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Abstract

In the last decade, photothermoelectric (PTE) detectors that combine photothermal and
thermoelectric conversion have been demonstrated for infrared and terahertz tracking. They are
advantageous in terms of facile fabrication, simple structures, room-temperature operation and
self-powering capability. However, some challenges remain to be addressed, including low
response performance, large-area fabrication and quick degradation. Based on the aforementioned
challenges, this thesis targets optimizing current detectors and exploring new detector structures,
which eventually enhance the PTE response and create possibilities for scalable manufacturing

and mass production.

In this thesis, we mainly develop four innovative PTE detectors. Firstly, we propose a new
PTE structure using a capillary-assisted carbon nanotube forest (CNTF). By creating different
CNT growth conditions, two regions of CNTF are grown and connected by the introduction of
dimethyl sulfoxide. The detectors show a quick and sensitive infrared response. Secondly, we
propose flexible and Si-based PTE detectors using CNT/poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) composite. Both detectors show quick mid-infrared
responses and demonstrate non-destructive imaging tracking capacities. Thirdly, we create a
vertical PTE detector using MXene/PEDOT:PSS composite and integrate the metamaterials into
PTE detectors. The applications of non-contact fingertip tracking are achieved. Finally, the PTE
detectors using CNTF active layer with MXene electrodes are fabricated and packed with PTFE,

which enhances the stability and also indicates the non-destructive testing capacities.

Overall, this thesis proposes a systematic method of designing infrared PTE detectors mainly

based on CNTs, MXene and related composites, which also provides guidelines and methodology

Vi



for developing other low-dimensional material/composite based PTE detectors. Furthermore, these

detectors also pave the way toward wearable smart sensors for industrial applications.
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Chapter 1  Introduction

1.1.Motivation

Mid-infrared (MIR) detection has been applied for numerous applications, such as medical
tracking, gas sensors, security imaging, and the Internet of Things (loTs)[1]-[3]. Nowadays,
industrial MIR detectors are mainly based on the mercury cadmium telluride (MCT, HgCdTe),
palladium sulfide (PdS), and 111-V quantum-well/dot infrared photodetector(QWIP/QWID)[4], [5].
However, MCT and PdS detectors suffer from the high toxicity of heavy metals, and QWIP/QWID
detectors require cryogenic working conditions[6]. Although these detectors can show a
respectable response in IR detection, other issues, such as high-cost fabrication and incompatible
fabrication with the complementary metal-oxide-semiconductor (CMQOS) technique, also hinder

their further applications. Thus, the novel MIR detectors are urgent.

Photothermoelectric (PTE) detectors are a powerful tool for MIR detection beyond the
limitations of bandgap[7], [8]. PTE detectors can be also designed for a simple configuration such
as the asymmetric electrodes and operate at room temperature with zero bias and low power
consumption[9]. Additionally, PTE detectors, dominated by Johnson-Nyquist thermal noise,
suppress the shot noise and 1/f noise of detectors[10], [11]. In contrast, common IR detectors suffer

from a low signal-to-noise ratio (SNR) effect and the presence of a dark current.

PTE detectors based on low-dimensional materials offer advantageous thermodynamics and
optoelectrical properties[12]-[15]. Many nanomaterials have been explored for PTE detectors in
the IR regime. PTE detectors based on low-dimensional materials offer advantageous
thermodynamics and optoelectrical properties[12]-[15]. Many nanomaterials have been explored
for PTE detectors in the IR regime. The PTE detector based on single-layer graphene achieves a

1



responsivity of over 10 V/W in the terahertz regime[84]. However, the fabrication of single-layer
graphene is complicated, the absorption is relatively low, and the cost is high[8]. Although
microporous graphene enhances the inherently poor IR absorption of single-layer graphene, their
related PTE detectors show a 4 mV/W responsivity. However, it is challenging to pattern the array
of microporous graphene, which limits further industrial applications[16]. Graphene fibres are
also used in MIR optical communications, but the PTE detector based on them requires high bias
up to 6 V and cannot achieve a self-powered response[17]. Black phosphorus (BP) is one
promising PTE material with high carrier mobility, but it suffers from unstable ambient problems.
Its current fabrication process depends on exfoliation, and the device is generally fabricated in one

single BP flake[18], which makes it challenging to achieve large-area production.

To solve or mitigate the abovementioned issues, the main objective of this dissertation is to
develop multiple IR PTE detectors based on novel low-dimensional nanomaterials and related
nanocomposites. The detectors are dedicated to achieving a self-powered, sensitive, fast, and stable
photoresponse and verify practical applications such as human radiation tracking and non-
destructive tracking (NDT). Furthermore, some optimization strategies and prospects of IR PTE
detectors will also be demonstrated. The ultimate objective is to provide a systematic methodology

for the design, fabrication, characterization, and response optimization of PTE detectors.

1.2.Thesis outline

The thesis is organized in a format as described in the following paragraph.

Chapter 2 introduces the related background knowledge of infrared thermal detectors firstly.
The figures of merit of PTE detectors will be also presented. Next, some basic structures will be

presented according to illumination conditions and device configuration. Finally, we will present



the low-dimensional materials and engineering influential factors applied to PTE detectors.

Chapter 3 proposes the self-powered PTE detector based on the capillary-induced CNT forest
(CNTF). This detector design utilizes three-dimensional space and achieves a quick response time

of 40 ms.

Chapter 4 proposes and characterizes two designs of carbon nanotube/poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (CNT/PEDOT:PSS) PTE detectors applied for

human radiation tracking and the NDT imaging of crossing pattern.

Chapter 5 proposes the MIR PTE detectors relying on the MXene/PEDOT:PSS composite.
Different engineering strategies of PTE detectors are demonstrated and the real-time fingertip

tracking is verified.

Chapter 6 proposes the vertical PTE detector utilizing low-dimensional CNTF and MXenes.

The CNTF act as the active layer and MXenes act as the top electrode and IR absorber.

Chapter 7 concludes the contributions and offers the prospects and optimization strategies of

the infrared PTE detectors.



Chapter 2 Background

As seen in Figure 2-1, the IR regime covers from 10%2 to 10'* Hz, which is longer than the visible
regime, but shorter than millimetre waves[19]. According to different standards, the wavelength
of mid-/far- infrared (MIR/FIR) regimes is usually defined as a wavelength longer than 3 pm.
Currently, IR detectors have been extensively investigated across various fields, like astronomy,
military, and industrial areas[20]-[22]. In this chapter, we will introduce the related background
of infrared thermal detectors, including Golay cell, bolometer and pyroelectric detectors, and PTE
detectors. Typically, we will present PTE detectors in detail, including the mechanism, figures of

merit, basic structures, materials, and engineering influential factors.

Frequency Hz =
108 10° 1012 1014 101 1017 1018

Microwave | Infrared |Visib|e| Ultraviolet

Figure 2-1. The electromagnetic spectrum.

2.1. Infrared thermal detectors

2.1.1. Golay cell

The basic structure of the pneumatic Golay cell is illustrated in Figure 2-2[23]. When a typical
gas is exposed to infrared radiation, it absorbs the radiation and converts it into thermal energy.
This causes the gas to heat up and expand, leading to the deformation of the membrane. An optical

read-out system tracks this deformation, allowing the Golay cell to detect infrared radiation with



high sensitivity and broad bandwidth. However, there are still challenges that need to be addressed,
such as degradation issues with the membrane and the potential for gas leaks. The Golay cell also
requires a gas chamber and optical read-out system, which can make it more complex and less
portable. Moreover, the response time of the Golay cell is significantly influenced by the type of

gas used.

gas-filled cavity

IR window membrane housing

IR absorber optical read-out
system

compensation leak

Figure 2-2. The schematic illustration of Golay cell[23].

2.1.2. Bolometer
The fundamental design of the bolometer is depicted in Figure 2-3. When infrared radiation is
incident on the active material, it heats up and causes a significant change in resistance. By

measuring the resistance difference, the absorbed radiation can be quantified. To ensure a high-



performance bolometer, the active material usually needs a high-temperature coefficient of
resistance (TCR), which can be expressed as TCR = %Z—};, where R is the resistance and T is the

temperature[24],[25]. Typically, the responsivity of a bolometer can be described as R, =

iRan

T where « is the TCR value, n is the absorption coefficient, G characterizes the thermal

conductance to the substrate, w is the modulated frequency. t is the response time[26]. Thus,
achieving a high-performance bolometer necessitates both a material with high TCR and reduced
thermal loss to the substrate. Although bolometers are relatively low power-consuming, stable,
and dependable infrared thermal detectors, they have a longer response time and are insensitive to

the position of illumination.

IR absorber layer

Reflection layer
Substrate

Figure 2-3. The schematic illustration of the bolometer.

2.1.3. Pyroelectric detectors



The basic layout of the pyroelectric detector is illustrated in Figure 2-4[27]. When it is heated by
the radiation incident on the detector, the pyroelectric material undergoes a polarized structural
transformation, which leads to the voltage difference between the top electrode and the bottom
electrode. Pyroelectric detectors typically have simple structures, making them cost-effective since
there is no need for complex measurement setups or optoelectrical components integrated into the
detector. However, the effectiveness of pyroelectric detectors is heavily reliant on the quality of
pyroelectric materials, and as a result, their performance can be limited by the drawbacks of these

materials, such as the humidity influence and mechanical vibration[28].

Resonant Radiation
absorber Top

Bottom electrode

electrode

Carrier Carrier

Support Pyroelectric
layer film

Figure 2-4. The schematic illustration of the pyroelectric detector[27].

2.1.4. PTE detectors
The PTE mechanism is usually divided into photothermal conversion and thermoelectric
conversion. Photothermal conversion generally means that the light and matter interact with the

molecular thermal vibration, such as semiconducting nonradiative transitions and the metallic
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localized plasmonic oscillation[29]. Thermoelectric conversion refers to the generation of an

electrical field due to the flow of electrons resulting from a temperature gradient.

Radiation
(Hot source) Heat loss
.’ \
: P-type, low-dimensional material :
I |
Hot region Cold region

Figure 2-5. The schematic illustration of PTE mechanism.

The schematic illustration of the PTE mechanism is shown in Figure 2-5. In detail, when the
radiation illuminates one side of P-type or N-type low-dimensional material, the temperature of
both electrons and lattice will increase. As the thermal conductivity of electrons is far smaller than
that of lattice, the temperature gradient of electrons is created[30]. The electrons will flow from
the hot region to the cold region. The PTE voltage AU will be described using the equation of
AU = —S§ X AT, where the S means the Seebeck coefficient and AT means the temperature

2
difference. Seebeck coefficient can the described as S = %m*T(%)E, where L is Lorentz number,

h is Plank number, m* is the effective mass of the carrier, T is the temperature, and n is the carrier

QHeat—QLoss

concentration[31]. The temperature difference can be described as AT = , where Qgeat

is part of the absorbed energy to heat the device, Q; s is the thermal loss to the surroundings, C

is the specific heat capacity, and m is the mass[11].

To design high-performance PTE detectors, the materials need high photothermal conversion.

Choosing materials with high infrared absorption and reducing the thermal loss dissipated to the



surroundings are two viable methods. Also, they need excellent thermoelectric properties. The

overall efficiency of thermoelectric materials can be characterized by the dimensionless figure of

. S20T S20T
merit, ZT = == = =T
k ke+k;

where ¢ is the electrical conductivity, k is the thermal conductivity, k,

is the electronic thermal conductivity and k;is the lattice thermal conductivity[32]. One viable
strategy to increase the Seebeck coefficient is to utilize the electron-phonon coupling-induced
phonon drag effect[33]. To achieve a higher ZT value, materials are expected to show a high
Seebeck coefficient, a large electrical conductivity, and a low thermal conductivity to obtain a
sufficient temperature gradient. Currently, adjusting the ke and k; is a feasible method for reducing
thermal conductivity[34]. While the commonly used materials in thermoelectric detectors may
have a relatively high ZT value, most of them have a relatively low photothermal conversion.
Additionally, these detectors require additional voltages to function properly. Some strategies are
improving Seebeck coefficients of nanostructures such as the energy filtering effect, the

semimetal-semiconductor transition, and the carrier-pocket engineering[35]-[37].

2.2.  Figures of merit of PTE detectors

2.2.1. Responsivity
The responsivity of an infrared detector is defined as the root mean square value of the rudimental

component of the electrical signal of the detector to the root mean square (RMS) value of the basic

component of the input radiation power, R, = PL or R; = PL where Ry, is responsivity, V is
m

m

voltage, I is current, and P;,, is absorbed power. The units of responsivity are V/W or A/W.

2.2.2. Noise
Noise means the undesired disturbances that reduce the received signal in the communication

system. It plays an important role in evaluating the performance of an infrared thermal detector.

9



PTE detectors can work without any bias and thus the device noise mainly results from the thermal
noise. The thermal noise or Johnson-Nyquist noise is the noise existing in the electrical circuit

because of the thermal agitation of the carriers. The thermal noise level is expressed as, V,, =
J4kgTRAf, where kg is the Boltzmann constant, T is the temperature of the electronic device, R

is the resistance of the whole circuit, and A f is the frequency bandwidth.

2.2.3. Detectivity

The detectivity of PTE detectors means the ability to detect the photon signal from the noise and

RyVA

Vn

can be defined D* = , Where Ry is the responsivity, A is the active area, and 1}, is the thermal

noise.

2.2.4. Noise equivalent power

The noise equivalent power (NEP) can be defined as the illuminated incident power on the detector

generating a signal output equal to the RMS noise output or the signal level where signal-to-noise
(SNR) is one[1]. It can be expressed as the reciprocal of detectivity D* NEP = Di where the

specific detectivity demonstrates the ability to detect the photon from the noise[1].

2.2.5. Response time

Response time is a key parameter that indicates the duration of the change of the detector’s output
signal with the imposed infrared illumination. Generally, it is defined as the time taken to rise from

10% to 90% of the final value.

Overall, a high-performance PTE detector should exhibit a significant responsivity, detectivity,

a small NEP, along with a short response time.
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2.3.  Structural design of PTE detectors

The design concept for PTE detectors is typically inspired by thermoelectric structures and
materials. Furthermore, the configuration of PTE detectors varies based on specific design
requirements. Presently, the primary configurations can be categorized into asymmetric electrodes,
localized illumination on the electrode-active layer interface, localized illumination on the P-N

junction, and vertical structures.

2.3.1. Asymmetric electrodes

Figure 2-6. The schematic illustration of asymmetric electrode structure.

The asymmetric electrode structure is relatively simple, consisting of one active layer and two
asymmetric electrodes (as depicted in Figure 2-6). Typically, the electrodes are composed of metal,
such as Al, Au, and Ti, and can be various shapes, such as rectangular or triangular. With
appropriate parameter designs, the electrodes can also function as antennas or metamaterials, such
as bow-tie antennas and split-ring resonators (SRRs)[38], [39]. The active layer possesses

excellent photothermal conversion ability and high thermoelectric conversion efficiency.

2.3.2. PTE junction

The P-N junction configuration typically consists of two electrodes and the P-N junction, which is

11



the central component (Figure 2-7). When localized illumination is directed onto the P-N junction,
a notable photovoltage can be measured. The benefit of the P-N junction configuration is that it
can generate a significantly larger difference in the Seebeck coefficient, thereby enhancing the
photoresponse according to the relevant equation, AU = —(Sp — Sy )AT, where Sp is the Seebeck

coefficient of P-type material, and Sy is the Seebeck coefficient of N-type material[40].

Figure 2-7. The schematic fabrication process of the PTE detector based on the P-N junction.

2.3.3. Vertical structure

The proposed sandwich configuration consists of two electrode layers and one middle active layer

(Figure 2-8).

Figure 2-8. The schematic of the vertical PTE detector.
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Differently, the top electrode layer can be patterned and designed as different structures to
enhance light absorption. In comparison, the patterned structures show a higher detectivity than
non-patterned structures. Additionally, CNTs can be designed for effective alignment to improve
the polarization of electromagnetic radiation. While the P-N junction structure can also govern the
alignment direction of CNTSs, it requires an additional doping process. Moreover, in this structure,

it is relatively easy to regulate the membrane thickness or the height of the CNTF.

2.3.4. Localized illumination on the electrode-active layer interface

Figure 2-9. The schematic illustration of localized illumination on the interface between

electrodes and the active layer.

In this configuration, the PTE mechanism occurs in the interface between metal electrodes and
the active layer (Figure 2-9). For example, in the CNT film-Au electrodes parallel configuration,

the PTE voltage can be expressed as,

OCNTEtCNTSCNT+O t S
V — |SCNT _ SComl X AT, and SCOm — MetaltMetal°Metal , Where SCNT, SCom, GCNT,
OcNTECNTHOMetaltMetal
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tenT, ometal and tvetar represent the Seebeck coefficient of CNT film, the metal-CNT composite
film, the conductivity and thickness of CNT film, and the conductivity and thickness of the metal
electrode. When the thickness of the CNT film is far larger than that of the metal electrode, the
Scnt and Scom have similar values, which limits the photovoltage[41]. Therefore, the current

improvement of this configuration is to use a series structure.

2.4.  Active layer of low-dimensional material in PTE detectors

To date, different dimensions and characteristics of PTE materials have been verified, such as one-
/two-/three-dimensional nanomaterials and topological quantum materials[7], [18], [38], [42]-[55].
In this dissertation, we only discuss the CNT and MXene materials that are tightly related to my

research.

24.1. CNT

When it refers to CNT-based PTE detectors, three types of CNTSs are usually considered, including

single-walled CNT (SWCNT), MWCNT, and helical CNTs (HCNT). These types have

demonstrated excellent conductivity, thermal stability[56]-[58], and infrared absorption[59], [60],

which are directly or indirectly related to their chirality, dimension and length[61], [62]. Currently,

the related synthesis and growth of CNTs mainly come from the chemical vapour deposition (CVD)

method or solution methods.

For the mainstream CVD-produced CNTs, the inherent mobility is relatively higher compared
with solution-processed CNTs[63]. There are various factors that need to be taken into
consideration during the synthesis of a material, including the precursor used, the temperature at
which the material is synthesized, the buffer layer, and the catalyst layer. The popular precursor

for growing CNTSs is ethanol, which can avoid amorphous carbon[64]. The growth temperature is
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usually over 600 °C. According to various back-end requirements, different temperatures will be
selectively adopted to control the growth of SWCNT or MWCNT. Generally, the growth
temperature of SWCNT is usually higher than that of MWCNT. The buffer layer (diffusion barrier
layer) can improve the interaction between the substrate and the catalyst layer, and stop the
diffusion of catalyst materials into the substrate at high temperatures. Many materials of the buffer
layer have been explored, including Cr, SiO, Al, Al203, TiO», and TiN[65]. The direct deposition
of the catalyst layer on the Si substrate is proved to be a negative growth method, which may
produce the silicide that damages the catalyst materials[66]. It will cause changes in the CNT
growth rate and growth efficiency. With high melting temperatures and low vaporation pressure,
Ni, Co, and Fe are usually selected as catalyst materials, which can help carbon diffuse. For the
catalyst layer, the existence of oxygen atoms may optimize the CNT growth because they can limit
the agglomeration of small particles[67]. For the Fe catalyst layer, the pressure does not make
sense for CNT growth, but a more uniform and dense catalyst layer helps the CNT growth[67].
The maintenance of small sizes can effectively enhance the catalyst quality and activity. Zhang et
al. investigate the self-powered CNT-based PTE detectors, which achieve broadband MIR/FIR
detection with a peak detectivity of 2.3x10° Jones at 4.3 terahertz (THz)[68]. With the introduction
of CVD-grown vertical CNTs, the PTE detectors show high infrared absorption, micro-level
channel control, and broadband illustration compatibility. Unfortunately, the detector still shows
a relatively poor photoresponse and low energy conversion efficiency. He et al. used CVD to
produce SWCNTSs and transfer them to the substrate and form a horizontal SWCNT array[40].
They investigated the polarization relationship between radiation and horizontal SWCNTSs based
on a PTE junction structure in the infrared regime. They proved that the parallel polarization of

light and the long axis of SWCNTSs can show a better PTE response than vertical polarization. This
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CNT PTE junction could finally achieve a response time of 80 us and a responsivity of 1 V/W.
Furthermore, the CVD-grown CNT PTE detectors could be accurately quantified and pave the way

toward carbon-based optoelectrical applications.

The PTE effect of individual CNTs or pure CNT films has been reported in the last decade.
Initially, the scanning photocurrent experiments found that the induced local heating in the
asymmetric electrode structure cannot be explained by the photovoltaic theory in the visible regime
and demonstrative PTE experiments were performed and verified, such as the illustration position
dependency[69]-[71]. Realizing that the PTE detector could skip the bandgap limitation, infrared
and terahertz research based on the room-temperature PTE mechanism is emerging. In 2016, Suzuki
et al. investigated a passive THz camera using a single-pixel CNT film and CNT linear array[72].
In this experiment, engineering strategies of PTE asymmetric electrode structure were also
investigated, such as the thickness and types of metal materials as well as the thickness of vacuum-
filtered CNT films. The NEP at 0.14 THz could reach 8.4 nWHz 5. A finger PTE imaging pattern
of 15 cmx18 cm was observed, which lay the foundation for future medical and NDT applications.
Using the same structure, the channel length and film thickness were simulated and proved[73].
The illumination penetration through the electrodes would reduce the PTE THz response and
eventual imaging resolution because of the undesired thermal diffusion. Later, different Seebeck
coefficients of vacuum-filtered suspended MWCNT/SWCNT films are investigated[74]. By tuning
the fermi level of CNT films, the semiconducting or metal properties could be well controlled and
the PTE response can be effectively enhanced. In 2021, the 2-D suspended CNT array film using
the vacuum-filtered method was proven effective for PTE detectors. The advantage of this design
was that this flexible device patch design could be adjusted according to the shape and size of

detected objects. Li et al. studied the THz coupling direction of the metal electrode and CNT film,
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and indicated that the coupling effect of the series is better than that of the parallel[41]. With the
series structure, a flexible CNT film with polyimide support was also proven to pattern 3-D PTE
imaging. After further optimizing the relationship between THz radiation and physical factors of
CNT film, a series of multi-element CNT films combining vacuum filtration and laser ablation
methods has verified the first THz spectroscopy[75], [76], where ambroxol hydrochloride and

tranexamic acid indicated a specific absorption spectrum separately.

Many solution-processed CNT and polymer composites for PTE detectors have been
investigated from visible to THz spectrum in the last five years[13], [77]-[79]. For the PTE
mechanism using composite, it may be a trade-off method, i.e. matrix or filler only can provide
excellent either photothermal or thermoelectric properties, and the combination of them is expected
to achieve a neutralized or boosting PTE response. Generally, the composite consists of a polymer
matrix and CNT fillers. The polymer matrix mainly provides a mechanical support network for
conducting fillers and helps create some phonon scattering sites[77], [78]. The main role of CNT
fillers is to offer excellent photon absorption and thermoelectric properties. In 2018, Zhang et al.
reported the first CNT/polymer composite for stable and flexible infrared PTE detectors[13], which

showed a maximum responsivity of 0.1 V/W and detectivity of 4.9 < 10° Jones in the MIR regime.

Although the introduction of poly (vinyl alcohol) (PVA) slightly improved the composite
thermoelectric properties and mechanical properties, the high composite resistance of 81 kQ and
relatively long channel limited the PTE response. This work demonstrated the potential of PTE
detectors for wearable sensors. In 2021, Jin et al. mainly investigated the PTE detectors based on
polypyrrole(PPy)/HCNTSs[29]. HCNTSs showed a particular spiral structure and the PTE mechanism
might induce the hot carriers through the tube and produce an enhanced electromagnetic absorber

effect. Also, HCNTs benefited from the local arrangement of PPy, followed by electrical
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enhancement. The ZT value also reached 4103, Their results also verified that the composite

shows remarkable near-infrared (NIR) absorption and thermoelectric properties, especially a low
thermal conductivity. Ultimately, they also incorporated the PTE detectors for the Internet of Things
(1oT) signal controller, which was considered a low-cost green device. The natural electrical
properties of HCNTs may be bad and need to be further optimized. Next, by using nanofiller
HCNTSs, Jin et al. chose the PEDOT:PSS as the composite matrix to improve the mechanical
flexibility and thermoelectric conversion efficiency of the composite[80]. The composite could
achieve an improved ZT value of 0.01 and visible/NIR absorption, which finally demonstrated a

nW level power output.

2.4.2. MXene

MXenes, as a flourishing group of two-dimensional materials, was initially discovered by Yury

Gogotsi’s team at Drexel University in 2011[81]. This material family is composed of transition
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Figure 2-10. Common membrane or film preparation methods.
metal nitrides, carbides, and carbonitrides. Generally, the MXene formula is defined as Mn+1Xn T,
where M expresses the transition metal, X indicates carbon or nitrogen sites, and T expresses the
surface terminations of outer transition metal layers[82]. In the last decade, MXenes have indicated

application potential in photodetectors and surface resonance sensors[83]-[85], which exhibit

18



advantageous optoelectrical properties, such as broadband electromagnetic absorption and surface

plasma excitation[86]-[88]. The thermoelectric properties of MXene are also proven[89], [90].

For MXene membrane fabrication, various methods are also presented depending on the
designed thickness and modification. The potential methods for PTE detectors may include drop
casting[91], [92], spin-coating[93], [94], spray-coating[95], [96], vacuum filtration[97], [98], and
printing[99], [100](Figure 2-10). Drop casting is a relatively facile way to fabricate a membrane,
but it is challenging to control the diffusion area of the liquid. The drying process also leads to a
less uniform membrane. Spin-coating can be used to fabricate thin membranes relying on the spin
speed, but the final membrane may be difficult to connect and cannot form a conductive network.
Spray-coating can easily control the spray area but may cause a rough surface. Vacuum filtration
is one method that can obtain individual membranes without substrate. For PTE detectors,
suspended devices may enhance the PTE response. The printing method can accurately pattern the
shapes of the MXene membrane and achieves similar functionality to lithography. It requires a

higher cost and well-dispersed printing solutions.
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Figure 2-11. Simulated THz absorption of TisC2[101].
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In 2017, Jhon performed the first-principle simulation of MXenes and put forward the
application possibilities of PTE detectors or related antennas in the 0.29-2.9 THz spectrum[101].
They demonstrated that both single-layer and stacked TisC. showed metallic electronic properties
and high THz absorption coefficient up to 9x10* cm™(Figure 2-11). By using an electrode-
channel-electrode configuration, the thermoelectric ZT value of n-doping stacked TizC> could

reach 0.112.

Zhou et al. investigated the detectors to demonstrate the MXene-related PTE effect[102]. With
a 12.8 mW power intensity of 1064 nm wavelength, they fabricated an MXene device and showed
a photovoltage of around 16 pV. In comparison, the other in-plane MWCNT/MXene
heterojunction structure measured a photovoltage of 40 uV. The wrinkled surface of MXene might
enhance light absorption. The doped carrier concentrations of MWCNT and MXene are 3.83x10%
and 3.01x10%°cm?, i.e. the electrical conductivity of MXene is advantageous. The carrier mobility
of the MWCNT and MXene were 18.9 and 0.20 cm? v s, With a 12.8 mW power intensity of
1064 nm wavelength, the fall and decay were 768 ms and 668 ms, respectively. The electron-
phonon in the junction interface might be strong and limit the response time. The PF values of
MWCNT and MXene were 0.05 and 1.6 uW m™ K2, The Seebeck coefficients of MWCNT and
MXene were 10.0 and -5.0 uV K%, The thermoelectric properties of 2-D MXene might be decent
but not competitive. According to the PTE properties of MXenes, their better roles might be
electrodes. Additionally, enhancing the MXene thermoelectric properties by doping or composite

methods might be also viable for future PTE detectors.

2.5.  Engineering influential factors of PTE detectors

Except for the active layer of low-dimensional material, there are three main influential factors

including electrodes, substrate, and illumination.
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2.5.1. Electrodes
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1)

2)

3)

4)

5)

Figure 2-12 (a) shows a tight relationship between thermal conductivity of electrode and PTE
response. The metal electrodes with a higher thermal conductivity will match a higher PTE
response.

The work functions of electrodes do not influence the PTE performance[72].

With a thicker electrode, the PTE response will increase[72] Figure 2-12 (b). However, the
PTE response also depends on the skin effect, which will affect the role of electrode, i.e. heat
sink or heat source.

By applying a series structure instead of a parallel structure, the PTE response is 4.7 times
more larger[41]. The reasons result from PTE coupling effect between metal electrodes and
CNT films Figure 2-12 (c).

The length of electrode also influences the PTE response maybe because of the heat diffusion
length Figure 2-12 (d). The optimized series Bi electrode length is about 3.5 mm[41]. Shorter
electrode may cause reduced thermal gradient and longer electrode brings about higher

electrode resistance.

2.5.2. Substrate

1)

2)

The substrate can be divided into flexible and rigid materials. Usually, rigid materials can
provide more mechanical support, and the uniformity and quality of the substrate surface can
be better guaranteed. Flexible materials can provide more possibilities for current wearable

applications.

Thermal conductivity of the substrate will influence the thermal loss, and finally influence the
PTE response, i.e. the substrate act as the role of the heat sink. According to the temperature

difference equation, the reduced thermal loss will benefit the photothermal conversion and
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finally enhance the PTE response. The suspended glass substrate will show a higher

photovoltage than the glass[71] (Figure 2-13).
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Figure 2-13. The influential factor of the substrate[71].

3) The optical properties like transparency in the visible spectrum may affect the lithography
fabrication process and the accuracy of the pattern will decrease.
4) A highly-conductive substrate may cause increased noise. Although the introduction of an

insulation layer may mitigate this issue, the signal-to-noise may also increase.

2.5.3. Illumination

Although the PTE effect can just happen within the internal material, the photon-induced
temperature difference is relatively small and difficult to track. Therefore, to obtain a larger PTE
response, the illuminated spot should be expected to fall on the interfaces, such as the interface
between the active layer and electrode or the interface between two different active materials[47],

[103] (Figure 2-14).
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The illumination position influence also depends on the illumination sources. If the source is a
continuous wave, steady-state and real-time tracking will be feasible. If the source is pulsed, the

time response of the PTE detector will be affected.
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Figure 2-14. The influential factors of illumination[47], [103].

Additionally, the background measurement conditions may also influence the PTE response,

such as the vacuum conditions, the background illumination and temperature.

24



Chapter 3  Capillary-induced CNTF junction

3.1.  Background and motivation

CNTs can be regarded as an effective 1-D material for absorbing IR radiation, inherently
combining free carrier-based intraband and exciton-based interband absorption processes[104],
[105]. With strong metallic properties, MWCNTSs can show a heat-induced photoresponse [106].
The broadband absorption ability of CNTs, combined with high-mobility carriers and fast response,

open opportunities for photodetectors as well as other optoelectronic applications[68], [79], [107].

State-of-the-art PTE detectors still twist some challenges. First, mainstream sensitive PTE
detectors rely on nanometer-level channel length control, which needs the expensive electron beam
lithography (EBL) technique. Thus, reducing the cost is urgent for sensitive PTE detectors. Second,
current PTE detectors based on thermoelectric junctions need the chemical doping dropped on one
spot, finally resulting in a macroscopic film with PTE junctions[108]. For such devices, it is
significantly difficult to drop micrometre-level liquid spots and achieve small-area pixel control,
which further prevents the miniaturization and integration of devices. Third, in the vertical PTE
detectors, metal electrodes are mostly fabricated on the top of photoactive layers, which decreases

the IR absorption of active materials.

In this chapter, a high-performance scalable PTE detector driven by capillary-assisted self-
assembly CNTSs is presented. Lithography processes are performed before the growth of carbon
nanotubes, and therefore contaminations coming from photoresists are avoided. By dropping
dimethyl sulfoxide (DMSO) on the top of the whole device, the thermoelectric junction is naturally

produced without any further CNT transfer. Furthermore, the PTE detectors exhibit a potential
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industrial non-destructive testing (NDT) application because the components in the PTE detectors

can work under a high temperature of about at least 700 °C.

3.2.

Device fabrication

The PTE detectors are driven by the self-assembly CNT thermoelectric junction, fabricated

followed by the procedure described as follow:

1)

2)

3)

4)

5)

6)

7)

8)

one prime P-type doping Si wafer was immersed in H20, and H2SO4 piranha solution (volume
ratio 1:4) for 15 min under room temperature, and the P-type doping Si wafer was rinsed with
deionized water and dried by the spin rinse dryer (SRD) machine system;
hexamethyldisilazane (HMDS) of 5 nm thickness was initially coated on the cleaned Si wafer
at 150 "C for 15 min to enhance the adhesion between photoresist and Si wafer substrate;
spun coat the positive photoresist Shipley 1805 (S1805);

maskless aligner (MLA) photolithography method was used to pattern the insulating suspended
layer and the top electrode layer, followed by a 120 "C post bake process for 90 s;

40 nm Ti electrode was deposited under room temperature without bias by magnetron
sputtering system, AJA Inc;

unfinished device was first placed immersed into remover PG solution for PMMA removal
under 80 °C for 60 min and under room temperature overnight to achieve a lift-off process;
the device performed a soft bake process under 120 “C for 2 min to remove the water left inside
the wafer;

MLA photolithography method employing PMGI/S1805 bilayer photoresist was used to

pattern the insulating layer, followed by a 120 ‘C post-bake for 90 s;
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9) Typically, 60 nm SiO> insulating layer was first deposited under room temperature without
bias by AJA magnetron sputtering system to separate two electrodes and achieve a height
difference between two electrodes;

10) 10 nm Cr as a catalyst buffer layer and the electrode layer was deposited, followed by a reliable
lift-off process;

11) the device performed a post-bake process under 120 ‘C for 2 min to remove the water left
inside the wafer;

12) MLA photolithography method employing PMGI/S1805 bilayer photoresist was used to
pattern the electrode layer and CNT growth layer, followed by a 120 °C prebake for 90 s;
13) 2 nm Ni catalyst film was deposited by E-beam evaporation (Angstrom E-beam Deposition
System) onto P-doped Si substrates at 1.5 A/s growth rate, followed by the same

aforementioned lift-off process;

14) the device was cut into the single individual device using DISCO™ dicing saw system;

15)the cold wall plasma-enhanced chemical vapour deposition (PECVD) machine with a 2”
graphite heater was used to grow carbon nanotubes. Vertically aligned CNTFs were grown by
PECVD reactor at 695 "C, 5 mbar system pressure, and 75 W DC plasma power in an Aixtron
Black Magic™ 2 system. Acetylene (C2H2) and ammonia (NHz) flowed at rates of 50 sccm
and 200 sccm, respectively. For a typical 15 min and 30 min growth, the CNTF height is about
7 um and 15 pm, respectively;

16) 10 uL DMSO solution (# 472301, purchased from Sigma-Aldrich®) is dropped cast on the top
of the CNTF along with the arrow direction. By controlling the flow direction of the DMSO
solution, the alignment direction of the whole CNTF can be controlled, and the CNT forest

will fall towards the top electrode to form an ultrashort suspended ‘CNT bridge’;
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17) the device is dried at a 100 ‘C hotplate to evaporate DMSO and enhance the charging CNT
network;
18) the device can be connected to the external circuit by using conductive silvery epoxy (MG

Chemicals 8331D Silver Conductive Epoxy) for further performance measurement.

(a) (®) ©
(d) (e) ®
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Si Photoresist Ti Si0, Cr Ni CNT

Figure 3-1. (a) Prepare a prime wafer precleaned by a piranha solution. (b) Spin-coat UV
photoresist (PR), photolithography (PL) and development. (c) Deposit Ti electrode. (d) Remove
PR. (e) Spin-coat UV PR, PL and development. (f) Deposit SiO; insulating layer and Cr
electrode. (g) Remove PR. (h) Spin-coat UV PR, PL, and development. (i) Remove PR. (j)
Deposit Ni catalyst layer. (k) Grow CNTs. (I) Drop DMSO. The illustration is not drawn

according to the scale.

The fabrication process of the device is shown in Figure 3-1. As a plasma-enhanced method is

used to grow CNTSs, some gaps exist among the vertical CNTs. When the liquid enters the gaps,
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the capillary forces induce the liquid into the buffer layer or even the electrode layer and Si
substrate. Although the metal surface is hydrophobic, the repeated drop-casting along with the
flowing direction control of the liquid assists the CNTs soak among the interspaces. The existence
of DMSO may help optimize the energy filtering effect, thus leading to an enhanced thermoelectric
performance[109]. DMSO also can induce a non-overlapped CNT thermoelectric junction.
According to previous experimental results, an increased overlapped area of the thermoelectric
junction will significantly reduce the PTE performance[40]. Thus, our device without overlapped
junction will not cause a thermal loss in the junction area. Previously, researchers mainly focus on
the aligned CNTs in parallel or perpendicular to the illumination[40], [108], and few papers refer
to the capillary force-driven self-assembly CNT clusters. Additionally, pristine aligned CNTSs
show a strong polarization sensitivity ranging from a broad spectrum with low noise. However,
they are mechanically unstable and easily broken. Their polarization sensitivity also provides
challenges for the shape or area design of PTE detectors. Therefore, the CNT cluster is used to

satisfy global IR illumination requirements.

Figure 3-2. SEM image of (a) vertical CNTs and (b) CNT cluster addressed by DMSO. The

enlarged red part of the CNT bridge.

In our configuration, the CNT channel addressed by DMSO acts as a bridge to connect two

asymmetric height-difference electrodes and create the circuit (Figure 3-2), where Ti and Cr are
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selected as electrodes because they can endure high temperatures up to 700 °C, which can enable
future industrial applications. Furthermore, this configuration can benefit the miniaturization and

integration of PTE sensors.

3.3.  Photoresponse measurement

Given the IR response mechanism of our detector, the pyroelectric mechanism can be excluded

because of its general typical capacitor configuration and pyroelectric material. The bolometric

Table 3-1. The temperature is measured by an IR thermometer and related figures of merit.

Blackbody Seebeck
Ambient
Radiation Temperature Photovoltage Coefficient
And Intial
Temperature Difference (K) (V) Difference
Temperature (K)
(K) (LV/K)
773 295.6 4.7 65.7 13.9
973 295.7 6.3 87.6 13.9
1173 295.6 8.5 120.1 14.1

and photoconductive mechanism needs external bias, but our detector works under zero bias. As
for the photovoltaic mechanism, the relatively low photon energy in the MIR regimes is difficult
to induce photocarriers. When electromagnetic radiation illuminates the device, the CNTs will
absorb the photon energy and the temperature of CNTs will increase. The temperature difference
of the CNT-1 area and CNT-2 area is tested with the incident power intensity of 2.1x10* uyWmm™
2 (Table 3-1), which demonstrates our detector is dominated by the PTE mechanism. Due to the

different growth conditions, the dimensions and lengths of CNTs are various, which will show
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different Seebeck coefficients[110]. For the CNT clusters, it is challenging to measure the Seebeck
coefficient because their metal buffer layer may cause a short circuit of the measurement setup.
Given that the skin depth of the metal electrode Ti is over 37 nm in the 100 terahertz (THz, 3.0
um) regime (Table 3-2), the Ti electrode of 40 nm is highly IR reflective as a heat-sink role. The

thickness of the Cr electrode is about 10 nm, which is under the skin depth of Cr in the THz regime.

Table 3-2. The data of bulk resistivity and relative permeability from

https://www.rfcafe.com/references/calculators/skin-depth-calculator.htm

Skin depth at

Bulk
Relative
Metal resistivity@20°C 1 10 100
Permeability
material (nQxcm or THz THz THz
p/po
Qx105cm) (nm) (nm)
(nm)
Chromium
13.2 1 183 58 18
(Cn)
Titanium
54 1 370 117 37
(Ti)

Thus, the Cr electrode will act as the heat source combined with the top CNTs[38], [73]. The CNT-
2 area and Cr electrode will form the CNT-Cr composite. Here, the Seebeck coefficient difference

is evaluated AS = X—’;, where V}, is the photovoltage of the detector, AT is the temperature

difference. The calculated Seebeck coefficient difference is 14.0 VK™, which can be further

optimized by changing the concentration of DMSO and physical parameters of CNTSs.
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Figure 3-3. (a) The instrument of photoresponse measurement of the CNT PTE detector. (b) I-V

curve of single-pixel CNT PTE device.

During the measurement, the detector was irradiated by the filtered continuous-wave (CW) IR

waves with about 2.1x10* uWmm2 input power, and the photocurrent was directly recorded using

the DMM6500 current-time module (Figure 3-3 (a)). Figure 3-3 (b) showed the current-voltage
(1-V) curve performance of the PTE detector under dark or radiated conditions. The I-V
measurement would be performed at room temperature and ambient atmospheric conditions. The
blackbody temperature was set at 1173 K. The linear characteristic could demonstrate that both
electrodes and CNTs form Ohmic contact in a large imposed voltage range from -120 mV to 120
mV. Additionally, the thermoelectric junction of CNT interfaces did not generate the rectification
effect because the PECVD-grown CNT might consist of many semiconducting and metallic CNTs,
which might activate the metallic properties of CNTs[40]. The PTE current could be observed
without any external bias. These results illustrated that PTE detectors could be used as IR energy

harvesters or further applied for collecting waste energy.
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Response time is also an important parameter for evaluating PTE detectors, including rising
and fall time, which can be defined as the period when the PTE current increases from 10% to 90%

on the rising time of or the falling times of one pulse amplitude, respectively[111].
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Figure 3-4. (a) The response time of the CNT PTE detector, where (b) and (c) express the rising

and decay time, respectively (d) Reproducible time response. The current changes with time.

During the on-off curve measurement, one thick aluminum foam is put between the IR-filtered
window and CNT PTE detector. When the blackbody radiation is the on status, the DMM®6500
machine would record the photocurrent of the off status. When the foam is removed quickly, the
photocurrent would increase and be recorded as the on-status photocurrent. Our detector exhibited
a rise time of 40 ms and a falling time of 60 ms without external bias, substantiating the real-time
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IR signal tracking capacities (Figure 3-4 (a)-(c)). Figure 3-4 (d) shows a reproducible current
response with resolved time. Such a fast response speed may originate from the localized
eletromagnetic field enhancement induced by the nanometre level height difference. Additionally,
the thermoelectric junction is created by no-overlapped conductive CNTs, which may reduce
thermal loss. Furthermore, the experimental model can be applied to other nanowire-based systems

designs, which is expected to further optimize the performance of PTE detector arrays.

In the view of practical applications, specific detectivity is also one property used to evaluate

the performance of the PTE detector, which is characterized as the capacity to track the weak

signals compared with the noises and can be represented as, D* =RVV—JA_‘1[112]. Ry is the

n

responsivity of the device and is expressed as R, = PL, where V is the photovoltage and Pin is the

mn

total incident radiation power. V, is the mean root square of the noise voltage and is defined as
V,=4kzTR, where kg is Boltzmann constant, T is temperature, and R is device resistance[72].
For the PTE detector, the thermal Johnson-Nyquist noise dominates. The total incident power is
calculated by the integral of spectral radiant emittance with a wavelength of over 1.5 um because
the cut-off wavelength of the infrared window is 1.5 pm. In the measurement, it is assumed that
all incident is absorbed by the detector, and thus the practical responsivity or detectivity should be
larger than the calculated value. With different blackbody radiation temperatures, Figure 3-5 (a)
shows the zero-bias PTE response under broad illumination. The detectivity can reach a 108 level
Jones when the black-body radiation is set up from 573 K to 1173 K, which matches a center
wavelength from 5.06 um to 2.47 um, which demonstrates that our device can satisfy the demands
for IR broadband detection. Such a broadband detection capacity matches the intrinsic properties

of IR thermal detectors.
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The blackbody power intensity versus responsivity and NEP is characterized in Figure 3-5 (b),

showing a roughly linear relationship. According to Stephan-Bolzmann’s law, the
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Figure 3-5. (a) The detectivity dependence on different black-body radiation temperatures. The
inset picture is the peak spectral intensity with varying black-body temperatures. (b) The

responsivity and NEP change with different power intensities.

blackbody power intensity should be proportional to the fourth power of the temperature. This
linear contributes to two reasons. Firstly, the significant temperature difference between the device
system and the surrounding temperature may cause thermal losses. If the detector is placed under
a high-level vacuum system, the PTE current is expected to reach a higher level because of the
reduced thermal losses[47]. Secondly, with a higher blackbody temperature, the peak wavelength
will change. This detector using the novel thermal junction may show typical absorption for

different wavelengths.

3.4. Stability

Long-term stability is also a key figure of merit in evaluating the performance of PTE detectors.

Normally, the performance of IR detectors can be affected because they directly contact air and
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can be moist and metamorphic, eventually resulting in degeneration under ambient conditions.
Thus, the PTE response of the device is tested every seven days. After 56 days, the detector still
demonstrated a highly advantageous reproducibility and matches well with the original
experimental results, indicating excellent stability and durability in the air. The continuous high
photoresponse contributes to the oxidization of the endpoints of CNTSs, i.e., the addition of DMSO

has oxidized one side of CNTs and prevents the further photoresponse degradation of CNT-based

PTE detectors (Figure 3-6).
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Figure 3-6. The durability test of the CNT PTE detector. The total test time is 56 days with a 7-

day period.

3.5. Conclusion

This chapter proposes a scalable PTE detector design utilizing self-assembly CNT thermoelectric
junction among microscopic CNT components, providing high-performance and stable IR
photoresponse. Typically, the detector shows the broadband MIR response and stable

photoresponse within two months. During this design, the naturally grown CNTSs act as an active
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element of the PTE detector. It opens significant opportunities for large-area IR detection

integrated with CNTs, and also offers new design sights for other Si-based sensors.

37



Chapter 4 Nanocomposite component optimization in PTE detectors

4.1.  Background and motivation

Infrared optoelectronic materials and devices are hot topics for next-generation smart scalable loT
applications such as medical imaging, remote sensing, and fitness tracking[72], [113]. However,
current tracking technologies are relatively costly and difficult to achieve real-time monitoring—
these issues stimulate global researchers to explore novel portable sensors[114]. In the last decade,
PTE detectors based on the photothermal and thermoelectric effects attract much attention because
they can detect electromagnetic radiation in a broad wavelength range. For human body emission,
the electromagnetic regime covers mid-wavelength infrared (MWIR) and long-wavelength
infrared (LWIR) with a peak wavelength of 9.3 um[31], in which PTE-based detectors can function
well. Also, PTE detectors have simple device configuration[26], long-term ambient stability[10],
and relatively easy array integration[31], which suits building up health monitoring applications.
With the recent progress of low-dimensional materials and composites, PTE conversion
materials have been explored, including graphene[8], black phosphorous[38], CNTs[108], silicon
ribbons[115], and topological quantum materials[116]. As the two-dimensional star material,
monolayer graphene possesses the zero-band gap enabling broadband optical absorption and high
carrier mobility enhancing the photoresponse[117]. The as-fabricated graphene-based PTE
detectors can achieve a detectivity of 4.6x10° Jones in a broadband range[8]. However, high-
quality single-layer graphene has a high price and complex massive fabrication. As for black
phosphorus-based devices, the poor ambient stability seriously limits their further applications[38].
Silicon-based devices are low-cost, but they only can detect visible spectrum[115]. Topological

insulators are also explored as high-performance broadband PTE detectors[116], but expensive
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and laborious epitaxial growth fabrication limits their applications. In contrast, CNTs are
competitive PTE materials and the 1-D detector array has been fabricated for far-infrared imaging
with noise equivalent power (NEP) less than 1 nWHz Y2 [26]. However, pure CNT film detectors
are unstable under deformation because the Van der Waals interaction between adjacent CNTS is
weak[104]. Herein, solution-processable poly (3,4-ethylene dioxythiophene) polystyrene sulfonate
(PEDOT:PSS) has been demonstrated as an advantageous thermoelectric material and the
capability of IR absorption[118], [119]. As the composite matrix, the addition of PEDOT:PSS can
significantly enhance the photo responsivity and mechanical stability of as-fabricated
detectors[120]. Based on the equation U=-SxXAT, where U is thermoelectric-driven photovoltage,
S is Seebeck coefficient, and A T is the absolute temperature difference, a higher photovoltage
means a higher Seebeck coefficient and larger temperature difference[121]. The combination of
CNTs and PEDOT:PSS may enlarge the Seebeck coefficient and temperature difference
Furthermore, remarkable progress has been made on CNT/PEDOT:PSS composites in the field of
thermoelectric devices[122]-[127].

In this chapter, two structures of PTE detectors based on CNT and PEDOT:PSS composite are
proposed. The flexible membrane based on the single-walled carbon nanotube
(SWCNT)/PEDOT:PSS composite was fabricated for monitoring ocular gestures. An optimized
photoresponse was obtained in 20 wt% SWCNT loading, and a peak detectivity of 1.9x107 Jones
was achieved. Finally, the ocular monitoring experiments can clearly distinguish the blinking
cycles and times. The Si-based PTE detector was verified for the NDT technique. The photocurrent
was found the highest with 30 min CNT growth. A crossing pattern was roughly mapped likewise.
The above results prove that the PTE detectors based on SWCNT/PEDOT:PSS composite are a

profitable choice for MWIR detection and hold potential for health monitoring applications.
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Figure 4-1. (a) Fabrication process of the flexible and free-standing SWCNT/PEDOT:PSS film
and schematic device configuration under illumination. SEM pictures of 20 wt%
CNT/PEDOT:PSS composite in the (b) top view and (c) cross-section view. As seen from the
above SEM pictures, CNTs are well dispersed and embedded within the polymer. The 20 wt%
SWCNT/PEDOT:PSS composite is porous. (d) The relationship between photovoltage and the

bending cycles/radius.

4.2.  Suspended PTE detectors based on SWCNT/PEDOT:PSS composite

A total of 1 mL solution is dropped onto the membrane in the vacuum filtration assembly (#
Z290467, purchased from Sigma-Aldrich®). With the vacuum pump (125 W) opening, the free-
standing and flexible thin film can be fabricated overnight. The relatively low-cost asymmetric Al
(200 nm) and Ti (120 nm) electrodes is sputtered onto two sides of the membrane by a square
shadow mask pattern (AJA Orion twin-chamber magnetron sputter system). Wires were connected

to electrodes via epoxy silvery glue and Kapton tape.

As seen in Figure 4-1, the details of the fabrication process and schematic structure of
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SWCNT/PEDOT:PSS infrared detectors are given. It is worth noting that 15 min tip sonication is
used to make the solution disperse evenly. Longer sonication time may shorter the length of
SWCNTSs, resulting in reduced percolation path and decreased device performance[128]. The top-
view and cross-section morphology of the SWCNT/PEDOT:PSS film is characterized by using
SEM where the well-dispersed surface can be observed (Figure 4-1 (b)). From the cross-section
view, a porous structure can be seen on account of mixing core-shell PEDOT:PSS and SWCNTs
(Figure 4-1 (c)). Hexagonal SWCNTSs network composed of sp? hybridized carbon atoms is a
particular conjugated polyenes structure. In such a structure, numerous delocalized n-bond
networks are relatively facile to produce because electrons will move more actively among
different unhybridized orbitals[117]. When SWCNTs are inserted into m-bonded conjugated
PEDOT:PSS polymer, the interaction between SWCNT and polymer chains changes carrier
density and creates more free delocalized carriers in PEDOT chains[129]. For the PTE mechanism,
more delocalized carriers mean a larger temperature gradient change because lattice vibration
usually remains unaffected, but photon-induced hot carriers are more easily changed[130]. The
percolating path formation of the SWCNT network in the polymer matrix also contributes to
photon absorption and conductivity enhancement. Additionally, it is assumed that the as-produced
pores build up extra phonon scattering centers where electronic transportation is almost unaffected
but lattice thermal conductivity is decreased [131]. Based on the above theories, the PTE
conversion can be improved by mixing SWCNTs and PEDOT:PSS.

Flexibility is an important parameter for next-generation optoelectronic devices when
employed in the wearable monitoring system. Figure 4-1 (d) demonstrates the stable photovoltage
performance of our SWCNT/PEDOT:PSS detector after bending different radii and cycles under

blackbody radiation. This means that no apparent changes are observed in the photovoltage
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performance even after 300 cycles of bending at a 4.5 cm radius. This phenomenon can be
attributed to the stable interaction between SWCNT filler and the polymer matrix.

4.3.  Si-based PTE detectors based on CNT forest/PEDOT:PSS composite

(1) Prepared a 4-inch single-polished high-resistance prime silicon wafer. (2) Used RCA-1 to
reduce organic impurities and RCA-2 to reduce metallic contaminations. (3) Performed 2 min O2
plasma cleaning process. (4) HMDS coating. (5) Spun-coat PMGI and S1805 at one side of Si
wafer. The first step of this recipe was a 100 ramp-up for 5.0 s. Second, the 1000 rpm/s ramp-up
and 5000 rpm speed are used for 60.0 s. Third, the spin-coating speed dropped down at 500 rpm/s.
The thickness of S1805 is about 600 nm. (6) Exposed the electrode pattern using maskless
lithography (MLA). With a dose test, the dose value was selected 89 mJ/cm? and defocus value is
-2. (7) Used MF-319 to develop for 60 s, rinse using DI wafer, and N2 drying. (8) Deposited 165
nm metal Cr. (9) Lift-off process. (10) Repeated (3)-(5) steps and deposit 20 nm metal Ni catalyst
layer. (11) Lift-off process. (12) Grew CNTs using PECVD at 700 °C. The gas ratio of CoH and
NHs is 50:200. (13) Drop-cast 10 uL. PEDOT:PSS on the top of each CNT forest. A stable CNT
forest/PEDOT:PSS composite structure forms. (14) Fabricate PET deposition mask using laser

ablation method. (15) Deposited the top gold electrode of 100 nm thickness.

The vertical structure of an oriented CNT-based PTE detector is much advantageous to
fabricating on Si substrate. The vertical structure can save space and offer opportunities for device
miniaturization. In this fabrication process, the metal Cr is first used to act as the bottom electrodes
and buffer layer for CNT growth. It can endure a high temperature of 700 °C. Then Ni catalyst

layer was adopted for large-area CNTF growth. By controlling the growth time, the CNT length
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can be controlled, and the CNT concentration of the composite can be adjusted (Figure 4-2).

Figure 4-2. The CNT SEM with growth time of (a) 15 min, (b) 30 min, and (c) 45 min.

The CNT growth using PECVD shows a relatively large gap and it is difficult to create a top

electrode layer and form a conductive plate path (Figure 4-3).

The addition of PEDOT:PSS can help fill in the gap (Figure 4-3 i), and simultaneously does
not damage the CNT forest structure. The choice of Al electrodes originates from the low infrared
absorption suppression. Additionally, the vertical structure reduces the channel length and
achieves a fast PTE conversion. The channel length is approximately equal to the height of CNTF

or a little larger than CNF height. The thickness of top Al electrodes is 20 nm, which is smaller
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than skin depth in the infrared region. Thus, the Al electrodes play a heat-source role. When the
infrared radiation illuminates on the top, a vertical temperature difference will be formed.
According to the thermoelectric theory, top electrodes show a higher temperature, and bottom
electrodes will show a lower temperature. Thus, the photo-induced current will flow from the top

electrodes to the bottom electrodes.
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Figure 4-3. (a) Deposit SiO2 on Si substrate. (b) Pattern bottom Cr electrodes. (c) Deposit Ni

catalyst layer. (d) Grow CNT forest. (e) Drop PEDOT:PSS and dry naturally. (f) Deposit Al
electrodes. (g) 2D schematic PTE detector model. (h) 3-D schematic PTE detector model. (i)

Side-view of CNTF/PEDOT:PSS layer. (j) Top-view of CNTF/PEDOT:PSS layer.
4.4,  Photoresponse measurement

The current-voltage (I-V) curve with and without blackbody radiation was measured (Figures 4-
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4 (a) and (b)). The linear behaviour demonstrates that both of our devices have good Ohmic contact,

and the device resistance of the suspended and Si-based detector was calculated as 100 Q and 60

Q, respectively. As a PTE detector, several figures of merit require to be highlighted.
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Figure 4-4. -V curve for (a) SWCNT/PEDOT:PSS detector and (b) CNTF/PEDOT:PSS

detector. (c) The responsivity and detectivity change with the CNT concentration. (d) The

photocurrent changes with the CNT growth time.

Photoresponsivity that quantifies the detector sensitivity can be denoted as Rv=Vpn/Pin, Where

Voph is the photoinduced voltage, and Pin is the incident power[26]. In a PTE detector operating at

zero bias, the dark noise is mainly limited by the Johnson-Nyquist noise Vn,=(4ksTR)%°[10].

Therefore, the specific detectivity used to detect the smallest photonic signals can be denoted as
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D*=Rv(Aq)*°/Vn, where Aqis the photoactive area, ks=1.9x102% J.-K' is the Boltzmann constant,
T is the ambient absolute temperature, and R is the channel resistance[132]. By increasing the
CNT loading from 5 wt% to 20 wt%, the detectivity increases by about 30 % under the same
blackbody illumination (Figure 4-4 (c)). The main reason can be ascribed to the reduced
resistances of the PTE detector (Figure 4-5). Responsivity has a similar upward trend to detectivity.
400
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Figure 4-5. The device resistances of the SWCNT/PEDOT:PSS composite at different CNT
loadings. The electrodes are 200 nm Al and 120 nm Ti.

For this phenomenon, the reason may be that increasing CNT loading results in stronger photon
absorption and enhanced thermoelectric efficiency because of the energy-dependent scattering
mechanism, i.e. energy filtering and tunnelling effect[133], [134]. When the CNT loading
increases from 20 wt% to 40 wt%, both detectivity and responsivity decrease. With higher CNT
loadings, the percolating path and porosity degree of the composite may be improved, and carrier
concentrations become higher. Depending on our measured Seebeck coefficients of different

SWCNT loadings, the trend of Seebeck coefficients matches our responsivity results. As a result,
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the thermoelectric conversion efficiency decreases[135]. For the Si-based detectors, the CNT
concentration is quantified using growth time using PECVD (Figure 4-4 (d)). In comparison, the
detector of 30 min CNT growth matches a higher photoresponse. The detector of 15 min CNT
growth may show a lower CNT concentration and the absorption does not reach a saturation status.
Although the detector of 45 min CNT growth shows a much higher CNT concentration, the CNTF

loses the vertical orientation and falls, which may reduce the IR absorption.
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Figure 4-6. (a) Photovoltage and responsivity under different blackbody power intensity. The
inset picture shows the spectral power intensities change with various wavelengths under
different temperatures. (b) The photocurrent varies with blackbody radiation on and off. The blue
line expresses the flexible suspended detector, but the red line expresses the Si-based detector.
The current on/off ratio for suspended detector and Si-based detector is 2.0x10* and 5.7x10%,

respectively.

Source power intensity also affects the photovoltage and responsivity performance of PTE
detectors. Figure 4-6 (a) shows the photodetector responses under various radiation conditions,
and the photovoltage and responsivity have a similar upward trend. When the temperature of
blackbody radiation was set at 573 K, 773 K, 973 K and 1173 K, the power intensity received by
our detectors increases from 2.0 mW/(sr-mm?) to 34.0 mW/(sr-mm?). With higher power

intensities, the illumination induces more hot carriers within the composite, resulting in higher
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photovoltages and responsivities[107]. Response time, as another crucial figure of merit, is used
to evaluate the speed of a detector. Periodical blackbody radiation was globally illuminated on the
PTE detector, and real-time photocurrent was measured. As seen in Figure 4-6 (b), the stable
photoresponses of the suspended detector are reproducible, and the maximum photocurrent of the
free-standing SWCNT/PEDOT:PSS PTE detector can reach 0.95 pA. Furthermore, the rise time
and decay time were measured as 0.788 s and 0.376 s, respectively. In comparison, the Si-based
PTE detector showed a faster rise and decay time of 0.652 s and 0.353s, respectively, which may
result from the enhanced channel length and effective IR absorption. Our detector can show a
relatively fast speed, which provides opportunities for further optoelectrical applications.

4.5.  Non-contact monitoring of ocular blinking

Based on reported clinical and prodromal cases in coronavirus disease 2019 (COVID-19), 11.2%
have been demonstrated oculi-related symptoms[136]. Therefore, an urgent demand for real-time
ocular tracking is increasing for precautionary measurement. Generally, the ocular sensors mainly
monitor temperature changes or motion variations such as the blinking period[137], [138].
Thermal radiation of eyeballs covers the MWIR regime, and frequently used infrared tomography
(IRT) can offer accurate temperature results with high resolution[139]. However, IRT is costly and
cannot achieve portable real-time monitoring. For motion tracking, the primary goal is to optimize
the algorithm and achieve accurate locating and tracking of eyeball[140]. Such design just begins,
and the accuracy is relatively low. Compared with these techniques, the emerging PTE detectors

come into play at room temperature and self-powered working conditions.
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Figure 4-7. (a) The SWCNT/PEDOT:PSS detector is placed onto eyeglasses. (b) Enlarged
device onto the eyeglasses lens. (c) Real-time tracking of ocular gestures. The inset pictures are

the open or closed status of the eye.

Our SWCNT/PEDOT:PSS PTE detector enabled two potential modes of ocular gesture
recognition, including blinking times and periods. As seen in Figure 4-7, a photocurrent up to 3.5
nA was observed when our device was placed on the inner side of eyeglasses 8-10 mm away from
the eyes. In contrast, the device placed on the outer side cannot detect the blinking signals. It is
analyzed that eyeglasses' polymer materials may shield the near-wavelength and mid-wavelength
electromagnetic waves, making few MWIR waves reach the device[141], [142]. Moreover, the
thickness of lenses is about 3-5 mm, and increasing the distance between eye and device also
reduces the response. Additionally, the blinking number of seven within one minute can be
obviously seen.

When the eye is closed, the photocurrent is significantly higher. It is assumed that two reasons
contribute to this phenomenon. Firstly, the emissivity of the black eyeball is intrinsically weak due
to the black colour, which leads to the reduction of MWIR irradiation when the eye is open[143].
Secondly, the thickness of the eyelid of different individuals varies from 2 mm to 4 mm[144]. The

reduced distance between detector and eye may lead to a higher current response.
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4.6.  Non-destructive tracking imaging

(a)

= -

Intensity

10 15 20
X Position(mm)

Figure 4-8. (a) NDT system set-up. The red box is the Si-based PTE detector. (b) The crossing

photograph. ¢ Photocurrent mapping of the crossing.

NDT experiments are performed to image one crossing glue pattern. Figure 4-8 illustrates our
design of the tracking system. After filtering electromagnetic waves of other regimes, the MWIR
blackbody radiation illustrates the objects. The paper and glue have different MWIR absorption,
and thus the PTE detector will measure different IR signals. Using the stepper controller, the
detectors can move with a 500 um x- or y-axis step. By mapping the IR current, a crossing pattern
of 30 mmx25 mm can be obtained. This experiment can verify the viability of our Si-based PTE
detector.

4.7.  Stability
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Figure 4-9. Ambient environment stability of suspended SWCNT/PEDOT:PSS composite and

Si-based CNTF/PEDOT:PSS PTE detector.

The long-term stability of a detector is crucial to evaluating the device's performance. Given that
oxide and water will interact with photodetectors, the stability in the ambient environment is
challenging to remain. We tested our suspended device under ambient conditions for over 90 days
(Figure 4-9). After air exposure for 84 days, our suspended device only has a ~5 % response
degeneration, which may originate from the oxidization effects in the ambient conditions. The
membrane cracked after 97 days possibly because of residual tension[145]. In comparison, there
is no degradation of our Si-based detectors. The performance of both detectors demonstrates that
our devices are advantageous in realistic applications.

4.8. Conclusion

This chapter proves two room-temperature PTE detectors for different applications. The non-
contact ocular gesture is monitored using the suspended PTE detector based on

SWCNT/PEDOT:PSS composite. Stable photoresponse under extreme bending conditions is
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tested because of the strong m-m interaction between SWCNTs and PEDOT:PSS. A peak
detectivity of 1.9x10” cmHzY>W-! without bias is achieved under a blackbody radiation source.
When the detector is placed onto the eyeglasses about 8-10 mm away from the eyes, a photocurrent
variation of 3.5 nA can be observed. The NDT is measured using the CNTF/PEDOT:PSS detectors.
The best photocurrent performance can be achieved with a 30 min CNT growth, which may result
from the optimized vertical channel length. A photocurrent mapping of the crossing is roughly
illustrated. Likewise, both these two detectors achieve relatively long-term stability. Furthermore,
the PTE detectors hold huge potential for augmented reality or virtual reality applications,

environment management or potential wireless communication on the loT.

Overall, the performance of proposed PTE detector is competitive and remarkable.
Considering the nature of the PTE mechanism, the detectors can be optimized by configuring
intricate optical structures, such as antenna integration, plasmonic structure or light absorber[11],
[14]. From the viewpoint of thermal physics, the thermal decay length that expresses the thermal
dissipation along with the channel is various. If the channel length can be designed similarly or
equivalent to the thermal decay length, thermal losses will be tremendously reduced from the
internal lattice and the ambient environment[10]. Because mixed metallic and semiconducting
CNTs are adopted, the decay length of electron and phonon transport may differ much. Thereupon,
the macroscopic tunability measurement of the film is equally important. Additionally, optimizing
thermoelectric composite materials towards "Electronic crystal, phonon glass" without reducing
photon absorption can also help the device design[146]. For example, given that carriers and
phonons of PEDOT:PSS have different transportation speeds, tailoring chain length and crystalline
degree of PEDOT:PSS can build up a higher thermoelectric figure of merit[147]. These points are

beyond the scope of the current work and will be further investigated.
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Chapter 5 The introduction of MXene combined with bottom-up strategy

5.1. Background and motivation

MIR, (2.5-25 um) detectors that can convert MIR radiation into electrical signals have been
employed in many fields[148], such as in digital imaging[149], wearable devices[150], and energy
harvesting fields[132], [151]. Presently, commercial MIR detectors mainly adopt traditional
mercury cadmium telluride (MCT)[152], gallium arsenide (GaAs)[153], indium antimonide
(InSb)[154], or other quantum materials[155], [156]. However, most of these detectors generally
suffer from issues such as material toxicity, cryogenic operating condition requirements, strong
bandgap dependence, and high-cost fabrication processes[26]. In contrast, PTE detectors
combining photothermal and thermoelectric conversion can avoid bandgap dependence and
achieve broadband infrared detection at room temperature without external bias[11]. Previously,
cadmium sulfide (CdS) crystals[157] or GaAs semiconductors[158] were selected as traditional
materials. Unfortunately, their PTE responses are relatively weak, and thus novel PTE materials

are urgently needed.

In the last decade, a wide range of PTE materials has been comprehensively reported, such as
CNTs[74], [159], graphene[160], [161], and black phosphorus[162]. With high carrier mobility
and scalable detection, the emergence of these low-dimensional materials provides guidelines for
the miniaturization of on-chip design. However, there are still some significant limitations. For
single-layer graphene materials, their gapless band structures endow them with excellent optical
properties, but their fabrication processes are comparatively complex and costly[12], [163]. Black
phosphorus also shows competitive PTE performance, but its unstable chemical properties make

it challenging to use for practical applications[18], [164]. Various CNTSs, including single-walled
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CNTs, multi-walled CNTs, and CNT-based composites, have been demonstrated to be PTE
materials with advantageous photoresponses[71], [104], [108], [159]. However, the armchair or
zig-zag directions of CNTSs entail complex growth methods and accurate control, which hinders
their further development[165]. Our group has summarized the recent progress of PTE materials

and proposed the potential of using MXenes for PTE detectors[166].

Composites based on a polymer matrix and low-dimensional nanofillers are advantageous
because of their facile fabrication processes. For the matrix, PEDOT:PSS has been verified to have
the highest thermoelectric conversion efficiency, with ZT=0.42[119]. It has also been used with
other low-dimensional materials to act as an excellent PTE-active composite matrix[167], [168].
In 2016, it was indicated that pristine MXene and MXene-polymer composite films produced an
excellent electromagnetic shielding (EMS) effect, demonstrating their photon absorption
ability[169]. Furthermore, as a state-of-the-art EMS material, multiple reflection and absorption
mechanisms convert the absorbed photons into thermal energy inside the MXene material. Then,
in 2017, inspired by the abovementioned electromagnetic wave absorption, Li et al. substantiated
MXene’s light-to-heat conversion ability of 100%[170]. In 2020, Guan et al. studied the
thermoelectric properties of MXene and polymer composite membranes[171]. By incorporating
the n-type TisC2Tx into PEDOT:PSS, the Seebeck coefficient of the composite increased from 23
to 57.3 uV/K[171]. Therefore, MXene and polymer composite materials should be ideal candidates

for broadband PTE detectors.

In this chapter, a scalable sensitive MIR PTE detector utilizing an MXene/PEDOT:PSS
composite is proposed. Due to the strong absorption and multiple reflection mechanism of MXene,
the PTE performance is also enhanced. A broadband photoresponse with a varying spectral range

from 2.5 um to 25 um and a peak responsivity of 0.12 V/W at 4.5 um are measured for the MXene-
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based PTE detector. Many PTE engineering strategies and optimization methods are investigated,
such as electrode choices and vacuum conditions. Also, a complementary SRR metamaterial is
integrated into the composite PTE detector. The detector shows a photocurrent enhancement and
characteristic noncontact fingertip radiation response measurements, which offers the potential for

future realistic health monitoring.

5.2.  Device Fabrication

First, 0.1 g of TisC> powder is weighed and the powder is added to 6.0 mL organic solvent DMSO.
Then, the solution will be operated under magnetron stirring of 2000 rpm for 3 hrs, bath sonication
for 60 min, and centrifugation of 1500 rpm for 10 min, followed by the separation of supernatant
and sediment. Next, add deionized water (DI) water and centrifuge the mixed solution, and repeat
this process for four rounds. The supernatant is separated into another vial. Next, PEDOT:PSS and
DMSO solution are added into the vial overnight to obtain the TisCoTx/PEDOT:PSS mixed
solution, followed by magnetic stirring overnight. The composite solution can remain stable for

about two days.

The ITO-coated glasses of 10 mm*10 mm are cleaned by using acetone, isopropanol (IPA),
and DI water in bath sonication each for 15 min, followed by N> drying. Then, the glasses are put
on the hotplate at 100 °C for 30 min to dehydrate the surface. Next, spin coat 0.2 mL PEDOT:PSS
solution on the ITO layer, followed by baking at 100 °C for 2 min. After the PEDOT:PSS
membrane is dried and formed. 0.05 mL TizC,T«/PEDOT:PSS solution is dropped onto the
PEDOT:PSS layer to dry. Finally, the electrodes were then prepared by the sputtering process
method on the MXene/PEDOT:PSS film from Al/Au (10 nm/100 nm) layers using a shadow mask.

Wires are bonded on the surface of ITO and gold.
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Figure 5-1. (a) I-V characteristics. (b) Response time. (c) Detectivity and responsivity of the
detector under different blackbody radiation. (d) NEP dependence on the blackbody radiation

temperature. (e) FTIR photocurrent measurement.

5.3.  Optoelectrical measurement
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The current-voltage (I-V) curves with or without blackbody infrared radiation are presented. The
photocurrent is characterized at a blackbody temperature of 773 K without an external bias (Figure
5-1 (a)). The linear performance validates the ohmic contact between different layers. With the
blackbody temperature at 773 K, when the irradiation is at on or off status, temporal responses
exhibit excellent reproducibility for the composite PTE detector placed on the glass substrate

(Figure 5-1 (b)). The detectivity that characterizes the ability of photon identification from

. .. " V. As Vs .

ambient noise is expressed as D* = (P—) (7) =Ry (7), where V represents the photovoltage, Pi is
i t t

the incident irradiation power, s is the active area, Vt is the thermal noise, and Rv expresses the
responsivity[132]. The responsivity and detectivity that correlate with different blackbody
radiation temperatures are shown in Figure 5-1 (c). As the blackbody temperature increases from
573 K to 773 K, the photon power density increases simultaneously. The detectivity and
responsivity demonstrate a 50% increase. However, the subsequent increase in blackbody
temperature causes a reduction in both detectivity and responsivity. The detectivity is ~107 Jones,
with a peak value of 3.5x107 Jones at 2060 cm™. The enhanced detectivity may contribute to the
high infrared absorption and suppressed hot-carrier relaxation of the composite in this regime.

NEP is another term for characterizing the sensitivity of the PTE detector and can be defined as

NEP = —“Llff, where A is the photoactive area and A f is the bandwidth. As seen from Figure 5-

1 (d), the NEP first shows an increasing and then decreasing trend, which suits the changing trend
of detectivity. This change may partly originate from different absorption spectra. The room-
temperature FTIR photocurrent spectrum of the TisC2/PEDOT:PSS composite is plotted in Figure
5-1 (e). In the PTE mechanism, the thermal Johnson-Nyquist noise level does not correlate with
the spectrum. Additionally, hot-carrier-assisted PTE conversion may exist in this vertical MXene

composite detector. Due to the small electron thermal conductivity, the electron temperature will
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increase faster than the phonon temperature, and thus nonequilibrium temperature transfer may
occur. The electron temperature difference induces electron flow. Furthermore, electron flow
results in the generation of electron—-hole pairs and strong interactions among electrons. The energy
absorbed by the MXene composite warms up the carriers. In the two-dimensional material system,
the interaction between electrons and phonons is significantly suppressed, and thus, the hot carriers
mainly facilitate the PTE conversion. By optimizing the material design, this vertical detector's

response time may be significantly enhanced.
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Figure 5-2. (a) Photographic imaging of semi-transparent PTE detector based on

ITO/(TisCo/PEDOT:PSS)@PEDOT:PSS/ITO. (b) UV-Vis spectrum during 475-900 nm regime.

Additionally, a thin semitransparent TizC2/PEDOT:PSS film can be obtained by utilizing the
spin-coating method. By combining two transparent ITO electrodes and a spin-coated composite
thin film, the whole device is configured as ITO/(TisCo/PEDOT:PSS)@PEDOT:PSS/ITO. The
photographic image and UV—Vis transmittance spectrum are shown in Figure 5-2. In a low-
dimensional material system, flake agglomeration is a major issue, which causes nonuniformity
and further hinders transparency enhancement. A reasonable mitigation solution is lowering the

speed of spin coating. Additionally, additional substrate cleaning steps, such as ozone addressing,
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are beneficial.

5.4.  PTE engineering strategies

As the micro/nanofiller in this composite, the MXene flake size may affect the optoelectrical

properties and even the PTE effect. As shown in Figure 5-3, tip sonication can cut the MXene

Figure 5-3. MXene flake pieces.

flake into small pieces. According to the modified sonication time, the MXene size also changes,
which matches previous research results[171]. With increasing sonication time, the MXene size
decreases, and conductive path damage occurs between MXene and the polymer (Figure 5-4 (a)).
Although the conductive network is easier to form, the resistivity inevitably increases. Overall,
excellent thermoelectric properties or PTE effects originate from proper MXene size, PEDOT:PSS
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concentration, and their coupling effect[171]. However, high sonication power may cause
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Figure 5-4. (a) Sonication time. (b) Sonication power.

localized thermal accumulation, damaging the bonding interaction between PEDOT and PSS and

further hindering the conductivity and PTE response (Figure 5-4 (b)).
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Figure 5-5. (a) Substrate. (b) Electrode.

The substrate experiment was also carried out at room temperature, and the top of the substrate
was selected as the ITO/(MXene/PEDOT:PSS)/PEDOT:PSS/ITO structure. Notably, thermal
dissipation occurs between the active layer and substrate, and thus, the thermal conductivity of the

substrate is critical. As seen in Figure 5-5 (a), polyimide shows the highest response in the
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substrate-based device because it shows the lowest thermal conductivity (k=0.12 W/mK)

compared with glass (k=1.05 W/mK) and polyethylene terephthalate (PET, k=0.3 W/mK).

Four top electrode materials are prepared, including ITO, Al, Ti, and Au. In this optimization
design, the thickness of the electrode is controlled down to 20 nm. The reason for selecting this
value refers to the skin limit. The electrode thickness of 20 nm is smaller than the skin limit in the
infrared spectrum. The photoresponse ranking of these matched materials is AI>Au~Ti>ITO
(Figure 5-5 (b)), which matches the previous results[68]. Al shows the best photoresponse, but
the Al electrode is prone to oxidization, which influences the conductivity and even the PTE

response. Although gold shows a relatively weaker photoresponse than Al, it can be

Vaccum . l ’ Ambient ’
Air Content

Figure 5-6. (a) Detector inside the vacuum chamber. (b) VVacuum conditions.

designed as a metamaterial[172]. Ti can demonstrate better adhesion with the substrate and
photoactive layer because the photoactive layer TisCoTx is also an enriched Ti-element material.
In contrast, ITO can provide transparent properties, which benefits other wearable devices or the

Internet of Things (10T). Therefore, a trade-off is required when electrode materials are adopted.

Given that the PTE effect is a thermal-based mechanism, the influence of ambient air contents
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is investigated on the detector photoresponse. The detector is installed inside the chamber and near
the window (Figure 5-6 (a)). The blackbody radiation source is set up at 773 K and approximately
20 cm away from the detector. As seen in Figure 5-6 (b), the photocurrent increases by 20%, and
only a small variation in the response time appears. This may originate from the reduced thermal
loss to the environment, i.e., more energy can be converted from light energy into heat, which
improves the first-step conversion efficiency of the PTE effect. This vacuum-enhanced
photoresponse helps maintain long-term stability. Furthermore, allowing for the configuration of
the PTE detector and controlling the vacuum conditions of different components, such as

electrodes and channels, may benefit the performance of the PTE detector.

Furthermore, E-beam and magnetic sputtering are adopted as two methods to deposit 20 nm
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Figure 5-7. (a) Electrode deposition methods. (b) Illumination position.

electrodes (Figure 5-7 (a)). The device using sputtering strategies shows approximately 5%-15%
higher performance than that using E-beam deposition. Generally, magnetic sputtering can
demonstrate a higher uniformity and film density than E-beams, which further affects the
mechanical, electrical, and thermal contacts[173], eventually improving the performance of PTE

detectors.
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Additionally, the illumination position dependence on the PTE response is studied. This
experiment was performed under ambient conditions at room temperature. The results can be
understood according to previous research theory[8], [104]. Within the PTE configuration, the
PTE response induced by radiation at different positions is given by PTE=(S,-S,)(T,-T,), where
S1 or Sy represents the Seebeck coefficients of adjacent layers, and T1 or T represents the real-
time temperature. Figure 5-7 (b) shows the photocurrent performance at different positions. The
results show that the PTE response mainly occurs at the interface. The difference in Seebeck
coefficients between adjacent material interfaces plays an important role in the PTE response. The
interfaces between PEDOT:PSS and the composite show approximately 30.0 uV/K and a 0.1 K
temperature difference, resulting in a 3.0 uV photovoltage. The photovoltage between the two

interfaces exhibits an evident reduction.

5.5.  Metamaterial Fabrication and design

Metamaterial design, as a method of improving electromagnetic absorption, can play an important
role in designing PTE detectors. For the PTE detector integrated with metamaterial, the fabrication
process is listed below. (1) A glass slide of 102 mm*83.2 mm is cleaned by piranha wetbench
(H2S04:H202=4:1) for 15 min. DI water rinsed the surface and N is used for drying; (2) acetone,
IPA, and DI water are used to clean the surface, followed by hotplate prebaking at 150 °C for 10
min; (3) after it cooled down, use ozone system to address the surface; (4) spin-coat PMGI at 5000
rpm and ramp down at 500 rpm/s, followed by Fisher oven prebaking at 150 °C for 25 min; (5)
spin-coat Shirpley1805 at 5000 rpm and ramp down at 500 rpm/s, followed by Fisher oven
prebaking at 115 °C for 25 min; (6) MLA is used for creating the metamaterials pattern with a
dose of 82 mJ/cm?, followed by the immersion of the MF-319 development solution for 70 s; (7)

10 nm Ti/80 nm gold is deposited by Angstrom E-beam, and lift-off process is carried out using
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acetone with gentle sonication, followed by IPA cleaning and gentle N2 drying; (8) spin-coat
Shirpley1811 at 5000 rpm and ramp down at 500 rpm/s, followed by Fisher oven prebaking at
115 °C for 25 min. This photoresist is used for creating an insulator interface to prevent the short-
circuit phenomenon. (9) MLA is used for creating the Al electrode pattern with a dose of 82
mJ/cm?, followed by the immersion of the MF-319 development solution for 70 s; (10) spin-coat
PEDOT:PSS at 6000rpm and ramp down at 500 rpm/s, followed by 30°C baking for 60min in the

fume hood; (11) drop-cast MXene/PEDOT:PSS solution of 100uL at room temperature overnight

ITO

Figure 5-8. (a) Electromagnetic simulation results using Al, Au, Ti, and ITO. (b)
Electromagnetic simulation results with different hole sizes of 1.0, 1.5, 2.0, and 2.5 um. The

metamaterial adopts gold.

in the fume hood. The high temperature will cause the formation of bubbles between the active
layer and glass, and thus set up the room temperature for drying the thin film; (12) the Al electrode
of 150 nm is deposited using the PET mask fabricated by laser cutting machine; (13) put the array
device into the acetone for 5min and use IPA for cleaning the surface; (14) wire-bond aluminum

wires to the gold and Al pad using conductive silvery glue. The array circuit is completed by the
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laser-induced mask fabrication technique that is reported by Ref. [31].

Different metamaterials are simulated, including Al, Au, Ti, and ITO (Figure 5-8 (a)). All the

electromagnetic field intensities using these four materials improve. Thus, in specific applications,
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Figure 5-9. (a) The fabrication process of the PTE detector integrated with metamaterial design.
(b) Optical imaging of metamaterials on glass. The red square is the enlarged photographic

metamaterial imaging. ¢ Photocurrent enhancement with or without metamaterial.

There are other factors to consider, such as fabrication processes that are compatible with
typical metal materials. Additionally, Al and Ti may be easily oxidized, but they are inexpensive.

The price of Au is expensive, but its conductivity is higher than others. ITO can show high
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transparency. By using the gold metamaterial, different channel sizes are also simulated, including
1.0 um, 1.5 um, 2.0 um, and 2.5 pum. A simulated electromagnetic enhancement can be seen in
Figure 5-8 (b). Although the metamaterial with a 1.0 um channel size shows the strongest field
enhancement, maskless alignment (MLA) usually shows a round edge, and pattern resolution
degrades considerably. Thus, a channel width of 1.5 um is selected. Given that the micrometre-
level pattern is challenging to fabricate after depositing MXene/PEDOT:PSS film, a bottom-up
strategy is used to fabricate this PTE detector (Figure 5-9 (a)), and the blackbody radiation will
illuminate from the glass direction. Next, the fabrication process of the metamaterial is presented.
A gold metamaterial structure is fabricated on the top of the glass substrate by MLA, E-beam
deposition, and a lift-off process. Then, PEDOT:PSS is spin-coated to improve the adhesion
between the gold electrode and MXene composite. Next, the MXene/PEDOT:PSS composite is
drop-cast on each pixel. Finally, Al electrodes are deposited, followed by aluminum wire bonding.
Using this fabrication strategy, the metamaterial surface can be protected, and the PTE detector
can achieve long-term stability. As seen from Figure 5-9 (c), the measured responsivity can show

a 5% enhancement by integrating this metamaterial structure.

5.6.  Non-contact fingertip signal tracking

Pandemic respiratory syndrome coronavirus 2 has had severe effects around the world. The
causative agent of coronavirus disease can spread via respiratory droplets and close contacts, such
as through elevator buttons or restroom faucets[174]. Therefore, noncontact finger-sensing devices
are urgently needed to prevent the spread of this novel coronavirus. Compared to direct contact
sensors, self-powered novel infrared sensors can be controlled in a noncontact way through
infrared response changes, thus avoiding mechanical touch and bacterial transmission. Importantly,

infrared sensors can efficiently utilize human passive radiation to collect information and achieve
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relatively long-distance signal control, which would be a potential control method in advanced

Figure 5-10. (a) , (b), (c), (d) Fingertips are placed on the top of “D3”, “D3, D2, D17, “D3, D5,
D77, and “D2, D7, D9”, respectively. The fingertips are placed 2 mm away from the glass layer.
The color bar indicates the intensity of the photovoltage. The “D1”, “D2”, “D3”, “D4”, “D5”,

“D6”, “D7”, “D8”, and “D9” labels match the device number from 1 to 9.

human-machine interactions.

The human fingertip response is tested and recorded the photovoltage change of nine pixels by
inserting a 2001-TCSCAN card into a Keithley DMM-6500 to achieve a multichannel
measurement. As seen in Figure 5-10 (a)-(d), different positions are tested and the fingertip
radiation measurement are performed. Different shapes demonstrated the noncontact radiation

tracking viability of this detector.

5.7.  Conclusion

This chapter presents a scalable broadband PTE detector based on MXene and a polymer
composite and discusses its PTE mechanism. The morphology and photoresponse performance of

the composite are proposed. The strong absorption and excellent percolation conductive network
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of the TisCo/PEDOT:PSS composite are beneficial for the PTE effect. As a result, this PTE detector
shows broadband absorption varying from 2.5 um to 25.0 um, with a peak detectivity of 3.5 Jones
ata 773 K blackbody temperature. Additionally, some key factors of PTE engineering are explored,
such as electrodes and substrates. The results demonstrate that the electrodes using aluminum and
sputtering methods showed a higher photocurrent. The larger thermal conductivity significantly
suppressed the PTE response. The device sealed in a high-vacuum environment exhibits better
optical performance. To further enhance the photoresponse in this vertical PTE configuration, the
gold metamaterials is integrated into the detector utilizing the MXene/PEDOT:PSS composite.
Finally, the noncontact fingertip response application is verified. Although this research is only a
proof-of-concept model, it can be foreseen that this instructional material and structural
engineering design will play a prominent role in wearable applications. Furthermore, PTE
detectors take advantage of noncontact monitoring properties, so real-time human gestures
utilizing PTE detectors can be effectively monitored. Additionally, typical radiation regimes, such
as terahertz radiation, exhibit nondestructive properties, and thus, future active or passive

nondestructive tracking for airport security may also utilize PTE detectors.
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Chapter 6 Packaged PTE detectors

5.1. Background and motivation

With the development of artificial intelligence and interactive technology, smart sensors and the
loT enter the mainstream markets because of their excellent chemical and physical properties[58],
[175]-[178]. Typically, IR-based technology attracted significant attention because the
corresponding spectrum of matter (including transmission and reflection spectra) contains rich
physical and chemical information[179]. As an emerging IR thermal detector, the PTE detectors
combining photothermal and thermoelectric conversion can ignore the bandgap limitations and
achieve effective IR detection[8], [38]. They can operate at ambient conditions without bias, and

show convenient and safe manufacturing processes[180].

Composed of metal electrodes and active layers, the research of PTE detectors mostly focuses
on several fixed structures utilizing various active materials. Previously, the researcher explores
traditional silicon-based nanowires but shows a relatively long response time and poor infrared
absorption[53], [181]. The PTE detectors based on multi-layer graphene also show similar
issues[15]. Additionally, the unstable ambient properties of black phosphorus and the toxic Pb
element of perovskite also limit extended research[182]. Polymer-based composites face the
challenges of low infrared absorption and temperature endurance[104]. Since the discovery of
MXene by Yury Gogotsi in 2011[81], numerous research about the related synthesis and
applications have been demonstrated[183]-[186]. Typically, MXenes show typical optoelectrical
properties because of their competitive photonic phenomenon and high carrier mobility[187], [188]
as well as the thermoelectric capacity of MXene demonstrated by Kim et al.[189], which can be

utilized as an advantageous active PTE material or electrodes. As the most comprehensively
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studied PTE materials, types of CNTs show ordered growth control, facile synthesis methods, and

excellent PTE properties[9], [73], [76], [80].

However, there exist some other challengings with current PTE detectors. First, current vertical
PTE detectors mainly use metals as top electrodes. However, the thickness of metal electrodes
usually is smaller than 100 nm on account of the skin effect. Such thin thicknesses of metal
electrodes may significantly influence the conductivity. Additionally, the existence of top metal
electrodes will reduce infrared absorption[68]. Thus, the alternative electrode materials of vertical
PTE detectors wait to be explored. Second, PTE detectors inside the vacuum environment have
demonstrated enhanced PTE response[47]. The vacuum conditions may potentially reduce the
degradation and increase the stability and durability of devices. However, current vacuum systems
of PTE detectors depend on cumbersome vacuum chambers, and integrated vacuum PTE detectors
are urgently required. Third, current PTE detectors based on low-dimensional materials like CNTs,
graphene and black phosphorus, are sensitive to light polarization[38], [103], [190]. Some of the
PTE detectors that are insensitive to light polarization make use of random internal atom orders of
the composite film[15], [80], [191]. However, it is challenging to control the size of the detectors

and achieve sensor miniaturization, eventually hindering their future smart wearable integration.

In this chapter, a self-powered sensitive PTE detector is fabricated to solve the abovementioned
problems utilizing the vertical CNTF as the active layer and MXenes as the top electrodes. The
non-metal electrodes are first reported to be applied for PTE detectors. The photoresponse using
TisC2 and Mo.C top electrodes are investigated, respectively. The electrode thickness of top
MXene electrodes is also studied. A thinner MXene electrode using the drop-cast method will
match a better PTE response. The potential reasons may attribute to the electromagnetic shielding

effect with a thicker electrode. Thus, the control of reasonable electrode types and thickness may
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be important. PTE detector also encapsulates with polytetrafluoroethylene (PTFE), suppressing
the degradation and enhancing the PTE response. The packaged system is also applied to NDT
imaging. A photovoltage imaging pattern is illustrated, which demonstrates the imaging capacity

of PTE detectors.

5.2.  Device design and fabrication

(a) (b)

Drop-cast

(c) (d)

MXene DMSO

Solvent
Exchang

Figure 6-1. Fabrication process of PTE detector. (a) Prepare for Cr buffer layer and Ni catalyst
layer on Si substrate. (b) CNT growth on Si substrate. (c) Preparation of MXene solution. (d)

Detector illustration.

Ti3C> solution: the solvent exchange method is adopted to obtain the uniform TizC; solution. A

0.15 g of Ti3C2 or M02C powder is firstly added into 6.0 mL DMSO solution, followed by 24 hrs
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magnetron stirring of 1500 rpm. Then, the solution will be centrifuged at 5000 rpm for 5 min. The
top clear solution is removed and replaced by DI water. This replacement process will repeat five
times until the pH value of the TisC; solution reaches about 7.0. The TisC2 or Mo2C solution is

stored under nitrogen conditions.

CNTF Fabrication: First, prepare a 4-inch Si prime wafer and clean it by RCA method. In each
pixel area, the Cr buffer layer of 100.2 nm and Ni catalyst layer of 19.7 nm is deposited using
maskless lithography and the lift-off method in order. Next, CNTF grows using PECVD with C>H:

and NHj3 of 200:50 volume ratio at 700 °C and 100 W plasma for 15 min.

The fabrication process of the Si-based vertical PTE detector is illustrated in Figure 6-1.
Figure 6-1 (a) shows the layer preparation of CNT growth, including the Si substrate, Cr buffer
layer, and Ni catalyst layer. The metal Cr plays ternary roles in the PTE cooler, bottom electrode
and a catalyst supporting layer, i.e. buffer layer, which can help prevent the diffusion of catalyst
particles[192]. The metal Ni acts as the catalyst for CNT growth. The vertical channel of CNTF is
designed based on several reasons. According to the internal polarization, the optical absorption
of CNTs can be maximized or minimized in different wavelengths. The CNTs grown by CVD
show high mobilities and the Seebeck coefficient of semiconducting CNTs can reach 300
uV/K[63]. Also, the coulomb interaction and large binding energy of 1-D materials contribute to
the potentially enhanced PTE response[26]. Additionally, the height of CNTs can be controlled
similarly to the cooling length of PTE devices, which can maximize the device's performance
(Figure 6-1 (b)). The MXenes are processed using the low-cost and facile solvent exchange
method to exfoliate and delaminate, which can produce better conductivity (Figure 6-1 (c))[193].
After the delamination, the drop-cast MXene electrode can be thinner down to about 0.9 um

measured by Bruker profilometer. The MXenes (TisC> or Mo2C) are drop-casted and dried as the
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top electrodes instead of traditional metal electrodes, and then the basic detector structure is

illustrated in Figure 6-1 (d).

5.3.  Material characterization

(a) (b)

(d)

Figure 6-2. Top view of TisC with the scale bar of (a) 10 um, (b) 1 um, and (c) 100 nm. Top
view of Mo2C electrodes with (d) 10 um, (e) 1 um, and (f) 100 nm. (g) The side view of CNTF.

The side view of PTE detector with (h) TisC electrodes and (i) Mo2C electrodes.

Figure 6-2 (a)-(c) shows the scanning electron microscope (SEM) images of the TisC> electrode,
and Figure 6-2 (d)-(f) shows the SEM images of the Mo,C electrode. MXenes usually present a
crossed atomic structure, and their surfaces are usually modified by all types of terminations like

-OH and -F, which depend on the synthesis etching method. Both TisC, and Mo2C show layered
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stacks and their films are relatively uniform. The thickness of the MXene electrode can be
controlled by adjusting the solution concentration or volume. Specific PTE responses related to
MXene types and electrodes will be listed in section 2.4. The excellent conductivity of MXene
may contribute to the inherent excellent conductivity of the MXene flake and good contact among
flakes. The tip-growth CNTF method is used by PECVD, the metal Ni will remain in the tip parts,
resulting in a hydrophobic top region[194], [195] (Figure 6-2 (g)). Water molecules will evaporate
and may not flow into the CNTF, so the alignment of CNTF may not change. This drop-cast
method will produce a random orientation distribution and relatively rough MXene surface, which

may potentially enhance infrared absorption (Figure 6-2 (h) and (i)).

5.4.  Photoresponse mechanism and characterization

Infrared thermometer #2

Figure 6-3. The illustration of temperature measurement by infrared thermometer.
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When the illumination irradiates on the top of the MXene electrodes. The infrared radiation is
mainly absorbed by the top MXene electrode. The remaining parts may be absorbed by CNTF.
The top electrode of n-type MXene is heated and acts as the heat source. A temperature difference
is created through the vertical direction. The bottom Cr electrode acts as the heat sink. The n-type

carriers (electrons) transport to the cold bottom Cr electrode and the p-type carriers (holes)

transport from the bottom to the top heated electrode.
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Figure 6-4. I-V curve of PTE detectors with (a) TisC> electrode and (b) Mo2C electrode. (c)

Response time.
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In this measurement in Figure 6-3, the PTE detector is used with TisC; electrode of 0.9 um.
With the 873 K blackbody radiation, the temperature of top MXene electrode and bottom Si
substrate is 29.6 °C and 22.5 °C. The ambient temperature is 22.5 °C. The temperature difference

is 7.1 °C. According to the PTE voltage calculation equation, Vprg = S.rrAT, Where S, the

effective Seebeck coefficient of the detector and AT is the temperature difference between two

electrodes. The estimated S, ¢¢ should be 33.8 pV/K.

Then the optoelectrical measurements are performed, and the experiment is performed under
an 873 K blackbody radiation source. Both Figure 6-4 (a) and (b) show a linear I-V curve and
demonstrate an excellent ohmic contact among MXene electrodes and CNTF. Figure 6-4 © shows
a reproducible curve of the response time. The fall/decay time of the TizCz or Mo2C electrode is
2.4/2.3 s or 2.8/2.7 s, respectively. The possible reason for Mo.C with a longer response time may
be that the Mo2C electrode shows a stronger electromagnetic shielding effect with an increasing
thickness. There are several reasons that TisC, exhibits a stronger response current and a faster
response than Mo.C. Firstly, Mo,C electrodes may show a stronger electromagnetic shielding
effect with an increasing thickness. Secondly, the difference in the MXene particle size may cause

the thermoelectric properties, leading to different PTE responses[171].

Figure 6-5 (a) shows the responsivity of the PTE detector with different blackbody radiation

Vpn

temperatures. The responsivity can be expressed as R, = , Where V,,, means the photovoltage

mn

and P;,, means the incident power. Both PTE detectors with 0.9 um TisC> and 1.2 pm Mo2C
electrode show a responsivity of over 3.5 V/W, which demonstrate excellent mid-IR (MIR) PTE
conversion. Figure 6-5 (b) shows the detectivity of the PTE detector with different radiation

temperatures. The detectivity can be expressed as D* = —V’;"Ad , Where A, is the effective area. The

n
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noise of PTE detectors mainly comes from Johnson-Nyquist noise that can be expressed as V,, =

\/4kzTR[10], where the Boltzmann constant is 1.9x102* J-K!, T is the temperature and R is the
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Figure 6-5. (a) Responsivity and (b) detectivity correlate with the power intensity of blackbody

radiation.

device resistance. The trends of responsivity match with the responsivity. The detector indicates a
maximum detectivity of 2.2x108 Jones. The maximum detectivity of 2.2x108 Jones locates the
blackbody peak wavelength of 3.3 um. Generally, the thermoelectric properties of the materials
do not change with the ambient radiation peak wavelength. Thus, the reason may be that both drop-
cast MXenes films show an internal infrared absorption at around 3.3 um. The competitive PTE
response may attribute to several reasons. Firstly, the reduced CNT channel may approximate the
cooling length of hot carriers, which mostly maximizes the performance. Secondly, the top MXene
electrode may absorb most of the infrared radiation and achieves a rapid and effective PTE
conversion. Compared with our previous work, although traditional CNTF can almost absorb all
infrared radiation, the heating process may happen in the whole CNTF channel instead of the CNT
tip region[68]. Thirdly, without the introduction of polymers, the thermal loss may be reduced and

the effective thermoelectric conversion may be increased[191]. Fourthly, the CNTF grown by
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PECVD may mainly compose of MWCNTSs with a positive Seebeck coefficient of about 30 uV[74].
The CNTF grown by low-pressure CVD may be mixed p-/n-type SWCNTs, which may
significantly hinder the thermoelectric capacity and even reduce the PTE conversion efficiency[68].
Furthermore, with a larger gap among CNTs, the PECVD-grown CNTF can be easier to quantify

and be designed as the typical number according to specific requirements.
5.5.  Top electrode influence
The influence of electrode thickness is measured by adjusting the dropped volume of 25 mg/mL

MXene solution. When the dropped solution volume is 10/20/30 uL, the thickness of TisC. or

Mo2C film is 0.9/1.8/2.7 pm or 1.2/2.4/3.6 um, respectively (Figure 6-6). Such thin MXene
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Figure 6-6. The relationship between Photovoltage and (a) Electrode types, (b) Electrode

thickness of TisC> film and (c) Mo2C film.

thicknesses indicate the dense deposition and excellent dispersion of MXene solution. With the
873 K blackbody radiation temperature, the photovoltage of both PTE detectors shows a
decreasing trend with the increasing electrode thickness. It contribute to the PTE conversion
limitations, which means the MXene electrode of typical thickness can achieve a photothermal
conversion. Once the top electrode thickness exceeds the typical value, the MXene of extra

thickness may act as a heat sink and significantly reduces the thermal energy utilization efficiency
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of CNTF. MXene films have been investigated as electromagnetic radiation shielding. For the
thick films, the MXene may act as the radiation shielding material and cannot achieve effective
photothermal conversion. Thus, only the MXene with typical thickness can realize effective
photothermal conversion. Once the top MXene electrode thickness exceeds the typical value, the
MXene of extra thickness may act as a heat sink and significantly reduces the thermal energy

utilization efficiency of CNTF.

5.6. PTE detector system and NDT imaging

Then NDT imaging test is performed by the measurement setup (Figure 6-7 (a)). The blackbody
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Figure 6-7. (a) The illustration of measurement setup. (b) 2-D illustration of packing detector.
The red arrows are the illumination source. (c) Photograph of the real object. (d) NDT PTE

imaging. The schematic figures are not illustrated to scale.
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radiation passes the MIR filter. The single-pixel packaged PTE detector is fixed in a table. The
MC-200 equipment will control the aluminum arrow object to move, where the step length is 500
um. Typically, the PTFE cavity is manufactured by fill-mode laser cutting. With a full of nitrogen
gas environment, the PTE detector can be sealed in the PTFE cavity using vacuum glue. According
to Ref. [196], [197], most of the MIR radiation can be transmitted through the PTFE materials,
and thus PTFE can act as an excellent packaging and MIR filter material for PTE detectors. Here,
the accumulated height of the PTE detector can be calculated as 525x (1£10%) um (Si substrate)
+100.2 nm (Bottom Cr electrode) + 5 um (CNTF) + 1 um (Top MXene electrode) = 530 um. The
cut depth of the PTFE cavity by laser is 1530 um (Figure 6-7 (b)). Then the PTE response of the
packed detector is measured using the blackbody radiation and the same experimental conditions,
The photovoltage will be recorded and finally, the photovoltage will be patterned according to the
relative intensity (Figure 6-7 (d)). This experiment demonstrates the capacity of NDT imaging.
Furthermore, the resolution can be further optimized by reducing the single-pixel size of the PTE

detector and this design idea paves the way for packaging wearable sensors.

5.7.  Stability

Given the industrial and product application in the future, the long-term stability for the PTE
detectors is also crucial. Thus, the PTE detectors with TisC> and Mo2C top electrodes are tested
under the 873 K blackbody radiation. The PTE responses of both detectors show a relatively large
degradation. The reason may be that the surface terminations are oxidized and influence infrared
absorption and conductivity[198]. The other reason may be that the contact resistance increases
between MXene and conductive silver glue because of the degradation of silver glue. The PTE
responses of both detectors show a relatively large degradation. The reason may be that the surface

terminations are oxidized and influence infrared absorption. Additionally, the device resistance
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increases and the potential reason is attributed to the increasing contact resistance between MXene

and conductive silver glue. Another reason may be that the conductivity of MXene decreases[198].

Then the PTE response of the encapsulated device with PTFE is tested (Figure 6-8). In
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Figure 6-8. With or without PTFE packaging, it shows the relationship between the time and the

photovoltage of (a) TisC: electrode and (b) Mo2C electrode.

comparison, the degradation is significantly suppressed after 35 days. This result demonstrates

that the packaging will benefit further mass production industrial applications.

To assess our detector performance, our detectors are compared with other MIR detectors.

Although our detectors do not show a superior response, they have shown a competitive advantage

as the self-powered detectors (Table 6-1). Optimizing the CNTF channel may potentially enhance

the PTE response according to the thermal decay length theory[199]. Additionally, patterning the

MXene top electrodes toward the metamaterials may be another optimization solution.
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Table 6-1. Performance Comparison of PTE detectors.

Detectivity
Detection Response ]
Active layer Electrodes (x10 Ref.
Spectrum time
Jones)
This
MIR CNTF MXene/Metal 2.3s 2.2
work
MIR Graphene/PEDOT:PSS  Metal/Metal >10s 0.14 [31]
MIR Graphene/polyaniline  Metal/Metal >53 0.68 [15]
CNT/(Polyvinyl
MIR Metal/Metal / 0.049 [13]
alcohol)
Terahertz
CNT Metal/Metal / 1.2 [72]
(THz)
THz EuBiTes Metal/Metal 0.1s 2.3 [48]

5.8.  Conclusion

This chapter reports a self-powered vertical PTE detector working in the MIR regime. This
detector adopts CNTF as the PTE channel as well as MXenes as the top electrode. The PTE
response related to the two types of MXene electrodes and their electrode thickness are tested. The

MXene electrodes show an excellent stable ohmic contact with the CNTF. With a blackbody
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temperature of 873 K, the detector demonstrates a detectivity of 2.2x108 Jones. Ultimately, our

PTE detector is packed into a PTFE system and perform the NDT test, which indicates a response

degradation delay and competitive imaging capacity.

Overall, this PTE detector that is integrated with a vertical CNTF channel and MXene
electrodes achieves broadband infrared detection. Unlike the laser source, the blackbody radiation
source will illuminate a relatively large range, which provides a higher response challenge for the
device. Our scalable detector can accept large-area radiation because the top MXene electrodes
will absorb the infrared radiation and convert it to thermal energy, forming a temperature
difference along with the long-axis direction of CNT and inducing thermoelectric conversion.
Compared with the PTE detector using an in-plane asymmetric structure or the p-n junction, this
configuration makes use of steric space and provides opportunities for the device miniaturization,
where the in-plane absorber area is needed to consider. Additionally, the number and height of
CNT can be accurately controlled and the device performance can be quantified. The 1-D CNTF
also paves the path to other 1-D materials, such as the nanowire array. Furthermore, the CNTF or
nanowire array can be patterned into a metamaterial structure and achieve an in-plane and vertical
PTE optimization. The self-powered packaged PTE detectors provide new insights for the
industrial long-term monitoring system and daily smart wearable sensors. Typically, the front and
back sides of the smartwatch can integrate the PTE detector and achieve an energy harvester of

the human body and environmental thermal radiation.
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Chapter 7 Summary and Future Work

7.1.  Summary of contributions

As a thermal detector, PTE detectors beyond the bandgap limitations of materials can achieve the
room-temperature self-powered broadband response. They provide lots of possibilities for civilian
and industrial applications like non-destructive tracking (NDT) and wearable sensors. However,
there are still some issues with the current PTE materials and design. The infrared absorption of
most two-dimensional materials is low. High-performance PTE detectors are usually achieved in
the single-layer or single-sheet surface, which requires accurate delamination methods or
expensive electron-beam lithography (EBL) pattern technique. The degradation is significant and
current PTE structures cannot meet the demands for long-term durability and stability. In this
dissertation, | have proposed some systematic solutions, which are dedicated to addressing the

abovementioned issues. Below are my summary of contributions.

My first contribution is to design a novel one-step grown process to create the PTE structure
based on CNTF. By configuring the different growth conditions, CNTFs of different lengths are
obtained and connected by the introduction of DMSO. Utilize the capillary phenomenon in the
PTE structure design. This structure could potentially achieve a scalable detector because of the
changeable junction width and length. Obtain a competitive response of 40 ms and a high

detectivity up to 1.38x108 Jones by the capillary-induced CNT PTE structure. The detectivity is

10 times more sensitive than mainstream PTE detectors. Additionally, this detector utilizes the
cleanroom fabrication processes and paves the path toward industrial applications. This part of the
work is shown in Chapter 3.

My second contribution is to develop an individual flexible membrane for PTE detectors based
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on the SWCNT/PEDOT:PSS composite material. By adjusting and optimizing the SWCNT
loading in the nanocomposite, the photoresponse can be enhanced with a peak detectivity of
1.9x10" Jones. The first PTE-based sensor is demonstrated for monitoring ocular surface
behaviour. The ocular monitoring experiments can clearly distinguish the blinking cycles and
times. | also fabricate a CNTF/PEDOT:PSS vertical PTE detector, verify the thermal imaging
tracking capacity of this detector and obtain a rough crossing pattern. This part of the work is
shown in Chapter 4.

My third contribution is to first adopt the two-dimensional material MXene in a mid-infrared
PTE detector with high responsivity and detectivity. The engineering strategies of vertical PTE
detectors are investigated comprehensively, including substrate, electrodes and vacuum conditions.
The metamaterial structure is integrated into the PTE detector. Here, the metamaterial is simulated,

fabricated, and characterized. Finally, the 3x3 array pixel panel is fabricated and the simultaneous

non-contact fingertip signal tracking capacity of the detector array is verified. This part of the work
is shown in Chapter 5.

My fourth contribution is to apply non-metal MXene electrodes instead of traditional metal
electrodes for PTE detectors. Here, MXene top electrodes can act as MIR material and PTE heat
source. PTFE is encapsulated into the PTE detector to suppress the degradation and enhance the
PTE response. the crossing pattern thermal imaging is obtained using the packaged PTE system,
which is shown to extend the lifetime of the detector. This part of the work is shown in Chapter 6.

7.2.  Future work

Currently, PTE detectors are emerging but there still exist some challengings. They are still on the

way toward practical applications. Here, | propose some potential optimization strategies.

7.2.1. Material optimization
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1) Flexible materials

Current PTE detectors are mainly composed of solid materials and substrates. For future
wearable and flexible e-skin applications, how to configure inherent flexible sensors become
important. Here two potentially viable paths are proposed. One is to integrate the current flexible
sensors into the liquid environment and increase biocompatibility with the human body. The other
one is to fabricate flexible PTE detectors based on the photothermal and ionic thermoelectric
mechanism, where all components are hydrogel or related composites with excellent bending or

curved properties.
2) CNTs

The chirality of CNT growth is key but remains challenging to control because the related
metallic and semiconducting properties are related to the PTE responses[74]. Improving CNT
quality as well as reducing defects and impurities is also of prime importance. For the PTE

detectors, the adhesion and interaction between CNT and electrodes also need to be optimized.
3) Device stability

For the PTE detectors, long-time stability and durability are expected. Low-dimensional
nanomaterials generally suffer from degradation issues, like BP. Except that the device is packed
into a vacuum environment. The modification and optimization of materials should be emphasized

without decreasing the device's performance.

7.2.2. System design strategies

1) Miniaturization

Any competitive sensors will lead to the path toward miniaturization and low cost. For PTE
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detectors based on low-dimensional nanomaterials, a set of their miniaturization system should be
created. How to manipulate and pattern the low-dimensional materials effectively is still a
challenge. It is of importance because the array size or the integration with meta structures or

circuits requires accurate location and reproducibility.

For current PTE detectors, most of them only focus on one way. For example, if the detectors
are fabricated with miniaturization and high sensitivity, the EBL or other expensive technologies
will be utilized. Especially for low-dimensional nanomaterials, the pursuit of high performance
and the ignorance of practical manufacturing cannot be accepted. Thus, achieving inexpensive

mass production of PTE detectors with stable and durable functions is desired.
2) Circuit

For a complete detector system design, the circuit cannot be separated. Like traditional
transistors, achieving relatively high performance and starting the next-generation circuit
integration early are critical steps. Flexible or silicon-based PTE detectors should be divided into
two different integration directions but both ways should work toward the application-specific

integrated circuit.

7.2.3. Application probabilities

1) Non-contact sensors

In this thesis, many applications are proposed like non-contact fingertip/eyeball responses and
NDT. However, they are just infant periods of application, and the PTE response of infrared
detectors is still lower than that of present ultraviolet detectors, which cannot meet practical
demands. High sensitivity and quick response are the keys to civilian or medical applications. The

high-performance sensors of contact mode have succeeded for many years. Thus, to dominate part
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of the markets, stable and sensitive PTE detectors are required and applied for augmented reality

and virtual reality or non-contact touch screens.
2) Smart wearable devices

There exists a large difference between the human body temperature and ambient surroundings.
The broadband PTE detectors can play the PTE or thermoelectric role and act as energy harvesters.
Especially in the cold area with a temperature of <30 °C, the temperature difference can be larger

than 70 °C. The smart textile integrated with PTE detectors can make sense.
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