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Abstract
Silicon carbide (SiC) is emerging as a potential material for harsh environment applications owing to its superior electrical and mechanical properties, as well as excellent chemical inertness. Among more than 200 polytypes, single crystalline cubic
silicon carbide (3C-SiC) is attracting significant research interest due to its higher
channel mobility and lower energy bandgap that make it the most suitable polytype
for developing electronic and optoelectronic devices. The 3C-SiC films are usually
grown on 4H-SiC, 6H-SiC, and Si-substrates due to the lack of 3C-SiC-substrate.
Unlike other 3C-SiC heterostructures, 3C-SiC/Si is the preferable heterojunction for
Micro/Nano-Electro-Mechanical Systems (M/NEMS) applications as it can be grown
on commercially available large Si-wafers, and hence the cost of wafers reduces significantly. However, most of the 3C-SiC/Si-based devices have utilized only the 3C-SiC
layer as a functioning layer. This research aims to theoretically and experimentally
investigate the optical and optoelectronic effects on 3C-SiC/Si heterojunctions and
explores the potential of enhancing the sensitivity of 3C-SiC/Si-based devices via the
optomechanical coupling effect. The first purpose of this study is to examine the
effect of optical illumination on the 3C-SiC thin film and evaluates the possibility to
use it as a thermoresistive sensor for monitoring cell temperature during an optical
investigation. Furthermore, this research intends to investigate the photoconductive
behaviors of the 3C-SiC/Si heterojunction under UV and visible illuminations. The
characteristics of the heterojunction are also evaluated under broad spectral illuminations (UV-NIR) to prove its potential to perform as a self-powered photodetector.
In addition, the possibility of enhancing the sensitivity of a 3C-SiC/Si heterostructure based piezoresistive sensor by employing the optomechanical coupling effect is
also examined. The results from this study imply the feasibility of using 3C-SiC/Si
heterostructure for various M/NEMS applications (such as photodetectors, thermoresistive sensors, and piezoresistive sensors) in optical environments. Moreover, the
in-depth discussion about the carrier generation and transport mechanisms will provide vital information for the development of 3C-SiC/Si optoelectronic devices. This
thesis is prepared in a “thesis by publications” format. The published journal articles
are presented in chapters 3 (partially), 4, 5, and 6.
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Chapter 1

Introduction and research scopes
1.1

Introduction and motivation

A photodetector with high sensitivity and reliability over a broad spectrum is essential for many applications including multispectral image sensors, biomedical imaging,
and broadband optical communications [1], [2]. Homojunction based photodetectors,
generally, show the optimum sensitivity at a particular wavelength which depends
on the material bandgap, limiting their applications in wide spectral sensitivity devices. In contrast, the detectors based on heterojunctions show a good sensitivity
over a wide-spectral region as it combines two dissimilar bandgap materials (such as
SnO2 /CdS [3], MoS2 /Si [4], ZnO/Si [5], and CH3 NH3 PbI3 /ZnO [6] ), which results in
an extension of their optical absorption range. In these structures, a large bandgap
material, generally, is used as a top layer; hence the higher energy photons are absorbed in the material. Subsequently, the photons with low energy pass through the
layer and are absorbed in the bottom low bandgap material, resulting in an increase
in device sensitivity over a wide spectral region.
Silicon carbide (SiC) has drawn a great deal of attention as a wideband gap (which
is a desirable property of a heterojunction-based photodetector) material, owing to
its excellent mechanical and electrical properties, as well as notable chemical- and
bio-inertness [7, 8]. Among more than 200 SiC polytypes, 3C-SiC has the advantages
of cubic crystal symmetry, the highest electron saturation drift velocity, and most
1
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importantly it can be grown on a large Si-wafer (up to 300 mm), which reduces
the cost of wafers significantly [9, 10]. Furthermore, the 3C-SiC/Si structure is also
compatible with existing mature MEMS technologies. A wide range of better and
cost-effective highly sensitive MEMS sensors, for example, piezoresistors [10, 11],
pseudo-Hall devices [12, 13], and pressure sensors [14, 15] have been reported based
on 3C-SiC/Si. However, in those applications, the top 3C-SiC layer was used as the
functioning layer.
Although the best efforts have been made to grow high-quality 3C-SiC film on Sisubstrate, the grown 3C-SiC/Si heterojunction experiences crystal defects and film
stress at the interfaces due to different thermal expansion coefficients and the lattice
mismatch between 3C-SiC and Si [16, 17]. The crystal defects, mainly stacking faults,
as well as film quality can be improved by carbonizing the active silicon surface before
the deposition of 3C-SiC [17, 18]. A number of studies have reported that, despite the
presence of crystal defects at the interface, 3C-SiC/Si heterojunctions show excellent
diode characteristics with a large valance band offset (1.7 eV) between SiC and Si
[19] - [21].
3C-SiC/Si heterostructures have been employed to realize a number of MEMS and
NEMS applications, including resonator bars and nozzles for the nanofluidic system
and picofluidic system [22]. Due to the small lattice mismatch (about 3%) between
SiC and GaN [23], the 3C-SiC on Si platform can also be utilized to grow cubic GaN
that is expected to improve the performance of GaN-based LEDs [24], [25]. Owing
to the wide bandgap (2.38 eV), 3C-SiC normally has a high response in the UV/blue
spectral region but is almost insensitive in visible and infrared regions [26]. In addition, Si (1.1 eV) shows peak optical sensitivity in visible and near-infrared (NIR)
regions [27, 28]. Inspired by distinct optical properties of the heterostructure materials, it is expected that 3C-SiC/Si heterojunction will show an excellent response over
a wide spectral range. The 3C-SiC film will also serve as a protective layer for the
heterojunction in harsh environments, such as highly corrosive conditions, owing to
its superior chemical inertness.
As a consequence of its bio-inertness, 3C-SiC does not react with the local chemicals in the most corrosive environment in the human body [8]. In contrast, Si-based
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bio-sensors suffer from chemical instability and potential drifting [29]-[31]. For instance, Si could react with local organic tissues, which may lead to a chronic astroglial
effect and hence the platform is only suitable for short time sensing [32]. In addition, the opaqueness of Si under visible illuminations also hinders its application
in optical analysis or in situ monitoring of cell culture under the microscope. The
nitrogen-based sensors are considered to be suitable for bio-applications, owing to
their versatility, large bandgap, and bio-compatibility [33]. However, the nitrogen
of those sensors may react with nitrogen-containing objects of the biocell [34, 35].
On the other hand, 3C-SiC has the advantages of high young modulus, low friction
coefficient, chemical inertness, wideband gap, and bio-compatibility [34]-[36]. Therefore, the 3C-SiC thin film/membrane could be an excellent platform for simultaneous
optical and electrical characterization of bio-cells, and in situ condition monitoring
during cell culturing.
Recent studies have shown a great deal of interest to enhance the device (for example, strain sensor [37], photodetector [38], and chemical sensor [39]) sensitivity by
coupling the physical, optical, thermoresistive, and piezoelectric properties. Several
coupling methods have been reported in the literature, such as thermo-phototronics
[40], piezotronics [37], and piezo-phototronics [41]. For instance, the responsivity of a
ZnO/CdS nano-structure was enhanced 10 times under -0.31% compressive strain by
the piezo-phototronic effect, which is a three-way coupling of optical, semiconducting,
and piezoelectric properties, compared to when there is no stress [41]. However, the
influence of the coupling effect in 3C-SiC/Si heterostructure has not been elucidated
yet. Motivated by the above-mentioned coupling possibilities, it is expected that
the sensitivity of the heterostructure may improve under the opto-mechanical effect,
which is the coupling effect of the photoconductive enhancement and strain-induced
band modification in the Si-substrate.

1.2

Research objectives

Based on the research background as mentioned above and the detailed literature
review (which will be presented in Chapter 2), research gaps and research questions
are identified, which leads to the following research objectives:
3
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(i) Characterize the optical properties of a 3C-SiC thin film and explore the feasibility
of 3C-SiC sensors in bio-applications in optical environments.
(ii) Fabricate a 3C-SiC/Si heterojunction and characterize its photoresponse under
UV and visible illuminations.
(iii) Investigate the possibility of utilizing a 3C-SiC/Si heterostructure as a selfpowered broadband (UV-NIR) photodetector.
(iv) Investigate the opto-mechanical coupling effect in 3C-SiC/Si heterostructure.
In addition, demonstrate the potentiality of utilizing the coupling effect to enhance
strain sensitivity.
A flow chart of the research methodology is provided in Fig. 1.1.
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Research objectives
Optoelectronic eﬀects in 3C-SiC/Si heterostructure and
applications

Literature review
(1) Optical properties of semiconductors
(2) Optical properties of 3C-SiC/Si heterojunction
(3) 3C-SiC/Si based broadband photodetectors
(4) Enhancing the sensitivity of 3C-SiC/Si MEMS sensors by
the optomechanical coupling eﬀect

Research gaps
(1) Lack of research and limited understading of 3C-SiC/Si
heterojunction based wideband photodetector
(2) The optomechanical coupling eﬀect in 3C-SiC/Si MEMS
sensors has not been eluciadated yet

Sample preparation

Theoretical analysis
(1) Optical properties of 3C-SiC thin ﬁlm

(1) Fabrication of 3C-SiC thin ﬁlm: piezoresistors,
transferring on to a glass substrate
(2) Formation of electrical contacts by an ultrasonic wedge-wedge bonder
(3) Fabrication of 3C-SiC/Si meas structure
(4) Measurement setup for electrical and optical
characterization under wide spectral illuminations

(2) Photoresponse of the 3C-SiC/Si heterojunction
(3) Self-powered photodetectors and characteristics of a 3C-SiC/Si heterostructure under
broad spectral illuminations
(4) Optomechanical coupling eﬀect in the
3C-SiC/Si heterostructure

Characterization & results
(1) Optical properties of a 3C-SiC thin ﬁlm and its applications as a thermoresistive sensor in optical environments
(2) Metallization of 3C-SiC MEMS devices utilizing direct
wire bonding method
(3) Photoresponse of the 3C-SiC/Si heterojunction
(4) Characterization of the 3C-SiC/Si heterostructure at
self-powered conditions
(5) Enhancing strain sensitivity of the 3C-SiC/Si heterostructure by the optomechanical coupling eﬀect

Outcomes
Paper J.1 (RSC)
Paper J.3 (RSC)
Paper J.4 (EDL)
Paper J.5 (TED)
Paper J.2 (ACS)

Data analysis and evaluation
Dissertation
Figure 1.1: Flow chart of the research methodology.
(RSC: RSC Advances, ACS: ACS Applied Materials and Interfaces, EDL: Electron
Device Letters, and TED: IEEE Transactions on Electron Devices)
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1.3

Dissertation outline

This dissertation is organized in a “thesis by publications” format, which consists
of traditional thesis chapters (Chap: 1, 2, 3 (partially), and 7) and chapters that
are formed by reformatting the published peer-reviewed journal articles (Chap: 3
(partially), 4, 5, and 6). The outline of the thesis is as follows:
Chapter 1 introduces the research background, objectives and the scope of this
study.
Chapter 2 presents a thorough review of SiC material, its properties, and growth
process on various substrates. The electrical and optical properties of 3C-SiC thin
film and 3C-SiC/Si heterojunction are also discussed. The improvement in device
sensitivity by utilizing the coupling effect is reviewed and its potential to enhance
the sensitivity of 3C-SiC/Si heterostructures based sensors is also discussed. Based
on these, the research questions and research goals are identified.
Chapter 3 represents the growth process of p-type and n-type SiC on Si-substrates
using low-pressure chemical vapor deposition technique. The electrical and optical
characterization of the grown 3C-SiC films are also discussed. Furthermore, the
fabrication process of 3C-SiC and 3C-SiC/Si heterostructure based MEMS devices
are provided. The content of this chapter has been partially presented in the published
journal papers J.1, J.2, J.3, J.4, and J.5.
Chapter 4 presents a detailed description of transferring 3C-SiC film from a Sisubstrate to a glass substrate using the Focused Ion Beam (FIB) technique. The
SiC/glass platform is then used as a thermoresistive sensor for in situ temperature
monitoring during optical investigations. The content of this chapter is published in
a peer-reviewed journal article (J.1).
Chapter 5 provides the electrical and optical characteristics of the 3C-SiC/Si heterojunction in reverse bias and self-powered conditions. The content of this chapter
is published in two peer-reviewed journal articles (J.4 and J.5).
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Chapter 6 describes the feasibility of enhancing strain sensitivity of a 3C-SiC/Si
sensor by the optomechanical coupling effect. The content of this chapter is published
in a peer-reviewed journal article (J.2).
Chapter 7 summarizes the research outcomes and discusses possible future works.
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2.1
2.1.1

Introduction to SiC
Basic crystal structure of SiC

Silicon carbide (SiC), also known as carborundum, consists of compound materials,
i.e., silicon and carbon. Both Si and C belong to group IV elements and are bounded
in sp3 hybridization bonds. It exhibits a one-dimensional polymorphism called polytypism, resulting in different polytypes which differ in the stacking sequence of each
tetrahedral bonded Si-C bilayer, as shown in Fig. 2.1 [1, 2]. Each tetrahedron consists of one carbon (silicon) atom in the center, which is bonded with four adjacent
silicon (carbon) atoms. The distance between the Si and C atom is 3.08 Å and the
distance between Si atoms is 1.80 Å [3].
As illustrated in Fig. 2.2(a), the carbon (C) atoms form a hexagonal structure (position A). Position B and C represent the location of carbon atoms in the next atomic
layer. The alteration of these three positions will result in different polytypes [4]. For
instance, the stacking sequence of 4H and 6H polytypes are ABACABAC... and ABCACBABCACB. . . , respectively [5–7]. The only cubic SiC polytype has the stacking
sequence of ABCABC... The variation in the stacking sequences considerably changes
the electronic and optical properties of the SiC polytypes. For instance, the bandgap
of 3C-, 4H-, and 6H-SiC is 2.39 eV, 3.26 eV, and 3.02 eV, respectively [8, 9].
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Figure 2.1: A tetrahedron buildings block of a carbon atom and the nearest four
silicon atoms.
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Figure 2.2: Stacking sequence of double layers of the three most common polytypes
of SiC [5–7]. (a) A is the position of carbon atoms in first atomic bilayer, B and C
indicate the position of carbon atoms in the next atomic layer, and (b)-(d) stacking
sequences of 3C-, 4H- and 6H-SiC polytypes, respectively.

2.1.2

Properties of SiC

With its superior mechanical, chemical, and electrical properties, SiC has drawn
significant attention for high-power, high-frequency, UV-visible sensing, and hightemperature applications [10–13]. For instance, compared to Si, SiC polytypes (such
as 3C-SiC) have a much higher bandgap (1.1 eV vs. 2.38 eV), breakdown voltage
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(0.3 MV/cm vs. 1.2 MV/cm), and melting point (1690 K vs. 3103 K). In addition,
SiC is also chemically inert, therefore, it hardly reacts with any other materials at
room temperature [14]. Moreover, in comparison with GaN, which is one of the most
popular optoelectronic materials, SiC has higher thermal conductivity (3.6 W/cmK
vs. 1.3 W/cmK), material strength (330 GPa vs. 200 GPa), compatibility with
modern Si technologies, and chemical/oxidation resistance [15]. The properties of
the most common polytypes (3C-, 4H-, 6H-SiC) as compared to Si and other wide
bandgap materials, are shown in Table 2.1.
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6H-SiC

4H-SiC

3C-SiC

Si

GaN

Diamond

Band gap (eV)

3.0

3.2

2.4

1.1

3.4

5.5

Electron mobility (cm2 /V s)

400

1000

800

1400

900

2200

101

115

40

471

150

1600

2

2

2

1

2.7

2.7

2.4

2.4

1.2

0.3

3.0

5.6

3103

3103

3103

1690

2400

3730

4.9

4.9

3.6

1.3

1.3

20

441-500

500-550

330-384

130-180

200-300

1100

Dielectric constant

9.7

9.6

9.7

11.8

9

5.5

Chemical inertness

Excellent

Excellent

Excellent

Poor

Good

Good, but burns

Good

Good

Excellent

Excellent

Fair

Poor

Availability/Cost

Fair

Fair

Excellent

Excellent

Fair

Poor

Lattice constant (Å)

3.081

3.073

4.359

3.84

3.189

3.6

Band structure

Indirect

Indirect

Indirect

Indirect

Direct

Indirect

Crystal structure

Wurtzite

Wurtzite

Zincblende

Diamond

Zincblende

Diamond

Hexagonal

Hexagonal

Cubic

Cubic

Cubic

Cubic

Hole mobility

(cm2 /V

s)

Saturated electron drift vel. (× 107 cm/s)
Breakdown voltage (MV/cm)
Melting point (K)
Thermal conductivity (W/cmK)
Young modulus (GPa)
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Table 2.1: Physical characteristics of SiC and other wide band materials [10, 12, 16–19].
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As indicated in Table 2.1, 3C-SiC has numerous superior properties compared to other
polytypes, for instance, it is the only SiC polytype with isotropic properties due to
cubic crystal symmetry and it has the highest saturation drift velocity [20]. Moreover,
it is the most cost-effective polytype, as well as compatible with the existing MEMS
technologies since it can be grown directly on Si-substrate [20]-[22]. Therefore, it is
possible to grow the 3C-SiC layer on a large Si wafer up to 300 mm, which enables
the potentiality of using 3C-SiC in micro-electromechanical or nano-electromechanical
systems [23]-[24].

2.1.3
2.1.3.1

Growth process of SiC
Bulk growth process

The bulk growth process was introduced by Lely in 1955 [26], and then in 1978, it
was modified by Tairov and Tsvetkov [27]. The process is known as the standard
sublimation process or physical vapor transport (PVT), and this is the most popular
method to grow commercial SiC wafers to date [33]. The growth process is carried
out in a quasi-closed graphite crucible in an argon environment, at approximately
2500 ◦ C temperature [35]. A schematic of the sublimation reactor is shown in Fig.
2.3. The SiC powder is placed at the bottom of the crucible, and the seed is attached
at the top of the crucible. The source material SiC powder is normally synthesized in
situ by chemical reactions between elementary high-purity Si granulate and C powder
[49, 50]. A linear temperature gradient is maintained within the chamber between
the source and the seed, and at about 2000 ◦ C, SiC powder starts to sublime [33].
Typically, the temperature at the bottom of the chamber and the seed is about 2300
◦C

and 2100 ◦ C, respectively.

During the sublimation process, Si, Si2 C, and SiC2 are the main gaseous components
which generate in the vapor phase, and a small amount of liquid Si is introduced into
the chamber to grow SiC crystals under the vapor atmosphere enriched by silicon
[51]. The mass transport of vapor species (i.e., Si2 C, SiC2 , Si) primarily depends on
the partial pressure difference of SiC species between the source and the seed [33].
The following reactions take place during the sublimation growth [51]:
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3SiC(soild)

SiC2 (gas) + Si2 C(gas)

2Si2 C(gas)

SiC2 (gas) + 3Si(gas)

C(solid) + 2Si(gas)

Si2 C(gas)

Si(liquid)

Si(gas)

(a)

SiC seed

(2.1)

(b)

RF coil
Seed
Grown crystal
Thermal insulator
Graphite crucible
Source material

Source

T1 T2
Quartz tube

Axial temperature

Figure 2.3: (a) A schematic illustration of the sublimation reactor and (b) axial
temperature profile of the crucible. Adopted from [35]. Copyright Springer Science
Business Media, LLC.

In the bulk crystal growth process, controlling the SiC polytypes is vital as each
polytype has distinct electrical and optical properties. The relationship between the
growth temperature and the formation of different polytypes is shown in Fig. 2.4. As
observed, it is challenging to establish a stable growth temperature to grow a desired
polytype, except 2H-, since several other polytypes can also be grown during the
growth of a long SiC boule [52]. A comprehensive discussion about the correlation
between SiC polytypes and growth temperatures can be found in [52].
Seed crystal polarity is another critical parameter, which defines the polytype of
the grown crystal. For instance, 6H-SiC boule can be grown on C- and Si- faces
of the 6H-SiC seed, while 4H-SiC polytype can only be grown on C-face, which is
irrespective of a seed polytype [53]. This phenomenon may arise from the surface
free energy differences between Si- and C-faces [54, 55]. Other key parameters for
controlling SiC polytypes are the growth pressure, seed surface orientation, impurity
concentration, and vapor supersaturation above the growing surface at the initial
stage of crystal growth [56]. The stability of the polytypes also depends on the C/Si
18
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Figure 2.4: Relation between structure and growth temperature. Adopted from
[58].

ratio (C enrichment). A polytype with a higher hexagonality is more stable in a
C-rich growth environment, for instance, 4H-SiC (hexagonality: 0.5) is more stable
than 6H-SiC (hexagonality: 0.33) [42].
In SiC boules, nitrogen (N) and aluminium (Al) are used as the main n-type and ptype dopants, respectively. The doping concentration can be estimated based on the
C/Si ratio in the gas phase [57]. For example, Al concentration in the grown epilayers
is proportional to the C/Si ratio during the growth process, whereas N concentration
is inversely proportional to the C/Si ratio [33]. Doping incorporation into the grown
crystal is significantly dependent on the seed polarity. N incorporation, for instance,
on (0001) C-face of 6H- or 4H-SiC is about 3 to 5 times higher than that in Si-face
under the same growth conditions, while the reverse is true of Al [33]. In addition,
the level of Al incorporation is increased with the increase of growth temperature,
while the level of N decreased with temperature [34]. The quality of bulk-wafer is
mainly determined by the purity of the SiC power, the seed quality, appropriate radial
and axial temperature profiles, and constant and uniform Si/C ratio of vapor species
impinging at the growth front [52].
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2.1.3.2

Epitaxial growth of SiC

Epitaxial growth is defined as the growth of a thin solid layer on a heated substrate,
which results from chemical reactions in the vapor phase [37]. In the homoepitaxial
growth process, the epilayer is grown on the same substrate material, for instance,
4H-SiC on 4H-SiC [38], 6H-SiC on 6H-SiC [39]. While the thin film is grown on a
substrate of different material, the process is known as heteroepitaxial growth (such
as 3C-SiC/Si [40] and 3C-SiC/6H-SiC [41]). In general, propyne (C2 H4 ) and propane
(C3 H8 ) are used as a source of C atoms, while silane (SiH4 ) is used as a source of Si
atoms [42]. To grow the SiC epitaxial layer, the growth temperature and rate used
are typically 1200-1600 ◦ C and 3-15 µm/h, respectively [42, 43].

Atmospheric pressure chemical vapour deposition (APCVD)
The APCVD process is the most widely used CVD method for growing single crystalline and polycrystalline SiC films on various substrates [such as SiO2 , Si, Si3 N4 ].
A typical APCVD reactor usually consists of an air-cooled horizontal and vertical
cooled-wall crystal growth reactors, a SiC-coated graphite susceptor, reaction gas inlet, exhaust port, and RF induction coil [44, 45]. A detailed description of the growth
process can be found in [46]. By employing this method, it is possible to achieve a
3C-SiC growth rate of up to several µm/h with the desired type of doping (n or p)
[47]. The main advantage of this growth technique is that it can be used for hightemperature SiC epitaxial growth as the setup consists of only a few temperature
sensitive components [47].

Plasma enhanced chemical vapour deposition (PECVD)
PECVD allows the depositing of a SiC layer at a relatively very low temperature
between 200-400 ◦ C, which makes it possible to integrate the SiC layer on a variety
of substrates [47, 48]. Typically, PECVD generates an amorphous SiC (a-SiC) layer,
which can be crystallized via post-deposition annealing. The deposition of a-SiC is
generally performed in a conventional PVCVD reactor with a heated substrate holder
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[59]. SiH4 and CH4 are used as precursors. A single precursor C6 H18 Si2 (hexamethyldisilane) can also be utilized to form a-SiC [60]. The quality of the deposited film
depends on various deposition conditions, such as plasma power, deposition temperature and pressure, and gas phase composition [48]. The as-deposited a-SiC layer can
experience either tensile or compressive stress, but, post-deposition annealing (450600 ◦ C) can reduce the film stress [61]. PECVD is primarily used to deposit a-SiC as
a protective layer to protect the functioning layer for contaminations. However, the
as-deposited a-SiC layer cannot work as a standalone functioning layer because the
film is not sufficiently conductive [48].

Low pressure chemical vapour deposition (LPCVD)
It is possible to grow high-quality uniform SiC film on a large-scale wafer by employing
LPCVD growth technique, due to its low-pressure growth process [47]. An LPCVD
system generally consists of a hot-wall (resistive heating) or cold-wall (RF inductive
heating) reactor, gas inlet and outlet, and vacuum system. It is possible to grow
both single- and poly-crystalline SiC by employing this process on various substrates
(such as Si, SiO2 , S3 H4 ) [47]. It is also possible to obtain n- or p-doped SiC film by
employing an appropriate dopant, for instance, Trimethyaluminum [(CH3 )3 Al] and
ammonia (NH3 ) are used to introduce p-type and n-type doping, respectively.
Recently, LPCVD has drawn significant attention for growing 3C-SiC films on Sisubstrates [62, 70, 71], which results in reducing the price of the SiC wafer significantly. SiH4 is used as a precursor for Si atoms and a hydrocarbon (C2 H2 , C3 H6 ,
C3 H8 ) is utilized as a precursor for C atoms; and hydrogen is used as the carrier
gas. Conventionally, the growth of 3C-SiC on Si-substrate is performed at 1350 ◦ C or
higher [65–67], which is close to the melting point of Si [68]. As a result, dopants redistribution and severe wafer bow occur at the 3C-SiC/Si heterointerface [69]. Therefore, several research groups have focused on growing 3C-SiC on Si-substrate using
LPCVD at low temperatures (around 1000 ◦ C) [62–64]. For instance, Philip et al.
reported the epitaxial growth of high-quality 3C-SiC film on a large Si-substrate (diameter: 300 mm), employing an alternating-supply epitaxy method at 1000 ◦ C [62].
The activated Si-surface was carbonised at 950 ◦ C to obtain a void-free 3C-SiC/Si interface. Due to the compatibility with the existing Si-orientated MEMS technologies,
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the grown 3C-SiC film on Si has demonstrated significant promises for MEMS applications, such as piezoresistive sensors [72, 73], Hall devices [74, 75], photodetectors
[76, 77], and free-standing membranes [78, 79].

2.2

3C-SiC heterostructures

Single crystalline SiC as a wide bandgap (2.38 eV) material has several advantages
compared to Si, such as large Young modulus, better thermal stability, and excellent
chemical inertness [82]. Furthermore, compared to other SiC polytypes, 3C-SiC has
the advantages of higher electron mobility [83], higher saturated electron drift velocity
[84], and it is more suitable for inversion channel MOS applications because it has
the lower bandgap among SiC polytypes [85]. However, the main drawback of 3CSiC based devices is the unavailability of 3C-SiC substrate. Therefore, substantial
efforts have been made to grow 3C-SiC epitaxial layers on various substrates, such
as 4H-SiC, 6H-SiC, and Si.

2.2.1

3C-SiC/6H-SiC heterostructures

Owing to the similar chemical properties of SiC polytypes, many groups have focused
on growing 3C-SiC epitaxial layer on 6H-SiC-substrate using various methods. For
instance, the 3C-SiC layers were grown on 6H-SiC substrates employing sublimation
epitaxy in a vacuum (SEV) method in the temperature range of 1800- 2000 ◦ C using
a high-purity fine-grained SiC powder as source material [86]. As the growth temperatures are relatively high, the probability of the occurrence of structural defects
formation decreases significantly [87]. In addition, due to high vacuum conditions,
the doping profile of the epitaxial growth can be controlled precisely. It is also possible to obtain p-type or n-type doping by supplying the appropriate source materials
(for instance, Al and N are used for p- and n-type doping, respectively [88]). The
main limitation of the SEV method is the poor controllability of the growth process
because the source cannot be renewed during the process and hence the ratio of Si/C
changes with time [87].

22

Chapter 2 Literature review
The chemical vapor deposition technique is the most commonly used growth technique to grow epitaxial 3C-SiC on a 6H-SiC substrate using Si- and C-containing
gas sources [89]. Chandrashekhar et al. deposited 3C-SiC layers on C-face 6H-SiCsubstrates by the chemical vapor deposition (CVD) method using silane and propane
as precursors in an H2 carrier gas ambient at a growth temperature of 1400 ◦ C
[90]. Typically, the growth temperatures are maintained below 1700 ◦ C; otherwise,
homoepitaxial hexagonal-SiC layers may form in the grown 3C-SiC film [87]. The
primary advantages of the growth process are the reproducibility of the method, the
possibility to grow the epitaxial layer on a large substrate, and the existence of mature CVD equipment [87]. However, the grown films on 6H-SiC experience a higher
density of double-position boundaries near the interface [91].
Molecular beam epitaxy (MBE) has also been utilized for 3C-SiC epitaxial growth
on a 6H-SiC substrate using an alternating gas molecular beam of disilane (Si2 H6 )
and acetylene (C2 H6 ) at a low substrate temperature of 850 ◦ C [92]. The substrate
was misoriented by 5◦ towards 1120 direction to enhance the effect of the steps
by increasing the density of steps on the surface. MBE was also performed by solid
sources, such as pyrolytic carbon and polycrystalline Si [93, 94], evaporated by an
electron-beam gun. The obtained epitaxial growth rate was in the range of 0.01-0.1
nm/s. The main limitation of the MBE method is the low epitaxial growth rate.
However, by employing MBE with solid sources, it is possible to control the growth
process precisely, and the thickness of the grown epilayer can be controlled down to
the superlattice dimensions [94, 95].
The epitaxial growth of 3C-SiC on a 6H-SiC substrate is also known as pseudomorphic growth [96, 97] , which means, in the growth plane, the lattice constants of an
epitaxial layer and a substrate nearly coincide (e.g., lattice mismatch <0.1 % [98]).
A reciprocal space mapping of the 3C-SiC/6H-SiC heterostructure is shown in Fig.
2.5. As observed, there is almost no difference in the lateral direction, which implicating the pseudomorphic growth of 3C-SiC films on the 6H-SiC substrate lattice.
In addition, the full width at half maximum (FWHM) curve also demonstrates that
there is no significant misorientation between the epitaxial layer and the substrate
material.
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Figure 2.5: The epitaxially grown 3C-SiC on 6H-SiC substrate: (a) reciprocal
space mapping and (b) the FWHM rocking curves. Adopted with permission from
[96].

By analysing I-V characteristics of a p-3C-SiC/n-6H-SiC heterojunction, it was observed that the current density of the junction varies exponentially with the supply
voltage, indicating that the epitaxial layer can be grown uniformly over the 6H-SiC
substrate [88, 99]. It has also been demonstrated that different types of heterojunctions are possible to grow by combining 3C-SiC and 6H-SiC polytypes, for instance,
n-3C-SiC/n-6H-SiC [100] and p-3C-SiC/n+ -6H-SiC [101].
An energy band diagram of a p-3C-SiC/n-6H-SiC heterojunction is shown in Fig. 2.6
The band offsets are taken from [102], where the values were obtained from experimental analysis of the contact potential difference. Due to the large bandgaps, high
electron saturation velocities, high heat conductivity, similar chemical nature, and
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insignificant lattice mismatches, 3C-SiC/6H-SiC heterostructures have been considered as potential structures for high power, high temperature, high frequency, UV
radiation detection, and high-energy particles detector devices [19, 87, 103, 104]. For
instance, Palmour et al. reported a 3C-SiC/6H-SiC MOSFET, which showed a stable saturation current and a low subthreshold current at high Vds (drain to source
voltage) up to 25 V at temperatures as high as 923 K [105].

Ec

ΔEC= 0.55 eV

Eg=2.38 eV

EF
EV
ΔEV= 0.05 eV
Eg=3.02 eV
n-6H-SiC

p-3C-SiC

Figure 2.6: Energy band diagram of a p-3C-SiC/n-6H-SiC heterojunction at zero
bias condition.

A high-transconductance buried-gate JEFT was also achieved employing the 3C-/6HSiC heterostructure [106]. The structure showed an effective field-effect mobility of
565 cm2 /V·s, and a maximum dc transconductance of 20 mS/mm. In addition, taking
the advantages of the spontaneous polarization properties of 6H-SiC and the large
conduction band offset between 3C- and 6H-SiC, a formation of a two-dimensional
electron gas (2DEG) was reported in a C-face 3C-SiC/6H-SiC heterostructure [107].
The mobility of the 2DEG and the electron sheet density of the device were found to
be about 200 cm2 /V·s and 2.7 × 1012 /cm2 , respectively.
Furthermore, owing to the low dark current and high-temperature stability, wideband
detectors are more desirable for the detection of UV and blue lights [103, 108]. Having
the advantage of large energy band gaps and nearly perfect heterointerface, 3CSiC/6H-SiC heterojunction has emerged as a potential material for high power LEDs
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and photodetectors in the UV and blue spectral regions [87].

2.2.2

3C-SiC/4H-SiC heterostructures

Among SiC polytypes, 4H-SiC has the highest stable energy bandgap, which makes
it a more suitable material for high temperatures and high radioactive ambient applications [109]. Due to the lattice matched and closer thermal expansion coefficient,
different growth mechanisms have been proposed to grow 3C-SiC epitaxial layers on
4H-SiC substrates. For example, 3C-SiC epitaxial layers were grown on on-axis Siface 4H-SiC wafers in a horizontal-flow hot-wall CVD reactor, employing SiH4 and
C3 H8 as precursors in an H2 gas ambient at a substrate temperature of about 1600
◦C

[110]. Typically, the primary factor that affects the epitaxial morphology is the

double-position boundary (DPB) defects. A new ‘DPB assist epitaxy’ method was
proposed, which reduces DPB defects significantly in the grown epitaxial layer.
Zhang et al. reported the epitaxial growth of 3C-SiC layers on 4H-SiC substrates employing a non-explosive and non-corrosive precursor hexamethyldisilane (Si(CH3 )3 Si(CH3 )3 ) in the temperature range of 1390-1505 K by a laser vapor deposition technique [111]. After introducing the precursor in the chamber in an Ar environment,
the pressure was set in the range of 400-600 Pa. Consequently, a laser beam (InGaAlAs laser diode, wavelength: 808 nm, power: 120-160 W, and spot diameter: 15
mm) was applied directly on the substrate. A high 3C-SiC growth rate (up to 261
µm/h) was achieved, which is significantly faster than conventional CVD methods.
Employing non-standard growth methods (e.g., vapor-liquid-solid [85, 112], continuous feed physical vapor transport [113]), it is also reported that DPB free 3C-SiC
epitaxial layers are possible to grow on 4H-SiC substrates. Soueidan et al. reported
the twin free 3C-SiC growth on on-axis 4H-SiC substrates in Si-Ge melts at about
1450 ◦ C growth temperature [85]. Different growth conditions were also investigated to obtain twin-free 3C-SiC layers on various α-SiC substrates. The researchers
claimed that the optimized growth conditions are also reproducible. The epitaxial
growth of 3C-SiC on 4H-SiC substrates could also be achieved by a sublimation epitaxial growth [114], a top-seed solution growth technique [115], and a step-free surface
heteroepitaxial growth process [116].
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Fig. 2.7 shows the band alignment of a n-3C-SiC/n-4H-SiC at zero-bias conditions,
in which the band discontinuity is mainly due to the conduction bands and there
is also a small valence bands offset. The conduction band and valence band offsets
were found to be 0.99 eV and 0.05 eV, respectively [117]. As observed, at equilibrium
condition, due to the band bending at the interface, the electrons will be localized in
the 3C-SiC side [94].
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Figure 2.7: Band alignment diagram of a n-3C-SiC/n-4H-SiC heterojunction at
zero bias.

It is well known that hexagonal polytypes (e.g., 4H-SiC) show spontaneous polarization [118]. In addition, a 2DEG also forms at the interface because of the large
conduction band offset in the 3C/4H-SiC heterojunction [119]. These properties reveal the potential applications of 3C/4H-SiC heterostructures to realize high electron
mobility devices [119, 120].
A p-type 3C-SiC schottky diode with a high breakdown voltage using a 3C-SiC/4HSiC mesa structure was reported by Spry et al. [121]. The diode showed a low reverse
leakage and relatively sharp reverse breakdown up to 300 ◦ C. The reverse breakdown
voltage was found to be as high as 3 MV/cm. Furthermore, a thermally stable n+ -3CSiC/n-4H-SiC hetero-junction diode was reported in [122]. The as-fabricated diode
exhibited a low turn-on voltage of 1.65 V and specific resistance of 37.5 mΩ/cm2 . The
diode also demonstrated thermally stable junction characteristics up to 523 K. These
results, including insignificant lattice mismatch and high stability against oxidation,
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illustrate the potentiality of SiC-based heterojunction diodes for high temperature
and high-power applications.

2.2.3

3C-SiC/Si heterostructures

The heteroepitaxial growth of 3C-SiC on Si has drawn significant attention for several decades, which is driven by the availability of Si-material and well-developed
Si-orientated MEMS processing technologies. 3C-SiC films, typically, grow on Sisubstrates using low pressure/atmospheric pressure chemical pressure deposition (LPCVD
/APCVD) methods. For instance, the epitaxial growth of 3C-SiC films was performed
using APCVD process at 1410 ◦ C employing SiH4 as a Si-bearing precursor and C3 H8
as C-bearing gas with H2 as a carrier gas [123].
Portail et al. [124] reported the heteroepitaxial growth of 3C-SiC films on Si (100) and
(111) substrate using low pressure resistively heated hot-wall CVD reactor at 1350 ◦ C
temperature. They extensively analysed the effect of nucleation steps (propane flow
rates and process duration) on the crystal quality. Employing a cold-wall LPCVD
system, Chen et al. deposited 3C-SiC on Si (100)-substrate at a growth temperature
of 1350 ◦ C [125]. To grow a high-quality SiC buffer layer on Si, prior to the growth
steps, the diffusion steps were optimized by preparing several devices at different
diffusion temperatures and times.
Nagasawa et al. investigated a 3C-SiC growth technique to reduce planner defects,
such as stacking faults and anti-phase boundaries in the grown 3C-SiC film and SiC/Si
interface [126]. It was demonstrated that the planner defects reduced significantly by
growing 3C-SiC on an undulant-Si substrate whose surface formed countered slopes
oriented in [100] and [1 1 1] directions.
However, the heteroepitaxial growth of 3C-SiC on Si is usually carried out at 1350
◦C

or higher, which is close to the melting points of Si [127, 128]. As a result,

pits and voids are induced at the 3C-SiC/Si interface [68]. A number of studies
have focused on reducing the growth temperature at which the properties of Sisubstrate will not be affected and single crystalline SiC film will grow at an acceptable
rate. For example, 3C-SiC films were grown on Si (111)-substrate employing reactive
magnetron sputtering method at a growth temperature of 850 ◦ C, in which a mixture
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of Ar and CH4 plasma was utilized [129]. An alternative ultra-high vacuum technique
was used to precisely control the Ar and CH4 partial pressure, which ensures the good
crystalline quality of the grown film. Furthermore, Steckl et al. [130] deposited 3CSiC films on Si at a temperature of 900 ◦ C by rapid thermal CVD using a single
source precursor, silacyclobutane, which consists of one Si-atom bonded to two Catoms in a four-member ring structure. XRD analysis of the grown structure showed
a sharp peak in SiC (200) orientation with a full width at half maximum of 0.315◦ ,
revealing the good crystalline quality of the grown 3C-SiC film.
Gas source molecular beam epitaxy (GSMBE) was also used to grow 3C-SiC on Si
(001)-substrate using dimethyl silane (H2 Si(CH3 )2 ) and monomethyl silane (H3 SiCH3 )
at a growth temperature as low as 800 ◦ C [131]. In order to improve the SiC-Si interface, molecular flux was employed, which determines the quality of the initial SiC
layers on Si-substrate.
The epitaxial growth of 3C-SiC on Si-substrate at lower growth temperatures (7501000 ◦ C) by an LPCVD process has also been drawing significant attention because
these processes are suitable for large batch production (for instance, up to 50 wafers
with a large diameter of 300 mm [62]). Wang et al. reported that the device quality
3C-SiC film can be grown on Si using an Alternate Supply Epitaxy cycling method,
in which 1.2 sccm SiH4 was flowed for about 60 s followed by a flow of 10 sccm C2 H2
for 20 s [132]. The growth was in the range of 0.44-0.76 ± 0.02 nm/cycle.
A TEM image of the grown 3C-SiC/Si heterostructure is shown in Fig. 2.8. The
image shows a good crystalline quality of the grown 3C-SiC film even though some
crystal defects, mainly stacking faults, are also visible near the 3C-SiC/Si interface.
The crystallographic defects primarily arise from the lattice mismatch (20%) and
different thermal expansion coefficients (8%) between the 3C-SiC and Si [133, 134].
Many methods have been proposed to improve the quality of the grown film by reducing the defect intensity. For instance, Scholz et al. proposed that carbonization
of the Si-substrate by propane, prior to the crystal growth, improves both crystallographic quality and the density of defects at 3C-SiC/Si interface [135]. The growth of
a buffer layer by flowing C3 H8 for a short time on a cleaned (by an HCl flow at 1100
◦ C)

Si-substrate also reduces the defects density significantly [136]. Furthermore, the
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Figure 2.8: A TEM image of the as-grown 3C-SiC/Si heterointerface.

use of patterned Si-substrate is proposed, which significantly reduces the stacking
faults density [137]. A comprehensive study on the defects formation during 3C-SiC
growth on Si and the possible ways to reduce the crystal defects can be found in [83].
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Figure 2.9: Energy band diagram of a n-3C-SiC/p-Si heterojunction at zero bias
condition.
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Despite the presence of crystal defects at the interface, many studies have reported
that 3C-SiC/Si heterojunctions show excellent diode characteristics with a large valence band offset between 3C-SiC and Si [121, 138, 139]. For instance, the rectification
ratio (IF /IR ) of a n-3C-SiC/p-Si heterojunction was found to be 1.8×106 at ± 2V
[140]. The conduction band and valence band offsets were found to be 0.45 eV and
1.7 eV, respectively, using an internal photoemission technique [141]. An energy band
diagram of the heterojunction is shown in Fig. 2.9. The details of band bending at
the interface and the formation of energy band diagram will be discussed in section
2.3. The properties of 3C-SiC on Si-substrate compared to the other substrates is
summarized in Table 2.2.
Table 2.2: Comparison among different substrates, related to 3C-SiC epitaxial
growth
Heterojunctions

Type
n/n

3C-SiC/6H-SiC

3C-SiC/4H-SiC

3C-SiC/Si

0.74 [142]

0.99 [142]

-

Conduction band

p/p

-

0.93 [144]

0.45 [141]

offset, ∆EC (eV)

p/n

0.55 [143]

-

-

n/p

-

-

0.45 [62]

n/n

0.02 [142]

0.05 [142]

-

Valence band

p/p

-

0.06 [144]

1.7 [144]

offset, ∆EV (eV)

p/n

0.05 [143]

-

-

n/p

-

-

1.7 [62]

Lattice mismatch

< 0.1% [98]

< 0.1% [98]

20% [83]

Thermal mismatch

< 0.1% [94]

< 0.1% [94]

8% [83]

Fair

Fair

Excellent

Compatibility with
conventional MEMS
technologies

The above discussion depicts that, although it is possible to grow a high-quality
3C-SiC epitaxial layer on both 4H- and 6H-SiC substrates with insignificant lattice
mismatch and thermal expansion coefficient mismatch, the heterojunction fabrication
costs are still too high. It is also challenging to grow a 3C-SiC film on a large SiC
polytype wafer. Therefore, this study focuses on the growth and characterization of
3C-SiC/Si heterostructures and finding their potential applications as sensing devices.
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2.3
2.3.1

Electronic properties of 3C-SiC/Si heterostructure
Energy band structure of 3C-SiC

The electronic properties of a semiconductor material primarily depend on its energy
bandgap. The energy band diagram can be illustrated by an energy-momentum (E-k)
diagram within the first Brillouin zone [146]. The first Brillouin zone is known as
the unit cell of a reciprocal lattice. The first Brillouin zone of a face centred cubic
crystal is illustrated in Fig. 2.10. As observed, Γ point is the center of the Brillouin
zone, L and X points are the center of hexagonal and square surfaces, respectively.
Moreover, the Λ vector is representing the connection between Γ and L points, while,
the connection between Γ and X is represented by ∆.
Kz

L
Λ
Г

Δ

X

Ky

∑
K

Kx

Figure 2.10: First Brillouin zone of a face centered semiconductor.

The energy structure of a crystalline solid can be constructed by solving one electron
Schrodinger equation [146].

[−

~
∆2 + V (r)]Ψ(r, k) = E(k)Ψ(r, k)
2m∗

where m∗ is the electron effective mass, ~ is the reduced Plank’s constant (~ =

(2.2)

h
2π ),

V (r) is a periodic potential energy in the direct lattice space, and Ψ(r, k) is the wave
function.
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The energy (E(k)), in the reciprocal lattice, can be completely characterized in a
single primitive cell if the potential energy V (r) is a periodic function in the direct
lattice space [146, 147]. The E-k diagram of a 3C-SiC film is shown in Fig. 2.11,
which was calculated by a non-local version of the empirical-pseudopotential method.
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Figure 2.11: Energy band structure of 3C-SiC in k space. Reprinted with permission from [148].

As observed, the zero potential is set at the top of the valence band. Moreover, the
3C-SiC is an indirect bandgap semiconductor since the highest valence band point
is located at Γ15 and the lowest conduction band point is located at X1 (Fig. 2.11).
The indirect bandgap between these two points is found to be 2.33 eV, which is very
close to the experimentally obtained bandgaps of about 2.30 eV to 2.39 eV [19, 149].
At thermal equilibrium, the electrons and holes first fill the lowest conduction energy
band and the lowest valence energy band, respectively, hence the conductivity of the
3C-SiC film can be expressed as [146]:

σ = q(µe n0 + µh p0 )
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where q is the unit electric charge, n0 and p0 are electron and hole carrier concentrations in dark conditions, respectively, µe and µh are the mobility of electron and
hole, respectively.
The carrier concentration of electron in dark conditions, n0 is represented by:



EC − EF
n0 = NC · exp −
kB T

(2.4)

where NC is the effective density of states in the conduction band, EC − EF is the
energy difference between the lowest conduction band energy and Fermi energy level,
T is the absolute temperature, and kB is Boltzmann constant.
Similarly, the hole concentration can be expressed as:



EF − EV
p0 = NV · exp −
kB T

(2.5)

where NV is the effective density of states in the valence band, EF − EV is the energy
difference between the Fermi energy level and the top valence band energy.
Now, the electron mobility, µe , is represented by [146]:

µe =

q
τe
m∗e

(2.6)

where τe is the mean free time and m∗e is the effective electron mass along the principle
axis, which is given by [150, 151]:

1/3

m∗e = (m∗l · m∗t 2 )

(2.7)

Similarly, the hole mobility can be expressed as:

µh =

q
τh
m∗h
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where m∗h is the hole effective mass, which can be represented as a function of a
wave-vector space [147]:

m∗h

h
=
4πr2



d2 E
− 2
dk

−1
(2.9)

Eq. 2.9 shows that the hole effective mass is inversely proportional to the curvature
of the energy band structure. In the case of a 3C-SiC semiconductor, the top valence
band primarily consists of two subbands (heavy hole and light hole). The heavy holes
have a larger effective mass compared to the light holes due to their smaller energy
band curvature. In addition, the conduction energy band has a larger curvature than
a valence energy band. Therefore, the electron has a relatively smaller effective mass,
which results in a higher carrier mobility than that of the hole.

2.3.2

Energy band diagram of 3C-SiC/Si heterojunction

A heterostructure, usually, consists of two dissimilar semiconductor materials that
have different bandgaps, electron affinities, work functions, and dielectric constants.
If both of the materials have the same type of conductivity, the structure is known as
an isotype heterojunction (such as, n-Si/n-GaP [152] and p-InGaAlP/p-GaAs [153]]).
On the other hand, when the structure materials have different kinds of conductivity, it is called anisotype heterostructure (for instance, p-BP/n-WSe2 [149] and pSi/n-ZnO [154]). The potential energy of the heterojunction is discontinuous at the
interface as both materials have different dielectric constants [155]. The difference
in conduction and valence band energy at the interface is represented by ∆EC and
∆EV , respectively.

2.3.2.1

Anisotype heterojunction

As an example of anisotype heterojunction, a n-3C-SiC/p-Si heterostructure is discussed in details below using the Anderson Model, Fig. 2.12 [155].
When two materials are brought in contact to form a heterostructure, a space charge
region is produced at the interface via charge redistribution and the Fermi level is
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Figure 2.12: Formation of a n-3C-SiC/p-Si heterostructure band diagram at zero
bias.

36

Chapter 2 Literature review
lined up at a constant level at zero bias, Fig. 2.12b. The width of the depletion region
at either side of the interface depends on the carrier concentration of the respective
semiconductor materials. For instance, in this study, the carrier concentration of 3CSiC and Si is 1016 -1017 and 5 × 1014 cm−3 , respectively, hence the depletion width
in p-Si-side is greater than that in n-3C-SiC-side, as shown in Fig. 2.12c. The charge
density on both sides of the interface can be expressed as (Fig. 2.12d):





−q · pSi ,



ρ(x) = q · nSiC ,





0,

if −xSi < x < 0
if 0 < x < xSiC

(2.10)

otherwise

where pSi and nSiC are the carrier densities of Si and 3C-SiC, respectively. According
to Gauss law in the electrical field, E(x), can be defined as [156]:

∇E =

ρ
Zε

xSiC

E(x) =
−xSi

E(x) =

ρ(x)
dx
ε



−q·pSi ·(x+xSi )


,

εSi



q·nSiC ·(x−xSiC )
,
εSiC






0,

(2.11)

if −xSi ≤ x < 0
if 0 < x ≤ xSiC

(2.12)

otherwise

where ε is the material’s permittivity. Furthermore, the built-in voltage across the
heterojunction can be represented as (Fig. 2.12f):

E(x) = −

d
VB (x)
dx
Z
xSiC

VB (x) = −

E(x)dx
−xSi
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VB (x) =



 q·pSi ·(x+xSi )2 ,


2·εSi



 q·pSi ·(xSi )2 q·nSiC ·(xSiC x−x2 /2)


+
,
2·εSi

εSiC


q·pSi ·(xSi )2


+

2·εSi






0,

q·nSiC ·(xSiC )2
,
εSiC

if −xSi ≤ x < 0
if 0 < x ≤ xSiC

(2.14)

if xSiC < x
otherwise

The potential energy (as shown in Fig. 2.12 (g)) of the heterojunction across the
junction can be expressed as:

ξ(x) = (−q)VB (x)

(2.15)

Finally, at thermal equilibrium condition, the energy band diagram of the n-3CSiC/p-Si heterojunction is shown in Fig. 2.12 (h). The formation of the energy band
in greater detail can be found in [156].
Now, the total built-in-potential across the 3C-SiC/Si heterojunction can be rewritten
as:

VB = q

nSiC · (xSiC )2
pSi · (xSi )2
+q
2 · εSi
εSiC

(2.16)

From Fig. 2.12(h), the built-in-potential can also be represented as [156]:

VB =

Eg + ∆EC − (EC−SiC − EF −SiC ) − (EF −Si − EV −Si )
q

(2.17)

where,

nSiC
NSiC

(2.18)

pSi
NSi

(2.19)

EC−SiC − EF −SiC = −kB T ln
EF −Si − EV −Si = −kB T ln

where NSiC and NSi are the density of states in the conduction band and valence
band, respectively.
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2kB T ∗ 3/2
m ]
2π~2 e

(2.20)

2kB T ∗ 3/2
m ]
2π~2 h

(2.21)

NSiC = [

NSi = [

Now, in thermal equilibrium, at the both side of the heterointerface,

NSi xSi = NSiC xSiC

(2.22)

From Eqs. 2.14 and 2.22, the total depletion width can be written as [156]:

xt = xSi + xSiC = [

2εSiC VB
]1/2 (NSi + NSiC )
qNSi NSiC (NSi + εεSiC
)N
SiC
SiC

(2.23)

n-SiC/p-Si heterojunction at reverse bias condition
In a reverse bias condition, the width of the depletion region increases and the Fermi
energy level splits up into two quasi-Fermi energies near the heterojunction, as shown
in Fig. 2.13 (a). The gap between the quasi-Fermi energies depends on the applied
voltage (Vapp ).

EF −Si − EF −SiC = qVapp

(2.24)

Now, the quasi-Fermi level (EF −SiC ) on Si-side can be expressed as [156]:

EF −SiC (x) − EC−Si = ESi − EC−Si + kB T ln[1 + (eqVA /kB T − 1)e(x+xSi )/Le ] (2.25)

Similarly, the quasi-Fermi level (EF −Si ) on SiC-side can be represented as [156]:
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Figure 2.13: Energy band diagram of the n-SiC/p-Si heterojunction in (a) reverse
bias and (b) forward bias conditions in thermal equilibrium.

EC−Si −EF −Si (x) = EC−SiC −ESiC +kB T ln[1+(eqVA /kB T −1)e−(x−xSiC )/Lh ] (2.26)

At the edge (i.e., −xSi , xSiC ) of the heterojunction, the quasi-Fermi energy levels are
found to be:

EF −SiC (−xSi ) = EF −Si + qVapp = EF −SiC

(2.27)

EF −Si (xSiC ) = EF −SiC − qVapp = EF −Si

(2.28)

However, the quasi-Fermi energies will be similar to the Fermi level at far away from
the junction (EF −SiC (x → −∞ → EF ).
In addition, from Eq. 2.18, assuming e(qVapp /kB T )  1 and at reverse bias condition,
we can write [156]:
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EF −SiC (x) '

where, Le =

√



EF −Si + kB · T ln[1 − e(x+xSi )/Le ) ],

if x ≤ −xSi


E
(x+xSi )/Le ) ,
F −Si − kB · T e

if x + xSi  −Le

(2.29)

De τe is the electrons diffusion length in the Si-region; De and τe are

the diffusion coefficient of electron and carrier lifetime, respectively.
Similarly, in the SiC region,

EF −Si (x) '



EF −SiC − kB · T · ln[1 − e−(x−xSiC )/Lh ) ], if x > xSiC

E
(x−xSiC )/Lh ) ,
F −SiC + kB · T · e

where, Lh =

√

(2.30)

if x − xSiC  Lh

Dh τh is the holes diffusion length in the SiC-region. Dh and τh are

the diffusion coefficient of holes and carrier lifetime, respectively.
As discussed earlier, the depletion width increases with the increase of reverse bias
voltage and hence, voltage across the junction increases. Consequently, due to the
large electric field, the minority carriers swiftly transfer from one side to another
across the depletion region via a drift mechanism, which is primarily responsible for
the current through the junction in reverse bias conditions that can be expressed as
[156]:

I = qA(

qVapp
Dh
De
n0−Si +
p0−SiC )(e kB T − 1)
Le
Lh

(2.31)

where, n0−Si and p0−SiC are the minority carrier concentrations, at thermal equilibrium, in Si and SiC regions, respectively.

n-SiC/p-Si heterojunction at forward bias condition
When a forward bias (Vapp ) is applied to the heterostructure, the width of the depletion region decreases. As a result, the built-in voltage across the junction reduces
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to VB - Vapp from VB and the energy band will split into two quasi-Fermi energies
EF −SiC and EF −Si , as shown in Fig. 2.13(b).
Assuming e(qVapp /kB T )  1, in forward bias conditions, it can write [156],


EF −SiC (x) '

EF −SiC +

(x+xSi )kB T
,
Le

Si
if x ≤ −xSi and | x+x
Le | 


EF −Si (x) '

EF −Si +

(x−xSiC )kB T
,
Lh

SiC
if x ≥ xSiC and | x−x
Lh | 

qVapp
kB T

(2.32)

qVapp
kB T

(2.33)

The net current through the heterostructure under forward bias is given by [146]:

qVapp
qDe n2i−SiC
qDh n2i−Si
I = A(
+
)(e kB T − 1)
Le nSiC
Lh nSi

(2.34)

Therefore, in brief, the current through an anisotype heterojunction primarily depends on the diffusion mechanism as the depletion width becomes smaller with applied voltage, in a forward bias condition. However, in a reverse bias condition, the
built-in voltage across the junction increases, resulting in an increase in drift current, which is the dominant mechanism in reverse bias condition. In addition, in this
condition, the electrons also tunnel through to the interface trap states from the Sivalence band and finally, reach the 3C-SiC conduction band via thermionic emission
[154]. Furthermore, with the increase of reverse bias voltage, the current through the
junction increases since the energy required for the thermal emission decreases with
increasing reverse bias.

2.3.2.2

Isotype heterojunction

When both materials (with the same type of conductivity) are brought into contact,
some holes move from the SiC-side to Si-side for the Fermi level alignment, as shown
in Fig. 2.14b. As a result, a small accumulation region and a depletion region is
formed in the left side and right side of the interface, respectively (Fig. 2.14c). After
the charge redistribution, the carrier concentration on either side of the junction can
be represented as (Fig. 2.14d):
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ρ(x) =



q · (p(x) − pSi ),

if x < 0


−q · p ,
SiC

if 0 < x < xSiC

(2.35)

In the Si-region, far away from the interface, the hole density, p(x → −∞) → pSi .
Now, according to Gauss’s law, the electric field on both sides of the junction can be
written as:

E(x) =

 Rx

 q −x [p(x)−pSi ]dx ,

if x < 0


− q·pSiC ·(x−xSiC ) ,

if 0 < x < xSiC

εSi

εSiC

(2.36)

From Fig. 2.14f, the built-in-voltage (VB ) across the heterojunction can be expressed
as:

q · VB = EF −SiC − EF −Si = ∆EV + kB T ln(

pSiC NSi
·
)
pSi NSiC

(2.37)

Now, the potential energy across the heterojunction can be represented as [156]:


ξ(x) =

−VB +

q 2 pSiC
2εSiC (x

− xSiC )2 , if 0 ≤ x ≤ xSiC

(2.38)

Due to large potential barriers, the current through the p-SiC/p-Si heterojunction
is primarily contributed by the majority carriers (in this case, holes). The current
through the heterojunction with applied voltage, Vapp , can be represented as [146]:

Vapp
qVapp
q 2 NSiC VB A
−qVB
exp(
)(1 −
)[exp(
) − 1]
I=p
∗
kB T
VB
kB T
2πmSiC kB T

(2.39)

Eq. (2.39) depicts that the forward current varies almost exponentially with the
applied voltage, whereas in a reverse bias condition, the reverse current changes
approximately exponentially and linearly under small and large reverse bias voltage,
respectively [146, 155].
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Figure 2.14: Steady state band diagram of a p-3C-SiC/p-Si heterostructure.
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2.4
2.4.1

Optoelectronic effects in 3C-SiC
Photoconductive effects in 3C-SiC

In general, when a 3C-SiC film is illuminated with light, the incident photons are
absorbed into the material and generate electron (eph )- hole (hph ) pairs. The physical
picture of the photoresponse is as follows: photons, depending on their energies, are
absorbed in the material, resulting in eph - hph pairs. Consequently, excited electrons
move towards the conduction band from the valence band and leave a large number
of free holes in the valence band. The photocarriers continue their movement until
they are collected in the external circuit or recombine.
Furthermore, the movement of the carriers depends on the external and internal voltages and carrier concentration gradients between two contacts, which indicates the
potential of controlling the flow of the photocarriers according to different applications [157]. Moreover, the change in the carrier concentration of any material, under
light illumination, depends on its optical absorption coefficient (α) [146], which is
given by:

α = (hν + Eg )γ

(2.40)

where Eg and hν are the optical bandgap and photon energy, respectively, and γ is
a constant which depends on the crystal structure of the material, i.e., crystalline or
amorphous. The absorption coefficient mainly depends on the photon energy. The
photon will absorb into the material when hν > Eg . Therefore, the resistivity of the
material is expected to change with the illumination of an appropriate wavelength.
The optical absorption spectrum of 3C-SiC is shown in Fig. 2.15. It is observed that
single crystalline SiC has a small amount of absorption in the visible range and above
its bandgap (2.3 eV), the absorbance continues to increase with photon energy [158].
Almost similar trends are also reported for other SiC polytypes (i.e., 4H-, 6H-SiC)
[159, 160]. The amount of generated photocarriers can be expressed as [146]:

∆n = η

α·I ·τ
hν
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Figure 2.15: Absorption coefficient of 3C-SiC at room temperature. Adopted from
[162].

where hν, I, α, τ , and η are the incident photon energy, illumination intensity, absorption coefficient, carrier lifetime, and quantum efficiency, respectively. In addition,
the eph − hph pairs generation rate, in thermal equilibrium, can be defined as [161]:

G=r·n·p

(2.42)

where r is the recombination coefficient, which depends on the operating temperature,
doping level, and defect density, n = n0 + ∆n and p = p0 + ∆p, where n0 and p0 are
the electron and hole carrier concentration, respectively, in dark conditions, and ∆n
and ∆p are the photogenerated additional electrons and holes, respectively, under
illumination. As ∆n = ∆p, for an n-type semiconductor, Eq. 2.42 can be rewritten
as:

G = r∆n(n0 + p0 + ∆n)

(2.43)

Since, ∆n << n0 + p0 ,

G=

∆n
τ
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where τ =

1
r(n0 +p0 )

is the lifetime of the generated carriers. Now, in thermal equi-

librium, the conductivity of the 3C-SiC film under illumination can be expressed as
[156]:

σ = q(µe n + µh p)

(2.45)

Hence, the photoconductivity (for n-3C-SiC) can be defined as:

∆σ = qµe ∆n

(2.46)

Hence, the photocurrent through the material due to optical illumination is given by
[156]:

Iph = qµe Gτ

A
Vapp
L

(2.47)

where L and A are the length and cross-sectional area of the material (Fig. 2.16),
respectively, and Vapp is the applied voltage. GAL represents the amount of generated
eph -hph pairs within a volume AL.

Vapp

hν
Iph
A

h
e

L
Figure 2.16: A schematic of a photoconductive photodetector.

2.4.2

Photoconductive effects in 3C-SiC/Si heterojunction

It is well-known that when two semiconductor materials with different bandgaps are
brought together, a relatively large built-in potential generates in both sides of the
interface, which can be expressed as Eq. 2.37 (isotype) and Eq. 2.16 (anisotype).
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The built-in voltage plays a vital role to force the photocarriers towards the external
contacts.

Photocurrent in forward bias conditions
The current through the 3C-SiC/Si heterojunction can be expressed by the basic
diode equation [146]:

I = I0 [exp(

qVapp
) − 1]
nkB T

(2.48)

where I0 is the reverse saturation current, Vapp is the supplied voltage, and n is the
ideality factor of the heterojunction. Experimentally, the value of n is found to be 1.21.25 [163, 164], which indicates that the forward current is dominated by the diffusion
mechanism, but it also consists of a small generation/recombination current that may
result from the defects at the interface [163]. Furthermore, in a forward bias condition,
the depletion width decreases and hence the built-in potential across the junction
decreases. As a result, the number of eph -hph generation and separation decreases in
the forward bias [165]. Hence, the photocurrent through the heterojunction is very
small in the forward bias condition.

Photocurrent in reverse bias conditions
The photoconductive behaviour of a n-3C-SiC/p-Si heterojunction, in reverse bias
condition, can be described as follows: if the light illuminates from the top side of
SiC, the high energy incident photons are absorbed in the 3C-SiC layer and the photons with low energy pass through the layer. Consequently, the low energy photons
are absorbed in the bottom-Si layer. A schematic illustration of the eph -hph pairs
generation and separation is shown in Fig 2.17.
As shown, the generated eph in the Si-conduction band move towards the SiCconduction band due to the built-in potential. The eph and hph will be attracted
towards the positive and negative terminals, respectively. On the other hand, the
photogenerated electrons will be attracted towards the positive terminal, however,
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Figure 2.17: Carrier generation and separation mechanism of an anisotype heterojunction in a reverse bias condition.

hph cannot reach the Si-valence band because of the large valence band offset (1.7
eV) between 3C-SiC and Si.
Moreover, the depletion width of the heterojunction increases in a reverse bias condition, hence the built-in voltage increases. The possibility of carrier generation
and separation increases, which results in an enhancement in photocurrent. For instance, it was experimentally observed that the photocurrent (at 56 mW/cm2 ; 637
nm) through a 3C-SiC/Si heterojunction is about 72 times higher in a reverse bias
condition (-2 V) than that in a forward bias (2 V) [166]. Therefore, to measure the
photosensitivity, the detectors usually connect in reverse bias conditions.

2.4.3
2.4.3.1

Photovoltaic effect in 3C-SiC/Si heterojunction
Vertical photovoltaic effect

When a heterojunction is illuminated with light, the photons are absorbed in the
materials according to their energies. Hence, a photovoltage is generated across the
heterojunction. Energy band diagrams of a n-3C-SiC/p-Si heterojunction, at zero
bias, in dark and under illumination conditions, is shown in Fig. 2.18. As observed
from Fig. 2.18b, the eph in the Si-conduction band will move easily towards the
conduction band of 3C-SiC, as the electrons will see a decrease in the conduction
band energy, at zero bias conditions. Similarly, hph in the 3C-SiC valence band
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moves toward the Si-valence band. Moreover, the eph in conduction band move
towards the electron contact in the n-3C-SiC side of the detector ascribed to the
fact that electron conductivity is higher in this side and eph will experience a small
gradient of quasi-Fermi energy (EF −SiC ) [167, 168].

(a)

EC-Si
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0.45 eV

EF

(b)

EC-Si
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EF-Si

EV-Si

ΔEF

EV-Si
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p-Si

p-Si

n-3C-SiC
Electron

n-3C-SiC

EV-SiC

Hole

EC-SiC
EF-SiC

EV-SiC

Figure 2.18: Energy band diagram of the 3C-SiC/Si heterostructure at zero bias
in (a) dark condition and (b) under illumination (370 nm).

Furthermore, due to the generation of additional carriers, the Fermi energy level
(EF ) splits up into two quasi-Fermi energies (EF −SiC and EF −Si ), as shown in Fig.
2.18(b), and can be expressed as [146, 169]:
EC−SiC − EF −SiC = −kB · T · ln

EV −Si − EF −Si = kB · T · ln

n
NC

p
NV

(2.49)

(2.50)

where kB is the Boltzmann constant, T is the absolute temperature, NC and NV are
the effective density of states in the conduction and valence bands, respectively, and
the carrier density of electron, n = n0 + ∆n, where n0 is the number of carriers in a
dark condition and ∆n is the additional carrier generated by illumination. Similarly,
p is the hole density in the device under illumination. The photogenerated voltage
(Eph ) in the external circuit depends on the difference between the two quasi-Fermi
energies, given by:

Eph ≈

kB · T
n·p
EF −SiC − EF −Si
=
ln(
)
q
q
n0 · p 0
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2.4.3.2

Lateral photovoltaic effect

When a junction is illuminated nonuniformly, a photovoltage parallel to the junction
is observed, which is known as lateral photovoltaic effect [170]. The generation of the
lateral photovoltage can be described according to the following sequences [171, 172]:
under nonuniform illumination, eph -hph pairs will generate near the point of the
incident (point A in Fig. 2.19). The eph and hph will move toward the n-3C-SiC and
p-Si region, respectively. As σSiC  σSi , the 3C-SiC-region can be considered as an
equipotential region and the electrons will uniformly distribute throughout the region.
At any other point, for instance at B, a diversion from the equilibrium condition will
develop and hence the eph will be reinjected into the Si-region. Consequently, a lateral
voltage will appear to move the holes from the point of illumination to the point of
reinjection to neutralize the reinjected eph .

(a)

Light
A

B

n-3C-SiC

p-Si

w

Diffuse
e
h

e
e
h
h
e h
l

(b)

V(x)
VA-VB

VA
x

Figure 2.19: Lateral photovoltaic effect: (a) carrier generation and movement,
and (b) potential distribution between two points. Adopted from [172].

For instance, an anisotype n-3C-SiC/p-Si heterostructure where light was illuminated
at point A from the top 3C-SiC side, as shown in Fig. 2.19. It is also assumed that
the thickness of the 3C-SiC region (w) is smaller than the minority carrier diffusion
length (L), which is smaller than lateral length of the heterojunction (l), i.e.,
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lLw

(2.52)

The above condition means that the thickness of the n-region is small enough, hence
illuminated photons can reach the bottom p-Si region. Also, assume that, at the
point of illumination, the photoinduced voltage is VA (Fig. 2.19b). The transverse
voltage at any point is VA − V , where V is the lateral potential drop up to that point,
which is a result of returning current in the p-region and can be defined as [172]:

x

Z

ρ · Jl · dx

V =−

(2.53)

0

where Jl is the lateral return current density and ρ is the resistivity. Now, the
transverse current density through the junction can be expressed as [172]:

Jt = JS [exp

q
kB T

(VA − V ) − 1]

(2.54)

where, JS is the saturation current density, which can be obtained from [173]. If Nph
is the number of generated eph -hph pairs, the lateral photocurrent density, at any
point, can be defined as [170]:

div(i~L ) = −

Nph
Jt (x)
+q
w
w

(2.55)

By combining equations 2.53-2.55, in the p-region, the rate of change of the generated
voltage is given by [172]:

d2 V
ρJS
q
= − 2 [exp
(VA − V ) − 1]
2
dx
w
kB T

(2.56)

By integrating 2.56, the equation becomes:

dV
ρJS
kB T
kB T
= [kB T
(exp
(VA − V ) +
V + C1 )]1/2
dx
qw
q
q
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where C1 is an integration constant. Considering initial conditions, x=0, and V=0;
then Eq. (2.57) can be written as:

(

dV
)x=0 = ρ(Jl )x=0
dx

(2.58)

Now, J = aJl is the total current, which also can be expressed as [172]:

l

Z

Jt dx

J =b

(2.59)

0

where b = a/w and then the integration constant, C 1 , is given by [172]:

C1 = qρw

qVA
I2
− exp
2
JS kB T a
kB T

(2.60)

For further simplification, Eq. (2.57) and (2.60) can be rewritten as:

dV
ρkB T JS 1/2
≈ (C1
)
dx
qw
C1 ≈

qwρJ 2
kB T JS a2

(2.61)
(2.62)

Taking integration of Eq.(2.61), the lateral photovoltage can be expressed as [172]:

V ≈

ρ
Jx
a

(2.63)

Similarly, the lateral field for an isotype (p-SiC/p-Si) heterojunction can be derived.
The transverse current density can be expressed as [172]:

JT =

VA − V
ρψ

(2.64)

where ψ is the distance at which the transverse potential becomes equal to the lateral
potential.
In Si-region, the rate of change of the electric field is given by [172]:
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d2 V
1
=
ρJt
2
dx
2w

(2.65)

Now, by taking integration of both sides of Eq. (2.65):

1
dV
=[
((VA − V )2 + C22 )]1/2
dx
2wψ

(2.66)

By considering similar conditions like Eq. 2.58, it is possible to obtain:

C22 =

2wρ2 J 2 ψ
− VA2
a2

(2.67)

Furthermore, taking integration of Eq. (2.66) [172]:

VA − V
x + x0
= −sinh
C2
(2wψ)1/2

(2.68)

where x0 is an integration constant that can be found from the boundary condition,
x = 0 and V = 0. Therefore, the lateral photovoltage of the p-3C-SiC/p-Si can be
defined as:

V = C2 sinh

x
(2wψ)1/2

(2.69)

Eqs. (2.63) and (2.69) are indicating that the lateral voltage, for both an isotype and
an anisotype heterojunctions, is proportional to the distance (x) between the point
of illumination and the location of any point.
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2.4.4
2.4.4.1

Applications in optical environments
Applications of 3C-SiC thin films

Temperature sensing
Accurate and continuous measurements of temperature are highly critical for monitoring in situ conditions of chemical reactions and bio-mechanisms of cell culturing
(e.g., focal adhesion, morphogenesis, protein folding, and so on) [174, 175]. The keys
to achieve these are bio-compatibility, high thermosensitivity, and fast response. To
date, silicon has been widely used to develop temperature sensors for cell monitoring,
owing to its availability and mature fabrication technologies [176–178].
However, in biochemical environments, silicon (Si) based sensors suffer from various
difficulties, such as drifting potentials, chemical instability, and fouling encapsulation
[179–182]. These sensors also are not suitable for the optical analysis or in situ
condition monitoring of cell culture under the microscope due to the opaqueness of
Si in the visible wavelengths. As such, to measure the mechanical properties of a
cell using Si piezoresistive cantilever, a light compensation circuit is usually required
[183]. In addition, the visible light would have a significant impact on the accurate
measurements of cell temperature. Therefore, to investigate mechanical properties
and temperature of cells under an optical microscopy environment, sensors which are
insensitive to visible wavelengths are desirable.
Compared to Si, Silicon carbide (SiC) is a versatile material for bio-application due
to its superior mechanical and electrical properties, as well as chemical inertness
[184, 185]. To date, there have been a large number of studies investigating and
considering development of SiC based biocompatible devices. For instance, Kalnins
et al. utilized SiC as stent’s protective layer which can reduce early and late coronary
events [186]. SiC was also used as a ceramic coating material of titanium based
total hip replacement implants [187]. Godignon et al. reported that bulk SiC micro
needles can outperform Si for graft monitoring [188]. In addition, it was reported that
a large temperature coefficient of resistance (TCR) of 5500 ppm/K was possible to
obtain utilizing a 3C-SiC nano-thin film on glass substrate [189]. It was also reported
that, owing to large bandgap, the 3C-SiC nano-thin films were insensitive to visible
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illuminations [190]. Therefore, by taking the advantages of excellent temperature
sensitivity, superior bio-compatibility, and insensitivity to visible spectra, the 3CSiC films could be an ideal platform for monitoring cell temperature during optical
investigations.

Measurement of film thickness
For a better understanding of physical and electronic properties of any micro/nanostructure, a precise measurement of film thickness and optical constant are vital
[191]. There are several methods to measure those parameters, such as ellipsometric measurement [192], reflectivity [193] and measurement of transmittance spectra
[194]. Among those, Swanepoel’s presented a simple and straightforward method to
measure film thickness by utilizing extremes of the interference fringes of the transmission spectrum only [194]. For instance, the optical transmission spectrum of a
3C-SiC membrane is shown in Fig. 2.20. The curve fitting line, Tmax , was drawn by
connecting the peaks of the fringes, whereas the fitting line, Tmin , was obtained by
connecting the valleys. From the fitting lines, the thickness of the membrane can be
calculated from the following mathematical model [194–196]:
The index of refraction, s, can be defined as:

s=

1
1
+ ( 2 − 1)1/2
Ts
Ts

(2.70)

where Ts is the transmittance in the transparent region. The refractive index (n) of
the film can be given by:

n = [N + (N 2 − s2 )1/2 ]1/2

(2.71)

where
N=

2s
s2 + 1
+
Tmin
2

(2.72)

where Tmax and Tmin are the transmission maximum and corresponding minimum
value at a certain wavelength.
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After calculating the refractive indices at two adjacent maxima (or minima) (λ1 , λ2 ),
the thickness of the membrane can be defined as:

t=

λ1 · λ2
2(λ1 · n2 − λ2 · n1 )

(2.73)

By considering two consecutive maxima at 549 nm and 384 nm wavelengths (Fig.
2.20), the thickness of the 3C-SiC membrane was found to be 197.95 nm (using Eq.
2.70 - 2.73). Similarly, for subsequent minima at 447 nm and 337 nm wavelengths, a
thickness of 197.03 nm was observed. To verify the accuracy of the calculation, the
film thickness was also measured by a NANOMETRICS Nanospec/AFT 210 and the
thickness was found to be 202 nm. Therefore, the accuracy of the calculation was
about 98%.
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Figure 2.20: The measured UV-VIS-NIR transmission spectrum of a 3C-SiC membrane. Redrawn with permission from [197].

It is also possible to calculate the absorption coefficient from the transmission spectrum, according to Beer-Lambert law:

α=

100
2.3026
log10
t
%T
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where t is the thickness of the membrane and T is the measured transmittance.
The 3C-SiC film can also be utilized for precise flow measurements [198], as well as
pressure sensor [199] in optical environments.

2.4.4.2

3C-SiC/Si heterostructure for optical applications

Broadband photodetector
Wideband photodetectors, which convert incident photon energy into electrical signals, are essential for many applications including biomedical imaging, broadband
optical communication, multispectral image sensors, and smart cities [200, 201]. The
photodetectors, which consist of only one semiconductor material (such as ZnO, GaN,
and Si), absorb the photons which have higher energy than the bandgap of that
material, which limits their applications in wide-spectral applications [202]. The advancement in technology and device fabrication processes makes it possible to develop
heterostructure based broadband photodetectors using the appropriate combination
of different materials (ZnO/Si [203], ZnO-CdS [204], a-SiC/a-Si [205], SnO2 /CdS
[206], CH3 NH3 PbI3 /ZnO [207], and MoS2 /Si [208]).
The advantages of utilizing heterojunctions are that the top layer, usually comprised
of a wide bandgap material, absorbs the higher energy photons and works as a window
layer for the lower energy photons. Consequently, the lower energy photons are
absorbed in the small bandgap bottom layer. The heterojunction also provides a
high built-in-potential, which is significant to separate the photogenerated electrons
(eph ) and holes (hph ) [209]. As a result, the heterostructure shows a better sensitivity
over a wide spectral range. Owing to the distinct optical properties of 3C-SiC and Si,
the 3C-SiC/Si heterostructure could be an excellent platform to develop broadband
photodetectors.

Position-sensitive detector
As discussed earlier, if a heterostructure illuminates nonuniformly, a lateral photovoltage generates parallel to the heterojunction [172]. The photovoltage originates
from the lateral movement of the photogenerated carriers from the laser spot and
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recombine with the excited carriers away from the illumination point. The lateral
photo effect (LPE) can be used to measure the laser spot position between two contacts as the photovoltage varies linearly with the spot position and which is also
sensitive to a very small displacement [210]. Numerous research studies have been
carried out on developing position-sensitive detectors (PSD) based on LPE using different heterostructures, such as AlGaAs/GaAs [211], SnSe/Si [212], Fe3 O4 /Si [213],
and NdNiO3 /Nb:SrTiO3 [214]. For a PSD, the maximum sensitivity and response
time reported to date are about 250 mV/mm and 100 ns, respectively [212]. The
PSD has many applications, for example, in optical engineering, process control,
and triangulation-based distance sensors where precise automated control is required
[214].

2.5

Optomechanical coupling effects in 3C-SiC/Si heterostructures

Enhancing sensitivity, by the coupling of different physical, electronic, thermoresistive, and optical properties, has drawn a significant research interest for sensing
applications, for instance, photodetector [215], strain [216], pressure [217], and chemical [218] sensors. Several methods have been employed to improve their sensitivity,
such as thermo-phototronics, piezotronics, and piezo-phototronics. In the thermophototronics effect, the interfacial charge transfer can be improved significantly by
applying a temperature gradient across the device, which results in generating a thermoelectric field at the interface. For instance, the output voltage of an InP/ZnO solar
cell increased by 76% under the influence of 3.5 ◦ C temperature gradient [219]. In
addition, the photocurrent of a BiFeO3 detector was improved by 60% when 42.5 ◦ C
was applied at the bottom of the device [220].
In the piezotronics effect, a piezoelectric potential is induced across the interface
under stress. Then the piezo-potential can be utilized to control the charge transport
properties across the junction, enabling the possibility to develop new devices with
improved functionalities [221]. Numerous devices have been reported based on the
piezotronics effect, such as hybrid field effect transistor [222], nanogenerators [223],
and electromechanical memories [224] .
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In the piezo-phototronics effect, the stress-induced inner-crystal piezopotentional in
a non-centrosymmetric semiconductor, is coupled with photogenerated carriers to
manipulate the carrier generation, transport and extraction mechanisms at the interface [225]. The effect has successfully been applied to enhance the performance
of the photodetector and solar cell. For instance, the responsivity of a ZnO/ZnS
photodetector increased by 3 orders under a compressive load of 0.4 kgf compared
to that of without a load [215]. Furthermore, the relative conversion efficiency of
a Cu2 S/CdS solar cell under -0.41% compressive load was increased by 70% [226].
Motivated by the above-mentioned coupling possibilities among piezoelectric, optical,
and semiconducting properties, we focus on exploring the potentiality of increasing
strain sensitivity under an appropriate optical illumination, which is termed as the
optomechanical coupling effect.

2.5.1

Optomechanical coupling principles in 3C-SiC/Si

A hypothesis behind the proposed optomechanical coupling effect is described below
based on a p-3C-SiC/p-Si heterostructure. Fig. 2.21a shows a cross-sectional diagram
of the heterojunction. The light is illuminated on the device from the top side of the
3C-SiC/Si structure.
Under the illumination (635 nm), due to the large bandgap and thin 3C-SiC layer,
most of the incident photons pass through the top layer and are absorbed in the
bottom Si-layer. As a result, eph − hph pairs are generated in the Si-layer. The hph
and eph will be attracted towards the negative terminal A and positive terminal B,
respectively, as shown in Fig. 2.21a.
The band diagram of 3C-SiC/Si heterostructure at terminal A is shown in Figure
2.21b. Due to the negative potential at A, the 3C-SiC band edges move upward (green
color lines), resulting in reducing the hole barrier width (2.21b). When an uniaxial
tensile stress is applied to the heterostructure, degeneracy lifts and the valance bands
are also wrapped as shown in Figure 2.22 [227]. The heavy hole band (Ehh ) shifts
to a higher energy level compared to the light hole band (Elh ) because it has a
larger strain alter effective mass [229, 230]. The applied tensile stress also reduces
the net band splitting between Elh and Ehh , hence the holes are repopulated from
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Figure 2.21: (a) Electron-hole pair generation and separation in Si-substrate under
light illumination and schematic band diagram of 3C-SiC/Si hetero-structure at (b)
terminal A (negative bias) and (c) terminal B (positive bias). The band offset values
were taken from ref. [228].

Ehh to Elh [231]. Due to the hole repopulation, the total effective mass decreases
as the light hole effective mass is smaller than that of the heavy hole. Furthermore,
as observed from Figure 2.22c, the tunnelling barrier height (φ) of the light hole is
smaller than that of the heavy hole and hence the effective tunnelling barrier height
also decreases. Moreover, from the Drude model, it is known that the carrier mobility
is inversely proportional to the effective carrier mass (µ ∝ 1/m∗ ) [229]. Therefore, due
to an increase in carrier mobility and decrease in tunnelling barrier height, the hole
tunnelling probability increases with uniaxial tensile stress and hence the conductivity
of the heterostructure will increase with stress.
The band diagram of 3C-SiC/Si heterostructure at terminal B is shown in Figure
2.21c. When a positive potential is applied at terminal B, the electrons are enticed
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Figure 2.22: Schematic diagram of energy band structure in k space (a) unstressed
and (b) under tensile stress in [110] direction. (c) Hole repopulation in valence
bands of the structure under stress. Reproduced with permission from reference
[227]. Copyright 2014 IEEE.

from the Si-substrate to 3C-SiC, mainly because of thermoionic emission over the potential barrier. In addition, when stress is induced in the 3C-SiC/Si heterostructure,
the conduction band edges of both materials can shift in either direction [232, 233],
depending on the crystal orientation and direction of applied stress. As observed, the
current through the junction increases with stress, as such, we can consider that the
conduction band offset (∆EC ) decreases with increasing stress [234]. Therefore, the
potential barrier (VB = ∆EC + qVbi ) for thermoionic emission of electron decreases
with stress, indicating that the probability of an electron reaching the SiC layer increases with stress and hence the conductivity of the heterostructure increases. As
a result, under illumination, the hole tunnelling at terminal A and electron flow at
terminal B both increased with stress, and hence, overall conductivity will increase
significantly. Therefore, it is expected that the gauge factor of the heterostructure
will increase significantly under illumination.
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2.5.2

Applications in enhancing sensitivity

The optomechanical effect may enhance the sensitivity of a piezoresistor by manipulating the carrier generation and separation at the interface under stress in optical
environments. Similarly, the effect may also improve the performance of pressure
sensors and flow sensors. Furthermore, the proposed technique might be applicable
to other heterojunctions (for instance, GaN/Si, ZnS/Si, 3C-SiC/6H-SiC, and 4HSiC/Si) based sensors to enhance their sensitivity.
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2.6

Summary of literature review and research goals

From the literature review, it is evident that among SiC polytypes, 3C-SiC has a
number of superior characteristics, such as having the highest saturated electron
drift velocity and being more suitable for inversion channel MOS applications due to
lower bandgap. However, the main drawback of 3C-SiC devices is the unavailability
of a 3C-SiC substrate. A number of studies have been reported on the successful
growth of 3C-SiC on 6H-SiC, 4H-SiC and Si-substrates. Among the 3C-SiC heterostructures, 3C-SiC/Si has drawn significant attention due to its low wafer cost,
excellent compatibility with existing MEMS technologies, and the possibility of large
batch production of up to 50 wafers with a diameter of 300 mm. Therefore, this
study focuses on characterizing the electrical and optical properties of 3C-SiC/Si
heterojunctions and demonstrating their potential applications. Moreover, although
numerous applications, such as piezoresistors, piezo-Hall devices, thermoresistors, and
pressure sensors, have been reported to date based on 3C-SiC/Si structure, almost all
the devices utilized only the top-3C-SiC as a functional sensing layer. This work also
aims at exploring the possible applications where both 3C-SiC and Si layers can be
used as functioning layers. Furthermore, inspired by the distinct optical properties
of 3C-SiC and Si, this study demonstrates the 3C-SiC/Si heterostructure as an excellent platform for broadband photodetection. From the literature review, it is also
observed that, recently, the performance enhancement of various sensing structures,
by the coupling of optical, piezoelectric, and semiconducting properties, has drawn
significant research interest. Motivated by the vast potentiality of the coupling effects, the possibility of improving strain sensitivity of the 3C-SiC/Si heterostructure
will be explored. In summary, the thesis aims at the following goals:

 Understanding the influence of light on a 3C-SiC thin film and exploring its

application in optical environments.
 Investigating the UV and visible photoresponse of a 3C-SiC/Si heterojunction.
 Developing a 3C-SiC/Si heterostructure based self-powered broadband pho-

todetector.
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 Investigating the possibility of enhancing strain sensitivity of a 3C-SiC/Si het-

erostructure by the optomechanical coupling effect.
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[82] R. Yakimova, G. R. Yazdi, N. Sritirawisarn, and M. Syväjärvi, “Structure evolution of 3C-SiC on cubic and hexagonal substrates,” in Materials science forum,
pp. 283–286, 2006.
[83] F. La Via, A. Severino, R. Anzalone, C. Bongiorno, G. Litrico, M. Mauceri, M.
Schoeler, P. Schuh, and P. Wellmann, “From thin film to bulk 3C-SiC growth:
Understanding the mechanism of defects reduction,” Materials Science in Semiconductor Processing, vol. 78, pp. 57–68, 2018.
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Chapter 3

Growth and fabrication of
3C-SiC/Si heterostructure
The growth process of 3C-SiC thin films on Si-substrates with different carrier types
(n-type and p-type) are reported in this chapter. In addition, the optical and electrical
characterization of the grown films are discussed in detail. The fabrication process of
3C-SiC/Si devices for different applications are also described. Subsequently, a rapid
and cost-effective metallization technique has been demonstrated for 3C-SiC MEMS
using a direct wire-bonding method.

A part of this chapter has been published in RSC Advances and the bibliographic
details of the paper, including all authors, are:
(J.3) Abu Riduan Md Foisal, Hoang-Phuong Phan, Toan Dinh, Tuan-Khoa Nguyen,
Nam-Trung Nguyen, and Dzung Viet Dao, “A rapid and cost-effective metallization
technique for 3C–SiC MEMS using direct wire bonding,” RSC Advances, vol. 8(28),
pp. 15310–15314 (2018), doi: 10.1039/C8RA00734A.
My contribution to the submitted papers involved:
 Design and fabrication of the samples
 Experimental task
 Data acquisition and analysis
 Writing manuscripts
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3.1

Growth of 3C-SiC on Si

3.1.1

LPCVD growth

The 3C-SiC (100) films were grown epitaxially on Si (100) substrate using an SPT
Epiflx SiC epitaxial LPCVD reactor at 1000 ◦ C, as shown in Fig. 3.1 [1–3]. The
growth was performed using Saline (SiH4 ) and Propene (C3 H6 ) as precursors. Silicon wafers were cleaned by standard Radio Corporation America (RCA) cleaning
procedure prior to being loaded into the SiC reactor. The initial temperature of the
reactor was set at 600 ◦ C. The temperature was then ramped to 1000 ◦ C while flowing
oxygen at 20 sccm (standard cubic centimetre per minute).

Si wafers
Wafer boat
ils
Heating co

To pump

ils
Heating co

Loading door

Si, C, Al
Precursors

Substrate
Reaction and accomulation
on the substrate

Figure 3.1: LPCVD chamber and process for growing 3C-SiC on Si-substrate.

The purpose of this process is to form a clean SiO2 layer on the Si surface which
will protect the Si wafer surface from contamination from the reactor chamber. After
reaching 1000 ◦ C, Saline at 4 sccm was introduced to remove SiO2 and deposit a fresh
Si layer on Si-substrate. To obtain a void-free Si surface underneath the 3C-SiC film,
the activated Si-surface was carbonized by employing a 10 sccm flow rate C3 H6 at 950
◦ C,

and then the temperature ramped back to 1000 ◦ C. After that, an Alternative

Supply Epitaxy (ASE) growth cycling method was used to grow 3C-SiC film, which
consists of the following steps:
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Figure 3.2: Schematic illustration of gas supply procedure (a) before and (b)
during SiC epitaxial growth.
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The epitaxial growth rate was controlled at 0.61 ± 0.02 nm/cycle. A desired thickness of 3C-SiC was obtained by varying the number of growth cycles. The details
of the gas supply sequence before and during the growth process is shown in Fig.
3.2 . The thickness of the grown 3C-SiC films was found to be 300-400 nm using
NANOMETRICS NanoSpec/AFT 210.
The primary advantage of using Alternating Supply Epitaxial (ASE) growth is that
the 3C-SiC growth temperature (1000 ◦ C) reduces significantly compared to that
(1350 ◦ C) when using a conventional heteroepitaxial growth where Si and C atoms
precursors are supplied simultaneously [4]. The low-temperature growth also reduces
the wafer bow which makes it possible to grow large-scale 3C-SiC/Si wafers. It is
also worthy to mention that our custom made LPCVD reactor is suitable for large
batch production up to 50 wafers with a diameter of 12 inches [5]. Boron (B) and
Aluminium (Al) are usually employed for introducing p-type doping in the semiconductor. However, Al has a shallower acceptor level during CVD growth compared
to B [1]. Therefore, to obtain p-type 3C-SiC, Trimethyaluminium [(CH3 )3 Al] was
introduced as a source for p-type in situ doping. The mechanism of in situ doping
is as follows [6, 7]: when TMAl is employed, the Al-CH3 bonds break below 528 ◦ C
and Al atoms are absorbed on the Si-terminated surface. Upon the introduction of
C2 H2 , the absorbed Al and Si atoms are converted to 3C-SiC layers. Fig. 3.3 shows
the grown 3C-SiC films with n-type and p-type carrier concentration.
(a)

(b)

Figure 3.3: Grown 3C-SiC thin films on 6-inch Si wafers: (a) p-type and (b) n-type
carrier concentrations.
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3.1.2

Optical characteristics of the grown 3C-SiC/Si structures

The optical characteristics of the grown 3C-SiC on Si heterostructure were examined
by X-ray diffraction (XRD), Selected Area Electron Diffraction (SAED), Transmission Electron Microscopy (TEM), and Atomic Force Microscopy (AFM). XRD and
SAED analysis were used to investigate the crystal quality of the 3C-SiC/Si heterostructure. The quality of grown 3C-SiC film and 3C-SiC/Si heterojunction were
examined by TEM image. In addition, the surface morphology was investigated by
AFM. The results are discussed in details below:

X-ray diffraction analysis
A BrukerD8 advance X-ray diffraction (XRD) system was used to provide CuKα
emission in the full-range 2θ–θ of the XRD measurement. The acquisition angles
of the 2θ–θ scan were in a range of 30◦ to 95◦ with an increment of 0.005◦ per
step. 2θ–θ XRD curve of the grown 3C-SiC film is shown in Fig. 3.4(a). The XRD
measurement shows diffraction peaks at 35.6◦ and 90◦ , corresponding to 3C-SiC(200)
and 3C-SiC(400) orientations (Fig. 3.4) (a). Additionally, besides these two peaks,
only a peak at 69.1◦ , corresponding to Si(400), was observed. This result indicates
that the SiC film was epitaxially grown on Si(100) substrate.
The 2θ–ω scan analysis was also performed to confirm the crystalline quality of the
grown 3C-SiC film further, as shown in Fig. 3.4(b). As observed, the full width of
half maximum (FWHM) of the 3C-SiC peak was measured to be 0.8 ◦ , which further
confirms the excellent crystalline quality of the grown film.

Selected Area Electron Diffraction measurement (SAED)
The SAED image of the grown 3C-SiC film is shown in Fig. 3.5. In general, the
SAED image exhibits three types of pattern: (a) diffuse rings, which indicates an
amorphous structure; (b) small spots making up a circle, which specifies a polycrystalline structure; and (c) spots are arranged in a periodic order which represents a
single crystalline structure [8]. Therefore, the periodic dotted spots of the SAED
pattern depict that the grown 3C-SiC film is single crystalline.
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Figure 3.4: (a) The XRD graph of the grown 3C-SiC (100) thin film on Si (100)substrate and (b) the rocking curve scan of 3C-SiC (100) peak from (200) plane.

Transmission Electron Microscopy (TEM) measurement
The quality of the 3C-SiC/Si interface was investigated by TEM analysis. Fig. 3.6
shows a cross-sectional TEM image of the grown 3C-SiC (100)/Si (100) heterostructure. As observed, there is no grain boundary in the grown 3C-SiC (100) film. In
addition, the crystal defects, mainly stacking faults, are propagating in [111] direction. These crystal defects are densely distributed at the heterointerface. The defects
at the interface arise due to the different thermal expansion coefficients (8 %) and
lattice mismatch (20 %) between 3C-SiC and Si [9, 10].
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Figure 3.5: The SAED image of the grown 3C-SiC (100) film which was observed
along the [110] orientation of electron incidence.

[001]
[111]

200 nm

Si

Figure 3.6: A cross-sectional TEM image of the fabricated 3C-SiC/Si heterostructure which was observed along the [110] orientation of electron incidence.

Atomic force microscopy measurement
The surface morphology and roughness of the grown 3C-SiC film were investigated
by AFM (model: MFP3D-BIO). Fig. 3.7 shows the AFM image of a 390 nm thick
p-type 3C-SiC (100) film grown on Si (100) substrate, where the scanned area was 5
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µm × 5 µm. The measured root mean square roughness of the film was found to be
1.5 nm.
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Figure 3.7: An AFM image of the grown 3C-SiC (100) thin film (scan area: 5 µm
× 5 µm).

3.1.3

Electrical characterizations of the grown 3C-SiC films

The electrical characteristics of the grown-3C-SiC films were measured by a hot probe
measurement technique. The carrier concentration and conductivity type (p-type or
n-type) of the films can be measured by the hot probe measurements. The measurements were performed by connecting a hot probe and a cold probe with the 3C-SiC
surface, as shown in Fig. 3.8.
The hot probe terminal was connected to the ground to eliminate any noise from the
heater [4]. The basic principle of a hot probe measurement method is that when the
probes are connected with the 3C-SiC surface, the thermally excited majority free
carriers move from the hot probe to the cold probe by following a diffusion mechanism. The sign of the measured electrical potential between two probes identifies
the conductivity type of the film. The carrier concentration of the grown film was
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Figure 3.8: An schematic illustration of the hot probe measurement method.

calculated from the measured open-circuit voltage, VOC = Pn,p · ∆T , where ∆T is the
temperature difference between the hot and cold probes, Pn,p is the thermoelectric
power which depends on the n-type and p-type carrier concentration, which can be
defined as [11]:

Pp =

kB
q (2.5

− s − ln NpV )
(3.1)

Pn =

kB
q (2.5

− s − ln NnC )

where kB is the Boltzmann’s constant, q is the unit charge, n and p are the free
electron and hole concentrations, respectively, s is a factor which depends on the
free carrier scattering mechanism, NV and NC are the effective density of states
in the valence bands and conduction bands, respectively. The calculated carrier
concentrations of the grown-3C-SiC films were found to be 1017 to 1018 cm−3 .
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3.2

Sample preparation

3.2.1

3C-SiC/Si heterostructure beam

Fig. 3.9 shows the process flow to fabricate the 3C-SiC/Si heterostructure beam. The
beam was fabricated using only a one-mask photolithography process. After growing
3C-SiC on Si substrate using the LPCVD process (Fig. 3.9a), a 100 nm thick Al layer
was deposited on 3C-SiC using a SNSsputter machine (Fig. 3.9b). Subsequently,
the wafer was coated with a photoresist (AZ1512) with a thickness of 1.2 µm, and
then patterned by UV exposure (Fig. 3.9c). After that, the Al layer was patterned to
form the electrodes on the 3C-SiC using an Al etchant (HNO3 : H3 PO4 :CH3 COOH)
(Fig. 3.9d). The wafer was then diced along [110] direction to form 3C-SiC/Si beam
for bending experiments (Figs. 3.9e, f). The dimension of the beam was about 45
mm × 5 mm × 0.625 mm. A photograph of the fabricated 3C-SiC/Si beam and an
SEM image of the resistor is shown in Fig. 3.10.
(a)

(b)

[100]

(c)

(100) plane

[110]

[110]

[100]

(e)

(f)

0
[11

(d)

]

[110]

[110]
3C-SiC

Si

Al

Photoresist

Figure 3.9: Process flow to fabricate 3C-SiC/Si beam: (a) crystal plane and
orientations of the epitaxially grown 3C-SiC on (100) Si wafer, (b) deposition of
Al layer using a metal sputtering machine, (c) the Al layer was patterned to form
the electrodes on 3C-SiC, (d) dicing of the wafer along [110] direction to form (e)
3C-SiC/Si beam for bending experiment.
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10 mm

100 μm

Figure 3.10: 3C-SiC/Si heterostructure beam for bending experiments. The zoomin view of the heterostructure area.

3.2.2

3C-SiC/Si mesa structure

The 3C-SiC film is patterned using conventional lithography processes to create isolated 3C-SiC/Si heterojunction. The process flow of the 3C-SiC/Si mesa structure
fabrication is briefly shown in Fig. 3.11 and can be found elsewhere for greater detail
[3].
In brief, the 3C-SiC film is etched by plasma etching using SF6 in a LAM 480 system.
Following this, a 100 nm thick oxide layer is deposited on the film utilizing a Hitech
LPCVD furnace at 440 ◦ C by following 20 sccm SiH4 and 20 sccm O2 for 5 minutes.
The deposited SiO2 will reduce the perimeter leakage around the mesa structure
by passivating the SiC surface. It will also protect the mesa structure exposed 3CSiC/Si heterojunction area from contaminations and the effects of any further hightemperature processing. Consequently, more than 90% of the oxide area is etched,
using a buffered oxide etch, from the isolated 3C-SiC top surface to form windows for
the deposition of a heavily doped n-SiC layer (90 nm) to create top contacts using
ammonia as the precursor. To make the bottom contact, the 3C-SiC from the back
surface is removed by inductively coupled plasma etching and then Al is sputtered
on the exposed Si as a back contact. Fig. 3.12 (a) and (b) show a cross-sectional
schematic illustration and a microscopic image of the fabricated mesa 3C-SiC/Si
heterostructure, respectively.
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(a) 150 mm 3C-SiC/Si wafer

(b) Photoresist coating

(f) Higly doped n-SiC is
deposited on the exposed area

(e) Window is opened in SiO2
to expose SiC mesa top surface

(c) Plasma etching the SiC

(d) SiO2 deposition

n+ SiC
3C-SiC
SiO2
Si
Al
PR
(g) Sputtering Al as a back
contact

(h) Wire bonding for
external connections

Figure 3.11: Process flow of fabricating 3C-SiC/Si mesa structure.
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p-Si

Figure 3.12: (a) A cross-sectional diagram of the proposed 3C-SiC/Si heterostructure and (b) a microscopic iamge (top view) of the fabricated device.

3.2.3

Fabrication of 3C-SiC on glass

To characterize the thermoresistive properties of a 3C-SiC film in optical enviornments, 3C-SiC resistors were released from the Si-substrate. In the first step, I-shaped
3C-SiC resistors were fabricated and the process flow is shown in Fig. 3.13.
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(1)

(2)

(3)

(4)

(5)

(6)

Si

SiC

PR

Al

Figure 3.13: Formation of 3C-SiC resistors on Si-substrate (not to scale)

After growing the 3C-SiC film on Si-substrate (step 1), the wafer was coated with
photoresist (AZ1512) (step 2). A mask was then used to pattern the resistors (step
3). Consequently, dry etching of the 3C-SiC resistors was performed using Inductive
Coupled Plasma (ICP) etcher (step 4). After that, a 300 nm thick Al layer was
deposited on the wafer (step 5). It was then patterned and etched to form electrodes
on the 3C-SiC resistors (step 6).
In the next step, the I-shaped 3C-SiC resistors were released from the Si-substrate
using Xenon difluoride (XeF2 ) etching (Fig. 3.14 (a)). As shown in Fig. 3.14(b),
the resistors were then detached from Si by the FIB technique (using Ga+ ions).
After that, using a microprobe, the SiC was transferred to a glass substrate where Al
electrodes were already deposited (Fig. 3.14(c)). A tungsten layer was then deposited
to fix the transferred SiC strip onto the Al/glass substrate. Fig. 3.14(d) shows a
schematic for the final device. To make the 3C-SiC/glass platform as commercially
viable, it has been recently demonstrated in our group that it is possible to transfer
the whole 3C-SiC/Si wafer (diameter: 150 mm) onto a glass substrate using an anodic
bonding process [12].
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(a)

(b)

Microprobe

Si substrate

Detach SiC resistor
10 μm

Release SiC resistor
10 μm
(c)
(c)
Tungsten

(d)
(d)

Transferred SiC
Glass substrate
resistor

Glass substrate
Aluminium
electrode

10
10μm
μm

Glass

Tungsten
10 μm
SiC
Al

Figure 3.14: Processing steps to transfer 3C-SiC film from Si-substrate to a glass
substrate: (a) released SiC resistor, (b) detached SiC resistor using Focused Ion
Beam technique, (c) transferred 3C-SiC strip on glass substrate, and (d) sketch of
the final device.

3.3

A rapid and cost-effective metallization technique
for 3C–SiC MEMS using direct wire bonding

3.3.1

Abstract

This paper presents a simple, rapid and cost-effective wire bonding technique for
single crystalline silicon carbide (3C-SiC) MEMS devices. Utilizing direct ultrasonic
wedge-wedge bonding, we have demonstrated for the first time direct bonding of
aluminum wires onto SiC films for characterization of electronic devices without the
requirement for any metal deposition and etching process. The bonded joints between
Al wires and SiC surfaces showed a relatively strong adhesion force up to approximately 12.6-14.5 mN and excellent ohmic contact. The bonded wire can withstand
high temperatures above 420 K, while maintaining the notable ohmic contact. For
the proof of concept, a 3C-SiC strain sensor was demonstrated, where the sensing
element was developed based on the piezoresistive effect in SiC and the electrical
contact was formed by the proposed direct-bonding technique. The SiC strain sensor
possesses a high sensitivity to the applied mechanical strains, as well as exceptional
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repeatability. The work reported here indicates the potential of an extremely simple
direct wire bonding method for SiC for MEMS and microelectronics applications.

3.3.2

Introduction

Silicon carbide (SiC) has been emerging as a promising material for MEMS devices
for harsh environment applications, thanks to its superior mechanical and electrical
properties [13–15]. Among more than 200 poly-types of SiC, 3C-SiC is the most
preferable poly-type for MEMS devices as it can be readily grown on a large commercial Si-substrate [16, 17]. Hence, the cost of a wafer is reduced significantly and
most importantly 3C-SiC is compatible with the conventional N/MEMS technologies
[18, 19].
The proper metallization of any device is significantly important to obtain the exact
and accurate response. However, metallization of MEMS devices generally requires
multiple time-consuming processes (i.e., lithography and metal etching), expensive
metal sources (e.g., Au, Ni, Al, Ti), and specialized equipment, such as sputter and
electron beam evaporator [20].
On the other hand, wire bonding is one of the quickest and cost-effective microjoining
techniques, which provides the flexibility of modifying the design of microelectronic
devices in a simple and reliable way [21–23]. There are several methods of making
wire bonding, such as thermoscompression, thermosonic, and ultrasonic bonding [24].
However, ultrasonic wire bonding has several advantages over other techniques. For
instance, it improves the bonding interface slip and facilitates the fretting mechanism
to remove the surface oxide and contaminations from the film [21, 25]. Generally, for
silicon based devices, the wire bonding is performed to connect metal wires to metal
electrodes that are pre-deposited and patterned on the surface of silicon. The metal
pad is required as Si has a relatively high oxidation rate, forming a native oxide layer,
hindering the contact between the metal wire and the Si layer. However, a number of
recent studies successfully demonstrated that direct wire bonding is feasible in wide
band gap materials, such as GaN owing to its excellent chemical inertness which
prevents the oxidation process occurred on the surface at room temperature [20].
The capability of direct wire bonding offers notable advantages, as such it allows the
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characterization of materials right after the growth process, and also eliminates the
metal depositing and etching to significantly simplify the whole fabrication process
for MEMS devices [26]. Furthermore, direct wire bonding also enables the formation
of electrical contacts for MEMS suspended structures (such as membranes, cantilever
beams, and doubly-clamped bridges) formed by wet-etching, where the deposition
and etching of metals on these released structures are impractical.
Employing the superior chemical inertness of SiC, this work demonstrates a fast,
simple and low-cost metallization technique using direct Al wire bonding onto a SiC
surface. The proposed technique provides an easy and efficient access to the characterization of electrical properties (for instance, Hall measurement) in epitaxial SiC
films right after the CVD deposition process, and is applicable for the development
of SiC based MEMS.

3.3.3

Device fabrication and experimental setup

A 280-nm thick p-type 3C-SiC was grown on a Si (100) substrate (which has a carrier
concentration of 5×1014 cm−3 and resistivity of 1 Ω.cm) using the LPCVD at 1000
◦C

[27, 28]. Trimethylaluminium (TMAl) was used as a source of p-type dopants

in the in situ doping process. From Hall measurement, the carrier concentration of
the grown film was found to be 5×1018 cm−3 and the measured resistivity was 0.14
Ω.cm [29]. Subsequently, 3C-SiC resistors were fabricated using inductively coupled
plasma etching with an etch rate of 100 nm/min in HCl and O2 plasma [30]. The
wafer was then diced into strips with dimensions of 80 mm×8 mm×0.625 mm to
induce uniaxial stress in [110] direction employing the bending method. Prior to wire
bonding, the diced beam was cleaned with acetone and isopropanol and then dried
out by nitrogen gas. Direct wire bonding was then applied to the SiC surface to
connect SiC resistors to external copper-PCB electrodes using a wedge-wedge wire
bonder (747630E-79, West Bond Inc.). The ultrasonic power was set at 350 mW
for a duration of 30 ms to perform the Al wire to SiC bonding. To measure the
pulling strengths of bonded Al wires on the 3C-SiC surface, a manual pulling test
(destructive mode) was performed with an electronic mass balance (FX-3000i, A&D
Company Ltd.). I-V characteristics of the 3C-SiC sensor at high temperatures were
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measured using a semiconductor device analyzer (U2722A, Agilent Tech.) and a
dehydrating oven (TD-500F, Thermoline Scientific).
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3C-SiC
(400)
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Figure 3.15: X-ray diffraction graph of the grown 3C-SiC film on a Si (100)
substrate and the inset shows the SAED image.

3.3.4

Results and discussion

A BrukerD8 advance X-ray diffraction (XRD) system was used to provide CuKα
emission in the full-range 2θ–θ of the XRD measurement. The acquisition angles of
the 2θ–θ scan were in a range of 30◦ to 90◦ with an increment of 0.005◦ per step.
The XRD measurement shows diffraction peaks at 35.6◦ and 90◦ , corresponding to
3C-SiC(200) and 3C-SiC(400) orientations, Fig. 3.15. Additionally, besides these two
peaks, only a peak at 69.1◦ , corresponding to Si(400), was observed. This result indicates that the SiC film was epitaxially grown on Si(100) substrate. Furthermore, the
Selected Area Electron Diffraction (SAED) image (inset of Fig. 3.15) also confirms
that the grown SiC film is single crystalline.
Fig. 3.16(a) shows an SEM image of SiC resistors where the first bond was performed
on SiC and the second bond was formed on an external copper-PCB pad. The inset
of Fig. 3.16(a) illustrates an SEM image of the tail of wire bond formed on the SiC
film with a surface area of approximately 50 µm×50 µm. Fig. 3.16(b) shows the wire
bonding where both first and second bonds were performed on SiC surface, which
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Figure 3.16: (a) SEM image of directly bonded Al wire between the 3C-SiC surface
and a metal pad (inset shows the zoomed-in view of the contact area formed by direct
Al wire bonding), (b) demonstrating the possibility of bonding both first and second
bond on the same SiC surface, (c) a schematic of the experimental setup to measure
the bond strength (destructive mode), and (d) I-V characteristics curve of different
SiC resistors (each resistor has different spacing between the bonded areas).

can be utilized to interconnect different devices on the same chip. Fig. 3.16(c) shows
the experimental setup for measuring the bond strength between the 3C-SiC surface
and Al wires. The pulling force was measured by mounting a bonded SiC/Si chip
onto an electronic mass balance (both first and second bonds were connected on the
3C-SiC surface as shown in Fig. 3.16(b)). Subsequently, a micro-positioner with a
hook-tip was employed to pull the center of the wire with each moving step being set
at 3µm. The applied pulling-force was monitored using the electronic balance; the
bonding strength was found when the wire started to detach from the SiC surface.
Accordingly, the bond strength ranged from 12.6-14.5 mN.
Similarly, for comparison, the bond strength of directly bonded Al wire on deposited
Al contact of SiC was also measured and it was observed that the strength was in
the range of 31.2-38.6 mN, which is 59 - 62% higher than that between the directly
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bonded Al wire and the 3C-SiC surface. However, the bond strength between direct
Al wire bonding and SiC surface is comparable to the standard minimum bond pull
limit (14.7 mN) of 25 µm diameter Al wires [31].
The electrical properties of the bonded wire shown in Fig. 3.16(d) were then investigated using the AgilentU2722A analyzer. The linear behavior of current-voltage
characteristics represents the excellent ohmic contact between directly bonded Al
wires and 3C-SiC surface, Fig. 3.16(d). Furthermore, it is also evident that at a
constantly applied voltage, the measured current was found to be inversely proportional to the distance between the bonded pads. Subsequently, the contact resistance
between Al wire and 3C-SiC film was also measured by TLM (Transmission Line
Measurement) technique and the contact resistivity was found to be approximately
3.32×10−3 Ω.cm2 (Fig. 3.17).
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Linear curve fit

7000
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3000
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Y=142.4 Ω
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0
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100
200
300
400
Distance between the resistors (μm)

Figure 3.17: Measurement of contact resistance utilizing Transmission Line Measurement technique.

We also compared the resistance of SiC resistors fabricated using bonding method to
the standard one with the metal pad formed by aluminium deposition and etching.
Fig. 3.18 top-inset shows a SiC resistor with metal electrodes, where an Al layer with
a thickness of 300nm was sputtered using Surrey Nano Systems-γ. From the I-V
curve (red line in Fig. 3.18), the resistance of the SiC with Al electrodes was found
to be 1210 kΩ. Subsequently, the deposited Al electrodes were completely removed
using TMAH, and the direct wire bonding was performed on SiC as shown in the
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bottom-inset of Fig. 3.18. The resistance of the SiC resistor formed using direct wire
bonding (solid blue line) was found to be almost the same as that of SiC resistors with
Al electrode. This indicates the small contact resistance of direct bonding, and also
implies the possibility of using this novel method to form SiC MEMS applications
without the requirement for metal electrodes on SiC.
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Figure 3.18: I-V characteristics of a 3C-SiC resistor with deposited Al contact and
with direct Al wire bonding (after removing deposited contact via wet etching). The
optical micrograph of both configurations are shown in top-inset and bottom-inset,
respectively.
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Figure 3.19: Current-voltage response of a 3C-SiC resistor on a glass-substrate at
different temperatures. The inset shows a schematic of 3C-SiC/glass resistor.
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In addition, to test the feasibility of using direct wire bonding on 3C-SiC devices in
high temperature environments, the 3C-SiC film was transferred from Si substrate
onto a glass substrate using an anodic bonding process [13, 32], to prevent the leakage
through SiC/Si junction at high temperatures [33, 34]. The electrical contacts were
then prepared by direct wire bonding to the transferred 3C-SiC film. As observed
from the I-V characteristics (Fig. 3.19), the current through the 3C-SiC resistor
accrued with increasing temperatures and the contact between the Al wire and the
SiC resistor retained its linear behavior at high temperatures, which is a desired
property for applications at elevated temperatures. Furthermore, after cooling down
to room temperature, the device showed the same I-V characteristic as the initial
room temperature condition, demonstrating repeatable and stable behavior of the
device at high temperatures.
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Figure 3.20: The relationship between the relative resistance change of SiC resistor
at different strains. Top-inset represents the real-time response of the device under
various strain levels and the fabricated SiC/Si beam for bending experiment is shown
in the bottom-inset.

To demonstrate the application of the direct wire bonding method, a SiC strain
sensor was developed utilizing the piezoresistive effect. Fig. 3.19 (bottom-inset)
shows a SiC on Si cantilever, where SiC strain sensors were patterned into U-shape
structures, as illustrated in Fig. 3.18 (inset). Direct wire bonding was employed to
make contact with the copper PCB placed on the clamp of the SiC/Si cantilever. The
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piezoresistive effect of the fabricated 3C-SiC resistor was measured using the bending
beam method, where the uniaxial stress was induced in [110] direction [35, 36]. It was
observed that the relative resistance change increased linearly with increasing strain.
This is a desirable property for p-type 3C-SiC, as the uniaxial stress was applied
in the longitudinal direction which means the direction of current flow through the
resistor and the applied stress was in the same direction. Furthermore, the responses
showed excellent repeatability at constant strain levels (top-inset of Fig. 3.20).

3.3.5

Conclusions

In conclusion, this study successfully demonstrated the feasibility of direct wire bonding for 3C-SiC MEMS devices, such as- strain sensors, high temperature applications.
It is observed experimentally that the bonded wires were physically and electrically
stable under stress and high temperature conditions. Direct wire bonding also provides quick and easy access to the electrical properties of a 3C-SiC film just after
CVD deposition. In addition, the metallization of SiC MEMS devices with direct
Al wire bonding is more cost-effective and time-efficient compared to the conventional metallization process, which requires expensive and complicated fabrication
processes. Therefore, the study presented here promises an efficient, cost-effective
and mechanically stable wiring technique for 3C-SiC based MEMS devices using direct wire bonding.
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3.5

Summary

In this chapter, the epitaxial growth process of 3C-SiC thin films on Si-substrates
and fabrication of 3C-SiC/Si devices were presented in detail. High quality 3C-SiC
(100) films were grown on Si (100)-substrate using the LPCVD technique and the
quality of the grown films was confirmed by XRD, TEM, SAED, and AFM analysis.
The film characteristic figures are also used in the following chapters (4, 5, and 6)
to support the quality of the devices, which have been reported in different journals.
After the physical and electrical characterization of the films, 3C-SiC/Si heterostructure devices were fabricated for different applications, such as thermoresistive and
piezoresistive sensors, as well as photodetectors. In addition, the demonstrated direct wire-bonding technique for 3C-SiC MEMS devices provides the advantages of
a cost-effective microjoining technique and the flexibility of modifying the design of
microelectronic devices in a simple and reliable way compared to metal deposition
techniques that require expensive metal sources, specialized equipment, and multiple
time-consuming processes.
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Chapter 4

Characterization of 3C-SiC in
optical environments
(This chapter is presented in the form of one published peer-reviewed journal paper )

This chapter describes the optical properties of a 3C-SiC thin film, which was transferred onto a glass substrate from Si-substrate by FIB technique. Subsequently, the
3C-SiC/Si glass substrate was utilized as a thermoresistive sensor for in situ temperature monitoring during optical investigations. The performance of the structure
was then compared with low-doped and highly-doped Si-platforms.
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4.1

3C–SiC on glass: an ideal platform for temperature
sensors under visible light illumination

4.1.1

Abstract

This letter reports on cubic silicon carbide (3C-SiC) transferred on a glass substrate
as an ideal platform for thermoresistive sensors which can be used for in situ temperature measurement during an optical analysis. The transferring of SiC onto an
insulating substrate prevents current leakage due to SiC/Si junction, which is significantly influenced by visible light. Experimental data showed that 3C-SiC on glass
based sensor possesses a large temperature coefficient of resistance (TCR) of up to
-7,508 ppmK−1 , which is about 10 times larger than that of highly doped Si. Moreover, the 3C-SiC based temperature sensor also outperforms low doped Si in terms
of stability against visible light. These results indicate that 3C-SiC on glass could
be a good thermosresistive sensor to measure the temperature of cell during optical
investigation.

4.1.2

Introduction

Accurate and continuous measurements of temperature are highly critical for monitoring in situ conditions of chemical reactions and bio-mechanisms of cell culturing
(e.g., focal adhesion, morphogenesis, protein folding, and so on) [1, 2]. The keys
to achieve these are bio-compatibility, high thermosensitivity, fast response, etc. To
date, silicon has been widely used to develop temperature sensors for cell monitoring,
owing to its mature fabrication technology [3–5].
However, in biochemical environments, silicon (Si) based sensors suffer from various
difficulties, such as drifting potentials, chemical instability, fouling encapsulation [6–
9]. These sensors also are not suitable for the optical analysis or in situ condition
monitoring of cell culture under the microscope due to the opaqueness of Si in the
visible wavelengths. As such, to measure the mechanical properties of a cell using Si
piezoresistive cantilever, a light compensation circuit is usually required [10]. In addition, the visible light would have a significant impact on the accurate measurements
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of cell temperature. Therefore, to investigate mechanical properties and temperature
of cells under an optical microscopy environment, sensors which are insensitive to
visible wavelength are desirable.
Compared to Si, Silicon carbide (SiC) is a versatile material for bio-application due
to its superior mechanical and electrical properties, as well as chemical inertness [11–
18]. To date, there have been a large number of studies investigating and considering
development of SiC based biocompatible devices. For instance, Kalnins et al. utilized SiC as stent’s protective layer which can reduce early and late coronary events
[19]. SiC was also used as a ceramic coating material of titanium based total hip
replacement implants [20]. Godignon et al. reported that bulk SiC micro needles can
outperform Si for graft monitoring [21]. However, the potential of using SiC for highly
sensitive temperature sensors in an optical environment has not been demonstrated.
In this work, we demonstrate a highly sensitive temperature sensor using 3C-SiC
transferred onto a glass substrate, as the glass substrate possesses excellent stability
in optical environment. Experimental data showed that the SiC on glass substrate
was insensitive to visible wavelengths (400-700 nm), thanks to the large band gap
in SiC. The SiC on glass also showed a large TCR of -7500 ppmK−1 which is 10
times larger than that of highly doped Si. All these properties along with the biocompatibility of SiC make it an excellent candidate for bio-thermal sensing under
illuminating environments.

4.1.3

Device fabrication and testing

Single crystalline p-type 3C-SiC was epitaxially grown on p-type Si(100) substrate
by using a hot-wall Low Pressure Chemical Vapor Deposition (LPCVD) reactor at
1000◦ C [22]. The alternating supply epitaxy (ASE) approach was used to achieve
single crystalline SiC film deposition with Silane (SiH4 ) and Propylene (C3 H6 ) as
precursors. Trimethylaluminium was used as a p-type dopant for in situ doping.
The full range (2θ − ω) of the X-Ray diffraction (XRD) measurement indicated that
3C-SiC is epitaxially grown on Si(100) substrate and the Transmission Electron Microscope (TEM) image depicts the good crystalline quality of grown 3C-SiC film,
see Electronic Supplementary Information (ESI). By using Hall measurement, the
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carrier concentration of 3C-SiC and Si substrate was found to be approximately
5×1018 cm−3 and 5×1014 cm−3 , respectively. As we reported previously, in dark
condition, the leakage current through the 3C-SiC and Si junction was only about
0.05% of the applied current due to large valance band discontinuity between 3C-SiC
(Ev = 6.9 eV) and Si (Ev = 5.2 eV) [23, 24]. However, the resistance of 3C-SiC/Si
significantly decreased with increasing light intensity (approximately 27% at an intensity of 2.0 mW/cm2 and a wavelength of 488nm), as shown in Fig. 4.1. This
variation is attributed to either the absorption of light in the SiC layer or the change
in the leakage current through the SiC/Si junction. To elucidate this phenomenon,
we transferred SiC onto an insulating substrate.
I-shaped 3C-SiC resistors (inset of Fig. 1) were formed on Si using photolithography
and Inductive coupled plasma etching (ESI). Xenon difluoride (XeF2 ) etching was
employed to release the SiC from Si substrate [25], Fig. 4.2(a). As shown in Fig.
4.2(b), the resistors were then detached from Si by FIB technique. After that, using
a microprobe, the SiC was transferred to a glass substrate, Fig. 4.2(c). A tungsten
layer was then deposited to fix the transferred SiC strip onto the Al/glass substrate.
Si samples were also prepared for comparison. Low doped Si samples were fabricated
by sputtering Al on commercial Si wafer, followed by a dicing process to form a strip
of 2 mm×2 mm×0.625 mm. The details of the fabrication steps of highly doped Si
have been reported elsewhere [26]. The specifications of all three devices are given in
Table 4.1. The experimental setup used to characterize the thermoresistive effect in
the fabricated devices under light illumination can be found in the ESI.
Table 4.1: Sample specifications.

Type
Low doped p-type Si
Highly doped p-type Si
p-type 3C-SiC

4.1.4

Doping concentration
(cm−3 )
5×1014
5×1019
5×1018

Resistance
(kΩ)
1180
0.776
32.41

Results and discussion

The electrical conductivity of p-type 3C-SiC can be defined as [27, 28]

 

q.λm
Ea
3/2
σc = q · (µh ) · (Nh ) ∼ q · √
· T
exp (−
)
kB T
3kB T m∗
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Figure 4.1: The variation in resistance of the p-3C-SiC on Si substrate under light
illumination (inset shows a sketch of 3C-SiC resistor on Si substrate).
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Figure 4.2: Processing steps to transfer 3C-SiC film from Si substrate to glass
substrate: (a) released SiC resistor, (b) detached SiC resistor using Focused Ion
Beam technique, (c) transferred 3C-SiC strip on glass substrate, and (d) sketch of
the final device.

where, q, kB , λm , m∗ , and Ea are the unit charge, Boltzmann constant, mean free
path, effective mass, and hole activation energy, respectively. The conductivity of a
semiconductor can increase or decrease when temperature increases, depending on
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Figure 4.3: The variation in resistance of 3C-SiC, due to (a) temperature (in dark
condition), and (b) illumination.

which mechanism plays the dominant role (e.g. increase in carrier concentration,
decrease in mobility).
As shown in Fig. 4.3(a), the resistance of 3C-SiC decreased up to 30% when temperature increases from room temperature to 343 K and it would continue to decrease
until the carriers become fully ionized [28]. A similar trend was also observed for low
doped Si (decreased up to 67% at 343 K) (ESI). However, for highly doped Si, the acceptors were almost fully ionized at room temperature. In addition, ionized impurity
scattering, thermal vibration of lattice, and collision with free carriers would have
increased significantly with temperature and hence mobility would have considerably
decreased [27, 29]. As a result, conductivity would have decreased with temperature
for highly doped Si (ESI).
Next, we investigated the influence of light illumination on the electrical conductance
of all fabricated samples. When light is applied on a material, the carrier concentration of that material will change depending on its optical absorption coefficient (α)
[27, 30, 31].

α = (hν + Eg )γ
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where, Eg and hν are the optical bandgap and photon energy, respectively, and γ is
a constant which depends on the crystal structure of the material, i.e., crystalline or
amorphous. The absorption coefficient mainly depends on photon energy. The photon
will absorb into the material when hν>Eg . Therefore, the resistivity of the material
is expected to change with the illumination of appropriate wavelength. As observed,
the resistance of low doped Si decreased with the increase of light intensity (hν=1.96
eV (635 nm) ∼ 2.54 eV (488 nm), and Eg =1.7 ∼ 1.9 eV) (ESI) [32]. Due to the small
bandgap (1.1 eV) and thick Si-layer (635 µm), the Si-substrate will absorb almost
all the incident (400-700 nm) photons. Therefore, e-h pairs will be generated in the
3C-SiC/Si structure and hence, a large variation in resistance was observed 4.1(a).
However, for highly doped Si, the resistivity remained almost constant as the number
of electron/hole pairs generated due to photon energy absorption is considered to be
much smaller than that of the ionized impurities. The resistance of p-type 3C-SiC is
insensitive to the applied illuminations because incident photon energy (hν=1.96 eV
(635 nm) ∼ 2.54 eV (488 nm)) was lower than the optical bandgap of 3C-SiC (Eg =
2.94 ∼ 3.5 eV) [12, 23, 33] (Fig. 4.3(b)).
As discussed in previous sections, in dark conditions, the resistivity of 3C-SiC decreases with temperature, hence a negative temperature coefficient (NTC) was observed (Fig. 4.4(a)). The transferred 3C-SiC resistor showed an NTC of -7,508 to
-6,651 ppmK−1 for the temperature range of 297 to 343 K. Moreover, the TCR of 3CSiC was not affected by the variation in wavelength and intensity of incident light,
Fig. 4.4(b). However, the TCR of low doped Si varied from 14.4 to 59.5% when
intensity increased from 0.5 to 2.0 mW/cm2 .
The TCR of low doped Si also varied 52% and 59.5%, at 2.0 mW/cm2 intensity and
a temperature of 326 K, from dark conditions at 488 nm and 635 nm wavelength,
respectively, implying that a light of 635 nm wavelength has more influence than 488
nm wavelength source at the same intensity as shown in Fig. 4.4(b). This variation
was observed because, at higher photon energy, which is inversely proportional to
wavelength, the photon will be mainly absorbed near the surface which leads to
generating dangling bonds and these bonds create trap states [34, 35]. As a result,
non-radiative recombination of electron and hole will be facilitated by the increase of
photon energy. Therefore, at higher wavelengths, more free carriers will be generated
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Figure 4.4: (a) Temperature coefficient of resistance of 3C-SiC at different light
conditions and (b) The change of TCR at 326K for low and highly doped Si, and
3C-SiC from dark condition as a function of illumination intensity at 488nm and
635nm wavelengths.

in Si and hence the TCR at an illumination of 635 nm wavelength will be lower than
that of 488 nm wavelength. For highly doped Si, the effect of illumination on TCR was
reduced dramatically (0.5% and 1.9% change at 488 nm and 635 nm, respectively),
indicating that the impurities were almost fully ionized at room temperature.

4.1.5

Conclusion

This article presents the characterization of the thermoresistive effect of 3C-SiC transferred onto a glass substrate, aiming at applications under visible light illumination.
The benchmarking between the proposed 3C-SiC with conventional low doped and
highly doped Si operating under the same conditions was also carried out. Experimental results and theoretical analysis showed that low doped Si had a high TCR of
-17,379 ppmK−1 , but under light illumination the result varied significantly. Highly
doped Si overcame this limitation; however, it had a considerably low TCR of 786
ppmK−1 . On the other hand, p-type 3C-SiC grown on Si, which was subsequently
transferred to a glass substrate, showed a relatively high TCR of -7,508 ppmK−1
and the result was also independent of different light conditions. Therefore, taking
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the advantage of biocompatibility in SiC, 3C-SiC transferred onto a glass substrate
can be an excellent platform for visible-light blind and highly sensitive temperature
sensors working in light illuminated environments.
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Characteristics of grown 3C-SiC on Si substrate
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Figure 4.5: Characteristics of p-3C-SiC grown on Si (100)- (a) XRD graph and
(b) TEM image

Fig. 4.5(a) depicts crystalline SiC film epitaxially grown on Si(100) substrate and
TEM image shows good crystalline quality of the grown film (Fig. 4.5(b)) [1].

Formation of I-shaped 3C-SiC resistors on Si

First, Al-doped 3C-SiC film was grown on Si(100) substrate using a Low-Pressure
Chemical Vapor Deposition (LPCVD) process [2, 3], Fig. 4.6(a). Next, the photoresist was coated and then a mask was used to pattern the resistors (Fig. 4.6(b), and
(c), respectively). HCl and O2 gases were employed to remove the SiC (Fig. 4.6(d)).
Then an Al layer was deposited (Fig. 4.6(e)) and it was then patterned and etched
to form electrodes on 3C-SiC resistors, Fig. 4.6(f).

Experimental setup

Fig. 4.7 shows a schematic diagram of the experimental setup which was used to
characterize the thermoresistive effect of the samples. The sample was placed on
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Figure 4.6: Formation of 3C-SiC resistors on Si substrate (not to scale)
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Figure 4.7: Schematic diagram of the experimental setup (not to scale).

the hotplate (RT Stiring, Thermo Scientific) and a K-type thermocouple (resolution
±1K) was used to measure the surface temperature of the sample. Two laser sources
of 488 nm and 635 nm (THORLAB S3FC488, S1FC635, respectively) were utilized
for light exposure with a laser intensity of 0.01 to 2.0 mW/cm2 . Light intensity on
the sample’s surface was measured by using a photodiode power sensor (THORLAB
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S120C (resolution: ±1 nW)).

Effect of temperature and light on low and highly doped Si

Fig. 4.8 depicts that the resistance of low doped Si decreases with increasing temperature, whereas the opposite phenomenon was observed for highly doped Si. The
reason is that for low doped material, the resistance depends mainly on the variation of carrier concentration with temperature change, while the mobility becomes

Resistance (kΩ)

dominant in highly doped material [4, 5].
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Figure 4.8: Temperature effect on the electrical resistance of (a) a low- and (b) a
highly- doped Si.

As observed in Fig. 4.8, the resistivity of low doped Si decreases with the increase of
light intensity due to generation of additional charge carriers, however the variation
in resistance of highly doped Si remains nearly constant as the impurities are almost
fully ionized at room temperature.
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Influence of light on TCR of Si

Fig. 4.10(a) shows, the measured temperature coefficient of resistance (TCR) of low

TCR (ppm/K)

doped Si varied from -17,379 to -13,491 ppmK−1 for the temperature range of 297
-9000
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Figure 4.10: Variation in TCR at different light conditions: (a) low-doped Si and
(b) 3C-SiC
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to 343 K. However, a positive temperature coefficient (PTC) of resistance was found
for highly doped Si, Fig. 4.10(b), with the TCR value varying between 587 and
785 ppmK−1 . Fig. 4.10(a), also indicates that the change in wavelength of incident
photon had a significant influence on TCR of low doped Si. As depicted in Fig.
4.10(a), when an illumination of 488 nm @1.0 mW/cm2 was applied, the TCR of low
doped Si decreased from -17,379 to -13,975 ppmK−1 at 303 K due to generation of
additional carriers with the incidence of light.
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4.2

Summary

In this chapter, the thermoresistive and the electrical properties of the grown 3C-SiC
thin film was investigated. The proposed 3C-SiC on glass showed a relatively high
TCR and the results were also independent of visible light illuminations, demonstrating its potential as a thermoresistive sensor to measure the temperature of biocells
during optical investigations.
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This chapter discusses the applications of grown 3C-SiC (100) on Si (100)-substrate in
optical environments. At first, the photoconductive characteristics of the 3C-SiC/Si
heterojunction was evaluated under UV and visible illuminations. Subsequently, the
feasibility of utilizing 3C-SiC/Si heterostructure as a self-powered broadband (UVNIR) photodetector was also investigated.
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5.1

Photoresponse of a highly-rectifying 3C-SiC/Si heterostructure under UV and visible illuminations

5.1.1

Abstract

In this study we report the photo-characteristics of an n-3C-SiC/p-Si heterojunction
under ultraviolet and visible illuminations. The 3C-SiC thin film has been grown on
Si (100) substrate by a Low Pressure Chemical Vapor Deposition (LPCVD) technique
at 1000 ◦ C. The as-grown structure shows an excellent rectification ratio (IF /IR ) of
1.8×106 at ±2V and a reverse bias current of 5.5×10−9 A at 2V in dark conditions.
The heterojunction exhibits good sensitivity simultaneously to both UV (375 nm)
and visible (637 nm) illuminations. The results indicate that the fabricated structure
could be an excellent platform where detection of a wide spectral illumination is vital.
The insight of electron-hole pairs generation and carrier transport mechanism at
different illumination conditions is explained in detail via an anisotype heterojunction
energy band diagram.

5.1.2

Introduction

A photodetector with high sensitivity and reliability over wide-spectral regions is
highly essential for many applications such as full color sensors, multispectral image
sensors, and switches [1, 2]. The photodetectors, which consists of only one semiconductor material (such as ZnO, GaN, and Si), absorb the photons which have higher
energy than the bandgap of that material. This property limits their applications in
wide spectral sensitivity devices. The advancement in technology and device fabrication processes makes it possible to develop heterostructure based multiband photodetectors for detecting both UV-visible light using the appropriate combination
of different materials (n-ZnO/p-Si [3], ZnO-CdS [1], and a-SiC/a-Si [4]). In these
structures, a large bandgap material is used as a top layer, hence low-energy photons
in the visible range pass through the top layer and are absorbed in the bottom narrower band semiconductor material. Therefore, the strategy of using heterostructure
enhances the absorption of both UV and visible photons, which leads to increased
device sensitivity.
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Silicon carbide (SiC) is one of the most favorable wide bandgap semiconductor materials owing to its superior mechanical and electrical properties, as well as high
resistance to thermal and chemical stress [5, 6]. Among 200 polytypes of SiC, only
3C polytype can be grown epitaxially on a large Si-substrate at around 1000 ◦ C and
hence the cost of the wafer reduces significantly [7, 8]. By taking the advantages of
silicon-orientated mature MEMS processing technologies, 3C-SiC on the Si structure
has opened a new platform to develop a wide range of better and low cost highly
sensitive physical sensors for harsh environments.
Although the best efforts have been made to grow high quality 3C-SiC film on Sisubstrate, the grown 3C-SiC/Si heterojunction experiences crystal defects and film
stress at the interfaces due to different thermal expansion coefficients and the lattice
mismatch between 3C-SiC and Si [9, 10]. The crystal defects, mainly stacking faults,
as well as film quality can be improved by carbonizing the active silicon surface before
the deposition of 3C-SiC [10, 11]. A number of studies have reported that, despite the
presence of crystal defects at the interface, 3C-SiC/Si heterojunction show excellent
diode characteristics with a large valance band offset (1.7 eV) between SiC and Si
[12]-[14]. As such, the large effective barrier height could be very useful for many
applications, such as piezoresistive sensors [6], piezo-Hall devices [15], and bio-medical
applications [16], where electrical isolation between 3C-SiC and Si is essential.
Silicon carbide based photodetectors are primarily used for UV detection and their
peak responsivities are around 260-400 nm [17]-[19]. Since, 3C-SiC has a smaller
band gap (2.38 eV) compared to other SiC polytypes, typically 3C-SiC should show
better spectral response in the UV/blue spectral region. Therefore, this study investigates the potential of detecting both ultraviolet and visible photons in the same
3C-SiC/Si heterostructure. The rectification ratio of the fabricated heterojunction is
found to be 1.8×106 , which is one of the best rectification ratio values for 3C-SiC/Si
devices in the literature to date, leading to the improvement in dark current and
responsivity. In addition, the insight of the carrier transport phenomena in the proposed heterostructure is discussed in detail based on the analysis of the energy band
diagram.
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5.1.3

Device fabrication and setup

Employing a Low Pressure Chemical Vapor Deposition (LPCVD) technique, the 3CSiC (100) film is deposited epitaxially on a Si-substrate (100) at 1000 ◦ C [20, 21].
The 3C-SiC film is grown to a thickness of approximately 300 nm with a carrier
concentration of 1016 -1017 cm3 . The 3C-SiC film is patterned using conventional
lithography processes to create isolated 3C-SiC/Si heterojunctions and then etched
using plasma etching in a LAM 480 system. Following this, a 100 nm thick oxide layer
is deposited on the film utilizing a Hitech LPCVD furnace at 440 ◦ C. The deposited
SiO2 will reduce the perimeter leakage around the mesa structure by passivating the
SiC surface. It will also protect the mesa structure exposed 3C-SiC/Si heterojunction
area from contaminations and the effects of any further high-temperature processing.

(b)

Vapp

Vapp

(a)

0V
(c)

SiO2

0V
3C-SiC
n+ 3C-SiC

SiO2

n-3C-SiC
Bottom Al contact

p-Si

n+ 3C-SiC
800 μm

Figure 5.1: (a) A schematic and (b) cross-sectional illustration of the proposed
n-3C-SiC/p-Si heterostructure; (c) the fabricated heterostructure.

Consequently, more than 90% of the oxide area is etched, using a buffered oxide
etch, from the isolated 3C-SiC top surface to form windows for the deposition of
heavily doped n-SiC layer (90 nm) to create top contacts. To make the bottom
contact, the 3C-SiC from the back surface is removed by inductively coupled plasma
etching and then Al is sputtered on the exposed Si as a back contact. The details of
the device fabrication steps can be found elsewhere [12]. A schematic and a crosssectional sketch of the 3C-SiC/Si heterostructure are shown in Figs. 5.1(a) and (b),
respectively. Figure 5.1(c) shows a microscopic image of the fabricated devices. The
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current-voltage characteristics of the heterostructure are measured by a Keithley 2450
SourceMeter. A 637 nm (Thorlab) and a 375 nm laser (Nichia) are employed for the
photocurrent measurements.

5.1.4

Results and discussion

Figure 5.2(a) shows the I-V characteristics of the n-3C-SiC/p-Si heterojunction in
dark conditions and under UV-visible illumination. The ratio of forward and reverse
current (in dark conditions) at +/- 2V is found to be 1.8×106 , indicating the superior
rectifying behavior of the structure. The ideality factor of the forward bias current
is found to be 1.24, which indicates that the forward current dominates by a diffusion mechanism, but it also consists of a small portion of generation-recombination
components. The generation-recombination may result from the SiC/Si interface defects. Figure 5.2(b) shows the excellent repeatable and stable photoresponse of the
heterostructure when the light is turned ON and OFF under both 375 nm and 637
nm illuminations. In addition, the linear increasing trend of the photocurrent (Iph )
with illumination intensity indicating that the proposed structure could be used as
a self-power photodetector [22]. The device exhibits a relatively fast response and
recovery time compared to the reported UV-visible photodetectors [1, 3, 23]. The
response time and recovery time are found to be 0.32 s and 0.36 s, respectively, under
375 nm illumination, and 0.35 s and 0.40 s under 637 nm illumination. It is expected
that the actual device response time will be even faster, considering the time resolution of the illumination source and the I-V measurement instrument. In addition, as
observed, the variation in current density is almost insignificant under forward bias
conditions (Fig. 5.2(a)). However, the reverse current density varied significantly in
reverse bias. For instance, the photocurrent density at a reverse bias (2 V) condition
increases about 72 times than that in the forward bias (-2 V) condition (56 mW/cm2 ,
637 nm). Hence, the photodetector is connected in reverse bias conditions to measure
the photosensitivity.
Figure 5.2(d) shows the intensity dependent photocurrents (Iph = ILight − IDark ) under both UV and visible illumination. As observed, the Iph increases with the increase
of illumination intensity. Because the carrier generation rate, at a fixed wavelength
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Figure 5.2: (a) Current-voltage characteristics of the 3C-SiC/Si heterojunction
in dark conditions and under UV (375 nm) and visible (637 nm) illumination at
different intensities, (b) repeatability of the response, (c) response and recovery
time, and (d) photocurrent of the heterostructure as a function of light intensity at
a reverse bias voltage of 2V.

and under steady state conditions, mainly depends on the incident photon flux intensity and hence more carriers will generate at higher intensities [24, 25]. In addition, at
low intensities (e.g., 0.4 × 10−3 W/cm2 to 0.06 W/cm2 ), the photocurrent increases
linearly as the amount of generated electron-hole (e-h) pairs increases proportionally
with the increasing intensity. However, when the intensity increases further, the dependency becomes slower (for instance, 0.06 W/cm2 to 0.3 W/cm2 ) until it saturates
at approximately at (> 0.4 W/cm2 ). The saturation behaviour may be attributed
to the Auger process which becomes dominant at higher intensities, resulting in a
decrease in the photocarriers lifetime and thus, the carrier’s extraction probability
in the external circuit decreases [26]. In addition, at high intensities, the eph-hph
recombination rate increases considerably at the region of illumination, which also
plays a crucial role in the observed saturation behaviour [27, 28]. Moreover, the Iph
increases significantly under visible light, which is about 5.3 times higher than that in
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UV light (0.2 W/cm2 , 2 V). The mechanism behind the photocurrent characteristics
at UV and visible light conditions can be qualitatively explained through an energy
band diagram analysis, where the band offsets are obtained from [29]. Figure 5.3(a)
shows the energy band diagram of the heterojunction in dark conditions at a reverse
bias of 2 V. Due to the lower ratio of hole concentration in p-Si (5×1014 cm−3 ) side
to the electron concentration in n-3C-SiC side (1016 -1017 cm−3 ), the depletion width
in Si is greater than that in n-3C-SiC. As observed, the electrons tunnel from the
valance band of Si to the trap states at the 3C-SiC/Si interface and are followed by
thermionic emission to the conduction band of 3C-SiC, resulting in a small current
flow in reverse bias conditions.
Figure 5.3(b) shows the energy band diagram of the heterostructure under visible
(637 nm) illumination, where the light incidence comes from the top 3C-SiC side.
Due to the large bandgap of 3C-SiC (2.38 eV), the visible light transmits through the
top layer and primarily absorbs in the bottom Si-layer, and generates electron-hole
(e-h) pairs in Si. The generated electrons and holes move toward the positive and
negative terminals, respectively, as there is no barrier in reverse bias condition. As a
result, the Iph increases significantly under visible light.
On the other hand, under UV (375 nm) illumination, because of the thin (300 nm)
3C-SiC layer, a small portion of the incident photons will absorb in the 3C-SiC
(transmittance ∼ 78% at 375 nm) and remaining photons will reach the bottom p-Si
layer (Fig. 5.3(c)). As the incident photon energy (3.32 eV) is much higher than
the bandgap of Si (1.12 eV), under UV light the photoconversion efficiency of Si is
very low and extra photon energies will be lost as heat within the device [29, 30].
The photogenerated electrons and holes in 3C-SiC will move toward the positive and
negative terminal, respectively. However, due to a low e-h pair generation under
375 nm illumination, a lower Iph is observed under 375 nm light than that under
637 nm illumination. A thicker 3C-SiC top layer will absorb more UV photons,
and therefore, it is expected that a higher Iph will be generated. This effect will be
investigated quantitatively in a future study.
The performance of a photodetector can be examined by its responsivity (Re ) at a
particular wavelength, which is defined as [31], Re = Iph /Pi = Iph /A.Ii , where, Ii is
the illumination intensity and A is the device area. Figure 4 shows the responsivity
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Figure 5.3: Energy band diagram of the heterostructure and carrier transport
mechanism at reverse bias conditions in (a) dark conditions, and under (b) visible
light (637 nm) and (c) UV light (375 nm).

of the fabricated heterostructure at different light intensities. The structure shows
a peak responsivity of 10.9×10−2 A/W and 3.2 ×10−3 A/W under the illumination
of 637 nm and 375 nm, respectively (0.5 mW/cm2 , 2 V). It is also observed that
the responsivity decreases with increasing illumination intensities. The observed
phenomenon may attribute to the advantage of low reflectance due to scattering at
low intensities, endowing the higher photoconversion efficiency at lower intensities
than that in higher intensities [32, 33]. The spectral responsivity of the device (at
an intensity of approximately 6.6 mW/cm2 ) is shown in Fig. 5.4(b). As observed,
the device shows the maximum responsivity around the red wavelengths, which can
be attributed to the optimum photo-current conversion efficiency of Si near these
wavelengths [34, 35].
To investigate the advantages of a highly rectifying 3C-SiC/Si heterojunction, we also
fabricate a heterostructure with low rectification ratio (1.03×103 ). The IDark and
Re of the device are found to be 7.6×10−6 A and 5.4×10−2 A/W at a reverse bias
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Figure 5.4: (a) The responsivity of the 3C-SiC/Si heterostructure under UV and
visible illuminations at different excitation intensities and (b) spectral responsivity
of the device at an intensity of approximately 6.6 mW/cm2 .

of 2V (60 mW/cm2 , 637 nm), respectively. The results indicate that the IDark and
Re of the highly-rectifying device are about three orders lower and 1.5 times better,
respectively, than that of the device with low rectification ratio. The improvements
are attributed to the significant reduction of dark current and increase in the internal
field across the junction in the highly-rectifying device.

5.1.5

Conclusion

In summary, we fabricated an n-3C-SiC/p-Si heterostructure photodetector using
a LPCVD technique. The detector shows an excellent rectifying behavior with a
rectification ratio of 1.8×106 at ± 2V. A peak responsivity of 10.9×10−2 A/W and
3.2×10−3 A/W at 2V is observed under visible and UV illumination, respectively. The
mechanisms behind the different photo-sensitivity under UV and visible illumination
are explained via the energy band diagrams. The results reveal that the fabricated 3CSiC/Si heterostructure can be used to detect both UV and visible light simultaneously,
which could be beneficial for wide spectral sensitivity detectors/devices.
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5.2

Self-powered broadband (UV-NIR) photodetector based
on 3C-SiC/Si heterojunction

5.2.1

Abstract

Self-powered photodetectors are highly desirable for many applications, ranging from
smart cities to optical communications. Herein, we report on a self-powered broadband (UV to NIR) photodetector based on a single crystalline SiC (100) / Si (100)
heterojunction. In self-powered photovoltaic detection mode, the detector exhibits a
high responsivity (2500 V/W at 8.0 ×10−6 W/cm2 , 521 nm) and specific detectivity
(∼1013 Jones at 8.0 ×10−6 W/cm2 , 521 nm) under UV, visible and NIR spectral illuminations thanks to the superior rectification property of the heterojunction which
results in significantly reducing the dark current. The device also shows high illumination ON/OFF switching ratios, as high as 2.2 × 107 , with an excellent stability
and repeatability. A detailed insight of electron-hole (e-h) pairs generation, separation and Fermi-energy level shifting at different illumination conditions has been
elucidated via energy band diagrams.

5.2.2

Introduction

Wideband photodetectors, which convert incident photon energy into electrical signals, are essential for many applications including biomedical imaging, broadband
optical communication, multispectral image sensors and smart cities [1, 2]. The
photodetectors operate primarily based on two detection mechanisms: (1) photoconductive mode, where the electrical conductivity of material changes with light
illumination; and (2) photovoltaic mode, where a voltage is generated under light illumination [3]. The device operating in photovoltaic mode has the advantages of very
low dark and noise currents, and most importantly, it enables a self-powered photodetector, which is crucial for large detector arrays and wireless optical communications
where operating with power independence and sustainability is vital [4, 5].
Homojunction based photodetectors (PDs) generally show the optimum sensitivity
at a particular wavelength, limiting their utility in wide-spectral applications [6].
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In contrast, the detectors based on heterojunctions exhibit a good sensitivity over
a wide spectrum because they combine two dissimilar bandgap materials (such as
ZnO/Si [7], SnO2 /CdS [8], CH3 NH3 PbI3 /ZnO [9], and MoS2 /Si [10]), resulting in
an extension of their absorption range. The advantages of utilizing heterojunctions
are that the top layer, usually comprised of wide bandgap material, absorbs the
higher energy photons and works as a window layer for the lower energy photons.
Consequently, the lower energy photons are absorbed in the small bandgap bottom
layer. The heterojunction also provides a high built-in-potential, which is significant
to separate the photogenerated electrons (eph ) and holes (hph ) [11]. As a result, the
heterostructure shows a better sensitivity over a wide spectral range.
Silicon carbide (SiC) is emerging as a potential wideband gap (which is a desirable
property of a heterostructure PD) material for harsh environment applications due
to its superior mechanical and electrical properties, and excellent chemical inertness [12, 13]. However, high cost and small size of bulk-SiC wafers are hindering
the commercialization of the SiC-based devices. As an alternative approach, taking
the advantages of technological advancements to deposit SiC on Si, single crystalline
(3C)-SiC can be grown epitaxially on a large Si-wafer (up to 300 mm) [14, 15]. Hence,
it is possible to grow device quality 3C-SiC films at a relatively low cost. The grown
film can be utilized, owing to advanced and mature Si processing technologies, to
develop a diverse range of M/NEMS applications such as piezoresistive [16], temperature [17], and pressure sensors [18], as well as photonics [19]. However, 3C-SiC/Si
heterostructure experiences crystal defects at the interface, which results from the
large lattice mismatch (∼ 20%) and thermal expansion coefficient mismatch (∼ 8%)
between 3C-SiC and Si [20]. However, the defect density can be reduced significantly
by carbonizing the activated Si surface prior to the growth of 3C-SiC [21]. In addition, even though there are defects at the interface, many groups reported that, due
to a large valence band offset (1.7 eV) between 3C-SiC and Si, the heterojunction
shows excellent diode characteristics [14, 22].
3C-SiC/Si heterostructures have been employed to realize a number of MEMS and
NEMS applications, including resonator bars and nozzles for the nano- and picofluidic systems [23]. In addition, a giant gauge factor (GF) has been reported in
3C-SiC/Si heterostructure, under suitable illumination conditions, which is about
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16 times higher than that of 3C-SiC thin-film and more than 200 times larger than
that of commercial metal strain gauges [13]. This significant improvement in GF
was attributed to the opto-mechanical effect in 3C-SiC/Si heterojunction. Due to
the small lattice mismatch (about 3%) between SiC and GaN [24], the 3C-SiC on
Si platform can also be utilized to grow cubic GaN that is expected to improve the
performance of GaN-based LEDs [25], [26].
Due to the wide bandgap (2.38 eV), 3C-SiC normally has a high response in the
UV/blue spectral region but is almost insensitive in visible and infrared regions [27].
Besides, Si (1.1 eV) shows peak optical sensitivity in visible and near-infrared (NIR)
regions [28, 29]. Inspired by distinct optical properties of the heterostructure materials, it is expected that 3C-SiC/Si heterojunction will show an excellent response over
a wide spectral range. The 3C-SiC film will also serve as a protective layer for the
heterojunction in harsh environments, such as highly corrosive conditions, thanks to
its superior chemical inertness. In this article, we present a broadband (UV-NIR)
self-powered photodetector based on n-3C-SiC/p-Si heterojunction. The fabricated
mesa structure shows excellent rectifying characteristics (1.77×106 ) with high illumination ON/OFF ratios (such as, 2.7×107 under 780 nm illumination at 0.4 W/cm2 ).
It is observed that the heterostructure performs well as a self-powered broadband
detector with high responsivity and specific detectivity, as well as superior repeatability and stable response. Furthermore, we extensively focus on the realization and
characterization of the 3C-SiC/Si heterostructure based on energy band analysis at
zero bias. This will facilitate a proper understanding of the physics behind carrier
generation, separation and Fermi level shifting under illumination, which governs the
photovoltage mechanism.

5.2.3

Experimental

The 3C-SiC (100)/Si (100) heterostructures were fabricated and supplied by the
Queensland Microtechnology Facility. Prior to growth, the Si wafers were cleaned
using the standard RCA cleaning process. The unintentionally-doped n-type 3C-SiC
(100) film was grown epitaxially on a p-Si (100) substrate in an SPT Micro Epiflx
reactor at 1000 ◦ C, using an Alternative Supply Epitaxy (ASE) process with SiH4
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and C3 H6 as precursors, as described by Wang et al. [30]. The highly doped 3C-SiC
was grown in a separate LPCVD reactor using ammonia as the precursor for the
higher n-type doping.
The thickness of the grown film is measured by NANOMETRICS Nanospec/ AFT
210, which is found to be 300 nm. The carrier concentrations of the 3C-SiC and Si are
found to be 1016 - 1017 cm−3 and 5×1014 cm−3 , respectively, using Hall measurements.
A PANalytical Xpert Materials Research diffractometer (MRD) system is used to
provide CuKα emission in the full range of the XRD measurement. The acquisition
angle of the scan is set from 30◦ to 95◦ at an increment of 0.005◦ per step. As shown in
Fig. 5.5(a), the peaks at 41.4◦ and 90◦ corresponding to the 3C-SiC (200) and 3C-SiC
(400) orientations. In addition, the only other peak at 69.2◦ corresponds to Si (400)
substrate. These results represent that the 3C-SiC (100) film is epitaxially grown on
Si (100) substrate. Fig. 5.5(b) shows a TEM (Transmission Electron Microscopy)
image of the heterostructure which depicts a smooth and void-free 3C-SiC/Si interface
with some crystal defects, which are mainly stacking faults.

Intensity (a.u.)

(a)

(b)
[110] [001]

Si (400)

200 nm

10 nm

3C-SiC (200)

3C-SiC
3C-SiC
(400)

3C-SiC/Si interface

3C-SiC
Si

Si
30 40

50 60 70 80
2θ (Degree)

90

Figure 5.5: Optical characterization of the grown 3C-SiC on Si substrate (a)
XRD curve and (b) the TEM image shows the stacking faults, which are primarily
dominant in [110] direction; and the bottom inset depicts a smooth and void-free
3C-SiC/Si hetero-interface.

The process flow of the 3C-SiC/Si mesa structure fabrication is briefly shown in
Fig. 5.6 and can be found elsewhere for greater detail [14]. In brief, the 3C-SiC
film was etched by plasma etching using SF6 in a LAM 480 system (Figs. 5.6(ac)). After that, the surrounding of the mesa was passivated by depositing a 100 nm
SiO2 layer (Fig. 5.6d). The oxide layer will protect the exposed 3C-SiC/Si junction
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(a) 150 mm 3C-SiC/Si wafer

(b) Photoresist coating

(c) Plasma etching the SiC

(e) Window is opened in SiO2
(f) Higly doped n-SiC is
deposited on the exposed area to expose SiC mesa top surface

(d) SiO2 deposition

n+ SiC
3C-SiC
SiO2
Si
Al
PR

(g) Sputtering Al as a back
contact

(h) Wire bonding for
external connections

Figure 5.6: Steps of preparing mesa 3C-SiC/Si heterostructure.

from contamination and reduce the perimeter leakages. To characterize electrical
and optical properties of the heterostructure, a highly doped thin (90 nm) n-3C-SiC
layer was deposited on the top 3C-SiC surface as the top contact, after removing
90% of the oxide from the mesa top (Figs. 5.6(e-f)). The highly doped SiC layer was
deposited by Hitech LPCVD reactor at 1000 ◦ C, employing NH3 as the precursor.
Finally, SiC was removed from the back surface and then Al was sputtered on the
Si-substrate to form back contact (Fig. 5.6g). Fig. 5.7(a) and (b) show schematic
and microscopic images of the fabricated 3C-SiC/Si heterostructure, respectively.
The electrical characteristics were measured at room temperature using a Keithley
2450 SourceMeter. The optical characteristics of the device in UV, visible and NIR
illuminations were measured by using 370 nm (Nichia), 521 nm (Thorlabs), and 780
nm (Thorlabs) lasers, respectively. The light was illuminated from the top 3C-SiC
side.
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(b)
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Figure 5.7: (a) A cross-sectional diagram of the proposed n-3C-SiC (100) / p-Si
(100) heterostructure photodetector and (b) a microscopic image (top view) of the
fabricated device.

5.2.4

Results and discussion

The current-voltage characteristics of the fabricated 3C-SiC/Si heterojunction in the
dark and under UV (370 nm), visible (521 nm), and NIR (780 nm) illuminations with
an intensity of 0.4 W/cm2 , are shown in Fig. 5.8(a). As observed, the device exhibits
excellent rectifying behaviour in dark conditions. The rectification ratio is found to
be 1.77×106 at +/- 2V, which is one of the highest values reported for 3C-SiC/Si
heterojunction in the literature to date. The diode ideality factor (nd ) for the heterojunction is estimated to be 1.25 with a reverse bias saturation current of 4.0×10−9
A. It is well known that when the value of nd is 1, the diffusion current dominates
and, when nd is 2, the recombination mechanism is dominant [31]. Therefore, the
observed result indicates that the forward current is dominated by diffusion, but it
also consists of a small portion of generation/recombination components, which may
result from the defects at the interface. The ON (0.4 W/cm2 )-OFF (dark) switching
ratios of the photodetector at zero bias in different light conditions are found to be
1.2 ×107 (370 nm), 2.2×107 (521 nm), and 2.7×107 (780 nm) (Fig. 5.8a). The high
switching ratios are attributed to the low dark current, which results from excellent
rectification properties of the heterojunction. The detector also shows (Fig. 5.8b) a
stable Eph with a quick response to light irradiation, enabling the repetitive switching
of the device without any deterioration.
In general, when a 3C-SiC/Si heterojunction is illuminated with light, the incident
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Figure 5.8: Electrical characterization of the 3C-SiC/Si heterojunction: (a) I-V
measurements and (b) stable and repeatable response in dark condition and under
370 nm, 521 nm, and 780 nm illuminations at a fixed illumination intensity of 0.4
W/cm2 .

photons are absorbed into the materials and generate electron (eph )-hole (hph ) pairs.
The physical picture of the photoresponse is as follows: photons are absorbed, depending on their energies, in both 3C-SiC and Si, resulting in eph and hph in both
materials. Consequently, excited electrons move to the conduction band from the
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valence band and leave a large number of free holes in the valence band, as shown in
the energy band diagram Fig. 5.9(b). The amount of generated photocarriers can be
expressed as [31]:

∆n = η

α·I ·τ
hν

(5.1)

where hν, I, α, τ , and η are the incident photon energy, illumination intensity,
absorption coefficient, carrier lifetime, and quantum efficiency, respectively. The eph
in the Si-conduction band will move easily towards the conduction band of 3C-SiC, as
the electrons will see a decrease in conduction band energy (Fig. 5.9(b)) at zero bias
conditions. Similarly, hph in the 3C-SiC valence band moves toward the Si-valence
band. Moreover, the eph in conduction band move towards the electron contact in
n-3C-SiC side of the detector ascribed to the fact that electron conductivity is higher
in this side and eph will experience a small gradient of quasi-Fermi energy (EF −SiC )
[32, 33].
Furthermore, due to the generation of additional carriers, the Fermi energy level
(EF ) splits up into two quasi-Fermi energies (EF −SiC and EF −Si ), as shown in Figs.
5.9(b-d), and can be expressed as [31, 34]:
EC−SiC − EF −SiC = −kB · T · ln

EV −Si − EF −Si = kB · T · ln

n
NC

p
NV

(5.2)

(5.3)

where kB is the Boltzmann constant, T is the absolute temperature, Nc and Nv are
the effective density of states in the conduction and valence bands, respectively, and
the carrier density of electron, n = n0 + ∆n, where n0 is the number of carriers in
dark condition and ∆n is the additional carrier generated by illumination (Eq. 5.1).
Similarly, p is the hole density in the device under illumination. The photogenerated
voltage (Eph ) in the external circuit depends on the difference between the two quasiFermi energies, given by:
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Figure 5.9: Energy band diagram of the 3C-SiC/Si heterostructure at zero bias in
(a) dark condition, (b) UV (370 nm), (c) visible (521 nm), and (d) NIR (780 nm)
illuminations. The gap (∆EF ) between two quasi-Fermi energies with respect to
the light conditions is clearly depicted. EF −Si : hole quasi-Fermi energy, EF −SiC :
electron quasi-Fermi energy.

Eph ≈

EF −SiC − EF −Si
kB · T
n·p
=
ln(
)
q
q
n0 · p 0

(5.4)

The generated Eph of the 3C-SiC/Si heterostructure, with zero bias and under different light conditions, is shown in Fig. 5.10(a). A trendline of the experimental
data exhibits logarithmic dependency of Eph on illumination intensities, which agrees
with the data reported in previous studies [35, 36]. More notably, the detector shows
broadband photosensitivity over a wide wavelength range from UV (370 nm) to NIR
(780 nm), demonstrating its potential applications in broadband photodetection.
The wavelength-dependence photoresponse of the heterojunction is also investigated
as shown in the inset of Fig. 5.10(a). The device shows, at a fixed intensity of
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Figure 5.10: (a) Photogenerated voltage, Eph and (b) short circuit current Isc as a
function of intensity at different wavelengths. The fitting lines through the Eph and
Isc correspond to the logarithmic and linear dependencies on intensity, respectively.
The inset of Fig. 6a shows wavelength dependence of Eph at a fixed 0.4 W/cm2
intensity.

0.4 W/cm2 , an Eph of 0.27 V, 0.29 V, and 0.31 V under 370 nm, 521 nm, and 780
nm illuminations, respectively. The insight of the response is gained by the energy
band diagram analysis (Fig. 5.9). Upon 370 nm illumination (Fig. 5.9(b)), due to
a thin 3C-SiC top layer, most of the incident photons pass through the top layer
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and are absorbed in the 3C-SiC/Si heterojunction and bottom Si-substrate. For
instance, the transmittance of a 300 nm membrane is found to be about 70% under
370 nm illumination (details of membrane fabrication and characterization have been
reported in [37]). Since the incident photon energy, 4.13 eV (370 nm), is much higher
compared to the bandgap of Si (1.1 eV), the photoconversion efficiency will be very
low and the excess photon energy will be lost to heat within the device [31, 38].
In contrast, under 780 nm illumination, the top 3C-SiC is almost transparent and
the photons are primarily absorbed in the Si, resulting in a large number of eph hph pairs which is attributed to the optimum photoconversion efficiency of Si near
the red and NIR wavelength region [28, 29]. Therefore, due to the large number of
additional carriers, the gap between EF −Si and EF −SiC increases under 780 nm light
(i.e., ∆EF −780nm > ∆EF −521nm > ∆EF −370nm ), as shown schematically in Fig. 5.9.
Hence, the 3C-SiC heterojunction generated more Eph in NIR compared to that in
UV and visible illuminations (Eq. 5.4).
In addition, the short-circuit current (Isc ) of the heterostructure is also measured,
as shown in Fig. 5.10(b). The measured current varies almost linearly with the
illumination intensity at a fixed wavelength. Fig. 5.10 also shows that the device
generates an Eph of 0.31 V and an Isc of 220 µA at 0.4 W/cm2 illumination intensity
(780 nm). Therefore, the 3C-SiC/Si heterostructure has the potential to serve as a
self-powered photodetector.
The performance of a photodetector can be evaluated by its responsivity, which can
be expressed as: Rp = (Eph −Ed )/(S ×Ii ); where Eph , Ed , Ii and S are the photogenerated voltage, output voltage in dark condition, illumination intensity and device
area, respectively. Fig. 5.11 shows the responsivity as a function of illumination
intensity at different wavelengths. At an intensity of 8.0×10−6 W/cm2 , the Rp of
the device is found to be about 2500 V/W and 1700 V/W for the wavelength of 370
nm and 521 nm, respectively. However, the Rp decreases with increasing intensity
(i.e., 18 V/W, 24 V/W, and 45 V/W at 8.0×10−3 W/cm2 intensity under 370 nm,
521 nm, and 780 nm, respectively). This behaviour may be primarily attributed to
the fact that, under low illumination intensities, due to a relatively strong built-inelectric field, the generated photocarriers move swiftly toward the external contacts
and hence, the responsivity increases at low light intensities. In contrast, at higher
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illumination, the carrier screening increases, which reduces the internal electric field
[39], [40]. Therefore, the probability of carrier recombination increases, resulting in
a decrease in the responsivity. Furthermore, Auger processes also become dominant
under higher light intensities that reduce the lifetime of the photocarriers and hence,
the probability of generated carrier extraction in the external circuit decreases [41].
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Figure 5.11: Device photoresponsivity as a function of illumination intensity under
370 nm, 521 nm, and 780 nm illuminations (in self-powered conditions).

Detectivity, which represents the minimum detectable light, is another important pa√
√
rameter to measure the performance of a PD, given by [10]: D∗ = Rp · A/( 2 · q · Ed ),
where q is the electric charge, Ed is the output voltage in dark condition at zero bias,
and A is the area of light illumination. The D∗ of the heterostructure is found to
be about 1013 Jones under an illumination of 521 nm (8.0×10−6 W/cm2 ). The high
value of D∗ is obtained due to the excellent responsivity and very low dark current
in self-powered condition. Table 5.1 summarizes the performance of the proposed
3C-SiC/Si heterostructure along with a few reported photodetectors, which are also
prepared on Si-substrates. Clearly, the rectification ratio of the proposed device is
much higher than other reported photodetectors. Furthermore, the ON/OFF ratio
and specific detectivity are also comparable with the reported detectors.
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Rectification ratio

Illumination ON/OFF ratio

MoS2 /Si
MoS2 /SiNWA
WS2 /Si
3C-SiC/Si

∼160

Detection range

Reference

UV-NIR

[1]

Visible-NIR

[42]

(cm Hz1/2 W−1 )

(IF /IR )
Graphene/Si

Detectivity

105

2×1011
2.1

×1010

-

59.9

∼100

1.1×105

2.8×1013

∼3

∼3

-

UV-NIR

[44]

1.77×106

2.2×107

1.2×1013

UV-NIR

This work

[43]
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Table 5.1: Summary of the device performance of the 3C-SiC/Si based photodetector and some reported photodetectors on Si-substrate
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5.2.5

Conclusions

In summary, a self-powered wide band ((UV (370 nm) to NIR (780 nm)) photodetector is designed and demonstrated based on a highly rectifying (1.77×106 at +/2 V) 3C-SiC/Si heterojunction. The detector shows, at zero bias condition, an excellent illumination ON/OFF switching ratio which is as high as 2.2×107 (780 nm,
0.4 W/cm2 ) thanks to the superior rectification value that reduces the dark current
significantly. The dark noise current is reduced further by operating the device in
photovoltaic mode, thereby the structure shows a high level of detectivity (∼1013
Jones at 521 nm, 8.0 ×10−6 W/cm2 ) as well as a good responsivity (2500 V/W at
521 nm, 8.0 ×10−6 W/cm2 ) with a stable and repeatable response. In addition, under
780 nm illumination at 0.4 W/cm2 , the device exhibits a photogenerated voltage of
0.31 V and an Isc of 220 µA. These results imply that the 3C-SiC/Si heterostructure
holds substantial promise as building blocks for the development of a self-powered
broadband photodetector with high sensitivity and excellent reproducibility.
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5.3

Summary

In this chapter, the electrical and optical properties of the as-grown 3C-SiC/Si heterojunction were investigated. The fabricated heterojunction showed an excellent
recitification of 1.8 × 106 in dark conditions at +/-2V, which is the highest value reported to date for a 3C-SiC/Si heterojunction. Furthermore, the proposed structure
showed a high responsivity and specific detectivity under broadband spectral illuminations, indicating its feasibility for the development of broadband photodetectors.
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Chapter 6

Optomechanical coupling effects
in 3C-SiC/Si heterostructure
(This chapter is presented in the form of one published peer-reviewed journal paper )

This chapter presents a giant gauge factor in a 3C-SiC/Si heterostructure under
visible light illumination. This enhancement of the gauge factor was attributed to
the opto-mechanical coupling effect in the p-3C-SiC/p-Si heterostructure. The optomechanical coupling effect is an amplified effect of the photoconductivity enhancement and strain-induced band structure modification in the p-type Si-substrate.
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6.1

Pushing the limits of piezoresistive effect by optomechanical coupling in 3C-SiC/Si heterostructure

6.1.1

Abstract

This paper reports a giant opto-piezoresistive effect in p-3C-SiC/p-Si heterostructure under visible light illumination. The p-3C-SiC/p-Si heterostructure has been
fabricated by growing a 390 nm p-type 3C-SiC on a p-type Si substrate using the
low pressure chemical vapor deposition (LPCVD) technique. The gauge factor of the
heterostructure was found to be 28 under a dark condition; however, it significantly increased to about -455 under illumination of 635nm wavelength at 3.0 mW/cm2 . This
gauge factor is over 200 times higher than that of commercial metal strain gauge,
16 times higher than that of 3C-SiC thinfilm, and approximately 5 times larger than
that of bulk Si. This enhancement of the gauge factor was attributed to the optomechanical coupling effect in p-3C-SiC/p-Si heterostructure. The opto-mechanical
coupling effect is the amplified effect of the photo-conductivity enhancement and
strain-induced band structure modification in the p-type Si substrate. These findings
enable extremely high sensitive and robust mechanical sensors and optical sensors at
low cost, as no complicated nanofabrication process is required.
Keywords
3C-SiC, heterostructure, opto-piezoresistive, opto-mechanical coupling, gauge factor.

6.1.2

Introduction

Strain effects in semiconductor devices have been studied extensively for numerous
applications, such as, pressure sensor [1], force sensor [2], and inertia sensor [3], owing
to their superior ability to alter the electronic structure, and carrier mobility [4].
Piezoresistive effect is one of the most commonly employed strain sensing techniques,
thanks to its high sensitivity, simple read-out circuit, and low power consumption
[5, 6]. Silicon (Si) is the most studied material as piezoresistive material due to its
commercial availability, mature fabrication technologies, and high gauge factor (GF)
[7].
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Recently, the piezoresistive effect in large band gap materials have been of interest
for applications in harsh environments [8, 9]. Among these materials, SiC emerged
as a promising candidate courtesy of its high bandgap and excellent mechanical and
chemical properties [10, 11]. The gauge factors of the piezoresistive effect in SiC have
been reported to be approximately 30, which is approximately four times smaller than
Si [9, 12]. To enhance the sensitivity, scaling down the piezoresistor to a nanometerscale has drawn significant attention recently. Motivated by the work of He and
Yang, [13] which reported a giant piezoresistive effect in top down fabricated Si
nanowires, a number of studies have been carried out to investigate the scale effect
in the piezoresistance of SiC nanowires [14–17]. Bi et al. reported a transverse gauge
factor of (∼) 47 in n-type 3C-SiC nanowires (width∼ 230 nm), which is significantly
higher than that in bulk 3C-SiC [14]. This enhancement is attributed to straininduced changes in the surface states in nanowires. Another method has recently
been reported to enhance the sensitivity of 3C-SiC nanowires, which consists of a
nano thin film released from the substrate [15].
Moreover, a giant piezoresistive effect can be achieved when nanowire size is diminished to lower than 10 nm, where charge mobility and surface-area-to-volume ratio is
high [18]. Li et al. obtained a giant GF in SiC nanowires by applying a loading force
of a conductive AFM tip [16]. But, as the strain was applied by an AFM tip, the
stress may be induced only in the pressed area. Most importantly, extremely sophisticated techniques are required to fabricate sub-nano wires. Furthermore, the giant
piezoresistive effect in nanowires is due to dynamic properties of surface state, which
varies with time, therefore, the large GF in nanowires is still controversial [15, 19].
On the other hand, our work demonstrates giant piezoresistive effect in a large area
of thin heterostructure, which is unprecedented.
To date, most of the studies on piezoresistive effect are mainly focused on the mono
functioning layer, but the influence of bottom substrate of a heterostructure on piezosensitivity has not been elucidated. In this paper, we report, for the first time, the
possibility of enhancing the sensitivity of an iso-type 3C-SiC/Si heterostructure using
the opto-mechanical coupling effect. The experimental data showed that a maximum
GF of 455 was achieved at an illumination of 3.0 mW/cm2 (635nm), whereas the GF
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was only 28 in dark conditions. Moreover, since the Si substrate is fully covered by 3CSiC, the heterostructure would be applicable in a harsh environment, such as, highly
corrosive and high pressure environments. The proposed structure is also prepared
on a large surface area, indicating that it does not require any sophisticated and
advanced processing to make nano-scale devices for enhancing sensitivity. Therefore,
this study reveals a simple and effective way to boost the sensitivity of the device
with the help of suitable light conditions.

6.1.3

Device preparation

A thin 3C-SiC film with a thickness of 390nm was epitaxially grown on p-Si (100)
substrate by using a custom-made low pressure chemical vapor deposition (LPCVD)
reactor at 1000◦ C; utilizing SiH4 and C2 H2 as precursors [20]. Trimethylaluminium
[(CH3 )3 Al] was used as p-type in situ doping. Details of the growth process have
been discussed in the supporting information. The carrier concentration of 3C-SiC
film and Si substrate were found to be 5×1018 cm−3 and 5×1014 cm−3 , respectively,
using the hot probe and Hall effect measurement techniques. Figure 6.1a shows the
X-ray diffraction analysis, which illustrates that 3C-SiC film was epitaxially grown
on Si substrate. The TEM image (Figure 6.1b) shows that there are some stacking
fault defects near to the SiC and Si interface. These defects caused by the lattice
and thermal expansion mismatch between 3C-SiC and Si. The grown SiC was single
crystalline which was confirmed by the Selected Area Electron Diffraction (SAED)
(Figure 6.1c).
Al electrodes were deposited on 3C-SiC and patterned to form resistors and then the
wafer was diced into beams with dimensions of 40 mm×5 mm×0.625 mm for bending
experiments (Figure S1). The I-V curve shows a linear trend, which indicates that
Al formed a good ohmic contact with the SiC film (Figure S2).

6.1.4

Results and discussion

The opto-piezoresistive effect in 3C-SiC/Si heterostructure was measured using the
experimental setup as shown in Figure S3. The performance of the heterostructure
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Figure 6.1: Characteristics of p-3C-SiC grown on Si (100)- (a) XRD graph, (b)
TEM image, and (c) SAED image.

was investigated under various 635nm (THORLAB S1FC635) illumination intensities. Figure 6.2a shows the relative resistance change of the device under different
mechanical stresses in [110] direction at various light conditions. It was observed that
the relative resistance change in 3C-SiC showed a linear behaviour to the applied tensile stresses. The GF of the heterostructure, in dark conditions, was found to be 28.
However, the change in relative resistance increased significantly under illumination,
for instance, the GF was measured to be about -416 under 2.0 mW/cm2 (635nm) illumination, which is approximately 15 folds that in dark environments (Figure 6.2b).
This gigantic boost in gauge factor may be attributed to the absorption of light in
3C-SiC layer that enhances the sensitivity of the devices or/and Si-substrate starts
to contribute to the overall device sensitivity.
In order to gain insight into this phenomenon, we transferred the 3C-SiC thin-film
from Si to glass substrate using the FIB (Focused Ion Beam) technique (details of
transferring process have been reported in [21]). It was observed that the resistance
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Figure 6.2: (a) Relative resistance changes of the device as a function of strain
and (b) gauge factor at different light conditions (inset shows the repeatable response of the heterostructure at different strains (0 ∼ 346 ppm) under 1.0 mW/cm2
illumination (635nm)).

of the transferred 3C-SiC thin film remained almost constant under different illumination intensities (635 nm), reflecting that due to the large band gap, 3C-SiC is
insensitive to the applied illumination (See supporting information, Figure S5).
For further clarification, we measured current through the heterojunction in dark
conditions (Figure S2). As observed, only 0.1% of the total current flowed through
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the heterojunction, indicating that only 3C-SiC acts as the functioning layer and
hence the GF of the device was found to be as low as 28, i.e., similar to the GF of
p-type 3C-SiC thinfilm [5, 9]. Therefore, the high GF of over -450 obtained under
illumination must come from Si substrate and the 3C-SiC/Si heterostructure.
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B
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p-3C-SiC

(b)

Al

(c)
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Light
EF
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Si
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Hole tunneling

3C-SiC

Si

3C-SiC

Zero bias

Electron in dark

Electron under illumination

After bias

Hole in dark
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Figure 6.3: (a) Electron-hole pair generation and separation in Si-substrate under
light illumination and schematic band diagram of 3C-SiC/Si hetero-structure at (b)
terminal A (negative bias) and (c) terminal B (positive bias). The band offset values
were taken from ref. [22].

The underlying physics behind this huge modulation in strain sensitivity under illumination can be explained according to band diagram analysis (Figure 6.3). The
band diagram of 3C-SiC/Si heterostructure at terminal A is shown in Figure 6.3b.
Under the illumination, electron-hole (e-h) pairs are generated in Si-substrate due to
the absorption of incident light. When a negative potential was applied at point A,
the 3C-SiC band edges moved upward and hence the hole tunnelling barrier width
became smaller (Figure 6.3b). In addition, when uniaxial tensile stress was applied
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Figure 6.4: Schematic diagram of energy band structure in k space (a) unstressed
and (b) under tensile stress in [110] direction. (c) Hole repopulation in valence
bands of the structure under stress. Reproduced with permission from reference
[23]. Copyright 2014 IEEE.

to the heterostructure, degeneracy lifted and the valance bands were also wrapped
as shown in Figure 6.4 [23]. Heavy hole band (Ehh ) shifted to a higher energy level
compared to light hole band (Elh ) because it has a larger strain alter effective mass
[24, 25]. Applied tensile stress also reduced the net band splitting between Elh and
Ehh , hence holes were repopulated from Ehh to Elh [26]. Due to the hole repopulation,
total effective mass decreased because light hole effective mass is smaller than that of
heavy hole. Furthermore, as observed from Figure 6.4c, the tunnelling barrier height
(φ) of light hole is smaller than that of heavy hole and hence the effective tunnelling
barrier height also decreased. Moreover, from the Drude model, it is known that the
carrier mobility is inversely proportional to the effective carrier mass (µ ∝ 1/m∗ ) [24].
Therefore, due to an increase in carrier mobility and decrease in tunnelling barrier
height, the hole tunnelling probability increases with uniaxial tensile stress and hence
the conductivity of the heterostructure will increase with stress.
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The band diagram of 3C-SiC/Si heterostructure at terminal B is shown in Figure 6.3c.
When a positive potential was applied at terminal B, the electrons were enticed from
the Si-substrate to 3C-SiC mainly because of thermoionic emission over the potential
barrier. In addition, when stress is induced in the 3C-SiC/Si heterostructure, the
conduction band edges of both materials can shift in either direction [27, 28], which
depends on the crystal orientation and direction of applied stress. As we observed, the
current through the junction increases with stress, as such, we can consider that the
conduction band offset (∆EC ) decreases with increasing stress [29]. Therefore, the
potential barrier (VB = ∆EC + qVbi ) for thermoionic emission of electron decreased
with stress, indicating that the probability of an electron reaching to SiC layer increases with stress and hence the conductivity of the heterostructure increases. As
a result, a large gauge factor was observed under light. It is interesting to note that
the GF of the device became negative under illumination, whereas, it was positive in
dark conditions. This is because, under illumination, additional e-h pairs generated
in Si-substrate which are attracted to the opposite potential terminal of 3C-SiC. In
addition, the hole tunnelling at terminal A and electron flow at terminal B both increased with stress. Therefore, overall conductivity will increase significantly under
stress and light illumination.
Furthermore, with the increase of illumination intensity, the amount of e-h pair generation increases and the tunnelling barrier width decreases (barrier width (Wd ) is
inversely proportional to the carrier concentration (Na )) as shown in Figure 6.4 [30].
Therefore, the probability of carrier tunnelling under stress from Si to 3C-SiC layer
increased further. As shown in Figure 6.2, the (GF) enhanced more than 270% when
light intensity increased from 1.0 mW/cm2 to 3.0 mW/cm2 .

6.1.5

Conclusion

In conclusion, this work has demonstrated an unprecedented approach to boost the
sensitivity of piezoresistive-based sensors through the opto-mechanical coupling effect in 3C-SiC/Si heterostructure. The experimental data showed that the strain
sensitivity increased up to 1600% under a suitable light illumination. The underlying
mechanism for significant improvement in the gauge factor is attributed to the lightgenerated electron-hole (e-h) pairs and the strain-induced shifts of valance sub-bands
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in Si-substrate, leading to the increase of charge carrier mobility and decrease of
tunnelling barrier height. Therefore, the hole tunnelling at negative-biased junction
and electron flow at positive-biased junction increased with tensile stress, hence, the
conductivity of heterostructure increased with tensile stress. As a result, a negative
gauge factor was observed. With the increase of light intensity, more carriers would
be generated in Si substrate, leading to higher probability of carriers tunnelling, and
therefore, further increase of the gauge factor. This significant finding enables development of extremely high-sensitive mechanical sensors and photodetectors based on
p-3C-SiC/p-Si heterostructure.
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6.1.7

Supporting Information

3C-SiC growth process
The p-type single crystalline SiC was epitaxially grown on Si-substrate by a
Low Pressure Chemical Vapor Deposition (LPCVD) technique [1–3]. SiH4 and
C2 H2 were employed as precursors. (CH3 )3 Al (TMAl) was used for introducing p-type in situ doping in 3C-SiC. The ASE (alternating supply Epitaxy)
method was utilized for epitaxial growth of SiC. When SiH4 was supplied, Si
atoms were absorbed on the SiC surface and arranged themselves in a selfassembled pattern. Then, with the supply of TMAl, Al atoms were absorbed
on the Si-terminated surface (Al-CH3 bonds break below 527 ◦ C [4]. Finally,
when C2 H2 was introduced, the absorbed Al and Si atoms were converted into
3C-SiC layers. For electrical measurements, the aluminium electrodes were deposited on top of 3C-SiC and back of Si-substrate by using photolithography
and sputtering processes.
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Figure S1: Process flow to fabricate 3C-SiC/Si beam: (a) Crystal plane and
orientations of the epitaxially grown 3C-SiC on (100) Si wafer, (b) deposition
of Al layer using a metal sputtering machine, (c) the Al layer was patterned to
form the electrodes on 3C-SiC, (d) dicing of the wafer along [110] direction to
form (e) 3C-SiC/Si beam for bending experiment.
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junction.
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Figure S3: A schematic diagram of the experimental setup used to characterize
the opto-piezoresistive properties of the heterostructure. One end of the cantilever was fixed on the optical air table with the help of a 3D mechanical stage.
The sample position and light focus point can be adjusted by x-y-z stage at a
resolution of 1µm. A 635nm (THORLAB S1FC635) laser source was used to
evaluate the performance of the device at various light intensities. To eliminate the effect of Joule heating, a small current of 100 µA was applied from
(Agilent) 344110A Multimeter. The inset in Figure S2 is a cut-away view of
the device, showing aluminum electrodes, SiC layer and Si substrate.
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no load condition. As observed, the conductivity increased with the increase
of light intensity due to the generation of carriers and the resistance reaches to
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reproducibility.
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illumination and we observed that the transferred 3C-SiC resistor is almost
insensitive to the applied light conditions.
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6.2

Summary

In this chapter, an unprecedented approach to boost the sensitivity of piezoresistivebased sensors through the opto-mechanical coupling effect in 3C-SiC/Si heterostructure was demonstrated. The sensitivity of the 3C-SiC/Si piezoresistive
sensors improved about 1600% times under suitable light conditions compared
to that in dark conditions. The finding enables extremely high sensitive and robust mechanical sensors at low cost, as no complicated nanofabrication process
is required.
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7.1

Conclusion

This dissertation investigated the optical properties of 3C-SiC/Si heterostructures and their applications in light conditions. In addition, the potentiality of
enhancing the strain sensitivity of a 3C-SiC/Si heterostructure under suitable
illumination conditions is also studied. The following research outcomes have
been obtained through this study:
(i) To characterize the optical properties of a 3C-SiC thin film, the 3C-SiC
film was transferred onto a glass substrate from a Si-substrate by using the
FIB technique. Subsequently, the 3C-SiC/glass structure was employed as a
thermoresistive sensor in optical environments. Benchmarking of the proposed
3C-SiC against conventional low doped and highly doped Si operating under
the same conditions was also carried out. Experimental results and theoretical analysis showed that low doped Si had a high TCR of -17,300 ppm K−1 ,
but under light illumination the results varied significantly. Highly doped Si
overcame this limitation; however, it had a considerably low TCR of 780 ppm
K−1 . On the other hand, p-type 3C-SiC grown on Si, which was subsequently
transferred to a glass substrate, showed a relatively high TCR of -7500 ppm
K−1 and the results were also independent of different light conditions. Therefore, taking advantage of the biocompatibility in SiC, 3C-SiC transferred onto
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a glass substrate can be an excellent platform for visible-light blind and highly
sensitive temperature sensors working in light illuminated environments.
(ii) The feasibility of employing direct wire bonding, by an Ultrasonic WedgeWedge wire bonder, for 3C-SiC MEMS devices was investigated. The bonded
joints between the Al wires and the SiC surfaces showed a relatively strong
adhesion force up to approximately 12.6–14.5 mN and excellent ohmic contact.
The bonded wire can withstand high temperatures above 420 K, while maintaining a notable ohmic contact. The fabricated-3C-SiC strain sensor using the
proposed bonding technique exhibited high sensitivity with excellent linearity
and repeatability. These results indicate the potential of utilizing the bonding
method in stress sensing and high temperature applications. In addition, the
metallization of SiC MEMS devices with direct Al wire bonding is more costeffective and time-efficient compared to that of the conventional metallization
process, which requires expensive and complicated fabrication processes. The
proposed wire bonding method is also more suitable for making external contacts for photodetectors, as the device will have larger effective photon capture
areas compared to that with a conventional metallization.
(iii) The photoconductive behaviour of an anisotype 3C-SiC/Si heterojunction
was characterized under UV and visible illuminations. The as-fabricated device
showed a notable rectifying behaviour with a rectification ratio of 1.8×106 at
+/- 2V. A peak responsivity of 10.9×10−2 A/W and 3.2×10−3 A/W at 2V
were observed under visible and UV illuminations, respectively. The insight
of electron-hole pairs generation and carrier transport mechanism at different
illumination conditions is explained in detail via an anisotype heterojunction
energy band diagram. The results reveal that the fabricated 3C-SiC/Si heterostructure can be used to detect both UV and visible light simultaneously,
which could be beneficial for wide spectral sensitivity detectors/devices.
(iv) A self-powered wideband [UV (370 nm) to NIR (780 nm)] photodetector
was designed and demonstrated based on a highly rectifying 3C-SiC/Si heterojunction. The detector shows, at zero bias condition, an excellent illumination
ON/OFF switching ratio, which is as high as 2.2×107 (780 nm, 0.4 W/cm2 ),
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owing to the superior rectification value that reduces the dark current significantly. The dark noise current was reduced further by operating the device in
photovoltaic mode, thereby the structure shows a high level of detectivity (∼
1013 Jones at 521 nm, 8.0×10−6 W/cm2 ), as well as a good responsivity (2500
V/W at 521 nm, 8.0×10−6 W/cm2 ) with a stable and repeatable response.
In addition, under 780 nm illumination at 0.4 W/cm2 , the device exhibited
a photogenerated voltage of 0.31 V and Isc of 220 µA. The maximum power
density of the structure was found to be 8.1 mW/cm2 (0.76 W/cm2 , 521 nm).
These results indicate a strong feasibility of using the 3C-SiC/Si heterostructure as a self-powered broadband photodetector where operating with power
independence and sustainability are crucial.
(v) The possibility of enhancing piezo-sensitivity of a 3C-SiC/Si heterostructure
based piezoresistor through the optomechanical coupling effect was investigated.
The experimental data showed that the strain sensitivity increased up to 1600%
under a suitable light illumination, which is about 16 times larger than that of
a 3C-SiC film and 5 times higher than that of bulk-Si in dark conditions. The
underlying mechanism for significant improvement in the gauge factor is attributed to the photogenerated electron-hole (e-h) pairs and the strain-induced
shifts of valence sub-bands in the Si-substrate, leading to an increase of charge
carrier mobility and a decrease of tunnelling barrier height. Therefore, the hole
tunnelling at the negative-biased junction and electron flow at the positivebiased junction increased with tensile stress, hence, the conductivity of the
heterostructure increased with tensile stress. As a result, a negative gauge factor was observed. With the increase of light intensity, more carriers would be
generated in the Si substrate, leading to a higher probability of carriers tunnelling, and therefore, a further increase of the gauge factor. This significant
finding enables development of extremely highly sensitive mechanical sensors
and photodetectors based on p-3C-SiC/p-Si heterostructure.
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7.2

Future work

3C-SiC/Si heterostructures have been successfully employed as broadband photodetectors in reverse bias and self-powered conditions. Furthermore, the sensitivity of the 3C-SiC/Si strain sensor was found to be enhanced, significantly,
under illuminations. To further explore the potentiality of 3C-SiC/Si heterojunctions, the following future studies can be carried out:
(i) Characterization of lateral photovoltaic effect in 3C-SiC/Si heterostructures
In this study, the photoresponse of a vertical 3C-SiC/Si heterojunction is reported. Moreover, it will be interesting to study the lateral photovoltaic effect
in the heterostructure as this effect can be utilized for many applications such as
position-sensitive detectors and to measure electrical quantities (such as sheet
resistance, conductance) of the heterojunctions.
(ii) Investigation of influence of external mechanical stress on the photoresponse
of the heterojunction
Since it was observed that the current through the heterojunction increased under tensile stress in [110] direction, it is expected that the photoconductivity of
the heterojunction will be improved under stress. Therefore, the photoresponse
of the heterostructure in both vertical and lateral configurations is required to
be characterized, which may lead to a further improvement in device sensitivity.
(iii) Characterization of the optomechanical coupling effect in other heterostructures and sensing mechanisms
It was observed that the piezo-sensitivity of a p-3C-SiC/p-Si heterojunction
enhanced significantly under suitable light conditions. Furthermore, to fully
understand the coupling effect in 3C-SiC/Si heterostructure, it is required to
investigate the influence of the optomechanical effect in other possible types of
carrier combinations (e.g., n/n, p/n, n/p). It is also expected that the proposed
coupling effect may also improve the sensitivity of thermoresistive, pressure, and
flow sensors.
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(iv) Study the feasibility of 3C-SiC/Si heterostructure based MEMS devices in
harsh environments
It is widely accepted that 3C-SiC is one of the most favourable materials for
harsh environment applications due to its excellent mechanical and electrical
properties, as well as chemical inertness. During the LPCVD process, usually,
3C-SiC films grow on both sides of the Si-substrate. Therefore, the fabricated
3C-SiC/Si heterostructure could be an excellent sensing platform in harsh environments (such as, highly corrosive chemical environments, high shock and
vibration) where the 3C-SiC layers (in top and bottom) will also act as protective layers for the Si-layer. This concept will be more suitable for lateral
photovoltaic devices and optomechanically coupled devices as those devices do
not require a bottom electrical contact.
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