p-type Si. Reprinted with permission from [79],
(g) (100) n-type 3C-SiC, reprinted with permission from [25],(h) (100) p-type 3C-SiC,
reprinted with permission from [30]. (i) Dependence of the PRE on doping concen-
tration based on theorical prediction by Kanda [79], experimental results obtained by

Kerr et al. [88], Mason [89] and Tufte [90], reprinted with permission from [34].

The resistivity or conductivity of single crystalline semiconductor depend of the concen-

tration of charge carriers and their mobilities by [91]:

� =
1
�

= e(n� e + p� h) (2.8)

wheren, � e and p, � h denote the concentrations and the mobilities of electrons and holes,

respectively. From equation (2.8), three approaches to enhance resistivity changes. First
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is enhancing carrier mobility changes. Since carrier concentrations remain constant

under stress, second is optimizing carrier concentration. Third is changing majority

carriers (electron or hole) or, in other words, changing doping types.

In single crystalline semiconductors, stress breaks the symmetry of the band structures,

separates the degeneracy of the valley energies, and causes transfer of charge carriers

between valleys, resulting in changes in electron mobility due to the anisotropic e�ective

masses in valleys, hence changing the resistivity.

Enhancing carrier mobility change: In single crystalline semiconductors, the charge

carrier mobilities are anisotropic, and stress breaks the symmetry of the band structures,

separates the degeneracy of valley energies, and causes transfer of charge carriers be-

tween valleys. Therefore, by applying stress/strain, the carrier mobilities in average

are anisotropic as well. Under external electric �eld, free charge carriers ow paral-

lel to the electric �eld direction. Conventionally, controlling charge carriers owing in

directions, where the carrier mobility changes are maximum, is a useful approach to en-

hance the piezoresistive e�ect. In other words, the piezoresistive e�ect can be enhanced

by positioning piezoresistors or sensing elements in directions (orientations) where the

maximum changes in charge carrier mobility are observed. The results of investigations

following this approach are described the dependence of the PRE of a semiconductor on

di�erent orientations. In early analyses of the PRE in semiconductors, Smith [84] ob-

served changes in GF following the crystal orientation. He evaluated the GF in di�erent

directions such as longitudinal [100] and [110], and transverse [100]. Extending Smith's

results, Kanda [79] graphically shown the dependence of the piezoresistive coe�cients

on the orientations in common crystal planes of Si (100), (110) and (211). These graphs

provide useful overview of how optimizing the direction of piezoresistors can improve the

PRE. Henceforth, these optimal orientation results are always followed in aligning sens-

ing elements when designing piezoresistive transducers. Some researchers also followed

Kanda in investigating the e�ect of orientation in PRE of other materials such as Shor

et al. [81] for n-type 3C-SiC, Phanet al. [30] for p-type 3C-SiC. Figure 2.3 graphically

shows the piezoresistive coe�cients versus crystal orientation in common crystal planes

of common semiconductors andTable 2.1 summarizes the crystal orientation with the

largest PRE in various semiconductors. Accordingly, in (100) plane of single crystalline

Si, the n-type has the largest PRE in [100] direction, while the p-type has the highest

GF in [110] direction.

Changing doping types and doping concentration: Because responses of conduction

bands and valence bands to the mechanical deformation are di�erent, changes in the

majority type of charge carriers signi�cantly change the PRE. Experimental results

have shown that the PRE e�ect of p-type silicon is larger than that of n-type. Table 2.2
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reviews the PRE of common semiconductors in both p-type and n-type. It is seen that Si

bulk materials have the highest PRE in comparison with other semiconductors. As men-

tioned above, although the number of carriers is generally stable under the strain/stress,

the doping concentration also inuences to the PRE, hence it is also an optimization

parameter for the improvement of PRE. The e�ect of doping concentration on the PRE

results from the changes in the number of light holes and heavy holes in p-type and the

number of electrons transferring to lower energy levels due to the shift, wrap or bend of

energy bands in under stress/strain. It is shown that in many semiconductors the GF

decreases with increasing carrier concentration [81,88, 92, 93]. The majority of calcu-

lations for the dependence of the PRE on doping concentration is based on the model

of Kanda [79]. In his model, he calculated the piezoresistive coe�cient as a function of

doping concentration (N) and temperature (T) via the piezoresistive factor P(N; T ):

� (N; T ) = P(N; T ) � � (300K ) (2.9)

These calculation results agree with experimental data at low concentrations, but they

substantially underestimated the values at higher doping levels [92] as shown inFigure

2.3-i. The similar trends are also observed in other semiconductors such as 3C-SiC

[81, 93]. These �ndings indicate that decreasing the doping level can enhance the PRE.

However, reductions of doping levels increase the thermal vibration of the gauge factors

[25] and increase conductance uctuation (1=f ) noise [92,94].

2.4.2 Size-e�ects of piezoresistance

Reducing the dimensions of materials down to nanoscales, by one dimension to nano�lm

(2D) or by two dimensions to nanowires (NWs), can change the electromechanical prop-

erties of piezoresistive sensors. This section will outline the achieved results in enhancing

the PRE by scaling down, proposed explanations for the PRE in nano�lms and NWs,

and debates surrounding reported results. Details on the fabrication technologies of

NWs and nano�lms can be found in other review [97].

2.4.2.1 One-dimensional piezoresistive e�ect

In the last two decades, one-dimensional (1D) nanostructures such as nanowires have

been extensively studied due to their interesting and unique electronic, optical, thermal,

magnetic and mechanical properties [97]. Various proposed structures and con�gurations

indicated that miniaturisation of bulk materials to 1D nanostructures is a promising

strategy to signi�cantly enhance the performance of PRE for mechanical applications.
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500 nm

2 µm

a b c

d e f

Figure 2.4: Enhancement of the piezoresistive e�ect of Si by miniaturisation
to nanowires. (a) <111>-oriented Si NWs bridges on SOI substrate. (b) First-order
longitudinal piezoresistive coe�cient of p-type Si NWs and its dependence on diameter
and resistivity. (c) E�ects of surface states on the piezoresistive coe�cient, reprinted
with permission from [37]. (d) The conductance change ��=� 0 versus stress of Si NWs
in di�erent diameters and depletion region widths numerically calculated. The inset
shows the calculated hole concentration for 80 nm diameter Si NWs with conducting
channel represented in red, reprinted with permission from[95]. (e) The I DS � VDS

measurement showing the temporal changes in the zero-stress conductance manifest
themselves as an apparent giant PRE.(f ) The apparent and true PRE, reprinted with

permission from [96].

Due to the history of use in the microelectronics industry, the massive investigations of

the bulk materials and development of Si-based fabrication technology make Si nanowires

(Si NWs) ideal for fundamental research. Size dependence of the PRE was reported for

�rst time by Yasutada et al. [98], where the longitudinal piezoresistive coe�cient of a

polycrystalline nanowire piezoresistor was reported to increase with decreasing cross-

sectional area. Investigation of the PRE on Si NWs received massive attentions after

the report of giant PRE in bottom-up grown Si NWs by He and Yang [37]. Figure 2.4

summarizes the results reported for enhancement of the PRE in semiconductor NWs,

and details on the PRE in Si and its nanostructures are available elsewhere [45]. He and

Yang grew single crystalline p-type silicon nanowires of 70-nm diameter bridging a trench

con�ned by vertical f111g faces on a<110>-oriented SOI substrate as shown inFigure

2.4-a. The team reported a longitudinal piezoresistive coe�cient of �3; 550� 10�11 Pa�1

(seeFigure 2.4-b) in <111> orientation and �660 � 10�11 Pa�1 in <110> orientation,

which is an approximately 100 times increase in comparison with a bulk value [37].



Chapter II. Literature Review on Enhancement of the Piezoresistive E�ect 26

At that time, it was unclear whether the enhancement of the PRE is intrinsic, caused

by size reduction, or is simply due to oxidation on the NW surface as they observed

a signi�cant inuence in the Si NW PRE by surface modi�cations [37]. A number

of investigations on the PRE of Si NWs followed up to explain the surprisingly large

PRE in Si NWs and/or investigate the PRE in Si NWs with di�erent structures and

characteristics. Several proposed explanations of the PRE in NWs based on quantum

e�ects in atomically thin nanowires [99{103]. However, the diameter of the Si NWs

should be typical of the order of 1 nm, which is much smaller than the diameters of

practical NWs, which vary from 50 nm to 300 nm, so that quantum size e�ect can be

taken into account. Moreover, the proposes quantum size e�ect could not explain the

change of the giant PRE in Si NWs after surface treatment, as He and Yang [37] observed

that both the nanowire resistance and the piezoresistive coe�cient reduced after surface

treatment as shown in Figure 2.4-c. Figure 2.4-d shows the conductance change of Si

NWs versus applied stress achieved by solving the Poisson-Boltzmann equation in two

dimensions for diameters of 80 nm and 130 nm and the variations in depletion region

width [95]. This model, proposed by Rowe [95], correlated the giant PRE in Si NWs with

the partial depletion of the nanowire, is a key realization concerning a possible origin of

the giant PRE in NWs. In NWs, where the diameter is comparable to or smaller than

the surface depletion layer width, the density of free charge carriers in NWs becomes

sensitive to the charge state of the surface. Particularly, for small enough diameters,

the free carrier density within the conducting nanowire channel is entirely determined

by the state of surface charge. An applied stress induced changes of the surface charge

density, which results in a large change in carrier density, hence substantially modulated

the PRE.

Although achieving breakthrough results in enhancing the PRE by miniaturisation, the

reliability of the large PRE on 1D nanostructure of conventional materials is still con-

troversial as there also were counter-claims of the giant PRE. For example, Milneet al.

[96] revealed the charging e�ect at the sample surfaces, or dielectric relaxation, which

resulted in strong variations of the resistance with time as shown inFigure 2.4-d, masked

the true PRE of the depleted structures and mistakenly led to claims of an apparent

giant PRE. Their results were consistent with He and Yang's [37] results as the GF

calculated with assumption of constant free-stress resistance. However, the PRE is con-

sistent with that of bulk material as using the stress modulation technique as shown in

Figure 2.4-e [96]. Although the PRE was not as high as that reported by He and Yang,

an enhancement in the PRE was still observed in top-down suspended Si NWs when the

variation of the resistance with time was taken in account [104].Table 2.3 summarises

achievement in enhancing the PRE by miniaturisation piezoresistors to 1D structures.
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2.4.2.2 Two-dimensional piezoresistive e�ect

Although the PRE properties of polycrystalline and crystalline Si �lms initially reported

were not better than single crystalline bulk Si [115{119]. In the structures where the

thickness of �lms is su�ciently small, there can be a signi�cant improvement in the

piezoresistive properties induced by quantum con�nement e�ect or interface electron-

trapping e�ect. At a low temperature, the GF in the surface n-type inversion layer

of bulk silicon is found to be much larger than that of bulk silicon (GF � 1,500 )

[120]. The change of e�ective masses of conduction electrons on the surface due to the

quantization of the carrier wave function in the surface channel is determined as the

main reason for this improvement. The quantization of carrier motion perpendicular

to the semiconductor surface caused a splitting of bands in electric sub-bands and a

valley anisotropy [120{122]. The improvement of the PRE by miniaturisation of bulk

sensors to nano�lms were supported by theoretical researches [123], which investigated

the e�ect of quantum size to the PRE in ultrathin piezoresistors. When the holes

are con�ned in a space with the size comparable with the de Broglie wavelength, the

quantum size e�ect plays a signi�cant role in PRE [123]. Together with the reduction

in thickness of the Si layer, Yang and Li [72] proposed a structure with a 9-nm-thick Si

�lm covered by two SiO2 layers, which created two interfaces to trap holes. This stress-

enhanced interface-trapping, which inuences the carrier-concentration change, became

more remarkable as the Si thickness reduces. The interface-trapping results in a giant

PRE with piezoresistive coe�cients of � l � � t � �400 � 10�11 Pa�1 in a 9-nm-thick Si

�lm, which was at least one order of improvement in comparison with the bulk structure

[72]. The improvement in the PRE by reducing thicknesses to quantum size also proved

the e�ectiveness in other materials such as AlAs [71] and GaAs [124]. Shkolnikovet al.

[71] reported a PRE in n-type AlAs quantum wells with a GF exceeding 10,000 and even

up to 56,000 in the presence of a moderate magnetic �eld perpendicular to the planes

of the 2D system. In a (311) A GaAs 2D hole system, distortion of heavy hole valence

band with strain results in a large GF of approximately 3,600 [124].

2.4.3 Enhancing changes in macro-structure of piezoresistive sensors

2.4.3.1 Enhancement of the PRE based on crack propagation mechanism

Cracks in conductive materials are considered as defects to avoid in general, but if

we consider this problem from another perspective, the cracks in conductive materials

may provide an approach to realize ultra-high PRE [125]. Crack-based piezoresistive

sensors are typically made from stretchable nanocomposites which includes electrically

conductive �llers embedded on exible support materials. Di�erent conductive �llers
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can be used for creating a crack-based piezoresistive sensors such as metal nanowires

(e.g. AuNWs, AgNWs, CuNWs), nanoparticles, carbon-based material (e.g. graphene,

CNT), or conductive polymers.

a

d

c

e

g

h

b

f

Figure 2.5: Cracks mechanism for enhancement of the PZR e�ect. (a) &
(b) The e�ectiveness of enhancing the piezoresistive e�ect by crack-based-mechanism.
(a) Reversible loading-unloading behaviour of a crack-based sensor for various �nal
strain. (b) Resitance variation of crack sample and no cack sample as the load was ON
and OFF, reprinted with permission from [39]. (c) Controling the crack depth by an
applying tensile force after initial cracks generated by mechanically bending the curved
surface. (d) Performance of the sensors with various crack depths.(d-1) Crack depth
fabricated by di�erent tensile forces. (d-2) Normalised resistance change measured at
a 2 % strained obtained by the sensors.The inset in(d-1) and (d-2) show the results
for various moduli of PUA, reprinted with permission from [126]. (e)-(f ) crack-based
piezoresistive structures with a network of conductive channels. (e) Gold microwire
network embedded in PDMS, reprint with permission from [127]. (f ) E�ect of strain
on the structure and morphology of the percolating network microstructures, reprinted
with permission from [128]. (g) Stress concentration for enhancing the PRE of crack
based �bers, reprinted with permission from [129]. (h) Multi�lament-structured �bers,

reprinted with permission from [130].
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Table 2.4: Achievement results of enhancing the PRE of crack-based and tunnelling sensors

Sensing

mechanism

Materials GF At strain Comments Ref.

Conductive �llers

(active materials)

Substrates

(supportive layers)

Crack Pt PUA 2,000 0-2% Two-part crack-based structure [39]

Crack Au PDMS 200 <0.5% Two-part crack-based

structure

[131]

1,000 0.5%-0.7%

5,000 0.7%-1%

Crack Au/Ti PDMS 5,000 0%-1% Two-part crack-based structure [125]

Crack AgNWs/graphene

oxides

PU 20 <0.3% Two-part crack-based

structure

[132]

1,000 0.3%-0.5%

4,000 0.8%-1%

Crack CNT/KH550 PDMS 5-1,000 2-250% - [133]

Crack Graphite Eco-ex 11,300 50% Two-part crack-based structure-parallel cracks [134]

Crack Pt PUA 16,000 2% Two-part crack-based structure-Crack depth-

propagated sensor

[126]

Crack Au microwire PDMS 108 0.02%

-4.5%

Au microwire network [127]

Crack AgNWs PDMS 846 150% AgNWs conductive network [135]

Continued on next page
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Table 2.4 { Continued from previous page

Sensing

mechanism

Materials GF At strain Comments Ref.

Conductive �llers

(active materials)

Substrates

(supportive layers)

Crack AgNWs Patterned-PDMS 150,000 60% AgNWs conductive network [128]

Crack Graphene PDMS 282 20 Elastomer-felled graphene woven fabric network [136]

Crack Au or CNT PDMS �bers 100 - Strain distribution [129]

Crack Ag PU �bers 9.2 �10 5 450% Multi�lament structure [130]

Tunnelling ZnO particle PDMS >104 0.1%-0.9% Sea urchin-shaped ZnO microparticles [137]

Tunnelling Metal particle PU elastomer - Sea-urchin shaped metal microparticles [40]

Tunnelling CNT Polymer 22.4 - A higher sensor GF corresponds to higher resis-

tance in the composites

[138]

Tunnelling AgNWs PDMS 14 - A strong piezoresistivity with tunable GFs de-

pending the density of AgNWs

[73]
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Inspired by spiders' ability of detecting extremely small vibrations using crack-shaped

slit organ near theirs leg joints as shown inFigure 2.2-e, Kanget al. introduced the �rst

nanoscale crack-based sensors which can attain ultrahigh sensitivity with a GF of over

2,000 in the 0-2% strain range [39]. The team mimicked the geometry of the slit organ

by depositing a sti�, 20-nm-thick platinum (Pt) layer on top of viscoelastic polyurethane

acrylate. Cracks in the Pt �lm were then formed by bending the Pt �lm on PUA in a

controlled manner in terms of crack density and direction. The e�ectiveness of enhanc-

ing the PRE by crack-based-mechanism can be seen obviously inFigure 2.5-a. Large

variations in resistance are obtained with high repeatability for a cracked sample, in

sharp contrast to the case with a nearly at bare Pt �lm with no crack (yellow curve).

When the loading was switched between ON and OFF, the crack sample exhibits a 450-

fold-higher resistance variation at 0.5% strain compared with the case with no crack (see

Figure 2.5-b) [39]. The high strain sensitivity originated from the rare yet large gap-

bridging steps on opposite edges of a zigzag crack and the disconnection-reconnection

events of the crack edges. When stretched, a cracked �lm could be extended in the axial

direction, which disconnects the crack edges, while being compressed in the transverse

direction, which reconnects them [39]. Similar structures with metallic nano�lms de-

posited on elastic substrates and cracks generated via controlled pre-stretching process

were reported with the highest GF of 5,000 [125,131]. Hybrid conductive �llers such as

AgNWs/Graphene hybrid particles [132] and CNT/KH550 1 [133] can be used instead

of one conductive �ller, but the achievement sensitivity was lower. Moreover, the crack-

based PRE can be further enhanced by generating parallel microcracks [134]. The GF of

a graphite thin �lm/elastic substrate-based strain sensor, for example, was signi�cantly

improved to as high as 11,300 as parallel cracks in graphite thin �lms were formed and

controlled [134]. In addition, the sensitivity of a nanoscale crack-based sensor can be

enhanced remarkably by modulating crack geometry, particularly depth [126]. The crack

depths were controlled by applying additional tensile forces after generating initial cracks

(seeFigure 2.5-c), without changing other geometrical factors such as crack density and

asperity. The crack depth-propagated sensor exhibited ultrasensitive with GF of approx-

imately 16,000 at 2% strain as shown inFigure 2.5-d, which is a dramatic enhancement

compared to bare platinum (non-cracked) and bending platinum (40-nm-depth cracks)

[126].

On conductive �lm/elastic substrate-based structure, the conductive �llers fully cover

the elastic substrate and the cracks are prede�ned by pre-stretching process. Arrang-

ing conductive �llers as a network of conducting channels can be another approach.

Nanometric break junctions form throughout the wire network under strain, and strain

also increases the number of such junctions, which lead to a large change in the sheet

13-aminopropyltriethoxysilane
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resistance of the mesh [127]. Guptaet al. fabricated a strain sensor made of a gold

micromesh partially embedded in the PDMS substrate (seeFigure 2.5-e) with GF of

over 108 [127]. Wanget al. prepared at strain sensors with AgNWs conductive net-

works supported by PDMS �lms with GF of 846 at 150% strain [135]. Via introducing

and patterning percolating network microstructures, the sensitivities of the strain sensor

proposed by Liaoet al. are greatly enhanced by 136 times than that of the sensors with-

out surface microstructures [128]. In addition, in another report, the ultrahigh GF of

approximately 15,000 within 60% strain range results in from changes of microstructure

and the conductive path due to applied strain as shown inFigure 2.5-f [128].

Redistribution of strain has been proposed as an e�ective method to enhance the sensi-

tivity of piezoresistive strain sensor [48,129, 139]. For example,Figure 2.5-g shows the

redistribution of strain along the �ber by adding micobeads, resulting strain/stress con-

centration areas where longer and wider microcracks were induced [129]. The sensitivity

increases with increasing size of the micro beads and is signi�cantly improved compared

to �bers without microbeads.

For crack-based piezoresistive sensors beside enhancing the sensitivity, expanding sens-

ing range is also a critical demand. However, it is di�cult to simultaneously meet both

these expectations [130]. Leeet al. proposed an e�ective approach for fabricating highly

sensitive and stretchable �ber strain sensors that simultaneously exhibit outstanding

sensitivity and excellent sensing range, by incorporating only silver nanoparticles into

multi�lament-structured stretchable �bers, as shown in Figure 2.5-h [130]. The multi-

�lament structure and silver-rich shells of the �ber strain sensor enable the sensor to

achieve outstanding sensitivity ( 9.3�10 5 and 659 in the �rst stretching and subsequent

stretching, respectively) and wide sensing range (450 and 200% for the �rst and subse-

quent stretching, respectively) at the same time [130]. Achievement results of the PRE

based on crack-based mechanism are summarized inTable 2.4.

2.4.3.2 Enhancement of the PRE based on overlapping mechanism

Although many structures have been proposed for enhancing PRE by the overlapping

mechanism, it can be classi�ed into four main groups consisting of �ber-based [56,140{

142], thin �lm-based [143{147], nanotube-based [148,149], and interlocking-based struc-

tures [38, 150].
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a

c

d

b

Figure 2.6: Enhancing overlaping areas under stretching. (a) A �ber-based
structure. Schematic illustration of the twisting fabrication of exible piezoresistive
�bers, reprinted with permission from [140]. (b) A structure with thin �lms over-
lapped each other. Changes in contact areas between rGO �lms when applying strain
and schematic illustration of sensing mechanism of FSG strain sensor upon stretching,
reprinted with permission from [143]. (c) A nanotubes overlapping structure. Schemat-
ics of the response of the CNTs connections to strain, reprinted with permission from
[149]. (d) An interlocking structure. Schematic illustrations of the pressure, shear and
torsion loads and their possible geometric distortions of the paired hairs, reprinted with

permission from [38].
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Table 2.5: Achievement results of enhancing the PRE of overlapping-base sensors

Structure Materials Performance Stretchbility Comments Ref.

Conductive

materials

Core �ber GF At strain (%)

Fibers Graphene Polyurethane

Polyester

3.7 50 200 Double-covered yarn [56]

10 1

35 0.2

Fibers AgNWs Polyurethane Sensitivity of 0.12 kPa�1 400 Multiscale wrinkled microstructure [140]

Fibers Graphene Rubble Wool 2,800 150 150 The rubber structure is much better than

nylon covered rubber and wool yarns struc-

tures

[141]

Fibers Carbonized Silk �bers 5.8 0-1 500 Plain-weave structure [142]

9.6 <250

37.5 250-500

Thin �lms Graphene

oxide (GO)

Elastic tape 16.2 < 60 82 Ultralow limit of detection ( <0.1% strain) [ 143]

150 > 60

Thin �lms Graphene

platelets

Silicon rub-

ber

164.5 <12 12 The GF is higher for thicker samples [144]

Thin �lms Reduced

graphene oxide

PDMS 34.4 <2.5 7.5 Self-locked overlapping structure [145]

99.9 <5

402.3 <7.5

Thin �lms GO-AgNWs-C60 25 0-3 62 C60 lowers the friction between graphene [146]

Continued on next page
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Table 2.5 { Continued from previous page

Structure Materials Performance Stretchbility Comments Ref

Conductive

materials

Core �ber GF At strain (%)

466.2 3-35 oxide-based layers

1,000.2 35-52

2,392.9 52-62

Thin �lms Ti 3C2T x MXene/CNT 64.6 0-30 130 Ultralow limit of detection ( <0.1%

strain), tunable sensing range

[151]

772.60 40-70

Nanotubes SWCNT PDMS 0.82 0-40 200 SWCNT vertically aligned perpendicular

to strain axis

[148]

Nanotubes CNT Ecoex 256 0-80 >145 CNTs aligned parallel with strain axis [149]

3,250 80-125

42,300 125-145

Interlocking

structure

Pt-coasted PU

nano�bers

PDMS 11.5 0-2 2 Enable detect pressure, shear and torsion [38]

Interlocking

structure

CNT PDMS 27.8 0-40 120 GF is 10 to 395 times higher than that of

the planner �lms. Detection capability of

various mechanical stimuli

[150]

1,084 40-90

9,617 90-120
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In �ber-based structures, conductive �llers (e.g., graphene [56,141], silver NWs (Ag-

NWs) [140]) are coated onto elastic �bers (e.g., polyester �bers [56], polyurethane �ber

[140], rubber �ber) creating conductive elastic �bers. Subsequently, the as-prepared

conductive �bers are twisted around each other (seeFigure 2.6-a), or around another

elastic core �ber (seeFigure 2.2-f) to construct a bunch of stretchable �bers. Conse-

quently, piezoresistive sensors consist of a bunch of stretchable �bers [56,140, 141] or

a network of bunches [142]. As shown inFigure 2.2-f, Cheng et al. [56] developed a

graphene-based composite �ber with \compression spring" architecture, which consist of

graphene-coated polyester �bers winding around a highly elastic polyurethane core �ber

[56]. The elongation caused by stretching was accompanied by the increase of winding

angle and gaps between the conductive �bers, leading to the decrease of the contact area

between the inner and outer layers of conductive �bers [56]. The graphene-based �ber

reached an averaged GF of 10 within 1% strain, 3.7 within 50% strain, and 35 at 0.2%

strain endowing the sensor with a high sensitivity at small strain and broad sensing range.

Another example, conductive core-shell �bers with multiscale wrinkled microstructures

on the surface (seeFigure 2.6-a) prepared through coating AgNWs ink on prestrained

polyurethane �bers, were twisted to construct exible piezoresistive �bers. The investi-

gations to the sensing mechanism indicated that increasing the contact points inner the

exible piezoresistive �bers has signi�cantly improved the sensitivity [140].

Various conductive �lms overlapped each other are another architecture to e�ectively

enhance the PRE basing on the overlapping mechanism. The shear forces parallel with

the conductive �lms result in the relative sliding between adjacent �lms which changes

the contact areas and hence contact resistance [145,146]. In addition, pressure perpen-

dicular to the conductive �lms increases contact pressure between adjacent �lms which

reduces the contact resistance between the adjacent �lms [144]. Although, for example,

the PRE of graphene sheet under a mechanical strain owning changes in the barrier

height is small (GF of 1.9) [152], by fabricating two layers of graphene oxide (GO) �lm

overlapped each other on an elastic tape (seeFigure 2.6-b), the GO-based strain sensors

had the GF of 16.2 within 60% strain and about 150 at strains>60% [143].

Another very e�ective way to enhance the PRE using the overlapping mechanism was

proposed by Leeet al. [149] as shown inFigure 2.6-c. Vertically aligned carbon nanotube

(VACNT) bundles were transferred to ecoex �lm so that VACNT bundles were laid

down, overlapped with adjacent bundles and carbon nanotubes (CNTs) lay parallel to

the strain axis. The sliding and separation of the overlapped CNTs under stretch created

an ultrahigh sensitive strain sensor with GF of 42,300 at a strain of 125% to 145% [149].

Similar idea also was given by Yamadaet al. [148], but CNTs were aligned perpendicular

to the strain axis and hence the observed GF was lower. In another research, SWCNTs
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were aligned onto a at elastomer to make long �lms of arbitrary length and packed into

a highly densely packed solid form using a droplet of isopropyl alcohol. When stretched,

the nanotube �lms fracture into gaps and islands, and bundles bridging the gaps, which

change the contact resistance between adjacent CNTs [148].

Interlocking-based strain-gauge sensors have a simple architecture that enables the detec-

tion of pressure, shear and torsion [38,150], including two interlocked arrays supported

on thin elastic layers as shown inFigure 2.6-d. When di�erent sensing stimuli are ap-

plied, the degree of interconnection and the electric resistance of the sensors change

in a reversible, directional manner with speci�c discernible strain-gauge factors [38].

Interlocking structures were demonstrated to be an e�ective approach to substantially

improve the sensitivity of piezoresistive sensors. For example, the Pt-coated interlocking-

based strain-gauge sensor presented by Panget al. [38] had GF of 11.5 (pressure), 0.75

(shear, and 8.35 (torsion) with a train range of � 5% which are fairly comparable or

superior to those of existing graphene-based �lms and metal alloys. Parket al. [150]

proposed the interlocked micro-dome arrays, which was based on carbon nanotube com-

posite elastomer �lms with surface microstructures of hexagonal microdome arrays, with

a GF as high as 9,617 at strain of 90-120%, which is signi�cantly (10-395 times) higher

than the values for planar �lms. Table 2.5 lists the achievement of enhancing the PRE

based on the overlapping mechanism.

2.4.3.3 Enhancement of the PRE based on tunnelling mechanism

Enhancing tunnelling mechanism is another approach for improving the PRE. The re-

sistance of sensors based on tunnelling mechanism is contributed to the resistance of

conductive �llers themselves, which negligibly change with applied strain, and tunnelling

resistance between adjacent conductive �ller elements (wire fragments, or particles). For

example, as shown inFigure 2.7-a [138], the resistance of a CNT/polymer composite

based sensors includes resistance of CNTs themselves (RCNT ) and tunnelling resistance

between adjacent CNTs (Rtunnel ). Under strain, the number of tunnelling channels and

tunnelling distances changes, which signi�cantly a�ects the resistance of tunnelling based

sensors under an applied strain. In order to create tunnelling channels, conductive �llers

are structured as fragments of nanowires such as CNTs [138,153{155] and AgNWs [73],

or sea-urchin shapes [40,137]. Tunnelling resistance of carbon nanotube-based compos-

ites has been numerically and experimentally investigated, providing insights into the

tunnelling resistance and proposing strategies to enhance the resistance change under

strain. Ning et al. [154] concluded that the tunnelling e�ect is considered to be the prin-

cipal mechanism of a polymer/CNT nanocomposite strain sensor under small strains,

which is consistent with results reported by Li et al. [156]. A much higher sensitivity or
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Figure 2.7: Tunnelling mechanism for enhancement of the PRE. (a)
Schemetic view of CNT conductive network including tunnelling e�ect, reprinted with
permission from [138].(b)-(c) The tunnelling piezoresistive sensor with interlocked mi-
crodome arrays. (d) Resistance change versus applied pressure for di�erent structures:
planar (black), microdome (red), and interlocked microdome (blue). (e) Tunnelling
resistacnes of interlocked arrays for di�erent CNT concentrations, reprinted with per-
mission from [153]. (f ) Sea urchin-shaped synthetic zinc oxide microparticle (SUSM)
with a forest of nanostructured spines. (g) A sensor made from a SUSM thin �lm
sandwiched between two electrodes.(h) Local spine-spine connections, reprinted with

permission from [137]

larger PRE can be obtained when the volume fraction of CNT close to the percolation

threshold [155, 156]. Ninget al. also [138] numerically and experimentally evaluated the

e�ect of processing parameters and material properties on the PRE of polymer/CNT

composite. Both numerical and experimental results indicated that higher tunnelling

resistance or a higher ratio of tunnelling resistance to the total resistance lead to a

higher PRE, which is indicated by the increase of GF with lower curing temperatures

and higher stirring rate [138].

The tunnelling based PRE can be enhanced by changing the con�guration of sensors

as the strategy proposed by Parket al. [153]. The team developed exible electronic

skins based on composite elastomer �lms (composed of CNT and PDMS) that contain

interlocked micro-dome arrays, as shown in Figure 2.7-b and2.7-c. The team compared
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the performance of three di�erent con�gurations (a single planar arrays, a single micro-

dome array, and an interlocked micro-dome array). Composite �lms with interlocked

micro-dome array exhibit an abrupt switching behaviour with R OF F /R ON ratios on the

order of 105 in comparison with � 100 and� 2 for single micro-dome arrays and planar

structures, respectively, when the applied pressure was increased from 0 to� 10 kPa,as

shown Figure 2.7-d [153].

In addition, the tunnelling resistance strongly depend on conductive �ller concentrations.

Therefore, optimizing the conductive �ller concentration suitable with sensor structure

is another approach to enhance the tunnelling PRE. For instance, Parket al. [153]

observed that the variation in relative resistance with pressure increases with CNT con-

centration (see Figure 2.7-e) in the interlocked micro-dome array composite �lms, while

this behaviour di�ers distinctly from that of a planar structure. In another example, the

GFs of a AgNW network sandwiched between two layers of PDMS ranged from 2 to 14

depending on the density of the AgNWs, which was controlled by the AgNW solution

in fabrication process [73]. The GF was large (GF� 14) when the AgNW solution was

small (6 mg/mL), hence the resistance of the strain sensor was relatively large (R0 �

246 
).

The GF reduced to 2 with initial resistance of R0 � 7:5 
, when a much denser net-

work of AgNWs was formed [73]. Particularly, a GF of as higher than as 104 of the

tunnelling PRE achieved with structures in which particles were shaped with nanos-

tructured spines (sea urchins shape) [137].Figure 2.7-f [137] shows the SEM image of

one sea urchin-shaped synthetic zinc oxide microparticle (SUSM) which included a forest

of nanostructured spines. The electrical carriers (electrons) can tunnel from one particle

to another through contacted or adjacent spines as shown inFigure 2.7-f. The resistance

of a thin �lm made from these SUSM sandwiched between two exible electrodes (see

Figure 2.7-g) contributed from the resistive of particle and inter-spine contact resistance.

Applying a strain results in changes in distances and contact between spines and bends

spines themselves, leading signi�cantly improved the PRE [137].

2.4.4 Coupling the piezoresistive e�ect with other physical e�ects

More recently, coupling the PRE with other physical e�ect, such as piezoelectricity,

optoelectronic, or electrically controlling, has emerged as an advanced and promising

approach to boost the PRE [10]. Table 2.6 shows recent achievements in enhancing the

PRE by coupling with other physical e�ects.
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Figure 2.8: (a)-(g) Coupling the PRE with piezoelectric e�ect. (a) A single
zinc oxide (ZnO) piezoelectric �ne wire (PFW) laterally bonded on a polystyrene sub-
strate with two Schottky contacts with metal electrodes. (b) The asymmetric Schottky
barrier heights (SBHs) at the source and drain contacts of the PFW.(c) GF of the
PFW as a function of strain. (d) The derived change in SBH as a function of strain,
reprinted with permission from [41]. (e) Strain sensor based on a variable Schottky bar-
rier in MoS2/graphene heterostructure �eld e�ect transistor. (f ) The relative change
in drain current and the GF of the MoS2/graphene heterostructure �eld e�ect transis-
tor, reprinted with permission from [157]. (g) Enhancing the PRE of SiC nanowire by
coupling with piezoelectric e�ect, reprinted with permission from [158]. (h)-(j) Elec-
trically controlling the PRE. (h) and (i) Si NW embedded within the cantilever
above an electrically conductive substrate, in which the electric �eld around the NW
was modulated by an external electrical bias. (j) Extracted GF as a function of gate

voltage, reprinted with permission from [42].
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Table 2.6: Achievement results of enhancing the PRE by coupling with other physical e�ects

Coupled e�ect Materials Structures GF Comments Ref.

Piezoelectric ZnO �ne wires Ag-ZnO-Ag 1,250 ZnO �ne-wires. The SBHs as function of strain [41]

Piezoelectric ZnO NWs arrays Au-ZnO NWs arrays-ZnO

seed

1,813 Vertical ZnO nanowire arrays. Conductivity of

the sensor was signi�cantly tuned by the change

of ZnO/Au Schottky barrier

[159]

Piezoelectric Indium-doped

ZnO nanobelt

Polar surface controlled In-

doped ZnO nanobelt

4,036 The SBHs at the interfaces with the source and

drain electrodes were inuenced by the induced

piezopotential. The top surface was the monopo-

lar surface

[160]

Piezoelectric ZnSnO3 NWs/mi-

crowires

Ag-ZnSnO3-Ag 3,740 The GF is 19 times and three time higher than

that of Si and ZnO nanowires

[161]

Piezoelectric MoS2/graphene FET 575,294 Variable Schottky barrier [157]

Piezoelectric ZnO/SiC ZnO/SiC heterojunction NWs 50.93 The piezoelectric e�ect of ZnO nanolayers im-

proved the PRE of SiC nanowire

[158]

Electric �eld Si NWs MOSFET 5,000 p-type<100> Si NW at VGS of 3.75 V [42]

Electric �eld SiNWs FET 1,861 n-type Si NW [162]

Electric �eld SiNWs MOSFET 1,320 n-type Si NW [163]

Electric �eld SiNWs FET 350 At gate bias of 0.6V [164]

Electric �eld MoS 2 FET -40 At Vbg=20 V [59]

Continued on next page
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Table 2.6 { Continued from previous page

Coupled e�ect Materials Structures GF Comments Ref.

Illumination 3C-SiC 3C-SiC/Si -450 Visible light [165]

Illumination 3C-SiC NWs Pt/Ir-SiC NW- graphite - Ultraviolet (UV) light [166]
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2.4.4.1 Coupling the PRE with the piezoelectric e�ect

The strain-modulated electric potential in piezoelectric materials can be used to con-

trol or tune the transport of charge carriers, hence possibly enhance the PRE, known as

piezotronics. Junet al. fabricated a fully packaged strain sensing device based on a single

zinc oxide (ZnO) piezoelectric nano or micro wire bonded laterally on a polystyrene sub-

strate as shown inFigure 2.8-a [41]. Utilising the crucial role of the Schottky barriers at

the metal/semiconductor interfaces in determining the electrical transport properties of

the metal-semiconductor-metal structure, the single ZnO wire was sandwiched between

two opposite Schottky barriers with distinctly di�erent barrier heights as shown in Fig-

ure 2.8-b. The highest GF demonstrated for their sensor was 1,250 (seeFigure 2.8-c),

which is much higher than state-of-the-art doped Si strain sensor (� 200). The underly-

ing mechanism of the enhancement of the GF was attributed to the change of Schottky

barrier heights (SBH) (seeFigure 2.8-d), resulting from the combined e�ects from strain

induced band structure change and the piezoelectric e�ect [41]. As such, in piezotronic

strain sensors, the strain induced piezopolarization at the interface changed the barrier

height through modulating the carrier distribution and transportation. Combining with

the PRE, the I-V performance of the sensor can be modi�ed by strain [160,167, 168].

In another example, the conductivity of the sensor based on vertical ZnO nanowires

grown on polyethylence terephthalate was signi�cantly tuned by the change of ZnO/Au

Schottky barrier so that a GF up to 1,813 was achieved [159]. This value is higher than

that of sensors based on a lateral ZnO microwire [41]. With two electrodes connecting

to the two ends of nanowires, an opposite polarization was generated at the two ends

of the nanowire [41,159]. However, Zhenget al. [160] presented a piezotronics strain

sensor with the same polar surface on top of nanobelts at both the source and drain

electrodes. Indium was doped to e�ectively change the polar direction parallel to the

growth direction [160]. As a result of utilising the monopolar surface, the sensor achieved

a large GF of 4,036 at a bias of +3V. Beside ZnO piezoelectric materials, the performance

of piezotronics strain sensor has been investigated in other materials such as ZnSnO3

[161, 169], monolayer MoS2 [170{172]. Jyn et al. [161] demonstrated a exible strain

sensor based on ZnSnO3 nanowires/microwires for the �rst time with a GF of 3,740,

which is 19 times higher than that of Si and three times higher than those of ZnO

nanowires. The reason for signi�cant enhancement of the sensitivity is also from changes

of the Schottky barrier height under small variation of compressive and tensile strain

[161].

Performance of piezotronics strain sensors can be enhanced by using electrode mate-

rials whose work function can be modulated as demonstrated by Ilmenet al. [157].

In their report, they introduced a strain sensor based on a variable Schottky barrier
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in a MoS2/graphene heterostructure �eld e�ect transistor as shown in Figure 2.8-e.

The Schottky barrier in a MoS2/graphene junction was signi�cantly changed by strain-

induced polarized charges when Fermi level (EF) of graphene was located near the

Dirac point, where the density of states was relatively low, by controlling the gate

voltage. In other words, the low density of states near the Dirac point in graphene

allowed large modulation of the graphene Fermi level and corresponding Schottky bar-

rier in a MoS2/graphene junction by strain-induced polarized charges of MoS2 [157].

They demonstrated that near the Dirac point in graphene (Vgate � �V th = �0:15) the

Schottky barrier changed dramatically (�� SB = 118 meV), corresponding with a GF

of 575,294. Figure 2.8-f shows dependence of the GF on the gate voltage. The GF

dramatically increased with the decrease of the gate voltage and reached its maximum

of 575,294 atVgate � �V th = �0:15. Beside coupling with piezoelectric e�ect to modify

the Schottky barrier height, resulting in the signi�cantly enhancing the piezoresistive

e�ect, the induced-strain polarization of piezoelectric material can be coupled with non-

piezoelectric materials to modulate the PRE of the non-piezoelectric materials. For

example, the PRE of a SiC nanowire was improved by coupling with the piezoelec-

tric e�ect of ZnO nanolayer [158]. As a result, the GF of the ZnO/SiC heterojunction

nanowires could be up to 50.93 which was profoundly higher than those of SiC counter-

parts. The improvement in the PRE mainly resulted from the reduction in resistance of

the ZnO/SiC structure in comparison with SiC counterpart (see Figure 2.8-g), which re-

sulted in an increase in the current of the as-constructed ZnO/SiC heterojunction. The

lower resistances in ZnO/SiC nanowires than SiC nanowires can be mainly assigned from

the facilitating the separation of interface charges and increasing the electron density

within conduction band due to formation of ZnO/SiC heterojunction and ZnO nanolayer

limiting the recombination of the carriers [158].

2.4.4.2 Coupling the PRE with external electric �eld

Another approach to enhance the PRE is coupling the piezoresistive with an external

electric �eld, which is commonly seen in strain sensors based on �eld e�ect transistor

(FET) sensors. In these sensors, the piezoresistive performance are electrically controlled

by inducing an electric �eld with an external electrical bias. For instance, Pavel et al.

[42] fabricated a Si NWs oriented in the<110> direction buried on SiO2 layers. Two

terminals at the two ends of the NWs played roles as source and drain of the metal-

oxide-semiconductor �eld e�ect transistor (MOSFET) while the substrate (Si) played

role as gate as shown inFigure 2.8-h and2.8-i. The authors con�rmed that the substrate

voltage strongly inuences the device performance or the GF of the device. As shown

in Figure 2.8-j, the GF is a function of gate voltage (VGS ). The device operated as
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a conventional piezoresistor with GF just around 50 for negatively large gate voltage

(VGS from -10 to -3 V). Then the device was changed to an intermediate state, where

combination of the PRE and carrier depletion increased the GF to almost 300 as theVGS

increased to 1V. Further increasingVGS resulted in a GF of up to 5,000 at 3.75 V when

the pinch-o� region had the strongest inuence on the device behaviour. Optimizing

biasing conditions (gate voltage) could lead to the formation of pinch-o� region within

the NW, which dominates the overall NW resistance. Mechanical stress applied on the

NW caused an increase in the charge carriers' concentration. By electrically controlling

the formation of the pinch-o� region, a modulation of the GF by 2 orders of magnitude

from 50 to 5000 was achieved [42]. The anomalous PRE is a combined e�ect of electric

�eld and mechanical stress on constricted current channel [164]. A giant PRE was also

reported in a similar structure but n-type Si NWs [162, 163]. The Si NWs depleted by

a back-gate bias resulted in substantial increase in the subthreshold drain current to

applied strain, leading to a single order of magnitude increase in GF to as high as 1,861

at the back-gate voltage ofVGS = -2.6 V [162].

A similar approach has been reported but with a gate-all-around nanowire FET struc-

ture to provide easier carrier depletion with the use of low gate bias [164]. With narrow

gate bias span of 0.6 V near threshold region, the piezoresistive coe�cient was enhanced

up to seven times from 29� 10�11 Pa�1 for inversion region to 207� 10�11 Pa�1 , corre-

sponding to a GF of 350 [164]. For two-dimensional (2D) semiconductor such as MoS2,

the Fermi level can be adjusted by gate bias which signi�cantly tuned the PRE [59].

Similarly, the GF of transistor-based sensors reached the highest values in subthreshold

regime, where exponential dependence of drain current on back-gate voltage and the

change of �I was large [59]. The GF was close to 0 as the transistor was switched o�

(Vbg < 10 V) and reached a maximum of approximately -40 in the subthreshold regime

(around Vbg=20 V) before decreasing again in the transition region to the linear regime

(Vbg >20 V) [59]. Even with piezoresistive sensors based on piezoelectric materials, their

performance also strongly depended on the electrical �eld created by the gate voltage.

For example, although the Schottky barrier decreased with the increase of the mechan-

ical strain because of strain-induced polarization, the GF of the strongly depended on

the gate voltage as shown inFigure 2.8-f [157].

2.4.4.3 Coupling the PRE with photovoltaic e�ect

The photovoltaic e�ect, the generation of voltage when a device is exposed to light, has

been studied intensively for scienti�c interest and as a sustainable energy source since

its �rst observation in the nineteenth century [173, 174]. The most common application

of the photovoltaic e�ect is solar cell, in which the photoexcited carriers were separated
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by a built-in electrical �eld developed at a p-n junction. Interestingly and more recently,

the photovoltaic e�ect can be coupled to enormously enhance the PRE. Abuet al. [165]

reported a GF of 28 under a dark condition for p-3C-SiC/p-Si heterostructure; however,

it signi�cantly increased to about -455 under illumination of 635 nm wavelength at 3.0

mW/cm 2, which is over 200 times higher than that of commercial metal strain gauge,

16 times higher than that of 3C-SiC thin �lm [165].

The coupling with illumination to enhance the PRE of 3C-SiC nanowires also has been

reported with using ultraviolet (UV) light [166]. Instead of using vertical heterojunction

as above reports [165], two Schottky junctions with di�erent barrier heights were created

at two ends of the 3C-SiC nanowires with Pt/Ir on the AFM tip and graphite substrate,

inducing formation of built-in electric �elds, hence promoting the separation of photo-

generated electron -hole pairs. The UV light illumination increased the conductivity of

SiC nanowires and hence contributed to enhance the PRE. Thanks to 405 nm UV light

illumination, the PRE has been enhanced approximately 3 times [166].

2.4.5 Enhancing performance of the piezoresistive sensors with opti-

mal designs

Enhancing the PRE results in improvement in performance of piezoresistive sensors.

Therefore, using the above strategies can signi�cantly improve performance of the piezore-

sistive sensors. However, the performance of piezoresistive sensors still can be substan-

tially improved by optimal designs such as designs with stress-ampli�er or strain con-

centration structures although the PRE is not improved. Conventionally, for improving

the sensitivity of piezoresistive sensors, the piezoresistors are located at the maximum

strain/stress location. For example, the piezoresistors are located at the middle of the

edges of the square diaphragm in pressure sensors, where the generated strain/stress

are maximum. Furthermore, square diaphragms are used instead of circular diaphragms

because the maximum strain generated in square diaphragms is 1.64 times higher than

that of circular diaphragms with equivalent dimensions [14, 16, 175]. In addition, the

stress can be ampli�ed at location of piezoresistors thanks to smart structures. For

example, inspired by the dog-bone structure, Phanet al. [32] innovated a nanowire-

based strain amplifying structure, in which strain can be magni�ed in a desired area.

By using this structure, the sensitivity of their device increased approximately by 6 fold

than that of conventional micro and nano structures [146]. Xu et al. [176] developed a

bossed diaphragm combined with peninsula-island structure, which introduced a sti�-

ness mutation at the gap region between the peninsula and island and generated a stress

concentration region at the gap region with low strain energy dissipation to enhance the

sensor sensitivity.
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2.5 Application of advanced enhancement strategies in de-

sign mechanical sensors

On the basis of the above strategies, approaches and methods, signi�cant advances

in performance (sensitivity, response time, signal to noise ratio, resolution, detectable

range, etc,) of piezoresistive sensors have been achieved. This section briey introduces

the applications of advanced strategies proposed to enhance the PRE in mechanical

piezoresistive transducers. This section will not analyse the performance, structures,

and designs in details, which can be �nd elsewhere.

Piezoresistive pressure sensors: Pressure sensors are considered as one of the most

prominent MEMS sensors, so there have been substantial advances in development

of piezoresistive pressure sensors. Due to the large PRE in miniaturised structure of

piezoresistors, pressure sensors with sensing elements based on nanowires structures

have been investigated such as SiNWs [177], SiC NWs [15], Si nano�lm [178]. As ex-

isting controversial debate around the e�ectiveness of the miniaturisation approaches,

while there have been reports showing pressure sensors either showing the enhance-

ment in the performance of pressure sensors with nano-piezoresistor, others do not show

signi�cant improvement. Together with proposing the electrically coupling approach,

this approach has been successfully applied on pressure sensor. Ultrasensitive pressure

sensors achieved through the e�ective tuning of the transverse electric �eld has been

reported [179, 180] with the sensitivity as high as 13 Pa�1 . The high sensitivity was

achieved through the e�ective tuning of the transverse electric �eld across a p-type 100

nm cross-section Si NW [179]. Piezotronic pressure sensors, which based on the cou-

pling between the polarization under stress of piezoelectric materials and the PRE, have

been induced as well [181,182]. The combination of piezoelectric e�ect of ZnO nanoar-

rays and the electron-tunneling modulation of MgO nanolayer has attributed to a high

sensitivity of 7:1� 10�4 gf�1 and a fast response time of 128 ms of the piezotronics pres-

sure sensor [182]. Development of the PRE in exible, stretchable structure results in

the substantial promise of piezoresistive pressure sensors in application of e-skins [183],

human-machine interface [184,185], and health monitoring [183,186]. Pressure sensors

basing on either crack propagation [140,185] or overlap mechanisms [183,187] or tun-

nelling [186] achieved signi�cant improvement in the sensitivity, stability, response time

and minimum detectable pressure.

Piezoresistive strain sensors: While the GF of metal strain sensor is around 2, with

conventional methods the GF of bulk intrinsic semiconductors are up to 200. By intro-

ducing novelty strategies, the performance of the strain sensors has been signi�cantly

enhanced. The GF of rigid semiconductor strain sensors can be as high as 6,570 by
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miniaturising piezoresistors, or � 1,861 by coupling with electrically controlling [162] or

� 575,294 by coupling with piezoelectric e�ect [157]. The wearable/stretchable strain

sensors have had intensive development with GFs as high as approximately 9.2�105

based on crack mechanism [130], higher than 104 based on tunnelling mechanism [137],

and 42,300 based on overlapping mechanism [149].

Piezoresistive accelerometer: Nanowire piezoresistors such as SiNWs [188{190], and

ZnO NWs [191] have been utilised as sensing elements in accelerometers. Vertically

aligned piezoelectric nanowire arrays of barium titanate were grown to fabricate a NEMS

accelerometer with high sensitivity and unity coherence and wide operating bandwidth

[192]. Unfortunately, the investigation in development of soft accelerometers has not

been focused.

2.6 Conclusion and perspectives

We presented a comprehensive review on methods, strategies and approaches to en-

hance the PRE, in substrates ranging from rigid to exible/wearable/stretchable ma-

terials, from conventional applications to soft electronics. Sensing mechanisms of the

PRE including carrier mobility changes resulting from energy band change, macro struc-

ture change, size-e�ect and coupling are �rst reviewed, to understand proposed methods,

strategies and approaches that are then discussed in detail. Conventional strategies such

as aligning piezoresistors following orientations in which the mobility changes of carriers

are maximum in those directions, optimizing doping concentration, alternating doping

atoms, or �nding alternative materials which have higher PRE, are limited by the nature

of materials and utilised mainly on enhancing the PRE of semiconductors. Thanks to

the recent advancement in fabrication technologies, the sensing elements can be scaled

down to nanoscale, which was reported as an e�ective approach to improve the PRE of

nano-size sensing elements. However, this approach also received controversial debates

on both claims and counterclaims of giant PRE in nanostructures. Coupling the PRE

and other physical e�ect is an advanced strategy to modulate the performance of the

PRE which achieved remarkable results. Coupling the PRE with controlling electrical

�eld surrounding sensing elements opened a new direction of development of piezoresis-

tive sensors with �eld e�ect transistor structures, in which the performance of the FET

piezoresistive sensors strongly depends on the voltage between the gate and source. Cou-

pling the PRE with piezoelectric potential created in the piezoelectric material by apply-

ing strain paved the piezotronic sensors. The performance of the piezotronic sensors was

signi�cantly modulated by changes of Schottky barrier heights resulting from piezoelec-

tric potential under applied strain. With the needs of high exibility and stretchability
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in soft/wearable electronic applications, the strategies, proposed to enhance the PRE of

rigid materials, seem to be unsuitable because of the sti�ness of conventional materials

or the low natural PRE of new materials. Enhancing crack propagation, encouraging

changes in overlapping areas or contact pressure between adjacent layers, or boosting

change in tunnelling resistance have been demonstrated the e�ectiveness in improving

performance of the piezoresistive exible/stretchable/wearable sensors.

Researches on improving the PRE have signi�cantly enhanced the performance (sensi-

tivity, signal to noise ratio, resolution, detectable ranges, etc.) of piezoresistive sensors.

Together with the developments of new materials and new applications, the new sensing

mechanisms and strategies for improving the PRE will be proposed. These mechanisms

and strategies can be developed from the proposed ones or are totally new directions.

In addition, further investigations to push the limits the PRE to higher levels based

on proposed methods applied on new materials, novel structures and new applications

continue to be carried out. The next generation of electromechanical sensors is inte-

grating multiple electromechanical sensing functionalities, power supplies, and wireless

into a single technology platform. Coupling the PRE with other physical e�ects will be

investigated further to modulate the PRE and/or the physical e�ects.
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Chapter 3

Opto-Electronically Enhanced

Piezoresistive E�ect

Piezoresistive e�ect has been utilized as a dominant sensing principle in a wide range

of applications including medical instruments, automobile industry, homeland security,

structural health monitoring, smart city, and so on. There have been various methods to

enhance the PRE as discussed in Chapter 2. However, �nding a giant piezoresistive e�ect

with reliability is still facing great challenges due to the limit nature of piezoresistive

materials and dynamic trapping of charge carriers at surfaces of micro-/nano-structures

under mechanical strain. Discovering a new method to enhance the PRE will not only

improve the performance of mechanical sensors, but it can also pave the way for new

research direction."

This chapter presents a discovery of the opto-electronically enhanced piezoresistive e�ect,

which is a photovoltaic-electrical-mechanical property that reects a coupling between

piezoresistive e�ect, lateral photovoltaic e�ect and a controlled hole current. In this ef-

fect, piezoresistive e�ect is the main e�ect utilised to detect the applied strain, and the

sensitivity is boosted by regulating optimally simultaneously both lateral photovoltaic

e�ect and the electrical current. This chapter generally investigates the performance

of the opto-electronically enhanced piezoresistive e�ect in a 3C-SiC/Si heterojunction.

In addition, this chapter analyses the key parameters contributed to this tuneable gi-

ant piezoresistive e�ect and provides explanations for enormous enhancement of the

piezoresistive e�ect.
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3.1 Abstract

Enhancing the piezoresistive e�ect is crucial for improving the sensitivity of mechanical

sensors. Herein, we report that the piezoresistive e�ect in a semiconductor heterojunc-

tion can be enormously enhanced via optoelectronic coupling. A lateral photovoltage,

which is generated in the top material layer of a heterojunction under non-uniform il-

lumination, can be coupled with an optimally tuned electric current to modulate the

magnitude of the piezoresistive e�ect. We demonstrate a tuneable giant piezoresistive

e�ect in a cubic silicon carbide/silicon heterojunction, resulting in an extraordinarily

high gauge factor of approximately 58,000, which is the highest gauge factor reported

for semiconductor-based mechanical sensors to date. This gauge factor is approximately

30,000 times greater than that of commercial metal strain gauges and more than 2,000

times greater than that of cubic silicon carbide. The phenomenon discovered can pave

the way for the development of ultra-sensitive sensor technology.

3.2 Introduction

Discovered by Smith in 1954 [1], the piezoresistive e�ect has been utilised as a ma-

jor mechanical sensing technology [2]. Piezoresistive sensitivity refers to the fractional

change in resistance under applied strain, known as the gauge factor (GF). This sensing

technology can be found in a wide range of applications, such as strain, force, pressure,

and tactile sensors [3] and accelerometers [4,5]. The advantages of this sensing con-

cept include, but are not limited to, low power consumption, simple readout circuits

and miniaturisation capability [5]. However, the performance of the piezoresistive e�ect

depends upon the carrier mobility, which is fundamentally limited by the nature of the

piezoresistive materials.

The enhancement of the piezoresistive e�ect has been of great interest for developing

ultra-sensitive sensing devices. The conventional strategy focuses on the arrangement

of piezoresistors in optimal crystal orientations [6, 7]. For example, the longitudinal

piezoresistive coe�cient of p-type silicon (100) is approximately 6.6 � 10�11 Pa�1 in the

[100] direction, while its value increases to 71.8� 10�11 Pa�1 in the [110] direction [1, 6].

The GF of single crystalline p-type cubic silicon carbide (3C-SiC) is 5.0 and 30.3 in the

[100] and [110] orientation, respectively [8]. A signi�cant improvement in piezoresistive

sensitivity has also been demonstrated using optimal doping concentrations [6,9]. In

terms of material choice, metal strain gauges have been commercialized and are widely

employed in industry, research and daily life. However, the piezoresistive e�ect in metals

is fundamentally based on a geometry change under applied strain, resulting in a low
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GF that is typically less than 2 [2]. Semiconductors such as silicon (Si) and silicon

carbide (SiC) have emerged as suitable materials for strain sensing because of their

relatively high GF of up to 200 in Si [2] and 30 in SiC [8,10]. While the strain-induced

geometry change can be neglected in these semiconductors, the carrier mobility governs

the piezoresistive performance.

Interestingly, a signi�cant enhancement of the piezoresistive e�ect can be achieved by

scaling down piezoresistors to the nanometer-scale owing to advanced nanofabrication

techniques. At the nanoscale level, the charge mobility and surface-to-volume ratio

considerably increase, resulting in a signi�cant improvement in the strain sensitivity [11{

13]. For instance, a large piezoresistive e�ect in top-down fabricated silicon nanowires

(SiNWs) has been observed with a longitudinal piezoresistive coe�cient of up to -3,550

� 10�11 Pa�1 , which is almost 38 times greater than that of bulk Si [13]. However, the

reliability of a large piezoresistive e�ect on the nanoscale is still controversial [14{17].

More recently, coupling piezoresistivity with other physical e�ects, such as piezoelec-

tricity, has emerged as an advanced and promising approach to boost piezoresistivity.

As such, the strain-modulated electric potential in piezoelectric materials, known as

piezotronics, can be used to control or tune the transport of charge carriers. By utilis-

ing strain-induced piezoelectric polarization charges at the local junction of zinc oxide

(ZnO) nanowires to modify their energy band structures, Jun Zhou et al. [18] success-

fully demonstrated an increase in the GF from 300 to 1,250 when the strain increased

from 0.2% to 1%. Additionally, an electrically controlled giant piezoresistive e�ect in

SiNWs has been reported with a GF of up to 5,000 by employing an electrical bias to

manipulate the charge carrier concentration [19]. Coupling of multiple physical e�ects in

nanostructures has also been employed to modulate electrical transport in logic circuits

[20], enhance the sensitivity and detection resolution of bio/chemical sensors [21{23],

and improve the photovoltaic performance of solar cells [24]. An enhancement of up to

76% of the output voltage has been revealed in solar cells by modulating the interfacial

charge transfer in indium phosphide/zinc oxide (InP/ZnO) heterojunction by applying

temperature gradients across the device [24].

In the present work, we report the discovery of a giant piezoresistive e�ect in a semicon-

ductor heterojunction by coupling the photoexcitation of the charge carriers, the strain

modi�cation of the carrier mobility and the electric �eld modulation of the carrier en-

ergy. Visible light is utilised to illuminate the top layer material of the heterojunction

structure, in which the sensing element is non-uniformly illuminated by a vertical vis-

ible light. This illumination generates a lateral photovoltage that is counteracted by

an externally controlled electric �eld to tremendously modulate the magnitude of the

piezoresistive e�ect. As a proof of principle, we employ a 3C-SiC nano�lm grown on a
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Figure 3.1: The sensitivity enhancement by optoelectronic coupling. The
piezoresistive e�ect in the cubic silicon carbide/silicon heterojunction was modulated
by non-uniform visible light illumination on the surface of the sensing element coupled

with an optimally controlled tuning current.

Si substrate to form a 3C-SiC/Si heterojunction. Under visible light illumination, a sta-

ble GF value of the SiC/Si heterojunction as high as approximately 58,000 is achieved,

which is the highest value ever reported for semiconductor piezoresistive sensors. The

piezoresistive e�ect in the SiC nano�lm is utilised to detect mechanical stress or strain,

while its sensitivity is boosted by optimally and simultaneously regulating both the lat-

eral photovoltage and the tuning current. While heavily doped p-type 3C-SiC/p-type Si

(p+ -3C-SiC/p-Si) is used in this work, our method could also be extended to enhance the

sensitivity of other materials and smart structures that have simultaneous photovoltaic

and piezoresistive properties. Thus, our �ndings can open a new era for the development

of ultra-sensitive mechanical sensors.
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Figure 3.2: Enhancement of the piezoresistive e�ect. An unprecedented high
gauge factor (GF) was achieved by simultaneously utilising the lateral photovoltage
and tuning the electric current to modulate the performance of the piezoresistive e�ect
under tensile strain (a) and compressive strain(b). The linearity of the sample applied
in this method is excellent. Due to our discovery, a GF as high as 58,000 was achieved
under tensile and compressive strain. (c) Repeatability of the fractional change in
resistance under dark and light conditions as 451 ppm tensile strain was periodically
turned ON and OFF. (d) Repeatability of the fractional change in resistance under
dark and light conditions as the 451 ppm compressive strain was periodically turned

ON and OFF.

3.3 Results

3.3.1 Enhancement of the piezoresistive e�ect

We demonstrated an unprecedentedly large piezoresistive e�ect in the p+ -3C-SiC/p-

Si heterojunction using a bending method. The carrier concentrations in the 3C-SiC

nano�lm and Si substrate were 5 � 1018 cm�3 and 5 � 1014 cm�3 , respectively. The

light intensity was 19,000 lx, while three di�erent strains of 225 ppm, 451 ppm, and 677

ppm were induced in the material (seeFigure 3.1). In our experiments, we supplied an

optimally controlled tuning current and simultaneously measured the output voltage.
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We supplied a constant tuning current of 29.75�A and light with an intensity of 19,000

lx. Strain was periodically applied (i.e., Load ON) and released (i.e., Load OFF). The

fractional change in the resistance (�R=R 0) was calculated as follows:

�R
R0

=
R � R0

R0
=

V
I � V0

I
V0
I

=
V � V0

V0
=

�V
V0

(3.1)

where the strain-free resistanceR0 is calculated byR0 = V0=I , V0 is the voltage measured

between the two electrodes under strain-free conditions, andI is the supplied tuning

current owing between the two electrodes, which was kept constant throughout the

measurement. When a strain or stress is applied, the resistanceR will change due to the

piezoresistive e�ect. The value of resistance is calculated byR = V=I, where V is the

voltage measured between two electrodes under stress/strain application. As shown in

Figure 3.2-a and 3.2-b, the fractional changes in the resistance �R=R0 linearly increased

with the increases in the tensile and compressive strain, which is desirable for high-

performance strain sensing applications.Figure 3.2-c compares the fractional changes

in the resistance � R=R0 between dark and light conditions under 451 ppm tensile strain,

while Figure 3.2-d shows � R=R0 under 451 ppm compressive strain. Under a 451 ppm

tensile strain, the � R=R0 value increased approximately 2,950 times from 0.009 in the

dark condition to 26.6 under light illumination, and this trend was similar under the

compressive strain (the � R=R0 value increased from -0.0087 to -27 under the 451 ppm

compressive strain). These results indicate a giant enhancement in the piezoresistive

e�ect under light conditions. This tremendous enhancement was con�rmed under other

applied strains as well (seeFigure 3.7). The piezoresistive sensitivity is characterised by

the GF, which is de�ned as the fractional resistance change in response to the applied

strain:

GF =
�R
R0

�
1
"

=
�V
V0

�
1
"

(3.2)

where " is the applied strain, which is detailed in Table 3.1. Under the tensile strain,

the GF was found to be 20 in the absence of light (see the inset inFigure 3.2-a) and

increased to approximately 58,000 under light illumination (seeFigure 3.2-a), which is

the highest strain sensitivity ever reported. Moreover, under compressive strain, the

change in the resistance or GF was similar to that observed under tensile strain but

opposite in sign (seeFigure 3.2-b). In addition, the signal to noise ratio (SNR) under

light condition increased signi�cantly in comparison with that under dark condition.

3.3.2 Tuning current in optoelectronic coupling

The dependence of the piezoresistive e�ect on the tuning current under the 451 ppm

tensile strain and the illumination condition of 19,000 lx intensity is depicted in Figure
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Figure 3.3: The role of the tuning current in the enhancement of the piezore-
sistive e�ect. (a) Characteristics of GF with respect to the supplied tuning current.
Three ranges of tuning current are magni�ed in (b), the negative GF range; in (c), the
optimal range; and in (d), the positive GF range. Under the same light condition, the
sensitivity (i.e., GF) changed signi�cantly versus the supplied current. Under a light
intensity of 19,000 lx, as the supplied current was swept from 15�A to 45 �A, the GF
increased from approximately -16 to a maximum of approximately 95,500, and then

decreased to about approximately 50.

3.3. Figure 3.3-a shows the change in the GF as the tuning current increased from

15 �A to 45 �A, while Figures 3.3-b, 3.3-c and 3.3-d illustrate the magni�ed graphs

of the GF value versus the tuning current in three distinguished current ranges. The

GF increased from approximately -16 to -1,800 as the current increased from 15�A

to 29.45 �A (see Figure 3.3-b), while it decreased from 1,800 to approximately 50 for

the high current ranging from 30 �A to 45 �A (see Figure 3.3-d). This di�erence was

attributed to the dominance of the photomodulated potential over the injected potential

(i.e., tuning current). The compensation of these two potentials in the current range of

from 29.45 �A to 30 �A led to a change in the GF sign and the ultra-high absolute GF

values (seeFigure 3.3-c). As the strain-free voltageV0 was relatively small due to the

potential compensation, the modulation of the charge mobility under strain resulted in a

signi�cant change in the measured voltage, resulting in an ultra-high GF. It was observed

that a higher GF can be achieved as the magnitude of the tuning current became closer

to that of the photocurrent. For instance, under an incident light intensity of 19,000

lx, the maximum GF observed was as high as approximately 95,500. However, as the

tuning current became closer to the photocurrent, the GF was more variable due to an

inevitable slight variation in the photocurrent. Therefore, to achieve a higher stable
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Figure 3.4: Generated photovoltage and photocurrent. (a) Under light illu-
mination of 19,000 lx, a lateral photovoltage of approximately -9.0 mV was generated
between the two electrodes.(b) The photocurrent under light illumination of 19,000
lx. As the light was turned OFF, the photocurrent was 0 �A, and this value was

approximately 29.7 �A when light with an intensity of 19,000 lx was ON.

sensitivity, the tuning current should be controlled and maintained as close as possible

to the magnitude of the photocurrent but also far enough to retain stability. In our

experiment, we achieved a stable GF of approximately 58,000 when the tuning current

was help constant at 29.75�A under an illumination of 19,000 lx from a stable visible

light source.

As such, the signi�cant enhancement in the piezoresistive e�ect by optoelectronic cou-

pling in the 3C-SiC/Si heterojunction is a combination of two key elements: light illu-

mination and tuning current. This enhancement was �rst attributed to the photogen-

erated electrical potential in the 3C-SiC �lm with non-uniform illumination of visible

light, which was indicated by the lateral photovoltage and/or photocurrent. The mag-

nitudes of the photovoltage and the photocurrent can be manipulated by parameters

such as light intensity, light position, or light wavelength. The lateral photovoltage, for

example, was measured to be approximately -9 mV under a light intensity of 19,000 lx

(seeFigure 3.4-a), and the value of the photocurrent was approximately 29.7�A (see

Figure 3.4-b). The magnitudes of the generated photovoltage and photocurrent can be

changed by changing the light position. For instance, using the same previous light, we

gradually adjusted the light beam position from the left (L) electrode to the right (R)

electrode (seeFigure 3.8). The measured voltage decreased from a large positive value

(e.g., 9 mV) at electrode L to zero at the centre of the device and then increased to

a large negative value at electrode R (e.g., -9 mV). The underlying physics behind the

generation of the photocurrent and photovoltage on 3C-SiC can be explained accord-

ing to the lateral photovoltaic e�ect [25]. Figure 3.5-a shows the photon excitation of

electron-hole pairs (EHPs) in the 3C-SiC/Si platform under light illumination. As such,



Chapter III. Opto-Electronically Enhanced Piezoresistive E�ect 76

a

b c

E0

light 
source

Si

Ec

E
F,Si

E
V

3C-SiC

1.7 eV

0.45 eV

Si 3C-SiC
eVph

L R

E
F,SiC

p-type Si region

Depletion region

p-type SiC region

Electrode

Hole tunneling

Generated hole under illumination

Generated electron under illumination

Short wavelength light

Long wavelength light

Figure 3.5: Formation mechanism of the lateral photovoltage. (a) Electron-
hole pair generation and separation. Under visible light, electron-hole pairs are gen-
erated in the depletion region and Si substrate. Then, the generated EHPs in the
depletion region are separated by an internal electric �eld, and the generated holes
in the Si substrate tunnel to the 3C-SiC thin �lm. Schematic band diagrams of the
heterojunction at the electrode L area without illumination (b) and at the electrode R
area with illumination (c). Under non-uniform illumination, photons are injected into
the electrode R area rather than into the electrode L area, resulting in holes generated
and injected in this area. Consequently, there is a gradient of the hole concentration in

the 3C-SiC layer.

photogenerated charge carriers have a high concentration at electrode R close to the

light source. The formation of the gradient of charge carriers is discussed as follows.

3.3.3 Formation of the gradient of charge carriers

When heavily doped p-type 3C-SiC and p-type Si are brought together, holes di�use

from the 3C-SiC �lm into the Si substrate to decrease the hole gradient, leaving behind

negative charges in the SiC layer near the interface of the heterojunction. In contrast,

electrons in Si, as minor carriers, migrate into SiC and create a positive charge layer on

the Si side. The migration of electrons and holes forms a depletion region (space charge

region) and a built-in electric �eld E0, which bends the conduction band and valence

band in the depletion region. It is worth noting that the depletion region extends
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primarily into the Si substrate (see Figure 3.5-a) because the carrier concentration in

the Si substrate (5� 1014 cm�3 ) is much lower than that in the SiC thin �lm (5 � 1018

cm�3 ). As shown in Figures 3.5-b and 3.5-c, there are energy o�sets of 0.45 eV and

1.7 eV for the conduction band and valence band, respectively, between 3C-SiC and Si

[26]. Figures 3.5-b and 3.5-c present the band energy diagrams of SiC/Si under light

illumination at electrode L and R areas, respectively. Owing to the visible-blind property

of SiC, photons were only absorbed in the depletion region and the Si layer, where EHPs

were generated. The generated EHPs in the depletion region were separated by the

internal electric �eld E0. Consequently, photogenerated holes in the depletion region

moved to the SiC �lm and increased its electrical conductivity. We hypothesized that

the photogenerated holes in Si also moved towards SiC by the tunnelling mechanism.

Under non-uniform illumination, the majority of photons migrated into the electrode R

area rather than into the electrode L area, resulting in holes were injected into this area.

Consequently, there was a potential gradient in the hole concentration from electrode

R to electrode L, which resulted in a di�erence in the electric potential described as

eVph = EF;SiC @R � EF;SiC @L, where e is the elementary charge,EF;SiC is the Fermi

energy level, andVph is the generated lateral photovoltage. When the external circuit

was shorted, the only current in the circuit was the photocurrent (I photo).

3.3.4 Hole redistribution

The potential gradient of the hole concentration from R to L can also be represented in

the E-k (energy-momentum) diagrams inFigure 3.6. Under inhomogeneous illumination

of light (see Figure 3.6-a), the di�erence in the photogenerated hole concentration at

R and L resulted in a di�erence in the Fermi levels in the SiC thin �lm in the two

electrode regions. When a bias currentj with a positive terminal at electrode R and a

negative terminal at electrode L is applied, the 3C-SiC band energy was bent upwards

from electrode L to electrode R (seeFigure 3.6-b). This bias current created an electric

�eld Eb

Eb =
Z R

L
j �

1
�

dx (3.3)

where � and x are the conductivity of SiC and the distance from electrode L, respec-

tively. This electric �eld Eb o�set the lateral photogenerated electric �eld Eph = eVph,

resulting in a relatively small voltage V0 between the two electrodes. Particularly, under

a light intensity of 19,000 lx, a bias current of 29.75�A almost cancelled out the lateral

photovoltage, resulting in a nearly zero voltage (V0 � 0) (see Figure 3.6-b).Figure 3.6-c

shows the change in the band diagram at the electrodes under uniaxial tensile strain.

The energy sub-band of heavy holes (HHs) was shifted up to a lower energy level, while

the energy sub-band of light holes (LHs) moved down to a higher energy level [27,28].
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As a consequence, there was an increase in the HH concentration and a decrease in

the LH concentration, while the total concentration of holes was hypothesized to be

unchanged due to the high doping concentration. It should be noted that as HHs have

a higher e�ective mass than LHs, the increase in the HH concentration and the decrease

in the LH concentration caused an increase in the total of the e�ective mass. Conse-

quently, the mobility of the holes was reduced, which diminished the conductivity � or

increased resistance. As a result, the bias current generated a high electric �eldE and a

high measured voltageV . The signi�cant di�erence between the voltage V under light

illumination coupled with the applied strain (see Figure 3.6-c) with respect to the nearly

zero voltage V0 under the strain-free state (seeFigure 3.6-b) led to the giant piezore-

sistive e�ect in the SiC nano�lms. Furthermore, in principle, it is possible to tune V0

towards zero by regulating the illumination conditions and tuning the current to achieve

a desirable high sensitivity to strain.

3.3.5 Discussion

We discovered a giant gauge factor of 58,000 in the 3C-SiC/Si heterojunction under op-

toelectronic coupling. This is the highest GF reported to date, which is approximately

30,000 times greater than the GF of commercial metal strain gauges and more than 2,000

times higher than that of 3C-SiC under dark conditions. We analysed three key param-

eters that contributed to this tuneable giant piezoresistive e�ect. First, non-uniform

illumination created a gradient of carrier concentration within the 3C-SiC nano�lm,

generating a lateral photovoltage in this layer. Second, the tuning current was intro-

duced to reduce the di�erence in the Fermi energy levels of 3C-SiC at the two electrodes

(L and R). Depending on the value of the lateral photovoltage, the optimal tuning cur-

rent can have di�erent values. Third, mechanical stress or strain caused shifts in the

valance sub-bands (light hole and heavy hole), leading to the redistribution of charge

carriers among these bands and changing the mobility and electrical conductivity of the

material. The discovery of this optoelectronic coupling phenomenon in a semiconductor

heterojunction has great potential to open a new era of ultra-sensitive sensor technology.

3.4 Methods

Growth of 3C-SiC on a Si substrate: Single crystalline cubic silicon carbide (3C-

SiC) was grown on a single crystalline Si substrate by low pressure chemical vapour

deposition in a 1,000� C reactor. Ultra-pure silane and acetylene were used as precursor

materials to provide Si and C in the 3C-SiC growth process. Heavily doped 3C-SiC was
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then formed by doping aluminium atoms from the (CH3)3Al (trimethylaluminium) pre-

cursor compound in the in situ growth process. The characteristics of single crystalline

3C-SiC on a single crystalline Si substrate are shown inFigure 3.9 [14]. Figure 3.9-a

(the selected area electron di�raction image) andFigure 3.9-b (X-ray di�raction analy-

sis) indicate that single crystalline 3C-SiC was epitaxially grown on a single crystalline

Si substrate. The transmission electron microscopy image inFigure 3.9-c con�rms the

crystalline properties of the SiC �lm. The thickness of the 3C-SiC layer measured by

NANOMETRICS Nano-Spec-based measurements was 300 nm with the tolerance across

the wafer within � 2 nm. The carrier concentrations in the 3C-SiC layer and single crys-

talline Si substrate were 5� 1018 cm�3 and 5� 1014 cm�3 , respectively, as determined

by the hot probe and Hall e�ect techniques.

Sample fabrication: To demonstrate the piezoresistive e�ect of optoelectronic cou-

pling in heterojunction, cantilevers were fabricated according to the design shown in

Figure 3.10. The length, width, and thickness of the cantilevers were 32 mm, 5 mm, and

0.63 mm, respectively. The distance from the free end of the cantilever to the centre

of the piezoresistor was 25 mm. The dimensions of the piezoresistor were 0.5 mm�

2.5 mm, while those of the electrodes were 0.8 mm� 2.5 mm. Five cantilevers were

fabricated following the process presented inFigure 3.11. After the growth process,

an aluminium layer was deposited on top of 3C-SiC by a sputtering process. Then, a

photoresist layer was coated on the surface of aluminium by a spin-coating technique

at a spinning speed of 3,500 rpm, and the photoresist layer was baked at 110� C for 100

seconds. Next, the wafer was exposed to ultraviolet light to pattern the shape of the

electrodes. The aluminium electrodes were formed through an aluminium wet etching

process, which was followed by a �nal dicing process to form the cantilevers. A root

mean square roughness of the top surface of the cantilever estimated by atomic force

microscopy measurements was smaller than 15 nm. As shown inFigure 3.12, the I-V

characteristics were linear under both dark and light conditions, which con�rmed that

Ohmic contact formed between aluminium and 3C-SiC.

Optoelectronic coupling characterisation: To characterise the optoelectronic cou-

pling e�ect, �ve cantilevers were tested under the same conditions with the same pro-

cedure. As shown inFigure 3.13, the cantilevers were mounted on the chuck of the EP

6 CascadeMicrotech probe system. The sample position could be accurately adjusted.

The samples were illuminated by vertical visible light from the Fibre Optic Illuminator

used in the EP 6 CascadeMicrotech probe system, and the light beam position could

also be precisely controlled using a precision XYZ stage. The light intensity measured

using a digital lx metre was 19,000 lx. The tensile and compressive strains on the SiC

devices were induced using a cantilever bending experiment. Three di�erent weights of
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50 g, 100 g, and 150 g were hung on the free end of the cantilever to induce strain in

the sensing element. The strain calculation is detailed in section 3.5.2. We controlled

the tuning electric current and simultaneously measured the voltage between the two

electrodes using a Keithley 2450 SourceMeter.
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Figure 3.7: Repeatability of the fractional change in resistance under light
and dark conditions. (a) Repeatability of the fractional change as di�erent tensile
strains were periodically applied (i.e., Load ON) and released (i.e., Load OFF) in
the cantilevers. (b) Repeatability of the fractional change as di�erent compressive
strains were periodically applied (i.e., Load ON) and released (i.e., Load OFF) in the

cantilevers.

Light beam position

-10

-8

-6

-4

-2

0

2

4

6

8

10

La
te

ra
l P

ho
to

vo
lta

ge
 (

m
V

)

RL Middle

Figure 3.8: Dependence of the photovoltage on the light position. Light beam
with intensity of 19,000 lx was positioned from electrode L to electrode R, the output
voltage was measured. As the light beam was at electrode L, the lateral photovoltage
was approximately 9 mV. This photovoltage was -9 mV when the light beam was at
electrode R, and the value was 0 V when the light beam shining at the middle between

the two electrodes (L and R).
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Figure 3.9: The characteristics of single crystalline 3C-SiC grown on a single
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Figure 3.10: Geometry of the cantilevers. The distance from the piezoresistor to
the free end of the cantilever was 25 mm, and the whole length of the cantilever was 32
mm. The width and thickness of the cantilever were 5 mm and 0.63 mm, respectively.
The thickness of the SiC layer was 300 nm. The dimensions of the piezoresistor were

0.5 mm � 2.5 mm.
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Figure 3.11: Fabrication process of the 3C-SiC/Si cantilever. (a) Si wafer
(100) preparation, (b) growth of 3C-SiC on a Si wafer by low pressure chemical vapour
deposition (LPCVD) method at a temperature of 1,000� C, (c) deposition of aluminium
on the surface of the 3C-SiC nano�lm, (d) photolithography, (e) wet etching alu-
minium, (f ) dice of the 3C-SiC/Si wafer. The fabrication process of the 3C-SiC/Si
cantilever started from a p-type Si wafer (100), which have a doping concentration of
5 � 1014 cm�3 . A 3C-SiC nano�lm with the thickness of 300 nm was epitaxially grown
on the (100) Si substrate. After that, two aluminium electrodes were deposited and
patterned on the 3C-SiC surface. Finally, the 3C-SiC/Si wafer was diced to create the
cantilevers (32 mm � 5 mm � 0.63 mm). Ohmic contacts between the electrodes and

the 3C-SiC layer have been demonstrated.
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Figure 3.13: Experimental setup. (a) The brief schematic of the experiment. (b)
A photography of the experiment. In our experiment, the cantilevers were mounted
on the chuck of the EP 6 CascadeMicrotech probe system. The cantilevers were il-
luminated by light from the Fibre Optic Illuminator of the EP 6 CascadeMicrotech
probe system. The position of the light beam could be adjusted in three directions,
and the light intensity could be regulated by changing supply power. A Keithley 2450
SourceMeter was used to control the electrical current and simultaneously measure the
output voltage. Three weights of 50 g, 100 g, 150 g were used to induce strains in the

cantilever.

Table 3.1: Strain calculation results

Load (g) F (mN) w (mm) t (mm) L (mm) E Si (GPa) ESiC (GPa) " (ppm)

50 491 5 0.63 25 170 330 225

100 982 5 0.63 25 170 330 451

150 1473 5 0.63 25 170 330 677
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Figure 3.14: E-k (energy-momentum) characteristics of 3C-SiC nano�lms
under dark condition. (a) E-k characteristics at electrode L and electrode R under
dark condition, (b) under dark condition and tuning current, (c) under dark condition,
tuning current and applied strain. Under dark condition, the E-k diagrams of SiC at
the two electrodes are the same. When an electrical current is supplied to the two
electrodes, the band energy is bend upwards from electrode L to electrode R, which
results in a di�erence of the Fermi levels �E = eV0 between the two electrodes, where
V0 is the output voltage without strain, which is much larger than that under light

conditions.
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Figure 3.16: Equivalent circuit model of the sample.

3.5.2 Supplementary notes

Supplementary Note 1: Strain calculation

Figure 3.15 depicts a cantilever with one end clamped and one end free. The width and

thickness of the cantilever arew and t, respectively. The distance from the free end

(load point) to the centre of the piezoresistor isL. tSi and tSiC are the thickness of the

Si substrate and SiC thin �lm, respectively. ESi and ESiC are Young's moduli of Si and

SiC in the [100] orientation. A force F is applied to the free end of the cantilever.

The strain " in the centre of the piezoresistor was calculated using a bending model of

a bi-layer beam as SiC was epitaxially grown on the Si substrate with assumption that

the bonding between the Si substrate and SiC layer is perfect. As the lengths of the Si

substrate and SiC layer are equal, the lateral strain of the piezoresistor is [2]:

" =
F

wD
Lt n =

F
wD

L
t
2

(3.4)
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wheretn is the distance from the neutral axis to the piezoresistor. The bending modulus

per unit is estimated as

D =
E 2

Si t
4
Si + E 2

SiC t4
SiC + 2E Si ESiC tSi tSiC (2t2

Si + 3t Si tSiC + 2t 2
SiC )

12(ESi tSi + ESiC tSiC )
(3.5)

Substitute the given parameters into equations3.4 and 3.5, we can �nd strain at the

sensing element corresponding with three applied loads of 50 g, 100 g, and 150 g as

shown in Table 3.1. We have also con�rmed these results using �nite element analysis

(FEA) method.

Supplementary Note 2: Equivalent circuit model

In this research, the p-Si substrate and heterojunction play critical roles in the generation

and redistribution of charge carriers (electron/hole pairs) into the 3C-SiC thin �lm. The

sensing element was the SiC thin �lm resistor de�ned by two electrodes. The equivalent

circuit model is shown in Figure 3.16. The diode con�guration of the heavily doped

p-type 3C-SiC/p-type Si heterojunction only allowed the charge carriers to move from

the Si side to SiC whenever there were excessive charge carriers in Si (e.g., by photon

excitation). Therefore, this heterojunction con�guration works well either when the Si

substrate is oated or kept at a potential lower than the potential on the SiC side to

maintain the reverse-biased condition. This concept was demonstrated by experiments

in both cases (i.e., The Si substrate was grounded and oated.), and the results were

similar.
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Chapter 4

Optoelectronic Coupling in

Semiconductors: towards

Ultrasensitive Pressure Sensing

This chapter demonstrates an unprecedented enhancement of sensitivity, tunability, sta-

bility, and the expansion of detectable range in a pressure sensor by applying the opto-

electronically enhanced piezoresistive e�ect. Design, fabrication process and charac-

terisation of the 3C-SiC/Si heterojunction pressure sensor are described. Performance

of the 3C-SiC/Si heterojunction pressure sensor under the light condition (applied the

opto-electronically enhanced piezoresistive e�ect) and under dark condition is compared

and discussed.
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4.1 Abstract

The discovery of giant piezoresistive e�ect in a semiconductor heterojunction by opto-

electronic coupling can open a new era for mechanical sensors. This paper develops a

novel concept of opto-electronic coupling in a semiconductor heterojunction for pressure

sensing. We employ non-uniform illumination of visible light on a SiC/Si heterojunction

to generate a gradient of charge carriers in the SiC nano�lm. These charge carriers are

then manipulated by a tuning current, producing giant relative resistance changes of

the material under applied pressure. We successfully demonstrated the enhancement by

opto-electronic coupling in a SiC/Si heterojunction pressure sensor to amplify its sen-

sitivity up to 185,000 times compared to the unilluminated condition. In addition, the

opto-electronic coupling has signi�cantly improved the repeatability, stability, signal-to-

noise ratio and detectable range of the pressure sensor. The ultrahigh sensitive pressure

sensing mechanism by opto-electronic coupling will pave a way for development of ex-

tremely sensitive mechanical sensors.

4.2 Introduction

Pressure sensors are considered as one of the most prominent microelectromechanical

system (MEMS) devices [1,2] with diverse applications in robotics, healthcare [3{7],

automobile industry [8], homeland security [9], energy harvesting [10,11] and envi-

ronmental monitoring [3, 9, 12]. Detection principles such as piezoresistive [3,12{14],

piezoelectric [15], capacitive [5,16, 17], and optical concepts [18{20] have been applied

to realize high-performance pressure sensors. Among these concepts, the piezoresistivity

that transforms mechanical deformation into a resistance change has various advantages

such as a wide linearity range [1], easy integration, small size, simple device fabrication

process [3], and low power consumption [12]. It is desirable to modulate performances of

piezoresistive pressure sensors, particularly in sensitivity, durability, reliability, linearity,

and response time. To date, pressure sensors have achieved substantial advancement in

performance. Conventional enhancement approaches have focused on optimizing designs

such as the geometry of diaphragms, and the location and direction of piezoresistors.

Recently, performances of pressure sensors have been signi�cantly improved by using

nanostructures such as nanowires [14,21, 22], nanotubes [13,16], nano�bers [18] and

nanoparticles [23]. For instance, by utilising SiC nanowire, Phanet al. [14] enhanced

the sensitivity of the pressure sensor 3-fold in comparison to conventional structures. In

terms of material, while silicon (Si) is the most prominent material used for piezoresis-

tive pressure sensors owing to its high piezoresistive e�ect, excellent mechanical proper-

ties, and compatibility with advanced microfabrication technologies [8], silicon carbide



Chapter IV. Optoelectronic Coupling in Semiconductors: towards Ultrasensitive
Pressure Sensing 94

(SiC) with properties of high energy band gap, chemical inertness and high sti�ness is

a promising material that may work reliably in harsh environments [24{28].

More recently, several tuning approaches have been proposed, not only for improving

pressure sensitivity, but also for di�erent sensing applications [4,15, 23, 29{31]. By

controlling the mechanical properties of sebacic acid and glycerol in the synthesis process,

Clementine et al. [31] successfully developed a biodegradable pressure sensor array

of a sensitivity of 0.76 kPa�1 for blood vessel monitoring. Another example was an

improvement in sensitivity, by 3.5 times, of a tough exible sensor based on monolayer-

capper nanoparticles by decreasing width of the substrates from 30 mm to 10 mm [23].

Additionally, Gregor et al. [4] demonstrated a exible polymer transistor with tuneable

sensitivity for pressure sensing. The pressure sensitivity was modulated approximately

8 times as the source drain voltage (VDS ) decreased from -80 V to -10 V at the low

pressure range (<1 kPa), and the sensitivity was found to be highest atVDS of -40 V in

the higher pressure regime. This maximum sensitivity remained over the entire pressure

regime (from 0.1 kPa to 10 kPa) as the source drain voltage was approximately -40 V.
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Figure 4.1: Pressure sensing enhancement mechanism by opto-electronic
coupling in a heterostructure pressure sensor.
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The discovery of a giant piezoresistive e�ect in SiC/Si heterojunction by opto-electronic

coupling can create a new direction for development of mechanical sensors [32]. In

this paper, we demonstrate a tremendous enhancement in performance of a microma-

chined 3C-SiC/Si heterojunction pressure sensor by opto-electronic coupling (seeFig-

ure 4.1). The pressure sensitivity is boosted from 4.7�10 �6 kPa�1 to as high as 0.87

kPa�1 utilising opto-electronic coupling, which is approximately 185,000 times improve-

ment in comparison with the pressure sensitivity in the case without applying opto-

electronic coupling. This sensitivity is 1700 times higher than that of the most sensitive

semiconductor-based piezoresistive pressure sensors to date. In addition, the repeatabil-

ity, stability, signal to noise ratio (SNR), and detectable pressure range were signi�cantly

improved by opto-electronic coupling as well. Furthermore, this novel sensing mecha-

nism substantially facilitated fabrication process and created a 3C-SiC protection layer

for harsh environment applications.

[100]

[110]

SiC/Si (100) 

[110]

3C-SiC

Si

Al

Photoresist

Mask

Chip holder

Step: 1 Step: 2 Step: 3

Step: 4

Step: 5Step: 6Step: 7

Figure 4.2: Fabrication process. First, 3C-SiC nano�lm was epitaxially grown on
a (100) Si substrate. Then, the diaphragm was formed via a wet etching process in
a solution of 25% KOH. Next, aluminium electrodes were patterned on the top of the
3C-SiC nano�lm layer via consecutive steps including depositing aluminium on the top
of 3C-SiC nano�lm, coasting photoresist on the top of aluminium layer, exposing the
wafer to ultraviolet light, and etching aluminium. Finally, the pressure sensors were

separated via dicing process and then attached on chip holders.

4.3 Design and sensing concept

We implemented a pressure sensor with a highly doped p-type 3C-SiC/p-type Si (p+ -

3C-SiC/p-Si) heterojunction diaphragm. Details of the design are shown inFigure

4.7. The sensing element was located at the middle of a diaphragm edge and aligned in
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[110] direction, which possesses the maximum piezoresistive coe�cient in p-type 3C-SiC.

Applied pressure was detected via changes in resistance of the sensing element. Opto-

electronic coupling was realised by non-uniformly illuminating the sensing element with

visible light with most of the incident light struck area around electrode A. Combining

with illumination, a controlled current was supplied to modulate the carrier energy. By

optimising value of the tuning current versus the illumination condition, the pressure

sensor performance was enormously enhanced.

4.4 Fabrication process

Growth 3C-Si nano�lm on Si substrate. From a p-type single crystalline Si (100)

substrate, we deposited a thin �lm 3C-SiC on a p-type single crystalline Si (100) sub-

strate by a Low Pressure Chemical Vapor Deposition (LPCVD) technique at 1000� C

using silane and propene as a precursor compound. Aluminum atoms from trimethyl-

aluminum were then doped into the 3C-SiC thin �lm in the in situ growth process to

form a heavily doped 3C-SiC layer. Thickness of the 3C-SiC �lm was approximately 300

nm determined by NANOMETRICS Nano-spec-based measurement with the tolerance

of less than � 1.5 nm over the whole diaphragm. Geometry of the diaphragm was ap-

proximately 5 mm � 5 mm � 225 �m. Acceptor concentrations in the 3C-Si thin �lm,

measured by the hot probe and Hall e�ect techniques, was 5�1018 cm�3 . Figure 4.8

shows characteristics of the 3C-SiC thin �lm grown on the Si substrate, which indicates

that 3C-SiC was epitaxially grown on the Si substrate.

Sensor fabrication. As shown in Figure 4.2, 5 � 5 mm2 windows were opened at the

backside of the SiC/Si wafer using anisotropic wet etching in a solution of 25% KOH with

an etching rate of approximately 70�m/hour to form diaphragm of the pressure sensor.

The subsequent sputtering process deposited an aluminum layer on the surface of the

3C-SiC �lm. Next, aluminum was patterned through a lithography process to form the

sensing element, which was de�ned by two aluminum electrodes. The wafer was rapidly

thermal-annealed to obtain Ohmic contacts between aluminum and 3C-SiC, following

by �nal step which diced the wafer into smaller pressure sensors. The sensors were then

attached to chip holders with an open window at the center using an epoxy adhesive, as

depicted in Figure 4.9-a. Figure 4.9-b presents the Scanning Electron Microscope (SEM)

image from the back of diaphragm after wet etching. The root mean square roughness

of the diaphragm top surface, estimated by Atomic force Microscopy, is less than 20 nm.

As the formation of the sensors does not request any dry-etching of the sensing element,

fabrication process of the pressure sensor was signi�cantly simpli�ed compared to those
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Figure 4.3: Pressure sensitivity enhancement by opto-electronic coupling.
(a) The pressure sensitivity is - 4.7�10 �6 kPa�1 under unilluminated condition. (b)
The sensitivity was unprecedentedly enhanced to -0.87 kPa�1 by opto-electronic cou-
pling. Due to opto-electronic coupling, the pressure sensitivity was improved approx-
imately 185,000 times which is 1,700 times higher than the best value of the recently
reported silicon-based pressure sensor. The relationship between output voltage and
the applied pressure(c) under dark condition and (d) under light condition. Under
the unilluminated condition, the absolute change of the output voltage was approxi-
mately 3.9 �V as the applied pressure change from 30 kPa to 70 kPa. Under the same
pressure range, the change of the voltage was 330�V under the illuminated condition.
(e) Repeatability of the fractional change in voltage under unilluminated condition
which was approximately 1.5� 10�4 , 2.1 � 10�4 , 2.6 �10 �4 under 40, 50, and 60 kPa,
respectively. (f ) Repeatability of the fractional change in voltage under illuminated
conditions while the tuning current was kept constant at 68.2 �A and the air pressure
was applied and released at a frequency of 0.1 Hz. The repeatability was excellent,
and fractional changes in the voltage are as high as 19, 28.7, 41.3, 54.6 and 69.5 under
applied pressures of 30 kPa, 40 kPa, 50 kPa, 60 kPa, and 70 kPa, respectively which

were enormous enhancements from the unilluminated condition.

of conventional piezoresistive pressure sensors [1,14]. In addition, the 3C-SiC layer can

play a role as a protection layer for the Si substrate in harsh environment applications.

4.5 Performance characterisation

Figures 4.10-a and 4.10-b respectively show the experimental schematic and setup to

investigate performances of the pressure sensor. Air pressure was applied to backside of

the diaphragm using an ELVEFLOW OB1 pressure controller combined with a pneu-

matic pump. The sensor was covered by a black acrylic frame to eliminate the inuence

of surrounding uncontrolled light. The incident light with intensity of approximately
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20,000 lx illuminated the sensing element through a small window on the black acrylic

frame. A KEITHLEY 2450 Source Meter was used to control the tuning current and

simultaneously measure the output voltage. Before conducting the experiment, position

of the light was accurately adjusted by measuring feedback signal from the lateral pho-

tovoltage. The repeatability of the lateral photovoltage and photo current as the light

periodically turned ON and OFF are shown in Figures 4.11-a and 4.11-b. Under the

illuminated condition, the lateral photovoltage and photocurrent are approximately 25

mV and 68.2 �A, respectively, and the supplied current of 68.2 �A was observed as the

optimal tuning current.

4.6 Results and discussion

Pressure sensitivity is de�ned as

S =
�V
V0

�
1
P

(4.1)

where � V = V � V0 is the change of voltage across the sensing element due to apply-

ing pressure;V0 is the voltage across the sensing element under pressure-free condition;

P is the applied pressure. To demonstrate an unprecedented modulation of the pres-

sure sensitivity using opto-electronic coupling, the pressure sensitivity was evaluated in

both unilluminated condition (i.e., without opto-electronic coupling) and illuminated

condition. The supplied current was constantly controlled at 68.2 �A. As shown in

Figure 4.3, the average pressure sensitivity was approximately 4.7�10 �6 kPa�1 under

the unilluminated condition (see Figure 4.3-a) and this sensitivity was enhanced to as

high as 0.87 kPa�1 under the illuminated condition (see Figure 4.3-b), which was an

enormous enhancement (approximately 185,000 times enhancement). The sensitivity of

our sensor is more than 1,700 times higher than the best result of recently reported

micromachined semiconductor pressure sensors (seeTable 4.1). This huge improvement

in sensitivity might result from the modulation of piezoresistive e�ect by opto-electronic

coupling [32]. Moreover, this sensitivity can be further improved by decreasing thickness

of the diaphragm as the current thickness (225�m) is much larger than that of previous

reports (70 �m and 150 �m) [1, 14]. This huge improvement in sensitivity compared to

previous report totally came from the opto-electronic coupling, as the sensitivity of our

sensor under the unilluminated condition is consistent with those of previous reports.

Under the illuminated condition, the tuning current was supplied so that the total

current running across the sensing element was approximately 68.2�A and this current

was kept constant throughout the experiment. Therefore, the change of voltage across
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the sensing element is
�V
V0

=
V � V0

V0
=

R � R0

R0
=

�R
R0

(4.2)

whereR0 and R are the resistance across the sensing element under pressure-free condi-

tion and under the applied pressure, respectively. Apparently, from equation (4.2), the

change of voltage across the sensing element is proportional to the change of resistance

across the sensing element. In other words, the change of the voltage depends only on

the piezoresistive e�ect, which is enhanced by opto-electronic coupling [32].

The relationships between output voltage and the applied pressure under the unillu-

minated and illuminated conditions are shown in Figure 4.3-c and 4.3-d. Under the

unilluminated condition, the absolute change of the voltage was approximately 3.9�V

as the applied pressure increased from 30 kPa to 70 kPa, while the change under the

illuminated condition was approximately 330 �V under the same pressure range. Fig-

ures 4.3-e and4.3-f present the voltage signal responding to various applied pressures,

which were loaded and unloaded at a frequency of 0.1 Hz under the unilluminated and

illuminated conditions. For example, under applied pressure of 50 kPa, the fractional

change in voltage was approximately 2.1� 10�4 under the unilluminated condition, and

this value tremendously increase to 41.3 under the illuminated condition. It is obvious

from Figures 4.3-c and 4.3-d that response under the illuminated condition was much

greater and more stable than that under the unilluminated condition. Signal-to-noise

ratio (SNR) was also signi�cantly improved by utilising opto-electric coupling.

The sensitivity was tuneable by controlling the supplied current under the illumination

(see red line inFigure 4.12) but remained constant under the unilluminated condition

(see blue line inFigure 4.12). Under the illuminated condition, the sensitivity increased

from 5.1�10 �4 kPa�1 to 1.22�10 �2 kPa�1 when the tuning current rose from 50�A to

67.4 �A, which corresponds to the positive regime (seeFigure 4.12-b). This sensitivity

increased tremendously to reach the maximum value (approximately 0.87 kPa�1 ) as the

tuning current was increased to 68.2�A (see Figure 4.12-c). As shown inFigure 4.12-d,

when the tuning current moved further from the optimal value, the sensitivity decreased

signi�cantly to 3.92�10 �4 kPa�1 at 90 �A tuning current. These results indicate that

coupling the incident light with the tuning current signi�cantly improved and tuned

sensitivity of the pressure sensor. The unprecedented enhancement in sensitivity by

opto-electronic coupling can be attributed to the following three main factors.

First, under the illumination, photons were injected to excite charge carriers (electron-

s/holes) in the 3C-SiC/Si heterojunction and the Si substrate while the 3C-SiC nano�lm

was transparent to visible light. Some electrons absorbing su�cient energy became free
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Figure 4.4: (a) Generation and redistribution of charge carriers. Under the
light illumination, EHPs were generated in the Si substrate and depletion region, then
photogenerated holes were injected into 3C-SiC by the internal built-in electrical �eld
across the depletion region and/or the tunnelling mechanism. Due to the non-uniform
illumination, the holes migrating into the SiC nano�lm were di�erent in the lateral
direction which resulted in a gradient of hole concentration between the two electrodes
in the 3C-SiC nano�lm layer. This formed a lateral photovoltage between electrode
A and electrode B, which was proportional to the Femi level di�erence in the 3C-SiC
nano�lm layer at the two electrode regions. (b) Valence band con�guration in the
3C-SiC nano�lm with biased electric �eld and applied pressure. Under the
light illumination, Femi levels of 3C-SiC at electrodes A and B were the red lines. As a
tuning current was supplied from electrode A to electrode B, an external electric �eld
applied between the two electrodes modulated energy of the charge carriers. Femi levels
in the 3C-SiC nano�lm at the two electrode regions were shifted in opposite directions
(the blue lines). The supplied current was optimised so that Femi levels in the 3C-SiC
nano�lm were balanced, thus voltage across the sensing element was relatively small
under the pressure-free condition. Under applied pressure, valence bands of light holes
were shifted upwards while those of heavy holes were relocated downwards (green lines),
which redistributed the charge carriers between light hole and heavy hole sub-bands.

electrons and simultaneously leaved holes behinds, which called photogenerated elec-

tron/hole pairs (EHPs). In the heterojunction region, these photogenerated electron-

s/holes were separated by an internal built-in electric �eld, where the photogenerated

holes and electrons moved toward the 3C-SiC nano�lm and Si substrate, respectively.



Chapter IV. Optoelectronic Coupling in Semiconductors: towards Ultrasensitive
Pressure Sensing 101

In addition, photogenerated holes in the Si substrate hypothetically migrated to the 3C-

SiC layer by the tunnelling mechanism (seeFigure 4.4-a). As a consequence, the hole

concentration in 3C-SiC increased. Under non-uniform illumination, the photogenerated

holes migrated into 3C-SiC di�erently in lateral direction, hence resulting in a gradient

of hole concentration within the 3C-SiC nano�lm. This process formed a voltage known

as lateral photovoltage Vphoto between two electrodes A and B of the sensing element

that was proportional with the Femi energy di�erence in 3C-SiC between the two elec-

trode areas (eVphoto = FSiC @B � FSiC @A) (see Figure 4.4-b). When two electrodes A

and B were shorted, the short-circuit photocurrent owed across the sensing element as

shown in Figure 4.14-a.

Second, by supplying a tuning current I from electrode A to electrode B of the sensing

element, an external electrical �eld E was formed

E =
Z L

0
I �

1
�

dx (4.3)

where x is the distance from electrode A,L is length of the piezoresistor, and� is con-

ductivity of 3C-SiC. This external electric �eld E changed energy of the charge carriers

(holes in this work), hence redistributing the carriers in the 3C-SiC layer. Consequently,

the Femi energy di�erence was counteracted, creating a small voltage drop in the sensing

element under pressure-free condition. The magnitude of the voltageV0 was proportional

to the Femi level di�erence in 3C-SiC at the two electrode regions as depicted by blue

lines in Figure 4.4-b. When the tuning current was optimised, a small initial voltage of

the sensing elementV0 � 0 was observed under pressure-free condition. In addition, by

optimising the tuning current, inuence of the photocurrent to the change of the output

voltage was also eliminated as shown inFigure 4.15.

Third, when a pressure was applied to the backside of the diaphragm, a compressive

strain was induced in the sensing element. This shifted valance bands of the light holes

upward to lower energy levels and of the heavy holes downward to higher energy levels

(see green lines inFigure 4.4-b). Since charge carriers tend to occupy at lower energy

bands, light holes and heavy holes were redistributed in the energy sub-bands, resulting

in a decrease in heavy hole concentration and an increase in concentration of light holes.

Since a light hole has a lower e�ective mass than a heavy hole, the decrease in heavy

hole concentration and the increase in light hole concentration resulted in a decrease in

total of the e�ective mass. Consequently, mobility of the holes, on average, increased,

leading to a decrease in resistance of the material.

To evaluate the stability over time of the pressure sensor, we conducted a cyclic test

by applying and releasing an air pressure of 60 kPa at a period of 10 seconds in two
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Figure 4.5: Stability of the pressure sensor. A cyclic test was conducted in two
consecutive days by turning ON and OFF pressure of 60 kPa under the stabilised illu-
minated condition and the tuning current was kept constantly at 68.2 �A. (a) Voltage
signal in 1000 seconds on the �rst day. (b) Voltage signal in 1,000 seconds on the
second day. Enlarged views at the initial seconds(c) and the �nal seconds (d) of the
1,000 second recorded duration. It is obvious that the pressure sensor worked stable

throughout the long test duration under the illuminated condition.

consecutive days with a 1000 second duration in each day. In this cyclic test, the

illuminated condition was stably �xed, and the tuning current remained constant at the

optimal value of 68.2 �A. Figure 4.5 shows the voltage signals recorded in the two days

and enlarged views at initial seconds (seeFigure 4.5-c) and �nal seconds of the cyclic

test (see Figure 4.5-d). It is obvious that performance of the pressure sensor shows
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negligible degradation over the long test duration.

We further demonstrated that opto-electronic coupling enhanced stability of the sensor

by studying stability of the sensors under the unilluminated condition. As shown in

Figure 4.16, although absolute change of the voltage was stable, the signal signi�cantly

drifted after the long test duration. Drifting under the unilluminated condition and

stability under the illuminated condition can be explained as follows. When the current

was supplied to the sensing element, the device temperature varied because of Joule

heating e�ect and/or changes of surrounding environment (such as temperature or hu-

midity), resulting in the generation of EHPs. Consequently, electric conductivity of the

sensing element changed, hence the resistance drifted under the unilluminated condi-

tion. In contrast, under the illuminated condition, amount of EHPs generated by the

temperature variation was imperceptible with that generated by the photon absorption.

Therefore, the electrical conductivity was stable under the illuminated condition.

Real-world applications of a pressure sensor bene�t from expansion of detectable range,

particularly to a lower pressure regime. Conventionally, diaphragms were designed thin-

ner or larger. However, this method will reduce robustness of sensors as well as upper

limit of applied pressure. It will be more valuable if methods can expand the pressure

detectable range but do not a�ect the robustness of the sensor.Figure 4.6 compares

detectable range of the pressure sensor under the illuminated and unilluminated condi-

tions. Under the illuminated condition,the lowest pressure that the sensor was able to

be detected was as low as 5 kPa, while it was impossible to measure pressure under 30
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Figure 4.6: Expansion of detectable pressure regimes. Responses of the pres-
sure sensor in the low-pressure regime under the unilluminated condition(a) and under
the illumination (b). While it was unable to distinguish pressure below 30 kPa under
the unilluminated condition, the sensor could detect low pressure down to 5 kPa due
to opto-electronic coupling. Unlike conventional methods such as creating diaphragms
thinner or larger, which make pressure sensors weaker, opto-electronic coupling does

not a�ect robustness of the sensor.
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kPa under the unilluminated condition. As such, by utilising opto-electric coupling, the

measurable pressure range was expanded while the robustness was maintained. The ex-

pansion of detectable range was contributed to signi�cant improvement of the sensitivity

and stability over time.

4.7 Conclusion

In conclusion, we have demonstrated pressure sensing enhancing mechanism via opto-

electronic coupling resulting in an unprecedentedly sensitive based-semiconductor pres-

sure sensor. Because of opto-electronic coupling, sensitivity, stability and SNR of the

pressure sensor were signi�cantly improved, and the detectable range was expanded. The

unprecedented sensitivity in comparison to well-known silicon MEMS pressure sensors is

a result of an enormous enhancement in performance of the pressure sensor. By applying

opto-electronic coupling, sensitivity of the pressure sensor has been modulated by more

than 185,100 times and more than 1,700 higher than values of recently reported silicon-

based pressure sensors. In addition, the new pressure sensing mechanism signi�cantly

simpli�ed fabrication process of the pressure sensor and enable possibility of applications

in harsh environment. Enhancing performance of the pressure sensors resulted from the

generation charged carriers on bottom layer and depletion region of the heterojunction

structure, injections and redistribution of holes on the nano�lm under the light illumi-

nation which were combined with modulating energies of the charged carriers under the

tuning electrical current and shifting sub-band energies under applying pressure. Our

method was successfully demonstrated on an ultrahigh sensitive 3C-SiC/Si heterojunc-

tion pressure sensor. We envision that opto-electronic coupling can be applied for the

development of ultra-sensitive and stable mechanical sensors with other materials and

structures.

Bibliography

[1] T.-K. Nguyen, H.-P. Phan, T. Dinh, K. M. Dowling, A. R. M. Foisal, D. G. Senesky,

N.-T. Nguyen, D. V. Dao, Highly sensitive 4H-SiC pressure sensor at cryogenic and

elevated temperatures, Materials & Design 156 (2018) 441{445.

[2] N. Yazdi, F. Ayazi, K. Naja�, Micromachined inertial sensors, Proceedings of the

IEEE 86 (8) (1998) 1640{1659.



Chapter IV. Optoelectronic Coupling in Semiconductors: towards Ultrasensitive
Pressure Sensing 105

[3] L. Pan, A. Chortos, G. Yu, Y. Wang, S. Isaacson, R. Allen, Y. Shi, R. Dauskardt,

Z. Bao, An ultra-sensitive resistive pressure sensor based on hollow-sphere mi-

crostructure induced elasticity in conducting polymer �lm, Nature communications

5 (1) (2014) 1{8.

[4] G. Schwartz, B. C.-K. Tee, J. Mei, A. L. Appleton, D. H. Kim, H. Wang, Z. Bao,

Flexible polymer transistors with high pressure sensitivity for application in elec-

tronic skin and health monitoring, Nature communications 4 (2013) 1859.

[5] S. C. Mannsfeld, B. C. Tee, R. M. Stoltenberg, C. V. H. Chen, S. Barman, B. V.

Muir, A. N. Sokolov, C. Reese, Z. Bao, Highly sensitive exible pressure sensors with

microstructured rubber dielectric layers, Nature materials 9 (10) (2010) 859{864.

[6] M. Kaltenbrunner, T. Sekitani, J. Reeder, T. Yokota, K. Kuribara, T. Tokuhara,

M. Drack, R. Schw•odiauer, I. Graz, S. Bauer-Gogonea, et al., An ultra-lightweight

design for imperceptible plastic electronics, Nature 499 (7459) (2013) 458{463.

[7] C. Wang, D. Hwang, Z. Yu, K. Takei, J. Park, T. Chen, B. Ma, A. Javey, User-

interactive electronic skin for instantaneous pressure visualization, Nature materials

12 (10) (2013) 899{904.

[8] A. A. Barlian, W.-T. Park, J. R. Mallon, A. J. Rastegar, B. L. Pruitt, Semicon-

ductor piezoresistance for microsystems, Proceedings of the IEEE 97 (3) (2009)

513{552.

[9] F. Xu, D. Ren, X. Shi, C. Li, W. Lu, L. Lu, L. Lu, B. Yu, High-sensitivity Fabry{

Perot interferometric pressure sensor based on a nanothick silver diaphragm, Optics

letters 37 (2) (2012) 133{135.

[10] Y. Hu, J. Yang, Q. Jing, S. Niu, W. Wu, Z. L. Wang, Triboelectric nanogenerator

built on suspended 3D spiral structure as vibration and positioning sensor and wave

energy harvester, ACS nano 7 (11) (2013) 10424{10432.

[11] Y. Yang, H. Zhang, Z.-H. Lin, Y. S. Zhou, Q. Jing, Y. Su, J. Yang, J. Chen,

C. Hu, Z. L. Wang, Human skin based triboelectric nanogenerators for harvesting

biomechanical energy and as self-powered active tactile sensor system, ACS nano

7 (10) (2013) 9213{9222.

[12] S. Gong, W. Schwalb, Y. Wang, Y. Chen, Y. Tang, J. Si, B. Shirinzadeh, W. Cheng,

A wearable and highly sensitive pressure sensor with ultrathin gold nanowires, Na-

ture communications 5 (1) (2014) 1{8.

[13] T. Yamada, Y. Hayamizu, Y. Yamamoto, Y. Yomogida, A. Izadi-Najafabadi, D. N.

Futaba, K. Hata, A stretchable carbon nanotube strain sensor for human-motion

detection, Nature nanotechnology 6 (5) (2011) 296.



Chapter IV. Optoelectronic Coupling in Semiconductors: towards Ultrasensitive
Pressure Sensing 106

[14] H.-P. Phan, K. M. Dowling, T. K. Nguyen, T. Dinh, D. G. Senesky, T. Namazu,

D. V. Dao, N.-T. Nguyen, Highly sensitive pressure sensors employing 3C-SiC

nanowires fabricated on a free standing structure, Materials & Design 156 (2018)

16{21.

[15] J. Zhou, Y. Gu, P. Fei, W. Mai, Y. Gao, R. Yang, G. Bao, Z. L. Wang, Flexible

piezotronic strain sensor, Nano letters 8 (9) (2008) 3035{3040.

[16] D. J. Lipomi, M. Vosgueritchian, B. C. Tee, S. L. Hellstrom, J. A. Lee, C. H. Fox,

Z. Bao, Skin-like pressure and strain sensors based on transparent elastic �lms of

carbon nanotubes, Nature nanotechnology 6 (12) (2011) 788{792.

[17] D. J. Cohen, D. Mitra, K. Peterson, M. M. Maharbiz, A highly elastic, capacitive

strain gauge based on percolating nanotube networks, Nano letters 12 (4) (2012)

1821{1825.

[18] C. Pang, G.-Y. Lee, T.-i. Kim, S. M. Kim, H. N. Kim, S.-H. Ahn, K.-Y. Suh,

A exible and highly sensitive strain-gauge sensor using reversible interlocking of

nano�bres, Nature materials 11 (9) (2012) 795{801.

[19] J. Lee, H. Kwon, J. Seo, S. Shin, J. H. Koo, C. Pang, S. Son, J. H. Kim, Y. H. Jang,

D. E. Kim, et al., Conductive �ber-based ultrasensitive textile pressure sensor for

wearable electronics, Advanced materials 27 (15) (2015) 2433{2439.

[20] M. Ramuz, B. C.-K. Tee, J. B.-H. Tok, Z. Bao, Transparent, optical, pressure-

sensitive arti�cial skin for large-area stretchable electronics, Advanced Materials

24 (24) (2012) 3223{3227.

[21] K. Takei, T. Takahashi, J. C. Ho, H. Ko, A. G. Gillies, P. W. Leu, R. S. Fearing,

A. Javey, Nanowire active-matrix circuitry for low-voltage macroscale arti�cial skin,

Nature materials 9 (10) (2010) 821{826.

[22] X. Xiao, L. Yuan, J. Zhong, T. Ding, Y. Liu, Z. Cai, Y. Rong, H. Han, J. Zhou,

Z. L. Wang, High-strain sensors based on ZnO nanowire/polystyrene hybridized

exible �lms, Advanced materials 23 (45) (2011) 5440{5444.

[23] M. Segev-Bar, A. Landman, M. Nir-Shapira, G. Shuster, H. Haick, Tunable touch

sensor and combined sensing platform: toward nanoparticle-based electronic skin,

ACS applied materials & interfaces 5 (12) (2013) 5531{5541.

[24] A. R. Md Foisal, A. Qamar, H.-P. Phan, T. Dinh, K.-N. Tuan, P. Tanner, E. W.

Streed, D. V. Dao, Pushing the limits of piezoresistive e�ect by optomechanical

coupling in 3C-SiC/Si heterostructure, ACS applied materials & interfaces 9 (46)

(2017) 39921{39925.



Chapter IV. Optoelectronic Coupling in Semiconductors: towards Ultrasensitive
Pressure Sensing 107

[25] H.-P. Phan, H.-H. Cheng, T. Dinh, B. Wood, T.-K. Nguyen, F. Mu, H. Kamble,

R. Vadivelu, G. Walker, L. Hold, et al., Single-crystalline 3C-SiC anodically bonded

onto glass: an excellent platform for high-temperature electronics and bioapplica-

tions, ACS applied materials & interfaces 9 (33) (2017) 27365{27371.

[26] A. R. M. Foisal, T. Nguyen, T. Dinh, T. K. Nguyen, P. Tanner, E. W. Streed,

D. V. Dao, 3C-SiC/Si Heterostructure: An Excellent Platform for Position-Sensitive

Detectors Based on Photovoltaic E�ect, ACS applied materials & interfaces 11 (43)

(2019) 40980{40987.

[27] A. R. M. Foisal, T. Dinh, V. T. Nguyen, P. Tanner, H.-P. Phan, T.-K. Nguyen,

B. Haylock, E. W. Streed, M. Lobino, D. V. Dao, Self-powered broadband (UV-NIR)

photodetector based on 3C-SiC/Si heterojunction, IEEE Transactions on Electron

Devices 66 (4) (2019) 1804{1809.

[28] V. Balakrishnan, T. Dinh, T. Nguyen, H.-P. Phan, T.-K. Nguyen, D. V. Dao, N.-T.

Nguyen, A hot-�lm air ow sensor for elevated temperatures, Review of Scienti�c

Instruments 90 (1) (2019) 015007.

[29] P. Neuzil, C. C. Wong, J. Reboud, Electrically controlled giant piezoresistance in

silicon nanowires, Nano letters 10 (4) (2010) 1248{1252.

[30] X. Wang, R. Yu, C. Jiang, W. Hu, W. Wu, Y. Ding, W. Peng, S. Li, Z. L. Wang,

Piezotronic e�ect modulated heterojunction electron gas in AlGaN/AlN/GaN het-

erostructure microwire, Advanced materials 28 (33) (2016) 7234{7242.

[31] C. M. Boutry, A. Nguyen, Q. O. Lawal, A. Chortos, S. Rondeau-Gagn�e, Z. Bao,

A sensitive and biodegradable pressure sensor array for cardiovascular monitoring,

Advanced Materials 27 (43) (2015) 6954{6961.

[32] T. Nguyen, T. Dinh, A. R. M. Foisal, H.-P. Phan, T.-K. Nguyen, N.-T. Nguyen,

D. V. Dao, Giant piezoresistive e�ect by optoelectronic coupling in a heterojunction,

Nature communications 10 (1) (2019) 1{8.



Chapter IV. Optoelectronic Coupling in Semiconductors: towards Ultrasensitive
Pressure Sensing 108

4.8 Electronic supplementary information

4.8.1 Comparison of the sensitivity of the pressure sensor in this work

and literature.

Table 4.1: Comparison of the sensitivity of the pressure sensor in this work and
literature.

Material Sensitivity Pressure
range

Principle Diaphragm ge-
ometry

Refs

4H-SiC 10.83� 10�5

kPa�1
90�300 kPa Piezoresistive Square:

5mm�
5mm�70�m

[1]

3C-SiC
nanowire

5� 10�4

kPa�1
10�50 kPa Piezoresistive Square:

5mm�
5mm�150�m

[2]

Si Single crys-
talline

3.2� 10�4

kPa�1
-20�20 kPa Piezoresistive Cantilever [3]

Si Single crys-
talline

2.4� 10�4

kPa�1
0�100 kPa Piezoresistive Radius: 20 �m

Thickness: 1.2
�m

[4]

Si polysilicon
nano�lm

2.896� 10�5

kPa�1
< 2.5 MPa Piezoresistive Rectangular:

0.3mm�
1.5mm�6.3�m

[5]

n-type 4H-SiC 2.68� 10�6

kPa�1
< 6000 kPa Piezoresistive Radius: 1 mm

Thickness: 50
�m

[6]

3C-SiC/Si 0.87 kPa�1 5�70 kPa Opto-
electronic
coupling

Square:
5mm�
5mm�225�m

This
work

Although the diaphragm in this work was quite thick compared to previous reports (such

as 225�m compared with 150 �m and 70 �m [1, 2]), the sensitivity of the sensor was

much higher than that of previous ones. The sensitivity of the pressure sensor in this

work is more than 1,700 times higher than the best results shown in the above table [2].

4.8.2 Pressure sensor design

Geometry of the diaphragm : Circular diaphragm and rectangular diaphragm are

two common types of diaphragm used in designs of micromachined pressure sensors.

With the same chip size, the pressure sensor with a square diaphragm has maximum

stress/strain of 1.64 times higher, hence 1.64 times more sensitive, compared to a circle

one. Moreover, a square diaphragm is more suitable for anisotropic wet etching method.

Thus, in this research, a square diaphragm was used in our design.
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Figure 4.7: Pressure sensor design .

Position and direction of the piezoresistor: In terms of location and direction of

sensing element, to maximize the sensitivity of the pressure sensor, the sensing element

is fabricated at middle of the edge of the diaphragm where induced stress/strain is

maximum, and the piezoresistor is aligned or perpendicular with maximum piezoresistive

coe�cient directions. With using material p-type 3C-SiC/Si (100), whose maximum

piezoresistive coe�cient direction is [110], the piezoresistor was aligned in [110] direction

in our pressure. In this prototype, instead of integrating light source in the pressure

sensor, we used external light source which is simple for controlling light beam position

and light intensity.
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4.8.3 Characteristics of the 3C-SiC thin �lm grown on the Si substrate
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Figure 4.8: Characteristics of the 3C-SiC thin �lm grown on the Si sub-
strate. (a) TEM image of 3C-SiC grown on the Si. (b) SAED image of the 3C-SiC.

(c) XRD graph of 3C-SiC grown on the Si.

4.8.4 Pressure sensors

ba

Figure 4.9: (a) The pressure sensor after attaching to an acrylic holder. (b) The
Scanning Electron Microscope (SEM) image of the back side of the diaphragm.
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4.8.5 Performance characterisation
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Figure 4.10: (a) Experimental schematic and (b) Experimental setup. The
pressure sensor was mounted on the surface of a pressure chamber. The air pressure
was accurately controlled by an ELVEFLOW OB1 pressure controller and applied to
the back side of the diaphragm. A dark chamber was used to isolate the pressure sensor
from unwanted background light. The visible light illuminated on the surface of the
sensing element via a small window on the roof of the chamber. The tuning current
was accurately controlled by a Keithley 2450 SourceMeter, which was simultaneously
utilised for measuring voltage. Both the source meter and pressure controller were

connected to computer for data collection.
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4.8.6 Photovoltage and photocurrent
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Figure 4.11: The repeatabilities of photocurrent and lateral photovoltage.
The repeatability of the photocurrent and lateral photovoltage in the sensing element
when the non-uniform visible light was periodically turned ON and OFF. The excellent
repeatabilities of photocurrent and lateral photovoltage were observed. (a) As the
light was turned OFF, the photocurrent was 0 �A, while this value was approximately
68.2 �A under the light illumination. (b) The lateral photovoltage was 0 mV under

darkness, and around -25 mV under the light condition.

4.8.7 Tunability of the sensitivity
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Figure 4.12: E�ect of the tuning current on enhancing pressure sensitivity
by opto-electronic coupling. (a) The pressure sensitivity versus the tuning current
on whole range of the tuning current. Sensitivity of the pressure sensor signi�cantly
changed versus the tuning current under light illumination, while the sensitivity under
unilluminated condition is independent of the supplied current. This also demonstrated
dependence of piezoresistive e�ect on the tuning current under the illuminated condi-
tion. Enlarged views of the sensitivity with the tuning current ranging: (b) from 50
�A to 67.4 � A; (c) from 67.4 �A to 69 �A, and (d) from 69 �A to 90 �A. Under the
illuminated condition, when the tuning current increased from 50 �A to 67.4 �A, the
pressure sensitivity was positive and rose dramatically from 5.1� 10�4 kPa�1 to 1.22
� 10�2 kPa�1 . The sensitivity is highest when the tuning current in the optimal range
(67.4 �A to 69 �A). This sensitivity decreased signi�cantly in the negative range to

3.92 �10 �4 kPa�1 when the current increased further to 90�A.
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4.8.8 Four-point measurement method
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Figure 4.13: Four-point measurement method .

4.8.9 Generation of the photocurrent and redistribution of hole
concentration by optimising the tuning current
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Figure 4.14: (a) The generation of the photocurrent under the illuminated
condition. Under the illumination, photons were injected to excite charge carriers
(electrons/holes) in the 3C-SiC/Si heterojunction and the Si substrate to generate elec-
tron/hole pairs (EHPs). In the heterojunction region, these photogenerated electron-
s/holes were separated by the built-in electric �eld E0, where the photogenerated holes
and electrons moved toward the 3C-SiC nano�lm and Si substrate, respectively. In ad-
dition, photogenerated holes in the Si substrate hypothetically migrated to the 3C-SiC
layer by the tunnelling mechanism. As a consequence, the hole concentration in 3C-
SiC increased. When the external circuit was shorted, the only current in the circuit
was the photocurrent (I ph ). (b) Hole concentration under nonuniform illumination.
The photogenerated holes migrated into 3C-SiC di�erently in lateral direction, hence
resulting in a gradient of hole concentration within the 3C-SiC nano�lm. (c) Electrical

potential gradient between two electrodes A and B of the sensing element.
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Figure 4.15: Redistribution of hole carrier by optimising tuning current. By
supplying a tuning current I from electrode A to electrode B of the sensing element,
an external electrical �eld E was created. This external electric �eld E changed energy
of the carriers, hence redistributing the carriers in the 3C-SiC layer. By optimising
the tuning current I , the holes are uniformly redistributed in the 3C-SiC layer from

electrode A to electrode B areas, eliminating the gradient of hole concentration. .
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Figure 4.16: The stability of the pressure sensor under dark condition. The
cyclic test was conducted under dark environment in two consecutive days by applying
and releasing pressure of 60 kPa.(a) and (b) are signal responses in the �rst day
and the second day.(c) and (d) are enlarged views of signal response at the beginning
seconds and the ending seconds of the 1,000-second recorded result. Although, absolute
change of the signal was quite stable over time, the signal drifted signi�cantly over a

long duration.
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Chapter 5

Self-Powered Monolithic

Accelerometer Using a Photonic

Gate

This chapter presents a new technology for harvesting light energy to self-power and

simultaneously sense mechanical acceleration in a monolithic structure, which is an

application expanded from the idea of the opto-electronically enhanced piezoresistive

e�ect.
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5.1 Abstract

Harvesting sustainable energy resources from surrounding environments to power small

electronic devices and systems has attracted massive research attention. Herein, we

develop a novel technology to harvest light energy to self-power and simultaneously sense

mechanical acceleration in a monolithic structure. When the photonic gate is illuminated

the operation mode of the device changes from conventional mode to light harvesting and

self-powered operation. The light illumination provides a gradient of majority carrier

concentration on the top semiconductor layer, generating a lateral photovoltage, which

is the output voltage of the sensor. Under acceleration, the mechanical inertial force

induces stress in the sensor material leading to the change of mobility of the charge

carriers, which shifts their di�usion rate, and hence changes the gradient of the majority

carriers and the lateral photovoltage. The sensitivity at 480 lx light illumination was

measured to be 107�V/g, while it was approximately 30 �V/g under the ambient light

illumination without any electrical power source. In addition, the acceleration sensitivity

is tunable by controlling parameters of the photonic gate such as light power, light spot

position and light wavelength. The integration of sensing and powering functions into a

monolithic platform proposed in this work eliminates the requirement of external power

sources and o�ers potential solutions for wireless, independent, remote, and battery-free

sensing devices and systems.

5.2 Introduction

Self-powered devices are anticipated to play a critical role in the future development

of micro/nano-systems due to numerous advantages such as zero power consumption,

miniaturisation, wireless communication, and self-sustainability [1{10]. Self-powering

is highly desired for wireless and battery-free devices, or sensors operating in harsh

environments (high temperature or corrosive environments), which not only signi�cantly

improve the adaptability of devices but also reduce device sizes and maintenance cost [1,

11, 12]. A self-powered sensor can either directly utilise the energy from detected signals

[13] or harvest energy from other source and utilise it [14,15]. With the latter, the two

common con�gurations are (i) sensing module and harvesting module are two separated

structures integrated in one device [2,16] or (ii) both the sensing and harvesting are

performed by a monolithic structure [14, 15, 17, 18]. Using a monolithic structure, the

sensor size can be signi�cantly reduced, and fabrication and packaging processes can be

substantially simpli�ed.
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Nature provides di�erent energy sources that can be exploited to power electronic and

sensing devices such as solar power, heat gradient, mechanical vibrations, or acoustic

waves [3,19{22]. Mechanical energy sources rely on motions, e.g. from body activities

(body movement, muscle stretching, blood vessel contraction) [3,14]. However, these

energy sources are random and have a low frequency range, which result in relatively low

conversion e�ciency in conventional energy transduction methods such as electromag-

netic generators [19,23]. To overcome this drawback, nanogenerators (NGs), which rely

on the piezoelectric potential created in nanowires, have been developed [3,23{27]. By

using arrays of zinc oxide nanowires, for example, Wang and Song [24] demonstrated the

�rst piezoelectric NG with an e�ciency estimated from 17% to 30%. On the other hand,

basing on the triboelectric e�ect, triboelectric NGs also have been developed to scav-

enge energy from vibrations and random displacements/deformation [28{32]. However,

one of the greatest disadvantages of these NGs is that they only work with particular

materials, resulting in complicated, if not practically impossible, integration challenges

with silicon devices. In addition, the power output of these NGs, which includes millions

of integrated nanowires, is still too small to power conventional electronic devices [33].

Besides mechanical energy sources, solar power is also considered as the most ubiquitous

and abundant energy source. With miniaturisation, high-e�cient solar cells can be im-

plemented in self-powered micro- and nanosystems. However, these systems are usually

sophisticated with high manufacturing costs, which limits their utilisation. Therefore,

it is extremely bene�cial to develop low cost, reliable, adaptable, simple and energy

harvesting micro/nano devices.

In this paper, we introduce a novel technology that harvests light energy to self-power

an acceleration sensor in a monolithic structure without any other power source or

separate energy conversion devices. A cantilever-shaped 3C-SiC/Si accelerometer with

a proof-mass was developed. The sensor was characterised in both conventional and

self-powered modes. In the self-powered mode, the accelerometer showed the capability

of harvesting light energy with the sensitivity of approximately 107 �V/g under a light

intensity of 480 lx. Even under ambient light condition, the accelerometer displayed an

excellent performance with the sensitivity of approximately 30 �V/g. In addition, the

acceleration sensitivity can be tuned by controlling parameters of the photonic gate such

as changing light wavelength, adjusting light intensity or light position. The ability of

self-powering and harvesting light energy, and tunability of the acceleration sensitivity

are also analysed and explained.
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Figure 5.1: Material characteristics and the accelerometer. (a) transmission
electron microscopy image of p-type 3C- SiC grown on a p-type (100) Si substrate.(b)
X-ray di�raction analysis graph. (c) Selected area electron di�raction image, reprinted
with permission from [34], with the permission of AIP Publishing. (d) Fabrication
process of the accelerometer. After growing 3C-SiC on a Si substrate, 3C-SiC piezore-
sistors were patterned via a dry etching process. Next, aluminum electrodes were
formed through two consecutive processes: depositing aluminum on top of the 3C-SiC
layer and etching aluminum. Then, 3C-SiC/Si membranes were formed by ablating
Si from the back side using laser and cantilever and proof mass structures were built
through cutting the material layers by laser from top side. Finally, the accelerometers
were separated via dicing process.(e) As-fabricated accelerometer and enlarged view

of the sensing element.



Chapter V. Self-Powered Monolithic Accelerometer Using a Photonic Gate 121

5.3 Methods

5.3.1 Growing 3C-SiC on Si

Using silane and propene as precursor materials to supply silicon and carbon atoms, a

3C-SiC thin �lm with a thickness of 300 nm was grown on a p-type single crystalline

Si (100) substrate by LPCVD (low pressure chemical vapour disposition) in a hot-wall

chamber at a temperature of 1150� C. Simultaneously, through an in situ process, alu-

minum atoms were doped into the 3C-SiC �lm using trimethyl-aluminum as a precursor

compound to form p-type 3C-SiC �lm. Thickness of the 3C-SiC was controlled by con-

trolling the growth time. Doping concentrations in the 3C-SiC and Si layers were 1018

cm�3 and 1014 cm�3 , respectively, evaluated by the hot probe and Hall e�ect techniques.

The transmission electron microscopy image (seeFigure 5.1-a) exhibited that 3C-SiC

was epitaxially grown on the Si substrate and there are no grain boundaries, and the

X-ray di�raction analysis (see Figure 5.1-b) con�rmed the epitaxial growth of 3C-SiC

on Si substrate. The selected area electron di�raction image is shown inFigure 5.1-c.

Patterns of di�raction spots are parallel lines and there were not any weak di�raction

spots around bright spots. These con�rmed that 3C-SiC grown on the Si substrate was

in single crystalline structure without crystal defects.

5.3.2 Fabrication process

We fabricated a monolithic accelerometer through a process depicted inFigure 5.1-d.

After the 3C-SiC growing process, a 3C-SiC piezoresistor was created by patterning

3C-SiC layer through conventional photolithography and reactive ion etching. Then,

SiC/Si membranes with a thickness of 100�m were formed using laser ablation from

the back side. Finally, the cantilever was created using laser cutting on the front side,

simultaneously forming a proof-mass at the free end of the cantilever.Figure 5.1-e shows

a photograph of the as-fabricated accelerometer along with the SEM (Scanning electron

microscope) image of the SiC piezoresistor. Ohmic contacts between the aluminum

electrodes and the 3C-SiC layer was con�rmed by the linearity of the I-V (current-

voltage) characteristic, as shown inFigure 5.7.

5.3.3 Sensor characterisation

Figure 5.2-a shows a schematic of the experimental setup used to evaluate the dynamic

characteristics of the accelerometer. The device was mounted onto the surface of a high-

frequency shaker (SmartShaker model K2004E01). Vibration amplitude and frequency
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Figure 5.2: Dynamic experiment and operation of the accelerometer un-
der conventional mode. (a) Schematic experiment. The accelerometer was �rmly
mounted on a shaker whose vibration was accurately controlled by a vibration con-
troller. The output signal of the accelerometer was �ltered and ampli�ed by a lock-in
ampli�er. To demonstrate operation of the accelerometer under the self-powered and
light-harvesting mode, an external white light with intensity of approximately 480 lx
illuminated the sensing element.(b) Characteristics of the output voltage versus accel-
eration under conventional mode. (c) The relationship between sensitivity and supply

power with supplied current.

of the shaker were accurately controlled via a closed-loop system including a Spider-81B

vibration controller and a reference accelerometer. Feedback signal from the reference

accelerometer was used by the vibration controller to calculate sinusoidal output for

driving the shaker. Output voltage across the sensing element of the accelerometer was

continuously recorded by a lock-in ampli�er. The output signal of the lock-in ampli�er

indicated output signal of the accelerometer after �ltering noises. Under experiments

using photonic gate, the incident light with intensity of 480 lx was used to illuminate the

sensing element and the device was also tested under an ambient light condition with

intensity of approximately 213 lx.

5.4 Results and discussions

Figure 5.2-b and 5.2-c present the performance of the accelerometer under conventional

mode, in which an electrical current was supplied to the sensing element and the output

voltage was measured to evaluate the applied acceleration. As shown inFigure 5.2-b, the

output voltage increased linearly with the amplitude of the external acceleration, and

the acceleration sensitivity was approximately 145 mV/g, 77 mV/g, and 17 mV/g when

the supplied current was 100�A, 50 �A and 10 �A respectively, which are comparable

with results from previous reports [35{38]. In terms of power consumption, to reach

the sensitivity of 145 mV/g, 77 mV/g, 17 mV/g, the applied powers were 939 �W, 240

�W, and 9.78 �W, respectively. Even with a supply power as small as 11.4 nW (0.1�A

supplied current), our devices still can operate excellently with a sensitivity of around

163 �V/g. More details of the operation of the accelerometer under conventional mode

is presented in section 5.6.3.
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Figure 5.3: Operation of the accelerometer under self-powered mode. (a)
Light harvesting and sensitivity tunability by photonic gate. The accelerometer har-
vested light energy supplied by a photonic gate to self-power and synchronously sense
acceleration in a monolithic structure. Under 480 lx illumination, the accelerometer
could work independently without supplying electrical power with a sensitivity of 107
�V/g . Even under room light condition (light intensity of 213 lx), the accelerometer
could operate excellent with sensitivity of approximately 30 �V/g . (b) Repeatability
of the generated lateral photovoltage when the light was periodically turned ON/OFF.
When a white light with intensity of 480 lx illuminated the sensing element, a lat-
eral photovoltage of approximately 10.5 mV was generated.(c) Current-voltage (I-V)

characteristics of the accelerometer under illumination and dark condition.

We then investigated performance of the accelerometer under light illumination (i.e.

self-powered mode) without electrical power supply. As shown inFigure 5.3-a, under

480 lx illumination without any supplied currents, the device was used to measure the

acceleration ranging from 0.5g to 8g m/s2, demonstrating a sensitivity of 107 �V/g.

Even under room light (intensity of 213 lx), the sensor can detect the same range of ac-

celeration with a sensitivity of approximately 30 �V/g. The results demonstrated that

instead of using electrical source to power the devices, the accelerometer can function

with a photonic gate (optical illumination), which may have application in wireless sys-

tems and miniaturised devices. The devices with the photonic gate are expected to work

well in harsh environments, as it was developed based on SiC along with the elimination

of battery. In addition, the sensitivity can be tuned by changing illumination conditions

as shown inFigure 5.3-a. Under ambient light condition, the output voltage increased

linearly with the external acceleration at a sensitivity of approximately 30 �V/g. By

using an external light source with an intensity of 480 lx, the acceleration sensitivity

increased by more than three times, reaching 107�V/g. As such, the light illumination

played a role as a gate (i.e. photonic gate) that can change the operation modes of the

accelerometer from the conventional mode (no light illumination, i.e. photonic gate is

OFF) to the self-powered and light-harvesting mode (light illumination, i.e. photonic

gate is ON) as well as tune the performance of the accelerometer by changing parameters

of the photonic gate. The possibility of harvesting light energy for sensing acceleration,

powering the accelerometer as well as tuning the sensitivity could result from the gener-

ation of a lateral photovoltaic voltage (i.e. lateral photovoltage) on the 3C-SiC thin �lm
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across the sensing element under illumination. We observed that under the illumination,

and even under room light condition, there was a generated lateral photovoltage drop-

ping across the sensing element.Figure 5.3-b shows repeatability of the photovoltage

dropping across the sensing element when the light source with intensity of 480 lx was

repeatedly switched ON and OFF. Under 480 lx light the generated photovoltage was

approximately 10.5 mV, while that value under room light condition was approximately

1.85 mV, and there was no voltage generated in dark conditions. This was also con�rmed

by I-V (current-voltage) characteristics of the accelerometer under the illumination and

dark condition (see Figure 5.3-c). The I-V curve does not go through the origin under

the illumination.

The generation of lateral photovoltage on the top material layer of a heterojunction

structure under illumination can be explained based on the lateral photovoltaic e�ect

[39{42]. As shown inFigure 5.4-a, when a beam of the incident light was locally illumi-

nated on the top layer of the heterojunction structure at position C, there were plenty

of photons injected into material layers. Because the 3C-SiC layer was very thin and

Figure 5.4: Generation of the lateral photovoltage. (a) Generation mechanism
of lateral photovoltage on p+ -type SiC/p-type Si heterostructure. When the light il-
luminated onto the top surface of the device at positionC, electron-hole pairs were
generated in the depletion and substrate areas. A number of these holes then migrated
to the 3C-SiC layer around the illuminated area (position C) by the built-in electric
�eld and quantum tunnelling mechanism. These excess holes di�used away from posi-
tion C due to hole gradient. A number of these holes were collected at the electrode
areas (A and B ). If the di�usion from illumination area C to the two electrodesA and
B was di�erent, a lateral photovoltage was formed between electrodesA and B. (b)
Hole concentration pro�les in the 3C-SiC layer under compressive and tensile strains.
Assume that illumination spot was coincided at electrode A, under the same illumina-
tion condition (light intensity, light wavelength), magnitude of the lateral photovoltage
between electrodesA and B depended on hole mobility. Hole mobility was higher un-
der compressive strain compared to that under tensile strain. Therefore, more holes
di�used to electrode B under compressive strain which resulted in smaller generated

lateral photovoltage.
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transparent, most of the photons were absorbed within the junction region (depletion

region) or in the Si substrate [39,40]. Electrons absorbing energy from photons with

energies higher than the band gap energy became free electrons which jumped to the

conduction bands and leaved holes in the valance bands, generating electron-hole pairs

(EHPs). The EHPs generated in the junction were immediately separated by the built-in

electric �eld, which had direction from the Si substrate to the 3C-SiC thin �lm. There-

fore, the photogenerated holes drifted to the 3C-SiC layer while the electrons drifted in

the opposite direction to the Si substrate. A number of holes generated in the Si sub-

strate were injected to 3C-SiC by the tunnelling mechanism, while the remaining holes

di�used within the Si substrate and then recombined with the electrons. There were

excess holes (major carriers) injected into 3C-SiC and excess electrons in Si. The excess

major carriers injected into 3C-SiC di�used away from the illumination spot radically

due to hole gradient.

Part of these holes di�used and were collected at the two electrode positions,A and B.

There was a hole gradient within 3C-SiC from the illumination spot to the two electrode

positions. If the di�usion from illumination spot C to the two electrodes A and B

was di�erent, the hole concentrations at positions A and B were distinctive, resulting

in the lateral photovoltage dropping across the two electrodes. This voltage, which

was proportional with gradient of hole concentration betweenA and B, depended on

the number of holes injected to 3C-SiC layer at positionC and the number of holes

di�using to positions A and B. While the number of holes injected to the 3C-SiC layer

at position C depended on the light source such as light wavelength and light power,

the numbers of holes di�using to positions A to B depended on the initial gradient

of hole concentration and mobility of holes within 3C-SiC. In other words, the lateral

photovoltage depended on the light source, relative positions between the illumination

spot and the two electrodes, and the mobility of major carriers (seeFigure 5.11). At

di�erent light wavelengths or light intensities, there was a di�erence in the number of

holes injected to 3C-SiC layer which resulted in the di�erence in hole concentration and

lateral photovoltage. The lateral photovoltage between the two points depended on their

relative positions from the illumination spot. For example, when the light spot moved

from one electrode to the other electrode, the lateral photovoltage linearly increased

from a negative maximum value to a positive maximum value [40].

Besides depending on the light source, the di�usion of holes (�h) in the 3C-SiC layer

signi�cantly a�ected the generation of lateral photovoltage. The di�usion ux of holes

in the SiC layer is calculated by [43]:

� h = �D h
dp
dx

(5.1)
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Figure 5.5: Relationship between induced stress and external acceleration.
(a) Induced stress under positive acceleration. Under positive acceleration (upward
acceleration or downward deceleration), there was tensile stress induced in the sensing
element. (b) Induced stress under negative acceleration. Under negative acceleration
(downward acceleration or upward deceleration), there was compressive stress induced

in the sensing element.

where, Dh is the hole di�usion coe�cient and dp=dx is the hole concentration gra-

dient. The hole di�usion coe�cient, which is determined through Einstein relation

Dh = � h
kB T

e , is proportional to the hole mobility � h . In other words, increasing hole

mobility increases the di�usion ux, which in turn decreases the gradient of hole con-

centration, leading to a diminution in the generated lateral photovoltage. Assume that

illumination spot was at electrode A and illumination condition was kept consistently,

the hole concentration at electrodeA remained constant. Because of the di�erence in

hole mobility such as under compressive and tensile conditions, the number of hole di�us-

ing to the electrodeB position was higher for higher hole mobility, hence decreasing the

slope of hole concentration pro�le, which in turn generated smaller lateral photovoltage

as shown inFigure 5.4-b.

The light harvesting and self-powered feasibility of our accelerometer can be explained

as following. (i) Under nonuniform illumination and zero acceleration, as shown inFig-

ure 5.6-a1, which was no strain and� h@0 hole mobility condition (see Figure 5.6-b1),

there was a lateral photovoltageV0 across the two electrodes, which was proportional

with the hole gradient or the di�erence of Femi levels between positionA and B in the

3C-SiC layer (seeFigure 5.6-c1). Therefore, under zero acceleration (seeFigure 5.6-a1),

the output voltage was constant at the value ofV0 (mV) (see Figure 5.6-d1). (ii) Positive

acceleration (seeFigure 5.6-a2) induced tensile strain (as simulatedly demonstrated in

Figure 5.5-a) and resulted in a reduction in hole mobility (� h@+ = � h@0 � �� h@+ ) (see

Figure 5.6-b2), and an increase in hole gradient (seeFigure 5.6-c2) or Femi level di�er-

ence, which caused an increase in the generated lateral photovoltage as aforementioned.

As the acceleration increased from zero toA0, the lateral voltage respectively increased
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Figure 5.6: Operation principle of the light harvesting accelerometer. (a)
Applied external acceleration. Zero (a-1) acceleration, positive (a-2) and negative (a-3)
accelerations. (b) Di�usion of the photogenerated holes under di�erent accelerations.
Under the same illumination condition, the di�usion of photogenerated holes depends
on their mobility. (b-1) Zero acceleration or no train, the mobility of holes is � h@0 and
di�usion ux is � h@0. (b-2) Under positive acceleration, a tensile strain is induced in the
3C-SiC layer, resulting in decreases in the hole mobility and di�usion speed. (b-3) Under
negative acceleration, a compressive strain is induced in the 3C-SiC layer, resulting in
increases in the hole mobility and di�usion speed.(c) The shift of energy bands under
di�erent accelerations. Under zero acceleration (c-1), the di�erence in energy bands
at the two electrode positions is indicated by a generated lateral photovoltage ofV0.
There are less holes di�using to electrode B under positive acceleration (c-2). The
energy bands shift down at the electrode A area and up at the electrode B position, a
larger lateral photovoltage (V0 + �V ) is generated. In contrast (c-3), a smaller lateral
photovoltage (V0 � �V ) is generated under negative acceleration.(d) Changes of the
output voltage versus the external acceleration. The lateral photovoltage isV0 under
zero acceleration (d-1). This voltage increases when a positive acceleration is applied (d-
2). In contrast, the lateral photovoltage decreases fromV0 under negative acceleration

(d-3).
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from V0 to Vmax as shown in Figure 5.6-a2 and5.6-d2, the relationship between positive

applied acceleration and output voltage. (iii) On the other hand, under negative acceler-

ation (seeFigure 5.6-a3), the induced compressive strain (as simulatedly demonstrated

in Figure 5.5-b) and an increase in hole mobility (�h@� = � h@0 + �� h@� ) resulted in

reductions in slope of the hole pro�le and the Femi level gap, hence reduced the lateral

photovoltage. Therefore, when the acceleration decreased from zero to�A 0 (seeFigure

5.6-a3), the lateral voltage decreased respectively fromV0 to Vmin (seeFigure 5.6-d3).

Consequently, as the device vibrated in a sinusoidal shape, the output voltage changed

sinusoidally.

Sensitivity of the accelerometer can be calculated:

S =
Vmax � Vminp

2

1
2A0

=
�V 0

2
p

2A0
(5.2)

�V 0 is the change of the lateral photovoltage due to applying acceleration, which is

proportional with change of the hole di�usion ux. Therefore, from equation (5.2),

�V 0 is proportional with the hole mobility change �� h and hole concentration gradient

dp=dx in the 3C-SiC thin �lm. While the hole mobility change depends on properties

of the material and applied acceleration, the hole concentration gradient depends on

illumination condition. In other words, the sensitivity of the accelerometer can be tuned

by controlling photonic gate (changing illumination conditions).

5.5 Conclusion

In conclusion, we successfully demonstrated an innovative technology to harvest light

energy and self-power accelerometer in a monolithic structure. We also experimentally

demonstrated and theoretically discussed the tunability of the acceleration sensitivity

by controlling the photonic gate. Under 480 lx light illumination of the photonic gate,

the accelerometer can function without electrical power, o�ering a sensitivity of 107

�V/g . The accelerometer also operated excellently at room light condition with a

sensitivity of approximately 30 �V/g . In addition, the sensitivity of the sensor can

be tuned by adjusting the light parameters such as light power, light spot position, as

well as light wavelength. The feasibility of working without electrical power source was

attributed to the generations of the lateral photovoltage within the 3C-SiC thin �lm

due to an induced hole concentration gradient. The acceleration is determined via the

changes of the lateral photovoltage, which depends on changes in the hole mobility due

to external acceleration and changes in light illumination conditions. This outstanding

novel technology will propel forward its practical applications to a new paradigm.
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5.6 Electronic supplementary information

5.6.1 Current-Voltage (I-V) characteristic under dark condition

Figure 5.7: I-V characteristic of the accelerometer under dark condition.
Linearity of the I-V curve indicates that Ohmic contacts were formed between 3C-SiC

layer and aluminum electrodes.

5.6.2 Frequency response of the acceleometer

Figure 5.8: Frequency response of the accelerometer at an acceleration of
5g (m/s 2). The spectrum of the output voltage when the accelerometer was exposed
to an acceleration of 5 g (m/s2) at frequency from 200 Hz to 2 kHz was evaluated.

Natural frequency of the sensor is 1,244 Hz with the supplied current of 10�A.
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5.6.3 Operation of the accelerometer under conventional mode

Figure 5.9: Enlarged view of the output voltage characteristics versus external accel-
eration under di�erent supplied currents of (a) 50 �A, (b) 10 �A and (c) 0.1 �A. The
output voltage increased linearly with a rate of 77 mV/g as the supplied current was 50
�A and the output is approximately 17 mV/g with the supplied current of 10 �A. In
addition, the linearity of the output voltage versus external acceleration was excellent

under the supplied current as small as 0.1�A.

5.6.4 Dependence of generated lateral photovoltage on the light conditions

Figure 5.10: (a) Dependence of generated lateral photovoltage on the light wave-
lengths and light intensity. With higher light intensity or longer light wavelength, there
are more generated EHPs, hence there are more holes migrating to the 3C-SiC layer.
Consequently, higher lateral photovoltage is generated with higher light intensity or
longer light wavelength. (b) Dependence of theVphoto on light position. The di�usion
of hole in 3C-SiC layer from illumination spot to the two electrodes A and B depends on
the distances from illumination spot to the two electrodes A and B. For example, when
the illumination spot is at middle of the device, the number of holes di�using to the two
electrodes A and B is approximately equal, hence the generated lateral photovoltage is

approximately zero.
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5.6.5 Changes of sub-band energies under strain

Figure 5.11: The shift of sub-band energies under tensile stress and compressive
stress. (a) Unstressed valence sub-bands of 3C-SiC.(b) Tensile stress valence sub-
bands of 3C-SiC. Under tensile stress, the sub-band energy of heavy holes (hh) shifts
up to lower energy level while that of light holes (lh) shifts down to higher energy level.
(c) Compressive stress valence sub-bands of 3C-SiC. In contrast, the sub-band energy
of heavy holes shifts down and that of light holes shifts up under compressive stress.



Chapter 6

Giant Piezoresistive E�ect

Enormously Modulated by

Bonded Light Emitting Diodes

This chapter demonstrates the feasibility of using bonded light sources in the opto-

electronically enhanced piezoresistive e�ect. The commercial light emitting diodes (LEDs)

are bonded onto 3C-SiC/Si sensing devices. The lateral photovoltaic e�ect and the per-

formance of the opto-electronically enhanced piezoresistive e�ect under light illumination

from the bonded LEDs are investigated.
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6.1 Abstract

Giant piezoresistive e�ect enables the development of ultrasensitive sensing devices to

address the increasing demands for hi-tech applications such as space exploration and

self-driving cars. The discovery of the giant piezoresistive e�ect by optoelectronic cou-

pling leads to a new strategy for enhancing sensitivity of mechanical sensors, particularly

with light from light emitting diodes (LEDs). This paper reports on the piezoresistive

e�ect in a 3C-SiC/Si heterostructure with a bonded LED that can reach a gauge fac-

tor (GF) of as high as 18,000. This value represents an approximately thousand times

improvement compared to the con�guration without a bonded LED. This GF is one

of the highest GF reported to date for the piezoresistive e�ect in semiconductors. The

generation of carrier concentration gradient in the top thin 3C-SiC �lm under illumi-

nation from the LED coupling with the tuning current contribute to the modulation

of the piezoresistive e�ect in a 3C-SiC/Si heterojunction. In addition, the feasibility

of using di�erent types of LEDs as the tools for modulating the piezoresistive e�ect is

investigated by lateral photovoltage and photocurrent under LED's illumination. The

generated lateral photovoltage and photocurrent are as high as 14 mV and 47.2�A,

respectively. Recent technologies for direct bonding of micro-LEDs on a Si-based device

and the discovery reported here may have a signi�cant impact in mechanical sensors.

6.2 Introduction

The piezoresistive e�ect is one of dominant e�ects utilised in micro/nano electronic sen-

sors besides thermal resistive e�ect [1{6], piezoelectric e�ect [7] and photovoltaic e�ect

[8]. The piezoresistive e�ect is a main sensing e�ect in micro/nano electromechani-

cal systems (MEMS/NEMS). The piezoresistive e�ect, the change of resistivity under

applied stress/strain, has been extensively utilised in inertia [9{11], pressure [12], tac-

tile [13] and bio-sensing sensors [14]. Hi-tech applications such as space exploration

and self-driving cars increasingly demand for ultrasensitive sensing devices. In recent

years, research on enhancement of the piezoresistive e�ect has been pursuing two key

directions. The �rst direction focuses on investigating the piezoresistive e�ect on new

materials using methodologies that have been successfully applied on typical materials

such as silicon (Si) and silicon carbide (SiC). The second direction follows approaches

for modulating the piezoresistive e�ect such as structure miniaturisation [15] or coupling

methods [16], which achieved successes on giant piezoresistive e�ect in materials such as

in Si nanowires.
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A giant piezoresistive e�ect could enable a step change in sensitivity of mechanical sen-

sors. The giant piezoresistive e�ect in semiconductors was �rst reported by He and Yang

[15] as they observed a substantial piezoresistive e�ect in Si nanowires (the longitudinal

piezoresistive coe�cient of �3; 550� 1011 Pa�1 ) compared with bulk Si (the longitudinal

piezoresistive coe�cients of �94 � 1011 Pa�1 ) . This discovery was followed by a number

of investigations on the piezoresistive e�ect in nanowires and other nanostructures as

well as materials. Three consensus explanations for the origins of the observed giant

piezoresistive e�ect in Si nanowires are the occurrence of a surface quantization e�ect in

the �rst few silicon monolayers [17], stress-induced changes in the surface states, which

become more dominant in nanowire structures corresponding to the increase in surface

area/volume ratio [18], and charge trapping and de-trapping leading to the mistaken

claims of an apparent giant piezoresistive e�ect [19]. Although there have been claims

on the giant piezoresistive e�ect of Si nanowires, the instability and controversial de-

bates have hindered translating these ideas into practical applications [19,20]. Another

approach to boost piezoresistance to a giant e�ect is coupling piezoresistance with other

physical e�ects. Neuzil et al. [21], for instance, utilised a �eld-induced external electri-

cal bias to modulate the piezoresistive e�ect in silicon nanowires reaching a maximum

gauge factor (GF) of 5,000.

More recently, the discovery of the giant piezoresistive e�ect through optoelectronic

coupling in a semiconductor heterostructure [22,23], which enhanced the piezoresistive

e�ect in 3C-SiC/Si heterojunction by three orders of magnitudes, has opened up a

new era for the development of ultrasensitive piezoresistive sensors. In those works, an

external visible light source illuminates non-uniformly the sensing element and generates

a lateral photovoltage in the top material layer of a SiC/Si heterostructure. Coupling

with a tuning current, this phenomenon enhances the piezoresistive e�ect. One of the

key contributing parameters of the tuneable giant piezoresistive e�ect was a gradient of

carrier concentration within the sensing element under illumination. This concentration

gradient was substantial to create a large lateral photovoltage and/or photocurrent.

The bottle neck of using an external light source can be solved with an integrated light

source. As technologies for transferring nano- and micro-LED (light emission diode) to

silicon-based chips have been recently successfully developed [24], ultrasmall LEDs can

be used as the suitable light source for optoelectronics coupling.

In the present work, we report a method to enhance a giant piezoresistive e�ect by

bonded ultrasmall (pico-, nano-, and micro-) LEDs as shown inFigure 6.1. As proof of

principle, we demonstrated the feasibility of using commercial ultrasmall LEDs, which

can be easily expanded to mass production using the recently introduced technologies

for bonded micro-LED on Si-based sensors at wafer level. First, we investigated the

lateral photovoltage of the 3C-SiC/Si heterostructure sensors under the illumination of
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Figure 6.1: Working principle for enhancing the piezoresistive e�ect using
a bonded LED coupling with tuning current.

the bonded LEDs to demonstrate the feasibility of the concept. Illumination from the

LEDs generates a lateral photovoltage as high as 14 mV corresponding to a short-circuit

photocurrent of � 47.2 �A. The generations of the lateral photovoltage were also noted

to be high with di�erent LED types. The giant piezoresistive e�ect was demonstrated

and observed under the illumination of a red pico-LED with the gauge factor (GF)

as high as 18,000, which approximately thousand times enhancement compared with

con�guration without LED.

6.3 Fabrication

We characterized the giant piezoresistive e�ect in 3C-SiC/Si heterostructure with a

bonded LED using a bending method. Therefore, the fabrication process consists of two

main stages: fabricating 3C-SiC/Si cantilever, whose geometry shown inFigure 6.2 and

integrating ultrasmall LED on the as-fabricated cantilever.

6.3.1 Cantilever fabrication process

Figure 6.2 illustrates the fabrication process of the cantilevers. The �rst step is epitaxial

growth of the 3C-SiC �lm on a prepared single crystal 6-inch Si wafer using low pressure

CVD technique. In this step, silane and propylene were used as precursors for silicon

and carbon atom supplement while trimethyl-aluminium was simultaneously utilised to
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Figure 6.2: Fabrication process of 3C-SiC/Si cantilever with bonded LEDs.
The 3C-SiC epitaxially grown on both sides of a (100) Si substrate in the �rst step,
which used silane and propylene as precursor materials. A layer of SiO2 was deposited
and patterned on the top of the active 3C-SiC layer in the next steps using low temper-
ature oxidation technique (LTO) following conventional photolithography. Aluminium
electrodes were then formed through subsequent CVD and photolithography. Finally,
the cantilever was diced, and the LED was bonded on the as-fabricated cantilever using

adhesive bonding technique.

supply aluminium acceptor atoms. All growing process was conducted at a tempera-

ture of approximately 1000� C. As the mismatch between Si and 3C-SiC crystals create

residual stress in 3C-SiC and Si junction, 3C-SiC was simultaneously grown on both

sides of the Si wafer. The 3C-SiC �lm thickness was approximately 300 nm with the

roughness across the wafer lower than 3 nm, measured by NANOMETRICs NanoSpec

instrument. The doping concentration in the 3C-SiC �lm was 5 � 1018 cm�3 , determined

by hot probe technique. The electrodes for the bonded LED need to be insulated from

the 3C-SiC active �lm to prevent electric current leaking from the LED supply voltage

source into the sensing component. Thus, a 200 nm thick SiO2 layer was deposited on

top 3C-SiC �lm using low temperature oxidation technique (LTO). This SiO 2 layer was

patterned via a photolithography process combined with wet etching using BHF etchant

(a mixture of ammonium uoride (NH 4F) and hydrouoric acid (HF)) in room temper-

ature for around 2 minutes. The �nals step is depositing and patterning aluminium (Al)

to form Al electrodes on top of 3C-SiC and SiO2 layers, followed by dicing to form the

cantilever.

6.3.2 Bonding of ultra-small LED on the as-fabricated cantilever

Adhesive bonding is generally cost-e�ective and more convenient than other bonding

methods [25]. We used adhesive bonding to integrate commercial LEDs on the as-

fabricated cantilevers. We conducted bonding with three types of commercial LEDs
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(micro-, nano-, and pico-LEDs) supplied by LIGHTHOUSELEDs with LED's parame-

ters shown inTable 6.1. A transparent adhesive was used for bonding LEDs to eliminate

the light blockage.

The generation of lateral photovoltage and photocurrent results from the non-uniform

illumination. Hence, the LED was bonded asymmetrically relative to the two electrodes

of the sensing element, to create the non-uniform illumination as shown inFigure 6.1. In

other words, the LEDs have deviated towards the �rst electrode from the clamping end.

Figure 6.7 shows the LED bonding procedure. First, the adhesive was transferred from

an adhesive sink into the cantilever's bonding position using a needle positioned by a

three-direction stage. The amount of the transferred adhesive was accurately controlled

by adjusting the submerged depth of the needle with a de�ned tip into the adhesive

sink. Next, the LED held by a robotic hand was placed on the transferred adhesive

on the cantilever and was �rmly hold for around 8 hours during the curing process.

The position of the LED was observed under a microscope with a camera connected to a

computer. Figure 6.8depicts an example of successful bonding a pico-LED on 3C-SiC/Si

device.

6.4 Performance characterisations

Figure 6.9-a shows the experimental setup to evaluate the lateral photovoltaic e�ect of

the cantilever with the bonded LED and the enhancement of the piezoresistive e�ect

by optoelectronic coupling. The whole device was placed in a dark box to eliminate

the impact of surrounding noise. The LED was powered by a triple output power

supply (Agilent E3631A). The lateral photovoltage and photocurrent were monitored by

a semiconductor analyser (Keysight B1500A). The generations of lateral photovoltage

and photocurrent were investigated under three types of ultrasmall LEDs (pico-, nano-

and micro-LEDs).

For piezoresistive e�ect characterisation, the cantilever with a bonded pico-red LED

was �rmly clamped at one end close to the sensing element as shown inFigure 6.9-b.

The strains were induced in the sensing element by bending the cantilever using di�erent

loads applied on the cantilever's other free end. We controlled the tuning electric current

and simultaneously measured the voltage between the two electrodes using Keysight

B1500A semiconductor analyser. All piezoresistive e�ect characterisation experiments

were conducted in dark condition as shown inFigure 6.9-b. In addition, the relationship

between light intensity and the LED supply voltage was investigated using Thorlabs

PM400 optical power meter for measuring light intensity at di�erent LED voltage.
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6.5 Results and discussions

Figure 6.3: Lateral photovoltaic e�ect of the 3C-SiC/Si heterojunction
structure under illumination from the bonded LEDs. (a) I-V characterisa-
tion under di�erent conditions (dark condition and light illumination from the bonded
LED with di�erent voltages powering the bonded pico-LED). The repeatability of (b)
lateral photovoltage and (c) photocurrent under di�erent voltages powering the bonded
pico-LED. (d) The generation of lateral photovoltage versus LED supply voltage with

di�erent types of LEDs.

The lateral photovoltaic e�ect must be substantial under illumination to magnify the

piezoresistive e�ect in heterojunction by optoelectronic coupling [22]. The lateral photo-

voltaic e�ect is characterised by the magnitude of lateral photovoltage and photocurrent

generated under illumination. Therefore, we �rst investigated the lateral photovoltaic

e�ect of the 3C-SiC/Si heterostructure sensing devices under the bonded LEDs' illumina-

tion. The lateral photovoltaic e�ect of the 3C-SiC/Si heterojunction sensing device was

investigated under illumination from three types of commercial packaged LEDs (micro-

LED, nano-LED, and pico-LEDs). The commercial pico-LEDs are as small as 0.5 mm�

1 mm � 0.5 mm in width � length � height, respectively (Table 6.1), which can further

reduce the size by using a light-emitting component only, enabling the implementation of
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ultrasmall sensing devices. The LEDs (micro-LED, nano-LED, and pico-LEDs) were ac-

curately bonded at the same position on the device to eliminate inuences of its position

on the lateral photovoltaic e�ect.

Figure 6.3 presents the performance of the lateral photovoltaic e�ect in the 3C-SiC/Si

device under the illumination of ultrasmall LEDs. The linear current-voltage (I-V) char-

acteristics under the dark condition and di�erent pico-LED voltages from 2V to 7V (see

Figure 6.3-a) indicate an Ohmic contact formed between the 3C-SiC layer and aluminium

electrodes. In addition, while the I-V curve goes through the origin of coordinates under

dark condition, I-V curve moves further from the origin point corresponding with the

increase in the LED supply voltage. The generations of lateral photovoltage and pho-

tocurrent under illumination from the pico-LED are shown in Figure 6.3-b and 6.3-c,

respectively. Figure 6.3-b con�rms the repeatability of the lateral photovoltage gener-

ated between the two electrodes when the pico-LED with di�erent supply voltage was

periodically switched OFF and ON. The lateral photovoltage spontaneously responds

to switching the LED with responding time less than one millisecond. The lateral pho-

tovoltage was approximately zero when the LED was turned OFF, and it increased to

around 0.5 mV, 2.58 mV, 4.45 mV, 6.25 mV and 7.9 mV with the LED supply voltage

of 2V, 3V, 4V, 5V, and 6V, respectively. Interestingly, the generation of the lateral

photovoltage is considerable high (2.58 mV) for the optoelectronic coupling purpose[22]

as the LED supply voltage higher than 3 V.

Similarly, when the external circuit was shorted, photocurrent was found within the 3C-

SiC layer crossing the sensing element. The generated photocurrent was approximately

1.1 �A, 6.77 �A, 12.92 �A, 19.06 �A, and 25.69 �A corresponding to the LED supply

voltages of 2 V, 3 V, 4 V, 5 V, and 6 V, respectively. Optimal value of tuning current

depends on the illumination condition, which was observed close to magnitude of the

photocurrent. Therefore, the photocurrent in sub-ten micro Ampere range enables to

control the tuning current reaching optimal value to maximise the modi�cation of the

piezoresistive e�ect under LED illumination. The generation of the photovoltage and the

photocurrent on the top material layer of 3C-SiC/Si heterostructure can be explained

basing on the lateral photovoltaic e�ect. While details of the lateral photovoltaic e�ect

can be found somewhere else [9,26{28], the generation of lateral photovoltage and

photocurrent under illumination from LEDs can be explained under the mechanism

shown in Figure 6.1. When the bonded LED was ON to illuminate the device, numerous

photons went through the transparent 3C-SiC thin layer and were adsorbed within the

junction region or Si layer. Electrons adsorbing enough photon energy, which was larger

than the bandgap energy of Si (around 1.1 eV), jumped to conduction bands and leaved

holes in valence bands, known as the generation of electron-hole pairs (EHPs). While

most electrons and holes photogenerated in junction region were drifted to the Si and SiC
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layers, respectively, due to built-in voltage across the junction region, a large number of

holes photogenerated in the Si substrate tunnelled to the 3C-SiC thin �lm. Therefore, a

number of holes were injected into the 3C-SiC layer around the illumination spot, which

then defused within the 3C-SiC �lm away from the illumination spot. As distances from

the bonded LED to the two electrodes are di�erent, a gradient of hole concentration was

formed across the two electrodes (seeFigure 6.1), represented by a potential gradient

and measured by a voltage, called lateral photovoltage. When the external circuit was

shorted, an electric current ew through the circuit, which is called photocurrent.

We observed the generations of lateral photovoltage with three types of commercial LEDs

of di�erent sizes (see insets ofFigure 6.3-d) versus a wide range of LED supply voltage.

With all three LED types, the lateral photovoltage rapidly increases with increasing

LED voltage from around 1.7 V to approximately 5 V, and the increase rate decreased

as the LED voltage was higher. The lateral photovoltage was relatively saturated as

the LED voltage was higher than 14 V. The lateral photovoltages generated under

pico-LED is highest compared with that under micro-LED and nano-LED while the

lateral photovoltages under micro-LED is slightly higher than that under nano-LED. The

increase of lateral photovoltage versus LED voltage and the di�erences in photovoltages

developed under the three LED types agree well with changes of light intensity with the

LED voltage. As shown in Figure 6.10, the light intensity from pico-LED is signi�cantly

higher than those of micro- and nano-LEDs in the whole measurement range, while light

intensity from nano-LED is slightly lower than that from micro-LED. The saturation

in lateral photovoltage might result from dominant of the Auger process at higher light

intensities, which reduces the photocarrier lifetime [26,29]. Interestingly, as shown in

Figure 6.3-d, the generated lateral photovoltages are substantially large for the purpose

of applying opto-electronic coupling with all types of LEDs.

We subsequently investigated the enhancement of the piezoresistive e�ect with the

bonded LED coupling with tuning current using a bending method as shown inFig-

ure 6.9. The lateral photovoltage was highest under illumination from the pico-LED in

comparison with that from nano-LED and micro-LED, hence the pico-LED was used to

enhance the piezoresistive e�ect. The pico-LED was supplied a voltage of 6.1 V to gener-

ate light with the intensity of approximately 165 �W while three di�erent loads of 50 g,

100 g, and 150 g were applied to the free end of the cantilever to induce strains of approx-

imately 225 ppm, 450 ppm, and 675 ppm, respectively (the strain calculation is shown in

section 6.7.7). In this experiment, a tuning current of 25.72�V, which was close to the

photocurrent value, was supplied to the device.Figure 6.4-a shows the relationship of

the fractional changes in the resistance, �R/R 0=(R-R 0)/R 0=(V-V 0)/V 0=�V/V 0, with

the applied strain when the pico-LED was ON and the loads were periodically applied

and released from the free end of the cantilever. Under the load of 150 g, the average of
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fractional change in resistance was approximately 12.5, while these respective changes

were approximately 7.5 and 3.5 with loads of 100 g and 50 g. Compared to the con�gu-

ration without LED, as shown in Figure 6.4-b, the fractional changes in resistance were

approximately 0.0047, 0.0093 and 0.014 for loads of 50 g, 100 g, and 150 g, respectively.

We also noted the linear response between the fractional change in resistance and the

applied strain, as shown inFigure 6.4-a and6.4-b.

Gauge factor (GF) is a crucial parameter for evaluating the piezoresistive e�ect, which

is calculated as the ratio between the fractional resistance change (�R/R0) and the

applied strain ("):

GF =
�R
R0

�
1
"

=
R � R0

R0
�

1
"

(6.1)

With the con�guration without a LED, the GF was around 20.5 (see Figure 6.4-b), which

is similar with the results previously reported on the piezoresistive e�ect of p-type 3C-

SiC [20] . Interestingly, the GF increased to approximately 18,000 as the LED was ON,

as shown inFigure 6.4-a, which is approximately thousand times of enhancement (from

20.5 to 18,000). In addition, the piezoresistive e�ect with GF of 18,000 is one of the

highest GF having ever reported for semiconductors. The signi�cant enhancement of

the piezoresistive e�ect due to the bonded LED was contributed from three key factors

as shown inFigure 6.5.

Firstly, the illumination from the bonded LED, which was asymmetrical to the two

electrodes (1 and 2) created a gradient of hole concentration on the 3C-SiC thin �lm.

This non-uniform illumination resulted in a di�erence in the Fermi energy level across

the sensing element as shown inFigure 6.5-a. The Fermi energy level deference between

Figure 6.4: Giant piezoresistive e�ect enormously modulated by bonded
pico-LED. (a) The relationship between the factional change in resistance with the
applied strain of the con�guration with LED. (b) The relationship between the factional

change in resistance with the applied strain of the con�guration without LED.
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the two electrodes was proportional with the measured lateral photovoltage, depicted

by the equation 6.2

eVph = EF;3C �SiC @1 � EF;3C �SiC @2 (6.2)

where, e is the electron charge;EF;3C �SiC @1 and EF;3C�SiC @2 are the Fermi energy

levels at electrode 1 and 2, respectively; andVph is the measured lateral photovoltage.

Secondly, the electric �eld, which was created by the tuning current, redistributed the

majority carriers on the 3C-SiC thin �lm and rebalanced the Fermi energy level across

the sensing element. The electric �eld (Etuning ) depends on the tuning current (I tuning )

and the conductivity of the material ( � ) by the equation 6.3

E tuning =
Z 2

1
I tuning �

1
�

dx (6.3)

where, x is distance from the electrode1. When the tuning current was optimised,

majority carriers were uniformly redistributed and the Fermi energy level was rela-

tively balanced across the sensing element, as shown inFigure 6.5-b, ( EF;3C �SiC @1

� EF;3C �SiC @2). Therefore, the measured voltage across the sensing element under

free-strain condition (V0) was ultrasmall.

Thirdly, the mechanical strains deviated sub-valance bands. For example, under tensile

strain, the energy sub-bands of heavy hole shifted up to lower hole energy levels and the

Figure 6.5: Modulation of the piezoresistive e�ect by the bonded LED
coupling with tuning current. (a) Generation of a gradient of hole concentration
in p+ -3C-SiC layer (top) and the energy band diagram of p+ -3C-SiC between the two
electrodes under the LED illumination (bottom). (b) Redistribution of holes in p+ -3C-
SiC thanks to electrical �eld formed by supplying a tuning current (top), and the energy
band diagram of p+ -3C-SiC between the two electrodes under the LED illumination
and tuning current (bottom). (c) Change in the number of heavy hole and light hole
under mechanical strain (top), and the energy band diagram of p+ -3C-SiC between
the two electrodes under the LED illumination, tuning current, and mechanical strain

(bottom).
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energy sub-bands of light hole moved down to higher energy level, as shown inFigure

6.5-c. Since the charge carriers tend to occupy at lower energy band, the deviation of

sub-valance bands resulted in the redistribution of holes in valance bands and changes

the number of heavy and light holes. Therefore, under tensile strain, the number of heavy

hole increases while the number of light hole decreases, as shown inFigure 6.5-c, which

changed the average hole mobility. As a result, the resistivity changed corresponding

to the applied mechanical strains. Because the Fermi energy level was almost balanced

under free-strain state, the relative resistivity change due to the applied mechanical

strains became extremely large, which indicates by the relative change of voltage, (V �

V0)=V0, is large.

6.6 Conclusion

We successfully demonstrated the feasibility of enhancing the piezoresistive e�ect in

3C-SiC/Si heterojunction with bonded LEDs. The generated lateral photovoltage and

photocurrent were as high as 14 mV and 47.2�A, respectively. An extremely high GF

of 18,000 in 3C-SiC/Si heterostructure with a powered bonded LED was observed, as

the bonded LED was powered with a voltage of 6.1 V coupling with tuning current of

25.72�A, which is thousand times higher than that without an LED. This value is one

of the highest GF in semiconductors reported to date. This successful demonstration

can realise the actual applications of the giant piezoresistive e�ect in heterojunction

by optoelectronic coupling as technologies for bonding micro-LEDs on Si-based devices

have been recently introduced for mass production.
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6.7 Electronic supplementary information

6.7.1 Cantilever geometry

Figure 6.6: Cantilever geometry

6.7.2 LED parameters

Table 6.1: Micro-, nano-, pico- LED parameters (supply by LighthouseLEDs)

Parameter Micro-LED Nano-LED Pico-LED

Colour light Red Red Red

Chip sizes (width �
length � height)

1.25 mm � 2.0
mm � 1.1 mm

0.7 mm � 1.6 mm
� 0.75 mm

0.5 mm� 1 mm �
0.5 mm

Code produce 0805 0603 0402

Integrated resistor 510
 510 
 510 


Supply voltage 2V to 18 V 2V to 18 V 2V to 18 V

6.7.3 Bonding procedure

Figure 6.7: LED bonding procedures
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6.7.4 As-fabricated device with a bond-pico LED

Figure 6.8: As-fabricated 3C-SiC/Si device with boned pico-LED

6.7.5 Performance characterisation

Figure 6.9: (a) Experimental schematic and(b) Experimental setup for characteriza-
tion the lateral photovoltaic e�ect and the piezoresistive e�ect of the 3C-SiC/Si device

with bonded LED

Table 6.2: Strain calculation results

Load (g) F (mN) w (mm) t (mm) L (mm) E Si (GPa) ESiC (GPa) " (ppm)

50 491 5 0.63 25 170 330 225

100 982 5 0.63 25 170 330 451

150 1473 5 0.63 25 170 330 677
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6.7.6 The relationship between light intensity and LED supplied voltages.

Figure 6.10: The relationship between light intensity and LED supplied
voltages.
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6.7.7 Strain calculation

Figure 6.11: A cantilever with load at the free end

Figure 6.11 depicts a cantilever with one end clamped and one end free. The width and
thickness of the cantilever arew and t, respectively. The distance from the free end
(load point) to the centre of the piezoresistor isL. tSi and tSiC are the thickness of the
Si substrate and SiC thin �lm, respectively. ESi and ESiC are Young's moduli of Si
and SiC in the [100] orientation. A force F is applied to the free end of the cantilever.
The strain " in the centre of the piezoresistor was calculated using a bending model of
a bi-layer beam as SiC was epitaxially grown on the Si substrate with assumption that
the bonding between the Si substrate and SiC layer is perfect. As the lengths of the Si
substrate and SiC layer are equal, the lateral strain of the piezoresistor is:

" =
F

wD
Lt n =

F
wD

L
t
2

(6.4)

where tn is the distance from the neutral axis to the piezoresistor. The bending
modulus per unit is estimated as:

D =
E 2

Si t
4
Si + E 2

SiC t4
SiC + 2E Si ESiC tSi tSiC (2t2

Si + 3t Si tSiC + 2t 2
SiC )

12(ESi tSi + ESiC tSiC )
(6.5)

Substitute the given parameters into equations6.4 and 6.5, we can �nd strain at the
sensing element corresponding with three applied loads of 50 g, 100 g, and 150 g as
shown in Table 6.2. We have also con�rmed these results using �nite element analysis
(FEA) method.



Chapter 7

Conclusion and Future Work

7.1 Conclusion

This research aims to investigate the opto-electronically enhanced piezoresistive e�ect

and its applications in mechanical sensing applications. The opto-electronically en-

hanced piezoresistive e�ect is a photovoltaic-electrical-mechanical property that reects

a coupling between piezoresistive e�ect, lateral photovoltaic e�ect, and a controlled hole

current. In this e�ect, piezoresistive e�ect is the main e�ect utilised to detect the applied

strain, and the sensitivity is boosted by regulating optimally simultaneously both lat-

eral photovoltaic e�ect and the electrical current. From obtained results, the following

conclusions are remarked:

(1) A giant gauge factor (GF) of 58,000 in 3C-SiC/Si heterojunction have been achieved

thanks to applying the opto-electronically enhanced piezoresistive e�ect. This is

the highest GF reported to date, which is approximately 30,000 times greater than

the GF of commercial metal strain gauges and more than 2,000 times higher than

that of 3C-SiC without applying the opto-electronically enhanced piezoresistive

e�ect.

(2) Three key parameters that contributed to this giant piezoresistive e�ect have been

analysed. First, non-uniform illumination created a gradient of carrier concentra-

tion within the 3C-SiC nano�lm, generating a lateral photovoltage in this layer.

Second, the tuning current was introduced to reduce the di�erence in the Fermi

energy levels of 3C-SiC at the two electrodes (L and R). Depending on the value

of the lateral photovoltage, the optimal tuning current could have di�erent values.

Third, mechanical stress/strain caused shifts in the valance sub-bands (light hole
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and heavy hole), leading to the redistribution of charge carriers among these bands

and changing the mobility and electrical conductivity of the material.

(3) The unprecedented enhancement of sensitivity, tunability, stability, and the expan-

sion of detectable range in a pressure sensor by applying the opto-electronically

enhanced piezoresistive e�ect has been demonstrated. The high sensitivity of the

pressure sensor (0.87 kPa�1 ) is unprecedented in comparison to well-known silicon

MEMS pressure sensors. By applying the opto-electronically enhanced piezore-

sistive e�ect, the sensitivity of the pressure sensor has been modulated by more

than 185,100 times and is more than 1,700 higher than the values of the recently

reported silicon-based pressure sensor. The pressure sensor possessed an excellent

linearity property and performed stably after two consecutive days. It has also

been demonstrated that the detectable pressure range was expanded by applying

the opto-electronically enhanced piezoresistive e�ect.

(4) A novel technology for harvesting light energy to self-power and simultaneously

sense mechanical acceleration in a monolithic structure, which is an expansion of

application of the opto-electronically enhanced piezoresistive e�ect, has been de-

veloped. Under non-uniform illumination, a gradient of hole carrier concentration

was generated on the top layer material in 3C-SiC/Si structure, which illustrated

by a generated lateral photovoltage (the output voltage of the accelerometer) in

the 3C-SiC. The inertial force generated under acceleration changed mobility of

the charge carriers, which drifted the di�usion rate of the carriers, and hence re-

sulting changes in the gradient of the majority carriers and the output voltage of

the accelerometer. The sensitivity at 480 lx light illumination was measured to be

107 �V/g, while it was approximately 30 �V/g under the ambient light illumina-

tion without any electrical power source. In addition, the acceleration sensitivity

was tunable by controlling parameters of the photonic gate such as light power,

light spot position and light wavelength.

(5) The feasibility of using an integrated light source instead of an external light source

has been successfully demonstrated, which enables applying the opto-electronically

enhanced piezoresistive e�ect in comprehensive devices. The commercial light

emitting diodes (LEDs) have successfully been bonded on 3C-SiC/Si devices. Un-

der illumination from the bonded LEDs, the generated lateral photovoltage and

photocurrent were as high as 14 mV and 47.2�A, respectively, which were sub-

stantial for utilising in the opto-electronically enhanced piezoresistive e�ect. The

performance of the piezoresistive e�ect enhanced by opto-electronic coupling has
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also been investigated with an approximately thousand times improvement com-

pared to the con�guration without the bonded LED and a gauge factor of as high

as 18,000.

7.2 Future works

The opto-electronically enhanced piezoresistive e�ect has been successfully discovered

and investigated in 3C-SiC/Si heterojunction. Initial applications of the opto-electronically

enhanced piezoresistive e�ect such as pressure sensor and accelerometer have been

demonstrated. The feasibility of using light from commercial LEDs on the opto-electronically

enhanced piezoresistive e�ect has been demonstrated. However, further studies could

be done to more deeply and widely investigate the opto-electronically enhanced piezore-

sistive e�ect and develop more its applications. Future studies are recommended as

follows:

(1) Investigation of the opto-electronically enhanced piezoresistive e�ect on other ma-

terials and/or other structures. In this thesis, the opto-electronically enhanced

piezoresistive e�ect was observed and investigated in 3C-SiC/Si heterostructures.

Therefore, the opto-electronically enhanced piezoresistive e�ect could be investi-

gated in other materials such as silicon or other structures such as n-type/n-type

junction and n-type/p-type junction.

(2) Investigating inuences of various parameters on the opto-electronically enhanced

piezoresistive e�ect. The inuences of doping concentration, crystal orientations,

and defect density on the opto-electronically enhanced piezoresistive e�ect could

be investigated to deeper understand. The inuences of light parameters (light

wavelength, light intensity, light spot size) on the opto-electronically enhanced

piezoresistive e�ect could be studied as well.

(3) The opto-electronically enhanced piezoresistive e�ect with Micro LEDs bonded

on Si-based devices using wafer bonding techniques. The feasibility of using light

emitting from commercial LEDs on the opto-electronically enhanced piezoresistive

e�ect has been demonstrated. However, for mass production of opto-electronically

enhanced piezoresistive devices, the LED without packaging should be integrated

into Si-based device. Wafer bonding technique for bonding GaN LEDs grown on a

sapphire substrate into a Si-based substrate wafer, which have been well developed

by EV group, can be used for integrating light source onto the devices and their

opto-electronically enhanced piezoresistive e�ect should be studied
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(4) Develop other devices applying the opto-electronically enhanced piezoresistive ef-

fect such as piezoresistive ow sensors and gyroscope. Initial applications of the

opto-electronically enhanced piezoresistive e�ect have been demonstrated on pres-

sure sensor and accelerometer. However, various mechanical devices can be de-

veloped applying opto-electronically enhanced piezoresistive e�ect. In addition,

the external light sources have been used in developing the pressure sensor and

accelerometer, so the integrated light source should be developed in new devices.

(5) Develop new strategies for enhancement of the piezoresistive e�ect or other phys-

ical e�ects. This thesis has successfully proved coupling the lateral photovoltaic

e�ect and electric �eld to enhance the piezoresistive e�ect. Therefore, similar

ideas can be developed to enhance the piezoresistive e�ect or other physical e�ect.

For example, the magnetic �eld might couple with photovoltaic e�ect or thermal

electricity.
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